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1 Introduction

There are many deep and beautiful theorems in number theory, but only a few of them are as
frustrating as class field theory!. It takes a long time to get acquainted with all the various
formulations of the big theorems, one can easily spend semesters building up all the difficult (but
impressive) theory required to prove at least some of the results. But in the end, one realizes
that beyond the easiest case of describing all the abelian extensions of QQ, most of the objects one
encounters remain mystical creatures beyond the reach of explicit mathematics.

There is one other classical class of number fields, though, that allows for an explicit description:
imaginary quadratic fields. Such fields all arise from Q by adjoining a root of a degree two
polynomial with integer coefficients and negative discriminant and admit a beautiful connection
to the theory of elliptic curves and modular forms. It is by means of this link that one can obtain
very explicit descriptions of many interesting abelian extensions. Many beautiful books and papers
and theses have already been written about this theory.

Let K be an imaginary quadratic field. In chapter 4, we will see that all abelian extensions
of K can be generated using special values of modular functions. The following situation of ring
class fields will be of most interest for us. Let O be an order in K and just like for the ring of
integers Ok, we can define the class group CI(Q), which is a finite abelian group. Moreover, we
can understand O as a lattice in C and we associate to O a certain algebraic number j(0O), its
j-invariant. Then the field Ho = K(j(0O)), called the ring class field, is a finite abelian extension
of K and comes with a canonical isomorphism

Gal(Ho /K) = Cl(O).

The fields Hp also come with several canonical motivations for their study. Two main sources of
attention come from the problem of the representation of primes by binary quadratic forms (with
the ground work laid out already by Gauss, see [3]) or the (somewhat more modern) problems
arising from elliptic curve cryptography [2]. However, the minimal polynomials of the algebraic
numbers j(O) have too large coefficients and soon become useless in practice. A lot of research
has been invested into finding class invariants with smaller minimal polynomials and computing
the minimal polynomials of j(O).

The starting point of this thesis is the article of Enge and Morain [5], in which they study class
invariants obtained by replacing the function j by a suitable power of eta quotients of the form

(%)

n(7)

o, =

b

where 7(7) is the Dedekind eta function (see 2.3). Enge and Morain systematically determine the
sufficient powers e such that w,, evaluated at a specified element of O, produces an element in
Ho (subject to certain congruence conditions on the discriminant of ©). The authors then ask
whether one could obtain smaller exponents if one multiplies the functions tv,, by a suitable 24-th
root of unity.

For n = 2 and n = 3, this question has already been answered by Weber (see the modern
formulations in [1] and [9]) and Gee [6]. In this thesis, we focus on n = 4 and show that the
answer is yes, it is sometimes possible to lower the necessary exponent to obtain smaller class
invariants. The general approach to our method is independent of the choice of n and is based on
the work of Alice Gee (see [6]) using Shimura reciprocity (see 4.3) and is explained in section 5.
We give concrete examples for n = 4 in 6.2, 6.3.1 and 6.3.2. Moreover, if one allows oneself to use
small elements of Q((24), rather than just roots of unity, we can obtain smaller class invariants
for more orders O, of which we give examples in 6.3.3.

IDisclaimer: The views and opinions expressed in this introduction are those of the author and do not necessarily
reflect the official policy or position of Universiteit Leiden and Universitdt Regensburg.



2 Elliptic curves and modular forms

In this section, we summarize the theory of complex elliptic curves and modular forms.

Let H be the upper half plane
H={reC:S7 >0}
The group GLo(R)™ of real matrices with positive determinant has an action on H via the Mébius

transformations
a b at +b
=
c d et +d

as the imaginary part computation gives

~aT+b S(aT +b)(cT +d)  _adr+bct  (ad — bc)IT

Yer+d ler + d|? - let +d2 et +d|?

All the M&bius transformations are bijections on H. In the following, the most important will be
the action of the subgroup SLs(Z) on H. As —id acts trivially on H, this action actually factors
via PSLy(Z).

2.1 Complex elliptic curves

Given any 7 € H, the additive group A, = Z7 + Z C C is an example of a (full-rank) lattice. To
such a lattice in C, we will associate an elliptic curve C/A,. As a compact Riemann surface, the
elliptic curve C/A; has also an algebraic structure, coming from the Weierstrass parametrization.
We will not discuss the algebraic theory of elliptic curves.

2.1.1 Elliptic curves from lattices

A lattice A is a discrete additive subgroup of C of rank 2 and can be written as

A = Zwq + Zws with wi,ws € C* and % € H.
2
The quotient C/A can be given a structure of a compact Riemann surface. We call E = C/A the
elliptic curve corresponding to the lattice A. Note that F also carries an abelian group structure,
being the quotient C/A of abelian groups.
Let C/A and C/A’ be elliptic curves. Given the Riemann surface structure and the group struc-
ture on F, we want any map between elliptic curves to respect the group law and be holomorphic.
It is then a nice exercise to show that any such map is necessarily given as

a:C/A—=C/N zwaz

for some a € C* satisfying aA C A’. In particular, C/A and C/A’ are isomorphic if there exists
some o € C* such that
al =N,

i.e., if A and A’ are homothetic lattices. As a simple consequence note that any elliptic curve
E = C/ (Zw + Zws) is isomorphic to an elliptic curve of the form E, = C/(Z71 + Z) for some
T € H: setT:%; € H and then

w% : ©f (@un +Zwn)  C/ (B +2) = C/(Z22 + )

is the desired isomorphism.
Moreover, the explicit description of maps between complex elliptic curves helps us determine
the endomorphism rings easily:

End(C/A) = {a € C* : aA C A}



Because isomorphic curves necessarily have isomorphic endomorphism rings, we reduce to the case
that A = Z7 + Z. Then the condition A C A implies that

at=a7+b

a=cr+d
for some a,b,c,d € Z. Therefore, T satisfies the following quadratic relation
e’ +(d—a)T+b=0.

Because T € H, this equation implies that either ¢ = 0 (so a = d and b =0) or ¢ # 0. If ¢ = 0,
in which case a = d is an integer and the endomorphism is the multiplication by d, which is
an endomorphism any group possesses. If on the other hand ¢ # 0, then Q(7) is an imaginary
quadratic field.

Moreover, if ¢ # 0, we obtain that

o () —a () 4

and so « is an algebraic integer lying in the imaginary quadratic field Q(7) and the endomorphism
ring End(F) 2 Z contains endomorphisms not induced by the multiplication-by-m on E and we
say that F has complex multiplication. We will return to the algebraic properties of End(F) in
section 3.1.

For any lattice A and for k € Z define the Eisenstein series

am=3Y -

0#weA

which converge for all k£ > 2. Replacing A with aA, we see that
Gk(OtA) = Ozika(A),

that is, G is homogeneous of degree —k. Moreover, we can understand the Eisenstein series as a
function of 7, setting
Gi(1) = Gp(Z71 + 7).

Set go(A) = 60G4(A) and g3(A) = 140G4(A). Tt is a standard result that the discriminant function
A(A) = g2(A)® — 27g3(A)?
does not vanish for any A and so the j-invariant

g2(A)?
2(A)3 — 27g3(A)?

oy g2(A)?
J(8) = 1728 oS = 1728

is a well-defined complex number for any lattice A.
As j is homogeneous of degree 0, if two elliptic curves C/A and C/A’ are isomorphic, then
J(A) = j(A"). The converse also holds.

2.2 Modular functions

Setting j(7) = j(Z71 + Z), the j-invariant can be understood as a function of 7. We will show that
the j-invariant is SLo(Z)-invariant. For any lattice A, the j-invariant j(A) is independent of the
choice of a basis of A. Replace the (oriented) basis wy,ws with the basis wf,w}, which satisfies

(0= (D)



a b

for some matrix v = <c d> € SLy(Z). Then

T,_ﬁ_aw1+bw2 ar +b

= = =T
wh awp+dwy e +d "

But then E, & E. and so j(7) = j(7') = j(y7) for any v € SLy(Z). This implies that
j(t+ 1) = j(r) and so for ¢ = exp(2miT) we obtain a Fourier expansion

1
j(r) = p + 744 + 196884q + 21493760¢% + 864299970¢° + . . . .

The properties of the j-invariant motivate the following definition of a modular function.
A meromorphic function f on H is called a modular function for SLo(Z) provided it satisfies
the following conditions:

e [ is SLy(Z)-invariant, that is, for all v € SLa(Z) we have f(y7) = f(7),

e the Laurent expansion in ¢ = exp(2mi7) has at most finitely many negative terms, that is,
for some k € Z we have
flr)= Z anq".

n>k

One of the ways to think about this definition is to note that in fact f extends to a meromorphic
function on the compactification X (1) = SLo(Z) \ H, which is a Riemann surface and which is
obtained from SLy(Z) \ H by adding one point at infinity in the direction of the imaginary axis.

In section 4.2, we will see that any modular function for SLy(Z) is actually a rational function
in j. To get a larger supply of modular functions, we consider modular functions for certain
subgroups of SLy(Z).

2.2.1 Congruence subgroups
Let N € N be a positive integer. The principal congruence subgroup of level N is the group
I'(N) = ker(SL2(Z) — SLo(Z/NZ)).
We can also describe the subgroup as
I(N) = {(ZL Z) € SLo(Z) : b,c=0mod N,a=d=1mod N}

Let T' C SLy(Z) be a subgroup. We call T a congruence subgroup of level N if
I'(N) c T C SLy(Z).

Note that a congruence subgroup can have different levels. Two important examples are the
congruence subgroups

To(N) = {<OC‘ Z) € SLo(Z) : ¢ = 0 mod N},

TO(N) = {(z 2) € SLy(Z) : b=0 mod N}.

Let N be an integer. Let f be a function on the upper half plane H, which is meromorphic and
invariant under a congruence subgroup I' D I'(N). Then f is invariant under 7 — 7+ N and we
have a Laurent expansion
flr)= amq*~ .
meEZ
If for all v € SLy(Z) the Laurent expansion of f(7) has only finitely many negative terms, we call
f a modular function for I'. Note that this needs to be checked for only finitely many ~ € SLo(Z).



