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Notation

symbol means
C The set of complex numbers.
|G| Order of the group G.
G : H| Index of the subgroup H in G.
Hx K Semidirect product of H by K (H < H x K).
Tr M The Trace of a square matrix M.
GL(n,C) The set of n x n invertible matrices with entries from C.
Sp Symmetric group of degree p .
Q[G] The rational group algebra of group G.
JXn Jacobian of the Riemann surface X/H (or J(X/H)) .
M, Conformal equivalence class space of Riemann surfaces of a genus g.
A, Moduli space for Abelian variety of genus g.
GCD(z,y) Greatest common divisor between = and y.




Abstract

Let G be a finite group acting on a compact Riemann surface X. This ac-
tion induces the so called group algebra decomposition of the corresponding
Jacobian variety JX. Moreover, consider a subgroup H < G of G and the
intermediate quotient X/H arising from this action restricted to H. The
group algebra decomposition of JX determines a decomposition of the Ja-
cobian variety J(X/H) of X/H.

In this work, we prove a condition under which two intermediate quo-
tients, X/H and X/K for H K < G, correspond to isogenous Jacobian
varieties. The condition is that they induce the same permutation charac-
ter, a concept that has been widely studied in the context of Representation
Theory, where it is said that H and K are linked subgroups in G.

For every (odd) prime p > 3, we study a family of groups G, = (Z/p*Z x
Z]pZ) x (Z/pZ x Z/pZ) having two linked subgroups which are not conju-
gate. We describe their elements, irreducible complex (and rational) repre-
sentations, different signatures for their actions on Riemann surfaces, and the
corresponding impact on the group algebra decomposition of the associated
Jacobian varieties.



Resumen

Sea GG un grupo finito actuando en una superficie de Riemann compacta X.
Esta accion induce la llamada descomposicion segin el dlgebra de grupo de
la variedad Jacobiana JX correspondiente a X. Madés ain, considere H <
G subgrupo de G y la superficie cuociente (intermedia) X/H determinada
por la accién restringida a H. La descomposicion de JX determina una
descomposicién de la Jacobiana de X/H, J(X/H).

En este trabajo demostramos una condicién bajo la cual las variedades
Jacobianas de dos cubrientes intermedios, X/H y X/K para H, K < G, son
iségenas. Esta condicién es que H y K inducen la misma representacion
permutacional. Ello ha sido ampliamente estudiado en el contexto de Teoria
de Representaciones, donde se dice que H y K son subgroups ligados en G.

Para todo primo (impar) p < 3, estudiamos una familia de grupos G, =
(Z)p*Z x Z]pZ) x (Z/pZ x Z/pZ) que tienen dos subgrupos ligados no con-
jugados. Describimos sus elementos, caracteres irreducibles complejos (y
racionales), diferentes firmas y acciones, y las consecuencias en la descom-
posicion de las variedades Jacobianas asociadas.



Introduction

The classification of objects is essential in Mathematics. The question of
whether or not two objects are equivalent appears in every theory as soon as
the objects of study are defined. Frequently, there is more than one possible
definition of equivalence that depends on the properties we are interested in.

In Field Theory, we find the concept of arithmetically equivalent fields
and isomorphic fields. Isomorphic fields are arithmetically equivalent but
the reciprocal is not true. In fact, a field K that is isomorphic to every field
to which it is arithmetically equivalent is said to be arithmetically solitary.
In 1925, Gassmann [14, 31] discovered the first non-solitary fields: He proved
the existence of two fields K, K’ of degree [K : Q] = [K’ : Q] = 180 which
are arithmetically equivalent but not isomorphic.

Now, turning to the context of Riemannian Geometry, in 1985, a work
of Sunada [40] was published where he brought these ideas, that were used
in the context of number fields, to Riemannian manifolds. Specifically, he
sought to study the question of the existence of isospectral but not isometric
Riemannian manifolds. Roughly speaking, he replaced field extensions by
Riemannian coverings to use the parallel between Galois theory for covering
spaces and field extensions. We consider his work as a door to the idea of
using all these results living in the world of algebra to our field: Riemann
surfaces and Abelian varieties.

Let us now go to the area of Riemann surfaces. Because of the Torelli
Theorem, isomorphic Riemann surfaces have isomorphic polarized Jacobian
varieties. One question, of the same flavor as the ones discussed above and
that has interest in the context of Riemann surfaces and Abelian varieties, is
the existence of non-isomorphic Riemann surfaces with isomorphic Jacobian
varieties (not considering the polarization). In other words, the question
deals with the existence of non-isomorphic Riemann surfaces whose Jacobian
varieties are isomorphic as complex tori. This is the deep question that
motivates our work.

Ciliberto and Van der Geer [11] in 1994 constructed non-isomorphic Rie-
mann surfaces of genus 4 with isomorphic Jacobians, as non-polarized Abelian
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varieties.

Howe [21] in 1996 constructed non-isomorphic curves over finite fields with
isomorphic Jacobians. Later [22], in 2000, he moves to complex curves and
constructs n distinct plane quartics and one hyperelliptic curve all of whose
Jacobians are isomorphic to one another as complex tori (i.e. as Abelian
varieties without considering the polarization).

These works [11, 22] are intricately connected to the question of under-
standing Abelian varieties with several principal polarizations, treated for
instance in Lange’s work [27] from 1987. In these two papers examples are
provided where two non-isomorphic polarized Jacobians which are isomor-
phic only as complex tori correspond to two (different) principal polarizations
on the same Abelian variety.

Let us return to non-solitary fields. Perlis [31] in 1977 investigated the
phenomenon of non-solitary fields more closely. In fact, he established a con-
nection between group and field theory. He gave the definition of Gassmann
equivalence for subgroups of a group G, relating it with Dedekind zeta func-
tions of fields, and hence with arithmetically equivalent fields. He uses this
property to construct examples of pairs of non-isomorphic and arithmetically
equivalent number fields.

Two subgroups H, H' of a finite group G are called Gassmann equivalent if
every x € (G satisfies ‘SL’G N H‘ = ‘xG N H'|, where 2% denotes the conjugacy
class of x in G. Notice that if H and H’ are Gassmann equivalent, then
(G:H|=|G: H'.

The relation that Perlis established between Gassmann equivalent sub-
groups and arithmetically equivalent fields is as follows:

Consider two number fields K, K’ with common Galois extension N. Let
G be the Galois group of N over Q and H, H' subgroups of G such that
they correspond to the Galois group of K, K’ over Q respectively. Then, K
and K’ are arithmetically equivalent if and only if H and H’ are Gassmann
equivalent as subgroups of GG. In the case that H is not conjugate to H’, the
fields K and K’ are not isomorphic.

In 1980, Feit [13], in a work where he was studying consequences of the
classification of finite simple groups, found what he called “an apparently
unrelated result”. He proved that if two number fields K, K’ are arithmeti-
cally equivalent non-isomorphic number fields of degree p (prime), then p
has certain restrictions. For this, he used that two arithmetically equivalent
number fields have the same Galois closure F' (in some algebraic closure) and
the permutation representations of the Galois group G of F' on the cosets of
the subgroups H, H' of G corresponding to the fields K, K’ afford the same
character.

As a result, a relation among Gassmann equivalence (Group Theory),
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arithmetically equivalent (Field Theory) and equal characters (Representa-
tion Theory) came into play.

Guralnick [18] took this idea in 1983 and showed the equivalence between
Gassmann equivalence and the following property:

Two subgroups H, H' of a finite group G are Gassmann equivalent if
and only if H and H' induce the same permutational character of G (which
corresponds to the action of this group on the cosets).

Since conjugate subgroups have the same permutational character, Gu-
ralnick was interested in the case when H and H’ are not conjugate. He
constructed explicit groups having such subgroups for indices p? and p3, for
p prime.

In 1985, Guralnick and Wales [19] studied groups G with subgroups H, H’
of index [G : H| = [G : H'] = pq, with p, q different primes, with the same
permutational character and found conditions on the primes. Moreover, they
addressed the general situation on the index of the subgroups, and they
proved that for n < 40 but n # 18 there are groups containing non-conjugate
subgroups H, H' of index n with the same permutational character if and only
ifn=1,2,3,4,5,6,9,10,17,19, 23, 25,29, 37, 38. As far as we know, it is still
unknown whether there are groups with such subgroups of index n = 18.

Years later, the property of H and H' being Gassmann equivalent in G
was captured and defined in terms of representations. Caranti et. al. [7] in
1994 gave the following definition:

If G is a finite group, two subgroups H, H' of G are linked in G if and only
if the character of Ind% (1x) is equal to the character of Ind%, (15), where
Ind% (1) stands for the induced representation of the trivial representation
of the subgroup H.

Subgroups that are conjugate are trivially linked, but there are linked
subgroups that are not even isomorphic [7].

In 1997, Gavioli [15] found necessary and sufficient conditions so that
given H and H' soluble finite groups, there exists a soluble finite group G
such that H and H’ are linked in G.

Therefore, and as shown in the preceding discussion, in the context of
Group and Field Theory, as well as in Riemannian Geometry, finding non-
trivial linked subgroups (that is, linked subgroups that are not conjugate) is
of interest for their applications in studying questions about classification,
such as finding non-isomorphic arithmetically equivalent fields, as well as non-
isometric isospectral Riemannian manifolds. In this work, we propose to use
the theory of linked subgroups to construct non-isomorphic Riemann surfaces
with isomorphic (without polarization) Jacobian varieties. We proved the
following Theorem:
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Theorem (Theorem 3, Chapter 2) Let X be a compact Riemann surface
with the action of a finite group G. If H and H' are linked groups in GG, then
the Jacobian varieties JXpy and JXpg corresponding to the intermediate
quotients X/H and X/H’ are isogenous.

This is a first step in answering the general question of finding non-
isomorphic Riemann surfaces with isomorphic Jacobians, since an isogeny
between Abelian varieties is a surjective homomorphism with finite kernel.
Therefore, to ask for non-isomorphic Riemann surfaces with isogenous Jaco-
bian varieties is a weaker question.

For doing this, we use the theory of group actions on Abelian varieties
[28, 8, 33], and particularly on Jacobian varieties [35]. It is known that this
theory has been a fruitful ground for understanding aspects of the geometry
of moduli spaces of Abelian varieties. The same happens with using group
actions to study the moduli space of compact Riemann surfaces [1, 10]. A
further understanding of both topics is achieved when combining viewpoints
[26, 24, 29, 35].

We recall that when a group G acts on an Abelian variety A, it induces
a morphism

p: QIG] — Endg(A)

from the rational group algebra Q[G] to the endomorphism algebra
Endg(A) = End(A) ®z Q of A. This morphism allows us to carry the
decompositions of Q[G] to A.

The decomposition of A corresponding to the decomposition of Q[G] into
a product of simple algebras is called the isotypical decomposition, and each
factor is called an isotypical factor.

Since each simple algebra is decomposed into a product of minimal (left)
ideals, there is a finer decomposition of Q[G] as a product of minimal ideals.
The corresponding decomposition of A induced by this one is called the group
algebra decomposition, and each factor is called a primitive factor.

In particular, when a group G acts on a (compact) Riemann surface
S, there is an action of G on the corresponding Jacobian variety JS of S.
Therefore, JS is decomposed in these two ways as a consequence. We point
out that the isotypical decomposition is unique, so the isotypical factors are
uniquely defined. But that is not the case of the group algebra decomposition,
where there are several sets of primitive factors decomposing the Abelian
variety. While the dimension of the factors will remain fixed regardless of
these choices, their induced polarization and the kernel of the isogeny can
change.

Notice that, the primitive factors can be simple or not, depending on A
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and on the action of G. Moreover, they are not, in general, principally polar-
ized. A secondary fact that we want to point out, although it is not related
to what we are presenting here, is that the group algebra decomposition does
not coincide, in general, with the Poincaré decomposition of the variety.

There are several tools [8, 28, 33, 35, 25] that can be used to study
the geometry of these decompositions (dimension of the factors, induced
polarizations, kernel, etc). We use here, in order to relate the knowledge that
exists about linked subgroups with these decompositions, the results in [8],
where this bridge between algebra and geometry is deepened by constructing
idempotents in the group algebra that describe the primitive factors that
decompose the Jacobian varieties corresponding to Riemann surfaces arising
from taking intermediate coverings. This is, Jacobians of Riemann surfaces
S/H where S is a Riemann surface with the action of a group G and H < G.

As said, this thesis is a first step towards merging the geometric context
associated to decompositions of Jacobian varieties and the algebraic condition
of linked subgroups that is already quite developed in the context of Group
and Galois Theory. We expect that some questions in complex geometry
that are currently being studied, such as the already mentioned question
about several principal polarizations on Jacobian varieties or non-isomorphic
Riemann surfaces with isomorphic Jacobians (as tori), can be tackled by
combining the known results about Gassmann equivalence, linked subgroups,
their applications to Riemannian manifolds and Field Theory, as well as
group actions on varieties and the associated decompositions.

We work with a family of groups (depending on a prime p # 2) proposed
in [18], and also studied in [15]. Each group G, in the family has linked
subgroups H and K, we prove that the minimal dimension of a family of
Riemann surfaces whose elements have G, action is one (see Section 2.3,
Chapter 2). We study the group algebra decomposition of the corresponding
Jacobian varieties for one of these families. Moreover, we study new families
of larger dimension of this family by extending the signature in a suitable
way, and study the consequences.

One last remark, according to Singerman’s work [39], if a family of com-
pact Riemann surfaces with the action of a (finite) group G has dimension
greater than 4, then G is the full automorphism group of the general element
in the family. In our case, G, is a p-group, therefore it has no involutions. A
direct consequence of this is that generically the elements in our families are
not hyperelliptic curves. We point out that some of these families could con-
tain a subfamily where the general element has more automorphisms, besides
from those in G, but this subfamily has to be lower dimensional.

Our framework has two parts.
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e Algebraic objects: For each prime p # 2, we present the group G, and
the subgroups H, K linked in G,. We use:

G, = Ax H, where A = (a,b) ~ Z,>» x Z, with a of order p?, b of order
p, and H = (z,y) < Aut A, where the semidirect product is given by
a® = ab, b® = baP, a¥ = aP*!, and bY = b.

Since p is odd, H ~ Z, x Z,. Let K = (z,ya?). According to [18], 1% =

1%, where 14 stands for permutation representation on the cosets of

the subgroup H. Besides, both subgroups, H and K, are not conjugate.
This is, H, K are linked in G, for all p # 2 a prime number.

e Geometric objects: We consider a collection of families of Riemann
surfaces that depend on four discrete parameters (t1,to,t3,t,) € Nj of
genus

(ty Fty+ts+ty+1)p° — (t3 +t,+ Dp* —p*(t1 + 12 +1) +1

which each admit the action of G, with extended signature

(0; (p*)*F1, (p*)22 T, (p)*s, (p) >4 th),

and extended generating vector
(@™, @) a™", (aya”™'0, (aya”™'0)™1)™, 2ya™ b, (y~',y)", y =" (a7 o) 27,

where («, 8)" means a, §3,.%., a, 8.

These are generating vectors corresponding to the obvious extension of
the generating vector

(a_la xyap—i-lb’ ?/_1, Qf_1> )
which corresponds to the signature (0; p?, p?, p, p) determined by the tu-
ple (t1,t2,t3,t4) = (0,0,0,0). This signature captures a one-dimensional
family of Riemann surfaces of genus
g=p" —p'—p*+1
admitting the action of G,,.

Notice that 4 is the smallest length that a generating vector for G, can
have, since {a, z,y} is a minimal generating set of the group G,.

The thesis is divided into the following chapters:
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1. Preliminaries: Here we present definitions and results related to de-
compositions of Abelian varieties.

2. A family of groups and linked groups: In this chapter we develop the
necessary algebraic aspects of G, such as complex irreducible represen-
tations, rational irreducible representations, and actions on Riemann
surfaces, in order to describe the consequences of its action on Riemann
surfaces, and on the corresponding Jacobian varieties.

3. Decomposition of Jacobian varieties associated with linked groups in
G,p: In this chapter we analyze the isotypical and group algebra decom-
positions of the Jacobian varieties with the action of G, that comes from
its action on the previously described Riemann surfaces.

4. Jacobians of intermediate quotients by linked subgroups: In this chap-
ter we study decompositions of the Jacobians associated to quotients
by the linked subgroups H and K in G).

5. Action of the group G3 on Riemann surfaces and Jacobian varieties: In
this chapter we specialize the results obtained in Chapters 3 and 4 to
the case p = 3. Historically, this chapter was the starting point of this
research.



Chapter 1

Preliminary Results

This chapter introduces the content necessary for the presentation and de-
velopment of the results in this research work.

1.1 Abelian Variety

A complex torus 7' = V/L of dimension g is the quotient of a complex vector
space V' of dimension g by a lattice L (a discrete subgroup of maximal rank
2g) in V. Thus T is a compact complex manifold (of dimension g) and a
commutative complex Lie group, and the natural quotient map p: V. — T
is holomorphic. Conversely, any connected compact complex Lie group of
dimension g is a complex torus of dimension g.

