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Abstract

The thesis is mainly divided into two parts. In essence, the first one is an extension of the paper [Ter22].
Using the regularized Siege-Weil formula of [GQT14] we obtain an explicit expression for the truncated
integral of the Siegel theta function. The main application of this result is an explicit formula for the
integral of the logarithm of the Borcherds forms. The result involves different zeta values and coefficients
of Eisenstein series. It completes the work of [Kud03]. Besides the aforementioned formula for the integral
of the theta function, a detailed analysis of the Siegel theta function near the infinity is required.

Chapter two is an extension of the work with Antonio Cauchi in [CT]. The purpose of this part is
twofold. On the one hand, under some conditions, we show that the multiplicity of the Shalika model
of unramified representations for the group GU(2,2) is one. Using this result and following the ideas of
[Sak06], we are able to find an expression of the Shalika functional in terms of the Satake parameter of
a representation in GSp,. On the other hand, we use this result and to establish a relationship between
a zeta integral for a group GU(2,2) and a twisted standard L—function of GSp,, where the relation
between the involved automorphic representations is given by the theta correspondence.

KEYWORDS: Automorphic forms, special values of automorphic L-series, periods of automorphic
forms, automorphic representations over local and global fields, theta series.

MSC2020: 11F03, 11F67, 11F70, 32N15, 11F27.
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Resumen

Esta tesis estd principalmente dividida en dos partes. En esencia, la primera parte es una extension
de la publicacién [Ter22]. Gracias a la formula de Siegel-Weil regularizada de [GQT14], obtenemos una
expresion explicita para la integral truncada de la funcién theta de Siegel. La principal aplicacién de este
resultado es una formula explicita para la integral del logaritmo del producto de Borcherds. El resultado
obtenido consiste en valores de funciones zeta y coeficientes de series de Eisentein, completando el trabajo
de [Kud03]. Ademads de usar la formula para la integral de la funcién theta anteriormente mencionada,
el resultado requiere de un analisis de la funcién theta de Siegel cerca del infinito.

El capitulo dos es una extensién del trabajo con Antonio Cauchi en [CT]. Esta parte tiene dos ob-
jetivos. Por una parte, bajo ciertas condiciones, obtenemos que la multiplicidad del modelo de Shalika
para representaciones no ramificadas del grupo GU(2,2) es uno. Usando este resultado y siguiendo las
ideas de [Sak06], encontramos una expresion para el funcional de Shalika usando el pardmetro de Satake
de una representacién de GSp,. Por otra parte, usamos este resultado para establecer una relaccién entre
una integral zeta para el grupo GU(2,2) y la funcién L twisted standard de GSp,, donde la relaccién
entre las representaciones automorfas implicadas es dada por la correspondencia theta.

KEYWORDS: Formas automorfas, valores especiales de funciones L, periodos de formas automor-
fas, representaciones automorfas sobre cuerpos locales y globales, funciones theta.

MSC2020: 11F03, 11F67, 11F70, 32N15, 11F27.
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Chapter 1

Borcherds forms and theta
correspondences

1.1 Introduction

The theory of the theta correspondence dates back to the XX century. The classical theta functions were
the first examples of classical modular forms of half-integer weight. Since these functions are defined in
relation to certain representations of subgroups of the Heisenberg group, these functions have many impli-
cations in number theory, both analytic and algebraic. This introduction will illustrate a correspondence
between modular forms and then we will consider a generalization to the setting of weakly holomorphic
modular forms. To conclude, we will explain the generalization of these correspondences due to [How79],
[How89b], [How89a], [Wei64], [Wei65].

Let (V,q) be a rational quadratic space of signature (2,n) and L an integral lattice of V. The Siegel
theta function is the vector valued function

Or: Dy xH — C[L'/L],
() 3 059z m)ey

peEL'/L

where Dy is the Hermitian symmetric domain associated to V, 99(z, 1), = doNeut I e2mila(A=)m+a(X.1)7)
and {e,},er/ 1 is a basis of the coset L’/L. Considering this function as a kernel integral, it defines a
correspondence between vector valued modular forms and C*°(Xy (L)); the C>°—functions defined on the
Shimura variety Xy (L) associated to V' with level determined by L. More concretely

My _n pjr — C*(Xy (L)),
fo / (f(7), 02, 7)) vdpu(7),
H

where dp(r) = 2udv

by

is the hyperbolic measure and (-, -) is the standard inner product in C[L’/L] defined

< S e 30 bl,e,,>: S b,

el /L veL’/L yeL'/L

However, the space Ml_%L//L is often trivial. For example when n > 2, we have Ml_%L//L = {0}. The
above correspondence was extended by Harvey and Moore to weakly holomorphic modular forms; vector
valued modular forms with singularities on the cusps. Considering the same theta function, the integral
is modified so that the divergent terms are removed and the transformation properties of the resulting
function are preserved. Let us informally discuss how the integral of a weakly holomorphic modular form
may diverge and hence, how is regularized. Let f € M{_% ;, be a weakly holomorphic form with Fourier

11



12 CHAPTER 1. BORCHERDS FORMS AND THETA CORRESPONDENCES

expansion

=YY e

pEL' /L n>>—00

First of all, since the function (f(7),©(z,7)) v is continuous, the convergence problems in 7 arise when
we are near the cusp oco. Let us consider the following truncated fundamental domain:

T o={r=u+iveH, st.1<v<T, —1/2<u<1/2},

We have

T ) v e~ dma(x:)v dv
/f;<f<>,@< dyu(r /Z 3 el g %

weEL! /L Nep+L

where the equality follows because we have first integrated the variable u between —1/2 and 1/2. Due to
the exponential behaviour of the previous function, we will divide the analysis of the divergence depending
on g(A). When ¢(\) # 0, the convergence of the following limit is proved directly:

T
d
lim c(1,9(\)) / eimap 2
1

T—00 (%
Then, the non-constant terms of both the theta function and the weakly holomorphic modular form do

not contribute to the divergence of the integral. On the contrary, when ¢(\) = 0, the integral

T
¢(0,0) lim v

T—oo Jq v

diverges if ¢(0,0) # 0. In order to keep track of the divergence replace the previous integral by

[ o =0

plts s

as a function of complex variable s. The previous change defines the reqularized theta lift:

©(f)(2) := CTs=o lim o (f(1),8(z, 7)) v'~*du(r).

By the previous discussion it is well defined and moreover, using the integral expression for the constant
term, preserves the transformation properties inherited by the theta function. The regularization process
not only extends the input of the theta function, but also extends the domain. The function ®(f)(z) is
no longer C*°, in fact it diverges on the subset

> MH.CH,

peYy+L
q(p)=m

where M, ;= {x € H, s.t. x L p}. We may seen the previous subsets as divisors of the Shimura variety
associated to V and L. We point out that these divisors, called Heegner divisors, play a relevant role in
the arithmetic geometry of the Shimura varieties. For example, when n = 1, they are the C'M —points of
the modular curve, which are known for playing an essential role in number theory.

The C*° —functions do not have a clear algebraic geometric meaning. To overcome this problem, in
[Bor98] Borcherds defined a function ¥(f)(z) : Dy — C satisfying

tog [0 )(2)] =~ 2DE O (104141 4 17(1)/2 4108 v27)

It is a meromorphic modular form of weight C(O 9 and level determined by the lattice L. This fact allows

us to use this explicit construction to study questlons related to the algebraic geometry of the Shimura
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variety. In fact, it can be normalized so that it is a rational section, see [Pin89].

Every classical theta correspondence between modular forms is generalized by means of the global
theta correspondence. In fact, for certain pair of groups (G, H) (for example (Sp,,, O(V))), there is a well
defined map

{cuspidal automorphic forms of H} — {automorphic forms of G}
feo 100 h g,

where 60(g, h, p) is the so-called theta function, a function taking values on G(A) x H(A) x S, where S
is certain space of Schwartz functions. In fact, depending on the Schwartz function ¢, we may recover
several classical theta functions. For example, when ¢ is the so-called Gaussian, the resulting theta
function (and hence the theta lift) will be intimately linked to the Siegel theta function described above.
The correspondence defined by the previous integrals defines the global theta correspondence, a map at
the level of automorphic representations:

{cuspidal automorphic representations of H} — {automorphic representations of G}.

This generalization allows us to use algebraic methods to understand the theta correspondence. At the
level of admissible representations of topological groups, there exists an analogous map; the so-called
local theta correspondence. It sends admissible representations of one group to admissible representation
of another. Furthermore, both constructions are defined so that there is a local-global compatibility with
the global theta correspondence.

The main goal of this chapter will be to determine the integral of the logarithm of the Borcherds
forms over the modular curve without level, i.e.

[ sl ada(o)
X mod, T

where f € ML1/2 23+ || || pet is the Peterson norm and dy is the hyperbolic measure. As we explained

above, the function W(f) is closely related to the regularized theta lift, hence the computation can be
reduced to

/Xm /X 0%, 2) f () () du2),

where [ ;(mod is the regularization proposed before. As in [Kud03], our computation requires the compu-
tation of the integral of the theta function. This computation, the so-called Siegel- Weil formula, has been
widely studied. In fact, it relates integrals of theta functions (or regularized versions of those functions)
with values of Eisenstein series (or residues and constant terms). This formula has been used for several
applications. For example, it provides a relation between the theta correspondence and automorphic
L—functions, furthermore it plays a key role to determine invariants defined by the arithmetic geometry.
Recently it has been generalized to the setting of generating series, providing us new techniques to relate
the L—functions with the geometry of Shimura varieties, see [GS19], [LZ22] and [DY19].

In addition to the Siegel-Weil formula (more concretely the regularized version of it, given by [GQT14]),
our computation requires to consider the behaviour of the theta function near the cusp. As we did above
with the regularized theta function, we consider the constant term separately. We unfold the resulting in-
tegral with the sum of the constant coefficient, allowing us to use the regularized Rankin-Selberg method
studied in [Zag81].

This chapter is organized as follows: The first section is an introduction to the geometric setting, where
we will describe the GSpin Shimura varieties and how to recover the classical modular curves from those
definitions. In the second section we will study the singular theta correspondence and Borcherds products.
Section 3 is devoted to giving a brief introduction to the theory of automorphic representations. This
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topic will be covered in detail in the following chapter. In the fourth section we will study the theory of the
local and global theta correspondence, showing why are both notions compatible and further, showing
how to relate the singular theta lift with the global theta lift. In section 5 we study the regularized
version of the Siegel-Weil formula, showing the proof of [KR94]. Although it is not the version used in
this dissertation, the proof of this theorem provides a general point of view of how these kind of problems
may be approached. The final section is devoted to showing the original results of this chapter, where,
using the preceding theory, we compute the integral of the Borcherds forms over the modular curve
without level.

1.2 Geometric setting

1.2.1 GSpin Shimura varieties

Throughout this section we fix (V, ¢) a rational quadratic space of dimension m and of signature (p™,p~) =
(2,p) with p > 1. We let (+,-) be the symmetric bilinear form associated to g. The general Spin group

H := GSpiny, is defined as the central extension of the special orthogonal group SO(V) that fits in the
following exact sequence: B
1—-G, -H—SO(V)—1. (1.0)

Using the quadratic form ¢ we factor the vector space V' (R) into the direct sum of two vector spaces
V(R)=V*HR)®V (R), (1.0)

where VT (R) is a totally positive definite quadratic space and V~(R) is a totally negative definite
quadratic space. The group SO(2) & SO(p) is a maximal compact subgroup of SO(V)(R). Following
[Mil05, prop. 1.6, p. 12] we construct a Hermitian symmetric domain as follows:

Dy =SO(V)(R)/ (SO(2) & SO(p)) -

Let us fix K < ﬁ(Af) a compact open subgroup. We define the Shimura variety associated to H with
level K by the following double quotient:

Xk = H(Q)\ Dy x H(A7)/K. (1.0)

It is an scheme defined over a number field called reflex field [Mil05, def. 11.1, p. 107]. According to
[Mil05, prop. 5.13, p. 57] this double quotient is isomorphic to

| |1y \ Dy, (1.0)

geC

where C is a set of representatives of H(Q), \ ﬁ(Af)/K and 'y = gKg~' n H(Q), with HQ)y =
H(Q) NH(R)™ the intersection of the rational points of H and the identity component of the real points

of H.

1.2.2 Models of the Hermitian symmetric space.

There are three different ways to realize the Hermitian symmetric domain D and we will refer to each of
them as model of the Hermitian symmetric domain. Depending on the situation, each provides a different
point of view. For further details on this topic we refer the reader to [Bru02, sec. 2.3, p. 76].

Definition 1.2.1. Let (V,¢q) be a quadratic space of signature (2, p), we define the Grassmanian as

Gr(V) := {positive definite planes U C V(R)}.

The space Gr(V) is a complex variety with two connected components, see [Bru02, p. 76]. We fix one of
them and, for the sake of clarity, we denote it also by Gr(V).
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Proposition 1.2.2. Gr(V) ~ SO(V)(R)*/(SO(2) & SO(n)) as C>*—manifolds.
Proof. We can find the proof in [Hof17, sec. 2.1.1, p.12]. O

For the forthcoming exposition we denote the projective space associated to the vector space V(C) by
PV(C) := (V(C)\ {0}) /C*.
The map 7 : V(C) \ {0} — PV(C) will denote the canonical projection.
Definition 1.2.3. The projective cone model is defined as the following subset of PV (C):
K:={ZePV(C)st. (Z,Z)=0, (Z,Z) > 0}.

By definition, K is an analytic open sub-variety on a projective variety of dimension n + 1 with two
connected components. We proceed as before and denote one of them by K.

Proposition 1.2.4. There exists an isomorphism of C>°—manifolds of the form
Gr(V) ~ K.

Proof. Let U € Gr(V), there is an orthogonal basis so that U = (ey, e2). This choice determines a unique
element [Z] = [e; + ie1] € K.

Conversely, for [Z] = [X + Y] € K, the vectors X and Y span an element of Gr(V). O

Remark 1.2.5. The projective cone model inherits the complex structure from PV (C). Therefore, the
spaces Gr(V') and SO(V)(R)/ (SO(2) @ SO(n)) may also be considered as complex varieties.

The group SO(V)(R) acts on Gr(V') via the action on V. The action of SO(V)(R) on the projective
cone is defined extending the above action by C—linearity form V to V(C), i.e.

9lZ] = [9Z],

for any g € SO(V)(R).

Let us suppose there are two isotropic vectors [,1’ € V so that (I,I') = 1. We consider the vector
subspace K(R) := V(R) NI+ Ni+. The restriction of the quadratic form to K(R) endows this vector
subspace with structure of Lorentzian space, i.e. a quadratic space of signature (1,n — 1).

Definition 1.2.6. The tube domain model is defined as the subset
H:={z=z+1iy € K(C) s.t q(y) > 0}.
This space has also two connected components, we select one of them and denote it by H.
Proposition 1.2.7. There is an isomorphism of complex manifolds of the form
H~ K.
Proof. Let z = z + iy € K(C). In one direction, we define the following map

H— K,
2 Z(2) = [z + 1 —q(2)I].
Conversely, given [Z] = [X +iY] € K we may find a unique representative of [Z] the form (z,1,b), with

z € K(C) and b € C. The assignment [Z] — z defines the inverse of the former map, obtaining the
isomorphism between complex manifolds. O
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The action of SO(V')(R) on K defines an action of SO(V)(R) on H. More concretely, given o € SO(V)
and z € H, the element oz is defined by making the following diagram commutative

P 2

] I

H zZ—0Z H
1.2.3 Modular subgroups

From now on, given any integral lattice L C V', we denote its set of isometries by SO(L). The dual lattice
of L is defined by
L' :={l e V(R), s.t. (\,l) €Z, forall X\ € L}.

Throughout this chapter we will consider the following group:
I :={g € SO(L), s.t. g acts trivially on L' /L}.
Definition 1.2.8. T' C ', is a modular subgroup if [ : T'z] is finite.

Any modular group acts on D via the isomorphisms 1.2.2 and 1.2.4. Given any I C I';,, the quotient
XFL =TIy \ Da

is an algebraic variety which admits a compactification X}, via the Baily-Borel theory, see [BB66].

1.2.4 Special divisors

One of the advantages of working with GSpin Shimura varieties is that, due to the description of the
Hermitian domain in terms of a quadratic space, their subvarieties and respectively their embeddings are
described using linear algebra.

Fix W C V a negative definite subspace of V' dimension one. Using the projetive cone model, see
proposition 1.2.3, the space
Dy :={x €D, st.x L W}.

is a codimension 1 submanifold of D. Note that this definition implicitly requires propositions 1.2.2 and
1.2.4.

Definition 1.2.9. The Heegner divisors of D attached to v € L'/L and m € Z.o are defined by the
following sum:

Z(y,m) = Z D, cCD.
HEY+L
q(p)=m

Remark 1.2.10. Since T'p preserves the sub-variety Z(vy,m), Heegner divisors are in fact algebraic
divisors of the algebraic variety Xr,. This construction may be used to describe sub-Shimura varieties of
co-dimension up to n.

1.2.5 The modular curve.

This subsection is devoted to describing the modular curve in the setting introduced in the previous
sections. From now on, we fix V' as the following vector space:

V= {z € M2yx2(Q), s.t. tr(z) = 0}.
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We endow V' with the quadratic form given by ¢(-) = —2det(+), obtaining an isotropic quadratic space
of signature (2, 1), which we will denote by (V, q). The tuple given by

(1 0 (0 1 (0 1
€1 = 0 —1 , €2 1= 1 0 , €3 = 1 0/

forms an orthogonal basis of (V, q) so that g(e1) = g(e2) = 2 and g(e3) = —2. Let us denote by (-,-) the
bilinear form defined by ¢. The projective cone model associated to (V, ¢q) is defined by:

K ={Z € PM2,x5(C), s.t.tr (Z) =0, tr (2Z) > 0}.

01\ , (00
z._<0 0), z_<1 0).

The Lorentzian vector space associated to V, [ and I is

Let us choose

KR)=VR)NIT NI+ = (e).
Therefore, one connected component of the tube domain model can be realized as
H={:=z+iyst. z,yeR, y>0}

which is the Poincaré half plane, usually denoted by H. Moreover since SO(V)(R) ~ SLo(R) there is a
well defined action of SLa(R) on H.

In this chapter we will mainly work with the modular curve without level. It is obtained taking
L = 73. In fact, using the description of the quadratic space given in [Fun02, (3.1), p. 295] the lattice L
satisfies

L'/L ~ <Z@ ;Z@Z> J(ZOZST) ~ %Z/Z.
Then, I';, = SLy(Z), obtaining
SLo(Z)\H ~ SLy(Q) \ H x SLa(Ay) /K, (1.0)

where K = [, SLa(Zp).

1.3 Complex automorphic forms

1.3.1 Singular theta lift and Borcherds products

The singular theta correspondence is an assignment between weakly holomorphic modular forms and func-
tions defined over a GSpin Shimura variety with singularities over Shimura subvarieties. This construction
can be viewed as an intermediate step in constructing Borcherds products.

Definition 1.3.1. The real metaplectic group Mpy(R) is the following double cover of SLy(R): the
elements are given as pairs (M, $(7)) where M = (2¢}4) € SLy(R) and ¢(7) is a holomorphic square
root of ¢ +d € C. Given (My, ¢1(7)), (Ma, ¢2(7)) € Mpy(R) the group law in Mp,(R) is defined by
(My, ¢1(7)) - (M2, §2(7)) = (M1 My, ¢1 (MaT)2(7)).

Remark 1.3.2. The real metaplectic group is generated by the elements

(346 1))

For any integral lattice L C V there exists a representation

pr: Mp,(R) — End(C[L'/L)), (1.0)
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defined throughout the action of the generators of the metaplectic group. More concretely, fixing repre-
sentatives {e,} of L'/L the representation can be realized as follows:

pr(T)e, = ea(1) ¢,

n 2
pr(S)e, = e~ (e, .

\/|L’/L i

This representation is usually called Weil representation. In subsequent sections we will show that it is
a piece of a canonical representation also called Weil representation.

Definition 1.3.3. Let k € %Z. A weakly holomorphic modular form of weight k is a smooth function
f:H — C[L'/L], holomorphic on H, meromorphic on the cusp oo and satisfying the following relation:

f(r) = o(r) 2 pp (M, (7))~ (M),

where p} (M, ¢(7)) is the dual of the Weil representation. The space of weakly holomorphic modular
forms is denoted by M. ,'c I

Remark 1.3.4. Using the transformation law and holomorphicity of weakly holomorphic modular forms,
we may express every f € M,!CVL using its Fourier expansion

E E (n, 1)q" e,
ueL’ /L n>>—00
where q 1= 2™,

By propositions 1.2.4 and 1.2.7 there is an isomorphism of the form
w: H— Gr(V).

Recall that the elements of Gr(V') are positive definite subspaces of V. Then, given v € Gr(V) we may
factor the vector space V as
V=v@uvt.

The map w and the above factorization allows us to define the Gaussian:
o: VR xHxH —C,
($7 z, 7—) — €2Wi(Q(xz)T+Q(sz)?)7

where x := x,(.). It is a rapidly decreasing function on V(R).
Definition 1.3.5. The Siegel theta function is defined by
Or: HxH — C[L'/L],
(z7) = Y 0z,
HEL'/L
Where 0(Z7 T)M = Z)\GH+L eQTri(Q()\z)T'f'Q()\ZJ.)?)_
Remark 1.3.6. Since the Gaussian is rapidly decreasing, the Siegel theta function converges absolutely.

Proposition 1.3.7. Given A = (v,¢(71)) = (‘C‘Z) € Mp,(Z), the Siegel theta function satisfies the
following relation:

OL(z,797) = ¢(1)o(r) pr(A)OL(z,7).
Proof. We can find the proof in [Bru02, thm. 2.1, p. 40]. O

Remark 1.3.8. Set O(L) := {g € O(V)(R), s.t. gL = L}. The Siegel theta function Or(z,T) is
O(L)—invariant.
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We denote by (-,-) the standard inner product in C[L’/L] defined by
< > aupe., Y b,,el,> = > ayb,
nweL’/L veL'/L yeL'/L

Definition 1.3.9. Given k € %Z and f € MIL,Lv the singular theta lift of f is defined by the following
expression:

P(f)() = CToco Jim [ (f(7),0(7)v'~"du()

where HT := {r =u+iv e H, st.v < T}

For the sake of clarity, throughout the dissertation we will use the following notation:

[ .0y vntr) = €Ty Jim [ {5(7),0(. 7)) '),

— 00 HT

Theorem 1.3.10. For any k € 17Z and f € M}c’L so that f(T) = 3 e/ /n 2ms>—oo A1, LG e, with
a(n, p) € Z when n <0, there exists a function

U(f): H—C,
such that
1. U(f) is a meromorphic modular form of weight ¢(0,0)/2 with respect to the group T'f.

2. The divisor of U(f) is given by

(W) = 3 3 clnm)Z )

n€EL’ /L n<0
3. The function VU (f) satisfies the following relation:

tog [0(£)(2)] = ~ 2 0O (105141 1 17(1)/2 4 10g )

where z = x + 1y.

Proof. We can find the proof of this theorem in [Bor98, thm. 13.3, p. 48]. O

1.4 Automorphic representations

In this subsection we will briefly recall the basic theory of automorphic forms and representations, intro-
ducing crucial concepts for the forthcoming discussion. Let us denote by G a reductive group defined over
Q and K = K> Ky a maximal compact subgroup of G(A) so that K is a maximal compact subgroup
of G(R) and K is an open compact subgroup of G(A¢). Furthermore, we fix a set of simple roots A of
G determining a Borel subgroup B. In this subsection we will consider the following group:

G(A)l = ﬂgex*(G)kerﬂ . | Og : G(A) — R>0).

1.4.1 Background
Let ¢/ : G — GL, be a closed embedding, we define

1: G— SL27“

g ilg) = (i/(g) i(g*)t) '
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Definition 1.4.1. Given g € G(A) and a place p of Q, we set

Il |p = SuPlgi,jgm”(Q)z‘j |p~

gl =TT llglly-

p place

The adelic norm of g is given by

Since i(gp) € SLa2y,(Z,) for almost all p, the adelic norm is a well defined function.

Let Ag < G(R) be the identity component of the R—points of the maximal Q—split torus of Z. For
each t € Ry a Siegel set is a subset of G(A) of the form

Gg(t) == QA1 (t)K, (1.0)
where Q = B(A) N G(A)! is a compact subset and
Aq (t) = {x € Ap,, s.t. |a(x)] > t, forall « € A},

with Ty the maximal split torus of G9¢" contained in 7. For z € G(t) we denote by z = TQTq(1)TK
the factorization given by (1.4.1). The construction of Siegel sets allows us to understand the quotient
AcG(Q)\G(A). In fact, combining [GH22, (2.19) p. 59] and [GH22, thm. 2.7.2, p. 61], one has that there
is a t € Ry satisfying

G@Q\G(t) ~ AcG(Q)\ G(A),

where the above map is an homeomorphism of topological spaces. From now on we will denote by
[G] := AcG(Q)\ G(A). The Siegel sets help us to control "how big” is the R—component of each element,
which mirrors the purely imaginary direction of the modular forms i.e. the only possible divergence is in
this direction. In order to see the similarities between the classical and the adelic cases, we can compare
the asymptotic behaviour of the classical cusp forms with the following definitions.

Definition 1.4.2. A function ¢ : G(A) — C is of moderate growth if there are constants ¢,r € Rsg
satisfying |@(g)| < ¢||g||". A function f : [G] — C is rapidly decreasing if it is smooth and for all Siegel
sets and all 7 € R+ there is a constant ¢ € R so that |f(z)| < ca(z,)) ™" for all x € G(t) and for all
a e A

Remark 1.4.3. The rapidly decreasing functions decrease to zero faster than the inverse of any poly-
nomial. Therefore, these functions are integrable and the product of a moderate growth function with
a rapidly decresing function is also integrable. This property allows us to make a wider range of con-
structions for rapidly decreasing functions than for moderate growth functions; such as theta lifts or zeta
integrals.

Definition 1.4.4. A moderate growth smooth function ¢ : G(A) — C is an automorphic form on G if
it is

o left G(Q)—invariant,
e K —finite,
e 7Z(g)—finite.
We denote the space of automorphic forms by A([G]), which is a (g, K°°) x G(Ay)—module.

Definition 1.4.5. An automorphic form f is cuspidal if for every parabolic P of G satisfies

f(ng)dn =0,
[N)

where N is the unipotent radical of P. We denote the space of cusp forms by Ag([G]), which is a
(g, K°°) x G(Ay)—module.
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Remark 1.4.6. Cusp forms are rapidly decreasing functions, therefore Ao(|G]) C L?(|G]), see [MW0S,
sec. 1.2.18, p. 89] for the details.

Definition 1.4.7. An automorphic representation is an irreducible (g, K*°) x G(A;)—sub-quotient of
A([G]). A cuspidal automorphic representation is an irreducible (g, K*°) x G(Aj)—sub-quotient of

Ao([G]).

Remark 1.4.8. In the general literature two different notions of automorphic representations are treated.
One of them is the one stated before, see 1.4.7, and the other describes a L?— automorphic representation
as a G(A)—sub-quotient of the unitary representation L*([G]). The L?—automorphic representations are
G(A)—representations. The space Ag([G]) provides the relation between the above two concepts: both
spaces Ao([G]) and L?([G]) have the same unique [G]—invariant bilinear form. While the space L*([G])
is complete with respect to the aforementioned bilinear form, the space Ao([G]) is not a Hilbert space.
Let L2, ([G]) be the subspace of L*([G]) whose elements satisfy the definition 1.4.5. On the one hand,

cusp
by [GH22, thm. 6.5.1, p. 150], the K—finite elements of LZ,,([G]) coincide with the cusp forms Ao(|G]),
i.e.

