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Abstract

We develope an algorithm for computing the twists of a given curve assuming that its auto-
morphism group is known. And in the particular case in which the curve is non-hyperelliptic
we show how to compute equations of the twists. The algorithm is based on a correspon-
dence that we establish beetwen the set of twists and the set of solutions of a certain Galois
embedding problem. As an application to our algorithm we give a classification with equa-
tions of the twists of all plane quartic curves, that is, the non-hyperelliptic genus 3 curves,
defined over any number field k.

The study of the set of twists of a curve has been proven to be really useful for a bet-
ter understanding of the behaviour of the Generalize Sato-Tate conjecture. We prove the
Sato-Tate conjecture for the twists of the Fermat and Klein quartics and we compute the
Sato-Tate groups and Sato-Tate distributions of them.

Following with the study of the Generalize Sato-Tate conjecture, we show how to compute
the Sato-Tate groups and the Sato-Tate distributions of the Fermat hypersurfaces: X™ :
xy' + ...+ 2, = 0. We prove the Sato-Tate conjecture for them when they are considerd to

be defined over Q((,).
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Introduction

This thesis explores the explicit computation of twists of curves. We develope an algorithm
for computing the twists of a given curve assuming that its automorphism group is known.
And in the particular case in which the curve is non-hyperelliptic we show how to com-
pute equations of the twists. The algorithm is based on a correspondence that we establish
beetwen the set of twists and the set of solutions of a certain Galois embedding problem.
In general is not known how to compute all the solution to a Galois embedding problem.
Through the thesis we give some ideas of how to solve these problems.

The twists of curves of genus < 2 are well-known. While the genus 0 and 1 cases go back
from long ago, see [55], the genus 2 case is due to the work of Cardona and Quer [§], [9]. All
the genus 0, 1 or 2 curves are hyperelliptic, however for genus greater than 2 almost all the
curves are non-hyperelliptic.

As an application to our algorithm we give a classification with equations of the twists
of all plane quartic curves, that is, the non-hyperelliptic genus 3 curves, defined over any
number field k. The first step for computing such twists is providing a classification of the
plane quartic curves defined over a concrete number field k. The starting point for doing
this is Henn classification of plane quartic curves with non-trivial automorphism group over

C.

An example of the importance of the study of the set of twists of a curve is that it has
been proven to be really useful for a better understanding of the behaviour of the Generalize
Sato-Tate conjecture, [16], [18], [21], [22]. We show a proof of the Sato-Tate conjecture for
the twists of the Fermat and Klein quartics as a corollary of a deep result of Johansson, [34],
and we compute the Sato-Tate groups and Sato-Tate distributions of them.

Following with the study of the Generalize Sato-Tate conjecture, in the last chapter of
this thesis we explore such conjecture for the Fermat hypersurfaces X : ag* + ... + 27, = 0.

We explicitly show how to compute the Sato-Tate groups and the Sato-Tate distributions of
these Fermat hypersurfaces. We also prove the conjecture over Q for n =1 and over Q((,,)
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ifn+l.

Content of chapters

In the first chapter of this thesis we describe an algorithm for computing the twists of curves
via a correspondence between the twists and certain solutions to a Galois embedding prob-
lem, section . In section we show how to compute equations for the twists when
the curve is non-hyperelliptic. We give a detailed descripcion of the algorithm in section
(1.3). Finally, for illustrating the algorithm, in section (1.4]), we show a complete example
of the computation to the twists and its equations of a genus 10 non-hyperelliptic curve.

In chapter 2 we do the preparations for giving a classification of the twists of all non-
hyperelliptic genus 3 curves defined over a given number field k. In section (2.1)) we show a
classification due to Henn of the plane quartic curves with non trivial automorphism group,
up to C—isomorphism. In section we modify this classification for getting it up to
k-isomorphism. Finally, in section we show, given any plane quartic with nontrivial
automorphism group, how to find its representant in such classification.

After the results in chapter 2 we are ready for computing the twists of all plane quartic
curves. In chapter 3 we give the classification of all such twists. In section (resp.
section we compute the twists of the Fermat (resp. Klein) quartics, that are the harder
cases, in part due to the fact that are, up to isomorphism, the two plane quartic curves with
a biggest automorphism group. In section (3.2)) we compute the twists of the rest of plane
quartic curves. Just mentioning that this classification of the twists of the plane quartic
curves is not totally complete, because we have not been able of computing a single case
for the Klein quartic. The problem is that we have not been able of completely solving the
corresponding galois embedding problem, so there is a single family of solutions/twists that
we could not compute explicitly.

In chapter 4 we apply the former computations for computing new Sato-Tate distribution
among the twists of the Fermat and Klein quartics. In section (4.1f) we show a proof of the
generalize Sato-Tate conjecture for these twists. The corresponding Sato-Tate groups and
Sato-Tate distributions are computed in sections and respectively. Finally, in
section (4.4]) we show concrete examples of curves that attains such differente distributions
and that have the corresponding Sato-Tate groups computed.

In chapter 5 we follow with the study of the Generalize Sato-Tate conejcture, but this
time, we focus our study on the Fermat hypersurfaces X™ : ap* + ...+ 2™, = 0. In (5.1]) we
describe the Galois action on its étale cohomology and in ([5.2]) we explain some properties of
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the Jacobi Sums, both things will be necesary for computing the Sato-Tate groups in ({5.3]).
In (5.4) we prove the conjecture over Q for n =1 and over Q((,) if n # 1. Finally we show
a complete example in (|5.5)).

In the first part of the appendix we establish a correspondence between the solutions to
a given Galois inverse problem and rational points in a certain variety that we explicitly
show how to compute via an algorithm. This can useful for trying to solve Galois embedding
problems as the ones that appear in section for computing the twists of curves. Our
idea is, once the algorithm will be implemented, try to find the missed solution of the Galois
embedding problem corresponding to the Klein quartic.

Finally, in the last part of the appendix we show tables with all the data computed
through out the thesis: automorphism groups of the families of plane quartic curves in Henn
classification and in the modified one, Dixmier-Ohno invariants of some of the families, the
Sato-Tate distributions and the example curves in chapter 4 and some tables with examples
of chapter 5.

General notations

We now fix some notation and conventions that will be valid in all the chapters. For us Z (res.
Q, R,C) is the ring (resp. field) of integers (resp. of rational numbers, of real numbers, of
complex numbers). And F, denotes the finite field of ¢ = p” elements where p is a prime num-
ber, Z,; the ring of [-adic integers and Q; the field of [-adic numbers, where again [ is a prime
number. For a commutative unitary ring A, let M,,(A) (resp. GL,(A), SL,(A), Sp,,(4))
denotes the ring of n by n matrices with coefficients in A (resp. that are inverible, that has
determinant equal to 1, that are symplectic).

For any field F, we denote by F an algebraic closure of F. And by Gp the absolute
Galois group Gal(F/F'). We will recurrently consider the action of G on several sets, and
this action will be in general denoted by left exponentiation.

By k we will always mean a number field. All field extensions of k that we consider are
contained in a fixed algebraic closure k. We write ¢, to refer to a primitive n—th root of the
unity in k. We denote by O}, the ring of integers of k. By abuse of language, we will refer to
the prime ideals of O as prime ideals of k.

When we will work with groups we will usually use the SmallGroup Library-GAP, [24].
Where the group GAP(N,r) will be denote the group of order N that appears in the r—th
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position in such library. Very often we will also use the notation < N,r >. We denote by C,,
(resp. Dy, Sp, Ay) the cyclic group of n elements (resp. the dihedral one of 2n elements, the
symmetric one of n! and the alternate one of n!/2). And by V; we denote the direct product
CQ X 02.

Acknowledgements



Preliminars

Non-hyperelliptic curves

Let C be a projective algebraic, smooth and irreducible genus g curve defined over a number
field k. Let {wy,...,w, } be a basis of the regular differentials Q!(C') of C. We denote by K¢
a canonical divisor of C'. The canonical morphism is:

x: C—DP9, P = (wi(P):...:we(P))

Definition 0.0.1. A curve C is said to be non-hyperelliptic if the canonical morphism is an
embedding. In this case, the image, ¢ (C'), is called the canonical model and it is a curve of
degree 2g—2. If the canonical morphism is not an embedding, then it is a degree 2 morphism
and the curve is called hyperelliptic.

All genus 1 and 2 curves are hyperelliptic, while for genus greater or equal to 3 there are
as well hyperelliptic ones as non-hyperelliptic ones.

Proposition 0.0.2. Given a non-hyperelliptic curve C' defined over a number field k we can
take a canonical model also defined over k.

Proof. Since we can take a canonical divisor K¢ defined over k, see [37], we can take a basis
of the vector space L(K¢) :={f € k(C):div(f) > -K¢}u{0} defined over k. And then, the

algebraic relations satisfied by the elements of this base are defined over k. O

The automorphism group of C, denoted Aut(C), is the group of isomorphisms from C
to itself defined over k.

Remark 0.0.3. Given a canonical model of a non-hyperelliptic curve, we can see the group
Aut(C) as a subgroup of PGL4(k), since any element in Aut(C') induces an automorphism in
P9 via the canonical morphism and the automorphisms of P9 are given by projective matrices.
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Twists of curves

We reproduce here, for completeness, part of the twisting theory explained in [55]. Let C/k
be a smooth and projective curve.

Definition 0.0.4. A twist of C[k is a smooth curve C'[k which is isomorphic to C over
k. We identify two twists if they are isomorphic over k. The set of twists of C[k, modulo
k—isomorphism, will be denoted by Twisty(C).

Let C'/k be a twist of C'/k. Then, there is an isomorphism ¢ : C’ - C defined over k.
To measure the failure of ¢ to be defined over k, we consider the map

£:Gp>Aut(C) & =0,

It turns out that ¢ is a 1-cocycle, and the cohomology class of ¢ in H' (G, Aut(C)) is
uniquely determined by the k—isomorphism class of C".

Theorem 0.0.5. The map
Twist,(C) - HY(Gy, Aut(C)),
that sends a twist ¢: C'[k - C|k to & = po ¢! is a bijection.

Let us denote by K the minimal field where all the elements in Aut(C') can be defined.
If g > 2, by Hurwitz’s theorem [Hur|, the group Aut(C) is finite, and then K/k is a finite
Galois extension. Fix now a twist ¢ : ¢’ - C, and call L/k the minimal field where all the
isomorphisms between C” and C' can be defined. Clearly, L/k is a finite Galois extension and
K[k is a subextension of L/k. Moreover, L is the splitting field of the cocycle &, = ¢ o 7¢pL.
That is, L/k is the minimal Galois extension such that {(Gr) = {1}.

Remark 0.0.6. If Aut(C) is trivial, then Twist,(C') is also trivial.

The previous discussion applies when we interchange C' by a smooth quasi-projective
variety X.

Galois embedding problem

Here we define the Galois embedding problem, see for example section 9.4 in [41]. Given
a field k£ and a finite group G one may pose the following question, the so called Inverse
Galois problem: does exist a Galois extension F'/k such that Gal(F'/k) ~ G? The embedding
problem is a generalization of the former one. It asks whether a given Galois extension K /k
can be embedded into another Galois extension F'/k in such a way that the restriction map
between the corresponding Galois groups is given.
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Given a Galois extension K /k with Galois group H, an embedding problem is a diagram:

Gy, (1)

|

G—f>H—>1

where 7 is the natural projection and f is an epimorphism. A solution to such embedding
problem is a morphism ¥ : GG, - G such that next diagram is commutative:

Gr (2)
W//ﬂi
k
G—sH—1

A solution W is called proper if it is surjective.

The Sato-Tate conjecture

We follow [16] to give a brief introduction to the Sato-Tate Conjecture. Let E be an elliptic
curve defined over a number field k. Given a prime p of k of good reduction of F, we denote
by a, the trace of the Frobenius endomorphism. That is, if p; : Gj, - GLo(Q;) is the [-adic
representation associated with the [—torsion of the elliptic curve F, and p does not lie over
[, then det(1 - p;(Frob, NT) = Np - a,T + T2, where Frob, ! is the geometric Frobenius at p.

One can think of a,/Np'/? as a random variable on the set of primes of good reduction
of E taking values on [-2,2]. And we call the distribution of this random variable the
Sato-Tate distribution of the elliptic curve E.

Conjecture 0.0.7. (Sato-Tate) For an elliptic curve without CM, the normalized traces
ay/ Np/? are equidistributed with respect to the measure:

1
—V4 - 22dz,
2T

where dz is the restriction of the Lebesque measure on [-2, 2].

The conjecture was independetly proposed by Sato and Tate in the 60’s. And it is proven
when £ is a totally real field (in particular, for k = Q) by Barnet-Lamb, Geraghty, Harris and
Taylor [3]. When the elliptic curve E has complex multiplication the equivalent stamente
was proved longtime ago by Hecke [30].



10 PRELIMINARS

Theorem 0.0.8. For an elliptic curve with CM defined over M, if M ¢ k, then the normal-
ized traces a,| Np'/? are equidistributed with respect to the measure:

1 dz
T4 - 22

where dz is the restriction of the Lebesque measure on [-2, 2]. And for an elliptic curve with
CM over M and such that M ¢ k, it is equidistributed with respect to the measure:

1 dz
2m /4 - 22

1
+=0

2 )
where § is Dirac delta centered in 0.

In [51], Jean-Pierre Serre formulates a generalization of the Sato-Tate conjucture for
motives. We will just focus on the case of varieties. Let X /k be a smooth, projective variety.
Let us call n :=dim X, and choose an integer 0 < w < 2n. Let m denote the dimension of the
w-th étale cohomology HZ, (X, Q) for some prime [. The action of the Galois group Gy on
HZ(X, Q) gives rise to the [—adic representation:

Pt Gh = Aut(HS (X, Q1)) € GL(Q).

Let G} := Ker x;, where x; denotes the [-adic cyclotomic character. Let Gll’w be the Zariski
closure of p,(G}.). Choose an embedding ¢ : @, = C. Define Gll”f = Gll’w ®, Cc GL,,(C).

Definition 0.0.9. The Sato-Tate group of X relative to the weight w is a maximal compact
subgroup of Gi’f. It is a compact real Lie group that we denote by ST(X [k,w).

Since all maximal compact subgroups of a Lie group are conjugate, the Sato-Tate group
is well-defined. Now, for each prime p of good reduction of X and not lying over [, we defined
sp as the conjugacy class of p,(Frob;t) ® Np=+/2 in ST(X [k, w).

Conjecture 0.0.10. (Generalized Sato-Tate) One has:

i) The conjugacy class of ST(X [k, w) in GL,,(C) does not depend on the choice neither
of the prime L, nor of the embedding ¢.

ii) Let (ST(X/k,w)) denote the set of conjugacy classes of ST(X, w). For p of good
reduction and not lying over 1, the conjugacy classes s, are equidistributed on (ST (X [k, w))
with respect to the projection on this set of the Haar measure of ST (X [k, w).

Remark 0.0.11. Proving the generalized Sato-Tate conjecture for a curve is equivalent to
proving it for its jacobian variety. And for an abelian variety A is enought to prove it for
w =1, since H%(A, Q) = A HL (A, Q,), where H,(A,Q;) = Vi(A)*, and then ST(A/k,w) =
A ST(A/k,1) =ST(A/k).

The generalized Sato-Tate conjecture is just proven in a few cases for some motives/varieties
of weight/dimension 1, 2 and 3: [35], [18], [22], [19] and [21].



Chapter 1

Twists of non-hyperelliptic curves

In this chapter we develop a method for computing the twists of any non-hyperelliptic curve
C defined over a number field k. Firstly, via the well-known correspondence between twists
of a curve and the Galois cohomology set H'(G}, Aut(C)), we establish a correspondence
between the twists and the solutions to a Galois embedding problem, see . Then,
we show how to get equations for the twists studying an action on the space of regular
differentials Q'(C'). This step is in which we use that the curve is non-hyperelliptic, because
in that case, the canonical morphism is an isomorphism. Finally, we illustrate the method
computing the twists of the non-hyperelliptic genus 6 curve: 27 —y324 — 27 = 0.

1.1 Galois embedding problems

Let C/k be a projective curve. Let us denote by K the minimal field over where all the
automorphisms of C' can be defined. And let us define I' := Aut(C) x Gal(K/k), where
Gal(K /k) acts naturally on Aut(C'), and the multiplication rule is (a, 0)(5,7) = (a8, 07).
Then, there are natural one-to-one correspondences between the following three sets:

Twist(C) = {C'/k curve | 3 k-isomorphism ¢: C" - C'} /k-isomorphism,
H' (G, Aut(C)) = {&:Gy = Aut(C) | &5r = 6,76} ~, (1.1)
Hom(Gy,T') = {¥:Gy -» ' | ¥ epiy —morphism} / ~, (1.2)

where £ ~ & are cohomologous if there is ¢ € Aut(C) such that & = ¢-&, - ¢!, and
U ~ U if there is (p,1) € Aut(C) x» Gal(K/k) such that W/ = (p,1)¥,(p,1)"1. Here, the
meaning of epi, — morphism is that ¥ is a group homomorphism such that the composition
- U:G » ' > Gal(K/k) is surjective where m:I" - Gal( K /k) is the natural projection on

the second component of the elements of .

11



12 CHAPTER 1. TWISTS OF NON-HYPERELLIPTIC CURVES

These correspondences send ¢ to &, = ¢-7¢~1, and & to ¥, = (§,,7), where & denotes the
projection of o € Gy onto Gal(K /k).

Attached to every twist ¢: C’ — C we shall consider its splitting field L, which by definition
is the splitting field of the corresponding homomorphism ¥; one has, Ker(¥) = Gal(k/L) and
Gal(L/k) =~ Image(¥) c I'. Notice that ¢ is defined over L, also &, = 1 for all o € Gal(k/L),
and L contains K. In fact, the homomorphism ¥ is a solution of the Galois embedding
problem:

Gy (1.3)

v _7
-
-

1 —— Aut(C) ——T 2~ Gal(K k) —=1

Reciprocally, every solution ¥ of the above embedding problem gives rise to a twist of
C. Notice that in order to keep track of the equivalence classes of twists we must here
consider two solutions ¥ and W’ equivalent only under the restricted conjugations allowed
in the definition of the set Hom(Gy,T).

1.2 Equations of the twists

Let Q(C) be the k—vector space of regular differentials of C'. Let wy,...,w, be a basis of
QL(C), where g is the genus of C. Given a twist ¢:C’ — C and its splitting field L, we
consider the extension of scalars Q} (C') = Q!(C) ®; L which is a k—vector space of dimension
g[L: k]. We can (and do) identify Q] (C') with L <wy,...,w, >= {3 Niw; | \; € L} considered
as k—vector space. For every o € Gal(L/k), we can consider the twisted action on Q} (C)

defined as follows:
(o Xiwi)? =D 7NE (wi)

for \; € L. Here, £ € Endg (Q21(C')) denotes the pull-back of &, = ¢ -7 ¢~! € Autg(C). One
readly checks that
pe: Gal(Lfk) > GL(Q4(C)), pe0)(w) =t

is a k-linear representation. Indeed, since £ = 7&*-£X, we have

pe(om) (D Niwi) = 30 TN (wi)
=2 TNE T (wi)
= pe(0) (D TNE T (wi))
= pe () pe(T) (3 Aiwi)-
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Recall that the function field k(C") is the fixed field E(C)?k where the action of the
Galois group Gy on k(C) is twisted by ¢ according to fg = f-&,. From this, we can identify

Q'(C") = Qp(C)M M (1.4)

For explicit computations, one can use

Q(C) = [ Ker(pe(o) - 1d).

oeGal(L/k)

This can be useful for non-hyperelliptic curves when equations for the twisted curves are
wanted. From equations of the canonical model of the initial curve,

C: {Fh(l‘l, ...,$g) = 0}

taking a basis {w}} of Q1(C”) and via identification ([1.4)) (notice that there is not a canonical
one)

g .
_ i, 0
%—Z%%
j=1

we obtain equations for the twist making the substitution
! $ 1, 7 $ g, I
C . Fh(z;nﬂwﬁ“"z;n]wﬂ):o 9
Jj= Jj=

and an isomorphism ¢ : C’ — C' is given by the projective matrix ¢ = (n;)zj

This method for getting equations of the twists is explicitly used in a paper of Fernandez,
Gonzélez and Lario [13] for computing equations of twists of some non-hyperelliptic genus 3
curves, case for which the canonical model is given by a plane quartic.

1.3 Description of the method

Let C' be a non-hyperelliptic genus g curve defined over a number field k. Assume that
Aut(C) is known. We take a basis of Q!(C'), and then we obtain a canonical model C/k
via a canonical embedding C' < P9-1 that we can take also defined over k. Hence, C and C
belong to the same class in Twisty, (C) and Twisty, (C) = Twisty (C).

In addition the automorphisms group Aut (C) can be viewed in a natural way as a sub-
group of PGL, (k) In fact, as a subgroup of PGL, (K). And any isomorphism ¢ : C’ - C

can be viewed also as a matrix in PGL, (/5)
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Remark 1.3.1. Two twists ¢; : C; - C are equivalent, if and only if there exists a matriz
M € PGLy (k) such that ¢, = oo M that is, if the columns of ¢1, as an element in PGL, (k),

are k—linear combination of the columns of ¢, again as an element in PGL, (/%)

Firstly we will compute the set Hom (G}, T'). From this set we will compute H! (G}, Aut (C)).
And finally, we will compute equations for the twists in Twist (C) using .

Given W € Hom (G, T), let L be the splitting field of ¥. We have ¥(G) ~ Gal(L/K)
and VU(Gy) ~ Gal(L/k). Then ¥ can be seen as a proper solution to the Galois embedding
problem:

Gy (1.5)

v _ - i
-
7

| —— (G ) — U(Gy,) — Gal(K Jk) —1

As it was noticed in section [1.1} we have Gal(L/k) ~ Image(¥) ¢ I' and Gal(L/K) =
U (Gk) € Aut (C) x {1}. Hence, for computing Hom (G, I") we should compute all the pairs
(G,H) where GcT', H=GnAut(C) x {1} and [G: H] = |Gal (K/k)| up to conjugacy by
elements (¢, 1) € I', and then find all proper solutions (and then the corresponding splitting
fields L) to the Galois embedding problems:

Gy (1.6)

7
\Ij/
7
7

| H—— G Gal(K k) —1

Every such a solution can be lifted to a solution to the Galois embedding problem ([1.3]).
Notice that the same field L can appear as the splitting field of more than one solution ¥
corresponding to a pair (G, H). This is because given an automorphism « of Gal(L/k) that
leaves Gal( K /k) fixed, oW is other solution with L as splitting field. Two such solutions are
equivalent if and only if there exists § € Aut(C) such that a¥ = f¥S-1. So, the number of
non-equivalent solutions with splitting field L and ¥(Gy) = G is the cardinality of the group
(see [9]):

Auts (G) /Tnng (Aut (C)  {1}), (1.7)

where Auty (G) is the group of automorphisms of G such that leave the second coordinate
invariant and Inn (Aut (C) » {1}) is the group of inner automorphisms of Aut (C) {1} lifted
in the natural way to Aut (G).

