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INTRODUCTION

“I can’t tell you how proud I am,
I'm writing down things that I don’t understand.”
Jack White.

Let f € Sg(IV,v) be a normalized eigenform of level N, weight
k > 1, and Dirichlet character ¢ : (Z/NZ)* — C* with g-expansion
o1 an(f)g", where ¢ = ¢(z) = €*™. Recall that the coefficient
field of f is defined as Q; = Q(a,(f) : (n,N) = 1), which is a
number field. By a construction of Shimura and Deligne [26], for each
maximal ideal A of Og, (the ring of integers of Qy), we can attach to
f a 2-dimensional Galois representation

pra: Gg — GL2(Qy )

unramified at all rational primes p { N¢ (where Q;a denotes the
completion of Q; at A and ¢ denotes the rational prime below A)
and such that for every rational prime p { N¢ we have

Tr(psa(Frob,)) = a,(f) and det(pp(Frob,)) = d(p)p* .

Let p; 5 be the semisimplification of the reduction of py modulo
A and ﬁ?fj{j its projectivization. We say that f is exceptional at the
prime A if the image of ﬁ?fﬁj is neither PSLy(Fys) nor PGLy(Fys) for
all integers s > 0.

In the 70’s and 80’s Carayol, Deligne, Langlands, Momose, Ribet,
Serre and Swinnerton-Dyer proved the following result (see the intro-
duction of [80] for complete references):

Theorem 1. — If f does not have complex multiplication, then f is
exceptional at most at finitely many A.
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In Chapter III we give a weak generalization of this theorem to
cohomological globally generic cuspidal automorphic representations
of GSp,(Ag). More precisely, let 7 = 7o ® 7 be a globally generic
cuspidal automorphic representation of GSp(4, Ag) of cohomological
weight (mq, my) for which 7 belongs to the discrete series. By
the work of Taylor [92], Laumon [70] and Weissauer [102], we can
attach to m a number field £ and a family of 4-dimensional Galois
representations

pa(7) : Gg — GSpy(E))

unramified outside S U {¢}, where S is the set of places where 7 is
ramified.

In contrast to the Galois representations associated to classical mod-
ular forms by Deligne, which are irreducible [79], in the GSp, case
there are many cuspidal automorphic representations of GSp,(Ag)
corresponding to reducible Galois representations. Examples of such
representations are the weak endoscopic lifts and the CAP represen-
tations.

Then the first step, in order to generalize Theorem 1 to GSp,(Ag),
is to ensure the irreducibility of our representations. To deal with this
problem, we will impose the hypothesis of being globally generic and
non a weak endoscopic lift. Under this hypothesis we can lift 7 (by
using Langlands Functoriality from GSp, to GL4) to a RAESDC au-
tomorphic representation II of GL4(Ag) and apply some recent results
about irreducibility of compatible systems associated to RAESDC au-
tomorphic representations due to Barnet-Lamb, Gee, Geraghty and
Taylor [8|.

We will say that 7 is genuine if it is not a lift from a smaller subgroup
of GSpy, i.e., if 7 is neither a symmetric cube lift from GL; nor an
automorphic induction of GLy. We remark that the genuine cuspidal
automorphic representations of GSp,(Ag) are the analogue of classical
modular forms without complex multiplication.

Let p, () be the semisimplification of the reduction of p (7) modulo
A and 7Y (7) its projectivization. Assuming all the aforementioned
hypothesis, we prove that for A in a set of primes of density one, the
image of pi"” () is either PSp,(F) or PGSp,(F,s) for some integer
s > 0 (Theorem 3.4.1). Moreover, if we assume that 7, is Iwahori-
spherical for all p € S the previous result is true for almost all A and
not only for a set of density one.

The proof of this result is inspired by the work of Dieulefait [32],
where the case of genuine cuspidal automorphic representations of
GSp,(Ag) with S = @ and m; = my was proved. The core of our
argument will consist in showing that for A in a set of primes of positive
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density, the image of 72 (7) cannot be contained in any maximal
proper subgroup of PGSp,(Fy) which does not contain PSp,(F).
The classification of such subgroups was given by Mitchel in [72]. The
extra tools used in the proof are the Serre modularity conjecture [84]
proved by Dieulefait [34], Khare and Wintenberger [60] [61], and the
description of the image of the inertia subgroup at ¢ given by Urban
in [96].

At this point, a natural question is: are there classical modular
forms without exceptional primes? In [36], Dieulefait and Wiese have
constructed families of modular forms without exceptional primes by
using the notion of tamely dihedral representation, which is a slight
variation of the good-dihedral representations introduced by Khare
and Wintenberger in [60]. More precisely, they proved the following
result:

Theorem 2. — There exist modular forms {f,}nen of weight 2 and
trivial Dirichlet character such that, for all n and all maximal ideals
Ay of Oq,,, [n s nonexceptional. Moreover, for a fized rational prime

¢ and A\, |¢, the size of the image ofﬁ?:fj\n 18 unbounded for running n.

In Chapter IT we extend this result to Hilbert modular forms over an
arbitrary totally real field F' extending the notion of tamely dihedral
representation to totally real fields. Our construction closely follows
the construction of Dieulefait and Wiese which consists of adding
tamely dihedral primes to the level (corresponding to supercuspidal
representations) via a level raising theorem. In fact, by using a lemma
of Dimitrov, we are going to be able to construct Hilbert modular
newforms of arbitrary weight and not only of weight 2 as in [36].
Moreover, we will add an extra ingredient to our construction in order
to avoid the possibility that the Hilbert modular newforms considered
come from a base change. We remark that this phenomenon does not
occur in the classical case.

At the end of this chapter we will explain another method to con-
struct Hilbert modular newforms which are tamely dihedral. This
method relies strongly on an asymptotic formula of Weinstein [101]
which counts the number of cuspidal automorphic representations
T = ®,m, of GLy(Ar) whose local components 7, have prescribed
ramification for all places v of F'.

In the second part of Chapter III, as a generalization of tamely di-
hedral representation, we introduce the notion of “maximally induced
representation of S-type" for symplectic groups. By using this tool
and the classification of maximal subgroups of PGSp,(FFys), we prove
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a representation-theoretic result which gives us a set of local condi-
tions needed to construct symplectic compatible systems R = {pp }a
such that the image of 75 is either PGSp,(IFss) or PSp,(Fy) for all
A (Theorem 3.7.3). Then by making use of this result and Langlands
Functoriality from SOz to GL4, we prove that there is an infinite fam-
ily of globally generic cuspidal automorphic representations {7, }nen
of GSp,(Ag), with fields of definition { E, },en, such that for all max-
imal ideals A, of Og, , ﬁRr:j (7,) is either PGSpy(Fss) or PSp,(F),
and for a fixed rational prime ¢, the size of the image of ﬁir:j (70, for
A, |¢, is unbounded for running n (Theorem 3.8.5).

Finally, in Chapter IV we introduce the notion of “maximally in-
duced representation of O-type", which plays a similar role of the
maximally induced representation of S-type for the orthogonal groups
of even dimension. By using the notion of maximally induced repre-
sentations of S-type (resp. O-type), we can conjecture that there exist
symplectic (resp. orthogonal) compatible systems R(IT) = {pa (1)}
of Galois representations associated to RAESDC automorphic repre-
sentations II of GL,(Aq), n even, such that the image of p} *(II) is ei-
ther PSp, (F.) or PGSp, (Fy») (resp. POE(F,.), PSOZ (F.), PO (F)
or PGOZ(F)) for almost all A, and such that for a fixed prime ¢,
large enough, we can make s as large as we want.

As we mentioned above, Mitchel’s classification of the maximal sub-
groups of PGSp,(F) is crucial in the proof of the main results of
Chapter III. In the general case, this should be replaced by a funda-
mental result of Aschbacher [6] that describes the maximal subgroups
of almost all of the finite almost simple classical groups (the only ex-
ceptions are PGSp,(Fys) and PGO{ (Fys)). This theorem divides these
subgroups into nine classes. The first eight of these consist roughly
of groups that preserve some kind of geometric structure, so they will
be called of geometric type. The ninth class, denoted by &, consists
of those subgroups that are not of geometric type and which, mod-
ulo the subgroup of scalar matrices, are almost simple. Recall that
a group G is almost simple if there is a non-abelian simple group S
such that S < G < Aut(S). In this last chapter we prove a general
representation-theoretic result which gives us a set of local conditions
needed to construct compatible systems R = {pa}a such that the

image of 75 is an almost simple group for almost all A (Theorem

4.2.2).

Contrary to the geometric case, it is very difficult to assess the gen-
eral pattern of almost simple groups that might appear as subgroups of
a simple finite classical group and that lie in the class §. Fortunately,
for the low dimensional classical groups (i.e., up to dimension 12) this
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kind of groups are completely classified in [13]|. By using this clasifi-
cation and Arthur’s work on endoscopic classification of automorphic
representations for symplectic and orthogonal groups [4], we adapt
some results of [87] in order to prove our conjecture for PGSp,, (F-)
for 6 <n < 12 and for PGO,(Fs).

An interesting application of the study of the images of Galois
representations is the following: Let p : Gg — PGL,,(Fs) be a Galois
representation. As the set {1,} is open in PGL, (Fys), we have that
the kerp C PGL, () is an open subgroup. In other words, there
exists a finite Galois extension K/Q such that ker p = G. Therefore

Imp ~ Gg/ker p ~ Go/Gr ~ Gal(K/Q).

This reasoning shows that, whenever we are given a Galois repre-
sentation of Gg over a finite field Fys, we obtain a realization of
Imp C PGL,(F) as a Galois group of Q. Then an immediate con-
sequence of the results of this thesis is that the symplectic groups:
PSp,, (Fs) and PGSp,,(Fs), for n < 12; and the orthogonal groups:
PO (Fys), PSOL,(Fys), POL(Fys) and PGOY,(Fys), are Galois groups
of Q for infinitely many primes ¢ and infinitely many integers s.

The contents of Chapter II have been accepted for publication in
Mathematische Zeitschrift as “Constructing Hilbert modular forms
without exceptional primes" (joint work with L. Dieulefait).
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CHAPTER 1

PRELIMINARIES

In this chapter we recall some ideas and results concerning automor-
phic representations and the Galois representations attached to them
which we will use throughout this text. None of the results in this
chapter are original and all can be found in the standard literature,
for example in [20], [21], [23] and [99].

1.1. The Local Langlands Correspondence for GL,

The aim of this section is to recall the Henniart’s formulation of
the Local Langlands Correspondence for GL,, over p-adic local fields.
We shall assume familiarity with representations of p-adic groups as
in [78] and with Galois representations as in [90].

Let p be a prime and K a finite extension of QQ,. We write Ix for the
inertia subgroup of G, Frobx € Gk /I for the geometric Frobenius
and Wy for the Weil group of K. Then recall that local class field
theory gives us a canonical isomorphism

(1) Artg : KX — W2

normalized so that geometric Frobenius elements correspond to uni-
formisers. This isomorphism can be reformulated as follows.

Let G be a locally compact totally disconnected topological group.
By a smooth representation (11, V') of G we mean a group homomor-
phism II from G to the group of automorphisms GL(V') of a C-vector
space V such that for every vector v € V the stabilizer of v in G
is open. Moreover, by an admissible representation (II, V) of G we
mean a smooth representation (II, V) such that for any open com-
pact subgroup H of G the space V of H-invariants in V is finite
dimensional. We denote by A(G) the set of equivalence classes of irre-
ducible admissible representations of G. In particular, if G = GL;(K)
it can be proved that every (I, V) in A(GL;(K)) is one-dimensional,
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then A(GL;(K)) is equal to the set of continuous homomorphisms
K* — C*, where we endow C* with the discrete topology.

On the other hand, let WD;(Wkg) denote the set of continuous
homomorphisms Wx — C* = GL;(K), where we endow C* with its
usual topology. Note that a homomorphism Wy — C* is continuous
if and only if its restriction to the inertia group Ik is continuous. As
I is compact and totally disconnected its image is a compact and
totally disconnected subgroup of C*, hence it will be finite. Therefore
a homomorphism Wx — C* is continuous for the usual topology of C*
if and only if it is continuous with respect to the discrete topology of
C*. So we have that the isomorphism (1) is equivalent to the following
result.

Theorem 1.1.1. — There is a natural bijection between A(GL;(K))

In this context the Local Langlands Correspondence provides a
generalization of this theorem to GL,(K). More precisely, let | - [k
be the absolute value on K which takes uniformisers to the reciprocal
of the number of elements in the residue field of Og. Recall that
a Weil-Deligne representation of Wy is a pair (p, N), where p is a
representation of Wi on a finite dimensional complex vector space V,
which is trivial on an open subgroup, and N is an element of End¢ (V)
such that

p(O)Np(0) " = | Arty (o) |V

for all o € Wik. The pair (p, N) will be called Frobenius semi-simple if
p is semi-simple. We will denote by WD,, (W) the set of isomorphism
classes of n-dimensional Frobenius semi-simple Weil-Deligne represen-
tations of Wy over C. Moreover, recall that given a Weil-Deligne
representation (p, N) € WD, (Wgk) and a fixed non-trivial aditive
character P : K — C*, we can define an L-factor L(s, (p, N)) and
an e-factor €(s, (p, N), ) associated to (p, N) as in Section 4 of [90]
(see also Section 3 of [103]). In particular, if we have two Weil-Deligne
representations (py, N1) € WD,,,(Wk) and (p2, No) € WD,,,(Wk) on
the complex vector spaces V; and V5 respectively, we can define their
tensor product (p1, N1) @ (pa2, N2) as the Weil-Deligne representation
on the complex vector space V; ® V5 given by

p(0)(v1 ® v3) = p1(0)v; ® pa(0)ve and  N(v; ® vy) = Nyvy + Navg

for all 0 € Wg and v; € V;, 1 = 1,2. So we can define L-factors and
e-factors associated to the tensor product (p1, Ni) ® (p2, Na).

On the other hand, given two representations II; € A(GL,, (K))
and II, € A(GL,,(K)) and a fixed non-trivial aditive character \ :
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K — C*, we can also define an L-factor L(s,II; x II) and an e-factor
€(s, Iy x Iz, 1p) associated to the pair (II;,I15) (see [53]| and Section 2
of [99]). Then we can formulate the Local Langlands Correspondence
for GL,, as follows:

Theorem 1.1.2. — For any finite extension K/Q, there exists a col-
lection of bijetions

reck : A(GL,(K)) — WD, (W),
indexed by the positive integer n, satisfying the following porperties:

i) If I € A(GL(K)) then reck(IT) = I o Aty .
ii) If 1; € A(GL,,(K)) and 11, € A(GL,,(K)) then

L(s,I1; x IIs) = L(s,reck (1) @ reck (I1z))
and
€(s, Iy x Ip, ) = L(s,reck (I11) @ reck (I12), ).

iii) If 11 € A(GL,(K)) and p € A(GL1(K)) then

reci (IT ® (podet)) = reck (I1) ® recy (u).
iv) If 11 € A(GL,(K)) and 11 has central character wyy then

recg (ITV) = recg (I1)Y  and  det(reck (IT)) = rec (wr).

This collection does not depend on the choice of .

This formulation was given by Henniart in [48| and it has the
advantage that there is at most one such correspondence (see [49]).

As we saw in Theorem 1.1.1, if n = 1, the Local Langlands Conjec-
ture is a consequence of local class field theory. The existence of recy
with the desired properties was established by Kutzko [67] in the two
dimensional case and by Henniart [47] in the three dimensional case.
Finally the Local Langlands Conjecture for all n has been proved by
Harris, Taylor [45], Henniart [50] and Scholze [81] independently.

Remark 1.1.3. — As the Local Langlands Correspondence estab-
lishes a bijection between representations of GL,,(K) and Weil-Deligne
representations of Wiy it is natural that certain properties of one side
correspond to properties on the other site (see Section 4.3 of [99]). For
example, if II is an irreducible admissible representation of GL, (K)
we have that:

— IT is unramified if and only if recy (IT) is unramified,

— II is supercuspidal if and only if recg (II) is irreducible, and

— 1T is essentially square-integrable if and only if recg (II) is inde-
composable.
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Sometimes it is useful to interpret a Weil-Deligne representation as
a continuous complex semi-simple representation of the Weil-Deligne
group Wi = Wi x SLy(C). If ¢ : Wi — GL,(C) is such represen-
tation, which will be called an L-parameter for GL,,, we associate a
Weil-Deligne representation (p, V) by the formulas

p(w):d)<w, (!w(!)f |w|%1/2>> and eXp(N):d)(l, (é D)

A result of Kostant assures that two L-parameters are isomorphic if
and only if the corresponding Weil-Deligne representations are isomor-
phic (see [66]). Then the previous theorem induces a natural collection
of bijections (which by abuse of notation we denote also by rec)

rec : A(GL(K)) — ®x(GL,)

between the set A(GL,(K)) of equivalence classes of irreducible ad-
missible representations of GL,(K) and the set ®x(GL,) of conju-
gacy classes of L-parameters for GL,,, one for each n, associating an
L-parameter ¢ := recx(Il) : Wi — GL,(C) to a representation II
of GL,(F).

1.2. Algebraic automorphic representations

In this section we shall assume familiarity with the basic theory of
automorphic representations as in [12].

Let F be a totally real field. We will denote by Vg (resp. V., resp.
Vin) the set of places (resp. archimedean places, resp. finite places) of
F. by F, the completion of F' at v € V and by O, the ring of integers
of F, if v € V.. Recall that there is a bijection between the set of
finite places of F' and the set of primes of F', where by a prime of F'
we mean a maximal ideal of its ring of integers Op. If p is the prime
associated to the finite place v of F, instead of F, (resp. O,) we also
write F}, (resp. Op). Moreover, for short we will write Frob,, (resp. I,
resp. W), resp. rec,) instead of Frobp, (resp. Ig,, resp. Wig,, resp.
recr, ).

As usual, Ag (resp. Ag,) will denote the ring of adeles (resp. finite
adeles) of F'. We will write Artg for the unique continuous surjection
R* — Gal(C/R). From global class field theory we have that the
product of the local Artin maps gives us an isomorphism

2) Artp : AX/FX(F2)0 —s G2,

where (FX)? denotes the connected component of the identity in FJ
and G denotes the absolute Galois group Gal(F'/F') of F.
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Let Jg be the set of all embeddings of F into Q@ C C and
AR /F* — C~

a continuous character. We will say that u is algebraic™® if for all
7 € Jp there exist a, € Z such that

1l gz (@) = H (T2)".

Te€JR

In this case, fixing a prime ¢ and an isomorphism ¢ : Q, = C, we can
attach to p a unique character

pa(p) : Gr — Q;
such that for any prime p { ¢ of F' we have that

pﬁ,t(:u”GFp = Hp © Art;pl’

where G, denotes the absolute Galois group Gal(F,/F,) of F,. See
Section 4.1 of [22] for more details.

In the rest of this section we extend, at least partially, this corre-
spondence to automorphic representations of GL,(Ar). First, recall
that an automorphic (resp. cuspidal) representation II of GL, (Ar)
is an irreducible representation of the global Hecke algebra H of
GL,(Ar) which is isomorphic to a subquotient of a representation
of H in the space of automorphic (resp. cusp) forms on GL,(Ap).
Note that GL,(Ap) is the direct product of GL,(Ag,) and GL;°,
where GL,(Ay) := H;evﬁn GL,(F,) (restricted product) and GL;° :=
[I,ev. GLn(F,) which can be viewed canonically as the group of real
points of Resg/g GL,,. Considering this decomposition it can be proved
that each automorphic representation II of GL,,(Ar) decomposes into
a restricted tensor product of local irreducible admissible representa-

tions /
= )11,

such that for almost all v € Vg, the local representation II, (sometimes
denoted by II) has a vector fixed by GL,(O,). If II, does not have
such vector, we will say that II is ramified at p (see [37] or Lecture 3
of [23]).

Let n = ny + --- + n, be a partition of n and P = P(ny,...,n,)
be a standard parabolic subgroup of GL,. For each v € V, let o; be

x. These characters are precisely the Hecke character taking algebraic values,
so the name “algebraic". They were introduced by Weil in [100] under the name:
characters of type Ag. Such characters occur, for example, in the theory of complex
multiplication.
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a square-integrable representation of GL,, (F,) modulo the center and
w,, = | |* its central character over F* for s; € R. Up to permutation
we can assume that s; > so > --- > s,. Then the representation

oo =Indp 2o @ @0, @1) = pu(01,..., 07)
has exactly one irreducible quotient which occurs with multiplicity
one. Such quotient will be called the Langlands quotient of g,. The
main result of [68] states that every irreducible representation of
GL,(F,) is isomorphic to the Langlands quotient of a representation
0v(01,...,0.). Moreover, Langlands proved in loc. cit. that every

automorphic representation of GL,,(AF) is isomorphic to a subquotient
of

(3) 0= IndGL (AF o ®1),

where Ind denotes the unitary parabolic induction and o denotes
a cuspidal representation of the Levi factor M(Ap) of a standard
parabolic subgroup P(ny,...,n,) of GL,(Ar). So we can write o as a
tensor product 01 ®- - - R0, of cuspldal representations o; of GL,, (Ap).