We will be mainly interested in complex tori that are also projective
varieties; these correspond to complex tori that possess sufficiently many
meromorphic functions, the so-called abelian varieties.

A polarization (or a Riemann form) on a torus 7' = V/L is a non-
degenerate real alternating form F on V such that

E(w,w) = E(u,v),

for all u,v in V', and E(L x L) C Z; here » denotes a complex number with
12 = —1. A polarized abelian variety A = (T, E) of dimension g is a pair
consisting of a complex torus T'= V/L of dimension g and a polarization E
on T. An abelian variety is a complex torus that admits a polarization.

13
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1.2 Decomposition of an Abelian Variety with
group action

Let G be a finite group and let F' be a field. A representation of G' (or a
representation of G over F| or an F-representation of G) is a group homo-
morphism p : G — GL(V) where V is a F'—vector space. The degree of p
is the dimension dim (V') of V. We also say that G acts linearly on V', and
that V is a G—vector space.

A matrix representation of G over F' is a group homomorphism

R:G— GL,(F)

for a certain n € N, called the degree of R.
A representation p : G — GL(V') gives rise to a left action of G on V:

S GxV =V
(9,v) = g-v=p(g) v=plg)(v),

such that for all g € G, for all z,y €V and for all A € F':

() g-(z+y)=g-2+g-y;

(i) g - (Az) = A(g - @).

Conversely an action - : G x V' — V satisfying (7) and (i7) gives rise to a
representation

p: G — GL(V)
g — plg): V-V
v = p(g).

If V is a G—vector space with corresponding representation p, then

(a) V' <V is called a G—invariant subspace of V' if and only if
g- V' :=p(g) (V") C V' for all g € G (in fact then p(g) (V') = V' since
p(g) is bijective).

(b) If there exists a G—invariant subspace 0 < V' < V, then p is called
reducible; else irreducible.

We denote by Irrp(G) the set of irreducible representations of G over F.
We identify the representation p : G — GL(V') with the underlying G—vector
space V, let V € Irrc(G), Ky = Q(xv(g), 9 € G) is called the character field
of V and Ly the field of definition of V. Then Ky C Ly and

my :=mg(V) = [Ly : Ky]
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is the Schur index of the complex representation V.

If Gal(Ly/Q), Gal(Ly /Ky ) and Gal(Ky /Q) denote the respective Galois
groups, then for V' € Irre(G) we define the set

G(V):={V?:0 € Gal(Ly/Q)},

where each representation V7 is a conjugate of V' by an element ¢ in Gal(Ly /Q).
That is, if for g € G, V(g) := [a;;];; is a matrix in a chosen basis of V', then
V7(g) = [o(ai;)]ij- Let us observe that V7 is also defined over Ly and both
V and V' share the same character field.

Moreover, we obtain the rational irreducible representation W of G asso-
ciated to V' by [[12, Thm 70.15]] with the following expression

Weely~ @ V= & V). (1.1)
o€Gal(Ly /Q) oceGal(Ky /Q)

Any V is this sum it is called a complex irreducible representation asociated
to W and V7 is called a G Galois-conjugate to V', where G € Gal(Ly /Q).
In this way one finds the set of the rational irreducible representations of G
up to equivalence which we denote

Irrg(G) = {Wh,..., W, }.

Let A be an abelian variety over the field C of dimension g with a faithful
action by G. That is, there is a monomorphism from G to Aut(.A). We say in
this case that A is a G-abelian variety. This action induces a homomorphism
of semisimple Q-algebras

p: Q[G] — Endg(A).
Each element a € Q[G] defines an abelian subvariety
AY = im(7a) C A,

where 7 is some positive integer such that p(a) € End(A) or equivalently
Ta € Z[G]. This definition is independent on the chosen integer 7, up to
isogeny.

Since Q[G] is a semisimple Q-algebra of finite dimension, it admits a unique
decomposition as a product of simple Q)-algebras

Q[G]:le--'XQr-
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The factors @Q;, with ¢ € {1,...,7}, are uniquely determined by central idem-
potents e; € Q[G] such that 1 = e;+es+...+e, ande; € Q; Vi € {1,...,r}.
Furthermore, these are described by [12, Thm. 33.8]
dim V; _
e; = N ZUKVZ./Q(X@'(Q g, (1.2)

geG

where V; is a complex irreducible representation of GG associated to W; and
K‘/i'
The idempotent e; defines an abelian subvariety Ay, := A%. These are called
the isotypical components and they are uniquely determined by W;. Hence
there is an isogeny

,u:AWlx...xAWT—>A, (13)

given by the addition. This is called the isotypical decomposition of A.

Furthermore, the isotypical components Ay; decompose further. There are
sets of primitive idempotents {¢;1, ..., ¢, } in Q; € Q[G] such that

€ = ¢i1 t+ ...+ Qin,; ,
dim V; . o .
where n; = . The idempotents ¢;; define subvarieties of Ayy,, which
my;
are called primitive factors defined by B;; := A% . Therefore we have the
following isogenies for ¢t = 1,...,r

v Bjp x ... % Bini — ./4]/{/Z (14)

From (1.3) and (1.4) we obtain the isogeny
ni (s
VIHBle...X HBM%A, (15)
j=1 j=1
which is called the group algebra decomposition and its components are
called primitive factors. It is important to point out that this descomposition

is no longer unique, since it depends on the choice of ¢;; for a fixed 1.

Additionally, the abelian subvarieties B;; are mutually isogenous for a fixed

v and for all j =1,...,n;. If By, denotes one of them, then it results in an
isogeny By — Ay, so by replacing the factors we obtain
v:By X...x By — A (1.6)

The isogeny (1.6) is the classic way of writing the group algebra decompo-
sition, which is equivalent to (1.5) but given the objectives to be developed
here, the first expression is more useful for the analysis of the isogenies.
More details may be found in for instance [25, 28, 33, 34, 35].
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1.3 Jacobians with group action.

A branched covering f : X — Y, between Riemann surfaces X and Y, is
by definition a surjective holomorphic map (in particular, nonconstant). We
say that the covering f is Galois if there exists a subgroup G of the group
of automorphisms of X such that Y = X/G := X and such that f is the
canonical projection. For each g in G we denote by the same symbol g the
automorphism induced by g on JX, by < g > the subgroup of G generated
by g, and by JX the set of fixed points of N in JX, for each subgroup N
of G.

Let V' be a complex representation of GG, and let H be a subgroup of G. Then
Ind% (1) denote the representation of G induced by the trivial representation
of H. It follows from Frobenius reciprocity Theorem (see [37], Ch. 7-Theo.
13) that

dim ¢V* = (Ind§; (1), V)., , (1.7)

where V# is the subspace of V fixed under H and (-,-), denotes the usual
inner product between characters of the representations of G.

Each compact Riemann surface X of genus g, has associated with it a
principally polarized abelian variety JX, that is, a complex torus with a prin-
cipal polarization. This variety is called the Jacobian variety of X of complex
dimension g. If G acts on X, then it acts on JX and the corresponding group
algebra decomposition is given by

JX ~ JXg X By, X ... x By, (1.8)

where W, and n; are as in the (1.6). Without loss of generality, we assume
that W is the trivial representation, and JX¢g = J(X/G) is the isotypical
component associated to W7 and corresponds to the Jacobian variety of the
total quotient Xg.

For the case of a G-action on the Jacobian variety J.X, we get even more
information on intermediate geometric components. From [8] we get the
following results

Theorem 1. ([8, Thm. 4.4]) Let W; be a rational irreducible representation
of a group G, and denote by e; the associated central idempotent in Q[G].
We denote by V; a complex irreducible representations of G associated to Wi.
For any subgroup H of G, let

1
P = T > h (1.9)

heH
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be the central idempotent in Q[H| corresponding to the trivial representation

of H. Then '
fu = pmei = epu (1.10)

is an element of the simple algebra Q[Gle; satisfying the following conditions.
(1) fii" = fir.
(2) hfly = fi, = fuh for every h € H, and
(3) fi =0 if and only if dim V:H = 0.

Furthermore, in the case fi # 0, the left ideal Q[G|fY generated by the
idempotent f is a left Q[G]-module affording the representation W; with
dim V:H

my., '

(3

multiplicity given by

Theorem 2. ([8, Prop. 5.2]) Given a Galois cover X — X, consider the
associated isotypical decomposition (1.8) of JX.

Let H be a subgroup of G and denote by g : X — Xy the corresponding
quotient map. Then the corresponding isotypical decomposition of JXpy is
given as follows:

dim Vgl dim VT‘H

JXy~JXa X By, ™ X ...x By (1.11)

Furthermore, considering pg and fi as in Theorem 1, we have

(1) If 75 (J X ) is the pull-back of J Xy by my, then im(py) = 7 (J Xu).

dim v; 7

(2) If dim V" #0 then im(f};) = By, ™

The previous propositions allow us to determine the decomposition of
the Jacobian varieties of intermediate coverings. Further information about
the decomposition, such as the dimension of each factor By, depends on the
geometry of the action.

1.3.1 Signature of actions

Let f : X — Y be a branched covering between Riemann surfaces X and
Y, a point in X is a branch point for f if f fails to be locally one-to-one in
there. The image of a branch point is a branch value of f. Let B be the set of
branch values of f. For ¢ € B consider its fiber f~'(q) = {p1,...,ps} C X.
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Then the cycle structure of f at g is the s-tuple (n4,...,n,) where n; is the
ramification index of f at p;. That is, f is n;-to-1 at p;,n; > 1.

Let X be compact Riemann surface with G a group of automorphisms
of G and {py,...,p:} C X be a maximal collection of non-equivalent branch
points with respect to action of G (i.e. the p; are in different G-orbits). For
each j = 1,...,¢, consider the stabilizer G; of p;. The signature of G' on
X (see [39]) for the cover mg : X — X¢ is the tuple (y;mq, ..., m;), where v
is the genus of X and m; = |G}| for each j.

On the other hand, let G, be a (non-trivial) cyclic subgroup of G, a
branch value ¢ € X¢ is called of type G, if G; is the stabilizer of at least one
point in the fiber of ¢. If there is a point p € X with non-trivial stabilizer
Gy, then the points in its orbit have stabilizers running through the complete
conjugacy class of G,. Hence we will call ¢ € X¢ of type Cj if the stabilizer
of the points in its fiber are the elements of the (complete) conjugacy class
C; of G;. For the computations developed in the following sections, it is
not critical to know all the conjugacy classes of cyclic subgroups of G. The
type of the branch values can be given by a cyclic subgroup G instead of
a conjugacy class. As above, let X be a compact Riemann surface and G a
group of automorphisms of X. Let {q1,...,¢} C X¢ be a maximal collection
of branch values for the covering 7 : X — X5. We define the geometric
signature of G on X (see [35]) as the tuple (v; [mq,C1], ..., [my, Ci]), where
7 is the genus of X, Cj; is the type of the branch value ¢; and m; is the order
of any subgroup in Cj.

Let us consider G as before, following ([5], Def. 2.2), we call a (2y +1t)—
tuple
(al,...,av,bl,...,bv,cl,...,ct) e GOt

of elements of G a generating vector of type (v; my, ..., m;) if the following
conditions are satisfied:

(i) G is generated by the elements {ai,...,a,,b1,...,by,¢1,..., ¢},
(i) order (¢j) = my;

(i) TT, [, bi] H;zl ¢j = 1, where [a;, b;] = (ai bi-a;t- bi_l).

Broughton in [5] gives a precise modern treatment of Riemann’s Existence
Theorem which is a fundamental result which translates the problem of
constructing group actions on Riemann surfaces to a problem in finite group
theory. Later, in [35], this result is extended to include conditions for the
geometric signature. This is, to describe the action by giving the stabilizers
of the ramification points, not just the signature.
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Proposition 1. (see [35], Thm. /4.1) Given a finite group G, there is a
compact Riemann surface S of genus g on which G acts with geometric sig-
nature (7; [my, Ch], ..., [me, Cy]) if and only if the following three conditions
are met:

(i) (Riemann-Hurwitz)

g=|G|(7—1)+1+@§(1—mij>. (1.12)

(it) The group G has a generating vector (aq, by, ..., ay,by,c1,...,¢) of type

(vima, .. my).
(i1i) The elements cy,...,c; of the generating vector are such that the sub-
group generated by c; is in the conjugacy class Cj, 7 =1,...,1.

The Riemann existence theorem is also described in [38] in terms of Fuch-
sian groups: A Fuchsian group I is a finitely generated discrete subgroup of
PSL(2, R), the group of conformal homeomorphisms of the upper-half plane
H.

The most general presentation for I' is
Generators:  ay,bi,...,a4,bp (Hyperbolic) .

T1,To ..., Ty (Elliptic).

Py« Ds (Parabolic).

hi,..., hg (Hyperbolic boundary elements).
Relations:

g T s t
Mt == =l = H[ai,bi]Haerpthl =1
i=1 j=1 k=1 I=1
We then say I' has signature
(g;ma,ma, ..., my;s;t) (1.13)

The integers my, mo, ..., m, are called the periods of T

If the orbit surface H/T" is compact of genus ~y, then the algebraic structure
of I' is determined by its signature; namely, the tuple o = (y;myq,...,m,)
where the m; are the branch indices in the associated universal projection
H — H/T. If r = 0, then it is said that I' is a surface Fuchsian group. Define

ML) =2y—-2+37, (1 - mﬁ)
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Let I'; be a group of automorphisms of H. If I'y is a subgroup of I' of
finite index then I'; is also Fuchsian.

Let n be a period of I';. Then n is the order of an elliptic element y € T'y,
and y will be a power of a conjugate of one the generators x; € I' of order
m;. We shall then say that n has been induced by m;. Then, we have the
following theorem:

Theorem 3. (see [38],Thm.1) Let T have signature (1.13). Then T contains
a subgroup I'y of index N with signature

/. A,
(" sma1, mag, o s Mapys ey Ml M2y oy M3 85 1)
if and only if

(a) There exists a finite transitive permutation group G on N points, and
an epimorphism 0 : I' — G satisfying the following conditions:

(1) The permutation 6 (x;) has precisely p; cycles of lengths less than
mj, the lengths of these cycles being mj/n;y, ..., m;/n;,,.

(i) If we denote the number of cycles in the permutation 0(y) by 6(~)

then .
s' = Zd(pk>vt/ = Zé(hl>'
k=1 1=1

(b) M (Ty)/M(T') = N

Definition 1. (See [6]) We say that the finite group G acts on genus g if
G is (isomorphic to) a group of automorphisms of some compact Riemann
surface X of genus g. Further, we say that GG acts as a full group on genus
g if G is the full automorphism group of some compact Riemann surface of
genus g.

Suppose G acts on genus g, and let X be a compact Riemann surface
for which G C Aut(X). Write G = I'/A, where I' and A are Fuchsian
groups such that A has signature (g; —) and is normal in I'. If T" has sig-

nature (vy;mq,...,m,), then we say that G acts on genus g with signature
(v;ma,...,m,), and further, if G = Aut(X), then we say that G acts as a
full group on genus g with signature (v;ms,...,m,). Of course G may act

with different signatures on the same genus g.

With regards to this, Singerman in [39] says that if the group G can be
written as I'/A, where the signature of I' does not appear in Singerman’s
table, then, generically, G acts as a full group on the corresponding genus g.
Conversely, if the signature appears in Singerman’s table, it means that the
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action may extend.

TABLE 1. Non-maximal Fuchsian signatures (Singerman’s table)

Signature o = o(I") o =o () T : T
(2;-) 0:2,2,2,2,2,2)| 2
(1:,1) (0:2,2,2,2, 1) 2
(1;1) (0;2,2,2,2t) 2
(0:t,t,,1),t > 3 (0:2,2,2,1) 4
O:ttuu)t+u>5 | (0:2.2,6 ) 2
(0:t,8,8),¢ > 4 (0:3,3,1) 3
(0:4.£.4).¢ > 4 (0;2,3,2t) 6
(03¢, t,u),t >3, t+u>7](0;2,¢,2u) 2

TABLE 1. (Continuation)

Signature 0 = o(I') | o/ = o (I') | [T : T
0:7,7,7) 0:2,3,7) | 24
(0,2,7,7) (0;2,3,7) 9
(0;3,3,7) 0:2,3,7) | 8
(0;4,8,8) (0:2,3,8) | 12
(0;3,8,8) (0:2,3,8) | 10
(0;9,9,9) (0:2,3,9) | 12
(0;4,4,5) (0;2,4,5) 6
(0;n,4n,4n),n > 2 |(0;2,3,4n) 6
(0;m,2n,2n),n >3 | (0;2,4,2n) 4
(0;3,n,3n),n >3 (0;2,3,3n) 4
(0;2,n,2n),n >4 | (0;2,3,2n) 3
d

The following theorem of Ries [36] describes conditions and how the ex-

tension of actions works.

Theorem 4. (/36], Thm. of Section 2) Let : I' = G and i : K, — I" induce
the inclusion of G as a subgroup of Mod,. Suppose one of the following is
true:

1. T' has signature [2;—] and there is an automorphism o« of G such
that, if d = ay'bylashy, a(ar) = ai', a(b) = bt a(e) =
day*d™', a(by) = dby d~".

