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Introduction

In this Master Thesis we study two remarkable formulas for the central values of the triple
product L—function, namely the Gross—Kudla formula in section and the Ichino’s formula
in section @ These two formulas have found fruitful applications and generalizations. Impor-
tant results have been achieved considering p—adic analogous formulas and L—functions, for
example, in the work of Bertolini and Darmon [BDO7], which is strictly related to the Birch
and Swinnerton-Dyer conjecture, and that of Bertolini, Darmon and Prasanna [BDP13].

In section (1) we start reviewing some basic results about quaternion algebras, beginning
with the definition of quaternion algebras over local and global fields, studying the notion of
orders and then considering an adelic formulation which will be fundamental in the following
sections. We try to give all the discussion a computational flavour as the two formulas are meant
for both a theoretic and a computational approach.

The second section is devoted to the study of relations among algebraic groups, quater-
nion algebras and normalization of measures. As a consequence, we study how the group of
invertible elements of a quaternion algebra can be thought as an algebraic group and how it
is possible to equip its quotient on the center with a normalized Haar measure, the Tamagawa
measure.

Section (3] contains a brief overview of the ideas of Jacquet and Langlands in [JL70]. Again
we try to focus mostly on cases of our interest, having in mind the Gross—Kudla formula and a
mildly computational point of view. The first half of the section deals with the representation
theory on GL9 while the second one reproduces the analogous theory for quaternion algebras
and establishes the correspondence.

The hearth of the thesis is indeed section in which we present the Gross—Kudla formula.
We define the notion of Brandt matrices and give a brief insight on the work of Gross |[G87]. In
particular, we compute two examples of application of the formula, verifying two values of the
tables in the paper by Gross and Kudla [GK92]. Notably all the procedures can be automated
with the computation of such Brandt matrices, as noticed in Pizer’s paper [P80].

The next section is divided into two parts, namely the one describing the notion of
triple product L—functions and the one dealing with the Jacquet conjecture. The former is a
naive introduction to the Langlands dual and the Langlands L—functions. This topic has a
remarkably deep description which is beyond our purposes. For this reason we just consider
examples arising from modular forms, characterized by a more explicit construction, although
the functorial and algebraic flavour has been therefore lightened. Mainly it allows us to consider
the triple product L—function in [GK92| in a more general setting. The latter part introduces
the so-called Jacquet conjecture, which is a well known theorem by Harris and Kudla, [HK91]
and [HKO04].

Section @, the last one, presents the result of Ichino, [I08]. He provided a formula relat-
ing the trilinear form in the Jacquet conjecture, with the central value of the triple product
L—function. The Ichino’s formula is certainly more abstract and general than that in section
. For a better comprehension of it and to show its generality, we describe how to recover the
Gross—Kudla formula starting with the Ichino’s formula.






1 Quaternion algebras

1.1 Basic notions about quaternion algebras
1.1.1 Definitions

In this section we recall some basic definitions and properties about quaternion algebras over a
field.

Definition 1.1.1 Let K be a field. B is a (division) quaternion algebra over K if it is a central
simple (division) algebra over K of rank 4. Moreover, if K is a field of characteristic different
from 2, the above definition is equivalent to the following one. B is a quaternion algebra over
K if it is a K—algebra with basis {1,1,j,ij} fori,j € B satisfying

P=a,  F=b  ij=—ji
for certain a,b € K*. In such case, sometimes we write {a,b}k instead of B.

Let K be a field of characteristic different from 2. Writing each element of B = {a,b}x as
b =+ yi+ zj + tk, where k = ij, we have the K—endomorphism of conjugation

V— bV =2 —yi—2zj—tk

satisfying, for a, 8 € K, V', V" € B,

bl + BV =abl + BV, V=V, @)=tV

We define also the reduced trace of V/

t(t) =V +¥ =2z,
the reduced norm of b/

n(b) = 'V = 22 — ay® — b2* + abt?

and in the end, the minimal polynomial of ¥’ € B~K over K, as

X2 ()X +n(V).
Such maps give a first description of the structure of B, in particular it holds the

Lemma 1.1.2 (Lemme 1.1 [V80]) (i) The invertible elements of B are exactly the ele-
ments of B with non-zero reduced norm.

(7i) The reduced norm defines a multiplicative homomorphism from B* to K*.

(14i) The reduced trace is K —linear and the association (b,b") — t(bb') defines a non-degenerative
symmetric bilinear form on B.

Example 1.1.3 The first example of a quaternion division algebra is that of the Hamilton’s
quaternions, H, i.e. the quaternion algebra over R with {a,b} = {—1, —1}. It can be represented

/
H:{('Z/ Z>,z,z'€@}
-2z

with usual sum and product of matrices.

The second main example is that of 2 x 2 matrices with coefficients in some field K, Ms(K).
The reduced trace is the usual trace of matrices and the reduced norm is the determinant. We
identify K in My (K) as the space K (). Explicitly we have

as

M=(2%) = M=(420), ttM)=a+d, n(M)=ad- b

cd —Cc a



Proposition 1.1.4 ([V80], Ch. 1, §1) If the field K is separabily closed the unique quater-
nion algebra over K, up to isomorphism, is the matriz algebra Ms(K).

It is important noticing that taken K — F' a field extension and B a quaternion algebra over
K, then the tensor product B ® F is (still) a quaternion algebra, but with base field F'.

Definition 1.1.5 We say that a quaternion algebra, B, over K is split if it is isomorphic to
the matriz algebra. Moreover we say that B is split over I, for K — F a field extension, if
B ®g F is split.

By the above proposition we deduce immediately that every quaternion algebra admits a field
on which it is split (e.g. the separable closure of the base field).

1.1.2 Orders

Fix now the following notation. Let R be a Dedekind ring, K its fraction field and take B a
quaternion algebra over K. We are interested in the case in which K is either a local or global
field and R is its ring of integers. Recall that a R—lattice L in a K —vector space V (e.g. in B),
is a finitely generated R—module contained in V' and that the lattice is complete if moreover
L®pr K=V (or equivalently LK = V).

Definition 1.1.6 An ideal in B is a complete R—lattice and an order in B is an ideal which is
also a ring. We say that an order is mazximal if it is not properly contained in any other order.

Remark 1.1.7 Intersection of complete R-lattices in a finite-dimensional K —vector space is
indeed a complete R—lattice. First of all, notice that L is a complete R—lattice in V if and
only if it is a finitely generated R—module in V' which contains a K —basis of V. Hence taken
L and M complete lattices, we have that N := L N M is a finitely generated R—module (as R
is Noetherian). Moreover, we can find a K —basis of V' in N and so N contains the R—module
generated by this basis, which is a complete R-lattice in V. Since —®pr K is exact (as localization
on R~{0}), thus N is a complete R—lattice.

Example 1.1.8 (of lattices) If L is a finitely generated free R—modules then it is a lattice
and if moreover rkr(L) = dimg(V), it is a complete lattice. By the Structure Theorem for
modules over P.I.D. those are the unique lattices and complete lattices if R is a P.I.D. as the
condition of being contained in a vector space means that such modules are torsion free. For
example R = Z and K = Q or, more generally, K a non-archimedean local field and R = Ok
its ring of integers.

Now it makes sense taking intersection of orders since intersection of subrings is a subring and
so we can consider the

Definition 1.1.9 With the notation as above, an Eichler order in B is an order which is
intersection of two mazimal orders in B. In particular, a maximal order is a (mazximal) Fichler
order.

We can associate (canonically) two order to each ideal I C B, i.e.
. Left order:  O;=0O;(I):={be B | bl C I};
e Rightorder: O, =0,(I):={be B | IbC I}.

Note that they have the structure of R—module and of ring induced by I; the only thing to
check is the closure with respect the product, but if b,b" € Oy(I) then bb'I C bI C I and the
same holds for the right order. They are indeed orders as they are complete R—lattices: for each
b € B, there exists k € K such that kbl C I, as we can think b as a vector with coefficients in



K = Frac(R). Choose k, for example, as the product of all denominators of each entry in b.
Then take a basis of B as a K —vector space and notice that both O; and O, contain a K —basis
of B.

Example 1.1.10 (Existence of ideals and orders) There always exists an ideal, namely
the R—module generated by a K —basis of B. Therefore there exist always two orders in B, i.e.
the left and right order associated with 1.

Remark 1.1.11 By the usual argument we can apply the Zorn’s Lemma to chains of orders
and considering union of incapsulated orders we can motice that every order is contained in a
mazximal one.

Definition 1.1.12 Let I be an ideal of B and take O; and O, as defined above. We say that I
18:

a left ideal for Oy;

a right ideal for O,;

a two-sided ideal if O = Oy;

normal if both O; and O, are maximal;

integral if I C O;NO,;
e principal if there exists b € B such that I = O;b = bO,..

We define the inverse of I, as I7' = {b € B | IhI C I} and, taken I and J two ideals, we
define the product 1.J := {3, i1j ‘ i€l ji€JneN}.

We can characterize either I=! and I.J.
Lemma 1.1.13  a) The product of two ideals is associative and defines an ideal;
b) The inverse of the ideal I is an ideal.

Proof: a): The associativity is just the associativity in B. Further the product is in-
deed an ideal: notice that IJ C I N J and so by remark and it is a finitely gen-
erated R—module (as R is Noetherian) and it contains a K—basis of B as both I, J do
it. b): notice that exists an element d € R* such that dI C O; C d~'I; the first inclu-
sion holds for each d € R* and the second one is equivalent to dO; C I. Working with
the R—basis of both O; and I we can found easily a d as required. Hence we have that
(as R* is in the centre of B) IdO; I = dI O;I c OO0, = O = I then dO; C I~}
and so, if I~! is a lattice, it is complete as it contains a K —basis of B. Moreover we have
I V=T T=dll "4 ' Tcd ' T IV d'T =d2I,ie. I"' ¢ d2I and hence we deduce that
I~!is a finitely generated R—module. W

Remark 1.1.14 Let O be an order in B and take the principal ideal I = Ob. The left order of
I is indeed O and the right one is O’ = b='Ob, so I = bO'. Now it holds that

I7'=bpt0=0v"' and II"'=0, I'I=0



1.1.3 Classes of ideals

Definition 1.1.15 Two ideals I and J are right-equivalent if I = Jb for a some b € B*.
Such classes of ideals with left order O are called the left-classes for O. Analogously we define
left-equivalence and right-classes for an order.

Lemma 1.1.16 ([V80], Ch.1, Lemme 4.9) a) The application I — I~* induces a bijec-
tion between the left-classes for O and its right-classes.

b) Let J be a fized ideal. The association I — JI defines a bijection between the left-classes
of ideals on the left with respect to Oy(I) and those on the left with respect to Oy(J).

Definition 1.1.17 The class number on an order O is defined as the number of classes of
ideals related to O. The class number of the quaternion algebra B is defined as the class number
of any of its mazximal order.

Note 1.1.18 The class number of B is well-defined as, taken O and O’ two maximal orders of
B, and defined I = Ob and I' = OV, for b,b’ € B*, by Remark (1.1.14)) and Lemma (1.1.16]),

b) we obtain the equality of the two class numbers.

Definition 1.1.19 Two orders O and O’ are said to be of the same type if they are conjugate
by an inner automorphism of B, namely, O = b=*0'b for some b € B*.

Obviously this definition gives an equivalence relation on the set of orders and we can consider
classes of types related to a given order O: we define the type number related to O as the number
of such classes. We define the type number of B as the type number of a maximal order. There
exists a relation between class number and type number, expressed by the

Proposition 1.1.20 Define h and t as the class number of B and the type number of B re-
spectively. If h is finite, then t < h.

Proof: See Corollaire 4.11, Ch. 1 in [V80]. R

1.2 Quaternion algebras over local fields
1.2.1 Algebras

Throughout this section K will be a local field and we will use the above notation. There exists
a strong characterization of quaternion algebras over K as stated in the next theorem.

Theorem 1.2.1 Up to isomorphism, there exists a unique division quaternion algebra over any
local field K # C.

Proof: See Theoreme 1.1, Ch. 1 in [V80]. H

Note 1.2.2 As C is algebraically closed we know, by theorem ((1.1.4]), that the unique (up to
isomorphism) quaternion algebra is My(C) which is not a division algebra.

Remark 1.2.3 (Hasse invariant) Denote with Quat(K) the set of quaternion algebras over
the local field K, up to isomorphism. We have hence defined a bijection between Quat(K) and

{£1},
£: Quat(K) — {£1}

We say that B € Quat(K) has Hasse invariant (B)

= —1 if and only if B is a division algebra,
otherwise we say that it has Hasse invariant ¢(B) = 1.



By the above considerations we can restate theorem (|1.2.1]) as
Theorem 1.2.4 If K is a local field we have two cases:

{1} if K=C
{£1}  otherwise

Qaut(K) = {

Recall that the Hilbert symbol of (a,b) € K2~{(0,0)} is defined as

(a,b) {1 if aX?2+bY?2 — Z2 = 0 admits a non-trivial solution in K3
a,b) =

—1 otherwise

The importance of such symbol in the quaternion algebra setting is that, in the case of Char(K) #
2, it determines completely the Hasse invariant.

Theorem 1.2.5 Let K be a local field of characteristic different from 2, then taken B = {a, b}k
it holds that £(B) = (a,b).

For the definition and the basic properties of the Hilbert symbol we refer to [Se73]. In particular,
from such properties one can show that the equality in the above theorem is well-defined.
At this point we must introduce a definition that will be useful for the global case.

Definition 1.2.6 We say that a quaternion algebra B is ramified (over the local field K ) if it
1 a division algebra.

Just notice that to check if B is ramified over K with char(K) # 2, it is enough to check its
associated Hilbert symbol.
1.2.2 Maximal orders

Now we want to focus our attention on the study of the maximal orders in a division quaternion
algebra B over K.

Denote with v a discrete valuation on K and suppose that it is normalized (i.e. v(K*) = Z).
We have two maps: the reduced norm n : B* — K* and the valuation v : K* — Z then we
can consider the composition

w=von:B* —7Z st. br—uv(n(b))=uv(bb)
We can notice that
o w(bt') =v(n(bt)) = v(bb'b) = v(bb'D b) = v(n(b)n(t)) = w(b) + w(b);
o Ift/ # 0, w(b+b) = w((bb/~14+1)¥) = w(bb' 1 +1)+w(b') > min{w(bb'~1), w(1)}+w(') =

min{w(b), w(b')} as w is indeed a valuation when restricted to K (bb'~!) (as it is a finite
extension of K which is hence algebraic). Obviously the inequality holds (trivially) if
b =0.

Then we proved that w defines a discrete valuation on B (up to setting w(0) = oco). Moreover
we have

Lemma 1.2.7 The valuation ring of w, O :=={b € B | w(b) > 0}, is the unique mazximal order
of B.

Proof: See Lemme 1.4, Ch. 1 in [V80]. H

10



1.2.3 Eichler orders for local fields

Let K denotes a non-archimedean local field, O its ring of integers and take B = My(K).
As in [V80], Ch. II, §2, one can identify the orders in B as endomorphisms of sublattices just
noticing that the identification Ms(K) =2 End(K?) is indeed natural. Hence, taken two maximal
orders O = End(L), O' = End(M) for L and M complete lattices, we can notice that, for each
xz,y € K*, End(Lz) = O and End(My) = O" as we are considering the K —endomorphisms.
This invariance under multiplication allows us to suppose that L C M. Then, by the Elementary
divisor theorem, there exist two Oy —basis (f1, f2) and (fi7?, for®), respectively of L and M;
here f; and fo are elements in K, 7 is a uniformizer for K and we can take a,b € N. One can
prove that the integer |a — b| is invariant under the multiplication by x and y, then we can define
a notion of distance between two maximal orders in B. We say that the distance between O
and O’ is hence |a — b|.

Example 1.2.8 The distance between My(K) and (ﬂnOgK ”_ggK ) is n as we have the two
basis (of the associated lattices) (1,1) and (1,7™). Notice that we understand the elements of
K? as column vectors.

Definition 1.2.9 Let O be an FEichler order in My(K). We say that it has level T"Og = p™ if
it is the intersection of two maximal orders of distance n. We denote

Ok W_nOK> _ < Ok OK>

On = Mp(K) N <wnoK Ok 0k O

the canonical Eichler order of level n.

1.3 Quaternion algebras over global fields
1.3.1 Algebras

In this section fix K to be a global field. We usually refer to v as a place for K and consider K,
the corresponding field. Set S, for the set of archimedean places of K and Sy for the set of the
non-archimedean ones. For each v € Sy we define N (v) := Nk, (py) = #0O,/p, the cardinality of
the residue class field at v (for O, and p,, the ring of integers and its maximal ideal respectively).

Definition 1.3.1 A quaternion algebra B over K is ramified at the place v if B, := B®g K,
is a division algebra, i.e. B, is ramified over K, (as in[1.2.6). In particular, if K = Q, we say
that the quaternion algebra is definite if it is ramified at infinity.

Remark 1.3.2 If Char(K) # 2 and B = {a, b}k, by the characterization of quaternion algebra
over local fields, we have that K is ramified at the place v if and only if the Hilbert symbol over

K,, (a,b), = —1. This procedure gives an algorithmic way to compute the ramification places
of B.

We have the fundamental lemma:
Lemma 1.3.3 B is ramified at only finitely many places of K.
Proof:  Lemme 3.1, Ch III, [V80].

Definition 1.3.4 The reduced discriminant of B, d(B), is the product of the finite places at
which B is ramified. If K is a number field, the reduced discriminant is an integral ideal in
Ok. Usually, if K = Q, we identify d(B) with an integer (in the obvious way). Further denote
Ram(B) for the set of ramified places for B: it is the disjoint union of Rams(B) = Ram(B)NSy
and Rameo(B) = Ram(B) N Sx.

11



1.3.2 Classification of quaternion algebras over global fields

One can show, via the analytic construction of certain Zeta-functions (See [V80], Ch. III, §3
for details) the following theorem.

Theorem 1.3.5 (Existence and classification) Let B be a quaternion algebra over the global
field K, then:

i) the cardinality of Ram(B) is even;

i1) For each finite set S, of places of K, such that #S is even, then there exists one and only
one quaternion algebra B over K, up to isomorphism, such that Ram(B) = S.

Proof:  See [V80], Ch. III, Theoreme 3.1. B

As a nice corollary of such powerful theorem we have the product formula for the Hilbert
symbol. More precisely, if char(K) # 2, ii) is equivalent to the

Corollary 1.3.6 (Hilbert reciprocity law) Let K be a global field of characteristic different
from 2. For a,b € K*, denote (a,b), their Hilbert symbol in K,. Then

[[@b.=1

vES

Proof: It is an immediate conseguence of the characterization of the ramification with the
Hilbert symbol. B

1.3.3 Maximal and Eichler orders

Analogously to the case of local fields we are interested in the study of orders and (mainly)
Eichler orders.

Let S be a non empty finite set of places for K and suppose, if K is a number field, that S
contains S. Hence we can consider the ring of S—integers R = R(g) = Nygs (Oy N K) which
is a Dedekind domain. For example, if K is a number field and S = S, hence R is the ring of
integers of K. Let L be a R—lattice for a quaternion algebra B over K. Define L, = O, ®r L
for each place v ¢ S and L, = B, for v € S.

Definition 1.3.7 For each place v ¢ S of K and for each complete R—Ilattice Y in B we call
Y, the localization of Y at the place v.
We say that a property is local if it holds for Y if and only if it holds for Y,, for each v &€ S.

Example 1.3.8 ([V80], Exemples de proprietes locales, Ch. IV, §5A) For a R—lattice
in B, to be

e an order,

e a maximal order,

e an Eichler order, which is the intersection of two maximal (R—)orders,
e an ideal,

e an integral ideal

is a local property.

12



We are hence able to give the significant notion of level of an Eichler order, over a global
field.

Definition 1.3.9 The level of an (R—)FEichler order is the integral ideal, N, of R such that
N, is the level of O, for each v & S. As for the discriminant, if K = Q, we can think at N as
an integer.

Furthermore one can prove ([V80|, Ch. II, corollaire 5.3) that an (R—)Eichler order is maximal
if and only if its level is R. In particular, if K = Q, in this case we say that the level is 1.

Remark 1.3.10 In the case of Q as base field, one can show (see [D03], Ch.4, §1) that the
level of an Eichler order O can be identified with the R—module index of O in one of the two
maximal orders which realize the definition of Eichler order.

Definition 1.3.11 (Eichler condition) We say that a non empty and finite set of places of
K wverifies the Fichler condition for the quaternion algebra B (over K ), if it contains at least
one place at which B is not ramified.

1.4 Topology on quaternion algebras

Suppose now that K is a topological field. Any quaternion algebra, B, over K, can be endowed
with a topology, namely that induced by the field K via the (4-dimensional) K —vector space
structure on B. In particular, we are interested in K being a finite extension of Q,, or K = R, C,
i.e. a local field of characteristic zero. In this case K is a locally compact Hausdorff space and
so is the quaternion algebra. As the sum, the subtraction and the product of two elements in B
are polynomial functions in the coordinates of the elements (viewing B =2 K4 as a K module),
one can show that B is a locally compact topological ring and that B* is a locally compact
topological group with the subspace topology. For K = Q, one can prove a stronger result,
namely

Lemma 1.4.1 Let B be a quaternion algebra over Q, and R an order of B. Then R is compact
and R* C B* is a compact subgroup.