To extend the definition of Langlands quotient to the local compo-
nents of (3) we will use the fact that every generic irreducible represen-
tation of GL,(F,) can be written as the full induction g,(c7y,...,0,)
for some square-integrable representations oy, - -+ , 0, of GL,, (F, ) and
that the local components of a cuspidal automorphlc representation
of GL,,(Ar) are generic. Going back to (3), we can note that the local
component of p at the place v can be write as

GLn(F,
= IndP(FU() )<0'1,1; Q- Q& Oruv & 1)
As the o;, are generic, they can be write as the full induction of a
tensor product of square-integrable representations:

—Tn dGLn (Fv (

0, @ @97, @1).

Then we have, inducing by steps, that p, is the full induction of a
tensor product of the ¥;’s and it contains the corresponding Langlands
quotient with multiplicity one.

Let II = ®; I, be an automorphic representation of GL,(Ar).
This representation is a subquotient of a representation ¢ = ®/ o, as
in (3). We will say that II is isobaric if for every place v € V the
local representation II, is the Langlands quotient of g,. The isobaric
representations form a category stable under the tannakian operations
B (isobaric sum) and X (exterior tensor product) modulo the main
conjecture for GL,,. See Section 1.1 of [20] for details.
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Unfortunately, this category is too big to codify the arithmetic infor-
mation as the algebraic characters do in dimension one. In order to de-
fine a subcategory playing the analogous role of algebraic characters we
need to recall the Local Langlands Correspondence for GL, (R). This
correspondence establishes a bijection (Langlands normalization):

recg : A(GL,(R)) — W, (Wg),

where A(GL,(R)) denotes the set of infinitesimal equivalence classes
of irreducible admissible representations of GL,(R) and W, (Wg) de-
notes the set of continuous semi-simple representations of Wg into
GL,(C). The proof of this correspondence is known for a long time
and follows from the classification of infinitesimal equivalences classes
of admissible representations of GL,(R). See the survey article of
Knapp [65] for more details about this correspondence.

Let IT = & T1, be an automorphic representation of GL,(Ar) and
recall that Wi = C* U C*j, with j2 = —1 and jzj~! = 7 for z € C*.
Then for each 7 € Jr we have a semi-simple representation

pr: C* — GL,(C)

given by applying recg to the archimedean local component II, of II,
where v is the archimedean place induced by 7, and forgetting the
non-connected component of Wr.

Definition 1.2.1. — An automoprhic representation I1 = ®; IT, of
GL,(AF) is algebraic if it is isobaric and for all 7 € Jpand 1 <i <n
there exist p;;, ¢, € Z such that the representation p, has the form

pT:MT,l@”'@MT,n

with p,;(2) = |z|é:”_1)/22p”(§)q”. The tuple p = (Pr1,- .-, Prn)reis
will be called the infinity type of II. We say that Il is reqular algebraic
if for each 7 € Jp we have that p.; # p,; for all i # j.

The factor |z| ((C”_l)/ ? in the previous definition is fastidious but can-
not be avoided because the Langlands parametrization is "transcen-
dental" and then without this factor the representations behaves badly
with respect to the rationality properties.

On the other hand, let II = Il ® Ilg, be an automorphic rep-
resentation of GL,(Ar), where Ilg, = ®U€Vﬁn I1, denotes the finite
part of II. Note that Ilg, is an irreducible admissible representation
of GL,(Ag,). As GL,(Agy) is a totally disconnected group, we can
consider its smooth representations over any subfield of C and con-
sequently we can define its field of rationality as the smallest field F
such that I = Ilg, for all 0 € Aut(C/E). Assuming that IT is reg-
ular algebraic it can be proved that the field of rationality of Ilg, is
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a number field. Moreover, it is expected that this result is true with-
out the hypothesis of regularity (see Section 3 of [20]). In fact, it is
expected that if I1 = II, ® Ilg, is an arbitrary cuspidal automorphic
representation of GL,(Ar) and Ilg, is defined over a number field F,
then II is algebraic. This conjecture is a theorem for n =1 [98].

On the other hand, it can be proved that if II is an algebraic
cuspidal automorphic representation of GL,(Ar) with infinity type
P = (Pras---,Prn)retp, then there exists an integer w such that

(4) DPri+t Gri =w

for all 7 € Jr and i € {1,...,n}. So we will say that IT is pure of
weight w. Note that in this case, the tuple ¢ = (¢r1,...,¢rn)rep 18
defined up to order by (4).

Combining all these hypotheses and thanks to the work of Harris-
Lan-Taylor-Thorne [46], Scholze [82] and Varma [97], we have that
given a regular algebraic cuspidal automorphic representation II of
GL,(Ar), a fixed prime ¢ and an isomorphism ¢ : Q, = C, we can
attach to Il a continuous semi-simple representation

pZ,L<H) : GF — GLn(@E)
such that for any prime p { ¢ of F' we have that
(5) WD (pr,, ()], )7 = 07 recy (T1y @ | det |13 7%),

where WD denotes the Weil-Deligne representation associated to a
representation of G, and F-ss means the Frobenius semisimplification.
The property (5) is usually called local-global compatibility.

Before concluding this section it will be useful for us to review
the notion of algebraic cuspidal automorphic representation in the
"classical" case, i.e., when n = 2 and F = Q. In this case, at the

archimedean place we have a 2-dimensional representation p,, : Wr —
GL2(C) such that

poo(2) = |21¢* (272 @ 2727),
with p 4+ g = w for all z € C* C Wg. Then we have 3 cases:

— If p # g, we are in the regular case. In this case we know that the
algebraic automorphic representation II is associated to a classical
cusp form f of weight k = [p — ¢| + 1. The rationality of II is well
known and it is essentially a consequence of the Eichler-Shimura
isomorphism. In fact, the field of rationality is contained in the
number field generated by the Fourier coefficients of f relatively
primes with its level.

— If p = ¢, the representation of C* is trivial up to a power of the
half-Tate twist |z|'/2. If we extend it to an odd representation
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of Wgr given by w — (1,sgnw), then II is associated to a clas-
sical holomorphic cusp form of weight £ = 1. In this case, the
rationality is a classical result too.

— If p = ¢, but we extend the representation of C* to an even
representation of Wpg, then II is associated to a Maass form of
eigenvalue A = 1/4. In this case the rationality of II is unknown.

1.3. Compatible systems of Galois representations

Of particular interest for us will be the case when the algebraic
automorphic representations are essentially self-dual. In such case, it
can be shown that the image of the Galois representations attached
to them lies in an orthogonal or symplectic group and the local-global
compatibility is satisfied even if p|f. In this section we will review
some facts about this kind of automorphic representations and the
Galois representations associated to them.

Let F be a totally real field. By a RAESDC' (regular algebraic, es-
sentially self-dual, cuspidal) automorphic representation of GL,, (Ar)
we mean a pair (II, ) consisting of a regular algebraic, cuspidal au-
tomorphic representation II of GL,(Ar) and a continuous character
p: AL/F* — C* such that u,(—1) is independent of v € V., and II
is essentially self-dual, i.e.,

MY ® (uodet).

Let p = (pri,---,Prn)resr be the infinity type of II. After a
reordering we can assume that p,q > --- > p., for each 7 € Jp. So
we define the tuple a = (ar1,...,arn)res,, which we call the weight
of I1, by the formula a,; = —(prp+1-i + (1 — 1)).

On the other hand, recall that a compatible system R = {pp}a of
n-dimensional Galois representations of G consists of the following
data:

i) A number field L.
ii) A finite set S of primes of F.
iii) For each prime p ¢ S of F', a monic polynomial P,(X) € Or[X].
iv) For each prime A of L (together with fixed embeddings L <
Ly — EA) a continuous Galois representation

PA - GF — GLn(ZA)

unramified outside S U S, (where ¢ is the rational prime below A
and S, denotes the set of primes of F' above ¢) and such that for
all p ¢ SU S, the characteristic polynomial of p,(Frob,) is equal
to P, (X).
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Theorem 1.3.1. — Let (I, 1) be a RAESDC automorphic represen-
tation of GL,(Ar) of weight a = (ar1,...,0rn)rese and S the finite
set of primes p of F' where Il is ramified. Then there exists a num-
ber field L C C (which is finite over the field of rationality of 11) and

compatible systems of semi-simple Galois representations
pa(Il) : Gp — GL,(Ly) and pa(p): Gp — L,

where A ranges over all mazimal primes of L (together with fixed
embeddings L — Lx < Ly) such that the following properties are
satisfied.

i) The representations pa(I1) and pp(p) are unramified outside the
finite set S U .Sy.

i) pa(I) = pa ()Y @ x; "pa(p), where x¢ denotes the (-adic cyclo-
tomic character.

iii) If p|¢, then pa(l)|,, and pa(p)|cy, are de Rham and if p & S,
they are crystalline.

iv) For each T € Jg and any L — Ly over L the set of T-Hodge- Tate
weights HT(pa(I1)) of pa(I1) is equal to

{a;1+(n—1),a;2+(n—2),...,0:}

v) Fix any isomorphism 1 : Ly = C compatible with the inclusion
L C C with respect to the already fixed embedding L — Ly — L.
Whether p 1€ or p|t, we have

(WD (pa (D), )" 22 recy (1T, @ | det |5 ~7%).

Proof. — This theorem follows from the analogous result for RACSDC
(regular algebraic, conjugate self-dual, cuspidal) automorphic repre-
sentations over CM fields, by using the Solvable Base Change Theorem
of Arthur-Clozel [5] and the Patching Lemma of [88]. The proof of
the existence of the representations py (IT), in the RACSDC case, can
be found in [19] and the strong form of local-global compatibility is
proved in [15] and [16]. O

A folklore conjecture assures that the representations py (II) in the
previous theorem (or more generally the Galois representations as-
sociated to regular algebraic cuspidal automorphic representations Il
of GL,(Ar)) are all irreducible. In the two dimensional case, the
conjecture was proved by Ribet [79] when II comes from a classical
modular form of weight & > 2 and extended to Hilbert modular forms
of arithmetic weight by Taylor in [93]. Moreover, it is known that the
conjecture is true for essentially self-dual representations of GL3(Ar)
(see [10]). To the best of our knowledge, in the four dimensional case
the best result is the following theorem due to Calegari and Gee [14].



1.4. LANGLANDS FUNCTORIALITY 11

Theorem 1.3.2. — Let F be a totally real field and (I1, 1) a RAESDC
automorphic representation of GLy(Ag). Then there is a density one
set of primes L such that if A lies over a prime in L, then pa(Il) is
wrreducible.

In the general case very little is known. However, if we impose
certain conditions on the local components of II, we can prove irre-
ducibility in several important cases. For example, in [95] Taylor and
Yoshida proved this conjecture for all RAESDC automorphic represen-
tations of GL, (Ap) which are square-integrable at some finite place.
More results in this direction will be given in the following chapters.

We finish this section by saying a few words about the information
that give us the Theorem 1.3.1 about the compatible system R(IT) =
{pa(Il)}o and its residual representations which we will denote by
pa(I). In the rest of this section, for simplicity, we will assume that
n is even and F' = Q.

Remark 1.3.3. — Let p be a prime where II is unramifed. Then
it can be shown that for each prime A t p of L we have that
Tr(pa(I1)(Frob,)) belongs to the field of rationality of II (then to
L). Therefore, if the residual representation p,(II) is absolutely ir-
reducible, then pa(Il) can be defined over Ly (See [18]).

Remark 1.3.4. — If we assume that p, (II) is irreducible, then part
i1) of Theorem 1.3.1 implies that the image of pa(Il) is contained
in GSp,(Oz,) or in GO,(Of,) (possibly after a conjugation by an
element of GL,,(Ly)).

Remark 1.3.5. — Part v) of Theorem 1.3.1 implies that, while p
and ¢ are different, the restriction of ps(IT) to a decomposition group
D, := Gg, € Gg is independent of ¢ and it can be determined (up
to Frobenius semisimplification) from the local component II,,, via the
Local Langlands Correspondence.

As we will see through this thesis, the possibility of prescribing the
restriction of pu(II) to D, for a finite number of primes p, will be one
of the essential ingredients for controlling the image of 5, (Il) in the
next chapters.

1.4. Langlands Functoriality for the split reductive groups

Another central part of the Langlands Program, which will also
be an important tool through this work, is the so-called Langlands
Functoriality. Through this section we give a brief survey about this
subject. So we shall assume familiarity with the basic theory of split
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reductive groups over fields as in Chapter I of [71]. In particular,
through this text, we will assume that all split reductive groups are
connected.

Let G be a split reductive group over a field and 7" be a maximal split
torus in G. To the couple (G,T) we can associate a set R(G,T) :=
{X*(T), R, X.(T), RV} of combinatorial data, called a root datum for
G (it is easy to see that any two split maximal tori are conjugate,
then R(G,T) depends only on G up to isomorphism). See Section 1.1
of loc. cit. for details. It can be proved that isogenies of root data
correspond to isogenies of split reductive groups and that every root
datum arises from a split reductive group. Thus the split reductive
groups over K are classified by the root data (see Section 1.6 and 1.7
of [71]). If we dualize R(G,T) we obtain a dual datum RY(G,T) :=
{X.(T), RY, X*(T), R} which determines a complex group G called
the Langlands dual of G. For example if G = SO, 1 then G =
Spy,(C) and if G = SO, then G = SOy, (C) (see [62] for more
details and examples).

For a general split reductive group the presence of endoscopy makes
the formulation of the Local Langlands Correspondence more compli-
cated. More precisely, let G be a split reductive group over a local
field K of characteristic zero, A(G) the set of equivalence classes of
irreducible admissible representations of G and @, (G) the set of con-
jugacy classes of L-parameters ¢ : Wi — G. The Local Langlands
Correspondence predicts the existence of a surjective map

with finite fibres, which give us a partition of A(G) into a disjoint
union of finite subsets A,(G) called L-packets. This map should pre-
serve natural invariants (y-factors, L-factors and e-factors) attached
to both sides. Unfortunately, on the representation theoretical side,
we only have a general theory of these invariants for generic represen-
tations of G (see [85]).

As we saw in the previous sections, the Local Langlands Corre-
spondence is known when K is a finite extension of @, or R and
G = GL,. In fact, for K = R or C the Local Langlands Cor-
respondence was completely established by Langlands. Another ex-
ample where the Local Langlands Correspondence is known, is when
K is a local field of characteristic zero and G = GSp, (in this case
G = GSpin,(C) = GSp,(C)). This example will be studied in detail
in Section 3.2.
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Let K be a finite extension of @, and G a split reductive group over

K. Let
¢ G — éin

be a complex analytic representation, where (/}in = GL,(C). This
is an example of what Langlands calls L-homomorphism. Lang-
lands’ Principle of Functoriality predicts that associated to the L-
homomorphism ¢ there should be a natural lift of admissible repre-
sentations from A(G) to A(GL,(K)). To be more precise, we start
with 7 € A(G). Assuming the Local Langlands Correspondence for
G, we have an L-parameter ¢ € ®(G) associated to m. Then via the
diagram

(A — x %) — 11
W

we obtain an L-parameter ¢ € ®x(GL,,) and hence, by Theorem 1.1.2,
a representation II of GL,(K). We refer to II as the local functorial
lift of m. As part of the formalism we obtain an equality of local
L-functions

L(S77T7€) = L(S,f © ¢) = L(Su d)> - L(S,H),

and similar equalities for the associated e-factors.

Now, let F' be a totally real ﬁeld and G be a split reductive group
over F'. As above, let & : G — GL be an L-homomorphism. Then
there is also a global principle of functoriality which predicts that
associated to the L-homomorphism ¢ there should be a natural [ift of
automorphic representations of G(Af) to automorphic representations
of GL,(Ap).

A concrete formulation of this principle can be given trough the
Local Langlands Functoriality and a local-global principle. More pre-
cisely, let 7 = ®! 1, be an automorphic representation of G(Ar). If we
assume the Local Langlands Correspondence, for each component m,
of m we have a local functorial lift II, as a representation of GL,,(F,).
Then an automorphic representation II = ®/II, of GL,(Ar) will be
called a functorial lift of 7 if there is a finite set of places S such that
IT, is the local functorial lift of 7, for all v ¢ S. In particular, we will
say that the functorial lift is strong if S = (). Note that II being a
functorial lift of 7 entails an equality of partial L-functions

L% (s,m, &) = L°(s,10)
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as well as for e-factors.

Local and global functoriality has been established in many cases
for generic representations of G. For example, when G is a split
classical group with the natural embedings (i.e., if G = SOy,,,1 and
€ : Spg,,(C) = GLoy,(C)), G = SOy, and £ : SOy, (C) — GLa,,(C),
and G = Sp,, and & : SOgp1 — GLag,(C)), this was established
in [24]| and [25]. Moreover, when G = GSp, and ¢ : GSpiny(C) —
GL4(C), the strong version has been established (we will give more
details about this example in Section 3.3).



CHAPTER 2

HILBERT MODULAR FORMS

In this chapter we construct families of Hilbert modular newforms
without exceptional primes. This is achieved by generalizing the no-
tion of good-dihedral primes, introduced by Khare and Wintenberger
in their proof of Serre’s modularity conjecture, to totally real fields.

In this section we will assume familiarity with the basic theory of
Hilbert modular forms. See section 1 of [30] or [31] for a survey about
the subject.

2.1. Inner twists and complex multiplication

In this section we review some facts on inner twists and complex
multiplication for 2-dimensional Galois representations. Our main
reference is [1].

Let K be an f(-adic field with the f-adic topology or a finite field
with the discrete topology and L/K a finite Galois extension with
Galois group I' := Gal(L/K) endowed with the Krull topology. Let F
be a totally real field and £ = {€¢ : Gp — L*} be the set of continuous
characters from G to L*. Note that our assumptions imply that the
image of € lies in a finite extension of K and that I' acts on £ on the
left by composition: 7e := vy oe. Then we can form the semi-direct
product G := £ x I' induced by this action. Concretely, the product
and inverse in G are defined as:

1

().

(y1,61) - (12, €2) == (M2, (Me2)er) and  (y,6) 7= (7
Consequently, we have the exact sequence:
1—&-56-5T0 —1

where ¢ (resp. m) is defined as € — (1,¢€) (resp. (7v,€) — 7).
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In this chapter we will consider only 2-dimensional Galois repre-
sentations p : Gr — GLy(L), however the next results are valid for
arbitrary n-dimensional Galois representations.

Let p,p' : Gp — GlLg(L) be Galois representations. We say that
p and p' are equivalent (denoted p ~ p') if they are conjugate by
an element of GLy(L). We denote the set of equivalence classes by
GLo(Gp, L) and note that G acts on GLy(Gp, L) from the left as

follows:
(vo€) - [p] = [(p) @ 7],
where y € I', e € € and [p| € GL2(Gp, L).
Let [p] € GL2(GF, L). Define Gy, to be the stabilizer group of [p] in
G under the G-action on GLy(Gp, L). This group is called the inner
twists group of [p|. Explicitly, (v, €) € G is an inner twist of [p] if and
only if [p] = [("p) ®, €], which is the case if and only if

"6l = lpor el
In particular, if [p], [p'] € GL2(GF, L) are absolutely irreducible and
such that Tr(p(g)) = Tr(p'(g)) for all g € Gp, then [p] = [p/]. There-
fore we have for all [p ] GLy(Gp, L) absolutely irreducible that

G = {(7:€) € G :1(Tr(p(g))) = Tr(p(9))e9), Vg € Gr}.

Then we can define the groups:
L i=m(Gy) CT, &y =i (Gy) =i (ker(nlg,,))
and
App={r €Ty (1) € Gyt

Let [p] € GL2(Gp, L) be (residually) absolutely irreducible. Let
X : Gp — K* be any character and ¢ : Gp — L* be a character of
finite order. Assume that det p = v x and that the field £y, = LA
contains the square roots of the values of ). Then the equivalence class
[p] contains a representation that can be defined over the field £, and
E}, is the smallest such subfield of L. Moreover, E|, is generated over
K by the traces Tr(p(g)) for g € Gp. Consequently, Ej, is called the
field of definition of |[p].

Now, let py, ps : Gp — PGLy(L) be projective representations. We
call p; and py equivalent (also denoted p; ~ ps) if they are conjugate
by the class (modulo scalars) of a matrix in GLy(L). The equivalence
classes of p; is also denoted [p;] and the set of such equivalence class
is denoted by PGLy(GF,L). In particular, for p : Gp — GLy(L),
we denote by pP™ the composition of p with the natural projection
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For [p] € GLy(Gp,L) and € € £ we have pP™ ~ (p @ €)P™).
Conversely, if [p1], [p2] € GL2(GFr, L) are such that pi"™ ~ p§™ then
there is € € £ such that [p1] ~ [p2 ® €]. Thus we have that

Ty ={yel: 7P~ pProi},

Define the field Kj,) = L', If pP™l factors as Gp — PCLy(K) —
PGLy(L) for some field K € K C L, then K, € K. Moreover, if [p]
is such that its restriction to the subgroup

Iy = ﬂ ker(e)

{e€€:3(v,6)€G,}

is (residually) absolutely irreducible (in particular, this implies that [p]
has no complex multiplication), then the equivalence class of pP™ has
a member that factors through PGLy(K[,) and K, is the smallest
subfield of L with this property. Consequently, K, is called the
projective field of definition of [p].

Remark 2.1.1. — Note that if £y, contains the square roots of 1),
then Ay, is an open normal subgroup of I'l; and hence Ej, /K|, is a
finite extension with Galois group I'\;/A,. In particular, if [p] does
not have any nontrivial inner twist and no complex multiplication,

L= Ey =K.

