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Abstract

For the moduli scheme X, (7)/Z[1/7] of elliptic curves with a certain level 7 struc-
ture an explicit description as a finite cover of ]P’IZ[1 /1] is computed. To achieve this,
methods from computer—algebra (grobner—bases and algorithms for computing with
fundamental domains of congruence subgroups of SL,(Z)) and algebraic geometry are
combined.

Using the explicit knowledge of the finite cover, a diophantine equation of Thue—
type is derived, which has as integral solutions 12 pairs of numbers describing 12 dif-
ferent Z[1/7]~integral points on X, (7)/Z[1/7), that arise from certain elliptic curves.
The j-invariants of these curves are computed and it is checked if the curves have
complex—multiplication.

All but finitely many imaginary quadratic fields of class number one give rise to
7Z[1/7]-integral points on Y, (7). These are all different and correspond to elliptic
curves with complex multiplication. So finally the classical result that the number of
these fields is finite is recovered.
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1 Introduction

1.1 Preliminary remark

In this article methods of [4] are used to study the moduli scheme X} (7) instead of the
moduli scheme X (5) considered there.

The goal is to give an explicit presentation of X (7) and then to find the Z[1/7]-integral
points of its open subscheme Y, (7). Knowing these points allows us to give a new proof
of the finiteness of the number of fields Q(v/—d) with class number 2 = 1 and d > 0.

1.2 Basic notions

Elliptic curves An elliptic curve E over a scheme S is given by a smooth proper map
E 2 S of relative dimension 1 and with geometrically connected fibers of genus 1 together
with a section O : § — E with po O = idg

An elliptic curve E /S carries the structure of an abelian group scheme over S with the
section O playing the role of a zero in the abelian group E(S). As E is an abelian group
scheme, there exists a morphism [N] : E — E, which is multiplication by the integer N. The
kernel of this morphism is the subgroup scheme of N—division points and shall be denoted
E[N] (N = 2). For its properties see [7, Theorem 2.3.1].

An elliptic curve E /S with a full level N—structure is a pair

(E/S,0u: (Z/NZ)* = E[N)(S)),

where the induced homomorphisms o : (Z/NZ)* — E[N](k(s)) are isomorphisms for all
seS.

Equivalently o can be regarded as giving an isomorphism of group schemes over S:
a: (Z/NZ)* xS = E[N).

Elliptic curves with full level N—structures can be considered as a category with mor-
phisms

fELS 0= (ESS. o)

being morphisms f : E — E’ and g : S — S’ which fulfill p’o f = gop and foa(w) =
o/ (w)og.

If (E/S,o) together with a morphism g : S’ — S is given, there is a canonical level
N-structure o on the elliptic curve E'/S' = §' xgE/S'. Itis o' (w) = g*(a(w)) defined by
Ps(o(w)) = idg and pg(of(w)) = a(w) o g.

Taking all together, we have a morphism (E'/S’,o/) — (E/S,a) in the category of
elliptic curves with full N—structure. The pair (E'/S’, &) we call induced from (E/S,o) by
g

Moduli schemes For elliptic curves (E/S,a) with full level N-structure (N > 3) for
which S is a Z[1 /N]-scheme there exists a so called fine moduli scheme over Z[1/N].

In accordance with [7, Corollary 4.7.2] I call this scheme Y (N). It is a smooth affine
curve over Z[1/N].

The property of being a fine moduli scheme has the following meaning: There is a
universal elliptic curve with full N-structure over Y (N), which I call (E/Y(N),a). Now
for every elliptic curve (E /S, o) over a scheme S on which N is invertible, there is a unique
morphism g : § — Y (N) and a commutative diagram

(E,OL) g (S XY(N) E,OL’) —_— (E7(X)



representing morphisms in the category of elliptic curves with N—structure. The isomor-
phism (E,a) = (E xy(y) S,0) is uniquely determined.
Using this property the scheme Y (N) is endowed with an operation

pg:Y(N) =Y (N)
of G = GL,(Z/NZ), defined over Z[1/N], which stems from the operation
pg : (E/S,OL) = (E/S,(Xogt)

forageG.
There is a complex—analytical isomorphism

Y(N)(C) =T(N)\$ x (Z/NZ)* (D

Therein $ stands for the upper half plane {z € C | Sz > 0}, and I'(N) is the group of
matrices from SL(Z), congruent to () modulo N. This group I'(N) is called principal
congruence subgroup of level N

The isomorphism (1) results from the modular interpretation of both sides of the iso-
morphism.

The term “modular interpretation”, as used here, stands for associating a given set
canonically with a certain set of isomorphism classes of elliptic curves, possibly with an
additional structure, for example a full N—structure.

The left side of (1) corresponds to the isomorphism classes of elliptic curves with full
level N—structure over C. The right side of (1) has the modular interpretation

(t,m) = (C/(Z+1Z),(0(1,0) = 1/N,0(0,1) = m/N)) = (Ex/C, 0z m)

where the elliptic curve E;/C is defined by the lattice Z +tZ C C and 0, is a well-
defined full level N—structure on E/C.

It is a theorem, that both sets are in one-to-one correspondance.

The group SL;(Z) operates canonically on £ ((g Z) z= fgiz) This operation gives rise
to an operation of SL,(Z/NZ) on I'(N)\$). Additionally there is the canonical operation
of (Z/NZ)* on itself.

Together an operation p, of GLy(Z/NZ) on I'(N)\$ x (Z/NZ)* results, which makes
the diagram

Y(N)(C) —=T(N)\$ x (Z/NZ)*

J{pg(m lp’g

Y(N)(C) —= D(N)\$ x (Z/NZL)*

commute.

The scheme Y (N) can be completed to a scheme X (N) over Z[1/N], in which it is
contained as an open subscheme. For details see [7, (8.6)] or [5, section 4.]. We will need
the following facts:

The operation of GL,(Z/NZ) on Y (N) extends itself to X (N).

There is a complex—analytical isomorphism

X(N)(C)ZT(N)\H" x (Z/NZ)*,

where $* = UQU {eo} is the upper half plane together with the so called cusps.
The operation of SL,(Z) on $) extends itself naturally on $*, and therefore also the
operation of GLy(Z/NZ) extends on I'(N)\$* x (Z/NZ)*.



Again there is a commutative diagram expressing compatibility of operations:

Y(N) ——=T(N)\$ x (Z/NZ)*

/.

X(N) ———=T(N)\H* x (Z/NZ)*

N

o

8
8

14

Y(N) >T(N)\$ x (Z/NZ)*

Ay

X(N) ——=T(N)\$* x (Z/NZ)*

The classical modular curves The connection of the abovely used terminology with the
classical use of the term “modular curve” is the following: Classically one starts from an
observation, that the points of a suitable quotient I'y\$) = Y (I'yy) are in one to one corre-
spondence with the isomorphism classes over C of elliptic curves carrying some additional
structure.

If the structure is a full level N—structure o0 with the extra condition, that

en(0(1,0),(0,1)) = exp(2mi/N) = Ly

where ¢, is the Weil pairing, then I'yy = T'(N) and the quotient T'(N)\$) is called Y (N) and
its completion with the cusps added X (N). At first hand X (N) is defined over C, but by
suitable constructions one can get a model defined over Q(Cy). It is even true, that for
every congruence subgroup 'y C SL,(Z) a model of 'y \ $) over an algebraic number field
kr,, can be constructed ([10, 6.7]).

Now the model ¥ (N)/Q({y) introduced in the preceding paragraph is nothing else but
the base extension ¥ (N)q¢,) of the modular scheme Y (N)/Z[1/N] as both have the same
modular interpretation of the sets ¥ (N)(K) for an algebraic number field K 2 Q(y).

Quotients of moduli schemes Let a subgroup H C GLy(Z/NZ) be given. Then call ['y
its preimage under GL,(Z) — GL,(Z/NZ) and set 'y = 'y NSLy(Z). Now the quotient
schemes

r(n)”
X(N)H
can be formed.
Their complex valued points are
Y(N)™(C) =Ty\H x (Z/NZ)" /(detH)) 2)
XN (C) =T\ x ((Z/NZ)* /(detH)) 3)

Definition 1.1 We now define a pre-H—structure on an elliptic curve E /S as H-orbit [0y
of N=structures o.: (Z/NZ)* = E[N](S) under the operation o~ .o h' fora h € H.

Then a H-structure on an elliptic curve E /S can be defined as follows



Definition 1.2 A H-structure on E/S is given by a set [oi|g of pre-H—structures on the
elliptic curves E/Sx, where (Sx — S)x is an etale covering family of S and Ex = E X g Sk.
Furthermore it is required that for every K1, K, there has to exist an etale covering family
(Sakyx, = Sx; X5 Sx,) such that the pullbacks of [Ou, | and [Ou, |1 10 Eyy , /S, «, agree
as pre-H-structures on Eyyy, / Sy

One notes, that for S = spec(L), with L an algebraically closed field, a H-structure on
E /L is identical to a pre-H-structure.

