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PREFACE

Having its origins in the monumental work of Gauss (Disquisi-
tiones Arithmeticae, 1801), the subject of Cyclotomic Fields took shape
nathematicians like Eisenstein, Kum-

through the works of a number of 1
ler, Hensel and Hasse.

mer, Kronecker, Stickelber'ger, Hilbert, Furtwang
Following the work of Iwasawa, the last fifty years have seen a substan-
tial enrichment of the subject through the works of many researchers.

This volume represents the proceedings of the Summer School on
Cyclotomic Fields held in Pune from 7th to 30th June, 1999. The Sum-
mer School, which was jointly organized by the Department of Math-
ematics, University of Pune and the Bhaskaracharya Pratishthana,
Pune, received generous support from National Board for Higher Math-
ematics. In addition, support was received from the U. G. C. Special
Assistance Programme in the Department of Mathematics, Pune Uni-
versity and also from funds of the Bhaskaracharya Pratishthana.

Starting with introductory topics on algebraic number fields (in par-
ticular quadratic and cyclotomic fields), the Summer School covered a
number of important topics such as power reciprocity laws, Fermat’s
last theorem for regular primes, L-functions, Kronecker-Weber Theo-
rem on abelian number fields, Stickelberger’s theorem and its appli-
cations, Herbrand-Ribet theorem, Vandiver’s conjecture and Iwasawa
theory. In all, three different proofs of Kronecker-Weber theorem and
two proofs of Stickelberger’s theorem were discussed during the Summer
School. A number of special topics covered include Thaine’s theorem,
Ramachandra units, a ‘universal’ torsor for a finite group and an out-
line of the proof of the fact that Serre’s conjecture implies Fermat’s
Last Theorem.

We are thankful to the Bhaskaracharya Pratishthana for agreeing
to publish these proceedings and deeply appreciate their co-operation.
We also thank the Mehta Research Institute for extending its facilities
for the preparation of this volume.

We sincerely hope that these proceedings will encourage students to
make a more detailed study of this subject from text books and original

research papers.
S. D. Adhikari

S. A. Katre
Dinesh Thakur

August 2000
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Introduction

DINESH S. THAKUR

We will begin with an explanation of some of the original motivations for
the study of cyclotomic fields and lay out the plan for this workshop. Many
concepts just mentioned here will get explained in detail later.

In school and college, starting from (the set of) counting numbers N, we
are led successively first to Z, Q by the need of solving equations involving
simple additions and multiplications, then to R by looking at lengths or
using limit operations, infinite sums etc.. Finally we are taught the magic of
the passage from R to C, where by forcing or decreeing a solution ¢ to one
equation 22 + 1 = 0, we can solve all the polynomial equations. This is the
so-called Fundamental theorem of algebra.

On the other hand, if starting from N, we allow only algebraic operations
(additions and multiplications) and hence the polynomial equations, but not
the infinite or limiting processes, then we are led to (the set of) algebraic
numbers Q. The countable (thus of measure zero) set Q is much smaller
than C.

Historically, the slow emergence of the algebraic numbers had at least
three different motivating sources: (1) Basic number theory study of Dio-
phantine equations (basically polynomial equations with integral coefficients,
where we also limit ourselves to integral solutions) such as Fermat equation
™ +y™ = 2", arising as a natural generalization of Pythagoras equation for
the right-angled triangle sides, (2) Basic geometry study of ‘cyclotomy’ which
means division of a circle, i.e., attempt of constructing regular polygons (by
ruler and compass), (3) Study of representation of integers by quadratic
forms with integral coeflicients (linear forms are easy: representable num-
bers are the multiples of GCD of coefficients i.e, Z is a PID) and resulting

emergence of ‘reciprocity’ laws.

Most of you know how to solve Pythagoras equation z? + y?> = 22 in

integers, though some of you may have only seen its rational (i.e., dehomog-
enized) version (i.e., a?+b% = 1 in rationals) as a t = tan(f/2) substitution in
calculus which turns integrand involving rational functions of trigonometric
functions of € into one involving rational functions of t. (By school geome-
try, the straight line joining the point (—1,0) to the point (a,b), with polar
co-ordinates (1,6), on the unit circle around origin has slope ¢t = tan(8/2).
Solving b = (a + 1)t, a? + b* = 1, we get t2/1 = (1 — a?)/(a + 1)?. Thus

1



2 D. THAKUR

(1—t)/(1+t}) =---=aand b=2t/(1+1t?)).

The usual algebra method is to reduce without loss of generality (by
getting rid of common factors and by parity considerations) to 2% = 22 —y? =
(z+y)(z — y) where z, y, z are relatively prime, with z even and y, z odd.
Then the unique factorization into primes implies that apart from the GCD,
which is 2, both the factors are squares: z +y = 2p?, z — y = 2¢>. Thus we
are lead to the parametric solution (z,y, z) = (2pq, p* — ¢°,p? + ¢?).

Fermat used this to show that there are no non-trivial integral solutions
to o + y* = 2* (I will leave out easy GCD and parity considerations): By
above, a nontrivial solution z* +y* = w? leads to 2% = 2pq, y?> = p> — ¢* and
w = p?+¢>. Now y>+¢* = p? again gives ¢ = 2ab, y = a®>—b? and p = a’+b>.
Thus, 22 = 2pg = 4ab(a® + b?) implies by unique factorization that a = X2,
b=7Y?and a®+b? = W2, thus leading to a ‘smaller’ solution X*+Y* = W?
leading to an infinite descent of positive integers, a contradiction.

Hence, the natural attempt (tried by Euler, Cauchy, Kummer etc. and
successful in some special cases, but not in general) to attack the general
Fermat equation x™ + y™ = 2" was to try infinite descent by using factor-
ization 2" + y" = 2" = [[(x + (ly) into ‘cyclotomic’ integers. Here n is
odd and ¢, is a primitive n-th root of unity, e.g., ¢, = e2™/". If (there is
the catch) the unique factorization held for these cyclotomic integers, then
apart from small GCD, each factor would be n-th power and we may try
manipulations as above to get an infinite descent. Soon, once we develop
these ideas a little, we will go through the proof for n = 3. Later, once
we develop the cyclotomic machinery, we will explain Kummer’s successful
attempt under the condition of ‘regularity’, which is weaker than unique
factorization condition.

As other examples, we may want to attempt solving 2® = y? + 1 in
integers by factoring the right side as (y +i)(y — ) into ‘Gaussian integers’.
(Exercise: Do this, assuming unique factorization into Gaussian integers
a+1ib (a,b € Z and go through rigorous details once more after we develop
Gaussian integers). Try the same for 22 = y?> +5 = (y + v=5)(y — V—5)
and you would see it would fail: the ‘integer system’ a+by/—5 does not have
unique factorization. Of course, this is a wrong attempt and you should have
tried 5 = 22 — y? = (v + y)(x — y) instead to conclude x = £3).

This shows that we need careful study of generalizations of concepts
such as ‘rational numbers’, ‘integers’, ‘primes’ etc. As we see above, given
a polynomial with integral coefficients, we needed to forcefully factor it by
using generalized numbers: So algebraic numbers are just solutions of (non-
trivial) polynomials with integral coefficients. (Easy theorem then is that Q :
{algebraic numbers} is algebraically closed, i.e., polynomial with algebraic
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coefficients have all roots algebraic).

What should be the algebraic integers? Those are the solutions of monic
polynomials with integral coefficients: This fits with the degree one case.
Another way to see why this is what we want is as follows: Want the set of
algebraic integers to be closed under sums, products and conjugation (as all
conjugates look the same from Q point of view) and hence the elementary
symmetric functions of the roots, which are the coefficients of the minimal
(monic) polynomial should have algebraic as well as rational and hence in-
tegral coeflicients.

But, at least for the diophantine equations applications, we do not want
to look at full Q at once, otherwise we will have too much factorization
such as 5 = (5/2)2 = (5%/%)* and so on. So we adjoin only finitely many
(which will turn out to be the same as one) algebraic numbers to Q at
a time to get so-called number fields. Examples are Q, Q(i), Q(v/—5),
Q(¢,) associated to equations above. If we write K for a number field,
the ring of algebraic integers in it will be denoted by Og. We will see
soon that in Q(v/=5), the failure of unique factorization is illustrated by
6=2x3=(1++v/-5)(1—+=5).

Historically, there were three different (but basically the same at the end)
ways to get back unique factorizations after modifying the concepts a little:
‘Ideals’ of Dedekind, ‘ideal complex numbers’ of Kummer and ‘divisors’ of
Kronecker. We will use the ideals: The basic idea is that unique factorization
fails because something is missing in the system of these generalized integers:
For example, if instead of natural numbers, we just take those of the form
4n—+1, then 21 x21 = 9x49 is failure of unique factorization, which is restored
once we add (missing) 3 and 7 in the system. When we are interested in
divisibility questions, an algebraic integer enters the picture via the set of
its integral multiples, so we introduce ideals which are sets of integral linear
combinations of several algebraic integers (rather than just one). In other
words, the set of multiples of ‘something’ should be closed under addition
and multiplication by algebraic integers, so that ideals are such sets, i.e.,
Ok submodules of O . Similarly, Ok submodules of K are called fractional
(with the word ‘fractional’ being dropped sometimes, if clear from context)
ideals.

We will learn basic operations on ideals and see that they have unique
factorization property. But we were originally interested in algebraic num-
bers. So we have to study what we loose in the passage: An ideal generated
by a single number is called a principal ideal and (group of non-zero frac-
tional) ideals modulo the principal ones is called the class group. It will
turn out to be finite. The numbers which are multiples of each other (i.e.,
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they differ by ‘units’) give rise to the same principal ideal. The unit group
will turn out to be finitely generated. So in some sense, what we loose is
manageable.

So our goal in the Dedekind domains series in the first week is to study
these notions of integers, ideals, factorizations of ideals, the structure theo-
rems for the class group and unit group etc. This set-up is good for strong
number field, function field analogies (they are thus studied together as
global fields), which we will see (in the third week of the Summer School)
are very useful in ‘fwasawa theory’, a theory developed by Iwasawa to study
a number field (i.e., a finite extension of Q) by studying a tower of its ex-
tensions via analytic and Galois theoretic tools.

The prototype of the Galois theory and cyclotomic theory was also de-
veloped by Gauss in his attempt to solve the second motivating problem:
By ruler and compass we get lines (linear equations) and circles (quadratic
equations) and their successive intersection points. Successive degree 2 ex-
tensions lead to degree 2* extensions of Q. Construction of a regular n-gon
corresponds basically to e?™/™ whose minimal polynomial has degree o(n).
Also, ¢(n) = 2* easily implies n = 2" times product of distinct Fermat
primes, i.e., the primes of the form 2%° 4+ 1. So the construction is impossible
for n not of this form. On the other hand to show the construction is possible
for such n, we have to have good control on subfield structure of Q(¢,) to
realize it by successive ruler and compass construction. This is where Gauss
developed Galois and cyclotomic theory he needed in this context. We will
give some details later.

To understand how the usual integers factor into ideals in a number
field, we need to understand how the usual primes factor into prime ideals
in number fields. We will see that such prime decomposition laws are quite
simple in cyclotomic fields, but not in general. The deeper reason behind this
will turn out to be that the Galois groups of the cyclotomic fields are abelian
(i.e., commutative). We will prove famous Kronecker-Weber theorem which
says that any finite abelian extension of Q is contained in some Q(¢,). So
the study of cyclotomic extensions (which by definition are subfields of the
basic cyclotomic extensions Q((,) is the study of finite abelian extensions
of Q. Replacing the base Q by a number field leads to a neat generalization
called Class field theory. We will only state and illustrate the main theorems.

We will then prove Kummer’s results on Fermat’s last theorem by using
cyclotomic and Kummer theory. Here we already go a little beyond abelian
theory. After extensive work by several mathematicians, the Fermat’s last
theorem was finally proved by Wiles (and Taylor) by going still further in
handling number fields with non-abelian Galois groups. We will be content
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with showing historical continuity for motivation, central ideas, themes and
some techniques.

Two important, but hard to compute, structures are class group and unit
group. We will see that special values of simply defined analytic functions,
called zeta and L-functions, reveal a lot of information on them. Concur-
rently with the Dedekind domains series, we will also have example oriented
series on quadratic and cyclotomic fields to illustrate the theory and to build
up an example base. We will see the importance in cyclotomic theory of
index 2 and of degree 2 (quadratic) sub-extensions of the basic cyclotomic
fields.

We said that we would deal with Q((,,) rather than Q to deal with the n-
th Fermat equation, but it turns out that we need to take further extensions,
such as Kummer extensions, which are obtained by adjoining a n-th root of
some number in a number field already containing ¢,,. We also motivated Q
by saying that in number theory we do not want analytic operations. But
the truth is that we use all the tools we can get even to study rational or
algebraic numbers and so we use not only R, which is the completion of Q
for the usual absolute values, but we study all possible absolute values and
completions. These concepts of p-adic sizes and completions form a ‘local’
approach and then we also briefly study local-global principles such as Hasse
theorem for quadratic forms.

Even at the school level, we study some analogies between integers and
rational numbers on one hand and polynomials and rational functions on the
other. These analogies are even better, more useful and deep when we only
allow coefficients from a finite field to our rational functions. This, for exam-
ple, forces only finitely many remainders (residue classes) when we divide,
just as in the integer case. Again the basic Dedekind domains theory and
zeta and L-functions can be developed. One of the main unsolved problems
in number theory is Riemann hypothesis, whose function field analog, due
to Artin, was proved by Weil. As we will see, Iwasawa theory got started
when Iwasawa attempted to carry over the successful tools in function fields
to number field case.

Apart from the size and group structure of the class group, the relations
(called Stickelberger relations) with respect to Galois action on it also encode
a lot of useful arithmetic information. They will be proved by studying the
ideal factorization of the Gauss and Jacobi sums.

As for the third motivating question, Fermat, Euler and many other
mathematicians played with the questions such as which natural numbers
are of the form x? + y? or x? + 5y? etc. Factoring, as before, in Q(i) or
Q(v/=5), this relates to the question of which numbers are norms (basically
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products of conjugates) from those number fields. Because of the multiplica-
tivity of norms, it quickly reduces to the question of which primes are thus
representable. If a prime p is 22 + 32, then 22 = —1 modulo p. This leads
to the question when —1 is a square modulo p (for a given p, this is easy
to check, but we want to characterize all such p’s: they are primes of the
form 4n 4+ 1 and 2) or more generally for which primes a given number is
a quadratic residue. Playing with many examples, Euler quickly found, for
example, that if p and ¢ are primes of the form 4n+1, then p is a square mod-
ulo ¢ if and only if ¢ is a square modulo p. This is an instance of quadratic
reciprocity, which was generalized to any contexts such as Power reciprocity
laws. We will see many proofs, most natural ones occuring in factorization
laws. We will also give proofs of these using Gauss-Jacobi sums.

We have tried here to give a quick plan. It will make more sense as
we go along and master the terminology through the lectures and more
importantly, through the problem sessions and discussions.

Dinesh Thakur

Department of Mathematics
University of Arizona
Tucson, AZ 85721

USA

e-mail: thakur@Qmath.arizona.edu



Abelian Kummer Theory

M. J. NARLIKAR

In this article, we study abelian extensions of exponent m when the
underlying field k& has characteristic coprime to m and it contains all the
m-th roots of unity. When the field k& has characteristic p > 0, we shall also
discuss the abelian extensions of k of exponent p.

81. Independence of Group Characters

Let G be a group. A character ¥ of GG in a field K is a homomorphism
1 : G — K*, where K* is the set of all nonzero elements of the field K. Let
tim be the group of m* roots of unity in K.
Examples (1) f : R/Z — C* given by f(z) = e*™™ for some fixed integer
m where R (resp. C) is the field of real (resp. complex) numbers and Z is
the ring of rational integers.
(2) For a cyclic group G =<a> of order n, the character f : G — p, given
by f(a) = a, for some a in py,.

Theorem 1.1 (Artin) Let 1,19, - - -, %, be distinct group characters of G
in K. Then they are linearly independent over K.

Proof : Suppose 91, s, -+, 1, are linearly dependent over K. Then there
areai,---,a, in K, not all 0, such that ay11 +agtp2+- - -+anP, = 0. Without
loss of generality, assume that n is the smallest natural number with all a;’s
Nnon-zero.

Since 1, 19 are distinct characters, there is a z in G such that ¢;(z) #
Pa(z). Also, a1ty (z2) + agha(zz) + - - - + aptPn(zz) = 0, for all x € G. Hence,
a1 (z) + aQngjglbg(x) +--+ anﬁ’f((j)) tp(z) =0, for any z in G.

Thus, together with a1v1 (z) + agthe(x) + - - - + apthn(z) = 0, we arrive at

Pa(2) P3(2) Vn(2)
V1(2) P1(2) V1(2)

for any z in GG, which contradicts the minimality of n.

[az — ap Jiba(z) + [as — a3 Js(x) + - an — an Jin(z) =0,

Theorem 1.2 (Hilbert’s theorem 90) : If K/k is a cyclic extension of degree
n with its Galois group G =<o >, then for § € K, N(f) =1< Jain K
such that 0 = a/oa. In other words, the kernel of the norm map from K*
to K* consists of elements of the form o/oa, o € K.

7



8 M. J. NARLIKAR

Proof : The implication (<) is obvious.

We shall prove the other implication. Let N(3) = 1, for § € K. Consider
the homomorphisms o,02,---,06" = id of K* into itself and apply the
theorem of independence of characters (Theorem 1.1) to deduce that

id + 8o+ B 76% + ... + ﬁ1+0'+"'+0"_20.n—1

is not identically zero. Here 5% = J(ﬂ),ﬁ“2 = 02(f3), etc.. Hence, there is 0
in K such that

a=0+p36° + ﬁ1+0902 4+ .+ ﬁ1+0+~-~0"_200”—1 £ 0.

Therefore, fa® = «, and hence, § = ——.
o)

Theorem 1.3 (Hilbert’s theorem 90 in additive form). If K/k is a cyclic
extension of degree n with its Galois group G = < o >, then for § € K,
Tr(8) =0 < 3 a in K such that § = a — ga. In other words, the kernel of
the trace map from K to K consists of elements of the form a —oa, a € K.
Proof : The implication (<) is obvious.

For the other implication, we take 5 € K with Tr(5) = 0. By applying the
theorem of independence of characters, we have 6 in K such that Tr(6) # 0.
Let

a:T&~1(9){690+(5+ﬁ0)902+"'+(5+5"+---+ﬂ""_2)90n_1}.

Then 8 = a — oa.
82. Cyclic Extensions

Theorem 2.1 Let k be a field and n an integer > 0, prime to the charac-
teristic of k and assume that the n‘® roots of unity are in k.

(i) Let K/k be a cyclic extension of degree n. Then there is o in K such
that K = k(«) and « is a root of X™ — a = 0, for some a in k.

(ii) Conversely if a € k and « is a root of X" — a, then k(a) is a cyclic
extension of k of degree d where d | n and o is in k.

Proof : (i) Let ¢ be a primitive n*® root of unity in k and K/k be cyclic
of order n. We know that N({~!) = (*™ = 1. Hence by Hilbert’s theorem
90, there is o in K such that ca = (a. Then o?a = (?a and so on. Also
a,oq,- -, 0" ta are all distinct. Hence, [k(a) : k] > n. Since a € K, we get
k(o) = K. Also, o(a™) = ("a™ = a™. Thus, o™ € k and we take a = ™.
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(i) If @ € k and « is a root of X" — a, then a(’ is a root for each j and all
the roots of X™ — a are in k(a). Hence, k(a) = K is a cyclic extension of
degree d which divides n.

If 0 is an automorphism of K, then ca = w,a, where w,, is an n
unity. If w, is not a primitive nt”

th root of

root of unity, then w : G — pu, is injective,
not surjective and G is isomorphic to a subgroup (cyclic) of .

Theorem 2.2 Let k be a field of characteristic p.

(i) Let K/k be a cyclic extension of degree p. Then there is o in K such that
K = k(o) and « is a root of XP? — X — a = 0, for some a in k.

(ii) Conversely, for a € k, if the polynomial f(X) = X? — X — a has a root
in k then all the roots are in k; or else it is irreducible. In the latter case,
k(a) is cyclic of degree p over k.

Proof : (i) Let K/k be cyclic of degree p. We know that TrX(—1) = 0.
Hence, by Hilbert’s theorem 90, there is « in K such that —1 = a—oa, that
is, ca = a + 1. Hence, 0/a = a + j and all oa, 0?a, -+, 0"« are distinct.
Thus K = k(a). Now, o(aP—a) = (ca)P —(ca) = (a+1)P—(a+1) = aP —a.
Hence, o — a € k.

(ii) If o is a root of f, then a+j is a root for 1 < j < p. Hence, the first part

of (ii). Assume that there is no root in k. Then f is irreducible. Otherwise,

f(X) = g(X)h(X) where g and h have degrees strictly less than p. Since
p

f(X)= H(X—a—j) for any root «, g(X) is a product of some (X —a—j).
j=1
Let d = degg. The coefficient of X%~ is the sum of terms —(a + j) over d
of the integers. Hence it is —da + m for some integer m. Hence da € k, and
as d # 0, € k. Contradiction.
Since f(X) has no multiple roots, k(«) is Galois and moreover cyclic
with 0 : @« — o+ 1 as a generator of the Galois group.

§3. The Duality Theorem

Let A be an abelian group of exponent m (i.e. ¢™ =1 for any a € A).
For the cyclic group Z,, of order m, let A = Hom(A, Z,,). Then A is called
the dual of A. If f : A — B is a homomorphism between two groups of
exponent m, ‘Ehen we have a natural homomorphism f : B — A such that

(feg)=golf.

Theorem 3.1 If A is a finite abelian group and it is a direct product A =
B x C, then A = B x C. Any finite abelian group is isomorphic to its own
dual.
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Proof : We have
sl Bxc Yo

where f (leftarrow) and g (rightarrow) are the projections onto the first and
the second components. Then ¢y € B and v € C generate (11,12) in
(B'x C) by

(Y1, 92)(2,y) = U1 (2) + Y2 (y).-

Thus - R R -
(F.9): BxC — (BxC)

is a map which has inverse ¢ — (¢1, ¢2) as

¢(may) = ¢1(xa 6) + ¢2(6,y),

where e is the identity element.
We know that any finite abelian group is a direct product of cyclic groups.
Hence it is enough to show that a cyclic group is isomorphic to its own dual.
Let A= <a> beoforder n. Then any f € A is determined by f(a)
and f(a) can take precisely n different values. Let t € Z, be a primitive
element in Z,,. Then v defined by 1)(a) = ¢ is seen to generate A =< ¢ > .
Thus, the result follows.

If C,A and A’ are abelian groups, then a map F : A x A’ — C is
called bilinear if F(a,a’) is linear in each component, i.e., F(ajas,a’) =
F(ay,d’) + F(ag,a’) (the group operation on C' is written additively ) and
F(a,ajay) = F(a,a}) + F(a,a)). The kernel of F on the right is {a’ € A’ |
F(a,2’) =0V a € A} and the kernel of F on the left is {x € A | F(z,d') =

0, Vd e A}
There are natural injections
0— A'/B"—Hom(A/B,C) --- I
and
0— A/B — Hom(A'/B',C) --- II,

where B’ is the kernel on the right and B is the kernel on the left. If C is
cyclic of order m, then A’/B’ and A/B have exponent m.

Theorem 3.2 Let F': A x A — C, be a bilinear map of two abelian groups
A and A’ into a cyclic group C. With the same notation as above, A’/B’ is
finite if and only if A/B is finite and in that case, A’/B’ = (A//\B)

Proof : The sequences I and II give the result immediately. We have to note
that A/B is finite implies that Hom (A/B,C) and hence A’/B’ are finite.
The last part follows from the Theorem 3.1 above.
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84. Abelian Extensions

Theorem 4.1 Let k be a field and m > 0 an integer coprime to the char-
acteristic of k and assume that all the m?” roots of unity are in k. Let B be
a subgroup of £* such that k*™ C B and let K = k(Bl/m). Then Kpg is
Galois and abelian of exponent m. Let G = Gal(Kp/k).

Then we have a bilinear map < , >: G X B — p,, as described below:
c€G, a€Band o™ =a= <o,a> =oa/a. The kernel on the left is
1 and the kernel on the right is &*™.

The extension Kp/k is finite if and only if [B : k*™] is finite. In that
case,

B/E*™ = G = Hom(G, ).

In particular, [Kp : k] = [B : *™].
Proof : We have Kp Galois as X™ — qa splits completely in Kp for each
a € B. It can be checked that < o,a >= oa/a is independent of the m-th
root « of a, and the properties mentioned above are easily verified. Now, in
the case of the kernel on the right, if < o,a > =1 for all o in G, consider
the field k(a'/™). If a'/™ is not in k, then there is an automorphism 7 of
E(a'/™) over k which is not identity and it has an extension to Kpg. Call the
extension 7. Check that < 7,a ># 1.

In the duality theorem, let A = G, A’ = B. Then we get, the injections

0 — G — Hom(B/k*™, i) and 0 — B/k*™ — Hom(G, tim)-
Thus the result follows.

Theorem 4.2 In the notation of Theorem 4.1, the map B — Kp gives a
bijection of the subgroups of k* containing &*™ and the abelian extensions
of k of exponent m.

Proof : Let Bj, By be subgroups of k* as above and By C Bs. Then
Bll/m C B%/m so that Kp, C Kp,. Conversely, if Kp, C Kp,, then let
b € By, we shall prove that b € By. Since k(bY/™) C k(By™) and bY/™ is in
some finitely generated subextension of Kp,, we may assume that By/k*™
is finitely generated. Let B3 = < Bg,b > . Then k:(BQl/m) = k:(Bé/m) and
from Theorem 4.1 above, [Kp, : k] = [By : k*"'| = [Kp, : k] = [Bs : £*™].
Hence, By = Bs.

Now, if K is an abelian extension of k£ of exponent m, we have ¢’ = 1 for
any o in G. Any finite subextenstion is a compositum of cyclic extensions. By
Theorem 2.1, each cyclic extension of exponent m is obtained by adjoining
an m-th root. Hence, K is obtained by adjoining a family of m*" roots of
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{bj}jes,bj € k*. If B is the subgroup of k* generated by {b;} and k*™, then
kE(BY™) = Kp = K. If ¥/ = ba™, for a,b € k, then k(b/™) = k(b*/™).

If k& has characteristic p and the operator P on k is defined as P(x) =
2P —x, then P is an additive homomorphism of k into itself. P(k) now plays
the role of k*™ in the last theorem. A root of the polynomial 2P — z — a
for a € k will be denoted by P~!(a). If B is an additive subgroup of k
which contains P(k), let K = k(P~(B)) be the field obtained by adjoining
P~(a) to k for all a in B.

Theorem 4.3 Let k be a field of characteristic p. The map B — k(P~(B))
is a bijection between subgroups of k containing P(k) and abelian extensions
of k of exponent p. Let K = K = k(P~}(B)) and G be its Galois group.
Foro € Gand b € B, let < 0,a > = oa— «a with P(a) = a. Then, there is
a bilinear map C x B — Z/pZ given by < 0,a > = oca — «, and its kernel
on the left is 1 and the kernel on the right is P(k). The extension Kp/k is
finite if and only if [B : P(k)] is finite and in that case [Kp : k] = [B : P(k)].
Proof : Very similar to that of Theorem 4.2 above. We need to use Theorem
2.2 above and note < o,a > is a rational integer. Also, ca — a = 0, for all
a with o — a = a, implies « € k and a € P(k).
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Introduction to Number Fields

B.SURYy

1. Integral extensions

Definition. An element z of a ring B is integral over a subring A if it
satisfies a monic polynomial with coefficients from A. One says B is integral
over A if all elements of B are so.

Examples. For any n, the n-th roots of unity are integral elements of C
over Z. The two square roots of 1/2 are not integral over Z.

Proposition. For rings A C B, the following are equivalent for an element
z of B:

(a) x is integral over A.

(b) The subring Alz] of B generated by A and x is finitely generated as an
A-module.

(c) There ezists a subring C of B such that Alz] C C and C is finitely
generated as an A-module.

Proof. The assertions (a) = (b) and (b) = (c) are obvious. To prove the
assertion (¢) = (a), start with A-module generators yi,---,y, for C. As
z € C, we can write zy; = }_; a;;y; for certain a;; € A.
This can be rewritten as a matrix equation My = 0 where y is the column
made up of the y;’s and m;; = d;;& — a;;. Multiplying on the left by the
adjoint of M, we get dy; = 0 where d = det(M). As y;’s generate C, we
have dC = 0. In particular, as C is a ring, 1 € C, we have d.1 =d = 0.
But, d = det(d;jx — a;;) is a monic polynomial in  over A. This proves
the proposition.
Corollary. A C B rings. Let z1,---,z, € B. Suppose x1 is integral over A
and x; is integral over Alxi,---,z;i_1] for 2 <i <n. Then, Alz1,---,zy] is
finitely generated as an A-module.

Subcorollary. For rings A C B, the set C of elements of B integral over
A is a subring of B which is integral over A.

Definition. In the notation above, C is referred to as the integral closure
of Ain B. If A is an integral domain, it is said to be integrally closed if it
equals its integral closure in its quotient field.

Examples/Exercises. (a) Any UFD is integrally closed.
(b) For what d is the ring Z[\/d] integrally closed?

13
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(¢) If C is integral over B and B is integral over A, then C is integral over
A.

(d) If C is the integral closure of A in B, then C is integrally closed in B.
(e) If A C B and B\ A is closed under multiplication then A is integrally
closed in B.

(f) If B is integral over A and I is a non-zero ideal, then IN A is a non-zero
ideal of A and B/I is integral over A/(I N A).

Proposition. (a) If B is integral over A and S C A is a multiplicative
subset, then S™'B is integral over ST1A.

(b) If C is the integral closure of A in B, and S C A is a multiplicative
subset, then S~'C is the integral closure of S™'A in S™'B.

Proof. (a) is clear. For (b), start with any b/s € S~!B which is integral
over S~1A. Write

" bn—l n
Be 1 0SB,

st sy snl Sn

This means that there exists ¢t € S such that

t((s1-+-5pb)™ + a1(s1---8pb) LS9 -8y + - o- 4 apstsP st _sP) =0
in B. Multiply by t" ! to conclude that ts;---s,b € C. This proves the
proposition.

Proposition. Let A be an integral domain. Then, the following are equiv-
alent:

(a) A is integrally closed.

(b) For each prime ideal P, the local ring Ap is integrally closed.

(c) For each mazimal ideal M, Aps is integrally closed.

Proof. (b) = (c) is evident. The implication (a) = (b) is immediate from
the above proposition. Finally, we prove (¢) = (a). Since all the Aj;’s are
contained in the quotient field of A, it suffices to show that A = Ny A
To prove this latter statement, let us call B = NyyAy. As A C B is a
subring with the property that Ay; C S™'B C Ay where S = A\ M,
we get Apr = ST!B. Therefore, viewing B/A as an A-module, we have
S~Y(B/A) = 0. Now, if 0 # b € B/A, then look at the ideal I = Ann(b) :=
{a € A:ab=0¢€ B/A}. Asb#0,1 ¢ I. Let M DO I be a maximal
ideal of A. As S3; (B/A) = 0, the image of b is zero; in other words, there
exists s € Sy with sb = 0 in B/A. But, then s € I by the very definition
of I. This is a contradiction to the assumption that M D I. The proof is
complete.

Lemma. Let A C B be integral domains such that B is integral over A.
Then, B is a field if, and only if, A is a field.
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Proof. If A is a field, consider any 0 # b € B. Writing b" + a,b" ' +
cov+a, = 0 with a, # 0, we have —a,; ' (b" 1 +a1b" 2 +---+a, 1) =b"L.
Conversely, let B be a field. Let 0 # a € A. As a~! € B, we may write
a4+ a1a~ ™Y ... 4+ a, =0 for some a; € A. Multiplying by a"~ ', we
get ! € A.

Corollary. Let B be integral over A. Suppose that Q C B is a prime
ideal. Then, Q N A is a prime ideal of A which is mazimal if, and only
if, Q is mazimal. Moreover, if Qo D Q s a prime ideal of B such that
QuNA=QnNA, then Q = Q-

Proof. The first statement is a restatement of the lemma modulo the exer-
cise (f) above. To prove the final assertion, write P=QNA and S = A\ P.
Then, S~ B is integral over S™1A. Now, N := S71Q C Ny := S71Qq are
prime ideals such that M € NNS™TAC NgnS~'Ac S71A. As SN Qg
is empty, No = S7'Qo # S™!B and so Nyn S™'A = S7!'A. As the ring
S~1A is a local ring with the unique maximal ideal S~'P, we must have
M=NNS1A=NynS'A. As S~!'B is integral over S~'A, the prime
ideals N and Ny must be maximal as M is. But, N C Ny so that N = Ny
and we get Q = Q9. The proof is complete.

Going-up theorem. Let B be integral over A. Then,

(a) for each prime ideal P of A, there exists a prime ideal Q of B lying over
P (i.e. such that QN A= P),

(b) If P, C Py are prime ideals of A and Q1 is a prime ideal of B lying over
Py, then there exists a prime ideal Q2 D Q1 of B lying over P;.

Proof. (a) Let us localize at P i.e. let S = A\ P. Then S !B is integral
over S 1A. Start with any maximal ideal N C S 'B. Then, NN S !4 is
a maximal ideal of S~ A. Therefore, it is the unique maximal ideal S~ P
of the local ring S 'A. If Q is the inverse image of N in B, it is a prime
ideal and must lie over P (as the composites A — S™'A c S~!B and
A C B — S7!B are equal).

(b) Write A = A/P,,B = B/Q;. Then, B is integral over A. If P, denotes
the image of P, in A, there is (by (a)) a prime ideal Q5 of B lying over P».
If ), is the inverse image of Q2 in B, it is a prime ideal of B lying over P,
(as the composites A —+ A C B and A C B — B are equal).

Definition. The dimension of a ring A is the largest integer d for which
there is a strictly increasing chain of prime ideals Py C Py C --- C Py.

Examples/exercises.
(a) Any field is of dimension 0.
(b) Z has dimension 1. In fact, the integral closure of Z in any finite field
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extension of Q is of dimension 1; this follows from the next corollary.
(c) The polynomial ring K[X1,---,X,] over a field K has dimension n.

Corollary. If B is integral over A, then their dimensions are equal.

2. Dedekind domains

Definition. A Dedekind domain is a Noetherian, integrally closed domain
of dimension 1.

Remark. Sometimes one regards fields also as Dedekind domains; in that
case the above definition must be refined to include dimension zero also.
Note that a ring A has dimension 1 if, and only if, it is not a field and all
non-zero prime ideals are maximal.

Examples/exercises.
(a) Any PID is a Dedekind domain (we shall write DD for short).
(b) Z[X] is not a DD (Why?).

Scholium. If L is a finite separable extension of fields, then the ‘trace form’
Tr:LxL— K;(x,y) = Trk(zy) is non-degenerate.

Proposition. Let A be a DD and let L be a finite, separable extension of
the quotient field K of A. Then, B is a DD.

Proof. We already know that B must have dimension 1 and must be inte-
grally closed. To show that B is Noetherian, we prove the stronger statement
that B is an A-submodule of a free A-module of rank n = [L : K]. If this is
proved, it would follow that B is a Noetherian A-module. Any ideal of B is,
in particular, an A-submodule of B and, therefore, finitely generated as an
A-module (and therefore as a B-module). Thus, it suffices to show that B
is an A-submodule of a free A- module of rank n. To see this, let e1,---, e,
be any K-basis of L lying in B (Why is it possible to choose such a basis?).
Then, if e},---, e}, is its dual basis with respect to the trace form i.e., if
Trk(eie;f) = §;j, then any z € L is of the form ), Tr(ze;)e;. If z € B,
then all the coefficients Tr(ze;) € A as they are integral over A. There-
fore, B C Y, Ae; which is a free A-module of rank n (as e;’s are linearly
independent over K). Thus, the proof is complete.

Remarks. The hypothesis of separability is not needed for the conclusion
above and can be proved in this generality using the so-called Krull-Akizuki
theorem. However, in the proof above, we had the intermediary assertion
that B is a finitely generated A-module and this may not be true in general.

Definition. If A is an integral domain and if K denotes its quotient field,
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one defines a fractional ideal to be a non-zero A-submodule I of K such that
I C d~'A for some d # 0 in A.

Examples/exercises.

(a) Each finitely generated A-submodule of K is a fractional ideal.

(b) If A is Noetherian, each fractional ideal is finitely generated as an A-
module.

(c) If I, J are fractional ideals, then so are INJ, I+J,I.J. Moreover, IJ = JI
and I(JK) = (IJ)K.

Lemma. Let A be a Noetherian, integrally closed domain, I # 0 an ideal.
Ifr € K\ A, then I ¢ I.

Proof. If z € K is so that I C I, then "I C I for all n. So, Alz] is an
A-submodule of K which satisfies A[z] C d A for some d # 0 in A (in fact,
any d # 0 in I). As A is Noetherian, so is d"'A and thus A[z] is a finitely
generated A-module. This means that z is integral over A ie. z € A.

Proposition. Let A be a DD and let P be a non-zero prime (= mazimal)
ideal. If K denotes the quotient field of A, then the set

P':={ze€K:zP C A}

is a fractional ideal of A and properly contains A. Further, P' is the unique
fractional ideal such that PP' = P'P = A.

Proof. It is trivial to see that P’ is an A-module. Moreover, evidently
P' c d7'A for any d # 0 in P. Thus, P’ is a fractional ideal and clearly
contains A. We shall show now that A # P’. For this, we make use of the
following;:

Claim: Every non-zero ideal of A contains a finite product of non-zero prime
ideals.

The claim is proved as follows. If there are exceptions to the claim made
above, consider the family of ideals which fail to contain a product as
claimed. As A is Noetherian, there exists a maximal such ideal M. So,
M itself cannot be prime. If ab € M with neither a nor b in M, then the ide-
als M + (a) and M + (b) contain products of prime ideals. As M is contained
in their product, M contains a product of prime ideals, which contradicts
our assumption. Therefore, the claim is indeed true. Now, let a # 0 be in P.
Then, the ideal (a) D P P; - -+ P, with n minimal possible and P;’s non-zero
primes. So, P D P, ---P,. As P is prime, we have P D P; for some i, say
P D P;. As P; are maximal, we obtain P = P,. Writing I = P,--- P, or A
according asn > 1 or n =1, we get I ¢ (a) by the minimality of n. Choose
any b € T\ (a). Then, ba~! ¢ A. Now, PI C (a) = Pb C (a) ie., ba™! € P'.
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Hence, we have shown that A # P’. Further, we have P = PA C PP' C A
so that PP’ is an (actual) ideal of A containing P. It must, therefore, be
either equal to P or to the unit ideal A. If x € P'\ A, we must have
(by the above lemma) P ¢ P. This means that xP C P'P\ P. Thus,
PP' = A. Finally, if P, is any fractional ideal such that PPy = PyP = A,
then P' = AP' = (PyP)P' = Py(PP') = PyA = Py which proves uniqueness
also.

Notation. One uses the notation P~" instead of P™ for any n. Then, (like
ideals) one has AP™" = P™".

Theorem. Let A be a DD. Then, any fractional ideal I # A can be uniquely
written as [ = P{"* - - P,:”“ where n; are non-zero integers and P; are distinct
prime ideals.

Proof. The uniqueness is easy to prove as follows.

If P ... P = Q™ ---Q™r, then one can shift all the negative pow-
ers on each side to the other side to obtain an equality where all powers
are positive. Then, a simple induction on the sum of the exponents yields
uniqueness.

We prove the existence of the prime ideal decomposition by contradiction.
First, we assume that there is an (actual) ideal I which is not expressible as
a product of prime ideals. By using the fact that A is Noetherien, we obtain
an ideal I which is maximal with respect to this property. Of course, I is not
a prime ideal. If I C P with P maximal, then I = AT C P"'T Cc P~'P = A.
Now, if z € P71\ A, then 2I ¢ I and so zI C P~'I\ I. Hence P~'I is an
(actual) ideal which contains I properly. By the choice of I, we obtain that
P~'T must be a product of prime ideals. Therefore, clearly I itself is such a
product, which manifestly contradicts the choice of I. Therefore, every ideal
in A is, indeed, a product of prime ideals.

Finally, if J is any fractional ideal, there is some d # 0 in A such that
dJ is an ideal of A. So, if (d) = P®---P% and dJ = Q% --- Q" then
J=P " ... P Q4 ... Qb%. This proves the theorem.

Examples/Exercises. (a) In any DD, P D P? D P3... is a strictly de-
creasing chain.

(b) Every fractional ideal in a DD can be generated by two elements one of
which can be taken to be any arbitrary element.

Hint: Enough to prove this for ideals I; in this case if a € I and if (a) =
P ... P and I = Plb1 -+« P’ then a; > b; > 0. Use the Chinese remainder
theorem to choose an appropriate element b in I so that I = (a,b).

(c) A DD which has only finitely many prime ideals is a PID.
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Hint : If Py, .- P, are all the prime ideals, use the Chinese remainder theo-
rem to choose z; € P;, x; & Pi2 and z; = 1 mod Pj for i # j. Then, P; = (z;).
(d) Use the fact that Z[/=5] is not a PID and (c) above to prove that there
are infinitely many prime numbers (!)

3. Prime decomposition in extension fields

Let A be a DD with quotient field K and let L be a finite, separable
extension of K. Then, we have seen that the integral closure B of A in L is
again a DD. If A = Z, then L is called an algebraic number field and B is
called the ring of integers of L.

Exercises. (a) Show that if K C L are algebraic number fields, then the
ring of integers of L is the integral closure of the ring of integers of K in L.
(b) Find the ring of integers of the field Q(\/d) for any square-free integer
d.

Definition. For a field extension L/K of degree n, and an n-tuple of ele-
ments vy, --,v, of L, one defines the discriminant of the n-tuple vy,---, v,
to be the element D% (vy,---,v,) = det(M) of K where M;; = Trk(v;v;).
This is an important concept, and let us start with a few easy exercises to
see its use.

Exercises. Let L, K, v; be as above.

(a) Show that DY (vi,--,v,) # 0 if, and only if, vi,- -+, v, form a K-basis
of L.

(b) If K = Q and v; form a Z-basis of the ring of integers (this always exists
as we observed), then DY (vi,---,vy) is an integer which is independent of
the choice of the Z-basis.

(c) If o1, ,0, are the K-embeddings of L in C, then Dk (vi,--- v,) =
det(N)? where Ni; = oi(v;).

Definition. The discriminant Dg of an algebraic number field K is the
discriminant of any Z-basis of its ring of integers. By the exercise (b) above,
it is well-defined. Moreover, it is clear that if {vi,---,v,} are in O and
satisfy Dg = Dg(vl, -++,vp), then {v;} form an integral basis (Why?).

Exercise. (a) For a square-free integer d, show that the discriminant of
Q(V4d) is d or 4d according as whether d = 2,3 mod 4 or d = 1 mod 4.
(b) Let K = Q(a) be an algebraic number field. Suppose the minimal
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(monic) polynomial of « is f(X) = [[j=1(X — ;). Then, prove that
Dg(la Q- ’anil) = H(CZZ - aj)2 = (_l)n(nil)/QNgfl(a)
1<j

where N denotes the norm map.

(c) Use (b) to show that for any n, and K = Q((,) with {, a primitive n-th
root of unity, one has Dg(l, Cooee, CEMYY divides nd(™)

(d) Let K be an algebraic number field and let ay,---, oy be a Q-basis of K
contained in Ok, the ring of integers of K. Then,

Ok C {Z miai/d tmy; € Z,d\m%}

Here d stands for Dg(al, ceeLag).

Hint: Write any o € Ok as > ; tio; with ¢; € Q. Apply the various em-
beddings of K to this equation and solve the system of linear equations by
Cramer’s rule.

(e) If K, L have degrees m,n over Q and if KL has degree mn, then Ok C
éoKOL where d is the GCD of Di and Drp.

Hint: Use the fact (implied by the hypothesis [KL : Q] = mn) that each
embedding of K in C has a unique extension as an embedding of K I which
restricts to the identity on L. Then, use the same idea as for (d).

Lemma. For any positive integer n, consider the field K = Q({) where
¢ =e¥m/™. Then, Ok = Z[C].

Proof. By the exercises (c¢) and (e) above, and the fact that Euler’s phi-
function is multiplicative, it suffices to prove the lemma when n is a power
of a prime.

Let us use the notation disc(«) when we talk about Dg(l, Q-
for some number field K = Q(«) of degree m. Let n = p” and ¢ be a primitive
n-th root of unity. From an earlier exercise, we have disc(¢) = disc(1 — ().
Moreover, p = [](p)=1(1 — ¢*) as seen by evaluating the corresponding

mfl)

cyclotomic polynomial at 1. Evidently, 1 — ¢* is an associate of 1 — ¢ for any
k coprime to p. Therefore, p divides (1—¢)?®") in Z[¢]. Now, by an exercise
above, every element of O is of the form

Z mz(l - C)i_l/da
i<¢(p")

where d = disc({). Note that d is a power of p. If Og # Z[1 — (], then there
exists an element z € Ok for which not all m; are divisible by d. If all the
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my;’s are divisible by p, we can divide them all by p and proceeding this way
we finally arrive at an element in Ok of the form z = 37,5 ;m;(1 — O=/p
with 7 > 1 and m; not a multiple of p. Now, we noted in the beginning of the
proof that p is an associate of (1 —¢)?®") in Z[¢]. This means, in particular,
that p/(1 — ¢)/ € Z[¢] C Ok. Hence, we have zp/(1 — ()’ € Ok. Hence,
we get from the expression for = that m;/(1 — ¢) € Ok. So, Ng(l - )
divides Ng (m;) = m?(p ") i.e., plm;, which is a contradiction. This proves
the lemma.

Definition. Let A be a DD, K its quotient field and L a finite, separable
extension. Let B denote the integral closure of A in L. For any non-zero
prime ideal P of A, as B is a DD, one can write PB = P[! ---Pgeg where all
e; > 0. The integer e; is called the ramification index of P; and sometimes
denoted by e(P;/P) to make its dependence clear. P is said to be unramified
in B if each e; = 1; otherwise it is said to be ramified. P is said to be totally
ramified if g = 1 and e; > 1. The primes P; lie over P and these are all the
primes lying over P (Why?). The degree f; (denoted by f(FP;/P)) of the field
extension B/P; D A/P is evidently (why?) at the most equal to the degree
of L over K. The finite field A/P (why is it finite?) is called the residue
field of K at P. The field extension B/P; O A/P is called the residue field
extension at P; and f; is called the residue field degree of F;.

Exercises. Answer the three why’s in the above definition.

Proposition. Let A be a DD, K its quotient field and L a finite separa-
ble extension. Let B denote the integral closure of A in L. For a non-zero
prime ideal P of A, writing PB = P{'-.-P;° we have 7 eifi where
fi=[B/P;: A/P].

Proof. The trick is to localize at P i.e. consider S~ A4 and S~!B where S =
A\ P. Now S™!B is the integral closure of S~'A4 in L, and S"1A/S P =
A/P. Note also that PS™!B = Q' ---Qg° where Q; = P;S™!'B and that
S~'B/Q; = B/P; Thus, to prove the proposition we may replace 4, B by
S~'A,S7!'B. In this case, A, B are PIDs as they are DDs with only finitely
many primes! Therefore, B which is a submodule of a free A-module is,
itself, free of rank n (the rank is n as B contains a K-basis of L). Let
v1,--+, VU, be an A-basis of B. If v; denotes the image of v; modulo PB, we
have B/PB = Yi* ,(A/P)v;. Moreover, if > 1", a;v; = 0 in B/PB, then
Yirqav; € PB. This forces each a; to be in P since v;’s form a basis
of B. Thus, 01,---,v, is a basis of the A/P-vector space B/PB. Thus,

dimy,pB/PB = n. Let us count this same dimension in another way. By
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the Chinese remainder theorem, one has B/PB = B/[[ P/ = @B/FP{" as
rings as well as as A/P-vector spaces. We need to count the dimension of
each B/Pf". Now, since P C P;, we have PP} C PZ-’"+1 for all » > 1. Hence,
P’/ PZ-’"+1 is an A/P-vector space. Thus, as A/P-vector spaces, we have

B/PieigB/Pi@Pi/PZ?@_”@Pieifl/Piei

Further, as B is a PID, one can write P; = (m;). Then, for each r, the
multiplication by 77 gives an A/P-isomorphism from B/P; onto P! /P .
Hence, we have dim,,pB/ Pft = e;f; which gives that n =" ¢; f;.

Definition. With A, B as before, a maximal ideal P of A is said to split
completely in B if e, = 1 = f;; so PB is a product of n distinct primes.

Examples/Exercises. (a) Show that the e’s and the f’s multiply in towers.
(b) Let p be a prime, ( = e*™/P and K = Q(C). Then, p is totally ramified
n K.

Hint: Show that p = Hf;ll(l — (%) and that each 1 — (' is a unit times 1 — (.

Corollary. Let the notations be as in the above proposition. Assume, in
addition, that L/K is a Galois extension. Then, all the e;’s are equal and
all the f;’s are equal. Hence n = efg for some positive integers e, f, g.

Proof. We shall show that the Galois group Gal(L/K) acts transitively on
the set {P,---,P,}. If it does not, then there exist ¢ # j such that gP; # P;
for all g € Gal(L/K). Then, choosing by the Chinese remainder theorem,
an element b € Pj,b = 1 mod gF; for each g € G. But then the element
a = Ni(b) =[], 9(b) is in A on the one hand, and is in P; on the other.
As AN P; = P, this means that [[,g(b) € P C P; i.e. some g(b) € P,
which contradicts the choice of b. Hence, it follows that the Galois group
acts transitively. Then, if gP; = P;, the observation PB = ¢g(PB) along
with the uniqueness of decomposition into prime ideals in B yields e; = e;.
Therefore, all the e;’s are equal. Finally, if g(P;) = P;, then g induces an
A/ P-isomorphism from B/P; to B/P; and so f; = f;. The corollary is
proved.

Definitions. With notations as above, the decomposition group of P; is
the subgroup Dp, := {g € Gal(L/K) : g(P;) = P;}. The Galois group
induces a natural homomorphism 6p, from Dp, to Gal((B/P;)/(A/P)). The
kernel Tp, is called the inertia group of P;. If the inertia group Tp, is trivial,
one defines the Frobenius element Frp, at P; as the inverse image under
the isomorphism 6p, of the Frobenius automorphism ¢ t#(A/P) which
generates Gal((B/F;)/(A/P)).
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Exercises.

(a) Show that the above homomorphism from Dp, to Gal((B/F;)/(A/P)) is
surjective.

Hint: Use the Chinese remainder theorem.

(b) Show that the Dp,’s are mutually conjugate and that #Dp, = ef, #Tp,
=e for all 1.

Hint: Dp, is the stabiliser at P; for the action of Gal(L/K) on the set
{Pryeee Py},

Definition. For any algebraic number field K and a non-zero ideal I, the
norm N(I) of I is defined to be the cardinality of the finite ring Ok /I.

Corollary. Let K be an algebraic number field. Then,

(a) if I,J are non-zero ideals, N(IJ) = N(I)N(J).

(b) if P is a mazimal ideal, N(P) = p/ where p is the prime number lying
below P and f = f(P/p).

(c) if L/ K is an extension of degree n, then for any non-zero ideal I of Ok,
N(IOg)=N(I)".

(d) if a £ 0 is in Ok, N((a)) =| N&(a) |

Examples/exercises. Let K = Q(V/d) where d is a square-free integer.
For any odd prime p, denote by (a/p) the Legendre symbol. Then,

(a) if pld, p is (totally) ramified i.e. pOx = P? where the prime ideal
P = (p,Vd),

(b) if p is odd and coprime to d, it is unramified and splits completely or
remains a prime according as whether (d/p) =1 or not,

(b) if d = q is a prime = 1 mod 4, and p is an odd prime, prove that
(q/p) = 1 & the polynomial X% — X + 14;'1 has a solution mod p < Q(,/q)
is fized by the Frobenius Fr, < (p/q) = 1.

(c) if d is odd, 2 is ramified if d = 3 mod 4, splits completely if d =1 mod 8
and remains a prime if d =5 mod 8.

(d) Prove the whole of quadratic reciprocity law by proving a corresponding
version of (b) for primes = 3 mod 4.

Remarks. The exercise above provides a nice criterion to decide when a
prime splits completely in a quadratic extension. The criterion is in terms of
some congruences. One of the principal aims of ramification theory (in fact,
of algebraic number theory itself!) is to give a ‘nice’ criterion for a prime to
split completely in a given extension; one often calls such a criterion to be
a reciprocity law. The reason that one is interested in a criterion to decide
which primes split completely is that given K, the set of primes of K which
split in L determine L uniquely. The last fact mentioned is deep and the
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proof requires the so-called class field theory.
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An interesting exercise - Why is Fermat’s last theorem not trivial
to prove?

(a) Let p be an odd prime and ( = e*™/P. Show that the element S =
Ef:_ll(z/p)g‘Z of K = Q(C) satisfies S> = (—1/p)p. Hence conclude that
every quadratic extension of Q is contained in a cyclotomic extension.

(b) Let K = Q(v/=23),L = Q(¢) where { = €7/ Show that Oy, is not a
PID.

Hint : K C L by (a). Also, 20, = PP where P = (2,“’2@) and
P = (2, ﬂ) If a prime Q in L lying over P is principal, then P/ is
principal where f = f(Q/P). As P is not principal and P3 = (=3£y=23),
P/ cannot be principal as f divides [L : K].

Theorem (A Cyclotomic reciprocity law). Let n be a positive integer and
p be a prime not dividing n. Denote by ( a primitive n-th root of unity.
Then, p is unramified in K = Q({) and splits into ¢p(n)/f primes where f
is the order of p in the unit group of Z/n and ¢ is Euler’s phi function. In
particular, p splits completely in K if, and only if, p =1 mod n.

Proof. We already know that p is unramified as the minimal polynomial of ¢
(indeed, its multiple X™ —1 itself) has distinct roots mod p. Let P be a prime
in K which lies over p. First, we observe that the powers (*,0 < i < n—1 are
distinct modulo P. This is a consequence of the identity n = [J7='(1 — ¢%)
and the observation that n ¢ P; these imply that 1 — (* ¢ P. Now, the
Frobenius element Fr, of Gal(K/Q) satisfies Fry(z) = z? mod P for all
z € Ok. But, Fry(¢) is obviously again an n-th root of unity. In view of the
observation made above, it follows that Fr,(¢) = ¢P. ;jFrom this, it follows
easily that the order f(P/p) of Fr, is just the order f of p in (Z/n)*.

Remarks. When K is the quotient field of a DD A, and L is a finite,
separable extension of K and B the integral closure of A in L, the following
theorem of Kummer provides a way to read off the decomposition of a prime
ideal in terms of the decomposition of the minimal polynomial of & modulo
P. Here L = K(a) and a € B and the theorem is valid under a mild
assumption.

Theorem (Kummer). Let A, K,L = K(a), B, P, f be as above. Assume,

in addition, that B = Ala]. Write f = p{' ---pg’ where P; are irreducible

polynomials in (A/P)[X] and f denotes the image of f mod P. Then,
PB=P{i... Pt

where P;’s are prime ideals and f(P;/P) = deg(p;). Indeed, P = PB +
(pi(c)) where p;’s are arbitrary lifts of p;’s.
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Before proving the theorem, let us look at its applications to see really how
powerful it is.

Applications of Kummer’s theorem
I. Prime decomposition in quadratic fields

As we saw earlier, if K = Q(v/d) with d square-free, then Ox = Z[a] where
a=+dor 14'2—‘/3 according as d = 2,3 mod 4 or d =1 mod 4. The minimal
polynomial f is X? — d in the first case and X? — X + lz—d in the second. If
d=2or 3 mod 4, f(X) = X% —d is a square modulo any prime p dividing d
and also modulo 2. Thus, 2 and primes dividing d are (totally) ramified. If
an odd prime p does not divide d, then f modulo p is reducible or irreducible
according as whether d is a square modulo p or not. Thus, these primes,
respectively, split completely and remain inert. Similarly, one can argue for
the case X2 — X + 11_(1 corresponding to d = 1 mod 4.

II. Discriminant criterion for ramification

Theorem. Suppose K = Q(«) is an algebraic number field and assume that
Ok = Z[a] for some a. Then, a prime p ramifies in K if, and only if, p
divides Disc(K).

Proof. Let f(X) = [[;(X — a;) be the minimal polynomial of o. We have
seen that disc(K) = disc(f) = £[[;+;(c; — o). By Kummer’s theorem, a
prime ramifies in K if, and only if, f has a multiple root modulo p. This is
so if, and only if, disc(f) = 0 mod p i.e. if, and only if, p divides disc(f).
Here f denotes the reduction of f modulo p.

Proof of Kummer’s theorem. Consider the ring homomorphisms
A[X] = (A/P)[X] — (A/P)[X]/(p:(X))

Call the composite map ¢;. Note that (A/P)[X]/(pi(X)) = (A/P)[a;] for
any root «; of p;. Therefore, Ker(¢;) is a maximal ideal as ¢; is evidently
surjective. Moreover, it is clear that P C Ker(¢;) and p;(X) € Ker(¢;)
for any arbitrary p; € A[X] which maps to p;. Further, it is clear from the
definition of ¢; that Ker(¢;) is the ideal generated by P and p; in A[X]. Now,
by the hypothesis, f = p$' - -- pg° which implies that f € (P,p;) = Ker(¢;).
Therefore, ¢; factors through (f) to give a surjective homomorphism 6; :
AIX]/(f) = (A/P)[X]/(p:(X)). Note that we have assumed that B = A[a]
which gives that A[X]/(f) = B where X maps to a. So, we have obtained
0; - B — (A/P)[X]/(pi(X)) which is surjective and has kernel Ker(§;) =
PB + pi(a)B. Thus, P, :== PB + p;(a) B = Ker(0;) are maximal ideals in
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B. As they contain P, they lie over P. Note that f(P;/P) = [B/P;: A/P] =
dim,,p(A/P)[X]/(Pi(X)) = degp;. We shall prove now that P; exhaust all
the maximal ideals of B lying over P and have ramification indices equal to
€;.

Note first that the assumption f = p{'---pg? gives, on comparing degrees
that >, e;fi = deg(f) = [L : K]. The same thing also gives for arbitrary
lifts p; that f — p{*---py’ € P[X] which, in turn gives, on evaluation at «,
that pi(a)® -+ pg(a)® € PAla] = PB. So, if Q is any prime ideal of B
lying over P, we have pi(a)® -+ py(a)® € PB C Q. Then, p;(a) € Q for
some i. But then, P, = PB + p;(a) C @ and, as both are maximal ideals,
they must be equal.

Finally, let PB = P! ---Pgdg. Then,

P{' o P = (Ppi(e)? -+ (Ppy(0))*
C PB4+ (pi(a)®---py(a)®) = PB = Pldl ,”Pgdg_

Thus, e; > d;. As Y e;fi = [L: K] =) d;f;, this forces d; = e;. The proof
is complete.

The last application was generalised by Dedekind to the situation when
the base field is the quotient field K of any DD A and when the integral
closure B of A in a finite, separable extension L may not satisfy the condition
B = Ala] for any a.

The following example shows that the condition B = A[«] may not hold for
any a.

Example. Let K denote the unique subfield K of L = Q({31) of degree 6
over Q. Then, Ok # Z[a] for any a.

Reason: In general, if E/F is a finite Galois extension, and D is the decom-
position group at some prime @ of E, then, P = Q) N Of splits completely
in EP (Why?).

Returning to our situation, look at the prime 2 which is unramified. As the
order of 2 modulo 31 is 5, 2 splits in Oy, into ¢(31)/5 = 6 primes. Therefore,
the decomposition group D at any prime of L lying over 2 has order 5. As
Gal(L/Q) is cyclic, it has a unique subgroup of order 5 (indeed, of order
any divisor of 30). Thus the fixed field L is of degree 6 over Q and must
be K. By the observation made in the beginning, it follows that 2 splits
completely (into 6 primes) in K. Hence, if Og were of the form Z[a], it
would follow by Kummer’s theorem that the minimal polynomial of a would
split modulo @ N'Z into six distinct linear factors. However, over Z/2, there
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are only two linear polynomials! This contradiction establishes the validity
of the example.

Before stating and proving Dedekind’s theorem, we introduce the concept of
the discriminant ideal.

Definition. Let A be a DD with quotient field K, L be a finite, separable ex-
tension and B be the integral closure of A in L. The discriminant ideal Dp 5
is defined to be the ideal of A generated by the elements disc(vy,---,v,) as
{v1,---,vp} runs through K-bases of L which are contained in L.

Exercise. If B is free over A, then Dp/4 is the principal ideal generated by
the discriminant of any A-basis of B.

Hint: For any A-basis {e1,---,e,} of B and any K-basis {v1,---,v,} of
L which is contained in A, write v; = ), a;;e; with a;; € A. Then,
disc(vy, - -+, vp) = det(a;;)?disc(er, -+, en).

Exercise. For any n, let ®, denote the nth cyclotomic polynomial (i.e.
minimal polynomial of €*™/™ over Q). Note that X" —1 = [Lgn @a(X). Let
p be a prime not dividing n and a € Z. Show that p divides ®,(a) if, and
only if, a has order n in (Z/p)*. Moreover, this happens for some p,a if,
and only if, p =1 mod n. Hence, show that there are infinitely many primes
p =1 mod n.

Exercise. For any n, and any prime p = 1 mod n, show that p splits
completely in the cyclotomic field Q((,) into the prime ideals P; = (p,(n,—1),
where i has order n in (Z/p)*.

Exercise. Let K be the quotient field of a DD A, and suppose that L is a
finite, Galois extension of K. Let B denote the integral closure of A in L
and let P C A be a mazimal ideal. If PB = (P;---P,)¢ in B, then show
that there are fields E,F such that K C F C E C L with [L : E] = e,
[E: F] = f, [F: K| = g. Further, prove that such E,F ezist with the
properties: (i) P splits completely in F' into the product of the primes of F
lying below Py,---, Py,

(7i) each prime of F lying above P remains a prime in E,

and (iii) each prime of F lying above P totally ramifies in L.

Hint: Look at the fixed fields under the decomposition group and the inertia
group of any P;.

Lemma. Let S C A be a multiplicative subset. Then, Dg-1pjg-14 =
S_I(DB/A). In particular, for a prime P of A and S = A\ P, one has
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P> DB/A = Sil(P) D) DS—l(B)/S—l(A)'

Proof. If {v;} is a K-basis contained in B, then v;’s are also in S~!(B). So,
Dg/a C Dg-1p/5-14. Therefore, S'(Dp;s) C Dg-15/5-14. Conversely,
if {w;} is a K-basis contained in S~!B, then there exists s € S such that
sw; € B for all i. Therefore, disc(swy,--,sw,) = s*"disc(wy,---,w,). As
the left hand side is in Dp 4, it follows that disc(wy,---,wn) € S_l(DB/A)
which proves the other part of the equality asserted.

Theorem (Dedekind). Let A,K,L,B be as before. Assume that every
finite extension of A/P (for any mazimal ideal P) is separable - this is true
when K is an algebraic number field, for then, A/P is a finite field. Then
P ramifies in L if, and only if, P D Dpg/4.

Proof. By the lemma, one can, without loss of generality, localise at P.
Then, A, B etc. get replaced by S~'A4,S~'B which are PID’s (Why?).
Then, B is A-free with a basis {vi,---,v,} say. As observed earlier, this
means that the images 0; of v; give a basis of the A/P-vector space B/PB.
Claim: If b € B, then Trp i (b) = tr(b) where b is regarded as an A/P-
endomorphism of B/PB.

To see why this is so, let us look at the endomorphism pp : B — B;x — xb.
Write M for the matrix of p, with respect to the basis {v;}. Then, v;b =
>_j mijvj. Reading this modulo PB, we get the fact that M is the matrix of
b. This gives tr(b) = 3, my = tr(py) = Try, /K (b) which was claimed above.
Hence, Dp/4 = (disc(v1,---,vn)) C P if, and only if, disc(vi,---,vn) = 0.
Let us write PB = Pf'---P;?; then B/PB = B/P{* ®---® B/P;°. To
prove the theorem, let us first assume that P is unramified in B; then all
the e; are 1. Thus, B/PB is a direct sum of fields B/P; which are sep-
arable by our hypothesis. Choose a new A/P-basis {b1,---,b,} of B/PB
which is compatible with the direct sum decomposition (What does that
mean?). Then, for each b = ) + ... + b9 € B/PB, the matrix of
py consists of diagonal blocks M;,---, M, where M; = pyu. Therefore,
tr(b) = 3, tr® (b)) where tr(*) denotes the trace from B/P; to A/P. Conse-
quently, disciﬁzB(b_l, b)) =11 disc]j;?(bgz), e ,bsf)) # 0. Hence, for the
original A/P-basis {#;}, one has disc(v1, - - -, v,) = d?disc(by,---,b,) # 0 in
A/P, where d is the determinant of the change of basis. This proves that
P P Dp/, as observed earlier.

Conversely, suppose that some e; > 1. Then, B/P (and so B/PB it-
self) has a nilpotent element, say u;. Extend it to a basis {u1,---,u,} of
B/PB. As uju; is nilpotent, one has tr(uju;) = 0 for all . Therefore,
disc(uq,---,u,) = 0 and so for the other basis too, one has disc(v1,---,v,)
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= 0. In other words, P D Dp/4. This completes the proof.

4. Finiteness of class number and Minkowski’s bound

In this section, we shall show that the class group of an algebraic number
field is finite. Its order, called the class number, gives a measure of the
deviation from the unique factorisation property. Although the finiteness is
easy to establish, the easy proof gives a somewhat large bound. A much
better bound was obtained by Minkowski using a geometric method. We
shall discuss Minkowski’s method and in the next section, we shall apply it
to prove a theorem of Dirichlet on the structure of units of a number field.

Theorem. For an algebraic number field K, the class group is finite.

Proof. Fix an integral basis {vi,---,v,} of Okg. Let I # 0 be any ideal
and consider the subset S of Ok consisting of all Y7 ; m;v; with 0 < m; <
N(I)'/". Evidently, # S > N(I) = # (Ok/I). Therefore, there exist
a # b € § such that a — b € I. Notice that a — b = }_, m;v; for some integers
m; which satisfy | m; |< N(I)'/". Let us compute its norm over Q. We
have Ng/q(a —b) = I1; 0i(3°; mjv;) where o;’s are the embeddings of K in
C. Therefore,

| Niala=0) | =T[I X moiw) | <TIX Imy| la(w)) | <NO)C,
% J ]

where C = [[; 3, | 0i(vj) | is a constant independent of the ideal I; it
depends only on K. Now a —b € I = (a — b) = IJ for some non-zero ideal
J. Thus Ng/q(a—b) = N(I)N(J) < N(I)C and we get N(J) < C. As J is
just the inverse of I in the class group, it runs through the class group when
I does. Therefore, we have shown that any element of the class group has a
representative ideal whose norm is at the most the constant C. As there are
only finitely many ideals with the norm bounded by an absolute constant,
the theorem follows.

Example. Let K = Q(v/2). Then, O = Z[v/?2] has {1,1/2} as a Z-basis.
The constant C above is C = (1 4+ 1/2)? = 5.8.... So, every ideal has a
representative I with norm at the most 5. Thus, the prime ideals dividing
must have norm < 5 which means that they are among those lying over 2,3
and 5. Now, 3,5 are unramified and must, therefore, be either inert or split.
As 2 is not a square mod 3, 3 remains prime. So is the case with 5 also.
Finally, 2 is the square of the prime ideal (v/2). Thus, we have shown that
every ideal class contains a representative ideal which is principal. Thus, the
class group is trivial, i.e. Ok is a PID.
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The bound given above is somewhat large. One can do somewhat better;
proceeding as in the proof of the theorem, one can write out the matrix
M of a — b with respect to the basis {vi,---,v,}. M = Y, m;M; where
M; is the matrix of v; with respect to the same ordered basis. Note that
all the entries of M; are integers whose absolute values are bounded by a
constant depending only on the basis {v;} and not on the ideal I. Then,
by definition, | Ng/q(a —b) | = |det(M)| < CoN(I). This constant
Cj is better than the constant C in the proof of the theorem. For example,
when K = Q(+/-5), we have C = 10, Cy = 6. But, in fact, the method we
shall discuss below, due to Minkowski, gives a much better bound. In this
example, it will give a constant less than 3 which will enable us to conclude
quite easily that the class number is 2.

Definitions. A lattice A in the FEuclidean space R" is the Z-span of an
R-basis of R". Clearly, the group GL,(R) of invertible n x n matrices acts
transitively on the set of all lattices. Thus, any lattice can be identified with
gZ™ for some g € GL,(R). Given a lattice A, a fundamental parallelotope
for it is the set of vectors {}_;tie; : 0 < t; < 1} for any basis {e;} of
A. As any two Z-bases are transforms of each other under a matrix in
GL,(Z) = {y € M,(Z) : det(y) = £1}, the volume of the lattice A = gZ"
is the well-defined non-zero real number | det(g) |. We write Vol(R"/A) for
the volume of A.

Lemma. Let K be an algebraic number field. Let o1, -+ ,0p,T1," ", Ts,
Ti1,+-+,Ts be the embeddings of K in C. Here, the o;’s take real values and
the 7;’s take nonreal values. Then, the map 6 : 1 +—

(@1(2), -+, 00 (1), Re(T1(2)), - - - Re(7s(2)), Im(71(£)), - - -, Im(75()))

from K to R"™ embeds Ok as a lattice. Its volume is /| disc(K) |/2%. In
particular, K embeds densely in R™.

Proof. Let v1,---,v, be a Z-basis of Ox. We show that 6(v1),---,0(vy,)
are linearly independent. If we write = (61,---,6,) to mean the obvious,
look at the matrix M with m;; = 6;(v;). Elementary column operations
transform M to the matrix whose i-th row is

(1/23)°(o1(v3), -+, op(v4), 1 (v1), T1 (i), - - -, Ts (Vi), T (V3))

This gives the result that the determinant of M is (1/27)%/disc(K); so
Vol(R" /0(Ok)) = /| disc(K) |/25.

Definition and Remarks. Given a positive integer n and non-negative
integers 7,5 such that r + 2s = n, define a norm on R™ by N, (z) =
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oy wp(w? + 225) - (22_; + 22). Thus, in the situation of a number
field K of degree n over Q and r, 5,0 as above, we have N, 5(0(t)) = Nk /q(t)
for all t € Ok.

Theorem (Minkowski). FEvery lattice A in R"™ contains © # 0 with
Ny (z) < Z(2)*Vol(R"/A).

We shall give the proof of this important theorem after pointing out some
very useful consequences of it.

Corollary. Let [K : Q) = n and r, s have the usual meaning. Then,
(a) Every non-zero ideal I contains x # 0 with

| N(@) |< ™ (f)s | disc(K) | N(I).

—nt\7

(b) Every ideal class contains an ideal I with

Ny < B (ff | disc(K) |.

—nt A\

(c) disc(K) > 1 if K # Q.

(d) If K # Q, then some prime number p ramifies in K.

Proof. Using the lemma above, O can be viewed as a lattice in R™ whose
volume has also been computed. Therefore, both (a) and (b) are direct conse-

quences of Minkowski’s theorem. To prove (c), just observe that the number
nL(Z)* > L(2)m > 1 for n > 1. Finally, (d) follows from Dedekind’s theo-

nt n!
rem which showed that prime numbers which divide the discriminant of K

must ramify in K.

Example/Exercise. Let K = Q(v/—5). Then, the above constant (called
Minkowski’s constant) on the right hand side of (b) shows that each ideal
class contains a representative ideal I of norm N(I) < % < 3. So, one
need only consider the ideals lying above 2 viz., (2,1 4+ 1/=5). It is easy to
see that these are not principal and thus it follows that K has class number
2.

Using this fact, show that the equation x> +5 = y3 has no integral solutions.

For the proof of Minkowski’s theorem, one needs the following beautiful
lemma on convex bodies which is of independent interest:

Minkowski’s lemma. Let A be a lattice in R™, E a convex, measurable,
centrally symmetric subset of R"™ such that Vol(E) > 2"Vol(R"/A). Then,
FE contains some non-zero point of A. Further, if E is also compact, then
the strict inequality in the hypothesis can be weakened to >.
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Proof. Let F be a fundamental parallelotope for A. Then, we have R" =
Uyea(z + F). Now, 3E = | |,er(3E N (z + F)). By the hypothesis,

Vol(F) < Vol(E)/2" = Vol(E/2)

> Vol(%E N(z+ F))
TEA

- Vol((%E _5)NF)
TEA

Therefore, as z runs over A, the sets (3 E — z) N F are not all disjoint. Thus,
we get x # y in A so that %a—w =f= %b—yforsome a,be E,f € F.
Clearly, then we get 0 # xz —y = %a + %(—b) € ENA. This proves the main
assertion. For the case when FE is also compact, one may consider the sets
(1+ %)E and obtain lattice points z,, # 0 as above. Evidently, then all the
Tn, € 2E N A which is a finite set. Thus, for some ng, 5, € (1 + 1)E for
infinitely many n i.e. z,, € E = E. The proof is complete.

Corollary. Suppose that Q) is a compact, convez, centrally symmetric subset
of R™ such that Vol(2) > 0 and such that | Ny s(a) |[< 1 Va € Q. Then,
every lattice A contains a non-zero vector x with

Vol(R™/A)
N, <
[ Nesle) 1< 270y
The proof is immediate from Minkowski’s lemma applied to the set E = tQ
where t" = 2" 7V0‘l/(fl{(;/)A)
(o]

Proof of Minkowski’s theorem. Let §2 be the subset of R" defined by
the inequality 337, | z; | +2¢/(22,, + 22.5) + -+ + 2¢/(z2_, +22) < n.
We shall prove that Q is convex, and that | N, s(a) [< 1V a € . Then, we
shall compute its volume and apply the above corollary.

Step I: Q is convex

;From the definition of {2, it is easy to see that if midpoints of any two points
of Q are in 2, then Q is convex. Let (z1,---,Zy), (Y1, -, Yn) € Q. Then, we

have
Z | zi | +2¢/(z7 ) +2240) +-- + 24/ (zp_y +a22) <m,

=1

'8
Dolwil +2/ (Wi +v2o) +- -+ 2y (y2_ +y2) <n.
=1

Adding and using the triangle inequality

V0@ +02) +4/(@+d2) > /((a+ )2 + (b +d)?)
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one concludes that (ZF% ... Zutin) ¢ ()

Step II: | Nys(a) <1V a.

This is clear from the usual inequality A.M > G.M.

Step III: Vol(Q) = E0)(x)s,

Let V; (t) denote the volume of the set ; defined in a similar fashion to
Q but with n replaced by the real number ¢ > 0. It is easy to see from the

definition that V; 5(t) = V,s(1)t"+25. Now, if r > 0, then

1
Vis(l) = 2/0 Vic1,s(1 —2)dz

1 2
— 2 _ 1 1_ r—142s —
VesalD) [ (=) H42de = =

Vrfl,s(l)-

Proceeding inductively, one obtains finally that V; (1) = W
Similarly, if s > 0, then

s = [ Voo (1—2y/(a2 + ) ) dady
’ z2+y2<1/4 ’

21 1/2
= /0 ; Vo,5-1(1 — 2p)pdpd®.
Once again, iterating inductively, one finally obtains Vj (1) = (%)S@
Then, Vol() = t"V;4(1) = t"2"~*7*L; which gives that Vol(Q = Q) =
n"%ﬁ% = (ZZ!)n (3)°- The proof of Step IIT and, along with it, that of
Minkowski’s theorem, is complete.