2.3 The Dedekind eta function
For 7 € H and ¢ = exp(2mi7) we define the eta function by the product

n(r)=q= [J@—qm).
m>1
From the Jacobi formula, we have the following relation between the A and the n function:
A(r) = (2m)n(r)*

The eta function is holomorphic on the upper half plane H.
The eta function is important for us, because in chapter 5 we will build modular functions as
quotients of eta functions. Therefore, we would first like to understand how 7 transforms under

the action of SLy(Z). Let v = i Z

that ¢ > 0 or that ¢ =0 and d = 1. As moreover

€ SL2(Z) be a matrix. As y7 = (—7)7, we may assume

A(yT)(er +d)72 = A(T),
we obtain that
n(yr) = €(y) - Ver +dn(r)
for some 24-th root of unity ¢(y) and for the choice Rv/er + d > 0.

1 0 1
transformation under S and 7. Because

N(7 +1) = Coag? H (1—q™) = Gan(r),

m>1

As SLy(Z) is generated by S = (O _01> and T = (1 1), we only need to understand the

we conclude that €(T') = (24. To compute €(S), we note that for 7 € iR the values 7(7) and (=)
are real and positive. If now we evaluate at i, we obtain that

-1 -
1(5) = asinti
and so 1 = ¢(S)V/4i. But the square root of i with positive real part is (g = exp(27i/8), and so

-—1 _ _
«(S)=vi =) =G
The transformation under any matrix U € SLs(Z) is given by the following formula. We

normalize U = (Z Z) so that ¢ > 0 and a > 0 if ¢ = 0.

Proposition 1 (Meyer’s formulas). Let U = (Z Z

ized with ¢ > 0 and a > 0 if c = 0. Set ¢ = 2"¢cy with ¢y odd if ¢ # 0, for c =0 set cg = 1 and
r = 0. Then the transformation of n is given by

a a Ci 7042 —cCca C a— ria—
(o)) = (&) et e e OO o ),

€ SLo(Z) be an unimodular matriz normal-

where (ﬁ) is the Kronecker symbol.
Proof. See |5, Theorem 3.1]. Note that if ¢ = 0 then U = T? and n(7) o T® = (5,n(7). O

d(1—a?)— _ (a—
We note that the map e : U — (%) gfﬂd(l a7)meateola=1)3/2r(a=1) jg ot g homomorphism

on SLy(Z). This is easily seen by noting that S is of order 4 but €(5)* = —1.



3 Algebraic number theory for imaginary quadratic fields

In this part we recall the algebraic number theory we need in the following chapters. We begin
with studying orders in imaginary quadratic fields and then we study what class field theory says
for imaginary quadratic fields.

Throughout this section, let K be an imaginary quadratic number field, that is, let K = Q(\/(E)
for some d < 0 square-free.

3.1 Orders

An order in K is a subring O C K (containing 1) such that O is finitely generated as a Z-module
and O ®z Q = K. This implies that O is of rank 2 as a Z-module. It can be easily shown that
any element of O is an algebraic integer. Let wy,ws be a Z-basis of O. Define the discriminant of

O as
A(O)zdet( w2 )>2

o(wy) o(we

where o denotes the nontrivial automorphism in Gal(K/Q). By Galois invariance of A(Q) and
the integrality of w; and wsy, we see that A(O) € Z.
Define the field discriminant dx as

_Jd d=1mod4
K7 14d d#1modd’
Then there exists a maximal order Ok of K (with respect to the inclusion ordering), which is the
integral closure of Z in K and is given as

OK:Z{dK%-\/@]

2
Any order O is of finite index f in Ok and f is called the conductor of @. Then
O=Z+f 0Ok.

Indeed, as O is of index f in Ok, clearly fOx C O and so Z + fOx C O. On the other hand,
Z + fOg is clearly of index f in Og and so O =Z+ f - Ok.

Therefore, any order in K is given by its conductor in the maximal order. It is also easy to
show now that for discriminants we have A(O) = f2A(Ok).

3.1.1 Ideals

Let O be an order and let a be a non-zero finitely generated O-submodule of K. Then we say
that a is a fractional O-ideal. Clearly any O-ideal is a fractional O-ideal. A fractional O-ideal a
is called invertible if and only if there exists some fractional O-ideal b such that ab = O.

Clearly principal fractional ideals aO for @ € K* are invertible.

It is obvious that the set I(O) of all invertible ideals is a group with the identity element O.
Denote by P(O) the subgroup of principal fractional ideals. Define the class group of O as

Cl(0) = I(0)/P(0).

It is a standard fact that the class group Cl(O) is a finite group and we call the order of C1(O)
the class number of O, denoted by h(O).

If O is of conductor f, then every O-ideal prime to f is invertible and the subgroup generated
by O-ideals coprime to f is denoted by I(O, f). The subgroup generated by principal O-ideals
coprime to f is denoted by P(O, f). Then we have the isomorphism (see |3, Proposition 7.19|)

(0, f)/P(O, f) = 1(0)/P(0) = CI(0).



To relate the ideals of O to the ideals of O, we first define for any Og-ideal m # 0 the
subgroup Ix(m) C I(Ok) generated by Ok-ideals coprime to m and the subgroup
Py z(m) = {aOk C Ix(m):3a € Z: o =a mod m}

Proposition 2. Let K be an imaginary quadratic field, let f be an integer and let O be an order
of conductor f. Then

Cl(0) = 1(0, f)/P(O, f) = Ik (f)/ Pk z(f)
Proof. See [3, Proposition 7.22]. O

Moreover, the class number of an order can be related to the class number of the maximal
order in the following way:

Theorem 1. Let O C Ok be an order of conductor f. Then

h(Ok) ( (dK) 1)
hO) = ——22 T (1- (25 = 1
=50 1T (5); )
and so h(O) is always an integer multiple of h(Ok).
Proof. See [3, Corollary 7.28]. O

Ideals and quadratic forms

Let F = aX?+bXY +cY? € Z[X,Y] be a binary quadratic form. Suppose that the discriminant

D = b? — 4ac of F is equal to the discriminant A(O). Suppose that F satisfies ged(a, b, ¢) = 1, so

we say that F' is primitive. Further require that a > 0, making F' into a positive definite form.
For any such F =: [a, b, c], the ideal

—b++vD
[a, —
is an invertible ideal of O (see [3, Theorem 7.7]).
We call F a reduced form if [b] < a < cand b > 0 if || = |a| or a = ¢. The classical theory of
quadratic forms shows that reduced forms are a set of representatives of the SLo(Z)-equivalence
classes under the action

—b+\/EZ

= al
| :=aZ + 5

F(X,Y)- (‘c‘ Z) F(X,Y) = F(aX +bY, cX +dY).

Then there is a bijection between

Cl(0) + {reduced forms of discriminant A(O)}

Ideals and elliptic curves

Let A be a lattice in C of full rank and let F = C/A be the corresponding elliptic curve. Embed
K c C. Then O C C is a lattice of full rank. Recall that if End(E) 2 Z, we say that F
has complex multiplication. Moreover, any endomorphism « € End(E) C C is then an non-real
quadratic algebraic integer.

The following equivalent properties follow a connection between orders and elliptic curves.

1. End(E) 2 O, that is, E has complex multiplication by O,

2. there exists an o € C* such that aA is an invertible ideal of O.
Therefore, we obtain the following bijections of sets
{C/A with complex multiplication by O}/ ~

Cl(0)

{ primitive reduced quadratic forms of discriminant A(O)}



3.2 Class field theory

In this part, we summarize the main theorems of class field theory for imaginary quadratic fields.
We formulate the main theorems of class field theory in the language of ideals. Let K be an
imaginary quadratic number field and denote by Ok the maximal order of K.

3.2.1 Cycles and the Artin map

A modulus or a cycle of K is an Og-ideal m # 0. To any abelian extension L/K we will assign a
modulus m called the conductor. Intuitively, the conductor will describe the ramification in L/K.

Let L/K be an abelian extension and let m be a modulus divisible by all primes that ramify
in L/K. Given any non-zero prime Og-ideal p unramified in L/K, we can define its Artin symbol

(L{JK> € Gal(L/K)

as follows (see the discussion after Lemma 5.19 of [3]). Let 93 be any prime ideal of Op, such that
BN Ok =p. Then, as p is unramified in L/K, there exists a unique element o € Gal(L/K) such
that

o(a) =™ mod P for all o € Of.

The automorphism o is independent of the choice of 8 lying above p. So we can set (L/TK) =o0.

Let I (m) be the group of fractional ideals coprime to m. Then assigning the Artin symbol to
a prime ideal coprime to m extends uniquely as a homomorphism to the Artin map

br/km  Ix(m) — Gal(L/K).

The Artin map is surjective (see [3, Theorem 8.2]).
Let m be a cycle of K. Denote by Ix(m) the set of Ox-ideals coprime to m and let

Px1(m) = (aOk : o =1 mod m) C Ix(m).

Then any group H satisfying
Pr1(m) C H C Ig(m)

is called a congruence subgroup for m and the quotient group Ix(m)/H is called a generalized
class group. Note that for an order O of conductor f the class group

Cl(O) = Ix(f)/Pxz(f)

is a generalized class group as Pk 1(f) C Pxz(f) C Ix(f).

We are now ready to state the main theorem of class field theory. All these theorems hold for
any number field K, however, the definition of a cycle must then be adjusted.

Theorem 2 (Class field theory for K, conductor). Let L/K be an abelian extension of K. Then
there exists a cycle f, called the conductor of L/K, such that

o A prime ramifies in L/K if and only if it divides f.

e Ifm is divisible by all primes that ramify in L/ K, then ker(¢r/x m) 15 a congruence subgroup
if and only if m|f.

