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These lecture notes are a condensed version of Tom Weston’s exposition on
this topic. The goal is to develop an analytic formula for the class number of
an imaginary quadratic field.

Algebraic Motivation

Definition. Fix a squarefree positive integer n. The ring of algebraic integers,

O_, < Q(v/—n) is defined as

o _ a+by/—n a,beZ ifn=1,2 mod4
" la+bvV=n 20,2b6€Z,2a=2b mod?2 ifn=3 mod 4

or equivalently
O_,={a+bw:abeZ}
where
vV—n ifn=1,2 mod 4
w = /—
HTTL ifn=3 mod 4.

This will be our primary object of study. Though the conditions in this def-
inition appear arbitrary, one can check that elements in O_,, are precisely those
elements in Q(1/—n) whose characteristic polynomial has integer coefficients.

Definition. We define the norm, a function from the elements of any quadratic
field to the integers as N(a) = aa@. Working in an imaginary quadratic field,
the norm is never negative.

The norm is particularly useful in transferring multiplicative questions from
O_,, to the integers. Here are a few properties that are immediate from the
definitions.

o If o divides 8 in O_,, then N(«) divides N(3) in Z.
e An element a € O_,, is a unit if and only if N(a) = 1.

e If N(«) is prime, then « is irreducible in O_,, .



Using the second bullet point above, we can calculate the units of O_,. In
our case, we're just interested in the number of units, which we’ll denote w_,,.
It’s not hard to show that

4 ifn=1
W_p =46 ifn=3
2 otherwise.
With a notion of irreducibility, we can now discuss factorization into irre-
ducibles in this integer ring. The problem, however, is that unique factorization
in O_,, is not guaranteed and is in fact dependent on the underlying imaginary

quadratic field (the choice of n). For example, the classic counterexample to
unique factorization in Z[v/—5] is

6=2-3=(1++v-5)(1—-vV-5).

To determine why unique factorization fails in some rings and not in others,
we need to examine the ideal structure of O_,,. It turns out that the ideals of
this ring always factor uniquely, and the class number is a measure of the extent
to which unique factorization fails in O_,,.

Definition. An ideal of O_,, is a set of O_,-linear combinations. As such, we
can talk about generators of an ideal, say «,...,a, and write the ideal as

(a1, ...,0p) ={anz1 4+ ...+ apzy 2 € O_y ).
A principal ideal can be generated by a single element, say
() ={azx:2€0_,}.

We’d like to develop a theory of factorization of these ideals. Multiplication
of ideals can be defined in terms of sets of generators:

(alv"'vaT)<ﬂ17""ﬁS) = ({alﬁj})

fori=1...rand j=1...s. Forideals I, J, notice that I -J C I, so the set of
ideals do not form a multiplicative group.

Definition. The norm of an ideal, denoted N([I), is the positive integer d such
that I - I = (d).

The existence of such an object is not at all trivial, but in the interest of time,
we’ll take this as a definition. For a rigorous proof, one can argue that there is a
subset of positive integers in I-I, whereupon choosing the smallest of these to be
N(I) and showing that it divides any generic element a3 in I-I proves the claim.

We have a few immediate properties of the ideal norm.

o N(I-J) = N(I)N(J).



e For a principal ideal I = («), N(I) = N(«).

The following property is the characterization of divisibility of ideals. In
words, it says that “to divide an ideal is to contain that ideal as a subset”. One
direction is immediate from the definition of multiplication. The other direction
can be proven using our new notion of the ideal norm.

Fact. For ideals I and J, I divides J if and only if J C I.

Definition. We will say that an ideal is prime if it satisfies Euclid’s lemma for
ideals. That is, I is prime if it satisfies the property that whenever I divides a
product of ideals JK, then I divides J or I divides K.

Since every ideal I divides a principal ideal, namely, the ideal generated by its
norm, if I is prime with N(I) = pi* ... p&m, then I divides (N(I)) = (p1) ... (pr)
and so I divides some principal ideal (py). Thus, we should look at the structure
of principal ideals generated by primes.

Fact. For primes p # 2,

(p) if -n is not a quadratic residue mod p
(p) = ¢ (p,a++v—n)(p,a —+/—n) if -n is a non-zero quadratic residue mod p
(p,v/—n)? if p divides -n,

where each of the ideals on the right-hand side are prime.

Colloquially, we say that in the first case (p) is inert, in the second case (p)
splits, and in the third case (p) is ramified. The conditions on these possibilities
will later be encoded in a Dirichlet character called the Legendre symbol.

Corollary. Ideals in O_,, factor uniquely.
Proof. Induction on the ideal norm. O

Recall that ideals do not form a multiplicative group. To fix this strucure,
consider the following equivalence relation. We’ll say that two ideals I and J
are similar, I ~ J, if there exist a, 8 € O_,, such that (o)l = (8)J. Note that
all principal ideals are similar because

(D(a) = (@)O—p.