5. Dirichlet’s unit theorem

In this section, we use Minkowski’s method to find the structure of the
units in any algebraic number field K.

Recall that we embedded Ok as a lattice Ag in R™ by means of 0 : a —
(o1(a), -+ ,00(a), Reti(a), Immi(a),- -, Rets(a), Im7s(a)). Here n = [K :
Q| and o4,---,0p,71,71,---,Ts,Ts are the distinct embeddings of K in C.
Clearly, if a is a unit in Ok, then both v and uw~' map to vectors which
are linearly dependent. Thus, one needs to go to a subspace of R™ to be
sensitive to the units.

Lemma. Consider the composite map L in
O COx\05 Ag\0—> R

where the last map is (z1,---,Z,) —
(log(| 1 ), -+, log(] z; |),log(z} 1 + a7 1s), -+, log(z_y +a7) ). Then,
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(i) the image of L : O — R"*% is contained in the hyperplane H of vectors
T1,+, Trys) such that Y75 2, = 0.
+ i=1

(#i) L is a homomorphism.

iii) Im(L) =2 Z% for somed <r+ s — 1.

(iti)

(i) Ker(L) = pu(K), the group of roots of unity in K and O% = u(K) x Z4
for somed <r+s—1.

Proof. (i) follows since units must have norm +1. (ii) is obvious. To see
that (iii) holds, let R be any bounded region in H C R""* and let L(u) € R.
Then, all the conjugates of u have absolute values bounded by a constant
depending on R. As the coefficients of the minimal polynomial of u are
symmetric functions of the various conjugates of u, this means that there
are only finitely many polynomials satisfied by units whose images under L
lie in the bounded region R. In other words, R N Im(L) is finite i.e. Im(L)
is discrete in H. Now, (iii) follows by the easy exercise below. The first
assertion of (iv) is trivial and the second one follows because one can check
easily that units u,---,us mapping under L to a basis of Im(L) have to
generate a free abelian group.

Exercise. Show by induction on n that a discrete subgroup of R™ is iso-
morphic to Z% for some d < m.

Dirichlet’s unit theorem. O} = u(K) x V where V = Z" 571,

In other words, the image of O% under L is actually a lattice in H. This
will be seen by actually showing the existence of r + s — 1 units whose images
under L are linearly independent.

Lemma. Fiz any k <r+s. Then, ¥V a # 0 in Ok, there exists B € Ok
with | N(B) |< (2)*y/[ disc(K) | and satisfies f; < o; ¥V i # k. Here o, f3;
denote the co-ordinates of their images under L.

Proof. Let ¢; be constants such that 0 < ¢; < e V ¢ # k and ¢ =
(2)s/Tdisc(K) [/ [L; 2« ci- Then, consider the set  C R™ defined by | z; |<
ci, Vi < rand 22, +22, < cy1,00,22 1 + 22 < cgs. VOI(Q) =
(2¢1) -+ 2ep)(mery1) - -+ (merys) = 2"Vol(R™/Ap). Applying Minkowski’s
lemma, one gets some t # 0 in 2 N Ag. Then, choose 8 € Ok corresponding
to t.

Lemma. Fiz any k < r+s. Then, 3u € O} such that L(u) = (u1,- -+, Ur4s)
satisfies u; <0V i # k.
Proof. Start with any a; # 0 in Ok and apply the previous lemma to get

some [ as above; call that as. Repetitively, one gets a sequence {a, } in O
such that for all 4 # k, the i-th co-ordinate of L(ay+1) is less than that of
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L(ay,). By the lemma, | N(a,) | are bounded above as n — oco. Therefore,
the principal ideals (ay,) are only finitely many. Taking any n < m so that
(an) = (aum), we have a,;, = a,u for some unit u. Evidently, u does the job.

The proof of Dirichlet’s unit theorem is completed as follows. Observe
that the units ug,k < r + s, obtained by the previous lemma have the
property that the (r 4 s) x (r 4+ s) matrix A = (a;;) whose k-th row is L(uy)
satisfies a;; < 0 for all 4 # j and each row sums to 0. It is an easy elementary
exercise to see that the rank of A must be r + s — 1.
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Quadratic and Cyclotomic fields

DINESH S. THAKUR

As a complement to Sury’s lectures on Dedekind domains, we will now
give an example oriented introduction to quadratic and cyclotomic fields.
In the workshop, the two series of talks went in parallel. So we might use
terminology defined carefully in Sury’s talks. We have omitted simple details
which were usually worked out in problem sessions and are also given in many
texts. Since the repetition usually helps, we have not tried for an efficient
or a general treatment.

Apart from Q, the simplest class of number fields are the quadratic fields
i.e., the degree 2 extensions (so that there are no non-trivial subfields) ob-
tained by solving a quadratic and hence (by completing the square) of the
form K = Q(y/a/b). Multiplying by b and getting rid of the squares under
the square-root, we can write it as K = Q(y/m), where m is square-free.
(So these are special Kummer extensions). These fields are then distinct for
distinct m. These are Galois extensions, with Galois conjugate of a general
element r + sy/m (r,s € Q) being r — sy/m. The norm and the trace are
essentially just the coefficients of the minimal polynomial in this case.

What are the algebraic integers? By making a common denominator, we
can write a general element of the field as (a + by/m)/c, with integral a, b, ¢
with the GCD (a,b,c) = 1. Since the trace and norms are usual integers, we
have c|2a and c?|a? — mb®. So if we let d = (a, c), then d? divides a?, b? and
a’? — mb? and hence mb?. Since m is square-free, d divides b, so that d = 1.
Therefore, ¢ divides 2a now implies ¢ divides 2 and hence ¢ is 1 or 2 without
loss of generality. (Another way to see this is that if x is an algebraic integer
in the field, 22 + Bxr + C = 0, hence v = (—=B + VB2 —4C)/2). If ¢ = 2,
then a is odd and mb? = a® = 1 modulo 4 and hence m = 1 modulo 4 and b
is odd.

So (exercise: finish the details) the Z-basis of Ok is 1, (1 + /m)/2 or
1,/m depending on whether m = 1 modulo 4 or not. If we write K =
Q(v/d), where d is the discriminant, which is always = 0,1 modulo 4 (and
is either m or 4m), then we can say that the basis is always 1, (d + v/d)/2.

What are the units? If o is a unit, it divides 1 and hence its norm being a
rational integer dividing 1 is £1. Further, if d < 0 (the imaginary quadratic
fields), the norm is positive, so is 1.

So (exercise) the only units in the imaginary quadratic fields are +1,

37
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except for Q(v—1) = Q(&), Q(v—-3) = Q((s), where we have 4 and 6

units (which are the obvious roots of unity) respectively.

In the real quadratic case, we are led to equations such as 22 —my? = +1,
called Pell equation (or rather Brahmagupta-Bhaskara-Fermat-Pell equa-
tion). For example, for Q(1/2), we see a solution z = y = 1 and get corre-
sponding unit w = 14 /2. Since this is not a root of unity, we get infinitely
many units £(1 +v/2)", n € Z. In fact, these are all the units in this case:
In general, if a unit other than £1 exists, then a smallest unit € > 1 exists
(otherwise both the conjugates x + yV/d get close to 1 which forces z close
to 1 and y close to 0, so equal to it) and is called the fundamental unit.
It is easy to see that all the units are then given by +€". In our case, if
1 <24+ yV2 =€ < w, then 22 — 2y?> = +1 implies —1 < = — yVvV/2 < 1.
Adding the two, we get 0 < 2z < 14w, so that x = 1 giving a contradiction
L<1+yv2<1+V2

Dirichlet’s theorem guarantees existence of a fundamental unit in the
real quadratic case. We will just state a recipe: The continued fraction of
Vd 4 |Vd] is purely periodic with period vector (ag,---a,_1) and ppr_1
and gp,r—1 (the numerators and denominators of the convergents), are all the
solutions of 22 —dy? = 1 for even r or for odd r with even n and are solutions
of #2 — dy? = —1 (which has no solutions, if r is even) when both 7 and n
are odd. The fundamental solution corresponds to n = 1.

(Exercise): For the imaginary quadratic fields, the integers sit discretely
in C, where as they are dense in R in the real quadratic fields.

Usual proof of the fact that Z is a principal ideal domain and unique fac-
torization domain uses the division algorithm: The smallest positive element
in the ideal is its generator by the division algorithm. Let us see how often
the division algorithm works in the imaginary quadratic case, where the size
comparisons are now done using the norm: Let 0 > m = —pu. If there is a
division algorithm, given a, b we get a quotient g such that a = ¢gb + r, with
a ‘smaller’ remainder. This translates to norm of a/q — b being smaller than
1. Translating to usual integers, given rationals r and s, we can find x and
y such that |(r — z)? — m(s — y)?| < 1, with z, y integers, if m # 1 modulo
4 and half-integers otherwise. Choosing r = s = 1/2, in the first case, we
see that 1/4+ u/4 < 1, so that u =1 or 2. In the second case, similarly, we
get 1/16 + p1/16 < 1 giving = 3, 7 or 11. So there are exactly 5 imaginary
(and in fact, 16 real) quadratic fields which are Euclidean (for the size given
by the norm function). There are four more unique factorizations domains,
with p = 163 being the largest.

As an exercise in manipulations with ideals, let us see how ideals restore
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unique factorization in our example:

6 = 2x3
= 1+V=5){1-v=-5)
= (2.1+V=5)(2,1-V-5)(3,1+v=5)(3,1 - V=5).

Note I|J if and only if J C I, i.e., the multiples of J are contained in
the multiples of I. Verify that (2,1+v/=5)(3,1++/=5) = (1++/=5). Also
note that (2,14++/=5) = (2,1 —+/~=5+2y/—=5) = (2,1 —+/=5), so that 2 is a
square (and a norm) of an ideal (it ramifies). (The discriminant of Q(v/—5)
is —20, so that 2 and 5 = —(y/—5)? ramify.) There is no element of norm 2,
otherwise we would have integral solution to 2 = z? 4 53%. Hence, our ideal
is non-principal. In fact, the class group is of order 2 in this case (exercise).

Let us use this fact to show that 22 = y? + 5 has no integral solutions:
Looking at modulo 4 possibilities for an assumed solution, we see that y
(which is seen to be prime to 5 also) is even, and so the GCD of the two
factors y + /=5, which has to divide 2, can in fact be assumed to be 1. As
the class number is prime to 3, each factor is a cube of an ideal. Since the
units here are 41, which are also cubes, we get y + /=5 = (a + by/—5)% =
a® —5b® ++/—5b(3a® —5b%), where a and b are (rational) integers. Comparing
the imaginary parts, we see that b = 41, so that 1 = +(3a® — 5), which is a
contradiction.

Now let us look at the basic properties about the cyclotomic fields: We
denote a primitive n-th root of unity by (,. As a complex number, it is
e?mk/n with (k,n) = 1. Since 1 = kr+4cn, each of this is a power of any other,
so that K = Q((,) is a Galois extension. The minimal polynomial of (, is
called the n-th cyclotomic polynomial and is given by (verify irreducibility)
D, (z) = ngkgn,(k,n):l(x_di)' Its degree is ¢(n). Recall that for n = []p;",
we have ¢(n) = [I(p; — 1)p} "

The Galois group can be identified with (Z/nZ)*, with the action the
automorphism oy, corresponding to k being defined by oy (¢,) = ¢¥. In Galois
theory, we have learned the correspondence between subgroup structure of
the Galois group and the subfield structure of the field. In particular, since
the group is abelian, all the subfields are Galois (with abelian Galois group).
Let us find them explicitly for Q((p), for p a prime: We know (exercise) that
the Galois group (Z/pZ)* is cyclic, say with generator g. So for e|(p—1), we
will have a unique sub-extension of degree e. For example, if e = (p — 1)/2,
then it is Q(¢p)™ == Q(¢ + Czjl) = Q(cos(27/p)), which is the maximal
real subfield (and is obtained by averaging with respect to the complex
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conjugate). In general, we write ef = p — 1 and define the so-called periods
M = Z;;& Qgeﬁz. We see that o4(1;) = i1, where ¢ runs modulo e. So that
there are e periods, all conjugate and distinct (as the minimal equation of ¢,
has all the p—1 powers occurring in it, whereas 7; —n; has fewer). Since each
is left invariant with respect to the subgroup H = (og), Q(n;) = Q(7o) is the
degree e sub-extension we want. The periods are useful in the construction
of regular polygons, because they give explicit subfield structure needed in
the problem.

What is the quadratic subfield of Q((,)? It is Q(y/(—1)P=1/2p). One

way to see this is to evaluate the corresponding period: > gg” =3 ij, where
k runs through quadratic residues and this relates to quadratic Gauss sum
evaluated in Adhikari’s lectures. Another way is to note that, in general,
the discriminant which is square of the product of the differences of the
conjugates, and it belongs to the base, its square root belongs to the field
(Galois), giving a quadratic extension, if it is not a square. In our case, the
discriminant is [J; <j(§;; — Cg)Q. Taking out the roots of unity, we see that
the power of (1 —¢,) s 2(1+2+4---4+ (p—2)) = (p— 1)(p — 2), so that the
discriminant is (using (p) = (1 — (,)P~! proved below) £pP~2. Easy way to
fix (and remember) the sign is to note that the maximal real subfield Q(¢,)™"
has has degree (p — 1)/2, which is odd if p = 3 modulo 4 and hence can not
have quadratic subfield. So in this case, the subfield is imaginary quadratic.

What are the algebraic integers in K = Q((,)? In fact, Oxg = Z[(,).
(See the proof in Sury’s notes in this volume or in Washington!). One way
inclusion is clear and since K is a quadratic field for n < 4 and n = 6, we
can already verify the claim in those cases.

Let us write ¢ = (, for this paragraph. We have ®,(z) = [[(z — (%) =
(2P — 1)/(x — 1) = 2P~ + ... + 1, so that putting * = 1, we see that
p=T11(1-¢") = Norm(1 — (). Now (1 —¢%)/(1 — () clearly belongs to Z[(]
and so does its inverse (which is obtained by just relabelling the primitive
root!), so these are units. Hence we get pOg = (1 — ¢)P~! as ideals, so that
p is totally ramified in Q(¢) with (1 — ) being the prime above p. The story
for n = p™ is similar (exercise). On the other hand if two distinct primes p
and ¢ divide n, then since 1 — ¢, divides 1 — (, and 1 — (g, it divides p and
q and hence is a unit. Together with the roots of unity and monomials in
these, we get a readily available supply of units called cyclotomic units.

More precisely, the group of cyclotomic units for K = Q((,) or K =
Q(¢n)* is defined to be Cp, = (£, 1 — ¢¥) N OF. (For the intermediate

1For such references the reader may look into the general bibliography at the end of
this volume.
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extensions it is better to modify the definition by taking norms from the full
cyclotomic extension, see Washington). For n = p™, Washington Lemma
8.1 shows that the cyclotomic units are generated by
¢pm, —1 and C(}nfa)/Z(l = Cpm) /(1 = Gpm), for 1 < a <p™/2, (a,p) = 1.

The latter are ¢(p™)/2—1 = ro—1 of them and in fact they are independent,
giving the full rank of the unit group given by the Dirichlet theorem. In fact,
the index of the cyclotomic units subgroup in the full unit group is the size
of the class group of Q(¢,=)". So in some sense, the amount of failure of
unique factorization is linked to amount of failure of capturing all units from
these readily available cyclotomic ones! For n not a prime power, the story
is more complicated. We will study the Ramachandra units for the general
case in R. Balasubramanian’s lectures?.

Now we look at how the usual primes factor, when we go up in quadratic
or cyclotomic extensions:

Claim: For the quadratic field K of discriminant d, and for an odd prime
p, we have (i) pOx = @?, p prime if and only if p|d i.e., (d/p) = 0, (ii)
POk = pi1p2, p; distinct primes if and only if (d/p) = 1 and (iii) pOx = p
prime if and only if (d/p) = —1, where (d/p) is the Legendre symbol.

For the proof as well as p = 2 case, see TIFR pamphlet, pp. 63-64. Note
that o = (p,V/d) in case (i) and p; = (p,a £ V/d) in case (i), where a® = d
modulo p.

Claim: For the cyclotomic field K = Q((,), and for a prime p, we have
(i) p is ramified if and only if p|n and (ii) If p does not divide n, then
pOK = @1 g, with g; distinct primes of residue degree f and g = ¢(n)/f.
Here f is the order of p modulo n i.e., f is the smallest positive integer such
that p/ = 1 modulo n.

Proof: Since p divides n if and only if it divides the discriminant, we
know from the general theory covered in Sury’s lectures that (i) holds (we
have also seen that if p|n, then p is ramified, at least for n a prime power)
and (ii) holds except possibly for the last statement. Suppose the residue
degree is f1, so that Norm(p;) = p/* = |Ox/pi|. Then by Fermat’s little
theorem we have a?’' = a modulo pi, and fi is smallest with this property,
as the multiplicative group of the finite field Ok /p; is cyclic. On the other
hand, by the definition of f, we have (ﬁf = (, and since any o € Ok can
be written as 3 a;¢, we have o?’ = a modulo pi- So f1 < f. But if
f1 < f, then ¢?"" is distinct from ¢, and p; divides ¢?"* — ¢, which occurs
as a factor of the discriminant, and hence p divides a discriminant, which is
a contradiction proving f1 = f as claimed.

2The text of these lectures was not available for these proceedings. — Editors
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Let us see how the quadratic reciprocity law: (p/q)(q/p) = (—1)@—Dla—1)/4
for odd distinct primes p and ¢ gets a natural proof when you compare the
factorization of a prime in a quadratic field above with the recipe of the
cyclotomic field factorization applied to its quadratic sub-extension:

We have, 1 = ((=1)P=D/2p/q) = (=1)P=D=D/4(p/q) if and only if ¢
splits in the quadratic field K of discriminant d := (—1)?=1/2p if and only
if K is the unique quadratic subfield of the decomposition field, which is of
degree g if and only if g is even if and only if ¢?~1)/2 = (¢/)9/2 = 19/2 = 1
modulo p if and only if (¢/p) = 1.

We can also see this without using the concepts of the decomposition
field, its degree and so on: If ¢ splits in quadratic extension, then since each
of those two conjugates primes decompose the same way in the cyclotomic
field containing this quadratic field, the corresponding ¢ is even (in other
words, g multiplies in tower) and hence ¢ is a quadratic residue modulo p as
above. By symmetry, this takes care of all cases except possibly p = ¢ =3
modulo 4 and (p/q) and (¢/p) are 1. We leave this as an exercise (use that
f also multiplies in tower together with ¢®?~1/2 =1 and p does not split in
Q(1/—q) to get a contradiction).

Another ‘quick’ and natural way: Let ¢ = Q1Q2. Let h be the class
number of K and write Qf = ((x + v/dy)/2). Multiplying by the conjugate
(i.e., taking norm), we get +4¢" = 2% — dy?> = 2® modulo p. Now 4 is
a square, —1 is a square modulo p, if p = 1 modulo 4 and otherwise the
right hand side is positive, so that the sign on left is also positive. Hence
¢" is a square modulo p. Now it is a (hard) fact of the genus theory of
quadratic fields (see TIFR pamphlet for the details) that h is odd (when the
discriminant of the quadratic field consists of a single prime). So this implies
that ¢ is a square modulo p as required. This proof is harder, but shows the
reciprocity connection quickly and uses only quadratic theory.

Another way uses index 2 (rather than degree 2) subfields of the cy-
clotomic fields and norms: Note that (p — 1)/2 occurring in the quadratic
reciprocity law is the degree of the index 2 subfield Q(¢,)™ and consider the
compositum L of Q(¢p)* and Q(¢g)*. Then 7 := (1 —¢(,)(1 — (') is the
norm of 1 — ¢, from L to Q({,)". Define 7, similarly. Let N(z) denote the
norm of x from L to Q.

Claim: N(m, —mg) = (p/q). Assuming this, the quadratic reciprocity
follows by interchanging p and ¢, as N(—1) = (—1)IFQl = (—1)-Dla-1)/4,

Proof: We have n := 7, — 1y = mp modulo (7). For any o € Gal(L/Q),
we have (m,)? = (m;) as ideal, as (7 = (7 for some a prime to ¢. Hence
N(n) = N(mp) modulo (74) and hence modulo g, as both the sides are in Q.
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But now N(m,) is the norm from Q(¢,)* to Q of m()q—1)/2 so equals pla—1)/2
which is congruent to (p/q) modulo ¢q. This congruence implies equality,
because N(n) = £1, asn = Cq_l(l — (pGe)(1 — Cp_lcq) is a unit.

We will see one more proof using quadratic Gauss sums in Adhikari’s
lectures.

Finally, we compare unit groups and class groups of K := Q((,) to those
of KT := Q(({,)*: For a number field K, let Ux denote its unit group, ux
its subgroup consisting of all roots of unity in K, Ck its class group and
C’}?) its p-primary part.

Claim: The index [Uk : pxUg+] is 1 or 2 according as whether n is a
prime power or not.

Proof: Consider the homomorphism ¢ : Ux — ug defined by ¢ (u) =
u/u. (Recall that algebraic integer with all its absolute values being one is
a root of unity). This induces injective homomorphism from Uk /Ug+ to
px- Tt follows from the definition that ¢(Ug+ pug) = p%. Since ux /u3 is of
order 2, it follows that the index is 2 or 1 according as whether v is surjective
or not. If n is not a prime power, then 1 — ¢, is a unit which maps to —¢; !,
and hence v is surjective. On the other hand, suppose n is a prime power,
and ¢ is surjective, with ¢ (u) = —(;!. Put a := (1 — (,)/u. Then @ =
so that « is real. But « being a prime element of K can not lie in K. This
contradiction finishes the proof of the claim.

The unit groups in K and K are thus not much different and thus the
regulators are essentially the same and thus taking ratio of the corresponding
zeta functions we get a formula for the relative class number, by getting rid
of the usually hard to handle regulators.

To start comparing the class groups, we start with a weaker result in
more general situation:

Claim: If L is a Galois extension of degree d of a number field K, and if

a prime p does not divide d, then the natural map C}f) — Cgp ) is injective

(»)
K

and the map C(Lp ) induced by the norm is surjective.

Proof: If I is an ideal of Ok representing a class in C’g’) such that
10}, = (), then I? = (Norm¥(a)) is principal, which implies I is principal,
as p does not divide d. This proves the first part. On the other hand, if p does

(p)

not divide d, every element in C};’ is a d-th power, this proves surjectivity,
since I = Norm(IOp).

Claim: Natural map Cx+ — Cf is injective (so h' divides h).

Proof. If T is an ideal of O+, such that IOg = («), then IO =
(@) = I0k. Hence o/a@ is a unit with all its conjugates having absolute
value 1 and hence it is a root of unity. If n is not a prime power, since ¥
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is surjective, we can write it as w/u. This implies that au is real, but then
I = (cu) proves what we want. If n is a prime power, put A := 1 — (,.
Then A\/X\ = —(,, which is a generator of ur. Hence @/a = (A/X)? for
some d. Now \-adic valuation takes even values on K+, and a\? and I are
real. Hence, d = vy(a\?) — vy(a) = vy(aA?) — v\(I) is even. This implies
aja = (—¢,)? € p% and hence equals (/¢ by above. This means a( is real
and I = (a() finishes the proof.

(Exercise) Compare the questions and arguments above with those en-
countered in Hilbert 90, in Narlikar and Nitsure lectures.
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Absolute Values and Completions

B.Sury

This article is in the nature of a survey of the theory of complete fields.
It is not exhaustive but serves the purpose of familiarising the readers with
the basic notions involved. Hence, complete (!) proofs will not be given here.
It is no surprise that algebraic number theory benefits a lot from introducing
analysis therein. The familiar notion of construction of real numbers is just
one aspect of this facility.

§ 1. Discrete valuations

Definition 1.1. Let K be any field. A surjective map v : K* — Z is called
a discrete valuation if:

v(zy) = v(z) + v(y),
v(z +y) = Inf(v(z), v(y))

Here, for notational purposes, one also defines v(0) = co. Note also that one
must have v(1) =0 =wv(-1).

Premier example 1.2. For each prime number or, more generally, for any
non-zero prime ideal P in a Dedekind domain A, one has the P-adic valuation
vp given by the prescription vp(z) = a where the fractional principal ideal
(x) = P°I with I coprime to P. This is a discrete valuation on the quotient
field K of A.

Lemma 1.3. (a) If v is a discrete valuation on a field K, then A, := {z €
K :v(x) > 0} is a local PID. Its mazimal ideal is P, = {x € K : v(x) > 0}.
( A, is called the valuation ring of v).

(b) For a discrete valuation v on a field K, if k, denotes the residue field
Ay Py and U; = 1+ P! fori > 0, then A% /Uy 2k and U; /U;q = Pi/PitL =~
(c) If A is a Dedekind domain, v a discrete valuation on its quotient field K
and, A C A,, then P := AN P, is a non-zero prime ideal of A. Moreover,
v=vp, PA, = P,,A/P = A,/P,.

Proof. Quite easy.

Exercise 1.4. Let v be a discrete valuation on a number field K. Then
O CA,.

45
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Proposition 1.5. On a number field K, the map P — vp sets up a bijection
between non-zero prime ideals of Ox and discrete valuations.

Indication of proof. The proof follows from the easily proved step: If
A C B are discrete valuation rings with the same quotient field K. Then
A=B.

Proposition 1.6. Let F be any field and K = F(X), the function field in
one variable over F. Define v (f/g) = deg(g) — deg(f). Then,

(a) voo defines a discrete valuation on K which is zero on F*,

(b) vp, as P runs through the prime ideals of F[X] along with ve exhaust
all the possible discrete valuations on K that are trivial on F*,

(¢) (Product formula) For each f € K*, one has

vso(f) + > frop(f) =0
P

where P runs through the non-zero prime ideals of F[X] and fp = [F[X] : P]
is the degree of any polynomial generating P.

Proof. (a) is obvious.

(b) Let v be any discrete valuation on K which is trivial on F™*. First, suppose
that v(X) > 0. Then, v(f) >0V f # 0 € F[X]. As v surjects onto integers,
there is some monic irreducible polynomial f such that v(f) > 0. If v(g) > 0
for another monic, irreducible polynomial g, then v(1) = v(sf + tg) > 0,
which is a contradiction. Thus, v(g) = 0 for all monic irreducible polynomials
g # f. Thus, writing any h € F[X] as a product of irreducibles, one gets
v(h) € v(f)Z. As v is surjective, v(f) = 1 i.e., v = vy. Therefore, we have
shown that if v(X) > 0, then v = vp for some non-zero prime ideal P.

If v(X) < 0, it is easy to see by induction on the degree that v(h) =
v(X)deg(h) for any h € F[X]. By surjectivity again, one gets v(X) = —1
and S0 ¥ = V.

(c) Finally, writing any f € K* as f = u[]; p;)p i{) and comparing degrees,
one gets the product formula.

§ 2. Absolute values

Definition 2.1. On a field K, an absolute value is a function | |: K — R>°
such that

(@) |z| =0 2=0,

(b) [zy| = [x][ly] and

© ety < [z[+]yl

Remarks and examples 2.2. (a) Clearly, an absolute value on a field
defines a metric on it.
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We shall always omit from consideration the trivial absolute value which is
=1on K*.

FEasy exercise: On a finite field, show that the only absolute value is the
trivial one. What does this give in relation to proposition 1.67

(b) | |is called a non-archimedean absolute value if
|z +y| <Max(|z]]y])

This is stronger than the property 2.1(c).

Trivial exercise: Why is the word non-archimedean used here?
An absolute value which is not non-archimedean is called archimedean!

(c) If v is a discrete valuation on K, then for any fixed positive A < 1, the
prescription | z |= A(@) gives a non-archimedean absolute value. Note that
the value group | K* | is discrete in RZ9.

Ezercise: An absolute value on a field K has a value group | K* | which is
discrete if, and only if, it arises from a discrete valuation on K. (Hint: If
| K* | is discrete, choose the maximal element A €| K* | N(0,1).)

If | |is a discrete absolute value on K, one notes that the corresponding
valuation ring and its maximal ideal are, respectively, {z € K :| z |< 1} and
{z € K :| x |< 1}. A generator of P is often called a uniformising parameter.

(d) If K is any field and 0 : K — C any embedding, then | z |,:= | o(z) |
defines a nontrivial absolute value on K. Here the right side has the usual
absolute value on C. This is archimedean.

(e) The square of the usual absolute value on C is not an absolute value.
However, if | | is a non-archimedean absolute value on a field K, so is | [
for any positive real ¢.

Definition 2.3. Two absolute values | |3 and | |2 on K are said to be
equivalent if 3¢ > 0 such that | z [y=| z [} for all z € K.

Exercise: Two absolute values are equivalent if, and only if, they define
equivalent topologies.

2.4. Product formula over Q. Let us apply the above generalities to Q.
We have the archimedean absolute value | |o coming from the inclusion of
Q in R. For each prime number p, we have the p-adic absolute value which
we normalise as follows. Define | p [,= 1/p i.e., we have taken A = 1/p in
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2.2(c). Then, we have, for each x € Q¥,
|zl [T 12 = 1.
P

That this is a product formula analogous to 1.6(c) for function fields is
justified by the following easy result:

Theorem (Ostrowski) 2.5. Any non-trivial absolute value on Q is equiv-
alent ezactly to one of | |o or| |, for some prime p.

Sketch of proof. Suppose | | is any absolute value. If | n |< 1 for all
integers n, it is easy to prove that | |=| |, for some prime p. This is just
as in the proof of 1.6. Now, suppose that there is a positive integer n with
| n|> 1. Write | n |=| n |{,= n' for some ¢ > 0. Use the n-adic expansion
to show this holds (with the same ¢) for any integer in place of n.

Exercise 2.6. (a) An absolute value on a field K is non-archimedean if,
and only if, | Z.1x | is bounded.

(b) If Char(K) > 0, then any absolute value on K is non-archimedean.

(c) Any discrete absolute value is non-archimedean.

(d) The restriction of a nontrivial absolute value on a number field to Q is
again nontrivial.

(e) An absolute value | | is non-archimedean if, and only if, | z | <1
implies that | 1+ 2| < 1.

Corollary 2.7. Any nontrivial absolute value on an algebraic number field
K is equivalent to exactly one of the archimedean ones coming from the var-
ious embeddings of K in C or to a discrete one coming from a prime ideal

Of OK.

Proof. This follows from 1.5,2.5 and,2.6(d).

Remarks 2.8. The non-archimedean absolute values have proprties which
look strange in the first instance as we are used to the usual notion of absolute
value coming from the reals which is archimedean. For instance, a series
converges if, and only if, its n-th term tends to 0 (!) Any triangle is isosceles
(1) Every point inside a circle is its centre (!) etc.

§ 3. Completions

Definition 3.1. Let (K| |) be a field with an absolute value. A completion
of (K,| |) is an absolute-valued field (L, | |r) which is complete as a metric
space and has the property that there is some embedding ¢ : K — L with
the image of K dense and | z |=| i(x) |1, for z € K.
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Proposition 3.2. Each (K,| |) has a completion. Further, if (L,| |) and
(L';| |') are two completions where i : K — L and i : K — L’ are corre-
sponding embeddings, then there is an isomorphism o : (L,| |) — (L,| |)
of absolutely-valued fields such that i = o 0.

The proof will not be given here but the argument is entirely analogous to
the construction of the reals from the rationals in terms of Cauchy sequences.

Corollary 3.3. Let (K,| |) be an absolutely-valued field and (K,| |o)
its completion. Then, | | is non-archimedean if, and only if, | o is so.
Moreover, in this case, the value groups of K and K are the same.

Proof. The proof is a direct consequence of the construction of K.

Exercise: Prove this without using the construction.

Theorem 3.4. (Gelfand-Tornheim-Ostrowski) Any field k which is
complete with respect to an archimedean absolute value is isomorphic to R
or C as absolutely-valued fields.

Proof. For a proof, see Cassels’ Local fields.

Proposition 3.5. (Series expansion) Suppose (k,| |) is complete with
respect to a discrete absolute value. Denote by Aand P the corresponding
valuation ring and its mazimal ideal. Fix a set of representatives 3 in A for
the residue field A/P. Then, for any uniformising parameter 7, elements
a of k admit Laurent series expansions of the form 20 a;m" where the
‘digits’ a; € X of a are uniquely determined.

Proof

For any a € k*, one has "« € A for some n. So, it suffices to show that
each o € A has an expansion as claimed. By the very definition of 3, there
is ag € ¥ such that a — ag € P. So, a = ag + way. Continuing with a; and
S0 on, one gets a series expansion. It makes sense as the n-th term tends to
0. Uniqueness is easy to prove.

Example 3.6. Look at the completion Q,, of Q with the p-adic absolute
value. Its valuation ring is usually denoted by Z,. One calls Q, and Z, the
p-adic numbers and the p-adic integers respectively. Note that p is a uni-
formising parameter and X can be taken to be the finite set {0,1,---,p—1}.
Thus, every p-adic number has a unique expansion as > a;p’ where its
‘digits’ a; are between 0 and p — 1. Note the analogy with the decimal ex-
pansions of real numbers. The only difference here is that there are infinitely
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many positive powers of p and only finitely many negative powers. So, it is
worthwhile to think of p as 1/10.

Lemma 3.7. Suppose (k,| |) is complete with respect to a discrete absolute
value. Denote by A and P the corresponding valuation ring and its maximal
ideal. Then, k is locally compact if, and only if, A is compact which is again
if, and only if, A/P is finite.

Proof. If A is compact, then evidently k is locally compact since k =
Upm~™A. Assume k is locally compact. Let C be a compact neighbourhood
of 0. Then, for large enough n, 7"A C C. As n"™A is closed, it is compact
also. Thus, we have shown the equivalence of compactness of A and local
compactness of k.

If A is compact, then from the openness of P in k, we get that A/P is
compact as well as discrete and therefore, finite. To prove finally that the
finiteness of A/P implies the compactness of A, it suffices to prove sequential
compactness as A is a metric space. Let {a(”)} be any infinite sequence in
A. Write the series expansion a(™ = Y, < a,,7". As n varies, the elements
an,o Tun over a finite set (viz., a set of representatives of A/P). Thus, they
are all equal for infinitely many n. Replace the original sequence with a
subsequence for which the terms a, o are all the same, say ag. Proceeding
this way, one finally concludes that there is a subsequence of the original
sequence which converges to an element of A.

Hensel’s lemma 3.8. Suppose (k,||) is complete with respect to a discrete
absolute value. Denote by A and P the corresponding valuation ring and its
mazimal ideal. If f(X) € A[X] is a polynomial which factors modulo P into

two coprime polynomials g, h, then there exist g,h € A[X] such that f = gh
and deg(g) = deg(g).

Exercises 3.9. (a) Prove Hensel’s lemma.
(b) Find the order and structure of Q;/(Q})?.
(c¢) Prove that the only automorphism of Qy is the identity.

Let K be an algebraic number field. Start with a discrete absolute value on
it (this will come from a prime ideal). Let A be the corresponding valuation
ring and P its maximal ideal. If L is a finite extension of K and B the
integral closure of A in L, one can write PB = P['--- Py?. Let () denote
one of the P’s. Let Kp and Lg denote the completions of K and L with
respect to the P-adic and the ()-adic absolute values. If fl, B denote their
valuation rings and 13, Q their maximal ideals, it is routine to prove:
Exercise 3.10. (a) P=PAQ=QB,

(b) PB=Q°,
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(¢) [Lq : Kp] =e1f1.
The next proposition is crucial to many of the results to follow.

Proposition 3.11. (Extensions of valuations over complete fields)
Let (K,| |) be a complete field. If L is a finite extension of K, then there is
exactly one absolute value on L which extends | |. Moreover, L is complete
with respect to it.

Proof. The archimedean case is taken care of by Theorem 3.4. So, we
assume that the absolute value is non-archimedean. Let us first prove the
existence of an extension. Define | z |p=| Ny k() | for any = € L. The first
two properties are clear and we only need to prove that if x € L satisfies
| @ [t< 1, then | 1+ |, < 1. In other words, if | Np/k(z) [< 1,
then | Ny /g(1+ ) |[< 1. Let f(T) = ap + a1T +--- +T" be the minimal
polynomial of z over K. Now, |ag | = |[Np/k(z)| <lie., ag€ A, the
valuation ring of K. Now, ¢g(T') = f(T—1) is clearly the minimal polynomial
of 1 4+ x over K. Therefore,

| Nyg(L+a)| = [g0)| = [f(=1)] = |ao—ai+az—--].

So, if we show that | a; |< 1, it would follow that | Np g (1 + z) [< 1.
Suppose the contrary. Let a, be such that | a, | > 1, that | a, |= M =
Max (| a; |) and that r is the maximal index 4 so that | a; |= M. With
this notation, we have a,! € A and a;a; ! € A for all i and a;a, ! € P
for all ¢ > r, where P is the maximal ideal of A. Thus, the polynomial
a1f(T) € A[X] reduces modulo P to the polynomial h(T) = X"+ smaller
degree terms. Applying Hensel’s lemma to the factorisation h(T)U(T) where
U is the constant polynomial 1, we have f = h(T)u(T) for some lifts such
that h(T) mod P is h(T). But, as r < n, this means that f is reducible, a
contradiction, which implies that all a; € A. This proves the existence.

We prove the uniqueness when K is locally compact, which is the main case
of interest to us. The general case is not too difficult and one can look at
Cassels’s book (loc. cit.). Let {v1,---,v,} be a K-basis of L. We claim that
any extension | |z is equivalent to the sup-norm | |o with respect to this
basis.

Firstly, | = |p=| a1v1 + -+ + apvn < n sup;(] a; |o) | © |o. Here,
we haven’t used the local compactness but we shall use it for the opposite
implication. By the local compactness of K, there is some y € L such that
|y |z=Min(| z |r:| z |[o=1). Now, let 0 # x € L. Write x = ajv1+- - -+a,v,.
If | ap |o=| = o= Maxz(| a; |1), then z = a,z with | z |o= 1.

So, |y |L<| z [t=| #/ar [t=| = [ / [ ar L= [ = [z /| @ |o. In other



52 B. SURY

words, | z |0<| « | (1/ | y |z). This proves that | |; and the sup-norm
| |o are equivalent and proves the proposition.

Corollary 3.12. (Unramified extensions)

Suppose (k,| |) is complete with respect to a discrete absolute value. Denote
by A and P the corresponding valuation ring and its maximal ideal. Let [ be
a finite extension of degree n over k. Let f and F denote the residue fields
of k, 1 respectively. Then, the association e — (e N A) mod P is a bijection
from {e: k C e Cl and e unramified over k} to {E : f C E C F}.

In particular, there is a unique (upto isomorphism) unramified extension
of any degree d viz., the splitting field over k of X9 — X where q=#f.
The proof is a consequence of Hensel’s lemma (Ezercise: What is the polyno-
mial factorisation to which Hensel is applied?) and the fact that over finite
fields there is a unique extension, upto isomorphism, of a given degree.

Definition 3.13. If | | is a discrete absolute value on k, an Fisenstein
polynomial is a polynomial f € k[X] of the form Y1 a;X* with a; € P for
i <m, ap aunit and ag € P\ P?. Tt is an easy exercise to show that such a
polynomial is irreducible.

Proposition 3.14. (Totally ramified extensions) Suppose (k,| |) is
complete with respect to a discrete absolute value. Let A, P,w have the usual
meaning. Then, an extension of k is totally ramified if, and only if, it is
obtained by attaching a root of an Fisenstein polynomial.

Proof. Suppose that « is a root of an Eisenstein polynomial f(X) =
S pa; Xt Then 3" a;af = 0 and so
o™ | = lana"| = [T wa’| = |a] = [7].
Thus, k(«) is totally ramified extension of k.

Conversely, suppose K is totally ramified over k of degree n. If g is a
uniformising parameter for K, then the powers Hlk,z' < n, must be linearly
independent over k as total ramification forces their absolute values to be in
distinct cosets of the value groups of k in K. Thus, they form a k-basis of
K. Write IT% + an,lﬂ}lgl + .-+ ag = 0 with a; € k. But, the various roots
of this polynomial give extensions of | | to K and must coincide by the
uniqueness of such an extension. In other words, the roots of this polynomial
have absolute value | Il |. As each a; is a sum of roots, we have | a; |[< 1
and | ag |=| product of the roots | = |II'% | = |« |. In other words, the

polynomial 3" a; X" is an Eisenstein polynomial. The proposition is proved.

Krasner’s lemma 3.15. Suppose (k,| |) is complete with respect to a
discrete absolute value. Let o, 8 be algebraic over k and suppose that « is
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separable over k(). Assume that B is ‘very close’ to « in the sense that
| B—al|<|o(a) —al| for all k-isomorphisms of k(a). Then, k() C k(5).
Proof. By the separability assumption, it suffices to show the conclusion
that each k(8)-isomorphism 7 of k(«, 3) fixes a. Note that any such 7 gives
a new absolute value on k(«,3) by |  |[;= | 7(z) |. By the uniqueness,
this gives that the hypothesis implies | 7(8 — «) |<| o(a) — « |. That is,
| B—7(a) |<| o(a) —a|. So, | 7(a) — a |<| o(a) — « |. In other words,
7(a) = a. The lemma follows.

Definitions and remarks 3.16 (continuity of roots) With k as before,
let f(X) € k[X] be a monic polynomial of degree n which factorises as

! (X —a;)" in the algebraic closure of k. Let us define | f | to be the
maximum of the absolute values of the coefficients of f. Clearly, if g € k[X]
is close to f i.e., if | f — g | is small, then for any root b of g, the value
| f(b) |=| f(b) — g(b) | is small. In other words, as g comes close to f, any
root of g comes close to some root of f. It is an easy exercise to see that if
g is sufficiently close to f and if by,---,b, are the roots (with multiplicity)
of g which come close to a root a; of f, then r = r;.

Corollary 3.17. With k, f as above, if f is irreducible and separable, then
any monic g which is sufficiently close to f is irreducible too. Moreover, if
b is a root of g coming close to a root a of f, then k(a) = k(b) if f,g are
sufficiently close.

Proof. The proof is immediate from 3.15 and 3.16.

Corollary 3.18. Any finite extension k = Q,(«a) arises as the closure of a
finite extension K of Q where [k : Qp] = [K : Q].

Proof. The proof is immediate from choosing a polynomial g € Q[X] which
is close in the p-adic topology to the minimal polynomial of o over Q, and
applying 3.17.

Now, we can prove a remarkable theorem (contrast it with the situation
of number fields !)

Theorem 3.19. Any finite extension k of Q, has only finitely many exten-
sion fields (upto isomorphism) of a given degree.

Proof. As there is a unique unramified extension of a given degree over any
finite extension of Q, by Corollary 3.12, it suffices to prove the finiteness of
the number of totally ramified extensions of a given degree n. In this case,
Proposition 3.14 tells us that any such extension arises from an Eisenstein
polynomial of degree n. As such a polynomial has a unit as the top coefficient
and other coefficients coming from the maximal ideal P, we have a mapping
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from the product U x P x - -- X P to the set of totally ramified extensions of
degree n. Here, the factor P is repeated n—1 times. The crucial observation
is that by 3.17, a neighbourhood of a point in this product determines fields
which are all isomorphic. By the compactness of U and P, the theorem
follows.
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The Early Reciprocity Laws: From

Gauss to Eisenstein

SUKUMAR DAS ADHIKARI

1. Introduction. We shall start with the law of quadratic reciprocity which
was guessed by Fuler and Legendre and whose first complete proof was
supplied by Gauss. A result central to number theory, the law of quadratic
reciprocity, apart from being fascinating on its own, has led to very important
generalizations.

The main aim of this article is to sketch a proof of the Eisenstein reci-
procity law. Having many applications and being beautiful on its own, the
FEisenstein reciprocity law related to the cyclotomic fields, is a precursor of
the more general reciprocity laws. Before we move on to discuss about the
Eisenstein reciprocity law, we shall have a brief discussion on cubic reci-
procity as well. There we shall sketch Williams’ proof [10] of Eisenstein’s
supplement to the law of cubic reciprocity. While for the Stickelberger re-
lation we shall refer to the article of S. A. Katre [6] in this volume, for a
deduction of some of the early reciprocity laws from Artin’s we refer to that
of Parvati Shastri [9]. For the proofs of some results on Gauss and Jacobi
sums and, in fact, for many details about the early reciprocity laws including
the biquadratic case, we refer to the beautiful book [5] of Ireland and Rosen.
We also refer to the interesting expository article of Wyman: “What is a
reciprocity law?” [11].

In what follows, for any prime power g, F, will denote the finite field
with ¢ elements. The symbols Z, Q and C will denote respectively the set
of integers, the set of rationals and the complex numbers. For a finite set S,
|S| will denote the number of elements of S. For a field K, K* will denote
the multiplicative group of its non-zero elements.

2. Quadratic reciprocity. The problem of solving a general polynomial
congruence reduces to that of solving congruences with prime power moduli
plus a set of linear congruences. The problem of solving a quadratic congru-
ence f(z) = 0 (mod p), where f(z) is a quadratic polynomial with integer
coefficients and p is an odd prime, by ‘completing the square’ reduces to the
problem of solving the congruence

z? =d (mod p), d € Z, p a rational prime. (1)

95
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The laws of quadratic reciprocity, one of the most celebrated results in
all of number theory, give an algorithm for knowing the existence of solu-
tions to the congruence (1). What we shall see is that the laws of quadratic
reciprocity describe the set of primes modulo which a quadratic polynomial
in Z[z] splits. In general, results giving similar informations (See [11], for
instance) are known as reciprocity laws. However, the term reciprocity at-
tached to the early reciprocity laws had its obvious meaning.

For a rational prime p, other than 2, and for x € F,, the Legendre symbol

(%) is defined to be (P~1)/2_ Tt is easy to see that (see Serre [8] or Adhikari

[1] for instance) (%) =1 or —1 according as x is a square mod p or not, i.e.,

y?> = = (mod p) has a solution or not. One says that z is quadratic residue
or quadratic non-residue mod p respectively.
For a rational prime p, other than 2, observing that the index of F;Z in

is 2, there are as many residues as non-residues mod p. Also, (%) . (%) =

(%)7 i.e., the Legendre symbol is a character of the mutiplicative group F}.

F,

The definition of (%) is extended to all of F,, by putting (%) = 0 and
x

we can view (5) as a function on Z in the obvious way.
We now state the laws of quadratic reciprocity where part (iii) is the

proper reciprocity law and the first two parts are known as supplementary
laws.

Theorem 2.1. (Laws of Quadratic Reciprocity). If p and [ are two distinct
odd primes,

i) (%) =(-1)=z.

The result is amazing because there is no obvious reason to expect any
connection between the symbols (7) and (%), or, in other words, between

the congruences 2 = p (mod 1) and 22 = [ (mod p). We shall now indicate
a proof of part (iii); for complete proofs one may refer to [1] or [8] mentioned
above. In fact, almost any number theory text will contain one or more
proofs of it. The book [5] of Ireland and Rosen mentioned above contains at
least three different proofs of the theorem. We also refer to the interesting
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book [2] of Cox, where for a given positive integer n, the various reciprocity
laws are seen to bear upon answering the question of finding the primes p
which can be expressed in the form p = 22 + ngy?. In fact, Euler’s discovery
of quadratic reciprocity was prompted by such questions.

Let w denote a primitive I-th root of unity in an algebraic closure 2 of
Fp. We consider the sum S =3 cp: (7) w®.

We have, §? = Z <ﬁ> Wty

y,zEFz‘
- ¥ (E) y(z+1)

y,zeFl* !
_ -1 0 < y(z+1)
= > 7)Y T > 7 dow

yEF; 2£1 yeF;

-1 z
ez )

l l

z#—1

(Since, Y yeF: WED f 1 =14 w+-+ w1 =0),
1 .
=1~ 2.
SO’ (7) 2 (7)
zeFl
Now, there are as many squares as non-squares in FJ, so ZzeFl* (%) =0 and

hence e (—71> | o)

and

From (2) and (3),

(-0 - (@7

This proves the equality in (iii) modulo p. Since p is odd, (iii) follows.
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The following remark is not out of place.

Remark 2.1. In the proof above, if we replace w by a primitive I-th root of
unity in an algebraic closure of the rationals Q , then defining S in the same
way, S will again satisfy equation (2), that is, S = 4I. Thus, observing
that Q(v/—1) = Q(¢4) (where ¢, is a primitive n-th root of unity in Q),
square root of any odd prime is contained in Q(¢) for some root of unity .
Further, observing that v/2 € Q((g) (for 2 = —i(1 4 )?), it follows that any
quadratic extension K of Q is contained in Q(() for a root of unity ¢, thus
giving an easy special case of the Kronecker-Weber theorem (see Ghate [3],
in this volume).

3. Cubic reciprocity. Questions regarding solutions of the congruence
2™ = a (mod p) for rational primes p for larger n’s led Gauss to formulate the
cubic and biquadratic reciprocities corresponding to n = 3 and 4 respectively.
In 1844, Eisenstein was first to publish complete proofs of these theorems. In
this section, we give a quick sketch of the cubic reciprocity law. On our way,
we shall come across Gauss and Jacobi sums. For the details not supplied
here, one may look into [5].
Writing w = (—1 4 v/—3)/2, we consider the ring

Z|w] = {a + bw| a,b € Z}.

For a+bw € Z[w], with the norm function defined by N(a+bw) = a?—ab+b?,
Z|w] is a Euclidean domain. The units in Z[w] are elements o with N(a) =1
and they are +1, +w, +w?. If p is a rational prime such that p = 2 (mod 3),
then p remains prime in Z[w]. The rational primes p =1 (mod 3), split into
a product of a pair of primes complex conjugate to each other. The rational
prime 3 has the factorization 3 = —w?(1 — w)? where 1 — w is a prime in
Z[w).

If 1 € D = Z[w] is a prime, then D/7wD is a finite field with N(7)
elements and for an element o € D coprime to m,

N1 =1 (mod 7).

If the norm of 7 is different from 3, it is not difficult to see that the residue
classes of the elements 1,w and w? are distinct mod 7D and therefore,
{1,w,w?} being a subgroup of order 3 of the multiplicative group (D/7D)*,
(N(m) —1)/3 is an integer. Now, with 7 and « as above, 1,w and w? being
distinct mod 7D, from the identity

V=1 g = (qWNE®-D/3 _1y(o(Nm-1D/3 _ ) (qNm-1/3 _ 2)
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it follows that X (m-1)/3

or w? modulo 7 in D.

If 7w is a prime in D with N(7) # 3, then, if 7 is coprime to «, the unique
element to which a¥(™M-1/3 is congruent modulo =, is defined to be the
cubic residue character of @ modulo m and we use the notation (a/m)s or
X () for it. If 7 divides a, we define (a/m)3 = 0.

One observes that (- /)3 is a character of the multiplicative group (D/7D)*,
and for @ € (D/nD)*, (a/m)3 = 1 if and only if the congruence z3
(mod ) is solvable.

Because there are six units in the ring D, a non-zero element in D has
six associates. For a given prime 7 of norm not equal to 3, we single out one
among its six associates. This is done in the following way. A prime 7 in D,
is said to be primary if # = 2 (mod 3) in D. If 7 = a + bw, it amounts to
say that a =2 (mod 3) and b =0 (mod 3) in Z.

It is clear that neither the prime 1—w nor any of its associates is primary.

is congruent to exactly one of the elements 1,w

=

Rational primes p = 2 (mod 3), which remain prime in D are primary and
their other associates are not. For a prime 7 of norm p = 1 (mod 3), again
it is not difficult to see that among the associates of m, there is exactly
one which is primary. With this, we are ready to state the law of cubic
reciprocity.

Theorem 3.1. (The Law of Cubic Reciprocity). Consider two primes m;
and 7o in D such that neither of them is of norm 3 and both are primary.
We also assume that N(m1) # N(m2). Then

X1 (71'2) = Xz (ﬂ-l)'

Remark 3.1. As in the case of quadratic reciprocity, there are supplemen-

tary laws for the cubic residue character of the units and the prime 1 — w.

It is easy to see that x.(—1) = 1 and if 7 is not of norm 3, by definition,

Xx(w) = 1,w, or w? respectively for the cases N(7) = 1,4, or 7 (mod 9).
Regarding 1 — w, if N(7) # 3, then

xr(l —w) = w?™, (4)

where the integer m is defined as follows. If 7 = ¢ is a rational prime, then
m is defined by ¢ = 3m — 1. If 7 = a + bw is a primary complex prime, then
m is defined by a = 3m — 1.
At the end of this section, we shall sketch Williams’ proof [10] of Eisen-
stein’s supplement to the law of cubic reciprocity (equation (4) above).
Before proceeding to prove Theorem 3.1, we obtain certain results on
Gauss and Jacobi sums.
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Let p be a rational prime. For a finite field Fy,, characters of the multi-
plicative group F}, that is, homomorphisms F; — C* will be referred to as
multiplicative characters on F,,. We shall denote the trivial character by e,
that is, €(a) = 1 for all @ € F},. If x # ¢, we define x(0) = 0. The trivial
character is extended by defining €(0) = 1.

If x is a multiplicative character on F,, and ¢ = e2i/P_ then for an
element a of ¥, the sum 3, cp X ()¢ is called a Gauss sum on F,, and is
denoted by gq(x). For gi(x), we shall simply write g(x).

If x1 and x2 are two multiplicative characters of Fy,, then

> xa(a)xa(b)

a+b=1

is called a Jacobi sum and is denoted by J(x1, x2).

If x is a multiplicative character on ¥, then we know that 3-,cp X(t) = p
or 0, according as x is the trivial character € or not. Also, if a € F}, then
Zx x(a) = p—1 or 0, according as a is the identity element 1 or not. We
proceed to prove some results on Gauss and Jacobi sums.

Proposition 3.1.

i) If a is a non-zero element of F, and x a non-trivial multiplicative
character on F,, then g,(x) = x(a™1)g1(x).

ii) If @ is a non-zero element of F), and x is the trivial multiplicative
character €, then g,(e) = 0.

iii) go(x) = p or 0 according as x is the trivial character e or not.

Proof: All these statements follow directly from the definition of a Gauss
sum. We prove only part (i) here. To prove (i), we just observe that
x(a)ga(x) = x(a) Zier, X(1)CY = Yier, x(at)C™ = g1(x)-

Remark 3.2. In Remark 2.1, the sum S was a particular Gauss sum. This
was the particular case corresponding to a = 1 of the quadratic Gauss sum

erF; (%) ¢*. We remark that for a general multiplicative character x # €

on Fy, one has g(x)g(X) = x(—1)p.
Proposition 3.2.

i) J(e €) = p.

ii) If x is a non-trivial multiplicative character on F,, then

J(e,x) =0and J(x,x ") =—x(-1).
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iii) If x1 and x2 are non-trivial multiplicative characters on F), such that

X2 # X1, then
g(x1)9(x2)

O, x2) = g(x1x2)

Proof: We prove only part (iii) here. We have

a,beF), teF, \a+b=t

g(x)glx2) = > xi(a)xa(b)¢ = > ( > Xl(a)X2(b)> ¢t

We observe that the inner sum survives only when ¢ # 0 and in that case,
substituting a = ta’ and b = tV/, a straightforward calculation shows that
the inner sum is (x1x2)(¢)J(x1, x2). Therefore, from the above equation we
have

g(x1)g(x2) = Y (xax2) () (x1: x2)¢" = J(x1, x2)9(x1x2), as desired.
teF,

Proposition 3.3. Let n > 2 be an integer. Let p be a rational prime such
that p = 1 (mod n) and x a multiplicative character of F,, of order n. Then

(g0))™ = x(=1)pJ (x: )T (6 X2 - T, X" 72).

Proof: From part (iii) of Proposition 3.2, we have g(x)? = J(x, x)9(x?).
Multiplying by ¢g(x) and applying part (iii) of Proposition 3.2 again we have
g% = J(x, X)J(x, x*)g(x?). By repeating this process, we get

900" = TG0 TGN - TG X g Y. (5)

But, g(x\)9(x" ") = 9(x)9(x) = x(~1)p, by Remark 3.2. Hence by (5),
we obtain our result.

Now we shall proceed to prove the law of cubic reciprocity. We shall
need the following lemmas.

Lemma 3.1. Let 7 be a prime in D with N(7) # 3. Then
1) xr(a) = (Xﬂ'(a>)2 = Xﬂ'(a2)'

i) x7(@) = xx(a).

iii) If 7 = ¢ is a rational prime of D, x,(@) = x4(a?).
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Proof: For part (i), since the squares of the numbers 1,w, and w? are equal
to their corresponding conjugates, xx(a) = (xx())? = xx(a?).
Next, observing that N(7m) = N(7), from the definition it follows that

X7(@) = xr(a) (mod 7).

Since 1,w, and w? are distinct modulo 7, we get part (ii).

Finally, for a rational prime ¢ in D, § = ¢ and hence from part (ii) and
part (i), Xq(@) = xq(a) = xq(@?).
Lemma 3.2. Let m be a complex prime in D such that N(7) = p = 1
(mod 3) in D. We also assume 7 to be primary. Identifying D/mD with
F,, and therefore considering x, as a multiplicative character on F,, if we
consider the Jacobi sum J(xr, Xr), then we have

J (X X)) = .

Proof: First we note that y, being a cubic character, x.(—1) = 1. There-
fore, by Proposition 3.3, we have

g(XTF)3 :pJ(XTraXTr)' (6)

We now claim another result on J(xr, Xr), which again is true if we re-
place x by a general cubic character. We claim that if we write J(xr, xx) =
a + bw with a,b € Z, then we have the following congruences in Z:

a =2 (mod 3) and b=0 (mod 3). (7)

We now establish the claim (7) above.
Observing that x~(0) = 0 and x,(t)* = 1 for ¢t € F}, we have the follow-
ing congruence in the ring of algebraic integers O:

9(xx)’ = Y ¢ (mod 3).

tEF}

Since the last sum is —1, by (6) above, we have
PJ (Xrs Xr) = 9(xx)® = =1 (mod 3).
Therefore, since p =1 (mod 3),

a+bw=J(xXr,Xr) = —1 (mod 3). (8)
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Working with ¥, instead of x,, and observing that g(x») = g(%,) one
obtains
a+bw= -1 (mod 3). 9)

Subtracting (9) from (8),

b(w—w) = 0 (mod 3)
= bv/—3 = 0 (mod 3)
= bv/—3 = 3p, for some 1€ O
= -3 = op?
= 3 | b

Therefore, (8) implies that
a-+1 =30 for some 0 € O.

Since 0 € Q as well, § must be a rational integer. Hence, a = —1 (mod 3).
Therefore, claim (7) is established.

Now, from Proposition 3.2 (iii) and Remark 3.2, we have

J(Xﬂa Xﬂ)J(Xﬂa XTF) =D

and therefore by (7), J(Xx, Xx) i$ & primary prime.
Writing J (X, Xx) = 77, We observe that

T = p = Y7.

This gives m|y or m|7. Since all the primes involved in the above equation
are primary,

T=7yo0r m=7.

We rule out the second possibility.
We have

T xr) = 2 Xa(@)xn(1—2) = 3 2@ D31 —2)® D73 (mod ).
z€F) z€Fy
(10)
Now, observing that m(p_l)/g(l - x)(p_l)/?’ is a polynomial in x of degree
2(p—1)/3 < (p— 1), and from elementary number theory, recalling the
congruence

1* 428 4+... 4 (p—1)* =0 (mod p), when (p—1) [k,
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we have
3 2®=D/3(1 — 2)P=D/3 = 0 (mod p).

zeF,

Therefore, from (10), we have J(xr, Xx) = 0 (mod ), showing thereby
that the second possibility does not occur. Lemma 3.2. is thus established.

Proof of Theorem 3.1: We consider the following three possible cases:
A) Both 7 and 7y are rational.
B) One of them, say 7y, is rational and 9 is complex.

C) Both 7; and m are complex.

Case A. In this case, since m; = ¢ and mo = ¢o are rational primes coprime
to each other, observing that §; = ¢; and gy = ¢2, from Lemma 3.1 above,

X1 (772) = Xm (71'2) = Xm (W%)

Since X, (m2) # 0, this implies that xn, (m2) = 1. For the same reason,
X, (m1) is also 1 and therefore, Theorem 3.1 is established in this case.

Case B.
Here in order to simplify notations, we write 71 = ¢ and mo = 7. Now,
¢ =2 (mod 3) and N(m) =p =1 (mod 3).
From Remark 3.1, Proposition 3.3 and Lemma 3.2, we have
9(xx)® = pm. (11)
Now, (11) implies

(pm)( @173,

e}
—
=
3
S—
)
|

and hence, g()(ﬁ)qL1

Xq(pm) (mod g), by definition.

Since by Lemma 3.1, x,(p) = x4(p) and the only real value of the char-
acter x4 is 1, we have x4(p) = 1 and therefore, from above,

2

9(xXx)" = Xq(m)g(Xx) (mod q). (12)
Now, by definition
2

” = (Z Xn(t)Ct> = > xx(H)7¢7 (mod q).

teF, teF,
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Since ¢2 = 1 (mod 3), we have y,(t)7 ! = 1.

Therefore,
90" = Y xa(B)6™ (mod q)
teF,,
= g(XW)‘f = gp2(Xx) (mod g), (by definition)
= g)” = xe(@g(xx) (mod ) (by Proposition 3.1 (i))
= 900" = xx(@)g(xx) (mod q).

=<
3
—
=2
Q
=
a
|

Xq(m)g(xr) (mod g)
= X=(@)p = xq(m)p (mod ¢) (multiplying both sides by
9(X,) and by Remark 3.2)

3
=

)
S
Il

Xq(m) (mod g)
= Xa(q) = Xq

2

Case C. Write N(m1) = p; and N(m3) = py. Then, p; = 1 (mod 3) for
1=1,2.

Let 1 =71 and 2 = 7o.

Then ~;’s are primary and p; = m;y; for i =1, 2.

As in Case B above, we start with the relation

90n)* = pim, (13)
which implies
gt = ()P,
and hence, g(x+,)"2"' = Xm(p171) (mod m2), by definition.

Now, going back to the definition of g(x,,) and proceeding as in case B,
from (13) we obtain

X (P3) = Xra (P171)- (14)

Similarly,

X (P1) = X (P272). (15)
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Again, by Lemma 3.1 (i),

X1 (P3) = X (p2)-

Therefore, by Lemma 3.1 (ii)

X7 (p%) = Xm (p2)- (16)

Now, X (T2)Xm(P171) = Xm (m2)X7 (p3)  (by (14))
= Xm(m2)Xm (p2)  (by (16))
Xﬂ'l(p27T2)
= xm()  (by (15))
= Xm(p1mim)
sz(ﬂ'l)XWz(pl'ﬁ)

and hence ., (72) = Xr,(71), as desired.

Williams’ proof of equation (4): We extend the definition of the cubic
residue character so that we are able to work with non-prime integers of D
in the denominator of the symbol.

Let a, 7 € D. Also assume that 7 Z 0 (mod (1 —w)), in D.

We define x-(a) (= (a/7)3)

1 if 7 is a unit of D,

X (@) Xrp (@) Xr.(a) when 7 is a non-unit and
T =TTy - - - T is the factorization
into products of primes of D.

Since it is easy to check that

N(m)—1 n N(Wé) -1 = N<7T17;2) -1 (mod 3)

holds for any two primes 71 and me of D not of norm 3, by the above
definition, for any 7 € D with 7 Z 0 (mod (1 — w)), we have

(w/T)3 = wNM=D/3, (17)
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If 7 is a rational prime of D, let # = 3m — 1. Now,

67

Xr(l-w) = X« ((1 - w)4) = (Xff ((1 - °">2))2

- (Xﬂ(_?’w))z - (Xﬂ(_3))2 (Xw(w))z

= (xx(w))? (see Case A in the proof of Theorem 3)

— 2_
w2(N(7r) 1)/3 _ w6m dm _ w2m’

and therefore, (4) is established when 7 is a rational prime of D.

Now, let m = a + bw be a complex prime where a = 3m — 1 and b = 3n.

In this case,

Xﬂ(l - w)

Xa(0)xx(1 —w)  (since xa(b) =1)

(Xa(@))? Xa(bw)xx(1 = w)

(Xa(@))? Xa(T)Xx(1 — w) (since bw = m (mod a))
DByl = w)  (by (7))
w6m2_4mxa(7r)x7r(1 —w)

Xr(@)xx (1 —w) (by Theorem 3.1 and our

w

2_
u}6m 4m

extended definition of

the cubic residue character)
W xr(a — aw)
Wy (—(a + b)w) (since bw = —a (mod 7))

W?" X (W)X (@ + b)

— w2m+(p_1)/3Xa+b(7T)

= W Xayb(7) (observing that p = a® —ab+ 52)

= wxarb(b(1l —w)) (since b(1 — w) = —m (mod (a + b)))
= W' Xarb(0)Xars(l —w)

— wn+2(m+n)

= WM,

4. Eisenstein reciprocity law. We shall here state and give a sketch of the
proof of the Eisenstein reciprocity law. In many places, for details we shall
refer to Ireland and Rosen [5]. For applications of Eisenstein reciprocity law,
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we again refer to [5] as well as Ribenboim’s book [7] “13 Lectures on Fermat’s
Last Theorem”. One may also look into the recent book of Esmonde and
Murty [4] for that purpose.

Let m be a positive integer and G, = e2™/™. Let D,,, denote the ring of
integers of Q((nm)-

We recall some facts about the ring D,,. Ideals appearing in our discus-

sion will be non-zero. First, D,, = Z[(;,]. Now, let P be a prime ideal in D,,

not containing m and write ¢ = N(P) def |Dy,/P|. Then, ¢ = 1 (mod m)

and the elements 1,(y,, -+, (™! are distinct mod P.

We also recall that the only roots of unity in Q((,) are +¢', i =
1,2, ,m.

Now, if & € D, such that a ¢ P, then

a1 =1 (mod P).

m—1
Therefore, [] (a(qfl)/m - Cfn) =0 (mod P).
i=0
Since P is a prime ideal, 3 4,0 < i < m such that

ol )/m = i (mod P). (18)

Since ¢!, # ¢/, (mod P) fori # j (mod m), the integer i in (18) is unique
mod m.

If « € D,, is such that a ¢ P, the unique element ¢’, to which (N (FP)=1)/m
is congruent modulo P, is defined to be the m-th power residue symbol and
is denoted by (a/P),,. This gives us a multiplicative character of the finite
field D,,/P of q elements. If « € P, we define (a/P),, = 0.

Once again, it is not difficult to check that (a/P),, = 1 if and only if
2™ = « (mod P) is solvable in Dy,.

Now, let A C D,, be any proper ideal prime to m. Let A= P;--- P, be
a decomposition into product of prime ideals of D,,; P;’s are not necessarily
distinct. For o € D,,,, we have the following definition.

(a/A)m E T[(/P)m.

7

If g € D,, is such that (3 is prime to m, then we define

(/B)m & (@/ ()
where (3) denotes the principal ideal GD,,.
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Let [ > 0 be an odd prime in Z. Then a non-zero element o € D is
called primary if it is prime to [ and congruent to a rational integer modulo
(1—¢;)%. We claim that for o € D; such that a prime to [ there is an integer
¢ € Z, unique mod [, such that (fa is primary.

We know that in Dy, the principal ideal (I) = ID; = (1 — ¢;)'! and the
principal ideal (1 — ;) is prime of degree 1.

Hence there exists a € Z such that

a=a (mod (1—¢)). (19)
From (19),
a—a
-G € D.

Therefore, applying the same argument once again, there exists b € Z
such that

a—a
=b (mod (1 — .
8 = (mod (1- )
The above implies,
a=a+b1—¢) (mod (1-¢)?). (20)
Again, writing §; =1 — (1 — (;), we observe that for d € Z,
('=1-d(1-¢) (mod (1-¢)*). (21)

From (20) and (21),
Ga=a+(b—ad)(l-¢) (mod (1-G)2). (22)

From (19), we observe that if [ divides a in Z, then (1 — (;) would divide
« in Dj contradicting the assumption that « is prime to [. Therefore, [ does
not divide a in Z. Therefore, there exists d € Z such that ad = b (mod ).
With this d, from (22) we have

(fa =a (mod (1-¢)?).
From the proof, a given o determines uniquely a and b, and hence determines

a unique d mod [ and our claim is established.

Now, we state the Eisenstein reciprocity law.
Theorem 4.1. (The Eisenstein Reciprocity Law). Let I be an odd prime
and a (# £1) € Z is such that (I,a) = 1. Let a € D; be such that v is a
primary non-unit element of D; and a and a are prime to each other. Then

(a/a)i = (a/a).
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We go through a sequence of definitions and propositions before we take
up the proof of Theorem 4.1.

First we set some notations. If o is an element of the group G =
Gal(Q(¢m)/Q), for an element a € Q((n), we shall write a” instead of
o(«). Similarly, for an ideal A of D,,, we shall use the notation A to de-
note o(A). It is known that [],cq 0(A) = (IN(A)). The proof of the following
proposition is straightforward.

Proposition 4.1. Let A be a proper ideal of D,,,, prime to m. Let o be an
element of the group G defined above. Then

(@A) = (/A% )m.

We start with generalizing the notion of Gauss sums. Also, we work on
arbitrary finite fields. Let F be a finite field such that |F| = pf, where p is
a rational prime. Let x : F* — C* be a character. Let the order of x be m.
Let ¢ : F — C* be a non-trivial additive character. Then values of x are
m-th roots of unity while those of i) are p-th roots of unity.

As before, the trivial multiplicative character € is extended by defining
€(0) =1 and if x # €, we define x(0) = 0.

We consider the Gauss sum

g06 1) ST X)),

teF

We observe that g(x, %) € Q((m, (p)-
We now specify the characters x and v we shall be working with.

Let P be a prime ideal in D,, not containing m. Let P lie over the
rational prime p, that is, pZ = PN Z. Let N(P) = ¢ = p/ and F = D,,/P.

We know that pf =1 (mod m). Let t be a non-zero element of F. Let
t =~ + P for v € D,,. We define

xp(t) = (v/P)y".

Now, we describe the additive character . Consider the trace function
tr : F — Z/pZ defined by tr(t) = t + t? + 7" - + '™ We define our
additive character ¢ by 1 (t) = C;,r(t).

Now we consider the corresponding Gauss sum
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We define

As before (see Remark 3.2),
9(P)]> = q. (23)
Now both Q(¢n) and Q((p) are subfields of Q((m,(p) = Q(¢mp) and
Gal(Q(Gnp)/Q) = {07 : Grp = Gl (romp) =1}

We observe that o, leaves Q((n) elementwise fixed if and only if r = 1
(mod m). Similarly, o, leaves Q((,) elementwise fixed if and only if » = 1
(mod p).

Let ¢ € Z be such that ¢ = 1 (mod m).

ac(9(P))

o (Z XP(t)w(t)>

teF

= ZXP(tW(t)C (Since7 XP(t) € Q(Cm), Uc(XP(t)) = XP(t))

teF

= > xp(t)(ct)

teF
= xp(c) 'g(P)

Therefore,
oc (®(P)) = oc ((9(P)™) = g(P)™ = ®(P).

Thus, ®(P) is invariant under o, and hence the following proposition.
Proposition 4.2.
O(P) € Q(Cm)-
Now, we state the following result, and, as had been mentioned already,
we refer to [5] or [6] for its proof.

Proposition 4.3. (Stickelberger) Let P be a prime ideal in D, such that
m ¢ P. Then the principal ideal

(®(P)) = (g(P)™) = PX1or

where the sum is over all 1 <t < m which are relatively prime to m.
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Let A C D,, be a proper ideal prime to m. Let A = P, P,--- P, where
P;’s are prime ideals. Then we define

() E B(P)B(P) -+ B(Py).
If A= («) is a principal ideal, we write ®(«) for ®((«)).

Proposition 4.4. Let A, B be proper ideals of D,,, both prime to m. Let
« € D, be prime tom. Let v =} tat_l, where the sum is over all 1 <t <m
which are relatively prime to m. Then

i) ®(A)®(B) = ¢(AB).

i) |(A)* = N(A)™.
iii) The principal ideal (®(A)) is equal to A”.
iv) ®(«a) = e(a)a” for some unit e(a) of Dy,.

Proof: Whereas (i) follows directly from definition, (ii) follows from (23).
Part (iii) follows from Proposition 4.3 (Stickelberger).

Now, by Part (iii), we get that the principal ideal (®(a)) = ()Y = (7).
That is, () and o generate the same principal ideal and that implies (iv).

If & € Dy, is as in Proposition 4.4, we now proceed to have more precise
informations about e(a)) appearing in part (iv). By part (ii) of the above
proposition, |®(a)? = |[N(a)|™. On the other hand, it is not very difficult
to see (see [5]) that |(a)Y|?> = |N(a)|™. It then follows that |e(a)| = 1.
Similarly, by using Proposition 4.1, one derives that |e(a)?| = 1 for all
o € G. Therefore, e(«) is a root of unity. Since e¢(a) € Q((n), we have the
following proposition.

Proposition 4.5. ¢(a) = £, for some i.

Let m =, an odd prime and « € D; be primary. Then one can obtain
(see [5]) the following more precise information.

Proposition 4.6. e(a) = £1.

Now, let a € D; be primary and a non-unit and B a proper ideal of D,
such that B is prime to [ and N(B) is prime to «. Since [ is odd, —1 is not
an [-th root of unity and hence by the above proposition

(e(a)/B) = 1. (24)
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For prime ideals P, P’ of Dy, both prime to [, such that N(P) and N(P’)
are relatively prime, it is not very difficult (see [5]) to observe that
(®(P)/P)1 = (N(P')/P).
From this, using part (iv) of Proposition 4.4 and Proposition 4.1 one derives
(e()/B)i(a/N(B)) = (N(B)/a).
Therefore, by (24),
(a/N(B)) = (N(B)/a) (25)

Proof of Theorem 4.1: Let p be a rational prime other than [ such that p
is prime to . Let P be a prime ideal of D; containing p. Then N(P) = p/
and therefore, by (25),

(a/p)] = (p/a)].

Since f divides the degree of the extension Q((;) over Q, which is [ — 1,
[ does not divide f and hence from the above,

(a/p)i = (p/a)

and the theorem follows by multiplicativity.
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Gauss-Jacobi Sums and Stickelberger’s Theorem

S. A. KATRE

In this article we shall prove Stickelberger’s theorem using factorisation
of Gauss sums. This theorem tells us about certain elements of the integral
group ring of the Galois group of an abelian number field which annihilate the
ideal class group of the number field. We shall then apply Stickelberger’s
theorem to prove Herbrand’s theorem. Herbrand’s theorem is a stronger
version of Kummer’s theorem : “p | h(Q((,)) = p | some Bernoulli number”.
Our main reference is [8].

§ 1. Gauss and Jacobi Sums

Let p be an odd prime and ¢ be a power of p. Let F; be the finite field
of g elements. Let ¢, be a fixed primitive pt root of 1. The Galois group
Gal(F,/F,) is cyclic generated by the Frobenius automorphism o, of F, given
by x +— aP.

For g = p/,let Tr : F, — I, be the trace map, Tr(o) = a+aP+- - taP’
Then for g(z) =z +aP + -+ 2P’ € F,z],

p—1

[T(o@) — i) = 9@} - g(a) = 2" .

=0
For every a € Fy, a? —a = 0, so for every i € Fp,, g(z) — ¢ has pf =1 zeros
in F,. This shows that Tr is onto. Hence ¢ : F; — C*,¢(x) = Q;Fr(x) is
a well-defined nontrivial additive character of Fy. Let x : Fj — C* be a
multiplicative character of F;. Extend x to all of Fy by setting x(0) = 0
(even if y is the trivial character'1). As xy9~! =1, the order of y is coprime
to p.