Proof: See [M89], Lemma 5.1.1,7). B

Let now B be a quaternion algebra over Q and denote with A the ring of adeles for Q. We
can consider the tensor product
By =B ®Q A

and endow it with the topology induced by A via the identification of By with A. Again this
construction give rise to a topological ring which is locally compact (as A is locally compact)
and we can consider By as a subset of the product [], place of @ Bv, for By = B ®q Qy (just
recall that B ®g — is a right-adjoint functor and notice that, as Q is a field, it is exact). The
topological ring By is called the adélization of B. Considering the subspace topology on By,
it becomes a locally compact topological group, called the adélization of B*. Again we can
identify it as a subset of the product [[ 0B

v place of
Remark 1.4.2 One can notice that, with the induced topology, the norm map
n:B* — K*

is a continuous homomorphism as it is polynomial in the coordinates. We have the exact sequence
(of topological groups)

1— B' — B* % K*
for B! = {b € B* | n(b) = 1} with the subspace topology. With more generality, as recalled in
[JL70], pag. 7, it holds the
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Lemma 1.4.3 If B is a division algebra over a local field K, it happens that

(K% : n(B¥)] = {1 sz z:s non-archimedean

2 fKisR
Thus we deduce the exactness on the right of the above sequence if K is non-archimedean.
We can notice that B! is closed in B* as preimage of {1}. Suppose that K is a local field of
characteristic zero and that B is a division algebra. In this case it can be proved that B! is
compact as pointed out in [V80], pag. 81, and that B! = SL(2, K) in the split case (and so it
is not compact).

Note 1.4.4 Let B be a quaternion algebra over the local field K. We can notice that

B* = B~{0} if B is a division algebra
B* 2 GLy(K) if B is a split algebra
so we have
B*/K* = B~{0}/K* = (K*-{0}) /K* 2 P(K*) if B is a division algebra
B*/K* =2 GLy(K)/K* = PGLy(K) if B is a split algebra

By [WeT3], Ch. 2, §1, Corollary 1, we know that B* /K™ is compact if B is a division algebra.
On the other hand it is known that PG Ly(K) is not compact. For example, it is not compact
as it is not closed in P}.. Recall that GLo(K) admits an open immersion in K4+ (see (2.1]))
and since the projection to the quotient is an open map, PG Ls(K) has to be an open subset
of P*. It is well known that the projective space P* is Hausdorff, compact and connected, so we
deduce immediately that, if PGL2(K) is compact, it must be a (non-trivial) closed and open
subset in P*. We produced then a contradiction. The above observations lead to the

Lemma 1.4.5 Let K be a local field (with char(K) = 0) and B a quaternion algebra over K.
Hence B* /K™ is compact if and only if B is a division algebra.
1.5 Adelic point of view

Let A be the adeles ring for K. Set Xy as either K or a quaternion algebra over K, call it
B as above. Set Xy = Xg ®x A and for each place v, X, = X ® K,. For this paragraph,
just for ease of discussion, set S = S and so R(g) = Of. The following theorem is the natural
generalization of the adelic theory for global fields to quaternion algebras.

Theorem 1.5.1 1) Adéles: X is discrete in Xp and Xa/Xk is compact.
2) Approzimation theorem: for each place v, Xx + X, is dense in X,.
3) Idéles: X ¢ is discrete in X .

4) For each place v (only the infinite ones if K is a number field) there exists a compact
subset C' in Xy such that X = XX C (i.e. the space is dense in Xy ).

Proof: [V80], Ch. III, §1, Theoreme 1.4. B

The adelic setting allows us to prove a characterization of the ideal classes and the conju-
gation classes of an Eichler order.

Let R be an Eichler order of level N in B. Define Ry = [[, R ®o, O, with, as in (1.3.3),
R ®0y Oy = B, for v € S and R} its group of units.
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Theorem 1.5.2 (Adeélic dictionary) 1) The left-ideals with respect to R are in bijection
with the set Ry\B, . The association is defined as (by) € By +—— I such that I, = Ryb,
for each place v & S. Moreover the classes of left-ideals for R are in bijection with the
double coset Ry \B) /B*.

2) The FEichler orders of level N are in bijection with the coset N(Ry)\Bjy where N(Ry) is
the normalizer of Ry in By . The association is defined as (by,) € By —— R’ such that
Rl = b1 Ryb, for each v & S. Furthermore the types of Eichler orders of level N are in
bijection with the double coset Bji\By /N(Ry).

Proof:  See [V80], Ch. III, §5B. &

We have further the following

Theorem 1.5.3 The class number of an Fichler order of level N is finite. The number of types
of such order is finite too.

Proof: See [V80], Ch. III, § 5B, Theoreme 5.4 and Corollaire 5.5 for the first assertion. The
finiteness of the type number follows immediately from proposition (1.1.20f). H

Proposition 1.5.4 If S satisfies the Eichler condition for B then any two Eichler R(g)y—orders
of the same level are conjugate.

Proof: See [D03], Ch. 4, Prop. 4.4. &

Note 1.5.5 Before ending the paragraph we should mention an useful formulation of the above
notions in the case K = Q and S = {oo}. Following [D03] we can consider Z the profinite
completion of Z and the ring of finite adeles for Q, Q = A; = 7 ® Q. Take R an Eichler
(Z—)order of level N and set R:= R®Z, B:= B® Q. Then the set of conjugacy classes of
Eichler orders of level N is in natural bijection with the double coset BX\BX / R. In fact in this
case, by definition, Ry = By X Hp R®z 7, = By % R®ZZ (as R®z — is a right adjoint functor

and hence it preserves limits) and [],Z, = 7. Hence
RX\B}/B* = R*\B*/B*

since the place at infinity is a direct factor in A. In particular, as stated in [D03], every element
of the form
tRx™'NB  for z € BX

is an Eichler (Z-)order of level N and any such order is of this form.

1.6 Computing methods and examples

Given B a quaternion algebra over the global field K of characteristic different from 2, we are
interested in computing its discriminant and so its ramifications. Just notice that in the case
of K = Q, which is the principal field we want to work with, the computation of the Hilbert
symbol amounts essentially to compute a Kronecker symbol.

Remark 1.6.1 ([V80], Ch. II, Calcul du symbole de Hilbert) If K = Q, with p # 2 and
a,b € Z~{0}, hence it is possible showing that
1 if p fa, p fb

(a,b)p = (a, b)@P - {(;) if p fa and p||b.
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The remark does not involve the computation of (a,b)2 but this computation can be indeed
avoided using the product formula, in fact. By definition of the Hilbert symbol, (a,b)~! = (a, b)
and so

(CL, b)Q = (CL, b)OO H(CL, b)p
p#2

For sake of completeness we recall the properties of the Hilbert symbol and we refer to [Se73],
chapter III, for the straightforward proofs. Taken a,b € K* (for K a field), we have

e (ax?,by?) = (a,b) (invariance under squares); e (a,b) = (b,a) (symmetry);
e (a,b)(a,c) = (a,bc) (bilinearity); e (a,1—a)=1
Focusing our attention to K = Q we can say a bit more, as stated in the following.

Note 1.6.2 ([V80], Ch. III, § 3, Exemple) Let {a,b} be a quaternion algebra over Q. By
definition of Hilbert symbol, it is ramified at infinity if and only if a and b are both negative.
Its reduced discriminant, d, is given by a product of an odd number of primes if a and b are
negative and even otherwise. For example

{a,b} | {-1,-3} | {-2,-5} | {-1,-7} | {-1,-11} | {-2,—13} | {-3,-119} | {-3,-10}

d [ 3 |5 |7 11 |13 |17 |30

A fast method to compute examples of such quaternion algebras is provided by using the parity
to avoid the study of (a,b)s and by

if p=—1 (mod 4) than {1,p} has reduced discriminant p
ifp= 5 (mod 8) than {1,p} has reduced discriminant p

It is also easy to give rise to quaternion algebras of fixed reduced discriminant: it amounts to
determine two integers a and b with given conditions on their local Hilbert symbols. For example

{-1,3}, d=6; {3,5}, d=15; {-1,7}, d=14;
Moreover, it holds that

ifp=—-1 (mod 4) than {—1,p} has reduced discriminant 2p
ifp= 5 (mod 8) than {—2,p} has reduced discriminant 2p.

Furthermore it can be proved that

Proposition 1.6.3 The unique (up to isomorphism) definite quaternion algebra over Q of re-
duced discriminant p (i.e the unique one ramified exactly at infinity and p) is given by the
rule

p= 2 {a,b} = {-1,-1}
p=—1 (mod4) {a,b} = {-1,—p}
p= 5 (mod 8) {a,b} = {-2,—p}
p= 1 (mod 8) {a,b} = {-p,—q}

where q is a prime such that ¢ = —1 (mod 4).

Proof: See [P80], Proposition 5.1. W
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1.7 The Class Number and the Eichler mass formula
1.7.1 Dedekind Zeta functions: local case

Let X be either a non-archimedean local field K or a quaternion algebra B over K such that
B does not contain R. Let O be the ring of integers for K and set k as its residue class field.
Take B an order in X containing Oj. The definition of order in K is analogous to the definition

(1.1.6) given for quaternion algebras where R = Oy, and similarly, with the definition (1.1.12))
in mind, we can define the notion of ideal and integral ideal for the order B.

Taken hence I an integral ideal in B, we define its norm, as Nx([) := #B/Z.

Definition 1.7.1 The Dedekind zeta function of X is the complex function of complex variable

1
(x(s) = ICZBNX(I)S

where the sum is taken over the integral left (or right) ideal of a mazimal order B in X.

Obviously one can show that the definition is well stated and moreover that it holds the following

Proposition 1.7.2 Let g = #k be the cardinality of the residue class field k = Ok /px. Hence,

1
Ck(s)= -1
qS
Cals) = (i (25) if B is a division algebra
7 Ck(25)Ck (25 — 1) if B = My(K)

Proof:  See Proposition 4.2, Ch. IT in [V80]. B

1.7.2 Dedekind Zeta functions: global case

Let now K be a global field and take X to be either K or a quaternion algebra over K. For a
place v, let X, = X ®x K,, hence we can state the

Definition 1.7.3 The zeta Dedekind function of X is the infinite product of all the zeta Dedekind
functions of X, for all finite places v. The infinite product is absolutely convergent whenever
the complex variable s has real part greater than 1. Then

(x(s) = H Cx,(s) for Re(s) > 1

v finite

By the definition of {x and proposition ([1.7.2)), we can obtain, just killing all the contributions
of the unramified places, the multiplication formula.

Proposition 1.7.4 (Multiplication formula) Let K be a global field and B be a quaternion
algebra over K. Then it holds the following equality:

o (5) =w@ents—n J[ @-Nw'7).

vERamy(B)
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1.7.3 The Class Number and the Eichler mass formula

We want now to give a couple of useful results for computing the class number and the w;
(which are defined in the theorem below).

Theorem 1.7.5 Let B/K be a quaternion algebra over the number field K, ramified at each
archimedean place of K and R an Fichler order in B of level M. Let ® be the reduced discrim-
inant of B and n the class number of R. Let {I;}7_, a set of representative for the left ideal
classes of R, with R; the correspondent right orders. Set w; = R : O], where Ok is the ring
of integers for K. Define r1 as the number of real embeddings of K, hence we have

n

1 " 1
Z;_Ql Cx (=) N[ (Vv H<N(p)+1>

i=1 b/o pIn

where p are prime ideal of Ok, hi is the class number of the number field K and (x the zeta
function of K.

Proof: See [V80], Corollaire 2.3. B

We are interested in the case K = Q. Hence © and 91 can be thought as integers and so we refer
to them as D and N respectively. The classical results on values of the (—Riemann function,

provide ¢(—1) = —% and then the above formula is given by
1 N 1
— )|V 1 -1 -4+1
> = e Lo 011 (5 +1) = o011 (5 +1)
i=1 p|D pIN p|D pIN

There exists a useful result for computing the class number of a given order; for proving it
we need to restrict our hypotheses such that the quaternion algebra over Q is ramified only at
one prime p and at infinity. Before we need to define the notion of reduced discriminant for an
Eichler order.

Definition 1.7.6 Let R be an FEichler order of level M in a quaternion algebra of reduced
discriminant ®. The reduced discriminant of R is 0 = ND.

Theorem 1.7.7 Let p be a prime, M a positive integer prime to p, 7 a non-negative integer
and B the quaternion Q-algebra ramified exactly at p and infinity (so its reduced discriminant
D equals p). Let R be an Eichler order in B of reduced discriminant d = p** T*M (i.e. of level
N =d/p). Then its class number, n, is given by

A O

12 P/ i q 0 if 4|d
+{é(1—(ﬁ))ﬂqw(1+(f)) 9 Jd
0 if 9|d

where (%) 1s the Kronecker symbol at the prime p.

Proof: See |P80|, Theorem 1.12, observing that its definition of level is our definition of
reduced discriminant. W
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In the case of the quaternion algebras in the above theorem we can formulate again the
theorem ([1.7.5)) as the reduced discriminant is p. We can moreover consider the case of a maximal
Eichler order and so its level has to be 1. Hence

n
1 1 p—1

= (p—1) ==

2 P DA A A

=1

Note 1.7.8 With the above hypothesis, one can prove (See [G87], § 1) that W = [["; w; is
equal to the denominator of the rational number (p — 1)/12 and that we have the following
table:

P Wilw>1| n
2 12 12 1
3 6 6 1
=5 (mod 12) | 3 3 (p+T7)/12
=7 (mod 12) 2 2 (p+5)/12
=11 (mod 12) | 6 | 3,2 (p+13)/12
=13 (mod 12) | 1 (p—1)/12

2 Algebraic groups and Tamagawa measures

2.1 Algebraic groups
2.1.1 Basic notions
Let k£ be an algebraically closed field.

Definition 2.1.1 An algebraic group defined over k is an algebraic variety G, over k, which
s a group object in the category of algebraic varieties over k. This means that there exist two
morphisms of k—varieties

o m:G x G — G such that (x,y) — zy and e 1:G — G such that v — x7 1,

satisfying, together with e : G — Spec(k) = {x}, the usual commutative diagrams encoding the
group structure. We say moreover that G is linear if it is an affine variety. Fix k[G] as the ring
of coordinates for G, i.e. the quotient of k[X; ;,t] by the ideal I generated by all the polynomials
defining G as a variety.

Example 2.1.2 GL,(k) is a linear algebraic group as it can be identified with the affine variety
in k"°*! defined by

GL(k) = {(z15,) € K x k ‘ det ((w14),;) -t =1}

Obviously every closed subgroup of GL, (k) is a linear algebraic group (as closed subsets
define subvarieties) and it holds, as noticed in [K67], that every linear algebraic group over k is
a closed subgroup of GL, (k). One can notice (see [Bo66], §1.5) that a (linear) algebraic group
is irreducible if and only if it is connected.

Remark 2.1.3 (Abelian Varieties) A connected projective variety which is an algebraic
group is an abelian variety. Every abelian variety is an abelian algebraic group. The easy ex-
ample of an abelian variety (e.g. over C) is an elliptic curve (for details see [Sil09], Chapter
I1).
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Definition 2.1.4 Let G be a linear algebraic group over k. Suppose that k is perfect. We say
that G is defined over K, for K a subfield of k, if the equations defining G have coefficients in
the field K. In this case we say that G is an algebraic group over K (by abuse of notation).
As in the case of an algebraically closed field, we can speak about the ring of coordinates, K|G]
which is indeed the quotient of K[X; ;,t] by I N K[X; j,t].

We can talk about algebraic groups in a more convenient manner, namely thinking them as
functors. As in the above definition, suppose that GG is an algebraic linear group over a field K.
For any K —algebra B, we can consider the set Gp := G N GL,(B); it is indeed a group and it
can be identified with Homg (K[G], B) (with the usual machinery of the representability of the
maximal spectrum). We can see immediately that this construction preserves arrows, meaning
that a homomorphism of K —algebras p : A — B is mapped to a K —morphism p: G4 — Gp.
Thus we may give the following, equivalent, definition.

Definition 2.1.5 An algebraic group over K is a functor from K—algebras to groups,

G:K—Alg— Grp

which is representable by a finitely generated K—algebra K|G], such that K @ K[G] has no
nilpotent elements for K an algebraic closure of K.

We should notice that we required the absence of nilpotent element because we force G to be
induced by an algebraic group over an algebraically closed field.

Notation: Usually the affine algebraic groups associated with the general linear group and the
special linear group are denoted with GL,, and SL,, respectively, with the association on objects
as GL,(A) and SL,(A).

Example 2.1.6 (See [Mill5] Ch. 2, §a and [K67], §1)

e The multiplicative algebraic group G,, over K is the multiplicative group of K which we
can identify with GL;(K). The corresponding functor

K — Alg— Grp  such that R~ (R*,")

is representable (after being composed with the forgetful functor) by K[T,T~]. In fact
Hompg — 414 (K[T, T-1, R) =~ R* as T can be mapped only to an invertible element in R
and T determines uniquely the homomorphism. We can notice that, taken K an algebraic
closure of K, K ® K[T,T~1] = K[T,T~!] which does not contain any nilpotent element
since it is an integral domain.

e The general linear group GL,, is associated with the functor R ~» (GL,(R),-) and such
functor (composed with the forgetful functor) is representable by K [X 11y Xnn, m]

essentially by its realization as an algebraic variety. Again, tensoring with an algebraic
closure of K, we obtain an integral domain.

2.1.2 Lie algebra of an algebraic group

We can associate a Lie algebra to an affine algebraic group (over a field of characteristic zero).

Theorem 2.1.7 (Cartier) Every affine algebraic group over a field of characteristic zero is
smooth.
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Proof: See Theorem 3.38 in [Mill5], noticing that his definition of algebraic group is more
general than the one provided here. B

Let G be an affine algebraic group over k, algebraically closed field of characteristic 0. The
theorem allows us to consider the tangent space of G at the identity element, which can be
identified with the space of k—derivation on k[G], commuting with right-translation. Denote it
g := Dery(k[G]). With the bracket operation defined as [f, g] := fog—go f, the couple (g, [,])
defines a Lie-algebra, called the Lie-algebra associated with the (affine) algebraic group G.

2.1.3 Quaternion algebras

Let now B be a quaternion algebra over a field K (of characteristic zero). We can think to B*
as an algebraic group over K, defined by the association R ~ (B ®y R)* for a K —algebra
R. We can start noticing that Homp_ 414 (K[T, T, B®k —) ~ (B®g —)* as functors from
K — Alg to Grp. It is possible proving that such functor, composed with the forgetful functor,
is indeed representable by a finitely generated K —algebra (see [Mil15], appendix A, §y, A.125)
but furthermore one can show that this is a particular case of a more general construction,
namely the Weil restriction of scalars. In particular, this procedure, applied to a linear group
G, yields to another linear group Respg/k(G) with a description analogous to that above where,
as a functor, Resp/k(G)(A) = G(B @k A) (see e.g. [Mill5], Ch. 2 §h). Hence we can identify
B* with the functor

K —Alg— Grp  suchthat R~ ((B®xR)*,).

2.2 Tamagawa measure

Let G be a finite-dimensional affine algebraic group over a number field K. Suppose that G is
connected, dim(G) = n (as a variety) and take z € G a point. By theorem x is regular
and hence, let z1,...,2, be local coordinates for G at = (i.e. a system of parameters). We
can hence consider the Kéler differentials of K[G] and take a n—differential form w, on G; in
a neighbourhood of z, w can be written as w = f(X)dz; - - - dz, for f(X) a rational function
which is defined at x. We say that w is defined on K if f and the coordinate functions z; are
defined over K. Recall that given a morphism ¢ : W — G of algebraic varieties, we have the
differential form ¢*(w), defined on W, via pull back of w; it is obtained, locally, by composition
of ¢ with f and the coordinate functions, with the usual rules for the changes of variables.
For each g € G, the left-translation map A, : G — G such that z — gz, is a morphism
and so, we can pull back each differential form w on G to another form Aj(w). Thus we can
consider the space of left-invariant differential n—forms on G, which are also defined over K.

Proposition 2.2.1 There exists a left-invariant differential form w, defined over K, such that
w s non-zero. Further, w is unique up to a constant in K*.

Proof:  Sece [K67], §3 and [We82], §2.2, in particular Theorem 2.2.2 and its corollary. B

Example 2.2.2 e Take G = (G, the additive algebraic group, i.e. the group associated
with the additive group of K (namely the functor “representable” by K[T]). In this case
Ag(z) = g + @ and hence \j(dz) = d(\g(z)) = d(g + x) = dv as g € G and where x is the
coordinate function. Since dim(G) = dim(K|[T]) = 1 we found indeed w = dx.

e If G = Gy, we can notice that dim(G) = dim(K[T,T~']) = 1. Also, \,(z) = gz and
hence taking w = dx/x we are done.
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o If G = GL,, dim(G) = dim(K[X;,det(X;;)71]) = n?. A, is the left multiplication with
the matrix ¢g and so, taking w = [[ dw;;/(det(z;;)") we are done (as we have to choose an
order for the product and we can use the alternating property).