Now we will give a couple of lemmas similar to Proposition 3.3 of
[1], which will be very useful to prove the last result of this section.

Lemma 2.1.2. — Let K be a finite field of characteristic £ and [p] €
GLy(Gp, L). Let £ be a prime of F' above £, I¢ C G the inertia group
at £ and h, t two integers. Suppose that

b
el ("2 ).
2h
where oy, is a fundamental character of niveau 2h, 1y is the mod-¢
cyclotomic character and b = ag + a1l + ... + asp_1 02" is such that
0<aqg; < fTTl and ag +ap, = ... = ap—1 + asp—1. Then the character €
is unramified at £ for all (v, €) € Gi,).

Proof. — Note that the restriction to ¢ of the determinant of p is
a—t

17", where a = a; + apy; (1 = 0,--- ;h — 1). We know that any
exponent x of 1y, is of the form

2h
j=1
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where {aV) : j = 1,2,...,2h — 1} is a cyclic permutation of the

elements of S = {ag, ..., as,_1}. Then we have the following estimate
for x:
2h 2h
N -1 1
6 0<z= W=t < = :
(6) <z ; a ; 7 7

Let (v,€) € G- As K is a finite field, v acts by raising to the
¢°-th power for some c. In particular Yeby, = 9%,. This shows that
T(p@1Y1t)| 1, has the same shape as (p®@!)|;, except that the elements
of S are permuted. Taking the determinant on both sides of 7p =
p ® € yields that €|;, has order dividing 2, as v acts trivially on the
cyclotomic character. Moreover, looking at any diagonal entry we get

(7) V3 = V3, - €1,
for some exponents x and y.
If we assume that the order of €|, is 2, then we have
2h 1
€lre =1y,

But, as the order of 1y, is /2" —1, equation (7) implies that W;’l +y—x

is divisible by 2" — 1. Thus we get a contradiction because y and x

are smaller than 52}14’1 by (6). Therefore €|y, is trivial, then unramified

at L. O

Lemma 2.1.8. — Let K be a finite field of characteristic ¢ and [p] €
GLy(Gp, L). Let £ be a prime of F' above {, I¢ C G the inertia group
at £ and h, t two integers. Suppose that

*

w5 ).

where Py 1s a fundamental character of niveau h, 1 is the mod-£
cyclotomic character and a, b are of the form a = ag + af + ... +
an—10" 7t and b = ap + apsrl+ .. 4 asp_1 0V with 0 < a; < 52 and
ag+ap =...=ap_1+ asp_1. Then the character € is unramified at £

for all (,€) € G-
Proof. — The proof is analogous to the proof of Lemma 2.1.2. O]

We will say that the representations in Lemma 2.1.2 and Lemma
2.1.3 have tame wnertia weights at most k if a; < k for all 4.

On the other hand, we will now assume that L/K is a finite Galois
extension of number fields. Let S be a finite set of primes of F'and R =
{pa}a a compatible system of 2-dimensional Galois representations
pa : Gp — GLy(Ly) unramified outside S U S,.
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Let a € Z and ¢ : G — L* be a continuous finite order character.
We say that the compatible system R = {pa}a has determinant x?,
if for all primes A, the determinant of p, is ¥x§ with x, the f-adic
cyclotomic character.

In the rest of this section we will assume that R = {pa}a is almost
everywhere absolutely irreducible (i.e., all its members p, are abso-
lutely irreducible except for finitely many primes A of L) and that it
has determinant 1 x§.

Note that for the number fields L/K with the discrete topology we
can define £, I" and G in the same way as we did for f-adic or finite
fields.

For the compatible system R = {pa}x and a prime p of F not in S,
we will denote by a, the coefficient in front of X of B,(X). We define

Gr = {(7,¢) € G : v(ap) = a, - €(Frob,), Vp ¢ S},

I'r :=7(Gr) CT, &r:=i"(Gr) =1 "(ker(n|gy))
and
AR = {’)/ S F’R . (’7, 1) € QR}

We say that the compatible system R has no complex multiplication
if & = {1}. The field Ex := LA® (resp. Kg := L'R) is called the
field of definition (resp. projective field of definition) of R.

If Ex contains the square roots of the values of 1) we have that Agp
is a normal subgroup of I'g, hence Er/Kz is a Galois extension with
Galois group I'g /Ax. In particular, v(ER) = Eg for all v € T'.

Proposition 2.1.4. — Let R = {pa}a be a compatible system and
assume that Exr contains the square roots of the values of 1. Then
for each prime A of L such that py is residually absolutely irreducible,
the equivalence class [pp] contains a representation that can be defined
over the field (Er)a and (Eg)y is the smallest such field. Moreover,
Ex is generated over K by the set {a, : p prime of F not in S}.

Proof. — This is just Proposition 4.3.b of [1] with n = 2. H

Let R = {pa}a be a compatible system. For each prime A of L
(resp. A of K) we denote by L, (resp. by K)) the completion of
L (resp. of K) at A (resp. A). If pn € R is residually absolutely
irreducible, it can be proved that the equivalence class of p, contains
a member that is defined over L. Then we can consider the Galois
extension Ly /K, and define I'y := Gal(Lp/K)), Er = {e: Gr — L} }
(the set of continuous characters from G to LY ) and Gy := Ep x ['y.
On the other hand, we know that for the equivalence class of p, the
stabilizer group G, of [pa] is of the form Gy, = &, % T,y
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Proposition 2.1.5. — Let R = {pa}a be a compatible system and
assume that L contains the square roots of the values of 1. Then for
each prime N of L such that pa is residually absolutely irreducible,
the projective field of definition of [pa] is the completion of Kg at the
prime X below A, i.e., K} = (Kg).

Proof. — This is Theorem 4.5 of [1]. O

Given a compatible system R = {pp}a we can also talk about the
residual representations p,. If M is a local field, we denote by k(M)
its residue field. Let A be a prime of L and assume that p, is defined
over Ly. We consider the Galois extension k(Ly)/k(K)) with Galois
group I'y. Moreover, for the equivalence class [p,] of the residual
representation p, we can define Gz, &5,) and 'z,

Proposition 2.1.6. — Let R = {pa}a be a compatible system and
assume that L contains the square roots of the values of 1. Assume
that the restriction to the inertia group Ig of [p,], for the primes
£ of F lying over the residue characteristic of A, is as in Lemma
2.1.2 or Lemma 2.1.3. Moreover, assume that there is an integer k
(independent of A) such that the representations have tame inertia
weights at most k. Then for all primes A of L, except possibly finitely
many, the projective field of definition of [p,] is k((K,,)r)-

Proof. — The proof is analogous to the proof of Theorem 4.6 of [1] if
we replace Proposition 3.3 of [1] by Lemma 2.1.2 and Lemma 2.1.3. [J

Remark 2.1.7. — Note that v has finite order is a condition needed
to ensure that all € occurring in the inner twists are of finite order
and the condition on the square roots of the values of ¢ ensure that €
take its values in Er. Moreover, the absolute irreducibility condition
is needed to ensure that the representations are determined by the
characteristic polynomials of Frobenius and the condition on the shape
above ¢ is needed to exclude that the residual inner twists ramify at

l.

A guiding example the reader may have in mind is the compatible
system of Galois representations Ry = {pa }a associated to a classical
modular form f = )" ., a,(f)g" € Sk(N,¢) as in the introduction.
In this case the field Fg, is Q = Q(a,(f) : (n, N) = 1) and the field

. a 2
Kgr, is Fy = Q( fl((i?) :(n,N)=1).
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2.2. Galois representations and Hilbert modular forms

Let F be a totally real field of degree d and recall that Jr denotes the
set of all embeddings of F' into Q C C. An element k = ZTG Ir k.t €
Z[JF] is called a weight. We always assume that the k, have the
same parity and are all > 2. We put ko := max{k, : 7 € Jp} and
m, = (ko—m,)/2. Let n be an ideal of O and v be a Hecke character
of conductor dividing n with infinity type 2 — ky. Consider a Hilbert
modular newform f € Si(n,v) over F. By a theorem of Shimura |86]
the Fourier coefficients a,(f) of f, where p is a prime of F, generate
a number field E}.

By the work of Ohta, Carayol, Blasius-Rogawski, Wiles and Taylor
[91] and the Local Langlands Correspondence for GLy (see [17]), we
can associate to f a 2-dimensional strictly compatible system of Galois
representations Ry = {py,}, of Gp. Specifically, following Khare and
Wintenberger [60] R consists of the following data:

i) For each prime ¢ and each embedding ¢ = ¢ @ E; — Qy, a
continuous semi-simple representation

pra: Gr — GLy(Q)

unramified outside a finite set of primes of F' and its restrictions
to the decomposition groups at the primes above ¢ are potentially
semi-stable.
ii) For each prime q of F, a Frobenius semi-simple Weil-Deligne
representation p; with values in GLy(Ey) such that:
(a) pq is unramified for all q outside a finite set of primes, and
(b) for each rational prime ¢, for each prime q { ¢ and for
each ¢ : By — Q, the Frobenius semi-simple Weil-Deligne
representation associated to py,|p, is conjugated to py via
the embedding ¢.
iii) For each 7 € Jp, the set of 7-Hodge-Tate weights HT,(py,) of py,
is equal to
{m;, kg —m, — 1}.
In particular, we have that the compatible system Ry = {py,}, is
associated to f in the sense that for each prime q t n/, the character-
istic polynomial of py,(Frob,) is

X* = 1(aq(f)X + 1u(¥(a)Nryo(a)).

Now we introduce a description of the compatible system p; similar
to what we saw in the previous section. Let ¢ : E; — @, be an
embedding. Denote by E, the closure of t(Ey) and by O, the closure
of 1(Op,) in Q. Let (w) be the maximal ideal of the local ring O,.
Then A := Og, N *((w)) is a maximal ideal of Op, above { and E,
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can be identified with Efa (the completion of E; at A with ring of
integers Oy a = (Op,)a). Thus we can identify py, with the A-adic
representation

PfA - GF — GLQ(OfyA).

More precisely, the composition of psa with the natural inclusion
Opp — Qy equals pf.- Moreover, it can be proved that py s is totally
odd (i.e., det(psa(c;)) = —1 for all complex conjugations c,, 7 € Jp)
and unramified outside the finite set of primes dividing n/.

Remark 2.2.1. — Note that the existence of the compatible system
R with the desired properties follows also from Theorem 1.3.1. In-
deed given a Hilbert modular form f € Si(n,) as above we can con-
struct a regular algebraic cuspidal automorphic representation ITy of
GLa(Ap) with central character wyr, (the Artin’s character associated
to w> and 1nﬁn1ty typep = (pl,ﬂpZ,‘r)‘rGJp such that k‘r = |P1,7-_p2,1-’+1
(see Section 3.C of [42] and the example in Section 1.2.3 of [20]). Fi-
nally, as any cuspidal automorphic representation of GLy(Af) is es-
sentially self-dual, we can take R as the compatible system R(II¢)
associated to the RAESDC automorphic representation II; as in The-
orem 1.3.1.

Let r(Efa) = Og, /A = Fy be the residue field of Ey 5. By taking
a Galois stable Op,-lattice, we define the mod ¢ representation

ﬁf,A : GF — GLQ(FA),

whose semisimplification is independent of the particular choice of
a lattice. Recall that, according to the first section, p}y’ denotes
the projective quotient of p; 5, i.e., p;, composed with the natural

projection GLa(Fy) — PGLy(Fa).

Theorem 2.2.2. — Let R = {psa}r be a compatible system asso-
ciated to a Hilbert modular newform f € Sk(n, ) without complex
multiplication. Let Kr, = Ky be the projective field of definition of
pra, A= ANKy and k(Kf) = Ok, /X = Fx. Then for almost all A
the image ﬁ?fﬁj(GF) is either PSLy(Fy) or PGLy(TFy).

Proof. — By a result of Taylor [93, Proposition 1.5] 5, 5 is absolutely
irreducible for almost all A. Then the result follows directly from the
work of Dimitrov |30, Proposition 3.8] and Proposition 2.1.6. O

Definition 2.2.3. — We say that a prime A of E; is nonexcep-

tional if ﬁ?fj{j(G F) is non-solvable and isomophic to PSLy(Fs) or to

PGLy(Fys) for some s > 0.
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In particular, if we keep the assumptions of Theorem 2.2.2, we have
only a finite number of exceptional primes. Then according to Dick-
son ) classification of finite subgroups of PGLy(F,) (see Proposition
2.1 of [105]) we have for each exceptional prime that p}"\(Gr) is (up
to semisimplification) either an abelian group, a dihedral group, Ay,

Sy or As.

2.3. Tamely dihedral representations

In this section we extend the definition of tamely dihedral repre-
sentation of [36] to totally real fields in order to exclude complex
multiplication and inner twists.

Let E be a number field, F' a totally real field and q a prime of F
with residual characteristic g. We denote by > the unique unramified
degree two extension of Fy and by W2 the Weil group of Fe.

Definition 2.3.1. — Let F be a totally real field, ¢ a rational prime
which is completely split in the Hilbert class field of F' and q a prime of
F above q. A 2-dimensional Weil-Deligne representation p; = (p, N)
of W, with values in F is called tamely dihedral of order n if N =0
and there is a tame character

@: We — EX
whose restriction to the inertia group I, is of niveau 2 (i.e., it factors
over F’; and not over F ) and of order n > 2 such that

p= Ind%‘2 (p).

q
We say that a Hilbert modular newform f is tamely dihedral of order
n at the prime q if the Weil-Deligne representation p, associated to
the restriction to Dy of the compatible system Ry = {py,}, is tamely
dihedral of order n.

Henceforth, when we talk about the notion of tamely dihedral at a
prime q of F', we will assume that q divides a rational prime ¢ which
is completely split in the Hilbert class field of F'.

If the compatible system R; = {py,}, is tamely dihedral of order n
at q, it follows from Section 4.2 of [90] that for all + : E; — Q, with
¢ # q, the restriction of py, to Dy is of the form

Gal(Fq/Fy)
IndGal(F:/FZQ)(L o).

. This classification is usually attributed to Dickson [28], but the topic was
also investigated by Moore [76] and Wiman [106].
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Let ©, be the reduction of ¢ modulo A, which is a character of the

same order as . If £ and n are coprime, then

_ Gal(Fq/Fy) [—

Pralo, = Indg ) (@),
i.e., the reduction modulo ¢ is of the very same form. Moreover, if
n = p" for some odd rational prime p, then Np/g(q) = —1 mod p,
since the character is of niveau 2.

The next lemma illustrates how we can avoid the "small" excep-
tional primes of Galois representations by assuming that its restriction
to W, is a tamely dihedral for some appropriate prime ideal q (i.e.,
with certain local ramification behavior).

Lemma 2.3.2. — Let F be a totally real field and p, q, € be distinct
odd rational primes. Let q be a prime of F' above q, n be an ideal of
Or such that Npg(n) is relatively prime to pq, and pq, ..., pm be the
primes with residual characteristic different from q and smaller than or
equal to the mazimum of ¢ and the greatest prime divisor of Npg(n).
Let p: Gp — GLy(Q,) be a Galois representation of conductor n such
that its restriction to Wy is tamely dihedral of order p at q. Assume
that q is completely split in F(py,...,pm) " and that p" is unramified
in F' and greater than the maximum of 5, £ and the greatest prime
divisor of Npjg(n). Then the image of p*™ is PSLy(Fys) or PGLy(Fy)
for some s > 0.

¢ 0
0 ¢
character of I of order a power of p|g + 1. Then as p does not divide
q — 1, p|p, is irreducible and then so is p. As p is greater than 5 we
have that the projective image cannot be Ay, Sy or As.

Now suppose that the projective image is a dihedral group, i.e.,
PP = Ind%(a) for some character o of Gal(F/K), where K is a
quadratic extension of F. From the ramification of p we know that
K C F(q,p1,...,pm) (because the primes above ¢ are contained in
{p1,...,pm}). As ( is different from p and ¢ we have that

—proj ~Y F, ~J F,
7o, = Indf?, () & Ind}3, (0)

Proof. — By definition pl;, is of the form ( , Where ¢ is a

for some prime £ of K above ¢, where ¢ is a niveau 2 character of
order p". From this we have that, if K were ramified at ¢, then pP(1;)
would have even order, but it has order a power of p, so the field K
is unramified at q. Thus K C F(py,...,pmn) and we conclude from

t. F(p1,...,pm) denotes the maximal abelian polyquadratic extension which is
ramified only at the primes pq,...,p,m. In particular, by the Hermite-Minkowski
Theorem this is a number field.
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the assumptions that q is split in /K, which is a contradiction by the
irreducibility of p; x| p,. Then according to Dickson’s classification the
image of pP* is PSLy(Fys) or PGLy(FFys) for some s > 0. O

More results of this kind will be introduced in Section 2.5. Now we
will show some results similar to those of Section 4 of [36], that we
will use later in order to exclude nontrivial inner twists.

Lemma 2.3.3. — Let K be a topological field and F' be a totally real
field. Let q be a prime of F', € : Gp, — K™ be a character and
p: Gr, — GLa(K) be a representation. If the conductors of p and of
p ® € both divide q, then € or edet(p) is unramified.

Proof. — By the definition of the conductor, p|;, is of the form

<(1) j;) where § = det(p)[s,- Consequently, p ® e[z, looks like

6 ; . Again, by the definition of the conductor, either €|z, is
trivial or €6z, is. O

Lemma 2.3.4. — Let K be a topological field and F a totally real
field. Let q be a rational prime which is completely split in F', q a
prime of F' above q and n > 2 an integer relatively prime to q(q —1).

Let € : Gp, — K* and ¢,¢" : Gal(Fy/Fp) — K* be characters.
Assume that ¢ and ¢’ are both of order n. If

F ~ 1. 1F.
Indz, () = Indg, (¢) @ ¢,
then € is unramified.

Proof. — Note that the order of €|z, /F) divides n. If € were

ramified, the order of €|;, would divide ¢ — 1 times a power of g.
But this contradicts the fact that n is relatively prime to g(¢—1). O

Lemma 2.3.5. — Let f € Sp(n,v) be a Hilbert modular newform,
v Ey = Qp and Ry = {ps.}, a compatible system associated to f.
Then for all inner twists (v,€) € Gr, we have

Pfe Re= Pf oy

Proof. — We know that the traces of any Frobenius element at any
unramified prime p are equal:

Tr(ps,.@e€)(Froby) = t(ay(f)e(Froby)) = ¢(v(ap(f))) = Tr ps .0y (Froby),
from which the result follows. O

Note that when ~ is trivial we are covering the complex multiplica-
tion case.



26 CHAPTER 2. HILBERT MODULAR FORMS

Theorem 2.3.6. — Let f € Sk(n,v) be a Hilbert modular newform.

i) Let q be a prime of F such that q || n and assume that v is
unramified at q. Then any inner twist of f is unramified at q.

ii) Let q be a prime of F' such that q* || n and f is tamely dihedral at
q of odd order n > 2 such that n is relatively prime to q(q — 1).
Then any inner twist of f is unramified at q.

Proof. — i) By Lemma 2.3.5 the conductors at q of py, and py,,0, both
divide q. Then from Lemma 2.3.3, we have that v is unramified at q,
since the determinant of the representation is unramified at q.

it) If pq is tamely dihedral of order n at q, ps,|p, is of the form

Gal(Fq/Fy)
IndGal(fqz JF,
and Lemma 2.3.4, v is unramified at q. O

(1 o ¢), and similarly for ps,.,. Then by Lemma 2.3.5

Corollary 2.3.7. — Let f € Si(n) be a Hilbert modular newform
over a totally real field F' with odd class number such that for every
prime q|n,

i) qflnor

ii) g% || n and f is tamely dihedral at q of order n > 2 such that

(n,qlg—1)) =1.

Then f does not have any nontrivial inner twists and no complex
multiplication.

Proof. — By Theorem 2.3.6 any inner twist is everywhere unramified
then these are characters of the Galois group G := Gal(H/F') of the
Hilbert class field H of F'. Moreover, as the Hecke character of f is
trivial, the field of definition E of f is totally real and any inner twist
nontrivial is necessarily quadratic. R

On the other hand, it is well known that the character group G
of a finite abelian group G is isomorphic to the original group G.
Consequently, as the class number hg of F' is odd, we have that G
does not have elements of order 2. Therefore f does not have nontrivial
inner twists. The same happens for complex multiplication. O]

Remark 2.3.8. — When the class number of F' is even we may have
nontrivial inner twists. This follows from the fact that any finite
abelian group is a direct sum of cyclic groups. Then if hp is even, the
Galois group G of the Hilbert class field of F' has at least one cyclic
group C' of even order as direct summand. Thus C has a character
of order 2 which extends to a quadratic character of G by sending
g € G — (C to 1. Moreover, we have an upper bound for the number
of nontrivial inner twists which is 22("#) — 1, where 15(+) is the 2-adic
valuation. Note that we could have 272("#) — 1 nontrivial inner twists
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only when G =2 (Z/27)"*""%) & 7./m\Z.& - - - ©Z/m,Z for some divisors
m; of hF

2.4. Construction of tamely dihedral representations

In this section we provide a method to construct Hilbert modular
newforms which are tamely dihedral at some prime via level raising
theorems.