Proof. See [3, Theorem 8.5]. O

Theorem 3 (Class field theory for K, existence). Fiz an algebraic closure K of K. Let m be a
cycle for K and let H be a congruence subgroup modulo m. There exists a unique abelian extension
L C K of K such that:

o All the primes that ramify in L/K divide m.



e Under the Artin map ¢n : Ix(m) — Gal(L/K) we have precisely H = ker ¢, and so

Gal(L/K) = Ic(m)/H

Proof. See [3, Theorem 8.6]. O
We will also note the following important corollary.

Corollary 1. Let M/K and L/K be abelian extensions. Then M — L if and only if there exists
a cycle m divisible by all the primes ramified in L and M, such that

Pr1(m) Ckeror/gm C ker s/ g m-

Proof. For a proof, see [3, Corollary 8.7]. O

3.2.2 Hilbert, ray and ring class fields

We have already seen that Cl(Ok) = Ix/Px = Ix(1)/Pk1(1) is a (generalized) class group for
modulus (1) and so there exists a unique abelian extension Hy of K, which is unramified at all
primes, such that

Gal(Hy /K) = Cl(O)

The field Hg is called the Hilbert class field and it is the maximal unramified abelian extension
of K. The uniqueness follows from Corollary 1: indeed, any other unramified extension M /K has
conductor § = 1 and so ker(¢as/x,1) is a congruence subgroup for modulus 1, that is,

Pr1 =ker(¢m, k1) C ker(dar/i1)-

And so M C Hg by the corollary. Note that in fact, for the Hilbert class field Hy, the kernel of
the Artin map for any modulus m is equal to

ker(qi)HK/K,m) = PK(m)

From the existence theorem (Theorem 3), we see that for any modulus m the choice of
H = Pk 1(m) gives us the existence of a class field Hy, such that

Gal(Hy/K) 2 Itc(m)/Pyc1(m) i= Clyy.

We call the field Hy, the ray class field of modulo m.
Using Corollary 1 again, as any congruence subgroup H satisfies Pk 1(m) C H for some
modulus m, any abelian extension of K is contained in the ray class field Hy, for some m. Therefore,

K =|JH, and Gal(K®/K)=1imCly
—

We have also seen that CI(QO) is a generalized class group for any order O of conductor f in
Ok . Then there exists a class field Hp, called the ring class field, satisfying

Pxa(f) Cker(duy, k. ) = Prz(f) C Px(f)

and so Hp D Hy, that is, any ring class field contains the Hilbert class field and is itself contained
in the ray class field of modulus f.
Let m be an O-ideal in the order O of conductor f. Let I(m) be the set of fractional O-ideals
coprime to m and let
R(m) ={aO0:a=1mod m} C I(m).

be the ray modulo m. Note that Pg 1(m) is the ray modulo m in Og.

10



Then R(m) C I(m) is a subgroup of finite index and the quotient group Cy,(O) = I(m)/R(m)
we call the ray class group modulo m for O. The ray class group fits into the exact sequence

0% —= (O/m)* — Cln(0) —= CU(O) —= 1. (2)

The surjectivity is a consequence of the fact that any class in C1(O) contains an ideal coprime to
m for any ideal m. For the rest of the proof see [?, Proposition 1.6].
Because we always have a surjection Clym(Og) = Cln(O) = Cln(Ok), we obtain that

ab T 1
Gal(K*/K) = lim Cly = lim Cly (O)

and it does not matter which ray class groups we are using. Moreover, despite the fact that taking
inverse limits is not exact in general, in this case we can prove (for a proof by abstract nonsense
see Lemma 12.27.4 of [10, Tag 02MY]) that taking the limit of (2) yields the exact sequence

Ox — Gal(K®/K) — Cl(0) — 1

for the profinite completion

~

X _ 13 X
0% = lim(0/mO)

and using that
Cl(0) = Gal(K®/K)/ Gal(K®/Hp),

looking at the kernel of the map 0 — Gal(K/K) we can also deduce that the following sequence
is exact

1 R O Gal(K® /Hp) — 1. (3)

3.2.3 Genus theory

We have seen that class field theory describes, if somewhat indirectly, all abelian extensions of the
field K. A related question is to describe all abelian extensions L/K such that L/Q is abelian.
An important step is the following theorem, describing all unramified extensions L/K with L/Q
abelian.

Theorem 4 (Genus theory). Let K be an imaginary quadratic field of discriminant D and let
-1

Di,-..,pr be the odd primes dividing D. Set pf = (—1)“2 pi- Then the maximal unramified
extension K9 /K such that Gal(K9°"/Q) is abelian is the field

K9 = K(\/pis-- o \/D})-

Note that the genus field K9°" is always contained in the Hilbert class field Hx = Ho,, .

11



4 The theorems of complex multiplication

Let K be an imaginary quadratic number fields. In the previous chapter, we discussed the class
field theory for K. We know, for instance, that for any ideal m of the maximal order O, there is
the ray class field H,, satisfying

Gal(Hyn/K) 22 Cly,
where Cl,, is the ray class group for m. For any order O C K, we also know that there exists a
ring class field Hp with Galois group

Gal(Ho/K) = CI(O).

In this part, we will deal with the theory describing the ray class fields and ring class fields
more explicitly, using values of certain modular functions: for instance, the ring class field can be
generated by the j-invariant j(O).

In general, the minimal polynomial of j(QO) has very big coefficients and is therefore less suitable
for explicit calculations. In chapters 5 and 6 we will discuss some of the practical improvements
that can be achieved.

4.1 The first main theorem of complex multiplication

Let O be an order in K. Considering an embedding K C C, the order O C C becomes a lattice of
full rank, and therefore gives an elliptic curve C/O. Denote the j-invariant of the order by

3(0) = j(C/O).

Note that for O = Z[r] with 7 € H, we have j(O) = j(). Similarly, for any O-ideal a we obtain
the j-invariant j(a) := j(C/a). It is clear that if a and b are two ideals in the same class in CI(O),
their j-invariants are the same: indeed, then a = ab for some a € K* and so j(a) = j(b) by the
homogeneity of j. The following theorem summarizes some of the miraculous properties of the
values j(a).

Theorem 5 (First main theorem of complex multiplication). Let O C K be an order in an
imaginary quadratic field of discriminant D = A(Q). Then the following holds:

1. The number j(O) is an algebraic integer.

2. The minimal polynomial Hp(X) of j(O) factors over C as

Hp(X)= ] (X-ia).

aeCl(0)

3. The field K(j(O)) is the ring class field of O, that is,

4. Recall that the Galois group Gal(Hp/K) is naturally isomorphic with Cl1(O) via the Artin
map. Under this isomorphism, the action of [b] € CI(O) on the conjugates j(a) of j(O) is
given as

Proof. See Theorem 1 in [8, Chapter 10]. O

The significance of this theorem is that it gives the generators of the ring class fields of K as
values of the j-function, which is a modular function for the group SLy(Z).

12



4.2 Modular functions of level N

In the previous subsection, we have already seen the power of the j-function, which is a modular
function for the congruence subgroup of level 1. In the following, modular functions of higher level
will play a similar role: they will be used to produce numbers lying in ray class fields.

Recall that f: H — C is a modular function of level N if it is a meromorphic function on H
invariant under I'(N) that can be extended to a meromorphic function on the compactification
X(N):=T(N)\H. Let Fyc be the field of modular functions of level N. Then v € SLy(Z) acts
on Fyc as

f= foy€Fnc.

We claim that f o~y is again a modular function of level N:
f oy € FN,C-

As f o~ is clearly meromorphic, we only need to check the invariance under o € T'(N). As
I'(N) C SL(Z) is a normal subgroup, there exists o’ € T'(IV) such that ya = o’y and so by
I'(N)-invariance of f we see that

(foy)oongoo/o'y:foy.

Therefore, SL2(Z) has a well-defined action on Fiy c. We will now quote some structural results
for the fields of modular functions.

Theorem 6. F; ¢ = C(j).
Proof. See Theorem 1 in [8, Chapter 6]. O

In fact,
j:SLe(Z) \H = X (1) = P*(C)

is an analytic isomorphism and F; ¢ = C(j) is the function field of X (1).

Theorem 7. Fy ¢ is Galois over Fy ¢ with Galois group
SLy(Z)/ £ T(N) =2 SLo(Z/NZ)/ £+ 1.
Proof. See Theorem 2 in [3, Chapter 6]. O

As an aside, we note that for N > 1 the field of modular functions Fy ¢ is the function field
of X(N), which is a compact Riemann surface and also a projective curve. The (non-compact)
curves Y(N) = T'(N) \ H have a moduli interpretation as the moduli spaces of elliptic curves with
a fixed basis of their N-torsion. Moreover, it can be shown that the curves X (V) have models

over Q(¢n).

4.2.1 Modular function fields over Q({y)

Fix (ny = exp(27i/N) a primitive N-th root of unity and let Fy be the field of modular functions
of level N such that the coefficients of its g-expansion lie in Q({y). Because the j-invariant has
rational g-expansion (in fact integral), we obtain that 713 = Q(j).

For any f € Fu, the group SLo(Z) acts on f as before as

[ foa

Moreover, as f is I'(N)-invariant, this action factors through SLo(Z)/T'(IN) and so we also obtain
the action of
Fn O SLy(Z/NZ) = SLy(Z)/T(N).

13



This action induces an injection
SLo(Z/NZ)/ £ 1 — Gal(Fn/F1).

Moreover, Q(Cy) C Fn and for any d € (Z/NZ)* we obtain an automorphism g : {y — (&
of Q(¢x). This automorphism extends to an automorphism of Fy, acting on the g-expansions:

Z ang™ N = Z oalan)g™N.
meZL meEZ

Then these give all the automorphisms of Fy /F: in fact,
Gal(Fy/F1) =2 (SLo(Z/NZ)/(+1)) x (Z/NZ)*.
Moreover, if we embed (Z/NZ)* to GL2(Z/NZ) as

then we have the following split exact sequence

det

1 —> SLy(Z/NZ) —> GLy(Z/NZ) 2~ (2/NZ)* — 1.
Then

Let F = |Jy Fn. Taking limits we obtain a short exact sequence

1 —— {1} —— GLy(Z) — Gal(F/Fy) — 1.