We would like to determine a measure associated with w. As G is a connected linear group
(i.e. a subgroup of GL,,), we can identify it as a closed subset of the affine m—dimensional
space, for m = n? + 1. Let A = Ag be the ring of adeles for K and consider the adele group
Gy, which is the group of points in A™ satisfying the equations of G. G4 is endowed with
the topology induced by the product topology of A™, thus G is a locally compact topological
group. Furthermore the group G can be realized as the restricted product of the groups Gk,
with respect to their compact subgroups Go, for each finite place v in K (where G, and Go,
have the obvious definition for K, the local field with valuation ring O,).

Remark 2.2.3 It can be shown that the definition of Gp as restricted product ensures that
Gy itself does not depend on the embedding in A™. The reason is that a change of embedding
corresponds to a change of Go, for only finitely many places v.

K — A is discrete and hence also Gx < G4 is a discrete subgroup. Since G4 is a locally com-
pact topological group we can take a left-invariant Haar measure on it. By the product formula
we know that for each non-zero principal adele a € K*, [], |a], = 1 and that for almost all v,
|a], = 1. Hence the right-multiplication by elements in G does not affect the measure on Gy,
then we have an induced left-invariant measure on the space G /Gk-.

Now, we have to fix a choice of p,, Haar measures on the additive groups K. There are
various possible normalizations, but all we require is that

o 11,(0O,) =1 for almost all finite places v;

e if y =[] py is the product measure on A, then (the induced measure) pu(A/K) = 1.

Example 2.2.4 (of normalization) One choice of normalization is that in which we take
1y(Oy) = 1 for all finite place and ¢, times the Lebesgue measure for the infinite places, such
that those positive real numbers ¢, satisfy

1
H cy = 2"|discg gl 2

VEO

for 79 the number of complex embeddings of K and disck /g the discriminant of K. In particular,
if K = Q, we have ro = 1, discg = 1 and so ¢y = 1. This means that  on Ag can be chosen
such that p,(Z,) =1 for all p and po is the Lebesgue measure on R.

Let w be the non-zero left-invariant form on G. Suppose that, in a neighbourhood of 2° € G, it
can be written as w = f(z)dx; - - - dx,, for f arational function in x = (z;); and z; the coordinate
functions at 2° (not necessarily zero at it). We can express f as a power series in t; = x; — ZE?,
with coefficients in K |

Remark 2.2.5 This can be proved, for example, with the Cohen Structure Theorem. In par-
ticular, we can consider the local ring at the regular point 2% and embed it in its completion.
Due to the Cohen structure theorem, the latter is indeed a power series ring with coefficient in
K.
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Let K, be a completion of K and assume that each x? is in K. Hence f is a power series with
coeflicients in K, which converges in some neighbourhood of the origin in K'. There exists
hence a neighbourhood U of G, such that the map ¢ : © — (¢1,...,t,) is a homeomorphism of
U onto U’. We can suppose that the above power series converges in the chosen neighbourhood
of the origin in K. We have the product measure p, X --- X u, on K;' which we denote
by dt; - - dt,. Hence we have a positive measure on U’, defined by |f(¢)|,dt1 - - - dt,. Via the
homeomorphism ¢ we can pull this measure back to U obtaining a positive measure on U,
namely w,.

In particular, taken g to be a measurable (or continuous) real-valued function, compactly
supported on Gk, , we have

[ s@dento) = [ g7 @) 11Ot at,

As in [We82|, page 14, it can be proved that the measure w, is independent of the choice of
the local coordinates x;.
Definition 2.2.6 (Tamagawa measure) If the infinite product

H Wy (GO’U)

VE O
converges (absolutely), we define the Tamagawa measure on G, as the product measure

= [ w

VE OO

Explicitly, if S is a finite set of places containing all the infinite ones, and if, for each v € S,
U, is an open set in G, with compact closure, then T is the unique Haar measure on Gy, for

which
7| [1U.x [ Go. | = [T wo (V) x [[we (Go,)

veS vgS veS vgS

In the case in which the above infinite product does not converge absolutely, some factors
have to be introduced to guarantee the convergence.

A family of {\,} of strictly positive real numbers, indexed by the places of K, is a set of
convergence-factors if the infinite product

H )‘lev (Go,)

VE O

is absolutely convergent. Hence, the Tamagawa measure, relative to the family {\,}, is the

product
T = H A, tw,
VE O
Remark 2.2.7 o In both cases the measure T is independent of the choice of the form w.
In fact, as w is unique up to constant, replacing w with cw for a ¢ € K*, we have (by
construction)

(cw)y = |c|owy = (e.g.) T = H |c]ywy = va
v v
as [ [, |clo = 1 by the product formula.
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e The Tamagawa measure is, as noticed in the definition, a (canonical) normalization of the
Haar measure on G, .

Taken v a place of K, we can consider the norm of v, Nv (recall that it is defined as
the cardinality of the quotient O, /p, for p, the associated maximal ideal). One can prove the
following equalities (see [K6T]).

o G =Gy, wy(Go,) = 1;
« G=Gp: wo(Go,) = 1 — 33
e G=GLy: wv(Goq,)Z(l—ﬁ)'“(l—W);

As we know that (x(s)™1 =T], (1 - ﬁ) and it does not converge at s = 1, we can deduce
that in the case G = GL,, we have to introduce a set of convergence-factors, for example

1
Ap=1— —
Y Nv

Remark 2.2.8 We will consider the Tamagawa measure on the algebraic group B*/Z* over
the adéles, namely on B*(A)/A*.

3 Jacquet—Langlands correspondence

3.1 Representations of GLy(A)
3.1.1 Cusp forms in the adelic setting
3.1.1.1 Characters

Just fix the following convention: a character on a topological group X is a continuous ho-
momorphism w : A —> C*. We say that a character is wunitary if its image is contained in
St Cx.

Definition 3.1.1 A Hecke character is a continuous homomorphism ep : A* — C* which is
trivial on Q™. We say that £5 is of finite order if the image is a finite group.

Since Q has class number 1, we have that A* = QXRiZX and so, taken a Dirichlet character
modulo an integer N, we can define an associate Hecke character 4. Let a = azu € A* written
with the decomposition of A* and hence set (considering the natural projection Z — Z/NZ)

ea(azu) =e(u™  (mod N)).

One can show that every Hecke character of finite order is indeed induced by a Dirichlet character
and that every continuous character, w, on A*/Q* is of the form w(—) = eo(—)|-|® for a certain
s € C, a Dirichlet character £ and where | - | represents the adelic absolute value. In the end
recall that a character p: Q; — C* is unramified if it is trivial on Z, .

3.1.1.2 Cusps
Let G be the algebraic group over QQ associated with GL2(Q) and denote Gg = GL2(Q),
Gy = GL2(A), G = GL2(R) and Gy = GLa(Af) where Ay is the ring of finite adeles.
Consider $* = C~R and consider the usual Go—action via Moebius transformations on it.
Hence define K., = SO2(R)R* = Stabg_ (7). As that action is transitive, we can identify $H*
with the quotient Go/Ks and define j : Gy x H* — C such that j(v,2) = cz + d for
v=(ca)

Now consider a function ¢ : Gg\Ga — C and k € N, even. We can consider the following
conditions:
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(i) ¢(gk) = ¢(g) for all k in some open compact subgroup K of Gy.;
(i) ©(gkoo) = 7 (Koo, i) Fdet(koo)(g) for ke € Koo and g € Gi;
(iif) for all g € Gy, and 7 = hi € HT (for h € Go) the map
Ht —C
T = hi —@(gh)j(h,i)*det(h) ™!
is holomorphic;

(iv) ¢ is slowly increasing, which means that for every ¢ > 0 and every compact subset of Gy,
call it K, there exist two constants A and B such that

o (52w | < Alal”

for all h € K and a € A* with |a| > ¢ (where |a| stands for the adelic absolute value);

(V) ¢ is cuspidal, i.e. for (almost) all g € G

fr (o 1)) =0

for a non trivial Haar measure dz.

We define hence the G y—module

Sy = {cp L Gg\Ga — C ‘ o satisfies (i),(ii),(iii),(iv),(v)}

where the action is given by right translation. If O is an open compact subgroup of Gy, we
define

Sk(0) = (S)° = {so € Sk ’ ¢(go) = w(g), g€ Ga, 0€ O}

hence S, = UpSk(O) over all open compact subgroups. We can consider two special choices for
such O. Let N be a positive integer,

Us(N) = {7 e GLy(2) ( N = ((”; i) (mod NZ)}

UL (N) = {7 € GLy(Z) ( y = <(’; 1‘) (mod NZ)}
then it holds the following
Theorem 3.1.2 For an element ¢ € Sp(U1(N)) we define a function f, : $ — C such that
fo(hi) = p(h)j(h,i)*det(h)™"  for h € GLa(R)™
Then f, is an element in Sp(I'1(N)) and the association ¢ — f, defines an isomorphism
Sk(P1(N)) = Sk(U1(N))

Furthermore, taken € a Dirichlet character modulo N and €p the associated Hecke character,
we have that the above isomorphism restricts to

Se(To(N), ) = Sp(Up(N), en) := {cp € Sp(UL(N)) | up = ea(det(w))p for allu UO(N)}

in particular, Sk(To(N)) = Sk(Us(N)).
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Proof: See [Cas73/. ®
More precisely, one can define Hecke operators on such spaces and so the above isomorphisms

become Hecke-equivariant. For details we refer to [DI95], §11. One can moreover prove that

Proposition 3.1.3 Each ¢ as above is a cuspidal automorphic form on GLa(A) in the sense
of the following section . In particular, we have determined a correspondence between
holomorphic cusp forms and cuspidal automorphic representation of GLa(A).

Proof: See [Bu98], §3.6. B

3.1.2 Representations over p—adic fields

Let p be a prime, G, = GL2(Qp), K, = GL3(Z,) the maximal compact opensubgroup of G,
and Z, the center of G,,. Take 7 : G, — Aut(V') be a representation of G, on a complex vector
space V.

Definition 3.1.4 A representation w : G, — Aut(V') is said to be admissible if
(1) everyv € V is fized by some open subgroup of G, (in this case we say that m is smooth );

(it) for every open compact subgroup U of Gy, the subspace VU of vectors fized by U is finite-
dimensional.

It holds the following

Proposition 3.1.5 ([JL70] Prop. 2.7) A finite-dimensional admissible representation is con-
tinuous and the only continuous irreducible finite-dimensional representations of Gy, are of the
form g — w(det(g)) for w a character on Q.

In their book, Jacquet and Langlands classified all the irreducible infinite-dimensional admissible
representation of Gj. Let p1 and pg two characters on Q, and define

Cioc. (i1, p12) = {sa :G, — C

 is locally constant and for each a1,a2€Qy }

w((aol ;2)g>::“1(‘11)#2(a2)‘ o ‘1/2

ay ©(g)

where |-| is the p—adic absolute value. We have an obvious action of G}, on Cjoc. ({11, f12) via right
translation. Denote such representation with p(u1, u2). It is possible proving that p(pi, pe) is
reducible if and only if p = pypo = | - |*1.

Definition 3.1.6 Whenever p(u1, p2) is irreducible it is called a principal series representation.

Suppose now that the representation is reducible, we have two cases, namely p = |- | and
pw=|-|"L. If p=]-|]7! then p(u1, ) has a 1-dimensional subrepresentation and in particular,
setting w = 1| - [V/2 = po| - |7'/? we have a function g — w(det(g)) which is stable under the
action of G,: such map spans hence a 1-dimensional invariant subspace. In the other case, i.e.
if 4 = |-, there exists a 1-dimensional quotient of p(u1, i2).

Definition 3.1.7 In both the above cases, the infinite-dimensional subquotient of p(u1, pe) is
called the special or Steinberg representation and it is denoted with sp(ju1, p2).

Let 7(u1, p2) be the unique irreducible infinite-dimensional subquotient of p(p1, po) (i.e. m(u1, 12)
is either p(u1, p2) or sp(p1, p2)). One can characterize such representation with the

Proposition 3.1.8 (|[Go70], §1, Thm. 4.7) m(u1,p2) is equivalent to w(u}, ph) if and only
if {pa, pa} = {ph, o}
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Definition 3.1.9 (i) Let V a complex vector space. We define the admissible dual of V' as

Ty . @ s linear and exists U, open an compact
V= {80 Vv C of Gp such that ¢ is invariant under U

(i1)  Each admissible representation of G, not of the form m(u1, p2), are called supercuspidal.
They are characterized by the property that for all v € V and functional ¥ € V, the functions
g+— 1 (m(g)v), called matriz coefficients, have compact support modulo the center Z,.

Remark 3.1.10 Every irreducible admissible representation of G, defines a character of the
centre Z,. In fact, Z, = Q. is a totally disconnected locally compact group and so by Schur’s
lemma (see [Bu98]|, proposition 4.2.4) Aut,(V) = C*, where Aut,(V) is the space of all (in-
vertible) operators commuting with 7. As the center Z, has to be mapped to Aut, (V) (because
it is abelian), we obtain hence a character 7|z, : Z, = Q,;; — C*, called the central character
of m.

We are interested in considering particular admissible representation of G/p.

Definition 3.1.11 Let (m, V) be an admissible representation of G), on which there ezists a
Gp—invariant positive-definite Hermitian form. We call unitarizible every representation of
this type.

One can classify completely the irreducible ones, namely they are
1) Continuous series: principal series (1, u2) with p; and pg unitary;
2) Complementary series: principal series 7(u, i~ ') with g = |- |° for areal o, 0 < |o| < 1;
3) Discrete series: special or supercuspidal representations with unitary central character.

Proposition 3.1.12 ([JL70], Lemma 15.2) Unitarizible discrete series representations are
square integrable i.e. their matriz coefficients are square integrable modulo the centre, explicitly,
called  the (homomorphism of ) representation,

[ Jemom| g <o
Gp/Zp

for dg a non trivial Haar measure on Gy.

Example 3.1.13 ([DI95] Example 11.2.2) The unitarizible special representations are those
of the form sp(x| - ['/2, x| - |~/?) for a unitary character .

We need a last definition concerning a condition on an invariant subspace of the representation.

Definition 3.1.14 An infinite-dimensional irreducible admissible representation m of G, (on
V) is said to be unramified if the subspace VE = {v e V | 7(K,) v = v} is 1-dimensional.

One can prove (see [DI95], §11.2) that the unramified representations are the principal series
representations 7(j1, pi2) for pipy ' # | -|*! and 1, po unramified characters. Further it can be
proved that VE is spanned by the function ¢g on Gy such that, for each k € K,

1/2
oo (54 ) 1) = manpaan) |2

thus the space VX is 1-dimensional.
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3.1.3 Representation over archimedean local fields

3.1.3.1 A brief recall on Lie algebras
For this paragraph we refer mainly to [Bou89], 1.1.2, 1.3.1, 1.3.4 and II1.3.12.

Let V' be a vector space. We have a structure of Lie algebra on gl(V)) = (End(V), [-, ]) with the
bracket given by the commutator, i.e. [f,g] = f o g — go f. In particular, for each Lie algebra
(e.g. either real or complex) (g,[-,-]), we can define a representation of g as the couple (p, V)
for p a homomorphism of Lie algebras and V' a vector space such that

p:g— gl(V).

We are interested in some Lie algebras associated with the algebraic groups GLo(R) and
O2(R) ={A € GLy(R) | AA* =T} for R=R,C.
GL2(R):  gly(R) = (M2(R), [, ]) with [-, -] the commutator;
O2(R): s02(R) = {M € gly(R) | M"=—M} with the induced bracket. Note that

s509(R), as a set, is the set of antisymmetrical matrices.

Remark 3.1.15 (Lie algebra of an algebraic group) In particular, we can associate a Lie
algebra to every (linear) algebraic group over the field K of characteristic zero. The procedure
amounts essentially to consider the tangent space at the unit element, identify it with the
space of K —derivation and equip it with the commutator bracket. We briefly discussed this
construction in but for details we refer to [Mil13], I7.3.

We should recall the so called adjoint representation of a Lie algebra. Take (g, [,]) a Lie algebra
and consider
ad:g— gl(g) st. gr——ad(g) :=[h— [g,h]].

It defines a representation of g called the adjoint action. We have also another adjoint action,
this time of GLy on gly. It is defined as

Ad: GLy(R) — gl(gly(R))  st. X +— Ad(X) = [h— XhX].
An other important object we must introduce is the universal enveloping algebra.

Definition 3.1.16 ([Bou89], Ch. 1, §2, Definition 1) Let g be a Lie algebra over a field
(or ring) k with bracket [, ]. We can consider the tensor algebra T', which is defined as

T=kogd (R (gRgRY - --

and the two-sided ideal

The associative algebra T'/J is called the universal enveloping algebra of g.

Notably the representation Ad extends to a representation of the universal enveloping algebra
of GLQ.
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3.1.3.2 Representations over R
Fix the notation: Goo = GL2(R), Koo = O2(R) the maximal compact subgroup of G. Let g
the complexification of the Lie algebra associated with G, i.e. g = gly(C). We recall the

Definition 3.1.17 A representation (w, H) of a group G on an Hilbert space (H,(-,-)), is said
to be unitary if w(g) is unitary for each g € G, i.e. (w(g)h,7(g)h') = (h,1).

Let m be a unitary representation of G, on a Hilbert space V such that the map Goo XV — V
is continuous. Denote Vj for the subspace of K -finite vectors in V' i.e. the subspace of the
vectors v € V such that m(K)v is finite-dimensional.

We want to associate to m a so called (g, K~ )—module.

Definition 3.1.18 A (g, Koo)—module is a complex vector space Vi with actions of g and Ko,
such that all vectors in Vy are Ko—finite and such that

1) the two actions are compatible, namely, forv € Vp, k € Ko, X € g,
k- (X -v) = (Ad(k)X) - (k- v);
2) for X € s02(R) (i.e. in the Lie algebra associated with K ), it holds that

% (exp(tX) - v) ‘tzo =X v

Taken 7 as above we can define a representation of the Lie algebra g. For X € gl,(R) (i.e. in
the Lie algebra of G ) and for v € Vj, it exists the derivative

d . w(exp(tX))v —v
(*dr) prid (exp(tX)) U’t:o = %g% ;

and it defines an element of Vj. Such derivation defines, by linear extension to g, an homomor-
phism of Lie algebras,

d
dr:g— glb(Vh) st. X — |v— prid (e:z:p(tX))v‘t:O

namely we have defined a representation of the Lie algebra g on V. We have also a representation
(of groups) of K, on Vj induced by the restriction of 7 to that subgroup, i.e. 7|x._ . Denote
with mp the couple of representations (dr, 7|k ). Furthermore we can prove that such couple
satisfies the conditions of the above definition. In fact, for example, we can notice that the two
first conditions are true:

e every v € Vj is K —finite, by definition;
e for each v € V, k € K and X € g, it holds that
(k) (dr(X)v) = dr (Ad(k)X) (w(k)v)

as

dr (Ad(K)X) (r(k)o) = 7 eap(t Ad(R)X)) (m(R)o)],_q = o7 (explt KXE™)) (x(k)o)],,

d _ d
=T (k exp(tX)k™) (Tr(k)v)‘tzo = ﬂ(k)%ﬂ' (exp(tX)) (U)‘t:O =
=7(k) (dn(X)v)
since % (exp(tkX k1)) |t:0 = % (k exp(tX)k™1) ‘t:O'
It can be indeed proved that also the condition 2) in the above definition holds and so (g, Vp) is

a (g, Koo)—module. We refer to [Bu98|, chapter 7, paragraphs §2.2, §2.3 and §2.4, for a proof
of it and for a way more general discussion of such theory.
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Definition 3.1.19 We say that a (g, K~ )—module Vy is admissible if Homg (W, Vp) is finite-
dimensional, for each p: Ko — GL(W).

Definition 3.1.20 Taken an admissible (g, Koo)—module we say it is unitarizible if it is iso-
morphic to a Vy.

The notion of irreducibility and homomorphism of (g, K~ )—modules are the natural ones.

Recall that each character £ : R* — C* is of the form &(t) = sgn(t)™|t|® for m € {0,1}
and s € C. We say that ¢ is the central character of a (g, Koo)—module, if {1} = K NR*
acts via sgn(-)™ (where the centre of G is identified with R*) and the centre of g acts by
multiplication by s (and where Z(g) = C(} 1) is identified with C). It can be proved that

Proposition 3.1.21 FEvery irreducible (g, Koo )—module admits a central character.

Proof: In [Wal88|, Lemma 3.3.2 provides a result analogous to the Schur’s Lemma for this
setting. With the same procedure as in remark (3.1.10)) we conclude. B

Remark 3.1.22 If ¢ is the central character of a unitary representation of G, the induced
(9, K~ )—module, Vj, has € as central character.