Definition. The class group, denoted Cl(—n), is the set of equivalence classes.
The class number, h_,,, is the order of the class group.

We'll briefly justify that this is indeed a group. Let I be an ideal from a class
C and let J be an ideal from a class C’. The group operation is multiplication
in that C - C’ = Crj, where Cy; is the ideal class that contains the product IJ.
It can be shown that this operation is indepedent of the choice of I and J (and
hence well-defined). The identity element, Cy, is the class of all principal ideals.



For a class C with an ideal I, its inverse is the class that contains the ideal I,
as shown in the following computation:

Cr-Cr=Cri=Cwm) =C1.

For some choice of n, if h_,, = 1, this means that O_,, is a principal ideal
domain and thus a unique factorization domain. If the class number is not
trivial, then we might interpret this as meaning we have “more” ideals than
we have elements. We should stress that we currently don’t know anything
about the class number at this point - we don’t even know that it’s finite! To
understand more, we move to lattices.

Geometric Computation

Definition. A complex lattice, A C C is a set of integer linear combinations
A={ma+nf:m,neZ}
with «, 8 required to be R-linearly independent. We call < a, 8 > a basis of A.

Definition. Two lattices, A and A’ are said to be homothetic if there is some
complex number 7 such that yA = A’. As this is an equivalence relation, we
denote this A ~ A’

So two lattices are homothetic if we can scale and rotate the lattices onto
one another. After a little work, we can classify all lattices up to homothety
by establishing that each lattice comes with a j-invariant. The next result says
that two lattices are homothetic if and only if they have the same j-invariant.

Fact. Set

,]z| > 1,R(z) > 0 whenever |z] = 1}.

N | =

F:{zEC:S(z)>O,—%<?R(z)§

Every lattice is homothetic to precisely one lattice of the form < 1,5 > with
j € F. That is, A ~ N if and only if ja = ja.

Definition. We say that a lattice A has complex multiplication (CM) by complex
~ if it has the property that YA C A. When + is an integer, this is a trivial

property.
Note that complex multiplication is preserved by homothety. Indeed, if
A’ = 5A and A has complex multiplication by -y, then
YA = ~v(5A) = §(yA) C SA = A",

That is, A" also has complex multiplication by 7. In this way, it makes sense to
discuss homothety classes of lattices that have complex multiplication by some

5.



Fact. For a lattice with complex multiplication by 7y, one can show that v is of
the form
vV —n ifn =1,2 mod 4
T=931++/—
—ia—fiifnzs mod 4.

With this in mind, we will now talk exclusively about complex multiplication
by w, the characterization of which was given on the first page. It is now just
a matter of playing around with the boundary conditions in the fundamental
domain F to obtain the following result.

Fact. FEvery lattice with CM by w is homothetic to a unique lattice of the form
<1, @> with
e a,b € Z (additionally, a odd and b even if n =3 mod 4)

e 0<b<2y/n/3

e b<2a<b

e 24+ n>b%anda>0 z'fa2+n:b2

e b divides a® +n (additionally, 2b divides a®> +n if n =3 mod 4).

The relationship between O_,, and this classification of lattices is illuminated
in the following three statements.

Fact. An ideal I of O_,, can be thought of as a lattice with CM by w. In
particular,

I =<m,a+by—n>
where m =N(I) and a + bv/—n is chosen with smallest possible b.

Fact. Ideals are similar if and only if their corresponding lattice representations
given above are homothetic.

Fact. A lattice with CM by w is homothetic to some ideal of O_,.

These results give a bijection
ideal classes in O_,, «— homothety classes of lattices with CM by w.

In particular, since there are only a finite number of choices for ¢ and b in
the classification above (and thus a finite number of homothety classes with CM
by w), the number of ideal classes in O_,, must also be finite. That is, the class
number h_,, is finite.

Before moving on to the analytic portion of the notes, we’ll need a lemma
that can be stated entirely in the lattice framework.

Lemma. Let A =< «,8 > and let Py be the period parallelogram from the
origin with area A. Fixz t > 0 and set Cy as the origin-centered circle of radius
t. Of interest is to count the number of lattice points that fall within this circle.

One can show that
t?



Analytic Connection
Definition. We define the Legendre symbol as a function of primes p # 2 by

1 if -n is a non-zero quadratic residue mod p

-n
(p) =< —1 if -n is not a quadratic residue mod p
0 if p divides -n.

Excluding the case when p = 2 for brevity, we can extend this to the Jacobi
symbol, a function on all integers by using the fundamental theorem of arith-

N O R R

By its definition, the Jacobi symbol is multiplicative and is nonzero precisely
when (—n,m) = 1. It can be shown to have period 4n. Therefore, the Jacobi
symbol is a Dirichlet character, so all the results from class will apply.