2. T has signature [1;k, k| and there is an o € Aut(G) such that, if d =
artbiler, a(a) = apt, a(b) = b, a(e) = ded™, ale) =
dCldfl.
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3. T has signature [1; k] and there is an o € Aut(G) such that o (ay) =

arl, a(b)=b", af(e) =a;'b;erbia;.

4. T has signature [0; k, 1, k, 1] for some k,l with2 <k and3 <1. Ifk #1,
there is an o € Aut(G) such that

alc) =c3, afc) =cq, alez)=c1, aley)=co.

If k =, then « exists after replacing ¥ by o u for some p € Aut™(T).

5. T has signature [0; k, k, k, k] for some k with 3 < k and there are v, B €
Aut(G) such that

ale) =c3, alc)=c, ale)=c, alc)=c

Bc1) =ca Ble2) =c1, Pez) = C1_10401, B(cs) = 020302_1

6. T' has signature [0;1,1, k] for some k,l with 3 < 1,2 < k and at least
one of the inequalities is strict. If k # 1, there is an o € Aut(G) such
that

ale)) =cy, afe)=ci, alc)=cocscy’
If k =, then « exists after replacing ¥ by o u for some p € Aut™(T).

7. T' has signature [0; k, k, k] for some k > 4 and there is a f € Aut(G)
such that

B(c1) =ca, P(c2) =c3, P(c3)=ci.

8. T has signature [0; k, k, k] for some k > 4 and there are o, f € Aut(QG)
such that

¢, afc) = CgCgCQ_l

Q

a(e) a(e)

= o, =
&) (01) =c, f (02) =c3, [ (03 =0

If H is the corresponding group with presentation
(1,2,3,4,6.) H={(G,a|l---,a*> =1,aga = a(g), for g € G),
5. H={(G,a,bl---,a*> =1 = 1,aga = a(g),bgb = B(g), for g € G, abab = (6203)_1>,
7. . H={(G,b|--,b=1bgb* = B(g), for g € G),

8 H=(G,a,b|-,a®> =b*=1,aga = a(g),bgb®> = B(g), for g € G,abab = i),
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where the dots denote the relations of G, then there exist I'g, an inclusion
g ' = Ty, and an epimorphism 1y : I'g — H such that 1) = ¥y o j and
(joi, 1) induces the inclusion of H as a subgroup of Mod, with the property
that G # H,G < H and M) = M.

Conversely, any subgroup H of Mod, with the above property arises in
this way.

Notice that the converse in Ries’ theorem mentions Mod,. This means
that we have to be careful when considering generating vectors. This is,
to consider their equivalence classes. We write the following corollary to
describe the part of Ries’ theorem we need (item 4.), and translated to the
context of actions captured by generating vectors.

Corollary 1. Let G be a finite group acting on a Riemann surface X with
signature s = (0; k, 1, k,1) and generating vector v for s. Then, that action
extends if and only if there is an o € Aut(G) such that

ala)=cs, alc)=c, ale)=c, alu)=c
for some generating vector (cy, cs, c3,cq) equivalent to v.

Therefore, if we prove that there is no such « for every generating vector
equivalent to v, then that action does not extend generically.

Finally, concerning some of the geometry involved when having group
actions, we use the following results.

First, we need to say something about the dimension of the primitive
factors of the group algebra decomposition (1.8). A theorem of this kind was
obtained by Ksir in [26] for groups with rational irreducible representations
absolutely irreducible; i.e., irreducible over the complex field, and later it was
generalized in [35] to any group. We need this last one for our work here.

Proposition 2. (see [35], Prop. 5.12) Let G be a finite group acting on a
Riemann surface S with geometric signature (7; [mq,Chl, ..., [my, Ci]). Then
the dimension of any primitive factor B; associated to a non trivial rational
irreducible representation W, in the G -equivariant isogeny decomposition of
the corresponding Jacobian variety J.S, is given by

2

k=1

t
1
dim B; = k; ( dim Vi(y = 1)+ 5> ( dim V; — dim ka)) o (1.14)

where Gy is a representative of the conjugacy class Cy, dim V; is the di-

mension of a complex irreducible representation V; associated to W;, Ky, =
Q(xv,(9) : g € G),¥; is the Schur indezx of V;, and k; = ;. | Gal (Ky; : Q) |.
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We also use here the following result about intermediate coverings.

Proposition 3. (/35, Prop.3.4],[26, Eq.(10)]) Let S be a Riemann Sur-
face with G-action of geometric signature (v;[mq,C4],...,[m, Cy]). Then
for each subgroup H < G the genus of S/H 1is given by

gsn =[G Hlo = 1)+ 1+ 33 (G HI - [\G/G,l) (119

where H\G/G; is the corresponding set of double cosets and Gy, is a repre-
sentative of the conjugacy class Cy.



Chapter 2

A family of groups and linked
subgroups acting on Riemann
surfaces and Jacobian varieties

In this chapter we develop the necessary algebraic aspects of groups with an
interesting algebraic property. They are groups that have two nonconjugate
subgroups inducing the same permutation character. That is, their trivial
representation induces the same representation of the group. We study a
family of groups with this property.

2.1 Linked Finite Subgroups

Let us consider G a finite group and H a subgroup of G. Using the notation
of [18] and [7], we will denote by 1% the character of the permutation repre-
sentation of G on the right (or left) cosets of H. If H < G and T is a right
(or left) transversal for H in G, then
15(z) = {g € T | xgH = gH}|
—lHgeT|a? e}

where 29 = g~'xg. In [15] the following definition is introduced:

Definition 2. Let H, K be two subgroups of a finite group G. We will
say that H and K are linked in G if and only if they induce the same
permutational character. That is

19 =1%. (2.1)

26
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Remark 1. Note that conjugate subgroups are trivially linked. However,
there are linked subgroups which are not conjugate.

Let G be a finite group, two subgroups H, H' of G are linked in G if and
only if Ind$ (15) is equivalent to Ind%, (1z/), where Ind% (1z) stand for the
induced representation of the trivial representation of the subgroup H.

Proposition 4. Let G be a finite group and H, K < G. H and K are linked
in G if and only if

Xnd$ (1) = Xnd% (1x) (2.2)
where X146 1,,) denotes the character of the induced representation Ind% (15).
Analogous with K.
Proof. We have the following equalities

15(x) = {g € T | xgH = gH}|
={geT| (g 2g)H = H}|
={geT| (g zg) e H}|
:Zig*%g

= Xmd§ (15)

. 1 ,xe H

where 1,-1,, := {0 rdH
Using the previous definition, we are able to conclude that H and K are
linked in G. O

In this work, we understand linked subgroups to be the nontrivial case;
that is, nonconjugate. We bring these ideas to the context of group actions
on Riemann surfaces and establish the following theorem.

Theorem 5. Let X be a compact Riemann surface with the action of a finite
group G. If H and K are linked groups in G, then the Jacobian varieties
JXy and JX g corresponding to the intermediate quotients X/H and X/K
are 1S0genous.

Proof. If H and K are linked groups in G, then by definition and Frobenius
reciprocity theorem, we know that for every C—irreducible representation of
G the following statement are equivalent:

(i) (Ind% (1), V), = (Ind§(1x),V),, -
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By Theorem 2 (Section 1.2), we are in a position to conclude that the isotypi-
cal components of isotypical decomposition are equal, therefore the Jacobians
JXpg and J Xk are isogenous. O

Linked subgroups have been studied in the context of Group Theory.
Below we recall results from [18] that will be fundamental in the analysis of
this work, since they provide a family of groups whose action we shall study
here.

Theorem 6. ([18, Thm.A]) Suppose H, K < G and 19, = 1§ with |G : H] = p>.
Then either H = K9 for some g € G or p* = (¢"—1)/(q — 1) with
e < 2,n >3, and q a prime power. Furthermore, for any such prime p,

there is a group G with 1 = 15 for nonconjugate subgroups H and K with
G : H] = p*

2.1.1 The Group G,

Let p be a prime, p > 2. Consider G, a group that generates a family of
groups satisfying the hypotheses of Theorem 5 given in [18, example 4.1]. If
A= (a,b) ~Zy xZ, and H = (z,y) < Aut A, then G, = A x H and its
presentation is:

<a, b, z,y| a”’ =W =P = P = 1,27 ax = ab, 27 'bx = ba?, y tay = o’y by = b>
(2.3)
With the previous relations and K = (z,yaP), it is concluded that 1 =
1% and H and K are not conjugate.

The interest to us of G, comes from the following remark. If G, acts on a
compact Riemann surface and subgroups H and K are linked groups in G,
then the Jacobian varieties J Xy and J Xk corresponding to the intermedi-
ate quotients X/H and X/H’' are isogenous. Let us study some algebraic
properties of G,,.

Proposition 5. Let p be a prime, p # 2. The group G, satisfies the following
statements:

(i) A minimal generator set for G, is {a,z,y}.
(ii) The element xyaP™b has order p*.

(i1i) Vk,n € N, the following equalities hold:
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(11i.1.) T axk = CLH'anx—n—Hc'
(14i.2.) bk = gtk
(iii.3.) y~Fr"ax"yk = apk"”'l‘*‘an'
(iii.4.) y~*z "ba"y* = a"Pb.

Proof. (i) Notice that a”*~'2?~'az = b. From this we are in a position to
conclude that b € (x,a), then (x,y,a,b) = (z,y, a).

On the other hand, the Frattini subgroup ®(G) of a group G is the
intersection of all the maximal subgroups of G, it is also the set of non-
generators of G. By Burnside’s Basis Theorem, if G is a finite p-group,
then every maximal subgroup of G is normal and hence, G' C ®(G).
For the case of GG, we obtain

B(G,) = G, = (a?,b).

Then G,/®(G,) = Z,s, from which we conclude that every minimal
set of generators has three elements and the set {a, z,y} is a minimal
generating set of the G).

(i1) Consider the prime p = 3. Then we have the following equality with
respect to the order of the element xya?*'b € Gs:

(e 10)° = (oya ) (oyar 1b) = (2270%) (oya ) = a¥ya = .
From the above we deduce that
(wya”™'b)* = ((zya”" b))’ = (a°)° =1,

therefore the element xya’'b has order 3%. Now, let p be a prime
greater than 3. Then the order of the element zya?™' in G, satisfies
the following statements:

(1) For all n € N, it follows that (zya?*'b)" = 2"y a*™Mb*™) | where
a:N — Nand f: N — N are functions that depend on n and
a(n), B(n) are the exponent of a and b respectively in the n-th
power of the element xya?™1b.

We shall prove by induction, we have that (zya?*'b)? = 2%y?a*?p%?),
where «(2) = 4p + 2 and §(2) = 3. Then by inductive hypothesis
(zyaP*tb)" = 2"y a®™MpPM | we have that

(zya? ™)™t = (zya® )" (zyaPb)

— (x"y”ao‘(”)bﬁ(”))(xyap“b)
n+1yn+1a(p+1)(a(n)+pﬁ(n)+1)ba(n)+ﬁ(n)+1

T
_ xn+1yn+1aa(n+l)b,8(n+1) )
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(2)

This proves the claim for all n € N and p > 3 prime.

The value of the exponents of @ and b in (zya?™'b)", which will be
denoted by a(n) and [(n) respectively, are defined by recurrence
by the following expressions:

{ﬁU)Z 1,
p(n) = n+pPn—-1),n>2"
{ a(n) = 0,n=1,2

an) = nnp+1)+py(n),n>3 "’

{'y(n) = 0,n=1,2
y(n) = y(n—-1)+p(n—-2), n>3.

Based on the above, we will describe (n) as a function of the
sequence [3(-) with the following expression:

v(n) =Y pB(k), for all n > 3. (2.4)

In fact, for n = 3 the equation (2.4) is satisfied. For any n > 3
fixed, we study v(n + 1):

An+1) = () +Bln—1) = ( : ﬁ(k)) T B(n—1)

An important property of the sequence g(-) is that (n) = @,

for all n > 1. Indeed, (1) satisfies the condition. If we consider
a fixed n > 1 such that f(n) = @, then we have to calculate

Bln+1):

(n+1)

Bn+1) =Bn)+(n+1) = ; n+1)(n+2)

—l—(n—l—l):( i .

In addition, we have that S(p — 2) = 1(mod p) for all p > 3 with
p prime. Indeed let be p > 3 prime, then

B(p—2)
B(p —2)

(p=2)(p—1) _ p>—p—2p+2
2 )

2
1(mod p).
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On the other hand, the sequence ~(+) is y(p — 1) = —1(mod p) for
all p > 3 with p prime. We note that

-3

7
w
hS]

1p—1) = Bk) = @: %+§
_ =3)(p—-2)2p—-5) (@-3)(p—2)
2:6 4
=30
= ﬂ+1(modp)
= —1 (mod p).

Suppose that (zya?™'b)" = z"y"a*™Mb*™) then now we calculate
(zyaP™b)" ! using the identities involving z, y, a and b:

(aya B = (@) (ryar )
= 2"y a®MpPMyzartlh
oy )
gty apA B g
_ gty gpA e A
gyt B b )1
gyt gDl o Daln) gpd() o B +1
ey g et pB) 4p Tt Dl 8+

In order to get a simpler expression, we must analyze the expo-
nents of @ and b. To determine the exponent of @ we must consider
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that a has order p?, then

(p+ Da(n) +pB(n) +p+1
=(p+ D[n(np +1) +py(n)] +pB(n) + p+1
=p*n® + pn+pn® + n+ p*y(n) + py(n) + pBn) + p+1
=pn® + pn +n+py(n) + pBn) +p+1
=pn® +pn+n+py(n) +p(Bn—1)+n)+p+1
=pn® +pn +n+ply(n) + B(n — 1) +pn+p+1
=pn® +pn+n+py(n+1)+pn+p+1
=(n+1)[(n+1p+1 +py(n+1)
=a(n +1).

On the other hand, to determine the exponent of b we must con-
sider that b has order p, then

(p+Dan)+Bn)+1 = (p+1)n(mp+1) +py(n)] + B(n) +1
= p*n® +pn+pn® +n+p*y(n) + py(n) + B(n) +

= (n+1)+6(n)

= Bln+1).
From the above, we are in a position to conclude that zya?*'b
does not have order p, and furthermore, that Vn € N,n > 3 :

(n=2)(n—1)(2n—3) + (n=1)(n—=2)  n(n+1)

(zya®™b)" = 2"y a 2 b (2.5)

therefore the element zya?*'b has order p?.

(11i) Considering the relations defined in G, we will prove the equalities
using the induction method.

(111.1) Consider the relation defined in G): az = xab, suppose that for

n the equality ax™ = — 2+ s satisfied, then we have the

following equivalences:

= (az")z
1+pn(n 1)

1)

P"(” 1)
n 1+ TaPh"

= (z"a

&

_ xn+1al+wbn+l.

In conclusion 2z "ax™ = aHpn( b” for all n € N, from this the
requested equality is deduced.

1
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(iii.2)

(iii.5)

(iii.4)

Second, consider the relation bz = xa”b defined in G,, suppose
that for n € N the equality bx™ = 2"aP"b is satisfied, then we have
the following equalities:

ba"t = (ba™)x
= (z"a”"b)x
= z"a"zaPb

_ xn+lxap(n+1)b.

Therefore, the equality 7 "bx™ = aP"b is satisfied for all n € N,
from this the requested equality is deduced.

Third, let us consider the relations defined in G,: by = yb and
ay = yaP™!. Moreover, using the equality proved in (4.1 ) for all
n € N, we assume that the equality

r "azyt = (aHPnn 1>b") = yFaP G g satisfied for
k € N, then, developing the induction on k we have the following
equalities:

pnn

r "ax™y" T = (x7"ax™yF)y

— yrarrt I gy

pn(n—1)
=y apk+1+ 5 ybn

— it (apk+1+%’1) e

— g1 pk1)+14+ 220D

The result follows.

Finally, let us consider the relations defined in G, described in
the previous point and using the equality proved in (7.2 ) for all
n € N, we assume that the equality 2 "bz"y* = (a"b)y* = y*a"?b
is satisfied for k£ € N. Then, developing the induction on k£ we have
the following equalities:
$—nbxnyk+1 — ($—nbxnyk)y
= (y’“a””b)
k npyb
— yk+1anp(p+1)b
— yk—H a™b.

This concludes the equality of point (7i) of the proposition.
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2.2 Algebraic description of G,.

In this section we develop the necessary algebraic aspects of G, to describe
the consequences of its action on Riemann surfaces, and on the correspond-
ing Jacobian varieties. This is conjugacy classes and complex and rational
representations.

2.2.1 Complex Irreducible representations of G).

G, is a semi-direct product of H and A (details given in the previous section).
We observe that A is a normal subgroup of GG, therefore, we use the method
of Little Groups of Winger and Mackey ([37, Prop. 25, ch.8]), to find its
irreducible representations.