Let now p1 and pe be two characters of R* and consider the space

B, p2) = {cp 1Goo — C

 is right Koo-finite and for each aj,a2€R*, g€Goo }

(% 5)9)=mamia)]| 2] (o)

aj
ag
where right Koo-finite means that the space of functions Span{g — ¢(gk)}rek,., is finite-
dimensional. The action of Ko on B(u1,ue2) is defined by right translation and that of g is
exactly the one defined above by equation . With those two actions one can prove that

B(p1, p2) is a (g, Koo )—module with central character pujps. Let now p = puypy . We have the
following three cases:

o the (g, Koo)—module, B(p1, p2) is irreducible unless pu(t) = sgn(t)t™ for some n € Z~{0};

o if u(t) = sgn(t)t" with n > 0, then B(u1, p2) contains exactly one proper (g, Ko ) —submodule
B(p1, p12)® which is infinite-dimensional. Instead the quotient B(py, u2)/B(p1, p2)® ha di-
mension exactly n.

o if u(t) = sgn(t)t™ with n < 0 then B(ui,u2) contains exactly one proper subgroup
B(p1, p12)? which dimension is |n|. The quotient B(juy1, po)/B(p1, u2)? is instead infinite-
dimensional.

Fix 7(p1, po) as B(ui, po) if it is irreducible, B(ju1, u2)? otherwise; in both those cases we call
(1, p2) a principal series for Go and we call it limit of discrete series if = sgn(t). In the
second case we fix (and only in this case) o (u1, u2) = B(p1, p2)® and we call it a discrete series.
Furthermore every irreducible (g, K )—module is isomorphic to one of such module, for a couple
of character (u1, p2). It holds also that m(u1, u2) = m(p), ph) if and only if {1, pe} = {uy, ph}
and o (p1, p2) = o(py, py) if and only if {u1, 2} = {u7, po} or {sgn(-)uy, sgn(-)us}.

We can hence characterize the unitary irreducible representations of G, ™ via the induced
unitarizible (g, K )—module. Explicitly we have

1) Continuous series: m(p1, puo) principal series with p; and pgo unitary;

2) Complementary series: m(u, i~ ') principal series with pjt = | - |” for some real number o

such that 0 < |o| < 1;
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3) Discrete series: o(fu1, pt2) with unitary central character.

In particular, such representation is uniquely determined up to isomorphism and has pus as
central character. Analogously to the non-archimedean case we can define the matriz coefficients
and talk about square-integrable representations m; those ones are indeed the representations
associated with unitarizible discrete series.

3.1.3.3 Representation over C
Taken again two characters p; and s one can give, analogously to the real case, the notion of
principal series representation, p(j1, p2). The main difference in this case is that there are no
discrete series in the complex case. In particular, p(j1, p2) is irreducible except when o 15 1(37) =
2Px4 for p,q € Z such that pg > 0 and if it happens, the corresponding infinite-dimensional
quotient is again of the form p(u}, i) for appropriate characters uf and .

For a complete discussion we refer to [Ge75], Remark 4.8.

3.1.4 The global case

Once developed the local theory we can consider the global one. The main tool is the restricted
tensor product of representations.

For each prime p, suppose exists an irreducible admissible representation 7, : G, = GL(V},).
One can notice that V), is either one or infinite-dimensional as discussed in . Suppose
additionally that ), is unramified for all p not in a finite set of places S. For each p ¢ S, choose

a non-zero vector e, in the 1-dimensional Vpr for K, = GL2(Z,). Define the space

W = Span {®vp

p

vp = ep for all but finitely many p }

which is a Gy module equipped with the componentwise action on each generators and hence
extending it linearly on W.

Proposition 3.1.23 W defines an irreducible representation of Gy
Gf — Aut(W)

which is called the restricted tensor product of the m, and it is denoted ®p mp. Such representa-
tion is independent (up to isomorphism) of the choice of the e,. Moreover the G y—module W
18 admissible, meaning that both the following conditions hold:

(a) every vector in W is fixed by some open subgroup of G¢;

(b) for every compact open subgroup, U, of Gy, the subspace of U—fized vectors if finite-
dimensional.

Proof: See [F179], §2, mainly Ezample 2 which let us apply the general theory developed
in the article, to our particular case. B

We have now to deal also with the archimedean part. Suppose that there exists an irreducible
admissible (g, Ko )—module, Vi, for g = gly(C) and Ko = O2(R). We can consider

V=Ve@W

which is endowed with a structure of (g, K« ) x G y—module, i.e. the two actions are compatible
(as the two actions act, roughly speaking, “componentwise”). We can notice that V' is irreducible,
meaning that it has no proper (g, K ) x G y—submodules. It can be proved further that V is
admissible in the sense that the two conditions
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(A) every vector in V is fixed by some open subgroup of Gy;

(B) for every compact open subgroup U of Gy, the subspace of U—fixed vectors in V' defines
an admissible (g, K~ )—module;

hold. But we can give a stronger result.

Theorem 3.1.24 Ewvery irreducible and admissible (g, Ko) x Gy—module can be written as a
restricted tensor product and the local factors V), and V are unique up to isomorphism.

Proof:  See [JL70], Ch. 9 and [F179], Theorem 3. B

If moreover we suppose that each 7, is unitarizible, then we are able to choose e, to be a
unitary vector for each p € S. Repeating the above procedure it is possible showing that the ob-
tained G'y—module is equipped with an invariant positive-definite Hermitian form. Considering
the completion with respect the induced measure we obtain a W, which defines a unitary rep-
resentation of Gy. Further, if also Vi, is unitarizible, the construction determines an admissible
unitary representation of Gy .

Remark 3.1.25 Suppose that w is an irreducible admissible representation 7 : Gy — Aut(W).
Then, by the above theorem, it is isomorphic to the tensor product ®p mp for a collection of local
representations m, : G, — Aut(V}). One can deduce that ™ admits a central character which
is defined as the one induced by the local central characters. In particular, almost all the local
representations are unramified.

3.1.5 Note on the arbitrary number field case

Suppose now that F is an arbitrary number field and take G = G L9 as an algebraic group over
F. As above we denote G, = GLo(F,) for each place of F' and for the non-archimedean ones
K, = GL2(0,). Again we can construct G(Ar) (e.g.) as the restricted product of the G, with
respect to the K,. We define

K= H K,

v finite

and it is an open and compact subgroup of G(Ap ) and again G(F') — G(Ap) is discrete and
cocompact. In particular, we have that

e In the non-archimedean case the theory is indeed the same as in the case of the p—adic
fields. The definitions are the obvious generalization to the case of F; and the results
are exactly the same; see for example [GeT75], Ch. 4, § B.The p—adic Theory, mainly
definition 4.9, theorems 4.18 and 4.21;

e In the archimedean case, again, the theory is analogous to that on QQ, with the following
modifications (see [Ku04]):

Goo = [] G(F,) = GLa(R) x -+ GLy(R) x GLy(C) x - - - GLy(C)

v arch. h ;;
Koo= [ Ko 02(R) x - O5(R) x U(C) x -+ U(C)
v arch. e ro

for 1 and ry the number of, respectively, real and complex (conjugated pairs of) embed-
dings of F and U(C) = {A € M3(C) | A*A = AA* = 1} for A* the adjoint matrix. Again,
one can associate a Lie algebra to G which center is identified with Z(g) = ®,Z(gy)-
Hence one can speak about (g, Ko, )—modules in a similar fashion.

e The global case is carried out in an analogous manner considering (g, K ) x G(Af ) —modules
with the same definitions: see e.g. definition 2.4 in [Ku04].
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3.1.6 Cuspidal Automorphic representations of G L,

3.1.6.1 Some analysis
Just start with a brief recall about L?—spaces; for details we refer to [Ru87]. Let (X, i) be a
measurable space with positive measure u. We can define, for each complex-valued measurable

1
function on X, f, and for p € Z, the usual p—norm, ||f||, = (fX \f\pdu)g, and hence define
LP(X,p) = {f : X — C | f p-measurable, ||f][, < +oo}

Taken f,g € LP(X, p), denote d(f,g) = ||f — gl|, for the induced metric on LP(X, it). Notice
that d(f, g) = 0 if and only if the functions f and g coincide for almost all x € X. We can hence
define an equivalence relation on LP(X, p1) such that f ~ g if and only if d(f, g) = 0. Taken now
F and G two equivalence classes we define d(F,G) = d(f,g) for any f € F and g € G. We can
regard LP(X, ) not only as a space of functions but also as a space of these equivalence classes
of functions. One can prove easily that d defines a metric and moreover that (LP(X, u),d) is a
C—vector space which is a Banach space with respect this metric. Further, defining

(f.g) = /X f(@)a@)du(z)

it defines an inner product on L?(X, u) which is then endowed with a structure of Hilbert space
(just notice that (£, f) = [|£l,?)-

Before specializing to our case we have to provide a definition of sum of Hilbert spaces.

Let (E,)n be a sequence of Hilbert spaces, endowed with the scalar product (-,-),. Let E be
the space

E={z= (21,22 .. 2n...) € [[ En | D ll2nllh < o0
n>1 n>1
We can define a structure of vector space on E considering the product by a scalar A € C as

Aoz = Az, Az, AT, ) = D Az = AP lzall2 < 400

n>1 n>1

We can notice that, for all n > 1,
120+ ynlln = 2 (lzall7 + yall7)
since, by direct computation, it can be proved that
[l +yl[* + [l = yll* = 2 (|ll1* + llyl1*)

for all z and y in a normed space with norm induced by a (complex) scalar product. Thus the
series

S+l <2 [ 3 llaall2 + 32 | < oo
n>1 n>1 n>1

and so we can define the sum on E as the componentwise sum. By straightforward computations
it is possible showing that those operations define a structure of vector space on E. Further we
can notice that, by the well-known Chauchy-Schwarz inequality,

1
(s yndnl < [l@nlln - lynlln < 5 (112117 + lly1]%)
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hence, if (x,) and (y,) are in F, we can set

<.%', y> - Z<xm yﬂ>n

n>1

since the sum is absolutely convergent. In particular, such map (-,-) : £ x E — C defines a
Hermitian form on E. Moreover it is a positive definite and nondegenerate form as (z,z) =
> 51 |lznl|?. It remains to show that the space is complete. This is indeed a classical and easy
computation with Cauchy sequences and for its proof we refer to [Diu60], Ch. VI, §4.

Definition 3.1.26 The space (E,(-,-)) is a Hilbert space called the Hilbert sum of the Hilbert
spaces (Enp, (-, -)n). Sometimes we refer to it as

(s s0)

to highlight the underlying components.

Remark 3.1.27 (Finite sum) If the sequence (E,), is finite all the constructions become
trivial and with the analogous definition of Hermitian form we construct the Hilbert sum of a
finite number of Hilbert spaces.

3.1.6.2 Definition of Cuspidal Automorphic representation

Let K be a number field and let u be an invariant measure on G := GL2(Af); recall that
K — Ag is discrete and so is Gx := GLy(K) < G. Consider the Hilbert space L?(Gx\Ga)
with respect the measure y; e.g. we can take a (right) Haar measure on GLs(A) (which is a
locally compact topological group) and consider the induced quotient measure which, by abuse
of notation, we denote with p. Define Zxg = K* ({9) and Zy,, = A% (1) for the center of G
and Ga. As G acts unitarily on L?(G\Gy) via right translation, we can define the obvious
representation of Gy,

p: Gy — Aut (LQ(GK\GA)) such that g+ [p(x) — @(zg)].

The right translation via matrices in Z, commutes with the representation p (by definition of
center) and so it can be proved (see [Go70] §3.3) that L?(G\Ga) decomposes into the sum of
the Hilbert spaces. Each of these spaces is of the form L?(Gx\Gy,w), for each unitary character
wof Zy/Zx = A /K>,

L*(Gg\Ga,w) = {(p € LA (Gr\Ga/Zy) ‘ o(v9z) = w(z)p(g) for v € Gk, g € Ga, z € ZA}

for the induced quotient measure on Gx\Ga/Zs = ZyGk\Gy. For every ¢ € L?(Gi\Ga,w)
and g € G we can define the function

Aaxr—>cp<<(1) f)g)@@

which is a K—invariant function on A as for k € K, ({%) € Gk and (3 ¢) (3%) = (§*1%)
for k € K and a € A~K. By definition of the space L?(Gx\Gx) and that of integrability, for
almost all g € G, the above function is also absolutely square-integrable over A/K, where
A/K is endowed with a non trivial Haar measure. We would like at this point to encode some

cuspidality condition. Let

vanishes almost everywhere on Gy

L(Gr\Ga,w) = {90 € L*((Gx\Ga,w))

6> 0 fyyuce((51)a)i }
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the set of parabolic functions. It is possible noticing that LZ(Gk\Ga,w) is a closed subspace of
L?(Gx\Ga,w) and that it is stable under the action of G; in fact, taken ¢’ € G,

Lo Gnaa=[ (1) 6o )d)a

Q\A

and denoted with D the set of measure zero on which the function does not vanish, after
the action it remains of zero-measure (by definition of Haar mesure) and it is indeed Dg'~!.
As L%(G k\Ga,w) satisfies those properties, it makes sense considering its decomposition into
direct sum of Hilbert spaces. In particular, it is possible showing that such decomposition exists
(See [Go70|, §3.5, Theorem 1 and its corollary) and that

L3(GK\Ga,w) = EPH,

where the sum is taken over a countable set of minimal closed irreducible subspaces, stable under
the action of G». Hence we can consider unitary representations p : Gy — GL(H,) = Aut(H,)
such that g — [ — ¢ - g].

Definition 3.1.28 The isomorphism classes of those unitary representations are called cuspi-
dal unitary automorphic representation of G Lo(A) with central character w.

Theorem 3.1.29 (Multiplicity one) Fach isomorphism class in the above decomposition oc-
curs with only finite multiplicity. More precisely such multiplicity is one, meaning that if H, =
Hﬂ — H, = Hﬂ.

Proof:  See [JL70], §10 and §11. W

We can restrict our attention to a subspace of LE(Gx\Ga,w).

Definition 3.1.30 With the notation used in this section, let Ag(w) be the subspace of L3(Gk\Ga,w)
of function o satisfying

(2)
(13) @ 1is right 3-finite, for 3 the center of the enveloping algebra g;
)

©(g) is right K—finite, for K = KoGLo(Z) the maximal compact;

(7i1) @ is smooth as a function on Guo;

(1v) ¢ is slowly increasing as in .

FEach element of Ag(w) is called a cuspidal automorphic form on G La(A) with central character
w.

Theorem 3.1.31 (i) Ag(w) is an admissible (g, Ko ) X G y—module;
(ii) Aog(w) is a dense subset in L3(Gr\Ga,w);

(143) Ao(w) decomposes as algebraic direct sum of irreducible admissible (g, Ko) x G f—module
(which are still unitary representations)

with each V,, dense in the correspondent H,.

Proof:  See [GeT5], §5 mainly theorem 5.1. W
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Theorem 3.1.32 (Strong multiplicity one) Let V,, and V3 be two constituents of the de-
composition at point (iii) of the previous definition. Denote the Gp—modules associated with
those constituents with Vo, and Vs, and suppose that Vo, = Vg, for all but finitely many
primes p. Then Vo, = V.

Proof:  See [GeT5], §6 and theorem 5.14 which is proved in it. B

Remark 3.1.33 We can focus on a particular quotient, namely X = RYGg\Ga, where R is
identified with the centre Z,, of GLy(R)". X is endowed with a Gy —invariant measure as the
above spaces and the same constructions can be applied to X. We obtain hence, L?(X) and
its closed invariant (with respect to the action of G as above) subset L3(X). Again, L3(X)
decomposes as a sum of Hilbert spaces Ry, where the R, are closed irreducible subspaces, stable
under the action of G5. We can consider also cuspidal automorphic forms in the same manner
as above.

3.2 Jacquet—Langlands correspondence
3.2.1 Representations of quaternion algebras

Let B be a quaternion algebra over a number field F' and consider the group of invertible
elements of B as an algebraic group over F. For each place of F' set B, = (B ®@F F,) and denote
the algebraic group of the invertible elements of B as

G'=B* = G,=G'(F)=(BarF,)"

for each place v of F.
For each unramified place of F', v, we know that there exists an isomorphism

0, : B, — M>s(F)

and we want to fix such isomorphism. Let hence B be a maximal order in B and denote by B,
the induced module in B,. We can choose 6, as that isomorphism such that 0, (B,) = M2(O,)
(if v is a finite place). Thus we can identify G| with GLs(F,). We define moreover K as the
maximal compact subgroup of G such that 0,(K]) = K, := GL2(0,) and the correspondent
maximal compact for the infinite places. We can hence restate all the theory developed in the
matrix case obtaining analogous notions and definitions, up to composing with 6,,.

On the other hand, if v is ramified we know that there exists only one maximal order B, in B,,
namely {z € B, | |n(z)|y <1} and then K| = {z € G}, | |n(z)|, = 1} is the maximal compact
subgroup of G,. As in the matrix case, one can establish a relation between representations of G,
and that of a group algebra (more precisely an algebra of compactly supported locally constant
functions or subspaces of smooth functions). In this way one can give an analogous definition
of admissibility and repeat all the procedure in the matrix case and obtain a classification of
the representations of G,

Theorem 3.2.1 (Peter—Weyl) Let K be a compact group. Then

(i) The matriz coefficients (see below ) of finite-dimensional unitary representations
of K are dense in the continuous functions C(K) and hence in LP(K) for each 1 < p < oo;

(13) Any irreducible unitary representation of K is finite-dimensional;

(7i1) Any unitary representation of K decomposes as Hilbert sum of irreducible unitary repre-
sentations.
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Proof: See theorem 2.4.1 in [Bu98| and §4, Part 7, in [Bul3|. &

Remark 3.2.2 For v ramified, as G,, is compact modulo its center (see ( ) we have that
every irreducible unitary admissible representation of GY, is finite- dzmenszonal.

Moreover any irreducible continuous representation of G, which is finite-dimensional, is admis-
sible (in the usual sense).

With the technique of the tensor product representation, we can think about irreducible
representations of Gy = B*(Ar), namely of the form

o ’
= (X)m,
v
for local representations =, of G,.

3.2.1.1 Cuspidal forms on quaternion algebras
We should start this section defining what is a cusp form on a quaternion algebra. Let

X' = Z ,Gp\G),

for Z!_ the centre of G (with a description analogous to (3.1.5)). As in the GLy case, this
quotient is equipped with a GAF —invariant measure.

Definition 3.2.3 A cusp form on Gf&F s an irreducible unitary representation of GKF which
occurs in the natural representation R’ of GKF on L?(X'"). For natural representation we mean
the one determined by right-multiplication by elements of GAF.

Considering the natural representation of GAF we can give the following definition, where K’
is a maximal compact in G’KF and 3’ is the centre of the universal enveloping algebra of the
complexified Lie algebra of G, where the universal enveloping algebra is defined as in (3.1.16]).

Definition 3.2.4 An automorphic form on GAF (or for the quaternion algebra B) is an element
of the space of K'—finite and 3'—finite function in L?>(X'). Those elements can be, equivalently,
defined as the functions ¢ on GAF satisfying

(1) ¢(vg) = p(g) for all v € G';

) vy
1) p(z9) = ¢(g) for all z € Z!
iii) p(g) is right K'—finite;
) as a function on G, ¢ is right 3'— finite.

Remark 3.2.5 We do not have to require the “slowly increasing” condition as the underlying
space is compact.

In particular, following [Ge75], we give the

Definition 3.2.6 Let ©’ be a unitary representation of G'y, with central character 1. Then w’
is a cuspidal form of G if it is an irreducible unitary representation of G'y which occurs in
the decomposition of the natural representation (i.e. that induced via right translation) of Gy
on L?(X',v) which is defined as the space of L?>—functions, @, such that p(zb) = 1 (z)p(b) for
z e Z(GY).
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3.2.2 Fourier transform and measures

3.2.2.1 Schwartz-Bruhat functions and Characters

Before talking about representation we need the definition of the Schwartz-Bruhat functions
and some remarks on additive characters. Let X be either a local field, K, or a quaternion
algebra over K, B, such that B 5 R.

Definition 3.2.7 The space of the Schwartz-Bruhat functions on X s
{f X —C ‘ f is smooth and rapidly decreasing functz’on} if X DOR

S(X):=
{f X —C ‘ f is locally constant and with compact support} otherwise

Remark 3.2.8 It is possible to endow S(X) with a topology and we will refer to it as the
standard topology. As the technical definition is not relevant to our purpose, we refer to [We64],
Ch. 1, paragraph 11, for a precise construction.