Then the variety of points ¥ (N)? (L) for any algebraically closed field L with N € L*
parameterizes the set of elliptic curves (E/spec(L),[0l]) with H—structure. The scheme
Y(N)" is then called a coarse moduli scheme for elliptic curves with H—structure. A fine
moduli scheme for elliptic curves with H—structure does not exist in general.

The moduli schemes Y, (p) and X,;(p) In what follows, we will consider specifically
the groups

a)(1) = { <Z bl> € GLz(Z/pZ)} U { (_ab fl> € GLz(Z/pZ)} (4)

a a

1 €Z/pZ, I quadratic non-residue

It is detf_]g = (Z/pZ)* and therefore X(p)H;’) (C) = H,\H*, where H,, shall be a short
notion for the group, that had to be called FI:I,? following the convention explicated in the
preceding paragraph.

Furthermore we write, following [4], Y,£ (p) and X, (p) for Y ( p)Hl(3 and X ( p)Hl(3 :

Now let K/Q be an imaginary—quadratic number field with associated elliptic curve
E(k)/C, defined by the period lattice O, that is, the principal order in K. The j-invariant
of E(k) is equal to the j—invariant of the lattice Ok, so non-isomorphic K give rise to
different j—invariants of the associated elliptic curves.

Definition 1.3 For an integer N and an elliptic curve E /C the image of End(E) in End(E[N](C))
is a subring of End(E[N](C)), which we will call By (E).

Since now we write B(E) for B,(E). Now the following holds:

Proposition 1.1 One can choose a fixed subring R, ; C Mat(2,F,,) in such a way, that for
all K, in which p is inert, B(E( k)) =O0oR, ;0 o' holds for suitable chosen full p—structures

o: (Z/pZ)* = E)|p](C) on E k).
Generally, two p—structures, 0.1, Oy on an elliptic curve E satisfying

B(E) = OcjoRWo()c;1

are related by 01 = 0p o h' with h € I-_I[(,).

In [5, section 1.] a generalization of this proposition is shown, but to be independent of this
reference, I give a shortened proof here: The p—division points E g [p](C) are %O k/Ok =
Ok/pOk = sz. They form a one dimensional F >—module.

Now the map y : End(E g)) — End(E k)[p](C)) corresponds to Og — Endy , (Fp)=
F > with z+— (w+ Zw), wherein w € I and 7 is the image of z € O in Ok/pOk = Fp.

Setting A = v/I with [ a quadratic non-residue in [, one has an IF,~basis (1,1) of F 2
Because of I, = E g, [p](C) this basis can be regarded as giving a level p—structure o on
Ex/C.

Now the image of y is equal to F » = End]Fp2 (E(x)[p])- Using the basis (1,1) of F » =
E(k)[p] one gets an imbedding Endy , (E(x)[p]) = F,» =R C F3*2. The ring R is F[u]
withu=(9}).



One can put R, ; = R by choosing o defined through the basis (1,1) of F » = E ) [p](C).
To prove the second part of the proposition note that the condition

gRg™' =R (5)

with g € GL(FF,,) expresses that the level p-structures o) = ¢ and 0p = oo g both satisfy
the relation B(E) = &joR; 0 OLJTI from the proposition.

As R is the group of matrices (Z ‘f,l) which is visibly a subgroup of 1:119 (1), the condition
(5) means, that g is from the normalizer of this subgroup. Now it is known (and can be
easily proved by a direct calculation with the equations expressing (5)), that this normalizer
is I-_Ig(l), so o and o are related by oy = oy o g with g € I-_Ig(l), which is equivalent
to gt € 1:119(1 /1). (See also [4, p.4], where the fact is mentioned that FIS equals N, the
normalizer of a so called non—split Cartan subgroup of GL,(IF,,). This explains the choice
of the name of the index in X, (p)). QED.

Let in the following H stand for FII(,) and L/Q for an algebraic extension field.

Now let £/L be an elliptic curve with [0g )| an H-structure, fulfilling B(E) = o(g) ©
Rpo az;(lE)' Then (Ec, [0tp(g)]m) corresponds to a point rg : spec(C) — Y.t (p).

Next consider an automorphism 6 : C — C and the corresponding cartesian square

E—ExcCl >k (6)

L,

C———C
Now there is a corresponding [0tz(gr) |y for E' with B(E') = gy o Ry, 0 ocg(lE,). It fulfills
the relation
JooOppy = 0.
The pair (Eg, [op(g]n) gives rise to a point rg : spec(C) — Y, (p). Together the two
points satisfy
rgo®" =rp @)

If one chooses 6 fixing the subfield L, then E’ = E, B(E) = B(E'), fo = id and [0ig(g)|n =
[0t So re = rgr. Now Yt (p) = spec(C) and (7) can be expressed as 8 omng =g,
where g : C! — C and g : C' — C are the ring homomorphisms corresponding to rg
and rgr. As Ng = Mg and 0 is arbitrary only subject to the condition to fix L, this entrains
Mg (CH) C L. So the pair (E /L, [0t (g)] i) corresponds to a point Y, (p)(L).

So we have, as E(K) is defined already over L = Q:

Proposition 1.2 We can interpret the B(E k) as Flg—structures [o] Ay on the elliptic curves
E (k) which stem from imaginary quadratic fields K in which p is inert.
Any such curve (E(x)/C, [Odﬁl(}) therefore gives rise to a point P in Y, (p)(Q).

In [5, 5.4.2] a stronger statement is shown:

Proposition 1.3 For K/Q, imaginary quadratic with class number 1 in Ok, the point Pk
stems from a point Py in Y, (Z[1/p]).

The proof there goes as follows: The point Px corresponds to a morphims 1 : CH# — C,
where spec(C) = Y(p). The rings C and C" are integral over the subring Z[1/p, j] and
N(J) is equal to the classical j-invariant jgx of E(g) over C. But in the special case of K
imaginary quadratic and of class number one, this jk is in Z. So first, n(C) is integral
over Z[1/p] and secondly n(C*) C Q holds because of the previous proposition. Together
n(ct) = 7Z[1/p] follows. QED.



1.3 Purpose of this article

In this article we will single out the case p = 7 and settle some questions that remained
open in [5, section 6.].
Especially we study the covering

n:X,E(7) = X(1) (8)

over Z[1/7], where X (1) shall stand for X (7)GL2(Z/ 7Z) which corresponds to the coarse
moduli scheme for elliptic curves without additional structure. The map 7 corresponds,
interpreted modularly, to “forgetting” the I-_Ig—structure.

The scheme X (1) is exactly known:

Proposition 1.4 There is an isomorphism: X (1) = IF’IZ“ /)"

Going over to complex—valued points, and restricting to ¥ (1) &f Y(7)GL2(Z/ 72) this iso-
morphism maps an elliptic curve E/C to its j—invariant.
Furthermore the following is true:

Proposition 1.5 There is an isomorphisms x : X,(7) = ]P’%[1 7 0f Z[1/7])-schemes.

For reasons of space, I can only sketch the proof given in [5, section 6.3]: First one uses
that X.£(7) is projective over Z[1/7] together with the fact that X5 (7), is isomorphic to Py,
to conclude that for every ¢ € spec(Z[1/7]) there is an isomorphism X, (7), = IP’}C(I). For
this step the Riemann—Roch theorem and the semicontinuity theorems of cohomology are
used.

In a second step the existence of a section s : spec(Z[1/7]) — X (7) is used to construct
the line bundle £ = (ker(Oy+ (7) — 5.0z /7)) on X.£(7). Then two everywhere gener-
ating sections Tp, T} of this bundle are proven to exist. They give a morphism K : X (7) —
]P’%[] /7] over Z[1/7] which is an isomorphism. QED.

Now in [5] the question is raised, if k¥ can be so chosen that the covering IP’%[1 7

]P’é[1 /7] induced from (8) can be described in a certain, explicit way. We will answer this
question in the affirmative.

Following that, there is the question to find the solutions of a certain diophantic equation
of Thue—type, that originates from the explicit description of (8).

Thanks to newer results in this field we can determine all solutions with the help of
computer—algebra systems (MAGMA, KASH). As a consequence all points Y,,5 (7)(Z[1/7])
are explicitly known as pairs of integers.

Using the explicit description of (8) we can then compute the value of the j—invariant
belonging to each of these pairs.

There exist 12 points Y, (7)(Z[1/7]), of which 6, as one can verify by looking up their
Jj-invariant in suitable tables, come from imaginary quadratic fields K of class number 1
and discriminant —d > —163 in the abovely discussed way. The remaining 6 belong to
elliptic curves, that either do not admit complex multiplication, or are not defined through
the principal order of an imaginary quadratic field or stem from the principal order in an
imaginary quadratic field, in which p =7 is not inert.