4.2.2 The second main theorem of complex multiplication

We have seen the connection between special values of the j-invariant function and abelian exten-
sions of K in the First main theorem of complex multiplication (Theorem 5). A similar connection
occurs for special values of function in Fy.

Recall that K is an imaginary quadratic field and O = Z[r] is an order in K. We start from
the exact sequence (3), which we recall here again:

1 Ox O Gal(K*/Hp) — 1.

For every finite quotient ((7)\/N(’3)X = (O/NO)* we get a field Hy o for which the Artin map
gives
(O/NO)X/HD[OX] = Gal(HN,o/Ho).

We call Hy o the ray class field of conductor N for O.

Theorem 8 (The second main theorem of complex multiplication). Let f € Fn be a modular
function of level N and O = Z[r] be an order in an imaginary quadratic field K with 7 € H.
Suppose that T is not a pole of f. Then

f(r) € Hy0
and moreover, Hny o = K(g(7) : g € Fn, g(T) # 0).

Proof. For maximal orders, see Lang’s Elliptic functions [8, Corollary to Theorem 10.2]. For
non-maximal orders, see also [11]. O

And as j : H — C is a modular function of level 1 without any poles on H and F; = Q(j), the
first main theorem follows from the the second main theorem.

14



4.3 Shimura reciprocity

In the previous section, we have seen that for the ray class fields Hy o for order O, we have
K% =JHnx0.
We now construct the following connecting map in the diagram with exact rows

1 Ox O Gal(Kgp/Ho) — 1
1 {£1} GLy(Z) — Gal(F/Q(j)) — 1,

where the map g, : O0* — GLQ@) maps any x € O* to the matrix g-(z) satisfying

s (1) ==(7):

so gr(x) is the matrix of the multiplication by z € O* on O = Zr + Z with respect to the basis
[7,1]. Using that 72 = —B7 — C, we get an explicit description for any x = st +t € O*:

— Bs —
= ()

The map g, induces an action of O* on the modular function field F = UZFn.

Theorem 9 (Shimura’s reciprocity law). Let f € F be a modular function such that T is not a
pole of f and let x € O, then

FE = () ().

Proof. See Theorem 2 in [0, Class invariants by Shimura’s reciprocity law] for maximal orders.
For non-maximal orders, see [11]. O

Let f € Fn and suppose 7 is not a pole of f. Then f(7) € Hy,0 by the second main theorem

of complex multiplication (Theorem 8) and therefore the action of O* on f (1) factors through
the finite quotient (O/NO)* and fits in the following diagram with exact rows

(O/NO)* —— Gal(Hy.0/Ho) — 1

{41} — > GLy(Z/NZ) — Gal(Fn/Q(j)) — 1.

OX

Denote by Wy~ the image of the map g,. Then
WN)-,— = (O/NO)X = Gal(HN’O/Ho).

Let f € Fn be a modular function and suppose that 7 is not a pole of f. We already know
that f(7) € K. If f(r) € Ho is an element of the ring class field of O, we call f(7) a class
invariant. Note that we no longer require that f(7) generates the ring class field Ho over K. The
following corollary gives us explicit tools how to show that f(7) is a class invariant.

Corollary 2. Let f € Fn be a modular function of level N and suppose that 7 € H as before is
not a pole of f. Then

f(7) is a class invariant < Wi . acts trivially on f.

Proof. See [6, Class invariants by Shimura’s reciprocity law]|, Corollary 4. O

Generators of the group (O/NQO)* can be found easily for modest values of N and so describing
the action of Wy ¢ can be done explicitly.
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5 Class invariants from eta quotients

Let K be an imaginary quadratic field and let n be a positive integer. In 4.2 we defined F,, as the
field of modular functions of level n with g-expansions in Q(¢,).

The theorems in chapter 4 give us tools for constructing elements lying in ring class fields. Let
O = Z[0] be an order in K of discriminant D < —4. Then O* = {£1} and the ray class field of
O with modulus n is the field H,, o, which satisfies

Gal(Hn’@/Ho) = (O/TLO)X/ +1= Wn,g/ +1

by Shimura reciprocity law (Theorem 9). In particular, we have seen that the value f(6) € H, o
satisfies f(0) € Hp if and only if f is invariant under W,, 9 (see Corollary 2). If f(6) € Hp, we
will call f(6) a class invariant, in particular, we do not require that f(6) generates Hp over K.

We already know that Hp is generated over K by the j-invariant j(O). However, the minimal
polynomial of j(O) has large coefficients already for modest values of D = A(O). We show that
taking suitable powers of the generalized Weber functions

I/kyn(T) =
for k,n € Z (and n > 1) evaluated at 6 can yield class invariants with smaller heights.

5.1 The Weber functions

In his classical "Lehrbuch der Algebra" [12], Weber defines the following functions

n (=) n(t/2)
n(7) n(7)

and gives a long list of theorems and some conjectural results about generating ring class fields
using small powers of the Weber functions f, f; and fo. For instance, we note the following theorem.

n(27)
n(7)

f=Cis , f1= and fy = V2

Theorem 10. Let m be a positive integer not divisible by 3 and let O = Z[\/—m] and let
K =Q(v/—m). Then:

e If m =6 mod 8 then K(f1(v/—m)?) is the ring class field of O.
e Ifm =3 mod 4 then K(f(/=m)?) is the ring class field of O.
Proof. See [3, Theorem 12.24]. O
There are many relations between the functions f,f; and fa, such as
fohfa=v2,

and if we define 5 to be the holomorphic cube root of j which is real on the imaginary axis, then
8, —f% and —f5 are the roots of
X? — X — 16.

Such relations and a multitude of tricks were used by Weber and others to explicitly compute
various class invariants (see the examples in Section 12 of [3]). A modern and a more systematic
treatment of these theorems can be given using Shimura’s reciprocity theorem. See, for instance,
the extensive Theorem 1 in [9] and Section 8 of [6, Class invariants by Shimura’s reciprocity law|.
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5.2 Generalized Weber functions

In the article [5], Enge and Morain develop a comprehensive theory for the functions
T
o, — 1)
n(7)

Let K be an imaginary quadratic field and let O C K be an order of discriminant D. The
starting point for Enge and Morain is the following theorem of Enge and Schertz:

Theorem 11. Let O be an order of discriminant D, let § be a modular function for T°(n) and let
§ and o S have rational q-expansion. Let o € H be a root of Ax? + Bx + C with D = B? — 4AC
and suppose n|C' and ged(A,n) = 1. If f(«) # 0o is not a pole, then

f(a) € Hp.
Proof. See [5], Theorem 2.3. O

Enge and Morain apply Theorem 11 to suitable powers of the generalized Weber functions tv,,.

Suitable exponents for which these functions are modular are found using the following theorem

12, which also answers the rationality of their g-expansions and the levels. Set t = m and

write n = 2*nq with n; odd.
Theorem 12. In the notation of this section, the following holds:
1. The function ro,, has rational g-expansion.

2. If n is a square then 1, oS has rational q-expansion.
If n is not a square then w2 o S has rational q-expansion.

3. Let e and s be positive integers such that t|s|24 and e|s. If ny is a square or e is even, then
¢, is modular for T(2) NI(<n).
Otherwise,
w¢ is modular for T'(2ny) NT(2n).

Proof. See theorem 3.2 of [5]. O

We see that in both cases of part 3, w¢ is modular for I'(24n) and for the choice

2t t odd and n not a square
S =
t else

and for « as in the theorem 11, the value w? () lies in the ring class field Hp.

Enge and Morain then ask the question whether it is possible to use smaller exponents e than
the choice of s as above and still produce class invariants. They fix the level n and, in the notation
of Theorem 11, determine congruence conditions on the discriminant D and trace B for which
w,, ()¢ is a class invariant with exponent e < s. They give extensive tables of possible exponents
and discriminants (see [5, section 6]) and their answers only depend on n modulo 24.

Enge and Morain then pose the question whether it would be possible to use smaller powers
e, and thus numbers of smaller height, if one authorizes roots of unity to come to play. The
answer for n = 2 is classical and goes back to Weber and the answers for n = 3 and for the
case ged(n,6) = 1 are given already given by Alice Gee in the last article of her thesis [6, Class
invariants from Dedekind’s eta function]. We will see more cases for which the answer is positive
in chapter 6.
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5.3 Level 3 and levels coprime to 6

In the last article of the thesis of Alice Gee [(], "Class invariants from Dedekind’s eta function"
(which preceded the article of Enge and Morain by fifteen years), Gee studies the functions

n (255)
n(z)

Ven =

for all k,n € Z and n > 1. These functions lie in the modular function field Fo4, of level 24n. Gee
then uses Shimura reciprocity (see Theorem 9) to determine powers e and suitable small constants
¥ from Q(a4r) so that for an order O = Z[0] with f& = 2% + Bx + C satisfying B € {0,1}, the
resulting value

v - Vli,n(e)
is a class invariant.

Note that the perceived difference between using the functions vy, for varying £ as Gee and
,, = vy, with fixed £ = 0 as Enge and Morain comes from evaluating at different elements. Gee
evaluates at the singular modulus 6, whereas Enge and Morain choose « as a root of A’2%+4 B’z +C’
satisfying N|C” and of discriminant B'? — 4A'C’" = A(O). If we suppose that A’ = 1, which can
usually be achieved, then for some k € Z we have a = § + k. Then, using the transformation rules
for the eta function,

mn(o + k) = C2_4kyk,n(0)'

For level n = 3, Gee gives a complete table of suitable powers of vy 3 with k € {0,1,2} that
upon multiplying by a suitable small ¥ € Q((24) produce class invariants in the case of maximal
orders (see [6, Part 4, Table 2.]).