Let G be a locally compact group and take dg a Haar measure on it. For each isomorphism
a of G, we call d(ag) the Haar measure defined on G by [, f(ag)d(ag) := [ f(g)dg for each
measurable function f on G. The proportionality factor of those two measures is ||a|| = d(ag)/dg
is called the module of the isomorphism a. We have, for each isomorphisms a and b and each
measurable subset C,

vol(aC) = /G Yoo (9)dg = /G Yoo (ag)d(ag) = /G Yo (9)d(ag) = [l /G xe(9)dg = |[al|vol(C):

|lab[[vol(C) = vol(abC) = ||al[vol(bC) = ||al| - [[b][vol(c) == ||al| - [[b]| = ||ab|
for x. the characteristic (or indicator) function of C. We have then

Definition 3.2.9 The module of an element x € X*, denoted with ||z||x is the module of two
isomorphisms of multiplication on the left (or on the right) in X. The norm of x is N(x) =
Nx (@) := [2]|%"

In particular, one can show by direct computation that, if || is the usual module of a real or
complex number, we have for z € X

leflx = |zl llallc = |2%  llzllx = N(z) ™" = Nx(Bz) ™' = (#B/Bx)”" it X 2R
for B a maximal order of X (containing Of).

Remark 3.2.10 (Characters) The association z — N(x)® defines a character on X and it is
unitary if and only if s € C is purely imaginary. Furthermore every character on the quaternion
algebra B is of the form x, = x, on for n the reduced norm on B and x, a character on K.

Example 3.2.11 K = Q,, v — exp(2mi(z)) with (x) = ap™™ the unique rational number

in [0,1] N Q, such that z — (x) € Z, (as Q, 2 = >, a,p’ for n € Z and so take ap™™ =
( Z_:ln aip”m) p~™ withm =inf{m |0 <m < —n:a_,, # 0}).
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3.2.2.2 Self-dual measure
Let K be a local field of characteristic zero and denote K for the additive abelian group of K.
Let v be a non-trivial additive character of K.

Lemma 3.2.12 Taken the topological dual character group Hom(K*,C*X), we have a topo-
logical and algebraic isomorphism

Kt — Hom (K™, C) 5.1. n— Uy

Jor iy (&) = Y (ng).
Proof: See [Ta67] lemma 2.2.1. W

We can hence give the

Definition 3.2.13 (Fourier transform) For each f € L'(KT) we can define the Fourier
transform of f as

fo) = [ r©ui-neyie
K+
for d¢ a non-trivial Haar measure on K.

If f e LY(K™) we can consider the Fourier transform of f and moreover we have the so-called
inversion formula

Theorem 3.2.14 (Inversion formula) For those f € L'(K™T) such that f € L'(K*) there
exists a constant ¢ such that

o= | Tewmede=c 1)

Proof:  See the proof of theorem 2.2.2 in [Ta67]. B

Remark 3.2.15 Asrecalled in [Ku04-1] one property of the Schwartz-Bruhat functions is that
the Fourier transform defines an automorphism of the Schwartz-Bruhat space.

By definition of Haar measure combined with the above theorem, we can normalize the measure
such that ¢ = 1.

Definition 3.2.16 (Dual and self-dual measure) We define the dual measure d*¢ (of d§
with respect to ) as the Haar measure on K+ such that it holds the inversion formula

16 = | Hovmere

for f € LY(K™"). We say that the Haar measure on KT is self-dual with respect to 1 if

f(=8) = f(9

for each f € L*(K*) such that f € LY(K™), i.e d¢ coincides with its dual measure.
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3.2.2.3 Self-dual measure on quaternion algebras

We can generalize the notion of self-dual measure in the setting of quaternion algebras. Let B
be a division quaternion algebra over the local field K. Attached to such quaternion algebra
we have a natural form which is the reduced norm, n : B —— K such that n(b) = bb (see
section ([I]) for details and notations). Recall that we have the reduced trace on B, denoted with
t: B — K such that t(b) = b+ b.

Let 7 be an additive character on K, 7 : K — C* and suppose that it is non-trivial; by
paragraph ((3.2.2.1) we know that a such 7 exists. By Lemma (1.1.2) we know that (b,d') —
(b,b") :=t(bb) is a non-degenerate bilinear form on B and we can consider the pairing

(,):BxB—K

It is non-degenerative (as t is so) and so we can identify B with its dual, B* = Homg (B, K),
via B 3> x > [(z,—) : B — K]. Via this identification we can define the Fourier transform of
a Schwartz-Bruhat function, explicitly, taken ¢ € S(B), we have

d(z) = /B o(y) (@, y)dy

for dy an Haar measure on B such that it is normalized with ¢(z) = ¢(—=); it is called the
self-dual Haar measure with respect to (, ).

Note 3.2.17 In the case of a quaternion algebra B which does not contain R, we know that
S(B) is the space of locally constant function on B with compact support. We can notice
immediately that the Fourier transform of a Schwartz-Bruhat function is then a Schwartz-
Bruhat function, as predicted by the remark in the previous paragraph.

Let now 7 as chosen above and set f(b) = 7 (n(b)).

Lemma 3.2.18 There exists a constant -y, which depends on (, ) and K, such that, for each

¢ € 5(B),
(6= f)(@) =~ fH(@)o(x)
for ¢ x f the convolution of ¢ and f. Furthermore v is an explicit factor, namely v = —1.

Proof:  See [JL70], Ch. 1, Lemma 1.1 and Lemma 1.2. B

3.2.3 Weil representations

3.2.3.1 Representations associated with bilinear forms

Let K be a local field and G = GLy(K). In this paragraph we are going to highlight the notion
of Weil representation; this object is a representation of G which is associated canonically to
a quadratic form defined over K. For this purpose, let B be the “unique” division quaternion
algebra defined over K. Let f, 7 and (-,-) as in paragraph and set |a|p = {(a,a)?.

We can now consider the representation of SLy(K) in S(B) such that

r: SLy(K) — Aut (S(B))

40



it is defined by

(*weit) r ((g aol)) P(x) = \a|]%3¢(ax);
0 1 N
(2 -

(T);

forue K,a e K* and ¢ € S(B).

Proposition 3.2.19 The matrices

ww= (20 sw= (5 0) wa = (8])

fora e K* and u € K, generate the group SLs(K) with the following relations

(@) 5-Bla) = Bla V-5 B2 =—(39);  (0):s-ala)-s = —Bla~Y)-a(-a)-s-a(-a~1);
together with the condition a(0) = 5(1).

Proof:  See [JL70], Ch.1, pag. 7 and [We64]. B

The above proposition guarantees that, if it exists, such representation r is unique. In partic-
ular, Shalika and Tanaka proved in [ST69] that this representation indeed exists. We have hence
associated a representation of SLo(K) to the couple (B,n). During the construction of r we
have however choose a character 7 and so it is correct to consider the association (B, n,7) — 7.
Nevertheless, taken a € K*, the representation r, obtained via (B, n, 7(az)) is related to r with

ao=r((5 9+ %)

The above equation is easily verified checking that both sides satisfy the conditions (% esl)-
Taken b € B*, we can define two operators on S(B) by

Ab)g(x) == ¢(b'x)  and  p(b)¢(x) := ¢(xb)

hence, if a = n(b), by the definition of the above operators and the relation between r, and r,
it holds that

ra()ADT) = A0 r(z)  and  ra(@)p(b) = p(b)r(2)
In particular, r and r, are equivalent if a € n(B*) and this happens if K # R as in this case
n(B*) = K* (see section (|1.4)). Then the association (B, n) — r is indeed well-defined (up to

equivalence). Moreover, if n(b) = 1, by the above conditions, obviously p(b) and A(b) commute
with r(z).

Proposition 3.2.20 If the space S(B) is endowed with the standard topology (see then
the representation v : So(K) — Aut(S(B)) is continuous. Moreover, as S(B) C L*(B), r
extends to a unitary representation v : SLo(K) — Aut(L?*(B)).
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Proof: See |GeT75|] Ch. 7, Remark 7.1 and [ST69]. B

We have determined, in a unique way, a representation (more precisely a class of representa-
tions) of SLy(K) associated with the quaternion algebra B. Using r we have hence to construct
a representation of GLy(K). For this purpose, define G4y = {A € GL2(K) | det(A) € n(B*)}:
by what we have already seen we can deduce that, in our case, G = GLa(K).

Lemma 3.2.21 The representationr of SLa(K) on S(V') extends to a representation of GLa(K),
which, by abuse of notation we denote again with r, characterized by

r: GLo(K) —> Aut (S(V)) such that r (<g ?)) é(z) = ¢(xh)

with a = n(h).
Proof: See |GeT75], Ch.7, Lemma 7.3. B

Definition 3.2.22 The above representation r, of GL2(K), is called the Weil representation
associated with the quaternion algebra B.

The main feature of this type of representations is the strict bound between them and
representations on the multiplicative group B*. Let 7’ be a finite-dimensional representation
of G’ := B* on a complex vector space H. We can consider the tensor product of r with the
trivial representation of SLy(K) on H obtaining a representation, which we call again r, on
S(B) ®c H.

Remark 3.2.23 We can think at S(B) ®c H as the space of functions from B to H whose
coordinate entries, for a fixed basis of H, are Schwartz-Bruhat functions on B.

The observation allows us to consider the subspace of S(B) ®@c H defined by the condition
p(zh) = 7' (" Hg(x) for all h € G’ with n(h) = 1.
By the equations we can notice that this subspace is invariant under r as
(W Hr(y)o(z) = p(h)r(y)é(a) = r(y)p(h)é(z) = r(y)é(zh).
This invariance gives rise to a subrepresentation called 7.

Remark 3.2.24 The restriction to the centre Z(B*) = K* of the representation 7’ is such that
7'(1) = 14 the identity matrix with d = dim¢(H) and 7'(k) = x(a)l4 for x a homomorphism
of groups from K* to C*. This happens as image of an abelian group is an abelian group and
so ' (Z(B*)) is contained in Z(Aut(H)) = Z(GL4(C)) = C*14. Such yx is called the central
character of 7.

Proposition 3.2.25 r,/ extends to a representation of GL2(K) satisfying
a 0 1
e ((5 ) o) = tbe yotan)
for a =n(h). Moreover, taken x: the central character of 7', for each a € K*,

(5 9) =

Further, if H is an Hilbert space and 7’ is unitary, rr can be extended to a unitary representation
of GLy(K) in L*(B,n'). Here L*(B,n') is the closure of S(B,7') = S(B) ®c (7', H) in the
Hilbert space of L?—functions from B to H.
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Proof: See |[GeT75/, Ch. 7. R

By abuse of notation let 7.+ be the representation of GLy(K) in the above proposition. We
have the following two fundamental theorems.

Theorem 3.2.26 Let K be a non-archimedean local field and take B, the unique (up to iso-
morphism) quaternion division algebra on K. Then, for each irreducible unitary representation

7w’ of B*,
(I) The representation 1, decomposes as the direct sum of d = dim(w') mutually equivalent
irreducible representations w(w') of GLa(K);

(II) Each w(7') is supercuspidal if d > 1 and special if d = 1.
Furthermore,
(III) All the supercuspidal and special representation of GLa(K) are obtained via this construc-
tion. Explicitly, the association
7 — w(n')
gives a bijection between the set of equivalence classes of finite-dimensional representation
of B* and the set of equivalence classes of special and supercuspidal representations of

GLy(K).
If K =R and B is the quaternion algebra isomorphic to the Hamilton’s quaternions, the asso-
ciation
7 — w(r')
defines a bijection between the set of equivalence classes of finite-dimensional representation of
B* and the set of equivalence classes of discrete series representations of GLa(K).

Proof:  See theorem 7.6 in [Ge75], remark 7.7 and following. W

3.2.4 The correspondence

We are now prepared to state the most important correspondence between representations on
G Ly and representations on a division quaternion algebra. The notions in section (3.1)) generalize
to the case of number fields (as noticed in section (3.1.5))) and hence we have the

Theorem 3.2.27 (Jacquet-Langlands Correspondence) Let B be a division quaternion
algebra over the number field K, S the set of ramified places in B and G' :== D* (thought as an
algebraic group). To each admissible irreducible unitary representation " = @), m, of GAK, let
m be the representation of Gy,, = GLa(Ak) such that

| ifvég S
Ty = / .
m(m,) ifvels

where T, (7)) denotes, as in section (3.2.3.1]), the irreducible component of the Weil represen-
tation r(By) induced by m,. Then we have

(I) = @ymy is a cusp form for Gu, if 7’ is a d—dimensional cusp forms for GAK, ford>1;
(II) the association

T
restricted to the collection of d—dimensional, with d > 1, cusp forms on GXK 15 a bijection

onto the collection of (all equivalence classes of) cusp form @), m on Ga,., such that 7,
is square-integrable for each place v € S.

Proof:  Sece [Ge75], Theorem 10.5. W
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3.3 Modular forms on quaternion algebras

Considering all the correspondences expressed in the previous sections one can restate the
Jacquet—Langlands conjecture in the special case of modular forms on quaternion algebras. We
refer to [BDO7] for this section in which we introduce the basic notions about modular forms
on quaternion algebras.

Let N be a positive integer and suppose that such N can be written as the product
N = pN*N~, where p is a prime, N~ is a square-free product of an odd number of primes
and p, NT and N~ are relatively prime integers. As stated in the previous sections there exist
a unique (up to isomorphism) quaternion algebra over Q, definite and ramified exactly at the
primes dividing N~. Call such quaternion algebra B and recall that By, := B ®g R = H,
B := B ®q Q; = M3(Q;) for each prime ! which does not divide N~ and B; is isomorphic to
the (unique up to isomorphism) quaternion division algebra over Q; if the prime [ divides N~.
Let 7 = Jim Z/NZ = 1]} prime Z1 be the profinite completion of Z and define, for any (commu-

N

tative unitary) ring A, )
A=A Rz 7.

With this notation we have Q = Ay the ring of finite adeles of Q. We can think to B* as an
algebraic group over Q (see section (2.1))) defining

BX(L) = (B &g L)"
for any Q—algebra L. Once for all fix the following notation:

B* = BX(Q) = B*(Af) [ B!
l

for the group of adelic points of B* and, taken b € B*, denote its p-component with by € By'.
For each p which does not divide N~ we have an isomorphism of Q,—algebras

lp Bp =B X0 Qp — MQ(QP)
which restricts to an isomorphism, which we call again ¢, by abuse of notation, between
p: By = (B®g Q)" — GLx(Qp)

Analogously to the arguments showed in section we can endow B* with the topology
induced by Q, still obtaining a locally compact topological group. Let ¥ = []; ¥; be a compact
open subgroup of B*. Let A be a Qp—vector space (or sometimes a Z,—module) such that the
semigroup of matrices in My (Z)) with non-zero determinant acts on the left, linearly, on A.

Definition 3.3.1 An A—valued modular form on B* of level ¥ is a function
¢: B — A

satisfying
d(gbo) = p(0;, ") - H(b),

forallge B*,be BX and o € 2. Let S(X; A) be the space of such modular forms.

Remark 3.3.2 First of all, we should notice that the space Xy is finite. In fact, it is compact
as B*\B* is compact. By continuity, the image of 3, as a subgroup of B*\B*, is still open
and so it has finite index as the quotient is compact. Hence Xy, has to be finite.
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The second remark is the following. Giving an element of S(X; A) is equivalent to give the
set of its values on a set of representative of the finite double coset space

Xy := B*\B*/%.
Obviously if A is finite-dimensional so must be S(X; A).

We consider two cases for the module A, namely

o A = 7, with the trivial action of the semigroup. The Z,—valued modular forms of level
Y are said to be of weight 2 and the Z,—module of such modular forms denoted by

S2(X) == S(X;Zp).

e Let P;(Q,) denote the space of homogeneous polynomials in two variables of degree k — 2
with coefficients in Q). It is equipped with a right action of GL2(Q)) with the usual rule

(P|y)(z,y) := P(ax + by, cx + dy), for = <CcL Z) ‘

We take
Vi(Qp) := Hom (Px(qp), Qp)
with induced left-action
(y)(P) = v(Ply).

The Vj(Qp)—valued modular forms of level 3 are said to be of weight k and the Q,—module
of such modular forms is denoted as

Sk(%) = 5(%; Vi (Qp))-

We should fix the open compact subgroup 3. For this purpose let R be a maximal order of B
such that
(R ®z Zyp) = Ma(Zy).

Remark 3.3.3 As the quaternion algebra is definite it does not satisfy the Eichler condition
and so one can notice, as done in [BDO7], §2, that the order R is not unique, even up to
conjugation.

For each prime [ not dividing N~, R®Z,, is isomorphic to M>(Z,) and we can fix the isomorphism
1 as defined above, such that (R ® Z;) = M2(Z;). We define hence
(R®Zy)~ if IIN~

Yo(NT, N )=]|% suchthat ¥, =
of ) H : : {Lll (To(N*Z;)) otherwise

where
IL'o(nZy) = {’y € GLy(Zy) | v = (; :) mod an}.

We can consider the spaces
S (Zo(pNT,N7); A)

which are endowed with an action of Hecke operators T; for [ not dividing N (e.g. via Brandt
matrices as in [G8T]; see also (4.2.3])). We can give explicit formulas in the case of weight
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k. In particular, the Hecke operator T; on Sy (Xo(NT,N7)) is defined via the double coset
decomposition

l

GLo(Zy) <0 )

> GLo(Zy) = ]_[ on ()G Ly (7))
n=0
as

(Ty9)(b Zdﬂm )(Plo))-

We can also define the Hecke operator U, characterized by the double coset decomposition

p—1

Lo(pZy) <(1) 2) Lo(pZp) = H onl'o(pZp)

n=0

and so, on S (Xo(NT, N7)), we have

p—1
(Up) (0)(P) =Y ¢(bou)(Pl,).
n=0

We are now able to state a new Jacquet—Langlands correspondence. We refer to [BDO7],
§2.3 for the necessary references.

Take Sk(I'o(N)) = Sk(I'o(N),Qp) the space of classical modular form of weight k, level
I'g(N) and coefficient in Q, (i.e. Sp(I'o(N)) = Sk(I'o(N),Q) ® Q). Suppose, as above that N
can be written as the product N = pNT N~ with p prime, N~ is a square-free product of an odd
number of primes and p, N* and N~ are coprime. Recall that a modular form in Sy (To(NV)) is
old at N~ if it can be written as sum of g(dz) for g(z) € Si(I'o(M)) for M not divisible by N~

and d € Z~{0}. We have hence a subspace S,i\]i*ozd(ljo (N)) of the N~ —old forms and we define
the orthogonal complement of this space as the space of N~ —new form on I'g(N); denote this

latter space with S,ivi_"ew(Fo(N)). With the above notation we have the

Theorem 3.3.4 (Jacquet—Langlands: modular forms) There ezist Hecke—equivariant iso-
morphisms

Sk(So(NT,N7)) = S " (To(NTN 7)),
Sk(So(pNT, N7)) =5 ST (To(N)).
4 The Gross—Kudla formula

4.1 The Atkin—Lehner involution

Let N be a positive integer and consider the congruence group I'o(NV).

Definition 4.1.1 We denote by wq any matrices in GLo(Z)" such that

wQ = <]C\2[z Qyw) and det(wg) = Q

for each Q|N and (Q,N/Q) =1 (i.e. Q||N). If q is a prime dividing N, by abuse of notation
we write wy for wge for ¢*||N (a>1).

Remark 4.1.2 e The condition (@, N/Q) = 1 is redundant as if (Q,N/Q) = d > 1, then
Qd|Q*rw — Nzy = det(wg) = Q, which is impossible.
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e One can prove that the product of two matrices wg, and wq, is a matrix of the form wg,
with @3 the least common multiple of @1 and Q.

Lemma 4.1.3 (Lemma 17 [AL87]) With the notation as in the above definition. Let f €
Si(To(N)), then flwg € Sk(To(N)), i.e. the k—slash operator with wy defines an endomorphism
of Sk(T'0(N)). Moreover the operator is independent of the choice of z,y, z and w in the definition
of the matriz wy.

Combining the remark and the lemma we deduce that |w, give rise to an involution on the
space of cusp forms.

Definition 4.1.4 We define the Atkin-Lehner involution as the operator |w, (or simply wy)
for p dividing N.

Furthermore the following theorem holds:

Theorem 4.1.5 Let f(7) be a newform on I'o(N) of weight k, p a prime dividing N and wy
the corresponding matriz. If f(7) = q + Y. ang™, then

flwp = ¢ep(f) - f, where ep(f) = £1.

Further, if p exactly divides N then e,(f) = —pl_gap

Proof:  See [ALS8T], Theorem 3, (iii) (remembering that their weight k is half of our defini-
tion of weight). H

Remark 4.1.6 If k = 2 then we have that, for each prime p||N, a, = £1.

We can hence notice that the operator |w, determines a decomposition of Si(I'o(/V))™" in the
two eigenspaces corresponding to A, = £1.