Definition 1 Let x, x1,x2 be multiplicative characters on Fy. The Gauss
sum corresponding to x is defined as

9(x) == > x(a)y(a).

a€ly

'This convention is different from the one in the article of S. D. Adhikari [1] in these
proceedings, where 1(0)=1. Also the definition of Gauss and Jacobi sums in [1] differs
from ours in sign.

75
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The Jacobi sum corresponding to x1 and xo is defined as

J(x1,x2) ZXI a)xz(1 — a).
acly

Proposition 1 (a) ¢(1)=1,J(1,1) =2 —q.

(b) If x, x1, X2 have orders dividing m then g(x) € Q((mp) and
J(x1,x2) € Q(Cm)- g(x) and J(x1,Xx2) are algebraic integers.

(c) J(1,x) =J(x, 1) =1 if x #1.
(d) 9(x) = x(—1)g(x)-
(e) JOx,X) = x(—1) if x #1.

() % = J(x1,x2) if x1x2 #1.

9(x)9(X) = x(—1)q if x #1.

Thus if x1,x2 are characters of order dividing m, then
g(x1)9(x2)/9(x1x2) is an algebraic integer in Q((m).

(8) If x #L.9(x)9(x) = ¢.
If x1,x2, x1x2 #1, J(x1, x2)J (X1, x2) = ¢-

(h) If x™ is trivial and (b,m) =1,

b
0 = 20 < (¢,

where o € Gal(Q(Cm,(p))/Q is defined by ¢, — ¢ and G — .
In particular taking b=1+m, g(x)™ € Q(¢m)-

1) g(x?) = g(x)-
Proof.
(6) For x #1, J(x, %) = — S x(@x(1 — ¢) Zx< ) X(-1).
c#1

(6)  glx)glx2) = Y xi(@)xz(b)y(a+0)
a,b
> xala)xa(b — a)i(b)
a,b
> xaa)xe )+ Z)ﬁ —a)

a,b
b#0

S1 + 59 say.
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If x1x2 #1, S2 = 0. If x1x2 =1, S2 = x1(—1)(¢ — 1).
In S1, put @ = be. Then

Si= > xibxa(®)x1()x2(l = )e(b) = g(x1x2)J (x1, x2)-
b, c
b#0

If xix2 = 1, S1 = g(1)J(x1,¥X1) = x1(~1) and so g(x)g(x) = x(~1)g.

(h) First, g(x)? = g(x?). Also, if for (¢,p) = 1,7. € Gal(Q((m,(p)/Q) is
defined by (= Gm, Gp = Cf, then g(x)™ = x(c)"1g(x) and similarly for

g(x?). Hence 7. fixes g(x)*~.
M) 90" = =W (@G = =3 x (@) = g(0). -

§ 2. Stickelberger’s Theorem.

Let ¢, denote a primitive m'™ root of unity. Let M/Q be a finite abelian
extension, so by Kronecker-Weber theorem, M C Q((,) for some m. Assume
m minimal. G = Gal(M/Q) may be regarded as a quotient of (Z/mZ)* =
Gal(Q(Gm)/Q).

For (a,m) = 1,0, denotes the element (, +— (% of Gal(Q((y,)/Q) as
well as its restriction to M. For x € R, let {z} = the fractional part of z,
sox —{z} € Z and 0 < {z} < 1. Define the Stickelberger element 6 in the
group-ring Q[G] by

0=0(M)= {1}051: ﬁogl.
a (rg m) m 1 <az< m m
(a,m) =1 (a,m) =1
Let I(M) = Z|G) N 0Z|G] consist of Z|G]-multiples of § which have integer
coefficients. Then I(M) is an ideal of the group-ring Z[G] and is called the
Stickelberger ideal. Clearly, mé € I(M).

Lemma 1 Let I' be the ideal of Z|G] generated by all the elements of the
form ¢ — o, with (¢,m) = 1. Equivalently I' is (finitely) generated by m and
¢ —oc with (e,m) =1, 1 <c<m. Let p € Z[G]. If 8 € I then 86 € Z|G],
so that I'0 C 1. If, moreover, M = Q((,), then I =1T'6.

Proof. We have

o= ({2} {2

a
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This is in Z[G], as c{g}f{%} = . 2% (mod 1)
m m m m
= 0 (mod1).

Hence I'6 C 1.

Note also that m = (1 +m) — 14, € I', so that I’ is generated by m
and ¢ — o, with (e,;m) =1, 1 <c<m.

Next consider the case M = Q((y,). Suppose

(Z xq04)0 € Z|G],

where z, € Z. The coefficient of identity in ( E Zq0q) ( g {i} oc_l> is
m
a C

Zxa{%} and this € Z. Hence Zxa-%isinZ, ie. m\Zma~a, SO

t}(iat Zxa -a € I'. Hence Zxaaa = Zxa(aa —a) +Zxaa el

Thus I C I'6. m|

Example. The above result I = I’ is not necessarily true for a proper
subfield of Q(¢). Let M = Q(v/3) = Q({15+(14) (the maximal real subfield)
C Q(¢3)- Then on M, 01 = 011 = 1 and 05 = o7y = o, say. Then
(M) =1+ o itself is in Z[G], i.e. 1-0 € Z[G], so 6 € I. But I’ is generated
by 5—0, 7— 0o and 11 — 1 i.e. by 2 and 1 + o, hence I'f is generated by
20 and 62 =2+ 20 =20 ie. by 20. Hence 0 =140 ¢ I'0, ie. I'0G 1.

This example also tells us that although 6 corresponding to a cyclotomic
field does not belong to the corresponding Stickelberger ideal, 6 correspond-
ing to a proper subfield M of Q((,,) may belong to I(M).

Action of Z|G) on ideals and ideal classes : If x = Y x,0 € Z|G], then x
acts on ideals of M by
A* =TI(A%)%

This also gives rise to an action on ideal classes.

Stickelberger’s Theorem. The Stickelberger ideal of an abelian number
field M annihilates the ideal class group of M. In other words, if A is an
ideal of M and x € I1(M), the Stickelberger ideal of M, then A” is a principal
ideal of M.
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§ 3. Prime Factorisation of Gauss Sums.

Let p be an odd prime and let ¢ = p/ be a power of p. Thus p/ = 1
(mod g — 1) with f least. Let P be one of the ¢(¢ — 1)/f prime ideals of
Q(¢y—1) lying above p. Now Z[(,—1] (mod P) is a finite field of p/ elements.
Also the (¢ — 1)%* roots of unity are distinct (mod P). There is a group
isomorphism

w=wp:F* — (¢—1)" roots of 1

satisfying for a € F, F, = Z[(;-1]/P,
w(a) (mod P) = a.

i.e. w(a) is that (¢ — 1)%* root of unity which lies in the coset (mod P)
corresponding to a. Then w is a character on F; called the Teichmiiller
character (corresponding to P) and it depends upon the model of F,, given by
Z[(q-1]/P. The character w : (Z[(q—1]/P)” — Q((g—1) can thus be described
by saying that for 3 € Z[(;—1],w (6 + P) is that unique root of unity Céﬁl for
which Qé[l = (mod P).

As F is cyclic, the characters on F form a cyclic group. Now, w(Cg—1+
P) = (4—1, 50 w has order ¢ — 1, i.e. w generates the character group on IFqX.
Any character on F; may be written as w™ for an integer @ (mod q — 1).
We now obtain a factorisation of the Gauss sum g(w™®) in Q({4—1,¢p)-

Since g(x)g(X) = ¢ for any character x #1 on Fy, any prime divi-
sor of g(w™®) for @« Z 0 (mod ¢ — 1) comes from a prime divisor of p in
Q(¢g—1,¢p)- p has ¢(q — 1)/ f distinct prime divisors in Q(¢4—1) (¢(.) being
the Euler ¢ function) and p totally ramifies in Q((p), (p) = (1 — ()P~ 1. As
(p,q — 1) =1, the cyclotomic fields Q({,—1) and Q((,) are linearly disjoint,
and so a prime of Q({,—1) lying above p totally ramifies in Q({4—1,¢p)-

Let P be the (unique) prime of Q(¢g—1,¢p) lying above P. For o € Z,
we want to know the exponent, say s(a), of the power of this prime ideal P
occurring in g(w™®). We have that

s(a) = vp(g(w™®)) depends only on a (mod g — 1).

We shall show that s(«) = the sum of the digits of & when « is expressed
in base p. In terms of the function s we can also obtain the exponents cor-
responding to other prime ideals in Q({y—1,(p) occurring in g(w™*) and this
will give us the prime ideal decomposition of g(w™) in Q({4—1,¢p)-

Lemma 2 Let o, § € Z.
(a) s(0) =0.
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s(a+ B) < s(a) + s(0).
a+p)=s(a)+s(8) (modp-—1).

(e) ) s(a)=(¢—2)(f)p—1)/2.

Proof. (a) : g(w™%) =g(1) =1.
(b) and (c) : By Prop. 1(f), g(w™)g(w™?)/g(w™>F) is an algebraic integer
in Q(¢4—1). Also P = PP~1 so the values of vs on Q((y—1) are divisible by
p—1.
(d) : g(x?) = 9(x)-
(€) : As gw™)g(w™) = £q = £p/, we get
s(@) +s(g—1—-a)=vs(p)) = (p-1)f.
Adding for a = 1,2,---,q — 2 gives the result. |

Lemma 3 s(a) >0 ifa#0 (mod ¢—1). s(1) =1.
Proof. As71':<p—1€73 ¢, =1 (mod P), so

Zw_o‘ Cﬂ(“) Zw “(a) (mod P).

But Z w%a)=0,as o # 0 (mod ¢ — 1). Thus g(w™®) = 0 (mod P).
aclfy
Hence s(a) > 0. Next,

g(wil) _ _Z 71 CTr(a
= —Zufl Y1 4 )T = Zw a)(1 + nTr(a)) (mod P?)
= —WZw ) (mod P?).

Regarding F, as Z[(;—1] (mod P) and noting that a — o generates the
Galois group of Z[(4,—1] (mod P) over Z/pZ, we have Tr(a) = a+a’+---+
a” ™" (mod P). Hence

Z w(a)Tr(a) = Z ala+adP + -+ apffl) (mod P).

a€clFy a#Z0

a (mod P)
For 0 <b<f, >,z a”’ "1 =0 (mod P),
so this sum reduces to Z l=¢—1=-1 (mod P).
a0
This gives g(w™!) =7 (mod P?).

But Q((g-1,¢)/Q((p) is unramified at . So s(1) = vs(r) = 1. O
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Proposition 2 Let 0 < a < ¢ — 1 and let the base-p expansion of o be
a:a0+a1p+~'+af,1pf_1, 0<a; <p-—1. Then

S(Oz):CLo—FCU—I—“'—l-CLf,l.

Proof. We have, s(0) = 0. As s(1) = 1 and 0 < s(a + ) < s(a) + s(9),
and s(a+ ) = s(a) +s(8) (mod p—1) we get s(a) =afor0 <a<p-—2.
This gives the result if ¢ = p. If ¢ > p, consider s(p — 1) < p — 1 and as
sp—1)>0and s(p—1)=p—-1 (modp—1), weget s(p—1)=p—1

Also s(a) < s(ao) +s(ap) +--- + s(af_lpf_l)
s(ao) +s(ar) + -+ s(ay_1)
e a0+a1+...+af_1'

Now as « runs over the integers from 0 to ¢ — 1, inclusive, each coefficient

in the base-p expansion takes each of the values 0,1,---,p — 1 exactly p/~!
times, so

Ca plp—1) p—1

St ap) = 2D 2Ly,

a=0

Asqg—1=(p—-1+{p—-p+---+(p—1)p/!, omitting o = ¢ — 1 we get

q—2

Nl P NN e S
azzo(ao +otapa) =S5 fe— (- Df =g -2f 5= QZ:OS(OK)-
Hence the result follows. O

In summary, given a prime divisor P of p in Q({,—1) and given the
corresponding Teichmiiller character w = wp,

vp(gw™)) = s(a)=ag+ar+-- +ap
= the sum of digits of « in its base-p expansion.

We now get the prime ideal decomposition of a Gauss sum g(x).

Let m be a fixed positive integer, p a prime, (p,m) = 1. Let f be the
order of p (mod m), so m divides p/ —1=¢—1. Let p, be any fixed prime
of Q(¢m) lying above p. Let @, be the unique prime of Q(¢n, () lying above
00, 50 GoP 1 = py. Let Py be a prime of Q(¢,—1) lying above g, and let Po
be the prime of Q(({4—1,¢p) lying above Py (and ;).

Let w = wp, be the Teichmiiller character on F, corresponding to Py.
Let x = w9, where d = (¢ — 1)/m. Then y is a character on F, of order
m associated with the Teichmiiller character w obtained from Py. It may
be observed that x depends only on g, and it is in fact the reciprocal of
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the character w?® = w(@ /™ which can be identified with the mt™ power
residue character associated with g, under the natural isomorphism F, =
Z[Cq—1]/P = Z[Gm]/ 0. (See [1].) o

Now x™ = 1, s0 g(x) € Q((m,¢p)- Since g(x)g(x) = ¢ = p/, the fac-
torisation of g(x) involves only primes of Q((m,(p) above p, i.e. the con-
jugates over Q of ¢,. For (a,m) = 1, let o, : (;n — (% be the element of
Gal(Q(¢m)/Q). For each such a, fix an extension of o, to Q({y—1,¢p) such
that (7@ = (.

Q(Cq—la cp) 750

2N

Q(gq—l)g /Q(Cmagp) @O
T@(Cm) o
Q p

As (p,m) = 1, p is unramified and the decomposition group for p in
(Z/mZ)* is the cyclic group generated by p (mod m), thus it is represented

by {va e 7pf_1}'
Let R denote a set of representatives for (Z/mZ)* modulo this decom-

-1
position group. Then {pg® | a € R} is the set of conjugates of p,. Now ¢,
is the unique prime of Q((m, ¢p) lying above g,. Hence, the conjugates of &,

q—1
m b

are @Oggl,a € R. Let p = @0‘751 be any of these. Then for x = w™% d =
v6(9(X)) = V6o (900)7) = v, (9(x") = vp, (9(X)) = vp, (9(w*?)) = s(ad),
noting that vgs, = vp, as Po /©o is unramified. We have thus proved
—1
Proposition 3 For y =w % d =<1, (9(x)) = @ZZ‘R s(ad)oa”
Arguing as above we also have,

Proposition 3'.(Prime factorisation of Gauss sums) For k # 0 (mod m),
~ kad)og !
(9(")) = go e

§ 4. Proof of Stickelberger’s Theorem

We first obtain a factorisation of (g(x)™) in terms of the Stickelberger ele-
ment . Recall that g(x)™ € Q((n) as x™ = 1.
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In the following lemma we have an alternative expression for the sum
s(h) of the base-p digits of an integer h.

Lemma 4 Let 0 < h <q—1. Then

1

()

(3

Proof. Let h =ap+aip+---+ af,lpf_l, be the base-p expansion of h.
Then ' ' ' _

pPh=ap’ +aip™t + - +ay1p'" (mod (¢ —1)).
As h < g — 1, some digit a; < p— 1, so RHS < ¢ — 1. Hence

gn 1 . o
{qp—l} = Joqlaor + e tagap h.

Summing over i, we get

Ji{qpih } q_l (Z%) 1+p+--~+pf1)—#<leai>.

i=0 p-1 i=0

This gives the result. g

Proposition 4 If x = Xy, is the reciprocal of the m™ power residue char-
acter corresponding to a prime @, of Q(Cn), lying above p, then

() (™) = g = gy esmem=1 1T

as ideals in Q(Gn)-

(ii) (Prime factorisation of Jacobi sums) Let j, k be integers such that
Jjk(j + k) #Z 0(mod m). Let

WS (B

a (mod m)
(a, m) =1

Then (J(x7, x )) = poj " as ideals in Q((m)-
Proof. We have, by Lemma 4,

s(ad) = s(aq;l) — (- 1)%_1 {@}.

Hence by Proposition 3,

m s(ad)oq ! m(Pfl)Zif;olER % 0';1
(g00)™) = g =07 = g, {mefo
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As g/t = g, and i (§0) = o (since p’ € the decomposition group of ),

b —1
mzb (mod m),(b,m)=1 { m }Ub

we get (g(x)™) = 9o = o as ideals in Q(Gn, Gp)-
Due to unique factorisation of ideals in Q((,), (9(x)™) = @™ holds also

in Q(Gn)- ’
Next write §; = Z {j—a} o, L. Then as before, (g(x?)") = p;ngj.
m

a (mod m)
(a,m) =1

Let j, k be such that j, &k, j + k # 0 (mod m). Then
(U +ka] [ja (kal\ -
mb; +mby — mbj = m Z ([T ol el el e ool

(a,m)=1

so that, using Prop. 1(f),

(70 X)™) = o™, where 6, € Z[G).
Hence (J(x7,x*)) = pgj'k, by unique factorisation in Q(¢,,). 0
Remark : The above proposition shows that if g, is a prime of Q((,,) such
that o, f m, taking p to be the prime of Z lying below g,, ©7¢ and pgj"“ are

principal in Q((n).
We next prove such a result for an abelian number field. We first have

Proposition 5 Let M be a subfield of Q((,). Let A be an ideal of M such
that (A,m) = 1. Let 0 = O(M). Then A™ is principal in Z[Cyn). Further,
for B € Z[G], AP is principal in Z[(p).

Proof. Let A be an ideal of M C Q((y) such that (A,m) = 1. Write
A =[] i, pibeing prime ideals of Q((,,,) not necessarily distinct. Let p; be
primes of Z lying below p;. Let P = the square-free part of [] p;.

Then, by Proposition 4, A™? = [] ¢ is principal in Q(¢np)-

Extending elements of Gal(M/Q) to Gal(Q((np/Q) by fixing (p, we
assume that mf € Z[Gal(Q(¢np)/Q)].

Let xp, be the character of order m on the finite field Z[(,,]/p; defined
using ;. Then g(xp,) € Z[(mp,] and as ideals of Z[(mp],

A =TT = TI(9(xe)™) = (™) where v = [Tg(xe:) € Z[Cmp)-

As each g(xp,)™ € Z[Cm], A™ is principal in Z[(,,] itself.

Next suppose 8 € Z[G],G = Gal(M/Q) such that 30 € Z[G], 6 being
the Stickelberger element for M. Then, as above, extending the elements of
Gal(M/Q) to Gal(Q((mp)/Q) assume that 80 € Gal(Q(¢mp)/Q).

Then

A = (A0 = (v = ()"
as ideals of Z((mp).
We next prove that v in fact € Q((y), so that A% is principal in Z[(y,).
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Firstly, 7% = ()% € Q((m) and (%) = (7)™ = (A%)™ is the m'™®
power of an ideal of Z[(,].

If p is a prime ideal of L = Q((,,) such that (p,m) = 1, locally, (™) =
(7),t > 0,7, being a local uniformizer. So 4™ = ex7, ¢ being a local
unit. So+” = el/mwfp. This gives L, (v%) = L, (¢!/™) as a Kummer extension
of L, where ,, fe. Hence the extension is unramified. Thus Q(¢m,v?)/Q(¢n)
is unramified at .

Also Q(Gn) € Q(Gmy¥?) € Q(Cmy Cp), so ramification can occur only at
primes dividing P. But (P,m) = 1, so the extension is unramified.

In view of the following lemma , we see that v° € Q((n) :

Lemma 5 Let m,n > 1 and m|n. If K/Q((y) is unramified at all primes
and K C Q(¢y), then K = Q(Gn)-

Proof. Let p be a prime dividing n/m. Then Q((mp)/Q(¢m) is totally
ramified at the primes above p. Hence K NQ((mp)/Q(¢m ) is totally ramified
and unramified at a prime above p. Thus, KNQ((rp) = Q(Gn)- So [K (Cmp) -
Q(Cmp)] = [K : Q(Gn)]- Now a lift of an unramified extension is unramified at
all primes. Hence we can argue similarly with m replaced by mp. Continuing
like this, finally,

Hence K = Q((p)- O

Next to prove that v% € M. Let g; be a prime divisor of A in Q((,,). Let
p be the rational prime lying below ;. Let ¢ = p/ where f is the residue
class degree of ;. Let P be a prime of Q((4—1) lying over p;. Now x,, can
be defined in terms of P and hence write x,, = xp.

Let 0 € Gal(Q({4—1)/M). Then o gives rise to a map

0 : Z[Gg-1] (mod P) — Z[(g—1] (mod P7),

and we have, if yp(a) = ¢, then xpo(a) = (7. Thus yps = x%. But x% =1,
so xpe = xp for o € Gal(Q((4—1)/Q(¢m)). Thus xp depends only on p;, so
we can in fact use the notation x,.

As above, for 0 € Gal(Q(¢m)/M), X7, = Xpg- Extending o to Q(Gnp) by
letting ¢ — (p, 9(Xp:)7 = 9(X3,) = 9(Xp7). Now for o € Gal(Q(¢n) /M),
A% = A, so o permutes all the prime divisors p; of A in Q((p).

Hence
Y97 =TT 900 = [T o0xer)” ="

But already v° € Q((). Hence v € M. So AP? = (4) is principal in M.
Finally, let A be any ideal of M. Write A = BC where (C,m) = 1 and
a prime p divides B if and only if p divides (A,m). By approximation
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theorem, first get an integer b € M such that for every prime divisor p of m
in M, v,(b) = v,(A), so that (b) = BD with (D,m) = 1. Now there is an
ideal E of M such that (E,m) =1 and DE is principal = (¢), say, where ¢
is an integer in M. (Use the factorisation in M of primes below D.) Then,
(b)CE = BDCE = ADE = A(c). Take A = CE and a = b/c. Thus we
have A = (a)A;, with @ € M, and (A;,m) = 1. Then A%? = (aﬂe)Afg, which
is principal. This completes the proof of Stickelberger’s theorem .

(For a simpler proof of Stickelberger’s theorem in the case of the full
cyclotomic field Q(¢,), see the article of C. S. Yogananda [9].)

§ 5. Herbrand’s Theorem

Herbrand’s theorem is an interesting application of Stickelberger’s theo-
rem for the cyclotomic field Q((,). Herbrand’s theorem and its converse
characterise the Bernoulli numbers By, By, - - -, B,—3 divisible by p in terms
of the structure of the p—Sylow subgroup of the ideal class group of Q({p).

Bernoulli Numbers. The Bernoulli numbers B,,, n > 0, were first defined
by Jakob (James) Bernoulli (1654-1705) and were so designated by L. Euler.
They are defined by the exponential generating function (the series being
convergent for || < 2m)

t N
d—1 ZB”E
n=0

t t(et +1 t et/ 4 e t/?

Wehave, T71+3 = %:ﬁﬁ
which is an even function of . Hence Bog_1 = 0 for k > 2. First few values
of By, age : By = 1,61; = —%, By = %, By = _31_0, Bs = %’ Bg = _31_07
Big = 567 Bis = ~3730’ By = 5 These can be successively obtained from

the recurrence relation for Bernoulli numbers viz.
m—1
m+1
(m+1)B,, = — kz_o ( A >Bk.

Bernoulli proved that the sum S,(n) of ™ powers of first n natural numbers
is given in terms of the B,, as

1 1 1
(r4+1)S.(n) =n" - (T—; )BlnT—i— (T;— )BQnT_1 +--+ <r—1i: )Brn.
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Euler obtained the values of the Riemann zeta function ((s) at positive even
integral values of s in terms of Bernoulli numbers as

2n—1
n+1 2 BQ” 2n

Thus the even-indexed Bernoulli numbers are nonzero and they alternate
n

n B 1 sn\2n-1
in sign. As ((2n) > 1 and " > — we get \ﬁ > — (—) , so that
B n! 2n em \emw

|| — o0 as n — oo, ( n even).
It was proved by Von Staudt Clausen that the denominator of a Bernoulli
number B,, with n positive and even, is square-free. More precisely, he

proved that for n even > 0, B,, + Z E is an integer, (thus 2, 3 always
(p—1)In

appear in the denominator of each such B,,). (See [2], [4], [6].)

Exercise. If n = 2¢ where ¢ is a prime of the form 3k + 1, then B, = %

(mod 1).

One also has the following congruence for Bernoulli numbers :

Kummer Congruence. Suppose m,n are positive even integers such that
m=n#%0 (mod (p—1)). Then

Bm _ Bn
— (mod p).
n

More generally, if m,n are positive even integers and
m=mn (mod (p—1)p*) and n Z0 (mod (p — 1)),
then B B
1—pm H=2 =(1—prH=2 d poth).
(A =p")- == (1 =p")—= (mod p*™)
as n — oo, ( n even.)

A prime p is called irregular if p| B; for some j = 2,4, ---, p—3. Otherwise
p is called a regular prime.

B
As |=2| — oo with n (n even). Suppose pi,---,p, are irregular primes
n
B
and N is large so that m = N(p;; —1) - - - (p, — 1) satisfies |—=| > 1. Let p be
m

B
a prime in the numerator of —=. Now (p; — 1)|m, so all the p; appear in the

denominator of by,; so p # p; for all i. Also (p—1) f m, for otherwise p would
be in the denominator of By,. Let m' =m (mod p—1), 0 <m' <p—1.
Then by the Kummer congruence, p|B,,,. Therefore p is irregular. This
shows that the number of irregular primes is infinite. At present it is not
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known whether there are infinitely many regular primes or not. However,
numerical evidence (W. Johnson) and probabilistic arguments (C. L. Siegel)
indicate that about 61% of all primes are regular.

Kummer proved that if p / the class number h of Q((,), then the equation
aP 4+ yP = 2P has no positive integral solution. (See [6], [7].)

Using his results on the class number formulas for cyclotomic fields, Kum-
mer also proved that the condition p f h(Q((p)) is actually equivalent to the
regularity of p, i.e. pf Ba, By, -+, Bp_3. (See [6].)

Generalised Bernoulli Numbers. A Dirichlet character (mod n) is a
multiplicative homomorphism y : (Z/nZ)* — C*. If n|m, it induces a ho-
momorphism (Z/nZ)* — C* by composition with the natural map from
(Z)mZ)* — (Z/nZ)*. We choose n minimal which induces such a Dirichlet
character (mod m) and call n to be the conductor of the character denoted
by f or fy.

The character x (mod 8) defined by x(1) = x(5) =1 and x(3) = x(7) =
—1 has conductor 4 as it can be induced from the character (mod 4) defined
by x(1) = 1,x(3) = —1, and 4 is minimal. The character (mod 6) defined
by x(1) = 1,x(5) = —1 has conductor 3 as it can be induced from the
character (mod 3) defined by x(1) = 1,x(3) = —1, and 3 is minimal.

Given a Dirichlet character x of modulus and conductor f, the generalised
Bernoulli numbers B, , are defined by

/

x(a)te® & tn
eft —1 _ZB"’XH'
a=1 n=0

For y =1, the character of conductor 1, we have

- o tet t
ZB"J == = ——— +t. Thus B, 1 = B, except when n =1,
o nl et—-1 e -1
when we have By 1= %,Bl = —%. Also note that if x #1, 25:1 x(a) = 0,
and hence,
1) BO,X = 0,
1 f
i) Biy = = Zx(a)a.
f a=1

Let G be a finite abelian group and G its character group. Let R be a
commutative ring with unity which contains the values of all ¥ € G and in
which |G| is invertible (e.g. R = Q). For x € G, define
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e — % S x(0)o! € R[G].

ceG
Then we have

(a) Ei - €X7

(b) eyey = 0if X £ 10,

(c) 1= ng )

xe@
(d) exo = x(o)ey.

ey are called as the orthogonal idempotents of the group ring R[G]. Let
M be a module over R[G]. Let M, =&, M. Then

exMy =M = e, M = M,.
Using 1= eré €y, we see that M = Z M, . Next suppose 0 = Z my with

X
my € M,. Then as m, = e,m} with m} € M, multiplying by ¢, we get
0 = eym), = my. Hence M = ®M,. Also for 0 € G, and m,, € M, writing
my = &y My with m} € M,

omy = oeym}, = x(0)eym, = x(0)my.
Thus for the action of o € G on the R[G]-module M, the elements of M,
are eigenvectors with eigenvalue x (o).

Now let R = Zj, the ring of p-adic integers. Let G = Gal(Q((,)/Q) ~
(Z/pZ)*. As Zy D Zy (the localization of Z at p), |G| = p — 1 is invertible
in Z,,. Also Z, contains all the (p — 1) roots of unity and these are congruent
(mod p) to the elements 1,2,---,p— 1. G denotes the group of characters of
G with values in Z[(,)].

Write elements of G as o, @ (, — (5, (a,p) = 1. Define w € G as
follows. Write for convenience w(o,) as w(a). For a € (Z/pZ)*,ais a (p—1)5
root of unity. Define w(a) to be the (p — 1) root of unity in Z,, which
comes from a; i.e. w(a) is such that w(a) = a (mod p). Then w € G and
G = {w|0 < i < p—2}. Then the orthogonal idempotents of Z,[G] are

-1
1«
€ = Eyi = —Zd(a)agl,ogigp—z

a=1
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Define

—1

1 X ; L 1—0

e_ = E 51:FE <E w(a))aa = B N
i odd a=1 \i odd

and

1+0
g4 = Z g = B) .

i even

Then for any Z,[G]-module A, A=A~ @® A", where A~ =¢_A and
A+ = €+A.
15
Let 6 = —Zaaa_l be the Stickelberger element for Q((,). Using (d)
p a=1
above, we get,

152,
gl = = aw'(a)e; = By y-i&;
p a=1 ,
and gi(c—o.)8 = (c— wi(c))BwaiEi
Any abelian p-group A is a Z,-module by the action (Z bip)a = Z b;(Pa),
5=0 j=0

since the latter sum is finite.
From now on, let A be the p-Sylow subgroup of the ideal class group

of Q(¢p). Then the Galois group G also acts on A, so A is a Z,[G]-
p—2

module. Write A = @Ai, where A; = ¢;A. By Stickelberger’s theorem,
i=0

for (¢,p) = 1,(c — 0.)0, which is in the Stickelberger ideal of Q((,), anni-

hilates in particular A, and hence each 4; = &;A. Thus, (¢ — w'(c))By i

annihilates A;.

Note. pt =3, =1 ao; ! and (p — 1)e; = 2 (ap)=1 w(a)o,t. As w(a) = a
(mod p),pfd = (p—1)e; (mod p)). As A; are p-groups, it may be possible to
accept that pf annihilates A; for i # 1. We require Stickelberger’s theorem
to conclude that pf annihilates Aj.
Consider 0 < i <p — 2.

Case 1. If i # 0 is even,

1 . 11 y

Bii=3 ) w@a=2-5 ), wl@fatp-a}=0,
p p 2
(a;p)=1 (a,p)=1

so we do not get any information in this case.

1
Case 2. If i = 0731,1 =35 o) 6;21 annihilates Ag.
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Taking some 1 <c¢<p-—1, % is invertible in Z,, so A9 = 0. This is other-
wise obvious, because Ay = g A and ¢y = Norm/(p — 1).
Case 3. Let i be odd. Suppose i = 1. Let ¢ =1+ p. Then

p—1
(c—w(c)By -1 =pBy 1= Z aw Ha) =p—1%0 (mod p),

a=1

so (c—w(c))By -1 is unit of Zy, so that A; = 0. Next suppose i # 1. Choose
an integer c (e.g. a primitive root mod p) such that ¢ #Z ¢! = w'(¢) (mod p).
Then ¢ — w'(c) is a unit of Zy, so By, is in Z, and it annihilates A;. This
gives

Proposition 6 Ay = Ay = 0. Fori = 3,5,---,p—2,B; ,~ € Zp and it
annihilates A;.

Herbrand’s Theorem. Let i be odd, 3 <i<p—2. If A; #0, then p | the
Bernoulli number Bp_;.

Proof. Suppose A; # 0. Then B, ,,— must be a non-unit in Z,, i.e. By, =
0 (mod p). Now it can be proved that (see Cor. 5.15, [6]) if n is odd and

By, .
n # —1 (modp — 1), then By = _:1 (mod p), and both the sides
n

are p-integral. Hence, By ,,-i = Pt (mod p), Hence p|B,—;. This proves

Herbrand’s theorem. O
The converse of Herbrand’s theorem is

Ribet’s Theorem. Let i be odd, 3 <i <p—2. If p|B,_;, then A; # 0.

For an elementary proof of Ribet’s Theorem see Chapter 15 of [6]. See
also [5]. For irregular primes, Herbrand-Ribet give a piece-by-piece infor-
mation about which Bernoulli numbers are divisible by p in terms of the
Zp|G]-module structure of the p-Sylow subgroup of the ideal class group of
QG-

The number i(p) of Bj,j = 2,4,---,p — 3, which are divisible by p is
called the index of irregularity of p. As a consequence of Ribet’s theorem
we get that the p-rank of the ideal class group of Q((,) (i.e.the number of
summands when A is written as a direct sum of cyclic groups of prime power
order) is at least i(p), i.e. the number of Bernoulli numbers divisible by p.
Vandiver’s Conjecture. This conjecture says that p { h* (Q((,)), the class
number of the maximal real subfield Q(¢,)" of Q((,). The conjecture has
already been checked by computer for all primes up to 4,000,000 and even if
it is false it is expected to hold for most primes.
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It is known that if Vandiver’s conjecture holds, then the p-rank of the
ideal class group of Q((,) equals the number of Bernoulli numbers divisible
by p. (See also the article of E. Ghate [3].)

Acknowledgements. I thank S. V. Kanetkar and Vijay Patankar for carefully
going through the article and Dinesh Thakur for suggesting this topic for
my lectures.
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An Introduction to L-functions

RAavi RAGHUNATHAN

Introduction.

These lecture notes on L-functions consist of two parts. Part I deals with
complex L-functions and is supposed to motivate Part II which deals with
p-adic L-functions. I have attempted to make the notes as self-contained
as possible and most of the more difficult exercises have hints. Solutions
to the exercises can be found in one or the other of the references in the
bibliography. I am grateful to Professor Dipendra Prasad for carefully read-
ing an initial version of these notes, pointing out several errors and making
numerous suggestions for improving these notes. I would also like to thank
Professor S. D. Adhikari for pointing out several errors in the original ver-
sion.

Part I: Complex valued L-functions

1. The Riemann zeta-function. Let {a,}°; be a sequence of complex
numbers whose properties we wish to understand. One very useful way in
which to study such a sequence is to associate to it a function of a complex

variable D(s) = % | %2 or even more generally, D(s) =Y, &, where

{\n }n 1 is a sequence of positive real numbers such that \,, — oco. Such
a series is called a Dirichlet series. The basic philosophy is that interesting
properties of the numbers a,, are mirrored in the properties of the function
D(s), so studying the latter gives us insights into the former. Because
D(s) is a function of a complex variable we can use tools from complex
analysis to study this function and historically this approach has proved very
successful (This approach is not dissimilar to forming generating functions
from sequences to obtain real analytic functions or power series in a real
variable. One then studies the properties of this auxiliary series - which often
satisfies a differential equation - to obtain information about the original
sequence.). In number theory questions about prime numbers and their
distributions can often be answered by such techniques.

The simplest possible example arises when we take A, = n and a, = 1.
This gives us the famous Riemann (-function, ((s) = 3.7, -, which serves
as the proto-typical example for Dirichlet series arising in number theory.
We will discuss some of its properties below. We will see a number of other
examples later which will also have similar properties.

93
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(a) Half-plane of convergence. For s = o + it we have
— 1

)
’ns 2:: na'nzt‘ nio"

n=1

We know that the last series converges for Re(s) > 1, so one checks easily
that the series defining ((s) converges uniformly and absolutely on compact
sets in this half-plane. Hence, (see Lemmas 2.1 to 2.3 below) ((s) is holo-
morphic (equivalently analytic) in this half-plane. In fact, we shall see that
(s — 1)¢(s) can be analytically continued to the whole complex plane C.

(b) Euler product. For Re(s) > 1, consider the product

1

H Ty (1)
p prime (1 - ps)

Expanding each individual factor as a geometric series (in p~*) we see that
the above expression is nothing but

1 1 1 1
H 1—1—}4‘@‘*—@4-... = E,

p prime n=1

where the last equality follows by opening the parentheses and using the
unique factorisation theorem for primes! The expression (1) is called an
Euler product and makes explicit the connection between the (-function and
prime numbers. Using (1), we can give Euler’s proof of the infinitude of
primes as follows: If the number of primes is finite, (1) defines an analytic
function at s = 1. On the other hand, the series expression for ((s) shows
that lims_,; {(s) = oo, which gives us a contradiction.

Exercise 1. Make the above “proof” rigorous.

The above argument shows that knowledge about the (-function just
at s = 1 already gives some information about the distribution of prime
numbers. Perhaps understanding the behaviour of the (-function at other
values of s leads to even more information about primes. A famous theorem
(and its even more famous corollary) of Hadamard and de la Vallée Poussin
demonstrates this.

Theorem 1.1. (Hadamard, de la Vallée Poussin, 1898) ((1 + it) # 0 for
all t in R.

Corollary 1.2. (The Prime Number Theorem) Let

7(x) = card{p prime |p < x}.
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Then, as © — 0o, we have the asymptotic formula

()

X

(2)

- logx”

Corollary (1.2) was first conjectured by Gauss. Finding a precise error term
in the formula for 7(x) inspired Riemann to his famous Riemann Hypothesis
(see below). For a proof of Theorem 1.1 we refer the reader to [L1].

(c) Analytic continuation and functional equation. Recall that for

Re(s) > 0, we define
S\ _ > —z2 s X
r (2) —/ e " x°d .

— o0

(Here d*x denotes the measure %. The usual definition of the I'-function

in most textbooks is given by the formula

F(s):/ e T,
0

from which the previous one can be easily deduced. It is well known that
the I'-function can be continued to a meromorphic function on the whole
complex plane with (simple) poles at the negative integers and zero, and
analytic elsewhere.)

Theorem 1.3. The function
2(s) =7 AT (5)S(s) 3)

can be extended to a meromorphic function on all of the complex plane C.
Z(s) is analytic at all points of C except at s =0 and s = 1 where it has a
simple pole. Further, we have the functional equation

Z(s)=Z(1—s). (4)

Now that we have seen that ((s) can be meromorphically continued to
all of C we can state the

Riemann Hypothesis. For 0 < Re(s) <1, ((s) =0 only if Re(s) = 3.

Exercise 2. Show that ((s) # 0 for Re(s) > 1 (Hint: Show that log ((s) is
analytic for Re(s) > 1.).

Theorem 1.1 guarantees that ((s) is not zero on the line Re(s) = 1. Using
the functional equation, one sees immediately that ((s) # 0 for s such that

Re(s) <0 and s ¢ —2N|J{0}.



96 RAVI RAGHUNATHAN

Remark 1. ((s) does have zeros in the half-plane Re(s) < 0. From the fact
that the I-function has simple poles at the negative integers but that (3)
defines a function analytic at those points, we deduce that ((s) has zeros at
all the even negative integers. These are called the trivial zeros.

Remark 2. The functional equation (4) shows that Z(s) has a line of sym-

metry at s = %

Remark 3. The function Z(s) is often called an L-function. The terminol-
ogy L-function usually denotes the product of a Dirichlet series and suitable
gamma, functions so that the product satisfies a functional equation. Fre-
quently, though, the two terms are used interchangeably.

(d) The value or residue at s = 1. ((s) has a simple pole at s = 1
with residue 1. We shall see in later examples of L-functions that the value
or residue at s = 1 carries a lot of information especially about the class
numbers of number fields.

(e) The value at other integers. The value of ((s) at other integers
also carries a lot of number theoretic information and involves the Bernoulli
numbers. Using properties of these numbers, Kummer was able to prove
Fermat’s Last Theorem in a very large number of cases. In lecture 2, we shall
see that the values of ((s) at integral points are central to even defining p-
adic L-functions - that is, functions of a p-adic variable with p-adic numbers
as the range as well. Just to give an idea of what may be involved we give
a heuristic calculation ignoring all issues of convergence. We first define the
Bernoulli numbers By, (see also [Kal, this volume) by the equation

t SN
et—1 Z B"H‘
n=0
Note that the Bernoulli numbers are rational. For an integer k£ we can write

C1—k)= ink_l.
n=1

Of course, the above expression is convergent only for £ < 0, but we ignore
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this fact and proceed formally as follows:

o7} k—1
(- k) = (;) et

In fact, it turns out there is rigorous way in which to establish the above
equality which shows that the values of the (-function at negative integers
are given by the Bernoulli numbers. It is easy to check that Bspy1 = 0, for
any k > 0 (since ((1 — k) vanishes for odd values of k). By the functional
equation we find that the Bernoulli numbers give the values of the {-function
at the positive even integers but yield no information at the positive odd
integers. For example, it is known that ((3) is irrational but not even
whether it is algebraic or transcendental.

2. Generalities on Dirichlet series. We state four lemmas which will
be of great use in determining the domain of convergence of Dirichlet series
and their analyticity. For proofs we refer the reader to Chapter 1 of Part 11

of [S]. Let D(s) = Y7, %2 be a Dirichlet series. Let Ay = 25:1 an, C1,
C5 be positive constants and k any real number.
Lemma 2.1. If D(s) converges for s = sq, then D(s) converges for all s in

C such that Re(s) > Re(so).

Lemma 2.1 says that if a Dirichlet series converges at one point in C
it automatically converges in the half-plane to the right of the point. The
union of all the half-planes where D(s) converges is itself a half-plane and
is called the half-plane of convergence.

Lemma 2.2. If |a,| < Cin*, then D(s) converges for Re(s) > k + 1. If
|An| < CoN* then D(s) converges for Re(s) > k.

Lemma 2.3. If fn(s), N =1,2,... is a sequence of holomorphic functions
converging uniformly on compact subsets of a domain D in C, then f(s) =
limy 00 fN(S) is holomorphic on D.

Applying the above lemma to fy(s) = 25:1 =,

holomorphic in the domain of convergence of its series.

we see that D(s) is
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Lemma 2.4. Suppose that a,, > 0 for all n and that sy is in R. If D(s)
converges for Re(s) > sg and can be analytically continued to a function on
a neighbourhood of sg, then there is an € > 0 such that D(s) converges for
s such that Re(s) > sg — €.

Exercise 3. Prove Lemma 2.4. Notice the connection with Exercise 1.
(Hint: Express the derivatives of D(s) as Dirichlet series. Then consider
the Taylor series expansion for D(s) about sy and deduce the convergence
of the Dirichlet series from the convergence of the Taylor expansion.)

Our goal is to now introduce a number of Dirichlet series that arise in
number theory and study these with respect to the properties (a) through
(e) listed in Section 1.

3. More examples. We introduce some more Dirichlet series arising in
number theory and discuss their domains of convergence and the existence
of an Euler product.

Example 1. The Hurwitz zeta-function. Let 0 < b < 1. We define

o0

1
H(s,b)zzm.

n=0

Note that if b = 1 we recover the Riemann (-function. Lemmas 1, 2 and 3
imply that ((s) converges to a holomorhphic function in the right half-plane
Re(s) > 1. By comparison with ((s) we can see that H(s,b) also converges
in this half-plane, and applying Lemma 3 we may conclude that H(s,b) is
analytic in this domain.

If a and f are positive integers and 1 < a < f, set b = %

00 1 00 £ 1
His )= ——— =S L _ .
Oy L 2w

In the next section we shall obtain a meromorphic continuation of H(s,b)
(and hence of ((s)!) to all of C. In general, H(s,b) does not possess an
Euler product.

Example 2. The Dirichlet L-series. Let y be a Dirichlet character of
conductor f (by conductor, we mean the minimal integer needed to define x.
See p. 20 of [W], or [Ka] for a more precise explanation of our convention)
We can extend x to a function on N (also called y) by setting x(n) = 0
if (n,f) > 1. The parity § € {0,1} of x is determined by the equation
x(—1) = (=1)°. We say that y is even if § = 0 and odd otherwise. We

define -
mn
L(X,S) _ Z X(S)
n=1

n
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Note that if f = 1, we recover ((s). We will assume from now on that y is

not trivial.

Exercise 4. Show that | 25:1 x(n)| < C for some C' > 0 and any N € N.
Using Exercise 4 and Lemmas 2.1, 2.2 and 2.3, one sees that L(x,s)

converges to an analytic function in the half-plane Re(s) > 0. We also have

an Euler product
1
L — -
o= 11 o)
p prime p*

which follows from the multiplicativity of x. The above formula is valid for
Re(s) > 1. Note that we can write

f
Lix.s)=f~* Y H(s, %» (5)

A meromorphic continuation for H(s,b) will thus yield one for L(x,s). In
fact, we will see that L(x, s) is an entire function.

Example 3. The Dedekind zeta-function. Let K be a number field
and Ng be the norm from K to Q. We define

1
w) =2 gy

where a runs over all non-zero ideals of O, the ring of integers of K. It is not
so easy to show for arbitrary K that (x(s) is convergent and holomorphic
for Re(s) > 1, has an analytic continuation to all s # 1 and has a simple
pole at s = 1. However, in the specific case when K = Q((y), a cyclotomic
field, we will be able to prove this by using the formula

Cre(s) = [T L(x. 9), (6)

where the product runs over all characters of (Z/fZ)* ~ G(K/Q), and
G(K/Q) denotes the Galois group of K over Q. Note that for arbitrary
fields K we have the Euler product

B 1
(k(s) = 1;[ (1 - Mlm) : (7)

where the product runs over all prime ideals in Og. The expression (7) is
valid for Re(s) > 1. The last equality follows from the fact that in Dedekind
domains we have unique factorisation of ideals into prime ideals.

Exercise 5. Prove formula (6) above.
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3. Analytic continuation and the functional equation.

We first obtain a meromorphic continuation for H(s,b). By the remarks
above this will automatically yield a meromorphic continuation for ((s),
L(x,s) and (x(s), where K is a cyclotomic field. Our method will also be
very useful in studying the values of these functions at integer points. We
first set

Zez(lfb)

F(z) = T

(8)
Note that for z # 2mim, m in Z, (8) defines a holomorphic function. We now
integrate F'(z)2°72 on the contour C described by C = (00, €] U Sc U [¢, 00),

where S, denotes the circle of radius e centred at the origin. We follow the

51082 {5 real and positive on the positive real axis.

510g|z

convention that z° = e

We treat (0o, €] as the “top” of the real axis where 2° = e | and [e, 00)

as the “bottom” of the real axis where 25 = ¢s(108l21+2mi) Hence, we have
G(s) = / F(2)2°2dz
c

= / F(2)2° 2dz + / F(2)z° 2dz + / F(2)z°2dz
(00,€] Se [e,00)
= (e2™s — 1)/ F(t)t*2dt + / F(2)z*?dz. 9)
(e,00]

Se

We remark that when z = ¢, t € R, F(t) clearly decays exponentially as
t — oo (recall that b # 0!). Hence, the both terms in (9) define analytic
functions for all s (exercise: differentiate under the integral sign and check
this). On the other hand, when Re(s) > 1, if € — 0, one sees easily that the
second term of (9) goes to zero. Thus, we see that

/F 257 2dz = (¥ — / F(t)t*2dt, (10)
for Re(s) > 1. We now expand F'(t) as a geometric series to obtain
oo
)=t Z e~ (00t
n=0

Substituting this in (10) we get

(627ris _ 1)/ Z 6_(b+n)tts_1dt.
0

n=0
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We may switch the sum and the integral above to get

27is = > —(b+n)tys—1
(e 1) Z e t°7dt,
n=0"0

which after a change in variables yields

o0

(e*™s — 1) nZ_O (n+1b)5 /OOO e 5 ldt = (2™ — 1)T(s)H (s, b). (11)

We caution once again that (11) is valid only for Re(s) > 1. We can,
however, use (11) to get a meromorphic continuation for H(s,b) for all s,
since (9) defines an analytic function G(s) for all values of s. Indeed, we
can now set ‘

H(s,b) = ((e*™ = )I(s)) "' G(s),

where G(s) is the analytic function defined by the integral in (9). The
expression above gives the Hurwitz (-function in terms of the Gamma func-
tion and a Mellin transform G(s) (see Exercise 13 below). We already know
that H(s,b) is analytic for Re(s) > 1. On the other hand, the function
(e2™s — 1)T'(s) is non-vanishing for Re(s) < 1 (note that T'(s) has a simple
pole at zero and all the negative integers, and (€™ — 1) has a simple zero
at those points). Hence, H(s,b) is actually analytic for all s # 1. At s =1
it has a simple pole. We have thus proved

Theorem 3.1. H(s,b) can be continued to a meromorphic function on all
of C which is analytic if s # 1 and has a simple pole at s = 1.

Corollary 3.2. ((s) can be continued to a function on all of C which is
analytic if s # 1 and has a simple pole at s = 1. Z(s) has simple poles at
s =0 and s =1, and is analytic for all other values of s.

Proof. Choose b = 1.
Corollary 3.3. If x # 1, L(x,s) is entire.
Proof. This is immediate if we use the expression (5).

Corollary 3.4. If K = Q((y), then (x(s) can be continued to an analytic
function for s # 1. If s =1, (k(s) has a simple pole.

Proof. Again, this is immediate from Corollaries 3.3 and 3.4 and Exercise
5.

Let K be a number field and set N = deg(K/Q) . Let r; be the number
of real embeddings and r9 be half the number of complex embeddings of K.
We let di be the discriminant of K. We also introduce the functions

rR(s):w—%r(g) and To(s) = (2m)~°T(s).
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Theorem 3.5. Let
Zi(s) = |di| 3 (Tr(s))™ (Tc(s))* Ck (5)-

Then Zk(s) can be continued to a meromorphic function on C, with simple
poles at s = 0 and s = 1, and analytic elsewhere. Further, Zx(s) satisfies
the functional equation

Zr(s) = Zx(1 - s). (12)

We will not prove this in general. In the specific case when K = Q((y),
we will be able to deduce this from the functional equations for Dirichlet
L-functions stated below.

Let x be a Dirichlet character of conductor f and parity ¢ (as in Example

2 of this section). Let 7(x) = Zle x(a)e% denote as usual the Gauss

T(ax)

‘6\/? .
Exercise 6. Show that |V, | = 1.
Exercise 7. (Hard!) Prove that

[T =1 (13)

sum associated to x. Let W, =

where the product runs over all Dirichlet characters of conductors dividing
f-

Theorem 3.6. Let x be a primitive Dirichlet character of conductor f.
A(X7 S) = FR(S + 5)L(X7 S)
satisfies the functional equation

Alxs) = WA(X 1~ 5). (14)

Exercise 8. Use Exercises 5,6 and 7 together with Theorem 3.6 to prove
Theorem 3.5 when K = Q({¢) (Caution: Theorem 3.6 is valid only for
primitive Dirichlet characters.)

It remains to prove Theorem 3.6. This we do through the series of exer-
cises given below. A good reference for this material is [L1], where a much
more general result is proved.

Exercise 9. Let ¢(x) be a Schwartz function on R, that is, a smooth (i.e.,
C), real valued function such that for any n in N and any polynomial
P(x), there is a constant Cp > 0 such that

(n) (4 L
6(@)| < Crrpi
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(#(™) denotes the n'* derivative of ¢) provided |z| is sufficiently large. For
this class of functions, called the Schwartz space and denoted S(R), prove
the Poisson summation formula

oo

S )= 3 an), (15)

n—=—oo n=—oo

where qZ; denotes the Fourier transform of ¢ and is given by

() = / o(x)e 2V dy,

(Hint: Notice that >~ ¢(z+n) converges uniformly to a periodic func-
tion F'(z). Compute its Fourier series and set x = 0.)

Exercise 10. Recall the formula for character inversion for primitive Dirich-
let characters of conductor f.

X(n) = 2= N x(a)e T (16)

a (mod f)

where ¥ denotes the complex conjugate of y. Notice that this gives us a
method to extrapolate x to a function on all of R (replace n by z in the
above formula). Apply the Poisson summation formula (see Exercise 9)
to the function ¢(z) = x(z)¥(z) to prove the twisted Poisson summation

formula
S xmpn) = XEUVTO 5~ o)y (7}) an

Exercise 11. We define the theta function associated to x and a Schwartz
function ¢ by

n=—oo n=—oo

[ee]

S nixme(t) = x(0) + 5 S wixmet).  (18)
n=1

n=—oo

1

Ox,0(t) = B

Note that this is nothing but the left-hand side of (17) with ¢(z) = g:(x) =
20¢p(xt). Hence, by (17) we see that

.5 1
0, o(t) = (Ntzé)mew@ (f2t> . (19)

When f =1 and ¢(z) = gi(x) = e~ Oy, (t) is the familiar Heat kernel.
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Exercise 12. When x is not trivial, use (19) to show that 6, 4(t) decays
rapidly as ¢t — oo (i.e, faster than any negative power of ¢) and also as t — 0
(i.e., faster than any positive power of t). If y is trivial, show the same for
Ox.s(t) — %

Exercise 13. The Mellin transform of a function h(t) is given by the
formula

M(h, s) = /O h h(t)t%% (20)

(Actually, this is the Mellin transform at s/2 but for the sake of less compli-
cated formulae we will stick to the notation above.) We see that 775/2T'(s/2)

is M(e*”tQ,s) in the above notation. Show that if x is not trivial and

Re(s) > 1
M (b9, 8) = Ax; ), (21)

while if x is trivial
M(Oy.6 —1/2,5) = A(L, s) = Z(s). (22)

On the other hand, check that by Exercise 12, the left-hand sides of (21) and
(22) define analytic functions for all values of s. This gives another proof of
the analytic continuation of L(y, s).

Exercise 14. Use (19) in equations (21) and (22) to prove that

M((ba S)L(X,S) :M(¢271 _S)L(le _3)' (23)

Now, if ¢(z) = e~ we recover the functional equation (14).

Exercise 14 shows that one obtains a functional equation for any choice
of Schwartz function ¢(z) and that (14) is merely a special case of (23) for
a specific choice of ¢(x)! Using two different choices of ¢(z), say ¢1(z) and
¢2(x) in (23) (assume § = 0) and taking a quotient gives us Tate’s local
functional equation at infinity

M(¢1,s)  M(¢1,1—s)
M(¢2,s) M(<732,1—s)' (24)

This can be very easily proved directly by Fubini’s theorem.

4. The value or residue at s = 1. It is easy to check
that ((s) has a simple pole at s = 1 with residue 1. More generally, we
have

Theorem 4.1. (i (s) has a simple pole at s = 1 with residue given by

2™ (2m)" 2 hic R

wldg|z
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where 11, 7o and dx are as before, w is the number of roots of unity in K,
hx is the class number of K and R is the requlator of K.

For a definition of the regulator of a number field see p. 41 of [W]. We
will not be able to prove this in the general case. In the cyclotomic case
K = Q(¢f) we note that

P Plp P

M) Yo

where Ng B = p* and v is the number of primes P lying above p.
Exercise 15. For K = Q((s) show that (x(s) has a simple pole at s = 1
(Hint: Use Exercise 3 together with (25)).

Exercise 15 immediately yields Theorem 4.2 below as a relatively simple
corollary. This special case of Theorem 4.1 and its celebrated corollary
were proved by Lejeune Dirichlet. They mark the entry of complex analytic
techniques into number theory.

Theorem 4.2. If x is a non-trivial primitive character, L(x,1) # 0.

Proof. Because of Exercise 15, we see that both sides of (5) have a simple
pole at s = 1. It follows that all the other factors on the right-hand side of
(5) must be non-vanishing at s = 1.

In fact, using Theorem 4.1, we have the formula
27 (27)"2 hKR
2 KT T L D). 2%
wldr]? H (x,1 (26)
Since the residue of ((s) at 1 is 1, (26) is immediate.

Corollary 4.3. Let (a,b) = 1. There are infinitely many primes of the
form an + b.

Exercise 16. Prove Corollary 4.3 as follows:
Step 1. Show that for Re(s) > 1 we have

S e ez = 3 Mg, e

X (mod n) p=a(mod n)

where ¢(n) denotes the Euler ¢-function and ¢(s) is an analytic function for

Re(s) > 3.

Step 2. Use Theorem 4.2 and take limits as s — 1 to get the desired result.
In fact, we have much stronger results than Theorem 4.2. One can prove
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Theorem 4.3. Let D(s) denote either a Dirichlet L-series L(x,s) or (k(s)
for some number field K. Then

D(1+it) #0,

for all t in R.

As was discussed earlier, the case K = Q already implies the Prime Num-
ber Theorem. When one considers other number fields one obtains finer
information about the distribution of primes.

It is not hard to determine the values of L(x, 1) more explicitly. Specifi-
cally, we can prove

Theorem 4.4.

2ma

T(x) - .
B S x(a)logll — e 7| if x(-1)
L(X’”_{ “X“za L X(a)a if x(~1)

1 (28a)
1 (280)

The proof is left as an exercise. Alternatively, we refer to pp. 37-39 of
[W]. We will return to this subject in the next section after introducing the
Bernoulli numbers B, .

5. The values of L-functions at integer points. Let yx be a Dirichlet
character of conductor f. We define the Bernoulli numbers B,, and the
twisted Bernoulli numbers B, ,, by the formulae

t S T y(a)ter & Lt
=2 Bap and 3 S =D Buy o (29)
n=0 a=1 n=0

The Bernoulli polynomials B, (X) are given by

tetX & t

ot —1 Z B (X)
n=0

Clearly B, 1 = B, for all n > 1 while B; ; = % and By = —%. We also note
that B, (0) = B, for all n. Let F' denote any multiple of f. We record the
following the identities which are easy consequences of the definitions:

Bp(1 = X) = (=1)"Bn(X). (30)

- i (:”) B X" (31)

=0
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Bmlewlliixaan<;>. (32)
a=1

In particular, we see that By, = %Zle x(a)a. Using (28b), we see that

a
for odd characters y the value of L(x, 1) is nothing but %(X)BLX.
Theorem 4.2 shows that B, is non-zero and at least for odd characters
there is no other elementary proof of this fact. We have thus expressed the
value of L(x,s) at s = 1 in terms of a Bernoulli number. We proceed to
generalise this.

Theorem 5.1. Forn >1 and 0 < b <1 we have

B, (b
H(l—n,b):—ﬁ. (33)
n
Corollary 5.2.
B,
L1 =n) = ——%. (34)

The corollary follows immediately from the Theorem and equation (5).

Proof of Theorem 5.1. We recall that equation (9) yields

Gs) = (e~ 1) |

(€,09]

F(t)tSth+/ F(2)z*2dz.
SE

Substituting s = 1 — n we see that the first term in the expression above
vanishes so we get

Ba(1—b)

=~ (35)

G(1—n) = /SE F(2)z7"""dz = (2mi)
Notice that (2mi)(— 1)1
Jim (&7 - r(s) = EE

whence follows

H(1—n,b) = (_1)n—an(;_ b) _ _Bl(b)-

The fact that A(y,s) is entire for s = 1 — n for all non-trivial x and for
all n > 1 tells us that

#0 if n=4§ (mod2) (36a)
L(X’l_”){zo if n#d (mod 2). (360)
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Hence, we find by (34) that for n > 1
B,,y=0 if n#¢d (mod2). (37)

It remains only to dispose off the case x = 1 and n = 1 and in this case it

is trivially verified that ((0) = —31.

Part II: p-adic L-functions

6. The p-adic (-function. In Part I we studied L-functions whose do-
mains and ranges are subsets of the complex numbers. In this part we will
study analogues with domains and ranges which are subsets of the p-adic
numbers. We motivate the study of such L-functions using the simplest case
- namely that of the Riemann {-function. In this section we will assume that
the prime p is odd. This is just to simplify the arguments we give below.

Recall that in Section 5 we defined the Bernoulli numbers B,, and showed
that they were related to the values of the Riemann (-function at the neg-
ative integers. We showed that for n > 1,

Bn,l
-

((L=n)=—

For n > 1, we have —Bra —%. Note that —N is dense in Z,. Hence, a

continuous function on Z, would be completely determined by its values on
—N. We now state two remarkable properties of Bernoulli numbers that we
will prove later.

Theorem 6.1. (von Staudt-Claussen) For n even and positive,

1
B,+ Y -€z, (38)
p
(p—1)In
where the sum runs over primes p such that (p — 1) divides n.

We already know that B, is rational but Theorem 6.1 asserts that even
more is true. In fact, pB,, is in Z,, for all n and all p. We next state

Theorem 6.2. (Kummer’s Congruences) Suppose m =n (mod (p — 1)p?)
andn # 0 (mod p — 1), then

(1-pm

-_m
m

(=" (mod p ). (39)

By restricting our attention to —N, we may view ((s) as a Q -valued
function, and since Q is embedded in Q, we may view it as a Q, -valued
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function. Theorem 6.2 says, roughly, that if m and n are close to each other
in the p-adic metric, then (1 — p™~1)¢(1 —m) and (1 — p"~1)¢(1 — n) are
also close to each other in Q,! This statement is interesting only when m
and n are even integers; otherwise ((1 —m) =0 and (1 —n) = 0, so we get
nothing particularly new. The function (1 — p™~1){(m) is thus continuous
on arithmetic progressions of the form a + (p — 1)Z (a # 0) endowed with
the p-adic topology and we can extend it to all of Z,, since the union of
these sets is dense in Z,. Hence, we have obtained a continuous Q,-valued
function on Z, by p-adic interpolation which we shall denote (,(s), where s
ranges over Zj,. (,(s) is called the p-adic ¢-function.

We will study the function (,(s) and try and produce interesting number-
theoretic results from its properties, just as we did in the complex-valued
case in Part I. A priori, (,(s) is merely a continuous function from Z, to Q,,.
However, we shall show that (,(s) is actually p-adic analytic for all s # 1 in
Z,, i.e., it can be expressed as a power series in (s — sg) in a neighbourhood
of any point sg # 1. (At so = 1 it will have a simple pole.) Indeed, we
shall not define (,(s) as above at all. Instead, we will prescrible it using an
analogue of the Mellin transform in the p-adic setting and prove that the
resultant function is analytic and that its values at the integers are precisely
those given by equation (33). We will also be able to prove the Kummer
Congruences as byproducts of our definitions.

Naturally, there are p-adic analogues of the other L-functions that we
considered in Part 1. In each case we could define them by interpolation as
above, or by means of the Mellin transform, and once again they will con-
verge in an open set in Q,,. These L-functions do not possess Euler products
or satisfy functional equations. Their values at integer points are naturally
of great interest. In particular, their values at 1 give p-adic analogues of the
class number formula (formula (25)) and Dirichlet’s theorem on the rank of
units in a number field (Leopoldt’s conjecture - see Chapter 5 of [W]).

We also remark in passing that it is better to study p-adic L-functions
as functions from an open set in C, to C,, where C,, denotes the field of
“p-adic complex numbers” (see Section 12). The field C,, contains Q,, and
has the advantage of being both complete and algebraically closed, making
it a natural analogue of the usual complex numbers. The main reference for
our exposition below is [Ko]. A less elementary approach with much more
material can be found in [L2].

7. Preliminaries about Q,. We first recall a few basic facts about Q.
It is defined as the completion of Q under the p-adic valuation v = v, and
its norm is denoted by | |,. When p is fixed and no confusion will arise
we will denote the corresponding norm simply by | |. There is a maximal
compact (open) subring

Z,={reQ,||z[, <1} (40)

which is called the ring of integers in Q,. The unique maximal ideal of Z,
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will be denoted by pZ,, or simply by (p). We have a canonical homomor-
phism of rings

w2y (Z,/pZ,) ~F,
xz +— x (mod p).

The ideals p"Z, = (p™), n in Z, are compact open sets in Q,, shrinking to 0
as n — oo, and form what is called a fundamental system of neighbourhoods
of the identity in Q,. Any open neighbourhood of 0 contains some member
of the family p”.

We give an alternative definition of Z, as a projective limit of the finite
groups {(Z/p"Z)}o2 . Notice that if m < n, we have the natural projection
maps

Gnm 2 (L/p"L) = (Z/p™Z)
a+p"Z+— a+p"7Z.

We define Z,, by

n=1

From (41) it is clear that Z, is compact since it is defined as a closed subset
of a product of compact sets (Tychonoff’s theorem - remember that finite
sets are compact!). It follows easily that p"Z, is also compact for all values
of n.

Exercise 17. Show that the two definitions of Z,, given above are equiva-
lent.

Exercise 18. Check that we have natural projection maps ¢, : Z, —
(Z/p™Z) for n > 1, with p"Z, as the kernel and that these maps commute
with the ¢,, , defined above.

The group of units in Z;, will be denoted by Z;, U, or Uéo). It can be
characterised as those elements x in Z,, such that |x| = 1. Notice that every
element in Q, can be written uniquely in the form p"x for some integer n
and some unit . We thus have the decomposition

Q= {p"} x UY. (42)

We will now study the multiplicative structure of U,EO) more closely. For
m > 1, Uéo) contains the compact open subgroups Uém) defined by

U™ ={uecU”u=1 (mod (p™))}.
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Notice that if m; > msy, then Uéml) C U5m2). For v in Uém) we can write
u =1+ x, where z is in (p™). Then x — 1+ x defines a map ¢ from

(™) = U™

Exercise 19. Check that ¢ induces an isomorphism

(Z/pZ) = (p™)/(p"F1) = U™ JUSHY. (43)

You will need to prove that (1 +z +y+2y)(1+ 2z +y)~!isin U™ty if o

and y are in (p™), which can be done by expanding the second factor as a
geometric series.

We deduce inductively from (43) that Uém)/UémH) ~ 7./p'Z for all i in
N, When m > 0. In particular, this shows that the index of Uv(m“) n v(m)
is p* if m > 0. What about the case m = 0?7 As we shall see this requires
a slightly more subtle approach. In order to analyse this case we first need

the following lemma.

Lemma 7.1. (Hensel’s Lemma) Let f(X) be a monic polynomial with co-
efficients in Z,. Suppose there exist a € Z, such that f(a) = 0 (mod p)
but f'(a) # 0 (mod p), then there exist o« = a (mod p) in Z, such that

fla) =0.

The proof of the lemma involves essentially Newton-Raphson iteration.
For a slightly more general formulation and proof we refer to p. 42 of [L1].
Hensel’s lemma says that if we can find a simple root modulo p we can lift
it to get a root in Z,. Moreover, such a lift is unique.

We apply the lemma to the polynomial f(X) = XP~! — 1, where p is an
odd prime. Clearly f(z) has p — 1 distinct roots modulo p (for instance,
1,2,...,p — 1 by Fermat’s little theorem!). Hence, each such root a;, i =
1,...,p— 1 modulo p can be lifted to a root a; of f(x) in Z,, and all these
«; are distinct since they are pairwise inequivalent modulo p. One checks
easily that the set p,_; of these roots of unity form a group isomorphic

to F; ~ (Z/pZ)™, where [ denotes the multiplicative group of the finite

field F, ~ (Z/pZ) . 1f we now restrict the map = to U” we obtain a
homomorphism

m: UQO =

u— u (mod p)

with kernel Uﬁl). In fact, we have the split exact sequence

0— UM — UPD-5F — 0, (44)
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where the splitting is given by lifting the solutions of X~ —1 to UIEO) using
Hensel’s lemma. As a result, we can now decompose U£°> as flp—1 X Ué”
and hence, by (42), we obtain the decomposition

Qp = {p"} X pp—1 x UMV, (45)

Thus, for every a in Uéo) we can write
a = w(a)(a), (46)
where w(a) = a (mod p) is in p,—q and (a) is in UM, This decomposition

is obviously unique. w thus defines a character from Z, to p,—; called the
Teichmiiller character. We also remark that from (44) it is clear that

ul®/uih ~(z/pz)*,

so the index of Uél) in Uéo) is exactly p — 1 for odd primes p. From this it

follows that the index of U™ in U is (p—1)p™~! when p is odd (notice
that these numbers appeared in the Kummer congruences of Theorem 6.2!).
When p = 2, we need to modify the arguments very slightly. We have

a natural projection map 7wy : Zo — Zo/47Zs. Ulgo) = Ué” is precisely the
inverse image 7 ((ZQ / 4Z2)X) while U{? is the kernel of ;. The equation

2% — 1 has solutions £1 in Z, and we call this group ps. As before we thus
have the direct sum decomposition

Q> = {27} x po x U,

The Teichmiiller character w is given in this case by the unique decomposi-
tion

a = w(a)(a),
where w(a) = a(mod4) and (a) is in U?.

We can do everything that we have discussed so far in this section for a
finite extension of Q,,. As we know, any finite extension of Q, arises as the
completion K, of a finite extension K of Q with respect to a valuation w
lying above v. That is, the valuation w is given by a prime ideal 3 in the
ring of integers Ok of K lying above the prime (p) (i.e., PN Q = (p)). We
will assume that P does not lie above the prime ideal (2) in Q. If B does lie
above (2), the arguments below have to be modified slightly, as before. We
let | |, denote the norm arising from the valuation w. The ring of integers

O, in K, consists of z in K, such that |z|, < 1. The units U, (or UQ(UO))
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are defined by the condition |z|, = 1. For m > 1, we can also define the
subgroups Z/lfum) by the condition

U™ = (u e UD | u=1(modP™)}

as before. Hensel’s lemma is valid with O,, in place of Z,. We also know
that O, /P ~ F,, where ¢ = p! for some f, and F q denotes the finite field
with ¢ elements. If 11,1 is the group of roots of unity in O, and F; is the
multiplicative group of F,, we obtain the split exact sequence

0 — Ul —uld-SF — 0, (47)
and from this follows the decomposition
— z (1)
Ky ={(m)"} x pg—1 x Uy, (48)

where 7 is an element of K, of order 1 in B (i.e., P = (7)).

8. Distributions and measures. Much of the exposition in this section
comes from [Ko|. Those familiar with real or complex valued measures and
distributions, or even Riemann integration, will find most of the facts and
proofs mentioned below quite obvious.

Let X be a locally compact open subset of Q,, and [F be one of the fields
Q,, R or C. Typically, X will be Z,, or Z;. By Sp(X) we denote the space
of locally constant functions on X with compact support with values in F.
A function f is said to have compact support in X if it vanishes outside a
compact subset K of X. A locally constant function is a function for which
every point = has a neighbourhood U in X such that f(u) = f(x) for all u
in U. In the p-adic setting Sp(X) turns out to be the right analogue of the
Schwartz space on R that we introduced in Exercise 9. Any function f in
Sp(X) can be written as a finite sum

K
f(z) = ZCiX(ai+V)(x)7 (49)
i=1

where V' is a fixed open compact subgroup of Z,, ¢; is in Q, and X4, 1v)
denotes the characteristic function of the set a; + V.

Exercise 20. Prove that every f(z) in S(Z,) can be written in the form
(49).

A p-adic distribution X is a linear functional from the vector space Sp(X)
to F. For f in Sp(X), we write the value of A at f as A(f).
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Let u be an additive set function which associates an element in F to each
compact open set in X, i.e., if U = J_, U;, is a disjoint union of compact
open sets, then

p(0) = 3" u(U) (50)
holds. Any such map p defines a map on characteristic functions

AXv) = pu(U), (51)

where X is the characteristic function of U. By (49) we see that we can ex-
tend A by linearity to all functions f in Sp(X). Conversely, any distribution
A defines such a map p by

w(U) = MXv). (52)

It is customary to write the value of p (thought of as a distribution) on f
as p(f) or more commonly as [ fu. Sometimes when we wish to stress the
variable on which f depends we also write [ f(z)u(z).
Exercise 21. Show that u defined by (52) satisfies (50).

A set U of the form a+ (p?) with @ in X and N € Z, is called an interval.
Intervals form a basis of open sets in Q,.

Lemma 8.1. FEvery map u from the set of intervals in X to F such that

p—1

pla+ M) =" pla+op" + (V) (53)
b=0

extends uniquely to a distribution on X.

Exercise 22. Prove Lemma 8.1. as follows. First show that every compact
open set U can be written as a finite disjoint union of intervals I;. Then
define p(U) = > u(l;) and check that the resulting definition does not
depend on the choice of partition of U into intervals.

From now on we actually assume that X is compact. The space Sp(X)
is thus just the space of locally constant functions. By (52), we may regard
any distribution A as giving rise to a set function p. If p(U) is bounded
for every compact open set U C X, i.e., |u(U)| < B for some fixed B > 0,
we say that X is a bounded distribution and that the corresponding u is a
measure. Once we have a measure u we can define the notion of a Riemann

sum as follows. Let
X= J (a+0") (54)
a+(pN)CX
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be a (disjoint) partition Py of X into intervals, and let Yy = {z,} be a set
of points such that each x, is in the a?” interval. The N** Riemann sum of
a function f is defined by

Sevyw = ) faua+ (")) (55)

a+(pN)CX

Naturally Sp, v, depends on the choice of partition Py and the choice of
the points Yy in each interval. However, in the limit for continuous functions
we have the following

Theorem 8.2. Let f be a continuous function from X to Qp,. Then the
limit of the Riemann sums

1\}1%00 SPN’YN
exists in F independent of the choice of the sets Yn. We call this limit [ fu
(Note that if f is locally constant this agrees with the previous definition of

[ Fw).

Theorem 8.2 is quite easily proved and we leave the proof as an exercise.
Alternatively, we refer the reader to pp. 36-40 of [Ko|. The basic point is
that locally constant functions are dense in the space of continuous functions
so the measure p, being a bounded linear functional on Sp(X) extends to a
linear functional on the space of continuous functions. All the “usual” facts
about integration hold in this context. For instance, if |f(z)| < M for all
in X and |u(U)| < B for all compact opens sets U C X, then

‘/fu

If f and g are two continuous functions such that |f(z) — g(x)| < € for all =

in X, then
‘/fﬂ—/ﬁﬂ

Lastly, for an open subset V of X, by fv fu we mean [ fXy (z)u(z), where
Xy denotes the characteristic function of V.

< MB. (56)

< €eB. (57)

9. Examples of p-adic distributions and measures. We continue to
rely heavily on [Ko] for our exposition. We give a number of examples
of distributions and measures below. Unless otherwise specified we will
assume that X C Z,. Of special interest are the Bernoulli distributions
and measures which will allow us to define the p-adic Mellin transform and
thence the p-adic L-functions.
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Example 1. The Haar distribution pir.,- is defined by

1
Haar(a + (pN)) - pr

It is enough to verify (53) to show that this extends to a distribution. Clearly

prtaar (@t (M) = g =D Cxgr = D itaar (0 09N+ (7)),
b=0 b=0

so condition (53) is verified. Note that we may think of ppaq. as taking
values in any of the fields Q,, R or C. If we wish to make it clear that the
Haar distribution is taking values in a field F we will write ptgqqr 7. The very
definition of piaq, shows that it is translation invariant (under addition).
Note that if F = Q,,, the Haar distribution is not bounded and hence is not
a measure. For this reason it is not a very interesting distribution from the
point of view of p-adic L-functions.

Exercise 23. Calculate piraarr(Z,) )-

Exercise 24. Let X =Z, \ {0} and let ;t = pgqar,r denote the real valued
Haar measure as above. For F = R, we define a distribution v on Sp(X) by
setting
p p(x)
v(f)=—— [ fla)=—=
D=1 [T

for f in Sp(X). Here, |z| denotes the p-adic absolute value of z. Show that
v is a measure on X. Also show that v is invariant under multiplication by
elements in X, i.e., v(zU) = v(U) for all z in X and compact open sets U
(v is called the multiplicative Haar measure).

Exercise 25. Calculate v(Z).

Exercise 26. For any s € C, with Re(s) > 0 and X as in Exercise 24,
calculate the value (as a function of s) of

/X F@lal*v (@),

where f(x) denotes the characteristic function of Z, viewed as a function
of X simply by restriction (Caution: f(z) is not in Sp(X). However, f(x)
is a continuous function on X.). The above integral is called the local L-
function at the prime p. Perhaps it is now clear why the Gamma function
enters the functional equation for the Riemann (-function. We need to keep
track of the information from all primes - both finite and infinite. The local
L-functions are nothing but Mellin transforms of suitable functions in the
respective Schwartz spaces.
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Exercise 27. Try and generalise Exercises 23-26 for a finite extension K,
of Q.
Example 2. The Dirac Measure J, concentrated at a point a in Z, is given
by

5 — { 1 ifacU,

~ L0 otherwise.