Let F' be a totally real field and f € Sk(n, ) be a Hilbert modular

newform over F of level n and weight k =3___; k,7. Let

Pra, » Gr — GL2(Q,)
the p-adic Galois representation attached to f as in Section 2.2. We

say that a Galois representation p : Gp — GL2(Q,) is modular (of level
n and weight k) if it is isomorphic to py,, for some Hilbert modular
newform f € Si(n,v) and some embedding ¢, : E; — @p.

On the other hand, we will say that a Galois representation p :
Gr — GLy(Q,) is geometric if it is unramified outside of a finite set
of primes of F' and if for each prime p above p, P‘GFP is de Rham.

In particular, py,, is de Rham because it is semi-stable. In fact, if
p is a prime of F' above a rational prime p > kg unramified in F' and
relatively prime to Ng/q(ndp) (where 95 denotes the different of F),
PfuplGr, is crystalline with T-Hodge-Tate weights {m, kg —m, — 1}.
Thus it satisfies the Fontaine-Laffaille condition, i.e., all its Hodge-
Tate weights fall between 0 and ky — 1 (see Section 2 of [30]).

The main ingredient in the modern proofs of level raising theorems

is to have an appropriate modularity lifting theorem as follows.

Theorem 2.4.1. — Let F be a totally real field, p > 3 a rational
prime unramified in F and E/Q, a finite extension containing the
images of all embeddings F — E. Let p,py : Gp — GLy(Op) be two
Galois representations such that

p=p modP=p, modP
for the maximal ideal P of Op. Assume that py is modular and that p
is geometric. Assume furthermore that the following properties hold.
i) SLy(F,) € Im(p).
i) For allp above p, plg,, and polc,, are crystalline.
iii) ForallT: F < E, the elements of HT,(p) differ by at most p—2.
)

iv) For allT: F — E, HT,(p) = HT.(po) and contains two distinct
elements.

Then p is modular.
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Proof. — The proof is given in Section 5 of [44]. H

Now we are ready to state the level raising theorem that we need.
This is well known to the experts, but we sketch the proof for lack of
a reference.

Theorem 2.4.2. — Let F be a totally real field and E/Q, be a finite
extension sufficiently large. Let f € Sk(n,v) be a Hilbert modular
newform and p > ko + 1 be a rational prime unramified in F not
dividing Npjg(ndr). Moreover, we assume that SLy(F,) C Im(py, ).
Let q be a rational prime which is completely split in the Hilbert class
field of F and q be a prime of F above q such that ¢ f n, Nq = —1
mod p and Tr(p;, (Frobg)) = 0. Then there exists a Hilbert modular

newform g € Sk(ng?, @E), with 1 having the same conductor as ¥, such
that py, = Py, and g s tamely dihedral of order p” for some r > 0
at q.

Sketch of Proof. — Let S be a finite set of places of F' consisting of
the infinite places, the primes above p, the primes dividing n and the
prime q given above. Let p = py, mod P. We want to construct a
lift p of p such that:

i) for all places of S — {q,p[p}, p has the same inertial types of py,,,
ii) for all p above p, p|g,, is cristalline and has the same Hodge-Tate
weights that pf,, and
iii) for q, p|p, has supercuspidal inertial type.

Now we will rephrase the problem in terms of universal Galois defor-
mation rings. Indeed, the representation p that we want, corresponds
toa @p—point on an appropriate Galois deformation ring Rgni" given by
choosing the inertial types and Fontaine-Laffaille condition as above.
See Section 3 of [43] and Section 10 of [61] for the precise definition
of Galois deformation ring of prescribed type. Thus it is enough to
check that Rgniv has a @p—point.

To prove this, by Proposition 2.2 of [61], it is enough to prove that
dim R > 1 and that REW is finite over Op. As the image of
p is non-solvable we can conclude that ¢ in the formula of Remark
5.2.3.a of [11] is 0, then from Theorem 5.4.1 of loc. cit. we have
that dim R > 1. On the other hand, by Section 4.22 of [44] and
Lemma 2.2 of [94] to prove that RY™Y is finite over Op, it is enough
to show that RV is finite over Op, where S’ is a base change of S
as in Section 5.4 of [44]. Then after this base change we can write

univ — Ruan'

S’ 0 .

Therefore the problem is reduced to showing that Rj™" is finite over
Opg. But this is proved in [44] (see the proof of Theorem 5.1). Then
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we have that the desired lift exists. Moreover, as this lift satisfies
all conditions of Theorem 2.4.1 we have that p is modular. Observe
that from conditions on the lift, i)-iii), and compatibility with the
Local Langlands Correspondence, the Hilbert modular newform g
corresponding to p must be of level ng? and weight % (see also Theorem
1.5 of [55]). Moreover, condition i) on the lift implies that the Hecke
characters of f and ¢ agree locally at any prime. To see that g is
tamely dihedral of order p" at q we can translate word by word the
proof of Corollary 2.6 of [105]. O

The following result shows that there is a set of primes q of F', with
positive density, to which we can apply Theorem 2.4.2.

Lemma 2.4.3. — Let pq,...,p,, be primes of F' and let p be a ra-
tional prime unramified in F' such that p; t p for alli =1,...m and
p=1 mod 4. Let

ﬁgroj : GF — PGLQ(FP)

be a totally odd Galois representation with image equal to PSLy(F,)
or PGLy(Fy:) such that the image of any complex conjugation is con-
tained in PSLy(Fy:). Then the set of primes q of F' such that

i) Ng=—1 mod p,

ii) q is completely split in F(p1,...,pm) and
iii) PP (Frobg) ~ pb™®i(c), where ¢ is any complex conjugation,

has a positive density.

Proof. — As in [36], the proof is adapted from Lemma 8.2 of Khare
and Wintenberger [60]. Let K/F be such that Gal(F/K) = ker(pb™7).
Then Gal(K/F) is isomorphic either to PGLy(F,:) or PSLy(F,:). Let
L = KN F(¢). Note that K and F((,) are linearly disjoint over L,
and L/F is an extension of degree at most 2 because PSLy(F,:) is
an index 2 simple subgroup of PGLy(F,:). By assumption the image
of any complex conjugation lies in Gal(K /L) = PSLy(FF,<). Then for
linear disjointness, we may appeal to Chebotarev’s Density Theorem
to pick up a set of primes q of F' with positive density such that
phrl(Frobg) ~ pb™i(¢), q is split in L/F and Npjg(q) = —1 mod p.
Moreover, we can assume that q is completely split in F'(py,...,pm)
without losing the positive density. ]

The next result shows that we can add more than one tamely
dihedral prime to Hilbert modular newforms without affecting the
local behavior of the other primes.

Proposition 2.4.4. — Let f € Si(n) be a Hilbert modular newform
over a totally real field F' with odd class number and trivial Hecke
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character such that no prime divisor of n divides 2 and for all [|n
either

— [n or

— ||n and f is tamely dihedral at | of order ny > 2.
Let {p1,...,pm} be any finite set of primes of F. Then for almost all
primes p =1 mod 4 unramified in F' there is a set S of primes of F
with positive density which are completely split in F(py,--+ ,Ppm) such
that for all q € S there is a Hilbert modular newform g € Si(ng?)
which is tamely dihedral at q of order p and for all *||n, g is tamely
dihedral at | of order ny > 2.

Proof. — For p we may choose any prime p = 1 mod 4 unramified
in I which is greater than Np/g(ndp), greater than ko + 1, relatively
prime to all ny and such that SLy(F,) C Im(p;, ) (it can be chosen
due to Theorem 2.2.2).

As —1is a square in F)’ (because p = 1 mod 4) and there are no
nontrivial inner twists (by Corollary 2.3.7) any complex conjugation
necessarily lies in PSLy. Then we can take as S the subset of primes
q of the set provided by Lemma 2.4.3 such that q is over a rational
prime ¢ that is completely split in the Hilbert class field of F' which
has positive density by Chevotarev’s Density Theorem.

For any q € S, Theorem 2.4.2 provides us a Hilbert modular new-
form g € Sp(ng?, 1) tamely dihedral at q of order p” > 1 such that

(8> ﬁf,Lp = ﬁg,L;’

In fact, from this isomorphism, it follows that » = 1 and that v is
trivial. The result now follows exactly as in Theorem 5.4.ii of [36] by
using the isomorphism (8). O

2.5. Hilbert modular forms without exceptional primes

Keeping the same notation as in the previous section we will con-
struct families of Hilbert modular newforms without exceptional primes
and without nontrivial inner twists.

Proposition 2.5.1. — Letl p, q, t, u be distinct odd rational primes
such that p and t are unramified in F and q and uw are completely
split in the Hilbert class field of F'. Let n be an ideal of F relatively
prime to ptqu and q, u be primes of F above q and u respectively.
Let f € Si(ng?u?) be a Hilbert modular newform of weight k € Z[Jr|
without complex multiplication which is tamely dihedral of order p” > 5
at q and tamely dihedral of order t° > 5 at u. Let py,..., P, be the
primes with residual characteristic different from q and uw and smaller



2.5. HILBERT MODULAR FORMS WITHOUT EXCEPTIONAL PRIMES 31

than or equal to the mazimum of 2kg— 1 and the greatest prime divisor
of Npjg(nop). Assume that q is completely split in F(u,p1,...,Pm)
and that u is completely split in F(q,p1,...,pm). Then f does not
have exceptional primes, i.e., for every prime A of E; the image of

ﬁ?ij is PSLy(Fys) or PGLy(FFys) for some s > 0.

Proof. — Let A be any prime of E; lying over £. As in Lemma 2.3.2
the tamely dihedral behavior implies that p; , is irreducible. Because
if £ ¢ {p,q} then p; ,|p, is irreducible and if £ € {p, ¢} then £ ¢ {t,u}
and p; A |p, is irreducible.

—Pproj ~v

Suppose that the projective image is a dihedral group, i.e., orn =
Ind (a) for some character o of Gal(F/K), where K is a quadratic
extension of F. From the ramification of p;, we know that K C

F(&qauapla SR 7pm)
First, we assume that ¢ ¢ {p, ¢}, then we have that

—proj ~ F ~ F,
70, = Indf? (¢) = Indf3, (o)

for some prime 9 of K above ¢, where ¢ is a niveau 2 character of
order p” > 5. From this we have that if K were ramified at q, then
Px’(I;) would have even order, but it has order a power of p, so the
field K is unramified at q. For the primes above ¢ we have two cases.
If ¢ is greater than the maximum of 2ky — 1 and the greatest prime
divisor of Np/g(ndp), we have from Lemma 3.4 of [30] (whose proof
works for any totally real field F', i.e., even for not necessarily Galois
fields) that the field K cannot ramify at the primes of F' above ¢,
then K C F(u,p1,...,pm). Thus we conclude from the assumptions,
that ¢ is split in K, which is a contradiction by the irreducibility
of pralp,- On the other hand, if £ is smaller than or equal to the
maximum of 2ky — 1 and the greatest prime divisor of Ngq(ndp), we
have that the primes above ¢ are contained in the set {pi,...,pm}
Thus K C F(u,py,...,pm) and we obtain a contradiction as in the
previous case.

Now if ¢ € {p,q}, in particular ¢ ¢ {t,u}. Then exchanging the
roles q <> u, p <> ¢ and r <> s, the same arguments again lead to
a contradiction. Therefore the image of p}’y cannot be a dihedral
group.

By the classification of the finite subgroups of PGLy(F,), it remains
to exclude Ay, Si, As. But the image of ﬁ?ij cannot be any of
these groups, since there is an element of order greater than 5 in

the projective image. O]

Remark 2.5.2. — In fact from Theorem 2.2.2 we can conclude in

the previous proposition that for almost all A the image of ﬁ?rxj is
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PSLy(Fy) or PGLy(Fy). Moreover, if f has no nontrivial inner twists
the image of ﬁ?fj{j is PSLy(IFy) or PGLy(F,) for almost all primes A of
E;. On the other hand, for the finite set of primes not satisfying this
property the image is also big enough because it contains an element
of order p or an element of order ¢ (see Lemma 3.1 of [105]).

Theorem 2.5.3. — There exist families of Hilbert modular newforms
{fnlnen of weight k and trivial central character over a totally real
field F with odd class number and without nontrivial inner twists and
without complex multiplication such that
i) for all n, all primes A,, of Ey, are nonexceptional and
ii) for a fized rational prime (, the size of the image of p}°\ s
unbounded for running n.

Proof. — Let f € Sk(n) of squarefree level n. Since the class number
of Fis odd f does not have any nontrivial inner twist nor complex
multiplication by Corollary 2.3.7.

Let {p1,...,pm} be the set of primes with norm smaller than or
equal to the maximum of 2ky — 1 and the greatest prime divisor of
Npjg(ndp). Let B > 0 be any bound and p be any prime greater than
B provided by Proposition 2.4.4 applied to f and the set {p1,...,pm},
so that we get g € Si(ng®) which is tamely dihedral at q of order
p and which does not have any nontrivial inner twist nor complex
multiplication (by Corollary 2.3.7), for some choice of q.

Now applying Proposition 2.4.4 to g and the set of primes with norm
smaller than or equal to the maximum of 2ky—1 and the greatest prime
divisor of Ng/g(ng®dr) we obtain a prime ¢ > B different from p and
a Hilbert modular newform h € Si(nq?u?) which is tamely dihedral at
u of order ¢ and which again does not have any nontrivial inner twist
nor complex multiplication (by Corollary 2.3.7) for some choice of u.
Finally, by Proposition 2.5.1, h does not have any exceptional primes.

We obtain the family {f,},en by increasing the bound B step by
step, so that elements of larger and larger projective orders appear in
the images of inertia groups. O]

We say that a weight k € Z[Jr] is non-induced, if there do not exist
a strict subfield F” of F' and a weight k&’ € Z[Jp] such that for each
T € Jp, k; = k:EﬂF/). Note that if £ is non-induced then k is not
parallel. Moreover, these two conditions are equivalent if the degree d
of F' is a prime number (see Remark IV.6.3.ii of [29]). Moreover, if we
assume that F is a Galois field of odd degree this assumption excludes
the case where f comes from a base change of a strict subfield of F'
(see Corollary 3.18 of [30]).
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Remark 2.5.4. — If we assume, in the previous construction, that
F is a Galois field of odd degree and f has a non-induced weight
k then the family {f,},en of Hilbert modular newforms in Theorem
2.5.3 is such that each f,, does not come from a base change of a strict
subfield of F' since g and h have the same weight as f and thus, by
construction, g and h also do not come from a base change of a strict

subfield of F'.

2.6. A construction via inertial types

In this section we will explain another method to construct Hilbert
modular newforms which are tamely dihedral. This method depends
on the main result of [101].

Let F, be a finite extension of QQ,, where F'is a totally real field and
p is a rational prime of F' above p. Recall that the Local Langlands
Correspondence establishes a bijection

11, — recy(ILy)

between the set A(GLy(F})) of isomorphism classes of complex-valued
irreducible admissible representations of GLy(F}) and the set WDy (W,)
of isomorphism classes of two dimensional Frobenius semi-simple Weil-
Deligne representations of F,, preserving L and e factors. In [51] it is
shown that if II, € A(GLy(F;)), then Il|gr,,) contains an irre-
ducible finite-dimensional subspace o, := o(Il,) of GLy(O,), called
the (local) inertia type of II,, which characterizes the restriction of
recy(II,) to the inertia group of G, .

We will denote by 7 (F,) the set of isomorphism classes of repre-
sentations of GLy(O,), which arise as inertial types for members of
A(GLy(F})). We say that o, is a supercuspidal (resp. special, resp.
principal series) type if 11, is supercuspidal (resp. special, resp. prin-
cipal series). We define the quantity

d(p) = (—=1)"¢"(vq +1)(dg — 1),
where ¢ is the cardinality of the residue field of F, and the values of
a,,7,6 € Zxp are determined by the type of II, (see Section 2.1 of
[101] for details).

On the other hand, let £ > 2 and w be two integers of the same
parity, and Dy, be the essentially discrete series representation of
GLy(R) with central character x — 2z~ as in Paragraph 0.2 of [17].
We will denote by T (R) the set of all such representations Dy, and
we simply define 0(Dy. ) = Di. We also define d(Dy,,) = k — 1.

Given a cuspidal automorphic representation Il = Il ® Ilg, of
GLy(Ap) arising from a Hilbert modular form over F' of weight k =
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> reyp ke € Z[JF], we can associate to it, the representation

o(I) = ) o(Il;) Q) o(IL,)

TeJF PEVEn

of GLy((F @ R) x Op). Loosely speaking, o(II) measures the ram-
ification of II at the finite places and records the components of II
at the infinite places. In particular, if II; = Dy_,, , then w, = wy
for all 7,7 € Jr and the integers k, and w, all have the same par-
ity. Moreover, we have that 7(Il,) is the trivial representation for all
primes of F' not dividing the level of II and the central character of II
is an algebraic Hecke character of Aj whose restriction to O, (resp.
FX = R*) is equal to the central character of o(Il,) for all p € Vg,
(resp. of o(I1,) for all T € Jr).

Accordingly, we define the set T (F) of global inertial types to consist
of the collections o = {0, }vey, satisfying the conditions:

i) For all but finitely many v, o, is the trivial representation.
ii) There exists an algebraic Hecke character of Ay whose component
at each v agrees with the central character of o,.

For each o € T(F) we define
d(o) = H d(oy).

veEVER

The product makes sense because all but finitely many factors are 1.

Clearly, if I is a cuspidal automorphic representation of GLy(Af)
arising from a Hilbert modular form over F, o(II) belongs to T (F).
Then a natural question is: given an arbitrary global inertial type
o € T(F), when does this type come from a Hilbert modular form?
The answer, provided by Weinstein, is as follows.

Let H(o) be the set of cuspidal automorphic representations II
of GLy(Ap) arising from a Hilbert modular form over F' for which
o(I) = o. The main result of [101] establishes that

#H (o) = 21770 |(p(—1) | hpd(o) + O(217),

where (r(s) is the Dedekind zeta function for F' and v(o) is the number
of primes p where o, is nontrivial. Finally, by comparing the quantity
d(o) with the error term 2(%), we can obtain the following result.

Theorem 2.6.1. — Up to twisting by 1-dimensional characters, the
set of global inertial types o € T (F) for which H(o) = is finite.

Proof. — This is just Corollary 1.2 of [101] . ]

Let p, g, t, u be distinct odd rational primes such that p and ¢ are
unramified in F', and ¢ and u are completely split in the Hilbert class
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field of F. Let n be an ideal of F' squarefree and relatively prime
to pgtu and q and u be primes of F above ¢ and wu respectively.
By Theorem 2.6.1 we can ensure the existence of a Hilbert modular
newform f € Si(ng?u?) with supercuspidal types in q and u for some
choice of a prime q (or equivalently of a prime u) large enough (because
in this case we have that d(oy) = ¢(¢ — 1) and d(o,) = u(u —1)). We
note that the hypothesis of making a choice of a prime ¢ or u large
enough can be avoided if we have large enough weights or enough
primes ramified. Thus, for an appropriate choice, f is tamely dihedral
of order p" > 5 at q and tamely dihedral of order ¢* > 5 at u (see the
proof of Corollary 2.6 of [105]). Then we have the following general
result.

Theorem 2.6.2. — For any totally real field F' and any weight k €
Z|JF] there exist families of Hilbert modular newforms { fn}nen over
F of weight k, trivial central character and without complexr multipli-
cation such that

i) for all n, all primes A,, of Ey, are nonexceptional and
ii) for a rational fived prime ¢, the size of the image of p}°\ s
unbounded for running n.

Moreover, if F is a Galois field of odd degree, then the elements of
{fn}nen do not come from a base change of a strict subfield of F for
all n.

Proof. — Let B > 0 be some bound. Let p and ¢t be rational primes
(as above) greater than B. By choosing the prime q (or the prime
u) of F large enough (or alternatively by choosing an ideal n of F'
with sufficient prime divisors) we have, from the previous discussion
about Weinstein’s result and Proposition 2.5.1, that for every weight
k € Z[Jr] there exists a Hilbert modular newform f; of weight &
without exceptional primes. Thus, by increasing the bound B, we
obtain a family {f,}.en such that elements of larger and larger orders
appear in the inertia images because the number of inner twists is
bounded and depends only on the class number of F (see remark
2.3.8).

Finally, if F' is a Galois fields and k € Z[Jp] is a non-induced weight
we have, from Corollary 3.18 of [30], that f,, does not come from a
base change of a strict subfield of F' for all n. n






CHAPTER 3

GENERIC AUTOMORPHIC
REPRESENTATIONS OF GSp,(Ag)

In this chapter, by making use of Langlands Functoriality from GSp,
to GL4, we will show that the images of the Galois representations at-
tached to “genuine" globally generic automorphic representations of
GSp,(Ag) are “large" for a set of primes of density one. Moreover,
by using a generalization of tamely dihedral representations for sym-
plectic groups (introduced by Khare, Larsen and Savin) and generic
Langlands Functoriality from SOj; to GL4, we will construct automor-
phic representations of GSp,(Ag) such that the compatible system
attached to them has large image for all primes.

In this chapter we will assume familiarity with the basic theory of
automorphic representations for reductive groups as in [12].

3.1. Preliminaries on classical groups

Due to the notation for orthogonal and symplectic groups is not
standard, we include this section in order to fix the notation that we
will use through this and the next chapter. Our main references are
[13] and [64].

Let n be a positive integer, K a field of characteristic different from 2
and V' an n-dimensional K-vector space with a non degenerate bilinear
pairing (-, -). We define the similitude group A(V') of (-,-) as

{g € GL(V) : {gv, gw) = m(g){v,w) with m(g) € K*,V v,w € V}.