The proper solutions to these Galois embedding problems should be computed case-by-
case for each pair (G, H).
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Next proposition, that is a generalization of lemma 9.6 for ¢ = 3 in [10], will be useful for
solving some of the Galois embedding problems that will appear:

Proposition 1.3.2. Let ¢ = p", where p is a prime number, let k be a number field, and
let ¢ be a fived q-th primitive root of the unity in k. We denote K = k(¢) and we assume
[k(C): k] =p~Y(p-1). Let us define G, = Z[qZ x (Z]qZ)* where the action of (Z]/qZ)* on
Z]qZ is given by the multiplication rule (a,b)(a’,b") = (a +ba',bb"). And let us consider the
Galois embedding problem:

Gk )

|

1 Z]qZ G, (Z]qZ)* —1

where the horizontal morphisms are the natural ones, and the projection 7 is given by (o) =
(0,b) if 0(¢) =C. Then, the splitting fields to the proper solutions to this Galois embedding
problem are of the form L = K(/m) where m € Oy, is an integer in k that is not a p-power.
Moreover, every such field is the splitting field for a solution ¥ to the above Galois embedding
problem.

Proof. Firstly, notice that there exist proper solutions ¥ to the Galois embedding problem.
Given a field L = K(¢/m) with m not a p-power, we have an isomorphism Gal(L/k) ~ G,
compatible with the projection G, - (Z/qZ)* and then a solution to the Galois embedding
problem above is obtained by the natural projection of G, — Gal(L/k).

Now, let ¥ be any proper solution to the problem, and let us denote by L its splitting
field. Let G be the subgroup of G, that contains all the elements of the form (0,b). And let
o € Gy, be such that ¥(o) = (1,1).

Let a be a primitive element of the extension L%/k that moreover is an algebraic integer.
Then L = K(«) because [K : k] =p'(p-1), [LE: k] = q and LE n K = k. Now, define for
1=0,1,...,g— 1 the numbers:

u; = a+ Clo o) + o2 (a) + ... + (0 Dig= @D (@),

Then o(u;) = C*u; and for any 7 € Gy, such that ¥(7) = (0,b) we have W(7r07) = (0,b)(j,1) =
(b7, 1)(0,b) = W(o®7), so 7(u;) = u; . In particular, ug, uf,..., uj ; € Op. If u; # 0 for
some j > 0, then L = K(u;), because LY = k(u;), then m = uf and L = K(¢/m). If
Up = Ug = ... = Ug—q = 0, then ug = up +uy + ... + ug—1 = g € Oy, that is a contradiction with «
being a primitive element of the extension L%/k.

[]

Once we have the data (G, H) and a field L, and using the correspondence between ((1.1)
and we obtain immediately the corresponding cocycle £ € H! (G, Aut (C)). Next step
is getting equations for the twits associated to this cocycle. For this purpose we use the
method explained in section [1.2]
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Remark 1.3.3. Notice that if all the elements in £(Gy) as a matrices in PGLy(K) are of
the form:

A 0 0
0 -~ o0 |, (1.8)
0 0 A

with Y’y size(A;) = g, then the representation pe is reducible and we can take a basis of
QlL(C)fal(L/k) such that an isomorphism ¢ : C' — C s also of the form . In particular,

if £(Gk) is made of diagonal matrices, then we can take a basis of QlL(C')Sal(L/k) such that
¢ 1s a diagonal matriz.

1.4 An example

For illustrating the method we will apply it to the non-hyperelliptic genus 6 curve:
C:a’ — 2t =27 =0,

Firstly, we have to find a canonical model by the usual procedure: finding a basis of
holomorphic differentials. Let us call X =xz/z and Y =y/z. One has:

div(X)=(0:-1:1)+(0:=C3:1)+(0: =¢3:1)=3(0:1:0) = P, + P, + Py — 300,

div(Y) = Q1+ Q2+ Q3+ Qs+ Qs + Qs + Q7 — Too,

where @; = (¢2:0:1). Then, dX is an uniformizer for all points except for the Q;’s, because,
exactly these ones are the ones that have tangent space of the form X — « for some « € k,
(d(X - ) =dX). For these ones we have to work with the expression:

312
dX = —=—=dY
726

So, finally (proposition 4.3, [55]), we get:
div(dX) =2(Q1 + Q2 + Q3+ Qu + Q5 + Qg + Q7) — 4oo.

And, we compute a basis of holomorphic differentials:

XdX XdX dX dX XX X3%dX

Wy =—3 W2= 75, W3= T, W= 75, Ws= —5—, W6 =
Yy Y2’ Y’ Y2’ Y2 o y?

Thus, we get a canonical model given by the equations:

C: wiwyg = wows, Wyws = W§7 Wy = Walds, W:’?Wf;l - Wg + WZ =0.
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The last equation comes of substituting x = ws/w, and y = ws/w, in the original equation.
Using the three first equalities, we can exchange the last one by wi — w2ws + w} = 0. In fact,
by Noether-Enriques-Petri theorem we know that the ideal associated to a canonical curve
is generated by quadrics if the curve is not trigonal neither has genus 6 or by quadrics and
an element of degree 3 in such cases.

The automorphism group Aut(C') is generated by the automorphisms, (see Swinarski
[58]):
(r:y:2)>(r:Gy:2z)and(z:y:2) > (Gr:y:2).
Then, the automorphism group of the canonical model C, is generated by the matrices in

PGLg (Q):

20 0 0 0 0 20 0 0 0 0
0 GG 0 0 0 0 0200 0 0
oo gooo] foogo oo
00 0 ¢ 0 0] 00 0 ¢ 0 0
00 0 0 ¢ 0 00 0 0 ¢ 0
00 0 0 0 G 00 0 0 0 ¢

Let k be a number field, we consider C/k and we want to compute its twists over k. Let
K =k(¢7, ¢3) and assume that [K : k] = 12. Then, we get, using MAGMA [6], the following
possibilities for the pairs (G, H) as in section [1.3}

ID(G) ID(H) | gen(H)
<12,5> <1,1> 1
<36,12> | <3,1> r
<84,7> <7,1> S
<252,26> | <21,2> T, s

=W N =

In the table above the fourth column shows generators of the group H. And in all the cases
G is the group generated by the elements (g, 1) for g in H together with the elements (1,7;)
and (1,72) where 71 is the element in Gal(K/k) that sends (3 to ¢2 and (7 to (7, and 75 is
the one that sends (3 to (3 and (7 to ¢3.

Now, we have to find the proper solutions to the Galois embedding problems associated
to each of these pairs:

Gy (1.9)

}/

l—=H—>G>—Gal(K/k) —=1
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1. The first case is clear: L = K.

2. For the second one notice that L = k((;)M, where M/k is a solution for the Galois
embedding problem in proposition (|1.3.2)) with ¢ = 3. Hence, L = k((3, {7, </m), where
m € Oy is not a 3-power.

3. In this case L = k((3), where M/k is a solution for the Galois embedding problem in
proposition(|1.3.2)) with ¢ = 7. Hence, L = k((3, (7, ¥/n), where n € Oy is not a 7-power.

4. In the last case, L = My M,, where M;/k is a solution for the Galois emebedding problem
in proposition(1.3.2)) with ¢ = 3,7. Hence, L = k((3, (7, ¥/m, ¥/n), where m,n € Oy and

m is not a 3-power and m is not a 7-power.

For each of these fields we have to compute how many different twists are defined over
them. For this purpose we use formula (|1.7)).

1. In the first case Auty(G) =1, then L is the splitting field of only one solution.

2. In the second case Auty(G) = Cy x C5 and Inng(Aut(C) x 1) = C3, so the field L is the
splitting fields for two different solutions.

3. In the third case Auty(G) = Cg x C7 and Inng(Aut(C) » 1) = C7, so the field L is the
splitting fields for six different solutions.

4. In the last case, Auty(G) = Cy x C5 x Cg x C7 and Inng(Aut(C) x 1) = C3 x C%, so the
field L is the splitting fields for twelve different solutions.

We will compute equations for a solution for each splitting field L and then the others
will be easily computed using symmetries. Then we fix the action:

(7’,1) : %7 %" 43%7 \7/57
(s,1): ¥/m, V/n— m, GVn.
1. Clearly this solution gives us the trivial twist.

2. The correspondence between and gives us the cocycle given by &, =1,&,, =1
and (1) = . If we take the basis of Q% (C) given by {(a,b,c,i)} := {/m*(Y(tw; } where
a,belFs, ceF7; and i =1,2,3,4,5,6 we obtain the action of Gal(L/k) on Q1 (C) given
in section
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m1(a,b,c,1) = (a,2b,¢,1), 2(a,b,c,1) = (a,b,3c,1), (r,1)(a,b,c,1) = (a,a+b+2,¢,1)
11(a,b,¢,2) = (a,2b,¢,2), o(a,b,¢,2) =(a,b,3¢,2), (r,1)(a,b,¢,2) = (a,a+b+1,¢,2)
71(a,b,c,3) = (a,2b,¢,3), 2(a,b,¢,3) =(a,b,3¢,3), (r,1)(a,b,¢,3) =(a,a+b+2,¢,3)
11(a,b,c,4) = (a,2b,¢,4), 2(a,b,c,4) =(a,b,3c,4), (r,1)(a,b,c,4) = (a,a+b+1,c,4)
71(a,b,¢,5) = (a,2b,¢,5), 2(a,b,¢,5) =(a,b,3¢,5), (r,1)(a,b,¢,5) = (a,a+b+1,¢,5)
11(a,b,c,6) = (a,2b,¢,6), 2(a,b,c,6) =(a,b,3c,6), (r,1)(a,b,c,6)=(a,a+b+1,c,6)

So, we get a basis of Q1(C’) ~ Q! (C)Gal(L/k) given by:
{i”/ﬁwl, V'm2ws, Ymws, V'm2w,, V'm2ws, WWG}.
And then, we get the equations of the twist:
WiWy = Wal3, Wil = Wa, Wil = Wals, MWs — wiwe +ws = 0.
The equations for the other solution ¥ with splitting field L comes from exchanging

m by m?2.

3. The correspondence between and gives us the cocycle given by &, =1,¢&,, =1
and (1) = s. If we take the basis of Q} (C) given by {(a,b,¢,1)} := {WC:?C?M} where
a,c€F7;, belF3 and i =1,2,3,4,56 we obtain the action of Gal(L/k) on it given in
section

71(a,b,c,1) = (a,2b,¢,1), 2(a,b,c, 1
11 (a,b,c,2) = (a,2b,¢,2), 2(a,b,c,2) =(a,b,3c,2), (s,1)(a,b,c,2) = (a,b,a+c+2,2)
m1(a,b,¢,3) = (a,2b,¢,3), 2(a,b,¢,3) =(a,b,3¢,3), (s,1)(a,b,c,3) = (a,b,a+c+1,3)

( ) =(a,b,3c,1),
( ) ),
( ) )
11(a,b,c,4) = (a,2b,c,4), 2(a,b,c,4) =(a,b,3c,4), (s,1)(a,b,c,4) = (a,b,a+c+1,4)
( ) = ,5),
( ) = ,6),

(57 1)(0/, b) C? 1) = (a/7 b7a+C+ 27 1)

Tl(avbv 0,5) = (G,Zb, 075)7 To\a, ba 675 (37 1)(a7b7 075) = (a,b,a+c+ 375)
71(a,b,c,6) = (a,2b,c,6), To(a,b,c,6 (s,1)(a,b,c,6) = (a,b,a+c+4,6)

So, we get a basis of Q1(C’) ~ Q! (C)Gal(L/k) given by:
(e, L, Vb, Ve, Y, Y},
And then, we get the equations of the twist:
W1Wg = Waly, WiWs = W3, Wil = WoWs, Wi — NWiwg +wj = 0.

The equations for the other solutions ¥’s with splitting field L come from exchanging
n by n?, n3, n*, n®, nb.
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4. In the last case we have the cocycle given by & =1, 1) = r and §(,1) = 5. We take
the basis of Q1 (C) given by {(a,b,c,d,i)} := {f’/m“ WCgC?wi} where a,c €3, b,d € F;
and ¢ =1,2,3,4,5,6, and we consider on Q] (C) the action of Gal(L/k) given in section
(1.2).

So, we get a basis of Q1(C’) ~ QIL(C)Sal(L/k) given by:

< 7 3 7 B 7 3 7 3 7 3 7
{\“/m\/ ndwi, Vm2vndws, v/mvnbws, Vm2vnbw,, Vm2vniws, \/m2\/n3w6} :
And then, we get the equations of the twist:
_ _ .2 _ 3 2 3 _
Wiy = Walg, Wils = Wy, W4alg = Wals, MWy — NWsWe + Wy = 0.

The equations for the other solutions W’s with splitting field L come from exchanging
m and n by m, m? and n, n?, n3, n*, nb, nS.

We can summarize these results as follows: the twists of the curve C/k are in 1 to 1
correspondence with the curves

Wiy = Walz, Wyls = w%, Wyag = Walvs, mwg - nwgwﬁ + wff =0.

where m € Oy, is free of 3-powers and n € Oy, is free of 7-powers. Or equivanlently, we can
consider the plane models:

ne’ —mylzt - 27 =0.

Actually, these twists could be computed by hand from the beginning, but we did not know
if they were the only ones and if they were equivalent or not.



Chapter 2

Non-hyperelliptic genus 3 curves

In this chapter 2 we prepair the goal of chapter 3, which is to compute the twists of the non-
hyperelliptic genus 3 curves defined over a number field k. If the automorphism group of a
curve is trivial, then the set of twists is also trivial. Moreover, notice that if Cy € Twist,(C1),
then Twisty(C}) = Twistg(Cy). So, it is enough to compute Twist,(C') for C' a representative
for each class of non-hyperelliptic genus 3 curves defined over k up to k-isomorphism. Henn’s
classification, see [31], [59], provides a classification of non-hyperelliptic genus 3 curves over
C with non-trivial automorphisms up to C-isomorphism. There are 12 possibilities for the
automorphism group of a non-hyperelliptic genus 3 curve with non-trivial automorphism
group. Henn classification shows 12 different families that parametrize all such possibilities.

Unfortunately, the stratifications provided by these families of the coarse moduli space
of genus 3 curves, Mgy, is not good enough to represent each geometric point of the mod-
uli space over a non algebrically closed field. In other words, the problem is that given a
non-hypereliptic genus 3 curve defined over a number field k, its representative in Henn’s
classification is not necesarly defined also over k. The aim of this chapter is modify the fami-
lies in Henn’s classification for getting this property, that we will call complete. Concurrently
to the writing of this thesis, R. Lercier, C. Ritzenthaler, F. Rovetta and J. Sijsling have also
obtained families with this property [38]. They use a more systematic approach, and they
introduce the notion of representative family. We also take the notion of “complete” from
this reference because is just what we need for the computation of the twists, but in fact,
except for the case in which the automorphism group is isomorphic to the cyclic group of
order two, what we obtain, as well as them, is representative families for the stratification.

In the last section of this chapter we will explain how to compute, given a non-hyperelliptic

genus 3 curve, a representative in the modified Henn classification. And in the next chapter
we will compute the twists of each of these representatives.

21
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Since the image of the canonical morphism of a non-hyperelliptic genus 3 curve is a degree
2g-2 = 4 curve into P2, it is a plane quartic curve. And, if the non-hyperelliptic genus 3 curve
is defined over k, then we can take a k—isomorphic plane quartic curve defined over k as its
canonical model by proposition . So, from now on, we will speak about non-singular
plane quartic curves instead of smooth non-hyperelliptic genus 3 curves.

2.1 Henn classification

In 1976 Henn gives the next classification up to C— isomorphism of the non-singular plane
quartic curves:

Case Model Aut (C) PM
I zt+ 22F (y,2) + G (y,2) Cy F (y,z) #0,not below
IT | 2%+ y*+ 2%+ ax?y? + by?2? + c2%a? Vi a++b#c#xa
111 PBy+x(r-vy)(z-ay) (x-0by) Cs not below
IAY 3z +y3z + 2%y? + axyz? + b2t Ss a+bandab+0
\Y% zt+ oyt + 24 + ax?y? + bayz? D, b+0, i%
VI 2By + 2t + ax?y? + yt Cs a+0
VII ot 4yt + 24 + axy? GAP(16,13) | +a+0,2,6,2v/-3
VI | 2%+ y* + 24 + a (22y? + y222 + 2222) Sy a#0, J*Tﬁ
IX zt+xyd +y23 Coy -
X zt+yt+ 23 GAP (48,33) -
XI ot + oyt + 2t GAP (96,64) -
XII By +ydz+ 230 PSL, (F7) -

Where PM means parameter restrictions and “not below” means not C-isomorphic to
any model below.

In table of the Apendix 3, generators of each of these automorphism groups are
given. Now, we show an example of a plane quartic curve defined over Q such that its
reprensentative in Henn’s classification is not defined over Q: the quartic curve 5z + y* +
2% + 2292 = 0 that belongs to the case VII has as representative the curve with parameter
a=1/ V/5. Moreover, notice that the representative does not have to be unique, in the former
case we can take also a = —1/\/5.

For getting the modified classification we need to introduce the Weil’s restriction principle
[62] and the Dixmier-Onho invariants.
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Theorem 2.1.1. (Weil’s restriction principle) Let C|F be a curve defined over a number
field F' which is an extension F[k, then the curve C|F admits a model C" defined over k
if and only if for all o € Gal(F/k), where F is the Galois clousure of F|k, there ezists
an isomorphism ¢, : °C — C defined over F and such that for all T € Gal(F/k) one has

¢O’T = Cba U¢T'

The idea of the proof, that will be useful in the following, is that if there is an isomorphism
¢: C" - C, then we can define ¢, = ¢°¢1 for all o € Gal(F'/k) and the relation ¢,, = ¢y 70,
is satisfied for all o,7 € Gal(F/k). Conversely, if we assume that C' and C" are canonical
curves, given a familly of isomorphisms ¢, such that the relation ¢, = ¢, 7 ¢, holds, Hilbert’s
90th Problem states that is possible to find an isomorphism ¢ : C" - C such that ¢, = ¢7¢1
for all o € Gal(F/k).

Dixmier-Ohno invariants

For elliptic curves the j— invariants allow us to determine when given two elliptic curves
they are isomorphic. For genus two curves the Igusa invariants play this role. And for non-
hyperelliptic genus three curves we have the absolute Dixmier-Ohno invariants. In [25] there
is a survey about the topic.

Theorem 2.1.2. (Dizmier-Ohno) Two plane quartic curves are isomorphic if and only if
they have the same absolute Dixmier-Ohno invariants.

Remark 2.1.3. If a plane quartic curve is defined over a number field k, then its absolute
wnwvariants of Dizmier-Ohno are also defined over k. But, the converse is not true.

Girard, Kohel and Ritzenthaler have implemented an algorithm in SAGE for computing
the absolute Dixmier-Ohno invariants of a plane quartic curve, even if such curve is given
by parameters, [20].

2.2 Modified Henn classification

Since cases I1X, X, XI, XII are already defined over Q, we have just to study the cases from
[ to VIIL. Let F' be a number field, and let C'/F' be a plane quartic curve given by its Henn
model and such that it belongs to the cases I, III, IV, V, VI or VII. Then its automorphisms
group is given by projective matrices (after a suitable permutation of the variables):

0
0
1

o ox x

o ¥ X
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Assume that C/F is isomorphic to another curve C’ defined over a subextension k ¢ F.
Then, by Weil restriction Principle, for all o € G5 there exists an isomorphism ¢, :
that we can see as a projective matrix. Then we have that ¢ ! Aut(C)¢, = Aut(?C). So, in
particular (check the eigenvalues or the elements in the center of Aut(C')):

CHAPTER 2.

NON-HYPERELLIPTIC GENUS 3 CURVES

¢;1A¢U:Ba
where:
Case A B
-1 0 0 -1 0 O
I 0 -1 0 0 -1 0
0 0 1 0 0 1
GG 0 0 GG 0 0
111 0 ¢ 0 0 ¢ 0
0 0 1 0O 0 1
¢ 0 0 G 0 0\
v 0 ¢ 0 0 ¢3 0| wherea=1,2
0 0 1 0 0 1
-1 0 0 -1 0 O
AV 0 -1 0 0 -1 0
0 0 1 0 0 1
-1 0 0 -1 0 0
VI 0 1 0 0 1 0
0 0 ¢ 0 0 ¢
i 0 0 i 0 0\
VII 0 i 0 0 i 0 where a=1,3
0 0 1 0 0 1
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A case by case computation shows that:

¢U:

o X ¥
o % o
=)

And, in the case VI, moreover we deduce that ¢, has to be a diagonal matrix.

Case 1

Here, C': 24+ F(z,y)z? + G(z,y) =0 is defined over F' and we assume that there is a model
C" of C defined over a subextension F'/k. Since we know that for all o € Gy:

QSU:

o ox x
—_ o O

o ¥ X

we can take the ¢ in the idea of the proof of the Weil’s restriction principle also in the form,

see remark ([1.3.3)):

%

X

0
¢ = 0
1

o
[ I "

And then, C" : 2* + F'(x,y)2% + G'(z,y)
classification was alredy complete.

0, so the family for this strata in the Henn

Case II

After a suitable change of coordinates we can work with the model C': art + byt +czt + 2%y? +
y?2% + 2222 = 0. Let o0 € Gal(F/k) be such that the conjugation by ¢, on Aut(C') leaves a
non trivial automorphism fixed. Then we can assume that:

¢U:

o= Q
S o™

0
01]:°9C-C.
1

Then, it is easy to check that “c=c and a=a and b=0b or “a=0 and b =a. If ¢, only
leaves fixed the trivial automorphism, then it is easy to check again that we can assume:

¢J:

2 O O
o o QR
o™ O
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And then o? = 1/82 =42 = 1/a?. So, °a =¢, °b =a and °c = b. Hence, in any case a,b,c
are the roots of a degree 3 polynomial with coefficients in k. And then we can consider the
model:

C': (r+ay+a’2)* + (x + by + b*2)* + (z + cy + 22) + (v + ay + a?2)*(z + by + b%2)*+

+Hz+by+0%2)2(z+cy+c2)? + (v +cy+c22) (w+ay +a’2)* =0 (2.1)

given by the isomorphism:

1 a a?
o= 1 b v |:C"=>C.
1 ¢ 2

Case 111

We have C': 23y + z(x —y)(z —a)(x - b) =0, and we can take the ¢ in the idea of the proof
of the Weil’s restriction principle of the form:

o o™

0
0
1

-
Il
o= Q

And then we get the equation z3(vyx + dy) + Q(x,y) = 0 where Q(z,y) is an homogenous
degree 4 polynomial in z and y. Since that equation is defined over k, then /v € k. Hence,
we can do the change of variables 2’ = x and y’ = vz + dy and then we get the k-rational
model C": 23y + P(x,y) = 0.