It is trivial to check that ¢ is a measure.
Example 3. Let X = Z, and F = Q,,. The Bernoulli distributions are
given by

ppila+ (pV) =pNEY B, <pC]LV> : (58)

Once again, we verify condition (53). We have

- = a+ bpN
Y nspla+bp™ +EN)) = pp TV B, <pN+1> - (59)
b=0 b=0

Set &% = c. The right-hand side of (59) then becomes

b
(N—H)(k 1) ZBk <c+ ) A. (60)
b=0
On the other hand, we have
c — ct P—1 - c
k . Z te( +b/p)t _ ph—1tect pz:ebt/l’ _ pF=1tect et — 1
et —1 P et —1 et/p —1

— (t/p)e(pc)t/p _kaB pc /p) ] (61)

et/P

Comparing the coefficient of t* in the first and last expressions of (60) we
get

s _ Bl -
Hence we can show that
p—1
> upa(a+op" + (V) = pV U By(pe)
b=0

NE-D g (p >_u3k(a+( )
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This shows that our definition does give a distribution. We record the
following easy observations for future reference.

1Bk (Zp) = By (63a)

pek((p) ="' By (63b)
From (63a) and (63b) we conclude that

pBk (25) = (1—p* "By (63c)

In particular, 1 o is nothing but the Haar measure (recall that By(X) = 1)
and pp 1 (Z;) =0.

As can be checked easily, g is not bounded. In order to obtain a
measure we must reqularise the Bernoulli distributions as follows.

For any rational integer r # 1, and any compact open subset U of Z,,, we
define

fikr (U) = ppk(U) — v~ " up k(rU). (64)

Exercise 28. Show that p; , is a measure and that |p,(U)| < 1 for every
compact open subset of Z,,.
We have the following relation between puy, , and gy,

Theorem 9.1. Let dy be the least common denominator of the coefficients
of Bi(x). Then

i (a+ (pV)) = dgka® (e + (pY))  (mod pV). (65)

The proof of Theorem 9.1 is again a fairly straightforward computation
which is not particularly illuminating. Once again, we refer the reader to
[Ko] or leave it to be attempted as an exercise. For those who understand the
language, Theorem 9.1 says that puy , is absolutely continuous with respect

to u1 ., and the Radon-Nikodym derivative is precisely the function kz®~1.
From Theorem 9.1 and Exercise 23 follows.

Corollary 9.2. ug . is a measure for all k.

Proof of Corollary 9.2. If V' is any compact open subset of Z,, then V'
is contained in (p™) for some m (possibly negative). Hence, we see that
|z|F=t < p~™(k=1) on V. Let us set ord, (kdy) = [. Then

/V e = S et (V)

a+(pN)CV

= > (et (@) (mod pN DT,
a+(pN))cV
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Let B = 1, (V). Letting N — oo we see that

/V,uk:,r(v) = k/vfﬁk_lm,r (66)

which proves the Corollary.

Note that (66) not only gives the boundedness of the regularised Bernoulli
distributions but also explicitly calculates the derivative of py, ,» with respect
to p1,». Now that we have the measures ;15 1, we record the following volume
computations below.

ik (Zy) = k() — (B, = (1= ) By,
it (9)) = 1,(9) — 7 s () = (1= 7 F)ph By
Thus,
peB5) = uma(Z5) = ) = (- - ().
Hence, we see that
() = (= (1 - P - R, (67)
One usually sets
G(k) = (1= p™)C(R). (65)

Note that (k) is just the usual (-function with the Euler factor at p re-
moved. By (66) and (68) we see that we can rewrite (67) as

/ 2" = (7R = 1) (1 - k).
z,
This can be expressed by
1 _
Cp(l - k) = (T_k — 1) /Z>< xk 1ﬂl,r~ (69)

The importance of (69) lies in the following: Although the right-hand side
is a priori defined only for positive integers k, we will be able to give it
meaning for any p-adic integer s - in fact, it is a p-adic Mellin transform
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(see Exercise 14). This will enable us to define the p-adic (-function for any
p-adic integer.

Warning. The reader may be bothered by the fact that because of (63c),
M, (Z;) = 0, and, hence, in (69) we seem to be integrating on a set of
measure 0. Notice, however, that Z; has subsets with non-zero measure.
Measures with values in Q, thus behave very differently from the more
familiar measures which take only positive real values. This is why we need
the condition |u(U)| < B for all compact open sets U in X in order for (56)
to hold. Were we dealing with the usual Lebesgue measure, for example, we
would need the condition only for U = X.

10. The exponential function. The purpose of this section is to give
meaning to the expression x° when x is in Z) and s is an arbitrary p-adic
integer. This will help us make sense of the integral in (69) for all p-adic
integers s. We will first obtain x® as a continuous function, and later, also
prove that it is analytic.

First, we consider some u in qul). We can write u = 1+ z, where z € (p).
If ny and ny are such that n; — no = O(mod p%), i.e., ny — ny = bp™, for
some integer b, we can write

™ — w2 = (L4 )™ = (L4 2)"2] = L4+ 2™ 1= (L4 )"

1
="z ()27 ] < N = PN

(70)

Thus, we see that if n; and ng are close p-adically, then so are u™ and u"2.
This shows that the exponential function u — u®, s € Z, is a continuous
function on Z endowed with the p-adic topology. It can thus be extended
as a continuous function to the completion of Z under the p-adic norm and
this is precisely Z,,.

We have thus succeeded in defining a continuous function u +— u*® for any
p-adic integer s, with u in Ué”. However, we would like to give meaning to

the function z® when « belongs to Uéo). To do this, we first remark that we

can write any s in 50) as s = so + (p — 1)s1, where sy can be chosen to lie

in the set {0,1,... ,p — 2} and s lies in A
Having done this, we define z° by

5 = xsoJr(pfl)sl _ ZsOw(pfl)sl — 50 (xpfl)sll (71)

This last expression makes sense since y = P~ ! lies in Uq(,l) and by remarks
of the previous paragraphs y° is meaningful for all s in Z,. We have thus

succeeded in p-adically interpolating the function x° for all z in UU(O).

If s is a p-adic integer which is not a rational integer, then there will be
arbitrarily large integers in any sequence s,, of integers approaching s in the
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p-adic topology. Hence, if  actually lies in (p) the only way to define z° as
a limit will be as the zero function. One thus has to abandon the idea of
p-adically interpolating x° when x is in p.

So far the exponential function x° has only been obtained as a continuous
function. From the point of view of p-adically interpolating the right-hand
side of (69) this is entirely adequate, and the reader may skip straight to
Section 11 where this is undertaken. However, it turns out that z° is actually
a p-adic analytic function, i.e., it possesses a power series expansion in the
neighbourhood of any point s in Z,. We can see this directly from (70)

where we write u in Uél) as 1 4+ z and make a binomial expansion. It would
remain only to show that the binomial series converges for all s in Z,. A
more indirect approach is through the logarithm and exponential functions
discussed below.

The best setting for the logarithm and exponential functions is the field
of p-adic complex numbers C, which we will introduce in Section 12. For
the moment we will suppose that our setting is Qp, the algebraic closure of
Qp.

We define the functions log,(1 + ) and exp(x) for x in a finite extension
of Q,, as follows.

2 3 0

_ r .z _ 12"
logp(l—i-:c)—x—2+3+...—nz::1(—1)" -
z? = "
exp(x):1+x+2!+...zzon!. (72)
n—=

We have to determine the radius of convergence of these series. This is easily
done since we have only to verify when the n*" term goes to zero. Note that

o (’:) — vy (&) — vy (n) > nvy () — log n/log p. (73)

(Note that logn and logp in (73) denote the usual natural logarithms!)
Hence, if v,(z) > 0, the left-hand side of (73) tends to infinity as n — oo
and we see that the series for log,(1 + x) converges. log,(1 + x) thus has
1 as its radius of convergence. From now on, since no confusion will occur,
we denote log, simply by log.

Exercise 29. Show that the radius of convergence of exp(x) is p .

Let p be an odd prime. Let K, be a finite extension of Q, B be the

prime ideal of O,, lying above (p) and e be its index of ramification. Then
if 2 is in P but not in P2, we see that v,(x) = 1/e and hence, |z = p~ <.

By Exercise 29 we see that exp(x) converges for z in B", if n > e/(p — 1)
(When p = 2, one can easily make the necessary modifications.).
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The identities log(xy) = log(z) + log(y) and exp(z + y) = exp(z)exp(y)
are identities of power series, and are hence valid whenever x, y , zy and z+y
are in the relevant domains of convergence. The identities log(exp(x)) = =
and exp(log(l + x)) = 1 + z are also identities for power series, and hence
valid for any value of x for which both series converge. In particular, this
says that for n > e/(p — 1) the function exp defines an isomorphism

exp : UM s pn

whose inverse is obviously given by log. Notice that these maps induce the
isomorphisms given by (43) (this is obvious if one truncates the power series
for log and exp).

Using the power series for the exponential and logarithmic functions we
can obtain the power series for the function x*, when z is in Uéo). Indeed,
setting s = so + (p — 1)s1, as before, and y = 2P~ we see that

x® = 2%yt = x*°exp(s1logy),

where y is in Uiy, Hence, logy is in (p) and the power series for exp(silogy)
is valid, so we find

z° = 2% (14 s1logy + (silogy)?/2! + . ).

If we substitute s; = % back into the equation above we can obtain a

power series in s — sg. This shows that the function z* is actually a p-adic
analytic function of s for any value of s.

11. Interpolation and Congruences. We now proceed to give meaning

to the expression
f(s) = / xsfllul,r
4

P
for any s in Z,. We have already seen in the last section that z°~! is a
continuous function. It remains to be shown that f(s) is also a continuous

function. Using the notation of the last section we write z° = x%°y** with
yin USY. If ny = ny (mod pN+1), (70) tells us that

1
’ynl _ yn2‘ < W

By Exercise 28 and (57), we see immediately that

) — F(na)| < pNil.
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This shows that f is a continuous function on N endowed with the p-adic
topology and hence, it extends to a continuous function on the closure Z,.
We have already made sense of the function »~* when r is a rational integer
not divisible by p. Hence, we can now define

1 o
=9 = = [ @ (74)
or, equivalently, we may write
1 —s
Cp(s) = —(—s) _1 7 M1, (75)

This last formula is obviously valid as long as s # 1. If s # 1, we see that
(p(s) is obviously a p-adic analytic function of s. To see this one simply
expands x~° in power series and integrates the resulting series term by term
to get the power series for (,(s). One checks easily that (s — 1)(,(s) is
analytic and one concludes that (,(s) has a simple pole at s = 1.
Warning. The definition of (,(s) given above is not the one given in the
lectures (which was from [Ko]). The roles of s and 1—s have been switched so
(p(s) now has a pole at 1 and not at 0 as before. In general, both definitions
of ,(s) crop up in the literature.

The definition of (,(s) seems to depend on the choice of integer r that we
made initially. However, we notice that the values of (,(s) at the negative
integers 1 — k are simply —% and these are independent of the choice of
r. These values determine the continuous function (,(s) uniquely since they
determine it on a dense subset. Hence, (,(s) does not depend on r. Notice
also that the value of (,(s) is identically 0 whenever sy is odd, so we are
interested only in even sg.

We have thus succeeded in our main goal which was to interpolate the
values of the usual Riemann (-function at the integers to obtain a p-adic
analytic function (,(s). Now that we have achieved this we would like
to examine the values of (,(s) at the rational integers and read off their
number theoretic properties, just as we did in the complex valued case.
Theorems 6.1 and 6.2 now simply reduce to estimating the integral in (75)
with appropriate choices of integers r. We first prove Theorem 6.2. For this
we choose r € {2,3,...,p — 1} such that r mod p generates F,’, i.e., the
order of r mod p is exactly p — 1. If m =n (mod (p — 1)p*), then by (70),
we know that

(rr"—=1)=(@""-1) (mod p*h). (76)

m—1 n—1
= ‘/ T — T H1r|-
X
z,

We write

i

m—1 n—1
T M1y — / z M1
Z

X
P

X
P
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By using (70) again, and also Exercise 28 and (57), we see that this last
expression can be estimated by

1
—1 -1
| e e ==y
Hence, we conclude that
[ e = [ e, (mod p) (77)
ZP ZP

Multiplying the congruences (76) and (77) together, we see that
1/ xmflu1 — 1/ xnfllul1 (mod pa+1)
r—m—1 7z T r—n—1 7Zx " ’

P P
and this says exactly that

B
1— m—1\-—m
(1-p )m

_1. Bn a
(1—p" 1)7 (mod p**),

proving Theorem 6.2 .
To prove Theorem 6.1 we proceed in two stages. First, we consider the
case when p — 1 fn. We choose 7 as above. We then have the estimate

1 1 n—1 n—1
===l ll el = o
e =111 —pn z z

This shows that B,, € Z, for all p such that (p — 1) fn.

Exercise 30. If p — 1 does divide n, prove that pB, = —1 (mod p) and
hence, that B, + 1/p € Z,. (Hint: If p > 2, choose r = p+ 1. If p = 2
choose r =p? +1=15.)

Let ¢ be any prime and consider the expression

<1

=
n

Bnt+ Y. ]13. (78)

(p=Din

If (¢ — 1) fn, then g # p, for any of the p occurring in the sum in (78), so
1/p € Z, for all these p. Since we already know that B,, € Z,, we see that
B, + Z(p_l)m % € Z4. On the other hand, if ¢ — 1 divides n, 1/q appears
in the sum in (78) and Exercise 30 tells us that B, +1/q € Z,. For p # ¢
occurring in the sum, 1/p is a unit, so all of these terms are also in Z,. We
thus see that the expression (78) lies in Z, for all primes ¢, and hence, in Z
itself. This proves Theorem 6.2.
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12. Some extensions. In this section we discuss generalisations of some
of the notions we have studied so far. No proofs will be given. The idea
is to introduce various new objects and discuss a few of their properties so
that the reader has some familiarity with them when they are encountered
elsewhere.

The only example of p-adic interpolation that we have considered in these
notes is that of the Riemann (-function. This was done so that one con-
veyed the basic idea without bothering too much about technical details. It
should be clear to the reader that by interpolating the values of the Hur-
witz (-function and the Dirichlet L-functions we can likewise obtain p-adic
analogues. We already have all the machinery set up should we want to
define such p-adic L-functions using measures and and Mellin transforms
and it may be a useful exercise (to see if your understanding is complete)
to try and do so. Using formula (6), one can then get the p-adic Dedekind
(-function, at least for cyclotomic fields. Studying such generalisations of
L-functions naturally gives generalisations of the Kummer congruences. For
instance, if x Z 1 we have

Theorem 12.1. If (p — 1) /jm and m = n (mod (p — 1)p®) and n # 0
(mod (p — 1)p®), then

Bm’x Bn’x

_ a+1
= (mod p®T).

The values of p-adic L-functions at s = 1 are also extremely important
from the point of view of studying class numbers and regulators of number
fields. We refer to section 5.5 of [W] for this material including a discussion
of Leopoldt’s conjecture.

We now discuss the p-adic complex numbers. The field of complex num-
bers is both complete as well as algebraically closed. In this section we
introduce the fields C,, which also share these two properties. Starting
with Q, we construct C,, as follows. First take the algebraic closure Qp of
Q,. This is easily seen to be not complete (Proposition 5.1 of [W]). Let
C, denote the completion of Qp with respect to the p-adic valuation. | |,
thus extends to a norm on C,. It is a fact that C,, is algebraically closed
(Proposition 5.2 of [W]).

The multiplicative structure of C, is very similar to that of Q,. We let
W be the roots of unity of order prime to p and U be the subgroup defined
by

U={ueC,||lu—-1], <1}

Then we have the decomposition

C; ={p?} xW xU,
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where p@ denotes the group of all rational powers of p, and the embedding
of pQ in C, is chosen so that p"p® = p"t5.

One can see easily that we can define the function log on the set U
by means of power series as before, and that this function has radius 1.
Similarly, exp can also be defined, and it has radius of convergence p~/(®—1)
in C,. If z is in C, we can write x = p"wu, with w € W and v € U, and,
moreover, this decomposition is unique. We can extend the function log to
all of C,, so that log(zy) = logz + logy by setting logp"wu = logw. This
extension is the unique one with the additional property that logp = 0.

It turns out that we can define p-adic L-functions as functions from C,
to C,. There are several ways of doing this but we simply write down
a formula for the p-adic Hurwitz {-function without proof and refer the
reader to section 5.2 of [W] for details. From the expression for Hurwitz
(-function it will be easy for the reader to write down the definitions for the
p-adic analogues of the other L-functions discussed in these notes. Let us
set H(s,a,F) = F~°H(s, ). By the expression (?), s€ C,and n € N, we

5(5_1)"'7(15!_("_1)). With this notation we have

shall simply mean

Theorem 12.2. The function

)= L3 (e (5)

k=0

is analytic except for a simple pole at s = 1 (with residue 1/F) with the
property that Hy,(1 — k,a, F) = w % (a)H(1 — k,a,F), ifn > 1 and w is the
Teichmiiller character.
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On the Theorem' of Hasse-Minkowski

R. SRIDHARAN 2

Let K be a field (which, in what follows, will always be assumed to be of
characteristic different from two). A quadratic form over K in n variables is a

homogeneous polynomial f with coefficients in the variables X1, Xo, -+, X, :
FX1L, Xy Xn) = Y ailXi?+ ) 205 XX (%)
1<i<n 1<i<j<n
An isotropy of a quadratic form f over K is a non-zero vector, (1, xa, -+, ZTp)

€ K", such that f(x1,z2, -+, 2,) = 0. We say that a quadratic form f over
K is isotropic, if it has an isotropy.

Example. The quadratic form X? — X2 (called the hyperbolic plane) is
obviously isotropic. But the form X? + X2 over the field Q of rational
numbers is not isotropic.

Recall that an algebraic number field is by definition, a field extension of
Q of finite degree. The classical theorem whose proof we wish to discuss here
is due to Hasse-Minkowski, which gives a necessary and sufficient condition
for a quadratic form over such a field to be isotropic in terms of “local” con-
ditions. To state and prove this theorem we need some preliminary notation
and results.

Let K be any field. Recall that a valuation of K is a map v : K — R™T,
R* denoting the non-negative real numbers, such that for z,y € K,

1. v(z) =0 if and only if z =0,
2. v(z +y) <v(x) +v(y),

3. v(zy) = v(z)v(y), for z,y € K.

'For some interesting historical comments on Hasse’s proof of this theorem see the
article of Hasse entitled " Kurt Hensels entscheidender Anstoss zur Entdeckung des Lokal-
Global-Prinzips” in Crelle’s Journal, 209, 3 —4, 1962, where Hasse discusses the important
role played by Hensel in his proof of this theorem. Minkowski’s proof was never published.

2] thank S.A.Katre and Dinesh Thakur for inviting me to give a few lectures on this
theorem in the summer school on Cyclotomic Fields held at Pune in June 1999. I want
take this opportunity to thank S.D.Adhikari who was mainly responsible for my writing
up these notes. I am grateful to Preeti Raman who among other things, made this Tex
version possible. I also thank Raja Sridharan who went through the writeup and suggested
useful changes. As ever, I am deeply indebted to Parimala for all her help.
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The map v : K — R* defined by v(0) = 0 and v(z) = 1 for x # 0 is
obviously a valuation of K called the trivial valuation. From now on by a
valuation we mean a non-trivial valuation. We have a notion of equivalence
of valuations defined by: v ~ ¢/, if and only if there exists a positive real
number ¢ such that v" = v°. It is easy to see that v and v’ are equivalent
if and only if for any x € K, v(z) < 1 implies ¢'(z) < 1. We shall often
confuse between a valuation and its equivalence class. For any valuation v
of K, we denote by K,, the completion of K, with respect to v: K, is in
fact the completion of K with respect to the metric defined for z,y € K by
d(z,y) = v(z — y). The topological space K, has an obvious field structure
and K sits in K, as a dense subfield.

We start with the following lemma on valuations.

Lemma 1. Let vi,vo, -, v, be pairwise inequivalent non-trivial valuations
of any field K. Then the image of K under the canonical injection K —
[Li<i<n, Ku, is dense. In other words, giwven (z1,z2,- -, %n) € [[1<icp Ko,
and an € > 0 in R, there exists v € K, such that vi(z — z;) <e.
Proof. We note first that it is enough to find for each r, 1 <r <mn, 0, € K
such that v,.(6,) > 1, v, (0,) < 1, for m # r, 1 < m < n. For, then as s —
03 1 e 1

105 = 159 — 1 with respect to v, and 408 e
n [

with respect to vy, for m # r.Then it is enough to take { = Y " | g5 T
for a sufficiently large s.

400, we have

We show the existence of § = 61, with v1(f) > 1 and v,(0) < 1 for
2 < r < n. To do this we use induction on n.

Let n = 2. Since vy and vy are inequivalent, there exist «, 8 such that
v1(a) < 1 and va(a) > 1 and v1(3) > 1 and v2(B) < 1. Then § = Ba~! will
do.

Let n > 3. By induction, there is a ¢ € K, such that vi(¢) > 1 and
vp(p) < 1, for 2 < r <n—1. By the case n = 2, there is a ¢) € K, such that
v1(y) > 1 and v, (¢) < 1. Then put

0, if v,(p) <1
6=3 ¢*¢, ifv(g)=1
125, if va(g) > 1

where s € N is sufficiently large. This completes the proof.

We recall that the valuations of the field Q are given up to equivalence
by the usual absolute value (called the archimedean valuation of Q), or by
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the normalised p-adic valuation, corresponding to any prime p, defined for
a€Q, a#0bywvy(a) =p @ and v,(0) = 0, p*»(*) being the maximum
power of p which divides a. Let K be an algebraic number field. It is
well known that any valuation of QQ extends to finitely many inequivalent
valuations of K. We note that if v is any valuation of K which is an extension
of a p-adic valuation of Q, then v satisfies the stronger condition 2": v(z+y) <
max(v(x),v(y)), for z,y € K.

If f is a quadratic form over K, which is isotropic, then obviously for
any v, f is isotropic over K,. The theorem of Hasse-Minkowski is indeed the
converse of this statement, namely,

Theorem 2. Let f be a quadratic form over an algebraic number field K.
If f is isotropic over K, for all v, then f is isotropic over K.

In order to prove the theorem, we begin with some general facts on
quadratic forms. Let f be a quadratic form, given by f = >, a; X? +
Zl§i<j§n 2a;;X;X;. If we denote by X, the row vector (X1, Xa,..., X»)
and by Ay, the symmetric matrix whose diagonal entries are a; and the off-
diagonal (i, )" entries are a;;, then we have f(X) = XA;X". Let f and ¢
be quadratic forms, given by f = >7, ., a; X? + > 1<icj<n 20i;X;X; and
9=2>1<i<n biXi2+21§i<j§n 2b;; X;X;. We say that f and g are equivalent,
written f ~ g if there exists a u € Gl,(K), such that g(X) = f(Xu).
In other words, XA,X" = XuA;(Xu)! = XuApu'X?. This implies that
Ay = uAsu' and conversely, if there exists a u € Gl,(K), with A, = uAul,
by reversing the steps we see that f ~ ¢g. If f and g are equivalent and
Ay = uApul, then det(A,) = det(Ay).det(u)?, so that the class of det(Ay)
modulo K*2 depends only on the equivalence class of f, and is called the
discriminant of the quadratic form f, denoted by disc(f). We say that a
quadratic form f is diagonal if a;; = 0 for 7 # j or what is the same, Ay is
a diagonal matrix. If the diagonal entries are a1, as, - - -, a,, we shall denote
in what follows, such a form by < a1, a9, -, a, >.

Proposition 3. Any quadratic form (over a field of characteristic different
from 2), is equivalent to a diagonal form.

Proof. Let f be a quadratic form. Since the characteristic of K is not 2
and f is not identically zero, there exists u = (u1,ug, -, u,) € K™ such
that a = f(u1,ug, - ,up) = uAspu' # 0. Let W C K" be defined by
W = {w € K" | uAjw" = 0}. Obviously W is a subspace of K" and
WNK.u=0,since u € W. We have that K" = W & K.u, since any z € K™
can be written as (2 — Au) + Au and for A = a"tuAzt, 2 — du € W. We now
choose a basis of K™ which consists of u and a basis of W. For this choice
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of a basis of K™, Ay has the form

S ——
0 Bup-)x(n-1) /)

The proof now follows by induction on n.

In view of the above proposition, from now on, we assume that f is a
diagonal form. The number of non-zero a; (which is simply the rank of the
matrix Ay¢), is called the rank of f.

We now prove the following fact, which will be used in the proof of the
next proposition.

Lemma 4. Any quadratic form of rank greater than or equal to 3, over a
finite field of characteristic different from 2, is isotropic.

Proof. 3 Obviously it is enough to show that the equation aX?+bY? = 1 has
a solution over any finite field IF; of ¢ elements. The number of elements of
the set S = {a)\? | A € F,} has cardinality q;—l, which is also the cardinality
of the set S = {1 — bu? | u € F,}. Since the number of elements of F, is g,
S and S’ must intersect, which proves the lemma.

Let K be an algebraic number field, v a valuation of K and let F' = K,
denote the completion of K at v. If v lies over the unique archimedean
valuation of Q, then K, is isomorphic to either the real number field R, or
the field C of complex numbers. Assume now that v is non-archimedean.
The set Op = {x € F | v(z) < 1} is easily checked to be a subring of K
and has a unique non-zero prime ideal, i.e., {v € O | v(z) < 1}, which
is principal. Any generator m = m, of this ideal is called a uniformising
parameter for v. The field F = Op/(r) (called the residue field at v) is a
finite extension of the prime field Z/pZ, (where v is an extension of the p-
adic valuation of Q) whose degree is denoted by f, (called the residue class
field degree at v), so that F is a finite field with ¢ = p/* elements. By a unit
of F', we mean an invertible element of Op, i.e., an element not in TOp. We
note that an element u € F' is a unit if and only if v(u) = 1. We record the
next proposition which is needed in the proof of theorem 2.

Proposition 5. Let v be a non-archimedean, non-dyadic, valuation of K,
i.e., v 18 not an extension of the 2-adic valuation of Q. Let f =< uqy,u9,ug >
be a rank 3 quadratic form over F' = K,, where u; for 1 <1i < 3, are units
of F. Then f is isotropic over F.

31 thank Dinesh Thakur for bringing to my attention the slick proof given here, which
is different from the one I had given in the lecture.
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Proof. In fact proving the proposition is equivalent to showing that there
exist A; € Op, for 1 <1 < 3, not all zero such that Zl<i<3 ui)\? = 0. Since
Or is a subring of F, which is closed in F, it is complete for the topology
of F. In fact Of is a topological ring for which a fundamental system of
neighbourhoods of 0 are (™) for n > 0.

Let ~ denote reduction modulo (7). Since F is a finite field, f is isotropic,
by Lemma 4. Therefore there exist A1, A2, A3 € O, such that Zlgig:& 111-/\12 =
0. We can assume that one of the A; is a unit, let it be A\;. We assume by
induction that there exists an integer n > 1 and A1, A2, A3 in Op, with A\
a unit such that Y, .5 u;A? € (1), so that its image in Op/(7") is zero.
Certainly this is true for n = 1, as we have just now remarked. We wish to
solve for an h € (7™), such that u3 (A1 + h)? + ugA3 + u3A3 € (7"*1). Since
h € (7"), h? € (x*") C (7"*1), the choice h = 7(1‘1/\%;312;‘1%“3)‘%) would
do. Since O is complete, an iteration of this procedure leads to a Cauchy
sequence, which, since Op is complete, converges and yields a solution of the
equation ), ;4 Uz‘X? = 0 in Op. This proves the proposition.

We record another result, on the completion of a number field K, with
respect to a non-archimedean valuation, which we shall use in the proof of
Thoerem 2.

Lemma 6. Let K be a number field and F = K, be the completion of K at
a non-archimedean valuation v of K, (possibly dyadic). Let Op be the ring
of integers of F' and m = m, be a parameter. Then any element in 1 + (47)
is the square of a unit of OF.
Proof. Let u = 1+ 4Aw, for some A € Op. Setting zy = 1, we assume by
induction that there exists an integer n > 1 and an unit z, € Op, such
that 22 = u mod (47"*!) and 2, — z,_1 € (27"). For n = 1, we choose
z1 = 1 4+ 2Am, which obviously satisfies the above conditions. We want to
solve for an h € (27"*1), such that setting z,.1 = 2, + h, we have z?LH =u
mod (47"*2). Since 2, is a unit and u — 22 € (47"*1), the choice h = u{;ﬁ
would do. This procedure leads to a Cauchy sequence in O, which converges
to a unit z, such that 22 = u.

The proof of Theorem 2 is achieved by first proving it for quadratic
forms of low ranks and then appealing to induction. To prove the theorem,
we assume that f =< aj,a0,---,a, >, 7>2, and a; #0, for 1 <i <.

Let » = 2. Since < aq,a3 >= a1 < 1,a1_1a2 >, we may assume that
f=<1,-X >, A € K* which is isotropic if and only if A is a square in
K. Theorem 2 in this case follows from the following theorem, which is a
consequence of the first inequality of Class field theory.
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Theorem 7. Let K be a number field, \ € K and L = K(v/\). If for every
valuation v of K, K,(vV/A) = K,, then K(v/\) = K.

Let r = 3. As above, we may assume that f = < —1,\, 4 >. This form
is isotropic if and only if there exist aq, a9, ag € K such that a% = )\a%—l— uag.
Obviously ag and a3 cannot both be zero. We may assume without loss in
generality that as is not zero, so that A = (g—;)2 —#(3—2)2, i.e., Ais anorm in
the extension K (,/z) over K. In this case, the theorem of Hasse-Minkowski
follows from the following more general,

Theorem 8. (Hasse norm theorem) Let K be an algebraic number field and
L over K a cyclic extension of K. Then an element A € K is a norm from
K if and only if A € Ky, is a norm from L., over K,, for all v, where w is
some valuation of L, extending v.

The theorem applied to the case where L over K is a quadratic extension
yields the Hasse-Minkowski theorem, for r = 3.

Let r = 4. We may assume, as before by scaling that f =< 1, —a, —b, ¢ >.
We first consider the case where the discriminant of f is 1, i.e., abe € K*2, so
that f can be replaced by the equivalent quadratic form < 1, —a, —b,ab >.
The condition that f is isotropic is equivalent to saying that there exist
A, A2, A3, A € K such that A2 — aXo? — bA3? + ab\s®> = 0. Let v be any
valuation of K. If A3%2 —aXs? = 0, for some A3, \y € K, then K, (v/a) = K,,
so that any element of K,, in particular b is a norm from K,(y/a) = K,.
If on t}12e ot}%er hand there is a solution in K,, with 32 — alg? # 0, then
b = ﬁ is a norm in K,(y/a) over K,. The Hasse norm theorem
quoted above shows then that b € K is a norm from K (y/a). This implies
that b = A2 — a2, which shows that f is isotropic over K.

Let now f =< 1,—a,—b,c > and disc(f) = abc ¢ K*2. To prove the
theorem in this case, we need the following lemma.

Lemma 9. Let ¢ =< ai,a2,---,a, > be a quadratic form over a field K
(of characteristic not 2) and L = K(v/d) be a quadratic extension of K. If
q is not isotropic over K and is isotropic over L, then q is equivalent to
A< 17_dablvb25”'abr72 >, with Aab17"'7b7‘72 € K.

Proof. Let \i+u;V/d € L, for 1 < i < r, such that 219‘9 ai(Ni+piVd)? =0,
so that Zlgigr a\’ + d21§i§r a;p;? = 0 and Elgigr a; ;i = 0. Since ¢
is not isotropic over K, > ;o aidi® # 0, Y cic, aipi? # 0 and d =

S cicr @iNi2 —q(\ = o

_Ziiiaiuﬂ = q%;)), where \ = (/\1,~--,_)\r) and i = (p1,+ -, pr). The
equation ) ;- a;Aip; = 0 shows first that A and fi are linearly independent
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vectors in K" and that if we extend ), [, to a suitable basis of K", then ¢
has the form < —dq(u),q(p), b1, -, br—o >. This proves the lemma.

Let L = K(v/d). Let w be a valuation of L, which extends a valuation v
of K and let L,, and K, be their respective completions. Then L,, contains
K,(v/d). Since f is equivalent to < 1, —a, —b, ab > over L and f is isotropic
over K, f is isotropic over L,,. Therefore by our previous consideration, f is
isotropic over L. By the above lemma, f is equivalent to < X\, —Ad, u, ' >.
Therefore comparing discriminants, we have d = abc = —\2duy/, so that
f is equivalent to < A\, —Ad, u, —u >. Hence obviously, f is isotropic, as it
contains < p, —p >.

Let » > 5 and f =< a1,a9,a3,a4,0a5, - -,a, >, a; € K, for 1 < ¢ <
r. Let S be a finite set of valuations of K such that S contains the 2-
adic valuations i.e., the valuations of K lying over the prime 2 of Q, the
archimedean valuations and such that ag, a4, as are units in K, for v & S.
We can choose such a finite set, since for any element a € K, v(a) < 1 for
all but a finite number of valuations v of K and if a # 0, applying the above
remark to a~! too, we have that v(a) = 1 for all but a finite number of
valuations v of K, i.e., a is a unit in K, for all but a finite set of valuations v
of K. By Proposition 5, it follows that the quadratic form < as, a4, as > and
hence < ag,aq,as,---,a, > is isotropic over K, for v ¢ S. We now claim
that for any v € S, there exists a u,, € K}, which is a value of < aj,a2 >
and such that —pu, is a value of < as,aq,as, -+, a, >. To prove this claim,
we consider two cases.

Case 1 Suppose < a1, as > is anisotropic over K,. Since f is isotropic over
K,, there exists (A1, A2, -+, Ar) € K, such that >, ai)? = 0. We then
choose u, to be al)\% + ag)\%, which obviously cannot be zero.

Case 2 Suppose < ay,ag > is isotropic over K,. Then choose ., to be any
non-zero element such that, —u, is represented by < as, aq,---,a, >. Since
< ay,az > is isotropic over K, it represents all elements of K, in particular
Wy Let py, = alxg + azyg, for some x, Yy, € K.

By Lemma 1, there exist x,y € K such that z is close to x, and y
is close to y, for v € S, so that u = a2 + asy? is close to j, and in
fact belongs to the same square class as u, for every v € S. If v non-
archimedean, this is guaranteed by Lemma 6. If v € S is archimedean
and real, this simply means that p and p, should have the same sign. If
v € S is archimedean and complex, there is nothing to check since every
element of C* is a square. Thus the form < a1,as > represents u over K,
so that < aj,as > is equivalent to < A, u > for A € K and p and u, are



134 R. SRIDHARAN

in the same square class for v € S. Since for v € S, < asz,aq4, -, a, >
represents —fu,, it also represents —p over K, (since these elements have
the same square class). Thus the form < pu,as,aq,---,a, > is isotropic
over K, for v € S. For v € S, by Proposition 5, < as, a4, a5 > and hence
< as,aq, -+, a, > is isotropic over K, and a fortiori, < u,as, aq,---,a, > is
isotropic over K, so that < u,as,---,a, > is isotropic over K, for all v. By
induction on r, it follows that < u,as,---,a, > is isotropic over K, so that
< as,aq,---,ar > represents —p over K and f =< aj,ag,as, -, a, >=<
A, by, —pt, - -+ >. Hence f contains g < 1,—1 > and therefore it is isotropic,
which proves the theorem.
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The Kronecker-Weber Theorem

EKNATH GHATE

1. Introduction

These are some brief notes on the famous Kronecker-Weber theorem,
which says that cyclotomic extensions of Q capture all abelian extension
of Q. Kronecker stated this theorem in 1853, but his proof was incomplete.
Weber gave a proof in 1886, but apparently there was still a gap in it. Correct
proofs were given soon after by Hilbert and Speiser.

In these notes we shall derive the theorem as a consequence of the theo-
rems of (global) class field theory. The main reference we use is Janusz’ book
[1]. This is a good first introduction to class field theory - it derives most of
the main theorems with minimal use of heavy machinery, and I recommend
it to you for further study.

If time permits, I will give another proof of the Kronecker-Weber the-
orem: namely the one given in Chapter 14 of Washington’s book [7]. In
this approach, the theorem is deduced from the corresponding statement for
local fields, which, in turn, is proved using only ‘elementary’ facts about the
structure of local fields and their extensions. Since the exposition in Wash-
ington is good, I will not reproduce this proof in these notes. A word of
warning though: one needs to be fairly well acquainted with local fields to
enjoy Washington’s proof. As an excellent background builder for this, and
for many other things, I recommend reading Serre’s book [2].

2. Cyclotomic extensions of (Q

Let us start by describing what cyclotomic fields, the objects of study of
this summer school, look and smell like.

Let ¢, denote a fixed primitive n'" root of unity, and let Q(¢,) be the
number field generated by all the n*? roots of unity. The field Q(¢,,) is called
the n*® cyclotomic field. Most of you have probably already met these fields
in the course of working out the proof of the following theorem, which I
suggest you now (re-)try and prove for yourself as a warm-up exercise:

Theorem 1 Let ¢(n) denote the cardinality of (Z/n)*. Then Q((,) is an
abelian extension of Q of degree ¢p(n). More precisely, there is an isomor-
phism:

(Z/n)* — Gal(Q(G)/Q)

a(modn) +— o,

135
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where o4(¢y) = C2.

Since a sub-extension of an abelian extension is also abelian, cyclotomic
fields and their sub-fields already give us an abundant supply of abelian
extensions of Q. The obvious question that is now begging to be asked is
whether or not there are any more. The answer is a resounding NO!!! More
formally, we have the

Theorem 2 (Kronecker-Weber) FEvery finite abelian extension of Q is
contained in a cyclotomic field.

The rest of these notes will sketch a proof of this beautiful fact using class
field theory. But, before we embark on this, let us make a small diversion.
At this stage, you may be wondering as to whether every finite abelian group
actually occurs as a Galois group of some Galois extension of Q. This is in
fact true, and to give you an idea of how one might prove it, let us work out
an example.

Let us construct a Galois extension of QQ with Galois group G = Z/7 x
Z/13 x 7Z/13. The idea is to construct Galois extensions which realize each
of the cyclic factors of G. If we can do this in such a way so that these
extensions are linearly disjoint, then we have won the game, because we can
then just take the compositum of these extensions. So let us first construct
an extension with Galois group Z/7. The trick is to choose a prime p such
that p = 1(mod 7). The first prime that works is p = 29. Now consider the
extension Q({29)/Q. By Theorem ??, it is an abelian extension with Galois
group 7Z/28. Clearly, since 7|28, it has a sub-field K; whose Galois group is
Z]7.

So far so good. We now can similarly construct another extension Ky/Q
with Galois group Z/13. This time we note that 53 = 1(mod 13), that
Gal(Q(¢s3)/Q) = Z /52, and that 13]52. So the field Ky with Gal(K2/Q) =
Z,/13 exists.

Now we have only one more factor to worry about, the ‘second’ factor of
Z,/13 in G. This time we choose a different prime congruent to 1 (mod 13).
In fact 79 seems to work. As above, in Q((79) there is a sub-field K3 with
Gal(K3/Q) =7Z/13.

Now note that K;, Ko and K3 are linearly disjoint, that is, the inter-
section of any two of these fields is (. This is because they each lie in
cyclotomic fields Q(¢,), for different p, which themselves are linearly dis-
joint. (You could try and use ramification theory to prove this - as a hint
note that only p ramifies in Q(¢,)). We now choose K = K;KyK3. Then
some Galois theory shows Gal(K/Q) = G, and we are done.
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By now, you probably know what to do in general. So why not now try
and prove the following theorem:

Theorem 3 FEvery finite abelian group is the Galois group of some Galois
extension of Q.

The following interesting fact may come in handy in the course of your proof:

Theorem 4 (Dirichlet) There are infinitely many primes in every arith-
metic progression.

Now don’t be asking whether all finite groups can be realized as Galois
groups...! This is one of the hardest problems in mathematics, and is an
active area of current research. Let us state it as

Question 1 (Inverse Galois Problem) Is every finite group the Galois
group of a finite Galois extension of Q2

3. Class field theory

Let us now give a short ‘proof’ of the Kronecker-Weber theorem using
class field theory. That this theory should yield a proof at all is hardly
surprising, because CLASS FIELD THEORY FOR Q = THE THEORY
OF ABELIAN EXTENSIONS OF Q. However, I should mention up front
that class field theory is a rather broad subject, one that has undergone
many re-formulations in terms of both the language and tools it has used to
state and prove its main results. To do it justice would require the better
part of a year of course work - a time frame somewhat beyond the scope of
our five lectures!

Nonetheless, rather than despair, let us be brave, and try and at least
get a flavour of some of the statements of the more important theorems
of the theory. We shall derive the Kronecker-Weber theorem as an easy
consequence of these theorems.

3.1 The Artin Map

The basic object around which most of the statements of class field theory
revolve is the Artin map, which has already been introduced by Sury in his
lectures. Let us recall its definition.

Let L/K be an abelian extension of number fields. Let Ix denote the
group of fractional ideals of K. Let S denote a finite set of prime ideals of
K, including all the primes that ramify in L, and let ]S( denote the subgroup
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of I'x generated by all the prime ideals outside S. For each fractional ideal
2 in I3, write A = I1, p®) and set

L/K7%®)
oo =TT [H5]
Y
Here [L/TK} € Gal(L/K) is the Frobenius element at p. That is, if B

is a prime of L lying over p, then [L/TK] is the element o in Gal(L/K)

characterized by the property
o(z) = zN® (mod P), for all z in O , (1)

where Op, is the ring of integers of L, and N(p), the norm of p, is the
cardinality of the residue field of p.

The homomorphism ¢r/f : [ » — Gal(L/K) is called the Artin map for
the extension L/K. The first deep theorem about it is:

Theorem 5 The Artin map gbL/K 18 surjective.

We shall not say anything about the proof of this theorem, except that
one possible approach to it is, funnily enough, via analysis (L-Series and
Density Theorems are catchwords here).

Another important theorem that we shall need, that can also be estab-
lished by analytic methods, is the following;:

Theorem 6 Let Ly and Lo be two finite Galois (not necessarily abelian)
extensions of K, and let S1 and S2 denote the sets of primes of K which
split completely in Ly and Lo respectively. Then Sy C So (except for a set
of density 0) if and only if Ly C Ly.

Again, we shall not define what it means for a set of primes to have
density 0; suffice it to say that sets of finite cardinality have density 0, and
it is only such exceptional sets that will appear in the application we have
in mind below.

3.2 The kernel of ¢, i

One of the aims of class field theory is to describe the kernel of the Artin
map explicitly. Note that a prime ideal p € ker ¢ i if and only if the
Frobenius element at p is trivial, that is:

45] -1
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Since you know that the Frobenius element has order f(*I3/p), the residue

degree of P|p, we see that, in this case, both e(*P/p) = f(P/p) = 1. This
forces g(B¥/p) = [L : K], which is to say that p splits completely in the
extension L/K. Thus, apart from a finite set of primes, the primes in the
kernel of the Artin map are exactly the primes that split completely.

Definition 1 A modulus for K is a formal product
m= H pn®)
p

taken over all primes (including the infinite primes) of K. The exponents
n(p) are non-negative integers, and are positive for only a finite number of p.
Furthermore n(p) = 0 or 1 when p is real, and n(p) = 0 when p is complex.

A modulus m may be written as mymq,, where the first (resp. second)
factor is divisible only by the finite (resp. infinite) places. Now let Ok
denote the ring of integers of K. Set

Kn = {a/bla,be Ok,(a),(b) relatively prime to my},
Kn1 = {aeKy|a=1(modm)}

Here the condition @ = 1 (mod m) means the following: for each finite p
dividing my, we require that v,(o — 1) > n(p), and for each real prime p
dividing my,, we require « to be positive at this place.

Write I for the group I f} where S is the set of primes dividing m;. We
assume that my is divisible by all the finite primes that ramify in L. Note
that, via the map « — (), K1 may be thought of as a subgroup of I}.

Definition 2 The quotient

I

Km,l
15 called the ray class group modulo m. Note that when m = 1 this is just
the usual class group of K.

Each prime in K may also be viewed as a product of primes in L. In this
way m may also be considered as a modulus for L, and so it makes sense to
speak of the group I}'. Moreover, there is a natural norm map

NL/K:IE — Im,
B o= o0

where f = f(*B/p). The first approximation to the kernel of the Artin map
is given by the following proposition:
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Proposition 1 Let L/K be a finite abelian extension, and let m be any
modulus of K such that my is divisible by all the primes of K which ramify
in L. Then Np k(I7) C ker ¢p k-

Proof: This follows immediately from the fact that the Artin map maps p/

to [L/TKV =1.

The following key theorem now tells us exactly what the ‘missing part’
of the kernel of the Artin map is.

Theorem 7 (Artin Reciprocity Theorem) Let L/K be a finite abelian
extension. Then there exists a modulus m divisible by at least the primes of
K which ramify in L such that the kernel of the Artin map is given by:

ker ¢/ = Npj(I1) - K1 (2)

Let us say that the modulus m divides m’ (and write m|m’) if each place
that occurs in m occurs in m’ with equal or larger exponent. It is a fact that
if (??) holds for m then it holds for all moduli m’ which are divisible by m.
So the following definition is rather natural:

Definition 3 The greatest common divisor of all the moduli m such that
(??) holds is called the conductor of L/K.

3.3 An example

It is about time that we gave an example to illustrate the above concepts.
What better place to start than with cyclotomic fields. So let us set K = Q,
and L = Q(¢,), for some fixed n.

We will show that the Artin reciprocity theorem (Theorem ?7) holds for
Q(¢,)/Q with the modulus m = n - 0o, where oo is the unique real infinite
place of Q. We must include co in the modulus since co ramifies in the
totally imaginary field Q((,).

Let p be a prime not dividing n. Then the ideal (p) is unramified in
L. Moreover, o, (see Theorem ?? for notation) satisfies the condition (?77?)
characterizing the Frobenius at p, so we see that ¢gc,) /Q(p) = 0p. This
shows that for any two positive integers a and b relatively prime to n,

Q) 0(a/b) = aap, (3)

where b* is a positive integer prime to n with bb* = 1(mod n). This formula
allows us to compute the kernel of the Artin map. Indeed, we may easily
compute that

ker gc,)/@ = {(a/b) | a,b positive,a = b (mod n)} = Q,, ;. (4)
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The surjectivity of the Artin map is of course something we are assuming
(see Theorem ?7). But note that in this case the surjectivity is essentially
equivalent to Dirichlet’s theorem that there are infinitely many primes in
every arithmetic progression (see Theorem ?7).

Putting things together, we see that the Artin map induces an isomor-
phism between the ray class group modulo m = n - oo, and Gal(Q(¢,)/Q) =
(Z/n)*.

As it turns out m = n - oo is in fact the greatest common divisor of all
the moduli such that (??) above holds, and so it is also the conductor of the

extension Q(¢,)/Q.
3.4 The Kronecker-Weber theorem

We can now derive the Kronecker-Weber theorem. We need one last
result:

Proposition 2 Let L/K be an abelian extension and m a modulus so that
(?7) above holds. Let E/K be an arbitrary Galois extension such that

Ngk(Ig) C Npjx(I) - K1 (5)
Then L C E.

Proof: Say pis a prime of K that does not divide my. Then, if p splits com-
pletely in F, it is trivially the norm of a prime of E, and so p € Ng/ i (I}).
By (??) and Theorem 77 above, we see that p € ker ¢k, so that p splits
completely in L. We now apply Theorem ?7? to see that L C E.

Proof of Kronecker-Weber: Say that L is an arbitrary abelian extension
of Q. We want to show that L C Q(¢,), for some n. Now Theorem ?7?,
applied to L, yields a modulus m over Q such that (??) holds. We may
suppose that m = n - oo, for some n. Now set £ = (Q({,). Then, by (??),

ker o/ = Q1 and so
NgoUE) C€ NgjoUE) - Qui = Qui € NrjoUL) - Q1 = ker¢p o

By Proposition ??, we obtain L C E = Q((,) as desired.

3.5 Existence theorem

Though we have now ‘proved’ the Kronecker-Weber theorem, let us pick
up some loose ends and round off our whirlwind survey of class field theory.
We return to the general situation: L/K will denote an abelian extension of
number fields.
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Note that if K # Q, then so far, no part of the discussion above guar-
antees the existence of even one abelian extension L of K! This is remedied
by the following:

Theorem 8 (Existence Theorem) Let m be a modulus. Then there ex-
ists a finite abelian extension L/K, such that every prime of K that ramifies
in L occurs in My, and such that (??7) above holds.

This modulus m may not be the conductor of the extension L/K, but by
definition, the conductor certainly divides it. Also, curiously, some moduli
may never be conductors at all (example: m = oo is never the conductor of
a finite abelian extension of Q). However, once a modulus m occurs as a
conductor, it is a fact that there is a maximal finite abelian extension, L.,
having m as its conductor. It turns out that in this case ker ¢, /x = K1

Definition 4 L, is called the ray class field of conductor m.

Note that via the Artin map, the Galois group of the ray class field of
conductor m is just the ray class group modulo m. Also note that every
abelian extension L of K sits inside a ray class field, namely the one whose
conductor is the conductor of L. Finally, in the case when K = Q (see
Section 3.3), we see that the cyclotomic fields are the ray class fields (of
conductor m = n - 00).

3.6 Classification theorem

We now wish to state the climactic theorem of class field theory - the
Classification theorem - which says roughly that the abelian extensions L of
K are parameterized by gadgets constructed purely out of K! Let us make
some preliminary definitions:

Definition 5 A group H is said to be a congruence subgroup of level m if
it satisfies

Kn1 CHC Iy,
for some modulus m.

The key example of a congruence subgroup of course is the following:
if L/K is a finite abelian extension of K, then the Artin reciprocity theo-
rem says that H = ker ¢, /k, is a congruence subgroup of level m for some
modulus m.

To rid us of the somewhat unpleasant dependence on the modulus m, we
now put an equivalence relation ~ on the set of congruence subgroups.
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But first let us make a remark. Let m and m’ be two moduli, with m/|m.
Then I} is a subgroup of II“}/. If H' is a congruence subgroup of level m/
then there may or may not be a congruence subgroup H of level m such that
H = I NH'. If this does happen then we say that the congruence subgroup
H is the restriction of the congruence subgroup H'.

Now say (Hj,my) and (Hg,mg) are two congruence subgroups. We set
Hq ~ Hs, if there exists a modulus m, with m; ‘ m, for ¢ = 1,2, and so that
I N Hy = I N Hy as restricted congruence subgroups of level m.

Definition 6 An ideal group [H] is an equivalence class of congruence
subgroups (H,m) with respect to the equivalence relation ~.

The ideal groups are the ‘gadgets’ referred to above which parameterize
abelian extensions of K. In fact we have:

Theorem 9 (Classification Theorem) The map
L/K —  [ker¢p k]

1 an inclusion reversing bijection between the set of abelian extensions L of
K and the set of ideal groups of K.

Here ‘inclusion reversing’ means that if the abelian extensions L and Lo
correspond to the ideal groups [H;] and [Ha] respectively, then

Ly C Ly — [HQ] C [Hl]

(Note: [Hg] C [H;] simply means that there are congruence subgroups H €
[H3] and H' € [H;] of the same level such that H C H'; one needs to check
that this is well defined).

3.7 Hilbert class field

There is one particular ray class field that is the simplest and most im-
portant. This is the Hilbert class field. It is defined to be the ray class field
of conductor m = 1. We shall denote it by U. The following theorem now
follows easily, after the discussion above.

Theorem 10 The Hilbert class field U is the mazimal finite everywhere
unramified abelian extension of K. Moreover, the Artin map establishes an
isomorphism between the class group of K and Gal(U/K). In particular the
class number of K is just [U : K]J.
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As a consequence of this theorem we see that a prime p of K splits completely
in U if and only if it is a principal ideal of K. This is not to be confused
with the following theorem, which was proved by Furtwangler.

Theorem 11 (Principal Ideal Theorem) Every ideal of K becomes prin-
cipal in U.

Obviously, the Hilbert class field of Q is just Q itself, since Q has class
number 1. But the above theorems show that the Hilbert class field for a
number field with non-trivial class number is a very interesting object. We
shall say a little more about the Hilbert class field of an imaginary quadratic
situation in the next section.

3.8 Complex multiplication

We have seen that the ray class field of QQ of conductor m = n - co is
exactly the cyclotomic field Q(¢,), and that every abelian extension of Q
sits in one of these ray class fields. This is indeed a very satisfying result
since we can generate explicitly all the abelian extension of (Q by values of
the exponential function €>™* at certain division points z € Q/Z.

A central problem in class field theory is to be able to similarly generate
the abelian extensions of an arbitrary number field by values of transcen-
dental functions. In fact this problem has its origins in Kronecker’s famous
‘Jugendtraum’ (= youthful dream, in German).

When K is an imaginary quadratic field, this problem has been com-
pletely solved by the so called theory of ‘complex multiplication’. Essentially
the idea is that the ray class fields are generated by values of the famous j
function at points in the imaginary quadratic field K, as well as by values
of the Weber function w, at division points of an elliptic curve with complex
multiplication by K. It would take us too far afield from the purpose of
these notes to make this any more precise. However, to get our toes wet, let
us at least describe how to generate the Hilbert class field of K.

For each z € C with positive imaginary part, let j(z) be the correspond-
ing value of the elliptic modular function, defined by

92(2)*
92(2)% — 27g3(2)%’

j(z) = 1728 -

where
1 1
p— —_— = 1 - <~
92(2) 60 Z (mz n n)47 93(2) 40 Z (mz + n)@
(0,0)#(m,n)eZ? (0,0)#(m,n)eZ?

Then we have the beautiful theorem:
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Theorem 12 Let Let K be an imaginary quadratic field, with ring of inte-
gers O = Z + Zt. Then j(T) is an algebraic integer, and U = K (j(7)) is
the Hilbert class field of K.

3.9 Hilbert’s twelfth problem

The generation of ray class fields by the values of transcendental functions
was emphasized by Hilbert in his ‘twelfth problem’ presented at the Paris
International Congress of Mathematicians in 1900. He wrote

“The extension of Kronecker’s theorem to the case that in place of
the realm of rational numbers or of the imaginary quadratic field
any algebraic field whatever is laid down as realm of rationality,
seems to me of the greatest importance. I regard this problem
as one of the most profound and far reaching in the theory of
numbers and of functions.”

So far very little progress has been made on the problem in general.
However, in closing these notes, let us at least mention some additional
special cases that have been partially treated:

3.9.1 CM fields

From the point of view of ‘complex multiplication’ the most natural way
to to generalize the results obtained for imaginary quadratic fields is to
replace elliptic curves by higher dimensional abelian varieties. This was
done by Shimura and Taniyama, who managed to generate class fields of
‘CM fields’. A CM field is the higher analog of an imaginary quadratic field:
it is a totally imaginary quadratic extensions of a totally real field. It must
be pointed out that unfortunately not all abelian extension of CM fields can
be generated by this method.

Shimura and Taniyama’s theory is exposed in their book [5]. There is
also a new edition, [4], now on the market.

See also Wafa Wei’s (unpublished) thesis, where she gives some informa-
tion about the maximal abelian extension of a CM field that can be generated
by the values of automorphic functions [8].

3.9.2 Real quadratic fields
Some partial results have been obtained by Shimura in this case using

abelian varieties with real multiplication. For more details see the last chap-
ter of his book [3].

n the preface to [5] it was claimed that Hecke had shown how to generate class
fields of certain CM bi-quadratic extensions of @ by values of Hilbert modular functions.
Apparently this work of Hecke was not complete (see the preface to [4]), but in any case,
has since been corrected and subsumed by the work [4].
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3.9.3 Stark’s method

Another approach to Hilbert’s twelfth problem has been proposed by
Stark, who has shown that certain abelian extensions of arbitrary number
fields can be generated by the values of Artin L-functions at s = 0. You
could look at Tate’s efficient monograph [6] for more details.
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Kronecker-Weber via Ramification Theory

SHARAD V. KANETKAR

In this note we prove the well known theorem of Kronecker-Weber using
only ramification theory. The following steps are described in a series of
exercises in [1, pp. 125-127].

Kronecker-Weber Theorem.

Theorem : Every finite abelian extension of Q (field of rational numbers)
is contained in a cyclotomic field.
Proof : Let K be a finite abelian extension of Q with G = Gal(K/Q).

Step 1 : It is enough to assume that K is of degree p™ over Q for some
prime p. For if G is expressed as a direct product of its Sylow subgroups :

G=Sp x--- x5,

then fixed subfields k; (of K') with groups Sy, will generate K. If k; belongs
to a cyclotomic field F;, for i = 1,2,---,r; then K C F1F5---F,. C some
cyclotomic field. Hence we assume K = k; and [K : Q] = p™.

Step 2 : It is enough to assume that p is the only prime ramified in K.
Suppose ¢ € Z is a prime (other that p) which is ramified in K. Let E(:|-)
and e(:|-) denote the inertia group and the ramification index respectively.
Let U be a prime of K lying above ¢ with e(U | ¢) = e. Now the higher
ramification group V1 (U | q) is a g—subgroup of a p—group G [1, page 121].
Hence |V1(U | ¢)| =1 and |V /Vi| = e. Since G is abelian [Vo/Vi| | (¢—1) [1,
page 124, Ex. 26(c)]. This gives e|(¢ — 1). Now there is a (unique) subfield
K € Q(¢q) (where Q((m) denotes the m-th cyclotomic field, i.e. ¢, is a
primitive m-th root of unity) with [K; : Q] = e. Since e | p™ and ¢ # p, ¢ is
tamely ramified in both K7 and K. Now ¢ is totally ramified in Q((,) and
hence in K. This gives that the ramification index of ¢ in K is also e. Let
Uy be a prime of L lying above U in K. Now, Gal(K/Q) and Gal(K;/Q) are
both p-groups and since Gal(L/Q) injects into Gal(K/Q)x Gal(K1/Q), it
is also a p-group. This shows that Vi(U; | q) is both a p-group and a g-group
implying that it is trivial. Thus E(U; | q) is cyclic. Let W be the (unique)
prime of K; lying below U;. Hence, by restriction, E(U; | ¢) injects into
E(U | q) x E(W | q). All these three groups are cyclic and the last two have
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order e each. This shows that E(U; | q) is of order e. Thus the ramification
index of ¢ in L is also e. Since e(Uy | q) = e(U | q) = e,e(U1 | U) = 1.
Let L; be the inertia field of Uy, i.e., L; is the fixed field of E(U; | q).
Then for any field F' containing L;,U; N F' is totally ramified in L. Thus
for F = L1 Ky, (Up N F) is totally ramified in L. But F' O K; and therefore
e(Uy | (U1NF))|e(U;|U). This implies e(Uy | U1 N F) = 1. Thus U1 N F
is totally ramified as well as unramified in L implying F' = L. Hence if L;
belongs to a cyclotomic field then since K; C Q({,), L will be a subfield
of a cyclotomic field. But K C L and hence K will be a subfield of some
cyclotomic field proving the theorem. Thus it is enough to replace K by
Lq. But it is easy to see that all unramified primes of K are unramified in
L, and, in addition, ¢ is also unramified in Ly (but ramified in K). Thus
continuing this process of reduction we can assume that there are no primes
other that p which are ramified in K. This finishes the proof of step 2.

Step 3 : Case(i) p=2, [K: Q] =2

In this case 2 is totally ramified in K since otherwise no prime will be ramified
in the fixed field of E(U | 2) and this will imply, by [1,page 137, Cor.3], that
E(U | 2) = G. Thus 2 is totally ramified in K. Thus e(U | 2) =2™. If m =1
then [K : Q] = 2 and K = Q[V/d] for some square-free integer d. But the
Disc(K/Q) = d or 4d. Since 2 is the only ramified prime of K, 2 is the only
possible divisor of d. Hence

K = Q[v2] or Q[v=2] or Q[V1].

All these fields are subfields of Q[(s]. Hence the theorem is proved in this
case. If m > 1 then consider L = Q((ym+2) N R, where R is the field
of real numbers. Then [L : Q] = 2™ and L C R. Hence L contains a
unique quadratic subfield, namely Q[v/2]. Hence Gal(L/Q) contains unique
subgroup of index 2. Thus L is a cyclic extension. Now consider the field
LK. Let p1 be the extension of o (where < 0 >= Gal(L | Q) to LK. Let F be
the fixed field of p. Since p restricted to L generates Gal(L/Q), FN L = Q.
If [F: Q] > 2 then FNR # Q and it will contain Q[v2] C L but FNL = Q.
Hence [F: Q] < 2. If [F : Q] = 2 then F = Q[v/—2] or Q[i] and both are
contained in Q[(g]. Thus K C LK = FL C Q({ym+2) and the theorem is
proved. If F = Q then < pu >= Gal(LK/Q) and since

Gal(LK/Q) — Gal(L/Q) x Gal(K/Q),
order of any element of Gal(LK/Q) < lem (| Gal (L/Q) |,| Gal (K/Q) |)

= 2™, Thus 2™ < [LK : Q] < 2™. Hence L = LK implying K C L C
Q[{ym+2]. Thus the theorem is proved in this case also.
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Case(ii) p is odd and [K : Q] = p™.
Consider the case m = 1. Hence K is of degree p over Q and p is the only
ramified prime in K. Thus if U is the prime of K lying above p then
e(U | p) =p.
Claim : diff(R/Z) = U?®"=2) where R is the ring of integers of K.
Proof : Let m € U —U? then 7 satisfies a monic irreducible polynomial over
Z, say,
f(@) =2 +ap_12P 1 + -+ ag.

Let dy be the valuation corresponding to the DVR Ry. Then dy(n) = 1
and since UP = pR, dy(p) = p. Now the coefficients a; are symmetric
polynomials in o7, o € Gal(K/Q) and ¥y (om) = 1, Vo € Gal(K/Q). Hence
Yy (a;) > 1 and hence p | a;. But ag = £[[(o7) and hence ¥y (ag) = p. Now
in the expression

f'(m) =paP~t 4 (p— l)ap_lﬂ'p_2 + - 4ay,
all terms have valuations distinct mod p. Therefore

Ju(f'(m)) = min{dy(pr?™), 90 ((p — Dap17? 2+ Dy (ar)}-
Hence,2p —1 > 9Jy(f'(7)) > p.

But by Hilbert’s formula [1, page 124, Exc. 27],

Dy (f'(m)) = Ju(diff (R/Z)) =Y (| Vi| —1)
i=0

Since | V; | is a power of p, (p—1) | 9y (f'(7)). Hence 9y (f'(7)) = 2p — 2.
And diff(R/Z) = U?’~2 (because no other prime is ramified in k). Thus the
claim is proved.
Now let m = 2.
Claim : G is cyclic.
Proof : Consider the inertia field corresponding to the prime p. In this field
p is unramified. Hence no prime is ramified in this inertia field. Hence it
must be equal to Q. Thus K is totally ramified with e(U/p) = p®. Since V3
is Sylow—p subgroup of Gal(K/Q),| Vi |= p* =| Vo | . Let V,. = V,.(U/p) be
the least r for which | V. |< p?. But V,—1/V, — R/U = Z/pZ and hence
| V. |= p. Let H be any subgroup of G having order p. Let Ky be the fixed
field of H. Then [Ky : K] = p and diff(Ry/Q]) = U?*~2. Hence from the
transitivity of different,

diff R/Z) = diff(R/Ry).UPP=2P [1, page 96, Ex.38].
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Hence diff (R/Rpy) is independent of H as long as [H : Q] = p. Now by
Hilbert’s formula the power of U dividing diff(R/Ryr) is given by

oo
a=) |VinH|-1
i=0
Hence « is strictly maximized when H = V,. Since « is independent of
H, V, is the only subgroup of order p in GG. Thus G is cyclic, proving the
claim. Thus in case m = 1, k is unique, otherwise K K will be of degree p?
containing two distinct subfields of degree p. Hence K is the unique subfield
of Q[(,2]. Thus the theorem is true for the case m = 1.

Now let m > 1. Let L denote the unique subfield of Q[(,m+1] of degree p™
over Q. Then Gal(L/Q) is cyclic of order p™. Then LK is cyclic by the

claim. But

Gal(LK/Q) — Gal(L/Q) x Gal(k/Q),

hence,

| Gal(LK/Q) | < lem(] Gal(L/Q) |, | Gal(K/Q) [)

m

= p .

Therefore L C LK C L and hence K C L C Q(Cpm+1), and the theorem
is proved in this case also.
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Stickelberger Revisited
C S YOGANANDA

In the present article, we give the proof of the Stickelberger’s Theorem
in the spirit of Kummer (rediscovered by Thaine) given by Washington [4].

Theorem. Let G = Gal(Q((r)/Q) and for (a,m) = 1,04 : (m — % Let

9:% Z ao, b

a=1

(a,m)=1
If B € Z|G] is such that 30 € Z[G] then (60 annihilates the ideal class group
of Q(Gm)-

Proof: The proof is by looking at the factorisation of certain Gauss sums.
Let C be an ideal class in Q({y,). There exist infinitely many unramified
primes of degree 1 in C (follows from Dirichlet’s theorem on primes in arith-
metic progression and Chebotarev density theorem). Let A be such an ideal
which is above the rational prime [; since [ splits completely in Q((,) we
have that [ = 1 (mod m). Fix a primitive root s modulo [ and define a
Dirichlet character mod I, x : (Z/I1Z)* — C* by x(s) = (n. Consider the
Gauss sum

-1
g(x) =—>_x(b)¢
b=1

It is easy to see which are the primes dividing g(x) in Q((m, (). First
of all, since g(x)g(X) = [, only primes above ! occur in the factorisation
of g(x). Since [ splits completely in Q((y,), the Galois conjugates of A,
o1 (N), 1 < a < m,(a,m) = 1, are all the factors of I; if £ is the prime

above A in Q((m, (1), (remember Q((m, (1)/Q () is fully ramified above 1)
the prime factorisation of the principal ideal (g(x)) would look like

90)) = [ eat(e)e
a=1
(a,m)=1
where 0 <71, <1—1 (0, being extended to Q({m, ().
As g(x)"'is in Q(¢r) and £71 = X we have the following factorisation

in Q(Cm): .
o)™ = [ et

a=1
(a,m)=1
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1

In other words, > rqo, " annihilates the class C in the ideal class group of

Q(Gm)-

We now use the Galois action on g(x) to determine the integers r,.
Consider

TE Gal(Q(Cma Cl)/Q(Cm))a T(Cl) = Cls
We have g(x)” = x(s)'g(x) and

G -D/G-1)=14G+-+C =5 (mod o, (L))

As Q(Cm, )/ Q(Em) is totally ramified above o, (M), 1 < a < m, (a,m) = 1,
the inertia group of o, !(£) coincides with the full Galois group and hence

7 acts trivially mod o, *(£). Therefore we have

900 _ 900" _ 900 x(s)” (mod 0-1(£)).

(G=1re (G —=1r  (G—1)re s

Since o, 1(£) occurs to first power in (—1) we have g(x)/({ — 1)" relatively
prime to o, 1(£) and hence we get

Cm=x(s) =5 (mod o, }(£)).

Since ¢, € Q((n) this congruence holds modulo o, '\ and applying o, we
obtain
@ =s" (mod \).

m

Now, since the mth roots of unity are distinct mod A, the order of ¢, mod
A is exactly m and so,

Cm = s~ D™ (mod \)

where c is an integer prime to m.
Therefore 1—1
—1)ac
razu (mod [ —1)
m
which implies that I — 1 does not divide r, as a and ¢ are prime to m.

Furthermore, we have 0 <r, <[ —1 and so

ro=(-1){%}

m
where {-} denotes the fractional part. We have

S -1 {%}a;l — (I —1)odb.

(a,m)=1
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Thus we get that the ideal A=Doed jg o principal ideal generated by g(X)l_l.

Let 8 € Z[G] be such that 86 € Z[G] and v = g(x)° #. Then ~~1 €
Q(Gn) and AU=1) = (41=1) which implies that (/1) is the (I — 1)st power
of an ideal in Q((,). Hence the extension Q((m,v)/Q(¢m) can be ramified
only at the primes dividing [ — 1. But since Q((m) € Q(Cm,7) € Q(Gm, ¢) it
follows that Q((m,v)/Q(¢m) is totally ramified at primes above . Therefore
Q(¢m,v) = Q(¢mn) which implies that v € Q({y). We can therefore take
(I — 1)st root and obtain the following equality of ideals in Q((y,)

A = (7).
This completes the proof of the theorem. |

Actually, as we have seen in Katre’s article [1], the Stickelberger’s theo-
rem holds for subfields of Q((,,) as well. (It would be interesting to see if
the above methods can be used to give a proof of this general case.)

Thaine’s Theorem
We shall state a simpler case of Thaine’s theorem and give an outline
of the proof to illustrate the main ideas. This account is based on Thaine’s
paper [3] and Washington’s book [4], Chapter 15, §2.

Theorem. Let F = Q({y)" and A = Gal(F/Q). Let E be the group of
units of F', C' = Cp, the group of cyclotomic units, A, the class group of F;
put B =E/C. If 6 € Z|G] annihilates the p-part of B then 0 annihilates the
p-part of A.

An outline of the proof: Choose n large enough such that p” > |A]
and p" > |B|. Then the p-Sylow subgroups of A and B are, respectively,
isomorphic to A/AP" and E/EP"C. Let ¢ =1 (mod p") be a prime; note
that ¢ splits completely in Q((,). Suppose § = Hb(cg —1)% is a cyclotomic
unit in Q(¢,). Let ) denote a prime above ¢ in Q((,) and @ the unique prime
in Q((pq) above Q. Put n = Hb(gggq — 1)%. Tt turns out that # is a unit in
Q((pq) with some special properties: (i) 7 has norm 1 to Q((,) (since ¢ = 1
(mod p)) and (ii) » = § mod primes above ¢q. Property (1) in conjunction
with Hilbert’s Theorem 90 implies the existence of an a € Q((q) such that
n = a" /a where T is a generator of Gal(Q((pq)/Q((p)). Since 7 is a unit the
principal ideal () satisfies: (&)™ = («) which implies (since 7 is a generator
of the Galois group) that («) is the product of an ideal I from Q(({,) and
ramified primes:

(@) =1-Jo@
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where the product is over o € Gal(Q((p)/Q). Taking norm to F' we get

(Norm a) = (IT)47t. HU(QQ)T” = ()" (QQ)=""".

Thus we have that Y or, annihilates the idealclass above ¢ in the quotient
A/AP" . If s is a primitive root mod ¢ working exactly as in section 2 we get
that s = e =6 (mod 0_1(2). Since s> and § are in F' this congruence
gives us: s = o(6) (mod QQ) which determines r, modulo ¢ — 1 and
hence modulo p™. A careful choice of the unit we start with, J, gives us the
necessary information on r, to conclude.

This is the essential idea behind Thaine’s proof.

Generalisation to imaginary quadratic fields: There had been gener-
alisations of Stickelberger’s theorem to the case of totally real fields (see the
notes at the end of the Chapter 6 in [4] ) and the Thaine’s theorem can also
be deduced from the results of Mazur-Wiles. But the point about Thaine’s
work was its simplicity and adaptability to other situations. Most famously,
Rubin [2] was able to obtain a generalisation to the case of abelian exten-
sions of imaginary quadratic fields which he later used to obtain, for the first
time, examples of finite Shafarevich-Tate groups of elliptic curves.
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Index of the Stickelberger Ideal and a Reflection Theorem

R. SUJATHA

These are the notes of two talks given at the Instructional Conference,
on the index of the Stickelberger ideal and a Reflection theorem. We mainly
follow the proofs given by Washington in his book “Cyclotomic fields”.

INDEX OF THE STICKELBERGER IDEAL

Notation: p an odd prime, n > 1 an integer.

G = Gal(Q((pn)/Q)

R = Z|G], the group ring.

f0=Stickelberger element; recall that it is defined by

6=1/p"Yac;! € Q[G],

where ¥/ indicates summation over all integers a from 1 to p™ such that
(a,p) = 1.

I := RO N R is the Stickelberger ideal.

J = o_1 is the complex conjugation.

R :={zeR|Jxr=—x}

I":=INR  =ROINR".

h=class number of Q((,~)/Q.

Q(¢pn )T = Maximal totally real subfield of Q((pn ).

h* = class number of Q(¢,n)7.

Recall that AT | h.

Definition. The relative class number h™ is the quotient h/h™.
The main theorem that we want to prove, which is due to Iwasawa, is the
following;:

Theorem I. [R™ : 17| =h".

We will first establish a few useful results that will be needed.
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Lemma 1. R~ = (1—-J)R.

Proof. The inclusion D is obvious. To prove the other inclusion, consider
an element v = Zzaoa_l € R™, z4, € Z. Then Ja = 0_1a = —a, hence we
get z_, = —z,. Now suppose that P is a set of representatives in (Z/mZ)*
for (Z/mZ)*/(£1). Then oo = (1 — J)3, where § = Cgpzcac_l. O

We will need some local equalities, as the proof of the theorem will pro-
ceed prime by prime, by working over completions. Let g be a prime,
R, = Z4G], i.e. Ry = Z|G] ® Zq and I = RylI. Then I is dense in I,
and R, = (1 - J)R,, with I = I, N R .

Lemma 2. We have

(a) I, = R0 N R,

() I = R6N R,

(c) I; =12,

(d) If p # q, then I, = R,6.

Proof. We will need the following fact: Suppose I’ is the ideal of Z[G]
generated by elements of the form (¢ — o), with (¢,p) = 1. Let 8 € Z[G];
then 30 € Z|G] if and only if 8 € I'. Now I, = I'Z,, and we have

RONR, =10 =I'Ty0 = I'0Zy = IZ, = I,

and (a) follows.

Clearly (b) follows from (a). Also, (d) follows from (a). For, if p # g,
then 0 € Ry, hence I, = R,0 N R, = R,0.

Finally, we prove (c). To prove (c), first note that (1 + J)8 = N, where

N = ZGU. Let x € I, then z6 € I, and we have
[AS

el —= (1+J)20=0<= z(1+J)§ =0<=zN =0.
Similarly, suppose y € I,”. Then yf € [0 = I, (by (a)) and we have
yoel, <= (1+J)yd =0<+=yN =0.

Clearly I7Z, C I, . To prove the other inclusion, suppose that y0 € I,
with y € I7. Then we can write

Y= Zc]%]aﬁa(c —0¢), a; € Zy.

Note that
yN =0 = ¥¥a.(c—1)=0.
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The idea is to approximate y by an element x € I’ such that N = 0; this
will give us an element 6 € I~ such that 26 is close to y#. This in turn
will imply that I~ is contained in the closure of I~ which is I7.Z,. The
approximation uses the following principle:

m

Suppose b; € Z, s; € Zq, and suppose AElbisi = 0. Then there is a sequence
1=

(tgn), cee $,’Z)) € Z™, whose limit is (s1, -+ , S;,) and such that Ebitz(.n) =0.
The details are left to the reader. O

We have an isomorphism R; ~ R ® Z4, under which R~ maps isomor-
phically onto R~ ® Z, and I, maps isomorphically onto I~ ® Z,. Thus
(R /1)~ (R™/I7)®Z, and this is isomorphic to the g-part of (R~ /I7).
Hence Theorem I will follow from the more general one below:

Theorem 3. [R : 1] = g-part of h™ (Q((pn)).

Proof. Observe that € R~ if and only if [(1 — J/2)]z = x. We consider the
three different possibilities: ¢ € {2,p}, ¢ =2 and ¢ = p.