The character m : A(V) — K* is called the multiplier (or similitude
factor). The isometry group of (-,-) is the subgroup I(V) of A(V) of
elements with multiplier 1 and the special group of (-, -) is the subgroup
S(V') of A(V) consisting of all matrices with determinant 1.

Let B = {e1,...,e,} be a basis of V. We define the matrix of the
pairing (-, -) with respect to B as J = (b;;)nxn, Where b;; = (e;, ¢;) for
all ¢ and j. In particular, if (-,-) is alternating, it can be shown that
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n is even and that we can choose a basis such that the matrix of (-, -)
has the standard form

0 S . o1
re (% 8) v s () e

Then we can define the symplectic similitude group of the alternating
pairing (-,-) as GSp,,(K) := A(V') and the symplectic group of (-,-) as
Sp,(K) := I(V). Note that in this case all elements of Sp, (K) have
determinant one, then Sp,,(K) = S(V) too.

On the other hand, if (-,-) is a symmetric pairing, we define the
orthogonal similitude group of (-,-) as GO(V) := A(V) and the or-
thogonal group of (-,-) as O(V') := I(V'), whose elements have deter-
minant +1. Finally, we define the special orthogonal group of (-,-) as
SO(V) = S(V). Since K is a field of characteristic different from 2,
it can be shown that for each symmetric pairing there exists a basis
such that its matrix is diagonal. If K is an algebraically closed field,
it can be shown that all symmetric pairings are equivalent. Then in
this case we take I,, the identity matrix as the matrix of the standard
symmetric form. For such form, we will write GO, (K), O,(K) and
SO, (K) instead GO(V'), O(V) and SO(V).

Let ¢ be an odd prime and r be a positive integer. If K is a finite
field of order ¢" and n is even, there are precisely two symmetric
pairings on V' (up to equivalence), corresponding to the cases when
the determinant of the matrix of the form is a square or non square of
K*. We say that a symmetric pairing (-, -) has plus type if its matrix
is equivalent to

0 1
J+ = EMn,
1 0

otherwise it has minus type. As expected, J, will be the matrix of our
standard symmetric pairing of plus type. For the minus type we will
use the matrix I,, when it is not equivalent to J, (this occurs if and
only if n = 2 mod 4 and ¢" = 3 mod 4). Otherwise, our standard
symmetric pairing of minus type will have matrix

J_ = . €M,
1

where w is a fixed primitive element of K*. Then for our standard
symmetric pairing of plus type (resp. minus type) we will write
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GO (K), Of(K) and SO (K) (resp. GO, (K), O, (K) and SO, (K))
instead GO(V'), O(V') and SO(V).

In contrast with the symplectic case where the projectivization
PSp,(K) of Sp,(K) (with n > 4 and K a finite field of odd char-
acteristic) is a simple group, in the orthogonal case this does not hap-
pen. Then we need to define the quasisimple classical group of the
symmetric form (-, -) as Q(V) := I'(V), the derived subgroup of I(V').
In particular, if K is a finite field of odd characteristic, we denote by
QF(K) and Q,, (K) the quasisimple orthogonal group of plus type and
minus type respectively. In particular, if V' is a vector space with a
symmetric pairing over a finite field of odd characteristic and n > 8,
it can be proved that PQ(V) is a simple group (see Theorem 2.1.3 of
[64]).

A useful tool through the next chapters will be to know the indices
between the projectivizations of the symplectic and orthogonal groups
defined above when K is a finite field of odd characteristic. These
indices are: [PGSp, (K) : PSp,(K)] = 2, [PGOX(K) : POX(K)] = 2,
[POE(K) : PSOX(K)] = 2 and [PSOE(K) : PQI(K)] = ax (where
the values of a, and a_ are defined by the following conditions: a4 €
{1,2}, aya_ =2, and a; = 2 if and only if n({" — 1)/4 is even).

3.2. Local Langlands Correspondence for GSp,

As we pointed out in Section 1.4, the presence of endoscopy makes
the Local Langlands Correspondence for GSp, more complicated.
Contrary to the GL,, case, in the GSp, case we can only obtain a
finite-to-one surjection between the set A(GSp,(K)) of equivalence
classes of irreducible admissible representations of GSp,(K) and the
set @ (GSp,) of conjugacy classes of L-parameters

¢ : Wi — GSping(C) = GSp,(C).

It is expected that this surjection preserves natural invariants (L-
factors, e-factors and y-factors) which we can attach to both sides. Un-
fortunately, for non-generic supercuspidal representations of GSp,(K),
the general theory of these invariants has not been fully developed.
Then in order to ensure the uniqueness of the Local Langlands Cor-
respondence for GSp,(K), Gan and Takeda [41] replace the (as yet
nonexistent) theory of v-factors by a certain Plancherel measure which
is an invariant coarser than the ~-factor, but has the advantage that
it is defined for all representations.
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More precisely, for each finite extension K/Q, the main theorem of
[41] gives a unique finite-to-one surjection

recé’ : A(GSp,(K)) — ®x(GSp,)

attaching an L-parameter ¢, := rec$?(m) : Wi — GSpy(C) to a
representation 7 of GSp,(K) and satisfying the following properties:

i) The central character w, of 7 corresponds to the similitude char-
acter m(¢,) of ¢, under local class field theory. Here, m :
GSp,(C) — C* is the similitude character of GSp,(C).

ii) 7 is an essentially discrete series representation of GSp,(K) if
and only if its L-parameter ¢, does not map into a proper Levi
subgroup of GSp,(C).

iii) If 7 € A(GSp4(K)) is a generic or non-supercuspidal representa-
tion, then for any o € A(GL,(K)) with r <2 we have:

L(s,m x 0) = L(8, 0, @ ¢,)
and

G(S,ﬂ' X an) = 6<57¢7r ® (bcfvw)‘

iv) If 7 € A(GSp,(K)) is non-generic supercuspidal, then for any
supercuspidal representation o € A(GL,(K)) with r <2,

(5,78 0,16) = (5, 6 © ) - 7(25, Syml() © m(g,) )

'7(_87 wa ® gb(\f/7 ¢) ’ ’7(_287 Sme(gZSX) ® m(¢a)7 1/))7

where pu(s, ™ X 0,1) denotes the Plancherel measure associated

to the family of induced representations Indg?%(m(s, 7 X o) on

GSpiny, 5(K) (where we have regarded 7 X o as a representation
of the Levi subgroup GSp,(K) x GL,(K)).

We remark that the correspondence does not depend on the choice of
the additive character .

As in the GL,, case we can identify an L-parameter ¢ : W) —
GSp,(C) with the corresponding Frobenius semi-simple Weil-Deligne
representation in the usual way, i.e., corresponding to ¢ is the Weil-
Deligne representation (ps, Ns), where py is the semi-simple part of

¢
w2
po(w) = ¢*(w) = ¢ <w7 (l OK lw ?{1/2))

for w € W, and the monodromy operator N, is given by

(o3 )
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For completeness, let us mention a few extra properties. In [41] it
was shown that, for each L-parameter ¢, its fiber A4(GSp,(K)) can
be parametrized by the set of irreducible characters of the component
group

Ao =m(z(mie)) /) = { TPF
When A, = Z /27, exactly one of the representations in A, (GSp, (X))
is generic and it is the one indexed by the trivial character of Ay .
In fact, it can be proved in general that an L-packet As(GSp,(K))
contains a generic representation if and only if the L-factor L(s, Ado¢)
is holomorphic at s = 1, where Ad denotes the adjoint representation
of GSp,(C) in the complex Lie algebra sp,.

Finally we remark that GSp, has a unique endoscopic group which
is isomorphic to G5O, with dual group

GSpin, (C) = (GLy(C) x GLy(C))" = {(g1,92) : det g1 = det go}.

Then there is a distinguished conjugacy class of embeddings of dual
groups
(GLy(C) x GLy(C))® < GSp,(C)

which gives rise to a natural map
9) O (GSOg2) — Pk (GSpy),

where @5 (GSO42) denotes the set of conjugacy classes of L-parameters
¢ : Wi — GSpin, (C). We say that an L-parameter ¢ € ¢, (GSp,) is
endoscopic if it is in the image of the map (9). More concretely, ¢ is
endoscopic if ¢ = ¢ ® ¢ with dim ¢; = 2 and m(¢) = det ¢ = det ¢.

3.3. Langlands Functoriality from GSp, to GL4

Let m = 7o ® m; be a cuspidal automorphic representation of
GSp,(Ag) with cohomological weight (my,ms), my > my > 0, and
central character w,, such that 7, belongs to the discrete series. As
in the GL,, case, by a discrete series we mean an irreducible represen-
tation whose matrix coefficients are square-integrable modulo center.

Recall that an automorphic representation 7 of GSp,(Ag) is globally
generic if the Whittaker functional

T3 fr— fn)yp~(n)dn
N(@Q\N(Ag)
is not identically zero. Here, N denotes the unipotent radical of the
standard upper-triangular Borel subgroup and ¢ = ®,, is a non-
trivial additive character of Q\Aqg defining a character of N in the
usual way.
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Globally generic automorphic representations have played distin-
guished roles in the modern theory of automorphic forms and L-
functions due to generic automorphic forms are more accessible to
analytic methods and, at least in the GSp, case, it can be proved that
any automorphic representation m of GSp,(Ag) (as in the first para-
graph of this section) is weakly equivalent to a globally generic auto-
morphic representation [103, Theorem 1|. Recall that two irreducible
automorphic representations are said to be weakly equivalent if they
are locally isomorphic at almost every place. Moreover, the Strong
Multiplicity-One Theorem is satisfied in this case [89, Theorem 1.5].
This result ensures that if two globally generic cuspidal automorphic
representations my, mo of GSp,(Ag) are weakly equivalent, then they
are isomorphic.

In addition we have the following useful result, usually known as
the generic Langlands Functoriality from GSp, to GLj4.

Theorem 3.3.1. — Let 7 be a globally generic cuspidal automorphic
representation of GSpy(Aq) satisfying the hypotheses in the beginning
of this section. Then we can lift T to an automorphic representation
I of GLs(Ag) with central character wy = w? and such that its
archimedean L-parameter has the following restriction to C*

(27
(/2) "7

z |z

(/)5 |
(2/2)7 7"
where w = my + Mo, v1 = My + 2 and vy = mo + 1 give the Harish-

Chandra parameter of m. Such lifting satisfies the following proper-
ties:

) I ~T11Y ® w,,
ii) rec%r(ﬂp) = rec,(I1,) for each rational prime p, and
iii) — 11 is cuspidal and L°(s, 11, A> @ w-1) has a pole at s =1, or

— I1 = 0y B oy for cuspidal automorphic representations oy #
o9 of GLa(Ag) with central character wy.
In the later case, 7 is the theta lift of the cuspidal automorphic
representation o1 ® oy of GSO22(Ag).

Proof. — It has been known for some time that we can obtain a weak
lift using theta series, i.e., a lift such that l"eC%:F(ﬂ'p> = rec,(II,) for
almost all primes p. This was first announced by Jacquet, Piatetski-
Shapiro and Shalika. But, to the best of our knowledge, they never
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wrote up a proof. However, there is an alternative proof of the exis-
tence of such lift due to Asgari and Shaidi |7] relying on the Converse
Theorem.

The strong lift i) and the characterization of its image iii) is a
consequence of the Local Langlands Correspondence for GSp, and it
is due to Gan and Takeda |41, Theorem 12.1]. O

Recall that a cuspidal automorphic representation 7 = ®,m, of
GSp,(Ag) is a weak endoscopic lift if there exist two cuspidal auto-
morphic representations o1 = ®,01,, 02 = ®,02, of GLa(Ag) with
central characters w,, = w,, such that

L(s,m,) = L(s,01,)L(s,09,)

holds for almost all places. Here, L(s,m,) denotes the local L-factor
of the degree 4 spinor L-series. It can be proved that if 7 is the theta
lift of the cuspidal automorphic representation oy ® oy of GSO25(Ag),
then it is a weak endoscopic lift (see Chapter 4 of [104]).

On the other hand, we will say that a compatible system R = {pa }a
of 4-dimensional Galois representations of Gg is symplectic if for every
A the representation py is of the form Gg — GSp,(L,). A consequence
of the previous theorem is the following result.

Theorem 3.3.2. — Let 7 be a globally generic cuspidal automorphic
representation of GSp,(Ag) with central character w,, which satisfies
the hypotheses in the beginning of this section. Assume that w is
not a weak endoscopic lift and denote by S the set of primes where
it is ramified. Then there exist a number field E and a symplectic
compatible system of semi-simple Galois representations

pa(m) : Gg —> GSpy(EL),

where A ranges over the finite places of E and such that the following
properties are satisfied.

i) The representation pa(m) is unramified outside S U {{}.
i) px(m) = pa(m) @ x 1, where x = wy 0 x, " is totally odd.
iii) The representations pa(7)|,, are de Rham, and if £ & S, they
are crystalline.
iv) The set of Hodge-Tate weights HT (pa()) is equal to

{O7m2+17m1+27m1+m2+3}'

v) Fiz any isomorphism ¢ : Ey ~ C compatible with the inclusion
E C C. Whether pt ¢ or p|¢, we have

—8S ~v —-3/2
(WD (pa(m)lg,) ™ 2 rec§! (m, @ [ m|2?).
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Proof. — First, as we are assuming that 7 is not a weak endoscopic
lift, we can lift 7 to a RAESDC automorphic representations (II, 1) of
GL4(Ag) by Theorem 3.3.1. Then we define the compatible system of
Galois representations R(m) = {pa(7)}a associated to m as R(m) :=
R(II) = {pa(I)} (the compatible system of Galois representations
associated to (II,u) in Theorem 1.3.1). On the other hand, as all
globally generic cuspidal automorphic representations of GSp,(Ag)
have multiplicity one [58], it follows from Theorem IV of [102], that
pa(m) takes values in GSp,(Ey). O

Note that from the property v) of the previous theorem follows that
the conductor of pa(7) is independent of A. Then it can be called the
conductor of the compatible system.

If m is a weak endoscopic lift, we can also construct a compatible
system of Galois representations associated to m. As we are assuming
that it is cohomological of weight (m;,ms) and 7 belongs to the
discrete series of GSp,(R), we have that o, ; will belong to the discrete
series of GLo(R) of weight k;, such that k; > ks > 2, with ky =
my + mo + 4 and ko = m; — my + 2. Then thanks to Chevotarev’s
Density Theorem, if py(0;) are the corresponding 2-dimensional Galois
representations associated to o; by Deligne [26], we can define the
familly of Galois representations associated to 7 as

- = (ma+1)
pa(m) := pa(o1) @ (pa(o2) ®g, Xe ).
In fact, compatible systems of Galois representations associated to
a cuspidal automorphic representations as in the first paragraph of
this section (i.e., without the hypothesis of global genericity) can be

constructed from the cohomology of a suitable Siegel threefold (see
Theorem I of [102]).

Remark 3.3.3. — In Weissauer’s work another interesting family of
automorphic representations appears, called CAP (cuspidal associated
to parabolics) automorphic representations of GSp,(Ag). The exis-
tence of CAP automorphic representations makes the theory of au-
tomorphic representations of GSp, more delicate than the theory for
GL,, where no such cuspidal automorphic representations exist [54].
For example, its local components are non-tempered at almost all lo-
cal places, then they provide us counterexamples to the generalized
Ramanujan conjecture. Moreover, as in the endoscopic case this kind
of representations give us examples of cuspidal automorphic represen-
tations such that the Galois representations associated to them are
reducible (see the introduction of [102]).
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Fortunately, under the global genericity hypothesis, it is well known
that CAP automorphic representations cannot occur (see for example
the arguments after Remark 3.3 in [73]).

3.4. Study of the images

Let pa(m) : Gg — GSp,(E,) be a 4-dimensional symplectic Galois
representation as in Theorem 3.3.2. In this case, we can take as I the
number field generated over Q by the coefficients of the characteristic
polynomials of all py(7)(Frob,), p ¢ S. By using Lemma 3 of [27],
we can define the residual mod A Galois representation g, (7) : Gg —
GSp,(Fy), where Fy = Op/A. We denote by 75 () the composition
of 7, (m) with the natural projection GSp,(Fy) — PGSp,(Fa).

Let 7 be a cuspidal automorphic representation of GSp,(Ag) as in
Theorem 3.3.2, we say that 7 is exceptional at a prime A if the image
of pX () is neither PSp,(F,) nor PGSp,(F,) for all integers s > 0.
On the other hand, such 7 will be called genuine if it is neither a
symmetric cube lift from GLjy nor an automorphic induction after lift
to GL4. The rest of this section is devoted to prove the following
result.

Theorem 3.4.1. — Let m be a genuine globally generic cuspidal au-
tomorphic representation of GSp,(Ag) satisfying the hypotheses in the
beginning of the section 3.3 and assume that m is not a weak endoscopic
lift. Then 7 1s exceptional at most at a set of primes of density zero.

As we mentioned in the introduction, the proof of this theorem
is inspired by [32], where the case of genuine cuspidal automorphic
representations of GSp,(Ag) of level 1 and parallel weight was proved.
As in Dieulefait’s paper, the proof is done by considering all possible
images of g5 () given by the classification of maximal subgroups of
GSp,(Fyr). Such classification was first provided by Mitchell in [72].
However, we use a more modern formulation due to Aschbacher [6]

which is as follows:

Theorem 3.4.2. — Let ¢ be an odd rational prime and r be positive
integer. Let G be a mazimal subgroup of GSp,(Fer) which does not
contain Spy(Fpr). Then at least one of the following holds:

i) G stabilizes a totally singular or a non-singular subspace;
ii) G stabilizes a decomposition Ty, = V; & Va, dim(V;) = 2;
iii) G stabilizes a structure of Fer-vector space on F},;
iv) G is a cross characteristic group of order smaller than 5040;
V) the projectivization of G is an almost simple group isomorphic to

PGL2 (Fgr ) 7’
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vi) the projectivization of G is an almost simple group isomorphic to
PSp,(Fys) or PGSp,(Fys), for some integer s > 0 dividing r.

For more details and relevant definitions see Chapter 2 and Chap-
ter 4 of [13]. As we will see in the next chapter, the Aschbacher’s
classification is a much more general result. This, in fact, gives a
classification of maximal subgroups of all the finite classical groups.

Before starting with our proof we need the next result due to Urban
[96] which follows from Fontaine-Laffaille theory [40].

Proposition 3.4.3. — Let w be a cuspidal automorphic representa-
tion of GSp,(Ag) as in Theorem 3.83.2. Then for every prime £ ¢ S,
such that { — 1 > my 4+ mo + 3, we have the following possibilities for
the action of the inertia group at £:

1 * * *
_ 0 Ytk %
pA(Tr)‘Ie = 0 10 1711-1—2 % )
0 0 0 1/}71n1+m2+3
¢;n1+m2+3 0 % %
0 ¢§m1+m2+3)€ * %
0 0 matl * ’
0 0 0 mt?
1 * * *
0 w{n1+m2+3 % %
(m2+1)+(m1+2)£ or
0 0 s 0
0 0 0 wé’l’n1+2)+(m2+l)f
w;n1+m2+3 0 ” %
0 §m1+m2+3)é « «
0 0 ¢§m2+1)+(m1+2)€ 0 )
O 0 O (m1+2)+(m2+1)€

2

where g is a fundamental character of niveau 2 and )y is the mod-£
cyclotomic character.

Now we are ready to give the proof of Theorem 3.4.1 which will be
given by considering the following cases:

3.4.1. Reducible images. — First, we will deal with the reducible
cases. Instead of following Dieulefait’s proof (which depends on the
generalized Ramanujan’s conjecture and Serre’s conjecture), we use
the recent results of [8] about irreducibility of compatible systems.
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More precisely, by Theorem 1.3.2 we have that the representations
pa(I1) on the compatible system attached to a RAESDC automorphic
representation II of GL4(Ag) are absolutely irreducible for a set of
primes A of density one. Then by Proposition 5.3.2 of [8] we have
that the residual representations p,(II) are irreducible for a set of
primes A of density one. Finally, by functoriality the reducible cases
can only happen for a set of primes of density zero.

Remark 3.4.4. — In [32], Dieulefait proved that if 7 is of parallel
weight k and such that 7, is unramified for all primes p (i.e., S = 0),
then p, () is in fact irreducible for all but finitely many primes A.

Following his method, note that if we allow ramification at a finite
set of primes S # (), we have to allow the character appearing as one-
dimensional component or as the determinant of a two dimensional
component of a reducible representation p,(7) to ramify at .S, which
is a problem when we try to apply Serre’s conjecture as in Section 4.3 of
|32]. However, if we assume that m, is Iwahori-spherical for all p € S,
we have that p,(7)|7, acts unipotently (see Main Theorem (b) of [88]).
Then as it is pointed out in Section 2 of [33], it can be proved that
this character will not ramify at the primes in S. Thus if we assume
that the image of 7, (7) is reducible with two 2-dimensional irreducible
components of the same determinant for infinitely many primes, we
can apply Serre’s conjecture as in Section 4.3 of loc. cit. to conclude
that 7 is a weak endoscopic lift. Therefore this case cannot happen
for infinitely many primes A. To deal with the rest of reducible cases
we can use the Ramanujan conjecture (which is a theorem in our case
[104, Theorem 3.3]) as in Section 4.1 and 4.2 of [32].