Definition. We define the quadratic L-function to be the Dirichlet series using
the Jacobi character. That is,

Fact. The quadratic L-function has analytic continuation to Re(s) > 0 and has
FEuler product expansion

valid for Re(s) > 1.
Proof. We can bound the partial sums by

M

Ay =Y (7:) < 4n = O(MY).

m=1

Thus, by (2.1.5), we have that L_,(s) can be continued to Re(s) > 0. The
Euler product expansion comes from (2.2.2). O

Definition. The Dedekind zeta function is defined as

C_n(s) = Z Amm~°
m=1

where a,, = number of ideals in O_,, of norm m.



Note that the sequence (a,,) is multiplicative because of the bijection
{ideals of norm m} x {ideals of norm n} «— { ideals of norm mn},
which follows directly from the unique factorization of ideals in O_,,.
Lemma. We have that
. 1—p )72 if 77"
Sapr = L0 —p i (22) =0
= (1-p~ )7L if (=2

Proof. In the first case, (p) splits into two ideals I and J, each with norm p. So
api = #{I'J77":i=0...5} = j + 1. Therefore,

ZO J+p 7t = dp Z) pt = (1—p)2
J= J

In the second case, (p) is ramified and a,; = 1 for all j. In the third case, (p) is
inert and a,; = 1if j is even and 0 otherwise. A similar type of argument using
geometric series can be made for both of these situations to give the desired
result. O

Corollary. The Dedekind zeta function has Fuler expansion

co= TI G-p2 II a-p9 I -

valid for Re(s) > 1

Proof. This follows from the previous lemma and the multiplicative nature of
(am). O

To get an analytic continuation of the Dedekind zeta function, we’ll need to
bound the partial sums, Ay, = 2%21 a.,. To make this approximation easier,
we’ll use the natural partition of the ideal classes, getting bounds on the number
of ideals up to norm M in a general ideal class and then summing across all the

classes. Fix any ideal class C and introduce

am(C) = number of ideals in C with norm m

M
C)=> an(C)

so that
= Ap(C) = h_nAy(C).
C

The following lemma approximates the quantity Az (C).



Lemma. For any ideal class C and for any M > 1, we have

s
A_ w_,

() - M| = 0V,

where
s vn ifn=1,2 mod4
" lvn/2 ifn=3 mod 4.

Proof. Let ¢vY=n ¥—" be the j-invariant of C~! so that the ideal J = (b,a++/—n) is
an element of C~1. The group structure of the ideal class group gives a bijection

{I €C:N({)=m}+— {I' C J: I principal ,N(I") = mN(J)}
by the mapping
I—1-J=1TI.

With this is mind, let b,,,(J) denote the number of elements in J with norm
m-N(J) and set By (J) = 27]\5:1 b (J). Then we have

M

=#{a € J:N(a) < M- -N(J)}
=#{ae J:lal < VM N(J)}

We might interpret this last equality to count the lattice points of < b,a +
v/—n > that fall within a circle of radius /M - N(J). The area of this period
parallelogram is by/n, so we use lemma stated at the end of the geometry section
to approximate

Bu(J) — ——M -N(J)| = O(VM).
From the bijection,

1

w_p

Au(C) =

BM(J)7

where we divide by the number of units to avoid doublecounting associates.

Applying this substitution and setting A_,, = 1}\,](7\{]5) completes the proof. O

Corollary. Summing over all h_,, ideal classes gives the approximation

Ay — —M=napl — o(V/AD).

A_,w_,

Remark. The quantity A_,, above is precisely the area of the period parallelo-
gram of the lattice < 1,w_,, >.

Fact. The Dedekind zeta function has analytic continuation to Re(s) > 1. It
Th_,
A_jw_pn’

also has a simple pole at s = 1 with residue



Proof. The corollary above shows that |Ayr| = O(M), so by (2.1.5), we get the
desired convergence. For the residue result, define

> wh
fls) = (a — n) m~®.
( ) nlz::l m A—nw—n
Bounding these partial sums using the corollary above, we see that

A w_y,
m=1

so by (2.1.5), we get convergence of f(s) on Re(s) > 1/2. Note that f(s) was
defined so that

wh_,

A_Lw_,

wh_,
Cnls) = f(s) + m((s)
Multiplying by (s — 1) and taking the limit as s — 17 gives the result. O

Fact. For Re(s) > 1, we can use Euler products to factor the Dedekind zeta
function,

Proof. We have

O
Theorem (Dirichlet). Having established the continuity of L_,(s) for Re(s) >
0, we have that

wh_,

Lon(1) = Yo

Viw_,

Proof. From the previous factorization,

L_,(1) = lim L_,
(1) = lim L_n(s)

ifn=1,2 mod4

ifn=3 mod 4.

1 (S - 1)(,,”(.9)
= T
_ mhoy,

A_jw_y’



with
4 vn o ifn=1,2 mod4
" lVn/2 ifn=3 mod4

as before.
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