(a)g & {2, p} : In this case (1+.J/2) € Rjand R, = Rf© R, I, = I ®1,
as is seen by writing z = (x + Jz/2) + (x — Jz/2). Hence

_ 1-J 1—J _
I, = 5 I, = 5 R0 =R,0.
Consider the linear map
AR, — RS
x — xf.

From a basic linear algebra result,
(R, - AR = [R; : R 0] = g-part of det A.

Over Q,[G]~, we have a decomposition

QG = @ Ex@q[G]v

x odd

where each summand is one dimensional and
_ nyp” -1
ex =1/p"E,_, (ap)=1 x(a)o, .

Recall from one of the previous lectures in the conference that

EXQ = BLXEX'
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Thus
[Ry : 1, ]=q- part of [] Bix
x odd

=q- part of 2p™ [[ (=1/2Bi1)
x odd

=q- part of h™(Q(Cpr))-
This proves the theorem in this case.
To prove the theorem in the case (b), we note that (52) & R,. We
modify 6 to obtain an element already in Q2[G]~. Let

0=Y(afp" —1/2)0;' =0 — N/2,

where Y/ as before indicates summation over integers from 1 to p™ which
are prlme to p. We have J8 = —@; hence 6 is in the “—” component. We
shall need the following lemma:

Lemma 4. (i) I, C Rof, (ii) [Ro0: I;] =2
Proof. (i): We have I, = Ro0 N R, . Let € Ry and x6 € I, . Then
20 =[(1—J)/2]20 = 2[(1 = J)/2](0 + N/2) = 20
as (15Z2)N/2 =0 and (%)é = 0.
(ii): First, we claim that if 2 € Ry, then either 20 € Ry or (z —1)6 € R.

Note that B
20 =20 —xN/2 € Ry = x©N/2 € Ry,

and that a similar statement holds for (z — 1)9~
Let x = Yx,0; then

N = (Xz,N) and (x — 1)N = (=1 4+ Xz, )N.

Either (Xz,) or (—1+Xz,) is even. Therefore either xN/2 or (x —1)N/2 €
R5 and the claim is proved. We therefore have [R29 R20 N R3] = 2 (note
that the index is not 1 since 6 Z Ro; z0 € RQH = 220 = 220 — aN €
R20 N Ry). Therefore assertion (i) will be true if we can show that

RN Ry =RyONR, =1, .

By (i), I; C R20N Ry. To show the other inclusion, suppose 260 € Ry0N R,
where © = Yx,0 € Ry. As remarked above,

xGNER2:>:rN/2€R2:>ZwGEO mod 2.



REFLECTION THEOREM 159

Let yo = x5 for 0 # 1, J and y; = x1 — 2;", Yy =g — % Checking

that ¥y, = 0, we have therefore y = Yy,0 € Ry satisfies yIN = 0. Further

YT,
2

Y1+J) = (z—y)f=0.

z—y =
Therefore B 3
6 = yb = yb — (yN/2) = yb € R20.

Since 20 € Ry and [(1 — J)/2]z6 = 20, we have 20 € Ry N Ry = I, so
RyONRy=1,. O

We continue with the proof of Theorem 3 in the next case.
(b) p=2: As before, we look at the linear map

A: Ry, = Ry
T — Ox
Note that 1
:UER;:>§3:N:0, hence 0z € R; .
We have

[R; : R, 0] =2-part of det A

—2-part of [ Biy (as x odd = €,0 = ¢,0)
x odd

:2%|G‘.%.(2—part of h™).
Since this index is finite, we should have

1 -
5 | G |= Zg-rank of R, = Zs-rank of R; 6.

But

2R50.

=
|
™
Il
—
—
|
<
SN—
=
I\
>
Il
av
(&}
—
[\
D
SN—
Il

Therefore [Ro6 : Ry 0] = 22161,
Finally,

Ry : I;] =([Ry : Ry 0]/[R26 : R;6]).[Ra0 : 1]
=1.(2—part of h7).2
=2 — part of h™.

(¢) ¢ = p: In this case the problem is that 6 has p™ in its denominator. As
before, we consider the element 6 — %N. Let © = X =1 Tpop € Rp. Note

that ~
z0 € R, < 26 € R).
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Now
20 = 1/p"Y¥ar..0¢;
and hence

zf € R, <=Yaz,. =0 mod p" V ¢ such that(c,p) =1
a
<—Yar, =0 mod p".

We use this condition to see that (z — b)f € R, for exactly one integer b
mod p"™ and that

[Ry0:R,ONR,|=p".

Since (152)N =0, and R;é = 0, we see that

and )
RpeﬂR;:R;HHR; ngemR;:I;.

Further, R,0N R, C R7ON R, . For, if 26 € R, then 26 = [(1 - J)/2]z0 €
R, 0. Therefore I, = R;60 N R, and this implies that

(R, 0:1,]=p"
As before, we consider
A R, = R,
T — p"lx,

and we have

[R, :p"R, 0] =p—part of det A
=p —part of pt2)I€ ] B¢
X odd
=pIGI(1/p™)(p — part of h™),
As [R;0:p"R; 0] = p(2IGl we have
(R, :I,]=p—part of h™.
U

This completes the proof of Theorem 3 and hence also of Theorem 1.
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We will now prove a Reflection theorem due to Leopoldt; we begin by
setting up notation.
Notation and background: p an odd prime, L/K is a Galois extension
with Gal(L/K) = G. We shall assume that ¢, € L.
For any abelian group Y, Y? and Y, will denote respectively the image and
kernel of multiplication by p in Y. We let p-rank Y = dimg, Y/YP.

Let L’ be the maximal unramified abelian p-extension of L such that
Gal(L'/L) is isomorphic to Z/pZ x --- x Z/pZ. This extension is in fact
Galois over K, by virtue of its maximality. Let H = Gal(L’/L); then H is
a normal subgroup of Gal(L'/K) with quotient G. As H is abelian, G acts
on H by inner automorphisms, i.e. if g € G and h € H, the action is given
by

g:h=ghg™
where g € Gal(L'/K) is a lift of g. This action is well-defined as H is
abelian, and thus H has a natural structure as a Z[G]-module.
Let A be the p-Sylow subgroup of the ideal class group of L. The Artin map
defines an isomorphism

H o~ AJAP

which is in fact a G-isomorphism, A/AP being considered as a G-module with
the canonical action. Now as ¢, € L, abelian extensions of L of exponent p
are obtained by extracting p-th roots of elements in L. In particular, L' /L
is a Kummer extension. We let B C L*/(L*)P be the associated Kummer
group i.e.

L' = L{(b'?) | b e B}.

Let W), be the group of p-th roots of unity. There is a pairing

HxB — W,
< h,b > h(bY/P)/b1/P.

This pairing is non-degenerate (i.e. if < h, B >= 1 for some h € H, then
h = 1) and bilinear. It induces an isomorphism of G-modules

(1) B ~ Hom(A/AP, W),)

where the action of G on the group of homomorphisms is the natural one
derived from the action of G on A/AP and W),
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Let b€ B, L(b'/?) C L'. As L(b'/P) is unramified, we must have (b) = I?
for some ideal I of L. We thus have a homomorphism

¢ : B— A,
b— 1.

Note that ¢ is a G-homomorphism. We want to describe Ker ¢.

Suppose ¢(b) = 1, then (b) = (a)P, a € L. Thus b = ea? for

some € € F := units of L. Further, changing b by an element in (L*)?
doesn’t change the ideal class of I, hence we see that

Ker ¢ C (EL*")/L*" ~ E/EP.
The inclusion Ker ¢ C E/EP is again a G-morphism. Thus we have

B~ A/AP(not a G-map)
¢p:B— A, (G-map)
Ker ¢ CE/EP (G-map).

These will be used in the reflection theorem proved below.

What does the reflection theorem say? We let L = Q((,) and A be
the p-Sylow subgroup of the ideal class group of L. The group A is a
Z,|Gal(Q(¢p)/Q)] module and can be decomposed as usual, as A = ATGA™.
One of the consequences of the reflection theorem, which is due to Kummer,
is that

A"T=0= AT =0.

We shall now state and prove the theorem. Recall that A has a direct
sum decomposition corresponding to the idempotents of the group ring

Zp[Gal(Q(Cp)/Q)], VIZ.

Theorem II. With notation as above, suppose i is even, j is odd and i+j =
1 mod (p—1). Then

p-rank €;A < p-rank €;A < 14 p-rank €;A.

Corollary.
p|lht=p|h".

Proof of Corollary. We have A = AT @ A~, and

AAJr = @ EZ’A, Ai = @ 62'14-

1 even i odd
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Suppose p fh~. Then
A” =0.

Theorem II implies that A* = 0, hence p f/h™. O

Proof of Theorem II. . Let G = Gal(Q((,)/Q). There is an isomorphism
H ~ A/AP as G-modules, hence ¢, H ~ €;(A/AP) for all i. Let h € ¢;H; then

ooh =h" Y q € (Z/pZ)*,
where w denotes the Teichmiiller character. Let b € ¢, B. We have

<h,b>9W=< hb>% (as < h,b>P=1 and w(a) = a mod p)
=< h%,b% >
—< p'(@) pta) >
=< h,b>"@ Vg (as heeH, be eyB).

We therefore get that if (¢ + k) #1 mod (p— 1), then < h,b >=1.

Using this along with the fact that the pairing between B = ®¢i B and
H = ®¢;H is non-degenerate (see the discussion preceding (1)), we see that
the induced pairing,

e H x 6jB — Wp

is non-degenerate when ¢ +j = 1 mod (p — 1). Therefore, as H is G-
isomorphic to A/AP, we have
GjB ~ €Z‘H >~ EZ(A/AP>
Similarly, we have
¢:€;B— €;Ay,

and (Ker ¢)Ne;B is isomorphic to a subgroup of €;(£/E?). Grant now the
following statement:

(2)

¢ (EJEP) ~ { ZJ/pZ, j even, j# 0 mod (p—1); or j=1 mod (p—1)

0 otherwise.
This statement follows from an analysis of the units of Q((,). We have
p-rank ¢,A = dim ¢;(A/AP) by definition.

Clearly, p-rank €;A = dim €;(A/AP) = dim ¢;A,. Also,
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Using the statement (2) above, we see that

p-rank(e; A) < 14 p-rank(e;A) if j even and j # 0 mod (p — 1);
p-rank(e;A) < p-rank(e;A) if jodd and j# 1 mod (p—1).

If j=1 mod (p—1), then we find
p-rank egA < 1+ p-rank €, A.

We claim that egA = €1 A = 0. This follows essentially from

Stickelberger’s theorem. Recall that Stickelberger’s theorem implies that
(c—0.)0 annihilates €; A, where 0 is the Stickelberger element, ¢ € Z, (¢,p) =
1. On the other hand, one can show that

ei(c—0.)0 = (c— wi(c))BLw-i €,

and deduce that (¢ — w’(c))B; i annihilates ¢;A. For ¢ = 0, this implies
that (¢ — 1)/2 annihilates A, and so Ag = 0. For i = 1, take ¢ = 1+ p, We
have

(c—w(c))By -1 = pBy -1 = 22;%aw71a =p—1#%0 mod p.
But €A is a p-group and (¢ — w(c))By -1 annihilates €; A implies that
A7 = 0, hence the claim. Therefore Theorem II is proved. [
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Fermat’s last theorem for regular primes

DINESH S. THAKUR

The so-called Fermat’s last theorem (FLT for short) that ‘there are no
integral solutions to z™ + y™ = 2", with n > 2 and xyz # 0 (a non-triviality
condition)’ is now proved by Wiles. The proof is outside the scope of this
summer school, though we will sketch some ideas in the later lectures.

Now we will prove the so-called ‘regular prime case’ of FLT, following
Kummer in essence, but connecting with later ideas and simplifications by
other mathematicians.

It may be advisable to first learn the proof for n = 3 from Hardy and
Wright or from Ireland-Rosen pp. 285-286, which prove even stronger result,
using only the basics of quadratic fields that we have seen.

Since FLT for the exponent n implies FLT for multiples of n and since
we proved it for n = 4, it is enough to prove FLT for n = p an odd prime.
The basic strategy is the same as before: try to get an infinite descent and
thus a contradiction starting with an assumed non-trivial solution. We have
a factorization 2P = [](z + C;;y) and we try to conclude that each factor
(apart from GCD) is a p-th power. This conclusion is justified in the case of
unique factorization domains. But since we only have unique factorization
in ideals in general, we can conclude that each factor is a p-th power of an
ideal, which can be further assumed to be principal, if p does not divide h,
the class number of Q((p). Such a (odd) prime is called a regular prime. But
we want more. If a principal ideal is known to be a p-th power, its generator
is of the form uaP, for some unit u and we would like to know when w itself
can be concluded to be a p-th power. Since (3 ai(l)P = Y af ((R)' = Y a;
modulo p, we know that the p-th powers are congruent to rational integers
modulo p.

Kummer’s lemma: If p is a regular prime and u is a unit of Z[(,] con-
gruent to a rational integer modulo p, then u is a p-th power.

This is the hard part of the proof. This and characterization of regularity
in terms of divisibility properties of Bernoulli numbers (essentially the special
zeta values) are the great achievements of Kummer regarding the theorem.
We will first prove FLT for regular p, assuming the Kummer lemma and
then prove the Kummer’s lemma.

What do we know about the regular primes? There are only three irreg-
ular primes less than hundred: 37, 59 and 67. Numerical data and heuristics
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(see Washington) suggest that approximately 61 % of the primes are regular,
but it is not even proved that there are infinitely many. On the other hand, it
is known that (see Katre’s article) there are infinitely many irregular primes!

FLT for regular primes. If p is a regular prime, then P + y? = 2P has
no non-trivial integral solutions.

In fact, there are no non-trivial solutions, even in Z[(p], but we will not
prove this.

From what we have seen earlier, we might want to try to show there are
no local solutions. But indeed there are local and global solutions, namely
the trivial ones. So the next natural try is to see whether there are any local
non-trivial solutions or even non-trivial solutions modulo a prime. If we look
at the prime p itself, this leads naturally the so-called first case: p does not
divide zyz. Indeed, zP + y? = zP has no non-trivial solutions modulo 9, if
p = 3 and modulo 25, if p = 5. So the first case for p = 3 and p = 5 follows.
For p = 7, there is even a 7-adic non-trivial solution (exercise). So we follow
a different path. If p divides xyz, it is called the second case and then we
need Kummer’s lemma, which we do not need for the first case.

It should be noted though that (i) Terjanian gave a short, elementary
proof of the first case for exponent 2p instead, (ii) Sophie Germain gave an
elementary proof of the first case, for odd prime p such that 2p + 1 is also a
prime, and combining her ideas with sieve techniques, it was proved by Adle-
man, Heath-Brown and Fouvry that the first case holds for infinitely many
primes p, (iii) Eichler proved the first case, under much weaker hypothesis
that plvP)=2 does not divide h. There are even some easy, non-trivial condi-
tions, for which no counter-example is known and under which the first case
is proved. For these and more results, see Ribenboim’s book on FLT.

Proof for the first case: For the rest of the chapter, let p be a prime
greater than 3, ¢ := (¢, K := Q((), O := Z[(], h be the class number of O
and A :=1-(.

Suppose zP 4+ y? = 2P, with x, y and z relatively prime (without loss
of generality, as we can just take out the common factors: note that if z,
y , 2 were to be cyclotomic integers, we can not do this, as there may be
non-principal ideal common factor) and with p not dividing zyz. We want
to get a contradiction.

If x = y = —z modulo p, then —22P = 2P modulo p which is a contra-
diction, since p > 3. Hence, changing signs and labelling of x, y and z if
necessary, we can assume that z # y modulo p. We have 27 = [[(z + ('y).

Lemma 1: Ideals (z + ('y) are relatively prime: Otherwise a prime
divides two of them. By eliminating x, we see that g divides A or y, whereas
eliminating y, we see that p divides A or . So p = A. But then z + y =
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x + C'y = 0 modulo A, hence 2P = z + y = 0 modulo A, which leads to the
contradiction p divides z.

So by the unique factorization of ideals, each factor is a p-th power of
an ideal which is principal by regularity. Hence z + 'y = e;al, where ¢€; are
units and «; € O.

Lemma 2: Any unit € of O is a power of ¢ times a real unit: Since €/€
is an algebraic integer with all its absolute values 1, it is a root of unity, so
can be written as +¢?". If the sign is positive, ("¢ is invariant under the
complex conjugation and is thus real and we are done. Now we have modulo
A, € =Y a;(* =3 a; = €, whereas the negative sign would lead to € = —¢, a
contradiction. (Note that the first half of the argument is a special case of
what we have seen before in much more general situation).

So, since a p-th power is congruent to a rational integer modulo p, we get
x4+ Cy = ("ega? = ("e1a modulo p, with rational integer a and a real unit
1. Conjugation gives z + ¢!y = (""e1a modulo p. Hence (" (z + (y) =
"(x + ¢ ly) de, 2+ Cy — x — ¢ ly = 0 modulo p. If the ¢ powers
occurring here are distinct, then since they form a part of a basis, we get
p divides x and y, which is a contradiction. Otherwise, we break into the
following cases, each leading to an easy contradiction listed: (i) 1 = ¢,
then p divides y, (i) 1 = ¢*>*~1, then p divides  —y and (iii) ¢ = ¢*>"~!, then
p divides x. This finishes the proof of the first case.

Proof of the second case: Suppose there is a second case non-trivial solu-
tion, then taking out the common A factors, if any, we have aP+ (P = edP AP,
with m least positive such, «, 3,7 € O not divisible by A and € a unit. Writ-
ing o? + P = [[(a + (') we analyze the GCD:

Lemma 3: Changing 3 by ('(3 if necessary, we have a+3 = )\p(mfl)HI’Jg
and o + ¢*3 = XI'JY, where I' = (o, 3), J; are pairwise prime and not
multiples of A and m > 1.

Assuming this for now, we have (o + ¢*3)/(a + ) = AP~ (. / Jo)?,
so again by regularity assumption on p, we know that Ji/Jy is principal
generated by ui/ng say, with ur € O and ni € Z both not divisible by
A. Hence (a + ¢*8)A(m=1) = ¢ (a + B)(ur/nx)P. Subtracting the resulting
equation for k = 2 from (1 + () times the equation resulting for k = 1,
we get C(a+ AP = (a + B)[(p1/m1)Per (14 ) — (na/n2)Pes] implying
(m1n2)? = (e2(pan1)?) /(e1(1+ ¢)) = AP D (n1ng)P¢ /(e (14 Q).

Now 1+ ¢ = (1 —¢?)/(1 — () is a unit. Hence we get an equation of
the form of + €67 = ’6PAP(m=1) | with oy and B; not multiples of A. This
would contradict the minimality of m above, if we can show that the unit
¢’ is a p-th power. This we do using Kummer’s lemma: By Lemma 3, we
have m > 1, so AP divides o + ¢/3. Now (3 = pon; is prime to A, so € is
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a p-th power modulo AP and hence modulo p, so it is congruent to rational
integer modulo p. Kummer lemma then provides the contradiction we need.
This finishes the proof of the Theorem, modulo the proof of Lemma 3 and
Kummer’s lemma, which we now proceed to prove.

Proof of Lemma 3. Since « is not divisible by A, we have o« = a + dA
modulo A2, with a not divisible by p. Let ca = d modulo p.

Then ((‘a—a)/(1-() = —a(1-C(%)/(1—()+d(¢ = —ac+d = 0 modulo
\, i.e., (‘a = a, a rational integer, modulo \2.

So multiplying o and § by appropriate { powers, we can assume that
a = a and B = b modulo \2. Since (p) = (A1), we have o = a? and
BP = b” modulo AP*! = pA?, as the p-th binomial coefficients are divisible
by p. If m were 1, a? + 0P = of + P + pA\PT! = eAP(6P + € 'p)). But if
aP + bP has valuation e at p, then it has valuation e(p — 1) at A, whereas the
right side has valuation p, a contradiction proving m > 1.

Now e6PA"™ = [[(a + ¢*3). So A divides some term of the product, but
the difference in i-th and j-th term is ¢(¢*~7/ — 1) 3 which is divisible by \ to
the exactly first power. Hence A divides each term and only one term, say
one corresponding to jg, can be divisible by higher power of A\. Hence the A
powers are as claimed in the lemma. Now I’ = («, 3) divides each term and
is not divisible by A, so we see that J/ are relatively prime. (If p divides two
of them, then AI'p divides the difference and hence divides A3 and similarly
divides Aa. This implies I'p divides (a, ) = I', a contradiction). Hence,
each is a p-th power, as claimed. This proves lemma 3.

Proof of Kummer’s lemma: First proof: The first proof is the simplest,
assuming the following fact from the class field theory, for the special case
F=K:==Q().

Fact: Given any number field F', its maximal abelian unramified exten-
sion Hp (called the Hilbert class field of F') has degree hp, the class number
of F.

Suppose u is as in the hypothesis, but not a p-th power, then K (u!'/?) is
(a Kummer extension) an abelian extension of degree p of K. We will get
a contradiction to the regularity of p, once we show that this extension is
unramified everywhere:

Without loss of generality, we can assume that v = 1 modulo p (replace
u by uP~! if necessary). We then claim that, in fact, © = 1 modulo \P:
Write u = 1 + kp. Now k is congruent to some rational integer & modulo
A, as its residue field is Z/pZ. Hence u = 1 + kp, a rational integer modulo
AP. But conjugate of u is also congruent to the same integer modulo AP, as
A is its own conjugate. Hence 1 = Norm(u) = (1 + kp)P~! = 1 — kp, which
implies £ = 0 modulo p proving the claim.
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Now let w be a p-th root of w. Then (1 — w)/X is a root of ((Az —
1)P 4+ u) /AP, which is a monic polynomial with algebraic integer coefficients
by the claim above. Hence (1 — w)/\, which generates the same extension
as w, is an algebraic integer. But the other roots are (1 — (*w)/\ and
hence the differences of the roots are (¢* — ¢/)w/\ which are units. Hence
the relative field discriminant is a unit, as it divides the product of these
differences. Hence the extension is everywhere unramified (including at the
infinite places, which are complex, so there is nothing to check there) as
claimed. This finishes the first proof.

See also Washington pp. 80-81 for a couple of variations on this proof.

Kummer’s lemma: Second proof: This proof again uses what we proved
above that if the Kummer’s lemma is false for u, then the Kummer extension
we thus get is everywhere unramified, but rather than using the fact about
Hilbert class field to get a contradiction, we get immediate contradiction by
applying the following theorem to K = Q(¢) and L = K (u'/?).

Hilbert theorem 94: Let K be a number field and let L be its cyclic
extension of degree p, an odd prime and with relative discriminant 1. Then
there is a non-principal ideal J of Ok such that I = JOp is principal.
Further, J? is principal, so that p divides the class number of K.

Proof: We use the following theorem:

Theorem: Let L be a cyclic extension of a number field K of degree p,
an odd prime. Let Gal(L/K) = (¢). Then there is U € O; of relative norm
1 which is not (1 — o)-th power of a unit (in O7).

This says that H'(Gal(L/K),0}) # 0 and follows by easy Herbrand
quotient argument, if you know that technology. We will give a classical proof
(see Hilbert chapter 15) based on construction of a ‘relative units basis’. But
first let us see how it implies the theorem: By Hilbert 90, proved in Narlikar
lectures, (i.e, H'(Gal,L*) = 0), we can write U = o'~7, with o € L*.
Multiplying by suitable rational integer, we can assume that o € O7.

Let I = («). Then I? = (Ua) = I. Consider a prime factor g, if any,
which does not lie in K (i.e., is not inert). If 7 # g, so that p splits, then
the relative norm of p, which is a prime ideal in K divides I. If p7 = g,
then p is ramified, which contradicts the discriminant hypothesis. Hence I
comes from an ideal J of Og.

If J were principal, then o = Uy for some unit U € O} and a3 € Ok.
Now a!'™7 = Ul_a, a contradiction. Finally, JP is the relative norm of I,
so is principal generated by relative norm of «. This finishes the proof of
Hilbert theorem 94 modulo the proof of the Theorem.

Proof of the Theorem: To construct the U we want, we have to get a
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good control on the units with respect to the Galois action. Let ¢; € O,
1<¢<r=rg=ry+ry—1beindependent units. By the Dirichlet theorem,
they form a finite index subgroup of OF. Since our extension is cyclic of
odd degree p, the real primes cannot ramify and we have r;, = p(ry +rq) — 1.
If we choose a unit Uy € O} independent of ¢;, then r + p — 1 units ¢,
U (0 < i < p—1) are independent: Otherwise we have a (non-zero)
polynomial F(o) of degree < p — 2 and with integral coeflicients such that
U1F () € O3, with obvious meaning attached to this exponentiation. Since
(the norm) 1+ o + --- + P! is irreducible of degree p — 1, expressing
the GCD as a linear combination and clearing the denominators, we get
Fg+ 140+ ---+0P1)gy =a € Z — {0}, with some polynomials g; and
g2 with integral coefficients. This would lead to a contradiction Uf* € OF to
the choice of Uy. Similarly, if we choose Uz independent from the previous
list, then Uz"i, 0 < i < p—2 are also independent and so on. Continuing this
way, we get a set of (r 4+ 1)(p — 1) +r = rr independent units consisting of
€;’s and r + 1 blocks of UZ-U].

We can do even better.

Theorem: Units Uy, - -+, U1 € O} exist such that if [[U; = U7,
where U € OF and where € € OF or € € O} with €’ € O%, then p divides
F;(1), for all 4.

Such a system Uj is called a fundamental system of relative units. Note
that p divides F;(1) is equivalent to A dividing F;(¢) or 1 — o dividing F;(o),
since ¢! = 1 modulo \. Let us write [¢] as a short-hand for an arbitrary unit
of K or a unit of L with its p-th power belonging to K.

FI(O')

Proof: We have found a nice subset of units generating a finite index
subgroup of O7. Hence, for large enough p™, [] UiFi(U) [€] cannot be a p™-th
power of a unit, unless all the coefficients of F;(o) (of degree < p — 2) are
divisible by p.

Now (1 —0)? = 1 — oP 4 pg(0o), so that (1 — o)P™-th symbolic power
is actually p"-th power. So let e; be the largest non-negative integer such
that T Ufi(g) [€] = T, with U7 e O3 and without having all F;(¢)
divisible by A, say F1(() is not divisible by A. Next, let ea be the largest
non-negative integer such that [J5" UZE(U) €] = 72(170)62, with F5»(¢) not
divisible by A and so on.

Now suppose there are g;(o) such that [T} U;%[¢] is 1 — o-th power of
a unit, but with not all g;(o) being divisible by 1 — o, say with g being first
such, so that we can drop the first A — 1 terms in the product above without
loosing the property. Raise the two sides to (1 — o)®r-th power, so that it is
now (1 — o) *1th power, so substituting the definitions of U; in terms of
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U;, we get that all the exponents are divisible by p, which is a contradiction
as Uy, has exponent Fy(1)gn(1) not divisible by p. This proves the Theorem.
Now we construct U as claimed: First note that given ny, -+, 42 € O,
there are integers a; not all divisible by p such that [[7;* = 1 (Since any
r 4+ 1 units are dependent by the Dirichlet theorem, we have H{H nfi =1.
Taking out common p factors if any, we have H’{‘H n;* = (¢ (Here we make
a simplifying assumption (2 ¢ K, which is true in our case K = Q((p).
Without it, we need an additional easy induction argument). Similarly,
g” nfi = (b, where without loss of generality p does not divide be. Then
the product of the b-th power of the first combination with —c-th power of
the second is the combination we want).

Now relative norm of ¢ is (P = 1, so by Hilbert 90, ¢ = E'~7, where with-
out loss of generality E is a unit. (Otherwise, put U = ¢). Now (EP)1 =7 =1,
so BEP =: € € O and clearly I ¢ K. Note that by definition of E, its relative
norm is EP = e.

For 1 < i < r +1, let n; be the relative norm of U; and let 1,,2 = €.
Find the integers a; as above and put U := [[U;" E%+2, so that its relative
norm is 1. If it were a 1 — o-th power, by the definition of the fundamental
set, p divides a; for 1 < i < r+ 1. So we can express the norm of U as
1= (IIn; ip E%+2)P implying that the bracketed quantity is ¢® and hence
E%+2 ¢ K. This would give a contradiction F € K, since p does not divide
ar+2. Hence U has the property we want and the Theorem and the second
proof of Kummer’s lemma is complete.

Since the class number is difficult to calculate, Kummer gave an easy
criterion for checking regularity. He proved (1) If p divides ht, the class
number of Q(¢)*, then p divides h~ := h/h™ and (2) The prime p divides
h~ if and only if p divides one of the Bernoulli numbers B; for some even j
between 2 and p— 3. By (1), this condition holds if and only if p is irregular.

For (1), we will see an algebraic proof in Sujatha’s lecture, which is
based on the Spiegelgungsatz or the reflection theorem (see also Washing-
ton 10.2 or Lang) obtained by comparing the class field theory information
with Kummer theory information, giving switch of the parity (sign) of the
characters. A proof involving p-adic class number formula and another proof
(apparently close to Kummer’s original proof) of Kummer’s lemma based on
similar considerations were presented in the workshop and can be found in
Washington 5.6 (pp. 77-81).

For (2), again we have seen an algebraic proof as a corollary to Stickelbeger-
Herbrand theorem in Katre’s lectures. Another way is to note that the units
of K and KT being closely related, the regulators are essentially the same
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so taking the ratio of analytic class number formulas for K and K+, we
get a formula for A~ in terms of special values of L-functions, which are
Bernoulii numbers, as explained in Raghunathan’s lectures. Thus we get
h™ = 2pIl, odd(—B1,x/2) which is congruent to [[(—B;/2j) modulo p,
where j runs through even integers between 2 and p — 3. For details, see
Washington Theorem 4.17.

We end by making some miscellaneous comments: For n = 2, we had a
parametric solution, in fact. This is possible, since the corresponding curve
is of genus zero. Since for n > 2, the equation represents a curve of genus
(n—1)(n —2)/2 > 0, the parametric solutions are impossible. Hard part is
to show that not a single non-trivial solution is possible.

More than 10 years before Wiles, Faltings proved Mordell conjecture that
non-singular curves of genus more than one over a number field can have only
finitely many solutions in a number field. This proves that for each n > 3, the
Fermat equation with the exponent n can have only finitely many solutions
up to scaling (as we have to dehomogenize), but in any number field. So in
some respects, it is a stronger result.

In fact, even before Faltings proved this, Arizona undergraduate Filaseta
noticed that as an easy consequence of Mordell conjecture, given any n,
there is M,, such that Fermat equation for exponent nk with k& > M, has no
non-trivial integral solutions (Exercise: Note that a solution for exponent
nk gives a solution for exponent n). This, coupled with careful counting, led
Heath-Brown and Granville to conclude from Faltings result that for almost
all (i.e., density 1) exponents n, FLT has no non-trivial integral solutions.

My colleague Bill McCallum has given another proof of the second case
of Fermat for regular primes p, by using geometric and p-adic techniques
(so-called Coleman-Chabauty method), which seem to have more potential.
Interestingly, the techniques only imply existence of at most p — 3 primitive
solutions in the first case, the case which is supposed to be easier.

The abc conjecture states that given € > 0, there is C¢ > 0, such that
for any non-zero relatively prime integers a,b,c with a +b = ¢, we have
max(|al, [b], [c]) < Ce(Tpjape p)!*e. This is believed because of analogies with
function fields (See Lang’s Algebra) and is stronger than Mordell conjecture
(this implication was proved by Elkies). It is easy to see that it implies FLT
for large enough n.

Fermat’s false proof?: 1t is well-known that Fermat wrote in the margin
that he had a ‘truly marvelous’ proof, but in public only repeated weaker
claims. So most probably he quickly found a mistake in his original false
argument. Can it be the following infinite descent method attempt (the
method that he was so fond of and used successfully for n = 4)?
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Consider a™ + b"™ = ¢", where n > 3 odd and ¢ # 0 is even. Set x +y =
a", r —y = b". Then (2% — 3?)/(422) = (ab/c*)" =: (z/x)" and we get
(2™ — 42") = 2" — 422" = 2" 1y?, which is a square.

Let d be a GCD of x and z, let 2’ = x/d, 2’ = z/d, so that d"*'a/ (2" —
42'™) and so z'(z'™ — 42'™) are squares. The last two factors are coprime, so
' :p2’ " 4 — q2 and now p2n _ q2 — (pn 4 q)(pn _ Q) — 4"

The GCD of p"+q and p"*—q is 2. Therefore p"+q = 2r™ and p"—q = 25",
so that p™ = r™ + s™ is another solution!

It seems we can apply descent (or even ascent, thanks to Faltings), but
the problem is that the ‘new’ solution is one we started with!

This argument, attributed to Lexell, appears in Euler, Opera Postuma
Math. et Physica (1862), vol. 1, 231-232.

Acknowledgements: I thank Andrew Granville for faxing me a copy
of this argument from Euler dug out by Bombieri. I thank Pavlos Tzermias
for carefully going through the manuscript. We have borrowed from many
books which discuss Fermat for regular primes, e.g., those by Washington,
Edwards, Lang, Landau, Hilbert, Borevich-Shafarevich, Ribenboim. See also
Rosen’s article in ‘Modular forms and Fermat’s last theorem’ volume.
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Reciprocity Laws: Artin-Hilbert

PARVATI SHASTRI

1. Introduction

In this volume, the early reciprocity laws including the quadratic, the
cubic have been presented in Adhikari’s article [1]. Also, in that article we
have seen an exposition on the Eisenstein reciprocity without the use of
class field theory. In the International Congress of Mathematicians, 1900,
Hilbert asked for the most general reciprocity law, (Hilbert’s problem 9)
which would hold in any number field. In order to formulate and prove
such a general reciprocity law, Hilbert introduced the norm residue symbol
known after him as the Hilbert Symbol, in place of the power residue symbol
and proved a reciprocity law for this symbol. From this law, one can derive
all the earlier power reciprocity laws. Later on, Artin introduced a symbol
named after him as the Artin Symbol, and proved a reciprocity law for his
symbol. This is the crux of class field theory, today. In this article, we
shall assume but recall the relevent theorems from class field theory, and
deduce Hilbert’s reciprocity law and show how this would imply the power
reciprocity laws, that you have seen earlier. Further, we will also explicitly
derive the quadratic reciprocity law, without the use of class field theory.
We begin with Kummer Theory.

2. Kummer Theory

Theorem 1 Let K be a field of characteristic 0, and p, C K, be the group of
all nt* roots of unity.! Let A be a subgroup of K* such that K*» ¢ A C K*
and L = K(/A). Then L/K is a Galois extension (in fact, abelian of
exponent n) and there exists a canonical isomorphism 2
A

K xn
Proof: (Sketch) Assume K*/K*" is finite. Let G = Gal(L/K) and let
a € A. Define

— Hom (G(L/K), pin) -

Xa G — pn

IThis result holds also in characteristic p > 0 under the additional hypothesis that,
(charK,n) = 1.

2If K*/K*™ is infinite, then in the case when A/K*™ is also infinite, or equivalently,
L/K is infinite, one needs to take continuous homomorphisms. However, we need to apply
this result in the case when K™ /K™ is finite, and we sketch a proof for this case only.

175
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by
o) = o({/a)
Xa(0) va

We have a homomorphism
6 : A — Hom(G, uy,)

defined by
6(a) = Xa-

It is clear that ker 6 = K**. We claim that 6 is surjective. Let x €
Hom(G, p1p,). Then by Dedekind’s theorem on the linear independence of
characters, the sum Y, cox(0)o™ # 0. Let A € L* be such that b =
Soec x(0)a7 () # 0. For 7 € G, we have,

) = 7(Eseax(0)o™) (M)
= YoecaX(@)(To7H(N)
= X(7) (Coeax(r7 o)) (V)
= x(7)b.

Let a = b". Then a € K™ and we get 0(a) = x. Therefore we get an induced
isomorphism,

Toom = Hom(G, pin)-
Remark 1 The above correspondence gives a bijection between subgroups
A of K* with K*™ C A C K* and abelian extensions of exponent n. (For a
proof of this statement as well as for generalization to infinite extensions, the
reader can refer to [4], Chapter 8, or [3], p.15. See also [2], §4, this volume.)

3. Local Reciprocity Law

Let K be a local field of characteristic 0. By this we mean, a finite
extension of Q,. For any local field K, we fix the following notations.
Ok ring of integers of K
mg the maximal ideal of K
TK a generator for my
Uk group of units of K
k(K) the residue class field Og/mOk.

The following is the main theorem of local class field theory.
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Theorem 2 Let L|K be a finite abelian extension of local fields with Galois
group G(L|K). Let Ny i : L — K denote the norm map. Then there exists
a canonical isomorphism

We will not prove this theorem, but briefly discuss how the isomorphism
is defined. First assume that L|K is unramified. Then r LK can be described
as follows. We know that K* = Ug X (7x ), where (7 ) is the (multiplicative)
cyclic group generated by 7. Since L|K is unramified, Ny, is surjective on
the unit group, that is, Ny x(UL) = Uk. Clearly Ny g (m) = 7", where n =
[L : K. It follows that K*/Np(L*) = (7)/(7"), since K** C Npx(L").
On the other hand, if L|K is unramified, the Galois group G(L|K) is isomor-
phic to the Galois group of the residue classfield extension x(L)|x(K). This
is a finite extension of a finite field. Recall that a finite extension of a finite
field is cyclic and there is a distinguished generator for the Galois group, viz.,
the Frobenius. So there is a unique generator of G(L|K) which corresponds
to the Frobenius. Let us denote this generator by ¢.2 The reciprocity map
Tr|K 1S given by,

ik (¢) = ™ mod Npjg (L")

In the general case, rpk is defined, subject to the following two proper-
ties:

(i) (Functoriality) If L|K and L'| K’ are finite Galois extensions of local fields
with K ¢ K',L C L, then the diagram
G(L|K') S KN e L
Res | | Ny

TLIK

GLIK) ™5 KNyl

is commutative, where Res denotes the restriction map Res(o) = o|L Vo €
G(L'|K").
(ii) If L|K is a finite unramified extension, then rpx is simply the map
Tr1k (¢rkx) = [7], where [7] is the class of 7 mod Ny g (L*).

Let L|K be a totally ramified cyclic extension and ¢ be a generator for
G(L|K). Then one can show that there exists a finite abelian extension X

3¢ is characterized by the property,
¢(z) = z? mod 7 V x € Ok,

where ¢ is the cardinality of x(K).
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of K such that LY|Y is unramified and the restriction of the Frobenius of
LY|% to L is 0. Then rpg(0) = Nyjg(ms). The general case is reduced
to the cyclic case. Also this map is surjective and the kernel of this map is
precisely the commutator subgroup [G, G].

Thus, there is a canonical (i.e., satisfying (i) and (ii) above) isomorphism

r : GILIK)P — K /Ny (L),

In particular, for finite abelian extensions, the Galois group G(L|K) is iso-
morphic to the norm residue group K*/Npx(L*).

4. Local Artin Symbol

Let the notation be as in section 2. Let (x, L|K) be the inverse of the
reciprocity map. By composing it with the natural map K* — Np g (L"),
we get for every a € K*, a symbol which we still denote by (a, L|K) taking
values in G(L|K). This is called the Artin symbol; i.e., the local Artin
symbol is induced by the inverse of the local reciprocity map.

Observe that we have the following simple description of the Artin symbol
in the special cases a = 7w, u where 7 is a parameter and « is a unit in K,
viz.,

(m,L|K) is the Frobenius € G(L|K)

and
(u,L|K) = 1.

5. Hilbert Symbol

We now define the Hilbert Symbol. Let u, be the group of nth roots of
unity. Assume that K is a local field containing p,,. We have, by Kummer

Theory,
K*/K*™ =~ Hom (G(L|K), pin) ,

where L = K(V/K*). (Note that K*/K*" is finite, since K is a local field.)
On the other hand, local reciprocity law gives an isomorphism,

K* /Ny (L) = G(L|K).

Since, K*" C Np g (L*) C K*, it follows that K*" = NpxL*. Hence we get
a pairing,
< s In K*/K*n X K*/K*n — Mn
given by
(a,b)n = xs ((a, L|K)),
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where Yy, is the character associated to b by Kummer Theory, and (a, L|K)
is the local Artin symbol. By the properties of the Artin symbol, it follows
that

(0. 2|K) (V) (a K(VBIK)) (V) )
B b .

By composing it with the natural map K* — K*/K*" we get a pairing

(a,0)n = xs ((a, L|K)) =

(o K* X K" — .

This is called the Hilbert symbol of degree n. In what follows, we will fix an
n, and drop the suffix n.

Remark 2 Tt follows easily by the definition that the Hilbert symbol is non
degenerate in the sense that,

(a,b) =1Vbe K*=ac K™

and
(a,b) =1Vaec K"=be K™

We now recall a few basic properties of the Hilbert symbol, which are
needed in the sequel.

Lemma 1 The Hilbert symbol has the following properties:

(i) (Bimultiplicativity)
(ad’,b) = (a,b).(d’,b), (a,bb') = (a,b).{(a,b) ¥V a,be K*.

(i) 1—-a,a)=1=(a,1—a)Vaec K"
(iii) (a,b!) = (a,b)"! = (a, —a) = 1 = (a, 1).
(iv) (Skew symmetry) (a,b) = (b,a)~'.

Proof: Part (i) follows by definition (easy to check). For proving Parts (ii),
(iii) and (iv), observe that, for a,b € K*, (a,b) = 1 if and only if a is a norm
from K (/D).

We have,

1—a=I] (1-¢va).
i=1

th

where ¢ is a primitive n"" root of unity, i.e., 1 — a is a norm from K({/a).

So (ii) follows.
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Next, by (i) we have, {(a,1).(a,1) = (a,1). Hence {(a,1) = 1. Similarly,
(a,b).(a,b7") = (a,bb™') = (a,1) = 1 Now, observe that —a = =%
Therefore, if we take b = —a, we get (a, —a) = 1. This completes the proof
of Part (iii).

(iv) By (iii) we have, (ab, —ab) = 1. Now use bimultiplicativity and simplify
using (iii) to get (iv).

6. Power Residue Symbol

We now assume that (n, p) = 1 where p is the characteristic of the residue
class field and compute the Hilbert symbols (u,v) and (7, u), where u, v are
units and 7 is a parameter of K. It follows from standard facts of local
theory, that K ({/v) is unramified, and that the norm function is surjective
on the unit group. Therefore (u,v) = 1 V units u,v € K. Also, by the
discussions in Section 4, we know that the parameter corresponds to the
Frobenius under the reciprocity map. Thus

(m, K(Yu)|K) (z) = 2% mod 7 V z € Op,

where L = K({/u). In particular, (m, K (/)| K) (¥/u) = ¥/u? mod 7
= u%w mod 7. So (m,u) = u " mod 7. We define the ntP power

residue symbol, by
U
(;) = <7T, U>

Note that (7, u) is a root of unity in K and is independent of the parameter
chosen.

7. Artin’s Reciprocity Law

Let K be a number field. Let Vi be the set of all valuations of K
including the archimedian ones. Let L|K be a finite abelian extension of
K. For every valuation v € Vi, fix a valuation w of L, which extends
v. Note that the archimedian completions of K, are isomorphic to either
R or C. Therfore either L,, £ K, 2 R or C or L,, = C is a quadratic
extension of K, = R, with Galois group isomorphic to Z/2Z. In order
to state Artin’s reciprocity law, we need to define Artin’s symbol at the
archimedian completions also. If L,|K, is quadratic, let ¢ be the nontrivial
automorphism of L,,|K,. We define (a, L |K,) = 1,if a > 0, (a, Ly|K,) = 0
ifa<0. If L, 2 K, we define (a, L,|K,) = 1. With this notation, we have,
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Theorem 3 For any a € K*,

II (a.Lu|Ky)) =14
veVEK
8. Hilbert’s Reciprocity Law

As in the case of Artin symbol, we also need to extend Hilbert’s symbol
at the archimedian completions, in an obvious manner. For a,b € R, define

sgna—1 sgnb—1

(a,b) :==(=1)" =z 2
With this definition, we have

Theorem 4 Let K be a number field, u, C K, and Vi be as in the previous
section. Let a,b € K*. Then

H <a‘7b>v = 17

veVK

where {(a, by, is the n'h Hilbert symbol at the completion K.
Proof: This is immediate from Artin’s reciprocity law. In fact, we have,
Moevie (@ b)e =TT xs (@, Ko(VB))
(I1.(e.K0(¥8))) (Vb)
%
Id(Vb)

Vb
1.

(The last but one equality is by Artin’s reciprocity law.)

9. Power Reciprocity Law

We need to define global power residue symbol, in terms of the local
symbols. Let K be a number field containing u,, as in the previous section.
Let a,b € K. Let (b) = [Ip p™ be the factorization of the principal ideal (b).
Let vp be the valuation on K corresponding to the prime ideal p. We define
the power residue symbol (%) to be the product of the local power residue

symbols; i.e.,
a a
(5)-10),

4Note that this would also mean that all but finitely many terms in this product are
equal to 1.
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This is well defined, since the local power residue symbol is independent of
the parameter chosen.

Theorem 5 Let K be a number field, puy, C K, a,b € K*. Let (a), (), (n)
be relatively prime and let

Voo = {Up :p|(n)}U{v: v is archimedian}.

()= 1L e

VE€Vhoo

Then

Proof: Let us look at Hilbert’s reciprocity law,

H (a,b), = 1.

veVi

Let Vo = {v € Vi : v]labnoo} and Vi = Vg — V. The left hand side can be

written as
H(a,b>vH<a,b>U H (a,b)y H (a,b)y.

v|b vlb v|noo veVy

Now, observe that

H <a'vb>v =1,

veWVy

since each of the symbols is trivial. Also,
b
by =1{—) if
(a,b) (a)v if v|a

(a,b)s = (b, a)-) = (2‘)_1 if v|p.

v

and

Hence the theorem follows.

10. Quadratic Reciprocity Law

In order to derive the quadratic reciprocity law, we need to compute the
Hilbert symbols in the special case, n = 2, K = Q. First assume a, b are odd
positive integers. Then we have,

(5)(8) oo

Here (a, b2 denotes the Hilbert symbol at the dyadic completion Q. Since
a,b are positive, (a,b)oo = 1. So, we only need to compute (a,b)s. Let Ug,
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be the unit group of Q. Note that UQQ/U(Q@2 is generated by {5, —1}.> By
the bimultiplicative and skew symmetric properties of the Hilbert symbol,
it is enough to compute (5, —1)2, (5,—5)2, (—1,—1)2. We have, (5, —1)9 =
(5,5)2 = 1 and (—1,—1)2 = —1. From this it follows that

(5)-(3) = vy,

for a,b € {5,—1}. For arbitrary odd integers, the result follows from the
multiplicativity of these symbols and the fact that for an odd integer a,
a’ =1 mod 4.
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Main Conjecture of Iwasawa Theory

C. S. RajaN

Abstract. 1) Weil conjectures 2) Iwasawa’s theorem on growth of class groups
3) Iwasawa’s construction of p-adic L-functions via Stickelberger elements 4) Main
conjecture.

1. Weil Conjectures

1.1. Zeta and L-functions. We recall the Riemann zeta function

C(s)=>_n"  (Re(s)>1).

n>1

The above series converges absolutely for Re(s) > 1 and defines an analytic
function there. ((s) admits an analytic continuation to the entire complex
plane except for a pole at s = 1. The zeta function and its generalisations
enjoy remarkable analytic properties, which have significant consequences to
arithmetic. One of the outstanding problems concerned with the zeta func-
tion is the Riemann Hypothesis:

Riemann Hypothesis(RH): If p is any zero of ((s) with Re(p) > 0
(such zeros are called the non-trivial zeros of ((s)), then

Re(p) = 1/2.

i.e., all the zeros to the right of the line Re(s) = 0 lie on the line Re(s) = 1/2.

How does one tackle this conjecture? One idea going back to Hilbert
stems from the fact that the eigenvalues of a hermitian (skew-hermitian)
matrix are real (purely imaginary). In other words the eigenvalues of a her-
mitian matrix all lie on a straight line. This leads to the following question:

QUESTION 1.1.1. Is it possible to find a skew-hermitian operator acting
on some space, such that the zeros of {(s+ 1/2) with non-negative real part,
occur as eigenvalues of this operator?

Very little is known about this question. Recently some exciting nu-
merical computations show that the known zeros of the ((s) behave like
the eigenvalues of a random hermitian matrix. See works of Montogomery,
Odlyzko, Katz, Sarnak and others.

The solution to many arithmetical problems lie in the analytic properties
of the zeta function. It seems profitable then to look at analogous situations,
also with a view to throw some light on the Riemann Hypothesis. One
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generalisation is to number fields. The Dedekind zeta function of a number
field K is,

Zi(s) = 3 (Na)™,
a£0
where a runs over the non-zero ideals of the ring of integers Ok of K, and
Na = |Ok/a| is the number of elements in the ring O /a. Zk(s) is defined
as above for Re(s) > 1, and has properties similar to the Riemann zeta
function. The key fact that enables us to define the zeta function is that
for a non-zero ideal a in Ok, Ok /a is a finite ring. It can be shown that
Z i (s) converges absolutely, and hence defines an analytic function in the
half plane, Re(s) > 1.

In order to generalise the definition of the zeta function to a more general
context, it is easier to work with the Euler product expansion of the zeta
function. Recall that for Re(s) > 1, the zeta function can be expressed as a
product,

Zie(s) = [J(1 = (Nm)=) 7,
m

where m runs over the maximal ideals of Og. Here we remark, although it
is not essential for what follows, the fact that the above expression defines
the zeta function is another way of expressing the unique factorisation of
an ideal into a product of prime ideals, generalising the unique factorisation
property of integers.

More generally let fi(x1, -+ ,@4),- -, fr(®1, - ,z,) be polynomials with
integral coeflicients in the ring Z[z1, - - - , z,,]. Let I be the ideal in Z[z1, - - , z]
generated by f1,---, f, and let A be the ring,

A=7Zxy, - ,x,)/1.

The ring A can be thought of as the ring of polynomial functions restricted
to the variety X defined by the common zeros of the polynomials fi,--- , fn,
or equivalently of the common zeros of polynomials in the ideal I:

X:{(alv"'7an)€(cn|f((a1;"'7an))207 VfEI}

It follows from the finite generation of A as an algebra over Z, that the
following are equivalent:

i) m is a maximal ideal of A.

ii) A/m is a finite field.

Let X’ denote the collection of maximal ideals of A. One can define the
zeta function,

Z(X,s)= [ @ - @m)=)~".

meXx’
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Here we assume that I is not the unit ideal. It can be shown that Z (X, s)
converges absolutely in some half plane, and thus defines an analytic function
there.

EXAMPLE 1. Let L/K be a finite Galois extension of number (global)
fields with Galois group G. Let p be a prime ideal of Ok unramified in L,
and let P be a prime ideal of O dividing p. Then the Frobenius element
op is given by,

op(x) = NP (mod P),
where x € Op. For a fixed p, the Frobenius elements op for P| p form a
conjugacy class inside G. Let p be a finite dimensional representation of G
into GL(n,C). The incomplete Artin L-function associated to p is defined
by,

L'(s,p) = Hdet(l — plop)Np~*) "1 Re(s) > 1.
p

Here the product is over the unramified primes of K with respect to L. It
is possible to define the factors at the ramified primes, in order that the
completed L-function has an analytic continuation to the entire plane and
satisfies a suitable functional equation.

In particular, take K = Q, and L = Q({,), where (, is a primitive n
root of unity. Then G ~ (Z/nZ)*. Let x be a character of (Z/nZ)*, a
Dirichlet character. Let

L(s,x) = ] (1—x(@p*) " Re(s)> 1.
(pn)=1

These are the L-functions considered by Dirichlet.

th

1.2. Arithemetical applications. a) Dirichlet’s theorem and Prime
number theorem. The non-vanishing of L(s, x)-functions at s = 1 when x
is a Dirichlet character, imply Dirichlet’s theorem on infinitely many primes
of the form an + b, (a,b) =1, n € N. More generally, the non-vanishing of
L(s,x) on the line Re(s) = 1 for all characters x : (Z/nZ)* — C*, imply for
any a, b, (a,b) =1 that,

1 T
¢(a)log z’
where ¢ is Euler ¢-function. In particular, when we take x to be the trivial
character, we obtain the prime number theorem, viz., that the number of
primes of size at most x, grows asymptotically like x/log = as z — co.

b) Class number formulas. It can be seen that the Dedekind zeta func-
tion Zk(s) has a meromorphic continuation to the entire plane, which is
holomorphic except at s = 1. Let h denote the class number of K, R the
regulator of K, D the absolute value of the discriminant of K, r; the number

#{p<z|p=am+b, for some m} ~ as x — oo,
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of real embeddings of K, 2ry the number of complex embeddings, and w the
number of roots of unity in K. Then the class number formula is,

2M(2m)"
ress—1 Zi(s) = (7r)\/5hR
w

REMARK. The main theme in defining these zeta functions, is the local-
global principle. The various Euler factors encode the arithmetical infor-
mation at the various primes, and global arithmetical consequences arise
from the analytical aspects of the global L-functions. The fact that these
L-functions have suitable analytical properties, can be considered as a vast
generalisation of the classical quadratic and higher reciprocity laws. How-
ever even the analytic properties similar to that enjoyed by ((s) are not
known for these L-functions. Again these analytic properties have remark-
able arithmetical applications. For example, take I to be generated by the
polynomial f(z,y) = y?—23+ax+b, a, b € Z, in the ring Z[x, y]. X defines
an elliptic curve minus the point at infinity. The analytic continuation of
Z(X,s) and related objects have been established by Wiles, and by Ribet’s
theorem imply Fermat’s conjecture. Thus these generalisations seem to be
even more difficult to handle than ((s)!

1.3. Finite fields. However if we assume that the ideal I contains a
prime number, the problem becomes tractable. In this case we are essentially
replacing the base ring Z by a finite field I, consisting of ¢ elements. Again
take I to be an ideal in the polynomial ring Fylzy,- -, 2], and let A =
Fqlz1,- - ,x,]/I be the ring of polynomial functions on the variety X = V(I)
defined by I. As above, we can define the zeta function,

Zx(s)= J] @ = (Nm)=*)"".

meX’

Again this can be shown to make sense.

We will now translate the above definition for the zeta function, into a
form which counts number of common solutions of polynomials in I, over
finite extensions of the base field Fy. To do this, suppose that (ai,--- ,a,) is
a common solution of the polynomials fi,---, f, in some field k containing
F,. Define a ring homomorphism A — k, by sending the generators z; to the
element a;. This prescription allows us to define a bijection between the set
of solutions of f1,---, f, (equivalently the set of common solutions of the
polynomials in the ideal generated by fi,---, f;) in k, and the collection of
ring homomorphisms from A — k.

Let X,, be the set of solutions with values in Fg . Identifying as above
with ring homomorphisms, we see that this is the same as giving a maximal
ideal m € X', and an embedding f of the finite field f : A/m — Fym, which
is identity on the base field F,.
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Being a subset of Fym, X, is finite. Define
U = | Xm|.

Let p; be the number of maximal ideals m in X’ such that the cardinality of
the residue field Nm = ¢'.

EXERCISE 1.3.1. Show that v, = Z”m L.

An alternate expression for the zeta function in terms of the number of
solutions of varieties over finite fields is the following:
v, quS
oz 206,5)= 3

m>1

PROOF. Exercise. Hint: The number of embeddings of F, over F, into

Fym is | = [F, : Fy], where we assume that I|m. O

We can reformulate by substituting ¢ = ¢~°, to obtain a formal power
series
U™

log Z(X,t) = Z

m>1
We now look at some examples.

EXERCISE 1.3.2. 1) X a point. Then v, = 1 for all n, and

n
Z(X,t) =exp Et— = —.
n

n>1

2) Take X to be defined by the zero ideal in the polynomial ring
klz1, -, zm]. Then v, = ¢™" and

q
Z X t - = .
(X,t)=exp | Y - T
n>1
Thus the above product converges absolutely to the right of Re(s) > n.
3) Consider the variety defined by the zero ideal in Z[x1,- - ,2,]. Show
that
X' =U,X),
where p is a rational prime and X]’, denotes the set of maximal ideals in Xz/)
with residue field a finite extension of IF,,. Hence conclude,

Z2(X,s)=[[1-¢") " =¢(s = n).

In particular this shows that the above product defining the zeta function
converges absolutely to the right of Re(s) > n + 1.
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1.4. Affine varieties. Let I be an ideal in the ring k[z1, -+, z,]. To
the ideal I, we can associate the set of solutions X (R) over any k-algebra R,

X(R)={seR|[f(s)=0,Vfel}
={¢: k[z1,--- ,z4]/] — R, ¢ a ring homomorhism}.

We will refer to the functor which assigns to any k-algebra R, the set
of solutions X (R) as the (affine) algebraic variety associated to the ideal I.
For example, one can take I to be the zero ideal in k[z1,- -+ ,z,]. Then the
set of solutions associated to any k-algebra R is R". The algebraic variety
associated to the zero ideal in k[xy,--- ,z,] will be referred to as the affine
n-space AJ over the field k.

Note that if J is an ideal containing I, then there is a natural inclusion
for any k-algebra R, of the set of common solutions of the polynomials in J,
to the corresponding set for I. We will refer to this as the algebraic subsets
of the variety X defined by I. A topology can be defined on the variety X,
by taking algebraic subsets as closed subsets.

REMARK. In particular one can take R = k, an algebraic closure of

the field k. Sometimes we will also refer to X (k) as the algebraic variety

associated to I. However the set X (k) determines the radical
R(I)=A{f€k[zy, - ,x,) | f* €I, for some n}
= {f € k[mlv"' ,.Z’n] | f(a) =0, Va= (ala"' ?an) € X(/;’)},

of the ideal I, and not necessarily the ideal I.

REMARK. The Noether normalization theorem asserts that given a ring
A as above, there is a finite morphism from a suitable polynomial ring on
d generators onto A. d is then the dimension of the corresponding variety.
Using this, it can be shown that the zeta function corresponding to the
variety defined by the solutions of the ideal corresponding to A, converges
absolutely in a suitable half plane.

1.5. Projective varieties. Before going onto further examples, we will
now discuss a bit about projective varieties defined by homogeneous poly-
nomials

fi(zo, - s Tm), -, fr(To, - om).

Since the polynomials are homogeneous, if a = (ag, - ,am) 1S a common
solution of f; in some k-algebra R, then any multiple Aa = (Aag, - - - , Aay,) for
A € R is also a solution. By the solutions in a k-algebra R of the projective
variety defined by f1, -, fr, we mean the equivalence classes of non-zero
solutions, where two solutions are equivalent if they are scalar multiples of
each other.
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REMARK. Let P}* denote the m-dimensional projective space defined by
the zero ideal in k[zg, - -, 2,]. As a set P}" can be identified with the set of
lines passing through the origin. The set of solutions a = (ag,- -+ ,am) # 0
with a; # 0 for some i, can be identified with AJ* (as sets to start with), by
sending (ag, -+ ,am) — (ao/ai, - ,am/a;), with the i** co-ordinate omit-
ted. Given homogeneous polynomials fi,--- , f, as above with degrees re-
spectively di,---d,, then the set of common solutions of fi,--- f, in P}
with a; # 0, corresponds via the above correspondence to the set of common
solutions of the ‘dehomogenized’ polynomials .’Bz-_dj fj(zo,- -+ , &) in the new
variables yo = zo/Ti -+ ,Ym = Tm/2z;. This dehomogenization process is
suitable for studying the local behaviour of a projective variety. Conversely
given a polynomial, for example f(z,y) = y*>—2>—ax—b, the solutions of the
corresponding ‘homogeneous’ polynomial f(z,y,2) = y%z — 23 — azxz® — bz>
in P2, can be taken as the ‘completion’ or the projective analogue of the set
of ‘affine’ solutions of the polynomial f(z,y).

To distinguish from the affine case, we will denote the projective variety
of solutions by X, and by 7, the number of ‘projective’ solutions in Fynt1.
The zeta function Z(X,t) is defined by the formal power series,

log Z(X,t) =)

m>1

Uy t™

ExAMPLE 2. Let P™ denote the m-dimensional projective space defined

by the zero ideal in Fy[zg, - - - , zy]. Then
~ q(m+1)n_ 1 . o
pn=—"-———=1+¢"+---4+¢"", andso
q" =1

ZP"t)=exp((1+¢"+---4+¢™")t"/n)=1/1 = t)(1 —gt)--- (1 — ¢™1).

EXERCISE 1.5.1. Let P} denote the m-dimensional projective space de-
fined by the zero ideal in k[zg,- - , zy]. Show the following:

i) The set of projective solutions of the zero ideal can be identified with
(K {0}) /.

ii) P§ ~ S! as a topological space, (or as a manifold) where S denotes
the circle in the complex plane.

iii) Show that Py ~ S™ /41, obtained by identifying pairs of antipodal
points on the m-sphere. Hence these spaces are all compact.

iv) Show that P(lC can be identified with the Riemann sphere, the one
point compactification of the complex plane. Show that in general P{ are
compact topological spaces.

v) Let A}" denote the affine m-space defined by the zero ideal in
klx1, - ,zm]. Show that the projective m-space admits a decomposition
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(for example, as sets of solutions-disjoint),
—1 0
P=ATUATT - UALL

1.6. Smoothness. Heuristically a variety X of dimension d defined
over the complex numbers, is smooth at a point p € X(C), if locally near
the point p, the set of solutions looks like a ball in C¢. Based on the im-
plicit function theorem, an affine variety X of dimension d, defined by an
ideal T = (f1,--+,fm) C Clx1,--- ,zy] is said to be smooth at a point
a= (a1, - ,an) € X(C) if the matrix of partial derivatives,

Ofi
(G o).
has rank n — d.

Note that this definition is algebraic in character, and can be carried
over to arbitrary fields, and not necessarily the complex numbers. We now
take this as the definition of smoothness for an algebraic variety over k£, in
a neighbourhood of a point a € X (k).

ExaMmpPLE 3. Let X be a variety defined by a single equation f €
klx1, - ,zp]. Then X is smooth at a point @ = (a1, --,a,) € k", if on

Taylor expansion at the point a,

flxy, - zp) = fla) + Z %(a)(mi —a;) + higher degree terms,

at least one 9f/0x;(a) is non-zero.

For projective varieties, the condition of smoothness at a point, can
be defined by dehomoginizing (see Remark above), and working with the
corresponding affine space of solutions. Suppose now that we are considering
the projective variety defined by a single homogeneous polynomial f. It can
be checked that the projective variety X ¢ defined by f is smooth at a point

(ag, -+ ,an), if (ag,- -+ ,a,) is not a solution of the system of equations,
of of
= (2q, e, =0, -, ——(z1, ", = 0.
0x1 (21 Tn) O (1 Tn)
EXAMPLE 4. Let f(xo, - ,2n) = apzd’ + -+ + apzl, (m,p) = 1 and

agp -+ an # 0, where p is the characteristic of the base field. Then it can be
checked that the projective variety defined by f is smooth.

1.7. Weil conjectures. Let X be a smooth, projective variety over a
finite field k& of dimension d.

a) Z(X,t) is a rational function in ¢, i.e., of the form P(t)/Q(t), where
P(t), Q(t) are polynomial functions of ¢ with rational integral coefficients.
It also satisfies a suitable functional equation of the form,

Z(X,1/q%) = £1°¢°Z(X 1),
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where a and 3 are determined by the geometry of X.
b) (Riemann Hypothesis) There is a factorisation of P(t) and Q(t) in the
ring Z[t] as,

P(t) =P (t) ce P2d71(t),

Q(t) = Po(t) -~ Paa(t),
where Py(t) = (1 —t) and Pyy(t) = (1 —q%). There is a factorisation of P;(t)
over C of the form,

b;
Pi(t) = [J(1 - aijt).
J=1

«;; are algebraic integers, and for any embedding ¢ : Q — C, of an algebraic
closure Q of Q, we have for all 4, j the analogue of the Riemann Hypothesis,

|(eij)] = ¢,

c¢) (Topological interpretation for b;) Suppose now that X is a smooth,
projective variety over the integers (or after inverting a few primes), say
defined by homogenous polynomials f;. This amounts to saying that the set
of solutions X (C) of X over C, admits a structure of a smooth, complex
analytic manifold. In particular, the Betti numbers B; are defined, where
Bj is the Z-rank of the cohomology group H’(X(C),Z). For a prime p, it
makes sense to consider the variety modulo p, i.e., the space of solutions
defined by considering the polynomials f; taken modulo modulo p. Then for
any sufficiently large prime p, the conjecture is,

b; = B;.

In other words, the shape or the topology of the variety over C, controls the
growth of the number of solutions of the equations defining the variety over
various finite fields.

EXAMPLE 5. Suppose X is a smooth, projective curve defined over a
finite field (analogous to that of number fields). For example, X can be the
space of homogenous solutions in P? of a homogeneous polynomial f(x,, z)
in three variable of degree d, satisfying the smoothness condition:

there are no common solutions of the system of equations

of  of 0 of

or oy O 0z
In this case it can be seen that By = B, = 1 and By = (d—1)(d—2). Further
Pi(X,s) =[[(1 — a1;47°). Hence to say that the absolute values of aq; be
V/q is equivalent to saying that the zeros of P lie on the line Re(s) = 1/2.
This is analogous to the usual Riemann Hypothesis for the Dedekind zeta
function.

0.
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1.8. Frobenius and Weil cohomology. Let F, : A™ — A" be the
Frobenius map sending,

(a1, an) — (a(f,~~~ .ah).
Then X, is the set of fixed points of Fj" in FZ which lie in the variety X.
Now recall the Lefschetz fixed point theorem in topology: suppose f: X —
X is a continuous self map of a topological manifold of dimension d, with

isolated fixed points. Then the number of fixed points v(f) is given by the

expression,
d

v(f) = S (-1 T(f | Hi(X,Z)).
i=0
In view of ¢) of the Weil conjectures stated above, Weil was inspired to
conjecture the existence of a suitable cohomology theory for varieties de-
fined over abstract fields and finite fields in particular having the following
properties:
e The analogue of the Lefschetz fixed point theorem for the Frobenius
morphism should be true. Since we are counting the number of
fixed points, this forces the cohomology groups to have values in a
characteristic zero ring, which we can assume to be a characteristic
zero field L. Then we should have,
2d
v(X) = S (—1)Te(F" | HI(X, L),
i=0
where F™ denotes the corresponding action of the Frobenius acting
on HY(X, L). From this it follows (exercise)
2d
Z(X,t) = [[det(@ —tF | H'(X, L))"
i=0
e The cohomology groups should have the correct Betti numbers.
This means the following: Suppose X (C) is the set of projective
solutions of a system of homogeneous polynomial equations with
integral coefficients. Assume that the corresponding space X (C)
is smooth as a topological manifold. Note that it will be a com-
pact manifold, being a closed, subspace of the (compact) projective
space. Since the equations have integral coefficients, it makes sense
to consider the equations modulo a prime p, and to consider the
corresponding projective variety of solutions Xj,. Then for large
enough p, the dimension of the Hi(Xp, L), should be the ith Betti
number of the manifold X (C).
e The duality for the zeta function should correspond to Poincare
duality for the cohomology theory.
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After initial efforts of Serre, such a cohomology theory was developed by
Grothendieck and Artin. Grothendieck proved the Weil conjectures except
for the Riemann Hypothesis, as a corollary of the cohomological machinery
he had developed. Notice that this answers one of the initial hopes we
had about the Riemann Zeta function- that of expressing the zeros of the
zeta function as the eigenvalues of the Frobenius operator acting on the
cohomology groups! The Riemann Hypothesis was proved by Deligne.

1.9. Modular forms. Consider the Ramanujan 7 function defined for-
mally by,

Y orn)gt =q ] —g)*
n=1 n=1

The corresponding Dirichlet series,

ZT(’R)’H,_S — H(l _ T(p)p—s _|_p11—25)—17

p

defined for Re(s) large enough, admits analytic properties similar to the
zeta function above- analytic continuation to the entire plane, is entire, and
satisfies a functional equation. Ramanujan conjectured,

Im(p)| < 2p"/2.

This conjecture was shown to be true by Deligne, as a consequence of the
WEeil conjectures. We have thus profited by searching for analogies of the
Riemann Hypothesis!

Standard estimates for modular forms give the inequality, 7(n) = O(n%).
This was later refined by Rankin and Selberg, who provided the estimate
7(n) = O(n57°).

Rankin’s idea was to consider the Dirichlet series Y, |7(n)[>n™%, the
‘convolution’ of the above series for 7(n) with itself, and to show that this
Dirichlet series has suitable analytic properties. The germ of the idea to
prove the Riemann Hypothesis, lies in adapting the Rankin-Selberg method
to varieties defined over finite fields, and utilise the cohomological machinery
developed by Grothendieck-roughly this amounts to relating Artin type L-
functions on a n-fold product of the curve X" for a curve X, to similar
L-functions on curves. The starting point for the induction is the analogue
of the prime number theorem, equivalent to providing a non-vanishing region
for the L-functions.

1.10. Curves, Picard varieties and class groups. We now try to
examine some algebraic ways of defining cohomology groups in the context
of curves. It is this example which has served as a prime motivation for
much of Iwasawa theory.
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Let E be an elliptic curve defined over C, i.e., a smooth, projective curve
of genus 1 with a distinguished base point serving as the origin of a group
law on the curve. E can also be explicitly given by a Weirstrass equation of
the form

v’z = 42® + axz® +b2°, a,b € C,
in P?C, where the polynomial 423 + azx + b has distinct roots in C. Here the
origin is given by the point at infinity (0,1,0) € P%. Complex analytically
E is isomorphic to the complex analytic manifold C/L, where L is a lattice
in C, i.e., a closed, discrete subgroup of C of rank 2 over Z. Let Pr(z) be
the Weierstrass P-function associated to the lattice L,

= 3 (o)

The corresponding Weierstrass equation as given above is the projective
equivalent of the well-known identity

PL(2)” = 4PL(2)° — ga(L)PL(2) — go(L),
where Pr(z) = >, o —2/(z — w)3, and g4(L) = 602w€L\0 1/wt, g6 =
140 EwEL\O 1/wb.

The fundamental group m1(E,0) can be identified with the lattice L.
Since L is commutative, the first homology group of H1(E,Z) can again be
identified with L. Given a finite covering C/L’ — C/L, where L' D L is a
lattice in C, there exists an integer n such that nL C L' ¢ L (C/L’ is an
algebraic object and is in fact again an elliptic curve). Thus the collection
of covers given by the multiplication by n map, n; : C/L — C/L is co-
final in the collection of (algebraic) coverings of the curve E. The profinite
completion 71 (E) of the fundamental group (analogous to the definition of
the Galois group for an infinite Galois extension), can thus be identified with
the profinite limit of

m(F) ~ lilnL/nL ~ liin(Z/nZ)Q7

where L/nL can be identified with the Galois group of the covering map n :
C/L — C/L. Since (C/L)/Ker n;, ~ C/L, we have a natural identification,

1 (F) ~ lianer nr.

The key point to be observed in the above isomorphism, is that the left hand
side is defined topologically as the profinite completion of the fundamental
group, whereas the right hand side can be interpreted algebraically as the
inverse limit over n of the n-division points Ej,) on E. We can thus take
the right hand side as a substitute for the first homology of an elliptic curve,
defined over an arbitrary field k. To make a suitable theory, and in order to
have values in a characteristic zero field, one should fix a prime [ coprime to
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the characteristic of k, and consider lim. Ejm) as a substitute for the first
homology.

For curves C' of higher genus, we have the Jacobian variety J(C),
which complex analytically can be identified with H'(X,R)/H'(X,Z), with
H'(X,R) equipped with an almost complex structure coming from the com-
plex structure on X. We can again imitate the same construction, provided
there is an algebraic interpretation of the Jacobian of a curve. Such a con-
struction is obtained by constructing the Picard group of a curve. We will
now tabulate some of the well known analogies between number fields and
algebraic curves:

NUMBER FIELDS CURVES

number meromorphic function
non-zero prime ideal p Point P
valuation corresponding to p order of zero at P

(2

ideal a = prl divisor D = Z a;P;
; ,
principal ideal (a) = H pi divisor of a meromorphic function
i

(f) = Z ordp, (f)F;

ideal class group Picard group=divisors of degree

zero modulo principal divisors

In analogy with the Picard group of a curve, one is led to considering
the ideal class group of a number field. If X is a curve defined over FFg,
then the group of divisors made up of points on the curve over IF, modulo
principal rational divisors is finite. The relevant Picard group is obtained by
considering these rational Picard groups over all the finite extensions Fgn,
or equivalently that of the Picard group of the curve over Fq.

2. Diagonal Fermat hypersurfaces

We will now verify part of the Weil conjectures for the zeta function of
a diagonal Fermat hypersurface of the form

f(xo’,xm):x§+mfrl

This example was worked out by Weil. The idea behind the proof is to count
the number of solutions using character sums. The rationality of the zeta
function then amounts the Davenport-Hasse theorem relating Gauss sums
over extension fields. The Riemann Hypothesis comes from the fact that the
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absolute values of a Gauss sum G(x) is /g, for a non-trivial character x of
o Fix ¢ a power of a prime p and let ks = Fgs. Assume that n|(qg — 1).
Consider the projective variety defined by the homogeneous equation
f(xo, - @) =ag+---+a7 =0
in projective r-space P". Let
Ny =#{(ao,-- ,a,) € (K"N\0) /K] | af + -~ + a) = 0}

be the set of projective solutions of f in P} . We first concentrate on a single
field, say k = kg, and count the number of solutions over k. Let

N:#{(GO,"' ’QT) €k§+1 |a8+"'+af :0}
be the number of affine solutions. Then
N -1

N = )
q—1

For each u € k, let
N(u) =#{z €k | 2" =u}.

We will indicate the steps involved in calculation N.
Step 1: Expressing N as a character sum.

i) For each u € k, let
1 ifu=0,
(2.0.1) Nu)=#{z €k|z"=u}=(¢d ifuisanth power,
0

otherwise.

Then N = Z N(up)--- N(uy),
u|L(u)=0

where L(u) = ug+ -+ + uy-.
ii) Choose a generator w of k* (a primitive root), and for

1 -1
n n

_ e27'ria.

define xo(w) =

Extend to 0, by defining

(2.02) Yal0) = {1 o =0
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(2.0.3) Then N(u) = Y  xa(u),
a€es

(2.0.4) and so N = Z Xao (10) - * Xa (Ur).
{ul L(u)=0}

Step 2: Relating N to Jacobi sums.

The contribution from the term corresponding to ag = -+ = «, = 0 is
q" as L(u) = 0.

iii) If there exists 0 < s < r such that «ag,---,as—1 are non-zero, and
as = -+- = a, = 0, then the contribution of the corresponding term is zero.
Hence

(2.0.5) N=q"+ > Xao(u) Xa,(ur).
L(u)=0, o;#0

iv) If up = 0, then contribution is zero. Assume now ug # 0. Write for
1> 1, u; = uev;. Then v; satisfy the equation

Z’Ui =—1.

Now #{u | L(u) = 0,up # 0} = (¢ = D#{v = (vi,---,vp) [ 2w = =1}
Let T ={a = (a1, ,0,) € S" | a; #0, > _ya; = 0}. For a € T, define
ao = —(>i_; a; # 0. Define the Jacobi sum for a € T', as

(2.0.6) Je(a) = Z Xay (V1) Xan (Ur).
Svi=—1

(2.0.7) Then N =q" +(¢—1) > Ji(a).
acT

Step 3: Jacobi and Gauss sums.

v) Having related the number of solutions to Jacobi sums, we now re-
late this to Gauss sums. This would enable us to use the Davenport-Hasse
theorem, relating Gauss sums over extension fields, in order to compute the
zeta function.