Let X4 be the set of all complex irreducible representations of the group
A. Since it is abelian, all its representations are of degree 1. If w = e%, for
each pair (t,s) € Z/p*Z x Z/pZ, the 1-representations are defined by:

X(t,s) A— C*
at —  wt
b —  wPsY

with0<pu<p?—land0<~y<p-—1.
The group H = (x,y) acts on X as follows

- H — XZ

2.6
h = h-Xes(9) = Xws(h ' gh). (2.6)

To describe the set of orbits determined by the action of H on X4 con-
sider the following proposition:

Proposition 6. Let x and y be the generating elements of H < G, and
t,s,n € N. If x5) 1s a representation of A with (t,s) € Z/p*Z x Z/pZ, then
for 0 <n < p—1 the action satisfies the following statements

n—1
- X(t,s) = X((A+)t+nsp, nt+s)s where C - Z]p7
=1
YU X = X(pr)t, s)-

Proof. For all g € A there exist k; € {0,1,...,p*—1} and ky € {0,1,...,p—
1} such that g = a*'0*2, then
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T X (@) =

T X (07) = X

=
—~
SHost
IR
2222

= X(t,s ka )X(t,s) (aka)
wpkz (t+s) ]

We deduce the following;:

T X(t,s) (akl bk’z) = X(bs) (x_lakl bkgx)
= X ((27d" ) (a7 02a))
¢

= X (@ ta"2)x s (@7 0F20)

(@) - (2 X (012))

wk1 (t+P5)wpk2 (t+s)
— (wk1 ) (t+ps) (wkz )p(t+5)
X

(t+ps,t+s) (akl ka ) .

[

S
=
z

Analogously for y € H we have:

Y X (@) = X y_laklylz

Y- Xs)(07?) = Xy t0R2y)

1
= =
PANS A
o~ o~
CIRG)
NN
/N
S
5
S—
—
(=l
<
N—
T
(V)
SN—

We have that

Y- X (@02) = xuo(y ta"bP2y)

ts) ((yta™y) (y=ok>y))
= XwoW " y)xes (v 0y)
= (W xes(@) - (¥ X))
(whr) P+ (qkz s

= X((p+1)rs)(a®02).

|
= =

35
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Since the elements are arbitrary, we claim that

T X(t,s) =  X(t+psit+s)
Y- Xits) = X(p+Dt,s)-

By proceeding inductively, if we assume that the proposition is true for
n — 1 then:

n

" Xis) = T (2" X))

= T (X([1+Z§;‘f jplt+(n—1)sp, (n—1)t+s))

X (143022 jplt+(n—1)sp+p(n—1)t+ps , t+(n—1)t+s)

X+t jplt+nsp , ntts)”

Y X = Y (V" X))
= ¥ (X(-1pt1t, )
= X((+D)[(n-Dp+1]t , 9)
= X((np+1)t,s)-

[]

The action described in Proposition 6 allows us to identify how many
orbits we have and how many elements they have. We use it in the following
proposition.

Proposition 7. Let us consider H < G, as before. The action of H on X4
determines 3p — 2 orbits of which there are:

(i) p orbits with one element each.
(i) p— 1 orbits with p elements.
(iii) p — 1 orbits with p* elements.

Proof. By group theory, we know that #Orby(x«s) € {1,p,p* p*} for
(t,s) € L2 X L.

If t = pk with k € {0,...,p — 1}, then we identify two cases:

1) Let s = 0, using the previous proposition Orbg (X (pk,0)) = {X(@k0)}, then
#Orby (X (pk,0)) = 1, therefore there are p orbits of one element.

2) Let s # 0. By using the previous proposition

Ol"bH<X(pk75)) = {X(p(k+ns),s) meZ N0<n<p-— 1}

This implies that #Orby (X (pk,s)) = p, given that s € {1,...,p — 1}, then
there are p — 1 orbits of p elements.
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On the other hand, if GCD(t,p) = 1, then for each fixed s and n €
{0,...,p— 1} we have ¥ - X(t.s) = X((mp+1)t,s)- Lhus

X(mp+1)ts) € Orbr (X (1,s))-

Moreover, let us observe the following

L= X((np+1)t,s) = X((np+1)t+ps,t+s)s

under the assumption that GC'D(t,p) = 1. Then, this element is different
from those defined by p. Therefore, for this case #Orbg(x(1,s)) > p and the
action is not transitive, so it is concluded that #Orbgy(x(.s) = p*.

Since the elements of the orbit are determined by s € {1,...,p — 1} and
also by considering the total number of 1-representations and the number of
elements that are already known from the previous orbits: p*—(p+p(p—1)) =
p*(p — 1), it follows that there are p — 1 different classes of orbits with p?
elements. O]

Once the number of orbits and their number of elements are know, we look
for the representatives of each of them. For that, the following proposition
is presented.

Proposition 8. The representatives of the orbits determined by the action
of H on X4 according to their number of elements as in Proposition 7, are

(1) X(pk0) for 0 < k < p—1 are representatives of the orbits with 1 element.
(ii) X(0.5) for 1 < s < p—1 are representatives of the orbits with p elements.
(iii) X0 for 1 <t < p—1 are representatives of the orbits with p? elements.

Proof. By the previous proposition, it is enough to prove that these elements
represent different orbits. By considering the results in Proposition 6, we say
the following:

Statement (i) is trivial, since Orbg (X pr,0)) = {X(pk,0)}-
For statement (7i), we see that

Orbu(x(,s)) = {2"¥" X0 :nmeZ N 0<nm<p—1}

= {Xmps) iNEZ N 0O<n<p—1}. (2.7)

Therefore, for 5 € {1,...,p — 1}, x(0.5) € Orbu(X(0,s)) if and only if s = 3.
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Finally, for statement (iii), we have

Orbu(xeo) = {2™¥" X :nmeZ N0<nm<p-—1}
= {X(4ptotm—Dp)ttmpt ,nt) M EZLZ N 0<n,m<p—1}.
(2.8)
Then, for ¢ € {1,...,p — 1}, X(i,0) € Orby(x(0)) if and only if there exist
n, m such that

np=0modp?) A (1+p+...+ (n—1)p)t+mpt=t(modp).

Then n = 0 and this implies that ¢(1 4+ mp) = f(mod p?), therefore
t = t(modp), i.e. t = 1. ]

Remark 2. We describe the set X% by

{Orba (X (pk,0)) Yo<k<p—1U{Orbz (X (0,5)) }1<s<p-1U{Orb i (X (1,0)) F1<i<p—1

The set I indexing the representations we chose as representatives is given
as the disjoint union of the set Iy, I, I,» where

L = {(pk,0) € Z/p°Z x Z/pZ:0 <k <p—1},
I, = {(0,s) €Z/p*Z x ZJpZ :1<s<p—1},
Le = {(t,0)€Z/p*Z x Z/pZ:1<t<p—1}.

Continuing with the Little Groups method, for each (i,j) € I we define the
following subgroup of G,

Hip ={h € H:h-Xj = Xaj} = Stab(X())-

Then, using equations (2.7) and (2.8), we obtain the following stabilizers
H,j)

(i) Y(i,5) € I, Hyjy = (x,y) = H ~ Z/pZ x L/ pZ,
(iil) V(i,j) € Lp, Hy) = {ud}.

Then, define G(; ;) = A X H; ;), and the representation X, ;) extends to G(;
as

According to the Little Groups method, we take every p irreducible repre-
sentation of H(;j), and compose it with the projection 7w : Gy ;) — H)
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obtaining in this way a representation p of G; ;. Finally, we take tensor
product ﬁ(m) ® p to provide an induced representation of G(; ;. The cor-
responding induced representation of G, is irreducible, and in this way all
the complex irreducible representations of G, are obtained. We describe the
irreducible C—representations of Hy; jy with (7, 7) € I as follows. Notice that
we use a convenient notation.

(i) If (4,7) € I, then the representations of H,y ) are determined for each
a, €{0,...,p— 1} such that

(a,8)

. *
pH<pk70> . H(pk’,()) - C

T — WP

y — wPP

(ii) If (¢,4) € I,, then the representations of H( ) are determined for each
g €40,...,p— 1} such that

O’B . *
pg{(o,)s) : H(O,s) — C
Y — wPP.

(iii) If (4,7) € I,2, then the representations of H; ) are determined for the

fo SR 0,0 _
trivial representation, i.e. Pl = Idy, -

As said if 7 : G(; ;) = H(; ;) is the canonical projection for (i,j) € I, then
Vo, € {0,...,p — 1} the irreducible representation of G|; ;) is defined by

the function ﬁ((fﬁ) = pg‘(’f j)) o 7. Note that this representation is of degree 1

as well.

Finally, if we take the tensor product %(i,j) ® f){(?ﬁ) — i(w) ) /34(;"][)3)7 we
obtain all the complex irreducible representations of G, which correspond to
the following induced representations:

Gp 1= a,
Inde (X ® Blsy)- (2.9)

In the following section, we determine each complex irreducible represen-
tation of G, we present them organized by its degree.

2.2.1.1 Complex irreducible representations of GG, of degree 1.

Observe that for all (pk,0) € I; and for all a, 8 € {0,...,p — 1}, we have
that [G), : Gpr0)) = 1. Then,

G =~ ~a,pB) =
deg <IndG?pk,0> (Xpk.0) ® P(pk,o))> =1
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Therefore, the following equalities are satisfied:

GP = “’(aﬂﬁ) - = avﬁ) - = “’(0‘75)
Indgg,, (X(P’fvo) ® p(plao)) = X(pk0) © Ppr,0) = X(pk0) * Plpk.0) -

Therefore, we are in a position to conclude that G, has p? irreducible repre-
sentations of degree 1, which are:

G ~ wf)\ *
a —> wpk
b =1
x — WP
y = whh

Notation 1. From now on, for all k,«, 5 € {0,1,...,p — 1}, we will denote
these representations as:

M 1ad€ = ~(,8)
Vikap = ndeg ) (X(pkvo) ® p(pk,O)) : (2.10)

2.2.1.2 Complex irreducible representations of (G, of degree p

First, let us note that for all (0, s) in I,,, we have that [G), : G(o,5] = p. Then,

a = 0,
deg (IndGi’o’s) <X(0,5) ® ﬁ(&f)))) =,

for every 5 € {0,...,p — 1}, Then G, has p(p — 1) complex irreducible rep-
resentations of degree p.

Since Gp/G(o5) = Gp/(A X (y)) = (z), then {1,z, 22, ..., 271} is a (left)

transversal of G(o ) in G,. Moreover, using i(o,s) ® ﬁ((gﬂf)) — ?(O,s) : 704(‘0)75))7 we

get

= 0, *
X(0,5) @ ﬁfo,f)) D Ax(y) —C

a =1
b = wP?
Y = wPP,

Using Proposition 5, item (#ii) (Section 2.1.1) and the properties of group
representations, we describe these representations for each generator of G).
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(1)

(i)

Let us denote by [a;;]o<i j<p—1 the coefficients of the matrix correspond-
ing to Ind§ 0. (?(O,s) ®ﬁ<(8’f))) (a) in the chosen basis of left cosets of Gq )
on G,. Using Proposition 5, we have:

= 0.8) (. —i i
Qi = X(0,5) @ b{(o S))(x ax")
= 0.8 pili=1)
X(0,5) ® ﬁ{(o s))< )
whs?,
Additionally, we have
riaz = T i,

Therefore, v~'az’ € G if and only if i = j. From this statement
it follows that only the elements of the diagonal of the matrices are
non-zero. Using this information we obtain the representation induced
for a € G

1 0 0 0
0 w0 0
Gp ) 2ps
nd, (xm )7 S))) (@)= |0 0 w¥ 0 | e
000 0 .. weDe
Remark 3. We observe that for all k € {0,...,p?—1} the character of
p—1
Indgi’oys) (?(0,5) ® ,EE )> evaluated in a is given by the sum Z kps)s
7=0

We are in a position to conclude that for k£ = p, the sum is 0. On the
other hand, if £ = p, the sum is p.

Let us denote by [b;jlo<ij<p— 1 to the coefficients of the matrix corre-
sponding to IndG( ( X(0,5) ® oo (0.s) ) (b) in the chosen basis of left cosets
of G5y on Gp. Usmg Proposmon 5, we have:

= 0,8) (. —ip, i
bii = X(0,5)®Z)‘E0,5)(x bx')

Additionally, we have the equality

x'ba? = aPbx ™",
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therefore £7'ba7 € Go if and only if ¢ = j. From this statement it
follows that only the elements of the diagonal on the matrix are non-
zero. Using this information we obtain the representation of b € G,;:

wk® 0 0o ... 0
0O wP 0 ... O
Gp = 0, . o .
Indg, (Xm,s) ® %,ff) = : 0 wr ... i |eMQ).
: : S0
0 0 0 ... wrs

Remark 4. We observe that for all k£ € {0,...,p— 1} the character of
p—1

Indgﬁo’s) (i(o@) ® ﬁfﬁfﬁ) evaluated in b* is Z wP* = puwhrs.
§=0

(iii) Let us denote by [y;;]o<i,j<p—1 the coefficients of the matrix correspond-

ing to Indg(oys) <X(0,5) ® ﬁ(g:f;) (y) in the chosen basis of left cosets of

G(o,s) on G). Using Proposition 5, we have:

= 0, — i
Yii = X0, @ ﬁ(o,f))(x yz')
X

Additionally, since H is an abelian group, we have the equality z~'yx’ = ya =7,
Therefore, z7'yz? € G4 if and only if i = j.

As before, it follows that only the elements of the diagonal of the matrix

are non-zero. Using this, we get for y € G):

w0 0 ... 0
0 w’ 0 . 0
Gp = 0, . .
Indgy, <X<o7s> ® ﬁfo,ff) =\ : 0 w? ... | eM(C).
: : S0
0 0 0 ... wPb

Remark 5. We observe that for all k£ € {0,...,p— 1} the character of
p—1
e = _ _
Iﬂdcﬁo’s) (X(o,s) ® ﬁfgf}) evaluated in y* is Z wPP* = puPP
=0

(iv) Let us denote by [zi;]o<ij<p—1 € M,(C) the coefficients of the matrix

corresponding to Indgz’o ) <§(0,5) ® ﬁ{(gvf))) (x) in the chosen basis of left
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cosets of G(o5) on G,. Using Proposition 5, we have z~'za’ = a ="+ +1,
Then the elements of the matrix for 7,7 € Z and 0 < i, < p—1 are
defined by:
e — {1 Jif i —j = 1(modp),
Y00 Lif i — 5 # 1(modp).

If we define for n,m € N, the element O,,«, as the null matrix in
M,ysn (Z), and 1d,, as the identity matrix in M, (Z), then, interpret-
ing the above information, we get the description of the representation
of G, on = which is:

~ Op—l p+1 Idp—1
Gp Eva 07 2 2 2
ndgy, | (R @505 (2) = < o ) € M,(C).
2

Orgtcet
Remark 6. The matrix IndG(0 » (X0,5) @ Pols) (x) is a permutation

matrix corresponding to the permutation o, = (a; a2 ... a,) € S,, where
the indices of a; for all i € {1,2,...,p} are given by:

bit1, if 7is odd,
a =< 2 (2.11)

Ci, if 7is even,
with the sequences {b,} and {c;} described by the following expressions:

bjzja
p+3 .
6="224 G-,

for 1 <j <np.

Note that this is a cyclic permutation of length p, therefore, for every
k €{0,...,p—1} the character of Indgi’oys) (%(O,s) ® ﬁég:g) evaluated in
2¥ is 0. The fact that the permutation is described by a cycle implies
that it has order p (length of the cycle) and that powers smaller than
its order do not fix elements.

From now on, for all s € {1,...,p— 1}, for all g € {0,1,...,p— 1}, we will
denote these representations by:

G ~ 0,
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2.2.1.3 Complex irreducible representations of G, of degree p?
Finally, we will consider (¢,0) in I,». We have that [G, : G(1)] = p?, then,
G = ~0,0)
deg (IndGi’O) (X(LO) ® p(t70)>> = p2.
Additionally, we have the following equality:

Gp = ~0,0)\ __ Gp =
IndG(z,o) (X(EO) ® p(t70)) - IndG(t,O) (X(t,()) ® IdG(t,o)) )

this implies that G, has p—1 complex irreducible representations of degree p?.

Given that G,/G ) = G,/(Ax{1}) ~ H, then {z'y’ : 0 <4, <p—1}
is a set of left cosets representatives G,y in G,. Moreover, we have the

expression i(tﬁ) ® ,5{(2’3)) = i(t,o) “lagg therefore

~ 0,0)
X0 ® Py Ax {1

Considering the above result and using Proposition 5, item (i) (Section
2.1.1), we describe the value of the representations for each generator of G,
by means of the following expressions:

(i) Let us denote by [a;;]o<ij<p2—1 € Mp2(C) the coefficients of the matrix

corresponding to Indgft 0 (%(t,O) ® [)((S’g)))(a) in the chosen basis of left

cosets of G 9y on G,. Using Proposition 5, we have

yIraxty) = S
This implies the equality of the following sets:

i(i+1)

{a; =2 )G 0<i<p?— 1} ={a™W . 0< j k<p—1},

and the elements of the matrix are non-zero on the diagonal.
If a((f‘;.l)"m") denotes the permutation of columns 7 and j in a matrix,

and if a((:?)”) denotes the permutation of rows ¢ and j of a matrix, then

G = 0,0 column row . 0 —1
Indet,O) (X(t,O) X ﬁ%t,o;) ((I) = O'((Lpz) )0'((17;02% (dlag |:AIE ), Ce ’AEP ):|) s
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where Vk € {0,...,p— 1}, A is defined by

wtPEH) 0

0o . 0 : :

k . .