An application to the problem of determining all number fields K = Q(v/—d) with class
number 1 results from the observation, that for all those with discriminant —d < —163 the
prime number p = 7 is inert in K. These K would therefore produce additional Z[1/7]-
valued points on Y;£(7) (note, that the points must be different, because their j—invariant
would be different ).

As such points do not exist, it can be concluded (independently of former proofs of this
fact) that there are no further imaginary quadratic fields with class number one, apart from
those known with discriminant —d > —163.



2 Algorithms

Let " and I'; be two level N congruence subgroups of SL(Z) (that is, preimages of sub-
groups of SLy(Z/NZ) under the map SL,(Z) — SLy(Z/NZ) given by A — A mod N)
with T' C T'j, which are concretely given by their images I and T'; under SL,(Z) —
SLy(Z/NZ).

In this section I will specify algorithms to compute a fundamental domain for I'\ $*,
to describe the covering I'\$H* — I'1\$H*, and to analyze the ramification of I'\HH* —
SLy(Z)\".

Before expounding the algorithms in detail, I want to explain some terms used in this
connexion. The reader who already has an idea, what to understand by a list as an abstract

datastructure, can skip the following subsection.

2.1 Lists

1. A list list of length n € Ny with values from a set V is a mapping list: {ie N| 1 <i<n} = V.
A list of length 0 is called empty and will be represented by [|. The expression /list[i] shall
mean [ist(i) and is called i-th element of list.

2. On lists operate the functions append, map, select.
Now for a list /ist of length n with values in V and v from V, append(lisz,v) is a list of length
n+1, which on {i | 1 < i< n} agrees with list and whose (n+ 1)-th element is v.
The function map(z — g(z), list) returns for a given map g : V. — W and a list /ist with values
in V alist list; of the same length as list with list; [i] = g(list[1]).
The function select(z — h(z), list) returns for amap & : V — {TRUE, FALSE} and a list /ist with
values in V and of length n a list list; of length m, so that a bijection y: {1,...,m} — {i| 1 <
i < n,h(list[i]) = TRUE} exists for which (i) < y(j) for i < j and list;[i] = list[y(i)] holds.

3. The expression [vy,...,v,] shall represent the list list : {1,...,n} — V with list[i] = v;.

4. By v € list we mean 3i : v = list[i].

5. Ttis first(/ist) &ef list[1] for all non—empty lists.

6. For a list list of length n the function rest is defined by rest(list) &f [list[2],..., list[n]]. The

cases n = 1 and n = 0 are allowed and have the empty list as return value.

2.2 The algorithms

The first two functions are trivial auxiliary functions:

The function IN-SUBGROUP(M,I") answers the question, whether a matrix M from
SL,(Z) lies in the subgroup I' C SL,(Z) that is given by its image I in SL,(Z/NZ), con-
sidered as a set or list of matrices.

The function GET-INDEX (M, patches,T") determines an index i, such that M ~r patchesli]
holds, where M and I have the same meaning as in the previous paragraph and patches is a
list of matrices from SLy(Z). The notation M ~r patches]i] shall stand for M (patches[i]) " €
I.

For technical reasons, which will become clear below, in case of M = patches][i] the
value —i is returned, the negative value serving merely as a “marking” of the special case.

The value i of course need not be determined uniquely, but in the cases where GET-INDEX
is called, it will always be.



IN-SUBGROUP(M,T)
> Itis T C SLy(Z/NZ).
> Itis M € SLy(Z).
ifM modN el
then
return TRUE
else
return FALSE

GET-INDEX(M, patches,T)
1 if M = patchesli]

2 then return —i

3 elseif IN-SUBGROUP(M (patches[i]) ~1,T)
4 then return i

5 else return NIL

2.2.1 Computation of a fundamental domain

The following algorithm computes a fundamental domain Fr for I'\$)*. Additionally we
require that I shall be connected.

An algorithm for computing such a Fr can be found in [11], the algorithm delineated
below is a simplified version of the method described in that article and pays no consider-
ation to a good graphical representability of Ir.

For use further below the following terms are useful:

Notation 2.1 With F shall be meant the closure of a fundamental domain of SLy(Z)\$*
that is given by {z € 9| |z| > 1,— 1 <Rz < S} U{e}.

Notation 2.2 With T, T\, S shall be denoted the matrices ((1) }) (1 ’1), ((1) ’Ol) from
SLy(Z).

Notation 2.3 For A from {T,T~!,S} the A-side of T shall be defined to be s = FNAT.
Analogously Msa shall be the A-side of M T for an arbitrary M from SLy(7Z).

It then follows, that MF and M A F have the A—side of M J in common, or, amounting
to the same, that MTF, MT1F, MST are the three neighbouring triangles of MF as
much as TF, T-1F, ST are those of F.

Phrasing the above, I have regarded the fundamental domain closure F as a “triangle”
with the “sides” cop, p (Tp), (T p) oo where p = ¢>™/3,

Remark 2.1 The mapping MF — PMT for P € SLy(Z) maps the T, T, S—side of MTF
to the corresponding side of PM J.

Remark 2.2 The following algorithms all require, that T (or T'|) contains (Bl f)l ) be-
cause the identity PF = —PJF = M T shall be recognizable by the condition (P~'M) € T
mod N.

In our concrete application of the algorithms, this prerequisite will be always satisfied.



FUNDAMENTAL-DOMAIN(T)
> Itis T C SLy(Z/NZ).

1 patches + [Id]
2 frontier < patches
3 while frontier £ 0
4 do
5 P « first(frontier)
6 frontier < rest(frontier)
7 for A through [T,T1,S]
8 do
9 M+~ PA
10 if 3R € patches : IN-SUBGROUP(RM 1, T') = TRUE
11 then next
12 patches < append(patches, M)
13 if M ¢ frontier
14 then frontier < append(frontier,M)

15 res +— COMPUTE-CONNECT-RELS (patches,T)
16 return res

COMPUTE-CONNECT-RELS (patches,T’)

1 res<+ |
2 for P through patches
3 do

4 i; + GET-INDEX(PT,patches,T)
5 iy < GET-INDEX(PT ™!, patches,T)
6 i3 + GET-INDEX(PS, patches,T')
7 indices < [i1,i2,13]
8 res-element < [P, indices)
9 res < append(res, res-element)
10 return res
The result of FUNDAMENTAL-DOMAIN(T) is a list res of lists [M, [i1,i2,i3]] with M
from SL»(Z) and iy from Z, such that U, ¢ j<iengtn(res) M; F = Fr with M, = res[j][1] forms
a connected fundamental domain for I'\ §*, if one carries out suitable identifications on the
border of Fr.
These identifications are described by the indices iy, i, i3.
In detail, the indices have the following interpretation:

1. If iy = res[j][2][1] > O the T-side of M;JF will be identified with the T~!-side of
M;, T, specifically setting M i Tx ~ M;, x, for all x from the T~ !-side of 7.

2. If iy = res[j][2][2] > O the T~ !-side of M;F will be identified with the T-side of
M;, 7, specifically setting M x ~ M, T x, for all x from the T~'-side of F.

3. If i3 = res[j][2][3] > O the S—side of M; F will be identified with the S—side of M, 7,
specifically setting M; S x ~ M, x, for all x from the S—side of 7.

A negative value i (resp. i, i3) indicates the same kind of identification as the corre-
sponding positive value, with the difference that the T-side (resp. the T~ !-side, S—side) of
M; F is an inner side of the constructed fundamental domain JT-.

The list res is build up by the program in two stages. First (line 1-14) a list patches
of matrices [My,...,M,] with M; from SL,(Z) is constructed, so that | JM;F = Fr. The
routine COMPUTE-CONNECT-RELS then computes the associated gluing—data.
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The procedure of construction of patches is that of a breadth—first search in a directed
graph, controlled by the list frontier, which is used as a queue. The graph has as nodes
the matrices M from SL,(Z) and for each node M exactly three outgoing edges, which
lead to MT, MT 1, MS. We call them edges in T—, T-1, S—direction. On identifying the
node M with the triangle M J the neighbouring nodes of M correspond to the neighbouring
triangles of M J.

The search starts at M = Id (line 1) and proceeds from the first element of frontier
successively into the T—, T—1- and S—direction as long as the list frontier, which contains
the triangles not yet taken into account as starting points, is not empty (line 3).

The T—, T~ - or S—neighbour M of P which was found in that way is checked in line
10 if it is equivalent modulo I" to a node already accumulated in the list patches.

If yes, the for—loop will be advanced (next in line 11) and thereby prevented, that two
different elements of patches are equivalent modulo T.