Case IV

We start with the variation of the Henn’s model C': 2% + azyz? + b(2® + y3)z + 22y? = 0. In
this case again:

* * 0
o= * » O
0 01
Then, we can take:
a B 0
o=l ~v 6 O
0 0 1

And then, if we get an equation of C’ from the equation of C' and the isomorphism ¢, we

conclude:

(az + By)*(yx + 0y)? = 2°y>.
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So, after maybe permuting the variables x and y we can assume = =0 and then ¢ = 1/«
and “a = +a. If we look at the coefficient of degree 1 in z of the equation of C"’, we conclude
a? =14, where € =0,1,2 or 3. And then ?b =i‘b. Hence, there exist k-rational numbers m, g

such that b= ¢/m and a = ¢g/m. After dividing z by ¥/m we obtain the rational model:
C": 2 m+ qry2® + (2 + )z + 2%y* = 0.

So the family for this strata in the Henn classification was alredy complete.

Case V

In that case C': x* + y* + 2* + ax?y? + bryz2. Let

gba:

o= Q
O o ™
—_ o O

Then, x* + y* + 24 + az?y? + “bryz? = (ax + fy)* + (yz + dy)* + 24 + alax + By)?(yz +
0y)? + b(ax + By)(yx + dy)z2. If we look at the coefficient of zyz? in the left hand side:
bryz? = b(ax + Py)(yr + dy)22, and then, after maybe permuting the variables =,y we can
assume [ =y =0. So, a* = * =1 and then %a = +a and °b = b, where € = 0,1,2 or 3.
Hence, there exist k-rational numbers m,q such that: b = ¢/m and a = ¢g/m. We find the
k-rational model: C": 1/ma* + y* + z* + qx2y? + zy2% = 0 and the isomorphism:

vm3 0 0
0 m 0 |:C"=C.
0 0 m

¢

Case VI

We have the plane quartic C': 23y + 24 + az?y? + y* = 0, and since the automorphism group
in this case is made up of diagonal matrices, we can take

a 0 0
o= 0 1 0
0 0 p

Then a* =1 and “a = +a. So, there exists a k-rational number m such that a = \/m. And
after dividing = by ¥/m we obtain the k-rational model:

C": 2y +1/ma* +2%y* +y* = 0.

Actually, in that case, it was also easy to get this condition just looking at the Dixmier-Ohno
invariants of this model, see table (5.3)).
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Caso VII
In this case we have C': z* + y* + 2* + ax?y?. Let again
a B 0
¢0' =1 7 6 0
0 0 1

be an isomorphism ¢, : °C' - C. Then,

at+9t+aa’yt =1
40 B + 4736 + a(20%y3 + 2a87%) = 0
6025% + 6926 a(a?0? + 3242 + 4apy0) = %a
4o +478° + a(28%76 + 2a86%) = 0

B+ 6" +ap?% =1
If we subtract $6 times the second equation to a7y times the fourth one, we get vd =
+aff. If we plug this condition into the second equation we get af = 0 or a? = +72. The
second condition gives to us k—-rational values of a, while the first one gives “a = +a. Then,
C: x*+yt+ 24+ ma?y? = 0 for some m € k. And we find the k-rational model: C” :
2 m+y* + 24 + 22y? = 0 via the isomorphism:

1//m
0

0

00
¢ = 10 |:C"=>C.
0 1

Case VIII

In this case the previous arguments do not work. We will use here the Dixmier-Ohno
invariants that are computed in table (5.4). If C': % + y* + 24 + a(2?y? + y?22 + 2222) = 0 is
isomorphic to curve defined over k then its Dixmier-Ohno invariants are also defined over k.
We will prove that in this case, necersarly we have a € k. We have the following relations:

I +3)(a+18
L (@r3)(ar1s)

Lo a?-9a-6 ’

/. 118 115 _ 5a2 +12a + 36
. 112 127 B (CZ + 3)2

q ek.
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If a € k we are done, then lets us assume that a ¢ £ and then it is in a quadratic extension
of k. Hence, the two equations above should be one a multiple of the other, both give the
minimal polynomial of a over k. We get ¢ = % or —%, and then 4 possible values of a. If we
plug these values in the other invariants we do not get k-rational numbers. Then a € k and
the family for this strata in the Henn classification is alredy complete.

We summarize all the previous results in next table. In table (5.2), generators of each of
these automorphism groups are given.

Case Model Aut (C) PM
I zt+22F (y,2) + G (y, 2) Coy F(y,z) #0, not below
11 see Vi a+rbtcta
111 28y + P(z,y) Cs not below
IAY 23z +y3z + 2%y? + axyz? + b2t Ss a+bandab+0
\Y ar* + y* + 24 + br2y? + vy D, b#0,a+4b*(20+1)?
VI 2y + ax* + 22y? + 4 Cs -
VII axt + y* + 24 + 22y? GAP (16,13) | xa #1/4,1/36, 1/ -12
VIIT | 2t + y* + 2% + a (22y? + y222 + 2222) Sy a+0, %__7
IX ot +xyd +yz3 Cy -
X o+ yt + 2 GAP (48,33) -
XI xt+yt+ 24 GAP (96,64) -
XII By +ydz+ 23 PSL, (F7) -

Table 2.2: Modified Henn classification

2.3 A representative in the modified Henn classifica-
tion

Let C/k be a plane quartic curve. Assume that the automorphism group Aut(C') is non-
trivial and known, and given by proyective matrices. We will show how to find a Henn
model C'y of C', that is a representative of this curve in the Henn classification, and an
isomorphism from C' to it. Then the modified Henn model is easily computed from the
discussion in last section. We will deal with each case separately, but the idea is the same
one in all of them. Let ¢ : C' = Cy be an isomorphism from the curve C' to its Henn model,



30 CHAPTER 2. NON-HYPERELLIPTIC GENUS 3 CURVES

then Aut(Cp) = ¢ Aut(C)p~t. So, the idea will be find a projective matrix ¢ such that the
last equality holds.

Case 1

In that case there is only one non-trivial automorphism a € Aut(C'). The automorphism «
is similar to the matrix:

-1 0 0
0 10
0 01

Find the eigenvector v; of the projective matrix a corresponding to the eigenvalue that is
different from the other two and two eigenvectors v, and v3 corresponding to these two equal
eigenvalues, then

o™t = (v1 | \vg + Aavs | Azva + \w3).

Get the equation of Cy via this ¢ and the equation of C' and adjust the scalars Aj, Ao, A3
and A, for getting C'y defined over k.

Case II

Each of the 3 non-trivial automorphisms in Aut(C') diagonalize simultaneously into:

100 1 0 0 10 0
o tof],lo-1o0],{o1 0
0 0 1 0 0 1 00 -1

Let v; for i = 1, 2, 3 the eigenvector corresponding to the eigenvalue —1 for each automorphism.
Then

QD_l = (Ul | )\11}2 | )\21)3).

Now, get the equation of C'y via this ¢ and the equation of C'; and adjust the scalars A; and
Ao for getting C'y defined over k.

Example 2.3.1. Let be
C: 32t +1022%y? + 5a?2? — 2zy2? + 3yt + 5y?22 + 21 = 0,

the automorphism group Aut(C') is generated by the matrices:

0

0

10 010
01 1100
00 -1 00 1
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For the first one we obtain the eigenvector with eigenvalue —1: (0 : 0 : 1), the other two
eigenvalues are equal to 1. For the second one we obtain (1:-1:0) with eigenvalue equal to
—1, the other two eigenvalues are equal to 1. The other non-trivial automorphism is

0
0
-1

O = O
S O =

and we find (1:1:0) with eigenvalue equal to 1, the other two eigenvalues are equal to —1.
Then the isomorphism o=t : Cy — C is given by:

Al A O
QO_l = —)\1 /\2 O
0 0 1

We subtitute in the equation of C' for getting an equation of Cpy:
Ch+ 16X\12% + 16\5y" + 2% + 16A2\32%9° + 8M\2y?22 + 12032222 = 0.

Then A} = *Tl = A2, and hence, a = 1,b =2 and ¢ = 3 (in case II of Henn classification

multiplying a parameter by —1 gives us the same quartic curve up to isomorphism). Finally,

Cr: ot +yt+ 24+ 2%% + 20222 + 32222 = 0.

Case 111

In that case we proceed as in the case I but considering the automorphism:
0
0
&3

o O =
O = O

Cases from IV to VII and from IX to XII

Find a matrix in Aut(C') such that is similar to M (see the table above). Next, find the
eigenvectors corresponding to the different eigenvalues: vy, vy, v3. Then

QO_l = (Ul | )\11)2 | )\2’03).

Finally, get the equation of C via this ¢! and the equation of C' and adjust the scalars \;
and A, for getting C'y defined over k.
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Case VIII
We proceed as in the case II with the subgroup of Aut(C') generated by the matrices:

10 0 -1 0 0
o1 0], ]o 10
00 -1 0 0 1

Finally, given a plane quartic curve C'//F' such that Aut(C') is known, we can find its Henn
model Cy/k with k € F' the minimal field over which a curve isomorphic to C'is defined. And
we will be able of computing its twists looking at the results that we obtain in chapter 3,
that is, the computation of the twists of the quartic curves in the modified Henn classification.

In general is not easy at all to compute the automorphism group of a curve. This is
why we assume that it is known. However, in the case of plane quartic curves, we can
compute the automorphism group studying the Weiertrass points. Any automorphism of a
plane quartic curve permutes the Weiertrass points. Once we have computed the Weiertrass
points, that is the inflection points, we have to check which matrices that permute them are
or not automorphisms of the curve. See [46] for an example of this idea for computing the
automorphism of the Klein quartic.
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Chapter 3

Twists of non-hyperelliptic genus 3
curves

In this chapter we compute the twists of each representative in the families of the modified
Henn classification over a number field k. There are some cases in which all the machinery
developed in chapter 1 is not needed. Firstly, we will deal with the case of the twists of
the Fermat quartic, a difficult case for which we need all the tools in chapter 1. Then, we
will compute the twists of cases from I to X. For the cases II, V, VII and VIII we will use
the knowledge about the twists of the Fermat quartic. The other cases will be done just
inspeccioning the form of the equations using remark and we will use remark
for checking when they are equivalent. Finally, case XII, the case of the Klein quartic, the
more difficult one, will be done using again the machinery in chapter 1. This case becomes
so hard because the Galois embedding problems that appear are difficult to solve.

3.1 The Fermat quartic

We consider the Fermat quartic Cg : 2% + y* + 24 = 0 defined over a number field k. The
automorphism group Aut (Cr) is isomorphic to < 96,64 > in GAP notation [24], and as
subgroup of PGLj3 (k) it is generated by the matrices:

0 01 0 -1 0 1 00
s={1 00}, ¢t=f 1 0 O}, uw=]l010
010 0 0 1 0 01
Let us firstly suppose that ¢ ¢ k, then K =k (i), Gal (K/k) ~ Z/2Z and T' = Aut (Cp) x
Gal (K/k) ~< 192,956 >. Then, it is easily checked with MAGMA [6], see the code in
table in the appendix, that the possible pairs (G, H) in are the ones given in
the tables below. We have divided these pairs into three types: diagonal, almost diagonal

35
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and non-diagonal. The diagonal type corresponds to the cases in which all the elements in
G < Aut(Cr) x Gal(K/k) have a diagonal matrix as first component. The second type will
be called almost-diagonal and it corresponds to the cases where G is a 2-group not included
in the diagonal cases of the former type. Finally, the third type will cover the pairs (G, H)
of the remaining cases.

In the tables below the fourth and fifth columns serve to reconstruct G and H. The
fourth column contains a list of generators of H, and the fifth column contains a single
matrix h. The meaning is that G is the group which elements are (g,1) for g in H together
with the elements (gh,7) for g in H and 7 the non-trivial automorphism in Gal(K/k). As
an easy way to remember, we can write the non-sense expression G = H x1+ Hhx 1.

’ Type I: Diagonal twists ‘

ID(G) | ID(H) [ gen(H) [ &
1 <2,1> <1l,1> 1 1
2| <2,1> | <1,1> 1 tButu
3| <4,2> | <2,1> 12 1
4 | <4,2> | <2,1> 12 u
51 <4,2> | <2,1> 12 tButu
6 <85> <4,2> 2, u? 1
71 <85> | <4,2> 2, u? u
8 | <83> | <4,1> t3utu 1
9 | <83> | <4,1> t3utu u
10| <8,3> | <4,1> | Butdd 1
11| <8,3> | <4,1> | utu? u
12 | <16,11> | <8,2> | t3utu,u? 1
13 ] <16,11> | <8,2> | t3utu,u? u
14 1 <32,34> | <16,2> | u,t3ut 1

Type II: Almost-diagonal twists

ID(G) ID(H) gen(H) h
1 <2,1> <1,1> 1 u’t
2 <4,2> <2,1> 12 u?t
3 <4,1> <2,1> 12 t
4 <4,2> <2,1> u’t 1
5 <4,2> <2,1> u’t tButu
6 <8,4> <4,1> t3utu t
7 <8,1> <4,1> t3utu? tu
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8 <8,3> <4,2> 2, u? u’t
9 <8,2> <4,1> t 1
10| <85> <4,2> u?t, t? 1
11 <8,2> <4,1> tButu? ut
12 <8,3> <4,1> tButu u’t
13| <85> <4,2> u?t, t2 tButu
14| <8,3> <4,1> t tButu?
15| <8,2> <4,1> t tButu
16 | <8,3> <4,2> u’t, t? u?
17| <8,3> <4,2> u’t, t? tButu’
18| <8,3> <4,1> t u?
19 | <16,6 > <8,2> t3utu, u? ut
20 | <16,13> | <8,2> tButu, u? u?t
21 | <16,8> <8,1> u?tu u
22 | <16,7> <8,3> | tButu?, ut u
23 | <16,8> <8,4> t3utu3, t u
24 | <16,11> | <8,3> t,u? 1
% | <16,13> | <8,4> | fPutdd i 1
% | <16,13> | <8,2> t utu 1
27 | <16,11> | <8,2> t, utu u?
28 | <16,11> | <8.3> t utu
29 | <16,7> <8, 1> tu?tut tutu?
30| <16,11> | <8,3> | t3utud,u’t 1
31| <32,43> | <16,6> | tu’tut,u? u
32| <32,11> | <16,2> u, t3ut u’t
33| <32,43> | <16,13 > | t3utu,u?,t u
34| <32,7> | <16,6> | tultut,u? 1
35| <32,49> | <16,13> | wtu,u?t 1
36 | <64,134> | <32,11> tu 1

37



38 CHAPTER 3. TWISTS OF NON-HYPERELLIPTIC GENUS 3 CURVES

’ Type III: Non-diagonal twists ‘

ID(G) ID(H) | gen(H) | h
<6,1> <3,1> s u’t
<6,2> <3,1> S 1

<12,4> <6,1> s, ut 1
<24,12> | <12,3> s, u? u’t
<24,13> | <12,3> s, u? 1
<48,48> | <24,12> | s/t 1
<96,64> | <48,3> | s,u,t3ut | ut
<96,72 > <48,3> | s,u,t3ut | 1
< 192,956 > | < 96,64 > s, t,u 1

OO0 | O T = W[ DN —

Galois embedding problems

Proposition 3.1.1 (Diagonal twists). The embedding problems corresponding to the fourteen
pairs (G, H) of diagonal type have a solution. The corresponding splitting fields are L =
k(i, a, Vb)), where a, be k*. The different cases are:

’ Type I: Diagonal twists ‘
ID(G) | ID(H) a, bmod k**

1] <2,1> | <1,1> a=b=1

2 <2,1> | <1,1> a=b=-4

3| <4,2> | <2,1> a=0bek*?

4 | <4,2> | <2,1> a =—4b € k*?
51 <4,2> | <2,1> a=0be-4k*?
6 | <85> | <4,2> a, b, ab € k*?
7| <85> | <4,2> | —4a, b, —4ab € k*?
8 | <83> | <4,1> a=0b¢k*?

9| <83> | <4,1> a=—4b ¢ k*?

10| <8,3> | <4,1> a =03 ¢ k*?

11] <83> | <4,1> | a=-4b3¢k*2
12 <16,11> | <8,2> | a¢k? abd®ek*?
13 1<16,11> | <8,2> |a¢k? —4ab? € k*?
14 [<32,34> | <16,2> | a,b, abd ¢ k*

Proof. Let us consider any of these pairs and assume first that there is a proper solution W
to the Galois embedding problem . As it was observed in section , the existence of
U implies the existence of a one-cocycle £ such that {(o) = ¢-7¢~! for o € Gal(L/k), where
L is the splitting field of the twist of C' attached to ¢. From the assumption that {(o) are
diagonal matrices for all o € Gal(L/k), it follows that the {-twisted action on Q3 (Cp) is
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diagonal and, hence, the corresponding twist of C'z admits a canonical embedding into the
projective space P? whose image is a plane quartic given by az* + by* + 2% = 0, see remark
. Then we conclude the existence of solutions taking L = k(i, ¥/a, v/b) and analyzing
case by case the proper solutions that give rise to the different fourteen cases. O

Remark 3.1.2. Two of these twists, ax* +by*+2* =0 and a’x* + V'y* + 2* = 0 are equivalent
if and only if there exists m € k such that the sets {a,b,1} and {ma’,mb',m} are congruent
modulo k*4.

Proposition 3.1.3 (Almost-diagonal twists). The following table gives the obstruction to
the thirty siz cases in which (G, H) is of type II. Whenever it is solvable, the corresponding
splitting field is L = k(i,~/m, v/a + by/m, \/a - by/m), where a, b, m € k*. The different cases

are.

Type II: Almost diagonal twists

ID(G) ID(H) | mmodk*2 | ny | ng Obstruction
1 <2,1> <1,1> -1 1|1
2 <4,2> <2,1> -1 2 |1 a+bi=(c+di)?, ?+b*=n?
3 <4,1> <2,1> -1 2 |1 a+bi=(c+di)? 2 +b?=-n?
4 <4,2> <2,1> #0,-1 1|1 a+by/m = (c+dy/m)*
5 <4,2> <2,1> #0,-1 1|1 a+by/m =-4(c+dy/m)*
6 | <84> <4,1> -1 411 a=0,v2¢k
7 <8, 1> <4,1> -1 4 | 1 a?+ b? = —4n?
8 <83> | <4,2> -1 2 [ 2 a+bi=(c+di)?
9 <82> <4,1> +0,-1 2 | 1| a+by/m=(c+dy/m)? c*—d*m=mn?
10| <85> <4,2> +0,-1 2 11 a+by/m = (c+dym)? 2 —d*m =n?
11 <8,2> <4,1> -1 4 |1 a?+b% =nt
2] <83> | <4,1> 1 41 b=0
13| <85> <4,2> #0,-1 2 |1 a+by/m=—-(c+dym)? c2—d?>m=n?
4] <8,3> <4,1> #0,-1 2 | 1 [a+by/m=~-(c+dym)? c?—-d?*m=-mn?
15| <8,2> <4,1> +0,-1 2 | 1| a+by/m=-(c+dym)? c*—d*m=mn?
16| <83> <4,2> #0,-1 2 |1 a+by/m=(c+dym)? - d?>m=-n?
17| <8,3> <4,2> #0,-1 2 | 1| a+by/m=-(c+dy/m)? c?—d*m=-n?
18| <8,3> <4,1> £0,-1 2 | 1| a+by/m=(c+dy/m)? c*-d*m=-mn?
19 | <16,6 > <8,2> -1 4 | 2 a? +b% = —n?
20| <16,13> | <8,2> 1 12 A% + 0% = n?
21| <16,8> | <8, 1> +0,-1 411 a=0andm=2orv2¢ek
22 | <16,7> <8,3> #0,-1 4|1 a’?—b*m = -4nt
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23 | <16,8> <8,4> +0,-1 a? - b*>m = —-4m?2n*

24| <16,11> | <8,3> £0,-1

a+by/m = (c+dy/m)?

25| <16,13> | <8,4> +0,-1 a? - b*>m = m?n?

26 | <16,13> | <8,2> +0,-1 a?-b*m=10%1=-2¢*(a-1)

27 | <16,11> | <8,2> +0,-1 a?-b?m=12,1=2¢*(a-1)

28 | <16,11> | <8,3> £0,-1 a+by/m=—(c+dy/m)?

29| <16,7> | <8 1> +0,-1 a=0andm=-2or2ek

30 | <16,11> | <8,3> £0,-1 a?-b*m=n?

31| <32,43> | <16,6 > +0,-1 a? - b*>m = -mn?

32 <32,11> | <16,2> -1

2

33 <32,43> | <16,13>| #0,-1 aZ—bm = -n

a? - b>m = mn?

34| <32,7> <16,6 > #0,-1

a? - b%>m = n?

35 | <32,49> | <16,13 > #0,-1

N SN SN TSN TSN SN N SN D TSN NS NS I NG TSN
AN]SR N~ RN~

36 | <64,134> | <32,11> | #0,-1

here m,n € k*[k*? and the degrees ny = [M : k(i,\/m)] and ny = [L : M] are given in terms

of the intermediate field M = k(i,~/m,~/a +b\/m).

Proof. Let us consider any of these pairs (G, H) and assume first that there is a solution ¥
associated to it. Again, the existence of U implies the existence of a one-cocycle £ such that
£(o) =¢-7¢! for o € Gal(L/k), where L is the splitting field of the twist of Cr attached to
¢. The type IT assumption implies that, up to conjugation in Aut(CF), the first components
of the elements of G are of the form

0
§(0) = 0
1

o ¥ %

o ¥ ¥

for all o € Gal(L/k), and taking into account the &-action on Q} (Cp) it also implies that we

can take
a af 0

o=~y v O
0 0 1

where «, 3, 9, v € L and ay # 0. Hence, the corresponding twist C7. of C» admits a canonical
embedding into the projective space P? whose image is a plane quartic given by

ot (x+By)t + 4 (x +0y)t + 2 = 0.
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Since (7, is defined over k, this imposes several conditions on «, 3, ¢, 7. For instance, 8 and
d should be conjugate over an extension k(y/m) for certain m € k*. Also a* and v* should
be conjugate over the same extension. By remark we can (and do) take §=-0 =\/m
and a = \/a+by/m, 7 = \/a—-by/m with a, b € k. Now, a case-by-case analysis yields the
tables above matching the different subcases with the different pairs (G, H). O

Remark 3.1.4. Two of these twists are equivalents if and only if their splitting fields have
the same quadratic subextension k(\/m)/k and the columns of the matriz associated to one
isomorphism ¢ : C, — Cp are k-rational linear combination of the columns of the matriz
associated to the other isomorphism ¢': C. — Cp, see remark (1.3.1). That is, if there exist

c,d € k such that
(a+by/m) = (c+dym)*(a +b'/m).

Proposition 3.1.5 (Non-diagonal twists). The embedding problems corresponding to the
nine pairs (G, H) of type III have a solution. The corresponding splitting fields are L =
k(i, ¥/a, Y, t/c), where a, b, ¢ are the three roots of a degree three irreducible polynomial
with coefficients in k with Yabc € k. The different cases are:

|

Type III: Non-diagonal twists

ID(G) ID(H) | & mod k*? | n
1 <6,1> <3,1> -1 1
2 <6,2> <3,1> 1 1
3 <12,4> <6,1> ++1 1
41 <24,12> <12,3> -1 2
51 <24,13> <12,3> 1 2
6| <48,48> | <24,12> ++1 2
7] <96,64 > <48,3 > -1 4
8| <96,72> <48,3 > 1 4
91 <192,956 > | <96,64 > ++1 4

Here, A denotes the absolute discriminant of the extension k(a,b,c)/k.