Ag ) = : 0 (p—times) 0 : S MP(C),
: 0 .0
0 0wkt
— dlag wt(pk—&—l)’ wt(pk—i—l)’ o ’wt(pk:—&-l)
pf;i;nes

Remark 7. We calculate the character of the previous representation
evaluated in a by:

p—1
B ph+1)t
Xindr | (i(t,m@ﬁ‘(f,‘é’;)(a) = kz_opw( .
p—1
_ pth(wm)k’
k=0
= —puw'.

(i) Let us denote by [bilo<ij<p2—1 € My2(C) the coefficients of the ma-
trix corresponding to Indgz(’w) (?(t,o) ® ﬁ{(g’g)) ) (b), in the chosen basis of

left cosets of G0y on Gp. Then, Vi,j € {0,...,p — 1}, we know the
expression y 72~ 'bx'y’ = a'Pb, this implies that

{bi=a"b:0<i<p’—1} ={a"b:0<j<p—1}

and the elements of the matrix are non-zero on the diagonal. Therefore,
the matrix is described as follows:

B 0 e 0
0
Gy (= 0,0 o , . :
Indfy, (X(t,0)® ﬁfw;) ) =|: ", mes . i|=dig|BB,.. B
. 0 p—times



CHAPTER 2. Gp AND ITS ACTIONS 46

where
1 0 0 . 0
0 w 0 0
S0 wrt . :
B=1. ) ot - i = diag [1, wt, wh Wt ,wp(pfl)t] :
: W ) :
0 : ) - 0
0 0 ... ... 0 w2

Remark 8. We calculate the character of the above representation
evaluated at b as:

p—1
X b) = py_(w)
Xlndgft,O) (X(t,0)®f’{(g:g))>( ) pk—O(w ) s
= —p.

(ili) Let us denote by [@;;]o<; j<p2—1 the coefficients of the matrix correspond-
ing to Indgi,o) @(t,o) ®ﬁ{(?7’8)))(x) in the chosen basis of left cosets of G4 )
on G. Since H < G, is abelian and « € H, then using Proposition 5 we
have y/tg~hgpizy2 = p~i1tiz+ly=ii+i2 This implies that the elements
z; ; are nonzero if and only if ¢ — i3 = 1(modp) and j; = ja(modp),
therefore

G = 0,0 .
Inde (X(t’o) ® ﬁgt,O;) (ZL’) = dlag X7 X7 s aX )

(¢,0)

p—times

where the element X is described by

Remark 9. We observe that the character of the previous representa-
tion in z is 0. Additionally, from the previous subsection, we know that

. . . . G = ~0,0)
the matrix X is a permutation matrix, therefore, IndGQO) <X(t,o) ® p(t70)> ()
is also a permutation matrix and represented by (,2 as a product of p
disjoint permutations of order p described by the following expression:

p—1

Cp2 = H Opy, Where o, = (A14pk Qoypk - Gpipk),
k=0
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and the sequence {a;}1<i<, is described as shown in Remark 6 (see
Section 2.2.1.2). From this we are in a position to conclude that this
permutation matrix has order p and powers less than this number do
not fix any element.

Let us denote by [ij]o<ij<p2—1 € M,2(C) the coefficients of the matrix
corresponding to Indgft 0 (?(t,o) ® ﬁ{(g’g)))(y) in the chosen basis of left

cosets of G ) on G,,.

Since H < G, is abelian and y € H, then Vi,j € {0,...,p — 1}, using
Proposition 5,we have y/1x 1 yx?2y2 = p=at2tly=it+it+l  This implies
that the elements of the matrix y,; ; are nonzero if and only if 4, =
is(mod p) and j; — jo = 1(mod p), therefore:

0, I

Op Op p

L O ... ... ... 0,

O, I, O ... ... O

Gy (= ~(0,0) . p Ip Up P
mde, Raw©de) =0, 0, . o, .. ol

Oy oo v i I, O,

Opxp(p—l) Idp )
( ]dp(p—l) Op(p—l)Xp i ( )

Remark 10. Analogously to the previous case, we describe the rep-
resentation by a permutational matrix given by the permutation ¢,
where

p—1
Ep2 = Hepk where €y, = (k,dy + pk,dy + pk, ..., dy—1 + k),
k=0

and the sequence {d;} is described by the expression: d; = (p — j)p + 1,
with 1 <7 <p—1.

From the above, we deduce that the character of the above representa-
tion for y is 0, since the permutation described is composed of disjoint
cycles of order p, and therefore, the permutation matrix of this repre-
sentation has order p and any lower power does not fix any element.
Moreover, the composition of the permutations  and ¢ satisfies these
characteristics, since it is also composed of disjoint cycles of order p.
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From now on, for all ¢t € {1,...,p — 1}, we denote these group represen-
tations by:
) ._ G = ~0,0)
V(tl)? T IndGI()t,O) (X(EU) ® p(t,o)) .

In summary, the complex irreducible representations of G}, are collected in
the following theorem.

Theorem 7. Let the notation be as in the previous results. The group G,
has a total of p3 + p?> — 1 complex irreducible representations, which are as
follows:

(i) For k,a and [ integers such that 0 < k, o, < p—1; V(gjzl g are the
representations of degree 1.

it) For s, B integers such that 1 < s<p—1and 0 < g <p—1; are
i) F int hithat1<s<p—1and0<B<p—1; V7
the representations of degree p.

(111) For t integer such that 1 <t <p—1; V(gQ) are the representations of
degree p?.

2.2.2 Rational irreducible representations of G, .

Using the method of (1.1) (see [12, Thm 70.15]), one obtains the irreducible
rational representations of G, by a direct sum, which depends on the Schur
index of the irreducible complex representations and their Galois conjugates.

First, we study the Schur index of each complex representations of G,,.

Proposition 9. Let V' be a complex irreducible representation of the group
Gy, then its Schur index my s 1.

Proof. We know that |G,| = p°, then the proof follows directly from the
fact that the Schur index my associated to an irreducible representation V,
satisfies the equality my = 1 unless p = 2 and /=1 ¢ F in which case
my < 2. See Roquette corollary [23, Coroll. 10.14] of Goldschmidt-Isaacs
Theorem [23, Thm. 10.12]

m

We obtain the rational irreducible representations by adding, in a direct
sum, the Galois conjugate [12, Thm. 70.15 and Ex. 70.2]. We collect that in
the following theorem.
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Theorem 8. Let the notation be as in Section 2.2.1. Then the rational
irreducible representations of G\, are follows:

(i) There is one rational irreducible representation of degree 1, this is de-
fined by Wy := Vio0,0) and it is the trivial representation.

(ii) There are p*>+ p+ 1 rational irreducible representations of degree p—1,

which are:
( o a \°
W1 = @ (‘/(0,0,1)> ’
ceGal(Q(wP)/Q)
Wik, = @ (V(E)lik» , forkeZand 0 <k <p-—1,
EGal(Q(wP)/Q)
Wammn) = @ V((fznn) , formneZand 0 <m,n<p-—1.
\ €Gal(Q(w?)/Q)

(i5i) There are p rational irreducible representations of degree p(p—1), which
are

Wit == @ (Vé’%) ,forueZand 0 <u<p-—1,
c€eGal(Q(wP)/Q)

(iv) There is one rational irreducible representation of degree p*(p — 1),

which s N
o= @ ()
o€Gal(Q(wP)/Q)

Proof. We recall the following notations: let Ky be the field associated to the
representation V' obtained by adjoining to QQ the values of the character yy
and my the Schur index of the complex representation V. From Proposition
9, we have my = 1 for all complex irreducible representations of G,. Thus
every field of definition Ly correspond to the character field Ky. We have
the following statements for the characters:

(i) First, the representation V(gl()) 0) is the trivial representation and we

denote

1%

) .
(0,0,0) — W)
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(11) Second, for 0 < k, o, 8 < p—1 and (k,a, ) # 0, the representations

V(gc) 5 have as character fields K‘/((kl)a N = Q(w?), then

Gal ( v, /Q) {o; € Aut (Q(w"”)/Q) : o3(w”) =w”, 1 <i<p—1} = (Z/pL)" .

This implies

4% )U} :{v(.l). L i1<i< _1}_
{( (k,,B) o€ Aut(Q(w?)/Q) (ikjioyif) ~ + =t =P

Hence, there are p? +p-+ 1 rational irreducible representations of degree
p— 1. If we condition the first element as null or not null, and then the
same with the second, we describe the representations by the following

expressions:
( ex?
Wik = @ 1 V(E)li YRR for0 <k <p-—1.
0, €Gal(Q(wP)/Q)
o (1) i
Woun = @ (1-V)
0:€Gal(Q(wP)/Q) o
Wamm = D (1 ' V((llinn)> , for 0 <m,n<p”
\ 0;€Gal(Q(wP)/Q)

(i7i) Third, for the case of complex irreducible representations of degree p;
V((fg) with 1 < s < p-—-1and 0 < 8 < p—1, we have the fields

KV((SI};) = Q(wP), then

Gal (K, /@) = {o € Aut(@)/Q) s ox(w?) w1 <0 < p - 1} = B/

From the above we are in a position to conclude that

) =V, 1<i<p-1}
{< 8] S 5ieAut@wr)/Q) (i) - - =0 =P ’

which implies that there are p rational irreducible representations of
degree p(p — 1). These are described by:

._ ® \7" _ ® \”
Wow= @ (V) = D (W) erosuspl
0;€Cal(Q(wP)/Q) o;€Gal(Q(wP)/Q)
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(iv) Finally, for the case of complex irreducible representations of degree p?;

V(g'Z) with 1 <¢ < p—1, we have fields K 2 = Q(wP), then
t

Gal (KV(SSQ)/@> = {0; € Aut(Q(w?")/Q) : oy(w”) =w”, 1 <i <p—1} = (Z/pZ)* .

This implies that

V(”2)>m} _ {V(.p2) <<y 1}.
{< ®) o1 EAUL(Q(wP)/Q) - ="t=P

Therefore, there is 1 rational irreducible representation of degree p(p — 1).
This can be described by:

o @)\ _ @)\
W= @ ()= B ()

0;€Gal(Q(wP)/Q) 0:€Gal(Q(wP)/Q)

This concludes the description of the rational irreducible representations of
the group G,,. [

2.3 Action of G, on Riemann surfaces

We recall the known fact that the dimension of a family of Riemann surfaces
with the action of a finite group G with signature (v;ay,...,a;) is

3y —3+1t.

According to Proposition 6, the group G, does not act with signature (0; a, b, c),
since this happens if and only if the group can be generated by two elements,
which is not the case for G,,.

Since the minimal set of generators of GG, has 3 elements, the minimal
number of branch values for an action with total quotient of genus 0 is 4.
Such actions correspond to one dimensional families. Another way of getting
a one dimensional family is acting with one branch value and total quotient
of genus 1.

Considering that G, has elements of orders 1,p and p? only, the list
of possible signatures corresponding to one dimensional families is in the
following table.

We study whether there is a generating vector for each signature corre-
sponding to one dimensional families, in order to prove which actions actually
exist.
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We collect the information obtained computationally (using Sage) for
p = 3 in the same table, and give the answer for the general case in Remark

11.
Case ‘ Signature ‘ Conclusion for p = 3
(i) (1;p) It exists
(ii) (1;p°) Does not exist.
(iii) (0;p,p,p, ) Does not exist.
(iv) (0;p,p,p,p*) Does not exist.

(0;p,p,p%, p*) | Tt exists and it is the starting point for the families we study here

(0; p, p*, %, p*) No result with [3], computed by hand (see below)

(0; p%, p%, p*, p?) No result with [3], computed by hand (see below)

Remark 11. Although we could not find computationally (using the algo-
rithms in [3]) generating vectors for cases (vi) and (vii) for p = 3, we know
from the analysis of the general situation that they do exist. Besides, using

the algorithm in [30], code available in https://

github.com /jenpaulhus /breuer-

modified, Prof. Paulhus told us that she found several for p = 3 for both

cases.
The general situation, meaning p > 3 a pr

ime, is as follows:

e Case (i) exists, take the generating vector (z,a;b™'), but we prefer to
focus our analysis on cases where the total quotient is of genus 0.

e Case (ii) does not exist since the order of the commutator subgroup G,

is p? and it is isomorphic to Z, X Z,. So

e Cases (iii) and (iv) do not exist. Since
the subgroup R = (a?,b,z,y), then if
with k,r,n,m € No, GCD(k,p) =1, k

it has no elements of order p?.
all elements of order p are in
g is not in R, g = a*b"z"y™
> 1, has order p?. Therefore,

signatures are not realizable in G,, since GG, cannot be generated only

by elements of order p and three elem
element of order p?.

e Cases (v), (vi) and (vii) do exist.

ents of R do not generate an

We work out case (v) in detail, since the techniques involved in the
other two ((vi) and (vii)) are similar. We leave these cases, together

with signature (1;p) for future research.

For (vi) and (vii), it is enough to consider the elements a?~2, ax, ay of
order p?. It follows that a?~2?(az)(ay) has order p and (a?~?, ax, ay) =

G,, then the generating vector [(a??(a
the signature (0;p, p?, p?, p?).

z)(ay))~t, a?72, ax, ay] realizes
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On the other hand, the element a(ax)(ay) € G, has order p*, we
can consider a?, so a?(ax)(ay) has order p* because GCD(p,2) =
1. Moreover, (a,ax,ay) = G,, then it is sufficient to consider the
generating vector [(a(az)(ay))™', a,ax,ay] that realizes the signature
(0;p°, p?, p?, ).

For (v) see Theorem 9.

Theorem 9. There exists a Riemann surface X of genus g = p° —p* —p>+1,
on which G, acts with signature s = (0; p*,p*,p,p) and G, has a generating
s-vector described by [a™t, xyaPTtb, y~t z71].

Proof. By Riemann’s Existence Theorem, since the Riemann-Hurwitz (1.12)
equation is satisfied, we need to prove the existence of a generating vector
to be able to conclude that the Riemann surface X exists. According to the
structure of G, the following information about the orders composing the
generating vector is known:

(i) la=!| = la| = p*,
(ii) |zya?T'b| = p* (proved in Proposition 5),
=1yl =p
1

(iii) |z~ = |z| = |y
Therefore, [a™t, zya?™b,y~, 27| is an (0; p?, p?, p, p)-generating vector. [

Proposition 10. Let X be a Riemann Surface with G-action of geometric
signature (0; [, ()], [2%, (zya?*'8)), [p, (), [p, (&=1))). Then for H and
K subgroups of G, defined in Section 2.1.1, the genus of X/H and X/K is

3_ 32 3
P’ —3p° —p+3.
Proof. We define the subgroups Gy := (a™'), Gy := (xya?™b), G5 := (y~ '), Gy :==
(=1} . Then the orders of the set corresponding to the double cosets are

o |[H\ G /G| =|{H1Gy, HbG,, HV*Gy, ..., HP"'G1 }| = p.
o |[H\ G /G| = |[{H1Gs, HbG2, HV* Gy, ..., HP'Ga}| = p.

o |[H\G/G3| = [{Hd'VG5:0<4,j<p—-1} U{Ha"VYG3;:0<j<p—-1,1<i<p-1},
=2p* —p.

o [H\G /G| = HH1G4,H@G4,Ha2G4,Hap2-1G4,HbG4,Hb2G4, N .,pr—1G4H
=p°+p—1.



CHAPTER 2. Gp AND ITS ACTIONS o4

Finally, using [35, Prop.3.4], we are in a position to conclude that

— 3 _ § 2 _p+ §
9x/H =P 2p p 9
We proceed analogously to conclude for K. O]

Remark 12. We point out that using the algorithms of [3], we computed
that for p = 3 there are exactly 16 non-equivalent actions for the signature
(0;p, p, p%, p*) (see Section 2.4). It then follows that there are 16 equisym-
metric strata, see [24, 5] for definitions, in the singular locus of the moduli
space Miz¢. This work starts with one of these actions and explores its
geometry, describing in this way one of these strata and the corresponding
family in A;36. Moreover, we study the geometry of this action for any prime
p, describing in this way one stratum in M,s_,1_,3.; and the corresponding
family in A,s_p1_ps41. The same work can be done for the other generating
vectors, for p = 3 as well as in the general case.

Finally, we expand the signature and this generating vector in a natural
way (see Section 3.2), and study the geometry of this new action. As before,
the same study could be done for every other generating vector.

Expanding the signature is an idea that interests us because it allows us
to extend the analysis of the decomposition of Jacobian varieties of curves in
our original one-dimensional family to Jacobians corresponding to curves of
higher genera and in higher dimensional families.

We say that we extend a signature, if we add pairs of branch points
repeating the orders in the original signature. Analogously, we describe an
extended version of a generating vector by adding appropriate elements of
the group (see sections 3.2 for details).