If no, M will be added to the list patches of accumulated nodes, and, if not yet present
in frontier, appended at its end. This guarantees, that in line 3 all elements of frontier are
members of patches.

As one is proceeding in line 7 always to a T, T~! or S—neighbour of P, it can be asserted
that UM j§ will be connected.

The first stage terminates, as all M; from patches are pairwise inequivalent modulo I"
and [SL,(Z) : T is well-defined and finite. For that reason the list frontier at some point
has to become empty, because line 14, in which frontier is extended, can be reached only a
finite number of times, since each time line 12 had to be reached too.

During the second stage COMPUTE-CONNECT-RELS establishes the gluing—data by
considering for each matrix P from patches the T—, T~!- and S—neighbours and finding to
each of these neighbours an equivalent or identical matrix lying in patches. The existence
of such a matrix is clear, because of the termination of the graph—search in the first stage.
The matrix is also unique, as PT ~r M;, and PT ~r M, with M;, = patches|jy] would
imply M, ~r M, in contradiction to the pairwise inequivalence of the matrices from
patches. That the computed indices have their abovely described meaning follows from
2.1.

2.2.2 Computation of the covering of two fundamental domains

The next algorithm to consider, FUNDAMENTAL-DOMAIN2, computes for two congru-
ence subgroups I' C T} of level N with images I’ C T’y in SL(Z/NZ) a description of the
covering I'\$H* — I['1\H*.

The invocation has the form FUNDAMENTAL-DOMAIN2 (reslist,T'1), where reslist is
the result of FUNDAMENTAL-DOMAIN(T).

The result is a two—element list [res, proj-list]. Therein res has the structure of a list
returned by FUNDAMENTAL-DOMAIN and describes a fundamental domain ?"rl of I\ H*
in the way illustrated in the description of FUNDAMENTAL-DOMAIN.

The list proj-list is a list of natural numbers [ij,...,i,], where n equals the length of
reslist. The value iy has to be interpreted as stating, that under the canonical projection
I\$H* — I'1\H* the triangle reslist[v][1]F from fundamental domain I is mapped to the
triangle res[iy][1]F from fundamental domain Jr,.

In that way the result of FUNDAMENTAL-DOMAIN2 describes I'1 \$* as well as '\ $* —
I''\$H* completely and explicitly.
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FUNDAMENTAL-DOMAIN2 (reslist,I';)
>ItisT CT C SL,(Z/NZ).
t> The list reslist is the result of FUNDAMENTAL-DOMAIN(T).

1 patches + [first(reslist)]
2 frontier < patches
3 while frontier # 0
4 do
5 patch-elem < first(frontier)
6 frontier < rest(frontier)
7 for i through patch-elem|2]
8 do
9 ifi >0
10 then next
11 new-elem <+ reslist[—i]
12 if 3j : IN-SUBGROUP((new-elem[1)) (patches[j][1])~1,T})
13 then next
14 patches <+ append(patches, new-elem)
15 if new-elem ¢ frontier
16 then frontier < append(frontier, new-elem)

17  patches-1 < map(z — z[1], patches)

18 res +— COMPUTE-CONNECT-RELS (patches-1,T)
19 proj-list < ||

20 for res-elem through reslist

21 do

22 i < GET-INDEX(res-elem[1],patches-1,T)
23 i + abs(i)

24 proj-list + append(proj-list, i)

25 return [res,proj-list|

The actual proceeding of FUNDAMENTAL-DOMAIN2 corresponds in the lines 1 to 18
wholly to the proceeding of FUNDAMENTAL-DOMAIN, with the difference, that the graph—
search in this case does not advance inside the graph described above, formed by all matri-
ces of SL,(Z) as nodes, but inside the subgraph embedded in it which is given by reslist.
Therein reslist[i][1] corresponds to the node and j, = reslist[i][2][v] forv=1,2,3 and j, <0
to the T,T~!,S—edges, which go out from this node. The case j, > 0 on the contrary stands
for a gluing of the respective triangles modulo I" on the border of the fundamental domain
and shall not contribute an edge.

The check in line 9 therefore asserts, that while searching reslist only passages to neigh-
bouring nodes are taken into account and gluings modulo I" are suppressed.

Line 17 in FUNDAMENTAL-DOMAIN? is only necessary to get from the list patches
consisting of lists [M, [i}, iz, 3]] to a list patches-1 consisting only of matrices. The gluings
modulo I'; are established in line 18.

The loop from line 20 to 24 finally constructs proj-list, by determining for each M =
res-elem[1] the position of the matrix in patches-1 equivalent to M modulo I';. As the
elements of patches-1 are inequivalent modulo I'j, the i computed in line 22 is uniquely
determined.

2.2.3 Computation of the ramification behaviour

As a third problem it remains to give an algorithm for analyzing the ramification behaviour
of the covering v : T\ $H* — SL,(Z)\$H*. Again, I shall designate a congruence subgroup
of level N, represented by its image I in SL,(Z/NZ). The fundamental domain Jr shall
be described by reslist, the result of FUNDAMENTAL-DOMAIN(T).
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Since the mapping  can ramify only above the points p = ¢2%/3, j = \/—1 and oo (with
ramification indices over p resp. i only 3 resp. 2 being possible) it suffices to compute the
ramification behaviour over these points.

The algorithms used for that purpose

e COMPUTE-RHO-COVERING
e COMPUTE-I-COVERING
e COMPUTE-INFINITY-COVERING

have much in common and can all be formulated as special cases of COMPUTE- COVERING.

COMPUTE-COVERING (reslist,val, select-list)

> It is reslist the result of FUNDAMENTAL-DOMAIN(T')
> Itis val € CU{eo}
o> It is select-list a list with values from {1,2,3}
rels < COMPUTE-RELS(val, select-list, reslist)
rels < SYMMETRIC-REFLEXIVE-CLOSURE(rels)
elem-followers <— TRANSITIVE-CLOSURE(rels)
equivs < {}
for equiv-class through elem-followers

do

equivs < equivs U{equiv-class}

val-images <— COMPUTE-IMAGES (val, reslist)
ergl + ]
10 for equiv-class € equivs
11 do
12 point + select(z — z[1] € equiv-class, val-images)
13 ergl < append(ergl, point)
14 return ergl

[e IR e NV I O R

\©

COMPUTE-RHO-COVERING(reslist)

o> It is reslist the result of FUNDAMENTAL-DOMAIN(I)
1 return COMPUTE-COVERING(reslist,p,[1,2,3])

COMPUTE-I-COVERING(reslist)

o> It is reslist the result of FUNDAMENTAL-DOMAIN(I)
1 return COMPUTE-COVERING(reslist,i,[3])

COMPUTE-INFINITY-COVERING(reslist)

o> It is reslist the result of FUNDAMENTAL-DOMAIN(I)
1 return COMPUTE-COVERING reslist,,[1,2])

The idea behind the working of COMPUTE-COVERING is quite straightforward:

For a given val from p, i, o the images w; = M; val for all M; = reslist[j][1] are
considered. If for a certain image w = w; exactly e values ji,.. ., jo with wj, ~ w exist, then
w represents in the fundamental domain It a point of ramification index e over val. The
equivalence wj, ~ w shall denote that the two points are equal in Jr, with identifications
on the border being taken into account.

The only complications that can arise in this procedure come from the identifications
on the borders of Fr.
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COMPUTE-RELS To allow for these identifications, in COMPUTE-RELS a relation R
among the elements E, = {M; p};U{M; Tp}; for val = p (resp. the elements E; = {M, /—1};
forval=i=+—1, resp. the elements E.. = {M ;i oo} j for val = oo) will be computed, so that
two elements from E, (resp. E;, resp. Ex) are equivalent modulo the symmetric, reflexive
and transitive closure R* of R, if and only if they are identical as elements of I, taking the
gluings on the border described by reslist into account. Concretely given is R by the list
rels of pairs (w1, wz) with w; from CU {eo}, where (w1, w>) stands for wiRws.

In particular, from line 9 to 12 of COMPUTE-RELS a possible identification at the T—
side of res-el[1]F will be expressed as a relation—pair rel-1. This case is relevant for val = p
and val = o and will therefore be selected in COMPUTE-RHO-COVERING, COMPUTE-
INFINITY-COVERING by appropriately setting select-list.

Analogously from line 14 to 17 of COMPUTE-RELS a possible identification at the
T~ 'side of res-el[1]F will be expressed as a relation—pair rel-2. This case too is relevant
for val = p and val = o and so the above remark about setting select-list applies.

Finally the possible identification at the S—side of res-el[1]JF is treated from line 19
to 24, here the relation—pairs rel-3a and rel-3b are generated. This case is relevant for
val = p and val =i = v/—1 and will be chosen by appropriately setting select-list in
COMPUTE-RHO-COVERING, COMPUTE-I-COVERING.