L2([G)in, = Ao((G)). (1.0)

On the other hand, [GH22, p. 149] shows the following factorization

—

L2, (IG) = D _L* (), (1.0)

where @ is the direct sum of Hilbert spaces, L2, () is the m—isotypic subspace of L*([G]) and the
sum is over all the isomorphism classes of cuspidal automorphic representations of G in the L?—sense.
Therefore, taking the K—finite vectors in both sides of (1.4.8) and using (1.4.8), we obtain the first
implication of the equality (1.4.8): the cuspidal representations are sub (g, K>°) x G(Ay)—modules of
A([G]). The opposite role is played by the so-called Eisenstein series, which are automorphic forms

describing the sub-quotients of A([G]) explicitly.
Theorem 1.4.9. Given an automorphic representation 7, we have
™= ®p placeTp,
where for almost all the non-archimedian places p, m, is an unramified representation. Furthermore if w
is a cuspidal automorphic representation, the representations m, are unitary in the sense of 2.5.6

Proof. For the first statement we refer the reader to [GH22, thm. 5.7.1, p. 135]. Using the equalities
(1.4.8) and (1.4.8) we obtain the second statement, see [Fla79, thm. 4, p. 182] for more details. O

In the classical setting, the Fourier expansion is a tool that provides a way to work with modular
forms in a more explicit way. Furthermore, it encodes relevant arithmetic information; many results and
conjectures concerning the properties of the Fourier coefficients have provided the ground for modern
number theory, for example see [Pet30] or [KRY06]. In the adelic case there is an analogous and compatible
definition.

Definition 1.4.10. Let P be a parabolic subgroup of G, U its maximal unipotent subgroup and ) :
[U] = C! a unitary character. For any ¢ € A([G]), its Fourier coefficient is defined by

Wy(p,9) = / o(ug)y(u)du,

[N]
where du denotes the Haar measure of U(A).

Proposition 1.4.11. For any parabolic P with maximal unipotent subgroup U we have

0(9) =Wialp.9)+ Y, Wyle,g)+ Y. Weolpg)+-+ Y.  Wyml(p9)
¢: [U]=C! P UMt p(™: [U™] et

where UV = U, UGHY = [U® U] and n is the smallest integer satisfying [U™~1 UM=V] = id.
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Proof. We refer the reader to [FGKP18, thm. 7.18, p. 132]. O

Remark 1.4.12. The non vanishing of Wy (p, g) defines an injective intertwining map of the form

Gy

T — IndU(A)

Realizing automorphic representations inside induced representations as described above allows us to ob-
tain information about these representations and their L—functions. An example of this phenomenon is
studied in detail in subsection 2.6.20.

1.4.2 Eisenstein series

One of the most relevant examples of automorphic forms are the so-called Eisenstein series. Those func-
tions are the harmonic counterpart of the cusp forms: the cusp forms are part of the discrete spectrum
and the Eisenstein series are part of the continuous spectrum see [GH22, (9.5), p. 215]. Summarizing
the previous statement in a few words, in the case of classical modular forms, both cusp forms and the
Eisenstein series are eigenfunctions of the Laplacian. The difference between those families of functions
is that on the one hand there is a continuous sequence of Eisenstein series { £, } so that their eigenvalues
{s,} define a continuous sequence of real numbers. In contrast, the eigenvalues {s;} of any sequence
of cusp forms {p;} form a discrete subset of R. The Eisenstein series are also relevant for many other
reasons; for example their explicit and continuous construction allows us to define the zeta integrals.
These functions are used to provide the analytic continuation of the L—functions in many cases. Another
remarkable property that will be exploited throughout this dissertation is the relation with the theta
functions via the so-called Siegel- Weil formula.

Let P be a parabolic subgroup of G and 7 a cuspidal automorphic representation or a character of
P(A).

Definition 1.4.13. For any ®(g) € Indggﬁgw we define an Fisenstein series by

E(g,®) = Y ()

YEP(Q\G(Q)

At a later stage we will define the Eisenstein series depending on a complex number s to stress out
the continuous construction of them (in fact, this might be seen as taking a continuous sequence of
representations).

Remark 1.4.14. If the Fisenstein series is absolutely convergent, it determines an intertwining map of
the form

E(g,) : Ind5{)m — A([G)).

In general, the representation Indggﬁgﬁ is not irreducible and the image of E(g,-) is not an automorphic

representation. If Indggﬁgﬂ has an irreducible quotient denoted by I and there is a map A which factors

throughout I, the representation im Al; is an automorphic representation. The previous picture may be
summarized in the following diagram:

md$®r — 220 A(a)
| g
I A im A‘I

The map A is realized via residues or constant terms of Fisenstein series. See section 1.6.4, where explicit
examples of this phenomenon are considered.
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Example 1.4.15. The classical Eisentein series can be interpolated using the previous discussion. In
fact, set
BA)={(",-1)(*¥), ve A, ue A},

the A—points of the upper triangular Borel subgroup of SLo. Using the Iwasawa decomposition we set a
character

Xs ¢ SLa(Q) \ SLa(A) — C*,

g = bk [v]**,

for each s € C. Given w € Z, we fix a factorizable section of the form
G(A
fs,w = fs,oo,w ®Mm fs,p € IndBEA;XSa

so that fs,oo,w(boo) = Xs,oo(boo); fs,oo,w(koogoo) = eiwofs,oo(goo) for koo = (fgfneg Zg‘;z) S SL2(R) and
fsp(bpkp) = Xs,p(bp) for every non-archimedian place p and k, € SLy(Z,). Let T = u+ iv € H, the
element g = (%) (" ,-1) € SLa(A) satisfies

,US

(et +d)¥|eT + d|2s—w°

E(g‘ra fs,w) - eiw@ Z

(c,d)=1

Therefore, the adelic definition of the Fisenstein series for SLy may be seen as an interpolation between
the holomorphic and non holomorphic classical Fisenstein series.

1.5 Theta correspondence

The theta correspondence allows us to define automorphic representations of a group G from automor-
phic representations of another group H. This construction fits into the local-global principle of 1.4.9.
While the global theta correspondence has a purely analytic construction, the local theta correspondence
is defined in terms of representations. Therefore, the ideas used to approach problems in both corre-
spondences are of a different nature. The connection between these two methods comes from the Howe
duality conjecture.

In this section we fix a rational symplectic vector space (W, (-, -)) of dimension 2n and a quadratic space
(V, q) of dimension m. The basis ey, ..., e,, €7, ..., e of W so that <e¢,e;?> = 0;; and (e;, e;) = <ef,e;> =0
for 1 <, 7, < n defines the following isomorphism of algebraic groups:

For any place p we fix K, = Sp(W)(Z,), the maximal compact open subgroup of Sp(W)(Q,).

1.5.1 Metaplectic group and Weil representation

This subsection is devoted to treating a very short overview of the construction of the metaplectic group
and of the Weil representation. In spite of the fact that this dissertation is not strictly necessary for the
main objectives of the thesis, it is essential to understand why the metaplectic group must be introduced
to define the theta correspondence. For a detailed discussion of the topic we refer the reader to [Swe90,
chap. 1, p. 10], [Kud96, chap. 1, p. 3] and [IP21, sec. 3.2, p. 35].

Let f € C*°(R"™) be a C—valued smooth function of variable (z1, .., z,) € R™. Given a = (aq,...,a,) €

N™, we denote by
(Df)( ) = 9(‘30‘1 98% f)( )
D) (x1y s p) : ST P L1y ey L)

Furthermore

(e

¢ =zt aln

n
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is the product of a—powers of the coordinate functions.

Definition 1.5.1. A Schwartz function on R™ is a smooth function ¢ : R®™ — C so that for every
a, 3 € N

sup ’a:o‘(DBf)(x)’ < oo0.
rER®

The C—vector space of Schwartz functions on R™ is denoted by S (R™).

Definition 1.5.2. For any p € N, a function ¢ : Q) — C is a Schwartz function on Q, if it is locally
constant and compactly supported. We denote the C—vector space of p—adic Schwartz functions by

S(Qp)-

Definition 1.5.3. Given W a symplectic vector space, we say that W = X &Y is a polarization of W
if X and Y are maximally isotropic subspaces of W.

For the time being, we fix a place p of Q and a polarization W, = X,, @ Y}, of the p—adic symplectic
space (W, := W ®q Qp, (,-)). The Heisenberg group associated to W), is defined by

H(Wp) =Wy & Qp,

with multiplication law of the form (wq, 1) - (we,t2) := (w1 + wo,ty +to + % (w1, w2>). The Stone, von
Neumann theorem [Kud96, thm 1.1, p. 3] shows that the irreducible smooth representations of H(W),) are
classified up to isomorphism by their non trivial central characters. Fix a unitary character ¢ : Q, — C!
and extend it to H(X)) by ¢x, (w,t) := 1(t). It is straightforward that the unitary representation

p: H(W,) — Aut (Indgg(v:))wxp) ~ Aut (5(Y,)),

(w,t) — [f(us) = f((w,t) - (v,s))},
has central character ¢. The group Sp(W,)(Q,) acts on the representation p by means of the action

of Sp(W,)(Qp) on H(W,), i.e. given g € Sp(W,)(Q,) and (w,t) € H(W),) the action is defined by
g p(w,t) := p(gw,t). According to [Kud96, p. 4]

Ip: H(W,) — Aut(S(Yy)),
(’U%t) —=g- p(uut),

is a representation of H(W),) with central character ¢. Then by the previously mentioned Stone, von
Neumann theorem, there exists a unitary operator A(-) so that

Ip=Alg)pAlg)~". (1-1)

The map A is unique up to a non-zero constant and then A : Sp(W,)(Q,) — Aut(S(Y,)) is a projective
representation. By [Swe90, def. 1.6.7, p. 35], the map A may be refined to a projective representation of
the form

Sp(Wp)(Qp) — Aut(S(Yy))/ + 1. (1.-1)

The main goal of the theory of the Weil representation is to overcome the £1—indeterminacy. To that
end, we will construct an assignment of the form

Sp(Wy)(Qp) — Aut(S(Yy)),
g wp(g)

satisfying a cocycle condition, i.e. for any g1, g2 € Sp(W})(Q,) (1.5.1) must satisfy

wp(g192) = €(g1, 92)wp(91)wp(g2),

with ¢(g1,¢92) € £1, see [Swe90, lem. 1.6.7, p. 35] and [Kud96, prop. 2.3, p. 8] for the details of the con-
struction of w,,. This cocycle condition is required because when we consider the group Sp(W,)(Q,) x £1
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with multiplication law (g1,&1) - (92,§2) = (9192, §162¢(g1, g2)), the map
wp + Sp(Wp)(Qp) x {£1} — Aut(S(Y3)),
(9.8) = [so = Ewp(9)e |,

is a representation. In fact, the multiplication law of Sp(W,)(Q,) x £1 and the cocycle condition are
compatible i.e.

wp ((91,€1) + (92, &2)) ¢ = wp (9192, £1628(91, 92))
= §1626(91, 92)wp(9192) P = wp(g1, §1)wp (g2, §2) -
In addition, the definition of the map w, involves the construction of a topology compatible with the
one of Sp(W,)(Q,), making Sp(W,)(Q,) x £1 a twofold cover of Sp(W,)(Q,). Summarizing the above
discussion, the theory of the Weil representation constructs a compatible topological group refinement of

the map A and an extension of the topological group Sp(W,)(Q,). This allows us to study the intertwining
maps between representations of the form (1.5.1) from a representation theoretic perspective.

Definition 1.5.4. Let
é\f)(Wp)(Qp) ={(g,9), s.t. g € Sp(W,,)(Q,) x U(S(Y})), s = w, given by (1.5.1)},

where U(S(Y})) is the set of unitary operators of S(Y},). We endow %(Wp)(@p) with multiplication law
given by (g1,81) - (g2, 82) = (9192, s152). Furthermore, we regard this group as a topological group with
the product topology, Sp(W,,)(Qy) is endowed with the topology inherited from the local field Q, and the
strong operator topology on U(S(Y},)). The resulting topological group is called the metaplectic group.

Remark 1.5.5. The metaplectic group %(Wp)((@p) is a twofold topological cover of Sp(Wp)(Qp), where
the projection map is given by

%(Wp)((@p) - Sp(Wp)(Qp),
(9:5) = g.

Definition 1.5.6. We define the group Mp(W,)(Q,) as Sp(W,)(Q,) X pe with multiplication law

(91,&1) - (92,&) = (9192, &1&26(91, 92))-

Remark 1.5.7. The cocycle condition (1.5.1) yields the group isomorphism

t: Mp(W,)(Qp) — %(Wp)((@p)»
(9,€) ¥ (9, Ewp(9))-

If we endowed Mp(W,,)(Q,) with the product topology, the map t would not be continuous. Hence, we
consider Mp(W,)(Q,) with the pullback topology, allowing us to regard Mp(W,,)(Q,) as a topological group.

It is clearly isomorphic to Sp(W,)(Qp) as a topological group. The algebraic description of Mp(Wp)(Q,)

is simpler than the one of %(Wp)((@p) and more useful for certain manipulations. Therefore, from now
on we will use the topological group isomorphism (1.5.7) without any comment, referring to Mp(W,)(Q,)
as the local metaplectic group.

Remark 1.5.8. The local metaplectic group Mp(W,,)(Q,) fits in a short exact sequence of the form:
1 — {£1} = Mp(W,)(Qp) — Sp(W)(Qp) — 1.

Lemma 1.5.9. The cocylce &(-,-) evaluated on elements of K, is trivial, i.e. the morphism

K, — Mp(W,)(Qy),
kp — (kpv 1)7
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s an isomorphism onto its image.
Proof. See [Swe90, p. 39]. O

Remark 1.5.10. The previous lemma allows us to consider the subgroups K, as subgroups of the meta-
plectic group.

Definition 1.5.11. The local Weil representation is defined as follows:

wp : Mp(Wp)(Qp) — Aut(S(Y3)),
(9,€) = Ewp(g)-

We point out that the Weil representation w, depends on the unitary character 1 we chose at the
beginning of the subsection. Since this dependence will not be relevant in our dissertation, we avoid it
from the notation and we will always consider the following characters:

Definition 1.5.12. Throughout this exposition we fix the character 1, (z) = 2™ for the archimedian
—27i

place and the characters 1, : Q, — C! such that whose restriction to Zy is trivial and ¢(p~') =e 7
for the p—adic places.

1.5.2 P-adic points of the Siegel parabolic subgroup

We denote by P the Siegel parabolic subgroup of Sp(W,), i.e. the standard maximal parabolic subgroup
fixing the subspace spanned by ¢, ..., e/ . See the introduction of section 1.5 to recall the notation. This

<5 Cpy -

parabolic subgroup has a Levi decomposition P = M N so that
M(Qp) ={m(a) = ("¢,~1), st.a € GL,(Qp)},
N(Qp) = {n(b) =(1%), st.b="beM,(Q) = Symn(Qp)} .

For a non-archimedian place p, the maximal compact open subgroup of Sp(W,)(Q,) is given by K, :=
Sp(Wp)(Zyp). The Iwasawa decomposition of Sp(W,,) allows us to factor the group as

Sp(Wp)(Qp) = P(Qp) Ky
According to the above factorizations we write the elements g, € Sp(W),)(Q,) as products of the form
gp = m(ap)n(bp)ky, (1.-3)
with a, € GL,(Q,) and b, € Sym,, (Q,). Throughout this paper we will denote
la(gp)| = [ det(a)l,.

For the following discussion }B(Qp) will be the inverse image of P(Q,) under the exact sequence given in
remark 1.5.8.

Lemma 1.5.13. There is a unique homomorphism of the form j : N(Q,) — ﬁ(Qp) lifting the natural
inclusion N(Qp,) — P(Q,) and that it is normalized by P(Q,).

Proof. See [MVW87, lem. p. 43]. O
Remark 1.5.14. The above lemma provides a decomposition of the group 15(@,,) of the form
P(@p> = M(Qp)N(Qp)»

where M(Qp) is the inverse image in Mp(Wp)(Qp) of M(Q,) under the exact sequence given in remark
1.5.8. The group M(Q,) satisfies the isomorphism

M(Qy) ~ GL,(Qy),
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where (/}\in((@p) is the twofold topological cover of GL,(Qp): a topological group with underlying set
GL,(Qp) x {£1} and group law

(91,m) - (g2,m2) = (91927771772 (det g1, det 92)p) ;

where (-, )p s the Hilbert symbol. The determinant map lifts to a homomorphism of the form

det : é\:j[Jn(Qp) — éle(Qp),
(9psm) — (det(gp),m)-

In [RR93, Appendix p. 365], the author defines the Weil index 7,(gp,¥p): a function depending on
ap € Q and on an additive character ¢,. This object gives rise to the genuine character
X, + GL1(Qy) = C*,
(ap,m) = myp(ap, wp)il'

Definition 1.5.15. Let (V,q) be a rational quadratic space of dimension m. We define a character
xvp Q) — C* by
(@) 1= (1w, (=)0 D2 den(1))

Definition 1.5.16. Let M(Q,) be cither the group M(Q,) or M(Q,). We define the character Yy :
M(Q,) — C* by

p

9p = Xv,p© det(gy), if M(Qp) = M(Qp),

Xvp = {<p, 0) = (xw, © det) (g, 1) (xvp © det) (g,),  if M(Qy) = M(Qy).

Remark 1.5.17. The representation Xvp : M(Qp) — C* is a genuine representation of M(Qp). In

fact, every genuine representation of M(Q),) is constructed in this way, see [GS12, sec. 2.4, p. 1661] for
further details.

1.5.3 Local theta correspondence

Given an irreducible admissible representation 7w of a non-archimedian topological group H, the local
theta correspondence allows us to construct an irreducible admissible representation of certain topological
group G. Throughout this subsection we will only consider the case where p is a finite place. There is an
analogous construction for (g, K°°)—modules, see [How89b].

Definition 1.5.18. A dual reductive pair is a tuple of topological subgroups (G,G’) of Sp(W,)(Qp)
satisfying

1. G = Cspw,)(@,)G" and G’ = Cspw,)(@,) G-

2. The actions of G and G’ are completely reducible, i.e. every invariant subspace has an invariant
complement.

Example 1.5.19. Let V, be a rational quadratic space. The action of the groups O(V,)(Q,) and
Sp(W)(Qp) on W ®q, V, defines an embedding of the form

Sp(Wp)(Q@p) x O(V3)(Qp) — Sp(W), @q, V5)(Qy)-
The tuple (Sp(Wp)(Qp), O(Vp)(Qp)) is a dual reductive pair. From now on we will denote by W, :=
Wy @q, Vp-

Schrodinger model

Proposition 1.5.20. Let us consider the dual reductive pair (Sp,,(W;,)(Qp), O(V;)(Qp)). The homo-
morphism j1 : Sp(W,)(Qp) — Sp(W,,)(Qy) lifts uniquely to an homomorphism j1 : Mp(W,)(Q,) —
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Mp(W,)(Qp). In particular, if dim V,, is even, J1 factors throughout Sp(Wyp)(Qp). Furthermore, the
homomorphism ja : O(V,)(Qp) — Sp(Wp)(Qp) lifts to a non unique homomorphism jo : O(V,)(Qp) —
Mp(Wp)(Qp)-

Proof. Even though the proof of this proposition is not essential to understand the main goal of the
dissertation, we give an overview of it, emphasizing the construction of the homomorphisms j; and
stressing why the map j; factors throughout Sp,, (W,)(Qp) depending on the dimension of V,,. We are in
the following situation:

Sp(Wp)(QP) - MP(WP)(Q;D)

! 5

Sp(Wp)(Qp) 41) Sp(WP)(QP)

where pt°P is the projection map given in remark 1.5.5, i is the embedding of the example 1.5.19 and
Sp(W,)(Q,) := p™P=1 (i (Sp(W},)(Q,))) with group law and topology defined via pullback. By definition
the group Sp(W,)(Qy) is a twofold topological cover of Sp(W,)(Q,) with underlying set Sp(W,)(Qp) X pa.
Therefore, it can be isomorphic (as a topological group) either to Mp(W,)(Q,) endowed with the multi-

plication (g1,&1)- (g2, &2) = (9192, &1£2¢(91, g2)) with €(g1, g2) the pullback cocycle, or to Sp(W,)(Qy) X fi2
endowed with group law (g1,&1) - (92,&2) = (9192,&1&2). In order to determine which kind of group is
Sp(W,)(Q,), we have to compute explicitly the cocycle €(g1, g2). In [Swe90, lem. 2.2.2, p. 50] the author
shows that ¢(g1,g2) is trivial unless dim V' is odd. Hence if dim V is even, the cocycle is trivial and
then the multiplication law in Sp(W,)(Q,) is given by (g1,&1) - (92,§2) = (9192,&1&2), concluding that
Sp(Wp)(Qp) =~ Sp(W)(Qp) X p2 as topological groups. Since ji is a homomorphism, the above discussion

yields the factorization of j; throughout the subgroup Sp(W,)(Q,). If dim V is odd, the cocycle does
not vanish and hence Sp(W,)(Q,) =~ Mp(W,)(Q,). The lift j, is constructed in an analogous way. [

Remark 1.5.21. Using proposition 1.5.20 for any dual reductive pair of the form (Sp(Wp)(Qp), O(V,)(Qp)),
we get the following homomorphisms

Mp(IW;)(Q) x O(V,)(Qy) > Mp(W,)(Q,) 22 Aut(S(V™(Q,))).

where j = jp >532 is chosen so that jo is any lift of jo. Considering the pullback of the Weil representation,
i.e. the map j*(wyp), we obtain the homomorphism

Mp(W,)(@,) x O(V,)(@y) 22 Aut(S(V™(@,)).

Remark 1.5.22. From now on, we fix the lifting Ja2 given in [Kud96, p. 39]. This choice provides a
suitable formula of j5 (wp)|0(vp)(@p)- We will abuse notation and denote the pullback by j*w, =: w,.

Proposition 1.5.23. Let W, and V), be a p—adic rational symplectic vector space of dimension 2n and
a p—adic rational quadratic space space of dimension m respectively. The non-archimedian Schroedinger
model of the Weil representation for the dual reductive pair (Sp(W,)(Q,), O(V,)(Q,)) is given by the
following formulas:

o wp(h)p(x) = p(h~'x), if h € O(V,)(Qy).
o wy((“ry1),2) (@) = Xvp(det(a), 2)| det(a)| "2 p(za), if a € GL,(Qy),
o wy (M), 2) p(x) = 2 (3a'bx) p(x)p(za), if b€ Sym,,(Q,).
o wy (1, ") 2) pla) = = [, p(y)v(aty)dy,
where dy is the Haar measure of Q,.

Proof. The formulas are deduced from [Kud96, prop. 4.3, p. 37]. O
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Definition of local theta correspondence

Definition 1.5.24. Let (G, H) be a dual reductive pair so that G x H — Sp(W,)(Q,) with W, =
X, @Y, a polarization. Given m, an irreducible admissible representation of H, we consider the maximal
mp—isotypic quotient of S(Y,), i.e.

S(Yp)/ Nyetomp (S(Y,),x,) kerf.

The above space is a representation of G x H and hence we may express it as m, ® ©(m,), with O(m,) a
representation of G called the local big theta lift of mp.

Remark 1.5.25. An alternative way to define the local big theta lift of m, is
O(mp) = (S(Yp) @ Tp) gy »
where 7, is the contragradient of m,, defined in 2.3.5.

Theorem 1.5.26 (Howe duality). Let p # 2. Assume that m, is an irreducible admissible representation
of H, then

1. Either O(m,) = 0 or O(mp) is a non-zero admissible representation of finite length of G(Qy).

2. IfO(mp) # 0 there exists a unique irreducible submodule ©(m,)° of O(m,) so that 0(m,) == O(m,)/O(m,)°
is an irreducible admissible representation. If ©(m,) =0, we define 8(m,) := 0.

3. If O(m1) and O(ma) are non-zero and isomorphic, then m ~ ma.

Proof. Tt is [MVW87], [GHS90]. O

To the best of the author’s knowledge, the Howe duality for p = 2 is still unknown. Throughout this
thesis we will assume it is true.

Definition 1.5.27. Let 7, be an irreducible admissible representation of H, the representation () of
theorem 1.5.26 is called the local theta correspondence of .

1.5.4 Global metaplectic group

From now on we fix
= Q\A—C, (1.-5)

where 1), are the characters fixed in 1.5.12. For any rational vector space Y, we consider L C Y a lattice
of Y. We define
<p£ := char(L ®z Z,) € S(Y(Qy)).

Given a different lattice M C Y, the function gpéw satisfies
o) = ok, (1-5)

for all but finitely many finite places of Q. We consider the following C—vector space

S (ap) =) 'SV (@),

pfoo

where the restricted product is taken with respect to the family of p—adic Schwartz functions apg. Due to
the relation (1.5.4) between the functions 905 and <p£/[ , the space S(Y(Ay)) is independent of the choice
of lattice L.

Remark 1.5.28. For any lattice L the Schwartz function <p{; is fized by Sp,,(Zp) for all but finitely many
finite places p of Q.
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Definition 1.5.29. The space of Schwartz functions on A is defined as the following tensor product:
S(Y(A)) := S(Y(R)) @ S(Y(Ay)).
Definition 1.5.30. We consider the set

Sp(W)(A) == {(g,5) = (®pgp,s) € SP(W)(A) x U(S(Y(A))), s.t. s = & @p place Wp(gp) },
where U(S(Y (A))) is the set of unitary operators in S(Y (A)) and w, are the local ones defined in (1.5.1).
We endow this set with the product topology as in 1.5.4 and multiplication law (g1,s1) - (g2, $2) =
(9192, s152). The resulting topological group is called global metaplectic group.
Definition 1.5.31. The global Weil representation is defined by
w: Sp(W)(A) — Aut(S(Y (4))),

(g, E) = 5 - Qp placewp(gp)'

We note that é?)(W)(A) is not the restricted product of local groups. Despite this, we still have a
local global relationship. Lemma 1.5.9 allows us to regard the groups K, as subgroups of Sp(W)(Q,),

hence we define the group
!
[ISp)(@y), (1.-5)
p

where the restricted product is respect to the subgroups K,. The projection map

p: HSP )(Qp) = Sp(W)(A),

H (9ps&p) = ngvHEP
p

is well defined because almost all components (g,,&,) of the above tensor product belongs to K, which
implies that almost all £, are equal to 1. The kernel of the previous map is I := {H;(zd, &p), s.t. Hp &=
1}, hence we have a group isomorphism of the form

HSp )(Qp)/1 = Sp(W)(A). (1.-6)

The previous map implies that every representation of H; §IJ)(W) (Qp) trivial on I may be regarded as a

representation of Sp(W)(A). For example, the group H; éB(W)(Qp) acts on Aut(S(Y'(A))) by ®@pwy(gp)
and it can be checked that ®,w,(gp)|r = id. Therefore, the local global relation is given by the following

equality:
Rpwp(gp, &p) = w (p <H(gpv§p)>> : (1.-6)

p

Definition 1.5.32. We consider the set

Mp(W)(A) := Sp(W)(A) x p2 = {(9,€) = (¥pgp, §) € SP(W)(A) X pa}

with multiplication law

(91,&1) - (92,€2) = (9192, &1 &2 Hé(gl,pngp))-

p
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We endow Mp(W)(A) with the pullback topology throughout the isomorphism

Mp(W)(A) — Sp(W)(A),
(91,61) = (91,&1w(9)).

Then, the resulting topological group is isomorphic to %(W)(A) We refer to it as the metaplectic group.

Remark 1.5.33. According to [Swe90, p. 37], just a finite number of ¢(g1,p, g2,p) are equal to —1, there-
fore Mp(W)(A) is well defined.

Remark 1.5.34. The metaplectic group Mp(W)(A) fits in a short exact sequence of the form:

1— {£1} - Mp(W)(A) — Sp(W)(A) — 1.

1.5.5 Adelic points of the Siegel parabolic subgroup
According to the Levi decomposition we have P(A) = M (A)N(A), where
M(A) ={m(a) :=("+¢,-1), s.t.a € GL,(A)},

N(A) = {n() = (%), st.b="be M,(A) = Sym, (A)}.

The maximal compact open subgroup of Sp(W)(A) is given by K := U(n) x ][, SP(W)(Z;), where
U(n) is the unitary group of rank n. The Iwasawa decomposition yields

According to the above equality, we express every element g € Sp(IW)(A) as
g =m(a)n(b)k, (1-6)
with @ € GL,,(A) and b € Sym,,(A). We will use the notation

la(gp)| = [ det(a)]a.

The above definitions are compatible with the ones given in 1.5.2 when we consider the restricted product
Sp(W)(A) =1, Sp(W)(Qp).