4.2 The main formula
4.2.1 The hypotheses

Let N € N>; be a square-free integer and f, g and h three cusps forms of weight 2 on I'g(V).
We suppose that f, g and h are all normalized eigenforms for the Hecke algebra, and are all
newforms of level N. The function F(z1, 22, 23) = f(21)g(22)h(23) is then a newform of weight
(2,2,2) for To(N)3. Assume also that the Fourier expansions of these newforms are given by

+oo 400 +o00
)= and" 9(1) = bug" hr) = cad"
n=1 n=1 n=1

with a; = by = ¢; = 1 and, as usual, ¢ = exp(2wi7). For a prime p dividing N we define
ep = —apbpc, and we have an involution u, = wy, X w, X w, on the space of forms of weight
(2,2,2) where wy, is the Atkin-Lehner involution on the space of forms on I'¢(/V). By theorem
we know that F|u, = ¢),-F holds, for all p|N, as it holds that f|w, = —a,- f, g|lwp, = —b,-g
and h|w, = —c, - h. Moreover, since N is square-free, the coefficients a,, b, and ¢, are equal
to £1. So each €, equals £1 as well as €, which is defined as ¢ = — Hp| ~ Ep- For each prime [
which does not divide N, we can factor the polynomials

l—qX +1X?=(1-oX)(1-oX)
1—bX +1X%2=(1-BX) (1 - 8X)
1—aX +1X* = (1—3X) (1 -7X)
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Definition 4.2.1 The triple product L-function
L(fegoh 5)=L(F, 5)

1s the function defined by the convergent Fuler product

L(F, s)=[[ Li(F, s)- [[ Ly (F, 5)

LN p|N

where

Li(F, s)=(1—aufm- l_s)_1 (1= by - l_s)_1 (L= ayBy - l_s)_l

Ly (F, 5) = (1 = apbpey ‘P_S)_Q (1 = apbyey _p1—s)—2

Remark 4.2.2 Each L; (F, s) has degree 8 with respect to [=° and each bad Euler factor
L, (F, s) has degree 3 with respect to p~®. Then, by comparison with the ¢ (s — %) (with the

usual techniques of analytic number theory) it is possible deducing that the Euler product

converges absolutely for Re(s) > % i.e. the triple product L-function is defined in the half plane

Re(s) > 3.

We can define as well the archimedean L—factor as (See [GK92])
Loo(F,s) = (20)># D(s)[(s — 1)

and hence define, for Re(s) > 5/2, the function

A(F,s) = Loo(F, s)L(F, s)

Proposition 4.2.3 The function A(F,s) has an analytic continuation to the whole s—plane
and satisfies the functional equation

A(F,s) =¢- N5 . A(F,s — 4)

Proof:  See [GK92], Prop. 1.1 and § 7. W

From now on we assume that the sign in the functional equation is +1 i.e Hp‘ N €p = —1 which
is equivalent to say that #{p | p divides N, ¢, = —1} is odd.
4.2.2 Curves and orders in quaternion algebras

Let B the unique (up to isomorphism) quaternion algebra over Q, ramified at the even set
S ={p|pdivides N, ¢, = -1} U {o0}

and let R be an Eichler order in B with reduced discriminant N and level L = N/D where D is
the discriminant of Bi.e. D = Hpe S~ {0} P- Such Eichler order is unique up to local conjugation.
In particular, for p € S, R, = R ® Z,, is the unique maximal order in the local division algebra
B, = B® Q,. Instead, for p ¢ S, R, is conjugate to

(R

¢c=0 (mod sz)}
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in the matrix algebra B, = My (Q,). Let hence R= R®Z and B= B®Z = B ®q Ay, where
Ay is the ring of finite Adeles over Q. Let n be the class number of R and let {I1,...,I,} be
a set of ideal representing the ideal group, with I; = R. For 0 < i < n let R; the right order
of the ideal I; and define (the setting is that of theorem with base field Q) the groups
I'j = R*/Z* = R /(£1). It can be proved (See [G8T7], §1) that each T'; is finite and hence
we can define w; = #I';. Recall that these integers are independent of the choice of R as is
the choice of the set of representative {I;}. Gross proved (See [G87], § 3) that to a quaternion
algebra B and an Eichler order R of B, as above, can be associated a curve Y over Q of genus
zero, endowed with a right action of the group B*/Q*. Moreover he showed that exist a curve
X defined as the double coset space

x = ((m\B*) xv) /B
which is the disjoint union of n curves of genus zero over Q. Indeed (See [G8T7], § 3) X can be
written as
n
H Y/T;.
i=1
Let Pic(X) be the free abelian group of rank n of isomorphism classes of divisors on X. This

has, as basis, the elements {e1, ..., e,} where e; has degree 1 on the component X; = Y/I'; and
degree 0 on X for j # i. We define P = Pic(X) @z Q = @;-, Qe;.

X

12

4.2.3 Brandt matrices and the height pairing

Let 1 < [,5 < n fixed. With the notation as above, we define the product M;; = I =

> akby | ax € Ij_l, by € I;} which is a left ideal in R; with right order R; (see lemma )
We set n(b) as the reduced norm of b € M; ; and n(M; ;) as the unique positive rational number
such that the quotients n(b)/n (M ;) are integers without common factors (recall that an ideal
is a lattice). Define the theta series ; ; as

1 iy W, .
Hl,j _ o Z e2 i(n(b)/n(My ;)T _ Z Bl,j(m)qm where ¢ = e2miT
J beM, ; m>0

These functions (on the upper half plane) are modular forms of weight 2 for I'yg(IN) (e.g. those
are theta functions associated with a lattice). Their Fourier coefficients are given by the entries
of the Brandt matrices of degree m i.e.

B(m) = (Bi,j(m)),<; j<n

We can notice that

1 1 1
L e T e 1
BO)=5|: © B(1) = :
B O 1
w1 wa Wn

and for m > 1, it can be proved that B(m) has non-negative integer entries.

Note 4.2.4 Pizer showed that the Brandt matrices depend only on the level and not on the
choice of the order (See [P80], Prop. 2.17).

Proposition 4.2.5 For allm > 1 and i =1,...,n we define on Pic(X) the Hecke correspon-

dence
n

tm(ei) = > Bij(m)e;
j=1

i.e. on the basis {e;}7_, of Pic(X) we define the action of t,, by multiplication with the transpose

B(m)* of the m — th Brandt matriz.
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Proof: See |G8T7], Proposition 4.4. B

It’s possible defining a height pairing (, ) on Pic(X), with values in Z, as follows:
(ei,ej) =01if i # j and (e;, €;) = w;
and then extended bi-additively, namely, if e = > a;e; and ¢/ = >~ bse; are two divisor classes ,

then (e,e’) = > | a;bjw;. This pairing is positive definite and moreover the next proposition
holds.

Proposition 4.2.6 For all classes e and €' in Pic(X),
(tm(e), €') = (e, tm(€))
Proof:  See [G8T7], Proposition 4.6. B

We can extend all these results to Pic(X)®Q and it can be proved (See [GK92], §10 and [G87],
§4) that, for each prime [ which doesn’t divide N, the operators ¢; commute with each other
and are self-adjoint with respect to the height pairing. They may therefore be simultaneously
diagonalized on Pgr = Pic(X) ® R. Further we have the following

Proposition 4.2.7 If f = > a,(f)q¢" is a cusp form of weight 2 for To(N), there exists a
unique line (af) in Pr such that

tilar) = ai(f)-ay  for all primesl N
Proof: See [GK92], Proposition 10.2. B

Remark 4.2.8 This proposition establishes a correspondence between cusp forms and line in
Pr, preserving the set of eigenvalues.

In terms of our choice for a basis for Pic(X) we can write ay = Y | Ai(f)e; where X;i(f) € Q(f)
are algebraic and uniquely determined up to a scalar.

4.2.4 The formula

In [GK92], Gross and Kudla showed that there exists a precise relation between the special
value of the L—function at the critical point s = 2 and all the object we have introduced. More
precisely they proved the following

Theorem 4.2.9 (Corollary 11.3, [GK92]) With the notation as above, it holds that
n 2
Lifegoh?) — [l |1 ewg [ eon|I* (i wiNi(£)Xi(g)Ai(h))
’ 2r N2t Do widi(f)? - 20 wiki(g)? - 220y wiki(h)?

where t = #{p : p|N} and wy = 2mif(21)dz1 (with wy and wy, having a similar definition). More
precisely we can normalize the Petersson inner product as

(f1, fo) pet = 2372 / fi(z) fa(2)dxdy with z =z +1iy
Co(N)\H
and so
P =2 [ 17(:)Pdady
To(N)\$
with analogous expressions for ||wy|[* and ||wp||?.
Proof:  See [GK92]. H
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4.3 Examples

We want now discuss the case g = f, h = f. Let f, as before, be a new cuspidal eigenform for
I'o(N) and suppose moreover that f = > a,q™ has integral Fourier coefficients with aq(f) = 1.
With the notations introduced in this section we can compute the algebraic part

n 2
iz widi(f)?)

of the special value of the L—function. We focused on the case of conductor N = 37 and N = 15.

4.3.1 Case N =37

In this case the conductor N = 37 is prime so ¢ = —e37 and t = #{p | p divides N} = #{37} =
1. Since we require that ¢ = 41, follows that e3;y = —1. By definition of € the quaternion algebra
over Q, B, is ramified at S = {oo}U{ple, = —1} = {00, 37} i.e. its discriminant is D = 37. Since
37=1 (mod 4) and 37 =5 (mod 8), by Proposition , up to isomorphism, B is defined as
the quaternion algebra given by {a,b} = {—2,—37}. Let R be an Eichler order in B of reduced
discriminant N and so level L = N/D = 37/37 = 1 (and hence a maximal one). As 37 = 1

(mod 12), by Note 1} we deduce that the class number n = % = 3. From Note 1)

we also have that W = wjwows =1 (as % € Z) hence we deduce that w; = we = w3 = 1.

Remark 4.3.1 One can deduce (in an algorithmic way) the value of each w; via the structure
of B(0) as in §(4.2.3)). From [P80] we know that

1wy 1/we 1/ws 111
B(O):§ 1/w1 1/w2 1/’[1)3 25 1 11
1wy 1/we 1/ws 111

and so we deduce that each w; = 1.

Note 4.3.2 Without using B(0) to determine the w; we have to associate each w; to the
correspondent element of the basis of Pic(X) and hence to the correspondent A;(f). We can do
it using the linear relations between the w; given by Prop. , i.e. from the fact that each
operator t,, is self-adjoint with respect to the height pairing. Anyway in this case, since all the
w; are equal to 1, there is nothing to do.

At this point we can compute a basis of eigenforms for the space Ss (I'0(37))"“". Moreover we
are looking for forms with integer coefficients of their Fourier g—expansion. By [Stel2] we know
that

fi=q-2¢" —3¢*+2¢* —2¢° + 6¢° — ¢" + 6¢° + 4¢"° — 5¢'' + - - — ¢*T + O(¢*)
fo=aq+d —2¢" —q" —2¢" +3¢" +-- + 7+ O(¢™)

define a basis of eigenforms for S (I'9(37))"“". Since 1 = —e37 = as7(f) we deduce that f =
Y- an(f)g" = f2. We have now to compute the eigenfunction ay € Pic(X) ®z R. By Prop.
and Prop. we know that it suffices compute the eigenvectors and eigenvalues
of the transpose matrix of the Brandt matrix at p, where p is prime and does not divide NNV,
associated with a maximal Eichler order (and so of level 1). In [P80] have been computed the
Brandt matrices for an Eichler order of level 1 which are

B(2) =

[ —

11 2 2 2
0 2 B@3)= |1 1 3 B(7) =
2 0 1 31

W W N
W N W
N W W
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Computing the diagonalization of B(2)" = B(2) and B(3)" = B(3) we obtain

1 1 1 3

P=(1 —-1/2 1 Dy = 0 =P, B(2) P
1 —-1/2 -1 —2
1 1 0 4

Pa=|(1 -1/2 1 D3 = 1 =P, B(3) Py
1 -1/2 -1 -3

We can notice that as(f) = 0 = D2(2,2) and a3(f) = 1 = D3(2,2). Then, since ay is, up
to scalar, the unique vector (written with respect to the standard basis) such that B(m)* -
ar = am(f) - af, we can take ay with integer coefficients. Moreover we can choose a; as
an indivisible element in Pic(X) ® Q, ie., if af = (A(f), X2(f), A3(f))", this means that
ged (M (f), A2(f), As(f)) = 1. From the uniqueness follows that

1 2
(ap) = (| —1/2]) and, up to scalar, we choose af= [ —1
~1/2 -1

hence A\i(f) =2, X\2(f) = —1 and A3(f) = —1.
All the information we have found are collected in the following table.

N ‘ Ep ‘n:rkZ(Pic(X)) ‘ Xi(f) ‘ w;
37 | ear=—1| 3 12,1,1 1,1, 1

Hence we have

3 3
Mz = (wa)\i(f)‘?) =22 1-1=6 My = (Zwixi(ﬁ) =22 414+1=6
=1

=1

and so
M8
M3 6% 6
4.3.2 Case N =15
We have now the case of conductor N = 15 which is not a prime number. Hence € = —e3e5

and t = #{p | p divides N} = 2. As ¢ = +1, it follows that either 3 or &5 can equal —1 and
so the quaternion algebra over Q, B, is ramified at S = {oo0} U {ple, = —1} with #S = 2. For
determining such p we have to look at a basis of eigenfunctions for So(I'g(15))™*", which, by
[Stel2], is given by

f1:q—q2—q3—q4+q5+q6—|—3q8—|—q9—q10—4q11+q12—2q13—q15+0(q16)

then, as the space has dimension one, f = f;. Moreover

ez =—as(f)=1 and g5 = —as(f) = —1

It follows that B is ramified at S = {o0,5} with discriminant D = 5. Since 5 = 1 (mod 4)
and 5 =5 (mod 8), by Prop. (1.6.3), then, up to isomorphism, B is defined as the quaternion
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algebra given by {a,b} = {—2,—5}. Let R be an Eichler order in B, of reduced discriminant N
and so level L = N/D = 15/5 = 3. By Theorem ([1.7.7)) holds that the class number is

=1

R0 () GG G0 6))

=0 =2

15 4 4 2 6
1 3

5
where (3) is the Kronecker symbol at the prime ¢q. By Theorem (|1.7.5) we deduce that

1 1 1 4 4
ZE-:K(_D"?’(E’_D <1+3>=12'3-4.3=3

Since each w; is a positive integer we deduce that, considering w; > we and putting M = %,

w2

w1+w2:M-w1w2:>w1:7Mw 1
9 —

We notice that f(z) = 75—,
contained in [ﬁ, ﬁ}, therefore it is uniquely determined the couple (wi,w2) € N221 with

wy > we, such that > w% = %; moreover w; belongs to the set [%, 3] N N. It follows that either

wy; =3 and wy =1 or wy =1 and wy = 3.

with M > 1, is strictly decreasing for z > 1 and has image

Remark 4.3.3 Using the structure of B(0), and since in [P80] we have

B(O)—l Lw 1/jwg) 13 1\ _1/1 1/3
2 \L/wy 1jwe) 6\3 1) 2\1 1/3)°
we can deduce, with a mere computational approach, that w; = 1 and ws = 3.

We can now compute the Brandt matrix at p, where p is prime and does not divide 15, associated
with an Eichler order of level 3. In [P80] the matrix at p = 2 has already been computed and

it is
B(2) = @ é)

We have now to compute the characteristic polynomial of B(2)"

2-A 3

P(A):' 10—\

‘:A2—2)\—3:()\+1)()\—3)

and, as as(f) = —1, we need the eigenvector associated with the eigenvalue —1, i.e. v = (z,y)"

such that
<2 3) (m) (m) 20+ 3y = —=x
. = — é
10 Y Y x = -y

hence, by the uniqueness of the eigenfunction ay follows that

(af) = ((_11>> = (v) and, up to scalar, we choose ay = <_11)

so A1(f) =1 and \o(f) = —1.
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Note 4.3.4 Differently from the previous example, without using B(0) to determine the wj,
we have to associate each w; to the correspondent \;(f). We can compute directly

o (- = ) 00 - ()0 -
O (- G € - Q)6 -

and notice that the two rows are equal by proposition (4.2.6]). Therefore it holds that 3w; = ws
and so wy and wy have to be wy = 1 and wy = 3.

We can fill in the following table with all the information we have found until this point.
Hence we have

N ‘ Ep ‘n:rkz (Pic(X)) ‘ Ai(f) ‘ w;
15 | eg=+1,65=—1| 2 |1,-1]1,3

2 2
M = (Zw?&(fﬁ) =1-3=-8 M= (Zwi&<f>2> =1+3=4

=1

and so

5 Jacquet’s conjecture

5.1 Representations
5.1.1 Matrix coefficients and contragredient representations

We must recall definition (3.1.9)) and develop the notions of admissible dual and matrix coeffi-
cient in a more general setting.

5.1.1.1 Contragredient representations

Definition 5.1.1 Let F' be a non-archimedean local field. If (w, V) is an admz;ssible represen-
tation of GLy(F), the contragredient representation of GLo(F) is (7,V) with V is the smooth
dual of V', which is defined as

A~

. . A is linear and exists U, open subgroup
V= {A Vv C of GL2(F) such that A is invariant under U

where for the invariance property we mean that A(m(u)v) = A(v) for allu € U and v € V. Its
elements are called smooth linear functionals on V. The action is defined by

#(g)A(v) == A(m(g™ )
forallge GLy(F),veV and A€ V.

In the setting of the definition, one can prove that the contragredient representation is equiva-
lent, in the irreducible case, to the representation (7*, V') such that 7*(g) = m(*¢~!). Moreover
if w is the central character of 7, we can define the representation w™! ® 7 of GLy(F) on V
defined by w™ @ 7(g) = w (det(g)) " m(g). This representation is equivalent to #.
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Remark 5.1.2 (Twists) Let (m,V) be an admissible representation of GL2(F') and x a char-
acter of F*. We can define the twist of © as the representation of GLa(F') on V' defined by

(x®@m)(g) = x (det(g)) 7(g)

and it is another representation of GLy(F') on the same space V.

Proposition 5.1.3 ([Bu98], 4.6.1) Let (w,V) be an unramified representation of GLa(F),
then the contragredient representation is also unramified.

Proof: By the equivalence with 7* we can notice that, if it exists a v € V such that
7(K)v =v (K = GL3(OF)) hence, as *K~! = K, we are done. B

Let F =R or C and take K C GLy(F') the maximal compact subgroup.

Definition 5.1.4 Let (m,V') be a representation of K (e.g. the restriction of a representation
of GLy(F')). For each (p,V),) irreducible finite-dimensional representation of K, we can define

the p—isotypic part of (m,V) as
Vip)=EPWw
W

for W varying among all the K—submodules of V', which are isomorphic to V,.

Definition 5.1.5 Let F' =R or C and (with the usual notation) consider (mw,V') a (g, Koo) —module
for K C GLy(F') the maximal compact subgroup. Let

V _ {A LV C A is linear and it is zero on V(p) for }

almost all irreducible representations p of Koo

The action 7 of Ky is given by

and that of g is given by
T(X)A (v) = =A (r(X)v).

This (g, Koo) —module is called the contragredient (g, K~ ) —module of (w, V).

Analogously to the non-archimedean case we have the equivalence between the contragredient
(9, Koo) —module and the (g, Koo ) —module defined as (7*, V) with 7*(g) = n(tg~1).

Definition 5.1.6 Let (7, V) be an irreducible admissible representation of GL2(A) and write
T = RuTy. We define the contragredient representation as T = Q7.

We would like to work with cuspidal representation in particular it holds that

Proposition 5.1.7 Let (m,V) be an automorphic (unitary) cuspidal representation of GLa(A),
then the controgredient representation (7,V') is an automorphic (unitary) cuspidal representa-

tion of GLy(A).

Proof: See proposition 8.9.6 (and proposition 9.5.8) in [GH11]. H

Furthermore we can give two stronger results about unitary representations.

Proposition 5.1.8 Let p be a prime and let (w,V') be an irreducible smooth representation of
GL2(Qp). If (m, V) is unitary hence the contragredient representation is unitarizible.

Proof: See proposition 9.1.4 in [GH11]. B
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Proposition 5.1.9 Let (w, V) be an irreducible admissible (g, Ko )—module. If it is unitary
hence the contragredient module is unitarizible.

Proof: See proposition 9.4.2 in [GH11]. B

Definition 5.1.10 The complex conjugated representation of (m,V') (complex representation)
is the representation (7, V'), for V the complex conjugated space and T the representation acting

as ©(g9)¢ = 7(g)¢.

Proposition 5.1.11 Let (w,V) be an (irreducible admissible) unitary cuspidal automorphic
representation of GLa(Aq) and write it as ™ = (g k) @ @, Tp. Then:

(a) the contragredient representation is a unitarizible cuspidal automorphic representation;

(b) the complex conjugate representation (T k) @ ®p 7p, V) is equivalent to the contragre-
dient representation.

Proof: (a) is obtained by the above propositions and by proposition 9.5.2 in [GH11]. (b)
is a particular case of proposition 8.9.6 in [GH11]. B

Note 5.1.12 Similarly to that pointed out in (3.2.1]) we can extend the definition of controgre-
dient representation to representation of quaternion algebras. In particular, we are interested
in the generalization of the above proposition having in mind the Ichino’s formula (6.1]).

5.1.1.2 Matrix coefficients

Theorem 5.1.13 (Riesz—Fréchet representation theorem) Let H be a Hilbert space with
Hermitian product (-,-). We define the continuous dual of H as

H" = {A :H — C | A linear and continuous functional}

Then A is an element of H* if and only if there exists a unique y € H such that
Az) = (z,y)

forallxz € H.