Proof. The solutions associated to the first three pairs are well-known, see for example [23].
For the sixth pair, since Gal(L/K) is isomorphic to Sy and Gal(L/k) is isomorphic to SyxZs,
we conclude that L = k(i) where kf is the splitting field of an irreducible monic degree 4
polynomial f(x) = z*+asz?+a1x+ag € k [x], such that the splitting field of its cubic resolvent
g(x) = 23 + 2a92% + (a2 - 4ag)x — a2 has Galois group isomorphic to S3. Let ro, r1, ro and r3
be the four roots of f, and let us define

1
Sy = §(T0—T1+7‘2—r3)
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1

82=§(7’0+T1—T2—T3)

1
8325(7"0—7"1—7“2-’1-7“3).

Then the roots of g(x) = 0 are s?, s2 and sZ and g(2?) = (22 - s?)(2? - s3)(a? - §2) is
also irreducible over k and L = k(s1,$2,53). Letting a = s, b = s2 and ¢ = s3 we get
L = k(\/a,~/b,\/c) and\/abc € k. Similar arguments yield the solutions for the pairs 4 and 5.

For the ninth pair one considers the Galois extension M over k given by the normal
subgroup (ux1,t3utx1,1x7). It has Galois group isomorphic to S3 and its quadratic
subextension is different from k(7). Consider now the Galois extension M; over M given
by the subgroup (u x 1). Then Gal(M;/M(i)) ~ Z4 and Gal(M;/M) ~ D4. Hence, applying
lemma , My = M (i, /) with o € M. Since M /k(«) is a normal extension we conclude
Gal(k(a)/k) ~ Zs3. Idem with M, given by the subgroup (t3ut x 1), we get My = M (i, ¥/[3)
with 8 € M and Gal(k(B)/k) ~ Zs. Also k(«) # k(). Since the subgroups that give M; and
M, have intersection equal to the identity, we have L = M Ms. Finally, since L/k is a normal
extension and there is no other normal extension over k(3) having Galois group isomorphic
to Dy x Zs, we can take [ to be a conjugate of a. Let v be the third conjugated. If we
inspect the action of Gal(L/k) on /a7y we obtain /a7y € k, and then the result follows.

The pairs 7 and 8 follow using the same arguments. O

Remark 3.1.6. In the first siz cases two of these twists are equivalents if and only if they
have the same splitting field. In the cases seventh and ninth, the same field L provides two
different twists, because in that case, see formula .'

Auty (G) [Inng (Aut (Cp) x {1}) = 2.

And in the eighth one each field L provides four different twists.

Plane quartic equations

Once we know the cocycles and the splitting fields of the twists we can compute equations
for them. Fix a basis (wy,ws,ws) of Q} (Cr) and we proceed as in section using the
isomorphism (|1.4]):

QL(Ch) = (L (Cp))g .

Theorem 3.1.7 (Diagonal twists). A diagonal twist with parameters a,b € k and splitting
field L = k(i, ¥/a,~/b), is defined by the equation:

azt + byt + 24 = 0.
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Theorem 3.1.8 (Almost diagonal twists). An almost diagonal twist with parameters a,b,m
and splitting field L = k(i, V/a + by/m, v/a — b\/m,\/m), is defined by the equation:

2az* + 8bmady + 12max?y? + Sbmxy® + 2am?y* + 21 = 0.

Theorem 3.1.9 (Non-diagonal twists). A non-diagonal twist with parameters a,b,c,n and
splitting field L = k(i, %/a, /b, 3/¢), is defined by the equation:

4\(4-7 )
Z ()( k])52(n—1)+k+2z$jykzl=0
jrk+l=4
1k, 1>0

ifn=1orn=2, where S; =a’ + b7 +cJ. If n =4 this splitting field produces more than one
twist, that are given by the equation:

N[(4-7 .
Z ()( kj)51+k+2lx]ykzlzou
jrk+l=4 "
k120

where for the seventh and minth cases we have also the twist coming from replacing a,b,c
with a®,b3,¢3 and for the eighth also the ones coming from replacing a,b,c with a/b,b/c,cla
and a‘3/b3, b3/, c3[ad.

Proof. For n =1 we can take the isomorphism ¢:C}. — Cp:

a?

1 a
o= 1 b v [,
1 c?

and we get the equation in the statement of the theorem. For n =2 we take:
Va a/a a*/a

o= Vb b Vb
Ve oo e
And for n =4 we consider the isomorphism:
Va aifa a*y/a
o= Vb bVb B2V |,
Ve e e

and the ones coming from replacing a, b, ¢ with the numbers in the statement of the theorem.
The equivalence of twists is a consequence of remark (3.1.6)). O
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Remark 3.1.10. If i belongs to the number field k we define kg = knR, then [k: ko] = 2
and i ¢ ko. We obtain for k the pairs (H, H) where (G, H) is pair for ky. And any proper
solution to the Galois embedding problem for the pair (H,H) is given by VU |g, where
U is a proper solution for the Galois embedding problem associated to a pair (G, H) of

ko. Then we obtain once again the statements of theorems , and .

We can summarize all these results in next theorem.

Theorem 3.1.11. The set of k-isomorphism classes of non-hyperelliptic genus 3 curves
with automorphism group isomorphic to (96, 64) is parametrized by the set Polj(k)/ ~ where
Poli(k) is the set of degree 3 separable polynomials with coefficients in k and whose inde-
pendent coefficient belongs to —1-k**, and where the equivalence is given by: P(T) ~ P'(T)
if and only if they have the same splitting field M and

{a,b,c} ={d’,b', '} mod M**

where a,b,c are the roots of P(T) and a',b',c" the roots of P'(T). A representative plane
quartic corresponding to P(T) =T3 — AT? + BT - C* is given by:

4\ (4 -1 o
Z ()( . 1)51+j+2kxzyjzk =0
1+j+k=4 YA

i,J,k>0

where S =a/ + b + ¢/,

Proof. The only non-hyperelliptic genus 3 curve up to C—isomorphism with automorphism
group isomorphic to (96,64) is the Fermat quartic, see section . Then we only have to
parametrize its twists. Then, it is clear that given such a polynomial P(T") € Polj(k) with
roots a, b, c we can attach to it the twist given by the isomorphism:

Ya ada a*Va
o= Vo Vb Vb
e e 2e

that gives the equation in the stament of the theorem.

Now, let us prove that any of the twists of the Fermat quartic can be written in such a
way. For the non-diagonal twists is clear. For the diagonal twists given by an isomorphism
of the form:

a0

0
0 Vb 0
0 0 1

¢
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we can suppose that 1 # a # b # 1 after right multiplication by a suitable rational matrix and
then we can take the equivalent twist given by the isomorphism:

Yqa qad/qa q*a?/qa

o= Vgb qb¥/gb Pb*V/qb
Vi a¥a @Yq

where ¢ = ab. For an almost-diagonal twist:

Ve mife 0
p=| Ve —/mve 0
0 0 1

where ¢ = a + by/m and ¢ = a — by/m, we can assume b # 0 after rigth multiplication, if
necessary, by the rational matrix:

1 m 0O

1 1 0

0 0 1
and then we can take the equivalent twist:

Vac qefqe > yqe
¢=| V4¢ qc/qc ¢*e*/qc
Vi ava @Y
where ¢ = a? — b®>m, that has the form in the statement of the theorem.

Finally, the equivalence of the different twists is a consequence of remarks (3.1.2)), (3.1.4)
and (3.16). o

Remark 3.1.12. In [7] it is showed that every form of a Fermat equation has to have this
shape, even if it is not given the explicit form of the field of definition L.

3.2 Cases from I to X

Case 1

In this case we have I' ~ Gal(L/k) ~ Cs, then all the non-trivial twists are quadratics ones
and there is only one twist for each quadratic extension of k. So, for each free square m € k,
we have the twist:

m2at + ma®F(y,z) + G(y, z) = 0.
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Case 11

Let us consider a curve in the modified Henn classification for the case I defined over a
number field k:

Capc: Alx+ Ay + A%22)* + B(x + By + B22)* + C(x + Cy + C22)*+

(z+Ay+A?2)?(o+By+B%2)*+(2+By+B*2)*(2+Cy+C?2)*+ (2 +Cy+C?2)*(x+ Ay+ A?2)? = 0,

where A, B,C' are the three roots of a degree 3 polynomial with coefficients in k. There is a
natural inclusion of the automorphism group of Cy g ¢ into the automorphism group of the
twist C'. of the Fermat curve given by the isomorphism

1 A A2
p=|1 B B? |:CL—-CkF.
1 C C?

Then, we have a natural inclusion of Z'(Gy, Aut(Capc)) in Z'(Gg, Aut(C%)). We know all
the twists of the curve C7.: they are given by the isomorphisms ¢~to¢, where ¢: C' - Cp is a
twist of the Fermat quartic from section [3.1] Then, we have just to check what of this twists
are also twists of C4 g . Moreover, notice that the matrix ¢! defines also an isomorphism
ot Cy - Cype where Cg : Azt + Byt + Ozt + 22y + y222 + 2222 = 0. So we have just
to check what twists of the Fermat quartic define also twists defined over £ for the quartic
curve Cg.

Diagonal twists. Let us assume that

0
01
1

-
Il
o o R
o ™ O

gives a twists of C4 g defined over k. Then m = a?,n = ? e k and A,B,C € k. And we
obtain the twists:

Am?zt + Bn?y* + C2* + mna®y? + ny?22 + mz22? = 0
where m, n € k are square-free.

Almost-diagonal twists. In this case we have

va+by/m /myJa+b
o=\ Va-by/m —/mva-b
0

a_
0

5B
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And we obtain the conditions(up to permutation of A, B,C): C € k and A, B € k(y/m) are
conjugate numbers, and a + by/m = (¢ + dy/m)?.

Non-diagonal twists. In this case we have

Ya a¥a a®i/a

Vb bV 02/b

Ye e AYc

And we get the conditions n = 1,2 and Gal(k(A, B,C)/k) ~ Cs or Ss, and a € k(A), be k(B)
and ce k(C).

¢

The equivalence for these twists is the same one that for the twists of the Fermat quartic.

Case II1

In this case I' = Aut(C') x Gal(K/k) ~ C5 or S3 depending on &3 € k or not. In both cases,
applying Kummer theory or lemma (1.3.2)), we get L = K(3/m) for some m € k. Then all the
twists of a quartic curve C': z3y + P(x,y) = 0 in case III are in one to one correspondence
with elements m € k*/k*3 and are given by the equations:

C":mziy+ P(x,y)=0

Case IV
Since the automorphism group in this case is made from matrices of the form
* * 0
= * 0],
0 01
we can take
a af 0
o=~ 0 0OF.
0 0 1

Then, ay(x?+ (8 +0)xy + Boy?) € k[z,y], and so ay € k and 35, § + ¢ € k. Hence there are
two cases: or 3,0 € k or 5 and ¢ are conjugate over a quadratic extension of k. In the first
case and up to k—isomorphism, we can assume

<
Il
O O W
S+ O
_ o O
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And in the second case:

a ay/m 0
=17 —1/m Of.
0 0 1
Hence, the twists are given by the equations:

3,,2,,3

nadz + ¢@n’yPz + ¢*n’ay?

22y? + agnayz® + bzt = 0,
where we get s3 =n ek and st = gm € k. And
201 (232 + 3may®2) + 20om(322yz + my3z) + (2 - my?)* + aq(2* - my?) 22 + bz* = 0,

where o = ay + ag\y/m, 7 = a — agy/m with ap,as,m € k and satisfying the condition

2 2_ .3
oy —maj = q°, where g € k.

Case V

The automorphism group of the curve Cy g : Ax* +y* + 24 + Bx2y? + xyz? = 0 is contained in
a natural way in the one of the Fermat twist C}, : Azt +y* + 2% = 0. We know all the twists
of C:
1/5/A 0 0
0 1 0 |og
0 0 1

where ¢ is a twist of the Fermat curve described in the section And Z'(Gy, Aut(Ca5))
is a subset of Z'(Gy, Aut(C4,)). So we have just to check what twists of C’, can be also seen
as twists of Cy p. Clearly, any of the non-diagonal twists can be.

Diagonal twists. The diagonal twists are:
amaxt + ¢*'m3y* + 2 + *m*Ba?y? + gmayz? = 0,

where m and ¢ are free of fourth powers in k.

Almost-diagonal twists. The almost-diagonal twists are given by taking:

Yarogm Jmifarogm 0

¢=| Va-by/m —-/my/a-by/m 0
0 0 1

Where there exists a k-rational number ¢ such that a® — b?m = g*A. Two of these twists are
equivalent if and only if their splitting fields have the same quadratic subextension k(y/m)/k

and if
a+by/m = (c+dyvm)*(a’ +b'\/m),

for some ¢, d € k.



3.2. CASES FROMI1TO X 49

Case VI

Since in this case the automorphism group is made of diagonal matrices, we know that all
the twists are given by matrices, see remark ((1.3.3)):

S = O

0
0
b

ASS
I
o O

Then C': 0?23y + Aa*z? + a?22y? + y* = 0. Hence a2, b® € k. So, a =+/m and b = ¥/n for some
m, n € k. Then, C": nz3y + Am2z* + ma?y? + y* = 0. If we take m square-free and n free of
third powers, then two different twists are not equivalent, see remark ({1.3.1)).

Case VII
2

The automorphism group of the curve Cy : Ax* +y* + 2% + 22y? = 0 is contained in a natural
way in the one of the Fermat twist C,: Azt + y* + 24 = 0. We know all the twists of C}.:

1/5/A 0 0
0 10 |oo
0 01

where ¢ is a twist of the Fermat curve described in the section . And Z' (G, Aut(Cyp)) is
a subset of Z'(Gy, Aut(C%)). So we have just to check which twists of C?, can also be seen
as twists of C'y. Clearly, any of the non-diagonal twists can be.

Diagonal twists. The diagonal twists are:
amx* + @my* + 2* + gma®y? = 0,

where m is free of fourth powers and ¢ is free square in k.

Almost-diagonal twists. The almost-diagonal twists are given by taking:

va+by/m /my/a+b/m 0
o= Va-by/m —m/a-by/m 0
0 1

0

Where there exists a k-rational number ¢ such that a® —b?m = g2A. Two of these twists are

equivalent if and only if they have the same quadratic subextension k(y/m)/k and if

a+by/m = (c+dyvm)*(a’ +b'\/m),

for some ¢, d € k.
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Caso VIII

The Henn model for this case is Cy @ x* + y* + 2* + A(2?y? + y222 + 2222) = 0. And since for
A = 0 we recover the Fermat quartic Cp, we can see in a natural way the automorphism
group of C'y into the automorphism group of C'r. Then, as in case II, we get a natural
inclusion of Z'(Gy, Aut(Cy)) into Z'(Gy, Aut(Cr)). In that way we see each twist of Oy as
a twists of the Fermat quartic. We will just have to check which twists of the Fermat quartic
give also twists of C'4 defined over k.

Diagonal twists. The diagonal twists are:
a’zt + b2yt + 2t + A(abx®y? + by?2? + az’2?) = 0

where a, b € k are square-free. And two of these twists are equivalente if and only if, there
exists m € k such that the sets {a,b,1)} and {ma’,mb’,m)} are congruent modulo k**.

Almost-diagonal twists. The almost-diagonal twists are given by isomorphisms ¢ : C' - C'

defined by:
va+by/m /my/a+by/m 0

o= a-by/m —/m\Ja-bym 0
0 0 1

Two of these twists are equivalent if and only if their splitting fields have the same quadratic
subextension k(y/m)/k and if

a+bym = (c+dym)*(a +b'\/m),

for some c,d € k.

Non-diagonal twists. The non-diagonal twists are the ones for the Fermat quartic with
n=1,2.

Case IX

In that case, since the automorphism group is made of diagonal matrices, given a twist
¢: C" - (', we can assume that ¢ is given by a diagonal matrix:

a 0 0
=10 10
0 0 b

Then C’: a*z* + axy? + b3yz3 = 0. Hence a3, b3/a € k. So, a = 3/m and b = \/q3/m for some
m, q € k. Then, C": mz* + xy> + quz® = 0. If we take m and ¢ free of third powers, then two
different twists are not equivalent.
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Case X

In this case we have only one curve C': z* + y* + 223 = 0. And looking at its automorphism
group we conclude that the twists are given by isomorphisms of the form:

a 0 ab

o= 0 1 0

c 0 cd

And then we get:

at+ac=A+B=q €k
4Ab+ B(b+3d) =qa € k
6Ab% + B(3d* +3bd) = q3 € k
4AD® + B(d® +3bd*) = qu e k
Ab* + Bbd® = g5 € k

We can assume ¢; # 0 and then g3 = 0. Hence B = ¢; — A. Then from the second equation we

get A = —qggl;tzc)l) (notice that b # d) and then B = 34(1&3)‘ Substituting in the other equations
we get:
b(2d +b) = -
2q:
3
b(b? + 4bd + d?) = 28
4q
b(2d + b)? = ~ 205
0
. . 9 B
So, in particular, g5 = -12¢1¢5, and d = —* and:
0

b + g3b* — qub - = 0.

12(]1

So, given q1, q3, q4 € k we have the twist:

2
. L a )
12¢;

C': quat + g3 2 +

And two such twist are equivalent if and only if ¢/ = ¢*¢; for some g € k for i =1,3,4 as can

be checked using remark (1.3.1)).

3.3 The Klein quartic

In this section we will compute the twists of the Klein quartic:

Cr: 23y+y’z+ 232 =0,



52 CHAPTER 3. TWISTS OF NON-HYPERELLIPTIC GENUS 3 CURVES
defined over a number field k. Let us consider the twist:
C:at+yt+ 24 +6(ay® + y22 + 223) - 3(2%y? + 2% + 2%2%) + 3ayz(z +y + 2) = 0,

given by the isomorphism:

1 1+Ca (2+(C5 e 1 200 + 3
do=| 1+Ca 2+ 1 ol 20+3 -« 1 : O - Ck.
2+ 1 1+ Ca 1 20+3 -«

Here o = _1+T\/__7 and ¢ = ¢;. We have Twist,(Ck) = Twistg(C'), and C has the advantage

that its automorphism group Aut(C') is defined over k(+/-7) instead of over k((;7). So, we
will compute Twist,(C'). We will use the method described in chapter[l] The group Aut(C)
is generated by the projective matrices:

L2« -1 01 0 (-3 6 2
g=——=| o« -1 1-a |,h=1 0 0 1 |,s==-|] -6 2 -3
V=T 1 1-a -1-a 100 2 -3 -6

Let us first assume that /-7 ¢ k, and let K = k(+/=7). Then, the possibilities for the pairs

(G, H) are:

ID(G) ID(H) gen(H) h
1 <2,1> <1,1> 1 1
2 <4,2> <2,1> S 1
3 <6,1> <3, 1> h S
4 <6,2> <3, 1> h 1
) <14,1> <7,1> g 1
6 <8, 1> <4,1> 9%5g3sg> g°sg
7 <8,3> <4,1> 9?5992 1
8 <12,4> <6,1> h, s 1
9 <42,1> <21,1> g, h 1
10| <16,7> <8,3> | 9°sg3s9?, g’sg® 1
11 | < 336,208 > | < 168,42 > s, g, h 1

Where the meaning is that G is the group which elements are (g, 1) for g in H together
with the elements (gh, ) for g in H and 7 the non-trivial automorphism in Gal(K/k). As
an easy way to remember, we can write the non-sense expression G =H x1+ Hh x 7.
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The case ID(G) =<2,1 >

In that case L = K = k(\/-7) and there only a single twist, the trivial twist.

The case ID(G) =<4,2 >

In that case L = K(y/m) = k(\/-7,/m), where m ¢ k? or -7k2. So, for each quadratic
extension L/K we obtain a single twist with equation:

4921 —m%y +31m2 21+ 210matyz - 12m?y3 2 - 66m2y 2> — 63ma’y? + 51m?y? 2% - 126ma?2% = 0,
and given by the isomorphism:

2> Jm 0
o= -3 o m
| —2/m 3ym

The case ID(G) =<6,1>

In that case L = k(a,b,c), where a,b,c are the three roots of degree 3 polynomial with
coefficents in k£ and such that its splitting field over k£ has Galois group isomorphic to S3 and
whose discriminant is —7¢? for some g € k. Two twists are equivalent if and only if they have
the same splitting field by formula . They are given by the isomorphism:

V-7 =3a+2b+c ab-3bc+2ca
o= V-7 a-3b+2c 2ab+bc-3ca
V-7 2a+b-3c -3ab+2bc+ca

The equation is the one for the case ID(G) =< 12,4 > with A = -7.

The case ID(G) =<6,2>

In that case L = K(a,b,c), where a,b,c are the three roots of degree 3 polynomial with
coefficients in k£ and such that its splitting field has Galois group isomorphic to C3. Two
twists are equivalent if and only if they have the same splitting field by formula (1.7). They
are given by the isomorphism:

1 -3a+2b+c ab-3bc+2ca
o= 1 a-3b+2c 2ab+bc-3ca
1 2a+b-3¢c -3ab+2bc+ca

The equation is the one for the case ID(G) =< 12,4 > with A = 1. In this case, we recover
the the Klein quartic taking a = +¢% b=+ (% and ¢=({*+ (3.
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The case ID(G) =< 14,1 >

Let us consider the field L = L(¢;). Then [Z? :L] =3 and L = k(&r, /@) where a € k()

by Kummer theory and since Gal(L/k) ~< 42,4 > then o ¢ K. We will prove that we can
assume o € k(¢ +¢8). Let 7 € Gal(L/k) of order 6, then J/a+73(J/a) is only fixed by 73 but
(Va+73(/a))7 is also fixed by any of the order seven elements (let us call o one of them),
so if we call 8 = (J/a +3(3/@))7, we have L = k(¢r, ¥/B) and 8 € k(¢ + ¢8). And L is the
only normal subextension of index 3. Let us call 8; = 8 and S5 and 3 its two conjugates in

L. Then ¥/B1 5255 € k. And then it is easy to check that the action of 7 and o is given by:

o(3/B1) = 3/Br, o(Ba) = 2/ Bay o (Y Bs) = C/ B
T(/B1) = 3/ Bay 7(/B2) = 3/ Bay T(/B3) = /B

Then we obtain the twist with equation:

\/7 5?52(1’ + Sy + 5123)3(515 + Boy + 532) + \/7 5353(33 + Boy + 5222)3(35 + B3y + 5332)

/B3 01 (x + By + B32)*(x + Pry + Bi2) = 0.
And the isomorphism is given by:
VB BB BB
¢y o :C' = C.

VBa Bo/Ba B3P
VB Bs/Bs B3Y/PBs

For each such field L we find to different twists, the one showed before and the one coming
from replacing 31, 5> and (s with 89, 88 and f8.

The case ID(G) =<8,1>

Let ¢ : C" — C be a twists corresponding to a solution ¥ associated to the pair (G, H) =
(<8,1>,<4,1>), and let L be the field of definition of the twist, that is the splitting field
of the solution W.

Lemma 3.3.1. In the above conditions, we have k(i,/2) = k and L = k(3/-742) for some
vek.