We denote by P(A) the inverse image in Mp(W)(A) of P(A) under the exact sequence of remark
1.5.34. Applying lemma 1.5.13 at each place p, we obtain a factorization of the form

P(A) = M(A)N(A),

where M(A) is the inverse image of M(A) under the exact sequence 1.5.8. The group M (A) satisfies the
following isomorphism

M(A) ~ GL,(A),

where (/}\in(A) is the twofold topological cover of GL,(A) with underlying set GL,(A) x {£1} and
multiplication law

(91,m) - (92,7m2) = <9192v771772 11 (det g1, det gz,p)p> :

p

Analogously to (1.5.14), the determinant map gives rise to a genuine character of the form

det : GL,(A) — GLy(A).
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Furthermore, the global Weil index (g, ) may be lifted to a character of the form

Xu : GL1(A) = CX,

(g:m) = my(g.9) "

Remark 1.5.35. Since the group M(A) is not the restricted product of the groups M(Qp), the maps
(1.5.14) and (1.5.2) are not compatible with the maps det and x, given in this section.

Definition 1.5.36. Let (V,q) be a rational quadratic space dimension m. We define a character xy :
AX — C* by
xv(z) = HXVJJ(xp)-
p

Definition 1.5.37. Let M(A) be either the group M(A) or M(A) We define the homomorphisms
xv: M(A) —» C* by

Cy = { g = xv o det(g), if M(A) = M(A),
(9:m) = (xy o det)(g,n)(xv o det)(g), if M(A) = M(A).

1.5.6 Global theta correspondence

The global theta correspondence relates automorphic representations of certain pairs of groups. In this
section we will show the compatibility with the global and local theta correspondence by means of the
Howe duality conjecture. Throughout this section we will use the notation G(Q,) := Mp(W,)(Q,) and

G(A) == Mp(W)(A).

Definition 1.5.38. An algebraic dual reductive pair is a pair of rational algebraic groups (G, H) so that
for every p place of Q, the tuples (G(Q,), H(Q,)) are dual reductive pairs. For simplicity, we will refer
to the algebraic dual reductive pairs as dual reductive pairs.

We fix a dual reductive pair of the form (G, H) := (Sp(W),O(V)) so that G x H < Sp(W).
Remark 1.5.39. By remark 1.5.21 we obtain the map

wp : G(Qy) x H(Q,) = Aut(S(V(Qp))).
Via restricted tensor product, we may define the pullback of the global Weil representation

w: G(A) x H(A) = Aut(S(V™(A))),
(9, 1) = @pwp(gp, hp)-
Definition 1.5.40. Given a polarization W = X @Y, we define the theta function on G(A) x H(A) x
S(Y(A)) by
0(g,h0) = Y wlg, h)p(x).

€Y (Q)

Remark 1.5.41. For the rest of this section we fix a polarization W = X @Y, where Y = V™. We adopt
this polarization because the formulas for the Weil representation and the description of the theta function
will be suitable for our computations. Additionally, there are other contexts where other polarizations are
preferred. For example, see [Morl4] where the author considers a different polarization to unfold the
integral with the theta function.

Proposition 1.5.42. Let ¢ € S(V"™(A)). The Schroedinger model of the representation w is given by
o w(h)p(x) = (h 'z), if h€ H(A),

o w(('1))p(x) = (32d'x) p(x), if r € Sym,(A),
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e w((",-1)) =xv(det(t))| det(t )|m/2 (xt) if t € GL,(A) where xv(-) is the character defined in (1.5.36).
The action for the remaining elements of Mp(W)(A) can be deduced from the formula given in [Kud94,
p. 40].
Proof. Tt follows applying [Kud94, p. 40] in each place. O
Proposition 1.5.43. The theta function is G(Q) x H(Q)—invariant.
Proof. The H(Q)—invariance follows by 1.5.42. In fact, for any v € H(Q) we obtain
0(g.h0) = > wlg,yh)e(x) = Y wlg,h)e(y ')

z€Y (Q) z€Y (Q)

Since v € H(Q), we reorder the sum by
> wlg, h)e(ye) = 0(g,h, 9).
€Y (Q)

The proof for the G(Q)—invariance relies on the formulas given in 1.5.42 and the adelic Poisson summation
formula. See [Wei64, thm. 6, p. 193] for the details. O

Proposition 1.5.44. The theta function is of moderate growth.
Proof. See [KR88, (1.1), p. 6]. O
Definition 1.5.45. Let f € A([H]) be an automorphic form, and ¢ € S(V™(A)). If the integral

09, 1,0 /f (9,h,0)dh,

converges, where dh is the Haar measure of H(A), then the resulting function 6(g, f, ) is called the global
theta lift of f.

Remark 1.5.46. Given a cusp form f € Ao([H]), the theta lift 6(g, f,p) exists because f rapidly de-
creasing and 0(g, h, ) has moderate growth by 1.5.44. Moreover, there are certain Schwartz functions @
making 6(g, h, p) rapidly decreasing in the variable h. These kind of functions will be studied in 1.6.6
and will allow us to consider theta lifts of a wider space of automorphic forms.

Definition 1.5.47. Let m C Ay ([H]) be a cuspidal automorphic representation of H. Then

0% () := {0(g, f, ), f €™ peS(V"(A))},

is an automorphic representation of G called global theta correspondence.

We recall that in 1.4.7 we defined automorphic representations of an algebraic group G as irreducible
(g, K*°) x G(Ay)—modules. From now on, in order to lighten the notation, we will refer to (g, K°°) x
G(Ay)—intertwining maps as G(A)—intertwining maps.

Remark 1.5.48. For m € Ag([H]) the the global theta lift defines a surjective H(A) x G(A)—intertwining
map
0(g,-,-) : S(V"(A)) x T — ©9'(m),

where the action of H(A) on ©91°%(x) is trivial.

Remark 1.5.49. Given f € Ao([G]), the integral
0. £, 0 / T@)6(g, b, 9)dg,

defines an analogous theta correspondence from cuspidal automorphic representations © C Ag([G]) to
automorphic representations m C Ao([H]).
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Proposition 1.5.50. Given an automorphic cuspidal representation m = ®p,m, C Ao([H]), there is a
surjective G(A)—interwinning map
®,0(1p) — 091 ().

Proof. Remark 1.5.48 shows that the theta lift defines a surjective H(A) x G(A)—intertwining map, i.e.
an element on the following group

Home )<y (S(V*(A) @7, 09 (1)) . (1.-6)
Since 7 is cuspidal then 7 ~ 7, and hence
Homg(a)x sy (S(V"(A)) @7, 09(m)) = Home(ayxrr(a) (S(V" (A)), 7 @ ©9(m)) (1-6)

Using the definition 1.5.24, the local big theta lift of a representation 7, of H(Q)) is the representation
©(m,) so that the maximal m—isotypic quotient of S(V"™(Q,)) may be expressed as 7, ® O(m,), therefore
each p—component of the homomorphisms (1.5.6) factors throughout

Homg(q,)x m(@,) (S(V"(Qp)), mp @ O(mp)).

Since the map defined by the global theta lift is surjective, we obtain a surjective G(A)x H (A)—intertwining
map
®7Tp ® O(m,) — 7™ ® 09 (r).
p

O

Corollary 1.5.51. Let # C A([H]) be a cuspidal automorphic representation so that ©9°°(r) C A([G))
s an irreducible automorphic representation, then

®pl(mp) ~ 910 (1),
Proof. Proposition 1.5.50 shows that, for each place p there exists a surjective G(Q,)—intwetwinning map
t: O(m,) — 69 (), (1.-6)

Since ©9°(r) is irreducible, the local G(Q,)—representations ©9!°°(r),, are irreducible and hence the ker-
nel of the map (1.5.6) defines a subrepresentation, denoted by ker ¢. It satisfies the following isomorphism
of representations:

O(m,) /ker t =~ @91 (1),,.

By theorem 1.5.26, there exists a unique irreducible quotient of O(m,), the so-called local theta lift ().
Therefore
0(mp) ~ O(m,) /ker t ~ @9°(),,. (1.-6)

Using the isomorphism (1.5.6) for each place p we obtain the isomorphism of the statement. O

Remark 1.5.52. Let 7 = ®,m, C A([H]) be a non cuspidal automorphic representation. One may
wonder what is the relation between the local theta lifts 0(mp,) and the global theta lift ©91°°(w) (if it
exists, and if it does not exists, how to define an analogous theta correspondence). This question will be
addressed in detail in section 1.6.6 when w is the trivial representation. For the sake of completeness, in
this remark we give an overview of how these kind of questions are adressed. Let us suppose there exists
a surjective G(A) x H(A)—interwinning map

w(a): S(V*(A)) = S(V™(A))abe,

where S(V*(A))ape € S(V™(A)). Futhermore, we assume this map commutes with the Weil represen-
tation and for any ¢ € S(V™(A))abe, the theta lift 0(g, f, ) converges for every f € m. We define the
representation O () := {0(g, f,w(a)), f € 7, ¢ € S(V"(A))ave}. Only using the definition, there
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exists a surjective G(A) x H(A)—intertwining map

T @ S(V(A)) — 099 (7). (1.-6)

reg

The homomorphism (1.5.52) is similar to the maps (1.5.6). Hence, depending on the structure of 7",
we obtain analogous results to proposition 1.5.50 and corollary 1.5.51. For example, if the automorphic
representation m is the trivial representation, it is straightforward that T = T and hence we are able to
reply all the steps in proposition 1.5.50 and corollary 1.5.51.

For the following theorem we set (Vp,gp) an anisotropic rational quadratic space and V; := Vy @ H"
isotropic quadratic spaces. We denote by O(V;) their associated orthogonal groups.

Definition 1.5.53. The chain of groups
O(VO) C O(Vl) C ...

is called the Rallis tower.

We consider dual reductive pairs of the form (Sp(W),O(V;)) and we denote their associated theta
correspondences by ©9°0.

Theorem 1.5.54. Let o be a cuspidal automorphic representation of the group Sp(W) and let i be the
smallest integer so that ©79'" () # 0, then

1. 1 < 2n,
2. ©9(0) is cuspidal,
3. 09 (g) £ 0 forr > .
Proof. See [Ral84, cor. I.1.1, p. 351]. O

1.5.7 Relation between the global theta function and the classical theta func-
tions

As stated in the previous sections we have discussed two different kinds of theta lifts: the Siegel theta
lift 1.3.9 and the global theta lift 1.5.45. This section illustrates the relationship between the two corre-
spondences. In fact, the global theta lift restricted to the Gaussian Schwartz function recovers the Siegel
theta lift. For the time being, we denote by (V, ¢) a rational quadratic space of dimension (2,n).

Remark 1.5.55. For any lattice L C V the vector space C[L'/L] is isomorphic to the C—vector space
generated by Sp, the set of characteristic functions of the coset L' ®z Ay/L @z Ay. Then, the Weil
representation defined in (1.3.1)

oL Mpy(R) — End((C[L'/L]),

is isomorphic as a Mpy(R)—representation to the following restriction of the Weil representation stated
in 1.5.51:
W‘Mpz(R) : Mp2(R) — Aut((S’L>),

where (S1) is the C—vector space generated by Sy,

Let Gr(V') be the connected component of the Grassmanian associated to V, see 1.2.1 for the definition.
We recall that proposition 1.2.4 shows that there is an isomorphism

i: GrV) 5 K={ZePV(C) st (2,2) =0, (Z,Z) > 0}.

Definition 1.5.56. Given z € Gr(V) and = € V(R), we use the following notation =, := Ti(z) and
R(z,2) := —(2,,2,) = |(z,i(2))||ly|~2. The majorant associated to z is defined by

(z,z), = (z,z) + 2R(z, 2).
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Proposition 1.5.57. Given v € O(V)(R), the majorant satisfies

(’}/$, 'Yl‘)z = (.13, 'T)’y*1

Proof. Given any z,y € V(R), we have (yx,y) = (z,7 'y). Therefore using the explicit description of
R(z, z) we conclude the proof. O

Definition 1.5.58. Set zg the element of Gr(V) fixed by the action of SO(2) @& SO(n). The following
Schwartz function:

92 (z) = e @20 € S(V(R)).
is called the Gaussian.

Remark 1.5.59. Due to 1.5.57, for any h € O(V)(R) the Gaussian satisfies

P2 (he) = ¢pZa, (2).

danger of confusion, we will also denote by g, := (gT, ) € Mp2
denote by h, € SO(V)(R) the element so that h 'z = 2z € Gr(L).

Definition 1.5.60. Given 7 = u +iv € H, we set g, := ( ,1/2) € SLy(R). Since there is no
(R). Furthermore, for any z € Gr(V) we
L

Remark 1.5.61. Since Gr(V) =~ SO(2) @ SO(n) \ SO(V)(R), we have h, € TS°V)(R)NSOWV)(R).
Proposition 1.5.62. For any lattice L C V', we have

OL(T,2) = Y 0(gr hay 03 @ ).

pESL

Proof. Tt follows by the remarks 1.5.59 and 1.5.55. O

Corollary 1.5.63. For any k=% —1 and f € M}“L, the singular theta lift satisfies

/. (f(1),OL(z,7)) vdu(r / > Fo(1)0(grs hay 030 @ )vdp(T).

pESL

Proof. 1t follows directly by 1.5.62. O

1.6 Regularized Siegel-Weil formula

This section is devoted to explaining the Siegel-Weil formula. Roughly speaking, the formula relates the
integral of a theta function and a Siegel Eisenstein series. It shows explicitly the most basic case of the
theta correspondence, which has played an important role in the theory of automorphic representation.
As an example, the Rallis inner this formula uses the Siegel-Weil formula to relate L—functions and
the theta correspondence. More concretely, the combination of certain integral representations for the
standard L—function, see [GPSR87], and the Siegel-Weil formula, shows in some cases a way to char-
acterize the poles and zeroes of the L—function in a precise way. See [KR94, thm. 8.5, p. 77], [GQT14,
thm. 11.4, p. 54] for more details. In this section we consider V' a rational quadratic space of dimension
m and Witt index r, i.e. V =V, ®H".

The Siegel-Weil formula had to be studied case by case depending on the ranks of the groups Sps,
and O(V). The main reason for that was the convergence of the integral

/ 6(g,h, ).
[O(V)]
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For example, when V' is an anisotropic vector space, the group O(V')(A) is compact and hence the integral
is convergent. Furthermore according to [Wei65, prop. 8, p. 75], if V satisfies

m—-—r>n+1

the above theta integral also converges. When the integral does not always converge, a regularization
of the theta function is required. See [KR94, sec. 5.2 p. 43] and [Ich01, sec. 1, p. 204] for the definition.
This process is based on a map of the form

w(@): S(V™(A)) = S(V"(A))abe,

where S(V"™(A))ape = {¢ € S(V™(A)), s.t. 0(g, h, p) absolutely convergent}. The operator w(a) is con-
structed using the action of an explicit element of the Hecke algebra of O(V) on the vector space S(V™(A)).
This machinery allows us to define a meromorphic function &(g, ¢, s), see [GQT14, sec. 3.5, p. 18]. Tt re-
places the role of f[o(v)] 6(g, h,p)dh in the classical Siegel-Weil formula. This formula is studied by
different methods depending on the order of the pole of the function £(s,g,¢) at s = sg. In fact, this
function has the following Laurent expansion

)= G T

+ Bo(g, ¢) + O(s — s0)-

If B_5(g,) = 0, we say that we are in the first term range. If B_s(g,) # 0, the formula is in the
second term range. In section 1.7 we will crucially use the second term range formula given by [GQT14].
Despite this, this section is devoted to explaining the idea of the proof for some cases of the first term
range. This is because it illustrates in a simple way the nature of this formula.

We fix V a rational quadratic space of dimension m. Along this section we will denote by H = O(V)
the orthogonal group associated to V. Let W be a rational symplectic space of dimension 2n and fix the
basis ey, ..., en, €}, ...,e, € W satisfying (e;, e;) = (e}, efj> =0 and (e;, efj> = 0;;. Using these coordinates
we have the algebraic group isomorphism

To simplify the exposition in this subsection we denote by G the groups Sp,,, or Mp,,,, depending on the

parity of m.

1.6.1 Degenerate principal series

For any Q—algebra R, we denote

_ [P(R) when G = Spy,,
P(R) = {P(R) when G = Mp,,,

By lemma 1.5.13 we have Levi decompositions of the form P(R) = M(R)N(R), where

_ [M(R) when G = Sp,,,
M(R) = {M(R) when G = Mps,,, ’

and N(R) are the R—points of the unipotent subgroup of the Siegel parabolic of Sp,,,. When G = Mp,,,,
the group N(R) is a subgroup of G by means of the splitting

n= (n,1),

see 1.5.13 for the details. Furthermore, lemma 1.5.9 shows that the maximal compact subgroup K, of
Span (Qp) may be regarded as a subgroup of Mp,,, (Q,). Hence, there is an Iwasawa decomposition of the
form
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where K = K, if R = Q, or K =[], K, if R = A. We will factor each element g € G(R) according to
the above decomposition:
g =m(a)n(b)k.

Local degenerate principal series

For the following discussion set p,, = "T'H

Definition 1.6.1. The local degenerate principal series is the representation of G(Q,) given by the space
of smooth functions ® : G(Q,) x C — C satisfying

©(m(ap)gp, s) = Xvp(lalgp)])lalgp) | " 2 (g, 5),

where, if p is a non-archimedian place g, € G(Q,) acts by right translation and, if p is an archimedian
place (g, K), it acts by right translation. This representation is denoted by (m, I, (s, xv)) or just by
I, p(s, xv,p) when the action is not relevant for the discussion.

Remark 1.6.2. The local degenerate principal series representation is a particular case of the so-called
induced representations. We refer the reader to section 2.3.1 for more details.

Proposition 1.6.3. Let p { co. The local degenerate principal series I, ,(s, Xv,p) is reducible exactly in
the following situations:

o When G = Sp,,,:

1. xvp=1 ands:m_T”Jr1 with m € Z even so that 0 <m < 2n + 1.
2. Xvp =1, xvp #1, s = 234 with m € Z even such that 2 < m < 2n.

o When G = Mp,,,: X‘Q/’p =1, xvp#1land s = mevwl with m € Z odd satisfying 1 <m < 2n + 1.
Proof. See [KR94, thm. 2.1, p. 18], [KR94, thm. 2.2, p. 18] and [GQT14, prop. 5.1, p. 24]. O

Along the following discussion we will denote by X, the set of points of reducibility of I, ,(s, xv,p)
given by proposition 1.6.3.

Definition 1.6.4. For any s € C satisfying Re(s) > 241, the map

MP(S) : In(57XV) — In(_SvX\;l)v

(I)(g,s) = (I)(wlng7s)dnv
N(Qp)

is a G(Qp)—intertwining map, where dn is the Haar measure of N(Q,) and w,, = (In _In) if G = Spy,
or Wy, = ((In *I’") ,1) if G = Mp,,, .

Proposition 1.6.5. The intertwining maps My(s) are defined by meromorphic continuation for almost
all s € C.

Proof. Tt is a particular case of [Win78, thm. 1, p. 951]. O

Global degenerate principal series

Definition 1.6.6. The degenerate principal series representation of G(A) is the space of smooth functions
@ : G(A) x C — C satistying

®(m(a)g,s) = xv(la(g)])|a(g)|* (g, s),

with G(A) acting by right translation. We denote this representation by (7, I, (s, xv')) or just by I,,(s, xv)
when the action is not relevant for the discussion.
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Remark 1.6.7. If G = Sp,,,, we have G(A) = [[' G(Q,). Therefore [GH22, thm. 5.7.1, p. 135] implies
the following factorization

In(s,Xv) =~ ®In,p(37 XV.p)-
p

When G = Mpy,,, the group G(A) is not the restricted tensor product of the locally compact groups G(Qy).
Hence we are not able to reply the above argument for the present situation. Let us consider the tensor

product representation | ®,m,, I »(s, XV, of the group T]. G(Q,), see (1.5.4) for the definition of
ptp P P P P P

the group. We recall we have a projection map of the form
I
p: [[G(@) = G(A),
P

defined in (1.5.4). The map p has kernel I = {[],(id,&p),s.t. [],§, = 1}. By definition, the character
®pXv,p 18 trivial on the elements of the form [] (id, &) with [, &, = 1. Then, the action of ®,m, factors

throughout the quotient H; G(Qp)/1, allowing us to regard the representation (®pﬂ'p,®p In,p(s,f(v@))

as a representation of the group H; G(Qp)/I, which, by (1.5.4), is isomorphic to G(A). Therefore we
conclude with the following isomorphism

@p7(gp: Ep) =T (p (H (9pa€p)>> )

obtaining the following isomorphism of G(A)—representations:

® Inyp(& XV,P) = In(sa XV)
p

Let us remark that for a general induced representation this local-global factorization is not always avail-
able.

Definition 1.6.8. Let s so that Re(s) > L. For any ®(g,s) € I,(s,xv) we define the intertwining
map

M(S) : In(57XV) — In(_svx;/l)v

(I)(gas) = (I)(wlnga S)dnv
N(A)

where dn is the Haar measure of N(A) and w, = ( _Ii”) if G = Sp,,, or w, = (( _IIL") ,1) if G = Mpy,,.
When m is even and n+ 1 < m < 2n, we denote by M*(s) the normalization proposed in [KR92, p. 218].

Proposition 1.6.9. The map M(s) is extended for almost to all s € C by meromorphic continuation.

Proof. Tt is a particular case of [Art05, thm. 7.2, p. 35]. O
Remark 1.6.10. The discussion of (1.5.4) yields the following equality:
M(s) = @M, (s).

We will also denote M (s) = ®p1ocMp(s).

1.6.2 Local theta correspondence of the identity

In this section we will consider the local theta correspondence of the identity from H(Q,) to G = Sp,,(Q))
when p is a non-archimedian place.
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We denote the trivial representation of H(Q,) by 1y. The local theta correspondence of the repre-
sentation 1y, for the dual reductive pair (Sp,,(Qp), O(V)(Qp)), yields the map

m n+1

Hv,p: S(Vn((@p)) — ]1V & In,p (2 - 23)2V,p> )

©p = w(gp)p(0).
We recall that by definition py,, (S(V(Qp))) = ©(1y,).

Theorem 1.6.11. The map py,, induces an injection

m n+1 _
O(ly) — I, (2 - 2’XV,p) .

Proof. 1t is in 1.5.26. O

We denote by
R p(Vp) = pvyp (S(V(Qp))) -

Formally, we may regard the representation 1y as the Weil representation of the reductive dual pair
(O(V),id). Therefore, according to [Kud96, prop. 4.1, p. 45], the representations R,, ,(V') are always non-
trivial. The main goal of this section is to determine the irreducible constituent of the representations
R, ,(V), which in general are reducible. In particular, by theorem 1.5.26, these representations have a
unique irreducible sub-quotient, which we have denoted by 6(1y). As we saw in the proof of corollary
1.5.51, the search for these irreducible representations is essential to obtain the interplay between the
local and global theta correspondence.

Remark 1.6.12. Let V; and Va be quadratic spaces with the same dimension so that Xv, p = Xv,,p and
they have with different Hasse invariant. There are two embeddings of the form

Rn,p(Vl)

n+l -~
) ?XVhP)

\; /
S
S

Rn,p(VZ

For the following discussion, given a quadratic space V we will denote by V7 and V5 the quadratic
spaces with m = dimV = dim V; = dim V2, Xvp = Xvi.p = Xw,p and different Hasse invariants.

Proposition 1.6.13. Let V' be a quadratic space of even dimension so that X%/,p =1 and xvp #1. For

m—n-+1
2

So = we have

1. If 2 < m < n+1 so that sp < 0, the representations R, (Vi) and R, ,(V2) are irreducible,
R, ,(V1) ® R, ,(Va2) is a submodule of I, ,(s0, Xv,p) and the quotient

In7p(87 XV,p)/Rn,p(Vl) @ Rn,p(VQ)a

18 1rreducible.

2. If m=n+1 so that s =0, R, (V1) and Ry, ,(V2) are irreducible subrepresentations, and
Inp(s:Xvip) = Ry p(V1) ® R p(V2).
3. Ifn+1<m<2n, R, ,(Vi) and R, ,(V2) are mazimal submodules and

Rn,p(vl) N Rn,p(v2)v
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s an irreducible subrepresentation.

Proof. See [KR92, p. 211]. O

Definition 1.6.14. Let us suppose V is a quadratic space of dimension n + 1 < m < 2n so that, if
m = 2n, the space is not quaternionic. Let mg be the integer satisfying m + mg = 2(n 4+ 1). The
complementary space, denoted by V), is the quadratic space of dimension mg satisfying

Vo = Vi, @ H™.
Remark 1.6.15. The space R, ,(Vy) is a subrepresentation of I, p(—So, Xv,p)-

Lemma 1.6.16. Let Vi and V, be quadratic spaces with the same even dimension m so that n +1 <
m < 2n and Xv,p = Xvu.,p, then

M*(s0)(Rnp(Vi)) =
M*(s0)(Znp(80, Xv)) =

Furthermore
ker M*(So) = Rmp(Vl) N Rn,p(VQ),

where all the above representations are Spy,, (A)—representations.

Proof. See [KR92, prop. 5.5, p. 240] and [KR92, prop. 5.6, p. 243]. O

Corollary 1.6.17. Let V; and V5 be quadratic spaces satisfying the hypothesis of lemma 1.6.16. Then
Ry p(Vi)/ (R p(Vi) N R p(V2)) = R p(Vio).

Proof. Tt follows directly by lemma 1.6.16. O

Remark 1.6.18. Ifn+1 < m < 2n, hence 1 < dim Vy < n. Therefore proposition 1.6.13 implies the
irreducibility of the representation Ry, ,(Vo). The strategy used to determine certain local theta correspon-
dences is based on the determination of the maps from our representation to representations associated
to spaces satisfying the above hypothesis.

The global theta correspondence provides analogous maps to (1.6.2)

" m n+1 _
MV S(V (A)) — ITL (2 - 27XV,p> )

o = w(g)p(0),

and we denote

Rn(V) :=py (S(V"(A)))-

Remark 1.6.19. When G = Sp,,,, according to [GH22, thm. 5.7.1, p. 135] we obtain the following
isomorphism of G(A)—representations

R, (V) = ®pRy (V).
w(g)¢(0) = ®w(gp)ep(0).

For G = Mps,,,, the equality (1.5.4) provides the G(A)—isomorphism

R, (V) = ®pRy p(V),
w(g,€)p(0) = @pwy(gp, &p)ep(0),

with (g,€) = p(I1,(9p, &p))-
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1.6.3 Automorphic representations associated to quadratic spaces

In the previous section we used the local theta correspondence of the identity to construct representations
R, (V) of G(A). This section is devoted to showing that these representations appear as subrepresenta-
tions of the space of automorphic forms A(G). We assume m even and hence G = Sp,,,.

Definition 1.6.20. A representation (7, V') of Sp,,, (Q)) is non singular in the sense of Howe if there is

a Schwartz function f € S(Sym,,(Qp)) so that its Fourier transform f has support in the set of matrices
B € Sym,,(Q,) satisfying det 8 # 0 and f does not act by 0 in 7, where the action of f € S(Sym,,(Q,))
on V is given by

w(fu= [ O,
N(Qp)
with NV is the Siegel parabolic of Sp,,, (Qp).

For the following discussion we consider Oy, the space of quadratic forms of rank m that are equal
to %(x, x) for some x € V™ and whose components span V.

Lemma 1.6.21. Let ¢, € S(Sym,,(Q,)) be a function whose Fourier transform ¢, has support on the
set
(Ov, U{B, s.t.tank 8 > m}) N Sym,(Z,).

Then ¢, does not act by 0 in R, ,(V).