3.4.2. Image equal to a group having a reducible index two
subgroup. — Assume that we are in the case 7i) or i7i) of Theorem
3.4.2. In these cases p,(m) is the induction of some 2-dimensional
representation o, of G (with K a quadratic extension of QQ) that
is not the restriction of a 2-dimensional representation of Gg. Now
assume that for infinitely many primes A

pa(m) = Ind% (o)) mod A.

A priori K and o, depend on the prime A, but by using the description
of the image of inertia at ¢ given in Proposition 3.4.3, we have that K
is unramified at ¢ (for ¢ sufficiently large) and by Dirichlet principle we
can assume without loss of generality that K is independent of A (see
the arguments in Section 3 of [35]). Since this induced representation
is irreducible (because the reducible case has been covered before), we
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have that
Tr(py(7)(Frob,)) =0 mod A

for every p ¢ S U {/¢} inert in K. As this holds for infinitely many
primes A, we obtain

pa(T) = pa(m) @1
for all A, where 1 is the quadratic character of K/Q. Then since
pa(m) = pa(Il) for some RAESDC automorphic representation I of
GL4(Ag), by strong multiplicity one for GL4 (see [54]), we have that

M=I1I®n.

By applying Theorem 4.2 (p. 202) of [5] we deduce that II is an
automorphic induction from the quadratic field K/Q. Hence 7 is
not genuine. Therefore these cases of our classification of maximal
subgroups of GSp,(F,) can only happen for finitely many primes A.

3.4.3. Image equal to the stabilizer of a twisted cubic. —
Now we will deal with the case v) of Theorem 3.4.2. In this case all
matrices are of the form (see [52], page 233)

CLS CL2C CL02 03
somd [ @ ¢ ) = 3a%b a’d + 2abc  bc® + 2acd  3c3d
YW b a ) 7| 3ab® b2c+2abd ad®+ 2bed 3cd® |

b b2d bd> d3

then
(10) pa(m) = Sym®(0x)  mod A,

where o, is a 2-dimensional Galois representation. Assume that for
infinitely many primes A the congruence (10) is satisfied. If we suppose
that ¢ ¢ S and ¢ —1 > my + me + 3 (comparing the structure
of Sym®(c,) with the four possibilities for the image of the inertia
subgroup at ¢ given in Proposition 3.4.3), we have that this case can
only happen if the weight of 7 is of the form (2mg, my). In this case
we have that the residual mod A representation o,, when restricted
to the inertia group at ¢, is as follows:

1 * matl 0
0 ¢71n2+1 or 0 §m2+1)4 :

Then by Serre’s conjecture [84| (which is now a theorem, cf. [60], [61]

and [34]), for every prime A that falls in this case, there is a classical

cuspidal Hecke eigenform fj of weight my 4+ 2 and level N such that
pa(m) = Sym®(oy, A) mod A,

where N divides the conductor of the compatible system attached to .
Then we have finitely many possibilities for the modular form f, and,
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by the Dirichlet principle, we can assume that fy = f is independent
of A. Thus we have that

pa(m) = Sym®(os) mod A

for infinitely many primes A. Therefore ps(7) = Sym®(o;4) for all
A. Then by the Strong Multiplicity-One Theorem 7 must be the
symmetric cube of some cusp form and 7 is not genuine. Hence we
can have as image the stabilizer of a twisted cubic at most for finitely
many primes A.

3.4.4. The rest of exceptional images. — Finally, we will deal
with the case iv) of Theorem 3.4.2. In this case, comparing the
exceptional groups G C GSp,(F,) (its order and structure, see Table
8.12 and Table 8.13 of [13]) with the fact that the image of 75 ()
contains the image of 75 ()|;, (assuming £ ¢ S and £ — 1 > m; +
ms + 3) described in Proposition 3.4.3, we concluded that this case
can only happen for finitely many primes A.

Conclusion. — Having gone through all cases in Theorem 3.4.2 (ex-
cept vi)) we conclude that if 7 is genuine satisfying the hypotheses
in the beginning of Section 3.3, we have at most a set of primes A of
density zero where 7 is exceptional.

3.5. Maximally induced representations (symplectic case)

It was observed by Khare and Wintenberger [60] (see also [59])
that the existence of exceptional primes in a compatible system can
be avoided by imposing certain local conditions on the Galois repre-
sentations. More precisely, let n be an even integer and p,q > n be
distinct primes such that the order of ¢ mod p is n. Denote by Qg
the unique unramified extension of @, of degree n and recall that

X Z
Qpn = pgn—1 X U X ¢7,

where fi,n_q is the group of (¢" — 1)-th roots of unity and U is the
group of 1-units. Let ¢ be a prime distinct from p and gq. We will say
that a character

=X
Xq * Q;n — Q
is of S-type if it satisfies the following conditions:

i) x4 has order 2p,

11) Xq(Q) = _17 and
iii) Xglugn_,x0, has order p.
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Note that a character as above is tame. Recall that a character of
Qg is tame if it is trivial on U;. By local class field theory we can
regard x, as a character (which by abuse of notation we call also x,)
of Gg,. or of Wg_,. In [59] it is proved that the representation

G —
Py = InngZn (xq) : Go — GL,(Qy)

is irreducible and symplectic, in the sense that it can be conjugated
to take values in Sp,,(Qy).

Let o : Gg, — @Z be an unramified character and Y, (resp. @) be
the composite of x, (resp. ) and the projection Z, —» F,. Note that
the image of the reduction of p, in GL,(F,) is

_ Goy —
pq = Inngqn (Xq)

which is an irreducible representation and the representation p, ® @ is
irreducible too.

Definition 3.5.1. — Let p,q,{ be primes and x4, a be characters,
all as above. We say that a Galois representation

p: Gog — GSp,(Q)
is maximally induced of S-type at q of order p if the restriction of p to
a decomposition group at ¢ is equivalent to Indgiq (Xq) ® .
q’l’l

On the other hand, recall that a Galois representation p : Ggp —
GL,(F,) is reqular (in the sense of [2]) if there exist an integer s
between 1 and n, and foreach ¢ =1,... ,saset A; = {a;1,...,a;,,} of
natural numbers 0 < a, ; < £—1 of cardinality r;, with ri+---+ry =n
(i.e., all the q; ; are distinct), such that if we denote by B; the matrix

0 bﬂrifl

with ¢, a fixed choice of a fundamental character of niveau r; and
bi = Q1 + ai’Zg + e+ aiynﬁ”_l, then
Bl *
p‘ftz ~ .
0 By
The elements of A := A;U---UA;, are called tame inertia weights of p.
We say that p has tame inertia weights at most k if A C {0,1,...,k}.
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Under the assumption of regularity and boundedness of tame inertia
weights, we have the following useful result, which was proved in
Section 3 of [2].

Lemma 3.5.2. — Let n,k € N, with n even, and p : Gg — GL,(F)
be a Galois representation which is reqular with tame inertia weights
at most k. Assume that ¢ > kn! + 1. Then all n!-th powers of the
characters on the diagonal of p|;, are distinct.

Let K/Q be a finite extension of degree d and p, : Gx — GL,(F,)
be a Galois representation. Let V{ be the F-vector space underlying
Po- The induced representation Indg?; Po of py from Gk to Gg is the

F-vector space Homg, (G, Vo), which is by definition the set
{¢:Gg — W :¢(o7) = py(t 1)¢(0) for all 7 € H and o € Gy},

where 0 € Gg acts on ¢ € Homg, (Gg, Vo) by 0 - ¢(-) = ¢(c™* - ).
Let {71,...,74} be a full set of representatives in Gg of the left-
cosets in Gg/Gg. The map ¢ — @%,¢(y;) gives an isomorphism
between Homg, (G, Vo) and the direct sum @7, V; (where each V; is

isomorphic to V;). Via this identification the action of Gg on @)%, V;
is given by

Go — d d _  _
(Ind 7o) (@) (& vi) = & B3 0% (Vo)

where 07 1; € v,(:)Gk. Indeed,

P

d , d B
S d(i) = @ dlo 1) =

i=1 =1 i=1

20V 070 (B(Vo)))-

By using the previous lemma we can prove the following result about
the ramification of induced representations.

Lemma 3.5.3. — Let nym,k € N, a € Z and ¢ > kn! + 1 be
a rational prime. Let K/Q be a finite extension of degree d such
that dm = n, py, : Gx — GL,(F,) a Galois representation and

p= Indg?; Do- If ¥§ @ p is regular with tame inertia weights at most
k, then K/Q does not ramify at €.

Proof. — The proof of this result is given in [2, Proposition 3.4]. O

For the rest of this chapter we will restrict ourselves to case n = 4.
The general case will be studied in the next chapter.
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3.6. Large image for almost all primes

Let N be a positive integer. Note that if we choose a prime p = 1
mod 4 greater than max{/N, 7}, then Chevotarev’s Density Theorem
allows us to choose a prime ¢ > 5 (from a set of positive density)
which is completely split in Q(, \/p1, ..., /Pm) (Where p1,...,p,, are
the prime divisors of N) and such that ¢> = —1 mod p.

The next result illustrates how we can use the notion of maximally
induced representation in order to prove a result similar to Theorem
3.4.1.

Theorem 3.6.1. — Let N, p, and q as above. Let k be a positive
integer and € # p,q be a prime such that ¢ > 24k + 1 and (+ N. Let

p: Gg — GSp,(Qy)

be a Galois representation which ramifies only at the primes dividing
Nql and such that a twist of p by some power of the mod-£ cyclotomic
character is regular with tame inertia weights at most k. If p 1is
mazimally induced of S-type at q of order p, then the image of pP** is
PSp,(Frs) or PGSpy(Fys) for some integer s > 0.

Proof. — We will closely follow the proof of Theorem 1.5 of [2]. As
in the previous section we will proceed by cases.

3.6.1. Reducible cases. — Since p is maximally induced at ¢ and
¢ # p, p|p, is absolutely irreducible. Hence p is absolutely irreducible
and the reducible cases in the classification of maximal subgroups of
GSp,(Fyr) cannot happen.

3.6.2. Induced cases. — Now suppose that the image of p corre-
sponds to an irreducible subgroup inside some of the maximal sub-
groups in cases i) or iii) of Theorem 3.4.2. As this case is very sim-
ilar to Lemma 3.7 of [2], we will omit some details. In these cases
there exist a quadratic extension K C Q(i, V7, VO A/PLs - /D)
(where py,...,p, are the prime divisors of N) with Galois group
H = Gal(Q/K) < Gg and a representation & : H — GLy(F,) such
that
7= Ind5% (7).

Applying Mackey’s formula to Resgg (Indg@ (5)) (which is irre-

ducible because we know that Resgg (Indfj@ (6)) = Indggq4 (X,) @@),

we have that

G _ Gay
InngZmH (Rengan(a)) = Inngq4 (X,) ®a.
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Then from Proposition 3.5 of [2], it follows that Gg , < Gg, N H =
Gal(@q/Kq), where q is a prime of K above ¢q. Thus

Qq qu g@q4 g@q
and hence K cannot ramify at ¢ since Qg is an unramified extension
of Q. Moreover, note that

4 = dim(p) = dim (Indg@ (5)) = (Gg : H) dim(7)
and
. G _ N
4 = dim (InngZmH <Rengqu(a)>> = (Go, : Go, N H) dim(7),

hence [Kg : Q] = (Go, : Go, N H) = (Gg : H) = [K : Q]. Therefore
q is inert in K/Q.

On the other hand, by Lemma 3.5.3, as p is regular with tame
inertia weights at most k and ¢ is greater than 24k + 1, we have that
K cannot ramify at . Then K C Q(i,/p1,-..,+/Pm) and therefore,
by assumption, ¢ is split in K. Thus we have a contradiction.

3.6.3. Symmetric cube case. — In order to deal with the case v)
of Theorem 3.4.2 we will use the well-known Dickson’s classification of
maximal subgroups of PGLy(IF;-) which states that they can be either
a group of upper triangular matrices, a dihedral group D,, (for some
integer n not divisible by ), PSLy(IFys), PGLo(Fys) (for some integer
s dividing ), A4, Sy or As.

Let Gy be the projective image of Indgg; (X,). If G is contained

in a group of upper triangular matrices, it is contained in fact in the
subset of diagonal matrices because ¢ and 2p are coprime. But we
know that (G, is non-abelian, then it cannot be contained in a group
of upper triangular matrices. Moreover, G, cannot be contained in
Ay, Sy or As because we have chosen p > 7.

Now assume that G, is contained in a dihedral group. As any
subgroup of a dihedral group is either cyclic or dihedral and as Gy
is non-abelian, we can assume that it is in fact a dihedral group of
order 4p. This implies that GG, contains an element of order 2p, but
we know that the elements of GG, have order at most p, then G, cannot
be contained in a dihedral group.

Hence G, should be PSLy(Fs) or PGLy(Fs) for some integer s > 0.
We know that the stabilizer of a twisted cubic can only occur when
¢ > 5 in which case PSLy(FFys) is an index 2 simple subgroup of
PGLy(Fs). But G, contains a normal subgroup (of order p) of index
greater than 2. Therefore the case v) in the classification of maximal
subgroups of GSp,(Fr) cannot occur.
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3.6.4. The rest of exceptional cases. — Finally, the order of the
groups in case iv) of Theorem 3.4.2 are 520, 1440, 1920, 3840 and
5040. Then all these groups can be discarded by using the fact that
the image of pP™ contains an element of order p > 7.

m

3.7. Large image for all primes

The goal of this section is to prove a representation-theoretic result
which gives us the local conditions needed to construct compatible
systems without exceptional primes. Roughly speaking, the idea is
to construct compatible systems which are maximally induced at two
primes simultaneously. In order to do this we start explaining how to
choose such primes.

Lemma 3.7.1. — Let k,N € N such that 281 1 N, and M be an
integer greater than N and 24k +1. Let p’ =281 and p =1 mod 4 be
a prime different from p' and greater than max{M,7}. Then we can
choose two primes q and ¢ different from p and p' such that:

i) q and q' are greater than M.
ii) q 1$ a quadratic reszdue modulo q.
iii) ¢ = —1 mod p and ¢* = —1 mod p'.
iv) q is completely split in Q( VP15 \/Pm), where py, ... py are
the primes smaller than or equal to M.
v) ¢ is completely split in Q(i, \/p_’l, o \/p’_m,), where pl, ..., pl.. are
the primes different from p’ and smaller than or equal to M.

Proof. — The result follows from Chevotarev’s Density Theorem be-
cause Q((,), Q(¢y), Q(\/q) and Q(i, /P, ..., +/P,,,) are all linearly
disjoint over Q. O

The proof of the main result in this section, as in the previous
results, relies on the classification of maximal subgroups of GSp,(F).
Then we need to know such classification in even characteristic too.
In this case PSp,(For) = PGSp,(FF2r) and the maximal subgroups of
Sp,(Fyr), 7 > 1, are as follows *):

i) the stabilizer of a totally singular or a non-singular subspace;
ii) the stabilizer of a decomposition F3, = V; @ V5, dim(V) =2;
iii) the stabilizer of a structure of Fyz--vector space on F3,;
)
)

iv) S5, Ag or an extension of C% by Dg;
v) SOy (For), SOy (Far);

. The topic was firstly investigated by Flesner [38] and [39]. See Section 7.2
and Table 8.14 of [13] for a complete classification.
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vi) the Suzuki group Sz(Fyr), when r is odd;
vii) Sp,(Fas) for some integer s > 0 dividing 7.

Remark 3.7.2. — As we choose p > 7 and the order of PSp,(F) is
23 .32 .5, it is not necessary to consider the classification of maximal
subgroups of PSp,(IFy) which is substantially different (see Table 8.15
of [13]).

Theorem 3.7.3. — Letk, N, M, p, p', q and ¢ as in Lemma 3.7.1.
Consider a compatible system of Galois representations p; : Gg —
GSp4(Qy) such that, for every prime £, p, ramifies only at the primes
dividing Nqq'l. Assume that for every >k + 2, {1 Nqq', a twist of
pe by some power of the mod-¢ cyclotomic character is regular with
tame inertia weights at most k. If p, is maximally induced of S-type
at q of order p and mazimally induced of S-type at q' of order p, then
the image of p,"” is PSpy(Fes) or PGSp,(Fes) for all primes (.

Proof. — Mixing Theorem 3.4.2 and characteristic 2 classification of
maximal subgroups of Sp,(Far) we have the following cases.

3.7.1. Reducible cases. — As we saw in the proof of Theorem
3.6.1 the maximally induced behavior implies that p, is absolutely
irreducible. Indeed, if ¢ ¢ {p,q}, then p,|p, is absolutely irreducible
and if ¢ € {p,q}, then p,| p, is absolutely irreducible. Hence the
reducible cases of both classifications cannot occur.

3.7.2. Induced cases. — Now suppose that the image of p, cor-
responds to an irreducible subgroup inside some of the subgroups in
cases ii) and 7ii) of Theorem 3.4.2 or in the cases ii) and iii) of char-
acteristic 2 classification. In these cases there exist a proper open
subgroup H C Gg of index 2 and a representation &, : H — GLy(IF;)
such that

7, = Ind 7,

Let K be the quadratic field such that H = Gal(Q/K). Note that,
as py(1,) (resp. py(Iy)) has order p (resp. p') and Gal(K/Q) has order
2, we have that K/Q is unramified at ¢ and ¢'.

Now if £ ¢ {p,q,q'} is greater than M, we have that ¢ is completely
split in Q(7, /71, ..., +/Te) (where ry,... 7. are the prime divisors of
N), ¢* = —1 mod p, £ > 24k + 1 and £t N¢/, then we can apply the
same arguments as in subsection 3.6.2. Similarly, if £ ¢ {p’,q,q'} we
can also apply the arguments of Theorem 3.6.1. Thus we can assume
that ¢ € {q,¢',p1,...,Pm}, where py,...p,, are the primes smaller
than or equal to the bound M.
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Let ¢ € {¢,p1,...,pm}. We know, from the ramification of p,
and from the fact that K is unramified at ¢, that K is contained

in Q(i, /¢, \/P1,---,+/Pm)- Then by the choice of g, it is split in K
which implies that p,|p, would be reducible, which is a contradiction.

Finally, by the quadratic reciprocity law, we have (%) = 1, then

exchanging the roles ¢ <» ¢’ and p <> p’ we deal with the case ¢ = q.

3.7.3. Orthogonal cases. — Note that SO} (IFy) (resp. SO, (Fyr))
contains a normal subgroup I' of index 2 which is isomorphic to
PSLy(Fyr) ® PSLy(Fgr) (resp. PSLo(Fa2r)). Assume that the image

of Indggq4 X, is contained in SO} (Fyr) or SOy (Fyr). Let K be the
quadratic extension of Q corresponding to I" which is contained in
Q(i, /@, V&' s \/P15 - - - /Pm)- Since Indggz4 X, restricted to I, is of or-
der p > 2, it follows that K is unramified at q. Then K is contained
in Q(i,/¢',\/P1, - - -y n/Pm), Which implies that ¢ is split in K and the

. G . . .
image of Inngq4 X, is therefore contained in I'.
q

If ' = PSLy(Fs2r ), we obtain by using the Dickson’s classification of

maximal subgroups of PSLy(FFy-) that the image of Indggq4 X, cannot
q

. . . G )
be contained in I'. Indeed, the image of Inngq X, cannot be contained
q4

in a dihedral group D,, because in characteristic 2 we know that
n = (2" & 1). Moreover, in such characteristic the groups A4, S; and
As cannot occur.

The case of groups of upper triangular matrices can be excluded by
observing that such groups are isomorphic to the semidirect product
of an elementary abelian 2-group and a cyclic group of order 2" — 1

. G .
and that the image of Inngq X, contains an element of order 4.
q4

Therefore the image of Indggq4 X, should be PSLy(Fy) for some

integer s. As we have chosen p > 6 (then s > 1), we have that
PSLy(Fss) is a simple group. But the image of Indggq4 X, contains
q

: G
a proper normal subgroup of order p, then the image of IdeEq4 Xy
q

cannot be contained in SO, (Far).
Finally, if I' = PSLy(Fyr) ® PSLy(FFyr), we have (from the fact that

Indggq4 X, is tensor-indecomposable, see p. 546 of [59]) that the image
q

G o
of Indcgq4 X, cannot be contained in SO (Fyr) too. Then the case v)
q

of the characteristic 2 classification cannot occur.
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3.7.4. Suzuki groups case. — In order to deal with case vi) of the
characteristic 2 classification we have to prove the following result.

Lemma 3.7.4. — The order of any Susuki group is not divisible by
281.

Proof. — Let r be a positive integer and Sz(FFy-) be a Suzuki group.
We know that the order of Sz(Fyr) is equal to 2%7(22" 4+ 1)(2" — 1) and
that the Suzuki group only exists if 7 is odd. Suppose that 281 divides
the order of Sz(Fyr), in particular 281 divides (22" 4 1)(2" —1). If 281
divides (2" — 1), then 2" = 1 mod 281. But the order of 2 modulo
281 is 70, then we have a contradiction because r is odd. Then we can
assume that 281 divides (22" + 1), in particular we have that 2% = —1
mod 281 and 2 =1 mod 281. From this we have that 70 divides 4r
and therefore that 70 divides 2r. Thus 2" = 1 mod 281 which is a
contradiction too (it contradicts the previous line). ]

By the choice of p’ and the previous lemma we have that the Suzuki
groups cannot occur.