COMPUTE-COVERING The relation R, represented by rels and obtained by the abovely
described method will be closed reflexive, symmetric and transitive by COMPUTE- COVERING
in the lines 2 and 3, that is the minimal equivalence relation R* will be determined, which is
given by the list elem-followers (in the way explained at the end of the listing of TRANSITIVE-CLOSURE).

The lines 5 to 7 in COMPUTE-COVERING transform these equivalence relation R* into
a set equiv of sets of elements C U {eo}, each consisting of elements equivalent under R*.

In line 8 a list called val-images is computed which is of the form [[wy,1],...,[wy,n]],
where 7 is the length of reslist and w; = reslist[j][1] - val € CU {oo}.

Among the elements of val-images for every equivalence class equiv-class from equiv
those [[wj,, j1],...,[wj,, jo|] are picked out, for which w;, € equiv-class holds (line 12).

As the relation R*, from which equiv-class was constructed, represents exactly the
gluing—data underlying I, applied to the val from p, i, o which has been considered,
it follows from the introductory remarks on the principle of operation used by COMPUTE-
COVERING that the length e of the list point is really the ramification index of the point of
I lying over val and represented by an arbitrary w v with [w;,, jv] € point

The list ergl finally is a list of all points over val, its length equals [y~! (val)|.
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COMPUTE-RELS (val, select-list, reslist)

01NN AW~

[ NS NS I N0 I NS B S I i e e e e e
A OO = OOV WN Pk WD~ O\

25

> Itis val € CU{eo}
> Tt is select-list a list with values from {1,2,3}
> It is reslist the result of FUNDAMENTAL-DOMAIN(T)
rels < {}
for res-el through reslist
do
w — MOBIUS(res-el[1],val)
rel-0 < (w,w)
rels < append(rels, rel-0)
ilist < res-el[2]
iy < ilist[1]
if iy > 0 and 1 € select-list
then
rel-1 + (MOB1US((res-el[1]) - T,val), MOBIUS(reslist[i][1],val))
rels < append(rels, rel-1)
ir « ilist[2]
if i; > 0 and 2 € select-list
then
rel-2 <— (MOBIUS(res-el[1],val), MOBIUS((reslist[iz][1]) - T,val))
rels < append(rels, rel-2)
i3 « ilist[3)]
if i3 > 0 and 3 € select-list
then
rel-3a <— (MOBIUS((res-el[1]) - S,val), MOBIUS (reslist[i3][1],val))
rel-3b <— (MOBIUS(res-el[1],val), MOBIUS((reslist[i3][1]) - S, val))
rels + append(rels, rel-3a)
rels + append(rels, rel-3b)
return rels

COMPUTE-IMAGES(val, reslist)

O 01O N B W~

> Itis val € CU{oo}
o> It is reslist the result of FUNDAMENTAL-DOMAIN(T)
erg-list < [
cnt <0
for res-el through res-list
do

cnt < cnt+1

M « res-el[l]

w <— MOBIUS(M, val)

erg-list + append (erg-list, [w,cnt])
return erg-list
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TRANSITIVE-CLOSURE(R)

> R is a relation, given by a set of pairs (r1,72).
elems < U(,wz)eR{rl,rg}
for e c elems
do elem-followers[e] + 0
for (ri,m) €R
do
elem-followers|r|| < elem-followers[ri] U elem-followers[ry] U {r2}
for e € elems
do
if r| € elem-followers|e]
then elem-followers[e] < elem-followers|e] U elem-followers|r]
return elem-followers
> The list elem-followers encodes the transitive closure
> R* of R as R* = {(r1,12)|r1 € elems,ry € elem-followers[r;]}.

— O 00NN AW~

— —

MOBIUS(M, val)

o> The canonical operation of SL(Z) on CU {eo}, also called Mobius—transformation
> M= (1) €SLa(2)
> val € CU{oo}

(aval+b)

1 return (cval=d)

2.3 An example: The covering of X, (7)(C) over SL,(Z)\$H*

As described in section 1, it is X (7)(C) = X(7)H$ (C) and X(7)H$ (C) = H7\H* with

HQ:{(Z ZZ> GGLZ(Z/pZ)}U{(_ab fi) GGLQ(Z/pZ)} 9)

A, =H)NSL,(Z/pZ) (10)
1 €7Z/pZ, I quadratic non-residue

and the preimage Hy of H; under SL,(Z) — SL,(Z/77Z).

If one calls D7 the preimage under SLy(Z) — PSLy(Z) of the group denoted 7D° in
[9], and designates by D7 the image of D; under SL;(Z) — SL;(Z/7Z) one can check by
direct computation that

H; =PD;P! (11)

for P= (] 3) € SL»(Z) and P its image in SL»(Z/7Z) so that furthermore i : M — PMP~!
due to

1 I'(7) D; D; 1
1 I(7) Hy ja8 1

induces an isomorphism D7 = Hy.
As a consequence the horizontal arrow in

H\$" ———=D7\H" P!z 12)

N

SL2(Z)\$*

is an isomorphism over SL;(Z)\$*.
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In particular, the ramification behaviour of H7\$)* is the same as that of D7\$*, which
we will now study.
For that we use, as we will need it later on, the information from [9] that there exists a
chain of subgroups
D; ¢ 7A° € SL,(Z) (13)

where the image of D7 in SL,(Z/77Z) is generated by the matrices

0 3 1 3 25 6 0
2 o) la sl 516 6] a4
from SL,(Z/77Z) and the image of 7A° in SLy(Z/7Z) is generated by the matrices above
and the two additional matrices
4 0 6 6
o a)ls 0] a3
It then holds that
[SLy(Z) : 7A°] =7 (16)
[SLZ(Z) . D7] =21 (17)

Therefore we can factorize the covering D7\$H* — SLy(Z)\H* as

DS — = 740\ 53¢ — Y SLy(2)\$* (18)

where ¢ is of degree 3 and y of degree 7.
A fundamental domain for D7\$* is described by the list reslisz:

T T A e R R R ) NS R !
[_ (1) _(1) _ ,[-9, —10, 1]], [_ (1) f _ =11, -2, —12]], [_ } _(1) _ (=13, -14, 2],
[: - :,[—3,—15,7}], [: o, },[—16,9, 3], [: - :,[8, —4,9)),
[_ (1) j _’[—47—177 13]], [_ (1) ? (15, -5,17]), [_ f _(1) _ ,[-18,13, 5],
[ L ]:[12, —6,—10]], [ | ﬂ 6,19, 18], [ o i,[—7,11,16]},
| B ]7[—20, 8, 15]], [: R N } ~10,20, 11]), [: : ],[—21,—12,_14]],
[: i ; ],[—14,21,19}], [: B z } (17, —16,20]], [: f ; ],[19,718,21]]]
(19)

as the result of FUNDAMENTAL-DOMAIN(D7).
With FUNDAMENTAL-DOMAIN2 (reslist,7A") one computes a fundamental domain
7A%\$* in the form of reslist;.

o §]2-s-a g 1 s oo 7]l
(R O R PR N B I Sl A R Re )
11 23] s
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As a second result one gets the mapping under the covering map ¢ of the triangles of
reslist to those of reslist; according to the following table

From | To From | To From | To
1 1 8 3 15 4
2 2 9 6 16 1
3 3 10 7 17 5
4 4 11 7 18 4 @D
5 5 12 7 19 3
6 2 13 5 20 2
7 6 14 1 21 6

The ramification behaviour of Y and yo ¢ over p, i, o, as well as that of ¢, can be
summarized in the following diagrams:

Figure 1: Ramification over p

[[15,17,20]] [[14,19,21]] [[1,8,9]]
[[2,4,13]] [2,4,5] [1,3,6] [7]
[[5,6,18]] [3,7,16]] [[10,11,12]] (22)

Figure 2: Ramification over i

[[10,13]] [[11,17]] [[14,18]] [[15,16]]

5,71 [1,4] 2] 3] [6] [[9]]

[[5,12]] [[1,4]] [[20]] [[2,6]] [[19]] [13,8]] 23)

Figure 3: Ramification over oo

1,2,3,5,7,11,15]]  [[6,12,13,14,18,19,21]] [[4,8,9,10,16,17,20]]

[1,2,3,4,5,6,7) (24)
Therein [y, ..., je] denotes a point of 7A%\$)* that is ramified of index e over its image
in SLo(Z)\$*, with [ji,..., j| representing as a short form the result—form [[w;, , ji],...,[wj,, je]]

described in the explanation of COMPUTE-COVERING.
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Analogously [[ji,...,j.]] denotes a point of D7\$* which is e times ramified over
SL,(Z)\$*. The arrows describe the mapping ¢.

3 Determination of an uniformizer of X (7)/Z[1/7]

3.1 Preliminary considerations

In the following subsection let A = Z[%}, let X5 be X X gpec(r) spec(S) for commutative rings R — S
and a scheme X /R and let furthermore f5 be f Xiq idgpec(s) for f: X — Y and schemes X /R and
Y/R.