Proof. In this proof we will use the following notation w = (, ~'*). We consider f, € Ry, ,(V') satisfying
fp = w(g)a,(0) with a, € S(V™(Q,)). Applying the explicit formula of the local Weil representation
given in proposition 1.5.23, we get

ren o= [ aonteonn= [ [ (e (Gen) o0 (-9

Since ¢, is a Schwartz function it has compact support. Then we are able to change the order of the
above integrals, obtaining that (1.6.3) is equal to

/W(Qp)ap(l“)@p (;(x,x)> dx

> min (@p|(ovpu{5, s.t. rank [5>m})ﬂ$ym"(2p)> /(Ov DB, ot vank B} ) iSym, (2 )ap(l‘)dxa
P > S.1. n\&p

Therefore, for a suitable choice of a,(x), the above integral does not vanish. O]
Theorem 1.6.22. Let V be a quadratic space of even dimension satisfying m <n, then
dim Homg ) (R,(V), A(G)) = 1.
Proof. Given 8 € Sym,, (Q) we define a character of N(A) of the form
Yp: N(A) = C,
n(b) = ¢(tr(BD)).
We consider the space Ws(R,,(V)), consisting on functionals
p: @ Rup(V)—C,
pfoo

so that p(m(n)f) = Ya(n)u(f) for all n € N(Ay) and p(moo(X) f) = dpg(X)p(f) for all X € Lie N(R).
Let us denote by W (R, (V) the subspace of functionals of Ws(R,,(V')) having a continuous extension
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to
RY(V) =Ry (V) @) Rup(V)
ptoo

where R;°, (V) is the subspace of Ry, o (V') of smooth functions.

According to [KR94, prop. 2.4, p. 20] for the finite places and to [KR94, prop. 2.9, p. 23] for the infinite
place, if rank 8 > m or if rank 8 = m and 8 € Oy, we have

W5 (Rn(V)) = 0. (1.-8)
Otherwise, if g € Oy
dim Wg*(R,(V)) = 1. (1.-8)

Given f € R, (V) we consider its g—Fourier coefficient
Wy, (f,9) = - f(n(b)g)(—tr(8b))db.
N

It defines a functional

Wg : A(G) — C,
f — W'l,bﬁ(f? ld)a

satisfying Wa(m(n(b))f) = ¥(tr(8b))Wa(f). Therefore, the map

R (V) @ R) Rup(V) = Ra(V) 22

ptoo
is an element of the space W>°(R,,(V)). For any A, B € Homg (R, (V), A(G)), the elements Ag = W30 A
and Bg = Wp o B belong to the space Wg°(R,(V)). Hence, by (1.6.3), if rank 8 > m or if rank 8 = m

and 3 ¢ Ov,
Apg = Bs =0, (1.-8)

otherwise, by (1.6.3)
Ap = csBg,

where cg € C. Using a change of variables we get

Ap(m(m(a))f) = Wp (A(r(m(a))f)) = Weaga(A(f)) = Atapa(f)-

The group GL,(Q) acts on Oy by
B ‘apa,

for any a € GL,(Q). This action has one orbit. Then, every element ' € Oy can be expressed as
B’ = 'afa for certain a € GL,(Q), implying ¢z = cg for every 3,3’ € Oy. Therefore we conclude that
the constant c := cg is independent of 3.

Let us define D = A — ¢B. Given ¢, € S(N(Q,)) a Schwartz function satisfying the hypothesis of
lemma 1.6.21 and f € R,(V), we have

m(pp) - D(f)(9) = / ©p(b)D(f)(gn(b))db.

Sym,, (Qp)

Since N(A) is commutative, the automorphic form D(f) has Fourier expansion

D(f)g)= >, Wy (D(f)9)

~v€Sym,, (A)
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Then

Lo o, PO = ST oW (D), guie)a

Y€Sym,, (A)

> @(g)Wy, (D(f).g).

v€Sym,, (A)

By (1.6.3), the function Wy, (D(f),g) vanishes if rank 8 > m or if rank 8 = m and 8 ¢ Oy . Otherwise,
the function ¢, vanishes by hypothesis. Then we get

> @(@Wy, (D(f),9) =0, (1-8)

Y€Sym,, (A)

and the function ¢, acts by 0 on the image of D. Since the map D is intertwining and R,, (V') irreducible,
proposition 1.6.13, lemma 1.6.21 and the equation (1.6.3) imply D = 0, obtaining A = ¢B and hence the
statement of the theorem. O

Remark 1.6.23. The space Wg(R,(V)) is called the space of Whittaker functionals and it plays a
relevant role in the theory of automorphic representations. See section 2.4.1 for a detailed exposition of
the subject.

1.6.4 Siegel Eisenstein series

In this section we will construct the Eisenstein series involved in the Siegel-Weil formula. For the general
construction of Eisenstein series see 1.4.13. Given ®(g, s) € I,,(s,xv) and s so that Re(s) > 0, we define

E(g,s,®) = > ®(vg, ). (1.-8)
YEP(Q)\Sp3,, (Q)

When G = Sp,,, it is an automorphic form on [Sp,,]. In contrast, when G = Mp,,, this function is an
automorphic form on Sp,,, (Q) \ Mp,,, (A). We denote this space also by A(G) and we refer the reader to
[Mor83] for further details about automorphic forms on metaplectic groups.

Lemma 1.6.24. The Eisenstein series E(g, s, ®) admits a meromorphic continuation and the following
functional equation:
E(gv S, (I)) = E(gv S, M(S)(I))

Proof. See [Art05, thm. 7.2, (a), p. 35]. O

Theorem 1.6.25. For Re(s) > 0 the Fisenstein series E(g,s, ®) is holomorphic except at s € X,,; the
points of reducibility of the local degenerate principal series I, ,(s, Xxv,p), where E(g,s, ®) has a pole of
order at most 1.

Proof. See [KR94, thm. 1.1, p. 12] and [GQT14, prop. 6.1, p. 18]. O

Given s, € X,,, according to theorem 1.6.25, the Eisenstein series F(g, s, ®) has the following Laurent
expansion at s = s,:

Ress—s, E(g,s, D)

S — Sp

E(g,s,®) =

+ CTs=s,E(g,5,P) + O(s — sp).
The map
ReSS:SnE(gv S, ) : In(S7XV) — A(G)7 (1—8)

is intertwining. The image of the above morphism is not at first an automorphic representation because
I,(s,xv) is not irreducible. To obtain such maps we would have to prove the factorization stated in
(1.6.4): The map should factor throughout an irreducible sub-quotient of I, (s, xv). Moreover, the map

CTs=s, E(g,s,°): I.(s,xv) = A(G), (1.-8)
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is an intertwining map modulo the image of (1.6.4).

Theorem 1.6.26. The residue of the Eisenstein series Ress—s, E(g, s,-) factors throughout R, (V) and
it is different from 0.

Proof. Let V' be a quadratic space of dimension m and character Xy, = Xv,. Corollary 1.6.17 shows
Ry p(V)/ R p(V) N Ry (V') = Ry, (Vo).

Then, the proof follows by checking the vanishing of the residue of the Eisenstein series in the subspace
R, (V)N R, ,(V’). This proof is similar to the proof of theorem 1.6.22, see [KR94, thm. 4.9, p. 34] for
the details. O

Classical Eisenstein series

In subsequent sections of this chapter we will consider certain Eisenstein series of complex variable. They
are defined using the construction 1.6.4.

Lemma 1.6.27. Givenl € %Z, there is a unique function ®'(g,s) € I, (s, xv) so that
Dl (kg, s) = ™0,
when kg = (<%, 319 € SO(2).
Proof. See [Kud03, p. 39]. O
Definition 1.6.28. The section ®!(g,s) of lemma 1.6.27 is called the section of weight | of I1(s, xv).
The sections of weight [ are in the image of the map

Aot S(V(R)) = I1,0(5, XV ),

defined in (1.6.2). In fact, according to [Kud03, (1.28), p. 10], we get

' (9.5 = 1) = Aa(6)(9),

7ilh, J00

where ¢° € S(V(R)) is a Schwartz function satisfying that we (kg)p®(z) = €™ ¢7°(x). Moreover, for
any @5 € S(V(Ay)) we denote

E(7,5,0, (7)) = v~ B(gr, 5, 9" @ Mgy)),
where g, € G(R) is defined as in 1.5.60.

Proposition 1.6.29. The SLy— Finsenstein series satisfy the following relation:

90 ( 21 1 1
—2iv? = {oF VB, 5, 02 @ M) | = 5(s— 1= 10T Elgr.s, 0 © M),

and hence 9 )
722‘7}2% {E(T,S,l+ 23:“‘(90f))} = 5(5 —1- I)E(T7Sﬂlaﬂ(<pf))'

Proof. Tt is [Kud03, (2.15), p. 20]. O

In subsequent sections of this paper we will consider the Eisenstein series E(7,s,3/2, u(¢y)). Accord-
ing to [KY10, cor. 2.5, p. 2283], this function is holomorphic in the variable s. We denote by

E(T, S, 3/27 M(‘P)) = Z A(57 m,v, /‘(Qp))qma
meQ
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its Fourier series. Furthermore, we denote the Laurent series at s = 1/2 of each Fourier coefficient by
A(s,m, v, p(p)) = a(m) + b(m, v, u(0)) (s — s0) + O((s = 50)°)- (1-8)

1.6.5 Hecke algebra

Throughout this subsection, we will discuss the definition and main properties of the so-called Hecke al-
gebra. Although in this section this object will be used to define the regularization of the theta function,
it plays a crucial role in the theory of representations of topological groups, as described in section 2.3.
In this subsection we will use concepts such as dual group, see 2.1.18, and Weyl group, see 2.1.15.

For the following definition we will denote by & a topological group with maximal compact subgroup
Kg.

Definition 1.6.30. The Heke algebra H® is the ring of locally constant compactly supported functions
® — Z which are Kg—bi-invariant, endowed with multiplication law defined by convolution; given

fgen®
(rem)o) = [ f@ha"gds
where dz is the Haar measure of & giving Ky volume 1.

Set H a split reductive group defined over Q,. We fix a Borel subgroup B = T'N with maximal
split torus 7. This choice of Borel subgroup determines a set of positive roots denoted by ®*. We
set K, = H(Z,) the maximal compact subgroup of H(Qp). In this situation we will use the following
notation ’Hf = HA(@),

Remark 1.6.31. Let (m,V) be a representation of H(Q)), there exists a representation

L ’Hf — Aut(V),

[ <v > /H(Qp) f(g)W(g)vdg> .

This map allows us to regard V' as a Hf—module.

Proposition 1.6.32. The group H(Q,) is the disjoint union of the double cosets K,u(p)K,, where u
are the cocharacters of the mazimal split torus of H belonging to the positive Weyl chamber of the dual
group, (see 2.1.48 for the definition) i.e. pu € Xo(T)N P(PT).

Proof. See [BC80a, p. 51]. O

Remark 1.6.33. The elements of the Hecke algebra are constant functions on the double cosets K,z K.
According to proposition 1.6.32, the characteristic functions ¢, := char(K,u(p)K,) form a Z—basis of
HI,

P

Proposition 1.6.34. The Hecke algebra 7-[5 is commutative and hence the map
HE — Z[X.(T)),
C# — [.UJL
s an isomorphism.
Proof. The proposition follows by remark 1.6.33. O

Definition 1.6.35. The Satake transform is defined by the following ring homomorphism:
St M1 = H @Zp?p7,

£ S((E) = 8(t)2 /N o, S
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where ¢ is the modulus character of the B(Q,) and dn is the right invariant Haar measure of N(Q,).
Theorem 1.6.36 (Satake isomorphism). The Satake transform is the ring isomorphism

My~ Z[X (DD @ z[p!2, p 2],
Proof. By [Gro98, prop. 3.6, p. 6] we have the ring isomorphism

HE ~ R(H),

where R(ﬁ ) denotes ring of finite dimensional representation of the complex Lie group H. To conclude,
proposition 2.1.55 and remark 2.1.21 shows the isomorphism R(H) ~ Z[X4(T)]W H:T), O
Corollary 1.6.37. The Hecke algebra 'Hf 18 commutative.
Proof. 1t follows by theorem 1.6.36 and proposition 1.6.34. O

Example 1.6.38. In this example we compute Z[Xo(T)|WHE TN @) 45 o ring of polynomials when H =
Sp, and T = {a; x -~ x a, x a;* x --- x a;', a; € G,,}. The cocharacters of the torus are Z—linear
combinations of the following maps:

& G =T ~Gyy,

1 A

c»—)lx-?-xlxcxlxﬁ-xlxe_ X 1x -+ x1,

where © < n. The group W (Sp,,, Ty) acts on the set of cocharacters {&;}7, as the permutation group of
degree n, denoted by S,,. Therefore, the following identification holds:

ZIXo(T)] P T) o L .., ] (1-8)

Definition 1.6.39. Fix V a quadratic space of dimension m. Let HMP2r(@) bhe the Hecke algebra of the
topological group Mp,,, (Q,). We consider the following subring

HPon = {a € HMP2n (@) 5t a(eg) = e™alg), }
where € = (1, —1) € Mp,,, (Q,).
Lemma 1.6.40. If p=1 (4) and m is odd
7’-211:\)/,[&/271 ~ HSPQH_
Proof. See [Ich01, p. 214]. O

To simplify the forthcoming exposition, we will always assume m, the dimension of V', being odd
and the place p satisfying p = 1 (4). Therefore, according to (1.6.40), from now on we will denote

M S
Hp P2y = przn.

1.6.6 Regularization map

To lighten the notation we fix V' a rational quadratic space of odd dimension and we consider the algebraic
group H := O(V). In spite of this assumption, the following construction is done in complete generality,
see [Ich01]. We fix a finite place p so that p =1 (4). In this section we explain the construction of Ichino
(see [Ich01]) of an element a € HS which defines a map of the form

w(a): S(V*A)) = S(V™(A))abe, (1.-8)

where

S(V™(A))ape = {<p e S(V(A)), s.t. 0(g, h, ), is absolutely convergent for all g € G(A)} .

(H]
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This construction allows us to relate the local theta correspondence of the identity with the regularized
global theta correspondence of the identity as we explained in remark 1.5.52. When V has even dimen-
sion, there is an analogous construction for the place p = oo by Kudla and Rallis [KR94, cor. 5.1.2, p. 43].
They define an element in the center of the universal enveloping algbera of Lie GG, providing an analogous
map to (1.6.6). This construction is completely equivalent to the one we will describe in this subsection.

Proposition 1.6.41. Let us choose a natural number n satisfying r < n. There exists an algebra
homomorphism
0: HS — MY,

so that for all o € HS :
w(a) =w(f(a)) € Aut (S(V"(@p))c%)xmzp)) .
Proof. The proof and definition of this map are in [Ich01, prop. 1.1, p. 206]. 0

Proposition 1.6.42. Let Ty, g, be the mazximal torus of szn’(@p. If the Witt index of V satisfies that
r < n, there exists a unique element

T
S
Qpyrp = Opg1 + E ;o] € pr2n’
=1

where oy is the l—symmetric polynomial in Z[X.(Tgn)]W(Sp%*%’TQ"’QP) and a; € C such that 0(an ) = 0.

Proof. See [Ich01, prop. 1.3, p. 209]. O

Lemma 1.6.43. The element o, .—1,, satisfies the following equality:

0(anr—1,n) = 0" H (YJ - Cm/z—n—l) )

Jj=1

where 'Hf = Z[Y1, .., V)5 @ Z[p'/2,p7 /2], Cy = p* + p~° and n = ng = yk(p, v 0 Q) 7' € {£1} is the
Weil index defined in [Kud96, p. 12].

Proof. The proof is analogous to [KR94, lem. 5.5.4, p. 52], see [Ich01, (1.1), p. 209]. O

Remark 1.6.44. By corollary 1.6.37 the Hecke algebra Hg is commutative. Then, for every element
®(g,s) € In(s, )NCV,p)
O(an,r—1,) - ®(g,5) = cP(g, s),

with - the action defined in remark 1.6.31 and c € C.

Example 1.6.45. In this example we compute explicitly the element 0oy, r—1,,) when the dual reductive
pair is (Spy g, . Ho,) with V' a rational isotropic quadratic space of signature (2,1). This setting will be
relevant in the forthcoming exposition.

The orthogonal group satisfies Hg, = O(V ® Qp). The dimension of the mazximal torus TH of Hy
is equal to 1. We fiz u € Xo(TH) the generator of the group of cocharacters of TH. Hence, the ring ’Hf
is unitary and generated by charg, (K, (h) and chark,(h), where the latter element is the unit of the
ring. By proposition 1.6.42

0(a1,0) =1 (Y1 = C_1y2) -

From the proof of [Ich01, lem. 1.4, p. 208], we deduce fH(QU) S=1(v1)(h)dh = C1/2. Therefore, the Satake
isomorphism given in 1.6.36 provides the following equality:

S_l(nYl —nC_1/2)(h) = nCl/QchaerH(p)Kp(h) —nC_yocharg, (h).
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Let 1y be the trivial representation of H(Q,), then

0(ar,0,) 1y = n/H(Q ) C1jacharg, i, (hw) — C_1/achark, (hy)dh, = 0. (1.-8)

The vanishing of (1.6.45) prevents us from using the first term identity of [GQT14, thm. 8.1, (i), p. 35].
In fact, this equality is the motivation to introduce the second term identity in the Siegel-Weil formula.

Let us fix a Siegel set Gy of H(A) (see 1.4.1 for the definition) so that H(A) = H(Q)Gx.
Definition 1.6.46. Given ¢ € S(V"(A)) we fix a finite place p satisfying the following conditions:
e p is finite and does not divide 2.

e p=1mod 4.

1, is of order 0.

¢p(+) is unramified.
H(Qy) NGu = H(Zy).

e The Schwartz function ¢ is Sp,,(Z,) x H(Z,)—fixed.

Remark 1.6.47. For any ¢ € S(V™(A)), there exists an infinite number of finite places where the
hypothesis of 1.6.46 are satisfied.

1.6.7 Regularized theta function

This section is devoted to introducing the replacement for 6(g,h,¢) in the regularized version of the
Siegel-Weil formula.

Proposition 1.6.48. The following map is an isomorphism

S(V™(A)) = S(Van(A)) @ S(WT(A)),

T
o(z) = @(xo, u,v) ::/ v | zo wA(tr(vtx))dx,
Men() \ 4

where w := (u,v) € WT(A) and 4 is the adelic character used to define the global Weil representation
(1.5.4).

Proof. See [KR94, (5.3.2), p. 45]. O
Definition 1.6.49. The isomorphism given by 1.6.48 allows us to consider the representation

H(A) x G(A) = Aut(S(V1, (A) @ S(WT(A)))

(1) s | (o0, u,0) /M e o vt |
rn U

called the mized model of the Weil representation.

Remark 1.6.50. Using the partial Poisson summation formula of [KR94, (5.8.4), p. 45], the theta func-
tion satisfies
e(gah7(p) = Z (,5(.170,111).

20€Van(Q)
weW(Q)
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By the proof of [KR94, (5.53.6), p. 46] the sum

Z (,27(:60,’11)%

20€Van(Q)
weW (Q)

rank w=r
is rapidly decreasing in the sense of 1.4.2.

Proposition 1.6.51. Let V be a quadratic space so that r > 0, m—r < n+1 and r < n. Given
p € S(V™(A)), we choose a finite place p satisfying the hypothesis of 1.6.46 and then

> w(an—1)@(z0, w) =0,

20€Van (Q)
weW(Q)
rank w=r

and
0(g, h,w(a)p)dh,
(H]
is absolutely convergent for all g € G(A).

Proof. Since the group G(Q)[],, G(Qy) is dense in G(A), we will assume g € K., (we recall that when
G = Mp,,,, due to the splitting of K, this hypohtesis implies g = (¢’, 1) for ¢’ € Sp,,,(Z;)). The previous
assumption implies

w(an,r—1,7)w(g, h)P(x0, w) = w(g, h)w(an r—1,7)P(T0, w).

Let us define the G(Q,)—intertwining map

S(Varn(@p)) @ S(W'(Qy)) = S(Vir (@) @ SWHQy)),
@(uvw) = ¥o,

where o (2o, wo) = ¢ (2o, ("¢ )). The right hand side of (1.6.7) is the mixed model of the Weil repre-
sentation for the dual reductive pair (Sp,,(Q,), O(Van @ V7=1)(Q,)). We denote this representation by
wy—1. For any w € W"(Q,) so that rank w < r, there exists a € GL,(Z,) and wy € W"~1(Q,) satisfying
w=a("y). Hence, given w € W"(Q,) with rank w < r we get

w(an,r—1,7) (0, w) = w(an,r—1,)¢ (To,a ('¢’)) = w(an,r—1,7)@ (z0, ('¢")) ,
where we have used the Sp,, (Z,)—invariance of ¢,. Moreover, since (1.6.7) is G(Q,)—intertwining we
obtain

w(on,r—1.9)@ (0, (¢")) = wyr=1(an r-1)¢ (x0, (¢")) =0,

where the equality follows by propositions 1.6.41 and 1.6.42. The last assertion follows directly by remark
1.7.2. O

In order to obtain a replacement for the theta function in the present situation, we may introduce an
auziliary Eisenstein series (defined using the Siegel parabolic subgroup of H). We recall that the Levi
decomposition of the Siegel parabolic @ of H is given by

Q = MgNg,

where the Q—points of the Levi subgroup Mg are given by

Mo(@) = {mlaho) = ("0 ..} st.a € GLAQ), ho € OWan) @},

(a
and the Q—points of the unipotent subgroup Ng are
1c dfé(c,c)

No(Q) = {n(c, d) = < DR ) st et = (c1,omen) €V (cr0) = ((ciyeg)), d=—td € MT(Q)}.

1
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The Iwasawa decomposition provides the following equality:
H(A) = Q(A) Ky,

where Ky = (0(2) ® O(p)) x [, prace H(Zy) is the maximal compact subgroup of H(A). Combining the
previous two decompositions we may factor every h € H(A) by

h =n(c,d)m(a, ho)k.
To lighten notation we denote |a(h)| := |det(a)| and

, m—r—1
Pr = 2

Using the previous datum we define the function
U(h, 5) = |a(h)|"T",
where s € C.

Definition 1.6.52. The auxiliary Fisenstein series is defined as follows:
E(h,s) = Z U(vh, s). (1.-9)
TEQQ\H(Q)

Remark 1.6.53. This series is absolutely convergent when Re(s) > pl.. Moreover, E(h,s) has mero-
morphic analytic continuation to C, see [KR9/4, p. 47].

Proposition 1.6.54. Except in the case of a split binary quadratic space V', E(h,s) has a simple pole
at s = pl. with constant residue denoted by k. If V is the rational isotropic space of signature (2,1) then

k=2.

Proof. Tt is [KR94, prop. 5.4.1, p. 48]. O

By 1.6.44, the Hecke algebra of H(Q,,) acts on Indg((g;’)) la(-)|**#* by multiplication by scalars. In fact,

we will denote

Oanr—1a) - (JaC) ) = cals)lal) 7, (1-9)
where ¢4 (s) : C — C is a function.

Lemma 1.6.55. Let us consider V an isotropic quadratic space of signature (2,1), then
Oaro.) - (laC)) =0,

i.e. col(py) =0.

Proof. 1t follows by example 1.6.45 O

The replacement for the theta function in the regularized case of the Siegel-Weil formula will be the
following function

E(s,9,0) = ﬁ /[H] 6(g. b (=) @) E(h, s)dh,

It is meromorphic in the variable s. If the dual reductive pair is in the first term range, i.e. r > 0,
m < n—+1sothat m —r < n+ 1, then £(s, g, ) has a pole of order at most 1 at s = p/. If the dual
reductive pair is in the second term range, i.e. 0 <r <mandn+1<m <n+1-+r, then £(s, g, ) has
a pole of order at most 2 at s = p/.. The case of interest for section 1.7 lies in the second term range,
specifically when m = 3, r = 1 and n = 1. In this case, proposition 1.6.54 and lemma 1.6.55 show that
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the function £(s,g,¢) has a pole at s = p} of order at most 2. We denote the Laurent expansion of
E(s,9,¢) at s = p) by
B_2(9,¢) . B-1(g,%)

o = e a)

+ Bo(g,¢) + O(s — p}).

If B_5(g,¢) # 0, it defines an intertwining map of the form

B_s5(g,") : R.(V)— A(G).

1.6.8 Regularized Siegel-Weil formula: First term identity

In this subsection we explain the proof of the regularized Siegel-Weil formula of Kudla-Rallis given in
[KR94]. We suppose n+1 <m < 2n, m —r <n+ 1 and V isotropic.

Theorem 1.6.56. There is a non-zero constant c¢ so that for every ¢ € S(V™(A))

Bo(g,¢") if Vo anisotropic,
Ress—s, F(g,8,P) =< B_1(g,¢") if Vo isotropic non split,
Bo(g,¢") if Vo split binary,

where ® € I,,(s,xv) is the section associated to ¢ and ¢ € S(Vg*(A)) is any function whose image in
R, (V) coincides with the image of ¢ under the composition of maps

S(V'(A)) = Ru(V) = Rn(Vo),
where the first map is given by py and the second map is defined by the isomorphism of corollary 1.6.17.
Proof. On the one hand, according to theorem 1.6.26, the map
Ress—s, E(g,s,-): Ro(V) = A(G), (1.-9)

is a non-zero intertwining map factorizing throughout R, (Vp), with dim(Vy) < n. Hence, it defines an
element of the group
Homg (R, (Vh), A(G)),

On the other hand, [KR94, thm. 6.1, p. 54] shows that when V isotropic and non binary split with
m <n -+ 1, then
B—l(ga ) : Rn(v) — A(G)v (1_9)

is intertwining. When m = 2 and yy = 1, the map
Bo(g,) : RBn(V) = A(G), (1.-9)
is intertwining. When V' is anisotropic we are in the range of convergence of Weil and hence
Bo(g,-) : RBn(V) = A(G), (1.-9)
is intertwining. The above maps define elements of
Homg (R (V), A(G))
which, by theorem 1.6.22, is of dimension 1. Hence, depending on the complementary space V;, comparing

the map (1.6.8) with (1.6.8), (1.6.8) or (1.6.8), the result follows. O

1.6.9 Regularized Siegel-Weil formula: Second term identity

In the forthcoming exposition, the relevant Siegel-Weil formula will be
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Theorem 1.6.57. Let (V,q) be a rational quadratic isotropic space of signature (2,1). Let ¢ € S(V(A))
be a function satisfying the hypothesis of [Ich01, p. 209] for a finite place p. Then

B—l(gv QO) = A0(97 A(410)) + CA—I(gz A(@))7

where Ao(g, A(p)) = CTsz1/2 E(g,5,A(¢)) and A_1(g, A(#)) = Ress—1/2E(g,5,A($)), with Ap)(g) =
(w(g)p)(0) € L.(s,xv), c € C and ¢ € S(V(A)) is a non determined Schwartz function.