Let ¢ : (k,+) — S! be a fixed additive character of the field k. Define
the Gauss sum,

Gl v) = Y x(@)(a).
z€lF,

The Gauss sum is the Fourier transform of the multiplicative character x
with respect to the additive character v, and can be thought of as the
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analogue of the Gamma function. For a € T show that,
1

Jk(a) = 6Gk(xaoad]) T Gk(XOtrvd})v

where g = —(3°7_1 Xau)-
Hint: Can assume that zg # 0. Write z; = xoy;.
vi) Now substitute for k = ks, with the obvious notation. Then,

Ne=(Ne=1D/(¢* =) =147+ "D+ > Ja).
aeTs

Step 4: Properties of Gauss sums.

vii) In order to compute the zeta function, we need to know the behaviour
of Gauss sums by field extensions. The main result that is needed to show
the rationality of the zeta function is the theorem of Davenport-Hasse,

Gs(x 0 Ngyp o Ty) = (—1)* TG (x, ¥)?,

where Ny : ki — ko = k denotes the norm map and T : ks — k is the trace
map. Our assumption that n|(¢ — 1) implies as x runs over the characters of
order n of ki, then x o N, runs over the characters of order n of k}. Hence
we get,

Ts(ao Ny) = (=1)0 Ve 1(a),

with the evident notation.
Step 5. Rationality and the Riemann Hypothesis.

viii) The logarithmic derivative of Z(X,t) becomes

00 r—1
Y N =) %(1 — ")+ (-7 %log(l — (=) J(a)t).
s=1 =0 acT

(=prt
Hence Z(X,t) = a0 11 ey (Og(l - (—l)rlJ(a)t)> .

ix) Riemann Hypothesis follows from the fact,

|GFq(X7 ¢)| = \/a
Step 6. Betti numbers
x) We will leave it to the reader to check that the Betti numbers of the

corresponding complex points of the projective variety are the same as that
indicated by the Weil conjectures.
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3. Growth of class groups along cyclotomic towers

Let us look at some of the aspects of zeta functions of varieties defined
over finite fields, with a view to carry them over to number fields.

1) The first aspect that comes to our mind, is that the Galois group
G(F,/F) of an algebraic closure F, over F, is isomorphic to the profinite
completion 7 =1lim._Z /nZ. A topological generator is given by the Frobenius
automorphism ¢(x) = x? of Fq. This gives a distinguished generator, with
respect to which it is possible to talk about characteristic polynomials. Thus
one type of extensions in number fields we would like to look at are extensions
which are topologically generated by a single element.

2) A second aspect is that [ 4 is generated by roots of unity over the base
field. This property is satisfied by the above example.

3) In analogy with curves over finite fields, the ideal class groups of
number fields can be considered as a substitute for the Picard group. The
analogue of working over the algebraic closure, lies in considering the collec-
tion of the ideal class groups along a tower of compatible cyclic extensions.

EXAMPLE 6. Let p be a prime, and let ¢ =4 if p =2, and ¢ = p if p
is odd. Let d be a positive integer coprime to p. Denote by K, be field
Q(lagpn)- Then Gal(K,,/Ky) ~ Z/p"Z.

The important observation of Iwasawa, is that instead of considering the
full ideal class group, if we consider the p-primary component X, of the ideal
class group of K,,, these patch together to give a module over the group ring
Zp[T'], where T" is the Galois group of (U,Ky)/Ky. The structure theory of
modules over this ring can be worked out, and applying class field theory
provides us with information about the growth of these groups X,.

3.1. Inverse limits. We recall the notion of inverse limits. The reader
who is familiar with inverse limits, can skip this section. We work in a
general category C- for example the category of sets, topological spaces,
groups,...Let (I, <) be a partially ordered set, and an inverse system consists
of the following: a) for each i € I an object X; in C, b) for i < j, a map
¢;j + X; — X;. This satisfies the compatibility condition that for ¢ < j <k,
then ¢jr¢i; = ¢i. Let X be an object equipped with a collection of maps
m + X — X; satisfying the compatibility condition ¢;;m; = m; for pairs
1,7 € 1,1 < j. We say that X is a inverse limit of the of the inverse system
(X5, ¢ij, I) if it satisfies the following universal property:
given a family of maps ; : Z — X, from an object Z in C, satisfying the
compatibility condition ¢;;4; = 15, for ¢ < j, 4,5 € I, then there exists a
unique map ¥ : Z — X, such that ;¥ = ¢; for all ¢ € I. The inverse limit
if it exists, is unique upto a unique isomorphism.
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If C is a full subcategory of the category of sets, then in terms of elements
X can be described as,

X ={(z;) € [[ Xi | ¢ij(x)) = s, fori < j}.

ExAMPLE 7. Let A be a ring with an ideal J. Let the indexing set be
the natural numbers N with the usual order. For m < n, we have natural
ring homomorphisms A/J" — A/J™. The inverse limit A; taken in the
category of rings, is called the J-adic completion of A. For example, take A
to be the integers Z, and J = (p) the ideal generated by a prime number p.
Then the p-adic completion of Z along (p) gives the ring of p-adic integers
Ly,.

Another similar example can be obtained by taking A = Z[T] (or even
Zp|T)), and J to be the ideal (p, T') generated by p and T". Then the comple-
tion gives the ring of formal power series Z,[[T]], with coefficients in Z,. In
this case, it is possible to consider the completion in the category of topo-
logical rings, by equipping the finite ring quotients Z[T]/(p,T)™ with the
discrete topology. The profinite completion Zy[[T]] has the structure of a
compact ring.

EXAMPLE 8. Let L/K be an algebraic extension of fields. Since each
element in L is algebraic over K, L can be written as the union of finite
extension fields M of K. Assume not that L can be written as a union of
finite Galois extensions over K. We will then say that L is Galois over K.
Moreover the Galois group G(L/K) is the projective(inverse) limit of the
finite Galois groups G(M/K), where M is a finite Galois extension of K.
The inverse limit is taken over the indexing set of all finite Galois extensions
M of K, ordered by inclusion. G(L/K) has thus the structure of a profinite
group, and is compact in particular.

Suppose K is a number field, and v a place of K. v is ramified (un-
ramified) if v is ramified in some finite extension (unramified in any finite
extension) M C L of K. A valuation belonging to the place v can be ex-
tended to any finite extension, and thus extended to L. If w is a valuation
on L extending v, then we say that w|v. Define the decomposition group
D,, and inertia group I, at w as,

Dy =1lim D,y and Iy, = lim I 5y
M M

3.2. Our aim now is to prove the following theorem of Iwasawa concern-
ing of growth of ideal class groups along a Z,, tower. Let Ky be a finite exten-
sion of Q, and let K /Ky be a Zj, extension, i.e., I' := Gal(Ko/Ko) =~ Zy.
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Write
Koo = UnZOKn
with Iy, := Gal(K,,/Ko) ~ Z/p"Z.

Denote by v = () a topological generator for I'. ~, is a compatible collec-
tion of generators for the groups I';,.

ExXAMPLE 9. Let p, ¢ and d be as in the example above, and let K,, =
Q(Cagpr)- Write Koo = Up K,,. Then G(K/Ko) ~ Zy,. These extensions will
be referred to as cyclotomic Zp-extensions, and will constitute our primary
examples.

Let X, be the p-Sylow subgroup of the ideal class group of K,,. Write
| Xn| = p°r.
The theorem of Iwasawa is the following;:

THEOREM 3.2.1. Let Koo/Ko be a Z, extension. There exists integers
A>0,u>0,v and a positive ng, such that for n > nyg,

en = Ap" + un + v.

For the proof, let
X =lim_ X,

where the inverse limit is taken with respect to the norm maps N : K,,, —
K,, m > n. We have a compatible action of Gal(K, /Ky) =Ty on X,,,

N(ymzm) = 7(Ym) N (Tm),

where v, € I'),, and r denotes the natural restriction map I';,, — T'),. Hence
we get a continuous action of I on X.

Further since each X, is a p-primary abelian group of order p®», there
is an action of Z, on X (n), via the projection Z, — Z,/p“*Z, — Z/p°"Z.
This action is compatible with the norm maps. Thus we get an action of
Z/p*Z[T',], the group ring of T, with coefficients in Z/p**Z on X,,. Let

A= Zp[I'] = lim n Z/p“ Z[I'y)].

This is a profinite ring. Note that both Z,[I'] are profinite spaces, and thus
carry a topology with respect to which they are compact. It can be checked
that we obtain a continuous action of A on X.

The proof of Iwasawa’s theorem follows from:

1) Structure theory of Z,[I']-modules.

2) Using class field theory to obtain information about the finite layers
X, from X.
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3.3. Application of Class Field Theory. We will begin with 2) first.
First some preliminaries:

LEMMA 3.3.1. a) Let Ko /Ky be a Zy-extension. | a prime of Ko not
dividing p. Then Ko, is unramified at l. In particular there are only finitely
many primes of Ko which ramify in K.

b) At least one prime ramifies.

¢) There is a finite extension K, such that every prime of K, which
ramifies is totally ramified.

We will not present a proof of the lemma, which follows quite easily from
class field theory, but instead will be content upon remarking that for the
cyclotomic Zj,-extension the properties stated in the lemma are seen to be
satisfied.

Henceforth we will assume the following, and it can be seen that the
cyclotomic Zy,-extension satisfy the following:

1) Kp is such that all primes of Ky which ramify in K, are totally
ramified.

2) There is only one prime of K which is totally ramified.

These assumptions imply that there is a unique place of K, lying over
the ramified prime of Ky, and we have an identification of the inertia group
I at this prime with I'.

3.3.1. Hilbert class fields. The main aim is to recover X,, from X. For
this we use class field theory. Recall that the Hilbert class field Hg of K,
is the maximal abelian unramified extension of K. By class field theory,
we know that Hg /K is a finite, abelian extension and there is canonical
identification,

F: C(K)— G(Hk/K),
where C'(K) denotes the class group of K. The identification is obtained by
sending a prime ideal p of K, to the corresponding Frobenius element, and
extending it multiplicatively to the class group. Recall that the Frobenius
element for an abelian extension of number fields L/ K, corresponding to an
unramified prime ideal P of L lying over a prime ideal p of K, is the unique
element F'(p) in G(L/K) satisfying,
(3.3.1) F(p)(x) = 2™? (mod P),
where z is an integral element in L. Since L/K is abelian, F'(p) is indepen-
dent of the choice of P dividing p.

Suppose K is a Galois extension of E, with Galois group I". Let G denote
the Galois group of Hx/E. We have the exact sequence,

(3.3.2) 1-C(K)~GHKg/K)—G—T—1.

We have now two naturally defined actions of I' on C(K). The first action,
is via the interpretation of ' as automorphisms of K, and C(K) in terms
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of fractional ideals in K. Namely, an element v € I, acts on an ideal I of
K, by (v,I) — ~v(I). This descends down to an action of I" on C(K). The
second action is via the exact sequence 3.3.2 above, and the interpretation
of C(K) as G(Hk/K). For v € T, choose a lift to G, denoted again by ~. ~
acts by sending an element x € C(K) to 27 := v~ !z. Via the identification
F:C(K) - G(Hg/K), these two actions are the same:

LEMMA 3.3.2. Let p be an unramified prime ideal of K over E. Then
foryeTl,

YIF(p)y = F(y'p).

PRrROOF. Let = be an algebraic integer in F, and P be a prime ideal in
the ring of integers of F lying over p. We have,

F(p)(ye) = (y2)™  (mod P).
We apply 7! to both sides. Then v~ !P|y~!p, and N(y~1p) = N(p). Hence,
7 FE(p)y(x) =77 (7)) (mod P)
=2z¥7"  (mod 4 1P).

O

Let M,, be the maximal unramified abelian p-extension of K,,. From the
identification of the Galois group with the Hilbert class field as in the above
paragraph, we have the following identification, still denoted by F*:

(3.3.3) F: X, — G(M,/K,).

Let G,, denote the Galois group of M, over K. Since K11 is a ramified
extension of K,, and M, an unramified extension of K, the fields M, and
K41 are linearly disjoint. The extension M, K11 is unramified over K1,
and the Galois group G(My, K, 11/Kp+1) can be identified with G(M,,/Ky,).
There is a natural restriction map r : G(M, Kp4+1/Knt+1) — G(M,,/K,,). We
have,

LEMMA 3.3.3. a) The following diagram is commutative:

F
XnJrl — G(MnJrl/KnJrl)

[ I
F
Xn ——  G(My/Ky)
PRroOOF. Choose a prime ideal P of Oy, ., lying over a prime p of Ok, , .
Assume that p is unramified over K, and divides the prime p of Ok, . Then
the norm from K, to K, of the ideal p is p/, where f is the degree of the
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residue field extensions, satisfying Np = Np/. Let z be an integral element
in M,. The restriction rF(p)(x) satisfies,

rF(p)(z) = 2P (mod P)
i.e., F(p)(z) = Ny (mod P)

O

3.3.2. Let My be the compositum of the fields M,,. My, /K is Galois
with Galois group isomorphic to X. It can be shown that M, is the maximal
unramified p-abelian extension of K. Denote by G the Galois group of M
over Ko,. We have the exact sequence,

(3.3.4) 1-X—-G—-T-—1.

As before, let v denote a topological generator of I'. Note that the element
—1,.—1

v—1 in the Iwasawa algebra acts by sending (y—1) : x — 2771 = vy 1
ProPOSITION 3.3.1. Xy is the group of coinvariants for the I' action on
X, i.e., we have
X/ X7~ Xy ~ G(My/Ky).

More generally for n > 0,
X/X7" L~ X, ~ G(My ) Ky).

Before we prove this proposition, we recall a bit about semi-direct prod-
ucts. Given an exact sequence of groups,

1-X—-G5TI —1,

we say that the exact sequence splits, or that G is a semi-direct product of
I by X, written G = X x I, if there exists a (continuous) section s : I' — G,
such that m o s = idp. This amounts to giving a subgroup H C G, such that
HNX = {1}, and H maps onto I'. The splitting provides an action of T'
on X. It can be checked that the following are equivalent for a semi-direct
product G: i) s(I') is a normal subgroup of G. ii) the induced action of T’
by a splitting section s on X is trivial. iii) G is isomorphic to the direct
product of the groups X x s(I').

LEMMA 3.3.4. The exact sequence 3.3.4 splits.

PRrROOF. Let I denote the inertia group of a prime of My, lying over the
unique prime of Ky ramifying inside K. Since K, is totally ramified over
Ky, I restricted to K is surjective. Further M, is an unramified extension
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of Koo. Hence I N X = 1. This implies that G is the semi-direct product of
I and X. ]

LEMMA 3.3.5. The closure of the commutator group |G, G] is isomorphic
to X7 1,

Proor. Take x € X. Then

7 =577 127 € [G, G
This implies X! C [G, G].
Conversely look at the exact sequence,

1-X/X7'-q/x77 1 =T - 1.

Note that X7~! is a closed normal subgroup of G (why?- because I
normalises, and it is closed since it is the image of the compact group X by
the map v — 1).

By definition, the I which is topologically generated by ~, acts trivially
on the extension. Hence the semi-direct product becomes a product. Hence
G/X7~1is a commutative group. This implies that X7~! 5 [G, G].

O

PrROOF OF PROPOSITION 3.3.1 My is the maximal p-primary abelian
unramified extension of K. Since My is an abelian extension of K, we have
G(Moo/My) C [G,G]. Since My/ Ky is unramified implies that G(Ms /M) C
1.

3.4. Structure theory of modules over the Iwasawa algebra. In
this section, we follow Serre in understanding the structure theory of modules
over the Iwasawa algebra A = Z,[I']. The key point is to identify A with the
power series ring Zy[[T1).

ProprosIiTION 3.4.1.
A~ Zp[[T7).

Note that if we work at the finite level, then we have an obvious isomor-
phism of the group ring

Zp[Tn] = Z,[U]/(UP" — 1),

by sending a generator +y, of I';, to the element U. The problem with this
isomorphism is that the isomorphism is not compatible with the inverse
system formed by Z,[[';,]. In order to build a compatible system, we need
to work with a different generator for the ring Z,[U]/(UP" — 1). Substitute
U=T+ 1. We then have

Zp[ln] = Z,[U]/(UP = 1)

12

Zp[T)/ (L + TP = 1).
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The polynomial h,(T) = (1 + T)?" — 1 is an example of a distinguished
polynomial:

DEFINITION 1. A polynomial of the form T™ + a;T" ! + --- + a, is
distinguished if all the coefficients a; are divisible by p.

LEMMA 3.4.1.
im n Zp[[T]/(hn) = Zp[[T7].

PRrROOF.
hpg1 = 14+ TP — 1= (14T —1+1)P —1
= (hy + 1)’ =1 = 4+ phb™' + - + phy,.
Thus by induction we see that hy,1 is in the ideal (p, T)"+1. O
LEMMA 3.4.2.

Zp[T1)/ (hn) = Zp[T]/(hn) = Zp[T].

PrOOF. The proof of this rests on the Euclidean algorithm for the power
series ring: if f is a distinguished polynomial of degree n, and g € Z,[[T7],
then there exists unique elements ¢ € Z,[[T]] and a polynomial r € Z,[T'] of
degree less than n. O

From the above lemmas, we have a proof of the proposition. (Make a
remark that the h,, are compatible with taking the inverse limit).

REMARK. Note that if we are working over @@, instead of Z,, then we
will not have the above lemma, and the inverse limits of the group rings with
coefficients in @, will not have the nice description in terms of formal power
series as given above.

In terms of the identification of A with Z,[[T"]], we have by Proposition
3.3.1 (iii),

Xp=X/ho(T)X.

In order to use the structure theorem, we need to know that X is finitely
generated as a module over A, and this is provided by the following topolog-
ical version of Nakayama’s lemma. We begin with a topological version of
Nakayama’s lemma, which asserts the finite generation of X as a A-module.

LEMMA 3.4.3. Let O be a local ring with mazimal ideal m. Let V be a
compact topological module over O with respect to the m-adic topology.

i) if mV =V, then V = 0.

it) if O is compact, and V/mV is finitely generated, then V is finitely
generated.

PrOOF. Exercise. O
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Going back to the proof of Iwasawa’s theorem on the growth of class
groups along Z,-extensions, we see that it follows from Nakayama’s lemma,
and the identification of X/hoX ~ Xy, that X is a finitely generated A-
module.

COROLLARY 3.4.1. X is finitely generated as a A-module.

REMARK. Note that this lemma is different from the usual Nakayama
lemma, which assumes a priori that V is finitely generated. Here by imposing
a topological notion, we are able to conclude the finite generation of V', from
the finite generation of the covariants of V' with respect to m.

We state without proof the following structure theorem for finitely gen-
erated modules over Z,[[T]]. For a proof, we refer to Washington’s or Lang’s
book.

THEOREM 3.4.2. Let V' be a finitely generated module over Zy[[T)]. Then
there is morphism

VHAT@HA/(p”i)@HA/(f;n]’)

with finite kernel and cokernel, and where f; are distinguished and irreducible
polynomials.

As a corollary we obtain the following theorem:

THEOREM 3.4.3. There is an injective morphism from X to a A-module
of the form [T, A/(p™) ® T, A/(f]mj) with finite cokernel, and where f; are
distinguished polynomials.

This follows from the fact that if X contains a copy of A, then Xy will be
infinite, contradicting the finiteness of the class number. In order to establish
the growth of class numbers along a Zp-extension, we have to examine the
growth of these modules. Note that

X, = X/X7" 1,
a) V.=A/(p™). Then,
Vi = (Z/p" Z)([TT]/ (hn) = (Z/p™Z)[T]/(T?" = 1).
Thus V,, is a free module of rank p™ over Z/p™Z, and is of cardinality p™".
b) V.= A/(f), f a distinguished polynomial of degree d. We assume

that V,, is finite for all n, an assumption satisfied for the module X in our
situation. Note that since f is distinguished,

f =T (mod p).
Hence there exists ng, such that for n > ng,

n—1

T =0 (mod (f,p)).
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For an element P € A, denote by L(P) the left multiplication by P on V.
Then for n > ny,

n—1

L(T)» =0 (mod p).
It follows that,
L((1+ X)P"") 21 (mod p).

L((1+ X)) = (L((1 4+ X)P" )P =1 (mod p?).
We have,
(14T —1

= {(1+T)" +(1+D* -+ QA+ D)+ TP —1}.
From this it can be seen by induction that for some unit element wu,
(= 1)V = p""u(vp, — 1)V, n > ng > 0.

Since (ypn, — 1)V is of finite index in Zg, it is isomorphic to Zg, and so upto
a constant error term the growth as n varies, is given by dn, where d is the
degree of the distinguished polynomial f. Thus p is the sum of the degrees
of the polynomials ( f]m] ) occurring in the decomposition of the module V.

4. Construction of p-adic L-function via Stickelberger

Let x be a Dirichlet character, and fix a prime p. Our objective in
this section is to outline a construction of the p-adic L-function Ly(s,x)
associated to the character y, following a method of Iwasawa using Stick-
elberger elements. In the last section we saw that the profinite limit X of
the p-primary part of the class group along a Zj,-extension, is upto a finite
cokernel isomorphic to,

X = [Ta/em) e TTA/G)
i i

Essentially this amounts to saying that [, p" [[; f;-nj annihilates X. Recall
that the Stickelberger element for the field K, annihilates the class group.
The question naturally arises about the relationship of the Stickelberger
elements along a Z,-tower of fields, and the annihilator obtained above. The
limit of the Stickelberger elements taken along a Zp,-extension can be seen
to belong to the Iwasawa algebra, and the analytic function associated to
this formal power series turns out to be the p-adic L-function constructed by
Kubota and Leopoldt. Roughly, the Main conjecture of Iwasawa theory says
that these two methods give raise to same element in the Iwasawa algebra
upto a unit, thus expressing the characteristic function of X as a p-adic
L-function, in analogy with the Weil conjectures for curves.
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4.1. Preliminaries. Let @p be an algebraic closure of the field Q,.
The natural valuation | | on Q, extends to a valuation on Q,, which is no
longer discrete. We normalise the valuation by fixing |p| = 1/p. The field
Qp is no longer complete with respect to this valuation. Denote by C, the
completion of Qp with respect to this valuation. The absolute value extends
to Cp, and C,, is complete, algebraically closed. This is the analogue of the
complex numbers. In fact, it can be seen that as abstract fields C, and C
are isomorphic. Fix an embedding of @ into Cp, where C, is an algebraic
closure of the field Q,. With this we can think of Dirichlet characters as
having values in C,. We remark however that the use of C, is more for
convenience, and we could have as well worked with the locally compact
field @,(x), obtained by adjoining the values of .

We recall the definition of the Teichmuller character w defined on Z,.
Let ¢ =pif pis odd, and ¢ = 4 if p = 2. w is the unique character w on Zj
with values in the (p — 1)th roots of unity if p is odd, and values in {£1} if
p = 2, satisfying the following congruence:

w(a)=a (mod p).
It can be seen that w(a) is also equal to lim, ., a?". Define
<a>=w(a) a

Let N be the conductor of y. The generalised Bernoulli numbers are

defined by the series,

N 00

a)te® tn
SN = Bt
eVt —1 n

a=1 n=0
The Dirichlet L-functions associated L(s, x) admit an analytic continuation
to the entire complex plane, and the values at the negative integers are given
by the Bernoulli numbers,

L(l—n,x) = ——2%  n>1.

For any integer k, n > 0, define

B

(4.1.1) Sny (k) = Zx(a)a”.

An important property of the Bernoulli numbers we will need is the following:
LEMMA 4.1.1. In C,,
1 ’X

. 1 .
BTL,X = hmkﬂoopkiNSn:X(pkN) = hmk%wpkiN Z X(a)an.
a=1
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For a proof of this lemma, we refer to Iwasawa’s book. Let ¢ = p if p is
odd, and g = 4 if p = 2. We recall the following theorem:

THEOREM 4.1.1. There ezists a p-adic meromorphic function Ly(s, x)
defined in the domain D = {s € C, | |s| < qp~ VP~V satisfying the follow-
mng:

a) Ly(s,x) is given by
a—1
s—1

Ly(s,x) = + Zan(s 1" an € Qp(x),
n=0

where a_y =1 —1/p if x is the trivial character, and 0 otherwise.

(5) Lyl1 —n.x) = (1 xw ™ (o)) 2"

=(1—xw ()P HLA —n,xw™), n>1.

Further as a p-adic meromorphic function on the domain D, Ly(s,x) is
uniquely characterised by the above properties.

In particular, let x be an odd Dirichlet character, i.e., x(—1) = —1. It
can be seen from properties of Bernoulli numbers, that for n = (mod ¢(q)),
By, = 0. Hence it follows that L,(s,x) is identically 0 if x is an odd
Dirichlet character.

4.2. Write the conductor of x as dp’, (d,p) = 1, for some j > 0. Let
gn = dgp™, n > 0. Let

By the Kronecker-Weber theorem, we see that x can be considered as a
character of the Galois group G(K,,/Q) of the field K,, over Q. We have the
exact sequence,

1 — G(Kn/Ko) = G(Kn/Q) — G(Ko/Q) — 1.
This exact sequence splits giving an idenitification
G(K,/Q) ~ A x Ty,

where A ~ G(Ky/Q) and T',, ~ G(K,,/Ky). Accordingly for a € G(K,,/Q),
let §(a) € A and vy, (a) € Ty, denote respectively the components with respect
to the above decomposition. Note that G(K,/Q) can be identified with
(Z)gnZ)* =~ (Z/qoZ)* X Z/p" L, where g, = mogp", (mo,p) =1,q=pifpis
odd and ¢ =4 if p=2. Then A ~ (Z/qZ)* and T',, ~ Z/p™Z.

Write x = 6 accordingly, where 6 is a character of A and v is a character
of I';,. 6 and v is called a character of the first kind, and v a character of
the second kind. Note that € is an unramified character, and that 1 is a
even character of p-power order. Let Oy be the ring of integers in the field
Qp(0). The main theorem is the following:
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THEOREM 4.2.1. Let x be an even character. There exists formal power
series F(T,0)(if 6 # 1), g(T,0), h(T,0) € Oy[[T]], with

MT,0)=1—(14qy)/(1+T), and

g(T,0)
h(T,0)’

F(T,0) = 0#1.

If0 = 1, we take the above as the definition of f(T,0) formally in the quotient
field of Oy[[T]]. Moreover in the domain D defined above,

Lp(s,x) = f(¥(1+q0) " (1 + g0)* — 1,06).
There are a number of remarks to be made to clarify the above theorem.

REMARK. For z € C,,, define the exponential function,

o n

exp(z) = Z %

n=0

It can be shown that this series converges absolutely in the region |z| <
p~Y/®=1_ Similarly define the logarithm function in the domain {z € C, |
|1 —z| < 1} by the series,

o0
l.n

log,(1 — ) = Z -
n=1

It can be shown that the above definition of log, () can be extended uniquely
to a continuous function on C; such that log,(p) = 0. With this define,

(1+qo)® = exp(slog, (1 + qo)).

REMARK. We have [log, (1 + qo)| = |qo|- Thus for s € D,
(1 +q0)” = 1] = [exp(slog, (1 + qo)| < 1.

Since ¢ of order a power of p, ¥(1 + qo) is of p-power order, and so | (1 +
q0) "' (1+qo)* —1| < 1. Hence on substituting for 7' = 1)(14qo) " (14+qo)* —1,
in a power series with coefficients in Oy, the series converges and defines an
analytic function on D. Moreover the only possible zero for h(T,6) is when
T = qp, equivalently when s = 1 and ¥(1+¢p) = 1. As (1+4qp) is a generator
for T", this implies 1 is trivial, and x is an even character of the first kind.
Ly(s,x) is analytic except at s = 1, where it has a simple pole.



214 C. S. RAJAN

4.3. We will give an outline of the construction of the formal power
series occurring in the theorem. In virtue of Theorem 4.1.1, and the above
remark, it suffices to check that the values at the points s = 1 —n, n a
rational integer satisfy (b) of Theorem 4.1.1.

Let x be an even character, and let x = 6 be the decomposition as
characters of the first and second kind respectively. Let 8* = fw™!. Since )
is an even character, f will be even, and 6* an odd character. Let

Sp={a|0<a<q,(a,q)=1}
Define &,(6), nn(6) € Kp[I'y], elements in the group ring of ', as,

£(0) = —— 3 ab*(@)n(a) !

dn acsy,
and 1,(0) = (1 — (1 + qo)vn(1 + g0) 1)&n(6).

REMARK. Recall that upto a sign, the Stickelberger element 1, of K,
is,
1 _ _
Yy = —— Z ad(a) tyn(a)t.
n a€eSy,

&n(0) is then the projection of the Stickelberger element to the group ring
Ky[Ty] of T, with respect to the idempotent ﬁ SsentF(6) 1oL

PROPOSITION 4.3.1. a) If m > n >0, then £,,(0) — £,(0) and 1, (0) —
1 (0), with respect to the map Ky[I'y,] — Kg[['y], induced by the projection
map from Ty, to T'y,.

b) $1n(0) € OpTy)].

¢) If 0 # 1, then $£,(0) € Op[Ly,].

PrOOF. We outline a proof when p is assumed to be a odd prime.

a) Write a € Sp11 as a =b+iqy, b € S,, 0 <i < p. Denote by &, the

image of &,41 in Ky[T'y], with respect to the projection map I'y11 — Ty,.
Then ~p+1(a) — v,(b) and 6*(a) = 6*(b). We have,

Enl0) = 6a(0) — —— 3 S igut (B)ya(b)

In+1 0<i<pbeES,

= 6(0) = L0 6 )

beSn

(4.3.1)

Let S, ={a|a€S,, a<q,/2}. Since * is odd and v, is even, we get

DB =D 0 O+ Y 0% (gn — b)mlgn — )7
(4.3.2) bes, bes!, besy,
=0.
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b)
1 " _
M(6) = &n(6) + = > (1+ a0)al” (@) (1 + qo)a) ™
n (LESn

Write (1+qp)a =da'+a"q,, 0 <a’ <¢q,. Then w((1+qo)a) = w(a’), O((1+
go)a) = 6(a’) and v, ((1 + go)a) = yn(a'). Further as a ranges over elements
of S, so does a’. Hence it follows,

(4.3.3) N (0) = Z a"0* (a' )y (a’) 7t
a€Sn
c)
1

€n(9) = _i Z ae*(a)'Yn(a)71 + - Z (Qn - a)e*(qn - a)'Yn(qn - a>71-
an acs, an acs,

Since 6*(q, — a) = —0*(a) and v, (¢, — a) = Y, (a), we have,
2 * — * _
Ea(0) === > ab*(@)yla)™" + D 0" (@)ml@)".
an aes!, aes!,

Fix ag coprime to qyg. It can be from the definition of w and of ~,, that

Yn(a) = v, (b) if and only if w(a)~ta = w(b)™'b mod g,. Hence mod g, we

have,

(4.3.4)
Z aw(a) 10(a)yn(a) ™t = aow(ao) 'y (ao) Z 0(a).
a€es;, a€sy,
Yn(a)="n(a0) Yn(a)="n(ao)

Now as a ranges over the indexing set in the above equation, it can be seen
that the projection of a to A ranges over all the elements of A. Since 6 is a
non-principal character, this sum vanishes. (I

Proof of the theorem. A slight extension of the isomorphism of the last
section provides an identification of the group ring Oy[I'] =~ TOy[[T]]. Let u
be a generator of I'. We recall that this identification is obtained by sending
the generator u to 1 4+ 7. Note that in the particular example we had, we
could have taken (1 + ¢p) as an explicit generator for T

Via this identification, the proposition implies the existence of formal
power series f(T,0) (if 0 # 1), g(T,0) € Oy[[T]] as,

(4.3.5) F(T,0) =lim x £,(0),if 0 # 1,
(4.3.6) and g(T,0) = lim_n&n(0),if 6 # 1.

In view of the theorem 4.1.1, we need to understand at the level of group
rings, the effect on substituting 7" = (y (1 + qo)'~™ — 1, where m is a natural
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number. Define for n sufficiently large depending on the conductor of 1 and
for a fixed integer t,

Ghn  O6T'n] — O/ qnOp

such that

t

(@) = Y(a) ™ <a>"t a€Z, (a,q)=1.

For n varying the various maps patch together to give a morphism of Ogy-
algebras ¢; : Op[I'] — Op.

LEMMA 4.3.1. Let & € Oy[T'] correspond to f(T) € Oy[[T]] via the above
isomorphism. Then

67 (&) = F(W(1+ ) (1 + )" = 1).
PROOF. Assume first that f(7) =1+ 7. Then £ = (14 ¢o) and hence,
Ge(V(1+q0)) = (1 +q0) (L +q0) ™" = f(¥(1 +qo) (1 +qo) " = 1).

The lemma now follows for all polynomials and hence for any f. (]

In view of the above remarks, it suffices in order to prove the theorem
to show that for any integer m > 1

9(Gp(L+q0)""™ = 1,6)

Applying ¢;, to both sides of 4.3.3,

Sen(m) =D d"xe41(d)(@)"  (mod q),Op,
where x;11 = xw™'"!. From this it follows that,
(t+1)den(mm) = —(1=x(1+q0) (1+40)") ZXH (mod ¢),Op.

Hence,

(t+ 1)e(m) = —(1 — x(1 + go)(1 + go)+) liminXt+1<a>at+l.

L

It follows from the identification of g(T, 9) with lim ¢¢(n,) that,
hm Z xt+1(a tH.

We break the above sum into two parts, one indexed by a coprime to p, and
the other by p|a, to obtain

FOx(T+q)(1+q0) " —1,0) =

Z Xer1(a)a™ = St xers (@) = Xe1 ()P Skt x4 (@n—1),
a
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with S, , defined as in 4.1.1. It follows from Lemma 4.1.1 upon substituting
m=t+1>1,

By v
FOx+q)(1+90)' ™™ = 1,0) = —(1 - xm(p)pm_l%'

This gives an outline of the proof of the theorem, and for more details we
refer the reader to the books by Iwasawa and Washington.

5. Main conjecture

In analogy with the Weil conjectures, it is natural to ask whether the
characteristic function of the pro p-part of the class group X of a Z, exten-
sion, considered in Section 2, is of zeta type. Note that this characteristic
function is well defined upto a unit in the Iwasawa algebra. We have also
seen, that the Stickelberger elements patch together along a cyclotomic Z,-
extension, and gives rise to a power series, which interpolates the special
values of Dirichlet L-series. The Main conjecture is indeed the expectation
that these two power series should be equal upto a unit in the Iwasawa
algebra.

Let K, = Q({yn+1), and 6 be an odd character of A ~ Gal(Q((p)/Q).
Let X,, denote the Galois group of the maximal abelian p-extension 2, of
K, unramified outside of the prime above p, and X be the profinite limit
X =lim_ ;) Xp. The Iwasawa algebra,

A = Z,[[) = lim Z,[T",] = Z,[T7.

For any character x of A, denote by €, the projector in the group ring Z,[A],

6= g @

dEA
As seen in section 2, there is a map of A-modules,

XX — @ (A" 0)) @ (250/(0,(T.)™)).
with finite cokernel. We denote by,
char(X(x)) = [ ™ & [ [ 9;(T. )™,
i J

the characteristic function of X as a A-module. g(T, x) is well defined only
upto a unit in A.

In the last section we had constructed f(T,x) € A satisfying for any
natural number m > 1,

f("/}(l + QO)71(1 + QO)lim - 1aX) = L(l - m)X) =

nfl) B”yX"-ﬁ" )

—(1 = xw " (p)p "
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We can now state a form of Iwasawa’s main conjecture, which has been
proved by Mazur and Wiles.

THEOREM 5.0.2 (Main conjecture of Iwasawa theory). For all nontrivial
even characters x of A,

char(X(x)) = f(T, x)A.

REFERENCES

(1) Ireland, K. and Rosen, M., A classical introduction to modern num-
ber theory, Graduate Texts in Math., Springer-Verlag.

(2) Iwasawa, K., Lectures on p-adic L-functions, Annals of Math. Stud-
ies 74, Princeton University Press, Princeton.

(3) Lang, S., Cyclotomic fields, Graduate Texts in Math., Springer-
Verlag.

(4) Washington, L.C., Introduction to Cyclotomic Fields, Graduate
Texts in Math., 83, Springer-Verlag.

(5) Weil, A., Number of solutions of equations in finite fields, Collected
Papers I, 399-410.

C. S. Rajan

School of Mathematics

Tata Institute of Fundamental Research
Homi Bhabha Road, Mumbai 400 005, India.
e-mail: rajan@math.tifr.res.in



218



A Brief Introduction to Modular Forms

B. RAMAKRISHNAN

1. Introduction

In this article, a brief introduction to the subject of modular forms is
being given. For most of the statements I have not given the proofs. There
are several good books written on this subject and I have listed some of
them in the references. The interested reader can look at the books for the
details of proofs. I have also given some articles related to the theory of
newforms (which has been presented at the end). I hope that the reader will
have some feeling for the subject from these notes. I would like to thank S.
D. Adhikari and S. A. Katre for a careful reading of the manuscript.

2. Modular Forms over SLy(Z)

Let k be a rational integer and let H denote the Poincaré upper half-
plane, consisting of complex numbers z with positive imaginary part. Let
M>(R) denote the set of all 2 x 2 matrices whose entries lie in the ring R.
The modular group, denoted by SLo(Z) is the group defined as follows.

SLy(Z) = {(2}) € My(Z)|ad — be = 1}
It is a discrete subgroup of
GLE (R) = {(44) € Ma(R)|ad — be > 0} .

GL3 (R) acts on H as follows. For v = (¢Y) € GL (R) and z € H,

_az+b
ez +d
This is called the Mobius transformation. It is an easy exercise to check that
Im(z)
1 =—"
m(72) lcz + d|?

So, if z € H and v € GL3(R), then vz € H. ie., H is preserved by
the M&bius transformation. We also extend the action of v € GL3 (R) to
Q\ {—d/c} by the same rule.

Further, for v = (24) € GL3 (R) we define

—d
y-00=2 andy-(—)=ocx,
Cc C

219



220

So, we have the action of GL3 (R) on H U {oo} UQ.

We first give the formal definition of a modular forms below and the
explanations shall follow the definition.

DEFINITION 2.1. A function f : H — C is said to be a modular function
(resp. form) of weight k for the full modular group SLo(Z), if it satisfies the
following:

(i) f is a meromorphic (resp. analytic) function.
(i) f(25) = (2 + ) f(2), for all (44) € SLy(Z).

(iii) f(z) has the following Fourier expansion.

= Y ame (a= e m >0
(resp. f(z)= Z a(n)q”) .
n=0

A modular form is said to be a cusp form if further a(0) = 0 in (iil) above.
Notation. The set of all modular forms (resp. cusp forms) of weight & for
the group SL2(Z) is denoted by My, (resp. Sk).

The condition (ii) above can be written as:

(cz+d)7*f <Zzz—t§> = f‘kfy(z) = f(z) forally=(2Y) € SLy(Z).

In terms of this new stroke notation, we want the following.

1], 1], 02(2) = £ (2):

In other words, defining j(v,2) = cz 4+ d for v = (2Y) € SLy(Z), we want
the equality

J(ny2,2) = J(,72 2) - (92, 2),
which can easily be verified. The factor j(, z) is called the automorphy fac-
tor. Let us now analyze the condition (iii). Consider the change of variable

2 — eszz =:q.

This takes the Poincaré upper half-plane to the punctured open disk centred
at the origin. We agree to take the point at oo to the origin under this
map. The real line maps onto the boundary of the disk. Since we have the
condition that f is meromorphic on H, under this transformation, f has a
Laurent expansion around the origin, say

F2) =3 bn)g™
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We say that f is meromorphic at co (resp. holomorphic at oo) if b(n) = 0
for n < 0 (resp. for n < 0). Here n < 0 means that only finitely many
coefficients b(n) for n < 0 can be non-zero. So the condition (iii) is equivalent
to saying that f is meromorphic (resp. holomorphic) at co.

Cusps. The points QU {oo} are called the cusps. Let s € Q. Then, s can
be written in the reduced form s = ¢, where ged(a,c) = 1. Now complete
a,c to get the matrix v = (2 Y%)€ SLy(Z). Then it is clear that s = v - co.
But one has a natural equivalence (modulo the group SLy(Z)) among the
cusps, namely, the cusps s; and s are said to be SLs(Z) equivalent if there
exists a matrix v € SLo(Z) satisfying s; = v - s2. From the above remarks.
it is clear that all rational numbers are SLs(Z) equivalent to co. This is the

reason why we have only one Fourier expansion for f.

Fundamental domain. The action of SLy(Z) on ‘H divides H into equiv-
alence classes, called orbits. Selecting one point from each orbit one gets a
fundamental set for SLy(Z). Modifying the concept slightly for having nice
topological properties, one obtains what are called fundamental domains. A
fundamental domain for SLs(Z) is given as follows.

f:{zEH‘|z|21,_71§Re(z)§%}. (1)

The equivalence is defined as usual: two points z; and zy are said to be
SLy(Z)- equivalent, if there exists a matrix v belonging to SLy(Z) which
takes one to the other. The fact that F is a fundamental domain for SLy(Z)
is equivalent to the following:

i) For any z € H, there exists a unique z; belonging to F such that
y ging
z = vz, for some v € SLy(Z).
(ii) No two interior points of F are SLy(Z) equivalent. (If we take

the fundamental domain suitably, one can omit the condition “in-
terior”.)

Let us briefly indicate the proof of the fact that F is a fundamental
domain for SLy(Z). The modular group SLo(Z) contains the following two
special matrices.

61); Tz=z+1 (translation.)

o) Sz=-1/z (inversion.)

For a given point z € H, the idea is to apply the translations 7™ (m € Z to
get a point, say z1, inside the strip —1/2 < Re(z1) < 1/2. If this point 27 is
inside F, then we are through. Otherwise, apply the inversion map S to z;

to get another point 29, which will lie outside the unit circle. The process
is continued till we get a point inside our region F. (It is a fact that this
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process ends after a finite number of steps!) This proof implies an interesting
fact that the modular group SLy(Z) is generated by the two elements T' and
S.

Weight formula. Let f be a complex valued meromorphic function defined
on H. For a point P € H, let vp(f) denote the order of zero of f at P and
Voo (f) denote the least integer n for which a(n) is non-zero in the expansion
(iii) of Definition 2.1. Then we have the following theorem.

THEOREM 2.1. Let f be a non-zero modular function of weight k for the
group SLy(Z). Then

1 1 k
Voo (f) + gv,,(f) T 5v,-(f) T PEH§2(Z) vp(f) = o (2)
P+#i,p

where p = —1/2 +i\/3/2.

The above theorem is proved by integrating the function f’/f along a
specific contour in H and using the residue theorem. We omit the details
here. This theorem has many applications as we shall see in the sequel.

REMARK 2.1. (1) There is no modular form of weight k£ < 0. (This
is clear from the formula (2) as the left hand side is always non-
negative.)

(2) There is no non-zero modular form of odd weight. This will follow
directly using Definition 2.1. Take the matrix v = (' %). By
the condition (i) of Definition 2.1, we must have, (—1)¥f(z) =

f)kv(z) = f(2). If k is odd, it follows that f(z) = 0.

(3) If f is a modular form of weight & = 0, then f € C. Assume that
f # 0 is a modular form of weight 0. Then by weight formula, f
does not vanish on H U {oo}. Put ¢ = veo(f). Then, g = f —c is
a modular form of weight 0 and it vanishes at co (by definition),
This implies that ¢ = 0. Therefore, f = ¢ € C.

(4) Let k = 2. Then all the terms on the left hand side of (2) are
non-negative. So, we must have f = 0.

From the above remark, it follows that the first non-trivial example of
a modular form occurs only when k& > 4. We shall present now an example
of a modular form, which plays an important role in the theory of modular
forms.

Eisenstein series. For k£ > 4, and z € H, put

Giz)= Y (mztn)* 3)

m,nc’
(m,n)#(0,0)
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We will show that G (z) € Mj.

Since k > 4, the series on the right hand side of (3) converges absolutely and
uniformly on any compact subset of H. Therefore G (z) defines a holomor-
phic function on H. Now consider

lim Gi(z) = lim Z (mz+n)~*k

2—100 Z—100
m,n€’
(m,n)#(0,0)

= Z n~ %4 lim Z (mz+n)~*k

nez Z00 m,n€% (4)

n#0 m#0
=2 Z nk

n>1

= 2((k),

where ((s) = >_,,>;n~° is the well known Riemann zeta function. Since
the limit exists, it is clear that Gj(z) has no negative term in its Fourier
expansion and in fact, we have shown that the constant term in the Fourier
expansion is 2¢ (k). This implies that Gy (z) is holomorphic at ico. It remains
to prove that Gi(z) is invariant under SL2(Z) with respect to the stroke

operator ‘k

G T()= X (m(z+1)+n)™

m,ne’
(m,n)#(0,0)

= Y (mz+n)7F (5)
m,n! €L
(m,n')#(0,0)

= Gk (Z)
Next we consider the transformation with respect to S.

G 8 == X (=12 )

m,n€%

(m,n)#(0,0)
= Z (—m +nz)~* (6)
m,ne’
(m,n)#(0,0)
= Gp(2).

(In the last line, we have used the fact that the series converges absolutely.)
Since S and T generate SLs(Z), it follows that Gj(z) is invariant under
SLo(Z) with respect to the stroke operation. We have thus established the
fact that Gg(z) is a modular form of weight k for the group SL2(Z).

Let us now derive the Fourier expansion of Gj(z).
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First let us prove the following lemma which is needed in getting the
Fourier expansion of Gi(z).

LEMMA 2.2.
= (2im)*
where By, denotes the k—th Bernoulli number defined by
X > Bk k
= Z —X
et —1 = k!

PRrROOF. The product formula for sine function is
o0
sinmz =7z H (1 - 22/n2) .
n=1

Taking logarithmic derivative with respect to z,

¢ 1+§j( RN ) (8)
mecotmz = —
z = zZ+mn zZ—n
o0 Z2
i. e. t = 142 —_——.
l.e., mzcotmz + ;22_712

Substituting 2imz = x on the right hand side of the above equation, we get,

:L'2

o
mzcotmz = 1+2;m

- 1+2§1<%>2 <1+ (%)7_1

0 oo om (9)
=1 Z Z( 1)m—1 ( T )
=1+2 — i
n=1m=1 2mn
00 T 2m
+2 3 com) (57)
m=1
On the other hand,
COSTZ o eimE g pmime
mTzCot T = w2 — =Mz
sinmz ez — eI
iy etz 4 . 2wz
=2 g =1 VAt mmm (10)
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Comparing the k-th power of z in (9) and (10), we get the required result.

PROPOSITION 2.3.

Gr(z) = 2¢(k) [1 - %]Z > Uk—l(”)(Z"] :

n>1
In the above, o(n) =3 4, d".

PROOF. As in the proof of the above lemma, we have,

2
wecotmz = imw <1 — 7>
1— eZmz
0 .
— i <1 —9 Z eZz‘n’nz)
n=0
oo
= —im (1+2Zq”> .
n=1

Recalling (8), we have,

1 > 1 1
t = —
meot e Z+Z<z+n+ )

ne1 zZ—nNn
1 > 1 1
_;+n;oo (z—i—n_E)
n#0

Comparing (12) and (13), we have,

z -
n=-—oo n=1
n#0

o i <Zin—%>——m<1+2iqn)-

Differentiating the above (with respect to z) k — 1 times, we get,

o

(k—1)! Z (z+n)F = (2in)* i nk=1gm.
n=1

n=—oo

225
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Using the definition of Gy(z), we have,

Gr(z) = 2¢(k) + 2 i i (mz+n)_k

m=1n=—o0

(2Z7T)k SR k—1_mn .
o2 2 (using (15))

m=1n=1

— 2((k) +2

(

= 2¢(k) — —C(k) nk~1g™" (using Lemma 2.2)

This completes the proof. O

We put .
Ey(z) = mGk(2)~

Then from the above Proposition, the Fourier expansion of Ej (k > 4) can
be written as

Ep(z) =1— 2= or_1(n)q"™. (16)

The Eisenstein series Ej(z) is called the normalised Eisenstein series.

Before we move onto another important example of a modular form (in fact,
a cusp form), we remark about some properties of modular forms.

REMARK 2.2.

(1) If f € My, then \f also belongs to My, for every A € C.

(2) If f,g € My, then f+ g € M.

(3) If f € My, and g € My,, then fg € My, +k,.

(4) If f and g are the same as in the previous case with g # 0, then
f/g is a modular function of weight k1 — k.

(5) The above facts imply that My, is a C -vector space.

Using the weight formula (2), one can arrive at the conclusion that the
C -vector space M}, is one-dimensional for 4 < k£ < 10, and in these cases
Mj, is generated by the Eisenstein series Gy. So, there is no cusp form of
weight & < 10. The first example of a cusp form occurs when k£ = 12.



INTRODUCTION TO MODULAR FORMS 227

An example of a cusp form. Put

A(z) = % (Baz) — Bo(2)?) (17)

Since E3(z) and E2(z) belong to Mia, A(2) is a modular form of weight 12
for SLy(Z). Using the Fourier expansion of Ei(z) given by (16), we get

Ey(2) =1+240 > o3(n)q"
n>1

Eg(2) =1-504> o5(n)q"

n>1
and so, we have
E}(2) =1+720 ¢+ 179280 ¢* + - -
E2(2) =1—1008 ¢ — 220752 ¢* + - - - .

Therefore,
_ 1 3 2
(2) = o5 (Ba(2)? = Bo()?)
_ 1 (1728¢ - 414724 + )
1728 (18)
=Y 7(n)q",
n=1

and hence A(z) is a cusp form of weight 12 for SLy(Z).
In the above, 7(n) is called the Ramanujan’s tau function. As remarked
above, A(z) is the first example of a cusp form. S. Ramanujan is the first
mathematician to notice some nice arithmetical properties of the function
7(n). From the definition it is clear that 7(n) € Z V n.

The first few values of 7(n) are: 7(1) = 1,7(2) = —24,7(3) = 252,
7(4) = —1472, 7(5) = 4830, 7(6) = —6048, 7(7) = —16744, 7(8) = 84480,
7(9) = —113643, 7(10) = —115920, 7(11) = 534612, 7(12) = —370942, - - - .
There is a table of 7(n)’s for n < 1000 given by G. N. Watson. The interested
reader can refer to [12]. There is a remarkable product formula for A(z) (due
to Jacobi), which we shall give below without proof.

A(z) =Y 7(n)g" = q [T (1 = ¢")* = (n(2))*". (19)
n>1 n>1

(In the above, 1(z) is the Dedekind eta-function.) The Ramanujan function
7(n) satisfies the following remarkable congruence:

7(n) = o11(n) (mod 691) for all n > 1. (20)

There are some other congruences involving 7(n). But we shall not go into
the details here.
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REMARK 2.3. The space M}, is a finite dimensional vector space. More-
over, it is generated by the Eisenstein series Ey(z) and Eg(z). That is, given
any modular form f(z) in My, it can be expressed as a linear combination
of F£4 and Eg. More precisely,

f(Z) = Z Cab E4(Z)aE6(Z)bv (21)

0<a,beZ
4a+6b=k

where ¢, € C. Further, one has:
My, = CEy, €P Si. (22)

In fact, multiplication by the discriminant function A(z) gives an isomor-
phism between Mj_15 and Mj. Using this one has the following dimension

formula.
& A
dime M, = { [12} . ff k=2 (mod 12) )
1+ [ﬁ] if k#2 (mod 12)

The modular invariant j(z).
The Klein’s modular invariant is defined as follows:
Ey(z)°  Ea(2)’
Ey(2)? — Eo(2)2  A(2)
Since E4(z)? and A(z) are modular forms of the same weight (weight 12) for
SLo(Z), by Remark 2.2, j(z) is a modular function of weight 0 for SLy(Z).

Since it is a modular function of weight 0 for SLy(Z), from the definition it
follows that j(z) is invariant under SLy(Z). That is

(az+Db : a
(cz—l—d) =j(z) for all (¢Y) € SLy(Z).

(That is why this function is called the modular invariant.) This function
was studied extensively by F. Klein.
By the weight formula, it can be seen that

A(z) #0 for all z € H.
Further, A(z) vanishes only at co. Therefore, by the definition, j(z) is

a holomorphic function on H and it has a simple pole at co. It has the
following Fourier expansion.
j(z) =g '+ 744+ c(n) g™ (25)

n>1

j(z) = 1728 (24)

The coefficients ¢(n)’s are integers. These coefficients also satisfy some nice
congruence properties. Here again, we shall not go into the details. In the
following remark, we shall mention some of the main properties of j(z).
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REMARK 2.4.

1. The modular function j defines a bijection of H/SLy(Z) onto C.
2. The following are equivalent:

(a) fis a modular function of weight 0 for SLs(Z).
(b) fis a quotient of two modular forms of the same weight for SLs(Z).
(c) f is a rational function of j(z).

Hecke theory. In 1916, S. Ramanujan conjectured the following properties
satisfied by the Ramanujan function 7(n).

(i) 7(n) is a multiplicative function. i.e.,
7(mn) = 7(m)7(n) if ged(m,n) = 1. (26)

(ii) |r(p)| < 2p"1/2.

Both of these conjectures have been proved; the first one by L. J. Mordell in
1917 and the second one by P. Deligne in 1973. The proof of conjecture (i)
is the starting point of the theory of Hecke operators. Here, we shall briefly
explain the Hecke theory for modular forms of integral weight.

Put An:{(‘ég) EMQ(Z)’ad—bc:n}. (27)

Now, define an equivalence relation on A, as follows. Two elements 71, 72 of
A, are said to be equivalent (modulo SLy(Z)) if and only if y175 ! € SLa(Z).
It can be easily seen that this is an equivalence relation. So, one has the
following decomposition for A,,:

Ap = UiSLy(Z)vi, (28)

where ~;’s are a finite number of representatives for the equivalence classes.
Define the n-th Hecke operator by

T =n3 30 f| v (7 € M. (29)

(Here f’k (‘CL g)(z) = (ad — bc)k/Q(cz +d)7Ff (%))
In our case, the exact set of representatives v;’s are given as follows:

{hH

a,b,deZsuchthatad:n,0§b<d}. (30)
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When n = p, a prime, and for f € My, one has:

Nn=p" 3 1] (%)

ad=p

o (31)
=p" ) +pt Y f (z ha b> :

0<b<d p

If f(2) = > ,>0ar(n) ¢", then it is easily seen that

FlTp(z) = > b(n) a", (32)
n>0
where
b(n) = as(np) + p*las(n/p)  (n>0). (33)

(Notation: af(m) denotes the m-th Fourier coefficient of f and it is defined
to be zero when m is not an integer.)

From the work of H. Petersson, there is an inner product defined in the
space M. Let f,g € My with f or g a cusp form. Then the Petersson inner
product of f and g is defined by

.9y = [ 1G9 2dedy (2= a+i. (31)

The requirement that f or g to be a cusp form is needed for the conver-
gence of the integral.

The Hecke operators T}, for all primes p are hermitian with respect to
the Petersson scalar product. Further, they form a commuting family of
operators. Therefore, we have the following theorem from linear algebra.

THEOREM 2.4. The vector space Sy has a basis of simultaneous eigen-
forms with respect to all Hecke operators T,,.

REMARK 2.5. Note that the basis constructed in Theorem 2.4 is orthog-
onal.

Further, it can be shown that the Hecke operators satisfy the following com-
muting property in general.

TnTn= Y., d" T e (35)
d| ged(m,n)

Therefore, for a Hecke eigenform (this means an eigenfunction with respect
to all Hecke operators T,,) f € Sk, we have,
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ag(m)as(n) = Z d*Yag(mn/d?). (36)
d| ged(m,n)
Hence, ag(m)as(n) = ag(mn) if ged(m,n) = 1.
Since Si9 is one-dimensional, A(z) is a Hecke eigenform and hence by the
above observation, we get
7(m)7T(n) = 7(mn) if ged(m,n) =1, (37)
which proves the conjecture (i) of Ramanujan mentioned above.
THEOREM 2.5. Let k > 4 and let f = 37, >qar(n)q" € My, be a Hecke

eigenform. Then ay(1) # 0. In other words, the function f can be nor-
malised.

PRrROOF. Since f is a Hecke eigenform, the following is true for all primes
p and for all n > 0:

ag(np) +p"ag(n/p) = Npag(n), (38)
where )\, is the eigenvalue.
If af(1) = 0, then it follows from the above expression that,

a¢(p) =0 for all primes p (39)

which implies that af(n) = 0 for all n > 1.
Therefore, f(2) = af(0) € C. Since k > 4, a¢(0) = 0, and so we have, f =0,
a contradiction. Therefore, as(1) # 0. O

DEFINITION 2.2. A form f € My is said to be normalised, if the leading
term in its Fourier expansion is equal to 1.

REMARK 2.6. We can find an orthogonal basis of Sj consisting of nor-
malised Hecke eigenforms.

THEOREM 2.6. Let f be a normalised Hecke eigenform belonging to Sy.
Then the eigenvalue of f for T}, is af(p). Further, we have

ag(m)as(n) = Z d*lay (mn/d2> (40)
d| gcd(m,n)
if and only if f is a normalised Hecke eigenform in Sj.
Proor. If f is a Hecke eigenform with eigenvalue A, for T},, then we

have

k—1

ar(np) +p" “ar(n/p) = Apag(n) for all n > 0. (41)

Substituting n = 1 in the above and using as(1) = 1, we have A\, = ay(p).
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We shall now prove the second statement. First assume that

ar(m)ay(n) = Z d*ta; (mn/d2> v m,n > 1. (42)
d| ged(m,n)

Taking m = p in the above equation we have,
ay(np) +p"Las(n/p) = ar(p)as(n) Vpn>1
ie.,
f‘Tp =as(p)f  Vp

Since af(1) = 1 (by putting n = 1, m = p), we see that f is a normalised
Hecke eigenform.
Conversely, let f € S; be a normalised Hecke eigenform. Then, we have

1

arp(np) +p*ag(n/p) = ay(p)as(n)  Vp,n>1

ie.,

ap(p") = ap(p)ar(p™) — p"lay ("), n>1
and

ar(np®) = ap(p)ay(np® ') — p"tap(np®?),a > 2,ged(n, p) = 1.

From this we conclude that
ar(m)ar(n) = ar(mn) if ged(m,n)=1.

The general identity can be easily proved and we leave it to the reader to
verify. O

REMARK 2.7. It can be easily seen that
op(m)og(n) = Z d* oy, (mn/dz) .
d| ged(m,n)
To prove this one has to use the following.

k(") = ok (p)or (") —.p’“ak(p"‘l) n>1, (13)
or(mn) = op(m)og(n) if ged(m,n) = 1.

THEOREM 2.7. Let f,g € S be two normalised Hecke eigenforms whose
eigenvalues with respect to the Hecke operators T, are equal. Then f = g.

(Note: The above theorem is often referred to as the “multiplicity 17
theorem.)



INTRODUCTION TO MODULAR FORMS 233

PRrROOF. We have proved that if f is a normalised Hecke eigenform, then
the eigenvalue with respect to the Hecke operator T, is the p-th Fourier
coefficient as(p) of f in the g-expansion. If f and g have the same eigenvalues
for all T}, then we have,

af(p) = ag(p) Vp.
Since ay(1) = a4(1) = 1, we must have,
ag(n) =ag(n) Vn>1

This completes the proof. O

L-functions associated to modular forms. We have the following theo-
rem of Hecke on the estimates for the Fourier coefficients of modular forms.

THEOREM 2.8. (Hecke) Let f € Sy,. Then, we have
af(n) = O(n*'?).
la

(In other words, the quotient 7{,(,(/’;)' remains bounded when n — 00.)

As a consequence, we have the following corollary.

COROLLARY 2.9. If f € My, and f is not a cusp form, then ay(n) =
O(n*1).

REMARK 2.8. The exponent k/2 of the above theorem can be improved.
In fact, the Ramanujan-Petersson conjecture says (Ramanujan for the weight
k = 12 and Petersson for general k) that if f € Sy, is a normalised Hecke
eigenform, then

ar(n) =0 (nk/Qfl/an(n)) .

This implies that af(n) = O(nF/271/2+¢) for every ¢ > 0. As mentioned
before, this conjecture was proved by P. Deligne as a consequences of the
“Weil conjectures” about algebraic varieties over finite fields.

Let f € Mj. Then the Dirichlet series associated to f is defined by

Lg(s) =Y af(n)n~". (44)
n>1
We have seen that a(n) = O(n¥/2)if f is a cusp form and ay(n) = O(nF~1) if
f isnot a cusp form. Therefore, the Dirichlet series defined by (44) converges
absolutely for Re (s) > k/2+ 1 if f is a cusp form and for Re (s) > k if f
is not a cusp form. E. Hecke found a remarkable connection between each
modular form and its associated Dirichlet series.



234 B. RAMAKRISHNAN

THEOREM 2.10. (Hecke) If the Fourier coefficients ay(n) satisfy the mul-
tiplicative property

ag(m)ag(n) = Z dk_laf(mn/dQ), (45)
d| ged(m,n)

then the Dirichlet series L¢(s) has an Euler product expansion of the form
~1
L¢(s) = H (1 —ayf(p)p”® +pk_1_25) , (46)
p

absolutely convergent with the Dirichlet series.

REMARK 2.9. For the Ramanujan’s discriminant function, we have the
Euler product representation as follows.

i rn)n = =] (1 —7(p)p° +p1172s)_1 for Re (s) > 7.
n=1 4

Hecke also deduced the following analytic properties of L¢(s).

THEOREM 2.11. (Hecke) Assume that k > 4. Let Ly(s) be the Dirichlet
series associated to the modular form f € My, which is defined for Re (s) >
k. Then, L¢(s) can be continued analytically beyond the line Re (s) = k with
the following properties.

(i) If af(0) =0, L¢(s) is an analytic function of s.
(ii) If af(0) # 0, L¢(s) is analytic for all s except for a simple pole at
s =k with residue
(=1)*?as(0)(2m)*

I(s)
(ili) The function L¢(s) satisfies the functional equation
(2m)T(s)Ls(s) = (~D)M2@m) T (b= s)Lph—s). (A7)

REMARK 2.10. Hecke also proved a converse to the above theorem. He
proved that every Dirichlet series which satisfies a functional equation of
the type stated in the theorem together with some analytic and growth
conditions necessarily arises from a modular form in Mj.

REMARK 2.11. Let f be a modular form in Mj. Then f is a normalised
Hecke eigenform if and only if the associated Dirichlet series L¢(s) has an
Euler product of the form

Lp(s) =TT (1~ aslo)p +92)
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3. Modular Forms of Higher Level
Let N € N. The subgroup

T(N) = {(24) € SLa(2)

(25)=(59) (mod N)} (48)

of SLy(Z) is called the principal congruence subgroup of level N.
DEFINITION 3.1. A subgroup T' of SLy(Z) is called a congruence sub-
group, if it contains T'(N) for some N. The least N for which T'(N) C T is

called the level of the congruence subgroup.

Examples.

(45)=(51) (mod N)}.  (49)

ﬁ

20

2
i

{(25) € SLa@)| e =0 (mod N)}. (50)

DEFINITION 3.2. A function f: H — C is said to be a modular form
of weight k for To(N) with character x (x is a Dirichlet character modulo

N), if
(i) f is an analytic function.
(i) f(255) = x(d)(cz + d)*f(2), for all (45) € To(N).

(iii) for any v = (2Y) € SLy(Z), the function (cz+d)~*f (‘Clzzjrrg) has a

Fourier expansion of the form

STby(n)gy  (gn =N,
n>0

As before, (iii) is equivalent to saying that f is holomorphic at all cusps
of To(N). Let us elaborate a little bit more. T'o(N) is a subgroup of finite
index in SLy(Z). Let [SLa(Z) : To(N)] = p. Then SLo(Z) can be written
as

SLy(Z) = Ui To(N )i

Then, the set {%oo‘l <i< u} contains the set of inequivalent cusps modulo

To(N). Let s be a cusp belonging to Q. Let 79 € SL2(Z) be such that
Yoo = s. Let f be a function satisfying the condition (ii) stated in the

above definition. Put g = f ‘k’}/(]. Then, it can be checked that g satisfies
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the condition (ii) with respect to the group 75 'To(N)y D T(N) 3 (§4).
Therefore, g(z + N) = g(z). This means that g has a Fourier expansion
oo
9(z) = Y ag(n)qy- (51)
n=—oo
Now, we say that f is meromorphic (resp. holomorphic) at the cusp s, if
ag(n) =0 for n < 0 (resp. for n < 0).

Note. A modular form f defined by Definition 3.2 is said to be a cusp form
if b,(0) = 0 for all v € SLy(Z) in condition (iii). The set of all modular
(resp. cusp) forms of weight k for the group I'o(N) with character y is
denoted as My (N, x) (resp. Si(N,x)). When x is a trivial character, then
the respective spaces are denoted as My(N) and Sg(N).
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Facts.

(a) My(N,x) is a finite dimensional C -vector space.
(b) One has the Petersson inner product defined as follows.

(f.g) = /f Fg@Y2dady (2 =z +iy), (52)

where f,g € Mi(N, x) with f or g a cusp form and Fy is a funda-
mental domain for T'o(N).

(c¢) One has the theory of Hecke operators. In this situation, the Hecke
algebra is generated by the Hecke operators T}, for p /N and U, for
p|N. These operators are defined by

e =3 3 £ (E52) 4 xe) b))

10§b<” z+b (53)
Ao = 5 £(52) o).

0<b<p

Here, unlike before, only the operators T}, for p fN are hermitian
with respect to the Petersson norm and so we have the weaker form
of the corresponding theorem of Hecke.

THEOREM 3.1. (Hecke-Petersson) The space Si(N) has a basis of eigen-
forms with respect to all Hecke operators T), for p fN.

Newform theory. Note that when Nj|Na, I'g(Na) C T'g(Ny) and hence
Sk(N1) C Sk(Nz2). In fact, Sy C Si(N) for all N > 1. The reason for the
Hecke operator U, (p|N), defined on the space Si(IN), not being hermitian
with respect to the Petersson norm is because of this duplication of forms in
higher levels. In order to find a satisfactory theory as in the case of modular
forms with respect to the full modular group SL2(Z), A. O. L. Atkin and
J. Lehner [2] defined a certain subspace of Si(NN) which has the required
nice properties. More precisely, they defined the subspace containing all the
duplicating forms which come from lower levels as

SPUN) == { f(d2)|f € Si(r),rdIN,r # N} (54)

and defined the space S**(N) to be the orthogonal complement of S¢'¢(N)
in Si(N) with respect to the Petersson scalar product. This space S;°*(N)
has all the required nice properties.

THEOREM 3.2. (Atkin-Lehner)

(a) The space Sp®(N) has a basis of simultaneous eigenforms with
respect to all Hecke operators.
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(b) Let f € Sp“(N) be a non-zero Hecke eigenform. Then, ag(1) # 0.
So, one can find a basis of normalised Hecke eigenforms. These are
called newforms of level N.

(c) Let f € SP(Ny1) and g € S (N2) be two newforms having the
same eigenvalues for almost all Hecke operators, then Ny = No and
f=y.

(d) Let f € SP(N) be a newform. Then ag(n) (the n-th Fourier
coefficient of f) is a multiplicative function. Further, it satisfies
the following property.

ag(np) = ag(p)ag(n) if p|N,n =1
ar(np) + p*ag(n/p) = ag(p)as(n) if p /N,n > 1.

(e) Let f € S (N) be a newform. Then the corresponding L- function
Ly(s) has an Euler product expansion (for Re(s) > % +1):

Ly(s) = H (1- af(p)p_s)*1 H (1 —a;(p)p~* +pk—1—25)_1 .
BN p N (56)

(55)
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1. INTRODUCTION

In these lectures I want to explain a circle of ideas introduced about 15
years ago which led to the proof of Fermat’s Last Theorem at the hands of
Taylor and Wiles (see [49], [46]) and the subsequent refinement of these ideas
at the hands of Breuil, Conrad, Diamond and Taylor led to a proof of the
Shimura-Taniyama-Weil conjecture (see [3]). Needless to say that these two
results rest on the work of a number of other mathematicians as well: H. Hida,
B. Mazur, K. Ribet, F. Diamond, B. Edixhoven, P. Deligne, J.-P. Serre and
many others (see [4], [5], [7], [8], [11], [17], [14], [15], [19], [24], [32], [33], [34],
[37], [42], [46], [49], and references at the end of these articles)

The main conjecture which formed the backdrop of these developments is
a conjecture of Serre (see [41]). Despite the developments which have taken
place, this conjecture of Serre still remains intractable at the moment. In [41]
Serre showed that his conjecture together with the observation of G. Frey
(see [20], [21]) led to a proof of Fermat’s Last Theorem.

In these lectures I will essentially outline a proof of this assertion that
Serre’s conjecture implies Fermat’s last Theorem. This article, needless to
say, is completely based on Serre’s paper [41] and is meant to serve as an
introduction to the circle of ideas introduced in Serre’s paper and is, by
no means, a substitute for it. I have attempted to keep this article as self
contained as possible. However it is impossible to prove all the results or to
develop the theory of Galois representations in any reasonable depth or detail
in article of this length. A more comprehensive account of the subject can
be found in [9] or [16] and Serre’s book [38] is a classic introduction to the
subject of Galois representations.

2. SOME HISTORY

The term elliptic curves is of relatively recent vintage, but the fundamental
objects which lead to these curves have been around for a long time. Euler
and Legendre studied the following kind of complex integrals:

oo d o dx
(21) /2 ((1 _ 5[22)(1 _ kQLL‘Q))l/Q and /2 (45[73 — gox — 93)1/2

where k, g2, g3 are complex numbers. Integrals like these arise naturally while
calculating the length of the arc of an ellipse and hence these integrals were
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called elliptic integrals. Functions which arise in inverting these integrals
were called elliptic functions. These integrals naturally live on curves whose
equations look like

(2.2) y* = f(x)

where f(z) is a polynomial in z of degree three or four with distinct roots
and complex coefficients. Such curves are called elliptic curves.

3. CuBic CURVES

Let K be a field. Consider curves defined by homogeneous polynomials of
the form

(3.1) Y Z + a1 XYZ 4 a3YZ? = X3 + aaX?Z + ay X Z* + ag Z*

where the coeflicients a; € K. Observe that as the polynomial is homogeneous
if (zo, Yo, 20) is a solution to (3.1) then so is (Azg, Ayo, Azg) for any constant
A # 0. So we discard the trivial solution (0,0,0), and identify solutions which
are non-zero multiples of one another. In other words we will work with
homogeneous or projective coordinates X,Y, Z and hence forth identify the
solution (xq, Yo, 20) with (Azg, Ayg, Azp) for any A # 0.

Also note that (3.1) has another obvious solution O = (0,1,0) and it is
easy to check that this the only non-trivial solution with z = 0. We will call
O the point at infinity on the curve.

If (x0,y0,20) is a solution with zy # 0 then we can scale the solution by
1/29 to get another solution (xg/29,%0/20,1). Thus we see that, except O,
any other solution of (3.1) can be taken to be of the form (z1,y1,1) for some
(z1,y1) and that such solutions are points on the dehomogenised form of the
equation

(3.2) y? 4 arzy + asy = 2° + aox? + asx + ag

where we have written y = Y/Z, x = X/Z. For simplicity we will always write
the equation (3.1) in its dehomogenous form (3.2) remembering the extra
point O. We define several important quantities associated to the curve:
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(3.3) by = a3t + 4ay

(3.4) by = 2a4+ ajag

(3.5) bg = CL% + 4dag

(3.6) by = a%aG + 4asag — arazaq + agag — ai
(3.7) cy = b3—24b,

(3.8) cg = b3+ 36byby — 216bg

(3.9) A = —blbg — 8b3 — 27b2 + bobybs
(3.10) i = ¢i/A

We call A the discriminant of the curve.
Definition 3.11. An elliptic curve E/K is a curve given by
(3.12) y2 + arzy + agy = 22+ asx® + ayr + ag
where a; € K and provided that the discriminant A = Ag # 0.

Definition 3.13. A solution (g, yo, 20) of (3.11) will be called a point on the
curve defined by the equation and if zg, yo, z0 € K we will say that (xq, o, 20)
is a K-rational point, or when there is no cause for confusion, simply a rational
point of E.

3

Example 3.14. For example y? = 2% — z is an elliptic curve over any field

K in which Ag = —64 # 0.

Example 3.15. Let E be defined by y?> = 2® + 2 + t. Then we can easily
calculate the quantities defined above: by = 0, by = 2, bg = 4t, bg = —1,
cy = —48, cg = —864t, A = —432t> — 64, j = —6192/(—27t> — 4). Hence this
equation defines an elliptic curve if and only if —432t% — 64 # 0.

So far we have not placed any restrictions over K, but under additional
assumptions on K we can simplify the equation of any elliptic curve consid-
erably. For instance if char(K) # 2 we can replace y by %(y —ai1x — ag) to
get

(3.16) y? = 4a® 4 byx® + 2b4x + bg
And if char(K) # 2,3 then we can replace (z,y) by (3”7372@, 515) to get
(3.17) y? = 2% — 2Tcqx — Bdeg

One gets the additional relations 4bg = baobg — b3 and 1728A = ¢} — 2.



SERRE’S CONJECTURE AND FLT 243

Remark 3.18. The only transformations of (3.11) which preserve the form
of the equation are of the following kind:

(3.19) r = v +r
(3.20) y = udy +ulsa’ +t

with u,r,s,t € K and u # 0. I leave it to you to check that under these
substitutions the new value of the new discriminant is A’ = v 12A and j’ = j.
Thus the function j of the coefficients a1, as, as, a4, ag is an invariant of the
curve and is called the j-invariant of the elliptic curve.

4. SINGULARITIES
Suppose E is given by
(4.1) Y2+ a1y + asy = 2° + asx® + aux + ag

but is not an elliptic curve, i.e., Ag = 0. In this situation we will say that
the curve is singular and we want to describe the geometric possibilities for
F in this situation. Let

(4.2) f(z,y) = v* 4+ a1zy + asy — (3 + agx® + asx + ag)
Then it is not very difficult to show that Ag = 0 if and only of
0 0
4.3 — = — =0
(4.3) aed @) = 5./ (@0)

has a simultaneous solution, say (zo,y0). Then we can use Taylor series to
write f(z,y) as

(44) f(z,y)—f(20,90) = [(y—y0) —(x—20)][(y—y0) — Bl —0)] — (x—0)°
where, a, 3 € K, where K is an algebraic closure of K.

Remark 4.5. In general «, 3 may not be in K.
Definition 4.6. Let the notation be as above. If a@ # (§ we say that P =

(20, Yyo) is a node and in this case the lines
(47 y—w = afz—a0)
(4.8) y—y = PBlx—a0)
are two tangents to the curve E at (zg, yo).

If & = 8 we say that E has a cusp at P = (xg,yo) and the line y — yg =
a(z — xp) is a multiple tangent to F at P = (x,yo)-

Example 4.9. The curve y? = 2 + 22 is singular with a node at the point
(0,0,).

Example 4.10. The curve 2 = z3 has a cusp at (0,0).
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5. GROUP LAw

Elliptic curves have many remarkable properties, and one of the important
properties is that the set of points on an elliptic curve forms a group. I will
briefly describe the group law. The group law is best described geometrically
but it also admits an algebraic description.

Suppose E/K is an elliptic curve. Let L/K be any field extension. We
will write E(L) for the set of L-rational points of E. Note that O € E(L)
for any L/K and so E(L) is a non-empty set. If P,Q € E(L) are two points
then the line joining P, intersects the curve in a third point. A little bit
of algebra shows that this new point also has coordinates in L, i.e., it is also
an L-rational point. This basic geometric fact underlies the group law on the
elliptic curve. Let us denote this third point by R. Then we join O and R
by a line. This line also intersects the curve again in a point R’ € F(L). We
declare that P+ Q = R’. If P = (Q we take the line to be the tangent line to
the curve at P. It is not hard to check that this makes the set E(L), for any
extension L/K, into an abelian group with O as its identity element.