We know from [5] and section 1 that

spec(R)

i) there exists an isomorphism X, (7) = P}.

ii) there exists a morphism 7 : Xt (7) — X (1) over A that corresponds in the modular
interpretation over algebraically closed fields to forgetting the 7—structure.

iii) there exists a morphism j: X (1) — PP} over A for which jc : X(1)¢c — P{. agrees with
jen : SL2(Z)\$* — PL. Therein joy is the usual meromorphic j—function from the
theory of elliptic functions and the isomorphism X (1)¢ = SLy(Z)\$* is given by the
modular interpretation of both sides.

If now a commutative diagram

X (7) =P (25)

x(1) —L—~p}

of morphisms over spec(A) exists, in which the horizontal morphisms are isomorphisms,
we will call | a uniformizer of X (7) over A.

If one performs a base extension spec(C) — spec(A) in (25) and calls ¢, Ne, jo, pc
the extensions of &, 1, j, p, the diagram

X (7)o (C) =2 Hy\ & (26)
N
e P(IC ((C) can

P¢(C)

results.

The horizontal morphisms in it are isomorphisms and arise through the modular inter-
pretation of both sides as coarse moduli schemes of elliptic curves over C with suitable
7-structures (X, (7)) resp. without such structures (X (1)¢).

We will now take an isomorphism 7j in (26) as given and determine N¢ by fj so that it
will remain to prove, that 1c really arises from a diagram of the form of (25).

The morphism 7| we will determine in the next subsection in the way that

; _P() _ 2A+3)P (ST +87—1)° 22—+ 1)} (1 +37+4)° o
T om) (A +A2—27 - 1)7

is fulfilled with P, Q € Z[T] therefore being polynomials of degree d = 21.
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The relation (27) gives rise to a finite morphism
pPY(Eo,E1) — BL(Jo,J1) (28)

where Eg, Ey € Opy (1)(P}) and Jo, J; € Op (1)(PP}) are the canonical sections and p*(Jo) =

Q(E\/Ep) E3' as well as p*(J;) = P(E /Eo) E3".
The morphism p¢ in (26) is the base extension of this morphism.
The left square in (26) yields a diagram

n
X5 (7)e —PL (29)

T
X(1)c ——P¢

But there is even a 1g for which

— Py (30)

m@i | l”Q

JQ
X(l)@ _— Pb

commutes, and for which ¢ = Mg ®g C holds.
To see this, we consider the diagram

NC.c
—C>IF’C 31)

/ c* Pl

>IP)«:

Tc1
p/

X(l)(c HP({:

AR

X(1)e L— =Pl

that originates from (29) through a base extension spec(C) — spec(C), coming from an
automorphism ¢ € Aut(C/Q).

In it jc 1, p, M1 are respectively equal to jc, p' = pc, T as these morphisms are
already defined over Q.

If we could now prove that Y5 = 6* on¢c06* ! one ! as an automorphism of (the upper,
right, frontal) IE”}C equals idIPé: for all 6, it would follow from general theory of descent, that
T really stems from a 1, that makes (30) commute.

Now v, definitely is of the form

= aE+b
cE+d

with a,b,c,d € C, ad—bc#0 (32)

where we call E = E| /E the affine coordinate in ]P’(}:.

Because of the commutation relations in (31) the morphism Y5 is an automorphism
of every fiber pc~!(j), especially of the fibers over j = 0 and j = o (j being regarded
as the affine coordinate in the frontal, lower, right IP’(}:). But these fibers are, expressed
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with E as affine coordinate nothing else but P(E) = 0 and Q(E) = 0. The corresponding
splitting fields of P(E) and Q(E) are L = Q(v/7) Q(v/3) and L, = Q({) with R({) = 0 and
R(E)” = Q(E). Both fibers contain at least three points and therefore suffice to determine
the projective automorphism Ys. Computing the values a, b, ¢, d from the mappings in
the fibers, one can conclude that they have to lie in L; as well as in L, and hence in Q as
LiNnL,=Q.

Since inside the fibers over j = j(1), j = j(2), j = j(3) the rational points E =1, E =2,
E = 3 are the only rational points, and are therefore mapped onto themselves under Ys it is
Yo = id]P,(lc as requested.

After having now descended to the definition ring @, we can even find a morphism
that makes the diagram (25) commute and for which g = 1N ®4 Q holds.
For this we make use of the following

Proposition 3.1 Ler X, Y be schemes over a principal ideal domain R and K = Q(R)
the quotient field. There shall be isomorphisms X =Y = IP’,I?. Additionally a morphism
f': Xx — Y shall be given.

Then ' = fx for a uniquely determined morphism f : X — Y over spec(R).

Proof. At first f/ can be extended to a morphism
I Xppy = Yppy =Y, reR, suitably chosen

This follows from [6, Théoréme (8.8.2)], if one puts Sy = S¢ = spec(R), Xo =X, Yo =Y
and chooses as projective system S the system given by the open subsets D(r) of spec(R).

As X and Y are normal and smooth schemes, the rational map f” can be extended to
a maximal domain of definition U C X, for which codimyx(X —U) =2. So X —U only
consists of finitely many closed points in closed fibers of X over R.

We now have a diagram

Ffll —_— f‘fu(%- X XR Y (33)

o N
%

spec(R)

where I's» denotes the graph of f "and T v its scheme—theoretic closure in X XgY.
In this diagram p; and therefore p/ is proper. As p) is quasi-finite it is, using Zariskis
Main Theorem, even finite. Additionally p{ is an isomorphism and consequently p] is a

birational morphism, so that for the function fields K(I' ) = K(X) holds.
Locally on ring level p is therefore described by diagrams

C —K(Tp) (34)

|

L

where C’ is integral over C. As X is normal, C is integrally closed in K (X ), and so C = (o4
follows. But this means, that p} is an isomorphism and therefore determines a morphism
f=p20(p})~L. This f is the sought for morphism of the proposition.

Its uniqueness follows from the construction and the fact that a morphism from a re-
duced into a separated scheme is determined by its restriction to any open dense subscheme.
d
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As the base extension spec(Q) — spec(A) of (25) equals (30), the map M can be ob-
tained as the extension of 1g over the whole of spec(A) = spec(Z[%]) which exists and is
uniquely determined by proposition 3.1.

The commutativity of (25) then follows from those of (30) and the uniqueness assertion
in proposition 3.1. That the schemes considered fulfill the assumptions of proposition 3.1
follows from Proposition 1.5 for X, (7) from Proposition 1.4 for X (1) and trivially for P}.

3.2 The uniformization over C

As remarked in the previous subsection, the problem remains to be solved, to explicitly
uniformize the covering H7\$H* — SLy(Z)\$™ that is, to find an 1 for which

H\H* —— PL (35)

| L

SLo(Z)\$H* > PL

commutes and p is explicitly known (we write 1 in this subsection instead of 7] in the
previous one).

In [4] a general procedure to solve this problem is given that can be formulated in
abstract terms as follows:

Proposition 3.2 Let X LY bea covering of Riemann surfaces of genus 0 with explicitly

known ramification behaviour. Additionally for an isomorphism Y 4 ]P’(lC the values f(R;)
shall be known for all R; € Y above which & ramifies (i = 1,...,s). Furthermore, let Ry and
R be the points from Y with f(Ro) =0 and f(Rw) = oo.

Then one can explicitly construct a morphism p : IP’({: — IP’CIC for which an isomorphism
g:X — PL exists, so that

x —5>PL (36)

{1,

Yy —=PL

commutes.

Proof. Let Py,...,P; € X be the points above Ry and Qy,...,Q4 € X the points above
R.., where d is the degree of the covering X LY and multiply occurring P; or Q; are allowed
according to possible ramification of 7.

Then
f:k(gfg(Pl))~~~~~(gfg(Pd)) :P(g) reC 37

(8—8(Q1)- - (g—8(Qa) Q)
holds, as one can see immediately by comparing divisors left and right.

Therein we identify f from the function field K (Y) with its image 7*(f) in K(X) under
*: K(Y) — K(X). A value g(P;) = o0 or g(Q;) = o leads to the omission of the corre-
sponding factor.

To obtain now relations for actually determining the A, g(P;), g(Q;), we draw on the
R; # Ry, R« €Y, above which 7 ramifies in a known way.