Proof. See [GQT14, thm. 8.1, (ii), p. 35]. O

1.7 A truncated Siegel-Weil formula and Borcherds forms

1.7.1 Introduction

This section is based on the paper [Ter22]. The integrals of the logarithm of the Borcherds forms have
been related to zeta and L—values in a wide variety of papers [Kud03], [BBGKO07], [FiMS18]. Due to
the geometric nature of the Borcherds forms, those integrals have also been used to understand the
arithmetic degrees of arithmetic cycles of Shimura varieties, extending the knowledge of their Chow
groups, [Ehl17]. In [Kud03] the author studies the integral of the logarithm of the Borcherds forms for
certain quasiprojective Shimura varieties associated to the group GSpin, obtaining an expression involving
certain Fourier coefficients of Eisenstein series. One of the main tools in [Kud03] is the Siegel-Weil formula
in the convergent range of Weil and the one proved in [KR88]. On account of the eventual divergence of
the integral of the theta function over the modular curve, the integral of the logarithm of the Borcherds
forms over the modular curve was not addressed in [Kud03]. An explicit example of the aforementioned

integral is given by
oo

A(T) — e27ri‘r (1 _ e27rirn)24’
the so-called classical discriminant; according to [Bru04, p. 6] A(7) is the Borcherds form of the Jacobi
theta function. In [Kiih01, cor. 5.4, p. 21] the author shows that the integral of logarithm of the norm
of A(7) diverges. This result points out the different nature between the integrals considered in [Kud03|
and the one over the modular curve. A significant variation between [Kud03] and the present paper is
that in order to understand our integral we have to replace the integral over the modular curve X mod Ty
the integral over the truncated modular curve, denoted by X™o%T

One of the main ingredients for our proof is the Siegel-Weil formula. The classical version of it, given
in [Sie35], [Sie51] and [Wei65], relates the integral of certain theta function with a special value of an
Eisenstein series. Let V' be a rational quadratic space of dimension m with Witt index . For n > 1
the tuple (Sp,,, O(V)) forms a dual reductive pair. Given ¢ € S(V"(A)), where S denotes the space of
Schwartz functions, we construct a theta function 6(g, h, ) : Sp,,(A) x O(V)(A) — C. The convergence
of f[O(v)] 0(g, h, p)dh depends on the constants m = dim(V), r and n. Whenr =0orm —r >n+ 1, we
say that the datum is in the convergent range of Weil and by [Wei65] and [Kud86], the theta function is
absolutely convergent and

m
k/ 0(g,h,p)dh = E (g, 5 L A(s@)) = > Ae)(79),
(O] YEPSPn (Q)\Sp,, (Q)

where k is an explicit constant, PSP» is the Siegel parabolic of Sp,, and

s S(VHA) = L (G~ L)
is a map where I, (% -1, XV) is the degenerated principal series representation of Sp,,(A). It is known
that ) is a realization of the local theta correspondence of the identity, which has been extensively studied
throughout [KR94, sec. 2. p. 17]. In order to approach the remaining cases, under certain hypothesis on
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V and n, [KR94] and [Ich01] developed a regularization of the theta function. It is based on a operator
w(a): S(V™(A)) = S(V"(A))abe, (1.-9)

where S(V"™(A))ape = {p € S(V™(A)), s.t. 0(g,h,p) absolutely convergent}. The map w(a) is con-
structed using the action of an explicit element of the Hecke algebra of O(V) on S(V"(A)). This ma-
chinery allows us to define a meromorphic function B(g, ¢, s), [GQT14, sec. 3.5, p. 18], which replaces
the role of f[o(v)] 0(g, h,p)dh in the classical Siegel-Weil formula. It is known that B(g, ¢, s) has a pole

at s = "= =L of order at most 2. We denote its i—th Laurent coefficient by B;(g, ). The so-called first
and second term identity of the Siegel-Weil formula relate B_5(g, @) and B_1(g,¢) with special values

of Eisenstein series (and their residues).

In this paper we consider the case m = 3, r = 1 and n = 1. Geometrically it corresponds to the
modular curve case. The first goal is to obtain an expression for the integral of the theta function
associated to oY € S(V(A)); certain Schwartz function defined using the geometry of the modular curve.
It turns out that this integral does not converge, hence in order to obtain some ”truncated expression”
for it we use the regularized Siegel-Weil formula. One of the available theorems in this situation is given
by [GQT14, thm. 8.1, (ii), p. 35]

CTS=1/2 E(gvsaA(¢2§)) = B—l(ga<pcz>§) + CA—1(97>‘(§5))7 (1_9)

where CT,—1/2 E(g,s,A(¢2)) and A_1(g, A(@)) are respectively the constant and residue terms of the
Laurent series at s = 1/2 of these Eisenstein series and ¢ € C. A drawback of this formula is that we can
not recover information about f[o(v)] 0(g, h, 935 )dh directly. To that end we use the mixed model of the

Weil representation [KR94, prop. 5.2.1, p. 44, prop. 5.3.1, p. 45]. It allows us to factor the theta function
as follows:

0(g, h,2;) = Conv(g, h, ¢%) + Div(g, h, 2),
where f[o(v)] Conv(g, h, p2°)dh is absolutely convergent and f[o(v)] Div(g, h, 20 )dh diverges. Using the
action of w(a) we obtain a relation between B_1(g, ¢2’) and f[o(v)] Conv(g, h, p)dh.

Theorem (1.7.8). Let ¢ be the Schwartz function defined in (1.7.2) and let Conv(gr,h, ) be the
absolute convergent part of 0(g-,h, 037). Then

/[O( | Comvlge, by @) = Blor,1/2,M(#) + 4100, M),
1%

where ¢ € C.

 Let Xmod he the modular curve without level, fix 7' > 1 and set xmod T — {z=a+tiye X st y<
T}. The main body of this paper is devoted to obtaining an explicit expression of

[ sl Eada(o)
xmod, T

where f € ML1/2,Z3’ U(f)(z) is the Borcherds form of f, || - ||pet is the Peterson norm and dpy is the

hyperbolic measure. The function W(f) is closely related to the singular theta lift, hence the computation
can be reduced to

/X /X 05 () () () 2),

where [ ;(mod is the regularization proposed in [Bor98] to ensure the convergence of the singular theta lift.
Due to the behaviour of the Fourier constant term of §%9(7, 2) the order of the previous two integrals
can not be exchanged. With the aim of accomplishing the computation we treat separately the integrals
involving the non constant and constant terms of #%%¢9(7, z). The first one is approached following the
method developed in [Kud03] that requires the truncated version of the Siegel-Weil formula stated above.
The second integral is computed via an unfolding of the theta function with the integral. To ensure the
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convergence in this unfolding we introduce an auxiliary Eisenstein series and to conclude we apply the
truncated version of the Rankin-Selberg formula developed by Zagier.

Theorem (1.7.41). The integral [ .07 10g |[¥(f)(2)||petdp(z) diverges as log(T). The non divergent
term is an explicit combination of Fourier coefficients of Fisenstein series, gamma values, their derivatives
and values of the completed Riemann zeta function. Furthermore the coefficient of the divergent term has
an interpretation in terms of special values of zeta functions.

The second subsection is devoted to stating the geometric setting of the section. In the third subsection
we explain the relation between the regularized theta correspondence and the adelic theta correspondence.
Moreover we describe explicitly the operator w(«). In subsection 4 we prove the truncated version of the
Siegel-Weil formula. Subsection 5 is the main body of the paper, where we prove the main result. This
proof is divided into two cases; the ordinary case; whose main ingredient is the truncated Siegel-Weil
formula, and the limit case; approached by the unfolding of the integral with the theta series. In the final
section we prove some technical computations that are used in subsection 5.

Notation

Given G an algebraic group defined over Q, we denote by Gg, := G, Xspec(@) SPec(Q,) the base change
of G to Q,. We use the notation [G] = G(Q) \ G(A). Given (V,q) a quadratic space we denote by
m = dim V, r its Witt index, V,,, its maximal anisotropic subspace and (-, -) the bilinear form associated
to q. Let us denote by O(V') the orthogonal algebraic group. Furthermore, given a rational symplectic
space of dimension 2n we denote by Sp(W) its symplectic group, which is an algebraic group defined over
Q. There is a choice of basis for W so that Sp(W) ~ Sp,,. Given a topological space T and a subspace
S we denote by charg(x) : T — {0,1} the characteristic function of S. We fix ¢ the character on R
given by 1. (x) = €2™® and the unique characters 1p on Q, that are additive, whose restriction to Z, is

—27i

trivial and they satisfy that ¢,(p~') =e™»

Let ‘H be the Poincaré half plane. We fix two complex variables 7 = u + iv and z = = + iy. Given a
meromorphic function F(s), so € C and Cj, a closed curve around so we denote by

F
FTs—s,F(s) = / %d&
Csq (s = 50)
the first term in the Laurent series of F(s) at s = sg, by
F
CT,—s, F(s) = / Ads,
Cs, (s — so)

the constant term in the Laurent series at s = sg and by

Ress—s, F'(s) = /C F(s)ds,

S0

the residue of F(s) at s = s9. The Euler-Mascheroni constant is denoted by v := —I"(1).

This relevant constant will appear in the computations:

2
A = 2erf ( 72T) (—4(y+ 1) +1og(2) + wlog(n/2)) + 27 log () + wt/2r’ (—1/27 g) ,
V 7r
where I'(a, b) is the incomplete Gamma function.

1.7.2 Truncated Siegel-Weil formula

Throughout this section we fix (V, ¢) an even rational quadratic space of signature (2,1) and Witt index
1. We denote the bilinear form associated to ¢ by (-,-). Let H be the algebraic group O(V) and G be
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the metaplectic group Mp,. We also fix the lattice L ~ Z3 of V and W the rational symplectic space of
dimension 2. Once we fix the basis given in subsection 1.6, we will obtain Sp(W) ~ SLs.

Let ¢ p € S(V(R)) be the Gaussian associated to the quadratic space (V,q) with base point zq :=
i € H. Moreover we set ¢, the characteristic functions of the two cosets of L' ®z Ay/L ®z Ay given in
subsection 1.2.5. Throughout this section we will consider the Schwartz functions

P, = Pror ® ppu; € S(V(A)). (1.-9)

By the analysis done in the proof of [KR94, prop. 5.3.1, p. 45], the following integrals do not converge

/ e(g‘raha ‘ng}uj)dhy (1_9)
(]

W12 ul/2
meam=(("y 1)),

The main goal of this section is to state an asymptotic formula for (1.7.2) i.e. we will isolate the terms of
the theta function that diverge and we will compute the integral of the convergent ones. This computation
is based on a manipulation of the second term identity of the Siegel-Weil formula developed in [GQT14].

where we recall that

Factorization of the theta function

Definition 1.7.1. The isomorphism given by 1.6.48 allows us to consider the representation

H(A) x G(A) = Aut(S(Van (L)) @ S(W(A)))

(gah) = (ﬁ(l‘o,U,’U) = w(g7h)¢ Zo Z/JA(UZ')d.Z' y
My ,2(A) U

which is called the mized model of the Weil representation.

Remark 1.7.2. By means of the partial Poisson summation formula stated in [KR94, (5.8.4), p. 45],
the theta function satisfies

9(g,h,<p) = Z (,27(330,10).

20€Van(Q)
weW(Q)

Definition 1.7.3. Let ¢ € S(V(A)). Given a theta function 6(g,h, ) for the dual reductive pair
(SLo, H), we define the divergent part by

Div(g,h,) = Y w(g, h)p(o,0).
$0€Van(Qp)

Moreover we define the convergent part by

Conv(g, h,p) := Z w(g, h)p(xo, w).
20 € Van (Qp)

0AwWeW (Q)
Proposition 1.7.4. The convergent part Conv(g, h, @) is rapidly decreasing.

Proof. See the proof of [KR94, prop. 5.3.1, p. 45]. O

Remark 1.7.5. By remark 1.6.50 the previous definitions provide a well defined factorization for the
theta function:
0(g, h, ) = Div(g, h, ¢) + Conv(g, h, ¢).
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Lemma 1.7.6. Let p be a place satisfying the hypothesis of [Ich01, p. 209] and let o := a1 9, € ”Hi)”pz
be the Hecke operator chosen in example 1.6.45. The reqularized theta function satisfies

0(g, h,w(a)p) = Conv(g, h,w(a)p).

Proof. By [Ich01, prop. 1.5, p. 209] the function 0(g, h,w(a)¢) is rapidly decreasing. Therefore, since
Div(g, h, ) diverges by the proof of [KR94, prop. 5.3.1, p. 45], the factorization given in 1.7.5 yields the
result. O

Proposition 1.7.7. The following equality holds:
B_1(g,h, ¢) =/ Conv(g, h, p)dh.
[H]

Proof. Writing the definition of the action of the operator w(«) and applying proposition 1.7.6 to
B_1(g,h,¢), we obtain

~1(g,h, ) = Ress—1 /2 / / hy)Conv(g, hhy, ©)E(h, s)dh,dh | .
2Ca H(Q,)

By proposition 1.7.4 the function Conv(g, h, ¢) is rapidly decreasing in the variable h, hence we apply a
change of variables of the form h = hh,,, obtaining

B_1(g,h,¢) = Res,—1 2 (20 / Conv(g, h, ¢) /H(Q )a(al,o,n)(hv)E(hhvvS)dhvdh> .

The action of 6(a1,,,) on E(h,s) factors throughout the action of this operator on Indg((gz))|a(~)|s+pll.
We recall the reader that in (1.6.7) we defined the constant c,(s) by means of the action of §(w) in

IndH(Qp la(- )|S+/’/1. Therefore

1
B_1(g,h,p) = Ress=1/2 (2 /[H] Conv(g, h, ) E(h, S)dh> = Conv(g, h, p)dh,

where the last equality follows because 2 = Resg—1 /2 E(h, s). O

Corollary 1.7.8. The convergent part satisfies

" Conv(g, h, 93 )dh = Ao(g, M(¥3;)) + cA_1(g, A($)),
H

where ¢ € C and ¢ € S(V(A)) is a Schwartz function such that for kg = (gfr‘;gz; ZZZEZ;) € SLo(R) it
satisfies that w(ke)@(z) = e~ % 3(z).

Proof. The equality of the statement follows by theorem 1.6.57 and proposition 1.7.7. The functions
f[H] Conv(g, h, p22)dh and Ag(g, A(¢20)) transform as e f[H] Conv(g, h, ¢2°)dh and e%Ao(g,)\(gogj))

under the action of kg = (%% $n9). The space of sections ® with this transformation properties

is one dimensional [Kud03, (4.18), p. 49]. Therefore ® is equal to A(¢) with ¢ € S(V(R)) satisfying

w(ke)@(z) = €% B(x).
O

Corollary 1.7.9. Let K C SLa(Ay) be a compact open subgroup and let p = ™ ® o’ be a Schwartz
function with o* € S(V(Ay)) being a K—invariant Schwartz function. Then

/[H} Conv(g, b @)dh = Ao(g. () + cA—1(9, \(@),
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with A_1(g, A\(¢)) a K—invariant function and ¢ € C.

Proof. Since w(a) commutes with the action of the Weil representation, the regularized theta func-
tion 0(g, h,w(a)y) is right K—invariant. Furthermore, using lemma 1.7.6, the function Conv(g, h, ¢)
is K —invariant. Since the intertwinning map A respects the K —invariance of ¢, the Eisenstein series
E(g,s, A(p)) is also K —invariant. Since corollary 1.7.8 relates the sum of three, two of them K —invariant,
then the function A_;(g, A(¢)) is also K —invariant. Moreover, using the integral formula for the residue,
the K —invariance for E(g, s, A\(¢)) follows. O

1.7.3 Integral of Borcherds forms

As in the previous section we fix (V, ¢) a rational isotropic quadratic space of signature (2,1) and a lattice
L ~ 73 of V. The example 1.2.5 shows that the group L’/L consists of two elements. We denote them
by po :=Z* and p1 := Z & 37 & Z. Furthermore we will use the notation

f(r)= E , f#j (T)QDM = E : Cpj (n)q"apw € Mi1/2,L7
LPMjESL nez
LP#J'ESL

for the Fourier expansion of a weakly holomorphic modular form. Let X™°% := SLy(Z) \ H be the
modular curve without level and set 1 < T € R. The goal of this section is to compute the following
integral:

[ @ padu(a) (1-9)

where U(f)(z) is the Borcherds lift of f and
xmedT {z=a+iye X" st.y<T}={z+iyeH, st |z| <1/2, |2| >1andy < T}.

Furthermore we denote

—

X mod,T . {z=xz+iye Xmod’ y > T}

Using the definition of the Petersson norm we deduce

/ 1og[[¥(f)(2)l|perdnl(z) = / og [W(f)(2)y D2 |du(2)
X X mod, T

mod, T
Cﬂo (0)

= [ osleEldu) + 20 [ oglylduCa).
xmod, T’ X mod, T’

Theorem [Bor98, thm. 13.3, p. 48] shows the following relation:

tog [0 )(2)] = — D O (1011 1) 12 1 10 VIR

where ®(f)(z) is the singular theta lift of f. Plugging the previous equality in (1.7.3) we find

1 Cpuo (0)vOl(X 00T
/X 1o [N @) pedn(z) =~ /X AN + > (r (1)/2 + log m) .

Therefore, our goal will be achieved by computing the following integral:

/Xm (N)(=)du(z) = /Xm ( /X (fm).0](r.2) du(T)) dp(z)
B Z S ( /X fuy ()59, Z)du(T)) au(2).

This section is organized as follows: first of all, the truncated integral of the Siegel theta function
over the modular curve will be one of the key steps to understand (1.7.3). We deduce the formula from
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corollary 1.7.8. More concretely, using the ideas of [Kud03, prop. 4.17, p. 44] we translate this result
to the geometric setting by proving a relation between the convergent part of the integral of the theta
function associated to the Gaussian over [H] and the integral of the Siegel theta function over the modular
curve without level. Let us denote by

e = 3 05 e,
AELH-pj

the Fourier expansion of 05;69 (7, z) with respect to the variable 7. The constant Fourier coefficient

95;59(7',2')0 = Z 95;69(7',2),\,
AELH+p;
a(A)=0

does not have exponential decay when v — co. Therefore, we will factor the integrals

lim fu; (7)95359(7, 2o du(r), (1.-11)

T—o0 FT

where we recall that F7 = {7 = u +iv € H, s.t. v < T}, depending on the behaviour of 95;69(7', Z)a(x)
with respect to the variable 7. We express (1.7.3) as the sum of two terms; the ordinary case:

Jm [ f (7)Y 03T 2yt du(r),
FT AEL+u;

q(N)#0

and the limit case:
lim / f'u‘j (T)Gi;eg (7'7 Z)Ovligd’u(T).
]:T

T—o0

The first integrals are studied in section 3 using the truncated Siegel-Weil formula stated in 1.7.8 and the
techniques developed in [Kud03]. The second integrals are studied via the truncated unfolding of [Zag81].

Geometric version of the truncated Siegel-Weil formula.

In the previous section we computed the integral of the convergent terms of certain adelic theta func-
tion, see corollary 1.7.8. This subsection connects this result with the complex geometry point of view of
Borcherds [Bor98], showing a truncated version of the classical Siegel-Weil formula for the modular curve.

Throughout this subsection we fix K7 (A;) = [11c H(Zy) an open compact subgroup of H(Ay). Let
us note that K (Ay) satisfies that the lattices Z?’e = 73 ®z 7 and Zf ® %Zf @Zf = (ZOLZDZ) 2z Ay
are fixed under the action of K (A;) on V(Ay). Since C[L'/L] ~ S(V(Ay)) as C—vector spaces, we

denote by
Ppuo = CharZ? and ¢, = Char2f®%zf@zf. (1.-11)

We set o2 ) = 950 g @ o, and % |, = 0% g @y,
Lemma 1.7.10. The Schwartz functions ¢,, and ¢, are K™ (As)—invariant.
Proof. The group H acts on S(V(Ay)) by left translation and the group K*(Af) preserves the lattices

Z? and Zf@%Zf@Zf. O

Lemma 1.7.11. The divergent parts Div(g, h, ¢35 ) are right (O(2) & O(1)) x K™ (Ay)—invariant.
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Proof. We recall

Div(g, b, )= >, w(g, WP, (20,0,0)
20€Van(Q)

T

Z w(g, )2 i, | o | dz.
wDEVan(Q) A 0

Let us denote by
k=kg xky € (0(2)@0(1)) x K*(Ay).

It is straightforward that

X X IL'f
ez, (o] do= [wtu)ema (o] do- [ wlipe, | oo ] o
A 0 R 0 Ay 0

xT

=/<p§§,w xo | dx,
A 0

where the latter equality follows since ¢2°  is O(2) ® O(1)—invariant and ¢, is K H(Ay)—invariant by
1.7.10. Therefore the function @ is (O(2)®0(1)) x K (Ay)—invariant, implying that Div(g, h, ©Zou;)
is (0(2) ® O(1)) x K¥(Ay)—invariant. O

Lemma 1.7.12. The regularized theta functions 6(g, h,w(a)eS; |, ) are right (O(2) & O(1)) x KH(Ap)—
mvariant.

Proof. Since w(a) commutes with the Weil representation the proof is analogous to lemma 1.7.11. O

Proposition 1.7.13. The integral of the theta function satisfies the following equality:

o0 1 o0
[ tarhw@em,Jdn=3 [ 6 hw@),
(H] [SO(V)]

Proof. Since the action of w(a) commutes with Weil representation, the proof follows directly by [Kud03,
thm. 4.1, p. 37]. O

Corollary 1.7.14. The convergent part satisfies the following equality:

1
/ Conv(g,, h,p)dh = 7/ Conv(g,, h, p)dh.
(H] 2 Jisovy)

Proof. Let us consider the functional
I': S(V(A)) — C,

© Conv(id, h, p)dh.
[so(V)]

Since the group SO(V') is unimodular I € Homgo(v)a)(S(V(A)),C). According to [Kud03, prop. 4.2, p. 37]
the action of the group C(A) = O(V)(A)/SO(V)(A) on Homgovya)(S(V(A)),C) is trivial. Hence

1
/ Conv(gT,h,go)dh:/ / Conv(g;, ch, p)dhdc = 7/ Conv (g, h, p)dh,
(] C@\C(4) J[s0(V)] 2 Jisovy)

where we have used that vol(C(Q) \ C(A)) = 1. O
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Proposition 1.7.15. We obtain

—vol(KH (A
/ Conv(gr, h, 2, ,,,)dh = M/ Conv(gr, hi, 2, )du(2),
[SO(V) 2 SLa(Z)\

dxdy
y?

where du(z) =

Proof. Let us recall the notation H= GSpiny, . The strong approximation theorem shows that

fi(a) = | QAR hK
teT

where h; € H(A) and H(R)" is the connected component of the identity of H(R). The modular curve
SL2(Z) \ H has one connected component, then 7" = {1}. Since the functions 2’ and @3 ,  are
(0O(2) x O(1)) x K (Ay)—invariant, the proof is analogous to [Kud03, prop. 4.17, p. 44]. O

Corollary 1.7.16. It holds that

2
Conv(g-, h, 3 .. )dh = 7/ Conv(gr, h1, 35, )du(z).
/[so(v)] Ot vol(X4) Jsr, zy\n H

Proof. The result follows by proposition 1.7.15 and by [Kud03, rmk. 4.18, p. 46]. O

Theorem 1.7.17. The integral of the convergent term over the modular curve satisfies

/ Conv(gr, h1, 93, )du(z) = vol(X %) [Ao(gr, Ap2,)) + cAi(gr, AMD)) |
SL2(Z)\'H

where @ 1= Qoo @ <pi e S(V(A)) is a Hp)[oo SLy(Z,) Schwartz function satisfying w(ke)p(x) = e_%gb'(a:)
for ko = (56} oy ) € S12(R).
Proof. Using corollaries 1.7.14 and 1.7.16 we obtain
/ Conv(gr, h1, ¢, )dp(z) = vol(X™4) | Conv(gr,h, o2, )dh. (1-11)
SL2(Z)\H [H]
Applying corollaries 1.7.8 and 1.7.9 on the right hand side of (1.7.3), the result follows. O

Definition 1.7.18. We denote by
,'9(7—’ 2, /J"L) = U1/49(g‘r7 h17 Soiz),op,j )7

Conv (T, z, uj) := Ul/4ConV(gT,h1,<p§‘fM), Div(r, z, ;) == v /4Div(gy, hi, 0, ).

e
Furthermore we denote their constant Fourier coefficients with respect to 7 by 9¥(v, 2, 15 )0, Conv(v, z, 115)o
and Div(v, z, 115)0-
Corollary 1.7.19. Let T > 1, the theta function satisfies the following equality:
/ o 19(7—7 2, /u‘])d/J‘(Z) :VOI(XmOd) |:A0(T’ 71/2» ﬂ(‘pﬂj)) + CA—l(Ta S, 71/2a /u'(@))
X mod,

- __ Conv(T,z,,uj)d/z(z)—i—/ - Div(r, 2, puj)dp(z).
Xmod,T

X mod,T
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Proof. We factor ¥(r, z, pt;) into its divergent and convergent parts as we did in remark 1.7.5. We obtain

/Xm 0 2 45)dulz) = / Conv(r, z, 1)dp(2)

X”mod,’f

[ Divtrs (o).
Xm,od,T

Since Conv (7, z, ;) is integrable

/ Conv (7, z, pj)du(z) :/ Conv (7, z, 1 )du(z)
X mod,T X mod

— [ Conv(r,z, p;)du(z).

X mod, T

Using 1.7.17 in (1.7.3) and then plugging the result into (1.7.3) we obtain the formula. O

Corollary 1.7.20. The constant term of the theta function satisfies the following equality:
/ o 9 (v, 2, o) odp(z) =vol(X™%) {Ao(% —1/2, 1(ppo))o + cA—1(v, =1/2, (94 ))o
X mod,
— [ Conv(v,z,u)odu(z) +/ - Div(v, z, po)odp(z),
X mod, T X mod, T’

were Ao(v, —1/2, u(pu,))o and A_1(v, —1/2, u(p,;))o are the constant Fourier coefficients with respect to
T of Ao(v, =1/2, u(py,)) and A_1(v,—1/2, u(p,,)) respectively.

Proof. We obtain

1/2
/ (v, 2, po)odp(z) = / ) (/ I(u+ iv,z,mﬂdu) du(z).
X—m,od,T Xmod,,T _1/2

Since X™med T ig compact and 9(7, z, po) is continuous in both coordinates we can apply Fubini’s theorem.

Then
1/2 1/2
/ / I+ v, z, pj)du | dp(z) = / </ ﬂ(quiv,z,uj)du(z)) du.
X mod, T ,1/2 ,1/2 X mod, T

We apply corollary 1.7.19, obtaining

/1/2 </ Ot iz, “j)d“(z)> du = vol(X™*) [ Aq(v,~1/2, j(ipy,))o + cA1(v,~1/2, j(p,))o]
X mod, T

—1/2

1/2

- - Conv(u+iv,z,uj)dp(z)dv+/
—1/2 J xmod, T —1/2

1/2
/ Div(u + iv, z, p; )dp(z)dv.
X'mod,’f

Using Fubini’s theorem one more time

1/2
/ Div(u + iv, z, p;)du(z)du = /
X mod, T

-1/2 X mod, T

1/2
< Div(u—i—iv,z,u]—)du) du(z)
—1/2

= [ Div ()
X mod,T
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Furthermore, analogously to (1.7.3) we obtain

1/2
/ Conv(u + v, z, u;)dp(z)du = //\ Conv (v, z, it;)odu(z). (1.-15)
71/2 Xmod,’f

Xmod,T

Using the equalities given in (1.7.3) and (1.7.3) on the right hand side of the equality (1.7.3), the result
follows. O

Integral of the singular theta lift.

Let f € Mi/zy the goal of this subsection is to compute the integral

that appears in the equality (1.7.3).

Before starting the computation we will recall the method of [Kud03]. Although it does not apply to
our case, the strategy used in [Kud03] will be usefull for our goal. Let (V(Q’p), q) be either an isotropic
rational quadratic space of signature (2,p) with p > 3 or an anisotropic rational quadratic space. Let us
fix a lattice L of V so that ¢|;, € Z. In [Kud03] the author studies the integrals

/X@,m (/X (f(r),©%(r,2)) CMT)) du(2),

where X (2P is the Shimura variety associated to the algebraic group GSpiny 2., . More concretely, in
[Kud03, sec. 3, p. 24], given u € L'(Ay)/L(Ay) the author shows

/sz,m ( /X o fu(T)HSieg(T»z’u)vdu(T)) du(z)

:/Xw </X.mod fu(T)ﬁ(T,z,u)du(r)) du(z)
= CTo—o lim FulT) ( /X . o(r, zyu)du(z)> v 7du(T).

o0 ]:T
Once this is achieved, the author applies the Siegel-Weil formula and unfolds the integral with the resulting
Eisenstein series. Although the proof of the equality between (1.7.3) and (1.7.3) does not apply for a
quadratic rational isotropic space of signature (2, 1), i.e. the modular curve case, we will give an overview

of the proof, pointing out which parts of the proof are usefull for us and what propositions does not apply
in the present case.