In the case of the signature and generating vector presented in Theorem
9, we consider a collection of families of Riemann surfaces with four discrete
parameters (f1,ts,t3,t4) € N§ which admit the action of G, with extended
signature

(O; (p2)2t1+1’ (p2)2t2+17 (p)2t3+1’ <p)2t4+1),

and extended generating vector
(@™, @) a™", (zya”™'b, (2ya”'0)™1)", 2ya™™ b, (y ', y)", y =" (a7 o) 27,

where («, 8)" means a, §,171mes o, .
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2.4 The signature (0;p* p* p,p) in actions of
G, on Riemann surfaces for p = 3.

The existence of the equisymmetric stratification of the moduli space M, of
Riemann surfaces of genus ¢, consists of the fact that each stratum is formed
by the points in the moduli space corresponding to equisymmetric surfaces.

Two closed Riemann surfaces X and Y of genus g are said to be equisym-
metric if their automorphism groups determine finite conjugate subgroups in
the mapping class group of genus g; i.e., the actions of their automorphism
groups are topologically equivalent. The branch locus of the moduli space
consists of the strata corresponding to surfaces of genus g > 2 that admit
nontrivial automorphisms.

The actions 01,09 of G on X are topologically equivalent if there exists
® € Aut(G) and h in the group of orientation-preserving homeomorphisms
Homeot (X) of X, such that the following diagram is commutative for all
g €.

XOl(‘D(g))X

h

>

X—X
a2(g)

In other words, o4(g) = ho(®(g)) h™!, for all g € G.
If h € Aut(X), then we will say that oy, oy are analytically (or confor-
mally) equivalent.

Remark 13. Actions that are analytically equivalent are topologically equi-
valent, but not conversely. We will not address this question in this work,
see [17, 9] for details.
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Using the algorithms found in [3], which run on Sagemath, we calculate
that for p = 3 there are exactly 16 topologically non-equivalent actions for
the signature (0; p?, p?, p, p), therefore there are 16 equisymmetric strata. The
description of the commands is displayed below:

F.(a,b,x,y) = FreeGroup(4)

G =F/[a"9,b"3,x"3,y"3,axb*xa’ —1xb" — Lxxy*xx" —1xy" —1,

a —1xxN —1lxaxx*xb  —1,b " —1xx " —1xbxx*xa’ -3,y " —1l*xaxyxa’ —4,
N—1xbxyxb"—1]

Gs = G.as_permutation_group()

A = G.as_permutation_group().

B = G.as_permutation_group().

X = G.as_permutation_group()

Y = G.as_permutation_group().3

gen = find_generator_representatives(Gs, [9, 9, 3, 3])

L2 = [[ as_word (k, Gs, [A, B, X,Y]) for k in 2] for = in gen |

We get the description of the 16 non-equivalent actions for the signature
(0;p,p, p*, p*) with p = 3:

.y, z?y?]

UNTEN T
abz, by, b r?y?
abx, by?, b2a?
alx yb2 bay
L y2b% yba?
T yx xy 2]
0y, 22y
y , ya’]
ax,alx y, 20222y
ax,alx,y? ybxb]

8
ax,a®z, by, y*xb
8
a8
8
8,

y]
|
]

OOOOOOOOOOOOOOOOOO

|
ar,a’x, by yxb)
ax,a®z yx b2 a? 2]
azx, a®z? Ris b w2y
ax, a®z%y?, x, bx2y)

[a,a
[a,a
la, a
la, a
[a, a
[a, a
[a,a
la, a
la, a
[
[
[
[
lax
[
[

The generating vector of Theorem 9, which is the one studied in this
work, is equivalent to the second one of these 16 non-equivalent generating
vectors, listed above.
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On Extendability of the [a~!, zya?™'b,y~ !, 27 !|—action on compact
Riemann surfaces.

Among the 16 generating vectors already described for (G5, there are some
of them that correspond to actions of G5 as the full group of automorphisms
of the general element in the family, and others for which the action extends
(see [6]). That is, there exists a super-group G such that Gs < G < Aut(X)
and the action of G restricts to the original action of G. The question we
address here is to determine whether our action extends or not.

It follows from Singerman’s table (see [39]) that for the signature (0; p?, p?, p, p),
if the action extends it does to a group G such that [G' : G| = 2. Moreover,
the signature of the action of G' on X has signature (0;2,2,p,p?). More-
over, in [36] a condition is given under which the action extends, as well as
a description of G.

Proposition 11. Let X be a compact Riemann surface. The group G3 acts
on X with signature (0;9,9,3,3) and generating vector [a™!, zya*b, y=t 271,
and G3 corresponds to the full automorphisms group of the general element;
that s, the action does not extend.

Proof. The existence of this action was proved in Theorem 9. In order to
prove that it does not extend, fix v := [a™!, zya®b,y~', 27!]. By Ries Theo-
rem statement 4 (see Corollary 1), there exists a group G extending the action
of G5 determined by v if and only if there exists a € Aut(G3) commuting
with the elements of the same order for some generating vector equivalent to
v.

Using Magma, Prof. Paulhus wrote a code which confirmed that there is

no such « for every generating vector equivalent to v.
O]

Unfortunately, to prove that our action does not extend for every p, is be-
yond our possibilities since it would require describing all generating vectors
equivalent to our v. We leave this as an open question for future work.



Chapter 3

Decomposition of Jacobian
varieties with G, action.

In this chapter we describe the group algebra decomposition (GAD) of Ja-
cobian varieties with the action of G, induced by the action determined by
the generating vector described in Section 2.3. In particular, we compute the
dimensions of the primitive factors.

3.1 Group algebra descomposition

In Chapter 1 we recalled what the group algebra decomposition of an abelian
variety with a group action is, see equation (1.8). Since we have obtained
the irreducible reresentations of G, we are in conditions to describe how the
group algebra decomposition of an abelian variety with the action of G, is in
general. Then, we specialize the action to the one we are interested in (see
Section 2.3).

Theorem 10. Let X be a Riemann surface with the action of G,. Then,
the group algebra decomposition of the corresponding Jacobian variety decom-
poses generically as follows

p*+p+1 P
JX ~JXg, x [ B x]]c? =D, (3.1)

i=1 i=1

where we use the following notation to classify each primitive factor:

(i) B; is a primitive factor associated to the rational irreducible represen-
tations of degree p — 1 for all 1 <i < p* +p+ 1.

o8
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(11) C; is a primitive factor associated to the rational irreducible represen-
tations of degree p(p — 1) for all 1 < i < p.

(111) D is the primitive factor associated to the unique rational irreducible
representation of degree p*(p — 1).

Proof. 1t is a direct application of the equation (1.5) to the group G, ac-
cording to the irreducible complex and rational representations described in
Theorem 7 and Theorem 8, respectively (see Sections 2.2.1 and 2.2.2 for more
details).

Finally, the exponent of each one of these factors, as indicated in equation
(1.6), corresponds to the degree of the complex irreducible representation
associated to the rational irreducible representation corresponding to each
isotypical factor divided by the Schur index, which in each case, as shown in
Proposition 9, is 1.

m

Since we have a concrete action of GG, we are interested in understand-
ing it with signature (0;p? p?, p,p) and its extended versions parameterized
by (t1,t2,t3,t4) € N (see Section 2.3). We compute the dimensions of the
primitive factors using Proposition 2 [33], recalled in Chapter 1, in the de-
composition of the group algebra of the corresponding Jacobian variety, as
in the equation (1.8). In particular, many of them vanish for this action of
Gp.

Theorem 11. Let p be a prime number p > 2. Consider the group G, acting
on a Riemann surface X with geometric signature

(0: [p*, (@), [p*, (wya+10)], [p, (y=1)], [p, (2~ 1))).

Then, the associated variety JX is described by the following decomposition:

4p—8 p?—3p+3 p—1
1 1 P P p*
JX ~ H B(i,%—l) X H B(i,p—l) XH C(@ (P—l)gQ;n—?)))XC(L(P—l)Q(p—S))XD(l,p(p—1)2)a
i=1 1=1 =1

(3.2)
where the pair (i,7) as a subscript has to be read as follows: i refers to the
positional value in the product, and j is the dimension of the primitive factor
indexed by 1.

Proof. To compute the dimensions of each factor we use Proposition 2. First,
we need to compute the dimension of each V& for each

G € {<a*1> : <:Uyap“b> ’ <y*1> ’ <w*1>}
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and V' complex irreducible representation. We use the notation of Theorem 7,

denote Fizg, V by VO Res$ the restriction representation of the subgroup

2mi .
H of G, and w the p*-th root of the unit e»*. Then, 7, (w?)? = 0 and for
each complex irreducible representation, we have the following statements:

1) For the representation V(g 1), we calculate:

(1) (1)
(i) dim Fizg ‘/(001) <1<a—1)>R€5< V(oo1)>< 1

.. . . 1 G 1
(1) dim Fiz gyerp) V(E) 2) 1) = <1<xyap+1b>v Res Gy qpiy V(E),()),1)><myap+lb>

2 Z ( (eyar+1) ( (zya”*'b)’) - Resg«“ya”“@ V(E)l,()),l)((xyapﬂb)_j»
Z Voo ((wya* b))
-5 (1)

= > (V@ P V)P (VS @ Y (VD )
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o . 1
(¢77) dim Fiz gz V(ogn) <1<x1),Res<Gm1)1/(872)71)><x_1>

) . . a G (1)
(1v) dim Fz:c<y_1>V(0’071) = <1<y—1>,R65<y1)‘/(070,1)><y_1>

Then, from (7), (i), (ii7),(iv), and the calculation of the Galois group in
the proof of Th.8 and Prop. 9 (see Section 2.2.2), we are in a position

to conclude
. 1 o
dim BW(0,0,1) =

2) For the representation ‘/(E)l,%,k)’ with 0 < k < p—1, we have the following

values:

N 0 _ o
(Z) dlm F'laj<a*1>‘/(071’k) = <1<a71>7 R68< VO 1,k ><a—1>

=3 Z ( Res V(EJl,i,k)(aj))
1

- -Y"1
p? ;

= 1.
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.. . . (1) o G (1)
(7i) dim F2$<xyap+lb>‘/(0717k) = <1<:cyap+1b>a Res xyap+1b)v(o71,k)><xyap+1b>

- —Z( a0 (2 DY)+ RSy Vi (2™ 0)))
1 1 ;
e Z Viohs ((zya b))

QZ( a0

1 1
(ii7) dim Fiz gz V(E)ik <1<x_1>,Res<Ci1>V((0ik)><x_l>
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. . . n G (1)
(iv) dim an:<y71>V(0717k) = <1<y71>, Res<y_1>V(0,17k)><y

1 p
=02 (1™ esy o Vidha (7))
_lzp:V(l) (yﬂ)
pj:1 (0,1,k)
p
=-> (")

Then, from (i), (i), (¢ii),(iv), and the calculation of the Galois group
in the proof of Th.8 and Prop. 9 (see Section 2.2.2), we conclude

1
dim By, = el 1<k<p-2.

{ 0 ,if k=0,p—1,

3) Consider the representation Vi, mn), then we calculate:

(@) dim Fi$<a71>‘/((1172n7n) = <1<a71)7R68<G(;—1 V’((llznn ><a1>
1 & W (g
= 52 (He (@) Res) Vi (@)
j=1

1 p2
==
p J=1

= 0.
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N : 1) _ G 1)
(ZZ) dim F2x<$yap+lb>‘/((l,m,n) = <]-<:vyap+1b)7 Res (xyaPt+1b) VY(l m n)>(a:yap+1b)

=2 Z ( (eyar+ 1ty ((zya?1b)7) - Resgyapﬂmv((ll,in,n)((:vy&“lb)*j))

_ Z m+n+1)

_ 1 Jf n=p—m —1,
10 Lif n#Ep—m—1.

S M _ GV
(7i1) dim Fiz@ Vi ) = <1<m71>7 Res V(i m,n)><w1>

- —Z( ) Resa Vi (@)7))

1 it =0
10 Lif 1<m<p-1
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‘ ) ) (1) o G (1)
(1v) dim sz<y—1>V((Lm7n) = <1<y—1>7Res(y1)‘/((1,m,n)><y_1>

1< (1) T\
:Z_j ( ) R@S ‘/v((l,mn) (< 1) ])>
Iy ¥)
p ( (1 mn)
1p :
LSy
p i

1 if n =0,
10 Lif 1<n<p-1

Then, from (i), (i), (7ii),(iv), and the calculation of the Galois group
in the proof of Th.8 and Prop. 9 (see Section 2.2.2), we conclude

0 aif (m’n> {< ) (0 p—= 1) ( - 170)}a
dim B‘l’V(lmn) L if (myn) € {(3,0), (0,4), (i,p—i—1) : 1 <i < p— 2},
p—1 ,if (m.n)€{(ij): 1<Zj<p—1AJ#p—Z—H

4) Consider the representation V((lpi), u € Ny, 0 < u < p—1, using the
information in Remarks 3, 4 and 5 (see Section 2.2.1.2), we obtain the

following equalities:

D ; ]
i\ PIY" — ’ ’ ,
X‘/(SPL)<G ) - ; (’LU ) - {p ,1f GCD<],p) 7£ 1.
5y [p i GCD(ip) # 1,
xvggl)(fﬁ)—{o Jif GOD(j,p) =1.
N Jf u =0,
XV(Y’L)@)_{O JAf w #£ 0.

For the element zya?*'b we need to analyze the character of the repre-
sentations. Let us look at the following equality:
(zya 1)) = Tr (V) (eya*10)))

Xy, ()
Vit
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As a consequence of the fact that the matrices V((lp L (v), V( (@), V((lp L (v)

are of diagonal type, we know that they commute. Furthermore, V((l W (v)
has an associated permutation matrix defined in Observation 6 as o,
(see Section 2.2.1.2). We see that

T (V2 (G 10)) =T (0 0 )
where V) (ya?*1b) = diag(d, da, .. ., d,) with
d; = w? - wh - wp(i—l)’

= wp(“”), for 1 <i<np.

From this, we are able to conclude that the character we are searching
for is given by the expression:

v o i GODG.p) £1
X‘,(<£3L)(($ya b))_{o ,if GCD(j,p) =1.

Now, with this information, we calculate the dimention of the fixed
subespaces:

(i) dim Fix<a71>V(1}2) = < Res V((lpq)l)>< y

(
= — Z ( e Res V((fz)(aj)>

2 Z (Xv(gp)) aj )

7j=1

1
= E(er 2. +p)
= 1.

N1 . () _ G (p)
(7i) dim FZ$<$yap+lb>‘/(11?u) = <]_<zyap+1b>, RGS@WHIMV(EU)>(a;yap+1b>

o2 Z < ryapﬂb xyapﬂb)j) : Resgcyapﬂwv((ﬁ?r)((nyapﬂb)fj))

1 )
— —2 E XV(p> ((l\yap+1b)3)
p =1 (L,u)

1
:E(Wr P.4p)
=1.
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(i) dim Fizg Vi) = (1, Resg_1>wﬁ’fi)><xl>

1< . |
= ]—92 (1(mfl>((]}_1)3> . Res(cj”ﬂ)‘/((lzjq);) ((I—l)_]))
j=1

12”: :
=-> Xy (27)
P&

(1)

= %) (p+ 0+ 271 +0)

(iv) dim Fizy- VP, =

j
[y (ot +0) =1 ,ifu=0,

~ 0+ .2.40)=0 Jif u # 0.

Then, from (i), (i7), (iéi),(iv), and the calculation of the Galois group
in the proof of Th.8 and Prop. 9 (see Section 2.2.2), we conclude

(»—1p-3) w0
2 M )
: p _
LTI PR
5 , 1<u<p—1

5) Consider the representation V((ff), using Remarks 7, 8 (see Section
2.2.1.3) and the information of the permutations ‘/((1’;2)(35) = (,2 and

V((ff)(y) = €,2 in Remarks 9 and 10 (see Section 2.2.1.3), we get the
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following results:

p? P p
I — pj+1 __ pi+1 __ pj __
Xy (@) =D wP =" puP = puw Y " w? = 0.
W j=1 j=1 =1

i _ i\ _ Jp* . GCD(p,j)#1,
Xv((lpf)(x ) =Tr ((sz) ) = {0 7 GCD(p, ) _

7\ — VAR p2 ) GCD(]?,)%L
Xygoly') = Tr (V) = {0 . GCD(p,j) =1.

J
J
J
J
p .
. . p wPZZO 7 GC_D p,] %17
Xy e (aya” b)) = T (((Grzp2)DaY) = 2 (p,)
0 , GCD(p,j)=1.
Where D, := diag[(ai1b11), (a22b22), - . ., (a2 p2by2 ,2)] with

ViP(a) = [ag]o<ij<pe—1 and V7 (b) == [byjlocij<pm 1.