Proof. Let us consider ko = k(i,v/2) and Ly = L(i,/2). Then, by Kummer theory L, =
ko(3/=7~?) for some v € ko. Let us first assume that [Lg: L] = 4, then Gal(Lo/k) ~ Cs x V}
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and it is generated by:

1 — ? b: 1 — - c: i — )
\/§ — \/§ \/§ — \/§ \/5 — /2
- — GV V=T V-1 — T
where 1, 72,73 are the other conjugates of v in kg and a® = b = ¢? and they commute. Since
they commute and have the order especified before we can assume:

a: -1y —  -TE b: -Tvs — -1y o -1y — -y

2 _, 8 _77%

Notice that &/=7~71 is fixed by the action of a and b, then —7y7; = s for some s € k(v/2).
Moreover, v, = ¢847 for some q € kg, then —7¢%® = s* and /-7 € kg, which is a contradiction.
Assume now that [Lg: L] = 2. Then Gal(Lo/k) ~ Cs x Cy, and it is generated by:

a: —_—> 1 b: 1 —> 61’i €1 €9 A

2 — V2 V2 — 62\/5 1 -1 5
/-T2 — (/-T2 V-T2 — TR -1 1T

T — QY R
Cases (€1,€2) = (=1,1),(=1,-1) follow as case [Lg: L] = 4. For case (e1,€e2) = (1,-1) we get

v = ¢®y°, so % = s* for some s € kg, but a: oy =5 T TS which is a contradiction. So,

finally, Lo = L and ko = k = k(4,V/2). O

o

Then, we find the isomorphism ¢ : C" — C given by:

/ — 772 0 0 10 0 /2 1/2 0
b= 0 \/—_7\4/—7;2 V-2 0 1 0 —if2 /2 0 |3t
0 0 1 00 1+2\/%+\/—_7 0 0 1

where
e 1 200+ 3

o= 20+3 -« 1 ,
1 20+3 -«

will be also useful later. We get the equation:

24 8yxyz?
6020202 + -0
64(1 +2/2)2 Ty 8(1+2V/2)

Given such a splitting field L we find two different twists, the one showed before and the
one comming by replacing v by 73, see formula ([1.7)).

C': —Tyzt + 3yt +
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The case ID(G) =< 8,3 >

In this case L = k(v/=7,v/a + by/m) where a®> - mb? = —=Tmq? with a,b,m, q € k and m square-
free. We call S = \/a+by/m and A = \/_V \/% Then we have the twist given by the
3 (BA-1)S Vm(5A+1)S
o=| -1 (34-3)S m(34+3)S
-2 6AS 6/mAS

isomorphism:

And we have the equation:
~492*-252az%y* +504bma’y 2~ 252ama® 2%+ (124a*+980¢*m~448qbm ) y* + (896 ¢—496b) amyy® 2+

+24m(22a® + 9b*°m)y? 2% — 16m(31m + 56qa)yz> + Tm3q(47q + 64b)2* = 0

Given such a field L we find two different twists, the one showed before and the one coming
from replacing a with 2a, b with ¢, m with —7m and 2¢ with and ¢ with %b.

The case ID(G) =< 12,4 >

In that case L = k(a,b,c), where a,b,c are the three roots of degree 3 polynomial with
coefficents in k and such that its splitting field over k has Galois group isomorphic to S3
and whose discriminant A is not of the form -7¢? with g € k. Two twists are equivalent
if and only if they have the same splitting field by formula . They are given by the
isomorphism:

VA -3a+2b+c¢ ab-3bc+2ca
o= VA a-3b+2c 2ab+bc-3ca
VA 2a+b-3c¢  -3ab+2bc + ca

And have the equation:
3A221+21(A%-3B)Az*y*+21(9C-AB)Az*yz+21(B*-3AC) Ax? 22~ 147 AxyP + 14T AAzy* 2~

~147BAxyz* + 147C Axz3 + 49(-A* + 6 A> B - 9B?)y* + 98(A?B - 9A%C - 3AB? + 27BC)y 2+
+147(2A*B - A’B? + 2B? - 27C?)y?2* + 98(-3A*BC + AB? + 27TAC? - 9B*C)yz*+
+49(-94%C?* + 6AB*C - Bz =0

where A=a+b+c¢, B=ab+bc+ca and C = abc.
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The case ID(G) =<42,1 >

If (7 € L, then we apply proposition (|1 and L = k((7, {/m) for some m € k. And given the
field L there are two different twists: m:r;3y+y z+23x =0 and m3x3y+y3z+23x = 0. Otherwise,

let us consider the field L = L(&7). Then [Z L] 3. There is a normal subextension of order
3 over k mot contained in k(&7), let us call such subextension Fy. Then F' = Fy(Cr) is a
subextenion of index 7 of L. Then by Kummer theory we have L = k((7, ¢/B) with § € F.
And again, as in the case < 14,1 > we can assume [ € Fy. And L/k is the only normal
subextension of degree 42 of L/ k. Let us call 51 = 8 and Oy and f its two conjugates in L.
Then /515205 € k. And then it is easy to check that Gal(L/k) is generated by the elements
o, T and v with:

0(Gr) = G o(/B1) = G/ Br, (Y Ba) = /By a(/Bs) = (2 Bs.

7(G) = G T(Y/B1) = /B2y 7(/B2) =/ Ba, T(V/s) =/ Br.
v(G) = G v(Y/B1) = VB v(/B2) = VB v(3/Bs) = Y Bs.

Finally, we obtain the twist with equation:

\/7 55’52(1’ + Sy + 5122)3(3C + Bay + 532) + \7/ 5353@ + Boy + ﬁ%z)g(ﬁ + B3y + 53?2)

+/B381(z + Bsy + B32)*(z + Bry + Biz) = 0.

And the isomorphism is given by:

VBi BB BB
¢t o| VB BBy B3YBa | C' > C
VBs Bs/Bs B3V/Bs

Given such a field L we find two different twists, the one showed above and the one
coming from replacing Sy, 52 and (s with 89, 8§ and 5.

The case ID(G) =< 16,7 >

Let ¢: C" — C be a twist corresponding to the pair (G, H) = (< 16,7 >,<8,3>), and let L
be the field of definition of the twist. Then, by lemma |-D we have: L = k(y/m,/-77?)

where v € k(y/m) and k(i,/2) € k(y/m). We will check that, in fact, k = k(\v/2), k(i) =
k(y/m) and v € k, then for the splitting field L we will get 4 dlfferent twists, the two ones
given in case ID(G ) =< 8,1 > and the two ones coming from replacing v with 4. The difference
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between case ID(G) =< 8,1 > and this one is just that in the first one 7 € k£ and in the second
one not.
The group Gal(L/k) is generated by:

— vm b: Vym — —/m €1 €

a: A
— 1 1 — €17 1 1 7
V2 V2 — a2 1 -1 3
/-T2 -T2 — Y7 -1 11

5

YT 1 -1

Where we get the conditions on A looking at the relations a® = b*> = 1 and ab = ba”. Now,
we can discard cases (e1,€2) = (1,1),(1,-1),(=1,-1) proceeding as in the proof of lemma
3.3.1L Then /2 €k, ¢k, and L = k(i3/-772) for some 7 € k(i). But since A = 1, we can
take v € k.

8

!

8

DRSS
l

[l ]

The case ID(G) =< 336,208 >

We have not been able to compute the solutions to the Galois embedding problem corre-
sponding to this pair (G, H). We are waiting for a efficient implementation of the algorithm
in Appendix for computing the twists.

Now, let us suppose that /-7 € k, then we obtain in this case the following possibilities
for the pairs (G, H) where G = H because here Gal(K /k) is trivial:

The first nine cases appeared also when /-7 ¢ k. We have just two new cases: 10 and

ID(G) gen(Q@)
1 <1,1> 1
2 <2,1> s
3 <3, 1> h
4 <7,1> g
5 <4,1> g%sg3sg>
6 <6,1> h, s
7 <21,1> g, h
8 <8,3> | ¢*sg3sg?, g*>sg®
9 | <168,42 > s, g, h
10| <12,3> h, sg?sg®
11| <24,12> s, h, g>sg®




3.3. THE KLEIN QUARTIC 29

11. For computing the twists in that case we will use the twist:
Cg,: 2 +y* + 2% + 3a(2®y? + 22 + 2%2%) = 0,

where again a = %’_7 and given by the isomorphism:

1 1+Ca 2+
pr=| 1+Ca ¢2+(° 1 : Cg, > Ck.
2+ (6 1 1+ Ca

The form of this twist in the corresponding to the case VIII in Henn classification. We have
computed the twists for this model in section . And we obtain L = k(v/a,/b,\/c) where
a,b,c are the three roots of a degree 3 polynomial with coefficients in k and such that its
splitting field has Galois group over k isomorphic to C5 or S5 respectively. Two such twists
are equivalent if and only if the have the same splitting field L and are given by the equation:

C": d*(z+ay+a?2) + b3 (x+ by +0%2) + A (z +cy + 22)* + 3a(ab(x +ay +az)(z + by + b%2)*+

+he(z + by + b22)%(x + ey + 22)? + ca(x + cy + 22)*(x + ay + a*2)?) = 0.
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Chapter 4

The Sato-Tate conjecture for the
twists of the Fermat and Klein
quartics

In (proposition 16, [34]) the Generalize Sato-Tate conjecture is proven for abelian
varieties A/k that are isogenous to a product of abelian varieties with complex multiplication
over a finite extension of k. We will show that this is the case for the twists of the Fermat and
the Klein quartics. We also compute the Sato-Tate groups and the Sato-Tate distributions.
Finally, we give example curves for each of the distributions obtained. We follow the ideas
in [2], [18], [22] and [35] for computing the Sato-Tate groups and the Sato-Tate distributions
of the twists computed in chapter [3] In fact, for the distributions, what we compute is the
sequence of moments of the distributions, that by proposition 1 in [35] completly determines
them. Finally, we use the results in chapter |3| for giving example curves of each of the dis-
tributions.

All these results are part of a forthcoming paper in collaboration with F. Fité and A.V.
Sutherland, [2I]. In this paper is also showed how to compute the Sato-Tate distributions
studying a Galois representation attached to each twist, without having to use the knowledge
of the Sato-Tate groups. Moreover, graphics of the distributions are showed using a powerful
algorithm for counting the number of points over finite fields of non-hyperelliptic curves due
to A.V. Sutherland, [57].

We denote by C; : z* + y* + 24 = 0 the Fermat quartic and by
Crta +yt + 24+ 6(ay® + y2® + 22°) - 3(2%y? + 2% + 2%2%) + 3ayz(z +y +2) = 0
the twist of the Klein quartic that we used in chapter [3| We consider the elliptic curves

Ei:y?=23+x, Er:y?=42+212% + 28z,
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with complex multiplication by M; = Q(7) and M7 = Q(\/-7), respectively.

Proposition 4.0.2. One has that the jacobian variety J(Cy) is Q—isogenous to Eyx Eqx Ey
ford=1and 7.

See [40] for a proof of the case of d =1 and [12] for d = 7.

4.1 The Sato-Tate conjecture

We prove that we have the hypothesis in next proposition, and we apply it for proving the
Generalize Sato-Tate conjecture for the twists of the Fermat and the Klein quartics.

Proposition 4.1.1. (Johansson, [3]|]) Let A be an abelian variety defined over a number
field k, and such that becomes isogenous to a product of abelian varieties with complex mul-
tiplication over a finite extension of k. Then the Generalize Sato-Tate conjecture holds for

Alk.

Corollary 4.1.2. The generalized Sato-Tate conjecture holds for the twists of the Fermat
and Klein quartic.

Proof. Since by proposition (4.0.2), we have J(Cy) ~¢ E3 and E, has complex multiplication
by My, for any twist we have
J(C3) =1 J(Ca) ~q By,

where L is the field of definition of the twist. Then J(C) ~, E? with L a finite extension of
k and we can apply proposition (4.1.1]). ]

4.2 The Sato-Tate groups

By theorem (6.10) in [2] the Algebraic Sato-Tate conjecture holds for the twists of the Fermat
and the Klein quartics. That is, there exists an algebraic group AST(C") € Spg over Q such
that

ASTH(Cila, = Gy (Ch),

where Glly’bw is defined as in . Moreover, theorem (6.10) in [2] sais that AST,(C)) is
equal to L(J(C)) the Lefschetz group of the jacobian variety of C';. The Lefschetz group of
an abelian variety is defined to be:

L(A) =LA, =U {7 €Spy, i 7 'y =" aVaeEnd(A)® Q} :

where the union is over the 7 € Gal(L/k). Given a twist C’ of the Fermat or of the Klein
quartics, we have associated to it a pair (G, H) as in section [L.3|if k ¢ K4 := kM, and (H, H)
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if k= K4. For the Fermat quartic we have 59 different pairs up to conjugacity and for the
Klein quartic 22 pairs. In the case in which k ¢ K, we have the equality G = Hu Hh-(1,7)
where 7 in the non-trivial element in Gal(K;/k).

Let us first consider the monomorphism:

v Aut(Cy) = End(QM(Cy)) ~2 End(QN(E2)) = End(T;(E4)?) = GSpgs(Q),

0 0 I 0 -Ir O -Ib 0 0
L(Sl) = (IQ 0 0) 5 L(tl) = (12 0 0 ) s L(ul) = ( 0 —JQ 0 )

given by

0 I, O 0 0 -I 0 0 -

and

0 I, 0 1 =3I, -6I, 2I, 1 21, -4Ky 3 - K> -1 - 2K,
/,(87) =10 0 12 s L(t7) == —6[2 2]2 —3]2 N L(u7) = ? 3[2 - KQ —IQ - 2K2 —2]2 + 3K2

—IQ—2K2 —2]2+3K2 —4IQ—K2

I, 0 O 2, =3Iy -6y

Where we define the matrices:

10 0 -1 0 -2
o U RN ) ER S (i

The embedding ¢ is the natural one given by the canonical model that we have choosen
for the Fermat and the Klein quartic. The isomorphism ¢s is the one given by identifing the
basis associated to the canonical model to {(wg,0,0), (0,wg,0), (0,0,wq)} where wy is the
invariant differential of the elliptic curve E,;. Finally, ¢3 is the natural isomorphism when we
see one of the vector spaces as the dual of the other.

Remark 4.2.1. Notice that the matrices 1(sq), t(tq), t(uq) are symplectic with respect to
(J2)3. And in fact, they are contained in USp(6).

Lemma 4.2.2. The above monomorphism extends to a monomorphism
v: = Aut(Cy) x Gal(Ky/k) = USp(6)

mn a trivial way if Kq=Fk, and by defining

% (z —Zz) in case C' = (4,
(o =fo N s
(0 ) in case C' = Cf,

-1

if k¢ K4, and where we use the notation Bs = Id3 ® B for a matrix B.

) |
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Theorem 4.2.3. Let ¢ : C), - Cq be a twist of Cy with pair (G, H). Then, the Sato-Tate
group of C, is then given by

ST, (C) :{( cos(2mr) Sin(2ﬂ'7”)) refo, 1]} (H)

—sin(27r) cos(27r)

i case Cq=CY, and by

ST, (CY) = {(COS(QT% S‘in_\/g;ri:j)(%rr) cos(27i)sin;7;2(27rr))3 €0, 1]} 1(H)

in case Cy=Cx.

Proof. We consider the case k ¢ K, which is the most complex one. By [2], we have that
STi(Ey) is a maximal compact subgroup of AST(E,;) ® C, where AST(E,) = L(Ey4,1) U
L(Eq4,7), where for o € Gal(Ky4/k) one has

L(Eg,0):={v€Spy |7 ay="a for all a« € End(FE,;) ® Q}. (4.1)

This induces a decomposition STy (FEy) = ST(E4, 1) UST(E4, 7) that can be explicitly deter-
mined. For the case Cy = C4, we have

L(El, 1)(@) = {A € MQ(C)|AtJ2A = JQ, A_lJQA = J27 det(A) = ]_}

:{(_Cb l;) le,beC, 02+b2:1}.

Then, a maximal compact subgroup of L(E,1)(C) is

ST(F.1) = {( cos(2mr) sin(27r7‘)) reo, 1]} .

—sin(27r) cos(27r)
Analogously,

L(El,T)(C) = {A € MZ(C)‘AtJQA = JQ, AiljzA = —JQ, det(A) = 1}

:{(Z.C Zb) le,beC, 02+b2:1}.
b —ic

Then, a maximal compact subgroup of L(E;,7)(C) is

ST(E,,7) =ST(Ey,1) - % (z _Z:) .
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Notice that given the twit ¢ : C!, > Cy we have ¢, : J(C)) - J(Cy) and then L(J(C)),T) =
¢ P L(J(Cq),7)"¢.. That is conjugated by ¢, to L(J(Cy),7) d.07' = L(J(Cy),7)e(&1).
Then, we have

AST(C)) = ASTR(E?) - o(H).

from which follows

ST(CY) = (ST(R)s (1)
10 1 (i 4
sron((5 V) v 55 (0 5) )
(ST(E 1)y -1(Cal(L 1))
(ST(El,l))gL(H)

For the case Cy = C7, we have

L(E7, 1)(@) = {A € MQ(C)|AtJ2A = JQ, AilKQA = KQ, det(A) = 1}

:{(C_;(j’ C‘ibb) le,beC, 02+7b2:1}.

Thus, a maximal compact subgroup of L(E7,1)(C) is

cos(27r) — = sin(277) 4 sin(27r)

_ v N

ST(Er,1) {( —% sin(27r) cos(27r) + % sin(27r) el
Analogously,

ST(E7,T) = {A € MQ((C)|AtJ2A = JQ, AilKQA = —[2 - KQ, det(A) = 1}

= {(ZZ_CC_;_S, ib4jb@'c) le,beC, &+ 7b* = 1} .

2+2

Thus, a maximal compact subgroup of L(E7,7)(C) is
ST(E;,7) = ST(Es, 1) - (é :Z) .
Hence, again
ST(Cy) = (ST(Er))s - L(H)
- (ST(E,. 1)), ((é ?)3 ¥ (é )) (Gal(L/K,)

(ST(E7,1))3-1(Gal(L/k))
(ST(E7,1))3-1(H).
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Remark 4.2.4. The Sato-Tate group only depends on the pair (G,H) associated to the
twists, and not on the field of definition. Hence, the Sato-Sate distributions depends also
only on the pair (G, H).

4.3 The Sato-Tate distributions

Since we know that the Generalized Sato-Tate conjecture holds for the twists of the Fermat
and Klein quartics and we have computed the Sato-Tate groups we can compute the sequence
of moments of the Sato-Tate distributions computing the sequence of moments of the distri-
bution of the characteristic polynomials of the Sato-Tate groups, because both coincide by
corollary . In [21] is also directly computed the Sato-Tate distribution of these twists
via the study of the representation afforded by the Gg-module Hom(Eg, Jac(Cy)).

The moments of a closed subgroup G € USp(6) are defined by
MulGl= [ ailg)dn(s),
geG

where a;(g) is the ith coefficient of the characteristic polynomial of g and du denotes the
Haar measure of G. If the connected component G° of G is conjugate to a certain embedding

02 U(1) = {e*™"|r € [0,1]} > USp(6)

then

MG = o Go ggco f ai(hy(r))"dr, (4.2)
where

hy:[0,1] = gG°, hy(r) = gu(e*™).

We have performed numerical integration on the expression for each of the groups of
theorem corresponding to the possibilities for the pairs (G, H). Also notice that, by
[35] the moments of a Sato-Tate distribution take values that are interger numbers, so via
numerical integration we can obtain exact values of the moments.

Finally, we find 48 different distributions for the twists of the Fermat quartic, among
them, only 27 can be realize by twists over Q. For the Klein quartic we find 22 different
distributions, where only 9 can be realize by twists given by equations defined over Q. See
the obstruction for getting equations over Q in sections and (3.3). In the Apendix, in
tables and , we show the first terms of the moments sequences obtained for this
distributions.



4.4. EXAMPLE CURVES 67

4.4 Example curves

In the Apendix, in tables and , we show examples curves for each of the pairs
(G,H) and then example curves of each of the distributions. In we show, for the
Fermat quartic, the pairs (G, H) by generators as in section [3| because in that case only
the isomorphism classes of the groups G and H do not completly determine the pair. We
also show the equation of an example twist for each pair defined over a field k, that we take
equal to Q when is possible, and the Sato-Tate distributions of the twist when we consider
it defined over k or k(i). We have enumerated the distributions in (5.6). The field L of
definition of the twist can be computed comparing the example curves with the equations in

theorems (3.1.7), (3.1.8) and (3.1.9).

In (5.9) we show, for the Klein quartic, the isomorphism class of the groups G and H for
each pair, that in this case it is enought for identifying a pair (G, H). We also show example
twists with equations over Q when it is possible that we computed using the classification
of the twists of the Klein quartic in section [3.3] The field L of definition of the twists is
especified in each case.

For the last case of the Klein quartic, the pair (< 336,>,< 168,>), we did not computed
the twists in section [3.3] but even in this case we can provide an example curve using the
results in [29)].

Proposition 4.4.1. (Theorem 2.1, [29]) Given an elliptic curve E : y? = 23+ ax + b defined
over a number field k one has the twists Xg(7) of the Klein quartic:

azt + bz + 3x3y? — 3a®2%2% - 6bary2? - babxz® + 2y32 + 3ay?2? + 24’y — 4b% 24 = 0.
Moreover, the minimal field of definition of any isomorphism from the Klein quartic to Xg(7)
is the field of definition of the Tth—torsion of the elliptic curve E.

In [45] is proven that the Galois representation corresponding to the 7th—torsion of the
elliptic curve y? = 3 — 2z + 1 with conductor 40 is surjective, and then we get an example
curve for the pair (< 336,>,< 168,>) using this curve and previous proposition.

Unfortunately, this nice parametrization of the twists Xg(7) does not cover all the twists
of the Klein quartic, since the twists of the Klein quartic are in correspondence with projective
Galois representations p : Gy - PGLy(FF7) (continuous and with cyclotomic determinant,
[14]) and not all of such representations come from the 7-torsion of an elliptic curve.
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Chapter 5

The Sato-Tate conjecture for the
Fermat hypersurfaces

In this chapter we prove the generalize Sato-Tate conjecture for the Fermat hypersurfaces
X oapt+af + ...+ 2, =0 c P! when we consider them defined over the number
field Q((n). Moreover, we compute the Sato-Tate groups STg(X™). For this purpose
we use a strong result of Delinge about the action of the Frobenius elements in the étale
cohomoly of these varieties, [I1], and an interpretation due to Weil of the Jacobi sums as
grossencharakters, [61]. Up to our knowledge, these are the first cases for which the generalize
Sato-Tate conjecture is proven for varieties of dimension greater than 1, that are not abelian
varieties. Finally, as an example, we study the case with n =1 and m = 6, that is a genus 10

curve.

5.1 Etale cohomology

All the results in this section are well-known and reproduced here for completness. They
can be found in, [7], [I1],[27], [28], [60].