Proposition 1.7.21. Let 0(g, h, @) be the theta function associated to any dual reductive pair of the form
(Sp1,O(V)) with V rational quadratic space of signature (2,p). Given § € Symso(Q), the S—Fourier
coefficient of 0(g, h) with respect to g is equal to

0g.h0)p =Y wlgh)e().

m

zeQ
((z,z))=28

Let € L' /L, we denote by 95“9 (7, 2) the p—component of the Siegel theta function associated to a lattice
L as in definition 1.3.5. Its Fourier expansion with respect to T is given by

afieg(,]_7 Z) _ Z e—Qﬂ(vq(Az)—vq(AzL))627riq()\)u'

Aep+L
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Furthermore
<f(T), 039 (7, Z)> = Y Tm) Y pul)e 2 e,
pEL’ /L mEQ AEV(Q)
Q(z)=m
Proof. We find the first assertion in [KR88, (5.1), p. 512] and the second one in [Bru02, p. 48]. O

Using the previous proposition we may factor our theta function as follows:

Gfbieg(r, z) =Coo(T, z)iieg + Co(T, z)iieg + Cq(, z)iieg + Cy(T, z)iiey

=1+ Z e—27r(vq()\z)—vq()\zj_))

0ANEL+4
q(X)=0

+ Y e v ) 2mia(A)u

AEL+p
q(X)>0

+ Z 6_27F(UQ()\Z)_UQ(>\ZL))627TiQ()‘)u7

AEL+p
q(A)<0

where the functions Coo(7, z)iieg, Co(r, z)ﬁieg, Cy(r, z)ﬁi"jg7 Co(r, z)iieg correspond to the terms on the
right hand side of the equality. Since

19(7-7 25 M) = ’Ueiieg(7-7 Z)a
we may also factor ¥(r, z, u) by

19(7-527”) :CO()(T,Z,,U) =+ 00(7'72,,U) + Ol(T,Z,,U) + CQ(T,Z,,U)

=0Cio (7, 2);;"9 + vCo(r, 2)"9 + wCa (7, 2)"° +wCa(r, 2)3'°,

where the functions Coo(7, 2, 1), Co(T, 2, 1), C1(7, 2, 1) Co(7, 2, u) are defined by the terms of the right
hand side of the above equality.

Remark 1.7.22. In the formula (1.7.3) the terms Cy(7,z, ) are the positive Fourier coefficients of
W(7, 2, ) with respect to T, Ca(T, z, 1) are the negative Fourier coefficients of ¥(1, z, u) with respect to T
and Coo (T, z, 1) + Co(T, 2, 1) is the 0—th Fourier coefficient of O(t, z, u) with respect to 7. The motivation
to split the 0—th Fourier coefficient into two terms is the asymptotic behaviour with respect to T = u+1v.
The function
CO(Tv 2, /1') =v Z 6_2ﬂ(vq()\2)_vq</\zL)),
AEL+p
q(A)=0
A#£0

decreases as e~V when v — co. By contrast the term Coo(T, z, 1) = v is not exponentially decreasing. In

fact, the term Cyo(T, z, 1) is the reason why CT,—¢ is needed to state the singular theta lift, see [Bor98].

In [Kud03, sec. 3, p. 24], the author factors the integral (1.7.3) according to the factorization given in
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(1.7.3):
CToa [ (jim fu(T)ﬂ(T,zw)v"du(T)) au2)
X (2,p) T—o00

=CT,—o < lim (1)Coo(T, 2, p)v "du(T))
X(z p) \T—o0

+CTs—o ( lim (1)Co(T, z, p)v~7du(r )du
X(2 p) \T—o0

+ CTy=o ( lim (1)C1 (7, z, p)v~%du(r ) du(z
X(2 p) \T—o0

+ CTU:O/ < lim Ju(T)Ca(r, zw)v"du(ﬂ) dp(2).
X (2,p) T—o00 FT

The proof of the equality between (1.7.3) and (1.7.3) is based into two facts; the convergence of [, 9(7, z, u)dp(z)
and that the following functions are holomorphic at o = 0:

/X . (Tlgr;o . fu(T)COO(T,z,M)v_"dM(T)> (), (1.-20)
/X (71520 o fu<T>Co<Tazvﬂ>v‘“du<T>) du(2), (1.-20)
/X . (Tlgnm . fu(T)Cl(T,z,u)v_"dp(T)) (), (1.20)
/Xu,m (711330 L ()T Zvﬂ)v"du(f)) du(2). (1.-20)

The proof that the functions (1.7.3), (1.7.3) and (1.7.3) are holomorphic is in [Kud03, sec. 3, p. 24] and
applies for any Shimura variety associated to a quadratic space of signature (2,1). By contrast, the proof
that (1.7.3) is holomorphic, see [Kud03, prop. 3.4, p. 28], does not apply for the modular curve case. As
we mentioned before, in this paper we will consider the integral (1.7.3) separately and we will compute
it using a different approach.

Let T'> 1, we set

Fi={r=u+ive Fl, stv <1},
Fl={r=u+tive FT, stw>1},

so that
Fr o 7| | (1.-20)

Lemma 1.7.23. The following equality holds:

/Xd 7 (/X.d <f(T)’ oL, Z)> dﬂ(ﬂ) dp(z)
- Tlggo / Jus( (/X” ﬁ(T’Z’“j)dﬂ(Z)) dp(7)

_ /fg oo (7) (/Xmmm ﬁ(v,Z,Mo)odu(z)> du(T)}

[ CTama fim [ (0090, po)ov T dur)du).
xmod, T g

T— 00 FT
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Proof. Using the factorization (1.7.3) we obtain
/ CTom Jim [ (£(r), 0%0(r,2)) v~ dpu(r)dp(z)
X mod, T FT
= [ CTemotim [ (7). 050 2)) 0 dlr) ()
X mod, T ]:T
[ Ol fim [ (50,050 2) 0 () du(e),
X mod, T T— 00 F1

On the one hand, since F; is compact
/ CT,—0 hm / 7), 059 (1, 2 ) v dp(T)dp(z)
X mod, T
=CT,—g hm / / ), 059 (7, z)) v 7du(r)dp(z).
Fi X mod, T

On the other hand, using the factorization given in (1.7.3)

[ CTa fim [ (7),059(r.) v du(r)du(2
X mod, T ]:T
1
=3 [ oo i [ S (L2 + ol ()2
—l—/ CTy—o Th_r}n / Ju; (7) (Coo(T, 2, i) + Co(T, 2, ) v~ dp(T)dp(2).
X mod, T
Using that (1.7.3) and (1.7.3) are holomorphic at ¢ = 0, the following equality holds:
[ oo fin [ 5O z) + Calrza o d(r)d(2)
X mod, T —00 FT

= lim Sy (T) /Xmad,T(CH(T,Z,Mj)+C2(Tvzaﬂj))dﬂ(2),“(7)~

T—o00 FT

Moreover, since C1(T, 2, pt;) + Ca(T, 2, pij) = (T, 2, 1) — (7, 2, ;)0 we have

i [ £ [ (Culrem) + Calr s )u(ulr) (1.-29)
]:éT X mod, T

T—o0

= Jim ([ ) ([, 02 ) i) = [ (90 motns) ) ).

Since by 1.7.22 and [Fun02, (3.1), p. 295] we have

VY \ez? e~ 2m(va(A=)=va(A. 1)) 4 f j =0
ﬂ(vaza/j/j)o = q(N)=0 5
0 if j=1

plugging (1.7.3) and (1.7.3) in (1.7.3), and then (1.7.3) and (1.7.3) in (1.7.3) we obtain the result. O

In order to obtain an explicit expression for (1.7.23) we will consider separately each factor of the
right hand side.

Definition 1.7.24. The integral

/ CTpeg Jim [ fu ()90, 2 pio)ov " dp(7)dp(2),
X'm,odT 5

T— o0 FT
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is called the limit case. Furthermore we refer to the integral

Tlggo<ﬂfuj(7) (oo 2 ine) ) ) = [ o) ([ 060 pohncs)) dM(T))

as the ordinary case.

Ordinary case

In this subsection we compute the ordinary case using the results of subsection 1.7.4. With the aim of
simplifying the argument, we divide the computation into two terms:

/]-'T fus(7) </Xm” 07, 2 5)dpa(z ) / uo(T (/Xmodj ﬁ(”,ZaMO)od#(z)) dp(7).

Lemma 1.7.25. The convergent part satisfies the following estimate:

/fﬂj(T) _ Conv(r,z, pj)dp(z)dp(T) cmd/ Juo (1) | — Conv(v, z, pig)odp(z)dp(T)
Fi1 F1

Xmad,T Xmod,T

= O(eijj).

Proof. By lemma 1.7.4 the function Conv(r, 2, 1t;) is exponentially decreasing in the variable z = x + iy,
then
|Conv (7, z, py)| < |[Fy, (T)]e™,

g RICENCTETE

Using the compactness of F; we obtain the estimate of the statement. The proof for Conv (v, z, 11g)o is
completely analogous. O

where F),.(7) is a continuous function. Hence

‘ . Jus (1) | —— Conv(r, 2, uj)du(z)du()| < e

X mod, T

Proposition 1.7.26. The following equality holds:

ji:/ﬂ Fus () (/XMT D7, 2, py)dp(2) > iozvol X" N " e (—m)b(m, T, o))

m>0

S ZQCW <log T)+2 < tanh ™! ( ) log 3/4)>> + O(e_T),

where we recall that b(m,T,,;) is the first term at s = 1/2 of the Laurent series of the m—Fourier
coefficient of E(7,5,3/2, u(py;)), see (1.6.4).

Proof. We recall that corollary 1.7.19 provides
[Pz nz) = vl (X [A0(7, =12, ()
+ C]-:{ess=1/2 E (Ta S, 1/2, N(@))} + — COIIV(T, Z, :uj)d/u’(z)

Xmod,f"

[ Div(rz)du).
Xﬂ?OdT
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Then using the above equality we factor the integral of the statement into the sum of three terms:
wol(xm) | [ g (VAo(r =12 i) + [ Fu (1A =1/ 22
[ w0 [ Convirz)du()du(r)
F X mod, T

[ g [ v )t

We consider each above factor separately. Using proposition 1.7.51 and lemma 1.7.53 in (1.7.3), lemma
1.7.25 in (1.7.3) and proposition 1.7.47 in (1.7.3), the result follows. O

Proposition 1.7.27. We obtain

/fgf,m (7) ( /X Lt modu(z)) ()

_ mod (1Y | 200 (0)(=12¢7(2) + 297 + 7% (—y — log(8)))
= ¢, (0)vol(X %) log(T) (1 \/T) 2
+ 2¢,,,(0) (log(f) +2 < tanh ™! <\f> + g 10g(§>/4)>> + O(eiT).

Proof. We recall that corollary 1.7.20 shows
[ Pz o) = vol (X7 Ao, 1 /2, )
+eA (0, -1/2,1(0u))o)| — [ Conv(v, 2, po)odu2)
X'"LO B

+ / ) DiV(’U’ 2, MO)Od/’(’(Z)
X'mod,T

We proceed as in the proof of proposition 1.7.26. Using the above equality on the integral of the statement,
we find

/sz o (7) (/Xmud,f I(v, z,uo)odu(z)> dp(r) =vol(X™%) {/fT Juo (7)Ao (v, —1/2, po)odp(T)
+/Tfﬂo(r)A_l(v,—1/2,u0)0dﬂ(7)}
]:2

G / Div(v, 2 po)odya(=)da(7)
]:2T Xmod,T

[ 50 [ Convio,z poloduz)d(r).
FT xmod, T

2

As we did in the proof of proposition 1.7.26 we consider each factor of the above equation separately. By
corollary 1.7.54 we show that (1.7.3) vanishes. Moreover using corollary 1.7.52 on the right hand side of
(1.7.3), lemma 1.7.48 in (1.7.3) and lemma 1.7.25 in (1.7.3), the statement follows. O
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Corollary 1.7.28. The following equality holds:

i [ g ([ o s ane = [ ([ o s onnts)) )

26,10 (0)(=12¢"(2) + 2y7? + 7(—y — log(8)))

1
= Z 2V01(Xm0d) Z Cuj (_m)b<m7 @Mj) +
=0

m>0
+ 2¢4,(0) <log(T) +2 (— tanh ! <\f> + g + 10g(23/4)>> + O(e‘T),

where b(m, ;) = limr o0 b(m, T, ;).

™

Proof. By [KY10, thm. 6.6, p. 2303], lim7_,o (2b(m, T, ¢,,) —log(T)) = 0. Then, using propositions
1.7.26 and 1.7.27 we conclude. O

Limit case

This section is devoted to computing the limit case 1.7.24:

/X (cn_o Jim. /f , fuo(TW(vaZ,Mo)ovadﬂ(T)> (=), (1.-29)

In [Zag81] the author developed a Rankin-Selberg method for truncated fundamental domains. Before
continuing with our computation we will introduce some notation.

For every T > 1, the subset FT = {r+iy e H, st.y < T} is a fundamental domain for the action
of SLQ(Z) on
HT = U 7 FT ={z € H, st max,egsr,z)Im(yz) < T}
YESLy(Z)

According to [Zag81, (20), p. 420]

yT — {zeH, st.Im(z) <T} — U U Sa/es
ch( a%%l

_1

Soa7 tangent to the real axis at a/c. Therefore, given

where S, . is the disc of radius

we define the following subset of the complex numbers:

P\ KT = {z=atiyet, o) <1/2,0<y<T} - | Sue (1.-29)
ch(a%%l

Definition 1.7.29. Let s € C such that Re(s) > 1. The classical Eisenstein series considered by Zagier
is defined as follows:

E(1,s) = Z Im(vz)°.

Y€l >\SL2(Z)

Proposition 1.7.30. The function E(z,s) is holomorphic in Re(s) > 1/2 except for a pole of residue
3/m at s = 1. Furthermore (*(25)E(z,s) is holomorphic in all s € C except for s # 0,1, where (*(s) =
7%/ (s/2)¢(s) is the completed Riemann zeta function.
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Proof. We refer the reader to [Zag81, p. 415, p. 416]. O
Remark 1.7.31. The 0—th Fourier term of the modular form E(r,s) is equal to

v* + p(s)o' 0,

where @(s) := CC(Q(‘;S)D.

Proposition 1.7.32. The following equality holds:

dzdy 1 ¢*(2s — 1) _
E(r,s =171 —>————2T7%/s
| B [ 1) = > s
where (*(s) = n7%/2T'(s/2)((s) is the completed Riemann zeta function.
Proof. See [Zag81, (33), p. 426]. O

Proposition 1.7.33. Let A be the constant defined in 1.7.1. The limit case satisfies the following equality:

/ A (CTJ_O lim / qu(T)ﬂ(U,Z,‘u,o)OUGd,U,(T)> du(z)
X mod, T T—o0 ].‘éT
=c,,(0) ACTSZO/ y® das;ly — 8erf (1 / W) CTs:o/ y° log(y) dz;iy
re\HT Y 2 Lo\ T Yy

+ CTS:O / ~ ydedx> )
roo\HT Yy

Proof. We factor ¥(v, z, po)o = Co(v, 2, 1o) + Coo(v, 2, 119), where we recall the notation Cy(v, z, 1p) =
V) 0srez? e~4m™a(A=) "and Cyo(v, 2, t1g) = v. We obtain

q(A)=0
/ ) (CTU:O lim / fuo(T)q:ﬁ(U,Z,uo)ov”dﬂ(7)> dp(z)
X mod, T T—o0 ]:éT

-/ (cn_o im_ [ f,m(T)Co(wZ,uo)v_”HdM(T)) du(2)
Xﬂwd,f T—o00 ]:’ZT

+/ . (CTO'_O lim / f#o(T)COO(UyZvMO)U_(H—ld:u(T)) d/’(‘(z)
X mod, T T—o0 _7:2T

By direct computation
T
CT,—o lim / Fuo (T)Co0(v, 2, p1o)v ™7t du(r) = CTy—g lim / Cuo (007 tdv =0,
T—00 _7_—; T—oo Jq

Hence

/and,i“ ( =0 lim _/ Juo(T)0(v Zaﬂo)ov_gdﬂ(7)> dpu(z)

:cHO(O)/X " =0 hm/ Z e 4ma) ==Ly | du(z).

o;e,\ez3
a(A)=

The isotropic elements of the quadratic space, i.e. 0 # A € V(Q) such that ¢g(\) = 0, are generated by
SL2(Z) in one orbit. Furthermore those vectors are in one to one correspondence with QU {oo} and then
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SLa(Z)\ {0 # X € V(Q)} is identified with the cusp co of X™°¢. One representative of the cusp oo in the
projective cone model, described in proposition 1.2.4, is the isotropic line Q* - e; := Q* - (1,0,0). The
stabilizer of this isotropic line is given by

1 0 =z 1
Tw=2(0 1 0],2ez '—V{(o a{),xEZ},
00 1

where the above isomorphism is the execptional isomorphism SO(2,1) ~ SLy(R). Hence we obtain the
following identification

{0£X€eV, s.t.q(\) =0} ~T' \ SLa(Z) - (Q* - €1). (1.-30)
We rewrite the inner sum of (1.7.3) as follows:

Z e—47rvq(Az) — Z Z e—4T|"UQ(’Y'($27070)z).

0£NeZ? Y€l o \SL2(Z) z2€Z\{0}
a(X)=0

By the invariance property of the Gaussian we find

Z Z 747rvq (22,0,0)2) _ Z Z 747rvq 12,070)4{,12)'

YET o \SL2(Z) w2€Z\{0} YEP o \SL2(Z) z2€Z\{0}

We would like to unfold the integral over X mod T Tn order to overcome the convergence problems of the
unfolding we introduce the auxiliary term Im(z)® with s € C. The integral of (1.7.3) is equal to

/XT CTo—o Jlim / > S e tmal@00, 50,0 IO, g Ti(yz) dv | dp(z)

’YGFOO\SLQ Z) IQGZ\{O}

— 747rv ((z2,0,0),, - ) —o—1
=CTs=0 /Xmodj CTo=o lim / Z Z a2 ! Im(vyz2)%dv | du(z),

YET\SL2(Z) z2€Z\{0}

where the equality is justified by means of Fubini’s theorem. To unfold the integral (1.7.3) with the sum,
we suppose that s € C satisfies that Re(s) > 1 to ensure the convergence of the resulting function. After
the unfolding, by means of meromorphic continuation the result will follow. Under this assumption on s,
(1.7.3) is equal to

CT.=o / | CTo=o lim / > ertmallm 000y gy | yrduz), (1.-31)
l“oo\XmodT . EZ\{O}

that is well defined. Using the formula given in [Fun02, (3.9), p. 296] it holds that

2
T3

q((IQa 070)2) = yig

By Poisson summation formula we obtain

Y o =y / gy (1-31)

z2€Z\{0} w1 EZ

74#1/12

2
—27mvzj

2

where the —1 term in the above equation corresponds to the term e v evaluated at o = 0. Let us
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divide Z = Z \ {0} U {0}, we factor the right hand side of (1.7.3) as follows:

747“)1 741\"111‘2 . 747rvm2
Z / 2+27rz:02w1d Ty — 1= Z /6 o2 2+27”z2w1d£82 +/64y2 zdeQ —1. (1_31)
R

wieZ wiez\{0} 'R

Plugging the factorization (1.7.3) in the integral (1.7.3) we obtain

CTs:O/ CTs—0 hm / Z e—4mva((22,0,0):) ) —o—1 7., yodu(z)
r‘oo\Xm,od,T

xo €Z\{0}
—dnvz?
:CTs:O/ CTO- 0 hm / / y2 zdl’QU o— 1dU Sdﬂ/( )
Foo\Xmod,T
—4nva?
+CTSZQ/ o CTU:OTlgréo Z /6 ) 2+27r79c2w1d v —o=14, ysdu(z)
I‘oo\Xwno 1 wIEZ\{O} R

T
+ CTSZO/ (CTJO lim v_"_ldv> ydu(z).
Foo\’H’f“ T— o0 1

The goal of this proposition is achieved by computing the sum of the above three integrals. Applying
lemma 1.7.34 and the proof of lemma 1.7.39 to (1.7.3) we obtain that

—47r’u'r
/1“ e <CTO. 0 hm / / 2 Zdﬂ?gv 7= 1dv> y*du(z),

is a meromorphic function in the variable s € C. We apply lemma 1.7.35 and the proof of lemmas 1.7.38
and 1.7.37 to (1.7.3) to obtain that

7477'1/:52 .
/ CT,—o hm/ /e 2 TR gy | ytdp(2),
Le=\HT w1 €2\{0}

is a meromorphic function in the variable s € C. Applying lemma 1.7.36 to (1.7.3), the function

T
CTs—o lim v v | yidu(2),
FM\HT T—o0 1

is meromorphic in the variable s € C. Hence by meromorphic continuation in s € C we obtain that the
equality (1.7.3) holds for every s € C. To conclude we use lemma 1.7.39 in (1.7.3), lemma 1.7.35 in (1.7.3)
and lemma 1.7.36 in (1.7.3). O

Lemma 1.7.34. Let s € C so that Re(s) > 1. The integral (1.7.3) satisfies

/ CT,—o hm / /
Lo\ HT

Proof. By direct computation
—4rva3 y
2 —
/]Re ’ dm2_2v1/2'

T —drmvz T
CTy,—¢ lim / /e 2 2d:zcgv_"_ldv=CT,:,.:0 lim %v_o_l_l/gdv. (1.-31)

T—o0 Jq T—oo Jq

- mx2dx2v Ly ySdu(z):/ ySM.
Lo\ HT Y

Therefore
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Let us suppose that Re(o) > —1/2, then

A 1T %”707171/2 - 202+ 1
By meromorphic continuation
CTy—o lim ! Yy=o=1=1/2y — 4.
o=0 1 L2 Y
Plugging the equality (1.7.3) into the integral of the statement the result follows. O

Lemma 1.7.35. Let A be the constant defined in 1.7.1. For s € C such that Re(s) > 1 the integral
(1.7.3) satisfies the following equality:

T —dmvz2 .
/ | CT,=0o T11_>m Z /e 2 2+2mw2w1dac21;_‘7_1dv ydu(z)
Lo\ HT > J1 w1 €Z\{0} R

cdxdy s R dxdy
=A Y —5— — 8erf <\/;) / Yy log(y)—5—-
oo\ HT Y Do\ HT Y

Proof. By direct computation

—4mva3 ) —rwly
/6 o2 +27rwc2w1dx2 _ Y e,
R

Then we obtain

T —drva?
2 .
. +2mizow —o—
CT,—o lim E /e 2 2 Jaav ™" o
R

T—oo Jq
w1 €Z\{0}
y ’ S E
=35 CTU:OTlgnoo/l Z e w v dv

w1 €Z\{0}
We make a change of variables of the form 2vw; 2 — v, obtaining
—ruwly

T 2
. - —0—3/2
yCT,—o Th_r)réo/1 E e 4 v dv
w1 €Z\{0}

T,
= CTy_2°13/2 Z wl_%_1 (yTlim/ e 2 v”3/2dv>.
—00

w1 €2\ {0} !

In order to obtain an explicit formula for (1.7.3) we have to write the Laurent series of each factor of
2
(1.7.3). First we consider the integral in (1.7.3). Making a change of variables of the form £- = 1 it holds

T T

g2 —x
y lim e v 73 2dy = 27 lim e v 732y, (1.-32)
T—oo Jq T—oo Jq

The above function is holomorphic at ¢ = 0, then we have to consider the constant and first term of the

Laurent expansion of (1.7.3). We rewrite (1.7.3) as follows:

T o_, —o+1/2
lim [ emo ""3/2dy = (g) r(-1/2+0,2), (1-32)

T—oo Jq 2
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where T'(+, ) is the incomplete gamma function. Then

T
lim [ e® v ™% 2dv = 2erf <\/?) . (1.-32)
T— o0 1 2

Furthermore the first term of the Laurent expansion of (1.7.3) satisfies

T 2 1/2 T T T
FT,_o li 32y = (f) (I" (—1 2 —) -T (—1 2 —)1 (—))
—o lim . e v v 5 / ' / i 0og 9

T—o0

=B

where I'(a, b) is the incomplete Gamma function. Using (1.7.3) we obtain

e v 7% 2dy = B — 2log(y)V/2erf (\/§> . (1.-33)

T
FT,—oy 2 lim
T—oo Jq
Now we consider the sum of the equation (1.7.3). We may observe that
Z w2t =((20+1) — 1.
w1 €Z\{0}

The following equalities are well known

CTymeC(20 +1) = T'(1)

1
Resy—0((20 + 1) = 3
Furthermore
20%3/2 = 9\/2 4 V/21og(4)o + O(0?). (1.-33)

Plugging the equalities (1.7.3), (1.7.3) and (1.7.3) into the function (1.7.3) we obtain
1 T o2 3/2
y | CTo=o Z wy 7T :Fll_{réo e 2y 3 2y | =

=2 (B — 2log(y)V2erf <\/§>) +8(I"(1) — 1)erf (\/z) + log(4)erf (\/z) .

Lemma 1.7.36. The integral of (1.7.3) vanishes, i.e.

T
/ CTy—o lim v 7 v | y*du(z) = 0.
ree\HT T—oo Jq

Proof. 1t is straightforward that
T

CTy—p lim vty = 0.

T—oo Jq
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Lemma 1.7.37. We obtain the following equality

. dzd log(T) + 1 3 v
CTomo [ yrtogln) St = - PEEIEL 4 4 By ()
oo\ HT Y T 2

log(m) + 27

— 2log(2m) (3log(2m) +1og(2)) — 2log(T) |,

where we recall that v is the Fuler-Mascheroni constant.

Proof. Let us suppose that s € C is satisfies Re(s) > 0

0 / Jdxdy / *log(y) dxdy
. Y = Y Y .
0s Jpeovwr = Y2 oo\ 1T y?

Using proposition 1.7.32 we obtain the following equalities

dzxdy 8/ dzxdy
*lo. —_— = — E(r,s
/F A UL S WD

_ 0 Fs—1 C*(2S_1) H—s
_as(T /(s—l)—iﬁ(%) T /s)

By direct computation we find that (1.7.3) satisfies the following equality

0

O (s-1yg 1y S5 =D, ) _ T ((s — 1) log(T) — 1)
R N O
(¢ 2 - D¢ (29) — 25— ¢ (29)) s
- ¢*(29)? s
C*(2s — 1) T~%(slog(T) + 1)
+ ¢*(2s) 52 )

The function on the right hand side is meromorphic. Using meromorphic continuation we can remove
the hypothesis on s. We proceed analyzing each factor of (1.7.3) separately. First we obtain

75 ((s — Dlog(T) — 1)\ log(T) +1
CT,—o ( o ) - (1.-36)
Furthermore by direct computation
(¢'@s—ner@s) - 2s—1¢ ' @29) o\ (1) log(m)
s oo c) = e
1 [ 2¢(0) | log(m) ¢'(0)
o (T ) o
~2log(T)) +2¢" (1)
By direct computation
C*(2s — 1) T~5(slog(T) + 1) B
CTs—o ( *(25) 2 ) =7, (1.-36)

where 7 is the Euler-Mascheroni constant. We conclude by plugging equations (1.7.3), (1.7.3) and (1.7.3)
into (1.7.3). O
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Lemma 1.7.38. The following equality holds:
dxd .
CTs:O/ y‘S $2y - E - T_l.
re\n? Y 3

Proof. Let us suppose that s € C satisfies that Re(s) > 0. Using the definition 1.7.29

dxd dxd
/ y° x2y :/ E(r,s) x2y.
roo\HT Y X mod,T Y

Proceeding as in the proof of the previous lemma we use proposition 1.7.32 to obtain
dudy ( 1 Cs—1). >
E(T,s 75" el A 1.-36
o B fs=1) =SB T s (1.-36)

The right hand side is a meromorphic function on the variable s. Then by meromorphic continuation we
remove the hypothesis on s. On the one hand

¢*(2s — 1) _ ™
CT,= s 1.-36
W = (136
On the other hand A R
CTyoT* ' /(s—1) = -T7". (1.-36)
We conclude by plugging the equalities (1.7.3), (1.7.3) into (1.7.3). O

Lemma 1.7.39. We obtain

dydr 3 ™ (2 1 1 log(T) +1 .
Ty s =2 log (- - log (7).
¢ O/Foo\HT"y ™ (7—’_ Og(4>+ T log(T)

Y

Proof. The following equality follows directly
dzd dxd
CTs:o/ y® ey :CT5:1/ y° ny. (1.-36)
Do\ HT Y reo\HT Y

Let s € C satisfying that Re(s) > 0. Using the same argument of the proof of the previous two lemmas
we use proposition 1.7.32 to rewrite the above equality as follows:

/XMM E(Tys)didy (Ts (s — )_CC(*Z(?Q)) /s ) (1.-36)

The right hand side of the equality is meromorphic, applying meromorphic continuation we remove the
hypothesis on s. On the one hand we obtain

or, S Vg or (“25_1)> % — Resy—1 (C*(Qs — U) log(Z) +1 (1.-36)

¢*(2s) ¢*(2s) ¢*(2s) T
By direct computation
¢r(2s - 1 _ a2 / ¢'(Ar(/2)
CTs— ( o (29) = (7F 1/2) + log( T(1/2) +TV(1/2)) + 2 (2) ) ,
C(2s—1)\ *1/2r (1/2)
e ( ¢ (25) ) SO

On the other hand R A
CTo T4/ (s — 1) = log(T). (1.-36)
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Using the equalities (1.7.3), (1.7.3) and (1.7.3) in (1.7.3), the result follows. O

Corollary 1.7.40. It holds that
/ CT,—0 lim / Fruo (M) (v, 2, o)ov~7du(r) | du(z) = ¢, (0) | A (f —Tﬁl)
X'mud,’f o=0 T—o0 ]:éT po 14> F0J0 ro 3

— Serf (\/Z) [— % + 4+ gc*’(—l) +¢'(-1) (bg(?r) + 2y

—2log(27) (3log(27) + log(2)) — 2 log(T)>

3 ™ (2 1 1 log(T) +1 .
+ |2 (v +1og (F) + ~ - 2T L og(T)] .
™ (” VRS ) TON® 7 &)
Proof. The proof follows applying lemmas 1.7.37, 1.7.38 and 1.7.39 to proposition 1.7.33. O

Main result

The goal of this paper is to compute

/ og [(F)(2)] | perdilz)
XTTLOd‘T

c vo mod,T
= 73 /Xm()dj O(f)(2)du(z) + 2 0 12(X ) (F’(l)/? + log \/ﬂ) }

Theorem 1.7.41 (Main result). The following equality holds:

1

VOl Xmod
[ Rl padin() = =) ST S € (i ()

7=0m>0

— ¢ (0) log(T) <4<;’(—1)erf <\/§) T i)
_m© (a o
4T

T
+%( /2+1ogf)>

s

¢*(2)

2¢*(2)

<7F(1/2) — (log(m)'(1/2) +T7(1/2)) + C*(2)F(1/2)> a4

with
b(m7 QO;L]') Zf m 75 0
Ky, (m) = 0 ifm=0and, j=1
C+ Ao(i, —1/2, 1(ppy))o — (I'(1)/2+ 1 +log vV2r) if m=0and, j =0
where

7+ 2¢7 (=1) + ¢'(=1)(log(m) + 27 — 2log(2)(3 log(2m) + log(2))

12 ™
=A/2 — —erf —
C=A/ —er (\/; 5

+ g <—tanh1 (f) + g + 10g(§/4)> .
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Proof. Using the equality (1.7.3), lemma 1.7.23 and corollaries 1.7.40 and 1.7.28 the result follows. [

1.7.4 Auxiliary computations
Divergence

Let f(7) = Zjl.zo Ju; (T) € M!—1/2 ;- The main goal of this subsection is to understand the integral

i/ﬂ fu; (7) (/Xmow DiV(T,Z,Mj)du(z)) dp(r).