Proof: See [Ha51], §17, theorems 1, 2 and 3. B

Let (m,V) be a representation of a topological group G. We can consider the space of
continuous functionals on V' and consider maps of the form

g — A(m(g)v)

for g € G, A continuous linear operator on V and v € V. We can define the matrix coefficients
for a representation (m, V') of GLy(F') (F non-archimedean) as maps of the (above) form

g — A(m(g)v)

for g € GLo(F), A € V, v € V. Analogously we define matrix coefficients for (g, K )—modules
with the contragredient module and, in particular, we can give a global definition in the same
manner.

Note 5.1.14 The Riesz-Fréchet representation theorem assures that, in the unitary case, all
the matriz coefficients are of the form

g — A(n(g)v) = (m(g)v,w)

for a certain w € V and for (-,-) the Hermitian product.
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5.2 Triple product L—functions
5.2.1 On the representations of GLy X GLy X GLoy

Let G be the algebraic group GL2 x GL2 x GLg over the number field F. We consider the rep-
resentations of G (as a group) as tensor products of three representations of G Ly. In particular,
the notion of automorphicity and cuspidality are the same introduced in , ensuring
that all the three components satisfy the conditions. For this reason we usually denote by
II = m ® my ® 73 a representation of G for m; a representation of GLgy for i = 1,2,3. Since
each m; defines a central character, we can speak about the product of the central characters
associated with the ;.

5.2.2 The holomorphic case

Following Harris and Kudla, we can write explicitly the L—function associated with three irre-
ducible cuspidal automorphic representations of GLa(Ag), i.e. in the particular case F' = Q. In
the above hypothesis let 71, m and w3 be three irreducible cuspidal automorphic representa-
tions. We can associate to them three holomorphic cusp forms f1, fo and f3 of weight k1, ko and
ks respectively (as consequence of the Jacquet-Langlands correspondence). We can moreover
suppose that those forms are normalized newforms of level N1, No and N3 respectively and with
nebentypus (i.e. character) ¢;, for i = 1,2, 3.

Denoted by a;(n) the n—th coefficient of the Fourier g—expansion of f; we have, for each ¢,
the classical Hecke L—series

L(s, fi) = Z ai(n) = HL(S,WW)

where, for each prime p [Nj,
1 B 1
(1 —ai(p)p= +ei(p)phi=1725) (1 —al(p)p=) (1 — a?(p)p~*)

Let S¢ be the set of primes dividing the product N1 Ny N3 and let S = Sy U {occ}. Hence we can
define the local factor

L(Sv 772'710) =

1
L(s,(m®@mens), )= H :
( p> ri2sion2y L — ol ©ad® p)ad® (p)p—s

then we have the

Definition 5.2.1 The restricted L—function L° (s, 7] ® mo ® 73) is defined as

L’ (s, M1 @ Mo ® 3) = HL (S, (m ® o ®7r3)p>
pES

Example 5.2.2 (Gross—Kudla L—function) The L—function which appears in the Gross—
Kudla formula is indeed the product of the restricted L-function with the non-archimedean
factors when p|NiNoN3 (which is N3 in the notation of the section ). In particular,
with the notations in (4.2)) and denoted m¢, m, and ), the corresponding irreducible cuspidal
automorphic representations, we have that

1
L(s,f®g®h) = LS(s,my@m, @
S eeeh ll;V[ (1= abyer - 179) - (1 = agbyey - 11-9)° (5,717 & g &)
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We can give an explicit description of this extra factor, which we call k(s) = k(s, N, f,g,h). In
fact, as notice in (4.2)), we have
g = —aibc € {j:l}
Hence, denoted by D the discriminant of the quaternion algebra as in (4.2) we have
1

/{(S) = =
ll;/'[ (1 — alblcl . l—s) : (1 — alblcl : l1_5)2

1 1
U= ) (L aar

pID 5

Example 5.2.3 (Garrett’s triple product L—function) Let f,¢ and v three normalized
holomorphic eigen-cuspforms of weight k, for the full congruence group SLs(Z). Then we are
in the above case, with trivial characters ¢; and such that Sy is empty. Namely the Garrett’s
L—function is

Lypu(s) = L% s, f o 0 © )
Garrett provided an integral representation of this L—function in [Ga87]. For its functional
equation and its properties we refer to [Ga87| and [PSR87].

Set & : A* — C* as the central character of 7;, for each i, and consider the product w(z) =
€1(2)&(x)&3(x). Define further the weight of the L—function LS (s, m & mo @ 73),

w =k + ko + ks — 3.

Theorem 5.2.4 There exists a meromorphic extension of the L—function. Moreover, if the
product w(z) = ||z||} and w is odd (for || - ||a the adélic norm), then there exist

e Euler factors for each p € Sy,

f/(s, (7T1 QT2 & 7r3>p) = P(;—s)

for P(t) € C[t] and P(0) = 1;

e Archimedean factor V(s,m @ma®ms) (in the holomorphic case as above it can be identified
with a product of I'—functions and (—functions;

o c—factors, £(s, (m1 @ T2 @ m3)p);

such that, defined

Liin(s,m @ T ®@m3) =L°(s,m @ my @ m3) - H L(s, (11 ® m2 ® 73),)
pGSf

E(s,m @ My ®@m3) = H (s, (m ® T @ m3)p)
pESf

it holds that
(a) there exists a functional equation
Lpin(s,m @ T2 @ m3) = &(s,m @ T2 @ 73)U(s5,m1 @ Mo @ 3) Lpin(w + 1 — 8,1 @ 73 @ 3)

(b) I:fm(s,m ® 9 ® 73) has no poles at the center s = wTH of the critical strip.

Proof: This theorem sums up (as noticed in [HK91], §1) the main results in the article of
Piatetski-Shapiro and Rallis, [PSR87], namely Theorems 5.2 and 5.3. B
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5.2.3 Langlands L—functions

The above theorem can be reformulated in order to deal with more general L—functions asso-
ciated with automorphic forms.

At this point we should introduce the so-called Langlands dual of an algebraic group. Since the
construction and the properties are not of so easy description we will develop exactly what we
need and only in two particular cases. For a complete discussion of the Langlands dual we refer
to [Bo79] and to [AG9I1], §2.

Let F be a number field. The Langland dual, “G, of the linear algebraic group G (over F) is a
semi-direct product
Lg.=G«r

where I' := Gal(F/F) is the absolute Galois group and G is a complex linear algebraic group.
We have to define a topology on the Langlands dual. In particular, the topology is that on the
underlying space as proved by proposition 27 in [Bou07], which states that

Proposition 5.2.5 Let L and N two topological groups with an action of L on N. Consider
the map
NxL>(nd)—1l-neN

where - is the action of | on n. Taken the product topology on the product, suppose that the
above map is continuous. Therefore the product topology on the underlying space of N x L is
compatible with the structure of group, making the direct product a topological group.

Proof: See proposition 27 in [Bou07|, TG II11.18, §2, N°10. &

Definition 5.2.6 The topology described by the above proposition is usually referred to as the
semi-direct product topology.

Since G is a complex algebraic group we have a natural topology on it and the Galois group
I" is a profinite group, so it is endowed with the profinite topology. With a precise study of the
construction of the Langlands dual, as presented in [Bo79], and with proposition it can
be proved that the map
GxT3(g,7)—~-ge

is continuous, and then, that the Langlands dual is a topological group with the semi-direct
product topology.

Definition 5.2.7 ([Bo79], §2.6, §8) A representation of the Langland dual is a continuous
homomorphism r : “G — GL,,(C) whose restriction to G is a morphism of complex Lie
groups.

An element of an algebraic linear group G, is semi-simple if it is diagonalizable (as a matriz).
An element © = (u,7y) € LG is semi-simple if its image under any representation r is so.

Proposition 5.2.8 (Proposition 2.2, §2.1.2, [Hi00]) Let G be a profinite group and con-
stder a continuous group representation of it on a finite-dimensional complex space, endowed
with the euclidean topology. Hence the representation has finite image.

Remark 5.2.9 (§2.6, [Bo79]) Let 7 be a representation of “G. By proposition , ker(r)
contains an open subgroup of I', hence it can be proved that r factors through Gx Gal(L/F) for
L a particular finite Galois extension of F'. Moreover, by proposition and since Gal(L/F)
is finite (and so endowed with the discrete topology), G x Gal(L/F) has a natural structure of
complex algebraic group.
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One can hence associate to an automorphic representation of G(Ar) (with the usual defini-
tion), say ™ = ®,7y, the set

o(m) = {ou(m) = o(m,) | v S}

for S the finite set of places, S D S at which 7, is ramified. Here, o, (7) = o(m,) is a conju-
gacy class of a semi-simple element in “G, such that the projection on the Galois group is the
Frobenius class at v (for a recall on decomposition groups and Frobenius at a prime see [SDO01],

§5).
Moreover one can prove that such set determines uniquely the representation 7.

We can hence define an automorphic L—function associated with an automorphic represen-
tation, 7, of G(Ar) and to a (finite-dimensional) representation of “G,

r: LG — GL,,(C)
We associate to this couple of representations the family
{r(av(w)) | v ¢S}

of semi-simple conjugation classes in GL,,(C), where S is as above. Then we can finally give
the

Definition 5.2.10 The general (restricted) automorphic L—function is defined as the product
r(ow(m)\ ™
LS(S,?T,?") = H det (1 — W
vgS

for Nv the norm of the prime associated with the (finite) place v and s € C.

5.2.3.1 Rankin—Selberg L—functions
Let F = Q. We can define the so-called Rankin—Selberg L—functions.

Definition 5.2.11 Let w1 and m be two automorphic cuspidal representations of GLa(A) with
unitary central characters and let S O So the set of places at which at least one of the two is
ramified. Let fi and fo two cusps forms (with characters €;, weight k;) corresponding to w1 and
o via the Jacquet-Langlands correspondence. For each p ¢ S take oi(p) and B;(p) such that
(for a;(n) the Fourier coefficients)

(1 —ai(p)p™® + Ei(p)pki_l_zs) =(1-as(pp™) (1= Bi(pp~™)

The Rankin—Selberg L— function of m1 @ wy (with w1 & w9 viewed as a representation of GLa(A) X
GLy(A)) is the Euler product

Lg(s,m ®mg) := H Ly(s,m1p ® map)

PES
for
2 2 1
Ly(s,m1p @ moyp) i= -
pl(%: Ty © 72) Zl_[lell—az(p)ﬁy(p)p :
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We can realize (and generalize) this function as a Langlands L—function. Suppose that F is
a generic number field and take G = GLy x G Ly as an algebraic group over Ar. The Langland
dual, LG, of G is the semi-direct product

LG := (GLy(C) x GLy(C)) x T

where the absolute Galois group I' := Gal(F/F) acts trivially on G := GLy(C) x GLy(C). Let
71 and 72 be two automorphic (cuspidal unitary) representations of GLa(Ap) thus m ® mg is
an automorphic (cuspidal unitary) representation of G. Take r a representation of “G such that
the restriction to (3 is the natural

r: GLQ((C) X GLQ((C) — GLQ((C)
induced by the tensor product. Thus one can prove that the Rankin—Selberg L—function is

LS(87 T & 7%2) = LS(S77T1 & 7727T)'

Proposition 5.2.12 The Rankin—Selberg L—function admits a meromorphic continuation to
the whole complex plane. Further, it has a pole at s = 1 if and only if 79 = 71.

Proof: See [Bu98]|, Prop. 3.8.4, Prop. 3.8.5 and following. H

5.2.3.2 Adjoint L—functions

Let F = Q. Suppose that the Rankin—Selberg L—function admits a pole at s = 1. Hence, we
are in the case
LS(’S) T ﬁ-)

for m automorphic cuspidal (unitary) representation of GLy(A). In particular, we can factor it
as

Ls(s,ﬂ' X ﬁ') = CF,S(S) . LS<8, T, Adj)
for (r s(s)the partial Dedekind zeta-function of F as in ([1.7.2]) up to the factors in 5, i.e.

Crs(s) =¢r(s)- ] <1 N (JV(lp)s’))

pESﬂSf

and Lg(s,m, Adj) the adjoint L—function.

In the case F' = Q the decomposition is obvious by the definition of Lg(s, 7 ® 7); in fact one
can prove that the Hecke coefficients associated with the contragredient representation are, with
the notations as in the above paragraph, a(p) := as(p) = B1(p)~! and B(p) := B2(p) = a1 (p) L.

Thus we have an explicit expression

- 1) (1) -2

S S
s p p p

In [GJ76] (denoted by La(s,o,x)) and in [Shi75] (denoted by D(s) ) it is possible to find a
proof that such function is entire.
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Let now G = G L2 thought as an algebraic group over Ap for F' a number field. The Langland
dual, LG, of G is the semi-direct product

LG := GLy(C)x T

where the absolute Galois group I' := Gal(F/F) acts trivially on G := GLy(C). Let 7 be
an automorphic (cuspidal unitary) representation of GLy(Ar) and 7 its contagredient. Hence
m ® 7 defines an automorphic representation on GLy(Ap) X GL2(Ap). We can consider the
representation of G, r = Ad, the adjoint representation of G Ly (C) on its Lie algebra Lie(G) =
gl,. Notice that considering the representation on the quotient Lie(G)/Lie(Z(G)) is the same, in
fact the scalar matrices define the trivial automorphism. Recall that it is defined as Ad(g)(X) =
gXg~! for X € gl, and g € GL2(C). Hence, the associated Langlands L—function is

Ls(s,W,Ad) = Ls(s,ﬂ' X ﬁ') = <F75(S) . Ls(S,W,Adj)

Proposition 5.2.13 Let f be a normalized new eigen-cuspform of level T'1(N), weight 2 and
character €. Let my be the automorphic cuspidal representation associated by the Jacquet—
Langlands correspondence. Let C. the conductor of the character, then

2272
5(N)’N'Ce’§0(N/Ca)

L(l,ﬂ'f,Ad]) = - < f7f >P6t,F1(N)

2 fN<2

for ¢ the Euler function and §(N) = .
1 otherwise

Proof: See Theorem 5.1 in [Hi81] keeping in mind that the notion of weight is half of our
weight. Notice also that the definition of L(s, f,w) coincides with the one of L(s,ws, Adj) if f
is as in the statement and observing that (with the notation in the article) o3, = €(p) implies
e(p)ozzz, = apf, " as in our definition. M

5.2.3.3 L—functions for Resp/p(GL2)

Let E be an étale cubic algebra over the number field F', i.e. an algebra of degree 3 over F' such
that F®@p F =2 F x F x F for F an algebraic closure of F. In particular, such algebra can be
only of one of the following types:

FxFxF
E= F x F'  for F' a field extension of F of degree 2,
field extension of F' of degree 3.

In particular, we write Ag, by abuse of notation, for Ap = Ap ® p E¥ and we can consider G Lo
as an algebraic group over F. As in (2.1.3]), we can take the Weil restriction Resg,p(GLg). For
example, if F is split, so that £ = F' x F' x F', we have that

RGSE/F(GLQ)(F) = GLQ(AE) = GLQ(AF KRF E) = GLQ(F) X GLQ(F) X GLQ(F).

The Langland dual, “G, of G is the semi-direct product

L@ = (GLy(C) x GLy(C) x GLy(C)) x T
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where the absolute Galois group I := Gal(F/F) acts on G := GLa(C) x GL3(C) x GLy(C) via
the homomorphism
p:I' — Ss

for S5 the permutations group over 3 elements. We define p as a homomorphism associated with
E/F eg.

e if F is a field, then p associates to a homomorphism in I'" the permutation of the roots of
the minimal polynomial of E over F;

o if £~ F x F' (with the above notation), then p associates to a homomorphism in T' the
permutation of the roots of the minimal polynomial of F’ over F;

o if F= F x F x F, then p is the trivial homomorphism.

Example 5.2.14 (Rankin triple L—function)
(See Case II examples: Rankin triple L—function in Part II, §1 in [AG91])

Let G = Resg/p(G Lo g) for E the split cubic étale algebra over F' (i.e. E = F x F'x I'). Let
71, w2 and 73 a triple of cuspidal automorphic (unitary) representations of G Lo(F’) and consider
I = m ®mp ® 3 as a representation of G (F). Since the absolute Galois group acts trivially on

G = GL2(C) x GLy(C) x GL2(C), we can consider the natural (induced by the tensor product)
8—dimensional representation

r: LG — GL(C? ® C? ® C?) = GLg(C)

The associated L—function is the Rankin triple product L—function. In particular, if F' = Q
and f, ¢, 1 are the associated cusp forms, then

L(s,1I,r) = L?Mw(s)

with the notation as in the previous paragraph. We will usually refer to the complete L—function
with the notation
L(s,m ®my @ m3) := Lg(s,II,7) = LI} (s, 11, r)

i.e., up to some local factors, the L—function studied in [Ga87] and [PSR&7].

Remark 5.2.15 (Representations of “G on C? ® C2 ® C2) One can determine a represen-
tation of G on C? ® C?> ® C? in a quite “canonical” manner. We can choose

r: PG = (GLy(C) x GLa(C) x GLy(C)) x T — GL(C? ® C? ® C?) = GLg(CT)

such that the restriction to GL2(C) x GLy(C) x GL2(C) is the natural 8—dimensional repre-
sentation i.e. that induced by the tensor product, and such that I' acts on C? ® C? ® C? via the
morphism p.

5.3 The conjecture

The name conjecture is misleading, in fact, it is indeed a well-known theorem, proved by M.
Harris and S. Kudla in [HK91] and [HKO04].

Let F' be a number field and let 71, mo and w3 be cuspidal automorphic representations of
GLy(Ap). Let L(s,m ® m ® m3) be the triple product L—function associated with this triple
of automorphic representations. Suppose that the product of the central characters of the =; is
trivial. Let {BY | a € A} (for A a certain set of indexes) denote the set of all multiplicative
group of quaternion algebras (up to isomorphism) which are ramified only at places where
the representations 71, mo and 73 are all discrete series. For each B we denote by 7TZ-B @ for
i = 1,2,3, the automorphic representations of BY which are associated with each 7; via the
Jacquet—Langlands correspondence. Then
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Theorem 5.3.1 (Harris and Kudla) L(s,m ® mp ® m3) vanishes at the center of symmetry
of its functional equation if and only if, for all o € A and all f; o € 7TZBC“, the integral

I(fl,ou f2,a7f3,a> = / fl,a(x)f2,a($)f3,a<$)dxx

ApBo(F)*\Ba(AF)*

vanishes, where d*x is the Tamagawa measure on By (F)*\By(Ap)*.

6 Ichino’s formula

6.1 The formula

We are now able to state the so-called Ichino’s formula. It is strictly related to the Jacquet’s
conjecture as it relates the central value of the triple product L—function with the global trilinear
forms

I(én,62,02) = | 61(2)ba(2)3(x) d¥x

ApBX(F)\B*(AF)

defined as above.

Let F' be a number field, £ an étale cubic algebra over F' and B a quaternion algebra
over F. Let II be an irreducible cuspidal unitary automorphic representation of GL2(Ag) =
GLy(Ap ®F E) such that the central character of II is trivial on A} . By the definition of Ag
and the nature of E, we can work on each factor and suppose that there exists a Jacquet—
Langlands lift for IT to II?, irreducible unitary cuspidal automorphic representation of B* (Ag).
We can take an element

I & HomBX(AF)XBX(AF) <HB ® ﬁB,(C)

for T18 the contragredient representation of II?, defined as the double integral

1o0d)= [

/ B! (') & s’
AXB*(F)\B*(Afp) JARB*(F)\B*(AF)

where ¢ € I8, ¢/ € I8, and d*z and d*a’ are the Tamagawa measures on AZ\B*(Afr) (and
then thought as measures on the quotient). Notice that it makes sense considering the above

integral as we have shown in paragraph (5.1.1.1]).

Note 6.1.1 We denoted both the trilinear form in the Jacquet conjecture and the bilinear
form on I8 x II8 with the letter I. We must mention that this choice should not produce any
confusion as those two objects are strictly related. Especially, we have already seen that we can
consider representation Il induced by a triplet of representations and we will see in that
the bilinear form is a product of two trilinear forms, every time we consider elementary tensors
in 115,

Remark 6.1.2 (see [I08], Remark 1.2) Prasad proved that, if F' is a local non-archimedean
field and F is a cubic étale algebra over F, hence

dim(c (HomBX(AF) (HB7(C)) S 1

in [Pr90| (see theorems 1.1, 1.2, 1.3 and 1.4) for E the split algebra and in [Pr92] (see theorems
A, B and C) for the other two cases. An analogous result has been proved by Loke in [Lo01]
in the case of an archimedean local field. Thus, by definition of restricted tensor product repre-
sentations, we can deduce that it holds also in the global case. By definition of tensor product
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(i.e. considering the equivalence between bilinear maps on the product and linear maps on the
tensor) we deduce that

dimg¢ <Home(AF)XBx(AF) (HB ®ﬁB,C>) <1.