3.7.5. Stabilizer of a twisted cubic case. — The case v) of
Theorem 3.4.2 was dealt for all ¢ ¢ {2,p,q} in the proof of Theorem
3.6.1. Moreover, exchanging the roles ¢ +» ¢’ and p <> p’ we deal with
the case ¢ € {p,q}. Finally, we know that the stabilizer of a twisted
cubic does not appear in the classification of maximal subgroups if
< 5.

3.7.6. The rest of exceptional cases. — The cases iv) of Theo-
rem 3.4.2 and iv) of the characteristic 2 classification cannot happen
because we have chosen p and p’ greater than 7. O

3.8. Constructing automorphic representations

In this section we will construct a cuspidal automorphic representa-
tion IT of GL4(Ag) such that its associated compatible system satisfies
the conditions of Theorem 3.7.3. In particular, these compatible sys-
tem will have "large" image for all primes.

In order to construct such automorphic representation we will start
by constructing a globally generic cuspidal automorphic representation
7 of SO5(Ag). Let SO5 be the split special orthogonal group defined
over Q and fix two finite and disjoint sets of places D = {00, ¢, ¢’} and
S = {t}, where ¢ and ¢’ are chosen as in Lemma 3.7.1 with k& > 12
and and t = N.
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First, we will to specify what we want at the local places ¢, ¢’ and
0o. For such purpose we need the following result of Jiang and Soudry
(see Theorem 6.4 of [56] and Theorem 2.1 of [57]).

Theorem 3.8.1. — Let q be a rational prime. There exist a bijection
between irreducible generic discrete series representations of SO5(Qy)
and irreducible generic representations of GL4(Q,) with L-parameter
of the form > o; with o; irreducible symplectic representations which
are pairwise non-isomorphic.

Let p, (resp. py) be a representation induced from a character
Xq @ Qpn — @Z (resp. Xxg @ Qgyn — @Z) of S-type, as in Section 3.5.
From Theorem 3.8.1 we have that there is a generic supercuspidal rep-
resentation 7, of SO5(Q,) (resp. 7, of SO5(Q,)) which corresponds to
a supercuspidal representations I, of GL4(Q,) (resp. I, of GL4(Qy))
such that rec,(Il,) ~ WD(p,) (resp. recy (Il,) ~ WD(p,)).

On the other hand, at the infinite place we need a generic integrable
discrete series representations of SO5(R). First, note that SO5(R) has
discrete series representations because the rank of Gy (the identity
component of SO5(R)) is equal to the rank of Ky = SO3 x SO, (a
maximal compact subgroup of Gy). The L-parameter

Goo : Wi — Sp,(C)

defining an L-packet Agi:oc(SO5(R>> of discrete series representation
of SOj is a direct sum of 2-dimensional symplectic representations oy
and o9 such that the restriction of o; to C* (i = 1,2) is of the form

1-2k; 1-2k;
(z/2) 77 @ (z/2)” 7,
for some non-zero integers x; and ks such that k; # £ks. The in-
finitesimal character of all representations in the L-packet Agi;c(SO5 (R))
is k = (K1, k) and it can be proved that there is a unique generic dis-
crete series representation 7., of SO5 with infinitesimal character
(see Section 5.1 of [59]). Finally, in order to make 7., a local com-
ponent of a global automorphic representation 7 of SO5(Ag), we need
that its matrix coefficients are integrable which occur if we assume
ko > 2 and K — Ko > 4 by Proposition 5.1 of loc. cit.
Applying Theorem 4.5 of [59|, with D, S, 7,, 7, and 7 as above,
we have the following result.

Theorem 3.8.2. — There exists a generic cuspidal automorphic rep-
resentation T = @1, of SO5(Ag) unramified outside {t,q,q'} and with
our desired local components 1,, 7, and T at q, ¢ and 0o respectively.
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Finally, by Langlands Functoriality from SO5 to GL4 [25, Theorem
7.1], which in fact is fuctorial at all places [57, Theorem E], we can lift
T to a cuspidal automorphic representation II of GL4(Ag) unramified
outside {t,q,¢'} and such that:

i) I~ 11V,

i) recy(Il;) ~ WD(p,),
iii) recy (Il,) =~ WD(py ), and
iv) I, has a regular symplectic parameter ¢, as above.

Note that the couple (I, piiv ), where g,y denotes the trivial charac-
ter of Ay /Q*, is a RAESDC automorphic representation of GL,(Ag).
Then we can attach to (II, fuiy) a compatible system R(IT) = {p (I1) }a
of n-dimensional Galois representations as in Theorem 1.3.1. In par-
ticular, by local global compatibility, the Frobenius semisimplifica-
tion of pa(IT)| g, is isomorphic to rec,(IT,) @ | |~/ for all primes
p # £. Then by self-duality and Chebotarev’s Density Theorem, we
have that p¥(I1) =~ pa(I1)| |*~! and then p,(IT) acts by either orthogo-
nal or symplectic similitudes on @, with similitude factor | |*~'. More-

over, observe that as p, (resp. py) is irreducible, then WD(p,) (resp.
WD(py)) and WD(pa(Il)|g,, ) (resp. WD(pA(H)|G@q,)) are already
Frobenius semi-simple. Thus WD(pA(H)]G@q) ~ WD(p,) ® | |d-)/2
(resp. WD(pA(H)|GQq,) ~ WD(p,) ® | |*=™/%), which implies that
pa(ID)ag, = pg @ | |72 (vesp. pal)|Gg, = py @ | |(1=/2). There-
fore, as p, (resp. p,) is irreducible and symplectic, it follows that
pa(Il) is irreducible and symplectic for all A. Hence the image of
pa(Il) is contained in GSp,(Z) possibly after conjugation.

On the other hand, by part iii) of Theorem 1.3.1, this compatible
system is Hodge-Tate regular with constant Hodge-Tate weights and
for every ¢ ¢ {t,q,q'} and A|¢ the representation ps(II) is crystalline.
Let a € Z be the smallest Hodge-Tate weight, k& the maximum of 12 ()
and the biggest difference between any two Hodge-Tate numbers and
¢ ¢ {t,q,q'} be a prime such that ¢ > k + 2. By Fontaine-Lafaille
theory, the representation ¥§ ® p,(II) (A dividing ¢) is regular with
tame inertia weights at most k and the tame inertia weights of this
representation are bounded by k.

Now applying Theorem 3.7.3 to the symplectic compatible system
R(IT), asocciated to (II, uty) as above, we have the following result.

t. The condition k£ > 12 implies that ko > 2 and k1 > ko + 4, so this condition
in k is in order to assure that Il is a local lift of an integrable discrete series
representation 7., of SO3 9.
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Theorem 3.8.3. — There are compatible systems R = {pa}a such
that the image of pr * is PSp,(Fys) or PGSpy(Fes) for all A.

Remark 3.8.4. — Note that in particular there is an infinite family
of RAESDC automorphic representations {II,},en of GLs(Ag) such
that, for a fixed prime ¢, the size of the image of ﬁﬁfj(ﬂn) for A, |¢
is unbounded for running n (because we can choose p as large as we
please by increasing the bound M, so that elements of larger and larger

orders appear in the inertia images).

Finally, as L®(s,II, A?) has a simple pole at s = 1 |25, Theorem
7.1], by Theorem 9.1 of [63] there exists a globally generic cuspidal
automorphic representation 7 of GSp,(Ag) with trivial central char-
acter, such that II is the functorial lift of 7 in the sense of Theorem
3.3.1. Therefore we have the following result.

Theorem 3.8.5. — There are infinitely many globally generic cus-
pidal automorphic representations of GSp,(Ag) without exceptional
primes.

Another method to construct automorphic representations with pre-
scribed local conditions (which we will explore in the next chapter) is
by assuming the Arthur’s work on endoscopic classification of auto-
morphic representation for orthogonal groups [4| and adapting some
results of [87].

We remark that this method is used by Arias-de-Reyna, Dieulefait,
Shin and Wiese [3] in order to construct 2n-dimensional symplectic
compatible systems R = {pa}a such that the image of 7, contains
a subgroup conjugated to Sp,, (IFy) for a density one set of primes.
The limitation on the set of primes in loc. cit. is due to the authors
need to assume the existence of a transvection in order to control the
different possibilities for the images of the Galois representations in
the compatible system. However, in dimension 4 we eliminate this
problem by using the complete classification of maximal subgroups of
PGSp, (Fyr).



CHAPTER 4

RAESDC AUTOMORPHIC
REPRESENTATIONS OF GL,(Ag)

In this chapter we prove a representation-theoretic result which gives
us a set of sufficient conditions to ensure that the projective image,
of the residual Galois representations of a totally odd polarizable
compatible system, is an almost simple group for almost every prime.
Moreover, we show that for some low dimensional cases the image is
in fact an orthogonal or symplectic group for almost all primes.

4.1. Maximally induced representations (orthogonal case)

Let n be an even integer and p,q > n be distinct odd primes such
that the order of ¢ mod p is n. As in the previous chapter we denote
by Q,» the unique unramified extension of @, of degree n and recall
that Qg =~ prgn_1 x Uy X q”. We will say that a character

—X
Xg Q;n — QZ
is of O-type if satisfies the following conditions:

i) x4 has order p,
ii) x4(¢) =1, and
i) Xglpgn_,x0, has order p.

Note that the characters of O-type are also tame. By local class field
theory we can regard x, as a character (which by abuse of notation
we call also x,) of G@qn or of WQqn. Then we can define the Galois
representation

G —
pq = Indcgzn (Xq) : Gg, — GL,(Qy).

Similarly to characters of S-type, it can be proved that p, is irre-
ducible and orthogonal.

Lemma 4.1.1. — Let x4 be a character of O-type. Then the repre-
sentation py is 1rreducible and orthogonal, in the sense that it can be
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conjugated to take values in SO,(Q,). Moreover, if a : Gg, — Q,
is an unramified character, then the residual representation p, ® a is
also irreducible.

Proof. — As the order of y, restricted to the inertia group at ¢ is
p and the order of ¢ mod p is n, the characters x,, xI, . .. ,Xg"_l are
all distinct. Then p, is irreducible. Moreover, since x, is tame and
Xqlox /2 is trivial, Theorem 1 of [77] proves that p, is orthogonal.

o

Let X, (resp. @) be the composite of x, (resp. a) with the projection
Z; — F,. Note that the image of the reduction of pq in GLn(E)
is Indggq (X,), which is an irreducible representation. Since @ is

qn

unramified, the order of the restriction of X, ® (@|q,.) to the inertia
group at ¢ is p. Then as the order of ¢ mod p is n, the n characters

(X, ® (@ g,n))s (X @ (@, )% - - - (X, @ (@g,.))?" " are different which
implies the irreducibility of p, ® @ = Indggq2 (X, ® gy, )- O

Definition 4.1.2. — Let p, q, ¢ be primes and y,, o be characters all
as above. We say that a Galois representation

p: Gg — GOL(Q),
is mazimally induced of O-type at q of order p if the restriction of p
to a decomposition group at ¢ is equivalent to Indggq (Xq) ® .
qn

Now we will give some basic results about p, and its image modulo
£. Such results will be very useful in what follows.

First, note that if x, is a character of S-type (resp. O-type),
then Ty := Im(p,) is homomorphic to a non-abelian extension of
Z/nZ by Z.)2pZ (resp. by Z/pZ) such that Z/nZ acts faithfully on
Z/pZ C Z/2pZ. Then we have the following result.

Lemma 4.1.3. — Let { be a prime different from p and q. Then
every irreducible representation of 'y over Iy has dimension 1 or
dimension at least n.

Proof. — The proof is adapted from Lemma 2.1 of [59] where the case
Xq of S-type is dealt. Then we can assume that x, is of O-type. In
this case we have the following exact sequence

0 — Z/pZ — Ty, — Z/nZ — 0

with Z/nZ acting on Z/pZ faithfully. Note that the restriction of any
such representation to Z/pZ is a direct sum of characters because ¢ is
different from p. If every character is trivial, then the original repre-
sentation factors through Z/nZ which is abelian, so 1-dimensional.
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Otherwise, a non-trivial character y of Z/pZ appears. Then every
character obtained by composing y with an automorphism of Z/pZ
coming from the action of Z/nZ likewise appears. As there are n such
characters, the original representation must have degree at least n. [

Lemma 4.1.4. — Let { be a prime different from p and q. Then
every faithful n-dimensional representation of I'y; over Fy is tensor-
indecomposable.

Proof. — Assume that there exists a faithful n-dimensional represen-
tation of I'y tensor-decomposable. Then it can be written as a tensor
product p; ® ... ® pp, of irreducible representations of I'; over Fy of
dimension greater than 1 but smaller than n. So by Lemma 4.1.3 we
obtain a contradiction. O

A new kind of groups will appear as possible images of Galois
representations associated to RAESDC automorphic representations
of dimension greater than 4. These groups will be defined as the
stabilizer of certain tensor products. Then in order to study these
groups we need to introduce a new type of induction with respect to
the tensor product.

More precisely, let K/Q be a finite extension of degree d and
{71,...,7a4} be a full set of representatives in Gg of the left-cosets
in Go/Gr. Let py : Gx — GL,,(F;) be a Galois representation and
Vo be the Fy-vector space underlying p,. The action of Gg on the
tensor product ®j:1 V; (where each V; is isomorphic to Vj), given by

Go — d _ , _
(@-Indgs: 7o) (0)(® v:) = © Bo(%; 0%0() (Vo))

1= =1

L&

defines a representation

d
Go —
®-Indg2 Py : Gg — GL((Q) V)
i=1
called the tensor induced representation of p, from Gx to Gg. Note
that for all o € Gg the map v; — v,(;) is a permutation of {1,...d}

which is trivial if and olny if ¢ € Gz, where K denotes the Galois
closure of K/Q. Then for each 0 € G we have that

Gq — d _  _
(®-Indg, po)(0) = 2 Po(vi o)

As for classical induction (Lemma 3.5.3), we have the following
result about the ramification of tensor induced representations.
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Lemma 4.1.5. — Let nm,k € N, a € Z and ¢ > kn! + 1 be a
prime. Let K/Q be a finite extension of degree d such that m® = n,
Po : Gk — GL,.(Fy) a Galois representation and p = ®—Indgg Do- If
X§ ® p is reqular with tame inertia weights at most k, then K/Q does

not ramify at (.

Proof. — Let V be the Fy-vector space underlying p,. For all v € Gg
we define

’yﬁo : GW(K) — GL(VE))

by 70o(0) = By(voy™1). Let A be a fixed prime of K above £, Iy C Gz
be the inertia group at the prime A and I,,, C I, be the wild inertia
group at £. Let o € I, and 7 € Iy. Since I,/I;,, is cyclic, we have
that the commutator o~ '7o77! belongs to Iy, and since Iy C I is
normal, we have that c~'7o € Iy C G C G4 (k). Then applying 7p,,
we can conclude that

"Po(0™ 70 Bo(17) = "Po(0 T oY) € o (Lew).

Therefore "py(c~'70) and 7p,(7) have exactly the same eigenvalues.

If we assume that //Q ramifies at ¢, we can pick o € I, \ G, and
as K = [],eq, 7(K), there exists some 7 € Gg such that o ¢ G,x).
This implies that p(o) (Vo) N p(7)(Vo) = 0. Let {v,...,74} be a full
set of left-coset representatives of G in Gg with v; = v and v, = 07.
As 7 € Iy € G, we have that

d
pr) = & (),
where one factor is 7p,(7) and another factor is “7p,(7) = 7p,(c " 70).
Let py, ..., itm be the eigenvalues of 75y (7) and pf, ..., i, be those of
"po(07 7). Then the eigenvalues of 75,(7) ® 75, (0~ 7o) are {pp; :
i,7 = 1,...,m}. On the other hand, by Lemma 3.5.2 we have that
the nl-powers of the characters on the diagonal of ¢ ® p|;, are all
different, which implies that the characters on the diagonal of p|,
are all different. Thus 7p,(7) and "py(0~'70) cannot have the same

eigenvalues for all 7 € I,. Then we have a contradiction. O

4.2. Study of the images I (geometric cases)

>~

Let ¢ be a prime and ¢ : Q, = C be a fixed isomorphism. By
a polarized Galois representation of Gg we will mean a pair (p, ),
where

p: Gy — GL,(Q,) and ¥:Gy—Q,
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are continuous homomorphisms such that there is ¢ € {£1} and a non
degenerated pairing (-, -) on @Z satisfying:

(r,y) =e(r,y) and  (p(o)z, p(coc)y) = V(o)(z,y)

for a complex conjugation ¢ and for all z,y € @Z and all o € Gy.
Equivalently, (p, ) is polarized if and only if either ¥(c) = —¢ and p
factors through GSp,,(Q,) with multiplier ¥ or ¥(c) = ¢ and p factors
through GO, (Q,) with multiplier . Finally, we say that (p,?) is
totally odd if € = 1.

We will say that a compatible system R = {p;}, of Galois repre-
sentations py : Gg — GL,(Q)) is totally odd polarizable if there is a
compatible system © = {U,}, of characters ¥, : Gg — Q, such that
(pe,¥¢) is a totally odd polarized Galois representation for all ¢. In
particular, the compatible system R(II) = {pa(II)} A associated to a
RAESDC automorphic representation (II, 41) of GL, (Ag) as in Theo-
rem 1.3.1 is totally odd polarizable with 9, = x; " pa(p).

The main goal of this section is to show that, for a totally odd
polarizable compatible system R = {p,}, of Galois representations
which are maximally induced at ¢ of order p, for an appropriate couple
of primes (p, ¢), the image of ;" is equal to an almost simple group
(i.e., a group H such that S < H < Aut(S) for some non-abelian
simple group S) for almost all £ . Then in order to state our main
result we start giving a basic lemma which explains what we mean by
an appropriate couple of primes.

Lemma 4.2.1. — Let k,n, N € N with n even and M be an integer
greater than 17, n, N, knl+1, and all primes dividing 2][;",(2* — 1)
if n. = 2™ for some m € N. Let Ly be the compositum of all number
fields of degree smaller that or equal to n! which are ramified at most
at the primes smaller than or equal to M. Then we can choose two
different primes p and q such that:

i) p=1 mod n,

ii) p and q are greater than M,
iii) ¢ is completely split in Lo, and

)

iv) ¢"? = —1 mod p.

Proof. — First, choose a prime p greater than M and such that p =1
mod n. Then Chevotarev’s Density Theorem allows us to choose a
prime ¢ > M (from a set of positive density) which is completely split
in Ly and such that ¢”/? = —1 mod p. O

The main result of this chapter is the following:
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Theorem 4.2.2. — Letk,n, N, M, p, q and Ly as in Lemma 4.2.1.
Let R = {pe}e be a totally odd polarizable compatible system of Galois
representations py @ Gg — GL,(Q,) such that for every prime ¢,
pe ramifies only at the primes dividing Nql. Assume that for every
> kn!+1 a twist of p, by some power of the cyclotomic character is
reqular with tame inertia weights at most k and that for all { # p,q,
pe 1s mazimally induced of S- or O-type at q of order p. Then for all
odd primes { different from p and q, the image of p,"” is an almost
simple group.

As the Galois representations py in the previous theorem are totally
odd polarized we can ensure that the image of p, lies in an orthogonal
or symplectic group. Then the first step in the proof of this theorem is
to identify the maximal subgroups of GSp,,(F;) and GO (F,-). Such
subgroups were classified by Aschbacher in [6] as follows (see also [13]
and [64]).

Theorem 4.2.3. — Let { be a prime and n,r € N with n even. Let
G be a mazimal subgroup of GSp, (Fe) or GOE(Fy) which does not
contain Sp,,(Fu) or QF(Fy) respectively. If n > 6 in the symplectic
case orn > 10 in the orthogonal case, then at least one of the following
holds:

i) G stabilizes a totally singular or a non-singular subspace;
ii) G stabilizes a decomposition V = &!_,V;, dim(V;) = n/t;
ii) G stabilizes an extension field of Fys of prime index dividing n;

)
iii)
iv) G stabilizes a tensor product decomposition V =V, ® Va;
v) G stabilizes a decomposition V = @t_,V;, dim(V;) = a, n = da';
)
)

vi) G normalizes an extraspecial or a symplectic type group; or

vii) the projectivization of G is an almost simple group.

Remark 4.2.4. — In the orthogonal case we assume n > 10 because:
Oy (Fer) = Zgrgnyjer—1), O (Fer) = SLy(Fer) 0 SLy(Fer ), Q (Fer) =
PSLQ(FWT), Qg(Fgr) = SL4(FW)/<I4>, QE(FW) = SU4(F@r)/<[4> and
Aut(PQS (Fyr)) # PTQS (Fyr ), where TOZ (Fyr ) denotes the group of all
semi-isometries of F%, with the standard symmetric pairing of positive
type. Then the Aschbacher classification does not apply in these
cases. In the symplectic case we assume n > 6 because the cases
PGSp,(Fyr) = PGLy(Fpr) and PGSp,(Fr) have been studied in the

previous chapters.

Now we are ready to give the proof of Theorem 4.2.2; which will be
given by showing that Gy := Im(p,) is not contained in any subgroup
of geometric type (i.e., cases i)-vi) in Theorem 4.2.3).
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4.2.1. Reducible cases. — Let V' be the space underlying p,. Sup-
pose that Gy corresponds to case i) of Theorem 4.2.3, then G, stabi-
lizes a proper non-zero totally singular or a non-degenerated subspace
of V. Therefore Gy does not act irreducibly on V. But, according
to Lemma 4.1.1, if £ # p,q, G, acts irreducibly on V. Hence, if we
assume /¢ different from p and ¢, the reducible case cannot happen.