=0

First of all we may obtain an explicit expression for Div(7, z, j1;). It requires the understanding of

the classical embedding
H— SO(2,1). (1.-37)

The map (1.7.4) is given by the composition of the following two maps:

1/2 —1/2
z—x+iyr—><y a?y_l/2>.
Yy
SLy(R) =S50(2,1)
a 2ab b2
a b
( d)’_) ac ad+bc bd
¢ 2 2cd d?
Then
H— SO(2,1),
1 x? Y
z=x+iy— h, = 1 1
1 y’1

Throughout this subsection we will use the previous injection without referring to it. Set
XS"Od’T ={z=z+1iye X"wd’T7 sty <1},

Xt == tiye XmobT gty > 1),

so that . N N
Xmod,T — XénOd’T |_| X{nOdvT' (1—38)

Lemma 1.7.42. The divergent part satisfies
DiV(Ta 2, /”‘]) = yDiV(Ta 205 /’1’])
Proof. Using the invariance property of the Gaussian the following equality holds:

TR TR

Div(gTa hl? @EOMJ) = Z / w<g7'7 Zd)@?uj Zo dl‘R = Z / w(g7’7 hz)(ng,p,j Zo dx]R)

wo 44 wo€Z+1
where h, is the image of z under the map (1.7.4). Applying the Weil representation

-1
TR Yy "ITr

S [etonhaem,, (o) d= Y [w@em,, | o0 | de
- JR 0 i /R 0

2o €L+ % z0€Z+ 5
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1

By a change of variable of the form y~ xr = xg we obtain

Yy IR TR
Z /W(QT)SOEZ),M To dzg =y Z / w(gr) <pz(w7 xo | drg,
wo€L+4 " 0 o €Z+4 0

which implies the result.

Lemma 1.7.43. The following equality holds:
/ r Div(T, z, 1) dp(z) = log(T)Div (7, 20, ;).
Xmo

Proof. Using lemma 1.7.42

/ o Div (7, z, iuj)dp(z / / yDiv(T, 2o, 115) e
xme 1/2 y?

T4
= Div(7, 20, 1t5) / ;dy = log(T")Div (T, 20, £}
1

Lemma 1.7.44. We obtain

++

/X"”’dT Div(r, z, pi;)dp(z) = 2Div(7, 20, 1) <_ tanh ™! (4 4 2

Proof. To simplify the computation we factor X mod, T into the following two subsets:

A= {z—x+zy€XmOdT, st.x <0},

and )
B:{z:erinngd’T, s.t.z > 0}.

The truncated modular curve satisfies .
Xt = A |B.

The proof of lemma 1.7.42 shows that Div(7, 2, 11;) does not depend on the variable z. Then

/deTDlv(T z, i )dp(z) /DIV T, 2, i) dp(z) / Div (7, z, uj)dp(z)
:2/ Div (7, z, p;)dp(z).
A

We apply lemma 1.7.42 to the integral (1.7.4), then

\1—y2 1
/ Div(r, z, p;)du(z / / *DIV(T 20, 5 )dxdy
3/4

1/2

— /1 _
= Div(r, 20, it) </ / >
3/4 Yy 3/49

= Div(r, 20, it5) ( tanh ! <\f> + V7 + W) )

4 2

ﬁ) V7 1og<3/4>> |

79
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Proposition 1.7.45. The following equality holds:
Div (T, 20, pto) = vl/QHigc(T),

where 6;)9¢(1) = 3", 7, e2™n’T s the Jacobi theta function. Furthermore

H1

.2
DIV(T, ZO;,Ufl) _ v1/2 § /‘ ean T _. vl/?g]ac(T)
ne3+7

Proof. We prove the first statement, the second one follows similarly. Applying the Weil representation
one obtain

TR
Div(T,zo,uo):vl/4 Z /W(gT)QOEE_R zo | der
ToEZ R 0
01225
:vZ/woo (2uq (zr,20,0)) ¢ 5 | v'/2z¢ | dag.
woeZ 'R 0

We recall that in the present case zg = i. Then

'U_1/2Z']R
e (2uq (22, 70,0)) ¢ [ 01/2my | = ke aminst
0
By direct computation
’U/ e*ﬂ(vz§+2vx§)+27ﬁlux5 dl’R _ 01/2627ri:1:(2,(u+7,'v)' (1_40)
R

Applying equality (1.7.4) in (1.7.4) we obtain

. _1/2 2miz?r _ 1/2pJac
Div(7, 20, o) = v/ E emiToT — 1/ 0:,5°(7).
ToEZL

Lemma 1.7.46. The function v_1/49;{fc(7) = p /4 ZnEMJrZ €2 T s 4 non holomorphic modular
form of weight 1/2.

Proof. According to [KY10, prop. 6.3, p. 2301]

Z 6271—”12‘r - E(’T, _1/27 1/2’ /‘L((pﬂl)))

nepur+72

Using [Kud03, lem. 1.1, p. 11] the result holds. O

Proposition 1.7.47. We obtain
1
S [ s ([ D) ) autr)
]:0 ].‘T X mod,T

= —\}sz_:o%llj (0) <log(T) +2 (— tanh ™' <\f> + ? + 1og(23/4)>) )
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Proof. We factor the integral of the statement according to (1.7.4)

/FT s (7) </Xm” Div (7, z, 1) dp(z) ) / Ju (7 </xm°dT Div(7, z, 11 )dp(z )) dp(r)
+ /fT fu; (7) (/leom DiV(T,z,uj)du(z)> (7).

By lemmas 1.7.43 and 1.7.44, the function (1.7.4) is equal to

<log( >+z<_tanh—1 (*f) 4 YT LB/ )) [, oD o). (1ea)

Propositions 1.7.49 and 1.7.45 imply

1

Z/ Ju; (T)Div(7, 2, py ) dp(T Z 26“’

Jj=0

Plugging the equality (1.7.4) into the function (1.7.4) we obtain the result. O

Lemma 1.7.48. The divergent part satisfies

/szfHO(T) </Xmod,7" Div(v, Z’“O)Odﬂ(z)> du(T)

= —2¢.,(0) (1 - \FT*I) (log(T) +2 (— tanh ! (*f) + g + bg(;’/zl))) .

Proof. We proceed as in the proof of proposition 1.7.47. First of all we observe

1/2
/ Div(v, z, ug)odu(z) = / < Div(u + iv, z,uo)du> du(z). (1.-41)
X mod, T X mod, T

—1/2

By means of Fubini’s theorem it holds that (1.7.4) is equal to

1/2
/ (/ Div(u+ iv, z,,u@du(z)) du, (1.-41)
_1/2 X mod,T

which is the Fourier constant term of the function

T Div (T, z, po)du(z).

X mod, T

We factor the integral over xmedT according to (1.7.3). Applying lemmas 1.7.43 and 1.7.44 to the
function (1.7.4) we obtain

1/2
/ (/ - Div(u + iv, z,u@du(z)) du
—1/2 \JxmoaT

= <log(T) +2 (— tanh ™! <\f> + g + 10g(23/4)>> Div(v, 2o, i10)o-



82 CHAPTER 1. BORCHERDS FORMS AND THETA CORRESPONDENCES

Using proposition 1.7.45 in (1.7.4)

/ fuo (T)DiV(’U, 2, MO)Odu(T) = / vl/zfuo (T)el{(()w<v)0du(7-)a
F¥ T

‘7:2
where 0;/2°(v)o == [*7,09(u+ iv)du = 1. Using corollary 1.7.50
2¢,,(0)
1/2 eJac d —9 _ Z7to
L 2 ) = 260, 0) =
Lastly, we plugg the equality (1.7.4) into the function (1.7.4) to obtain the statement. O

Two integrals

This subsection is devoted to computing the integrals

3 /f 02, ()00 () (), (1-42)
j=0

S [ £ A =12 ( )li), (1-42)

and some variants. This subsection is based on the techniques developed in [Kud03, sec. 2, p. 16].

Proposition 1.7.49. The integral (1.7.4) satisfies the following equality:

1
1/2 Jac _20/"’]
z Al =3

j=
Proof. We have
/}_T vl/QfM (T)G;f]‘_lc(r)du(r) = /fT vig/zfuj (T)Hl{fc(T)dudv. (1.-42)

The Jacobi theta function 9}{?5(7) and f,,(7) are holomorphic functions at 7 € H, then

8 ac
—010°(7) f, (7) = 0

The previous equality allow us to obtain a preimage of
- J
v f (1070 (7),

under the operator %, in fact by direct computation

gg ;2 T Jac T :’073/2 Jac _
iaT{\/gjfuj( )05 )} Fuy ()05¢(7). (1.-42)

We apply Stokes theorem to (1.7.4). By (1.7.4) we obtain

- ac 21 -2 ac ac
/J—‘Tv 2 L ()0 (T)dudv—;22 /NT ffm( )6, (T)dT/aﬂ 7 Fuy (1)610°(7)dr.

Given T € H such that |7]| = 1, the function Im(7) is invariant under the transformation

T —1/T.
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Moreover, the function Im(7) is invariant under the transformation
T—7+1.

The same properties are satisfied by ﬁ According to lemma 1.7.46 and [Kud03, (1.42), p. 13] the
function
_1/4 Z fMJ eJa(' ’

is invariant under SL2(Z) and then it is invariant under the aforementioned transformations. Then

V/fjﬁj( )0, (7)dr,

is invariant under 7 — —1/7 and 7 + 7 4 1. The above discussion implies the following equality:

! 1 1/2
> /W %fw (1919 (r)dr =Y ( / 2 ()0 JfC(T)dT> .
7=0 1 T

7=0 /2

Using the definition of the constant term of the Fourier expansion we can go further, concluding the

proof:
El 1/ 2 Jac _ §1 : 720#.7‘ (0)
( 1/2 \[fm( R H g )dT>U—T_ VT

=0 =0

Corollary 1.7.50. Let f(7) = Z;:o fu,; (T)@p, be a weakly holomorphic modular form, then

20 ,(0)
Z/}-T 1/2fm Ydu(T ZQCH] 5@ .

Proof. The functions f,;(7) are holomorphic and 7 — 7 + 1 invariant. Using the Stokes argument of the
proof of proposition 1.7.49 we obtain the statement. O

Lemma 1.7.51. We obtain

/ fuy (7 12l ) =23 S ()b, T ().

7=0mez
Proof. The proof follows as in [Kud03, p. 21]. Nevertheless for the sake of completeness we will give an

overview of the proof. Proposition 1.6.29 allows us to apply Stokes theorem as in the proof of proposition
1.7.49, obtaining

Z/}_T 1/2f;“ )dp(T) 871/2 /8 Tzf/h E(7,5,3/2, u(y;))dr.

By [Kud03, (1.42), p. 13], the function Z;:o fu, (T)E(7,58,3/2, i(y,)) is SLa(Z)—invariant. In particular
it is invariant under the transformations

T=T+1, T —1/7.
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Hence

1

Z 371/2 fMi(T>E(T,S,3/2,/1(<puj>)d7—:

Jj=

_9 1/2+4iT
(s—1/2) /1/2+‘T Fu; (T)E(T, 5,3/2, (o, ) )dr

“
- ||MH
[}

7 (DB .3/2. 10, )) oo

[}

j=

Corollary 1.7.52. The following equality holds:

[ 50D 400 =12, () =, 0) [ 1oB(T)

6(—12¢"(2) 4 2y7? 4+ 72 (—y — log(8))) < 1 >
3 R
™ ﬁ
Proof. Since we can apply [KY10, prop. 2.3, p. 2282] and [KY10, prop. 5.1, p.2293] to the present setting,
the proof of [KY10, thm. 6.1, (iv) p. 2300] applies for the Eisenstein series of the statement, obtaining

Ao(v, —1/2, 1)) = v + 0321 CT oy o (W)

1/23(=12¢(2) + 2972 + 72 (—y — log(8)))

=v -+
3

Using Stokes theorem as in proposition 1.7.49, we get

/]:T Z fuo (T)AU(U7 _1/27 MO)OdM(T) =Cpyo (0) lOg(T)
2 j=0
6(—12¢"(2) 4+ 2ym? + w2 (—y — log(8))) ( 1 ) '

w3 =7

VT

Lemma 1.7.53. Let o5 € S(V(A)) be a [] 4, SL2(Zp)—invariant function, then
Z / Fuy (T A1 (7, =172, (@) dp(r) = .

Proof. By [Kud03, (1.42), p. 13], the function Z}:o Ju; (T)A_1(7,—1/2, u(y)) is invariant under 7 —
7+ 1 and 7 — —1/7. Hence using lemma 1.7.48 and proposition 1.7.51 we obtain

Z / fu (7 172, 5B )07 dplr Zmess 2 S e (cm)b(m, s, T, u(B).

mEZ

By [KY10, cor. 2.5, p. 2283], the functions b(m, s, T, u(@)) are holomorphic at s = 1/2 and therefore its
residue vanishes for all m € Z O

Corollary 1.7.54. Let o5 € S(V(A)) be a [] ., SL2(Zp)—invariant function. Then

/ fuol 172, 1l(@1))ov dpu(r) = 0.
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Proof. Let us denote by

E( 1/2 ,u pr ZE 1/2’M(¢f))na
neQ

the Fourier series of E(7,s, —1/2, u(¢f)) with respect to the variable 7. It is straightforward that
Ly B 12 @) = [ ()5,
2

/ Fao (1) S B(r, 5,172, w(B5))mt” (7).

n#0

Using a similar argument to the proof of lemma 1.7.53 we have

/ Fuo (T A1 (v, ~1/2, (B 5))ov” dp()
/ Fao () S A4 (7, —1/2, 1(@1))n0" (7).

n#0
The poles of the Eisenstein series are located in the constant coefficient, then

/ Fuo(7) 37 A1 (7, =172, 5B 4))mv”dpi(7) = 0.

m#0
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Chapter 2

L-functions and Shalika models

In [Hecl8] Hecke proposed a way to understand algebraic objects by means of complex analysis. Con-
jecturally you may attach a function, commonly called L—function, to any algebraic object. This cor-
respondence may be done in such a way that the analytic properties of this function are related to the
algebraic properties of the former object. This chapter is devoted to the study of automorphic represen-
tations. These structures have well defined L—functions, that in fact represent one of the cornerstones
of the theory. These functions are defined by the data of a cuspidal automorphic representation 7 on a
reductive group G and a finite dimensional representation r of the Langlands group “G. Among the vast
Langlands program it is conjectured that those functions encode symmetric properties of the automorphic
representations and further that those L—functions are functorial, i.e. their values are compatible with
the morphisms between Langlands groups.

As a motivation for the forthcoming exposition, in this introduction we will address the main ideas of
this theory using the founding example G = GLs,, the general linear group defined over a number field
F, a cuspidal automorphic representation 7 with trivial central character and r = A2 the exterior square
representation of GLg,(C). In this setting, the work of [JS90] and [CKPSS01] relates the existence of a
pole at s = 1 of the exterior square L—function with the weak functorial lift from the group SOg;, 1.

The relation between the pole of the wedge square L—function and the weak functorial lift is locally
suggested by an explicit computation regarding the representation A2. Let us suppose that the L—function
L(s,m,r) has a pole at s = 1. This assumption implies that the Satake parameter of 7, denoted by xr,,,
belongs to a subgroup H < G(C) so that

Nlgp=Val, (2.0)

with V' an irreducible representation of H and 1 the trivial representation of H. In order to find the
subgroup H, we set J a symplectic bilinear form of rank 2n. It defines a Sp,,, (C)—invariant linear map
of the form

s: A’C?" > C.

According to it, we are able to factor the vector space A?C2" as follows:
A2C*" ~ ker(s) @ C. (2.0)

The group H is then characterized as the largest subgroup of G preserving the above factorization, i.e.
ker(s) and C. We will show that H = Sp,,,(C). Given any e; A e; € ker(s), an element g € G satisfies
g (e; Nej) € ker(s) if and only if

teEngej = teiJej =0.
The above condition can be rewritten as ‘gJg = vJ, with v € C. In fact, this is the definition of the
group GSp,,,(C). But let us observe that the linear map s is just Sp,,, (C)—invariant. Therefore the

factorization (2) just follows for the group Sp,,(C), concluding the search. The representation V' is the
irreducible (%)—dimensional representation of Sp,,(C), obtainining that, if the L—function has a pole,

87
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then xr, € Sp,,(C) i.e. the representation 7, is a local functorial lift. We point out that the above
reasoning does not imply global functoriality. The main problem of regarding the functoriality answer is
to guess if there is an automorphic representation of SOz, 1 with Satake parameters of the form y,, for
every p with 7, unramified. This question may be solved by means of the trace formula or the converse
theorem as in [CKPSSO01]. In the latter paper the authors constructed a weak functorial lift from SOg;, 41
to G (consistent with the above local lift) sending 7« — 7. Using the factorization given in (2), this result
implies the following relation between L—functions:

L(s,m,A?) = L(s, 7, V)((s). (2.0)

From another point of view, the poles of the L—functions are intimately related to certain symmetries
of the automorphic representations; the so-called models. Set R < G an algebraic subgroup and ¢ a
characer of R. A model of an automorphic representation is essentially a functional F': 7 — C so that
for any ¢ € 7 the following relation holds:

with r € R(Ap). In [JS90] the authors considered the Shalika model, which is defined with the subgroup
S = GL2, Ngi,,, and the character

Ys: S(Ap) = C,
gn(z) = ¢ (Tr(z)),

where 1 is a unitary character of Ap. By [JR96] and [AG94] this functional is unique up to constant. In
fact, it is of the form

¢ [(™ 7)) (7 )] ¥ (Tr(X)) dXdg, (2.0)

ste) = | / <
My (F)\Mn (AF) Y GLn (F)\GL(AF)/ZcL,, (AF)

where M,,(F) and M,,(AFr) are the n x n matrices with entries in F' and Ap respectively. We will say that

the Shalika model exists if the functional S is non-zero. In order to relate the above map with certain

L—function, the authors considered the so-called zeta integral

¢ [(" 1) (7 )] ¥ (Te(X)) E(g, s)dXdg  (2.0)

205 = | /
My (F)\Mn(AF) Y GLn (F)\GL(AF)/ZaL, (AF)

where E(g, s) is certain Eisenstein series defined over GL,,(A) with constant residue at s = 1. The above
integral is related (via the residue) to the Shalika functional S. Moreover, using the series expression of
the Eisenstein series, it is shown in [JS90, prop. 5, p. 203] that the integral (2) unfolds to a sum involving
Whittaker functionals. These latter objects are well understood and, due to the celebrated Casselman-
Shalika formula [CS80], their values can be computed explicitly in terms of the Satake parameters of 7.
In fact, factorizing the L—function via the symmetric power representation (see [JS90, sec. 2, p. 145]) and
using the Weyl’s character formula, Jacquet and Shalika proved in [JS90, prop. 2, p. 206] an equality (up
to constant) between the zeta integral and the L—function. Using this connection, the existence of poles
of the L—function at s = 1 is completely characterized by the vanishing of the functional (2), i.e. it is
characterized in terms of the existence of a Shalika model.

We may summarize the previous discussion by stating that the following three facts are equivalent:
1. The L-function L(s,n,r) has a pole at s = 1.
2. The Shalika model of 7 exists.

3. The cuspidal automorphic representation 7 is a weak functorial lift with respect to the embedding
L802n+1 — LG.

In this section we will consider the analogous kind of questions for the group GU(2,2), which is
intimately linked to the group GL4. We will now replace the wedge square representation with a few
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adjustments. We denote the resulting map by A% : “GU(2,2) — GL(A2C*). In [Morl4, cor. 6.23, p. 81]
it is shown that, given a cuspidal generic representation o of GSp,, the following equality holds:

L(s,0(0),A?) = L(s, 0,std)((s).

We note that this equality resembles the one given in (2). The result suggests that in this case, functo-
riality has to be replaced by the theta correspondence. Through this change we can dispense with the
use of the converse theorem. Before continue we would like to point out that the appearance of the theta
correspondence is not a mere coincidence. As we explained before, the wedge square L—function is in
general linked to the Shalika model. In fact, in [Morl4] the author provided a characterization of the
automorphic representations of GU(2,2) with Shalika model: they are the ones in the image of the theta
correspondence of generic cuspidal automorphic representations of GSp,.

To complete the above picture, [FM13] showed that the representation of GU(2,2) has a Shalika
model if and only if the function L(s,0(c),A?) has a pole. The aforementioned results are summarized
by stating that the following three facts are equivalent:

1. The L—function L(s, 7, A?) has a pole at s = 1.
2. The Shalika model of 7 exists.
3. There exists a generic cuspidal automorphic representation o of GSp, so that 6(o) = .

Along this chapter we will work in the above setting. The main contribution is the relation of a
Rankin-Selberg integral of a cusp form on GU(2,2) with an L-function of a different cusp form on GSp,.
Given a cuspidal automorphic representation m of GU(2,2) we consider the zeta integral

I(p,s) = E%(h, s)p(h)dh, (2.0)

/H(Q)ZG (M)\H(A)

where ¢ € m and Ep(h,s) = Z%PGSM (@\GSp, (@) fs(g) is a Siegel Eisenstein series with at most two
simple poles at s = 1,2. This Eisenstein series satisfies that Res;—2E5(g,s) € C. We may unfold the
above integral, obtaining the following equality:

I(p,s) = / Fo()S(x(R))dh,
GL2(A)Nu (A)\H(A)

where S(-) is the functional associated to the Shalika model for the group GU(2,2). This functional
and the one defined by (2) have more in common than the name. In fact, for the primes p so that
GU(2,2)(Qp) ~ GL4(Qp) x GL1(Qy), the Shalika model of GU(2,2) defines Shalika model for GL4(Q)).
The above equality implies that, if the representation 7 does not admit a Shalika model, the zeta integral
will be equal to 0. As we explained before, the results of [Morl4] characterize the automorphic repre-
sentations with Shalika model as the ones coming from generic cuspidal automorphic representations of
GSp, via the theta correspondence. Hence, for the rest of the discussion we assume that = = 6(¢), with o
a generic cuspidal automorphic representation of GSp,. Besides the vanishing criterion discussed above,
the above equality allows us to approach the computation of I(ip,s) via local computations. The main
goal of this section is to compute the unramified components of the integral I(¢p, s).

In order to compute the local components of I(y,s), an explicit expression for the p—component
Sp(+) of the Shalika functional is required. We follow the method developed by [CS80] and generalized
by [Sak06]. One of the main ingredients used in this method is the fact that the model is unique, i.e. the
functional S is the only one satisfying

Sp(mp(s)vo) = Ps(5)S (vo),

where s € Squ(2,2)(Qp), the Shalika subgroup of GU(2,2), and g is the Shalika character in the present
setting. The first result in this chapter is the proof of uniqueness for the model under certain restrictions



90 CHAPTER 2. L-FUNCTIONS AND SHALIKA MODELS

on the representation m,. In order to approach this problem we use ideas inspired in the classical Mackey
theory of finite groups and the fact that our representation is in the image of certain theta lift. Combining
the techniques of [CS80] and [Sak06] with the explicit formulas of the local theta correspondence given in
[Mor14], we get the second result of this chapter; the desired explicit expression for the functional. We
point out that, once again, the theta correspondence plays a crucial role in the strategy. This is because
this lift is the right replacement for functoriality in the present situation.

Using the formula given in [Sak06] for the split primes, the aforementioned formula for the non split
primes and the Weyl character formula we expect to achieve the following equality:

L(s,o,std) = I(¢,s)I(s),

where o is the representation of GSp, so that its theta lift is equal to 7 and I(s) is certain function
associated to the non unramified places of p of 7. Let us suppose that I(s) is a non-zero holomorphic
function. Using [Morl4] we get

L(s,m, A7)C T (s) = 1(p, 5)1(5)-

Then, taking the residue at s = 2 at both sides, we obtain

Resssz(s,w,Af) = */ w(h)dh,
[GSP4]

where x is a non-zero constant. The right hand side of the above equality is the so-called period of
an automorphic form of GSp,. Essentially, since we are working with globally generic stuff, by [HR90,
thm. 3.2.2] we have that this period is equal to 0, we refer the reader to [CT]. Hence, as a corollary we
conclude that, if the representation admits a Shalika model, the function L(s,w,A?) is holomorphic at
s = 2. This result fits in the conjectural framework of the refined Ramanujan conjecture, see [Shall,
thm. 6.2, p. 21]. In fact, we recall that, by [Morl4], the representation 7 has a non-zero Shalika model
if and only if 7 is generic. Under the assumption of the refined Ramanujan conjecture, this property
would imply that the representation 7 is tempered. By an estimation based on the Satake parameters,
the function L(s, 7, A?) is then holomorphic at s = 2.

This chapter is organized as follows: the first section is an introduction to the theory of reductive
groups. There we will consider the different kinds of root datum associated to reductive groups, the
structure of the parabolic subgroups and the construction of the Langlands dual group. The second
section is devoted to presenting the main properties of the similitude groups. In the third section we
explain the basic representation theory of locally compact groups, emphasizing the study of unramified
representations. The section 4 is devoted to explaining what is a model of a representation. We will
consider case by case relevant models for the dissertation and we will show the essential properties
of each one. In addition, we explain two strategies to prove the uniqueness of a model. In the fifth
section we discuss the generalization of the local and global theta correspondence for similitude groups.
Furthermore, we will present the results of [Mor14], which allows us to relate the existence of models via
the theta correspondence. In section 6 we explain the basic theory of the automorphic L—functions. We
will address the relation of certain L—functions via the local theta correspondence. Section 7 is a joint
work with Antonio Cauchi and it is the main body of the chapter. In this section we explain the original
results of the chapter, where we proved the holomorphicity of the wedge square L—function of GU(2, 2).