We can also describe the group law algebraically and if you are not con-
vinced that the above geometric description gives a group law, then you can
carry out the tedious calculations required to verify that the algebraic for-
mulas given below define a group structure on E(L). Let P, = (x1,y1), P> =
(z2,y2) € E(L). Then we define —P; = (21, —y1 —a1x1 —a3). If 21 = z9 and
y1 +y2 + a1xe + az = 0 then P; + P, = O otherwise if 1 # x2 let

(5.1) PR - ik £
X9 — I
(5 2) - Y12 — Y21
. 7@02 S

If 1 = x5 then let

31‘% + 2a921 + a4 — a1y1
291 +ar1z; + as

—a} + asw) + 2a6 — azy
2y1 + ar1r1 + a3

(5.3) A =

(5.4) v =

Then the line y = Az + v is a line through P;, P> or is tangent to E at P if
P, = P,. Then we have the following formula for P3 = (z3,y3) = P + P»

(5.5) z3 = M4 a\—as— 11 — 29
(5.6) ys = —(A4a1)rzz—v—as
Example 5.7. Let K = Q, and let E/K be defined by
(5.8) P =a2% —62° + 11z +3
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then Ap = —34928, jp = 6912/2183.

Further P, = (1,3),P = (2,3) are Q-rational points on E and P, +
P, = (3,-3) and 2P, = P, + P, = (17/4,-29/8), 3P, = 2P, + P =
(633/169, 6046,/2197) and 4P; = (17889/13456, —3262625/1560896) etc.

When L = C the structure of E(L) is completely understood using the
theory of elliptic functions. The following theorem is a key result in the
classical theory of elliptic functions.

Theorem 5.9. Let E/C be an elliptic curve. Then there erxists a lattice
LCC (so LEZ®Z as abelian group) and a homomorphism of groups

(5.10) C/L = E(C)

which is given by 0 — O € E(C) and 0 # z — (pr(2),p}.(2),1) where pr, and
p} are the Weierstrass elliptic functions with period lattice L.

Remark 5.11. Thus the group law on E(L) gives us a way of generating
more solutions from the given ones.

Remark 5.12. Fermat’s method of infinite descent is also a variant of the
group law on a suitable elliptic curve over K = Q.

The following theorem due to Mordell, which was later generalized by
André Weil to higher dimensional analogues of elliptic curves (see [47]) gives
us a fundamental insight into the structure of the group E(K). For a proof
see [43]

Theorem 5.13 (Mordell-Weil). Let K be a number field and let L/K be a
finite extension. Then for any elliptic curve E/K , the group E(L) is a finitely
generated abelian group, i.e.,

(5.14) E(L) = Z" @ Finite group

Remark 5.15. The number of copies of Z which occur in the above descrip-
tion is called the rank of E(L). Birch and Swinnerton-Dyer have made a
fascinating conjecture about the rank of E(K) and the order of zero of a
complex analytic function associated to E (see [1], [2] and [43]).

6. ELLIPTIC CURVES OVER FINITE FIELDS

In our discussion so far we have not specified the field K except in the
examples. The formulae we have written down for the group law are valid
over any field K. In this section we will assume that K = F, a finite field
with ¢ elements and characteristic p > 0.

Suppose E/F, is an elliptic curve over F,. Then it is easy to see that
E(F,) is a finite set as there are only finite number of possible values for each
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coordinate of any IF,-rational point. Hasse (see [23]) proved the following
bound on the size of E(FF;) in terms of ¢. This estimate was later generalized
by Weil in [48]. More precisely, Hasse proved the following:

Theorem 6.1 (Hasse-Weil Estimate). Let E/F, be an elliptic curve over a
finite field with q elements. Then we have

(6:2) #EF,) —q—1] <20/
In other words if we write

(6.3) #E([Fg) =q+1-aq

then

(6.4) lag] < 2q"2

For a proof of the Hasse-Weil estimate, see [43].

This estimate was later generalized by Weil to arbitrary smooth projective
curves and to abelian varieties and higher dimensional varieties. Weil’s pa-
per [48] is an excellent and elementary introduction to the subject. A more
modern and elementary account can be found in [26].

Some of the Weil conjectures were proved by [18] and [31]. In 1974 Deligne
proved the Weil conjectures (see [12]). For a reader with some basic back-
ground in algebraic geometry we recommend Katz’s exposition of Deligne’s
proof (see [27]).

Remark 6.5. Elliptic curves over finite fields play an important role in pri-
mality testing and cryptography (see [28]).

7. MINIMAL EQUATIONS

Let E be an elliptic curve over Q. We will say that the equation defining
E is minimal at a prime p|Ag if the valuation v,(Afg) is least amongst all
possible choices of equations for E such that coefficients are p-adic integers.
By formulas (3.18), we see that we can change the equation of E and we can
get A’ = u='2A. Performing this change of coordinates as many times as
possible we arrive at A,(E) < 12 and such that all the coefficients are p-adic
integers. Thus we can conclude: if vy(a;) > 0 and v,(A) < 12 then this
equation of F is minimal.

We note that vp(a;) > 0 and v,(Ag) < 12 is a sufficient condition for
minimality of the equation.

Remark 7.1. Let E/K be an elliptic curve over a number field K and let
Ok be the ring of integers and p C Ok a prime ideal. We can also formulate
the notion of a minimal equation for E at p exactly as above.
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Example 7.2. Let 4% = 23 + 16, then this equation define an elliptic curve

over Q and Ap = —2'23%. The equation is not minimal at p = 2 and the
transformation o = 42’ y = 8y’ +4 transforms the equation of F to (y/)%+y =
(2")3. This equation has A = —27, and is minimal at 2 and in fact at all
primes.

It is not difficult to see using (3.18) that any equation E/K, where K/Q),
is a finite extension of @, has a minimal equation over K. The following
proposition is easy to prove using the transformations (3.18) and the fact
that every prime ideal in Z is principal.

Proposition 7.3. Let E/Q be an elliptic curve over Q. Then there exists an
equation with integer coefficients for E which is minimal at all primes.

From now on we will assume that all our elliptic curves are given by a
minimal equation.

8. REDUCING MODULO PRIMES

Let K be a number field, let Ok be the ring of integers of K and p be
a non-zero prime ideal in Ok. Let E/K be an elliptic curve defined by an
equation which is a minimal equation at p.

(8.1) y2+a1xy+a3 =22 + asx® + aux + ag

We will assume for simplicity that a; € Og. Then we can reduce the equation
defining £ modulo p and arrive a new equation which has coefficients in
k = Ok /p which is a finite field:

(8.2) Y2+ arey + ag = @5 + avx? + asx + ag

where a@; = a; mod p.

Observe that (8.2) represents an elliptic curve over k = Ok /p if and only
if the discriminant A = A mod p is not zero, i.e., provided that A & p or
equivalently p fA.

Thus this recipe of reducing the equation of an elliptic curve over a number
field produces an elliptic curve over the finite field Ok /p provided p fA. As
A is divisible by only a finite number of primes we see that for all but finite
number of primes in K we will get an elliptic curve over the corresponding

finite field.

Definition 8.3. In the notations of the above paragraphs, we will say that
p is a prime of good reduction if p JA.

Definition 8.4. If p|A then we will say that p is a prime of bad reduction for
E.
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If p is a prime of bad reduction then our recipe fails to produce an elliptic
curve but produces a singular curve instead. By using our discussion of
singular curves (see Section 4) we can further classify primes of bad reduction.
We know from Section 4 that the reduction of E has either a node or a cusp.

Definition 8.5. In the notations as above, We will say that E has semistable
or multiplicative reduction at p if p|A and the reduction of F modulo p has a
node. If the two tangents at the node are defined over O /p then we say that
E has split multiplicative reduction at p. If the two tangents at the node are
not defined over Ok then we say that E has non-split multiplicative reduction
at p. If the reduction of F at p is a cusp then we say that F has additive or
unstable reduction at p.

Proposition 8.6. Let E/K be an elliptic curve defined by a minimal equation
(8.7) Y2 4+ a1xy + az = 2% + aox® + agx + ag

with a; € Ok . Let p be a prime in Ok.

(1) E has good reduction at p if and only if Ap Z0 mod p,

(2) E has additive reduction modulo p if and only if Ap = c4 =0 mod p,

(3) E has semistable reduction modulo p if and only if Agp = 0 mod p
and ¢4y Z0 mod p.

Remark 8.8. Additive reduction is the worse kind of bad reduction while
semistable reduction is not too bad. The following may help illustrate the
subtle difference between these two types of bad reduction. Let F/K be an
elliptic curve and let p be a prime of bad reduction for F. Let K'/K be
a finite extension, p’ be any prime lying over p in K’. If E has semistable
reduction at p then, E thought of as an elliptic curve over K’, continues to
have semistable reduction at p’. However, if E has additive reduction at p,
then there exists a finite extension K'/K such that for any prime p’ lying over
p, F has good or semistable reduction at p’. In other words, additive reduction
may disappear or become semistable over a suitable finite extension, while
semistable reduction persists. The following examples illustrate this point
further.

Example 8.9. Let K = Q, let E be defined by y? = 2> + 22 + 17. Then E
has multiplicative reduction modulo 17.

Example 8.10. Let K = Q and let E be defined by 2 = > + 17. Then E
has additive reduction modulo 17. Let K’ = Q(17%/%), and then we can write
the equation of E over K’ as

(8.11) (y/ (70 = (2/(17'/9)%)° + 1
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Writing 3/ = y/17Y2,2' = /17" we get y'? = 2/ +1 and this new equation
has good reduction modulo the unique prime lying over 17 in Q(17/6).

9. THE CONDUCTOR OF AN ELLIPTIC CURVE

Let K be a number field. Let E/K be an elliptic curve. We can define
an ideal, Ng C Ok of the ring of integers of K ,called the conductor ideal or
more simply the conductor of E. This ideal is defined as

(9.1) Ng = prp(E/K)
plA

where the exponents f,(E/K) of p are defined as follows.

0 if F has good reduction at p,
1 if F has semistable reduction at p,
(9.2)  fo(E/K)=1<(2 ifp f6 and F

has additive reduction at p,
2+ 6p(E/K) if pl6.

where the exact definition of §,(E/K) is irrelevant for our purposes. No exact
formulas are known for §,(E/K), but Tate’s algorithm (see [45]) gives a way
of computing fy, for all primes including those dividing 6. It is known, for
instance, that

(9.3) f2(E/Q) <
(9.4) f3(E/Q) <

Observe that the conductor ideal is divisible by only those primes which
divide Ag, and that it captures finer reduction information of E/K. The
conductor is one of the fundamental arithmetical invariants of an elliptic
curve.

Remark 9.5. Tate’s algorithm [45], and other algorithms like [30] have now
been implemented in many software packages (notably in the software pack-
age PARI-GP which is available on Internet; this package also contains an
extensive elliptic curve computation package which computes many numerical
invariants of elliptic curves).

Example 9.6. Let y?> = 23 4+ 10z + 11. Then Ap = —2%.13%2 .43 and
Ng =2%-13 - 43 and the equation is minimal.
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10. AcCTION OF THE GALOIS GROUP

Let K be a number field or a finite extension of @@, or a finite field. Let K
be an algebraic closure of K. We write Gx = Gal(K /K) for the Galois group
of K/K. Let E/K be an elliptic curve and suppose P = (zg,10) € F(K).
Thus P satisfies

(10.1) Y2 + ar1zoyo + az = T + asxd + asxo + ag.
Suppose 0 € Gi. We apply o to the above equation and get
(10.2)  o(y0)* + ar10(z0)o(yo) + a3 = o (z0)® + az0(x0)* + aso (o) + ac.

where we have used the fact that o(a;) = a; for any a; € K. Thus we see

from the above equation that P7 = (¢(x0),0(y0)) € E(K) is also a point on
the elliptic curve. In other words, G operates on E(K).
We now study this action in some more detail. Let n > 2 be any integer

and let

(10.3) E[n] ={P € E(K)|nP = O}

Then it is easy to see that F[n] C E(K) is a subgroup. We call E[n] the
group of m-torsion points on the curve E or simply the group of points of
order dividing n.

The structure of E[n] as an abelian group is completely understood.

Theorem 10.4. Let K be a field and let E be an elliptic curve over K. If
the characteristic of K does not divide n then one has

(10.5) En|=Z/n® Z/n.

In particular for for a number field K, and when n = p a prime, we see
that E[p] is a two dimensional vector space over F,,.

When the characteristic of K divides n the result is slightly different but
as we will not need it here we do not recall it and the reader is referred to
[43] for more details.

Moreover, if P € E[n] and 0 € G then

(10.6) o(nP)=no(P)=0
So that Gx acts on the Z/n-module E[n].

Example 10.7. Let K = Q and let E be defined by 2> = 23 — 2. Then
E[2] ={0,(0,0),(0,1),(0,—1)} and so Gg operates trivially on E[2]. For a
more interesting example see Remark 11.20.
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11. TATE ELLIPTIC CURVES

Let K = Q, be the field of p-adic numbers, where p is any prime, let | |,
denote the p-adic absolute value, and let v, : Q, — Z be the normalized
p-adic valuation, normalized so that v,(p) = 1. As Q C Q,, we can think of
any elliptic curve over Q as an elliptic curve over Q.

Tate discovered elliptic curves over @, with remarkable properties. These
curves are called Tate elliptic curves (see [44]). These curves are sort of “uni-
versal models” for elliptic curves over @, with split multiplicative reduction
modulo p. Tate curves are given by an explicit equation.

Fix ¢ € Qp such that |¢|, < 1, so ¢ is a p-adic integer divisible by p. Let
E, be defined by

(11.1) y* + 2y = 2° + au(g)x + as(g)
where

0 3.n

— nq

(11.2) as(q) =5 g

n=1
and

(7Tn® + 5n?)
11.3 =
(1L.3) as(9) = — 15 Z =
n=1
Then the discriminant Ag, = A(g) is the famous Ramanujan function

(11.4) ﬁ (1—¢"

and the j-invariant is

1
(11.5) jlg) = — + 744 + 196884¢q + - - -
q
Remark 11.6. It is clear from the definition of discriminant A(g) that
(11.7) (&) = v(a)
(11.8) v(i(@) = —v(a)

Further for |¢|, < 1, the series a4(q) and ag(g) converge and (11.1) has
points in Qp,((u)) given by convergent power series in u

(11.9) w(qu) = Z%QZ nq"n

nez n=1 1- q
2n,,2 et n
qu nq
11.10 = E E
nez n=1
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Then for any |g|, < 1 and u € @; these power series converge and their
values give a point (z,y) € F,(Q,). Moreover if we reduce the equation of
E, modulo p then we get

(11.11) y? + oy = a°

and so one checks easily from this that E; has split multiplicative reduction
modulo p.
Observe that z(q,u) and y(g, ) as a function of u has the property that

(11.12) 2(qu) = (g qu)

(11.13) y(g,u) = y(g,qu).

Thus these functions are periodic with respect to the multiplicative group
(11.14) ¢ ={q"mez}.

Tate further showed that if we fix ¢ with |g|, < 1 then the mapping
(11.15) @; - Eq(@p)

given by u +— (x(q,u),y(q,u)) is a surjective homomorphism of groups with
kernel ¢Z and is compatible with the action of Galois group Gal(Q,/Q,) on
both the sides. Thus one gets

(11.16) Qp/q" = Ey(Qy)
The crucial property of Tate curves is described in the following theorem.

Theorem 11.17 (Tate uniformization). Let E/Q be an elliptic curve and
suppose that p|Ag. Assume that E has split multiplicative reduction at p.
Then there exists a q € Q, such that E = E; over Q.

Tate proved a result which is more general than the above statement. In
particular, Tate’s result is valid for curves over number fields and finite exten-
sions of Q, (see [43]). Moreover, one also get a similar assertion for non-split
multiplicative reduction. But we will not need the general assertion here and
we refer the reader to [43] for more details.

Example 11.18. Let K = Q) and let E; be a Tate curve over K. We can
use Tate’s theorem to describe E[n| explicitly. The u € Qj,, has the property
that

(11.19) nP =n(x(q,u),y(q,u)) = O

if and only if u” € ¢%, i.e., nP = O if and only if u™ = ¢™ for some m € Z and
so u = (¢™™ for some nt" root of unity ¢. Thus we obtain an isomorphism

(11.20) Eln] & {gum/"}g‘" ~1,0<m< n} .
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12. SOME GALOIS THEORY

In this section we will recall a few facts about the structure of the Galois
Groups of number fields or local fields. For proofs or details see [40].

Fix prime p. We would like to recall a few facts about the structure of the
Galois group Gg = Gal(Q/Q). We will do this by studying the structure of
Gp = Gal(Q,/Q,). Let p|p be any valuation lying over p in Q. The Galois
group Gg acts on the set of such p transitively. Fix one such valuation p|p.

Definition 12.1. The decomposition group D(p,p) C Gg at (p,p) is defined
to be the set of all ¢ € G such that o(p) = p.

In other words, D(p,p) is the stabilizer of p. The decomposition group
depends on p and p. If we replace p by another p’|p then the decomposition
group D(p’,p) is a conjugate of D(p,p). Hence we will often suppress the
dependence of p and often call D(p,p) the decomposition group at p.

The decomposition group encodes a lot of information about p, it contains
interesting subgroups which encode information about the ramification of p in
any extension. The following result identifies the decomposition group little
more explicitly.

Proposition 12.2. For every prime p|p in Q, we have an isomorphism
(12.3) Gal(Q,/Qp) = D(p,p) — Gal(Q/Q).

So for every prime plp in Q we get an embedding of Gal(Q,/Q,) —

Cal(Q/Q). )

Thus we reduce to the of study the Galois group of Q,/Q,. From now on
we study these groups.

We have a natural surjection

(12.4) Gp — Gal(F,/F))
which is given by ¢ — ¢ mod p.
Definition 12.5. The kernel G, — Gal(F,/F,) of
(12.6) I,={c=1 mod p}
is called the inertia subgroup at p.

Thus we have an isomorphism
(12.7) Gp/1, = Gal(F,/F,),

given by o — o mod p. -
The Gal(F,/F,) has natural element Frob, € Gal(F,/F) which is given by
raising to p*-powers:

(12.8) Frob,(z) = «?
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for all z € F,. We will call Frob,, the Frobenius (morphism) at p.
A proof of the following proposition can be found in [40].

Proposition 12.9. Let L/K be any Galois extension of number fields. Let
p'p be a prime of L lying over a prime p of K. Then L/K is unramified at p
if and only if the inertia subgroup I, at p is trivial.

Definition 12.10. Let L/Q be an arbitrary Galois extension. Assume that
L/Q is unramified outside a finite set of primes. Let p be a prime at which
L is unramified. Let p be a prime lying over p in L. Then a Frobenius
element at p is a conjugacy class of any element o € Gal(L/Q) such that
o is in D(p,p) and its image in Gal(F,/F,) under the isomorphism (12.7) is
Frob, € Gal(F,/F,).

We will continue to use the notation Frob, to denote Frobenius element at
p, keep in mind that it is really a conjugacy class of elements which depends
only on p and not on the choice of a prime lying over p in L.

The following variant of the Chebotarev density theorem (see [6] or [38])
will be used without proof.

Theorem 12.11. Let L/Q be an arbitrary Galois extension which is unram-
ified outside a finite set of primes. Then the the set of Frobenius elements of
primes which are unramified in L/Q is dense in Gal(L/Q).

The inertia subgroup I, has finer structure as well. We can define a filtra-
tion

(12.12) Ii={oloc =1 mod p't'}
for all ¢ > 0, with Iy = I,,. There is a natural surjection from
(12.13) I, —» T,

given by the action of the inertia group on the roots of unity in @p and it is
standard that

(12.14) I = ker(I, — Fy).
The quotient group
(12.15) I, =1,/

is often called the tame quotient of I, and Iy is called the wild inertia sub-
group.
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13. GALOIS REPRESENTATIONS

Let E/K be an elliptic curve and assume that K is a field of characteristic
zero. Let n > 2 be an integer. Then as we have seen that Gx operates
on E[n] &£ Z/n x Z/n. This action is compatible with the group structure
and so for each o € Gk, the mapping P — o(P) is an automorphism of the
Z/n-module E[n]. Thus we get a homomorphism

(13.1) p: G — Aut(E[n]) = GL2(Z/n)

where
(132)  CGLa(Z/n) = { (‘CL Z) la,b,c,d € Z/n and ad — be € (Z/n)*}

is the group of invertible matrices with coefficients in Z/n.

Elliptic curves are sources of such homomorphisms but there are other
sources of such homomorphisms and the confluence of two such sources is
essentially the content of Serre’s conjecture.

Definition 13.3. Let R be any ring, and let K be either a number field or
a finite extension of Qy for a prime £. A Galois representation of G is a
continuous homomorphism

(13.4) p: G — GL,(R)

where GL,,(R) denotes the group of n x n invertible matrices with entries in
R. If R has a natural topology then we give GL,(R) the topology induced
on it as an open subset of R™, and otherwise we give R the discrete topology.

Example 13.5. We will be interested in the situation when R is either the
field of p-adic numbers for some p or is Z/n for some integer n. In the first
case we give GL,(Qp) the topology induced from Qj and then continuity
condition is with respect to this topology.

Example 13.6. When R = Z/n, then GL,(R) is a finite group and we give
it the discrete topology. Continuity of p then simply means that ker(p) is an
open subgroup of G.

Remark 13.7. Tt is often convenient to think of GL,(R) as the group invert-
ible R-linear maps from an R-module V = R" to itself. Any representation
p : Gg — GL,(R) thus gives rise to an R-linear action of G on R", i.e.,
for each ¢ € Gx we have an invertible R-linear mapping R™ — R™ which
is continuous and which satisfies obvious conditions and conversely any such
action gives rise to a representation p.
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Example 13.8. Let u, = {z € K|z" = 1} be the group of nt" roots of unity
in K. Then Gg acts on it. We have an isomorphism of abelian groups
tn = Z/n. Thus this action gives rise to a homomorphism

(13.9) Gg — Aut(p,) = GL1(Z/n) = (Z/n)".

Example 13.10. We will need the following special case of the above exam-
ple. Suppose n = £ for a prime ¢ and

(13.11) Xe : Gx — Aut(pe) = (Z/6)*.
This representation is called the cyclotomic character at £.

Example 13.12. Let ¢ be a prime and let K = Q. Let us examine yy :
Gg — (Z/€)* in a little more detail. Let ¢ be any ¢"-root of unity; suppose
that ¢ is complex conjugation ¢ : Q — Q. Then we have x(c)(¢) = ¢ = ¢!
and in particular, we see that y¢(c) = —1 € (Z/0)*.

Definition 13.13. We say that a representation p : Gx — GL,(R) is re-
ducible if there exists a proper R-submodule 0 # W C V = R"™ such that the
action of p on V maps W into itself, i.e., for all 0 € Gk, we have o(W) C W.

Definition 13.14. If p : Gg — GL,(R) is not reducible, then we say that p
is an irreducible representation of G .

Example 13.15. Let E; be a Tate curve over Q,. We had observed in
Example 11.18 that Egn] = {(¢™"|¢("=1,0<m <n}. We claim that
the representation of G, = Gal(Q,/Q,) is reducible. To see this we define
a surjective homomorphism FEg[n] — Z/n which is given by g™ — m
mod n. This homomorphism is clearly surjective and if we give the trivial
action of G, on Z/n, then this homomorphism is also compatible with the
action of G. Further we can also identify the kernel ker(Ey[n] — Z/n) with
tn. Thus we have an exact sequence of abelian groups

(13.16) 0— pn — Ey[n] = Z/n — 0

and each map in the sequence is compatible with the action of G,. Thus the
representation of G, on Eg[n] is reducible as p, is a Gp-stable subspace of
Eq4[n].

Example 13.17. Let E/K be an elliptic curve and let ¢ be a prime and m > 1
be any integer. Then we know that G operates on the group E[¢{™] =2 Z/{"®
Z/0™. Thus we get a homomorphism pgm : G — Aut(E[™]) = GLo(Z/™).

It is not difficult to see that the composite map Gx — GLo(Z/0™) —
GL2(Z/¢™=1) is pym—1. Thus we can put these representations together get a
homomorphism p : Gxg — GLa(Zy), and as GLa(Zy) — GL2(Qp) then further
composition gives a representation Gx — GLa(Qy).
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Proposition 13.18. Let R be a field of characteristic zero and let p1,p2 :
G — GLu(R) be two continuous, finite dimensional irreducible represen-
tations of a topological group G. Suppose that the traces Trace(pi(g)) =
Trace(ps2(g)) for dense subset of g € G. Then p1 and ps are isomorphic
representations.

Proof. See [40] or [10]. O

14. FINE STRUCTURE OF GALOIS REPRESENTATIONS

We want to use the structure of the Galois group Gal(Q,/Q,) described in
Section 12 to probe the structure of Galois representations.

Definition 14.1. Let p : Gxg — GL,(R) be a continuous representation. Let
p C Ok be a nonzero prime ideal in K. Then we say p is unramified at p if
the image, p(Ip), of the inertia subgroup, I, at p, under p is trivial.

Remark 14.2. The definition given above is independent of the choice of a
prime lying over p as the decomposition groups of all primes lying over p in
K are conjugate and so are the inertia subgroups.

Example 14.3. Let p : Gxk — GL,(Z/m) be a continuous representation.
Let H = ker(p) be the kernel of p. Continuity of p shows that H is an open
subgroup. Further as GL,(Z/m) is a finite group, we see that the image of p
is a finite group as well. Let K, = K be the fixed field of H. Galois Theory
provides us an isomorphism:

(14.4) image(p) = Gal(K,/K)

Then p : Gxg — GL,,(Z/n) is unramified at p if and only if the extension
K,/K is unramified at p.

Remark 14.5. Let p : Gg — GLy(R) be any continuous Galois representa-
tion. Suppose p is unramified at p. Then p(Frob,,), where frob,, is a Frobenius
element at p, is conjugacy class of elements of GL,(R). The characteristic
polynomial det(1 — X p(Frob,)) is well defined as it depends only on the con-
jugacy class of p(Froby). This characteristic polynomial plays a fundamental
role in studying a Galois representations.

Example 14.6. Let x, : Gg — (Z/¢)* be the cyclotomic character. Then x;
is unramified at all primes p # ¢. We can calculate the Frobenius elements
explicitly in this case. For all p # ¢, x;(Frob,) = p mod ¢ and hence det(1 —
Xx(Frobp)) = (1 - pX).
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15. MODULAR FORMS

Let

(15.1) 9 ={z € C|Re(2) > 0}

be the upper half plane. Let

(15.2) GLI (R) = {(‘C‘ Z) |a,b,¢,d € R, ad — be > 0}

We write

(15.3) GL3 (Q) = GL3 (R) N GL2(Q)

We let GL3 (R) act on the topological space ) by the formula
az+b

15.4 =
( ) 9= cz+d

for any g € GL3 (R) and any z € $.
In this and the subsequent sections we will be interested in subgroups of
finite index in SLg(Z). We fix a subgroup I' C SL2(Z) of finite index.

Definition 15.5. A modular form of weight k£ on I' is a holomorphic function
f:$H — C such that

(1) f(g2) = (cz + d)k f(z) for all g = (a Z) el

c
(2) for every g € GL$ (Q) the function det(g)*/2(cz + d)~* f(gz), where
g = Z Z) has a Fourier expansion of the form
(156) det(g)fk(cz + d)*kf(gz) — Z aneQTrinz/N
n=0

for some integer N > 1.

Definition 15.7. We say that a modular form of weight £ on I' is a cusp
form if in addition to the above two conditions we have

o0

(15.8) det(g)*(cz +d)* f(gz) = Z a,e2inz/N

n=1

It is easy to verify that a linear combination of modular forms on I" of weight
k is again a modular form on I' of weight k£ and product of two modular forms
of weights k£ and m is a modular form of weight £ +m on I'. Thus the set of
modular forms of fixed weight on I' form a complex vector space and the set
of all cusp forms is a subspace of the space modular forms.
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Example 15.9. Let £ > 2 be an even integer. For any z € § consider the
series
/

(15.10) Gr(z) = Y !

k
(a0 MF T

and the sum is over all integers (m,n) which are not simultaneously zero.
Then it is easy to see that the series is absolutely convergent for all values of
z € $ and one has G1(g2) = (cz + d)*Gy(2) for all g € SLy(Z). Its Fourier
expansion is given by

(15.11) Gi(2) = 2 (k) (1 - Zak1(n)q”>

and where ¢ = €2™*. Thus G(2) is a modular form of weight k& on SLa(Z).
But G(z) is not a cusp form.

Example 15.12. The Ramanujan A(q) function defined by

Alg)=q[J(1=g")*" =D =1%7(n)q".

n

2miz

where g = e is a cusp form of weight 1 on SLa(Z).

Definition 15.13. Let I' be a subgroup of finite index in SLy(Z). Let k£ > 1
be an integer. Let My (T') (resp. Si(T')) be the space of modular forms of
weight k (resp. cusp forms) on weight k on I'.

Observe that Si(I') € M (T).
From now on we will be interested in the following kinds of subgroups of
SLo(Z).

Definition 15.14. Let N > 1 be any integer. Define I'1(N) as follows

(15.15) T1(N) = {g _ (é j) mod Nlg € SLQ(Z)}
and
(15.16) To(N) = {g = (; :) mod Nlg € SLQ(Z)}

I leave it as an exercise to check that these two subgroups are of finite
index in SLs(Z). Moreover one has a homomorphism

(15.17) T'o(N) — (Z/N)*
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given by

(15.18) (CCL Z) —d mod N.

This defines a surjective homomorphism of groups and the kernel of this ho-
momorphism is precisely the subgroup I't (V) and hence we see that 'y (N) C
(V) is a normal subgroup.

We will be interested in studying modular forms on these two groups. It
is standard (see [42]) that My (T'1(N)) and My (To(N)) are finite dimensional
C-vector spaces. In particular the spaces of cusp forms on these groups are
finite dimensional as well.

Definition 15.19. A modular form (resp. cusp form) of level N, weight k is
a form f € My(T1(N)) (resp. f € Sk(T'1(N))).

Let x : (Z/N) — C* be any homomorphism (i.e., a Dirichlet character).
For d|N we set x(d) = 0 and extend this function to Z/N.

Definition 15.20. A modular form f € My (I'1(N)) is said to be a modular
form of level N, weight k and nebentype x if f satisfies the following;:

(15.21) flg2) = x(d)(cz + d)* ()

and we write My(To(N),x) € Mp(T'1(N)) for the space of such forms on
I'1(N). We also define S;(I'o(N), x) in the obvious way.

One has the following decomposition of complex vector spaces

(15.22) Mp(T'1(N)) = ®x mod NMi(To(N), x),
and
(15.23) Sk(T1(N)) = @y mod NSk(To(IN), x)-

for space of cusp forms.

Definition 15.24. A modular form (resp. cusp form) of level N, weight k
and nebentype y is a form f € My (To(N), x) (resp. f € Sp(To(N), x))-

Example 15.25. Let N = 11. Then the function f(z) = (A(q)A(11¢)"/? =
gTIo (1 —¢q™)(1—¢*™)? is a cusp form of level 11, weight 2 and nebentype
x = 1.

Remark 15.26. Let f(z) € Mi(T'1(N)) be a modular form of weight k& and
level N. Then as

(15.27) T-— <(1) }) €Ti(N)
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we see that f(Tz) = f(z+ 1) = f(2) so f(z) is a complex holomorphic
function which is periodic with period 1 and so its Fourier expansion looks
like

(15.28) f(2) =) ane®™™
n=1

Definition 15.29. We will call the coefficients a; the Fourier coefficients
of f and write Ky = Q(ao,a1,---) for the field generated by the Fourier
coefficients of f. In general Ky is not even an algebraic extension of Q. But
under interesting circumstances it is a finite extension of Q. In any case we
will refer to K as the field of Fourier coefficients of f.

16. HECKE OPERATORS

We will restrict attention to the two special subgroups introduced earlier.
For a general and comprehensive account of the theory see [42], [25], [29].
From now on we will concentrate on the space of cusp forms on I'y (V) and
keep a track of the nebentype as we go along.

The spaces of modular forms on I'y (V) come equipped with a commutative
family of operators, which were introduced by Hecke and are named after him.
We will not recall the definition of Hecke operators but only recall the effect
of Hecke operators on the Fourier coefficients of any modular form. For every
n > 1 we have a C-linear mapping

(16.1) Ty« My (T1(N)) — M (T1(N))

which takes the subspace of cusp forms to cusp forms and forms withe Neben-
type to forms with the same nebentype. We call T}, the n" Hecke operators.
First property of these operators is

(16.2) Tom = T0Tm, for (m,n) =1,

Thus it is sufficient to define these operators when n = ¢™ for any prime ¢
and m > 1. So fix a prime ¢. Let f € Si(I'o(NN), x) be a form level N, weight
k and nebentype y.

oo oo
(16.3) Ty(f) =Y amd" +x(OF " ang™
n=1 n=1
recall that when ¢|N we have set x(¢) = 0.
We define Tym recursively using the above definition for m = 1.

Definition 16.4. A Hecke eigenform f € Si(I'g(N),x) is a common eigen
function of all the Hecke operators Ty, i.e., for all primes ¢ there exists a
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constant Ay such that
(16.5) To(f) = Aef-
Then one gets relations
(16.6) Gpn, — Aplp + x(ﬁ)ﬂkilan/‘g =0

for all n > 1, and where we have set a,;, = 0 if £ /n. This relation gives
ap = Agay. Moreover if a; = 0 then one checks that f = 0. Thus we can
assume a1 is nonzero for any Hecke eigenform and we normalize any Hecke
eigenform by setting a1 = 1.

From the above discussion it is evident the Fourier coefficients of normalized
Hecke eigenforms are the eigenvalues of the corresponding Hecke operators.
This gives recursion relations between Fourier coefficients.

(16.7) G, = Ay, — X(Z)E’“*lan/[
and, in particular, if we take n = £ then we get
(16.8) agmir = agagm — X(OLF L agm

and a, = a,ay,.

17. NEW FORMS

Let M|N and let d|(N/M) and assume d > 1 (so M divides N properly).
Let f € Sg(I'1(M)). Then the mapping Si(I'1(M)) — Sk(I'1(N)) defined by
f(2) — f(dz) is injective and this mapping takes forms with nebentype to
forms with the same nebentype and it takes eigen vectors of Hecke operators
T, for £ [N to eigenforms. We define Si(I'1(V))°! to be space of all forms
which arise in this way from forms of lower level.

Definition 17.1. A form f € S (T'1(N)) which is not in S(T'1(N))° is
called a newform. The set of new forms is a subspace Si(I'1(N)) and we
denote it by Si(T'1(N))".

It is a basic fact in the theory of new forms that S (I'1(N))"*" has a basis
consisting of normalized new eigenforms. For a proof see [29].

Remark 17.2. Normalized Hecke newforms are uniquely identified by their
Fourier coefficients and the Fourier coefficients are all algebraic numbers and
that field Ky all the Fourier coefficients of a new eigen form f is a finite
extension of Q, i.e., Ky is a number field. For a proof see [42].
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18. GALOIS REPRESENTATIONS ASSOCIATED TO MODULAR FORMS

Deligne’s proof of the Ramanujan conjecture also produced the Galois rep-
resentation associated to normalized new cusp eigenform. This representation
was also constructed by Shimura for & = 2.

Theorem 18.1 (Deligne). Let f € S,(To(N), x) be a normalized new eigen-
form and let f =777 ang™ be its Fourier expansion. Let K¢ = Q(ag, a1, )
be the field of Fourier coefficients of f and let p be any prime lying over p in
Ky. Let Ky be the p-adic field associated to Ky at p. Then there exists a
two dimensional, irreducible representation,

(18.2) pf,p . GQ i GLQ(Kﬁp)

with the following properties:

(1) pyp is unramified outside pN,
(2) for all £ f(pN) the characteristic polynomial of p(Froby) is given by
the formula:

(18.3) det(1 — X p(Froby)) =1 — a, X + F1x(0) X2

The following consequence of Theorem 12.11 and Proposition 13.18 shows
that the representation constructed in Theorem 18.1 is characterized, up to
isomorphism, by the properties listed in Theorem 18.1.

Proposition 18.4. Any continuous irreducible, finite dimensional represen-
tation of Gal(Q/Q) is determined, up to isomorphism, by the traces of Frobe-
nius elements at all the primes where the representation is unramified.

Remark 18.5. Such a representation py,, has the property that det(p(Froby))
-1

19. THE RAMANUJAN ESTIMATE

The following estimate for the size of the Fourier coefficients of normalized
Hecke eigen cusp forms of level NV, weight k£ and nebentype x was conjectured
by Ramanujan (see [35]) and Deligne (see [11]) showed that it is a consequence
of the Weil conjectures (see [12]).

The estimate is a generalization of the Hasse-Weil estimate for elliptic
curves (see Theorem 6.1).

Theorem 19.1 (Deligne; Ramanujan). Let f = > 7, ang™ be a normalized
Hecke eigen form in Sp(T'1(N))"V. Then for any prime £ we have

(19.2) lag| < 207

For k =2, this estimate was also proved by Eichler and Shimura.
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20. REDUCING (GALOIS REPRESENTATIONS MODULO p

From now on we will assume that we have a normalized new Hecke eigen
cusp form f such that K; = Q.

Most of theory outlined in this section works with out assumption. But
we are restricting ourselves to this case as it keeps the notation fairly simple
and transparent.

Let p: Gg — GL,(Qp) be a continuous irreducible representation. As Gg
is a compact group, it is easy to see, using continuity of p, that the image of p is
contained in a compact subgroup of the target. One can explicitly see this by
observing that Gg stabilizes a lattice L = Z;; C Q. Using this lattice we see
that we p is the composite of Gg — GL(L) = GL,(Z,) — GL,(Qp). In other
words we can arrange things in such a way that p has p-adic integer matrix
entries. So we can then reduce these matrices modulo p. Thus we obtain, a
representation p : Gg — GLy(Z,) — GL,(Z/p). Such a representation p is
not in general unique and its construction depends in a rather strong way on
the choice of the lattice which was used to carry out the reduction.

However, it is standard fact that such representation p is unique (up to
isomorphism) if it is irreducible and its formation is independent of the choice
of the lattice.

Example 20.1. Let A(g) = > ", 7(n)¢" be the Ramanujan modular form
of weight twelve and level 1. Take p = 691. Then Ramanujan observed
that 7(n) = o11(n) mod 691. This congruence implies that the mod 691
representation associated to A is reducible. For more on the connection
between congruences between Fourier coeflicients of modular forms and Galois

representations see Serre’s Seminar Bourbaki talk on the work of Swinnerton-
Dyer [39].

21. GALOIS REPRESENTATIONS ARISING FROM ELLIPTIC CURVES

Let E/Q be an elliptic curve over Q. Fix a prime p. One has a family of
Galois representations associated to E,p, given by the action of the Galois
group Gg on the p"-torsion points E[p"], which are denoted

(21.1) pEp : Gog — GL2(Z/p")
It is not very difficult to verify that the composite homomorphism
(21.2) pEpn : Gg — GLo(Z/p™) — GL2(Z/p" )

is pgpn-1. Such a system of representations can be assembled to give a
continuous representation (note our abuse of notation)

(21.3) pE,p - Go — GLa(Zp).
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Theorem 21.4. Let E/Q be an elliptic curve and let Ng be its conductor.
Then

(1) pEyp is unramified for primes not dividing pNg and
(2) let ¢ JpNg be a prime. Then
(21.5) det(1 — Xpp p(Froby)) = 1 — agX + (X2
where ag =+ 1 — #E(Fy).

Remark 21.6. It is clear from the above theorem and Deligne’s theorem 18.1
that the representation associated to an elliptic curves looks like the repre-
sentation associated to a modular form of level Ng, weight 2 and x = 1.

22. THE SHIMURA-TANIYAMA-WEIL CONJECTURE

There are many equivalent definition of modularity of an elliptic curve.
We will restrict our attention to the line of thought which emerged in the
discussion at the end of previous section.

Definition 22.1. Let E/Q be an elliptic curve. We will say that F is a
modular elliptic curve if the representation

(22.2) PEp - GQ - GLQ(ZP)
if there exists a normalized new cusp form f on I';(N) such that

(22.3) ag(f) = ar(E)

for all but finite number of primes (not dividing the level), and where ay(f)
is the ¢** Fourier coefficient of f.

Remark 22.4. By Proposition 18.4, we observe that pg , is isomorphic to the
Galois representation of f at p. Thus to say that E is modular is equivalent
to saying that ay(F) = £ + 1 — #(FE(F;)) are the eigenvalues of the Hecke
operators on a normalized Hecke newform of some level, of weight two and
x =1.

It is a standard fact that if pg ), arises from a modular form f for one
prime p then it does so for all primes p. Thus in this sense the definition is
independent of the prime p.

Conjecture 22.5 (Shimura-Taniyama-Weil). Every elliptic curve E/Q is
modular.

This conjecture is now a theorem of Breuil, Conrad, Diamond and Taylor,
Wiles [3] and its proof uses methods of [49], [46].
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23. SERRE’S CONJECTURE

Serre in [41] formulated a mod p version of a similar conjecture. This
conjecture of Serre still remains intractable.

In this section we will consider representations p : Gg — GL2(F,). Assume
that p is irreducible and continuous. Observe that continuity of p implies that
the image is finite and hence is contained in GL2(F,) for some finite extension
F,/Fp.

Definition 23.1. Let p be as above. We will say p is odd if det(p(c)) = —1 €
[, where ¢ : Q — Q is complex conjugation.
We remark that if p = 2 then —1 = 1 so there is no restriction at p = 2.

Definition 23.2. We will say that p : Gg — GLy(F,) is modular if there
exists a new eigen cusp form f on I';(N) for some N > 1 such that p :
Gg — GLo (]F‘;) can be obtained by reduction the representation pyr, : Gg —
GL2(K ) modulo p for some prime p|p in K.

Conjecture 23.3 (Serre). Let p : Gg — GLy(F,) be any continuous, irre-
ducible, odd representation of Gig. Then p is modular.

Remark 23.4. The condition that p is odd is necessary by Remark 18.5.

Serre also gave a recipe for computing the level, N(p) and the weight k(p)
and the nebentype €, of such a form. As a consequence of [5], [13], [19], [32],
[37] that if p is modular of some level weight and nebentype, then it does
indeed arise from modular form of weight and level predicted by Serre.

Remark 23.5. For our purposes it is sufficient to know that for a represen-
tation p : Gg — GL2(FFp) the predicted level N(p) is coprime to p and is
divisible only by prime ¢ # p which for which p is ramified.

24. FrREY ELLIPTIC CURVES

Let A, B, C be pair wise coprime integers such that A+ B + C = 0. Then
we can associate an elliptic curve to such a triple of integers. Let

(24.1) Eapc:y*=x(x— A)(z+ B)

For this curve we have A = 16(ABC)2. And hence as one of A, B, C is even
we have

Lemma 24.2. For elliptic curve Ez g c we have p|A < p|ABC.

We now study the bad reduction of E4 pc using Proposition 8.4. We
observe that ¢, = 16(A? + AB + B?)
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Lemma 24.3. Let E = E4 pc be an elliptic curve associated to a triple of
integers A, B,C as above. Then E4 pc has good reduction outside primes
p not dividing ABC. For any p|ABC, the curve E has semistable reduction
modulo p.

Proof. It is not difficult to verify that this equation is in fact minimal for
all primes p # 2. The proof is easy for p # 2. for instance if p|A then the
reduction looks like y? = z2(z+ B) mod p. (Note that ¢4 0 mod p as any
p|Ag divides exactly one of A, B,C). For p =2 we have to do a little more
work. One essentially reduces to the case when A = —1 mod 4 and B = 0
mod 32. Then we can substitute

(24.4) x = 4X
(24.5) y = 8Y +4X.
Then the equation of E reduces to
(24.6) Y2+ XY = X? +eX? +dX
where
B-1-A
(24.7) c = —
4
AB
24.8 d -
(24.8) 16

and then the reduction of F modulo 2 is given by

X3 if A=7 d8
(24.9) Y24 XY = , Hoe e,

X3+ X% ifA=3 modS8.
This curve has distinct tangents over Fy and hence the reduction of E modulo
2 is semistable at 2. O

Thus we get
(24.10) Nge = ] »
p|ABC
) 28(C? — AB)3

(24.11) B = —mpier
Proposition 24.12. For p > 5 the representation
(2413) PEp * GQ — GLQ(FP)

is irreducible and is unramified for primes not dividing ABC'.
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25. FREY CURVES ARISING FROM FLT

Fix a prime p > 5. Let aP + b + P = 0 be a nontrivial solution to Fermat’s
last theorem. We will assume that a, b, ¢ are pairwise coprime and abc # 0.
We will assume, without loss of generality, that a = —1 mod 4 and b = 0
mod 4. If we set A = aP, B = bP,C = P then we get elliptic curves which
were introduced and studied by G. Frey (see [20], [21], [22])

(25.1) y* = x(z — aP)(x + bP)
26. ANALYSIS OF RAMIFICATION

In this section we analyze the ramification properties of the representations
p obtained from the Frey elliptic curves £ = E4 g ¢ for A+ B+ C = 0. Let
p = pep : Go — GLa(F,) be the two dimensional representation of Gg
corresponding to its action on E|p).

It suffices to concentrate on primes ¢|(ABC') as p is unramified at primes p
not dividing ABC'. Fix a prime ¢/|ABC. Then we know that E has semistable
reduction at /.

We will use Tate elliptic curves (see Section 11) to analyze the ramification
at . For £ = 2 we will need a refined version of Theorem 11.17 to take care of
the possibility that the reduction type at 2 may be non-split semistable. But
the difficulties are mostly technical and I will suppress this issue completely.
The diligent reader is referred to [43].

By Tate’s theorem, we can replace I/ by a Tate curve E,, over (Q;. Note
that g depends on E. In Remark 11.20 we had described Ey, [p] explicitly:

(26.1) B, lp] = {gq;l/”]gp —landme Z/p}
We can read of the ramification properties of p at £ from this description.

Proposition 26.2. Let {|ABC. Then the extension corresponding to Eq,[p]

is given by Qu(¢, q;/p). In particular this extension is unramified for £ # 2,p
if and only if ve(q¢) =0 mod p.

Proof. Tt £ # 2,p and v¢(qe) =0 mod p then g, = Pu where v is unit in Z,.
Thus the extension is given by Qg((, ul/p) where ¢ is a pt*-root of unity and
¢ # p and v is a unit in Z;. Thus this extension is unramified at £. Conversely,

if Qy(¢, qé/p) is unramified at ¢ then we see that g, is a pt* power up to a unit
in Z@. O

One can also carry out the analysis at £ = p however, the extension is
ramified at ¢ = p. But the ramification is fairly controlled (Serre calls this
case peu ramifie) if and only if v,(¢) = 0 mod p. So we will make the
following ad hoc definition.
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Definition 26.3. Let p : Gg — GLy(F,) be a representation. We will say
that p is peu ramifie at p if the extension at p is given by Q,((, ul/p) where
¢ is a ptP-root of unity and u € Z,, is a p-adic unit.

We now apply this analysis to the Frey curve and deduce:

Proposition 26.4. Let aP+bP+cP = 0 be a solution to Fermat’s last theorem
such that a, b, c are pairwise coprime and abc # 0 and let E be the Frey elliptic
curve associated to it. Then the representation

is unramified for all prime € # 2,p and for £ = p the representation is peu
ramifie.

Proof. The is immediate from the fact that A = (abc)? up to a power of 2
and vy(q) = v(Ag) and hence the result. d

27. FERMAT’S LAST THEOREM
Theorem 27.1 (Serre). Serre’s conjecture implies Fermat’s Last Theorem.

Proof. Serre’s conjecture 23.3 implies that the representation p : Gg —
GLy(F,) associated to the corresponding Frey elliptic curve is modular of
some level N(p), weight k(p) and nebentype x. If we follow Serre’s recipe
(see Remark 23.5) for calculating these invariants we see that N(p) = 2 be-
cause N(p) is divisible by only those primes ¢ # p for which p is ramified.
Thus by Proposition 26.2 we see that N(p) = 2. The fact that p is peu ramifie
at p gives that k(p) = 2 and recipe for nebentype gives and x = 1.

Thus the representation associated to the Frey curve arises from a newform
of weight 2, level 2 and nebentype 1. But it is known (and fairly elementary
to prove) that there are no such forms (see for instance [36]). Thus we arrive
at contradiction. This proves the theorem. O
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Notes on Ribet’s Converse to Herbrand

CHANDRASHEKHAR KHARE

1. Statement of the theorem

Let p be an odd prime. It is called irregular if and only if p divides the
class number of Q(s,). By Kummer’s criterion this happens if and only
if p divides the numerator of the kth Bernoulli number By for an even k
between 2 and p — 3 (note that the denominator is prime to p because of
the von-Staudt-Clausen theorem). Recall that the Bernoulli numbers B,, are
defined by:

[ [ B,
C 1 =%,
et —1 + 2 n22 n!
The first few Bernoulli numbers are
—1 1 1 5 —691
By= — Bs=— . Bys= —.Bo= — Big = ——.
1730070 T 420 T8 T 300 0 T 667 2 T 9730

Let A be the ideal class group of Q(u,) and let C' be the F,-vector
space A/AP. This has an action of the Galois group A := Gal(Q(up)/Q) =
(Z/pZ)*. We define the mod p cyclotomic character x : A — (Z/pZ)*
by g.C = (X9, Note that y generates the character group of A with the
characters taking values in F;.

As A has order prime to p we have a canonical decomposition of C' as

C = (mod pfl)C(Xi)

where C(x*) is the x‘-isotypical component of C' as a A-module. Note that
C(x") = €,iC where
1 i
yi = EEQEAX ‘(9)g.

The main theorem proven by Ribet in [R] is:

Theorem 1 Let k be an even integer, 2 < k < p — 3. Then p divides the
numerator of By, if and only if C(x' %) # 0.

It was known classically by Herbrand, refining Stickelberger’s theorem,

that if C(x'~*) # 0, then p divides (numerator of) By, (Section 3 of Chapter
1 of [L]). The converse was also well-known assuming Vandiver’s conjecture

273
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that Q(up)™ has class number prime to p. The theorem is also a conse-
quence of the Main Conjecture of Iwasawa theory which was proved for
abelian number fields by Mazur-Wiles ([MW]). The proof of Ribet, and its
reinterpretation and extension in [W], was a significant clue for the work of
Mazur-Wiles. Now its possible to give technically simpler proofs of this re-
sult using the important technique of Euler systems developed by Kolyvagin
(see Rubin’s appendix in [L]). But the proof of Ribet is still valuable as it
explicitly constructs abelian, unramified extensions of exponent p of Q(uy)
with controlled behaviour.

Note that by class field theory we have an isomorphism via the Artin
symbol, that we denote by Art, of C' with the maximal unramified abelian
p-extension E of Q(u,) (note that the p-torsion of A can be identified with
C as a A-module). The abelian Galois group H := Gal(E/Q(x,)) has an
action of the group A by conjugation, that also acts on C' as seen above.
The Artin reciprocity map is equivariant for the action of A. Namely we
have

Art:gce C — gArt(c)g~' € H.

Thus under the hypothesis that p divides By (2 < k < p—3) to construct
a non-trivial element in C(x'~*) it is enough to construct an unramified
abelian p-extension E/Q(up) (so Gal(E/Q(up)) is a Z/pZ vector space)
such that A acts on it via y!=*.

We easily see that then Gal(E/Q) is the semi-direct product of (Z/pZ)"
(for some positive integer r) by Z/pZ*, with the action given by g.a =
Xl_k(g)a> ge A>a € Gal(E/Q(:up))

We claim that Theorem 1 follows from:

Theorem 2 Suppose p|By. Then there is a representation
p:Gq — GLy(F),

where F is a finite extension of ¥}, with the properties:
(i) p is unramified at oll primes different from p.
(ii) p is a reducible non-semisimple representation of the form

1 *
0 Xk—l

with the x non-trivial: another way to say this is the order of the image of
p is divisible by p.

(iii) Let D be a decomposition group of p in Gal(Q/Q). Then the order
of p(D) is prime to p: namely the representation p when restricted to D is
semisimple.
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We justify the claim:
If we define E’ to be the fixed field of the kernel of p, then the fixed field
Q(up)®(k_1) of the subgroup consisting of matrices of the form

(01)

is a subfield of Q(s) (of order %), and Gal(Q(,)®*~1/Q), which is
the quotient through which x'~* factors, acts on H' := Gal(E/Q(y1,)®*~1)
by x'~*. Because of (ii), H' is a group of (p,---,p) type. The exten-
sion F/Q(u,)®* =1 is unramified as (i) implies that it is unramified out-
side p, while (iii) implies that the primes above p split in the extension
E/Q(up)@’(k_l) as this is an extension of (p, - -, p) type. Now if we define F
to be the compositum of E’ and Q(y,), then as Q(u,) and E’ are linearly
disjoint extensions of Q(u,)®* 1), the extension E/Q(u,) has the desired
properties.

2. Strategy of proof

It remains only to prove Theorem 2! The existence of the representation
p is subtle as one wants a two dimensional mod p representation of the Galois
group of Q that is not semisimple while its restriction to D is semisimple.

Ribet uses the 2 dimensional mod p representations that arise from the
reduction mod p of the p-adic representation attached to cusp forms f that
are eigenvectors for Hecke operators. These generally tend to be irreducible
unless f is congruent to an Eisenstein series mod p.

In particular, consider the Eisenstein series

Ey = —By/2k + Xn0%-1(n)q",

where ¢ = €2™*. As p|By, Ey mod p “looks like” a cusp form, as mod p it
vanishes at infinity. In fact there is a cuspidal eigenform f € Si(SL2(Z))
that is “congruent” to Ej; mod p. Using the form f, Ribet constructs the
representation p. The properties (i) and (ii) are not hard to prove, but (iii)
requires very delicate results from algebraic geometry ([Ra]).

In fact when Ribet worked out his results enough was not known about
mod p representations coming from cuspforms of weight bigger than 2, and
he was forced to work at weight 2 using (by now) well-known principles that
“mod p everything is weight 2”. But now because of recent results proven by
Faltings, Jordan ([FJ]), and the theory of Fontaine-Laffaille ([FL]) it seems
possible to work directly in higher weights k (k < p — 3). We will give
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indications of how (i) and (ii) are proved below, and hand wave our way
through (iii)!

3. The proof

3.1 Galois representations attached to cuspforms

Let N > 1, k > 2 be integers, € : (Z/NZ)* — C* a character. Then we
consider the space of Si(I'o(N),€) C Si(I'1(N)) of cuspforms of weight k for
the congruence subgroup

IMN%:(ZZ>GSM@)CEOW%

with character €. These are holomorphic functions f on the upper half-plane
H = {z € Clim(z) > 0} such that

az+b
cz+d

<ﬁ§>emwx

with the condition that f vanishes at all cusps. This latter condition simply
means that f(%£b) tends to 0 whenever im(z) — oo for any matrix

cz+d
a b
< ¢ d ) S SLQ(Z)

There is another useful algebraic way of looking at cuspforms f of weight
2. Counsider the open Riemann surface H/I'1 (V). This can be viewed as an
affine curve and one can compactify it to get a projective curve X;(N). We
can view this sitting in P™ for some n, and it is a theorem that the equations
which define this curve can be chosen to be stable under the action of the
Galois group of Q. A remark for the experts: we will implicitly work with
Shimura’s canonical model for these modular curves (and denote them by
X1(N)) over Q. As a Riemann surface we have the uniformisation

I ) = e(d)(cz + )" f(2)

for

7 HUPHQ) — X (N).

If we consider a holomorphic differential w on the curve X;(N) its pull-back
7*(w) can be written as f(z)dz (on the curve X;(IV), w looks like that only
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locally), and as o*(dz) = d(a(z)) = (cz + d)~2dz with a = CCL Z €
SLo(Z), we see that f has the “right symmetries”. As dz“ = "dq/q we
see that as w is a homolomorphic differential on X;(N), f is forced to be
a cuspform. Thus we have an interpretation of the space of cuspforms of
weight 2 as the space of holomorphic differentials etc, an interpretation that
will be useful later. For higher weights there is also a similar interpretation

except that we have to use differentials with values in non-trivial coefficient

systems.
11
( 01 ) € I'o(IN)

we can develop f in a Fourier series

As the element

[= Enan(f)qn-

We have an action of Hecke operators T;, on the space Sk(Io(IV), €): explicitly
for most primes r the action of T;. is given by

F1T7 = Snans (£)g" + e(r)r* ™ Snan (£

The Hecke operators generate a commutative algebra that we shall denote by
hi(N). Inside the space of cusp forms we also have the lattice of cusp forms
with Fourier coefficients in Z[e]: these are preserved by the Hecke operators,
and the Hecke algebra acting on them is a free Z-module of finite rank.

Consider f € Si(I'o(IN),e) which is an eigenform for almost all T,’s
where r is a prime. One can then show that the Fourier expansion of f
has coefficients which lie in a number field. Further for any automorphism
o € Gq, f7 = Ypan(f)7¢" is in Si(I'o(NN),€e”). This is not evident, but
follows from a cohomological interpretation of cusp forms. Be that as it
may, the big result here is that associated to f, and any prime £ there is a
representation

Pf: GQ - GLQ(E),

where F is a finite extension of Qy, that is characterised upto semisimplifi-
cation by:

1. py is unramified at almost all primes r

2. For almost all primes r the characteristic polynomial of p¢(Frob,) is
2% — a,(f)x + e(r)rk=1
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Note that amongst the excluded primes in the phrase “for almost all
primes” is the prime £. This result is due to Eichler, Shimura and Deligne.

It is not clear if the representation p; is semisimple. But in fact we have:
Theorem 3 The representation py is absolutely irreducible.

Proof. We will prove this only for even weights k, though it is true even for
odd weights. This follows from the Ramanujan bounds, proven by Deligne,
that for an eigencuspform

jar (f)] < 27072,

for almost all primes r. Now if the representation were reducible we would
have that the semisimplification would be the sum of two ¢-adic characters
x"e1 and x®es for integers r, s (by results about Hecke characters in [S]),
with x the f-adic cyclotomic character of Gq giving the action on roots
of unity whose order is some power of ¢, and ¢; finite order characters of
Gq- The cyclotomic character x has the property that for all primes ¢ # /,
X(Frob;) = t. Comparing determinant characters for py we deduce that
r+s =%k—1 and r and s are unequal as k is even: this contradicts the
Ramanujan bounds.

The representation py is continuous with respect to the profinite topology
on Gq (the open subgroups are the subgroups of finite index: the group is
totally disconnected and compact), and the ¢-adic topology on GLy(E). As
the group GL2(Op), with Og the ring of integers of E, is open, the inverse
image of it under py is a subgroup H of finite index of Gq: thus H stabilises a
lattice L’ in E? under the action of pg. If we let L be the sum of the translates
of L’ under the coset representaives of H in Gq, we see that Gq stabilises
L. With respect to a basis of L = Oge; + Oges, the representation takes
values in GL2(OFg). We can reduce this integral model of the representation
modulo the maximal ideal of O, to get a representation p; : Gq — GL2 (F),
where F is a finite field of characteristic £.

Note that there are many choices of lattices L which Gq stabilises, and
thus p; depends on the choice of L. But we have the theorem of Brauer-
Nesbitt:

Theorem 4 The semisimplification 3 of the reduction mod l of py is well-
defined, i.e., does not depend on the choice of lattice.
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Now choose £ to be the prime p that we are interested in. Assume now
that py is such that its reduction w.r.t. some lattice L is reducible. Then
Theorem 4 implies that its reduction w.r.t. any lattice is reducible. The
following proposition is crucial to Ribet’s work:

Proposition 1 Assume py is such that its reduction with respect to some
lattice L C E* (and hence all lattices) stabilised by Gq is reducible with
semisimplification isomorphic to ¢1 ® ¢2, for ¢; characters of Gq — Fi;;.
Then there is a lattice L' such that the reduction of py with respect to L' is

p1 *
0 ¢

not semisimple and of the form ( , for a specific choice of ¢1 and

P2

Proof. For the proof of this the crucial ingredient is Theorem 3: py is
irreducible.
Let 7 be a uniformiser of Op. Note the conjugation formula

a wb 1_ [ a b
P ( c d > P= ( e d ) ’
) . Because of this we may assume that the reduction

1 0

where P := ( 0

*

of a chosen integral model of the representation is of the form 3
We first claim that we can choose a py(Gq)-lattice L so that the mod

0 oo 0 ¢

follows from the conjugation formula

a b 1 d —c/n"
Qk(c d>Qk1_<—7rkb a >’

0 1
—7F 0
divides all the lower left-corner entries of ps(g) for all g € Gq in its matricial
representation with respect to some lattice. As py is irreducible & is a non-
negative integer, and because of the above assumption, k is positive. From
this the claim follows. Now we fiz a lattice L so that the reduction of py

p representation is of the form < o ) , rather than ( P2 ¥ ) . This

where Qp = . Choose k to be the lowest power of m which

with respect to it is of the form ( %1 (; ) .
2
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For the sake of contradiction let us assume that the reduction of p; with
* 0

0 * )’
where the * are 1-dimensional characters. Choosing the integral model of p
given by L, if we conjugate ps(Gq) C GL2(Og) by a matrix M such that
Mps(Gq)M ™ C GLy(Og) then its mod p reduction is again reducible and
semisimple.

To get a contradiction we inductively define a converging sequence of
1 ¢
0 1
ments of GLy(Of) whose lower left entries are divisible by 7 and upper
1 ¢
0 1
(with lim;t; = t) conjugates py(Gq) into the lower triangular subgroup of
GLy(E).

The inductive hypothesis may be rephrased as: PiMipf(Gq)Mi_lei
consists of integral matrices whose lower left corner is divisible by 7!, The
reduction of this mod 7 is upper-triangular. As all reductions are assumed to
be semisimple, and they can always be assumed to be upper triangular, there

respect to all Gg-stable lattices is semisimple, i.e., is of the form

matrices M; = , such that that M;p;(Gq)M; * consists of ele-

right entries are divisible by 7?. Then the limit M = of the M;’s

1 w
01
7 of P'Mps(Gq)M; ' P~". Thus UP'M;p;(Gq)M; *P~'U~! consists of
matrices whose upper right corner is divisible by 7 while its lower left corner
is still divisible by 7**!. Thus (P™'UP'M;)ps(Gq)(P~*UP'M;)"! consists
of integral matrices whose lower left corner is divisible by 7 and upper right
corner entries are divisible by 7'*1. We can continue the induction by setting

is a unipotent matrix U = > that diagonalises the reduction mod

M’H—l — P—’LUP’LMi — ( é t; +17T u > 7

and we are done after observing that conjugating by M; does not change the
order with which the characters ¢; appear on the diagonal.

3.2 Congruences between cuspforms and Eisenstein series

Consider the Eisenstein series
E, = —Bk/Qk‘ + Enak_l(n)q”.

This is a modular form for the group SLs(Z). We would like to prove that
there is a cuspform f € Si(SL2(Z)) such that the Fourier expansion of f
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has algebraic integers as coefficients and if we fix a place @ above p we have
the congruence

ar(f) = ok-1(r)(p)

for almost all primes r. We may try to do this by trying to find a modular
form E of weight k for SLy(Z) with integral Fourier coefficients such that
its constant term is a unit at g, and then by considering Ey — uBy/2kE,
for a p-unit u, we can get a cuspform f, as H/SL2(Z) has only one cusp.
This is the procedure Ribet follows. But as Kirti Joshi has observed there
is a simpler argument (a similar argument occurs in Section 2.2 of [S1]) as
follows:
We consider a polynomial f = X2 ¢;A? for some n in the A function

A = qlI(1 - q”)24 =Y,>17(n)q",

with no constant term, with coefficients ¢; = a; Ey’ Eg"'7 with a; € Z and ¢;, d;
non-negative integers, and such that Ey — f = 0 mod(p). Observe that the
semigroup generated by 4c¢; + 6d;, with ¢;, d; non-negative integers consists
of all even integers greater than 4. We can find such a polynomial as the
constant terms —By/8 and —Bg/6 of E4 and Eg are rational numbers with
numerator 1, and the fact that, if a modular form of weight k on SL2(Z)
has a sufficient number (roughly k/12) of its terms in its Fourier expansion
divisible by p, then all its terms are divisible by p. This kind of argument
also proves the Ramanujan congruence 7(n) = o11(n) (mod 691) (see also
[S1]).

It is also possible, as is mentioned in passing in [R], to give a more pure-
thought proof of this result along the following lines. Consider the reduction
mod p of Ej. Now we can consider this as a differential form on the curve
X (that is the projective line, and the compactification of H/SLs(Z) by a
point at infinity as a Riemann surface) but now with mod p coefficients.

Further the “differential form” Ek(dq/q)@’% has no poles and thus gives a
holomorphic k/2-form on X with mod p coefficients. By general results of
Mazur (the g-expansion principle) it follows that E}, can be regarded as a
global section of Q%k/ 2)
Now consider the map

where () is the canonical sheaf with F coefficients.
HO(X,Q5877) — HO(X, Q5.

It is then well-known (Section 2.1.2 of [C]), that this map is surjective,
assuming that p > 5.
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Theorem 5 If p|By (for 2 < k < p — 3), then there is a cuspform [ €
Sk(SLa(Z)) whose Fourier coefficients are algebraic and f = Ey (mod ).

But this is not good enough for us as Galois representations are attached
to eigencuspforms rather than just cuspforms. Thus we have to prove:

Corollary 1 If p|By (for 2 < k < p — 3), then there is an eigencuspform
f € Sk(SLa(Z)) whose Fourier coefficients are algebraic and such that f = Ej,
(mod ).

Proof. This is a lemma due to Deligne-Serre. We consider the space
Sk(SLa2(Z),0p) = Sip(SL2(Z),Z) @ O and its mod p reduction that we
denote by Si(SLy(Z),F). We consider the Op algebra h generated by the
Hecke operators T;. for r prime to p: this is commutative and has no nilpotent
elements. We have to show that any mod p eigenform of the Hecke algebra
in the latter space lifts to an eigenform of the characteristic 0 (for E suffi-
ciently large). A mod p eigenform gives a homomorphism A — F and that
corresponds to a maximal ideal m. Consider the set of minimal prime ideals
contained in m: at least one of them does not contain p, as h is reduced, and
this provides the characteristic 0 lift that we are after. Alternatively as h is
reduced we can apply the going-up theorem to conclude.

Corollary 2 Ifp|By (for2 < k < p—3), then there is an eigencuspform f €
Sk(SLa(Z)) whose Fourier coefficients are algebraic and such that a.(f) =
or—1(r)mod(p) for almost all primes r.

3.3 The representation p

After the work of the previous section a representation p with the proper-
ties (i) and (ii) of Theorem 2 follow easily. Namely consider an eigencuspform
f as of the previous corollary. Then the semisimplification of the reduction of
the mod g reduction of py and the semisimple representation 7 := 1@ X1 of
Gq have the same characteristic polynomials for the Frobenius elements at
almost all primes r. This together with the Cebotarev density theorem and
a theorem of Brauer-Nesbitt, Theorem 4, implies that the semisimplification
of the reduction of py and 7 are isomorphic. This together with Theorems
1 and 3 implies that there exists a p with the property (ii) of Theorem 2.
The property (i) follows by a general fact as f is a cuspform of level 1 and
the curve X has good reduction everywhere. But the property (iii) is tricky.
As noted above we have to exclude information at p when we consider the
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p-adic representation attached to f. But it is exactly information at p that
one needs!

Ribet does this by reducing to weight 2 and uses results of Raynaud ([Ral)
on finite flat group schemes over finite extensions of Z,, with ramification less
than p — 1, to conclude that p restricted to D leaves stable 2 distinct lines,
and hence is semisimple.

Working in higher weights results of the type proven by Faltings-Jordan
([FJ]), together with results of Fontaine-Laffaille ([FL]), will allow one to
deduce property (iii) in a similar manner. The crucial point is that we have
the trivial Galois module as a submodule of p while [FL] and [FJ] imply that
the trivial module is a quotient.

This completes the brief sketch of Ribet’s converse to Herbrand.
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Vandiver’s Conjecture via K-theory

EXNATH GHATE

1. Introduction

The purpose of this note is to describe some recent work by Soulé [8] on
Vandiver’s conjecture! which uses K-theory.

Let us start by recalling the conjecture. The letter p will always denote
an odd prime in what follows.

Conjecture 1 (Vandiver’s Conjecture) Let ht denote the class number
of the mazimal totally real subfield Q(¢,)* of Q((p). Then p /fh+.

At the outset, we should perhaps remind the reader that if p is a ‘Vandiver
prime’; that is an odd prime for which Vandiver’s conjecture holds, then
much of the theory of the p''-cyclotomic field becomes much ‘easier’. For
instance, for such p, the proof of the main conjecture is routine (see Theorem
10.16 of [10]).2

Here is another example, for which we will need some notation. Let

w: Gal(Q(¢)/Q) — (Z/p)*

denote the Teichmuller character. Recall that w is the canonical character

of Gal(Q((,)/Q) given by the formula

¢ = ¢,

for o € Gal(Q(¢p)/Q). Let o, denote the pre-image of [a] € (Z/p)* under
w.

It will be convenient to regard w as a p-adic object as follows. Note that
(Z/p)* is isomorphic to p,—1, the group of (p — 1) roots of 1. By Hensel’s
lemma, pp—1 C Z; . Thus we may regard w as a character

w: Gal(Q(()/Q) — Zy C Zy.

! Although Conjecture 1 is attributed to Vandiver, it apparently was already stated by
Kummer in a letter to Kronecker in the middle of the 19th century (see the Remark on
page 158 of [10]).

2The main conjecture was established independently of Vandiver’s conjecture by Mazur
and Wiles [5] by studying the reductions of modular curves. An alternative proof was given
by Kolyvagin and Rubin (see [7], or Chapter 15 of [10]), using the more elementary, but
ingenious, method of Euler systems.

285
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Let A be the p-Sylow subgroup of the ideal class group of Q({,). By
using a system of orthogonal idempotents of Z,[Gal(Q((,)/Q)], we may
decompose A into ‘eigenspaces’ for the natural action of the Galois group
Gal(Q(¢)/Q) on A (see section 6.3 of [10]):

with 4; = {a € A|o(a) = w'(0)a, for all o € Gal(Q((,)/Q)}-
Let By, € Q denote the k™ Bernoulli number, and vp denote the normal-
ized p-adic valuation of Q,, with v,(p) = 1. We have®:

Theorem 1 (Herbrand-Ribet) Let i be an odd integer with 1 < i < p — 2.
Then

A #0 = wvp(Bp—;) > 0.

For i as in Theorem 1 above, we have (see Corollary 5.15 of [10]):

B,_;
- = mod p),
1w p— i ( p)
where?
121
By i == Z aw” " (04) € L.
pa:l

Thus the following theorem is a refinement of the Herbrand-Ribet theorem?:

Theorem 2 (Mazur-Wiles) Let i be an odd integer with 1 < i < p—2. Then
card(4;) = p",

where m; = vp(By ,—i).

However, even more is conjectured to be true:

Conjecture 2 (Twasawa) When i is odd, A; = Z/p™ is cyclic.

3See the articles of Katre [2] and Khare [3] in these proceedings, as well as [10], for
various proofs of Theorem 1.

“The fact that By i lies in 7, and not just QP is forced on us by Theorem 2.

5Theorem 2 is a consequence of the main conjecture.
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As it turns out (see Corollary 10.15 of [10]), Iwasawa’s conjecture is true
when p is a Vandiver prime.

The above discussion shows that it is more than simply a matter of
curiosity to investigate the validity of Vandiver’s conjecture. Numerically,
it has been checked that all p < 4 x 10 are Vandiver primes. However,
apparently, this is not sufficient evidence for one to believe that Vandiver’s
conjecture holds for all p. Indeed, a heuristic argument of Washington (see
the Remark on page 158 of [10]) shows that the exceptions to Vandiver’s
conjecture are very rare: the number of exceptions one expects in the range
3<p<4x10°isonly 1.36....!

Let us now rephrase Conjecture 1 in a form that will render it more
manageable. It is an exercise to check that it is equivalent to the following;:

Conjecture 3 (Vandiver’s Conjecture) Let p be an odd prime. Then
A; =0, for all even integers i with 0 < i < p — 3.

To place things in context, let us recall that it is well known that Ag =
A1 = 0 and that, moreover, when ¢ isodd, 4; =0 < p *Bp—i (Herbrand-
Ribet theorem). Thus Vandiver’s Conjecture says that, on the other hand,
when 7 is even, A; always vanishes!

As mentioned already, in this note we would like to describe recent work
by Soulé on Vandiver’s conjecture which uses K-theory.

The story starts with a pretty result of Kurihara [4], who proved that
the ‘top’ even eigenspace always vanishes:

Theorem 3 (Kurihara) Ap—3 = 0.
The idea of Kurihara’s proof is to note that there is a surjective map
Ky(Z) @ Z)p — Ap_3, (1)

and that K4(Z) is not too big.® Last year Soulé [8] was able to extend
Kurihara’s result. He showed that if n is small (and odd) compared to p
then A,_, = 0. More precisely, he showed:

Theorem 4 (Soulé) Assume n > 1 is odd. If logp > n??*"" then

Apn=0.

At the time that Kurihara wrote [4] it was known that K4(Z) is a finite abelian group
whose p primary components were 0, for p # 2,3. This was enough to deduce Theorem 3.
However recently Rognes has shown that in fact K4(Z) = 0.
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The basic idea of Soulé’s proof is very similar to Kurihara’s. He notes that
the ‘Chern map’ (of which (1) above is a special case):

Kgn,Q(Z) ® Z/p — Apfn (2)

is surjective. On the other hand the finite abelian group Ko,—2(Z), is (es-
sentially) the (2n — 2)'" homology group of SLy(Z) for N large. Classical
Voronoi ‘reduction theory’ gives an explicit cell decomposition of the com-
pactification of the locally symmetric space attached to SLy(Z). With this
in hand, Soulé now implements the following simple remark of Gabber: one
may bound the torsion in the homology of a finite CW-complex X purely in
terms of data associated with the cellular chain complex C.(X) of X, such
as the number of cells of a fixed degree and the number of faces of each cell.
This yields an explicit upper bound for the primes p dividing the order of
Ko,—2(Z): this is the bound that appears in the statement of Theorem 4
above.

Note that because of the inherent surjectivity of the map (2), the Soulé-
Kurihara method has natural limitations: one can only expect it to yield
rough results such as Theorem 4 above. On the other hand, as far as we
are aware, Theorems 3 and 4 are really the first results towards Vandiver’s
conjecture of a general nature.

I would like to thank Dinesh Thakur for encouraging me to write up
these notes, and V. Srinivas for his comments on a first draft.

2. A quick introduction to K-theory

Let R be a commutative ring with 1. In this section we will introduce the
K-groups K;(R) (¢ > 0) attached to R, and describe some of their properties
when R is the ring of integers of a number field. References for some of the
material described here are Srinivas’ book [9] (especially Chapters 1 and 2),
and Rosenberg’s book [6].
2.1 Ky(R)

Here we simply recall the definition of Ko(R). Let F denote the free
abelian group on isomorphism classes of projective R-modules, and let R
denote the subgroup generated by the elements

[Pe&Q] - [P —[Q],

where P and @ are projective R-modules, and [ ] denotes an isomorphism
class. Then we set

Ko(R) = F/R.
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2.2 Classifying spaces

To introduce the higher K-groups we will need the notion of a classifying
space of a discrete group GG, which we introduce now.