Gee obtains these results by computing the groups Wa4.3 9 and their action on the functions
v,3. The explicit determination of the group Way4.3 ¢ is easy in many cases using the isomorphism

Wag.z,9 = (0/720)%

Note that these groups depend on the splitting behaviour of the primes 2 and 3 in O and hence
the congruence conditions on D.

Moreover, Gee also lists the following theorem for the case ged(n,6) = 1:

Theorem 13. Let O = Z[] be an imaginary quadratic order of discriminant D and let 0 satisfy
fé(w) =122+ Bz + C with B € {0,1}. Let n € Z~1 satisfy

n =1 mod 2 - ged(D, 6).
Let k € Z satisfy f§(x)(—k) =0 mod n and k = 0 mod 24. Then
G ViR a(0) € Ho.
Proof. See [6, Theorem 2]. O
In the case ged(n,6) = 1, Gee works with the decomposition
Waan,o = Gé’in 0% G24n Re G24n 0

using the kernels of the reduction maps
Gél”ﬁ,e = ker(red : Waan,0 = Wadn/m.,9)-

The group G;4 o can be identified with W, 9 provided ged(m, 24n/m) = 1 by taking the lifts to
GLy(Z/24nZ) congruent to the identity matrix modulo 24n,/m.

The action described by Gee for ged(n,6) = 1 (with the notation and the choice of k as before)
is given as follows:
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. Gé421 ¢ acts on v, as a quadratic character and so I/k is invariant under Gé43; o (see [0,
Part 4, Theorem 10])
e any M € G;jln o acts as
Vkom © M= C?m(U (n— I)Vk:,n

for a certain U € T and £(U) an explicit exponent (cf. the discussion following [6, Part 4,
Theorem 10]) and if 21 D, then (U) is always even (|6, Part 4, Proposition 12]), and so

. ) 9 . . . (8)
if D is odd, vj; ,, is invariant under Gy, 4,

e any M € Géi)nﬁ acts as
Vi o M = C;(U)(n—l)yk
for a certain U € " and x(U) an explicit exponent (cf. the discussion following [0, Part 4,
Theorem 10]) and from ([0, Part 4, Proposition 15]) we obtain that

if 31 D, then CQB n-1) ug,n is invariant under Ggil 0

Put together, we obtain the same exponents e of vy ,, as Enge and Morain in the table 6.1.1 of [7]
(disregarding for the moment by which root of unity we need to multiply the suitable powers):

=1 mod 12: Then e = 2 suffices to obtain the trivial action.

n =5 mod 12: Then n —1 =0 mod 4 but n — 1 #Z 0 mod 3 and so the action of Ggi)n g is trivial
on V%)n and we see that either e = 6 or, if 31 D, we can take e = 2.

n=T7mod 12: Then n — 1 = 0 mod 3 and so the action of Géi)ne is trivial on V,z’n and as
n —1=6 mod 12, we see that either e = 4 or, if 21 D, we can take e = 2 using proposition
12 of [6].

= 11 mod 12: In this case, n — 1 #Z 0 modulo 3 and so if 6| D, then we need to take e = 12. The
opposite case is 6 4 D, which only requires e = 2. If 2+ D but 3 | D, then we obtain e = 6.
If 31 D, then both Gee and Enge and Morain require e = 4.

However, if 2|D and D = 4,8 mod 16, we can compute the groups G2 in,p in more detail (see
[6, Part 4, Proposition 13]) and this allows Gee to obtain a better result:

Theorem 14. Let D = 4,8 mod 16 and let n € Z~1 such that ged(n,6) = 1. Suppose k
satisfies 24k and f§(x)(—k) =0 mod n and n — 1 =0 mod ged(D,3). Then

¢V L(6) € Ho.

Proof. See [6, Part 4, Proposition 3]. O

Let n and D and k be as in the theorem. If further 31 D, we see that

C4V13,n(9) € HO?

and so in this case we only need to use e = 2 compared to e = 4 by Enge and Morain.

5.4 Generalized Weber functions with roots of unity

Let us fix the notation as follows: let O = Z[0] be an order in the imaginary quadratic field K
and let D = disc(0) < —4. Let f = 2% + Bz + C be the minimal polynomial of § over Q with
B e {0,1}.
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5.4.1 Owur method

As we saw in the application of theorem 14 (due to Gee), the explicit determination of the groups
Waay, and their action on vy, and the field Q(C24,) can give smaller powers of vy, than those
obtained by Enge and Morain in [5]. As Gee practically exhausts the question of ged(n,6) = 1
above, we focus mostly on the case when ged(n, 6) # 1.

The ged condition means that it is no longer enough to compute the action of Géi)nﬂ and

Géi)nﬁ separately. Also, the groups G;Z;Z,G encountered grow bigger and so finding the generators
for all the possible values of 2 + Bz + C mod m by hand is more difficult. However, for small
values of n, these groups are easily handled by a computer.

5.4.2 Theoretical computations

We want to compute the action of Wayp, 9 C GL2(Z/24nZ) on the functions vy ,,. We will use the
decomposition

Waano = [ | Gy,

m
where m runs over all the full powers dividing 24n: for instance, for n = 4 we obtain the decom-
position

32 3

Wos.o = Géa,é X Géﬁ),é'
Our strategy is the following: we will try to find a suitable power e of vy, such that the

action of Way4., 9 o0 Vi actually coincides with the action of Wa4.,, 9 on some algebraic number

¥ € Q((24.n). Then the function % is Way.p p-invariant and evaluating at ¢ will give a class
invariant.

Fix for now m|24n with ged(m, 24?”) = 1. In practice, m will be a full prime power dividing
24n. We have already noted that in this case, we have the identification

G(m) ~

24n,0 — "Vm,0s

lifting the matrix W € W, g C GLa(Z/mZ) into a matrix W’ € GLo(Z/24nZ), which satisfies

W mod m
W= {I mod 42

The groups W, ¢ are much easier enumerated than the groups Ggfrzﬂ. Whenever we talk about

the action of W, g, we will always mean the action of Géﬁﬂ, or, equivalently, the action of the
lifts of Wiy, 0 to Waup 6.

We now describe the process of lifting the matrices W € W, g to Waay, 9. Write d = det W.
Then W can be written as

W= ((1) 2) M € GLy(Z/mZ)

for some M’ € SLa(Z/mZ). Then, we lift these matrices to GL2(Z/24nZ) separately:

0 1 0

e we can lift ((1) d> € GL2(Z/mZ) to (0 x) € GLy(Z/24nZ) with z satisfying

1 mod 247"
T =
d modm

using the Chinese remainder theorem,

e we can lift M’ € SLy(Z/mZ) to M € I'(212): indeed, we can use Chinese remainder theorem
to obtain a matrix M" satisfying
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b
M = (a d) mod m
c
" _—

1 /(1 0
( ) mod 242
0 1 m

Then det M = 1 mod 24n, again by the Chinese remainder theorem. We can now use the
surjection
SLo(Z) — SLo(Z/24n7Z)

to obtain a lift

M € SLy(Z) congruent to M” mod 24n.

M’ mod m

s g 240 50 in fact M € I'(222).
mod =%

But this means that M = {

Therefore, the action of any W € Wy, g on Faay, acting via its lift to GLg(Z/24nZ), decomposes
as follows:

e the action of (1

0 2), which acts only on the g-expansions of the functions in Faoy,,

e followed by the action of M € F(Q%”) C I', acting on the arguments of the functions in Fay4,,.

1 0

First compute the action of X = (0 .

) € GL3(Z/24nZ). We claim that X acts on vy, as

Vig.n — Vek,n-

Indeed, to compute how we act on the g-expansion, we see that the action of X on 7n(7) is always
trivial (as 1 has a rational g-expansion) and so we only need to compute the action on n(7t%).

n

But this is easily read-off from the g-expansions. Set q% = exp(2miT/n). We know that

exp(2mi(T + k)/n) = Cﬁq% — C,f'kq% = exp(2wi(r +x - k)/n)

T+Ek T+k-w
n =Nl —)-
n n

Vik.n — Vix,n

and so

Therefore,
and so for any W € W,, 9, retaining the notation for  and M, the action on vy, is given as
-1
1 kx 1 kx 1 k 1 k
M_no<0 n)OM_no<O n>M<O n) (O n)
o noM o noM
1 ka 1 k7
N:(O n)OMO(O n) .

We see that the entries of the matrix N are all in %Z. The following lemma shows that N is
always an integer matrix.

Vgon - W = Vikx,n ©

and we call the new matrix
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Lemma 1. Let m be a divisor of 24n such that ged(m, 22%) = 1, let k € Z be such that n|f(—k)
and let W = <t _SBS _tCS> € G&"’Yzﬂ, Take x € Z with ged(x,24n) = 1 with z = 1 mod 232
and x = det M mod m and let M € I'(22) so that

(1 O>~M5Wmodm
0 =z

-1
1 kz 1 k&
N := (0 n)OMO(O n) .

Then N € T. If further nlm, then N € T'(22),

and set

Proof. Suppose we already know that N € I' and n|m, then we show that N € I'(222). As n|m

implies that n is invertible modulo 24?”, the reduction modulo 247” shows that

—1 —1
1 ka 1R /1K) /1 0\ /1 K\ _ /10 24n
N<o n)'M'<0 n> <o n)'(o 1>'(0 n) (0 1)m°dm'
To show that N € I', we note that
1 kx\ _ (1 0\ /(1 ke 4 (YR (1 —ky (10
o n) \on)J\lo 1) ™ 0n) ~\o 1)\0 nt)

o . 1
Because multiplying any matrix by <

0 2) on the left multiplies the second row by n and mul-

tiplying by ((1) n01> on the right multiplies the second column by n~!, we only need to check

;. (1 kx 1 —k
(o 1))

2dn we see that
m

<(1) klx)M((l) _1’“)5((1) k11>[((1) _1k>EI(modZ:j).