Let Xm: o0+ 27 + ...+ 2™, =0 < P! be a Fermat hypersurface of dimension equal to
n. Let us denote A := P+l where pu,, is the set of m~th roots of the unity, then A= AxS,.,
is isomorphic in a natural way to the automorphisms group of X™. Let us fix (,, := e2™/™ ¢
tm € C and let us define the group of characters of A as:

n+l

A= {a = (g, ..., ans1) € (Z/mZ)™** | Y a; = Omodm} :
i=0

where (a, (¢r0,...,¢mt)) — T4 ¢%™. Consider the subset:

Ar={aeAla;#0Vie{0,....,n+1}}.
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Fix k = F, with p = 1modm and a prime number [ = 1modm. Let x be a character of
k* of exact order m. Given a € A™ we define the Jacobi sum:

J (a) = (-1)" > X (1) X (V)™ € Q(Gn) € Qi
(V1, ..., Up1) € ()™

l+vi+... 40,51 =0

When it is clear from the context we omit the subcript m. We have |J(a)| = p™/2.

Remark 5.1.1. This Jacobi sum actually is the one defined in [27] as

J (™, ).

Notice that the definition that we gave of a Jacobi sum depends on the choice of the character
X- This ambiguity is clarified with the next alternative definition given in [61]. Since p =
Imodm, it is completly split in Q((n), 50 P = P1P2...Po(m), if we fix a prime, say p1, we take
the only character x,, such that for every integer x prime to py in Q((n), Xp, () is the only
root of the unity in Q((y) satisfying:

Xp: () = 2@ D™ (mod py ).
So, make a choice of the character x is equivalent to make a choice of the a prime p;.

Theorem 5.1.2. (Deligne) Let be V,, := H4 (X™,Q;). Then:

0 if w # nandwisodd

_ 1 if w # nandwiseven
- n+2

dimag, Ve, |Am| = (m_l)mﬂ ifw=nandwisodd

-1 n+2+ -1 . .
L+]Am| =1+ (m)m_(m) if w=nandwiseven
Moreover, in the case w =n one has the descomposition in 1-dimensional vector spaces:
J

0 fornodd

Vo= (GBaGAﬁVa) @ { Q; forneven

And the arithmetic Frobenius of a prime p = 1modm acts on V, as multiplication by
the Jacobi sum J (a). When n is even the action in the 1-dimensional extra vector space is
trivial. If p=tmodm then p;(Frob,)(V,) = Vi,.

Proposition 5.1.3. If 0 € S,.,2 is a permutation and a € A™, then J (o (a)) =J (a).

Lemma 5.1.4. Ifa € A7, then J(a) = +1. If m is odd, it is always equal to 1, and if m is
even it 1s equal to 1 if and only if p = 1mod 2m or aqy is even.
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Theorem 5.1.5. Assumen >2 and s,t > 1 with s+t=mn. Put
Ag,t = {(b7 C) € AZ x A: | bos1 + Cre1 = O} )
and define the maps

AL, — A (byc) —> b#tc = (by, ... bs, co, - - Cr)
AT x AT — AT (U, ) — U = (b, -, 0L, )

Then,

i) Let a € A" and t € (Z|rZ)" be arbitrary elements, and let o be the automorphism of
Q(¢) defined by ¢ — (. Then J (ta) =0 (J (a)).

i) It has J (b#c) = x (=1)" J (b) J (¢).

iii) And J (b + ') =qJ (V') J ().

5.2 Jacobi sums

We fix n>1, m >3 and p=1modm if m is odd and p = 1 mod 2m if m is even. We say that
a,be A™ are conjugate if up to permutation a; + b; = m with j € {0,1,...,n+ 1}, and in this
case J(a) and J(b) are complex conjugate numbers. For i € {1,2, k= [mT‘lj}, we define
Ni(a) as the number of a;’s equal to ¢ minus the number of a;’s equal to m —i. We fix the
notation J; = J(1,i,m — 1 -1), however, sometimes we do an abuse of notation and we will
write Jp,-1-; = J;, and we set Jy = /p. It is well-known that J (a) can be writen as a product
of Jacobi sums (up to p factors and a sign +1) of elements in A7, [53], [54]. But next lemma
is a little bit stronger because it proves that actually is enough with consider the J; that we
have alredy defined.

Lemma 5.2.1. Given a € A™ there exist integers by, ..., by € Z such that

n-by—...-bp

J(a)y=p = " Jr- IR

Proof. Let us first suppose m = 2k + 1 is odd. Then, using the relations i) and i) in
theorem we will need integers by, ..., b, such that

2b1+bg+...+bk:N1(CL) (51)

-bl + bQ = NQ(CL)
—b2+b3 = Ng(a,)

by + b1 = Nk—l(a)
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_bk—l + Qbk = Nk(a)

Then, we can write
bk—l = Zbk - Nk(a)

bk_g = Qbk - Nk(a) - Nk_l(a)

bg = 2bk - Nk_l(a) - Nk_g(a) - . Nd(a)
bl = Qbk - Nk_l(a) - Nk_g(a) — ... N3 - NQ(CZ)
and if we substitute in (5.1)):

k
Z]N](a) = mbku
i1

since Zle iN;(a) = ¥4 a; = 0modm we get an unique solution with all b; € Z.
If m =2k + 2 is even, we look for integers by, ..., b, such that

2b1+b2+...+bk=N1(CL) (52)

-bl + bg = NQ(CL)
—b2+b3 = Ng(a,)

~bi—g +bj_1 = Nk—l(a)
_bk—l + bk = Nk(a)
bk = Nk+1(a) mod 2

Then, we can write

br-1 = by = Ni.(a)
bk_g = bk - Nk(a) - Nk_l(a)

by = by = Ny-1(a) = Nya(a) ... - N3(a)
b1 = bk - Nk_l(a) - Nk_g(a) — ... Ng((l) - NQ(CL)

and if we substitute in ([5.2)):

Zk;ij(a) (k5 )by,

since Z§:1 JN;(a) + (k+ 1) N1 (a) = 2% a; = 0mod (2k +2) we get an unique solution with
all b; € Z and by, = Ni,1(a) mod 2. O
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Then, we can write

n-by—...-bp n-by—...-bp

JU Tk =ap 2 fo( e i)

J(a) =+p

where the sing is computed using lemma (5.1.4) and f, € Z[z1, ..., zx] is a monomial where
the b;’s can be computed from the previous linear system.

Lemma 5.2.2. For all i€ {1,...,k} there exists a € A™ such that J(a) = £p" J; if n is odd
or J(a) = ipnT_z Jidis1 if 1 £k or J? when n is even.

Proof. 1f n is odd we use the relation #ii) of the theorem and the lemma for
a=(1l,i,m-1-i,1,m-1,....1,m-1). If n is even we use the former argument and then we
only need to prove the case for n =2. For i # k we take a = (1,4,1,m—i—-2) and for i = k we
take a = (1,k,1,k). ]

Next lemma is a consequence of the results in [61].
Lemma 5.2.3. The J;’s, where i € {1,2,....k}, are nontrivial grossencharakters.

A grossencharakteres is a character on K in the sense of Hecke, that is a character of the
set of fractional ideals of Q((,,) that are prime to m,

In [61] is also proven that
Jz(a)OK — aw((l,i,m—l—i))

where
w(l,i,m-1-1):= Z c(i)o} =
te(Z]mZ)"
= ({%}+{%}+{—(m_nll_")t}-no_; (5.4)

te(ZJmZ)*

and where {-} denotes the fractional part.
However, formula (5.3) is only an equality of ideals, next lemma (theorem 2.1.14, [5]) will
be useful for explicity evaluating Jacobi sums.

Lemma 5.2.4. One has the next congruence modulo p:

1= g (D Joas
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Theorem 5.2.5. Given d a positive divisor of m and 1 € {0,1,...,"% =2}, then we have the
equality:

(d-1)(m-d)

Xp(dd)ﬁ(P)J%w(P)J%mz(P)~--J<d—;>m+l(l°) =xp, ° (=DJap)Ja (). -Jaa-1(p).
Proof. We will first prove using relation ([5.4]) the equality of ideals:

Jz(P)J%H(P)JQTWH(P)---JWH(P)OK = Ja(p)Jae1(p)---Jar+a-1(p) Ok

The exponent in which a prime °~tp appear in the left-hand size is:

CRONE =S
o)) st

+{i}+{£§+(d—lﬁ}+{ﬁn—l—1ﬁ_(d—1ﬂ}:

m m d m d

d{i}+{ﬂﬁ}+d—1+{ﬂan—1ﬁ}+d_1

m m 2 m 2 7’

(1) (o) sy,

O

+{i}+{(dl+d—1)t}+{(m—dl—d)t}:
d?i}+d—1f{@}+{—d(m7l)t},

since the second term in each row and the third in the one above sum 1. And then both
ideals are equal.

Now we use lemma for computing the equality in the statement of the theorem.
The left-hand size is congruent modulo p with:

ddf(_l)dfxgmmn%d(d;) (-1) ((l +f1)f) ((dT‘llm ;l + 1)f) _

while in the right-hand size:
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d(d-1 m (d=1)m |
I (1 ) B wn T (+1)Hr (% +l+1)f)!...(( 22+l 1)f)! _
0% COT DT (@0l T (@ gy,
L1yt S Ly 4 (DN D) (R (D)L
X (e ANt e T (@D ey T
(C1y e gy A L+ DAV F U+ EE2+ 0+ D))
X" (D aHr  GHnt T Dy
dmedisn 22D 1 ((dl+d)f)!
L df dmrdiem D (dl+1)f) ((dl+d)f)
(1) (D7),
that is just the right-hand size of the equality of the theorem. O

Remark 5.2.6. For d = 1 and d = m we just get Ji(p) = J(p) for all l = 0,...,k. For
considering all these relations for the different divisors d is enough with taken d equal to the
different primes that divide m.

Given a grossencharakter J : Ig,.)(m) — C* we can see the unitarized character
X := |—§| : Igee,)(m) — U(1) as a random variable from the set of prime ideals of Q((,) not
dividing m on the unitary group U(1).

Next lemma gives the distribution of this random variables. It is corollary 1.9 in [16] and
it is a consequence of the Tauberian theorem of Wiener-Ikehara, [48] and of the theorem of
Hecke that states that the L—-function of a nontrivial Hecke character if holomorphic and
does not vanish for R(s) > 1, [30].

Lemma 5.2.7. For a nontrivial grossencharacter J, the X (p) = % are p—equidistributed
on U(1), where p is the Haar measure on U(1).

Remark 5.2.8. At most there can be ¢p(m)/2 independent random variables among the k
characters X;(p) = dﬁggg‘ forie{1,2,....k}, because |(Z/mZ)*| = p(m) and c;(i) + cppy(i) = 1
for all i € {1,2,....k} and t € (Z/mZ)*. Notice, that in fact, the rank of the matriz C :=
{c;(0)}i,t = 1.k, (t,m) =1 plus 1 is equal to r, the number of independent random variables

among the characters X;. At the end of the appendixz we show these matrix for m =5, ...,25.

Definition 5.2.9. We say that a natural number m > 3 is maximal if r = ¢(m)/2. And
we say that m good if we can choose r of the characters X;: X, ..., X;, such that the rows

of the matriz C' are integer linear combination of the rows C(iy),...,C(i,), so we can write
X, = \IliXﬁl...Xg’“ for some B; € Z and V; an order m character.
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Remark 5.2.10. If m is a prime number and is mazximal then it is good. And if p is a
prime that s maximal, then 2p is mazximal and good by theorem with d = 2.

Example 5.2.11. Let us take m = 6, then, see table for m =6 at the end of the appendix,
we have J1Ok = JoOk, sor =¢(m)/2 and 6 is a mazimal number and a good number. Now

we can apply theorem with d =2 and we get: Jo(p) = x(-4)J1(p).

Example 5.2.12. Let us take m =9, then, see table for m =9 at the end of the appendiz,
we get that there are 3 = $(9)/2 independent random variables: Ji,Jo and Jy, and we have

J10k = J30k. We apply theorem with d =3 and we get: Ji(p) = x(3%)J3(p).

Conjecture 5.2.13. Every natural number m > 3 is maximal and good. And all the char-
acters W, in definition have the form x,(N;) for some N; € Z.

We checked using magma that until m = 1000 every natural number is mazimal.

Some evidences of the conjecture (5.2.13)).

1. Every m > 3 is maximal: the cases already proven and the shape of the matrix C' =
{ci(i)}, see these matrices at the end of the appendix for m =5, ...,25. Moreover, we
expect that all the relations among the J; come from theorem (}5.2.5)).For each prime
q dividing m we get aproximately 2% relations (notice that J; = J,,,_;_1) and we would

need k - @ ~i(m=-¢(m)) =2(1-T1 %) ~ 3 Z% relations.

2. Every m >3 is good: if J* = [} J;** it seems natural to figure out that n | a; and then

Ji =V} JZS/ " for some character that could be computed using lemma ([5.2.4]).

3. The character U, in definition (5.2.9) have the form x,(XV;) for some N; € Z if effectively
all the relations among the J; come from the ones described in theorem (5.2.5)).

4. If m is prime the conjecture agrees with the results in [17].

If m is good we fix next notation. Let us call I, for s € {1,...;7} to r of the J; that
are independent and generate the others. Then there will be exist monic monomials h; €
Z[x1,...,x,] such that J; = h;(I, ..., I,). Then, given any a € A™ one has

Ja = fa(Jlu ceey Jk) = fa(hl(lla '”7Ir)7 ...,hk(ll, ,Ir)) = ga(Ila ...,]r).
We define
By =

n

Amif nisodd
Amu0if niseven

where 0 = (0,..,0) and put Jo = go (11, ..., Ls(m)/2) = p™.
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5.3 Sato-Tate groups

Given a prime [ and a number field k over which X is defined, the Sato-Tate group ST\ (X™)
is defined ([16], [51]) as a maximal compact subgroup of G} ®, C where ¢ : Q; - C is an
embedding and G is the Zariski clousure of p;(G, 1), where G} is the kernel of the of the
I-adic cyclotomic character in G = Gal(k/k) and p; is the Galois representation

pr: Gy — Aut(H5 (X", Q1)) € GLa(Qy),

where d = dimq,(HZ(X™, Q;)).

Let p be a prime of k lying over a prime number p. For equidistribution results we can
forget a finite number of primes, so we can assume that p is not ramified. Moreover, the set
of primes in k£ such that the prime in Q over it lies has inert degree different from 1, has
density zero. Hence, we can assume p is completly splitting. If k& = Q((,,), the a prime p
is completly splitting if and only if p = 1modm. Therefore, we can use the results in the
last sections for computing the image of the Frobenius element Frob, (the inverse of the
geometric Frobenius) by the representatioln p; for a prime [ =1 modm.

Proposition 5.3.1. The following Sato-Tate groups are isomorphic:
STo(X;") = STo(X7).

Proof. By lemma ([5.2.2)) we have the isomorphism over Q((,,). Now, applying last part of
theorem ([5.1.2) and proposition (11.4) in [7] we get:

STo(X,)") = ST, (X") % Gal(Q(Gn) /Q) = ST, (XT") x Gal(Q((n)/Q) = STo(X).

a

Proposition 5.3.2. If m is good, then the connected component (STo(X7))o is isomorphic

to:
(STo(X2"))o = U(L)".

More precisely, as a subgroup of USpg or Oy, it is conjugated to

{dia’g((ga(eh s GT))GEBZ{L) el € Sl} :

Proof. By theorem (5.1.2)) and lemma (5.2.7)), the Zariski clousure of G} is

GZLZM = {diag((ga($1, -uaxr))aeBl{L) Zi € @l*? Tl = 1}
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A maximal compact subgroup of G;’Zar

{diag((ga(eb ceny er))aeBI{l)iei € Sl} .

g, C is given by

And lemma [5.2.2| ensure that all the #; appear. 0

Proposition 5.3.3. If conjecture holds and all the characters in definition
come from the relations in theorem 45.2. 5: , then:

STo(X,") = U(1)" » Gal(L/Q)

(g-1)(m-q) 1)(m Q)

where L = K(\/ (-1) 9:q|[mand 2 > 2) and K = Q(¢n) if m is odd and K =
Q(Cam) if m is even. Moreover r=¢(m)/2. More precisely,

STo(X7) = (UL x [ Cu)xGal(K/Q).

qlm, %>2

Proof. First we will prove that the minimal field L over which ST (X) is connected is the
one given in the statement of the proposition. Notice that K c L by theorem and
lemma . Then, for ST (X™) to be connected with K c L, we need x,(¢?) =1 for all
primes ¢ | m and such that = > 2 (see theorem ([5.2.5))) and for all primes p that lie over a
prime p that is completely sphttmg in L. The minimal field extension L/Q((,,) such that
all the primes p that are completly splitting satisfy qqpm;1 = 1 mod p is that one in which ¢ is
a m/q—th power. Then L is the one specified above and we have:

STR(X;) = U) x [ Ca.

glm, 2+>2
Finally, proposition (11.4) in [7] implies:
STo(X™) = ST (X™) » Gal(K/Q).
O

Notice that even in the case in which conjecture ([5.2.13)) does not hold we can compute
the Sato-Tate group of any Fermat hypersurface X" : i + ... + 2], = 0 using the results in
previous sections. For computing the Sato-Tate group ST@(Cm)(X,T) we just have to use the-
orem (|5.1.2)) of Deligne that describes the action of the arithmetic Frobenius on H} (X™, Q)
via Jacobi sums. And then apply lemmas and (5.2.4) and relation (5.4)) for computing
all the relation among the Jacobi sums. Finally, for computing STo (X7 m) we can just apply
last part of theorem that is proposition (11.4) in [7]. In section we show an



5.4. PROOF OF THE CONJECTURE 79

example of the computation of the Sato-Tate groups of the Fermat hypersurfaces X9 and X§.

Moreover, from the computation of the Sato-Tate groups via the method described above
and when the conjecture holds, see next section, it is easy to compute the Sato-Tate distri-
butions for the Fermat hypersurfaces X™. In section ([5.5)) we show also an example of how
to compute the Sato-Tate distributions.

5.4 Proof of the conjecture

First at all, notice that the Sato-Tate conjecture for the Fermat hypersurfaces X with n =1
follows by proposition due to Johansson, [34], and the fact that the Jacobian of a
Fermar curve X" is isogenous to the product of some simple abelian varieties with complex
multiplication, [36], [47], [52].

Theorem 5.4.1. The Generalized Sato-Tate Conjecture holds for the Fermat curves X" :
xg + 2+ 28 =0 over Q.

But we can provide another proof, if we consider X{" defined over Q((,,), that is gener-
alizable for n > 1 when m is a good number, see definition (5.2.9)).
Proof. 1f m is good then the equidistribution part of the conjecture over Q((,,) holds by the
description of the Sato-Tate group done in previous section and lemma . Moreover we
have that the algebraic Sato-Tate conjecture holds since we have write G;”*" as an algebraic
group, then by the remark in definition 2.4 in [2] we get the independence on the prime [. O

Corollary 5.4.2. If m is a good number then the generalize Sato-Tate conejcture holds for
the Fermat hypersurfaces X [Q((m)-

5.5 An example

Let us consider first the case with n=1 and m =6. Then X9 : 28+ 2 + 2§ = 0 is a genus 10
curve. We will compute the Sato-Tate group STq(X?9) and we will check that in this case
the Munford-Hodge conjecture and the Algebraic Sato-Tate conjecture hold for it.

We have that the dimension dim(H, (X%, Q;)) = 20 and we have that:

AS={a;=(1,1,4), a3 = (1,4,1), as = (4,1,1),
a7 =(1,2,3), ag = (1,3,2), a1 = (2,1,3),a13 = (2,3,1), ay5 = (3,1,2),a17 = (3,2,1),
arg = (2,2,2), asg = (4,4, 4),
ag = (5,4,3), aip = (5,3,4), a1o = (4,5,3), a4 = (4,3,5), a6 = (3,5,4), a1z = (3,4,5),
as = (5,5,2), as = (5,2,5), ag = (2,5,5)}
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Applying theorem |5.1.5, we have: J(ag,a1,a2) = J(o(ag,a1,az2)) for all o € S5 and if J; =
J(1,1,4) and Jo = J(1,2,3), we have .J(2,2,2) = x(-1)J3.J;! where x is a character of F} of
exact order 6, so x(-1) =1 if p=1mod 12 and x(-1) = -1 if p = 7 mod 12. Now, example

(5.2.11)) gives us Jo = x(—4).J;. Then,
ST (XT) = {diag((0,0)s, (x50, (" 0)s, x¢3°0, x¢5°0) | 0 € S1, a € {0,2,4}} =
~ U(1) x Gy x C5 € Spgy (Qy).

This group is symplectic with respect to the matrix J = (J;)19 where Jo = (_01 (1)) We

will see that the minimal field L over which the Sato-Tate group is connected is Q((i2, ¥/2).
As in the proof of proposition ((5.3.3)) and by lemma (5.2.5) we get a = 0 if and only if
x(4) = x23(2) = 1, that is, if 2 is a cube modulo p, because y has exact order 6. And 2 is
a cube modulo p, if and only if p is completly split in Q((3, ¥/2). If we joint the condition
p=1mod 12, for getting x(-1) = 1, we get that the minimal field L over which ST, (X?) is
connected is L = Q((a2, v/2) = Q(i, s, ¥/2), hence

ST (1, 42 (A7) = {diag((6,0)10) [ 6 € Si} ~ U(1) € Spyy(Q),
where we have ¢(6)/2 =1 copies of U(1).

For computing the Sato-Tate group over Q, we fix a basis {v1,vs, ..., v90} of HL (X8 Q)
such that v; € V,, as in theorem and such that in this basis the Galois representation
p: Gog » GL(HL (X8 Q) € Spyy(Q;) is symplectic respect to the matrix J. Then, for
computing STgp(X?) is enough to compute the image by p of an element 7 € Ker(y;) such

that 7((3) # (3. By theorem [5.1.2] we have:

0 no
m 0
p(7) = :
0 720
mo 0

and since it has to be symplectic with respect to the matrix J we have ny; = —7j2;_1 € U(1)
for all i € {1,...,10}. So, finally, STp(X?) ~ U(1) x Cy x S3. And for this Sato-Tate group we
have:

det(T-Id - p(F'rob,)) =

(T? = (0+0)T +1)3(T? = x(-1)(x(4)0 + x(4)0)T + 1)5(T?% - x(-1)(x*(4)0 + x*(4)0)T +1) if p=1mod6
(T? +1)%0 if p=5mod6
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Notice that if § = cos(2mr) +isin(2mr) then §+6 = 2 cos(27r) and (40 + (520 = cos(2mr —a %)
with @ = £1. Then, by Chebotarev’s density theorem we can compute the n—th moment of
the trace as follows:

-1 & 1 2 2
M,(a1) = —= > / [(6 cos(27r) + 12 cos(27r + a—ﬂ) +2cos(2mr — a—ﬂ))"
12 = Jo 3 3

2 2
+(6 cos(2mr) — 12 cos(27r + a%) - 2cos(2mr — a%))”] dr.

We can compute in a similar fashion the moment sequence of the other random variables
a; with ¢ € {1,...,10}. We only have to expand the above polynomials and integrate the
corresponding terms.

We can compute the Sato-Tate group, following a different approach, as in subsection

E2.