It is a fact that if G is a group, regarded as a discrete topological group,
then there exists a contractible CW-complex X on which G acts freely and
cellularly (so properly discontinuously), so that the quotient X/G is a CW-
complex (see Theorem 5.1.15 of [6] for an explicit construction of X). We
now make the:

Definition 1 The classifying space of G is the quotient space BG := X/G.

It is a fact that BG is well defined up to homotopy equivalence (Theorem
5.1.5. of [6]). Also BG is a K (G, 1)-space (see Corollary 5.1.25 of [6]). That
is, it is a connected space with

m1(BG,z) = G and 7, (BG,x) =0, for m > 1.
Here x is a base point, which we will drop from the subsequent notation.

2.3 The plus construction

Let GL,,(R) denote the ring of invertible n x n matrices with entries in
R. Then GL,(R) C GLy,+1(R) via the embedding

A0
A ( 0 1) .
Let GL(R) = lim,,—oc GL,(R), where the limit is taken with respect to these
embeddings.

Regard GL(R) as a topological group with the discrete topology, and let
BGL(R) denote the classifying space of GL(R). Recall that BGL(R) is a
K(GL(R),1) space: i.e. BGL(R) is a connected space with m (BGL(R)) =
GL(R), and m,,(BGL(R)) = 0, for m > 0.

Now one constructs another space BGL(R)™ from BGL(R) by attaching
two and three cells. This process is called the plus construction, and is
described on page 19 of [9]. Here we will be content in describing some of
the properties of BGL(R)™, that we summarize in the following theorem:

Theorem 5 1. Let E(R) denote the subgroup of GL(R) generated by the
elementary matrices (at finite level, these matrices are just n X n ma-
trices with diagonal entries equal to 1 and at most one non-zero off-
diagonal entry). Then E(R) is the commutator subgroup of GL(R),
and is a perfect normal subgroup of GL(R). Moreover,

71 (BGL(R)") = GL(R)/E(R).
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2. For each m > 0 we have

H,,(BGL(R)",Z) = H,(BGL(R), Z) = H,,(GL(R), Z).

2.4 Higher K-groups

We may now give (one of) Quillen’s definition’s of the higher K-groups
of R:

Definition 2 For each m > 1, set K,,,(R) := 7, (BGL(R)™).

We note that in particular K,,(R) is an abelian group for m > 0.

2.5 K-theory of rings of integers

Let F' be a number field, and let Of denote the ring of integers of F.
The next theorem shows that one might expect that the higher K-groups of
Op should contain much interesting information about F":

Theorem 6 1. Ko(Op) = Z & CI(F), where CI(F) denote the class
group of F.

2. K1(Of) = OF, the group of units of Op.

Quillen had shown that, in general, the abelian groups K,,(OF) are
finitely generated. Their ranks were subsequently computed by Borel [1]:

Theorem 7 (Borel) Let r1 (respectively ro) denote the number of embed-
dings of K into R (respectively C). Then the ranks of K, (Op) are as
follows:

I‘k(Ko(OF)) =1, I‘k(Kl(OF)) =ri+ro—1 and
rit+ry ifm=4+1>1,
k(K (OF)) =< ifm=4i+3>1,
0 if m = 2.
On the other hand, almost nothing is known about the torsion subgroups

of K,,(OF). The following theorems summarizes our current state of igno-
rance when F' = Q.

Theorem 8 The K-theory of Z computed to date is: Ko(Z) = 7, K1(Z) =
7)2, Ko(Z) = Z/2, K3(Z) = 7/48, and K4(Z) = 0.
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2.6 The Hurewicz map

For computational purposes, we will need the Hurewicz maps (m > 1)
Hurewicz : m,(X) — Hp (X, Z),

which are homomorphisms from the homotopy groups of a CW-complex X,
to the homology groups of X. Roughly, they are defined as follows (see
Appendix A of [9] for further details). A typical element [f] of m,(X) is
a homotopy class of a continuous map f : S,;, — X, where S, is the m-
dimensional sphere. We have an induced map

Hy(f) : Hn(Sm, Z) — Hp (X, Z),

and we set Hurewicz([f]) = H,(f)(w) where w is the standard generator
(corresponding to a choice of orientation) of Hy, (S, Z) = Z.

It is not true in general that the Hurewicz maps are isomorphisms, though
this does hold for m > 2 when X is (m—1)-connected, that is, when 7;(X) =
0 for j < m—1. When m = 1, and X is O-connected, that is when X is
connected, the kernel of the Hurewicz map is just the commutator subgroup
of m1(X), and in this case the Hurewicz map gives an explicit isomorphism
(X)) = Hy (X, Z).

In our situation the Hurewicz map is a homomorphism (cf. Theorem 5):
Hurewicz : K, (OF) = 7 (BGL(Og) ') — H,,,(GL(OF), Z).

This map is not injective’, but when F' = Q we have the following (see the
remarks in Section 2.5 of [8] and the references there):

Proposition 1 The kernel of
Hurewicz : K, (Z) — H,,,(GL(Z), Z)

is a finite abelian group, with non-zero p-primary components only for p
smaller than the integral part of (m +1)/2.

"Srinivas has remarked that the kernel of the Hurewicz map for BGL(R)" is always a
torsion group. In fact it is a theorem of Milnor and Moore that the kernel of Hurewicz is
torsion when X is an H-space. We refer the reader to Appendix A of [9] for the definition
and properties of H-spaces.
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3. The Chern map

We now show how the map (2) is constructed. Unfortunately, we will
have to be somewhat brief since we ourselves do not understand some of the
details.

Let X be a scheme over Z[%], and let

HE (X, Zp(n)) (3)

denote the étale cohomology groups of X with coefficients in the n*® Tate
twist of the group of p-adic integers.

Let us explain what we mean by this in the situation that matters to us,
namely when X = Spec(Z[1/p]). We need some notation. Let QP> denote
the maximal extension of (Q unramified outside p and co. Let € denote the
cyclotomic character

e: Gal(Q”™/Q) — Gal(Q(up=)/Q) = Zy C Zy.
Then Zy(n) is the Gal(Q”*°/Q)-module Z, with action:

g-a=e(g)a,

where g € Gal(Q”*°/Q) and a € Z,. Then, when X = Z[1/p], the group
(3) above is nothing but the continuous Galois cohomology group

H*(Gal(Q™/Q), Zp(n)).

One may also speak of the K-theory of the scheme X. The exact def-
inition® does not concern us here, since when X = Spec(R) is affine (as a
scheme over Spec(Z[1/p]), then K,,(X) = K,,(R). There is also the no-
tion of the étale K-groups, K'(X), of X, whose definition I don’t know.
However, I do know that these are Zy-modules which come equipped with
maps

K (X) ® Ly — K3 (X). (4)

Finally Dwyer and Friedlander have shown that these gadgets are con-
nected by an Atiyah-Hirzebruch type® spectral sequence:
By = Hy (X, Zp(—5/2)) = K

—r—s

(X)),

8See Chapters 3 and 4 of [9] if you are interested in the definition!
9The name is because it is the exact analog of Atiyah-Hirzebruch spectral sequence
connecting the singular homology of a space X with the topological K-theory of X.
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or re-indexing (set r = k, and s = —2n)
Ef" = Hi (X, Zp(n)) = K35, _4(X).
We now have the following
Theorem 9 Say X = Z[1/p]. Assume that n > 0 and p is odd. Then
HE (X, Zy(n)) = 0,
unless k=1 or 2.

Now set m = 2n—k. Then Theorem 9 shows that when X = Spec(Z[1/p)),
the spectral sequence above degenerates, and so there are surjective maps:

K (X) — H& (X, Zy(n)), ()

for m=2n—1 or 2n — 2.

We are interested in the case when k = 2, and n > 1 is odd. In this case
m = 2n — 2, and in particular m is even. By Theorem 7, we see that K,,(Z)
is a finite abelian group. Also we have the following (see Section 1 of [4]):

Proposition 2 Let X = Spec(Z[1/p]). Suppose n > 1 is odd. Then
HZ (X, Zp(n)) ® Z/p = Ap-p.
Combining the natural maps
Kon—o(Z) — Kon—2(Z[1/p]) — Kon—2(Z[1/p]) ® Zy
with the maps (4), (5), and the above proposition, we get a map
Koy o(Z) @ ZL]p — Ap_p.

It is (apparently) a fact (due to Soulé and Dwyer-Friedlander) that this map
is surjective, and this is the map (2) that we have called the Chern map in
the Introduction.

4. Voronoi’s reduction theory Fix N > 2. Let Viy denote the space of

N x N real symmetric matrices.
Recall that a symmetric matrix A is called positive semi-definite if v Avt >
0, for all v, and is called positive definite if in addition vAv! =0 <= v = 0.
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Let Py denote the subset of Vi of all positive definite symmetric matrices.
Note that R acts on Vi by scalar multiplication. Set Xy = Py/RJ. Then
Xn = SLy(R)/SON(R) is the symmetric space for SLy(R).

Let Py, denote the subset of Vi of all symmetric positive semi-definite
matrices, with rational null-space (that is ker(A) is spanned by vectors in
QM). Set X% = P} /RY. We have the following commutative diagram of
spaces:

Py C P]’Q
! I
Xy C X}i[,

where 7 denotes the projection map.
Now SLn(Z) acts on Py as follows:

g-A=gAd,

where g € SLy(Z) and A € Py,. Py is clearly preserved under this action.
Set Yy = XN/SLN(Z) and Yﬁ = X}kv/SLN(Z)

Definition 3 Let A € Py. Set

w(A) = min{vAv’ { veZV c RV,
m(4) = {veZV\0 | vAv" = p(A)}.

Definition 4 Let A € Py. Then say A is perfect if p(4) = 1, and if
whenever B € Py with u(B) =1 and m(A) = m(B), then B = A.

Note that each element v € ZV \ 0 determines an element ¢ = v'v € Py,

Definition 5 Given any finite subset B C Z~ \ 0, the convex hull of B is
the set ({Z] )\j’lA}j v € B,)\j > 0})

When A is perfect, let 0(A) denote the convex hull of m(A). We may
now state the main theorem of Voronoi reduction theory:

Theorem 10 (Voronoi)

1. Up to conjugation by SLy(Z), there are only finitely many

perfect forms.
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2. The cells o(A) and their intersections, as A wvaries through the set
of perfect forms, gives a cell decomposition of X3, invariant under

SLn(Z).

The above theorem says that the space Y3 = XA /SLy(Z) is a finite
CW-complex. Soulé has computed explicit upper bounds for the number of
cells of a fixed dimension, and the number of faces of such cells:
Proposition 3 There exist explicit constants c¢(k, N) and f(k, N) such that

1. The number of SLn(Z)-conjugacy classes of k-dimensional cells in the

Voronoi cell decomposition of X3 is bounded by c¢(k, N), and,

2. Any k-dimensional cell has at most f(k,N) faces.

Proof: The proof is easy: we refer the reader to Propositions 1 and 2 of [§]
for details.

5. A key Lemma
The following simple lemma (it is a good exercise to try and prove it for
yourself) is really at the heart of the whole proof:

Lemma 1 Let ¢ : Z* — Z° be a Z-linear map. Let Q = coker(¢). Let
{ei|1 < i < a} denote the standard basis of Z°, and let I C {1,...,a} be
such that {¢(e;) | i € I} is a basis for image(¢) ® R. Then

Card(QtorS) < H ||¢(62)||
el
Now let X be a finite CW-complex. Let (C (X),0.) denote its cellular

chain complex. Recall that Cy(X) is a free Z-module of finite rank, with
basis, say, ¥, and that there are boundary maps

8k+1 : Ck+1(X) — Ck(X) (6)
Suppose that
ak-l—l(U) = Z Noo! 0-/7
o'eXy

for o € ¥jp41. Set

a(k) = min (card(Xg11),card(Zg)),

1/2
b(k) = max |1, max Z n2.,

oEY
kol o'eXy

The following corollary follows immediately from Lemma 1:
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Corollary 1 (Gabber) We have
card(Hy,(C., 0.)tors) < b(k)2*).

Proof: Note that

ker(9y)

Hl(C.0) = image(11)

C Q = coker(J41)-

Also [|0g+1(0)|| < b(k). Thus
card(Hy(C., 8.)tors) < card(Qyors) < b(k)2™).

Let us apply this corollary in our situation: namely when X = Yy.
We choose our basis set Xj to be a set of representatives of the conjugacy
classes of k-dimensional cells in the Voronoi cell decomposition. Note that
if 0 € X411, the absolute values |nyo| of the integers appearing in (6) above
are at most the number of faces T of o which are conjugate to o’. So

1/2

Z n?fa’ < Z 60| < f(k+1,N),

o'exy, o'ESy
by Proposition 3. The same proposition shows that
card(Xg) < ¢(k,N).
Consequently, in our situation, we may rephrase Corollary 1 as:
Corollary 2 We have

Card(Hk?(Yﬁa Z)tors) < f(k + 1, N)C(k+1’N).

6. Proof of Theorem 4

In this section, we tie together the previous sections and give a sketch of
the proof of Theorem 4.
Let p be an odd prime, and let n > 1 be odd. Recall that the map (2)

KQTL—2(Z> & Z/P - Ap—n

is surjective, and that, moreover, the abelian group K, _o(Z) is finite. We
would therefore like to get a bound for the torsion in Ka,—2(Z).
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The Hurewicz map (see Section 2.6)
Hurewicz : K, (Z) — Hp(GL(Z), Z).

converts our task into a question of computing homology groups (easy),
rather than computing homotopy groups (more difficult). Indeed modulo
‘small primes’ (cf. Proposition 1 above), which we can ignore, the Hurewicz
map is in fact injective.

Moreover, it is a fact that the homology groups of GL(Z) are ‘stable’
(see the references in Section 2.5 of [8]). Thus we have:

Hm(GL(Z)7 Z) = Hm(GLN(Z)v Z)a

for N large, in fact for N > 2m + 1.
On the other hand there is an exact sequence

1 — SLy(Z) — GLN(Z) 2% {£1} — 1,
and so a simple application of the Hochschild-Serre spectral sequence shows
that up to a power of 2 (which again we can ignore) we have

card(H,,(GLy(Z),Z)) = card(H,,,(SLn(Z), Z)).
Now, modulo some more small primes, we have
card(H,,(SLn(Z),Z)) = card(H,,,(Yn, Z)). (7)

This would have been an exact equality, except for the fact that SLx(Z) has

some elements of finite order. By passing to a torsion-free normal subgroup

T of SL(Z) of finite index (divisible by exactly the primes which divide the

cardinalities of the elements of finite order in SLy(Z)), and noting that the

analog of (7) holds for I, we may deduce (7) itself, by ‘taking invariants’.
But, by Corollary 2 we have

card(Hp, (Y3, Zors) < f(m + 1, N1,

Now a technical argument (see [8], proof of Theorem 1) allows us to deduce
that the cardinality of the homology of the non-compact space Yy C Yy
may also be bounded explicitly. Thus there is a constant A(m, N), related
to f(m + 1, N)<m+LN) such that

card(H,,(Yn,Z)) < A(m, N).
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An explicit computation of A(m, N) for N = 2m+1 and m = 2n—2 (see [8],
Lemma 2)) shows that if p is large compared to n, namely p > exp(71224"4)7
then p /{card(Hm(YMZ)). By the remarks above, and the surjectivity of
the map (2), we have:

Apfn =0,
for such p. This ‘finishes’ the proof of Theorem 4.
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A ‘universal’ Torsor for a Finite Group

NITIN NITSURE

Abstract

Let n be a positive integer, let G, z[1/m) = Spec Z[1/n] [t,t7!] be the mul-
tiplicative group scheme over Z[1/n], and let ()" : G z[/n] — Gm,z[1/n) be
the n th power morphism. The Hilbert theorem 90 implies that this morphism
()" : G, z[1/n] — Gm,z[1/n) has the following property: Given any field K such
that char(K) does not divide n and K contains a primitive n th root of unity,
any field extension L/K which is Galois with Galois group cyclic of order n can be
obtained as a pull-back of the n th power morphism

()" 2 Gy, z11/n) = G, z[1/n) Via a morphism u : Spec(K) — Gy, 21 /n)-

There is nothing special about the cyclic group; in fact, the following much
more general result exists. For each finite group I', there exists a certain étale
locally trivial I-torsor Ur z — Ur,z/T" such that for every field K, every étale
locally trivial I'-torsor over K is obtainable as a pull-back. Note that there is no
restriction on the base field K, and moreover the total space of the I'-torsor on K
need not be connected (that is, L need not be a field).

When I is abelian, this result is a crucial step in the Lang-Rosenlicht theorem
that any abelian extension of the function field of a curve is the pull-back of a
covering of a generalized Jacobian of the curve (where the curve is geometrically
irreducible, reduced, smooth, projective over a finite field).

What follows is an expository account of the construction and the universal

property of the I'-torsor Up,z — Up,z/T.

1. Quotient by the free action of a finite group

The reader is assumed to be familiar with the elements of the language
of schemes. In particular, we shall use the concepts of valued points, and
morphisms which are of finite type, separated, finite, proper, flat, faithfully
flat, unramified (separable), and étale. All of the above is nicely explained in
Mumford’s introductory textbook ‘The Red Book of Varieties and Schemes’
(an inexpensive Indian edition, published by Narosa, exists).

For a morphism 7 : X — S of schemes, Autg(X) will denote the group
of all automorphisms ¢ : X — X of the scheme X which satisfy mo ¢ = 7.
Let T' be a finite group. A right-action of T on X/S is by definition a
group homomorphism p : T'? — Autg(X) of the opposite group of T into
Autg(X). Unless otherwise indicated, all actions on schemes (respectively,
on rings) will be right-actions (respectively, left-actions). A right-action

299
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p: TP — Aut(X) of T on an affine scheme X = Spec(A) corresponds to a
left-action of T" on the ring A defined as follows. Note that any f € A can
be regarded as a morphism f: X — AlZ from X to the affine line Alz. We
put vf = fop(y): X — Alz, which can be seen to define a left-action of I’
on A by ring automorphisms.

By definition, if a group I' acts on a scheme X, and if x € X, then the
decomposition group at z is the subgroup D, C I' consisting of all v
with v(x) = x, that is, D, is the set-theoretic isotropy at x for the action of
~ on the underlying set of the scheme X. Any element v € D, induces an
automorphism v* : k(x) — k(x) of the residue field at . The inertia group
at x is the subgroup I, C D, consisting of all vy such that the automorphism
v* 1 k(z) — k(x) is identity. We say that I acts freely on X if for each
x € X the inertia group I, is trivial. Equivalently, ' acts freely on X if for
every field K, the action of I' on the set X (K) of K-valued points of X is
free (in the usual set-theoretic sense).

Let there be given a scheme X over a base S, and let a finite group T’
act (on the right) on X over S. Let X x I' = [[ X be the disjoint union of
copies X, of X, indexed by v € I'. We define a morphism

a: X xI' > X xgX

as follows. If  : T — X, is a T-valued point of X,, we define a(x) to be
the T-valued point (z,x7y) of X xg X. This uniquely determines c.

We say that a given action makes X — S an étale locally trivial I'-
torsor over the base S (or a I'-torsor over S in the étale topology)
if X — S is finite, étale, surjective, and moreover the above morphism
a: X xI' = X xg X is an isomorphism.

Note that if X — S is an étale locally trivial I'-torsor, then for any
morphism 7" — S of schemes, the base change X xg T — T has a natural
structure of an étale locally trivial I-torsor (called as the pull back of
X — S under T'— S).

We say that the I'-torsor X — S is trivial if there exists a I'-equivariant
isomorphism X — S x I' over the base S, where the action of I' on S x T is
by right translation (an element v maps S5 identically to Ss,).

The following exercise connects the notion of a torsor with basic field theory.
Exercise. Let L/K be a field extension, and I" a finite group acting on Spec(L) over
Spec(K). Show that under this action Spec(L) is an étale I'-torsor over Spec(K) if and
only if L/K is a finite Galois extension, with Galois group Gal(L/K) isomorphic to I via
the given action.

Theorem 1. Let k be a noetherian ring, let A be a finite type k-algebra,
and let T' be a finite group of k-automorphisms of A such that T' acts freely
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on the scheme Spec(A). Let AU C A be the invariant subring. Then the
induced morphism 7 : Spec(A) — Spec(AY) of schemes is finite étale, and
together with the T'-action, w is a I'-torsor in the étale topology.

Proof. Step 1 : A is finite over A, and A" is of finite type over
k. Let aq,...,a, be algebra generators for A over k. Then for each i, the
element a; satisfies the monic polynomial

fit) = Tt = (@) € AT[t]

yel

Let C' C A be the k-subalgebra generated by the coefficients of all the f;.
Then C' is of finite type over k, so C' is noetherian as k is noetherian. As
A is finite type and integral over C, it follows that A is finite over C'. Note
that C ¢ AU C A, so Al is finite over C as C is noetherian. In particular,
AU is finite type over k. As A is finite over C, it follows that A is finite over
AY. We have thus proved that 7 : Spec(A) — Spec(A!) is a finite morphism
of affine schemes of finite type over k.

Step 2 : Flat base change and invariants. Let B be a flat A'-
algebra. Consider the action of I on A ® 4r B given by v(a ® b) = y(a) ® b.
Consider the left-exact sequence of A'-modules

0— A" - A— @,crA

where the last map sends a to the n-tuple (a — v1(a),...,a —vyn(a)). As B
is AU-flat, tensoring gives the left-exact sequence

0—>B—>A®AFB—>@,YGFA®AFB

which shows the equality B = (A ®4r B)'.

Step 3 : Base change preserves freeness of action. Let I' act
on X/S, and let f: S’ — S be any morphism. Let X' = X xg S’, and let
1"+ X’ — X be the projection. Consider the induced action of I" on X'/S’.
For any ' € X', let x = f/(2’). Then it is clear that the decomposition
group D, is contained in D,. Next, let v € D,,. Note that f' : X' — X
induces an inclusion k(x) < r(z'), and the homomorphism 7 : k(z') — r(z')
restricts under this inclusion to the homomorphism v : k(z) — k(). Hence
we get an inclusion of inertia groups I» C I,. It follows that if the action of
I' on X is free, then the action of T on X’ is also free.

Step 4 : Reduction to the case where A is local. For any prime
p C AL, the local ring (A),, is flat over AY. We denote A® 4r (AL),, simply
by Ap as usual (this will be a semi-local ring, as it is finite over the local
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ring (A")p). To prove A is étale over Al', we just have to prove that Ay, is
étale over (Al), for every prime p C A'. By step 2, (AY), = (4p)!. By
step 3, freeness of action holds for I' acting on Ay. Hence we are reduced to
the case where Al is local.

Step 5 : Reduction to the case where Al is strictly henselian.
Now, let B be a strict henselization of the local ring A". Note that as B is
faithfully flat over AT, A is étale over AU if A ® r B is étale over B. By
steps 2 and 3, we are then reduced to the case where A is strictly henselian.

Step 6 : Proof when Al is strictly henselian. As already proved,
A is finite over A'. Hence by henselian property of A", the A -algebra A is
a direct product of Al-algebras A; x ... x A,, where each A; is a henselian
local ring, finite over AT, Let m; denote the maximal ideal of 4;. Then

ni:Alx...Ai,lxmiXAiHX...XAT

are all the maximal ideals of A, and for each v € T and each n;, we have
v(n;) = n; for some j. Suppose y(n;) = n;, in other words, 7 lies in the
decomposition group Dy,. Then « induces an automorphism of the residue
field A;/n; over the base A" /m, where m is the maximal ideal of A'. By
assumption of strict henselianness, A" /m is separably closed, so the finite
extension A;/n; is purely inseparable, so v € Dy, induces identity on A;/n;,
hence Dy, is the same as the inertia group Ip,. By assumption of free action,
it follows that each Dy, is trivial.

As Spec(A;) are the connected components of Spec(A), any automor-
phism v maps each A; isomorphically onto some Aj;, with y(n;) = n;. We
claim that I' acts transitively on the set of all n;. Otherwise, consider the
element a = (ay,...,a,) € A where a; = 1 € A; if n; is in the orbit of ny,
and a; = 0 otherwise. Then clearly a € A'. Now suppose n; is not in the
orbit of n;. The map A"/m — A;/n; sends a — 0, so @ € m. But then
under A"/m — A;/n; we would have a — 0, which is a contradiction as
a1 = 1. This proves transitivity.

Each Dy, is trivial, hence for each ¢, j there exists a unique v € I' with
v(n;) = n;. In particular, for each i there is a unique ; with v;(n;) = n;.
This gives an isomorphism ¢; : Ay — A;. If we write A; = R say, then it
follows that A is the product R x ... x R of r copies of R, and I' acts by
permuting factors in a transitive way. The invariant subring Al is therefore
the diagonal embedding of R into R x ... x R. Hence A is étale over AL,

Note The hypothesis that I" acts freely on Spec(A) was very important in the above.
Without this hypothesis, 7 : Spec(A) — Spec(A”) may not even be flat. For example,
with base k = €, take the action of I' = Z/(2) on the polynomial ring €z, y| sending = —
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—z and y — —y. Then the module @[z, y] is not flat over the ring @[z, y]" = Cz?, zy, 7],

as its generic rank is 2, but the fiber over the point m = (132,my7 y2) has rank 3.

Remark 2. If 7 : Y — X is a I-torsor in the étale topology for a finite
group I', then in general T' is only a subgroup of the deck transformation
group Autx(Y) of the finite étale covering Y — X. For example, if X is
connected, and Y is the trivial torsor X x I', then the deck transformation
group Autx(Y') is the permutation group S,, where n is the order of T
However, if Y is connected, then we have I' = Autx (YY), as in that case any
deck transformation is determined by its effect on a single closed point.

2. The structure of I'-torsors over a field K

Summary The first part of this section is just an exercise in so called ‘Galois descent’
(see for example chapter 2 of Milne’s book ‘Etale Cohomology’ for the basics of Galois de-
scent and its relation with Galois cohomology). Let E//K be a finite Galois field extension,
let T' be a finite group, let ¢ : Gal(E/K) — T be a group homomorphism, and let A/K be
the I-torsor obtained by ‘extension of structure group’ from the Gal(E/K)-torsor E/K
via ¢. Every étale I'-torsor over a field K arises this way, where moreover we can choose
E so that ¢ is injective. When ¢ is chosen to be injective, A is isomorphic to the direct
product E" as a K-algebra, where 7 is the index of image(y) in T, and we explicitly write
the I'-action on A = E" which makes it a I’-torsor.

The final result of this section (Theorem 6 below) gives the existence of an element
¢ € A such that the determinant det(Wivfl(c)) is a unit in A.

Let T be a finite group, K be a field, E/K a finite Galois extension field,
and ¢ : Gal(E/K) — T' a homomorphism of groups. The set Maps(T', E) of
all set maps ¢ : I' — E becomes a commutative E-algebra under pointwise
operations. We denote c(v) by ¢,. Let Maps,(I', E) C Maps(I', E) be the
subring of y-equivariant maps, that is, those ¢ which satisfy

g(cy) = cyg)y forall g € Gal(E/K), v€T

The ring Maps,(I', E) is a K-algebra under pointwise operations. We define
a left-action of T' on Maps(T, E) by

(ac)g =cqp forall a,f el

This makes Maps(T', E) a trivial I'-torsor over E.

Note that the K-subalgebra Maps,(I', E) C Maps(T', E) is invariant
under the left-action of I'.

We have the following structure theorem for I'-torsors on K.
Lemma 3. If T is a finite group, K is a field, E/K a finite Galois field
extension, and ¢ : Gal(E/K) — T' a group homomorphism, then the K-
algebra Maps,(I', E) with the left-action of I as defined above is an étale
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locally trivial T-torsor over K. Its pull-back to E is the trivial T'-torsor
Maps(T', E) over E.

Conversely, if L is a K-algebra together with a left I'-action which makes
it an étale locally trivial T'-torsor over K, and if E/K is a finite Galois field
extension such that it pulls back to a trivial I'-torsor over E, then there exists
a group homomorphism ¢ : Gal(E/K) — T such that the given T-torsor is
isomorphic to the I'-torsor Maps,(I', E) over K constructed above.

Proof. It is clear from its construction that Maps,(I', ) indeed has the
desired properties. Conversely, if a I-torsor over K pulls back to a trivial I'-
torsor on E where F/K is a finite Galois field extension, then it corresponds
to a 1-cocycle ¢ in HY(Gal(E/K), T).

AsT is a constant group, we have H!(Gal(E/K), T') = Hom(Gal(E/K), T),
so we regard ¢ as a group homomorphism Gal(E/K) — T'. Now by ‘de-
scending’ the trivial T-torsor Maps(T, E) over E by the cocycle p, we get
the torsor Maps,(I', E) over K constructed above.

Remark 4. With the above notation, if N = ker(¢) C Gal(E/K), then we
can replace F with the invariant subfield EV, and ¢ : Gal(E/K) — T by
the induced homomorphism Gal(E/K)/N — I" which is injective. Hence we
can always assume that ¢ : Gal(E/K) — T is injective.

We now more directly describe the structure of the I'-torsor Maps, (T, E)
over K, where by the above remark, we can assume that ¢ : Gal(E/K) — T’
is injective without any loss of generality. Let image(p) = D C T'. Let
Doy, ..., Do, be the distinct right cosets of D in T', where r = (T : D) is the
index of D in I'. Consider the r-fold direct product E”, which is a ring under
componentwise operations, and is an E-algebra (hence also a K-algebra) via
the diagonal map A : E — E". For 1 < k < r, let p, : E" — E be the
projections, which are E-algebra homomorphisms, and let f; : E — E" be
the inclusions (with pyfi = idg and p;f; = 0 for ¢ # j) which are merely
E-linear maps of vector spaces. We define an E-algebra homomorphism
Maps,(I', E) — E" by sending ¢ — x where py(xr) = c¢5,, which is an
isomorphism, with inverse E” — Maps,(I', E) defined by sending = — ¢
where ¢y, = 9g(¢s,) = 9(pr(x)) where g € D. These homomorphisms are
inverses of each other, so define an isomorphism Maps,(I', E) — E". Via
this isomorphism, the left-action of I' on Maps,(I', E') gives the following
left-action of I' on E". Any element x € E" is the sum of elements of the
form fy(a) € E", where a € E. Given any v € T, there exists a unique 4
with 1 < ¢ <7 and a unique g € D such that

v =05 'goy
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Then we define v fi(a) € E” by putting

o _Jgla) ifj=i
pjo; gorfi(a) = { 0 otherwise.

Trace map on I'-torsors

For any finite K-algebra A we define the trace map
Tracegg: A— K

as follows. For x € A, consider the K linear map A — A which sends
y +— xy. Then Traces i (z) is the trace of this linear map. If E/K is a
finite Galois field extension, then it is known (elementary fact) that for all
ek,

Tracepyx(@)= Y.  glx)
g€Gal(E/K)

We now calculate trace for the I'-torsor E” above. For fy(a) € E" we
have

pj (Z’ka(a)) = Y pivfila)

el ~yel

= > > pjo; gorfr(a)

1<i<r geD

= > gla)

geD
= Traceg/k(a)

As the above holds for all j, we get

Z Yfr(a) = A(TmceE/K(a))
vel’

For any x € E”, we have x = >, fypr(x), hence summing the above gives
the equality

Z yT = Z A(Tracegk (pp())) = A(Tracegr /i (1))
~ver 1<k<r

Hence we have proved the following.
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Proposition 5. Let ' be a finite group, let K be a field, and let A be an
étale I'-torsor over K. Then we have equality of K -linear maps

ny = Traceg g+ A — K
yel’

Next, suppose that A is a finite separable K-algebra. We define a sym-
metric K-bilinear map

Tajk : Ax A— K : (x,y) — Tracey g (zy)

If A = L is a field, then by linear independence of characters, the map
Tracer i + L — K is non-zero, so it follows that Tp i : L x L — K is
non-degenerate. In general, A = L1 x ... L, is a direct product of such field
extensions, and (A, Ty/k) is the orthogonal direct sum of the (L;, 77, k), so
again Ty /g : A X A — K is non degenerate.

Normal basis theorem for I'-torsors

By the normal basis theorem for finite Galois field extensions E/K, there
exists an element a € E such that g1(a),...,gm(a) is a K-linear basis for E,
where {g1,...,9m} = Gal(E/K). Now with the previous notation, consider
the I'-torsor E™ over K. It is clear from the description of the I'-action on
E" that the element ¢ = f1(a) of E” has the property that the elements (c),
for v € I', form a K-linear basis of E".

Existence of ¢ € A such that det(wmj_l(c)) is a unit

We are at last ready to prove the main result that we want.
Theorem 6. Let T' = {v1,...,v} be a finite group, let K be a field, and
let A be an étale T'-torsor over K. For any ¢ € A, consider the n X n matriz
(’ym{l(c)) over A. There exists an element ¢ € A such that this matriz is
wnvertible, that is,

det('yiyj_l(c)) is a unit in A.

Proof. Let ej,...,e, be any K-linear basis for A. Consider the n x n
matrix M = (v;(e;)) over A. As proved above, the trace map is given by
> r7- Hence we have

("MM); ) = Z%‘(ej)%(ek) = Z%’(ejek) = Trace k(ejex)
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Hence ‘M M is the matrix of the bilinear form Ty Ax A— K. As this
K-bilinear form is non-degenerate, det(*M M) is a unit in K, hence a unit
in A. Hence det(M) is also a unit in A, as (det(M))? = det(‘M M).

As shown earlier (the normal basis theorem for T'-torsors), there exists
an element ¢ € A such that e; = 'yj_l(c) is a K-linear basis for A. For this

basis, M = (w*y;l(c)), and so the element det(vw;l(c)) is a unit in A.
Units in a group ring

Now that adequate preparation — in particular, a careful formulation using the concept
of a torsor — has been made, the rest of these notes essentially follow Serre’s 1959 book
‘Groupes algébriques et corps de classes’. It seems that the concept of an étale locally

trivial torsor was not available then — it was formalized (by Serre himself) somewhat later.

Let T be a finite group. For any commutative ring k, let k[['] denote the
group ring of I' with coefficients k. We define a functor

Ur : Rings — Groups : k — Ur(k) = Units in k[T']

Lemma 7. The above functor Ur is represented by an affine group scheme
Ur,z of finite type over Z. The underlying scheme of the group scheme Ur 7z
can be embedded as an open subscheme of the affine n-space A%,, where n is
the order of I'. In particular, Ur gz is irreducible and smooth over Spec(Z)
of relative dimension n. The constant group scheme Iz is a closed subgroup
scheme of Ur z.

Proof. Let I' = {v1,...,7}. It can be seen that an element x = 3 x.,7; €
k[T is invertible if and only if the n x n-matrix M (x) over k with entries
M(l‘)@j = :E,YW;1
is invertible (lies in GLy(k)). From this it follows that the scheme Ur z can
be constructed as the open subscheme of the affine space A, which is the
inverse image of GL,, z under the morphism M : A%, — A" which maps
the k-valued point z to the k-valued point M (z). As the morphism M is
affine, and as GL,, z is affine open in A7X", its inverse image Ur, z is affine
open in A%,
The group I' acts on the scheme Ur, z by right translation, and let

VI UF,Z — Unz/r

be the quotient. The theorem 1 and Remark 2, together with the following
lemma 8, imply that the morphism 7 : Up z — Up z/T" is a I'-torsor in
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the étale topology (in particular = is finite étale), with deck transformation
group I'.

Lemma 8. The right translation action of I' on Ur z is free.

Proof. Let K be a field, and consider a K-valued point « € Ur z(K). This
corresponds to an invertible element z € K[I']. Hence for any v # 1, we
have zy # x, so I' acts freely on the set Ur, z(K).

“Universal’ property of Ur z — Ur z/I’

The reason for our interest in the étale I'-torsor Ut z — Ur z/T is that
it has the following property. I have put ‘universal’ in quotes, because there
is no uniqueness for the morphism u : Spec(K) — Ur z/T.

Theorem 9. Let K be any field and let L be a I'-torsor over K in the étale
topology. Then there exists a morphism of schemes u : Spec(K) — Ur z/T’
and a T'-equivariant morphism of schemes v : Spec(L) — Ur gz such that the
following diagram is cartesian.

Spec(L) —~ Urgz
1 !
Spec(K) — Urz/T

In other words, for any field K, every étale T'-torsor over Spec(K) is a
pull-back of Ur,z — Ur z/T.

Proof. Let z,,...,2,, be indeterminates, and let A%, be the affine space
Spec Z[x~,, ..., %y,]. By definition, Ur,z C A, is the open subscheme
which is the complement of the divisor D defined by det(z, _-1) = 0, in
other words, the coordinate ring of Ur z is ’

A=Zlxy,,... Ty, 1/det(a:7wj_1)]

The action of the group I' by right-translation on Ur z corresponds to its
left-action on the polynomial ring Z|z,,...,z,,] by permuting variables,
defined by
a(zg) = Tge-1
where «, 5 € I'. For any ring L, an L-valued point of Ur, z is given by a ring
homomorphism
UV Z[Tyyy s Ty 1/det(x%7{1)] — L

Let z +— v, under the above homomorphism. Then note that we can choose
the n elements v, € L arbitrarily, subject to the only requirement that

det(v_ _-1) is a unit in the ring L.
Vi
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If we are also given a left-action of I' on L then the homomorphism v is
I'-equivariant if and only if the following is satisfied for all o, 3 € T

v(e(zp)) = a(v(2p))

Substituting a(rg) = xg,-1 from above, we get vz,-1 = a(vg). In particular,

vy =771 (ve)

where e € T" is the identity. Hence an equivariant homomorphism
Vi Zxy,, .. @y, 1/ det(z -1)] — Lis determined by an arbitrary element

c = v, € L, provided the element ¢ satisfies the only condition that
det(v;7; *(c)) is a unit in the ring L.

Now assume that there exists such an element ¢, and let v : H(Ur z, Ovr ) —
L be defined by z., — v~ !(c). As this ring homomorphism is I'-equivariant,
it induces a ring homomorphism

HO(Ur z/T, Oy, 1) = (H(Ur z,Ouvp )" — L' = K
of the invariant subrings. Hence we have a commutative diagram

Spec(L) BN Ur z
! l
Spec(K) — Urz/T

As both columns are I'-torsors and the top map is I'-equivariant, the above
rectangle is cartesian.

If L is a field, then by normal basis theorem there exists such an element
c. When L is a more general étale I' torsor over the field K, the existence of
such a c is given by the theorem 6. This completes the proof of the theorem
9.
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On the Coefficients of Cyclotomic Polynomials

R. THANGADURAI

1. PROPERTIES OF CYCLOTOMIC POLYNOMIALS

Cyclotomy is the process of dividing a circle into equal parts, which is
precisely the effect obtained by plotting the n-th roots of unity in the complex
plane. _

For integers n > 1, we know that X" —1 = [ _{/(X — 627?") over C. The
n-th cyclotomic polynomial can be defined as

Ou(X)= [ (X-eS)

m=1,(m,n)=1

where e*" is a primitive n-root of unity. Clearly, the degree of ®,(X) is
¢(n) where ¢ is the Euler totient function. We have X" —1 = [, ®a(X).

Lemma 1.1 The cyclotomic polynomial ®,(X) is a monic polynomial over
integers.
Proof. We use induction to prove this result. We have ®;(X) = X — 1.

We assume that the result is true for all d < n and we prove the result for

n. By the induction hypothesis, we have F(X) e [a<n,am Pa(X) € Z[X]

and its leading coefficient is 1. As F(X) is monic, by division algorithm,
3 h(X),r(X) € Z[X] such that h(X) is monic and X" — 1 = F(X)h(X) +
r(X), where r(X) = 0 or degr(X) < degF(X).

But, X" — 1 = F(X)®,(X). Therefore, by uniqueness of quotient and
remainder in C[X], we must have h(X) = ®,,(X). Also it is clear that ®,,(X)
has leading coefficient 1. O

The Mbébius function, p(n), is defined by

1 ifn =1,
pn) =< (=1)* if n = pipy---py for distinct primes p; ,
0 otherwise.

Note that it can be easily seen that pu(mn) = pu(m)u(n) whenever (m,n) = 1.

1 ifn=1,
Also, Zd|n pu(d) = { 0 otherwise

Lemma 1.2 If u(n) denotes the Mobius function, then,

P, (X) = H(X"/d _ 1)u(d) - H(Xd _ 1)u(n/d)_
din din
311
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Proof. We shall prove that if f(n) =[]y, g(d), then g(n) = I]g,, f(n/d)yM@),

w(d)
We have, Hf(n/d)“(d> = H( H g(m))

d|n din \m|(n/d)

- H(Hd(n/m)g(m)ﬂ(d)>
= L gtm>aom™@ = gn),

mln
Since X" —1 = []gp, Pa(X), we are done. O

Lemma 1.3

(i) If n = p{'p3%---py*, ai > 0, and N = pipa---pg, then ®,(X) =
(XN,

(i) If n > 1 and (2,n) = 1, then P9, (X) = @, (—X).

(iii) For all positive integers n > 1, we have XM d,,(1/X) = ,(X).
Proof. (i) Since p(m) = 0 for all integers m which are not square free, we
have,

O,(X) = J[(x™-1r@ = T (x4 1)@

din d|n,d|N
= LMV 1D = @ (XN),
dN
This proves part (i).
(ii) Consider
Pon(X) =[] (x?-1rC/D
d|(2n)
- H(Xd _ 1)#((2n)/d) H(Xd _ 1)#((2n)/d)
2|d din
= II [(Xd — /D) x2d _ 1)u(n/d)]
din
= H(Xd + 1)H D as w(2m) = —p(m) for odd m
din
= JIEx" =1 = o, ().
din

(iii) Now, consider

q)n(l/X) = H(l/Xd — 1)u(n/d) = H(l — Xd)ﬂ(”/d) H(l/Xd)u(n/d)
dn dln dln
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Therefore we get,

XZd\nd#(n/d)(I)n(l/X) _ H(fl)“(n/d)(Xd - 1)p(n/d)
din
= (=) Zan DT (x4 = 1)) = @, (X),
dln
Since 3, dpu(n/d) = ¢(n), we get the result. O

2. THE COEFFICIENTS OF CYCLOTOMIC POLYNOMIALS

Since ®,(X) is a polynomial with degree ¢(n), we can write

$(n) ‘
(X)) =) an(i) X’

i=0
where a,,(7) denotes the i-th coeflicient.

Lemma 2.1
(i) an(i) € Z for alli, 0 <i < ¢(n), n € N.
(ii) an (i) = an(d(n) — i) for all i, 0 <i < ¢(n), n (> 1) € N. That is, the
coefficients of cyclotomic polynomials are symmetric.
Proof. (i) follows from Lemma 1.1. Also (ii) follows from
Lemma 1.3(iii) immediately. d

Remark 2.2
(1) Lemma 1.3(i) says that

ant) = { ¥ e
(2) From Lemma 1.3(ii) we get for odd n > 1, ag, (i) = (—=1)%a,(i).
(3) When n = p a prime number, from Lemma 1.2 we have
Py X)=(XP-1)/(X-1)=XP L4 XP 24 . L X +1.
Hence ap(i) =1 foralli=0,1,--- ,p—1.

Thus in any investigation about the coefficients of cyclotomic polynomi-
als we can reduce our enquiry to the case when n is odd, square-free and
composite.

When n = p a prime number, as we had seen earlier,

. 1 ifi=0,1,---,p—1
ap(i) = { 0 for all integers i > p — 1.
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We shall now pass on to the next interesting case when n = pg where p
and g are two distinct odd prime numbers. Here are two explicit examples:

P5(X) =X - X"+ X5 - X4 X3 _X+1

and @9 (X) = X2 - XM 4 X - X8+ X0 - X'+ X3 - X +1.
In 1883, Migotti [27] showed that all ap,(i) € {0, £1}. Marion Beiter [5] and
[8] gave a criterion on ¢ for apq(i) to be 0,1 or —1. Also Carlitz [11] computed
the number of non-zero ap,(i)’s. Here, we shall give a simpler proof of the
following theorem due to Lam and Leung [19].

Theorem 2.3 Let r and s be non-negative integers such that (p—1)(¢g—1) =
rp + sq written uniquely. Then we have

Dpe(X) = (Z X“’) (Z XJ"I) — ( qf Xip) ( pf qu) xXr,

i=0 j=0 i=r+1 j=s+1

Also, for 0 <k < (p—1)(q — 1), we have
(1) apq(k) =1 if and only if k = ip+ jq for some i € [0,7] and j € [0, s];
(2) apq(k) = —1 if and only if k + pq = ip + jq for some i € [r+1,q — 1]
and j € [s+1,p—1]; and
(3) apq(k) = 0 otherwise.

The number of terms of the former two kinds are, respectively, (r+1)(s+1)
and (p— s —1)(q —r — 1), with difference 1.
Proof. We know that ¢(pg) = (p — 1)(¢ — 1) can be expressed uniquely in
the form 7p + sq where 7, s are non-negative integers (see for instance [23],
Page 22, Ex. 4). Since (p—1)(¢—1) = rp+ sq, it is clear that » < ¢—2 and
s<p-—2.

Now, we shall prove that

(£ ) (5.5) (€ )
=0 =0 i=r+1 j=s+1

Let ¢ = ¢%™/(P0) be a primitive pg-th root of unity. Then since (P = e%™/4
and (7 = e2™/P_ we have ®,(C?) = ®,(¢P) = 0. That is, we have

(@) =0=3 (.
i=0 =0

Therefore,

T p—1

q—1 s
Z(Cp)i = - Z (¢P)" and Z(gq)j - _ Z (C7)l.
7=0

=0 i=r+1 i=s+1
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Hence multiplying these two, we get the identity

r s q—1 p—1
(Z(W’) (Z(CW‘) - ( > (W’) ( > (W’) = 0.
i=0 j=0 i=r+1 i=s+1

Thus ( is a zero of the polynomial

fX) = <ZXP> (ixqj) — ( qil Xm’) (I)ZI X‘U’) XP (1)

i=0 §=0 i=r+1 i=s+1

Since rp+sq = (p—1)(qg — 1), the first product in (1) is a monic polynomial
of degree (p — 1)(¢ — 1). In the second product, the lowest term has degree
(r+p+(s+1)g—pg=1rp+sq¢+p+q—pg=1and its highest term has
degree (¢q—1)p+(p—1)g—pg = (p—1)(¢—1)—1. Hence the second product is
also a monic polynomial of degree (p —1)(¢ — 1) — 1. Therefore f(X) € Z[X]
is a monic polynomial of degree (p — 1)(q — 1) = ¢(pq). Moreover, we know
that f(¢) = 0. If ¢’ is any other primitive pg-th root of unity, then also
we have f(¢') = 0. Since f(X) is monic polynomial of degree ¢(pq) with
f(e2mm/(P2)) = 0 for all integers m such that (m,pq) = 1, we must have
F(X) = @pg(X).

Now note that if 4,7’ € [0,q — 1], 5,5’ € [0,p — 1], and ip + jq is equal to
i'p+7'qor i'p+j'q—pq, then q|(i —i') and p|(j — j). This implies that i = 4’
and j = j'.

If we expand the products in equation (1), then using the above note, the
rest of the assertions follow immediately. O

Remark 2.4 Theorem 2.3 together with our earlier observations proves that
the coefficients of the first 104 cyclotomic polynomials are all +1, 0.

Corollary 2.5 Assume that ¢ > p, and let £ = (p — 1)(q¢ — 1)/2. Then the
middle coefficient apg(£) of Ppe(X) is (—1)".

Proof. By Remark 2.2(2), we can assume that p > 2. Since (p—1)(¢—1) =
rp+ sq, r and s have the same parity. If r is even, then ¢ = (r/2)p+ (s/2)q.
Therefore, by Theorem 2.3, we have ap,(¢) = 1. If r is odd, then so is s, and

we can write,
r+q s+p
tem= (5o (57) s

Since r < ¢ —2 and s < p—2, we have (r +¢)/2 € [r +1,¢ — 1] and
(s +p)/2 € [s+ 1,p — 1]. Therefore by Theorem 2.3, we have apq(¢) = —1.
Note that when p = 2, by Remark 2.2(2), we have as,(¢) = (—1)¢a,(f) =
(=1)@=D/2 = (—1)". (since 2r + sq =q—1 =7 = (¢ — 1)/2). O
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Thus, Theorem 2.3 finishes the problem of finding the values of the coef-
ficients of cyclotomic polynomials explicitly in the case when n = pq where
p and g are two distinct odd primes.

If n is a product of more than two distinct primes, then the explicit values
of the coefficients are not known in general. But in the case when n = pqr,
some good amount of progress has been made. Let us discuss this case
briefly.

In 1895, Bang [2] proved that the upper bound for the magnitude of the
coefficients of ®,4,(X) where p,q,r are odd primes such that p < ¢ < r
is p — 1. Then, in 1968, Marion Beiter [6] and Bloom [9] simultaneously
established (p+ 1)/2 as the upper bound in the special case where ¢ and/or
r is congruent to =1 modulo p. In 1971, Beiter [7] gave the following better
general bound.

Theorem 2.6 [7] The magnitude of the largest coefficient of ®pqr(X) where
p,q,7r are odd primes such that p < q < r is less than or equal to p — k or
p—(k+1) forp=4k+1 or 4k + 3 respectively.

We shall skip the proof of this theorem.

Remark 2.7 Note that when p = 3, Theorem 2.6 says that |az,(i)| < 2 for
all i. Remark 2.5 together with this, we see that the first cyclotomic polyno-
mial ®195(X) where we can look for a non-zero coefficient whose magnitude
is not just one; but two. In fact this is the case. Indeed, it was shown
by Migotti [27] in 1883 that the coefficient of X7 in the 105-th cyclotomic
polynomial is equal to —2. In fact, the 105th cyclotomic polynomial is as
follows:

@105()() — X48 +X47 +X46 _ X43 _ X42 _ 2X41 _ X40 _ X39+
X36 +X35 +X34 +X32 +X31 . X28 . X26 _ X24_
X22 _ X20 +X17 +X16 +X15 +X14 +X13 +X12—
X0 X8 —2X" - XS - XP+ X?+ X +1

Later, P. Erdos [13] showed that a, (i) = 0,+£1 for all ¢ and for all n < 105
and that a195(7) = 2. Also M. Endo [12] proved that (k,n) = (7,105) is the
smallest pair for which |a, (k)| > 1 by a different method.

Conjecture (Beiter, 1971) apqr (i) < (p+1)/2 for alli and for anyp < ¢ <r
and this upper bound is the best possible.

Indeed, Beiter remarks in the same paper [7] that the above conjecture
is true for p = 3,5 and for any ¢ < r. In support of the above conjecture,
Méller [29] proved the following theorem.
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Theorem 2.8 Let 3 < p < g < r be prime numbers satisfying ¢ = 2 (mod p)
and r = %(mpq — 1) for some integer m. Then,

par (= Dlar +1)/2) = 5(p-+ 1),

Recently, W. Bosma [10] has written an expository article on the various
methods which are helpful in computing cyclotomic polynomials and its
coefficients.

Thus from the above theorems and remarks, it appears that the growth
of the magnitude of the coefficients of cyclotomic polynomials is very slow.
However, it is not very clear at this stage whether the coefficients can take
arbitrarily large values.

Schur [33] was the first one to show that there are cyclotomic polynomials
whose coefficients are arbitrarily large. If we let A(n) = max,, |a,(m)|, then
Schur showed that limsup,,_ . A(n) = co.

We shall give a trivial upper bound for |a,(m)| for all m in terms of n
alone as follows.

Lemma 2.9 We have log(A(n)) < /n.

Proof. Since using Lemma 1.2, it can be seen that the coefficient of 2™ in
[1s>1(1—2%) 71 is greater than or equal to |a, (m)| and the former is nothing
but p(m) where p(m) is the number of partitions of m, we get |a, (m)| < p(m)
for all m.

This inequality together with the Hardy-Ramanujan [18] asymptotic for-
mula for p(m) in the form

log [p(m)| ~ m/2/3 vV/m as m — oo

implies the estimate log(a,(m)) < v/m. Since a,(m) = 0 for all m > n, the
above estimate yields the bound that log(A(n)) < v/n. O

Since A(p) = 1, the only lower bound for A(n) which is valid for all n is
the trivial bound A(n) > 1.

Erdés [14] and [15] has shown that occasionally the coefficients can get
very large indeed. More precisely, he showed that 3 ¢ > 0 such that

clogn
log A(n) > exp (710g logn> )

Using the refinement of the above argument in Lemma 2.9, Bateman im-
proved the bound in Lemma 2.9 which gives the following bound for the
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maximum of the absolute values of the coefficients of cyclotomic polynomi-
als:

log A(n) < {exp ((logQ + 0(1))M> } .

loglogn

The constant log 2, here, is the best possible. This was first asked by P.
Erdés [14] and then shown by Vaughan [31].

In 1981, Bateman, Pomerence and Vaughan [4] have refined these results
by giving estimates for A(n) in terms of prime factors of n. More recently,
Maier [26] showed that for any function x(n) tending to infinity, the inequal-
ity A(n) < nX(" for almost all n.

On the other hand, Maier [24] had earlier proved that, for any function
€(n) defined for all positive integers such that e(n) tends to zero as n tends to
infinity, the inequality A(n) > n€(™) holds except perhaps for a set of positive
integers of zero natural density. This settled a long-standing conjecture
(A(n) — oo for almost all n) of Erdés. Later, he [25] proved that for any
N > 0, there exists a positive constant C'(N) depending on N such that the
lower density of the set of n’s for which the inequality A(n) > n" is at least
C(N). Therefore, Maier’s upper bound for A(n) is the best possible one.

In the proof of Lemma 2.9, we first gave an upper bound for |a,(m)]
which is independent of n. More precisely, we proved that |a,(m)| < p(m)
where p(m) is the number of partitions of m. Indeed, Moller [28] showed
that |an(m)| < p(m) —p(m —2).

Now we define a dual function (which was first considered by Erdés and
Vaughan [16])

B(m) = max |an (m)].

Note that in the definition of B(m), we can replace maximum by limit
supremum. This is because a,(m) = anpq(m) for all primes p and ¢ with
(n,p) =1 = (m,q) and they are greater than m. Hence from the arguments
given in the proof of Lemma 2.9, we can conclude that

log B(m) < v/m.

The first non-trivial result in this direction is due to Erdos and Vaughan
[16] who showed that

|an(m)| < exp { (71/2 + 0(1)) ml/Z}

uniformly in n as m tends to infinity, where

P=I( )

p
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They also further showed that for every large m

log B(m) < o

logm

and conjectured that log(B(m)) = o(m!/?).
Vaughan [31] has obtained a sharper bound for infinitely many m; viz.

lim sup (m_l/Q(log m)t/4 log(B(m))) > 0.
n—oo
Montgomery and Vaughan [30] proved the conjecture of Erdés et al. in
this connection, by proving that B(m) is of exact order m!/?(logm)~1/4.
Recently, Bachman [1] improved the work of Montgomery and Vaughan.
He derived the asymptotic formula

Though some coefficients of cyclotomic polynomials can grow arbitrarily
large, it is not still apparent that the collection of all of a,,(m) for all n and
m can cover the whole set of integers. This was proved by Jiro Suzuki [34]
in 1987.

Theorem 2.10 [34]
Z ={an(k)| k,neN}.

Proof. Let us first prove the following claim. The claim says that if ¢ is any
integer greater than 2, then there exist ¢ distinct primes p; < pg < -+ < p¢
such that p; + p2 > p:.

Assume the contrary, that is, there exists an integer ¢t > 2 for which the
claim is false. For this ¢, given any ¢ distinct primes p; < po--- < pg, we
have p; + p2 < p¢. This implies 2p; < p;. Therefore, for any given integer
k, the number of primes between 251 and 2% is always less than ¢. This
is because if we have t distinct primes between 25~ and 2*, then we have
p1 > 281 — 2p; > 2F > p, which is not true by our assumption. Hence the
number of primes less than 2¥ is 7(2%) < kt which is false by prime number
theorem, since 7(z) > x/logx for all z > 17. Thus the claim is true.

Now we shall prove the theorem. Let ¢ be any odd positive integer greater
than 2. From the above claim, we can find ¢ distinct primes p; < ps < -+ < p¢
such that p; + ps > p;.

Let p = p; and n = p1py - - - pr. Now consider ®,,(X). We have, @,(X) =
Hd‘n(Xd — 1)#/d) We go modulo XP*! and since n is square-free integer,
because of the conditions on these set of primes, whenever d # p;, 1 for all
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i=1,2,---,t we have
t
(XP —1
D,(X) = JJx4-1p0/d = H ) (mod XP*1).
din i=1
1-X
((1)())(1 — XP1)... (1 — XP=1)  (mod XPT).
= 1+X+--+XPH1 - XPL— ... — XP=1)  (mod XPT).

This yields that a,(p) = —t + 1 and a,(p — 2) = —t + 2. Hence if we let
S:={an(m) |V n,m e N},

then, S contains {¢ € Z | ¢ < —1} as t varies over all the odd integer greater
than or equal to 3. By Theorem 2.3, already we know {0,+1} C S. In
order to prove that S contains all positive integers greater than or equal
to 2, consider ®g,(X) where n = pip2---p;. By Lemma 1.3(ii), we have
azn(p) = (=1)Pay(p) =t — 1 and ag,(p — 2) = (=1)P2a,(p —2) =t — 2.
Hence by varying ¢ over all the odd integers > 3, we see that S contains all
the positive integers greater than or equal to 1. ([l

Theorem 2.10 says that given any integer k, then there exist natural num-
bers n and m for which a,(m) = k. In 1991, Grytczuk and Tropak [17]
considered the following problem:

Given integer k such that |k| > 2, find the minimal m for which there
exists a natural number n such that a,(m) = k.

If m is one such, then for all n, we must have a,(r) # k for all » < m.

For example, if K = —2, then we know that m = 7 is the minimal integer
for which aq95(7) = —2.

From Lemma 1.2, we know that

o)
q)n(X) = H(l _ Xd),u(n/d) — H(l _ Xd)u(n/d)
din d=1

by setting u(n/d) = 0 whenever n/d is not an integer.

From this identity, it follows that, for a square-free integer n, the value
an(m) depends only on the values of u(n),u(n/d) and on the primes less
than m + 1 which happent to divide n.

Using this identity, we can derive a formula for a,(m) for a fixed m as
follows.

an(1) = —p(n), an(2) = 1/2p(n)(u(n) — 1) — u(n/2)

an(3) = 1/2u(n)? = 1/2u(n) + p(n/2)p(n) — u(n/3),---
This method has been used by D. H. Lehmer [20] and H. Moller [28].
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A. Grytczuk and B. Tropak [17] derived a recurrence relation for the
coefficients of n-cyclotomic polynomial as follows.

1 m—1
an(m) = - Z an(0)T—¢
=0

where T,,,—¢ = pu(n)u((n,m — £))od((n,m — £)) with a,(0) = 1.

Using this recurrence relation, they found for k = +£2,£3,--- , £9 and 10,
the minimal values of m for which there exist n such that a,(m) = k.
Acknowledgement: I would like to thank Professor S. A. Katre for care-
fully going through the manuscript and pointing out several corrections.
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Overview and Interconnections

DINESH S. THAKUR

In this workshop, we went through several topics, probably rapidly for
those who saw them for the first time. So now, we will just take an overview
of what was done, see how different topics were connected with each other,
what the main tools were, and mention briefly a few more simple applications
and techniques which we could not cover earlier for the lack of time.

Starting with our three motivating problems mentioned in the first lec-
ture, we were led to the study of number fields, and in particular to quadratic,
cyclotomic and Kummer extensions: Quadratic reciprocity found natural
proofs coming from comparison of factorization laws in quadratic and cyclo-
tomic extensions, regular polygons could be constructed by studying the rele-
vant cyclotomic extensions as successive quadratic ones and Fermat equation
could be handled (for regular primes) via study of cyclotomic and Kummer
extensions.

Basic structure theorems of number theory (unique factorization of ide-
als, finiteness of class group, structure theorems for the unit group) were
provided, in the lectures on Dedekind domains. We saw usefulness of the
basic tools of localization and completions. We saw Kronecker’s theorem on
how the prime decomposition in an extension can (essentially) be decided
by factoring a polynomial modulo that prime. We studied structures of Q,,
Qp, Zy etc., classified unramified and totally ramified extensions, studied the
concepts of decomposition and inertia groups, Frobenius, discriminant, ram-
ification, prime splitting, its reformulation in terms of Galois groups, using
Frobenius conjugacy classes (elements in case of abelian extensions). The
existence of nice decomposition laws for quadratic, cyclotomic and Kummer
extensions was explained by unifying feature of having abelian Galois group
in the class field theory lectures.

We know that C has no finite non-trivial extension, while R has C as
its only non-trivial finite extension and Q,, has many finite extensions, but
all with solvable Galois groups (we also saw in problem sessions that for odd
p, there is no extension of Q, with the Galois group (Z/pZ)?, as a corollary
to local class field theory and structure theorem of Q, (see also the proof of
Lemma 14.8 in Washington using Kummer theory)) and only finitely many
of a given degree, in contrast to the global case of Q. As a simple corollary
to the determination of the Galois group of Q({,) and structure theorems for
abelian groups and for (Z/nZ)*, we saw that all finite abelian groups occur
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as Galois groups of cyclotomic extensions over Q. The Kronecker-Weber
theorem proved the converse. It is conjectured that every finite group occurs
as a Galois group of an extension of Q.

We saw that we have nice tools such as Hensel’s lemma (finding a p-adic
root by successive Newton approximation method) to solve equations in local
fields and then looked at local-global principle example of Hasse-Minkowski
theorem. The obstruction to local-global principle (the class group in the
case of units and the Tate-Shafarevich group in the case of elliptic curves)
is an important object of study.

We looked at zeta and L-functions encoding unique factorization in their
simple sum and product descriptions. The special values and leading terms
of these simply defined functions encode very interesting arithmetic informa-
tion: Bernoulli numbers, class number formula that residue at s = 1 of (x(s)
is 2"1(27)"2hR/wk +/|d]. The idea of the proof was that the defining sum
over ideals for the zeta decomposes into h equal ideal classes contributions,
each computed by looking at the limiting sums as integrals and computing
the resulting volumes, as in the Dedekind domains lectures.

The regulator R, which is a certain determinant of logarithms of the
units is usually hard to compute. But for Q or an imaginary quadratic field,
the rank zero unit group leads to a trivial regulator. Since the Riemann zeta
function has a simple pole with residue 1 at s = 1, the factorization into
L-functions simplifies the left side of the class number formula, e.g., in the
case of quadratic fields it becomes L(1, x), where x corresponds to the field.

As an application, the familiar calculation

1 1
m _1 dz / 9 4 1 1
— =t 1) = = 1— e dr=1- = - — ...
1 an~ (1) /()1+x2 0( ¥ +at+--) de 3+5

which calculates the L-function for the quadratic character corresponding to
Q(%), implies that its class number is 1 by the class number formula. For
Q(v/=5), the L-value is 1+1/3+1/7+1/9—1/11—- - - which is approximately
1.4, whereas the right side of the formula is hm/+/20, which is approximately
J7h giving h = 2, (since h has to be an integer), as we had verified by
ideal manipulations using Minkowski bounds, in the problem sessions. Such
approximate calculations also allow to calculate exactly (2h-th power of)
the fundamental unit € of the real quadratic field: More precisely the class
number formula gives €2 = eVAL(LX) which can be calculated approximately,
leading to the exact calculation of (trace) integer A = € 4+ ¢72", so that 2"
is a root of 2 — Az +1 = 0.

It should be mentioned that using character sum manipulations, class
number formula simplifies further.
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Thus, for the imaginary quadratic fields of discriminant d = —p, where p
is a prime, we have h = R, — N, or (R, — N,)/3 according asp =7 or p = 3
modulo 8, where R,, (respectively INp) is the number of quadratic residues
(respectively non-residues) modulo p within 1 to (p —1)/2. No simpler proof
of even R, > N, is known.

In the case of cyclotomic fields, comparing the class number formulas for
K and KT, we cancel out regulators and get a nice useful formula for the
ratio h™.

The class field theory, the powerful theorems of which we just stated and
illustrated, sets up a useful correspondence between the class fields (i.e., the
finite abelian extensions) and ideal groups. The simplest and yet powerful
example is the Hilbert class field, that is the class field corresponding to the
principal ideal group. By the basic properties of the correspondence, we see
that it is the maximal abelian everywhere unramified extension, its Galois
group is isomorphic to the class group (via the Frobenius map, and hence)
exactly the principal primes split in it. Another important theorem about
it is the principal ideal theorem, which says that every ideal in the ground
field becomes principal in it (but of course it may have non-principal ideals).
So we may try to get a tower of Hilbert class fields, and if it stops (i.e., if
at some stage the Hilbert class field has class number one), then we get rid
of the class number problem, as all the relevant ideals are now principal, at
the expense of going to an extension. This sometimes works, but quite often
the Hilbert class field tower is infinite. (We do not know a good ‘if and only
if” criterion).

If we are just interested in making every ideal principal in an extension,
there are easier ways: Take I; be ideal representatives of the ideal classes
giving a basis for the class group of a number field F' and let 0; be the order
of the class corresponding to I;. Let I" = (a;) and let 5; be an o;-th root of
a;. Then F({f;}) is a degree hr extension in which all ideals of F' become
principal. But in general this is not the Hilbert class field and we loose other
interesting properties that the Hilbert class field has.

We have seen, as an application of Minkowski’s discriminant bounds,
that the maximal unramified extension of Q is Q itself. Again it is not
known when exactly the maximal unramified extension is finite or infinite.
Infinite class field tower examples lead to infinitely many such examples.
For example, any Q( \/E), with d being square free and product of 8 or more
distinct primes, has infinite class field tower. As an application of Odlyzko
discriminant bounds, we can see for example that the maximal unramified
extension (and the Hilbert class field) of Q(v/=5) is Q(v/—5,v/5). (Exercise:
Verify this by calculating basis of algebraic integers, discriminants and using
Odlyzko discriminant bounds. Without Odlyzko bounds or class field theory,
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verify also that every ideal becomes principal (only one ideal needs to be
checked) and with a little more work, verify that it is of class number one,
in fact. Verify also that the recipe above need not give the Hilbert class field
in this case. (See Washington 11.4 and exercise 11.2). In this case, we could
verify existence (and determination) of the Hilbert class field without class
field theory ideas. In general, it seems difficult.

Kummer congruences on zeta values at negative integers lead to p-adic
interpolation of the zeta function. The Kummer congruences can be thought
of as reflection of Fermat little theorem congruences on nP* 7 =) = 1 mod-
ulo pF, if we think that even after analytic continuation the zeta values
retain formal formula ((—k) = Y.nF. The integration approach (for other
approaches see Washington or the article ‘Modular forms and related ob-
jects’ by Harold Stark in CMS Conf. Proc., 7 ) to the interpolation that we
saw justifies this intuition. In fact, before the concept of analytic continua-
tion was clear, Euler used this idea to give heuristic calculation of {(1 — k),
for k > 0:

CA—k)y=> n*1=(d/dt)" > e"|;—g = —By/k

with the last equality implied by the fact that the geometric sum 1/(1—et)—1
is basically the generating function for the Bernoulli numbers (or rather
By /k! depending on how you normalize).

Iwasawa theory lectures explained, how analogies (see 7.4 and 13.6 of
Washington or Iwasawa’s original paper for more) between number fields
and function fields motivate the Iwasawa theory, its main conjecture, con-
jecture about p = 0 in the class number growth formula. In this original
analogy, since the constant field extension tower of a function field is ob-
tained by adjoining roots of unity, we also look at such a tower over a num-
ber field. There are different kind of analogies and ideas back and forth
between Iwasawa theory and Carlitz-Hayes-Drinfeld explicit cyclotomic the-
ory over function fields leading to a quite active interesting area of research.
(We refer to two surveys on these aspects: J. Algebra 81 (1983), 107-149
by David Goss and Contemporary Math. 174 (1994), 157-165, Ed. Jones J.
and Childress N., by me).

It is usually hard to get information on class numbers. But, by his
simple structure theorem Iwasawa was able to get precise growth estimate
en = An + up" + v for n large, for the largest power p®* dividing the class
number at the n-th layer in any Z,-extension. Now e, = 0 for the Z,-
extension of Q (and for any base F' which has only one prime above p and
class number not divisible by p). But in fact, in the traditional function
field analogy, the constant field p™- extension tower is the analogue of the
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cyclotomic tower, as it is also obtained by adjoining roots of unity. It is
easy to calculate class number growth there (Washington 7.4), because of
Weil’s results on Frobenius eigenvalues. This led Iwasawa to conjecture by
analogy that p = 0 for the cyclotomic Z,-extension for any number field
base. Ferrero and Washington (and later Sinnott) proved this for abelian
extensions of Q. Another conjecture, which comes through this analogy, is
that A remains bounded, if we vary p (for cyclotomic Zy-extensions) over a
fixed number field and known only for the base Q, as A is identically O then.
Greenberg conjectures more generally that X is identically 0 for cyclotomic
Z,-extension over totally real number fields.

We encountered two other important open problems: The Leopoldt con-
jecture on independence of units in the p-adic context says that p-adic regula-
tor is non-zero or equivalently that there are exactly ro + 1 (unconditionally,
the number is between 72 + 1 and r; + 2r2) independent Z, extensions for
any number field. The conjecture is known (Washington 5.32) for an abelian
extension of Q (or of an imaginary quadratic field), as an application of
p-adic transcendence theory. The Kummer-Vandiver conjecture states that
p does not divide ™, the class number of Q(¢,)™.

It has many important consequences: Since it implies that all even com-
ponents of A, the p-sylow subgroup of the class group of Q((,) are zero,
by the reflection theorem we proved, we get that the odd components are
cyclic. Combining the annihilation information in Herbrand theorem with
the p-adic class number formula, we then see that the i-th component is then
isomorphic to Z,/By ,,~iZp for odd i between 3 and p — 2. That the size of
both the sides is the same is a hard (unconditional) theorem of Mazur-Wiles
as a consequence of their proof of main conjecture of Iwasawa theory. (An-
other proof is due to ideas of Thaine, Kolyavagin and Rubin). The cyclicity
is still unknown unconditionally. Note that even this size comparison proves
the Ribet’s converse to Herbrand that we saw. In fact, the Ribet’s theorem
was one of the starting points to Mazur-Wiles. Similarly, we see as impli-
cation of Vandiver that the odd part A~ of A is isomorphic to R~ /I~ as
R-modules (again the index formula we saw, follows by comparing the sizes
of two isomorphic objects), so that the Stickelberger ideal gives all the re-
lations in A~. Vandiver also implies this for the whole cyclotomic tower, it
gives the full main conjecture as easy implication. Some important known
quasi-isomorphisms in the theory become isomorphisms under Vandiver hy-
pothesis. We refer to Washington 10.3 for more details.

Note that given even 14, since p does not divide B; for large enough p,
Herbrand’s theorem implies that (p — i)-th component of A vanishes, for
large enough p. A similar consequence was explained using some ideas from
K-theory, for odd i.
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We saw how useful the Gauss and Jacobi sums are: Study of their fac-
torization leads to Stickelberger theorem on ideal class annihilators for the
cyclotomic fields. They can be used for power reciprocity proofs.

We saw reciprocity laws in various general contexts. Here is a nice ap-
plication to the Fermat equation. We first state the Artin-Hasse explicit
reciprocity law for p-th power residue symbol (/) € pip:

With ¢ = ¢, A = 1 — ¢ as usual, for o, € Z[(], (a,3) = 1 and
o =1 modulo A and # = 1 modulo p, we have (8/a)(a/8)~! = ¢ where
n=(6—-1)(a—1)/(pA). Here tr denotes the trace from Q({) to Q. Note
that for p = 2, we have A = 2 and this reduces to the usual statement of
quadratic reciprocity.

Application: If we have a first case solution to the p-th Fermat equation,
ie., P +yP = 2P, (x,9,2) = 1 and zyz is not divisible by p, then ¢?~! =1
modulo p? for any prime ¢ dividing 2yz. (The special case ¢ = 2 is called
Wieferich criterion. Only primes p < 3 x 10° which satisfy 2°~! = 1 modulo
p? are 1093 and 3511. So the first case follows for the rest).

Proof: By assumption, z+('y = I, for ideal I;. So v := 1—y)\/(z+y) =
1 (X) is a p-th power of a fractional ideal I and hence (8/«) = (3/I1)P =1,

for any 3 prime to a. In particular, put 8 := ¢?~! = 1 (p). Without loss
of generality, q|ly and so « = 1 (q). Hence (a/q) = 1, so that (a/p) =1
and by the reciprocity law, we get (¢! — 1)tr((a — 1)/A)/p = 0 (p). But
tr((a —1)/A) = —(p — )y/(xz +y) # 0 (p), proving the claim.

Urge for more and more general and refined reciprocity laws led to so-
called non-abelian class field theory and Langlands program. We saw that
in the abelian case, irreducible representations of the Galois groups lead to
characters. In the next stage, we look at Galois group representations with
values in Gly(C) rather than Gy (C) = C* i.e., move from the commutative
domains of numbers to the non-commutative domain of 2 by 2 matrices.
It turns out that there are modular forms of weight one with g-expansion
Y anq™ with a), being the trace of Frobenius at p viewed as the corresponding
matrix. So, for example, p splits in the corresponding extension, if p =
2. So the generalized congruence conditions for splitting in the class field
theory get replaced by such conditions governed by modular forms. (The
analogy is clearer in the adelic setting: The automorphic forms (closely
related to modular forms) are then Gly analogs of Gl; (Hecke) characters).
The modular forms are still manageable interesting objects: They form a
finite dimensional space.

As for the eventual proof of the Fermat’s last theorem by Wiles, the
techniques went way beyond the cyclotomic theory, but nonetheless there
is historical continuation of motivation and techniques from the cyclotomic
theory:
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In Kummer’s approach, as we saw, hypothetical non-trivial solution to
the Fermat equation for the exponent p gave a Kummer extension of degree
p of Q((p) which was unramified everywhere and hence could not exist for
the regular primes. In (Hellagouarch, Frey, Serre, Ribet and Taylor-) Wiles
approach, the hypothetical non-trivial solution gives rise to an elliptic curve
(with discriminant essentially a p-th power) whose p-torsion points give a
field extension with Galois group inside Gly(Z/pZ), unramified outside 2
and p and only ‘mildly’ ramified at p etc.. (In fact, as we saw using the Tate
curve, this ramification analysis boiled down to that for a Kummer extension
of a cyclotomic one). We used class field theory to rule out the extension
in the Kummer case, for regular primes. Now we use non-abelian class field
theory (and modular forms mentioned above) to rule this extension, for
all primes. The problem is that non-abelian class field theory is not well-
developed yet (just as Kummer did not have class field theory at his disposal
and had to take detours) to have an easy classification doing the job, so Wiles
had to invent and use a lot of techniques to do the job. (In fact, the crucial
non-abelian part of Langlands program that got used (due to Langlands and
Tunnel) is still in ‘solvable’ domain, done using class field theory, but the
point is that the correct framework of ideas it provides helps).

To continue listing inputs from cyclotomic theory ideas to the techniques
and motivations, we first note that Eichler, Shimura, Deligne, Serre’s works
connecting Galois representations and modular forms, Ribet’s proof of con-
verse to Herbrand theorem are some of the starting points of the circle of
ideas used eventually. Next, Hida (and Mazur) developed Iwasawa theory
in this non-abelian context: Just as Iwasawa theory takes the advantage
of structural simplicity once we pass to inverse limit over the tower, they
studied the liftings of the representations in rings of matrices with entries in
large p-adic rings where we can deform them and use geometric techniques.
We looked at Kolyavagin’s Euler system argument to control class groups,
class number formulas, main conjecture etc. These have their counterparts
in elliptic curves theory, which got used. (See Washington’s article ‘Number
fields and elliptic curves’ and ‘Modular forms and Fermat’s last theorem’
volume for a good exposition of related ideas).
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