Modulo m, the matrix M has a bit more complicated form,

M= 1 0 t—Bs —-Cs\ (t—Bs —Cs
—\0 z! s t “\zls oIt

and so we need to evaluate the top right entry of the matrix

1kx.M'1—kilkm't—Bs—Cs.l—k
0 1 0o 1/ \0o 1) \als 2% \0o 1)/

A simple computation shows the top right entry to be equal to

that the top right entry of

is divisible by n. Computing modulo

—s(k* — Bk 4 C) = —sf(—k)(mod m).
Because n|f(—k), we conclude that the top right entry of M’ is divisible by n and so N € SLy(Z).
O

a b

Recall from section 2.3 that for any integral matrix U = (c d) € I', the transformation of n

is given by

(noU)(r) = e(U) Ver + dn(r)
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for Rv/cr + d > 0 and €(U) is made explicit by the Meyer formulas in Proposition 1. An extensive
computation of the second row of N shows that

Nt 1 kx\ (a b\ (n —k\ _1/1 kx\ fan —ak+b
N 0 n)\e dJ\O 1) n\0 n/)\en —ck+d
* * (= *
en? n(—ck+d)) — \en —ck+d

and this is enough to conclude that the action by an element W € W,, ¢ is given by multiplying
by a root of unity: an explicit computation gives:

oNo () MY (enyr —ckd-n(r))o (s "
: (no(f\g)(g} ZG(N)G(M“( \/%nm? ¢ >:

e (\/cn (ZE5) — ck + d> . (n(ﬂ o ((1) ﬁ)) )

Ver +d-n(r)
VTR (e s 1))

=¢e(N)e(M)™! Vet d ) = e(N)e(M) v (1),

3|+~

1
n

(Vk,n -W)(1) =

and so
Vi - W = e(N)e(M)_luk)n,

as is explicitly computed in the following computation:
So to compute the action of W, we need to determine the transformation of n by N and M,
that is, evaluate the factors ¢(N) and e(M). In general,

e(N),e(M) € poy.

We recall the notation e(M) = (%) ;A(LM) and e(N) = (f—é) ;A(IN).

As we examine the action of all the matrices in W,, ¢ (or alternatively, the action of the
generators for W, ¢), we need to keep track of the following data:

e product of the Legendre symbols (l> . (a/),

o) \a
e the exponent of the 24-th root of unity e(N) — e(M),
e the determinant det(W) mod m, alternatively, the action ¢, + ¢3¢V,

Remember that we are looking for a small exponent e and an element ¢ € Q((24y,) of small
height such that Jv}, , is fixed by the action of W, 9. Because W, ¢ acts trivially on Q(¢ 21n ), we
see that o is without loss of generality an element of Q((,,). We can readily make several useful
observations:

1. Suppose there exists a matrix W € W,, o with det W = 1 mod m acting non-trivially on
Vg n- As det W = 1, the action of W on Q((,,) is trivial and so there is no 9 € Q({,,) such
that Yvy ,, is invariant under the action of W. Therefore, we need to take e to be at least
the smallest power e’ for which V,i,n is invariant under the action of W.

2. Similarly, if two matrices W, W’ of the same determinant det W = det W’ act differently
on V}‘j,n, there cannot be an element ¥ € Q((,,) such that ﬁuz/m is invariant under W, g.
Theréfore, a necessary condition on e is that all matrices in Wm7£) with the same determinant
act the same on v .
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5.4.3 Galois cohomology to the rescue

Suppose that all the matrices in W, ¢ of the same determinant act the same on Vi that is,
the action of W € W, ¢ only depends on the determinant of W. Moreover, we assume for all
W € Wy, 0 that vi - W = (g, for some ¢ € py,. If n|m, this is satisfied already if matrices with
the same determinant act the same, by combining Lemma 1 and Proposition 1.

We will show that then we can find an element ¥ € Q((,,) such that V%" is invariant un-
der the action of Wy, 9. More specifically, we use the action of W, s to construct a class
¢ € HY(Gal(Q(¢m)/L),Q(¢m)*) for a suitable subfield L C Q((,) and show that this class
vanishes. For details on Galois cohomology see the Appendix A.

Recall that W, ¢ acts on Q((y,) via the determinant. Under the standard isomorphism
(Z/mZ)* = Gal(Q((r,)/Q) sending d € (Z/mZ)* to the automorphism

Ud:Cm _>C1Lqiq,7

we obtain that any W € W, o of determinant det W = d acts as o4 on Q((, ).

The group Wy, ¢ acts on Fauy, via the lift to Waay, ¢ as in 5.4.2. Denote the action of W € Wy, ¢
as f — f- W. For elements 9 € Q((,,) C Faay these actions coincide with the determinant action,
that is,

Ud(ﬁ) =9 -W.

We are now ready to define the cocycle. For d € (Z/mZ)* = Gal(Q(()/Q) such that there

exists a matrix My € W, ¢ with det My = d, we set

l/z n © Md «
¢(d) =———— € un C Q(Cm) .
Vk,n
Let A = im(det : Wy, 9 = (Z/mZ)*) C (Z/mZ)* be the image of the determinant on W, g.
Then we obtain a map

d: A= Q(Gn), deA— @(d).

The map ¢ is well-defined as two matrices with the same determinant act the same on vy, by
assumption.

We show that ¢ is indeed a cocycle. Let d,d’ € (Z/mZ)* and let My, My € W, ¢ be matrices
with det My = d and det My = d’. Then det(MyMy ) = det(Mqg My) and so

Vi * (MaMar) = vig , - (Mg Ma)
and we compute

Vi - (MaMa) — vi, - (Mo Ma) vy, - Ma

AN ’ — . =
S T 7
l/en'Md Ven'(Md’)
- kvl/e ' < = Ve ) Mg = ¢(d) 'Ud(¢(d/))a
k,n k,n

because W € Q(¢m) and My acts on Q((m) as 04 : (m — ¢4 Therefore, ¢ is a cocycle on
k,n

A.

Now we need a better understanding of the group A. From the Second main theorem of
complex multiplication (Theorem 8), we know that Q((,) C Hy,,o and the following diagram
commutes:

Gal(Hm’o/Ho) — ((’)/m(’))X/C’)X

lres \L det og,

Gal(Q(¢m)/Q) ——— (Z/mZ)*.
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Therefore, o € Q((,) is an element of the ring class field Hp if and only if o4(ca) = « for all
d € A. This gives that Ho N Q((m) = Q((m)? and so

A = Gal(Q(Cn)/Ho NQ>¢m))-

By Hilbert’s theorem 90 (Theorem 15), we know that H'(Gal(Q(C )/ HoNQ(¢m)), Q(¢n)*) = 0
and so there exist some ¢ € Q((,,) such that

¢ = ¢y
for the cocycle ¢y : A — Q((n)™ given as
oq(¥
ould) = 740
Therefore, for any d € A we obtain that
V]z/ n My O’d('ﬂ)
= = ¢(d) = ¢g(d) =
L = 0l = 9ol = g
and so we conclude that
Vlg,n o Ug,n.Md o Vin
I T a0 W

e
Vi,n

and —5™* is invariant under the action of W, 4.
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5.5 Finding class invariants for a given quadratic order O

Using the observations in 5.4.2 and 5.4.3, we formulate the following strategy to find class invari-
ants. Recall that O = Z[f] is an order in an imaginary quadratic field, the minimal polynomial of
6 is 22 + Bz + C and satisfies B € {0,1} and D = B? — 4C is the discriminant of O.

Note that the original question of Enge and Morain asked whether there exists a root of unity
¢ such that ¢ - vp , gives a class invariant. The existence of such a root of unity is checked in the
step 2d below but such a root of unity need not exist for the optimal choice of e we will find.

1. Find a suitable n as the level of the Weber functions (e.g. n = 2,3,4,6) and k € Z such that
f(=k) = 0 mod n has a solution, factor 24n into pairwise coprime prime powers m.

2. For all such prime powers m, perform the following steps.

(a)

Compute the groups W, g, e.g. by finding generators of (O/mO)* or by listing all the
matrices

Wine = {(t _SBS _SS) € GLo(Z/mZ) : s,t € Z/mZ} .

Determine the action of the matrices W € Wy, g: compute e(W) € Z such that

e(W)
Vk,n'W:C24 *Vk,n,

it suffices to store the determinant det W mod m and the exponent e(W), which can
be computed from the matrices M and N as in 5.4.2.
Find the smallest exponent e such that all the matrices in W, o with the same deter-

minant act the same on v; ,, and such that CSS;W) € y for all W e Wy, 4 (so that we

can apply 5.4.3).

Try to find a root of unity (2, such that (V. 1s invariant under W, ¢. This invariance
means the following equalities:

Covhm = (i) - W = (it W g eWhe
for all W € W,, ¢. Comparing the roots of unity, the invariance is equivalent to the
existence of a common solution of
e(W)-e-m
24
for all W € W, 4. Such an solution need not exist.
Find an element 9 € Q((,,) such that

detW -a —

=a mod m

is Wi, o-invariant. This can be done for instance by writing out a general Gaussian sum
or by invoking the constructive proof of the Hilbert’s theorem 90 (see Theorem 15).

3. Combine the answers for all the prime powers m: obtain

e
ﬁukm

invariant under Way,, ¢ for some ¥ € Q(¢24y,)

4. Evaluate the value o = Jvj,  (¢) as a complex number and finds its minimal polynomial.
Compute the class number of O as the number of primitive reduced binary quadratic forms
of discriminant D and use this number as a bound for the degree of the minimal polynomial
of a. Alternatively, one can compute the conjugates from Shimura reciprocity directly, see
[6, Class invariants by Shimura’s reciprocity law, Theorem 20|.
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6 Computations for n =4

In this section we apply the procedure developed in chapter 5 to level n = 4. Let us recall
the notation as follows: let O = Z[f] be an order in the imaginary quadratic field K and let
D = disc(O) < —4. Let

f=a2>4+Bx+C

be the minimal polynomial of 8 over Q with B € {0,1}. Our goal is to find a suitable k € Z and
a suitable exponent e such that for some ¥ € Q({og) we have

9vf 4(0) € Ho.