Lemma 5.5.1. The jacobian of the Fermat curve X9 : z§ +
to the next product of elliptic curves:

64 6 -0 i
Y+ =0 is isogenous over Q

Jac(X?) ~g EY x E3 x E3,
where
Bi:y=a-1, By:y? =2 -4, By: y* =42 + 1.

Those elliptic curves are isomorphic to the first one and all of them have complex multiplica-
tion by Q(v/-3). In particular, the endomorphism algebra Endo(J(X?)) := End(J(X?))®Q ~
GL3(Q(v/=3)) and it is defined over Q(Ci2,V/2).

Proof. Let us consider the morphisms:
XS By (wiy:2) > (222970 2%),
XS By (wry:2) - (zyzt: 225 + 20 1 23°),
XS 5 By (wiy:2) » (—2%y22% 1 220 + 201 29).

Now it is easy to check that the pullback of the regular differential of each of these elliptic
curves by these morphism and the ones coming from permuting the variables x,y, z generate
the full vector space Q!(X?%). We can check it for example with magma, [6]:

R<x,y,z>:=ProjectiveSpace(Rationals(),2);
F:=x"6+y"6+z"6;

C:=Curve(R,F);

G:=y~2%z-x"3+z"3;
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E:=Curve(R,G);

phi:=map<C->E| [-x"2%z,y"3,z"3]>;
Omega:=BasisOfHolomorphicDifferentials(E) [1];
W:=Pullback(phi,Omega) ;

W;

And we have the isomorphisms:
¢2 : EZ - El : (l‘,y) - (x/\g/zlay/2)7

¢3: E3 - El : (xvy) - (E/Zxﬂy)a
and we fix ¢ =id: E; - Ej. O

It is easy to check as in (4.2)) that the two components of the Lefschetz group of E; are:

L(El,l):{(_ab a?b) |a2+62—ab:1,a,beR},

B ia b 9 19 g _
L(Ey,7) = {(z’b—z’a —z'a) la®> +b*—ab=1, a,beR}.
_CZ 1
If we conjugate by the matrix M = ( 13 c ), we get:
—G3

MSTQ(El,l)Mlz{(g 2) \0651},MSTQ(E1,T)M1={(2 ‘0‘9) yeesl}.

0 0 0 -6
sroe- {0 9) (0 ) west)
10 10

We have that J(X?) is isogenous over Q to a twists of F1°. And by corolary 4.1 in [2] we
have that the Mumford-tate conjecture holds for J(X?9). Then we are under the hypothesis in
theorem 6.1 in [2] so by remark 6.2 also in [2] we have that the algebraic Sato-Tate conjecture

holds for J(X?) with ASTg(J(X?)) =L(J(X?)). Then we have:

Hence, we can take:

STo(J(XY)) = STo(Ei")u(H),

where H = £(Gal(Q(i, (s, V/2)/Q((3))), here &, = ¢7¢~! stands for the cocycle associated to
the twists:

¢ = ((¢1)3, (92)6, ¢3) * E} x B3 x B3 — E°,
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and
v Aut(E]°) - End(E}°) - GL1o(Q(vV=3)) - GL(Ti(EL®)) = GL1o(Ti(E1)) € Spyy(Q)

is given by the composition of the natural previous morphisms and where the third one is

defined by:
10 -1 -2
=) (G )

Then we obtain the same Sato-Tate group previously computed. The advantage of the
first method is that allows us to compute the Sato-Tate groups of all the Fermat hypersurfaces
X6, So, for example, for n = 2 we have that the dimension dim(H, (X$,Q;)) = 106 and up
to permutation the jacobi sums that appear are:

J(1,1,1,3) = x(-4)J2, J(5,5,5,3) = ¥(-4).J}
J(1,1,2,2) = x(-1)x*(-4) 7 J(5,5,4,4) = X(-1)X*(-4) ]}
J(1,1,5,5) =1
J(1,2,4,5) = x(-1)

J(2,2,3,5) = x(~4) J(4,4,3,1) = x(-4)
J(2,2,4,4) =1
J(2,3,3,4) = x(-1)

J(1,3,3,5) =1
J(3,3,3,3) =1
J(0,0,0,0) =1

And then, we have:

STa(c) (X3) = {diag((6,0)4, (2650, £(5°0)s, (G5, (5 )12y (£1)36, (1)26) | 0 € S1, a € {0,2,4}} =
~ U(1) x Cy x Cs.

Notice that this time we can see the Sato-Tate group like a subgroup of the orthogonal group

O53(Q) if we do the change of basis that send the blocks:

diag(0,) — (_C ;)1811((227;7';“)) (S;;gz;))) ’

where 0 = cos(27r) + isin(27r) and

: a —ap cos(2mr + %“) sin(27r + 2?”
diag(+(50, £(5"0) > + (—sin(27r7" +28) cos(2mr+ 2 |

cos(&) sin(+2§))

diag(¢g,¢6") — (_Sjn(%ﬂ) cos(&)
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Appendix

The method described in chapter (1] for computing the twists of curves is not completely
explicit in the sense that we need to solve a Galois emebdding problem for each fixed curve.
And there is not known method for computing these solutions.

In this apendix we show an approach for computing such solutions. Instead of trying to
solve the Galois embedding problem:

Gy (5.5)

v _7
-

P2~ Gal(K/k) —=1

we can try to solve the Inverse Galois problem Gal(L/k) ~ G for each subgroup G of T" such
that [G : G nKer(7)] =| Gal(K/k) | and then check what of these solutions provide also a
solution to . Neither there exists an algorithm for solving inverse Galois problems, but
this problem has been more considerably studied. Here, we show a correspondence that can
be useful in general for solving these problems. We establish a correspondence between the
solutions to a given Galois inverse problem and the set of rational points of a certain variety
that we show how to built.

Inverse Galois problems

The Inverse Galois problem, first proposed in the 19th century, is still unsolved, (see [33] for
a classical introduction to the subject):

Inverse Galois problem (IGP):“given a finite group G, determine when there exists
a Galois finite extension K|Q such that is Galois group Gal(K/Q) ~ G”.

The expected answer is: always. E. Noether deeply studied the problem and formulated
it in the following terms:
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Noether problem (NP): “Let M = Q(x1,...,x,) be the field of rational functions in n
indeterminates. The symmetric group S, acts on M by permuting the indeterminates. Let
G be a transitive subgroup of Sy, and let K =¢ M be the subfield of G—invariant rational
functions of M. Is K a rational extension of Q? Le., is K isomorphic to a field of rational
functions over Q?”.

Roughly speaking, the Noether problem ask for the existence of a generic polynomial
given by parameters such that parametrizes all the extensions over Q such that its Galois
group is isomorphic to G. Clearly, if the Noether Problem has an affirmative answer, G' can
be realised as a Galois group over Q, and in fact over any Hilbertian field of characteristic
0, such as a number field. However a negative answer does not imply a negative one for the
(IGP). For example, it is known that the (NP) has a negative answer for the cyclic group Cs,
while the answer to the (IGP) is affirmative by the Kroneker-Weber theorem. Some groups
for which (IGP) has been studied:

- for abelian groups (Kroneker-Weber),

- symmetric and alternate groups (Hilbert),

- p— groups with p an odd prime (Reichardt, Scholz),

- solvable groups (Shafarevic), however in this case the proof is not constructive,
- four of the Mathieu groups (Matzat & Al.)

- the monster group (Thompsom) and

- some linear groups (Arias-de-Reyna, Belyi, Dieulefait, Malle, Matzat, Shih, Vila,
Wiese...).

The Noether’s strategy is based on invariant theory, she looks for invariants of polyno-
mials whose splitting field has Galois groups isomorphic to the finite group G given. On the
other hand, we will attack the problem via a different perspective. We study the relations
that should satisfy the coefficients of a polynomial for having G as the Galois groups of its
splitting field.

The algorithm

Let G be a finite group, and let n be an integer such that there exists an embedding G < §,,,
with the property that the image is a transitive subgroup of S,,. The algorithm will be more
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efficient as we take n smaller as we can. From now on, we will see all the groups G like
transitive subgroups of permutations of some S,,. Let us consider the polynomial:

P(z)=2" - 512" + 590" % + ..+ (=1)"s, € L= Q(51, 82, ..., 5 ),

and let be x1,...x, its roots. Let us call L=1L (z1,...,x,), G defines a natural left action on
L. Then Gal(L/L) ~ S,. And since Q is hilbertian, for almost all rational values that we
give to s, .., s, we get P(x) to be an irreducible polynomial with Galois group of its splitting
field isomorphic to \S,,. We look for necesarly and sufficient conditions on the s!s in such a
way that the polynomial P(z) has splitting field with Galois group over Q isomorphisc to
G and not to S,.

~ Since L is separable and by the primitive element theorem, there exists f € L such that
L=Q(51,.,8n, f). Let Py(s1,...,8,,T) € L[T] the minimal polynomial of f over the field
L. On the other hand, we have that L/“L is a Galois extension, and Gal(L/“L) ~ G.

Proposition 5.5.2. Let Q1, ..., Qpn, Qn+1 € Q be rational numbers such that Pr(Q1, .., Qn, Qn+1) =
0, then the splitting field of the polynomaial

P(z)=a2" - Qix" '+ ...+ (-1)"Q.,,
has Galois group over Q isomorphic to a subgroup of G.
Proof. Since Gal(L/¢L) ~ G and Q is hilbertian the proposition follows. O

Remark 5.5.3. The Galois group is isomorphisc to G if and only if for all maximal subgroups
H < G there is not a rational number Quio such that Py(Qq, ..., Qn, Qne1, Qns2) = 0 where
Py(s1,..,8n, f,T) is the minimal polynomial over GL of a primitive element g of the field
extension HL/GL because in that case the Galois group will be isomorphic to a subgroup of

H.

Proposition 5.5.4. Given a Galois extension K[Q such that Gal(K/Q) ~ G, there exists
a polynomial ™ — ayz™ ' + ... + (=1)"a,, such that the splitting field is K and such that
Pi(ay,..,an,T) =0 has a rational solution.

Proof. Let be the composition ¢ : Gal(K/Q) > G = S,. And let us define G; = {g ¢
Gal(K/Q): t(g)(i) =i}. As G is a transitive subgroup of S,, all these groups are conjugated.
Let be oy € ©1K a primitive element of the extension 1K /Q, and let be «; € K the
conjugates of a;. Then, the minimal polynomial of ay: 2" — a1z + ... + (-1)"a, = 0 has as
splitting field K and Py(ay, .., an, f(a1,...,o)) =0 with f(a,..., ) € Q. O

Corollary 5.5.5. There is a correspondece between Galois field extension K[Q such that
Gal(K/Q) < G and rational solutions to the equation Pr(y, .., Yn,Yn+1) = 0.
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The algorithm
Input: G

- Find n such that there exists an embedding G — S, is a transitive way.
- Find a primitive element f. For example f = ¥ g 9z223...27 1 always works.

- Find the minimal polynomial P: compute the conjugates of f and then the symmetric
functions on it.

- Find the maximal subgroups of G up to conjugacy.
- Find a primitive element g; for each one.

- Find the minimal polynomials P, .

Output: Ps(s1,..., Sn, f) and the Py, (s1,..., 50, f, i)-

Example 5.5.6. Let us consider G = ((123)) < Ss. Let us take f = x3xo+x3x3+x32,. Then:
Py(s1,52,83,T) =T? — (5189 — 353)T + 953 + 83 + 5153 — 651 5253.

Moreover, we can assume s1 =0 and we get Py =T?+3s3T +9s% + s3 = 0, that can be rewrite
in the well-known condition: 4(—sq9)® — 2753 = (2T + 3s3)? is a square in Q.

For exactly having Galois group isomorphic to Cs3 and not 1 we just have to ask to
P(z) = a3 + sox — s3 to not split completly in Q, because in this case the only mazimal
subgroup is the trivial one and we can take g, = x1 and we get

Py (s1,82,83, f,T) =T° = $;T% + 55T — s3.
Example 5.5.7. Let us consider G =< (1234),(13) >< Sy. Let us take f = xyx3+x914. Then:
Py (s1,52,83,84,T) = T3 — 59T% + (5153 — 454)T — (5457 — 45954 + 53).
Up to conjugacy the only mazimal subgroups of G are < (1234) > and < (13),(24) >. Then,
we take gy = x3wy + xixs + 2324 + 2321 and gy = x123. And after assume sy =0 we get:
Py, (s1, 59,83, 84, f,T) = T? + 2537 + 205954 + fs% — 2502 +4fs,+ s%’ - 28%, and
P,, (81,82, 83,84, [, T) =T? = fT + s4.

Notice that in this case we can isolate for example the variable sy from the equation and
then we can also solve the problem (NP) for G = D4. Next polynomial has generic Galois
group isomorphic to Dy and moreover parametrize all the extensions over Q with Galois
group isomorphisc to Dy:

, T3-4s4T - 52

4
Tr+ s30° — ——=x + 54 = 0.
T2—4S4
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The algorithm does not look to be very efficient, so by hand we cannot compute much
more examples. We are waitting for an implementation of the algorithm to trying to solve
the Galois inverse problem for G =< 336, 208 > and in that way compute the remaining twists
of the Klein quartic. In fact, this group is isomorphic to PGLy(F;) and some generic poly-
nomials that have it like Galois group are known, see [39]. But not all such extensions are
known.

Even if we have not been still able of implementing the algorithm, it gives rise to the
following interesting questions:

e What about taking different primitive elements?

e If with one f we can isolate one of the variables s;, that is, there is a parametrization
of all the extensions with Galois group G, then with any other choice of a primitive
element do we get the same property?

e What kind of varieties do we get with this algorithm? Notice that the set of rational
points is not empty because all non-trivial groups contain a non-trivial cyclic one and
the inverse Galois problem Gal(K/Q) ~ C, has solutions for all .

e Can we recover the group G from the variety defined by Ps(sq, ..., s,, 1) = 07
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TABLES

00 1 0 -1 0
VIII Sy rool,lt o o
010 0 0 1
€00
IX Cy 0 1 0 | withw?=¢
0 0 w
USRVE R R SVE &3 g £V3
3 3 3 3
X | GAP (48,33) 0o & 0o || o ¢ o0
238 iEV3 V3 VB¢
3 3 3 3
00 1 0 —i 0
XI | GAP(96,64) 1L ool][1 o0 o0
010 0 0 i
XIT | PSL, (F B I A
R PR R
010 0
1 00 0 g2 0 |with{"=1and (#1
010 0 ¢

Table 5.1: Automorphisms Henn classification
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TABLES
00 1 0 -1 0
VIII Sy rool,lt o o
010 0 0 1
€00
IX Cy 0 1 0 | withw?=¢
0 0 w
EV3 o iEVE &3 g £V3
3 3 3 3
X | GAP (48,33) 0o & o0 || o ¢ o0
238 iEV3 V3 VB¢
3 3 3 3
00 1 0 —i 0
XI | GAP(96,64) 1L ool][1 o0 o0
010 0 0 i
XIT | PSL, (F B I A
R PR R
010 0
1 00 0 g2 0 |with{"=1and (#1
010 0 ¢

Table 5.2: Automorphisms Modified Henn classification
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Invariant Value
I3 0
I 0
Iy 3(65a* + 2520a® + 11664)
Tio (5a™ — 180042 — 3888)
.[15 0
Ig 0
17 0
Jy 0
Jio 253%a2(a? + 12)(5a? + 108)(5a? + 252)
Jis 2532a2(a® + 12)(5a? — 324)(ba? + 108)
J1s 0
15 0
Jo1 28(a—-2)4(a+2)*
Table 5.3: Dixmier-Ohno Invariants. Case VI
Invariant Value
Ig a’(a-6)%(a+3)(a®+9a® + 36)2
Iy a*(a+3)(a+18)%(a? +3a+18)2(a® + 9a® + 36) 3
L5 a’(a+18)(a? - 9a - 6)(a® + 3a + 18)2(a® + 9a® + 36) 3
L5 a3(a+18)3(a? + 3a + 18)3271 (a3 + 9a® + 36)~*
Iig 2a%(a+3)(a+18)(a?—9a-6)(a? + 3a + 18)%(5a% + 12a + 36) (a® + 9a? + 36)~*
I, 24a3(a+3)%(a+18)3(a® + 3a + 18)3(a® + 9a® + 36) ™
Jy 24a3(a® - 9a - 6)3(a® + 3a + 18)3(a3 + 9a? + 36)~°
J12 23a*(a + 3)%(a + 18)*(a® + 3a + 18)*(a® + 9a® + 36)~6
Jis 23a%(a +18)2(a? - 9a - 6)?(a® + 3a + 18)*(a3 + 9a + 36) 6
Jis 22a3(a® - 9a - 6)3(a® + 3a + 18)3(5a? + 12a + 36)3(a® + 9a® + 36)~7
I 2°a3(a+18)(a? — 9a - 6)2(a® + 3a + 18)3(5a? + 12a + 36)?(a® — 9a? — 18a - 6) (a> + 9a? + 36)~7
Jo1 22(a-2)"(a+1)*(a+2)%(a® + 9a® + 36)Y

Table 5.4: Dixmier-Ohno Invariants. Case VIII
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Here, we show the implemented code in MAGMA for computing the pairs (G, H) for the
Fermat quartic. It is easily adaptable for any other curve. Moreover, it computes tha cardi-
nality of expresion (1.7)), that is, the number of solutions to the Galois embedding problem
(1.3) corresponding to a pair (G, H) with same splitting field L.

Gamma:=SmallGroup(192,956) ;
lat:=SubgroupLattice(Gamma) ;
AutC:=lat[81];

OrderAut2:=function(G,H, AutC)
A:=AutomorphismGroup(G) ;
D:=[];
f,B:=PermutationRepresentation(A);
for b in B do
if H @ (b@@f) eq H then
D:=Append(D,b) ;
end if;
end for;
A2:=sub<B|D>;
return Order (A2);
end function;

OrderInner:=function(G,AutC)
D:=[];
for a in AutC do
h:=hom<Gamma->Gamma |x:->axa(-1)>;
if G@h eq G then
g:=hom<G->G|x:->axa(-1)>;
D:=Append(D,g) ;
end if;
end for;
A:=AutomorphismGroup(G);
Inn:=sub<A|D>;
return Order(Inn);
end function;

B:=[];

for i in [2..#lat] do
G:=lat[i];
T:=[];
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for g in G do
if g in AutC then
T:=Append(T,g) ;

end if;
end for;
H:=sub<G|T>;

if Index(G,H) eq 2 then
B:=Append (B, <i,IdentifyGroup(G),IdentifyGroup(H),
OrderAut2(G,H,AutC)/0OrderInner(G,AutC)>);
end if;
end for;

print "The number of pairs (G,H) is:", #B;
for i:=1 to #B do

print "(iteration, (G,H), times)=", B[i];
end for;

Table 5.5: Magma code for computing the pairs (G,H)