With the above information, we determine the dimension of the fixed
subspaces as follows:

(i) dim Fiz,V) = <1<a71>, Resg_1>‘/(§’;2>><al>

1 ¢ -
=52 (10 (@) - Resoy Vi (@)
j=1
1 &
= — X 2y
ﬁ;(%xg

. ; . (r?) G (»?)
(i) dim Py V3 = (Lo, BesCopurg V)

2

1w A 2 }

= 1? Z <1<b>(($yap+1b)ﬂ) . Resgcyambﬂ/((f; )(($yap+1b) J)>
j=1
2

1< ,
= ZXV@?) ((ﬁyaﬁlb)])
pmi= T

=0.
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(i) dim Fizgn VD = (1, Resgc_1>‘/((17;2)><xl>

1< ‘ 2 |
— ]—? <1(z*1>(($_1)3) . Resg;,”‘/((ll; ) (($—1>—y>)
Jj=1
1 p
: Z_’;XV(&‘SQ> (+')
= % (p* + 0+ 271 +0)
— .

(iv) dim Fix<y71>V(p2) = <1(y*1),Res<Gyfl>V((f;2)>

(y=1)

P
1P

== Xpo» (¥
P )
=p°+0+ 271 40

Then, from (i), (i7), (iéi),(iv), and the calculation of the Galois group
in the proof of Th.8 and Prop. 9 (see Section 2.2.2), we conclude that

. 2
dim D{fv(l) = p(p —1)%.
The above information is summarized in the following points:

e The union of the sets {Bév<01 . 1<k<p-— 2} and

{ Bl (mom) € {(,0),(0,0), (ip — i~ D} AL < i <p—2]
corresponds to the factors associated to the rational irreducible
representations of degree p—1 having dimension p%l. Observe that
there are 4(p — 2) of these factors. Then from now on, we denote
these primitive components by Béi p-1) with 1 <7 < 4(p — 2).

2

This is the first factor presented in the decomposition (3.2).

. Theset{Bav(lmn) Smyn) € {(i,§):1<i,j<p—1A j;ép—z'—l}}
corresponds to the factors associated to the rational irreducible
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representations of degree p — 1 having dimension p — 1. Observe
that there are (p — 1)> — (p — 2) = p* — 3p + 3 of these factors,
so from now on we denote these primitive components by B(li,pq)
with 1 < i < p? — 3p + 3. This is the second factor presented in

decomposition (3.2).
e The set {C’{fv(l o 1<u<p-— 1} corresponds to the factors asso-
ciated to the rational irreducible representations of degree p(p—1)

(p—1)(2p—3)

of these factors, so from now on, we denote these primitive com-

ponents by Cz’ RUSIEEEN This is the third factor presented in
s

having dimension . Observe that there are p — 1

decomposition (3.2).

e The factor C{}V(l 0 corresponds to the rational irreducible represen-

tation of degree p(p — 1) having dimension W. So from now

on we denote this primitive component by 01(71,(1’*1)2(1’*3))' This is

the fourth factor presented in decomposition 3.2.
e The factor Dﬁi(l) corresponds to the rational irreducible represen-
tation of degree p*(p — 1) having dimension p(p — 1)?. So from

now on, we denote this primitive component by D?p(p_l)Q). This
is the last factor presented in decomposition 3.2.

Using the redefinition of the factors indicated in the previous points,
we are in a position to conclude that the GAD of JX is described by
the following expression:

4p—8 p?—3p+3 p—1
1 1 P P p?
Jx~1] B o1y X IT BliwoxIIC ninsn XC L w3, X Dippo1)2)-
el 72 el i1 (27 2 ) ( ’ 2 )

This concludes the proof.
m

3.2 Decomposition of the Jacobian variety with
G, acting with extended signature

In this section we study how the GAD of a Jacobian variety is with the action
of G, on the corresponding Riemann Surface with an extended version of the
signature.



CHAPTER 3. DECOMPOSITION OF JACOBIAN VARIETIES 71

Definition 3. Let ¢, s, ..., ¢, be elements of a group G. Let us note that if
[c1,¢2, ... ¢ ] isa(0;my, mo,. .., m,)-generating vector then we can construct
an extended version of this vector by adding elements of the group and pre-
serving the characteristics that a generating vector possesses.

For example, given that |c;'| = |c;!| = m; for some i € {1,2,...,r}, then
[c1, ¢,y sCive ey e]isa (0;my, my, . .., my, my, my, . .., M, )-generating
vector and corresponds to an extension of the vector described above. We
will call these elements the extended signature and the extended generating

vector respectively.

For the purpose of describing extended signatures and vectors, we will
use the following notation:

Notation 2. We will write

—1Nt
[c1, ¢y ooy (Civey ) Ciy oon y 0y
with ¢ € N to refer to the (0;my, mo, ..., m;,m;, ... ,my, ... ,m,)-generating
N
-
2+1
t . Rl
vector [c1,Cay v ov y CiyCy y ot Ciy Gy Ciy ety Gy
NS ~~ g
t—times ci,c;l
In addition, we will use the notation (0;my, ma, ..., {m;}** ... m,) for the
signature (0;m1, Mg, ..., My, Mgy oo My, oo v ).
N -~ 7
2+1

The concept of extended signature interests us because it allows us to
expand the analysis of the decomposition of a Jacobian variety from our
original one dimensional family, to a higher dimensional one. This is con-
venient since the signature (0;p?, p?, p,p) we are considering for the action
of G on X, appears in Singerman’s work [39] as one of the signatures for
which the general member of the family may have a bigger group acting on
it. This means that G}, could actually be a subgroup of the (full) automor-
phisms group Aut(X) of X, see for instance [10, 24]. If this is the case for
the generating vector we are considering, it could happen that H and K
were conjugate in Aut(X), and so trivially linked there. This situation is not
interesting for us in the bigger picture of getting non-isomorphic Riemann
surfaces, namely X/H and X /K, with isogenous Jacobians (see Section 4.1).
There are tools to study whether or not our generating vector of length 4
admits an extension of the actual group acting on every member of the fam-
ily, see for instance [3], but we decided to leave this question for a future
work and instead increase the length of the signature by using these discrete
parameters ti,...,t; (see Section 2.3). This ensures us that the group does
not grow (see [39]).
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From the above, if we consider for G, the extended signature
(0 {p2}2t1+1 {p2}2t2+1 {p}2t3+1 {p}2t4+1)
and the associated generating vector
[(a™' a)", a7, (zya?™'b, (xya?™b) 1), 2ya?™ b, (y ', y)2,y 7 (a7 o) 27,

we obtain the results presented below.

Theorem 12. Let p > 2 prime and (ty,t2,t3,t4) € N§. The group G, acts
on a Riemann surface X of genus

(ti+ta+ts+ta+1)p° — (ta+ta+)p* —pP(t +ta+ 1)+ 1

with signature (0; {p?}21+1 {p?}2t2tl {p}2istl {p}2tatl) and generating vec-
tor

(@™, a)",a™, (wya?* b, (wya” 'b) 1), aya” b, (y ' p)",y ", (@7 @) 2]

Under this action, the GAD of the Jacobian variety JX 1is given by the fol-
lowing expression

1 1 1 1 1
JX ~B1 1)t 112)) X Brp-1)+ts) X Byt 11)) X Blp-1)tatts) X Bo-1)(tat14))
p—2 p—2

1 1 1
X B, (p-1)(tatta)) X H B(L (=@t Hpttg) ) X H B(L (D)@t g ttg) )
i=1 =1

p—2 p—2 p®—3p+3
1 1 1
X H B(i’ (=121 Ha+t)+1) ) X HB(i7<p—1><2<t1;t2+ts>+1>) X H B (1 +ta+ts+ts+1) (1))
i=1 ‘ i=1

xCP |

(1,3 (p—1)(p—3)+(p—1)%(t1+t2+t4)) HC(%Q (p—1)(2p—3)+(p—1)2(t1+t2-+ta)+(p—1)pt3)

p
XD p(p-1)2 (4t (1) (11 +2))
where the pair (i,7) as a subscript has to be read as follows: i refers to the
positional value in the product, and j is the dimension of the primitive factor
indexed by 1.

Proof. First, according to the structure of G, studied in Proposition 5, the
elements of the generating vector satisfy the indicated orders. Moreover, by
Riemann’s Existence Theorem, we are in a position to conclude that there
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exists a Riemann surface X on which G, acts with the indicated signature.
By the Riemann-Hurwitz equation (1.12), the genus is the one indicated.

On the other hand, by the previous section we have that the given dimen-
sion of the fixed subspaces depends on exactly the same generators in the
extended generating vector. Then, it is now sufficient to calculate the dimen-
sion of each of the factors described in (3.1), which is done using Proposition
2 (see Chapter 1).

For the primitive factor varieties associated to the rational irreducible
representations of degree p, we calculate the following:

dim Bé%’oyl) =(p—1)(ts + t3),
( (p— 1)(t2+t4) ,lf kZ:O,

(p — 1)(1 + 2t2 + 2t3 + 2t4)

dim By, = 5 f 1<k<p-2,
L (p—1)(t3 + t4)  if k=p-—1.
( (p—1)(t, +t2) if (m,n) = (0,0),
(p—1)(t:1 +t3) if (m,n) = (0,p—1),
(p—1)(t1 + t4)  if (m,n) = (p—1,0),
(p—l)(1+2;1+2t2+2t4) § mm) =GO Al<i<p—2
dim B‘I/Vu,m,n) = <

(p — 1)(1 + 2t1 + 2t2 + 2t3)
2

 if (m,n)=(0,i) N1 <i<p-—2,

(p — 1)(1 + 2t1 -+ 2t3 + 2754)
2

Af (myn)=(i,p—i—1) A1 <i<p-—2,

(p—1D(1+t;+ta+ts+ty) ,if 1<mn<p—1An#p—m-—1.

\

Observe that there are (p — 1)2 — (p — 2) = p? — 3p + 3 of these last factors
where it is satisfied that 1 < m,n < p—1and n # p—m—1. This implies that
there are p? —3p+3 primitive factors of dimension (p—1)(1+41t; +to+1t3+14).
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On the other hand, with respect to the primitive factor associated to the
rational irreducible representations of degree p(p — 1) we have the following:

—1(p—
dim CI]/)V(LO = w + (p — 1)2(t1 + t2 + t4),

) 2
_1 2 _
e =L C L)

ifl<u<p-1.

+ (p—1)%(t1 + to + ta) + p(p — 1)ts,

Finally, with respect to the primitive factor associated to the rational
irreducible representation of degree p?(p — 1) we have the following:

dim DIP;V(D = p(p — 1)2(1 + 13 + t4) +p2(p - 1)(t1 + tg).

Then, knowing the dimensions of the primitive factors, we redefine the factors
with the subscript (4, j), where ¢ is the counter and j is the dimension of the
factor. From this we obtain the decomposition described in the statement of
the theorem.

Since we have the discrete parameters (t,t,t3,t4) € N3 determining
several families of Riemann surfaces with G,—action, hence several families
of Jacobians together with their GAD, it is natural to ask what the geometric
situation is when the discrete parametres are on the axes, so to speak. We
collect these results in the following corollaries.

0

Corollary 2. Let p > 2 be a prime, and t; € No. The group G, acts on

a Riemann surface of genus (t; + 1)p° — p* — (t; + 1)p3 + 1 with signature

(0; {p?}*1+1 p2 p? p,p) and generating vector
(™ @) 0™t aya” o,y 2.

Under these conditions, the GAD of the Jacobian variety of the corresponding

Riemann surface X s given by the following expression

p—2 3 3p—6 p?—3p+3
1 1 1 1
IX ] 1B ey < T Bty < 1] By ooy < T Blisnyomny
=1 i=1 =1 =1

p—1

p p p?
x H C(ié(p—l)(2p—3)+t1(p—1)2) x C(l,%(p—l)(p—3)+t1(p—1)2) X D(lyp(p—1)2+t1p2(p—1))'

i=1
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Example 1. Forp a primep > 2 andt, = 1, the group G,, acts on a Riemann
surface X of genus 2p® — p* — 2p® + 1 with signature (0; p%, p%, p*, p%, p, p) and
generating vector [t a,a™t, zyaP™ b, y~t, 2. Under these conditions, the

GAD of the Jacobian variety JX is given by the following expression:

3p—6 p°—3p+3
]I_B1 XHszl XHBZ.3(p 1)) H BzZp Z)XHO (p 1)(417 5)
X O -nis-n)) ¥ Df)l,p@p—l)(p—l)) :

Corollary 3. Let p be a prime p > 2 and ty € Nyg. The group G, acts on a
Riemann surface X of genus (t + 1)p® — p* — (t2 + 1)p® + 1 with signature
(0; p2, {p*}*2*1 p,p) and generating vector

[a_17 (a’;yap—"_lb’ (xyap+1b)_1)t27 :L'yap—"_]'b’ y_17 aj_l] *

With these conditions, the Jacobian variety of the associated surface is given
by the following expression:

p—2 3p—6 p2—3p+3
JX NHBl ) % HB@ ta(p—1)) X H B i, 22t )en) H Bl t341)p-1))
o =1
" 1_11057%(1)1)(2p3)+t2(1?1)2) % Cfl,z(p 1) (p=3)+t2(p-1)%) Dpl (Lp(p—1)>+t2p?(p—1))°

Example 2. Forp a primep > 2 andty = 1, the group G, acts on a Riemann
surface X of genus 2p° — p* — 2p3 + 1 with signature (0; p%, p2, p, p*, p, p) and
generating vector [a~t, xya?™'b, (xyaP b))~ xyaPTh, y~t 2. Under these
conditions, the GAD of the Jacobian variety JX 1is given by the following
eTPTeSSION.:

p—2 3p—6 p?—3p+3
HB’P21 XHsz 1) X HBZ-3(P 1)) H Bz2p 2)XHC p=1)(4p=5) 1)(4p 5)
X C 1, =05 X D€1,p(2p_1)(p_1))-

Corollary 4. Let p be a prime p > 2 and t3 € Ny. The group G, acts on a
Riemann surface X of genus (t3 + 1)p° — (t3 + 1)p* — p* + 1 with signature
(0; p%, p, {p}?****,p) and generating vector

[a™ ', zya?™b, (y L y)y 2.
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Under these conditions, the GAD of the Jacobian variety corresponding to
the Riemann surface is given by the following expression:

3p—6 p2—3p+3
JX ~ HBl =1y X HB(Z ts(p—1)) X H B i, Ctate-1)) H B(li,(tgﬂ)(pq))
i=1

p—1
p p p?
<11 C 1 r-1) -3+ - 1pts) < CL1-1-3) % Pt p-12)"
=1

Example 3. For p prime p > 2 and t3 = 1, the group G, acts on a Riemann
surface X of genus 2p° — p* — 2p® + 1 with signature (0; p?, p, p, p,p,p) and
generating vector [a™t, xyaP™b, y~ y,y~t, 2. Under these conditions, the

GAD of the Jacobian variety JX is given by the following expression:

p—2 3 3p—6 p*—3p+3
1 1 1
11560 x HB(z:p—l) < I1 B s, % H B gp2) X HC USRSt
i=1 =1 i=1
% 0?1,7@*12(” ny X Dpl 2p(p—1)2)"

Corollary 5. Let p > 2 be a prime and t4 € No. The group G, acts on
a Riemann surface of genus (t; + 1)p° — (t4 + 1)p* — p* + 1 with signature
(0; p%, p2, p, {p}*"™) and generating vector [a™!, zyaP ™o,y 1, (x71, )t 271
Under these conditions, the GAD of Jacobian variety corresponding to the
Riemann surface X is given by the following expression:

p—2 3p—6 p2—3p+3
JX NHBl y % HB(zt4p 1)) X H B i, @t H B(z (ts+1)(p—1))
i=1
p—1

2

P P D
x H O(i»%(p—l)(2p—3)+(p—1)2t4) 0(1,2(17 1) (p—3)+(p—1)2ta) X D(l,(t4+1)p(p—1)2)‘
i=1

Example 4. Forp > 2 be a prime and ty = 1. The group G, acts on a Rie-
mann surface X of genus 2p° — p* — 2p® + 1 with signature (0; p*, p*, p, p, p, p)
and generating vector [a™, xyaP™b, y~t a7t x 27| Under these conditions,
the GAD of the Jacobian variety JX is given by the following expression:

3p—6 p?—3p+3

HBl XHB,plan.s(pn) H BZQpQ)XHC (e=1)(p=5),

ch 1,e=0@p=5) ><Dijmp(p 1)2) -
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In fact, Theorem 12 presented above allows us to describe the decompo-
sition of JX with any extension of the geometric signature

(0: [p*, (@), [p*, (zya*10)], [p, (y=1)], [p, (2~ 1))).

and any prime p greater than 2. We compute the case p = 3 in Chapter 5.

Remark 14. We have done all the heavy computations for describing G,
(e.g. Proposition 5) and some associated objects; such as, representations
(e.g. Theorems 7 and 8), signatures and generating vectors for its actions
on Riemann surfaces (e.g. Theorem 9, Remark 11), decompositions of the
corresponding Jacobian varieties (e.g. Theorems 10, 11 and 12), etc. So
now we can pursue in the description the action of its linked subgroups on
Riemann surfaces and their impact on the corresponding Jacobian varieties.
We make some progress on this subject in Chapter 4 where we find the
induced decomposition for the Jacobian variety of the intermediate quotients
by the linked subgroups H and K of G,. Nevertheless, we leave some open
questions for future work.