Let R be such an R;, and let Sy, ...,S; be the points above it, with repetitions because
of the ramification.
Then
(f—f(R)(R)=0 (f = f(R))(Re) = oo (38)
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holds and therefore by comparison of divisors

B _ (g—8(81))- - -(g—g(Sa)) _ Tr(g)
S IR =1 o) (s —s@a) ~ 0g)” M€ (39

Using (37) one gets from that

AP(g)— f(R)O(g) =u(g—g(S1))- - - (g—2(Sa)) = Tr(g) (40)

By comparing coefficients of corresponding powers of g in (40) a set £z of d + 1 poly-
nomial relations between A, u, g(P:), g(Q;), g(S;) results. With every new R = R; the
number of unknowns grows, but also the number of relations until finally only R € Y are
available for forming relations over which 7 does not ramify and for which (40) allows as
many degrees of freedom (that is d + 1) as it provides relations. By solving the simultane-
ous relations X, for all R; # Ry, R.., one obtains with every solution an expression

P(g)
f=r= @1)

0(g)
with explicitly known A, P, Q and g, which is uniquely determined by its values at three
points. This g is the one requested in (36), the mapping p is explicitly known as p(g) =

AP(g)/Q(8)- 0

To construct N and p in (35), we first recall the remarks from the beginning of sub-
section 2.3. We have introduced there the inner automorphism i : SL,(Z) — SL,(Z) with
M—PMP !and P = (g i) that maps the subgroup D7 isomorphically onto H;. Defining

the image 7A° & (7A°) it holds that
H, c7A° SLy(Z) (42)

Accordingly, the chain of coverings (18) becomes, under the isomorphisms of quotients
of $* induced by i, a chain of coverings

HA\S* —2= 720\ 5" — = SLy(Z)\$7* 43)

where we gave the new covering maps the old names ¢ and y. Obviously the structure
of ramification in (43) is the same as in (18), so we can, mutatis mutandis, carry over the
ramification structure depicted in (22), (23), (24) to the situation in (43).

To keep the computation manageable, we use the chain (43) and construct an uni-
formizer & of 7A%\$* over j first, and secondly an uniformizer 1 of H7\$* over &.

So let, with the notations of proposition 3.2, X = 71&0\573* and Y = SL,(Z)\$H* as well
as T = . As the function f, we choose j = je1, the usual j—function on SL;(Z)\$*.

Then the points R| = p, Ry =i, R3 = oo are the branch points and Ry = R;| because
of j(p) =0 as well as R.. = R3 because of j(e0) = oo. The value j(R,) = j(i) = 1728 is
known.

For abbreviation we denote the points called [2,4,5] and [1,3,6] in (22) by P| = P| =
Pr=Pyand P, =P, =P5s=PFs respectively. The point called [7] we denote by Py =P;and
furthermore the point called [1,2,3,4,5,6,7]in 24) by Q=01 =... = Q7.

The isomorphism g from proposition 3.2 we call & and dispose over its values such that
E(Q) = and §(P3) = 0.

The product (§ —&(Py)) (§ —&(P,)) we write as & + AE + B, so that equation (37)
becomes

J=ME+AE+B)’E (44)

Above the point R, = i lie, according to figure (23) the points S| = S, = [5,7], S3 =
Sq=1[1,4], S5 = [2], S¢ = [3], S7 = [6] (bracketed lists referring to notation in (23)).
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Introducing the equations (& —&(S;)) (§ —&(S3)) = &> +CE+ D and (€ —E(S5)) (€ —
E(Ss)) =E2+ EE+F as well as §(S;) = G, the equation (40) for R = R, takes the form

1728 =AM (E2 +AE+ B E=u(E2 +CE+D)* (E2+EE+F) (E—-G) (45)

Equating coefficients of like powers E one obtains the system of expressions required
to vanish

1728 4+ uD?* F G,

—AB? —uD?F + (uD*E +2uDCF)G,
—3AB*A—uD?E —2uDCF + (uD*+2uDCE +u(2D+C*)F)G,
—A—u,

—3MA —2uC —uE +uG,
~A(3B+3A4%) —u(2D+C?) —2uCE —uF + (2uC+uE)G,
~A(4BA+A(2B+A?)—2uDC—u(2D+C*E —2uCF

+(u(2D+C?) +2uCE +uF)G,
~A(B(2B+A?*) +2A*B+B?) —uD?> —2uDCE —u(2D+C?)F
+(2uDC+u(2D+C*)E+2uCF)G

(46)

A Grobner base of these polynomials in lexicographical term ordering £ > F > G >
C>D>u>B>A>M\is

86812553324672 + A2 A'* 4+ 10706059 LA’
161414428 B — AA° — 37059435 A2,
A+,
1129900996 D — AA° — 37059435 A2,
TC—4A, (47)
7909306972 G + 14688712948 A G* 4 133 GAA® + 9287094411 GA?
+108AA'0 +2134623456 A3,

1129900996 F — 1129900996 G* — 2098387564A G — 19AA° — 1326727773 A2,
—13A+7E-7G

One notices, upon trying to solve the equations from top to bottom, that one degree of
freedom remains, which corresponds with the fact, that we have disposed over the values
of & at two, but not at three places.

So we set arbitrarily A = 1 and solve (47), from which we obtain for the quantities
relevant for determining the relation between j and &

A=1, (48a)
35 7.
B=-= Enﬁ, (48b)
7 7.
A7§+§nﬁ (48¢)

Therewith p from proposition 3.2 is determined for the mapping .
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The remaining values of the same solution system are
C=2+2iV7,

5 1.
D——§+§l\ﬁ

E=2+4iV7, (49)
F=-27
9 5
=2 _ZiV7
G=—3 zf,
“:717

As we will need the values 11 = &(S5) and 1, = £(Sg) later on, we determine them from
the equation (§ —&(Ss)) (§—&(Se)) = &2+ E&+ F given above, to be

fn=-a—2-4iV7, (50a)

Hh=o (50b)

with o being an arbitrary, fixed root of

0?4+ (24+4iV7)0—27=0 (51)

In the second step we set X = H7\$H* and ¥ = 71&0\53* as well as © = ¢. The function
f then becomes &, the function g we call 1), it is the 1 searched in (35).

To distinguish the newly appearing points below from the former ones, we will mark
the new ones with a prime.

It is then Ry = P3, R,, = Q and R, = S, R’; = Se with the point-names from above.

Above Rj, lies, according to figure (22) the 3—fold point P’ = [[10,11,12]], so it is
P| = P, = P, = P'. Therewith one can put R| = R},.

Above R, lie the three cusps Q, 05, Q5. We dispose over the values 1(Q}) such, that

(M=n(21)) M—n(Q5)) M—n(Q3) =n’+n*—2n—1 (52)

So the equation for § and 1 corresponding to equation (37) is

_ m—d)?
E=2\ B (53)

with d =n(P')
The relations flowing from the ramification as explicated in equation (40) are for R)
because of {(R)) = &(Ss) =1, and (23)

MM—d)} —n M +mP—2n—1)= - (N —A;)* (N —By) (54)

and for R} because of (R}) = &(Se) = 12 and (23)

MM—d) =M +10°=2n—1) = =y (N —A2)* (N —Ba) (55)
Suitably simplified (54) becomes
(—o—4iV7 =M —2— )’
+(BMd—2—4iVT — 0+ 21 Ay + 21 BN
+ (—t21 A1 =221 A1 By =30 d> +4+8iVT+20)M
1 A B +4iVT+ M dP o +2=0

(56)
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and (55) becomes

(0—A1 — )M’

(o4 3N d+2u20 Ay + 2o Bo)1?

+ (—unAy* —2un Ay By — 20— 30 d*)M
+un A’ By —o+Md> =0

(57)

Introducing the variables z with z2 = —7 and w = o with w? + (2+4z)w — 27 = 0 the
system of expressions obtained from extracting coefficients of ¥ in (56) and (57) can be
regarded as a system of generators of an ideal a in Q[Ay, 21, 22,A1,B1,A2,B2,2,d,w].