Enge and Morain computed the following table of exponents e such that the functions v , for
a suitable k yield class invariants (for the table, see [5, 6.2.2], for the discussion of their approach
see 5.2):

D mod 128 | Enge-Morain e | D mod 128 | Enge-Morain e
4 mod 32 8 1 mod 8 1
16, 32, 80, 96 4 0 1
20 mod 32 2 48 mod 64 1
64 2

The goal of this chapter is to show that we can obtain improvements for the exponents in the
following cases:

D mod 128
4 mod 32
16, 80
20 mod 32

NN D

We evaluate the action of Wys ¢ on vy, ,, using the decomposition
32 3
Wos,o = GE()G,g x G€()6),6'

We start with determining the action of G.(()36)9 = W3 9. The structure of this group is easily

determined by hand and so we do this in the following section.

6.1 The action of Gs(fé),e

In this section, we compute the action of Gé?é),a on the functions v 4 and Q(¢3) and find invariant
functions for this action. We restrict ourselves to the case that 4|D, that is, B = 0, but the
discussion is similar in the case B = 1.

We know that the group ng%),e is isomorphic to (O/30)* and so there are three possibilities
for the structure of the group, depending on D modulo 3. For simplicity, we use the identification
(O/30)* = W34 (keeping in mind that we need to lift the matrices to GL2(Z/96Z) using the

procedures in 5.4.2).

The ramified case D = 0 mod 3: then W3y is generated for instance by g = ( ; g ) and so

any element W € W3 4 has determinant 1. Moreover, this matrix lifts as

=

and so it is easy to compute for all k£ the action by g: it is trivial for all k.

1985 4032

e ) € T(32)
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Lk ] N [ elg) [ & ] N [ () |

1985 1008 2049 16

0 (128 65> 02 128 1 0
2017 520 2081 —504

! (128 33) 03 (128 —31> 0

Indeed, we see that for all k, the matrices N lie in I'(8) and their bottom left entries are
powers of 2, therefore, 8|e(g) in all these cases. Modulo 3, we have e(M) = —1 and e(N) = —1
for all k. Therefore, the action of g is trivial.

the split case D =1 mod 3: in this case, the structure of W3 g is V4 the Klein group. Therefore,
it is generated by any two non-trivial elements and so we can take

0 2 1 0
(2 o)’( 0 —1>€W37"

to be the generators. The second generator has determinant 1 and always acts trivially on
V4. The first generator lifts to I'(32) as

993 512
M( 64 33>

and acts as follows (the products of Legendre symbols are always 1), allowing us to easily
determine invariant functions:

[k N | e(W) mod 24 [ invariant function |
J(EE [ o [ =
I ENIEE
2 (e M) | f G-
&R

the inert case D =2 mod 3: in this case, W3 g is cyclic generated by
(11
9= 21

4033 4096
M( 61 6 ) € I'(32)

and we compute that the action on v} 4 gives the same invariant functions as before.

Now det g = 2 mod 3 and g lifts into

[k N | e(W) mod 24 | invariant function |
J(Z=y ] o | =
U o 1 G-
o L ; G s
T [ .

To conclude, the following table gives the invariant functions under W3 g for D even:
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|k [ D=0mod3 [ D=1,2mod3 |
0 V0,4 10,4
1 V14 CaV/1,4
2 Vo4 C3voa
3 V3.4 V3.4

Table 1: Functions fixed by W3 g, depending on D mod 3, supposing D even.

6.2 Extended example for n =4 and D = 80(mod 128)

We would like to see what happens in the case D = 80(mod 128). In this case we have B = 0 and
D = B2 —4C = —4C, we obtain C' = 12 mod 32 as the only possible value of C. Therefore, all the
groups Gggﬂ & Wsy,9 will be the same. Moreover, as we require f(—k) =0 mod 4, we take either
k=0 or k = 2. For the choice k = 0 we will get a uniform answer as then Gg&@ acts trivially on
1/0’4.

Enge and Morain predict e = 4 in their table reproduced in the beginning of the section 6. We
follow our recipe:

1. We set n =4 and k = 0 and we know the factorization 24n = 96 = 32 - 3.

2. We already know the transformation of 1y 4 under W3 y: we obtain that
V4 is invariant under Wsg.
Therefore, set m = 32 and do the following computations:

(a) The group Wss ¢ has 512 elements, which is easily handled by the computer and less
easily by humans. These are the matrices of the form

Wiz = {(2 _1tQS> € GL2(Z/327) : 5,t € 7,/327)

(b) to determine the action of the matrices W € Wiy g, using the procedure in 5.4.2. The
transformation by W € W3s g is given by

a
o4 - W = 4-241/074.

A priori the root of unity occurring is only a 24-th root of unity, but because be-
cause 4|m, Lemma 1 gives that the auxiliary matrices M, N (in the notation of the
Lemma and the section 5.4.2) lie in I'(3). By Meyer’s formula 1, we necessarily have
e(M),e(N) =0 mod 3 and therefore v 4 indeed transforms by an eighth root of unity
under W3z 9. Moreover, the product of the Legendre symbols is always +1, and so we
can include it easily into the exponent of the eight root of unity we are after. The
transformations are given in the following table. We only list the determinant of the
matrices and the resulting exponent of the root of unity.
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Table 2: Transformations of 1y 4 under Wis g

determinant | vp 4 — (§v0.4 H determinant | vp 4 — (0.4 ‘

1 0 17 0
1 4 17 4
3 2 21 2
) 6 21 6
9 0 25 0
9 4 25 4
13 2 29 2
13 6 29 6

(c¢) From the table we see that the smallest exponent e such that matrices with the same

determinant act the same on 1 4 is
e=2.

Therefore, from now on we consider the action on Vg, 4, which is easily seen to be given
by
2 __ pdetW—-1_2
Vo4 W =( V0,4

(d) To find a root of unity ¢§ such that nggA is invariant under Wss 9, we need to solve
the following congruence

a=a-detW +detW — 1 mod 8 =
(a+1)(det W — 1) =0 mod 8.

Because 4|det W — 1 in all cases, we can take a = 1 mod 2. Therefore,
<8V§,4

is invariant under Wag .

3. Putting the two transformation behaviours together, we see that
(s - Vg,4
is invariant under Wyg g.
Note that if D = 80 mod 128, then our choice of 6 forces 8 € iR~q. But for 7 € i - Ry,
n(r) eR

Therefore, 15 4(#) € R. Mutliplying by the complex number (g then produces complex (non-real)

class invariants with complex minimal polynomials over K.

To obtain real minimal polynomials, note that the action of W33 9 on 1/374 can be written as

2 det W =1 mod
Vg,4 W 1/0742 et W = mod 8,
—v54 detW =5 mod 8.

However, as V2 = (s + Cs_l, we see that the action of W3y 4 on V§)4 coincides with the action of

W3279 on \/é
Therefore, also the function

1

Vg4 = T (G- v54)

Sl
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also gives class invariants in this case, which will have real minimal polynomials.

Let us note that if we use k = 2 in the discussion above, we obtain exponent e = 4 rather than
e = 2 as we obtained for £ = 0. The exponent e = 4 is optimal, i.e., there are matrices in W3q ¢
of equal determinant, which act differently on v3 ;.

We now proceed to evaluate at small values of # satisfying 62 + 12 = 0 mod 32.

6.2.1 C=12

Even though this case is completely determined by genus theory, we record the case C' = 12 as it
is the smallest example of an order with discriminant D = 80 mod 128.

Let § = /=12 be the root of f(x) = 2? + 12 such that § € H. Set O = Z[f]. Then we claim
that (1§ 4(0) € Ho. The class number of O is 2, as can be seen for instance by counting the
number of primitive reduce positive definite binary forms of discriminant D = —48. Evaluating
the function (s - 1§ 4 at 6 we obtain

()
W ~ 2.73205080756888 + 2.732050807568883.
Then a has minimal polynomial over Q

F(x) =2* — 42° + 82° + 162 + 16
and over K = Q(0) satisfies the polynomial

2 + (*\/—12 —2)35—4.

For comparison, the real value

2
—12
o 1 n( ! ) ~ 2.73205080756888
L+i V2 p(v/-122 ~ 7

satisfies the minimal polynomial
z? — 22— 2.

This minimal is easily seen to be much smaller than the minimal polynomial of j(O), which is
Hp(X) = z? — 2835810000z + 6549518250000,

showing that we indeed obtain smaller values. However, the real benchmark is comparison with
the value of Enge and Morain, which is equal approximately to

B ~ —14.9282032302755
and satisfies the real minimal polynomial
2* + 167 + 16

over K. The fact that the minimal polynomial of /3 is real is explained by Theorem 6.1 of [5].
For n = 4 this is only possible (under their assumptions) if 16|D, which does happen in the case
D = 80 mod 128.
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6.2.2 C=44

In this case, we already get a much more interesting answer. Let 0 = /—44 € H satisfy
f(z) = 2® + 44. Set O = Z[f]. Then we claim that (sv§,(0) € Ho. The class number of O
is 6. Evaluating the function we obtain

0 (\/7—44>2

4
o = (g———2— ~ 9.5662161009295543331431780010742036147
n(v—44)?

+ 9.56621610092955433314317800107420361474.
Then « has minimal polynomial over Q

F(x) = 2'? — 202! 42002 — 17627 4 2402° — 140827 — 435220
+ 56322° + 38402* + 112642 + 5120022 4 20480z + 4096,

and over K = Q(6) satisfies the polynomial
2%+ (—V-44 - 10) 2° + (—4v/—44 + 28) z*
+ (8vV/—44 +16) 2* + (16v/—44 — 112) 2* + (—16v/—44 — 160) z — 64.

For comparison, real value

2
—44
n(57)
Ty 9-56621610092056 € R

has minimal polynomial
2% —102° + 62 — 162 — 122% — 402 — 8,
as compared to the value obtained by Enge and Morain, which has a minimal polynomial
2% +1762° — 12322 + 97282% — 1971227 + 450562 + 4096.
For comparison, the Hilbert class polynomial is equal to

Hp(X) = 2% — 12603691200522210402° — 13112272257045478341644322"

— 1417657940638726253547455241728x> + 561399144103038015259973368004083202>
— 233832181396031563359165936367916838912x
+ 984315149136933710414929915123613725364224.