We define at this point the BX(Ag)—invariant pairing between IT? and I8 defined by

(6.¢) = / o(h) &/ (h) dh
ARBX(E)\B*(Ag)

for ¢ € I8, ¢/ € 12 and dh is the Tamagawa measure on Ay\B*(Ag). Similarly, for each place
v, we can choose

(i) a B*(E,)—invariant pairing (-, ), between IIZ and ﬁf such that (¢, @) = 1 for almost
all v and for ¢ = ®,¢, € I1% and ¢' = ®,¢!, € 11Z;

(17) a Haar measure d*z, on F,*\B*(F,) such that vol (O;\GL2(O,),d*x,) = 1 for almost
all v. By definition of the Tamagawa measure there exists hence a constant C' such
that

d*x=C H d*x,
v

is the Tamagawa measure on A7 \B*(Ap).

With (i) and (i), for all v we define an element

I, € HomBX(FU)xBX(FU) (H{}3 ®ﬁf,(C)

as .
_ ¢r(2) Lo(1,1L, Adj)

I (o @ &) = Cm(2)  Lo(1/2, 10y, 1)

for ¢, € B, ¢/ € IIB. Here L,(s,1I,,r) is the local factor of the Rankin triple product
L—function as in section ([5.2.3.3)) and L, (1, I1,, Adj) is the local factor of the adjoint L—function.

/ (I8 (2)60, 8L)0 d*2s
FS\B*(Fy)

Note 6.1.3 (Dedekind zeta functions for étale cubic algebras) We have already defined
the notion of Dedekind zeta function for a number field and for a quaternion algebra in section
(1.7.2) and we can define the zeta function for a cubic étale algebra over a number field. In
particular, it is consistent with the decomposition of the algebra as product of number fields,
as it is defined as
¢ f E=FxFxF
(e =1 C(r-Cp if E=F x F', for F'/F quadratic

the usual Dedekind zeta function if F is a cubic extension of F

We denote (g, for the local component at v.

Combining all the introduced objects, Ichino managed to state the following remarkable
result.

Theorem 6.1.4 (Ichino’s formula) Under the hypotheses

(¢,¢)) = H(d)v, B and d*x = dexv

v
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we have the equality, as elements in Hompx (a .)x B (Ay) (HB ® ﬁB,(C),

;1 () L/ 1t

2¢ ¢p(2) L(1,11, Adj)

3 fE—FxFxF
c=42 fE=FXF', for F' a quadratic extension of F,
1

if E is a cubic extension of F.

Proposition 6.1.5 (Remark 1.3 in [I08]) With the above notations and without the hypothe-
ses in the previous theorem we have

I(¢® ¢/) l . <E<2) . L(l/Q,H,T’) H Iv(¢v ®¢2})

6,0y~ 2¢ (p(2) L(1,10, Adj) (Do, B)o

for ¢ = ®@y¢, € I and ¢' = ®,¢!, € ﬁf such that (¢, ¢’y # 0.

6.2 The split case over QQ

We restrict now our attention to the case F' = Q and £ = Q x Q x Q and we will consider
IT formed of three cuspidal automorphic unitary irreducible representations of GL2(Ag) with
trivial product of the central characters. Notice that this is equivalent to the condition imposed
by Ichino that the central character of I, as a representation of GLa(Ag), is trivial on Aj. Again,
B is a quaternion algebra over Q with reduced discriminant D and we denote S := Ram/(B).

6.2.1 Global trilinear forms

We start considering the two objects

(4) I(¢>®¢>’)=/

A% BX(Q\B (Ag) /AgBX (@\B(Ag)
(B) (6,4 = / o(h) & (h) dh
AXB*(E)\B*(Ag)

o(2)9/ () da d*a’

We begin considering the object (A) and we can notice immediately that I is absolutely con-
vergent (since the underlying space is compact) so, by Fubini-Tonelli theorem we can write

I(¢®¢/):/ x dxx-/ (') d*a’
A% B (@\B (Aq) A% B (Q)\B* (hg)

Now on suppose that the quaternion algebra B is definite and take R to be an Eichler order
of level N in B, with level prime to the reduced discriminant of B. Let BX = B* (@) for Q the
finite adéles of Q and denote R := R ® Z. Consider d*z the Tamagawa measure on A*\B* (A)
hence the Tamagawa number of A*\B*(A), i.e. its volume, is

vol (AX\B*(A),d*z) =2
(see for example [V80], page 71, Theoreme 2.3).

Proposition 6.2.1 (§4.1, [Hs17]) There exists a (positive rational) number, vol(R*), such
that, for every f € L' (BX\BX(A)/BOXORX>, it holds

Xz = vol(R* z) - —1
/AXBX\BX(A)WW r=vol(R) Y fla)- (#T)

TeBX\B* /RX

for & the double coset T = BXxR*, and Ty = (BX N xRXxfl) Q*/Q*.
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Proof:  Firs of all just notice that BX\B*(A)/BXR* = B*\B*/R* as the place at infinity
is in direct product with the finite adeles. As Q has class number 1, we have the decomposition
AX = R*Q*Z* so AXB*\B*(A) = B*\B*(A)/R*Q*Z*. As R contains a copy of Z and B,
contains R*Q*, we can realize BX\B*(A)/BXR* as a quotient of AXB*\B*(A). Now it is
obvious that the integration of f gives a sum of values of f times the volume of each coset
of BX\B*(A)/BXR*. The existence of the constant is now true since the number of cosets is

finite by (1.5.5)). B

Note 6.2.2 (§4.1, [Hs17]) We can determine the constant in the above proposition. The first
step is noticing that

~ ~ X
B*NzR*x~ ' = (B N .’ERJ,‘_I)

~ X A~ A~
as (a:Ra:_1> = xR*2~!. Hence, by Note (1.5.5) we know that BX N zR*z~! are the Eichler

orders of level N in B and n = # <BX\BX/]:2X> is the class number of R. With the notation as

in theorem (|1.7.5) we have that (chosen a set of representatives) #I';, = 2w;. We can consider
f(x) = 1 constant function (it is a L'—function as it is continuous on a compact space) hence

2 = vol (A*B*\B*(A),d"z) :/ d*r =
AXBX\BX(A)

. 1 1(R* 1
—_ VOI(RX) Z #F _ AY¢) (2 ) Z E
T i Wi

zeBX\B*/RX

thus, by the Eichler mass formula (1.7.5)), we have

n -1
VOI(RX)=4<ZJH) =4 % (p—l)H<;—|—1> —

for D the reduced discriminant of B.

Consider now (B). We are in the split case, so the Tamagawa measure dh is the product of
the three Tamagawa measures, one on each component of

ASBX(E)\B*(Ag) = (A% BX\B*(4)) x (A% B*\B*(A)) x (A% B*\B"(4)).
The Fubini—Tonelli theorem guarantees the truth of the expression
w.o)= [ o) () s | 2(9) 5(0) 2 | 03(2) 04(2) 02
AXBX\BX(A) AXBX\B*(A) A% BX\BX(A)
forp =1 @paR@¢3 e NP =P @al @7 and ¢ = ¢} ® ¢, ® ¢ € 1B =B @ 7l ® #J.

With proposition (6.2.1)) we can express those integrals as a product of finite sums, under the
restriction of choosing elements in L' (BX\BX (A)/BOXORX)
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6.2.2 Local trilinear forms

After having considered the global trilinear forms we have to deal with the local trilinear forms.
In the split case, they are of the form

1 Ly(1,1I,, Adj)

Iy . B / X
h@wwﬁ_gﬂ)Lﬂﬂﬂwﬁ@mmmm“m%@mdx”

with the notations as in section (6.1]). By lemma (1.4.5)) we deduce that:
(a) if v € Ram(B) then F\B*(F,) is compact;

(b) if v ¢ Ram(B) then F,\B*(F},) is not compact.

Thus, in the case (a) the integral

/ <HUB(J:U)¢U7¢;>U d” xy
FS\BX(Fy)

is absolutely convergent. In particular, Ichino recall that, under our hypotheses, i.e. that II is
an irreducible unitary cuspidal automorphic representation, one can apply the result of Shalika
and Kim [KS02], combined with lemma 2.1 in [I08], to show the absolute convergence. We
have thus sketched the proof of the following lemma.

Lemma 6.2.3 If1I is an irreducible unitary cuspidal automorphic representation of GLa(AE),
the integral

/ <HUB(95U)¢U,¢;>U d*z,
FI\B(Fy)
is absolutely convergent for each place v, in both cases (a) and (b).

This result allows us to compute the above local integral in the unramified cases (and so in
almost all cases) if applied with a second lemma, namely

Lemma 6.2.4 Let F, be non-archimedean, B split at v and assume that 11, = 115 is unramified.

Let ® be the matriz coefficient of 11 (cfr. §(5.1.1.3)) such that
o B(1)=1;
o O(kigka) = ®(g) for ka, ko € GL2(OF) and g € GLy(E).

Take d*x, the Haar measure on F,\B*(F,) such that vol (O \GL2(O,),d*z,) = 1. Then the
integral

L,(1/2,11,,r)
®(z,) d¥zy = (2 . 20\ E 0T
/FUX\GLQ(Fv) () B L,(1,10,, Adj)

if it is absolutely integrable.

Proof:  See [I08], Lemma 2.2. B

The only step left consist in proving that ®(z,) = (IIZ(x,)¢., ¢)), satisfies the hypotheses
of the lemma, but we have

o &(1) = (12 (1) ¢y, @)y = (¢, @), = 1 for a suitable choice of the pairing (-, -)y;

e by the invariance of the pairing and since ¢ and ¢’ are GLy(Op)—invariant (see section
B.14)),

O (k1gks) = (IIF (k1gk2)dv, )0 = (IIF (9)TIF (ko) o, TIE (k1)) =
= (T2 (9)pw, B,)0 = D(g).
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Note 6.2.5 We can always suppose that (¢, @] ), = 1 exactly at those places v at which B is
split and, at the same time, II, is unramified. Hence we have that

Iy(dv ® ¢
<¢’U7 QS;))U
and so the infinite product in the Ichino’s formula becomes indeed a finite product

L(dy @ @) L(¢w ® ¢1))
H (v, D)o H (o, D)o

=1

v vERam(B)

6.2.3 Normalization of the measure

The Ichino’s formula comes with the constant C' and to make it explicit we have to fix such
constant. We consider the normalization chosen by Ichino in [I08], §5.

Let F' be a number field and let 1) = ®,1, be a non-trivial additive character of Ap/F. For
each place v we choose the Haar measure on F

d*z, = CFv(l)|zU\EjdzU

for dz, the self-dual (additive) Haar measure on F), with respect to v,. We take hence the Haar
measure on B*(F,) as
d*zy = Cp, (1)Cr, (2)In(2y)| 52 dx,
for n the reduced norm of B(F,) and dz, is the self-dual Haar measure on B(F,) with respect
to the pairing ¢, (t(xy)) (for t the reduced trace of B(F,)). We need also the measure on the
quotient space, namely the Haar measure on F,\B*(F,) defined as the quotient of d*x, by
d* z, and we follow Ichino denoting it again with d*x, (by abuse of notation). With this choice
of measures we have that, considered d*z the Tamagawa measure on A3 \B*(Af), as stated in
[Tos],
dz=C-[[d*z,  with  C=¢(p(2)7"
v

6.3 Back to the Gross—Kudla formula

We are almost ready to deduce how the Gross—Kudla formula is hidden behind the Ichino’s
formula. We are in the case F' = Q, E = Qx Qx Q and II = 7y ® my ® m, for f, g and h
normalized new eigenforms of level I'g(V) (N square-free) and weight 2. Furthermore we take
B the definite quaternion algebra over Q, ramified at {p : ¢, = —1}, with the notation as in
section . Put S = Ram(B) and suppose that II is unramified outside S.

We can start with three observations:

e In our case the adjoint L—function factors (see [Col6], §3.1) as the product
L(s,I1, Adj) = L(s,m¢, Adj)L(s, mg, Adj) L(s, 7, Adj);

e The Gross-Kudla L—function is a slight modification of the one in Ichino’s formula. In
particular, the variable s has been shifted by a factor —i—% with respect that of Ichino and,
as noticed in example , it differs by a multiplicative factor. For ease of writing we
denote k(s) = k(s, N, f, g, h) the factor, so it holds

L s+§,f®g®h — kK s+§ L(s,II,7);
2 2 ) e——

Ichino

Gross—Kudla
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e As S contains {oo} we have to deal with the local integral at infinity and hence we need
the factors of ¢, L(s,II, Adj) and L(s,II,r) at infinity. The former two objects are defined

as o dt
/ et —
0 t

and, as in [Col6], §3.1, for 7y cuspidal irreducible unitary representation of GL2(Ag)
associated with f € Sk(I'o(NV)),

N|&

Cools) :=m 2D0(s) =7~

Loo(s,mp, Adj) = 2 (2m) "D DP(s 4 k- 1)r= 5T <s J2r 1) .

Plugging in the needed values of s in the above formulas and taking k = 2 we obtain

1 . T(kra 1
Co(2) =~ and  Leo(L, 7y, Adj) = S5 —08 = 5

In the end, we must define Ly (s,II,r) and so we put, following [GK92],

1\3
Loo(s,1I,r) = Lo (s—i—;,f@g@h) = (27) 37T <S+2>F <s—|—2) .

In particular, at the critical value we have
Loo (1/2,1,7) = Loo (2, f @ g @ h) = 2m) ° T ()T (1)° = .
We are now able to recover great part of the Gross—Kudla formula.

6.3.0.1 Global integrals: We must choose the two functions ¢ € II? and ¢/ € I8, Let
R be an Eichler order in B with reduced discriminant N and level L = N/D where D is the
discriminant of B. By proposition (4.2.7) we know there exist (essentially) unique vectors ay,
ag and aj, in Pic(X) ®z R (where X is defined in section (4.2.2)), with the usual notation we
write ap = > 4 Ni(f)ei, ag = > 1 Ni(g)e; and ap, = > | Ai(h)e;, with n the class number of
R and {e;} the standard basis of Pic(X) ®z R. Define, for f and analogously for g and h,

®;: B\BX(A)/BLR* = BX\B*/R* = [[ B*z:R* — C
=1
_ _ W
T — By (7)) = ————=N\i(f) €R
vol(RX)

as in proposition and the following observation. We can thus take ¢ as the map induced
by ®; to AXB*\B*(A) and hence define ¢ = ¢y ® ¢4 @ ¢p. By the characterization of the
contragredient representation, in the unitary case, as the complex conjugate representation,
we take ¢/ = ¢. With this choice of ¢ and ¢, and considering both proposition and

paragraph (6.2.1]), we have
(¢ ®¢)

(@, 0)

_ fAXBX\BX(A) Qbf(x)ﬁbg(l‘)ﬁbh(JU) ngj'fAXBX\BX(A) ¢f(y)¢g(y>¢h(y) d*y _
fAXBX\BX(A) |¢f(.’L') ‘2 dxfoxBx\Bx(A) ’(bg(y) ‘2 dxyfoBx\Bx(A) |¢h(2) ‘2 d><z

3

(vol () Ty & M Aelg) () )
(i widi(f)?) (i wiki(9)?) (i, widi(h)?)
1 (X whi(F)Ailg)Ai(h)?
vol(B) (T widi(D?) (S widi(9)?) (S widi(h)?)
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We deduce that, called A(F') the algebraic part of the Gross-Kudla formula,

I(¢® 9) (F) N 1
(6.0) _Vol(RX)_D-24-3H(p_1)H<1+p) A(F)

p|D

|5

Remark 6.3.1 As B*\B*(A)/BXR* and AXB*\B*(A) are compact we can notice that step
functions, like ¢, are indeed absolutely integrable and also square integrable.

6.3.0.2 Adjoint L—factors: By proposition (5.2.13]) we know that it holds, as f has trivial
character,

2272
6(N) . N - QO(N) ’ <f7 f)Pet,Fl(N)

L(1,7¢, Adj) =

for ¢ the Euler function, §(INV) =2 if N <2 and §(N) = 1 otherwise. By definition of Petersson
inner product we know that

(fs ) perri(vy = [T1(N) : Do(N)I(f, f) Pet,ro(v)
=p(n)

thus, recalling that do not exist modular new eigenforms of weight 2 and level T'y(N) for N < 10
(see, for example, [Stel2] or [M89], §2.5 for a way more theoretical approach),

22 2
L(177Tf7Ad.]) <f f>PetFo

By the decomposition of the triple adjoint L—function we have
L(1,11, Adj) = L(1,m¢, Adj)L(1, g, Adj) L(1, 7y, Adj) =
26 6

(f £ Pet,ro(N) (95 9) Pet,To(N) (s ) Pet,To () =

- 237;73 <f’ f>Pet<g, >Pet<h, h>Pet

where the last equality comes from the choice of normalization in (4.2]).

6.3.0.3 A first formula: We can put together the above formulas obtaining

L@ fogoh. [[ @S0 _

vERam(B) <¢U7¢;’>v
2N (f. ) petlg: g)pet(hs hyper
_K(2)C< )D 24 IH lN <1+ ) ) 23 N3 —
PIp
) € bl € h7h €
=@ ] H( ) )<ff>Pgi292>;]\;2< )Pet.
p|D p|%
Thus, as in we have
B P P p P’
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SO

7 (p—l)H P p+l
‘N(p+1)2p2+1 p
D

2

11 p P p P
N —1p2—1 +1p2+1°
JpP 1P gy prLr

6.3.0.4 The local integrals (at infinity): We must now deal with the factor at infinity.
For this purpose we should investigate the nature of the local component of our ¢ as chosen
in . By definition we can immediately notice that ¢, is the constant function (as the
global function is left BX —invariant) and it is non-zero (again by definition). Hence, we can
follow the argument in section 4.9 in [Hs17] for determining the value of the local integral.
In [Hs17] the component at infinity is indeed chosen to be ¢o, = 1 (with the notation of the
paper, it holds in fact, that x; = 0 for ¢ = 1,2,3) but the normalization of the local factor by
the division on the pairing, guarantees that the computations can be carried on in the same
manner. Moreover it is possible noticing that the representation space is 1-dimensional in that
case. Also our choice of the “contragredient” component is consistent with that of Hsieh and
nevertheless we can take a pairing analogous to that considered in §4 of [Hs17]. Then we have

Too(Po0 ® Pog) Loo(1,115, Adj) / (5 (2o0) Po0; Do) o0
RX\B (R)

(hoor Oooo  Coo(2)2Loo(1/2,Tec, 7) (oo P oo

for dro, the Lebesgue measure induced on the quotient. Hsieh managed to obtain such re-
sult considering some polynomial representations. In particular, he combined the values of the
L—functions and of the (—function at infinity with his lemma 4.11 in which it is computed
explicitly the main part of the above integral. In our case the lemma becomes way more easy
as the values x; and 7 in [Hs17] are all zero.

1
oo =592

6.3.0.5 The local integrals (at the bad primes): It remains to compute the local factor
at the bad primes, namely those indexed by (rational) primes dividing the level of the modular
forms. First of all, we must provide the following structure lemma.

Lemma 6.3.2 Let f be a cuspidal holomorphic modular form of level I'1(N), with N square-
free. Hence the cuspidal automorphic representation of GLa(A) associated with f is such that
the local components m, are special representations for each p dividing N .

Proof (Sketch): One can prove the lemma characterizing the local representations with
the notion of conductor. In particular, we refer to [DI95], §11.2 and |GeT75|, Remark 4.25, for
definitions and a complete list of conductors. It can be proved that in the square-free case,
the conductor forces the above local components to be special representations. We refer also to
[DI95], Examples 11.5.3 and 11.5.4. &

Theorem assures that the local representations Hf , for p| N, are one-dimensional. Hence
the local component ¢, is unique up to a scalar multiple then we can repeat all the observations
made in the above paragraph. The definitions of the two L—functions are given (as we have
already noticed) up to local bad factors. In particular, we can complete them with

2
Ly(s,mp, Adj) := (p(s + 1) and Ly(s,10p,7) :==¢p <s + ;) G <3 + ;) .
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As noticed in [Hs17], §4, we can suppose that the central character of HE is trivial whenever
evaluated at p and so, following Hsieh, we can prove that

Ip(¢p ® &p) _ 2 — 2p2
<¢pa$p>p Cp(l)z (p—1)

for each p dividing N and which is in the set of ramification for B (otherwise the above factor
equals 1 by our previous computations).

6.3.0.6 Conclusion: We are almost done and it remains only to give some conclusive re-
marks.

First of all, combining all the information of the above paragraphs we can recover the Gross—
Kudla formula, in particular, the local integrals at the bad primes provide the factor 2¢ in the
formula. In fact t = #{p: e, = —1} = #{p : p|D} for D the discriminant of B.

Secondly, we must emphasize that the constructions and procedures in [Hs17] are more
general as they are meant to deal with families of modular forms with varying weights and
levels.

In the end, we should mention that the Gross—Kudla formula has been recovered up to some
explicit factors and that this is due to the choice of the measures in [Hs17|. A deeper analysis
of that measures should guarantee our claim.
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