4.2.2. Imprimitive and field extension cases. — If G, corre-
sponds to an irreducible subgroup in cases ii) and iii) of Theorem
4.2.3, then there exists a normal subgroup H, of index at most n! of
Gy such that

1l—H, — G — 5 — 1
with 1 <t < n and H, reducible (not necessarily over F-).

Let L be the Galois extension of Q corresponding to H, and I'; the
image of p,. Note that as p,(/;) has order p and (p,n!) = 1, L/Q
is unramified at ¢. Then from the ramification of p, we have that L
is unramified outside {¢, p1,...,py}, where pq,...,p, are the primes
smaller than or equal to the bound M. If ¢ > kn!+1 and different from
p and ¢, it follows from Lemma 3.5.3 that L is unramified at ¢ and if
¢ <kn!+1, then £ € {p1,...,pw}. Then in both cases L is contained
in Ly. This implies that ¢ is completely split in L and therefore I'; is
contained in H, for all prime ¢ different from p and ¢, and according
to Lemma 4.1.1 and Section 3.5, M, should be absolutely irreducible.
Then we have a contradiction.

4.2.3. Tensor product cases. — Now assume that G, corresponds
to a subgroup in the case iv) of Theorem 4.2.3, then the representation
pe can be written as a tensor product p; ® p, of two representations
7y and py, with dim(p;) < n for i = 1,2. Then as G, contains I, for
all primes ¢ different from p and ¢, we have that the restriction of p,
to D, arises from the tensor product of two representations over F, of
dimension greater than 1 and smaller than n. But, by Lemma 4.1.4,
we have that this restriction is tensor-indecomposable. Then we have
a contradiction.

4.2.4. Tensor induced cases. — Similarly to Subsection 4.2.2, if
G corresponds to an irreducible subgroup in case v) of Theorem 4.2.3,
then there exists a normal subgroup T, of index at most n! of G, such
that
1 —T1T, — G — S — 1

with 1 <t < n and T, tensor-decomposable.

Let L be the Galois extension of QQ corresponding to 7T,. From the
ramification of , we have that L is unramified outside {¢, ¢, p1, ..., pw},
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where pq,...,p, are the primes smaller than or equal to the bound
M. Note that due to p,(,;) has order p and (p,n!) = 1, then L/Q is
unramified at g. Moreover, if £ > kn!+ 1 and different from p and ¢, it
follows from Lemma 4.1.5 that L is unramified at ¢, and if ¢ < kn!+1,
then ¢ € {p1,...,pw}. Then L is contained in Ly which implies that
q is completely split in L and therefore I'; is contained in 7} for all
primes ¢ different from p and ¢. So Lemma 4.1.4 implies that T} is
tensor-indescomposable which is a contradiction.

4.2.5. Extraspecial cases. — Recall that a 2-group R is called
extraspecial if its center Z(R) is cyclic of order 2 and the quotient
R/Z(R) is a non-trivial elementary abelian 2-group. For any integer
m > 0 there are two types of extraspecial groups of order 2'+2m,
We write 217%™ for the extraspecial group of order 2'*?™ which is
isomorphic to a central product of m copies of Dg and we write 217%™
for the extraspecial group of the same order but that is isomorphic to
a central product of m — 1 copies of Dg and one of Qs.

Now suppose that G, corresponds to case vi) of Theorem 4.2.3.
First, observe that according to Table 3.5.D of [64] there are no
subgroups of GO, (IF;+) belonging to this case, then we can assume
that Gy is either a subgroup of GO;! (Fy) or a subgroup of GSp,, (Fy-).
Moreover, according to Table 4.6.B of loc. cit., Gy lies in this case only
ifn=2"r=1,0>3and Gy = Ngo+, () or G¢ = Nasp,, #,)(R),
where R is an absolutely irreducible 2-group of type 217%™ or of type
217%™ From (4.6.1) of [64] we have that the projective image PGy of
Gy, in PGO; (Fyr) or in PGSp,,(F), is isomorphic to Cau(r)(Z(R)).
Then from Table 4.6.A of loc. cit. we have that PG, = 22™.05 (IFy)
(of order 2™+ +1(2m — 1) [[71(2% — 1)) or PG, = 22™.05,,(F3) (of
order 2 +m+1(2m 1 1) [T, (2% —1)). Then case vi) of Theorem 4.2.3
cannot happen because we have chosen p not dividing 2 ;" (2% —1).
Conclusion. — Having gone through the cases i) — vi) of Aschbacher
classification we have only two possibilities for G,: either G, lies in
case vii) in which case PG/ is almost simple or PG, contains PSp,,(Fy)
(resp. PQE(F,)) and is contained in PGSp,, (Fp) < Aut(PSp,, (Fp))
(resp. PGOF (Fyr) < Aut(PQFE(Fyr))). Since we assume that n > 6 in
the symplectic case and n > 10 in the orthogonal case, we have from
Theorem 2.1.3 of [64] that PSp, (F;) and PQF(Fy) are non-abelian
simple groups. Then PG/ is also almost simple. So we can conclude
that for all odd primes ¢ different from p and ¢, the image of ;" as
in Theorem 3.6.1 is an almost simple group.
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4.3. Existence of compatible systems

Te goal of this section is to prove the existence of totally odd po-
larized compatible system of representations satisfying Theorem 4.2.2
via automorphic representations. We closely follow the arguments in
[3].

We start with an existence theorem of automorphic representations
for split classical groups over QQ, which as the Weinstein result on
Section 2.6, is based on the principle that the local components of
automorphic representations at a fixed prime are equidistributed in
the unitary dual of a reductive group according to an appropriate
measure. More precisely:

Theorem 4.3.1. — Let G be a split classical group over Q and such
that G(R) has discrete series. Let S be a finite set of rational primes
and Up be a prescribable subset™ for each p € S. Then there exist
cuspidal automorphic representations m of G(Ag) such that

i) m, € U, for allp € S,
ii) 7 is unramified at all finite places away from S, and
iil) 7o is a discrete series whose infinitesimal character is sufficiently
reqular.

Proof. — This result is the analogue of Theorem 5.8 of [87] except
that here we are not assuming that the center of G is trivial. However,
in this case we can fix a central character and apply the trace formula
with fixed central character as in Section 3 of [9] to deduce the exact
analogue of Theorem 4.11 and Corolary 4.12 of [87]. Then our theorem
can be deduced in the same way as in [87, Theorem 5.8|. O

On the other hand, Arthur has recently classified local and global
automorphic representations of symplectic and special orthogonal
groups via twisted endoscopy relative to general linear groups [4]. For
our purpose it suffices to consider the split special orthogonal groups:

— SOgy 41 with the natural embedding £ : Sp,,,(C) — GLs,,(C),

m € N, and
— SOs,,, with the natural embedding & : SOy, (C) — GLs,(C),
m € N even (1),

Recall that if v is a finite (resp. archimedean) place, Wy, = W, x
SLy(C) (resp. Wy, = Wy, ) denotes de Weil-Deligne group of Q,. We
will say that an L-parameter ¢, : W, — GLgp(C) is of symplectic
type (resp. orthogonal type) if it preserves a suitable alternating (resp.

. For the definiton of prescribable subset we refer to Section 3.1 of [3].
. This restriction is because SOg,,(R) has no discrete series if m is odd.
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symmetric) form on the 2m-dimensional space, or equivalently, if ¢,
factors through £ (resp, &) possibly after conjugation by an element

For each local L-parameter ¢, : Wg, — Sp,,,,(C) (resp. &), : Wy, —
SO, (C)), Arthur associates an L-packet Ay, (SO2m+1(Qy)) (resp.
Ay (SO2m,(Qy))) consisting of finitely many irreducible representations
of SO2,,41(Qy) (resp. SO, (Q,)). Moreover, each irreducible repre-
sentation belongs to the L-packet for a unique parameter up to equiv-
alence. If ¢, (resp. ¢/) has finite centralizer group in Sp,,,(C) (resp.
SO, (C)) so that it is a discrete parameter, then Ay, (SO2m11(Qy))
(resp. Ag (SO2m(Qy)) consists only of discrete series. Let 7 (resp.
7') be a discrete automorphic representation of SOgp,41(Ag) (resp.
SO, (Ag)). Arthur shows the existence of a self-dual isobaric auto-
morphic representation II of GLg,,(Ag) which is a functorial lift of
7 (resp. 7’) along the embedding £ : Sp,,,(C) — GLgn(C) (resp.
¢ 1 SO9,(C) = GLy,,(C)). In the generic case in the sense of Arthur
(i.e., when the SLo-factor in the global A-parameter for 7 (resp. n')
has trivial image) this means that for the unique ¢, (resp. ¢!) such
that m, € Ay, (SO2m11(Qy)) (resp. 7, € Ay, (SO2,(Q,))), we have
that recg, (II,) ~ & o ¢, (resp. recq, (Il,) =~ & o ¢)) for all places v of
Q.
Let p, (resp. p)) be a representation induced from a character
of S-type (resp. O-type) as in Section 3.5 (resp. Section 4.1), and
WD(p,) (resp. WD(p})) the associated Weil-Deligne representation
which gives rise to a local L-parameter ¢, (resp. ¢) for GLy,(Qy).
Since p, (resp. p;) is irreducible and symplectic (resp. orthogonal)
the parameter ¢, (resp. ¢;) factors through Sp,,,(C) C GLy,(C)
(resp. SO9,(C) € GLy,,(C)), possibly after conjugation, and defines
a discrete L-parameter of SOg,41(Q,) (resp. SOs,(Q,)). Then the
L-packet Ay, (SO21n+1(Qy)) (resp. Ag; (SO2:,(Qq))) consists of finitely
many discrete series of SOg,41(Q,) (resp. SOa2,(Q,)).

Remark 4.3.2. — In Section 3.8 is used the fact that the L-packet

Ay, (SO2m+41(Qg)) contains a generic supercuspidal representation. Here
it suffices to have the weaker fact that Ay, (SO2m41(Qq)) contains a

discrete series. However, we remark that the proof of Arthur’s results

are still conditional on the stabilization of the twisted trace formula

and a few expected technical results in harmonic analysis. However,

recently Moeglin and Waldspurger have been announced that the proof

of Arthur’s results are now unconditional (see [74| and [75]).

Theorem 4.3.3. — There exist self-dual cuspidal automorphic rep-
resentations I1 of GL,,(Aqg) with trivial central character such that
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i) I is unramified outside q,
i) recy(Ily) = WD(p,) (resp. recy(Ily) ~ WD(p))), and
iii) I is of symplectic (resp. orthogonal) type and regular algebraic.

Proof. — The proof of this theorem is analogous to the proof of The-
orem 3.4 of [3], i.e., by applying Theorem 4.3.1 with S = {¢} and

Uy = Ay, (SO2m11(Qy)) (resp. Uy = Ag, (502 (Qy)))- O

Corollary 4.3.4. — There exist compatible systems as in Theorem
4.2.2.

Proof. — Let Il be an automorphic representation as in Theorem
4.3.3 and pu, the trivial character of A@/QX. Then (I1, pgyiy) is a
RAESDC automorphic representation of GL, (Ag) and the compatible
system R(IT) = {pa(II) } A associated to (II, pitriv) as in Theorem 1.3.1
is totally odd polarizable for the compatible system of characters
C = {x;"palpenv) = Xx; " Ja-

Note that R(II) is Hodge-Tate regular and for every ¢ # ¢, pa(II)
is crystalline. Let a € Z be the smallest Hodge-Tate weight and let &
be the biggest difference between any two Hodge-Tate numbers. By
Fontaine-Laffaille theory, we have that for every prime ¢ such that
0> Fk+2> kn!+1 and ¢ # ¢, the representation Xj ® p, () is regular
and the tame inertia weights of this representation are bounded by k.

Finally, taking p and ¢ as in Lemma 4.2.1 with N = 1 and by part
i1) of Theorem 4.3.3, we have that pa(II) is maximally induced of S-
or O-type at g of order p for all A not above p or q. O

Remark 4.3.5. — As in Section 3.8, from the self-duality of II and
Chevotarev’s Density Theorem, we have that p¥ (II) = p,(IT)| |*~* and
then pa (IT) acts by either orthogonal or symplectic similitudes on @Z
with similitude factor | [*~!. Although it is possible for an irreducible
representation to act by both orthogonal and symplectic similitudes,
this is not possible if the factor of similitude are the same. As p, (resp.
p;) is an irreducible symplectic (resp. orthogonal) representation and
pa(ID)|y, = pg @ | |72 (vesp. pa(I)|gy, = oy @ | |47/2), it
follows that pa(II) is irreducible and symplectic (resp. orthogonal)
with similitude factor | |*~*. Therefore the image of p,(IT) may be
conjugate in GSp,,(Q,) (resp. GO,(Q,)) to a subgroup of GSp,,(Z)
(resp. GO, (Zy)).
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4.4. Study of the images II (almost simple groups)

In this section we will give a refinement of Theorem 4.2.2 for some
low dimensional groups. More precisely, we will prove the following
result.

Theorem 4.4.1. — Let R = {pe}, be a totally odd polarizable com-
patible system of Galois representations p; : Gg — GL,(Q,) as in
Theorem 4.2.2. Then for almost all primes ¢ we have that:

i) If pg is contained in GSp,,(Q,) and 6 < n < 12, then the image of
P, " is equal to PSp,,(Fes) or PGSp,,(Fys) for some s € N.

ii) If py is contained in GO12(Qy), then the image of By is equal to
PO (Fys), PSOY, (Frs), PO (Fys) or PGOY,(Fys) for some s € N.

In order to prove this theorem we need a more precise description
of the almost simple groups in the Aschbacher’s classification.

Definition 4.4.2. — Let G be a subgroup of GSp,,(F) (resp. of
GOZ(Fyr)) and G= = (5, G?, where G denotes the i-th derived
subgroup of G. We say that G is of class S if and only if all of the
following holds:

i) PG is almost simple,
ii) G* acts absolutely irreducible, and
iii) G does not contain Sp,,(Fy) (resp. QF(Fg)).

Remark 4.4.3. — Note that this definition is slightly weaker that
the classical definition (see Definition 2.1.3 of [13] and Section 1.2 of
[64]). However, as we assume ¢ odd, according to Table 4.8.A of [64],
both definitions are equivalent.

Lemma 4.4.4. — Let G be a subgroup of GSp,,(F) (resp. GOE(Fyr))
such that it does not lie in cases i)-vi) of Theorem 4.2.3, then one of
the following holds:
i) G is of class S, or
ii) PG is conjugate to PSp,,(Fe) or PGSp, (F) (resp. to PQE(F,),
PSOZ(Fys), POE(Fy) or PGO*(Fy)) for some integer s > 0
dividing r.

Proof. — If G contains Sp,,(Fs) or QF(Fy), then G lies in 4i) (see the
conclusion at the end of Section 4.2). If G does not contain Sp,, (Fr)
or QF(F,r), by the main result of [64], it lies in one of the classes Cs
or S (in the notation of loc. cit). If G lies in class C5 then G lies in
case ii) by definition. Otherwise, from the previous remark we have

that G is of class S. O
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Then to prove Theorem 4.4.1 we just need to show that the image
of p, is not of class S. According to Chapter 4 and 5 of [13], at least in
dimension smaller than or equal to 12, the groups of class S are divided
in two classes as follows. We say that a group G of class S lies in the
class of defining characteristic, denoted by Ss, if G* is isomorphic to
a group of Lie type in characteristic ¢, and G lies in the class of cross
characteristic, denoted by &p, otherwise. For a fixed dimension the
set of orders of the cross characteristic groups is bounded above. In
contrast, the groups in defining characteristic have unbounded order.

Now we are ready to give the proof of Theorem 4.4.1, which will be
given by considering the following two cases:

4.4.1. Symplectic case. — Throughout this section we will assume
that ¢ > 7. Suppose that GGy corresponds to a group lying in §;. Then
according to Propositions 6.3.17, 6.3.19, 6.3.21 and 6.3.23 of 13|, PG,
must be an extension of degree at most 2 of one of the following groups
(see [64] and [13] for the notation):

- PSLQ(F?) (Of order 24 -3 7), PSLQ(]F7)2,

- PSLQ(]FH) (Of order 23 -3-5- 11), PSLQ(F11>.2,
- PSLQ(]Flg) (Of order 23 -3 7 13), PSLQ(FB).Q,
— PSLy(Fy7) (of order 2* - 3% - 17),

— PSLy(Fa3) (of order 24352 - 13),

— PSp,(Fs) (of order 27 - 32 - 51 - 13)

— PSU3(F3) (of order 2° - 3% - 7), PSU3(F3).2,

— PSU;(F,) (or order 2'1-3%-5-11), PSU;5(F,).2,

- GQ(]F4) (Of order 213 : 33 . 52 -7 13), GQ(F4>.2,

— Jo (of order 28 - 33.52.7),

- A5, 55, AG or A6.22.

But, as we have chosen p > 17, we have that these groups cannot
occur as image of 7, .

On the other hand, let G be an algebraic group over Z admitting
an absolutely irreducible symplectic representation of dimension n.
Then we can consider the corresponding map o : G — GSp,, 5 and
the subgroup o(G(F,)) of GSp,,(Fs). There is a general philosophy
which states that for ¢ sufficiently large all the maximal subgroups in
class S, should arise from this construction for suitable G and o (see
Section 1 of [69] and [83]).

For example, if G = SL, and n is an even positive integer greater
than 2, this group admits an absolutely irreducible symplectic repre-
sentation of dimension n, given by the (n — 1)-th symmetric power of
SLo. Then it gives rise to an embedding SLy < Sp,,. This represen-
tation extends to a representation GLy — GSp,, and the F,-points
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of the image of this representation gives rise to an element of Sy (see
Proposition 5.3.6.i of [13]). In fact, according to Tables 8.29, 8.49,
8.65 and 8.81 of loc. cit., this is the only kind of subgroups lying in
the class of defining characteristic if 6 < n < 12.

In order to deal with this case we will use the well-known Dickson’s
classification of maximal subgroups of PGLy(FF;r) which states that
they can be either isomorphic to a group of upper triangular matrices,
a dihedral group Dy, (for some integer d not divisible by £), PSLy(Fy-),
PGLy(Fys) (for some integer s dividing r), Ay, Sy or As.

Let G, be the projective image of Indggq (,) which is contained

4"

in PGy. If G is contained in a group of upper triangular matrices, it
is contained in fact in the subset of diagonal matrices because ¢ and
2p are coprime. But we know that G, is non-abelian, then it cannot
be contained in a group of upper triangular matrices. Moreover, G,
cannot be contained in Ay, Sy or As because we have chosen p greater
than 7.

Now assume that G is contained in a dihedral group. As any
subgroup of a dihedral group is either cyclic or dihedral and as G| is
non-abelian, we can assume that it is in fact a dihedral group of order
np. This implies that G, contains an element of order mp (withm € N
such that n = 2m), but we know that the elements of G, have order at
most p. Then G, cannot be contained in a dihedral group. Therefore
G, should be isomorphic to PSLy(IFys) or PGLy(FFys) for some integer
s > 0. As we are assuming ¢ > 7, PSLy(F,) is an index 2 simple
subgroup of PGLy(F(). But G, contains a normal subgroup of order
p, thus of index greater than 2 (because we are assuming n > 6).
Therefore we have shown that the image of p, cannot be a group of
class 8. Then the first part of Theorem 4.4.1 is proved.

4.4.2. Orthogonal case. — According to Remark 4.2.4 and the
construction in Section 4.3, the first case where we can apply our
results to orthogonal groups is when n is equal to 12. In this case, as
n =0 mod 4, it follows from Section 3.1 that the image PG, of 7,"”
lies in PGO™ (Fyr).

From Table 8.83 of [13] we have that S, is empty. Then by Propo-
sition 6.3.23 of loc. cit. we have that the candidates to be PG, are
extensions of degree 2* (with a at most 3) of one of the following
groups (see [64] and [13] for the notation):

— PSLy(Fyy) (of order 22-3-5-11),
— PSLy(IF13) (of order 2%-3-7-13),
- PSLg(]Fg) (Of order 24 : 33 : 13), PSLg(F3)2,
- M12 (Of order 26 : 33 -5 ].].), M12.2 or A13.
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Then from the choice of p, we can conclude that these groups cannot
occur as image of py . Therefore the second part of Theorem 4.4.1 is
proved.

Conclusion. — We remark that there exist compatible systems satis-
fying the conditions of Theorem 4.4.1 by Corolary 4.3.4. Then from
the results proved through this thesis, in particular Theorem 2.5.3,
3.8.3 and 4.4.1, we have the following result.

Corollary 4.4.5. — The symplectic groups:
PSp,,(Fes) and PGSp,, (F-),
forn <12, and the orthogonal groups:
PQL(Fps), PSOL,(Fps), POL(Fys) and PGOT,(Fyps),
are Galois groups of Q for infinitely many primes ¢ and infinitely many

integers s > 0.

To the best of our knowledge, these orthogonal groups are not
previously known to be Galois over Q, except for s = 1 which was
studied in [107]. The symplectic case was previously studied in [1],
2], [3], [36] and [59).
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