6.2.3 C=1324

Computing the class invariants using the function %1/374 can be done very quickly for small values.
For instance, for the imaginary quadratic order O = Z[v/—1324], even by computing the value
using in-built functions in Sage, we can produce the irreducible polynomial
f(z) = '8 — 113539027 — 880915426 — 1728034562'% — 165224802 + 12277993623

+ 2532320962 ' — 20736414722 — 6430232642 '° + 10185801602 + 1286046528z°

— 829456588827 — 2025856768x° 4 19644789762° + 5287193602 — 110594211843

+ 112757171222 — 2906598402 — 512,
which generates the ring class field of O over K, in less than half a second. The corresponding
Hilbert class polynomial, i.e, the minimal polynomial of j(O) does not fit onto one page in the
typesetting of this thesis. Moreover, checking that the ring class field Hp is indeed the correct

field (for instance by brute force factoring the Hilbert class polynomial over the field generated by
this polynomial over K) still only takes about half a minute.
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6.3 Results for N =4

In this part we perform the computations for the functions vy 4 for & € Z, which are elements of
Fos.a = Fos. Because the groups Wog g = Wsgp g X W3 g only depend on the minimal polynomial
22 + Bz + C mod 32 and modulo 3 and because we choose D even in view of the table 6, the
answers will depend only on D modulo 4 - 32 = 128 and 3.

6.3.1 The case D =4 mod 32

Let us now discuss the case D = 4 mod 32. In this case B = 0 and so —4C = D = 4 mod 32,
which gives C' = 7,15, 23,31 mod 32.

By performing the same computations as in the case D = 80 mod 128 for the groups Wss g
with C € {7,15,23,31}, we conclude that the following functions are Wi ¢ invariant:

’ C mod 32 \ W3s p-invariant ‘

7 CSV12,4 C8V§,4
15 GGriy SZH
23 G174 (8¥34
31 Gria SZN

Therefore, accounting for the action of W3 g, we conclude the following:

[Cmod32 [ D=0mod3 [ D=1,2mod 3

7 <8V124 <8V124
(834 (8134
15 C5V124 C??CE?V%A
C§V§.4 §V§,4
23 <8V124 <§<8V124
C8V§,4 (V3 4
31 CSV%4 432@”12,4
C§V§4 C§V§74

Table 3: Functions yielding class invariants for D = 4 mod 32, depending on D mod 3.

Even though we managed to reduce the exponent e = 8 predicted by Enge and Morain to
the exponent e = 2, this case is not as interesting as it might seem. As D = 4 mod 32, we see
that D/4 = 1 mod 8 and so there exists an order O’ D O = Z[] with D’ = A(O’) = 1 mod 8.
Moreover, comparing class numbers of @ and @’ using the formula 1 in section 3.1.1, we see that

h(O) = h(O)).

As the class number is the degree of the ring class field over K and because Ho D Hp, we have
Ho» = Hpr and so we can generate Hp already using first powers, as is also seen in the table in 6.

6.3.2 The case D = 16 mod 128

In this case C' = 28 mod 32 and B = 0. This allows us to determine the group Wsg ¢ easily.
Then we obtain that ¥ = 0 or k£ = 2. In the case of £k = 0, we notice there are matrices in
W3g,0 with determinant 1 that act as vg4 = —v9,4 and so we need e = 2. This choice gives us a
Wi g-invariant function

C8V§,4

As k = 0, this function is also W3 g-invariant and can be used to construct class invariants.
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6.3.3 The case D = 20 mod 32

This implies that C' = 3,11,19,27 mod 32 and the solution f(—k) = 0 mod 4 can be taken as
k =1 or k = 3. This case is interesting because matrices with same determinant turn out to act
the same already for e = 1.

We split the four cases of C' mod 32 to compute the action of W33 9 on vy 4.

C = 3 mod 32. We choose k = 1. In this case, the action only depends on det W mod 8:

[ det W mod 8 [ v1,4 — *ri45a [[ det W mod 8 [ v14 — £r1450a |
1 1 5 -1
-1 7 1

We see that this action coincides with the character

xs : (Z/8Z)* — {£1}

1 a=1,7mod 8

a mod 8 —
—1 a=3,5mod8

And it is easy to check that the element

0=Cs— G — G+ G €QGs)
is acted on the same way. Indeed, o(¥) = —¢ = o5(¥). A simple computation moreover
shows that
¥ = 2v2.
We conclude that the function v/2 - vy 4 is Wi g-invariant.

C =11 mod 32. We choose k& = 3 and then the action again only depends on det W mod 8:

’ det W mod 8 \ V14 Vg5 a H det W mod 8 \ V4 V1450 ‘
1 1 5 -1
1 7 -1

We see that this action coincides with the character

XA(Z/8T)% — {£1}

1 a=1,3mod 8

a mod 8 —
—1 a=5,Tmod8

And we see that the element

I=GHE -G - Q)
is acted on the same way. Indeed, o(¥) = —9 = o5(). A simple computation moreover
shows that

and so

is Wi3g g-invariant.
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C =19 mod 32. We choose k = 1 and obtain the following action, depending only on det W mod 8:

’ det W mod 8 \ V4 Vg5 0 H det W mod 8 \ V4 V1450 ‘

1 1 5 -1
1 7 -1

and so we recover the character y. Therefore, in this case
\/ _2 . 1/174
is Wy g-invariant.

C = 27 mod 32. We choose k = 3 and obtain the action only depends on det W mod 8:

’ det W mod 8 \ V4= £ 450 H det W mod 8 \ vi4 = U450 ‘
1 1 5 -1
-1 7 1

And so we recover the character xg. Therefore, in this case
\/§ . 1/3’4

is Wsg g-invariant.

In this case it does not matter which root of f(—k) mod 4 we take. If we choose k = 1, we
obtain the cocycle given as

det W =1 mod 4,
det W = 3 mod 4.

{V1,4

Via b9 .

1-V1.4

It is easy to see that now we can take ¥ = 1 — i is acted on in the same way and so
(1 + ’L')l/l,4

is Wy g-invariant.

Conclusion for D = 20 mod 32. The following functions are Wyg g-invariant:

]C’mod32 H D =0mod 3 \ DELQmodS‘

3 V2. V1,4 GV2- V1,4
11 vV —2- V3,4 vV -2 V3’4
19 vV —2 . V174 Cg\/ —2 . V174
27 V2134 V2154

Table 4: Invariant function for D = 20 mod 32, depending on D mod 3.
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7 Conclusion

We have shown that it is indeed possible to obtain smaller class invariant from the eta quotients vy, 4
by multiplying the powers of these functions with suitable elements of Q((24), as our computations
in section 6 show. In some cases it suffices to multiply by a root of unity, thus giving a positive
answer for n = 4 to the question of Enge and Morain posed in [5].

Our technique is independent of the choice of n and so we expect that following the strategy
outlined in 5.5, it is possible to obtain similar improvements for any n. Another possible way to
extend this thesis would be to focus on double eta quotients, functions of the form

Vil Vi

VEk,in

which are (for a suitable choice of I, n and maybe up to a root of unity) modular functions in F,,
rather than Fa4,,, and which can be used to produce units in ring class fields (see for instance [7]).
The groundwork for these computations can be found again in [6].
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A Hilbert’s Theorem 90

In this appendix, we recall the basics of Galois cohomology (we only need H') and Hilbert’s
theorem 90, which we used to justify our approach to finding class invariants in 5.4.3. We follow
closely the exposition of Dummit and Foote in [4, Section 17.3].

Let G be a group. An abelian group A (written multiplicatively) with a left action of G as
automorphisms is called a G-module. Write the action as (g,a) — ga for g € G and a € A.

In our setting, the group G will be the Galois group Gal(L/K) of some finite extension L/K
of number fields. The G-module we are primarily interested in is the group L* (and so we use the
multiplicative notation).

A 1-cocycle or simply a cocycle is a map

¢:G— A
satisfying for all g, h € G the following identity:
d(gh) = ¢(g) - go(h).

The set of all cocycles forms an abelian group which we denote Z!(G, A). For instance, if G' acts
trivially on A, then Z!(G, A) = Hom(G, A). For any a € A, we can construct the following map:
ga
Ga t g —.
a

Then ¢, is a cocycle as

gh(a glha) ga ga ha
gy = L 90 9090 (B0 6, (0) g0l
a ga a a a
Such a cocycle is called a coboundary. Denote by B(G, A) the subgroup of coboundaries. The
first cohomology group H'(G, A) is then defined as the group quotient
ZYHG, A)
HY G, A) = ==,
( ’ ) BI(G, A)
We return to the case when G = Gal(L/K) is the Galois group of a finite number field extension
and A = L*. Then the folllowing theorem, called Hilbert’s Theorem 90, says that any cocycle is
then a coboundary.

Theorem 15 (Hilbert’s Theorem 90). Let L/K be a finite Galois extension of number fields with
Galois group G = Gal(L/K). Then
HY(G,L*)=0

The following proof follows that of [4, Section 17.3]. We recall the proof because it is somewhat
constructive and gives us tools how to find the coboundary, starting from a cocycle.

Proof. Let ¢ € ZY(G, L*) be a cocycle. Write a, = ¢(0) for o € G. Then, thanks to the linear
independence of automorphisms, we know that there exists some v € L such that

S arr(y) = 8 #0

TEG

But then for any o € G, as the cocycle relation gives oy, = as0(,) for any 7 € G, we have

0(6) = Y olar)or(z) = Y 2Zor(3) = = Y arrly) = -4

TEG orec Yo 7 rea o
and so .
Qg = U(ﬂﬂfl >7
that is, ¢ is a coboundary. Therefore, H!(G, L*) = 0. O
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