By computing a Grobner base for a with respect to an elimination term—ordering (for
what I have used the CAS—system MAGMA), one obtains a base for the ideal b = an
Q[A1,d,z,w] as

89831 2265 176535 22456 3
A Miz+ N dz— d? M2+ = Md
Ut 1866 ™ T 75 MU 1866 ¢ T 0033 ™M T3 M (58a)
285383 22, 146605 . 833 5541 . 114044
21866 290"1%7 21866 “F ' 8a1 T 1682 “ T 10933
55 97 127 55 679
Mid+oMdzt —d* 7+ — M2+ Md— ——d?
1 +29 1 Z+58 Z+ 53 1 +58 1 33 (55b)
182, 4, o1, 815, 195 2219
29 MET 294 T 9™ T 5g 29 °7 758
1 105 1
A d*— Miz— d? A2
1 10933 T 21866 ¢ C T 21866 ™ (580)
(643, 49,761 2, 805 . 10807 10885
754197 21866 10933 “° 7 20™M T 21866 ¢ T 10933 % 21866’
23 495 1 161 231 505
Bt N2 2 hdzd —dP i A N d — P
5™ E T 301 Mt T g AT 75 M T 3016 MY T 3016 58d)
L135, 123 63, 1093 3689 6215
232 1T 1508 YT 232 M T 1508 Y T 3016 3016
w? +4w? + 10824 89w —54, (58¢)
247, (58)
1, 1 27
St (ss
ZW+4W +2w 1 (58g)

With the CAS—system MAPLE one possible solution of this system can be found to be

301,

d:—§+§z\f77 (59a)
M =1, (59b)
w=—1-2iV7+21\/iV7, (59¢)
z=iV7 (59d)

Since the ideal b is zero—dimensional, there is really a solution of a above (59).
If one substitutes the A; and d found thus into (53) and further substitutes the & so
obtained together with the values from (48a)-(48c) into (44) the final result is

_ Cn+3)°(5n?+8n - 1)’ 20’ —n+ 1)’ (? +3n+4)° 60)
a (m*+n?-2n-1)

So m from (35) is determined, p is given explicitly by (60).
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3.3 Summary

In the diagram

X5 (7) —— Lo (61)

X(1) *I>Plz[1/7]

we have constructed an isomorphism 7 in such a way, that, calling E = E; /E, the affine
coordinate of the upper” P! and J = J; /Jy the affine coordinate of the “lower” P!, the map
p is given by
(2E+3)3(SE*>+8E -1 (QE*—E+1)3(E>4+3E +4)3
(E3+E*>—2E—1)7

So the questions 1 and 2 of [5, 6.4.4] are answered in the affirmative, the denominator
polynomial called Qs(Ty,T1) there corresponds to the (E3 + E*> —2E — 1) appearing in
(62).

As described in [5, 6.4] we have the isomorphismm : Y5 (7) = p~! (D (Jo)) = D+ (E3 +
E}Ey—2E| E} — EJ) with Ey, E as the projective coordinates of PIZ[I oL

J=

(62)

4 Determination of Y5 (7)(Z[1/7])

By virtue of the results of the last section it is
Y, (7) = Dy (Qo(Eo, E1)) C Py 7 (Eo, En) (63)
with  Qo(Eo,E1) = E; +E} Eg—2E E} — Ej (64)
As further explicated in [5, 6.4.5] the points Y, (7)(Z[1/7]) correspond to the integer
solutions of the diophantine equations Qg (Ep,E|) € {1,7}, which are both of Thue-type.
For equations of this type effective and practically feasible solution algorithms exist

([11), which are implemented for example in the CA—system MAGMA([2]).
A computation yields as complete solution system of Qg (Ep,E;) = 1

(E1,Eo) J
(=9,5) | —2'8335%233293
(-1,-1) — 2183353
(=11 —2
(_1’2) _2153353113
o (65)
(0,—1) 263
(1,0) 2653
(2,—1) 2333113
(4,-9) | 2°17°19329%149°
(5,4) | 261132331493269°
and of Qo(Eo,E1) =7
(E1,Eo) J
(-3,2) 0
( ’_3) 21575 (66)
(2,1) | 235%7°




5 Application to the class number /2 = 1 problem

The following table contains imaginary quadratic number fields K = Q(v/—d) together
with orders Ok r C K with conductor f, such that the class number % of Ok ; equals 1.
The class number is in every special case explicitly computable, suitable algorithms are
implemented for example in the CA—system MAGMA.

In the last column the j-invariant of the elliptic curve E g r), which is defined by the
lattice Ok, y C C, is given. Equating Og r = Z + 7 this is the value j(t) of the classical
Jj—function.

The value j(t) here has to be always in Z, as, firstly, the galois group Gal(K(j(t))/K)
equals the Picard group of Ok s. As these is trivial, it follows K(j(t)) = K. Secondly it
is [Q(j(1)) : Q] = [K(j(T)) : K] and thirdly j(t) is an algebraic integer, so consequently
J(T) € Z. For proofs of these facts, see [10, Theorem 4.14; Theorem 5.7]

Therefore we can compute j(T) in every single case numerically with sufficient preci-
sion, and from that infer its true value in Z.

K [ Ok J
Q(v—1) 1| Z+7Zv-1 2633
Q(W-1) |2|z+72v-1 2333113
Q(vV-2) 1| Z+7Zv-2 2653
QW-3) 1] z+z5 0 (67)
Q(W=I1) |1 |z+z-=1 —215
QW=43) |1 |zZ+z-15=28 2183353
QW=67) |1 |z+z-1=5 —2153353113
Q(V=163) | 1 | Z+7z 118 | 5183353233293

On comparing the j—invariants in (67) with those in (65) and (66), one notices, that 8
of the points in (65) and (66) correspond to elliptic curves with complex multiplication,
thereof are 6 with complex multiplication in the principal order Ox of K = Q(v/—d) and
p="Tinertin Og. The casesared =1, 2, 11, 43, 67, 163, and, following the considerations
in section 1, the corresponding points come from an H?—structure on the elliptic curve
E(K. l ) .

These results agree with those of [8], up to a misprint there, giving the case d = —67
the wrong sign for j.

5.1 Ciriteria for complex multiplication with given j

After all, 4 points from the lists (65) and (66) remain to be examined for their potential
origin from elliptic curves with complex multiplication.
For this, we use the following proposition [3, Theorem 6.3]

Proposition 5.1 Ler E/K be an elliptic curve defined over an algebraic number field K /Q.
With E[N)(Q) shall be denoted the set of N-division points, and with k(P) the field of
definition of a point P € E(Q).
If E has complex multiplication and L = Q(v/—d) is the imaginary quadratic field

whose order equals End(E), the extension of fields
L% K = L(((P) pegipy) ) K/LK
is abelian for all N > 1.

Corollary 5.1 Let E be as above, with complex multiplication, but expliciily given by a
Weierstraf3 equation y*> = x> +ax+b in A%. For P € E(Q) let x(P) and y(P) be the x— and
y—coordinate of P.
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Then the extension K ((x(P)) PEEIN|(@)— {(-)}) /K is solvable.

Now one can, for an E as in the corollary and for every N > 1, explicitly give a
polynomial yy(x;a,b), so that the xo with Yy (xo;a,b) = O are exactly the x(P) with
P € E[N](Q)NAZ%(Q). This polynomial has, for N > 3 and N odd, the degree (N> —1)/2
in x and is called division polynomial of order N. Together with the Weierstrall equation
itself, it describes the affine part of the subgroup scheme E[N] of N—division points of E.

So we can for the remaining 4 points

(E1,Eo) | j

(4,-9) |2°17°19°29°149°

(5,4) 2011323314932693 (68)
(1,-3) |27

(2,1) | 2°5°7°

construct initially a Weierstra equation y*> = x> +ax+ b over Q, so that the corresponding
elliptic curve has the prescribed j—invariant. Subsequently, we compute for a suitably
chosen N > 3 the division polynomial ¥y (x;a,b) and then the Galois group Gal(F/Q) of
the splitting field F /Q of yy(x;a,b). If this group is not solvable, the elliptic curve with
the given j—invariant can not have complex multiplication.

As the intermediate results, especially the division polynomials, become very huge, I
do not present them here, but instead give only the MAGMA command sequence to execute
the computation:
jji=279%1776%1973%2973%14973;
ec:=EllipticCurveFromjInvariant(jj);
ecl:=MinimalModel(ec);
pol:=DivisionPolynomial (ecl,5);
g:=GaloisGroup(pol);

IsSoluble(g);

The j-invariant here is the one of the first point in (68), for the other points only the value
jj in the first line has to be changed. In any case the Galois group turns out as not solvable,
so to all 4 remaining points belong elliptic curves without complex multiplication, which
again agrees with [§]

5.2 The class number /2 = 1 problem

As already explained in the introduction, every imaginary quadratic number field K of
class number 1, in which p = 7 is inert, gives rise to a point in Y, (7)(Z[1/7]), to which
corresponds an elliptic curve with complex multiplication in K.

We have found 12 points Y, (7)(Z[1/7]) and discussed their possible origin from those
number fields exhaustively. It follows, that additional imaginary quadratic number fields
K with class number 1 and p inert in K can not exist, since they would produce points in
Y,F(7)(Z[1/7]), that are different from each other and from those already found, because
their j—invariant would differ.

So additional imaginary quadratic number fields with 2z = 1 could only exist, if p =7
would not be inert in them. But this can be excluded for Q(v/—d) with d > 163 by the
following lemma:

Lemma 5.1 Ler K = Q(v/—d) be an imaginary quadratic number field with class number
h=1. Let d > 4p for a prime number p. Then p is inert in K.

Proof. By making an ansatz (m +nt)(m+nt) = p with Ox = Z + Z1 and direct compu-
tation. ]

Since for 1 < d < 163 all imaginary quadratic number fields with class number 1 are
known, therewith all of these are known.
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