TABLES
## a; M;p My  Mj My Ms Mj My Mg My
ay 0 9 0 243 0 7290 0 229635 0
#1 s 6 54 621 7938 106191 1454355 20212254 283815738 4016375199
as 0 82 0 23574 0 7727410 0 2680982990 0
a 0 18 0 486 0 14580 0 459270 0
#2 as 9 99 1215 15795 212139 2907981 40422321 567624915 8032730715
as 0 164 0 47148 0 15454820 0 5361965980 0
a 0 5 0 123 0 3650 0 114835 0
#3 as 2 26 305 3954 53047 727031 10105678 141906506 2008183463
as 0 42 0 11798 0 3863850 0 1340493518 0
a 0 10 0 246 0 7300 0 229670 0
#4 as 5 51 611 7907 106095 1454061 20211357 283813011 4016366927
as 0 84 0 23596 0 7727700 0 2680987036 0
a 0 5 0 123 0 3650 0 114835 0
#5 as 4 30 319 3994 53169 727395 10106772 141909786 2008193305
as 0 42 0 11798 0 3863850 0 1340493518 0
a1 0 3 0 81 0 2430 0 76545 0
#6 as 2 18 207 2646 35397 484785 6737418 94605246 1338791733
as 0 28 0 7860 0 2575810 0 893661020 0
ay 0 6 0 162 0 4860 0 153090 0
#7 as 3 33 405 5265 70713 969327 13474107 189208305 2677576905
as 0 56 0 15720 0 5151620 0 1787322040 0
a 0 3 0 81 0 2430 0 76545 0
#8 as 3 21 216 2673 35478 485028 6738147 94607433 1338798294
as 0 28 0 7860 0 2575810 0 893661020 0
a 0 3 0 63 0 1830 0 57435 0
#9 as 3 18 168 2022 26658 363915 5054031 70956810 1004102358
as 0 22 0 5910 0 1932070 0 670248782 0
ay 0 6 0 126 0 3660 0 114870 0
#10  aq 3 27 309 3963 53073 727101 10105875 141907059 2008185033
as 0 44 0 11820 0 3864140 0 1340497564 0
a 0 5 0 99 0 2450 0 68355 0
#11  aq 2 22 221 2546 31367 405547 5422370 74233722 1033431575
as 0 34 0 7222 0 2086690 0 689426766 0
a 0 10 0 198 0 4900 0 136710 0
#12  ao 5 43 443 5091 62735 811093 10844741 148467443 2066863151
as 0 68 0 14444 0 4173380 0 1378853532 0
ay 0 5 0 99 0 2450 0 68355 0
#13 a9 4 26 235 2586 31489 405911 5423464 74237002 1033441417
as 0 34 0 7222 0 2086690 0 689426766 0
a 0 3 0 63 0 1830 0 57435 0
#14  ao 2 16 161 2002 26597 363733 5053484 70955170 1004097437
as 0 22 0 5910 0 1932070 0 670248782 0
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# a; M; My, Mz My Mj Mg M, Mg My
a 0 3 0 63 0 1830 0 57435 0
#15  ao 2 14 155 1982 26537 363551 5052938 70953530 1004092517
as 0 22 0 5910 0 1932070 0 670248782 0
ai 0 2 0 42 0 1220 0 38290 0
#16  ao 2 12 112 1348 17772 242610 3369354 47304540 669401572
as 0 15 0 3941 0 1288050 0 446832533 0
ai 0 4 0 84 0 2440 0 76580 0
#17  ao 2 18 206 2642 35382 484734 6737250 94604706 1338790022
as 0 30 0 7882 0 2576100 0 893665066 0
ay 0 3 0 51 0 1230 0 34195 0
#18  ao 2 12 113 1278 15697 202809 2711284 37117138 516716573
as 0 18 0 3622 0 1043490 0 344715406 0
ai 0 6 0 102 0 2460 0 68390 0
#19  ao 3 23 225 2555 31393 405617 5422567 74234275 1033433145
as 0 36 0 7244 0 2086980 0 689430812 0
ai 0 3 0 51 0 1230 0 34195 0
#20  ao 3 16 126 1318 15818 203173 2712377 37120418 516726414
as 0 18 0 3622 0 1043490 0 344715406 0
a 0 3 0 51 0 1230 0 34195 0
#21  ao 2 14 119 1298 15757 202991 2711830 37118778 516721493
as 0 18 0 3622 0 1043490 0 344715406 0
ai 0 3 0 51 0 1230 0 34195 0
#22  ao 2 14 119 1298 15757 202991 2711830 37118778 516721493
as 0 18 0 3618 0 1043400 0 344713838 0
ai 0 6 0 102 0 2460 0 68390 0
#23  ao 3 23 225 2555 31393 405617 5422567 74234275 1033433145
as 0 36 0 7236 0 2086800 0 689427676 0
a 0 2 0 33 0 920 0 28735 0
#24  ao 2 10 86 1016 13342 181993 2527114 35478682 502051964
as 0 12 0 2966 0 966180 0 335126414 0
ai 0 4 0 66 0 1840 0 57470 0
#25  ao 2 15 158 1991 26562 363621 5053134 70954083 1004094086
as 0 24 0 5932 0 1932360 0 670252828 0
ai 0 2 0 33 0 920 0 28735 0
#26  ao 2 11 89 1026 13372 182084 2527387 35479502 502054424
as 0 12 0 2966 0 966180 0 335126414 0
a 0 3 0 51 0 1230 0 34195 0
#27  ao 3 16 126 1318 15818 203173 2712377 37120418 516726414
as 0 18 0 3618 0 1043400 0 344713838 0
ai 0 1 0 21 0 610 0 19145 0
#28  ao 1 6 56 674 8886 121305 1684677 23652270 334700786
as 0 8 0 1972 0 644030 0 223416284 0
ai 0 2 0 42 0 1220 0 38290 0
#29  ao 1 9 103 1321 17691 242367 3368625 47302353 669395011
as 0 16 0 3944 0 1288060 0 446832568 0
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# a; M; My Mz My M5 M My Mg My
al 0 1 0 21 0 610 0 19145 0
#30  ao 1 7 58 681 8906 121366 1684859 23652817 334702426
as 0 8 0 1972 0 644030 0 223416284 0
ai 0 3 0 45 0 930 0 22575 0
#31  as 3 15 105 966 10398 122802 1541550 20202222 273038442
as 0 16 0 2478 0 599200 0 181948718 0
ay 0 6 0 90 0 1860 0 45150 0
#32  as 3 21 183 1851 20553 244875 3080913 40397883 546057201
as 0 32 0 4956 0 1198400 0 363897436 0
ai 0 2 0 27 0 620 0 17115 0
#33  ao 2 9 65 664 7922 101622 1356287 18560486 258363992
as 0 10 0 1818 0 521800 0 172358158 0
ai 0 4 0 54 0 1240 0 34230 0
#34  as 2 13 116 1287 15722 202879 2711480 37117691 516718142
as 0 20 0 3636 0 1043600 0 344716316 0
ai 0 2 0 27 0 620 0 17115 0
#35  as 2 9 65 664 7922 101622 1356287 18560486 258363992
as 0 10 0 1822 0 521890 0 172359726 0
al 0 4 0 54 0 1240 0 34230 0
#36  ao 2 13 116 1287 15722 202879 2711480 37117691 516718142
as 0 20 0 3644 0 1043780 0 344719452 0
ai 0 3 0 45 0 930 0 22575 0
#37  ao 2 12 95 936 10307 122529 1540730 20199762 273031061
as 0 16 0 2478 0 599200 0 181948718 0
ai 0 2 0 27 0 620 0 17115 0
#38  as 2 10 68 674 7952 101713 1356560 18561306 258366452
as 0 10 0 1818 0 521800 0 172358158 0
al 0 2 0 27 0 620 0 17115 0
#39  ao 2 10 68 674 7952 101713 1356560 18561306 258366452
as 0 10 0 1822 0 521890 0 172359726 0
ail 0 1 0 12 0 310 0 9590 0
#40  ao 1 5 33 352 4486 60779 842710 11827232 167353638
as 0 5 0 997 0 322160 0 111710165 0
ai 0 2 0 24 0 620 0 19180 0
#41  as 1 6 55 670 8871 121254 1684509 23651730 334699075
as 0 10 0 1994 0 644320 0 223420330 0
al 0 2 0 24 0 470 0 11305 0
#42  ao 2 9 56 493 5227 61482 771010 10101798 136521236
as 0 9 0 1248 0 299700 0 90975598 0
al 0 4 0 48 0 940 0 22610 0
#43  ao 2 12 95 935 10302 122508 1540653 20199495 273030170
as 0 18 0 2496 0 599400 0 181951196 0
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# a; M; My Mz My Ms Mg M My My
a 0 1 0 15 0 310 0 7525 0
#44  ao 1 5 34 319 3456 40904 513759 6733801 91011994
as 0 6 0 828 0 199740 0 60649596 0
ai 0 2 0 30 0 620 0 15050 0
#45  ao 1 7 61 617 6851 81625 1026971 13465961 182019067
as 0 12 0 1656 0 399480 0 121299192 0
ay 0 1 0 15 0 310 0 7525 0
#46  ao 1 5 35 322 3466 40934 513850 6734074 91012814
as 0 6 0 828 0 199740 0 60649596 0
a 0 1 0 9 0 160 0 3780 0
#47  ao 1 4 21 171 1761 20548 257160 3367724 45508422
as 0 4 0 423 0 99970 0 30326037 0
a1 0 2 0 18 0 320 0 7560 0
#48  ao 1 5 34 318 3451 40883 513682 6733534 91011103
as 0 8 0 846 0 199940 0 60652074 0

Table 5.6: The 48 moment sequences that arise for twists of the Fermat quartic.
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Gen(H) | h ID(G) | ID(H) k| #/k #/k(i)
id id (2,1) [ (1,1) Q| #1 42
zt+yt+21=0
id [ui, [ @21)] (11)] Q[ #1] #2
224 — 1222y + 2yt + 24 = 0
id | Hutiw | (2,1) | (1,1) ] Q| #1] #2
Azt +yt+24=0
t |t L 41| (2,1) | Q/-5) | #3 ] #4
—22% = 3223y + 122%y? + 32z -2yt + 21 =0
Gl | utiur | (4,2) | (2,1) | Q| #5] #4
9z + 9y - 42 =0
tf [utti [ (4.2) [ (2,1)] Q] #5] #4
—142* - 19223y + 8422y? + 192295 — 14y* + 24 = 0
t | id | (42)] (2,1) ] Q[ #5] #4
9zt + 9yt + 21 =0
tf [w | (4.2) [ (2,1) | Q] #5] #4
9x4—4y4+24:0
uit, [id | (42)] (2,1)] Q[ #5 ] #4
224 + 36222 + 18y + 24 = 0
witt [ Hutiu | (4,2) | (2,1) ] Q| #5 | #4
-8zt — 14422y? - 72y + 24 =0
51 [ id | (6.2) [ (3,1) | Q[ #6 ] #1

32t + 14(62%y? + 4232) - 21(122%y 2 + day®) + 98(622y? + 122y%2 + y*) -

—245(4y3 2 + 12xy2?) + 4998y 22 — 9604y 2> + T5462% = 0

51

[uitn [ (6,1) [ (3,1)] Q[ #3]

47

32t —12(62%y? + 4232) - 12(122%y 2 + day®) + 72(622%y® + 122y%2 + )+

+120(4y32 + 122y2?) — 23041222 — 4032y23 + 18242% = 0

thuf  |id | (8,5) | (4,2)] Q| #9| #10
9% + 25y + 24 = 0

thurtiug | 4 | (8,4) | (4,1) | Q(V-2) | #11 | #12

—24x3y + 24zxy® + 24 = 0

thut |[w | (85) ] (4,2) ] Q[ #9] #10
9z + 25yt — 421 = 0

Butiu [ uit | (8,3) ] (41) ] Q | #13 | #12

6z - 362%y% + 6yt + 24 =0
Wittt | Hutiu | (8,5) | (4,2) | Q| #9| #10
—28z% — 24023y — 8402%y? — 1200x1> — 700y* + 2* = 0
t | u | (83) ] (41) ] Q[ #9 #10

10z* + 80023y — 30022y — 4000zy> + 250y + 2% = 0

101
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Gen(H) h ID(G) | ID(H) k| #/k | #/k(i)
t turtyuy (8,3) | (4,1) Q| #9 #10
—-10z* + 80023y + 300x2y? — 4000zy> — 250y + 2% = 0
Hutu | w | (8,3) | (41)] Q| #13 | #12
32t — 4yt + 21 =0
uity, t] \ 1u1t1u1 | (3, 3) \ (4,2) | Q | #14 | #10
2224 — 1603: y — 13202%y? — 1600xy> — 2200y + 2% = 0
1, ui \ | (8.3) ] (4.2)] Q#14] #10

32:1:3y + 122292 + 32:Ey —ut+24=0
uity, £ \ id | (8,5) | 2) | Q| #9] #10
282 + 240z y+840:c2y2 + 1200xy3 +700y* + 24 =0
t \ tlultlul | (8.2 [ (41) ] Q | #14 | #10
-60z* — 40023y - 1800:75 2y? —2000zy> — 1500y* + 24 = 0
Hutiwl | \ 3) | (4,1) | Q| #9] #10
9x +3y4 424 =0
e | id \ 3) | ( 1) | Q| #9| #10
93: +3y =0
tutiul | ult \ (8,2) (4 1) | Q| #14 | #10
14z? — 19223y - 842%y? + 192xy> + 14y + 22 = 0
uit, tf | uf | (83) ] (42) ] Q#14] #10
2224 + 16023y + 132022y + 16002y> + 2200y* + 2 = 0
t [ id | (8.2 [ (41) ] Q| #14]| #10
60z* + 40023y + 18002%y? + 2000zy> + 1500y* + 2% = 0
ttutivd | hw | 8.1 [ (41) ] Q(/6) | #15 | #10
62" — 4023y — 362%y? + 40xy> + 6y + 2% = 0
tluitiuy | id | 8.3) [ (41)] Q| #13| #12
3et+yt+ 21 =0
si,ufty | id | (12,4) | (6,1) | Q | #16 | #17

3zt + 2(622%y? + 4232) - 3(122%y 2 + 4xy®) + 2(6:1323/2 + 1221%2 + y*) -
54132 + 122y22) + 30y%22% - 28y23 + 102* = 0

turtiug, vl | it | (16,6) [ (8,2) | Q(\/_) | #18 [ #19
zt - 1623y — 1222y +16xy3+2y +24=0
tturtiug, v | w \ (16 11) [ (3,2) | Q| #20| #19
9z + 5yt - 424 =0
thurtiug, uf | ultl \ (16,13) 2\ (8, é\ @ | #21 | #19
62 - 3223y - 3622y + 322> + 6y + 21 = 0
thurtiug, uf | id | (16,11) | (8,2) | Q| #20 |  #19
924 + 5yt + 24 =0
uitiug | wy | (16,8) | (8,1) | Q| #22] #23

162y + 32zy° + 2% = 0

APPENDIX
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Gen(H) h ID(G) | ID(H) | k| #/k #/k(3)
turtiuy, usty | ug (16,7) (8,3) | Q| #24 #25
4zt + 3223y + 48x%y? + 64xy® + 16y* + 22 = 0
Butiud,ty | id | (16,13) | (8,4) | Q | #26 | #25
1224 + 7223y + 21622y? + 2162y> + 108y* + 2 = 0
t1,ul | witiur | (16,11) [ (8,3) | Q | #26 | #95
—8xt — 48x3y — 1442?y? — 144xy® - T2y* + 2% = 0
tlu%tlultl ‘ tlultlu% ‘ <16,7> ‘ <8,1> ‘ Q ‘ #27 ‘ #23
162y + 32xy> + 24 = 0
t, uitiug | | (16,11) | (8,2) | Q | #20 | #19
1224 + 6423y + 14422y? + 128zy> + 48y  + 21 = 0
t1,ul | id | (16,11) | (8,3) | Q | #26 | #25
8z + 4823y + 144x°y? + 144zy> + T2yt + 24 = 0
Hutiud,uity | id | (16,11) | (8,3) | Q | #26 | #25
Azt + 2423y + 722y + 722y + 36yt + 21 = 0
Hutiwd, i | w | (16,8) | (8,4) | Q| #24 | #25
10z + 20023y + 300x2y? + 1000zy> + 250y* + 2% = 0
ty, urtiug | id | (16,13) [ (8,2) | @ [ #21 | #19
142* + 120:63y + 420x2y2 + 600:Uy3 + 350y4 +24=0
s1,u} | id | (24,13) [ (12,3) | Q [ #28 | #29

14z? - 843y + 98(6x2y? + 4a32) — 245(122%y 2 + 4ay®) + 833(622%y? + 1229%2 + y*) -
—2401(4y32 + 122y2?) + 45276322 — 90552y23 + 696292 = 0

s1,u Wt [ (24,12) [ (12,3) [ Q | #30 | #29

—122% — 483y + 72(6x2y? + 4232) + 120(122%y 2 + 4a1®) — 384(62%y2 + 1229%2 + y*) -
~1008(4y32 + 122y2?) + 10944222 + 30336123 — 69122* = 0

uy, tiug ty | id | (32,34) [ (16,2) | Q [ #31 | #32
3zt + 5yt + 21 =0
tiudtiunty,uf | id | (32,7) | (16,6) | Q| #33 | #34
10z + 4023y + 3002%y? + 200xy> + 250y + 24 = 0
Hutiug,ui t | w | (32,43) | (16,13) | Q | #35 | #36
6z + 4823y + T2x%y% + 96xy> + 24y  + 21 = 0
w,uthuity Wl [ (32,11) | (16,2) | Q [ #37 | #32
224 — 1623y — 1222y + 162y + 2y + 24 = 0
tiuftiut, el | w | (32,43) | (16,6) | Q | #38 | #34
102 - 8023y — 30022y? + 400zy> + 250y* + 22 = 0
wtiug,ul,ty | id | (32,49) | (16,13) | Q | #39 | #36
8z% + 5623y + 3362%y2 + 3922y° + 392y% + 21 = 0
s1,t1 | id | (48,48) | (24,12) | Q | #40 | #41

22 — 1223y + 2(62°y? + 4232) - 5(122%y 2 + 4xy?) + 5(62%y? + 12zy°2 + y*) -
~T(43 2 + 122y22) + 60y%22% — 48y23 + 172 = 0
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Gen(H) | h ID(G) [ ID(H) | k | #/k #/k(i)
tu | id (64,134) [ (32,11) | Q | #42 #43
4zt + 4823y + 48x%y? + 96> + 16y4 +24=0
sur | ufty | (96,64) | (48,3) [ Q | #44 | #45

—48z3y — 12(62%y? + 423 2) + 72(122%yz + 4ay”) + 120(62%y* + 122y%2 + y*) -
—384(41° 2 + 122y2?) — 6048y 2% + 7296123 + 75842* = 0
s,ur | id [ (96,72) | (48,3) [ Q | #46 | #45
5623y — 21(62%y% + 4232) + 98(122%y 2 + 4xy3) — 245(622y? + 12xy°2 + ) +
+833(4y° 2 + 122y2?) — 14406y%2% + 30184y 2> — 226382* = 0
si,ti,ug | id | (192,956) | (96,64) [ Q | #47 | #48
823y — 3(622y? + 4232) + 2(122%y 2 + 4xy®) - 5(62%y? + 1229%2 + y*)+
+5(4y3 2 + 122y22) — 42y%22 + 40y23 — 122 = 0

Table 5.7: Generators for the pairs of groups (G, H) and example twists C' of the Fermat
quartic in each case. We also show the moment sequences corresponding to C'/k and C/k(7).
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# a; M;p My  Mj My Ms Mj My Mg My
ay 0 9 0 243 0 7290 0 229635 0
#1 s 6 54 621 7938 106191 1454355 20212254 283815738 4016375199
as 0 82 0 23574 0 7727410 0 2680982990 0
a 0 18 0 486 0 14580 0 459270 0
#2 as 9 99 1215 15795 212139 2907981 40422321 567624915 8032730715
as 0 164 0 47148 0 15454820 0 5361965980 0
a 0 5 0 123 0 3650 0 114835 0
#3 as 4 30 319 3994 53169 727395 10106772 141909786 2008193305
as 0 42 0 11798 0 3863850 0 1340493518 0
a 0 10 0 246 0 7300 0 229670 0
#4 as 5 51 611 7907 106095 1454061 20211357 283813011 4016366927
as 0 84 0 23596 0 7727700 0 2680987036 0
a 0 3 0 81 0 2430 0 76545 0
#5 as 3 21 216 2673 35478 485028 6738147 94607433 1338798294
as 0 28 0 7860 0 2575810 0 893661020 0
a1 0 6 0 162 0 4860 0 153090 0
#6 as 3 33 405 5265 70713 969327 13474107 189208305 2677576905
as 0 56 0 15720 0 5151620 0 1787322040 0
ay 0 3 0 81 0 2430 0 76545 0
#7 as 2 18 207 2646 35397 484785 6737418 94605246 1338791733
as 0 28 0 7860 0 2575810 0 893661020 0
a 0 3 0 45 0 1110 0 33285 0
#8 as 3 15 114 1227 15528 209202 2893449 40570779 573880632
as 0 16 0 3468 0 1106710 0 383080124 0
a 0 6 0 90 0 2220 0 66570 0
#9 as 3 21 201 2373 30813 417675 5784711 81134997 1147741581
as 0 32 0 6936 0 2213420 0 766160248 0
ay 0 3 0 63 0 1830 0 57435 0
#10  aq 2 14 155 1982 26537 363551 5052938 70953530 1004092517
as 0 22 0 5910 0 1932070 0 670248782 0
a 0 6 0 126 0 3660 0 114870 0
#11  aq 3 27 309 3963 53073 727101 10105875 141907059 2008185033
as 0 44 0 11820 0 3864140 0 1340497564 0
a 0 3 0 63 0 1830 0 57435 0
#12  ao 3 18 168 2022 26658 363915 5054031 70956810 1004102358
as 0 22 0 5910 0 1932070 0 670248782 0
ay 0 2 0 42 0 1220 0 38290 0
#13 a9 2 12 112 1348 17772 242610 3369354 47304540 669401572
as 0 15 0 3941 0 1288050 0 446832533 0
a 0 4 0 84 0 2440 0 76580 0
#14  ao 2 18 206 2642 35382 484734 6737250 94604706 1338790022
as 0 30 0 7882 0 2576100 0 893665066 0
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# a; M My M5 Mg M~ Mg My
a 0 15 0 370 0 11095 0
#15  aq 1 409 5176 69734 964483 13523593 191293544
as 0 1158 0 368910 0 127693398 0
a1 0 30 0 740 0 22190 0
#16  ao 1 791 10271 139225 1928237 27044999 382580527
as 0 2316 0 737820 0 255386796 0
a 0 33 0 920 0 28735 0
#17  ao 2 1016 13342 181993 2527114 35478682 502051964
as 0 2966 0 966180 0 335126414 0
a 0 66 0 1840 0 57470 0
#18  aq 2 1991 26562 363621 5053134 70954083 1004094086
as 0 5932 0 1932360 0 670252828 0
ai 0 1 6 0 70 0 1540 0
#19  ao 1 3 77 746 9117 122243 1697735 23943936
as 0 3 183 0 47040 0 15987279 0
a 0 2 12 0 140 0 3080 0
#20 ao 1 4 140 1451 18112 244121 3394376 47884591
as 0 6 366 0 94080 0 31974558 0
a 0 2 42 0 1220 0 38290 0
#21  ao 1 9 1321 17691 242367 3368625 47302353 669395011
as 0 16 3944 0 1288060 0 446832568 0
a1 0 2 24 0 620 0 19180 0
#22  ao 1 6 670 8871 121254 1684509 23651730 334699075
as 0 10 1994 0 644320 0 223420330 0

Table 5.8: The 22 moment sequences that arise for twists of the Klein quartic.
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ID(G) ID(H) k L | #[k | #[k(V-T)
{2,1) (L,1) Q Q-7 | #1 #2

oyt + 2+ 6(ay’ +y2 + 22%) - (2% + 222 + 222?) + Bxyz(z+y+2) =0
42 [0 Q | QW-T7,1) [ #3 | #4

49z — 6322y? + 2102°yz — 1262222 + y* + 12y°2 — 513222 + 66y2° — 312 = 0
(6,1) | 3.1) ] Q] see[3.3[with p(z) =2 +2+2 | #5 | #6

768z% + 14422 y? — 864a%yz — 482222 + 336xy° + 3362yz2 — 672225—
—9y* +108y%z — 318y%2% - 36y23 — 24 =0
6,20  [31) | Q] Q) | #7] #6
By+yPz+252=0
(141) [ (7,1) ] Q] see section [3.3] with 81 = (& + (8 [ #8] #9
—2* — 823y + 532 + 182%y° — 5dayz + 302222 — 11zy® + 60zy? 2—
—111zyz? + 38223 + 5y* — 16932 + 36y222 — 25923 + 324 =0
81 @41 [QW2Vi)] K(Y=T) | #10 | #11
—Tz* + y4 + 9:;14:;?24 - 62%y? - i7‘/5,223@/ =0
83 @y | Q | Q=T V2+3v2,V/2-3V2) | #12 | 411
49z% + 5042%y? — 302422y z + 10082222 + 232y* + 2368y> 2—
—12000y222 + 19072y 23 — 205762* = 0
(12,4)  [¢(6,1) | Q| see [3.3 with p(z) =2’ -2z +1 | #13 | #14
752t + 63022y + 94522y 2 + 4202222 — 735xy” + 1470xy 2% + 735225 -
—1764y* + 5292132 — 6321222 — 3528y23 - 7842% = 0
(42.1) [(211) | Q | Q¢r, V2) | #15 | #16
23y + 32+ 232 =0
(16,7  [(83) | Q12 ] (i, ¥/=7) | #17 | #18
“Txt + oyt + 9;13:?24 - 62%y? - iﬁz%y =0

(336,208) | (168,42) | Q | see section [4.1] | #19 | #20

22t + 723z + 32%y? — 12222° — 6xyz? + 10225 + 232 — 6y 22 + 8y2° — 427=0
(12,3) ‘ (12,3) ‘ Q(-7) | k(v/a,vb,\/c) with a,b,c the roots of 2° + 2 -2 =0 ‘ #21 ‘ #21

T2t — 843y — 28232 — (6 + 12a)2%y? + (204 + 72a)xyz + (114 - 108a) 2% 2%+

+(32 + 36a)xy® - (168 + 84a)zy?z — (192 + 132a)xyz? - (200 - 132a)x23+
+(46 - 27a)y* — (88 + 360 )y 2 + (346 + T8a)y? 2%~
—(264 - 60a)yz> + (22 - T5a)z* = 0

(24,12) | (24,12) | QW/-T7) | k(\/a,Vb,\/c) with a,b,c the roots of z° -2z - 1=0 | #22 | 422

562 + 16823y + 448232 + (96 + 192a)z%y* + (816 + 288a)xyz + (1272 + 108 )z 2%+
+(128 + 144a)2y® + (564 + 876a)xy* 2z + (1536 + 10560 ) xyz? + (648 — 2160 ) w23+
+(185 + 27a)y* + (704 + 288a)y3z + (1188 + 948a)y? 22+
+(1320 + 9600 )y 2> + (836 + 3000) z* = 0

Table 5.9: Examples twists for the pairs (G, H) of the Klein quartic. We show the field
k over which the equation of the twist is defined and the field L of definition of the twist.
In the last two rows we enumerate the Sato-Tate distribution of the twist over &£ and over

k().
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