The main question that we leave open is to find out whether the inter-
mediate quotients X/H and X/K are isomorphic or not for the actions we
study here. If this is the case, we would have isogenous Jacobian varieties
from non-isomorphic Riemann surfaces, which is our long range goal.

In this direction, we know from Proposition 11 that G, is the full group
of automorphisms of the general element in the one dimensional family from
Theorem 9 for p = 3. Then, for this family, there is no larger group acting
(generically) in such a way that H and K are conjugate in it. Hence the
intermediate quotients X/H and X/K are not isomorphic in an obvious
way. The same happens with the general element in the families arising from
extending the signature (see Section 3.2).

Other open questions we leave are:

e Identify (if possible) the Jacobian varieties associated to the linked
subgroups H or K of G, as factors (up to isogeny) decomposing J.X.

e Describe primitive factors as Jacobians or Prym varieties of intermedi-
ate coverings.

e Describe (degree, kernel, etc) the isogeny between the Jacobian J(X/H)
and J(X/K). We have some progress on this in Theorem 14.



Chapter 4

Jacobians of intermediate
quotiens by linked subgroups
and primitive idempotents

4.1 Intermediate Jacobians by H and K

For this chapter we assume p > 2 prime and (¢, ts, t3,t4) € Nj.

From the previous chapter we know that the intermediate Jacobians associ-
ated to the linked subgroups H and K of G, are isogenous. If we consider the
action determined by the generating vector from section 2.3, then we obtain
the following theorems about JXg and JXg.

Theorem 13. Let H, K be the linked subgroup gwen in G,. Consider the
action of G, on a Riemann surface X with signature
(0; {p?}20a+d {p2}2atl {p}2ts+l {p}2atly and generating vector

[(a™' a)", a7, (zya? ', (zya?t o) ")2, wya b, (y ),y (27 o) Y,

as in Theorem 12. Then, the GAD of Jacobians JX i and JXpg associated
to the intermediate coverings generated by taking quotients by H and K is
given by the following expression:

1 1 1
B(17(p*1)(t1+t2)) X C(L%(p—l)(p—3)+(p—1)2(t1+t2+t4)) X D(lv(t1+t2)192(p—1)+(1+t3+t4)p(p—1)2) ’
and the genus of the Riemann surfaces X/H (and X/K ) is

3 3
PPt +ty+t3+ty+1) —p? (2t3+t4—§) —p(t1+t2—t3—|—t4+1)+t4+§.
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Proof. Considering Theorem 2 (See Chapter 1) and the information about
GAD of the JX in Theorem 12. Then, the primitive factors appearing in
the decomposition of JX are determined by calculating dim V¥ for each
complex representation V', which coincides with dim V# as shown above.

Calculating the fixed spaces by H and K, it is concluded that the only
ones with non zero dimension are described below:

dim (‘/(11,0,0))H = dim (‘/(11,070))1{ =1,

dim (V(Ii,o))H = dim (V(Iio))K =1,

dim (Vi)™ = dim (V7)* = 1.

Consequently, the only three factors of the decomposition are determined
by the rational representations associated with the complex representations
V(11,0,0)7 V(Zfo), and fo. Using the above notation, we are able to conclude the
decomposition of J X and JXp is in the statement of the Theorem 13, that
is, the primitive factors in the Jacobian decomposition are those associated
with these representations, which are:

B,-1)t1+20)r O, Lo-1)(0-3)+ (- )2 (11 +o+4)) + D00 +2)02 (0- )+ (Lt 200 1)?) -

On the other hand, to calculate the genus of the surface generated by the
intermediate covering determined by the subgroups H and K we apply the
expression given in the Proposition 3. If we define

G = <a_1>,
Gy = (zyad’*'b),
G = <y_1>,
Gy = <x_1> ,

then we have the following equalities:

’H\G/G1| = | {HlGl,HbGl,HbQGl,...,prilGl} | =p.
|H\ G /Gs| = | {H1G,, HbG, Hb*Gs, ..., HW "Gy} | = p.

|[H\ G /Gs| = |{Had'VG5:0<i,j <p—1}U{Ha"WG3:0<j<p—-1,1<i<p—1}]|
= 2p” — p.

H\ G /Gy = | {H1G‘4, HaG,, Ha®Gy, Ha” =\ Gy, HVGy, HVGy, . ... Hb”‘lG4} I
=p°+p—1.
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Replacing what is obtained in expression (1.15), we are in a position to
conclude that the genus of X/H, and X/K, is

3 3
ps(t1+t2+t3+t4+1)—p2 (2t3+t4—§) —p(t1+t2—t3—|—t4+1)+t4+§.

]

4.2 Image of primitive idempotents

As said in Theorem 1 (see Chapter 1), for any action of G, J Xy and J Xk are
isogenous to a subvariety of JX defined as the image of certain idempotent,
we study this in what follows, for the action we are considering.

Theorem 14. Let H, K, G, be as before. Consider X a Riemann surface
with the action of G, with signature

(0; {p* 121t {p* 22t {p}?ett, {p}? )

and generating vector
(@™, a)" 0™, (wya?™* b, (wya” 'b) ™')™, aya b, (y ', y)", y ", (@7 @) 2]

Then, the Jacobian variety JXg of X/H is isogenous to the subvariety of
JX defined as the image of the idempotent

fu = pH(eBW(l,o,O) + eCV(l,o) + eD(D) (4'1)

and the Jacobian variety JXg is isogenous to the subvariety of JX defined
as the image of the idempotent

fr = pK(eBW(l,o,O) + a0 + eD(l))’ (4.2)
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where the idempotents are described by

1 N y
(5 v S o),
(b kDen (3 KDE T

Ji={(i,j, k1) € (Z)*:0<4,j, k1 <p—1},

Jy={(i,j,k,1) € (Z)* :0<i,j,l<p—1AN1<k<p’ANGCD(k,p)=1}.

covyy = | 20 =1+ Y (—yta V|

Pl
0<k,i<p—1 (hyi,g)el

I={(hi,j) € (Z)?:0< hi,j <p—1, (hyi,j)#(0,0,0)}.

1 — l.
) =25 (pz(p —1)lg, + Z(—pz)ap) :
=1

Proof. The proof follows from the proof of Theorem 13 (see Section 4.1), and
a direct application of Theorem 1 (see Section 1.2). O

Remark 15. Note that we can establish an isomorphism between the sub-
groups H and K by means of the relation y — ya?*! which induces a mor-
phism on Q[G].

Corollary 6. Let p > 2 be a prime and t, € No. The group G, acts on
a Riemann surface X with signature (0; {p?}***1 p* p* p,p) and generating
vector

[(a™, a)" 0™ wya? o,y 7]

Y

as in Corollary 2. Then, the decomposition of the Jacobian varieties of the
Riemann surface arising from taking quotients by the subgroups H and K, is
given by the following expression.

1 1 1
X~ T Xk~ Bl p-1)) X O 1 0-1)(0-3)10 0-1)2) X Dpo-1)2+002(0-1))

and the genus of intermediate surfaces X/H and X/K is

3 3
PPt +1) — §p2 —p(2t; + 1)+t + 3

Example 5. Consider p > 2 a prime and to = 1 in the Corollary 6. Then,
the decomposition of the Jacobian varieties of the Riemann surface arising
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from taking quotients by the subgroups H and K, is given by the following
eTPression

Xy ~ JXg ~ By, 1y X C(llvw) X D{1 p(2p-1)(p-1)) +

and the genus of intermediate surfaces X/H and X/K is 2p® — %pQ —2p+ %

Corollary 7. Let p > 2 be a prime and ty € Ny. The group G, acts on a
Riemann surface X with signature (0; p*, {p*}*2*1 p, p) and generating vector

[a™, (zya”*'b, (zya?*'0) )2,y o,y 27

as in corollary 3. Then, the decomposition of the Jacobian varieties of the
Riemann surface arising from taking quotients by the subgroups H and K, is
given by the following expression

1 1 1
JXig ~ I Xk ~ Bl typ-1) X Clu s -1 -3 +026-12) X Dlae-12 4120 0-1))

and the genus of intermediate surfaces X/H and X/K is

3 3
PPty +1) — §p2 —p(2te + 1) 4+t + 3

Example 6. Consider p > 2 a prime and to = 1 in the previous corollary.
Then the intermediate Jacobian varieties of the Riemann surfaces arising as
quotients by the subgroups H and K have genus 2p® — %pZ —2p+ % and the
decomposition of J Xy isogenous to J X is given by

JXpg ~ J X ~ B(ll,p—l) X 0(11,7@‘1)&3”‘5)) X D(llvp(Qp—l)(p—l))’

Corollary 8. Let p > 2 be a prime and t3 € Ny. The group G, acts on a
Riemann surface X with signature (0; p2, p, {p}**™1, p) and generating vector

[a™ !, zya o, (y ' y) Y

as in corollary 4. Then, the decomposition of the Jacobian varieties of the
Riemann surface arising from taking quotients by the subgroups H and K, is
given by the following expression

1 1
J Xy~ JXg ~ C(L%(p—l)(p—za)) X Dt +1)p0-1)2)

and the genus of intermediate surfaces X/H and X/K is

3 3
p’(ts +1) — p*(2t5 + 5) +(ts—1)p+ 5
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Example 7. Consider p > 2 a prime and t3 = 1 in the previous corollary.
Then, the decomposition of the Jacobian varieties of the Riemann surface
arising from taking quotients by the subgroups H and K, is given by the
following expression.

JXH ~ JXK ~ C(ll,(p_lg(p_s)) X D(1172p(p71)2),

and the genus of intermediate surfaces X/H and X/K is 2p> — %pz + %

Corollary 9. Let p > 2 be a prime and t4 € No. The group G, acts on a
Riemann surface X with signature with signature (0;p?, p*, p, {p}***1) and
generating vector [a™!, xya?Tb,y=t, (z71, 2)" 271 as in corollary 5. Then,
the decomposition of the Jacobian varieties of the Riemann surface arising
from taking quotients by the subgroups H and K, is given by the following
exTPTession

JXy ~ Ot

(L3 (p—=1)(p—3)+(p—1)?ta)

and the genus of intermediate surfaces X/H and X/K is

1
X D1t 1)p(p-1)2) -

3 3

pita+1) —p* <t4 - 5) —p(tat 1)+t 3

Example 8. Consider p > 2 a prime and ty = 1 in the previous corollary.

Then, the decomposition of the Jacobian varieties of the Riemann surface

arising from taking quotients by the subgroups H and K, is given by the
following expression.

J Xy~ 0(117%) X D(1172p(p—1)2)’

and the genus of intermediate surfaces X/H and X/K is 2p* — 3p* —2p+ 3.

This concludes the decomposition analysis of the Jacobian of the quotient
Riemann surfaces arising from taking quotient by the linked groups H, K of
Gp. From the above, we observe that the only case where the decomposition
of J Xy, or JXg, has only two factors (at most), is when t3 is not null. This
also means that the idempotent decomposition will have only two factors.

Regarding the variables t; € Ny with ¢ = 1,2,3,4, we can conclude the
following:

(t1,t2,t3,t4)

Corollary 10. Letty,to,t3,t4 be elements in Ny. If we denote as J X,
the decomposition given in Theorem 12 for JXy and J X, then

JXSLT—thts,M) -~ JXg—t2,t2,t3,t4)’ (43)
for all r € N such that r > tq,ts.



Chapter 5

Action of the group G3 on
Riemann surfaces and Jacobian
varieties

In this chapter we show the results obtained in Chapter 3 and 4 for case
p = 3; this is, the group

W =0 =23 =P =1,
G3:<a,b,x,y . ab = ba,xry = yz, >

rlax = ab,x7tbx = ba®, y"tay = a*,y by = b

5.1 Decomposition of Jacobian varieties in-
duced by (3 group action

If we use Theorems 12 and 13 for the prime 3 we obtain the following results:

Proposition 12. Let (t1,1tq,t3,t4) € N§. The group Gs acts on a Riemann
surface of genus

F(tr+ta+ts+ts+1) =3 ts+ts+1) =3t +ta+1)+1
with signature (0; {9} 1 {9}2f2+1 [3}2s+1 [3V24+]) gnd generating vector
(@™, a)",a™", (zya’d, (wya’d) ™)™, wya” ', (y ", y)", y =, (271 2)", 27,

Under these conditions, the GAD of the Jacobian variety of the corresponding

84
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Riemann surface is given by the following expression

1 1 1 1 1 1
JX ~ B ot 412)) X Blias)) X Blramia) X Bzt X Biati) X Biatsti)

1 1 1 1
X B oty +ta+3)+1) X Bt +ts+t0+1 X B ati+tarta)+1) X Bt +tatts)+1)

3 2
X H B}, x C? X H c?
(l,2(t1+t2+t3+t4+1)) (1,4(t1+t2+t4)) (’L,3+4(t1+t2+t4)+6t3)
i=1 =1
2
x D?

(1,18(151+t2)+12(1+t3+t4)) :

Besides, the decomposition of the Jacobian JX i and JXg corresponding to
the intermediate quotients by the linked groups H and K is given by the
following expression:

1 1 1
B oy +t2)) X Cliatatta)) X D118t 4+12)+12(14t54+12))

and the genus of intermediate surfaces X/H and X/K is
24ty + 24ty + 12t3 + 16t4 + 39.

Considering particular cases of this theorem, the following examples are
concluded.

Example 9. The group Gz acts on a Riemann surface of genus 136 with
signature (0;9,9,3,3) and generating vector [a™!, xya?™'b, y~t 1.

Under these conditions, the GAD of the Jacobian variety of the corresponding
Riemann surface is given by the following expression

4 3 2
1 1 3 9
IX ~ T Bl x [[ Bliay x [[ Gy X Dl

i=1 i=1 i=1

Moreover, the decomposition of the intermediate Jacobian varieties of the
Riemann surfaces arising as quotients by the subgroups H and K is given by
the following expression.

JXy ~JXg ~ D(11712) ,
and the genus of intermediate surfaces X/H and X/K is 12.

Example 10. The group G3 acts on a Riemann surface of genus 352 with
signature (0;9,9,9,9,3,3) and generating vector [a™*, a,a™ ", xyatb,y~, z71].
Under these conditions, the GAD of the Jacobian variety of the corresponding
Riemann surface is given by the following expression

3 3 3 2
1 1 1 1 3 3 9
JX ~ Bl x ] Bliay x T Blisy x [] Bl x T1 €y x Gty x D s0)-

=1 1=1 =1 =1
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Moreover, the decomposition of the Jacobian varieties of the Riemann sur-
faces arising as quotients by the subgroups H and K is given by the following
eTPTesSsion.

JXp ~ JXg ~ By g X Cliay X Dy a0,

and the genus of intermediate surfaces X/H and X/K is 36.

Example 11. The group G3 acts on a Riemann surface of genus 352 with sig-

nature (0;9,9,9,9, 3,3) and generating vector [a=*, xya*b, (zya*b) L, zya'b, y=t, 27 1].
Under these conditions, the GAD of the Jacobian variety of the corresponding
Riemann surface is given by the following expression

3 3 3 2
1 1 1 1 3 3 9
JX ~ Bl < [ Blioy x [ Blasy < 1] Bl x [T Cliry x Cly x Doy
i=1 i=1 i=1 i=1
Moreover, the decomposition of the Jacobian varieties of the Riemann sur-
faces arising as quotients by the subgroups H and K is given by the following

exPTession.
JXy ~ JXk ~ By gy x Cly 4y x D,

and the genus of intermediate surfaces X/H and X/K 1is 36.

Example 12. The group Gs acts on a Riemann surface of genus 298 with
signature (0;9,9,3,3,3,3) and generating vector [a~ ',y 271 z, 7.
Under these conditions, the GAD of the Jacobian variety of the corresponding

Riemann surface is given by the following expression

3 3 3 2
1 1 1 1 3 3 9
JX ~ By < [ Blaay < [ Blasy < 11 Blowy < 11 €y x Cliy % Dty
i=1 i=1 i=1 i=1
Moreover, the decomposition of the Jacobian varieties of the Riemann sur-
faces arising as quotients by the subgroups H and K is given by the following

exTPTession.
JXy ~ JXg ~ Dg4,

and the genus of intermediate surfaces X/H and X/K is 2.

Example 13. The group G35 acts on a Riemann surface of genus 298 with
signature (0;9,9,3,3,3,3) and generating vector [a™',y~ 1 z7 z, 7.
Under these conditions, the GAD of the Jacobian variety of the corresponding
Riemann surface is given by the following expression

3 3 3 2
1 1 1 1 3 3 9
JX ~ Blyyy x [ [ Blizy x 1] Blisy x 11 Bluwy x T Gty x Cligy ¥ Digy:

i=1 i=1 =1 i=1
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Moreover, the decomposition of the Jacobian varieties of the Riemann sur-
faces arising as quotients by the subgroups H and K is given by the following

eTPTesSsion.

and the genus of intermediate surfaces X/H and X/K is 28.

Let us note that in the examples there are coincident intermediate Jaco-
bian decompositions, this happens because the conditions of Theorem 12 are
satisfied.
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