2.1 Structure of reductive groups

The results regarding the structure of reductive groups are an essential part to understand both the
automorphic representations and the representations of topological groups. This section is devoted to
recalling the theory required for this chapter. Throughout this section we will work with the notion of
algebraic group given in [Mill8]. For a detailed discussion of the topic we refer the reader to [Mill7],
[PR94], [GH22, sec. 1, p. 1] and [Bor91].
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Along this section we denote by G,, the split algebraic torus of rank 1 defined over a field F,

furthermore given a split torus of the form GI),, we denote by a; € X*(G]}) the character so that

a;((a;)1<j<n) = a;. Furthermore we will consider an unramified algebraic reductive group G defined
over a field F' of characteristic 0, with maximal torus 7" and Borel subgroup B. Moreover, given g,h € G
we will denote by gt the image of g x h under the multiplication morphism G x G — G of the algebraic
group G.

2.1.1 Structure of split reductive groups
Unless we say the contrary in this subsection the tuple (G,T) denotes a split reductive group defined

over a field F' of characteristic 0 with T" a maximal split torus of G.

Given X a free Z—module, we denote by XV = Hom(X,Z) its dual module. Furthermore we will
consider its associated bilinear form
() Xx XY —>7Z,
x Xy y(z).
Definition 2.1.1. A root datum is a triple (X, R,a — «V), where X is a free Z—module of finite rank,

R is a finite subset of X, called the set of roots, and o — o is an injective map from R to XV satisfying
the following conditions:

1. (a,a) =2 for all « € R.
2. Given a we consider the following automorphism of X
Sa: X = X,
=z —(z,a") .
The subset R must satisfy s, (R) C R for all a € R.

3. The group W(R) generated by the automorphisms s,, is finite. This group is called the Weyl group
of the root datum.

If for every o € R the only multiples of it in R are +«, we say that the root datum is reduced.

Definition 2.1.2. A central isogeny of root datum
h: (X,Ram—a’) = (YR, B BY),

is an injective morphism of Z—modules f : X — Y with finite cokernel so that there exists a bijection
i : R — R satisfying

fli(@) = a, fY(") =i(a)",
where fV: YV — XV is the dual map of f. We say that h is an isomorphism if f is an isomorphism of
Z—modules.

Definition 2.1.3. The category of reduced root datum, denoted by RRD, has reduced root datums as
objects and the morphisms between them are central isogenies.

Definition 2.1.4. Let (X, R,a — aV) be a root datum. We say that a subset > C R is a basis for R
if it is a basis for the vector space X ®z Q and every root is a linear combination of elements of ¥ with
integer coefficients of the same sign. A subset RT C R is a set of positive roots if for each element o € R,
exactly one of the +a is in RT. Moreover, a subset of positive roots A C R™ is called set of simple roots
if the elements of A form a basis for R and no element of A can be written as the sum of two positive
roots.

Using the adjoint representation:

Ad: G — g:=Lie(G), (2.0)
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we are able attach a reduced root datum to the tuple (G,T). Since T is a commutative subgroup, the
action of T" via the adjoint representation decomposes the Lie algebra of G as follows:

9=00% P ga> (2.0)

acd

where the set ® consists on the set of characters a € X*(T) := Hom(T,G,,) so that g, = {z €
g, s.t. Ad(t)x = a(t)z, for allt € T}.

Definition 2.1.5. The set ® obtained in (2.1.1) is called the set of roots associated to (G, T).

Remark 2.1.6. By [Mill5, cor. 19.19, (a), p. 341] we obtain go = Lie(T). Furthermore
[Mil15, thm. 22.43, (a), p. 391] shows dim(g,) = 1 for every a € ®.

The set of characters of T is a free Z—module and the set of cocharacters of T', denoted by Xo(T') :=
Hom(G,,,T), is also a Z—module. Given o € X*(T') and 8 € X,(T)

aof € Hom(G,,, Gy,) ~ Z.
Then, there is a well defined bilinear form

() : X*(T) x Xo(T) — Z,
aXx B aof.

For any a € ® we denote by s, the reflection in X*(7T") ®z Q about the hyperplane perpendicular to a.
By [Mill7, thm. 22.43, (e) p. 391] there is a unique o € X4(7T') so that

sa(z) =1 — (2,0") @, (2.-1)

for all z € X*(T). Therefore, the correspondence a — o provided by (2.1.1) is a well defined assignment
of the form X*(T') — X (7).

Definition 2.1.7. The triple R(G,T) := (X*(T),®,a — "), where the map a — o is given by (2.1.1)
is called root datum of (G,T).

Proposition 2.1.8. The triple R(G,T) is a reduced root datum. Furthermore, every reduced root datum
is the root datum of a split reductive group of the form (G,T).

Proof. The first claim follows by [Mill5, thm. 22.44, p. 392]. For the second statement see [Mill5,
22.50, p. 393] O

Remark 2.1.9. Let F'/F be a field extension, then
R(G,T) = R(Gp:,Tr).

For the following lemma we recall that an element g € G(F') defines a morphism of algebraic groups
of the form
cg: G—G, (2.-1)

so that, for every F'—algebra R there exists a group homomorphism

¢q: G(R) = G(R),

T = gxg_l.

For a detailed discussion on this map we refer the reader to the definition of an algebraic group given in
[GH22, sec. 1.2, p. 2] and [Mill8, sec. 2.4, p. 9].

Lemma 2.1.10. The reduced root datum associated to (G,T) does not depend on the choice of T
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Proof. By [CGP15, thm. C.2.3, p. 506], given two maximal split torus T and T’ of G, there exists an
element g € G(F) so that T" = ¢4(T'), where ¢, : G — G is the map defined in (2.1.1). To conclude,

[Mill5, 22.48, p. 393] shows that the previous equality induces an isomorphism of root datum R(G,T) —
R(G,T"). O

Definition 2.1.11. A central isogeny between two connected algebraic groups G and G’ is a surjective
homomorphism of algebraic groups ¢ : G — G’ with finite kernel contained in the centre of G. A central
isogeny is an isomorphism if it is also an isomorphism of algebraic groups.

In the following definition we use the construction of the quotient of an algebraic group by a normal
subgroup, we refer the reader to [Mill8, 4.3, p. 15] and [Mil18, 4.23, p. 18] to see the details.

Definition 2.1.12. We say that two isogenies 1,2 : G — G’ are equivalent if p; = tpat™! with
teT' /Zg (F).

Definition 2.1.13. The category of split reductive groups defined over F, denoted by Splz, has split
reductive groups (G,T) as objects and the morphisms between the objects are the central isogenies up
to equivalence.

Proposition 2.1.14. The functor given by
Spl; — RRD
(G,T) = R(G,T),
s a contravariant equivalence of categories.

Proof. See [Mill5, 22.49, p. 393] and [Mil18, 19.58, p. 101]. O

Definition 2.1.15. Let G denote an unramified reductive group and T a torus of G. The algebraic Weyl
group of G with respect to T is defined by the following constant group scheme:

W(G,T) := Na(T)/Ca(T).
Lemma 2.1.16. Let (G,T) be a split reductive group. The algebraic Weyl group satisfies
W(G,T) = Na(T)/T.
Proof. According to [Mill8, 15.14, p. 65] if T' is maximal Cq(T) =T. O

Let G be an unramified group and T a torus of G, the F—points of the Weyl group W (G, T)(F) act
on X*(T) by inner conjugation i.e. given o« € X*(T), w € W(G,T)(F) and n € Ng(T)(F) representing
w, we have

s-a(t) == a(n'tn),
forallt e T.

Proposition 2.1.17. If (G,T) is split, the action of W(G,T)(F) on X*(T) preserves the set of roots ®
and permutes the sets of possible positive roots of G in a simply transitively way.

Proof. The first statement is [Mill5, lem. 22.31, p. 386]. For the latter statement see [Bor91, (3), p. 14].
O

Proposition 2.1.18. The algebraic Weyl group W (G, T)(F) and the Weyl group W(®) associated to
the root datum of (G,T) are isomorphic as groups.

Proof. Let us note that the Weyl group W (®) depends just on the set of roots ®, then the proposition
follows by [GH22, prop. 1.8.1, p. 23]. O

Definition 2.1.19. Let G be an unramified reductive group. We denote by R(G, Tx) = (X*(TF), ®, o —

a") the reduced root datum associated to the split reductive group (G, T%). We denote by G the re-
ductive group defined over C with reduced root datum of the form (Xo(7%), ®",a" — «). The complex

Lie group G(C) is called the dual group of G.
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Remark 2.1.20. Proposition 2.1.14 shows that the split reductive groups (G,T) are classified up to
isomorphism by its root datum, hence the dual group of G is unique up to isomorphism.

The dual group encodes crucial representation theoretic information of the groups G(F') when is F' a
non-archimedian local field of characteristic 0. In section 2.3.3, we will adress this question, showing that
the semisimple elements of the dual group é((C) classifies up to isomorphism the so-called unramified
representations of the group G(F'). This assignment is provided by the so-called Satake isomorphism and
allows us to attach local L—functions to this kind of representations of G(F').

o(T) andp € Z,
we may define

Remark 2.1.21. We normalize the bilinear form (2.1.1) so that given o € X*(T), B
2.1.1),
T) obtaining the

we have a(B(p)) = p'*P. Purthermore, using remark 2.1.9 and the bilinearity of (
the action of W(G,T) on the root datum R(G,T) and the action of W(G,T) on R(
following group isomorphism

eX
1.
G
W(G,T)~W(G,T).

2.1.2 Structure of unramified groups

In contrast to the split reductive groups, the unramified non-split reductive groups over F are not classified
by the root datum or similar structures. The main reason for this phenomenon is that the unramified
groups are endowed with a non-trivial action of the Galois group. This action can not be realized in the
linear structure of the group and must be added in order to classify these groups, for more information
about the classification, we refer the reader to [Mill8, sec. 24, p. 130]. In this subsection, instead of
considering the classification of non split unramified reductive groups, we will describe the algebraic
structure associated to a maximal split torus. Though it does not classify the groups up to isomorphism,
this construction provides enough information about their structure to approach the goals of the thesis.
Throughout this subsection we fix G an unramified group defined over a field F' characteristic 0 with
separable closure denoted by F*°? and T a maximal torus of G with Ty C T the maximal split torus of
T.

Definition 2.1.22. Let V be a vector space of finite dimension defined over Q with R C V a finite
subset so that

1. R spans V.
2. For each a, there is a a¥ € VV = Hom(V, Q) so that {(a,aV) =2 and (R, a") C Z, with
() VxVY=Q,
the usual bilinear form defined by duality.

The tuple (V, R) is called root system. We say that it is reduced when the only multiples of @ € R are
+a.

Throughout this section, when we discuss about subsets of R we will use the definitions given in 2.1.4.

Definition 2.1.23. Let (V, R) be a root system. The group W(R) of V' generated by the reflections

Sa: X = X,

r—x—(z,a")a,
for every a € R, is called the Weyl group of (V,R).

The adjoint representation Ad : G — g allows us to construct a root system associated to the tuple
(G,Ts). In fact, the action of Ad restricted to the maximal split torus T factors the Lie algebra g as in
(2.1.1), more concretely we have

g=2009 P g (2-1)

acd
with ® a subset of X*(T).
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Definition 2.1.24. The set ® obtained in the factorization (2.1.2) is called the relative root system
associated to (G, Ts).

Proposition 2.1.25. The tuple (X*(Ts) ®z Q, ®) forms a root system.
Proof. See [Mill8, 23.4, (a), p. 128]. O

Remark 2.1.26. Unlike the split case, the relative oot system associated to (G,Ts) is not necessarily
reduced. For example the group SU(3) defined in [CS80, (2), p. 217] has two simple roots that are of the
form a, 2a.

Remark 2.1.27. As we mentioned in the introduction, the root system (V, ®) is not enough to classify
the unramified groups G over F. In fact, one have to define different structures that keep track of the
action of Gal(F*?/F) on G. Since this classification is not used along this thesis we do not go into
details, for further information we refer the reader to [Mill7, chap. 25, p. 465].

Proposition 2.1.28. The algebraic Weyl group W (G, Ts)(F) and the Weyl group W (®) associated to
the relative root system of (G,Ts) are isomorphic as groups.

Proof. Tt is [Mill8, 23.4, (c), p. 128]. O
Proposition 2.1.29. The Weyl group satisfies

W(G,T)(F) = W(G, T,)(F) = W(G, Ty) (F*F).
Proof. See [GH22, lem. 7.5.4, p. 175]. O

Remark 2.1.30. Since by remark 2.1.21 W (G, T)(F5%?) ~ W (G, T)(C), the previous proposition shows
that there is an injection o
W(G, T.)(F) = W(G, T)(C).

Remark 2.1.31. The relative root datum associated to (G,Ts) provides a way to construct and classify
the parabolic subgroups of G. Fiz a subset of simple roots A C ®. By [GH22, thm. 1.9.1, p. 30], the
standard parabolic subgroups of G are in bijection with the subsets of A. There is an explicit construction
of the parabolic subgroup attached to a subset of A. In this remark we will sketch the constructions, see
[BT65, sec. 3, p. 71] and [Cas08, p. 11]. Given any subset © C A we consider the root system generated
by ©, denoted by (©) := ZO N ®. The following parabolic group is said to be attached to ©

PP := Cg(ker(©)) 11 N,

aedt\((©)Ndt)

where ker(©) = Nyeo ker(a) and N¢ is the unimodular subgroup associated to the root a. We will denote
by M® := Cg(ker(©)) its Levi component and by N© := Ha€¢+\(<@>m¢+) N< its unipotent subgroup. Let
us note that if © = &, then

P? =R

with B the Borel subgroup of G.
Definition 2.1.32. Given a unipotent subgroup of the form N =[]

N =~
aeQ)

aco N*, we denote by

the so-called opposite unipotent subgroup.
Definition 2.1.33. Given © C A and P® = Cg (ker (0)) Haeae<1>+\(<®>mq>+) N the parabolic associated
to © by remark 2.1.31, we define the opposite parabolic of P® by

P° = Cg (ker (0)) I1 N-e.

acacedt\((O)NdT)
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Proposition 2.1.34 (Bruhat decomposition). Let F' be a non-archimedian local field. Given ©,Q C A,
where A is a set of simple roots, we have

G(F) = L] PO(F)wP™(F),
weWe\W (G, Ts)(F)/Wa

with We and Wq the subsets of W(G,T,)(F) generated by the reflections {sq, o € O} and {sq, o € £}
respectively.

Proof. See [Cas08, prop. 1.3.1, p. 11]. O

Remark 2.1.35. If © is the set of roots associated to a parabolic subgroup P® = MON®, by 2.1.81 we
will denote Wg by Wpe.

Remark 2.1.36. In remark 2.1.20 we showed that the assignment
G- G

is well defined for the split groups. Since the unramified groups are not classified by their root system, this
identification is no longer bijective. One has to construct a nice replacement for the dual group reflecting
the action of Gal(F5%?/F) on G. To that end, we have to define the action of Gal(F*¢?/F) on G(C). In
this remark we will sketch the construction of this action. For a detailed discussion we refer the reader
to [Mill5, p. 101] and [GH22, sec. 7.3, p. 165].

By proposition 2.1.14, the action of Gal(F*®P/F) on G pser allows us to regard

Gal(Fsep/F) C Aut (R(Gpsep, TFsep)) .

Then, just by definition, we have Gal(F*¢?/F) C Aut (R(G‘,T)) Let us recall that the isomorphisms in

the category Splp are isomorphisms of algebraic groups up to equivalence, see definition 2.1.12. There-
fore, proposition 2.1.14 does not provide a unique way to consider Gal(F*?/F) as a subset of Aut(QG).
In fact, under the equivalence of categories given in proposition 2.1.14, an element of Gal(F*?/F) C
Aut (R(é,T)) is identified with the set of conjugations by Ty /Z:(C) of certain automorphism of G.

To overcome the previous problem and state a well defined embedding Gal(F*°?/F) C Aut(G), we have
to fir a Borel subgroup B < G. This choice defines a based root datum \II(G, T,B) that, stated infor-
mally, is the root datum R(G‘, T) with the extra information given by the Borel subgroup B. By [GH22,
prop. 7.3.3, p. 1677] this choice provides a well defined map

Aut(®(G, T, B)) — Aut(G). (2.-1)

Therefore, we are able to regard Gal(F*P/F') C Aut(U(G, T, B)) and then the map (2.1.36) determines
the action of the Galois group on G. Furthermore, by [GH22, prop. 7.5.2, p. 167] the action of the Galois
group on G is independent of the choice of B.

Definition 2.1.37. Let G be an unramified group, we define its associated L—group by
LG = G(C) x Gal(F*°? | F),

where the action of Gal(F*?/F) in G(C) is given by the map (2.1.36).

2.1.3 Finite dimensional representations of split groups

The finite dimensional representations of split groups play a central role in the theory of automorphic rep-
resentations. They are used to define different L—functions that, depending on the chosen representation,
it is conjectured that their values are related to certain properties of the automorphic representation. See
section 2.6.1 for a further development of the theory of L—functions. In this subsection we will introduce
the basic theory of finite dimensional representations of split reductive groups. Furthermore, we will
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analyze certain representations that are relevant for the thesis. For a detailed discussion of the topic we
refer the reader to [Kna86], [FH91] and [Mill8, sec. 20, p. 102]. Throughout this subsection we fix (G,T)
a split reductive group defined over a characteristic 0 field F'. Set a Borel subgroup B of GG, determining a
choice of positive roots ®*. Given V be a vector space defined over F, a representation of G is a natural
transformation of the following group-valued functors:

G(R) — Autg (V ®p R) |

where R is any F'—algebra. If V is finite dimensional, the previous map corresponds to a homomorphism
of algebraic groups p : G — GL(V'). We denote by (p, V') the representation defined as above.

Definition 2.1.38. Let (p, V') be a finite dimensional representation. The space V factors as

V= Vx (2.-1)
AEX*(T)

with v € V) such that p(t)v = A(t)v for t € T(F'). The spaces V) appearing in (2.1.38) are called weight
spaces for the action of T' and the elements A € X*(T') such that V) # 0 in (2.1.38) are called weights.

Proposition 2.1.39. Let (p,V) be a finite dimensional representation. The set of weights is invariant
under the action of the Weyl group W(G,T). Furthermore, the action of the Weil group respects the
multiplicity of the weights.

Proof. See [FH91, p. 201]. O
Definition 2.1.40. The lattice
P@N) ={XeX*(T)®2Q, st. (\,a")€Z, st.acd'},
of X*(T) ®z Q is called the weight lattice.
Proposition 2.1.41. The algebraic group G is simply connected if and only if X*(T) = P(®™T).
Proof. Tt is [Mill8, 19.61, p. 102]. O

Definition 2.1.42. Let G be a connected algebraic group. A universal covering of G is a multiplicative
isogeny G — G with G smooth, connected and simply connected.

Proposition 2.1.43. A connected group G admits a universal covering in any of the following cases:
o The field F is perfect and X*(G) = id.
o The group G is semisimple.
Proof. See [Mill8, p. 71]. O

Remark 2.1.44. Let G be a connected reductive group that admits a universal covering G — G with G

reductive. By [Mil18, 16.1, p. 68] there is a subgroup C < Z(G) so that
G/C ~G.

For any C; < Z(G), the groups @/CZ- are algebraic group with universal covering G. In fact, by 2.1.1/
all these groups have the same root datum modulo central isogeny of root datum.

Remark 2.1.45. By [Mil18, 20.34, p. 108] if G is simply connected, the finite dimensional representa-
tions of G are in bijection with the finite dimensional representations of g = Lie(G).

Proposition 2.1.46. If G is simply connected, the set of weights occurring in a finite dimensional
representation of G belongs to the weight lattice P(®T).

Proof. The proof follows by remark 2.1.45 and [FH91, p. 200]. O
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Definition 2.1.47. An element A\ € P(®™1) is a dominant weight if (\,a") > 0 for all « € .

One can realize the dominant weights A in an explicit geometric way. In fact, we may regard {{(\, a") =
0, A€ P(®"),«x € T} as the set of lines in X*(T)®zQ, dividing the space into a set of pieces {C; };coa+|
called Weyl’s chambers. Therefore, one of these chambers contains all the dominant weights associated
to the choice of 7.

Definition 2.1.48. The set {\ € P(®"), s.t. (A\,a¥) >0 for all a € @} is called the positive Weyl’s
chamber.

Remark 2.1.49. The Weyl group permutes the set of Weyl’s chambers via the action on the roots. This
action is the geometric equivalent to permute the sets of all possible positive roots of G.

Proposition 2.1.50. Let (p,V) be an irreducible finite dimensional representation of G. Then, there
exrists a unique one dimensional subspace Vy of V' so that

o [t is stabilized under the action of B.
o The subspace Vy is a weight space of T and its weight X\ is dominant.
o If puis also a weight, A\ — 1 =Y . A M with my > 0.
Proof. We refer to [Mill8, (20.3), p. 102]. O

Definition 2.1.51. Let (p, V) be an irreducible finite dimensional representation of G. The weight A
obtained in 2.1.50 is called the highest weight vector of (p, V).

Theorem 2.1.52. Let G be a simply connected algebraic group. FEvery dominant weight is the high-
est weight vector of an irreducible finite dimensional representation V() of G. Two irreducible finite
dimensional representations are isomorphic if they have the same highest weight.

Proof. Tt is [Mill8, p. 104]. O

Proposition 2.1.53. Let us suppose that G has a universal covering G — G with G reductive and let
A € P(®7T) be a dominant weight of G. The representation V(X)) with highest weight \ factors throughout
G if and only if A € X*(T).

Proof. See [Mill8, p. 104]. O

Definition 2.1.54. The underlying set of R(G), the representation ring of G, is the set of irreducible
finite dimensional representation of G modulo isomorphism of representations. R(G) is endowed with
group law given by [V],[V'] € R(G), [V]- [V =V & V'].

Proposition 2.1.55. Let G be a simply connected split reductive algebraic group, the following map
defines an isomorphism

R(G) — Z[P(&™)V(ED),
V=@ Vvar D dim(Va)e(N),
A A

where X\ belongs to the set of weights of the representation V' and {e(\)}x is a basis of Z[P(®T)].
Proof. Tt follows by proposition 2.1.39. O

Example 2.1.56. The roots of GL, are a1 — «a,...,an—1 — oy, and their co-roots are given by (o —
a;11)Y = a; — ajy1. Therefore, the dominant weights of GL,, are the following linear combinations

miay + ... + My, M; € Z, m1 > ... > My,.

Example 2.1.57. Let us fix the set of simple roots of Sp,,, given by A = {{o; —vit1}i=1,....n—1U{2an}}.
It is straightforward that the Weyl’s chamber with respect to the previous choice of simple roots is

W={a1a1 + ... + anap, a1 > ... > a, >0}
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Example 2.1.58. The 5-dimensional irreducible standard representation of Sp,(C) denoted by (std, C5).
Using remark 2.1.45 and [FHI91, p. 245], it holds that the highest weight vector of this representation is
a1 + as.

As we pointed out at the beginning of this section, the finite dimensional representations are relevant in
the context of the automorphic representations because they are used to define the different L—functions.
In fact, we have to consider representations of the Langlands dual group (or representations of the dual
group in the split case). The following example is used to construct one of the L—functions studied in
the forthcoming exposition.

Example 2.1.59. Let E/F be a totally imaginary quadratic field extension. We consider the group
G = (GL4(C) x GL1(C)) x Gal(E/F),
where the action of the unique non-trivial element 6 € Gal(E/F) is given by
0 : GL4(C) x GL1(C) — GL4(C) x GL1(C),
(g, \) = X HtgmLIN),

!

wwhere J = with J' the anti-diagonal n X n matriz with non-zero entries equal to 1. Let us

—J
denote by A? the wedge square representation of GL4(C) on C®. By abuse of notation we also denote by

A?: GL4(C) x GL1(C) — Aut(C®),
(9,0) = A (A%g) .

Since the representations A? and A?o @ have the same highest weight, theorem 2.1.52 shows the existence
of a map A : C% — CS so that A? =1 and

(A%0 0) (g, A) = A'A%(g, \)A.
We define the representation A? of G by

A2(g, M\ 1) = A%(g, ), AZ(1,1,0) = A.

2.1.4 Topological groups

Let F be a non-archimedian local field, the F—points of G inherits the Haussdorf topology of F. To
lighten the notation, throughout this subsection we will specialize to the case F' = Q,,, for a general
discussion we refer the reader to [Cas08, p. 14].

For the following proposition we fix the subset
T, ={t € T5(Qp), s.t.|ala)] <1, forall a € A}. (2.-1)

Definition 2.1.60. Let P = M N be a parabolic subgroup of G with Levi subgroup M and maximal
unipotent subgroup N. Given K a compact open subgroup of G(Q,), we say that K has a Iwahori
factorization if

1. The following map is an isomorphism

NKXMKXNK%K,

nXmXn— nmn,

where N jc := N(Q,) N K with N the opposite unipotent of N defined in 2.1.32, My := M(Q,)NK
and Ng = N(Q,) N K.

2. ForallteT,, tNgt=' € Ng and t "INkt C N.
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Proposition 2.1.61. There exists a set {K,, },>0 of open compact subgroups which forms a neighborhood
basis of the identity so that

o FEvery K, is a normal subgroup of K.
e If P is a parabolic group containing B, every K,, has Iwahori factorization with respect to P.
Proof. See [Cas08, prop. 1.4.4, p. 14]. O

Definition 2.1.62. The Twahori subgroup I of G(Q,) is defined as the inverse image of B(Z/pZ) through-
out the following projection:
G(Zp) = G(Z/pZ).

Example 2.1.63. For the group GL,(Q,) with fized Borel subgroup of upper triangular matrices, the
Twahori subgroup I is given by the subgroup of upper triangular matrices modulo p.

Proposition 2.1.64. The ITwahori subgroup I has Twahori factorization given by
I=(U(Qp) NI)(B(Qp) NI,
where U is the mazximal unipotent subgroup of G.
Proof. Tt follows by the definition. O
Proposition 2.1.65. The group G(Z,) satisfies the following factorization
G(Z,) = | ] Iwl.
WEW(G»TS)(QP)

Proof. See [Cas08, p. 216]. O

2.2 Similitude groups

Throughout this section we fix F/Q a imaginary quadratic extension so that E = Q(d) with § = v/d,
d € Q*\Q*? and d < 0. Unless we say the contrary, G,, will be used to denote the split algebraic torus
of rank 1 defined over Q. Furthermore, given a split torus of the form G, we denote by o; € X*(G})
the character so that a;((a;)1<j<n) = a;. Along this section R will be any Q—module.

2.2.1 General unitary group

Definition 2.2.1. A hermitian space over E is a tuple (W, S), with W a vector space of dimension n
defined over E and S a non degenerate sesquilinear form. If there is no danger of confusion we will simply
denote hermitian spaces by its vector space, W in the present case.

Definition 2.2.2. Let W be a hermitian space over E. The general unitary group is the algebraic group
over Q defined by

GU(W)(R) := {(g,m,) € GL(W)(R ®z Og) X Gm(R) : ‘5Sg = m,S},

where ~ denotes the non-trivial automorphism of order 2 of E/Q. We denote by v : GUW) — G,,, g —
myg the similitude character. Its kernel is the group U(W).

Remark 2.2.3. In this chapter we will consider the general unitary group associated to an hermitian
space of dimension 4. We denote by Jo the 2 X 2 anti-diagonal matrix with all non-zero entries equal to
1and J = (_J2 JQ). It defines a sesquilinear form on the vector space W = E*.

Definition 2.2.4. Let us consider the vector space W = E* endowed with the sesquilinear form .J. We
will use the following notation:

G(R) := GU(W)(R) = {(9,my) € GL4y(R®7 OF) x G(R) : 'gJg=m,J}.



2.2. SIMILITUDE GROUPS 101

Proposition 2.2.5. Given p a split prime of the quadratic field extension E/Q, the general unitary group
satisfies

G(Qp) =~ GL4(Qp) x GL1(Qp).
Proof. Let p be a place of Q splitting as p = p1p2 in E. The following map is an isomorphism
E®qQu~E, ®E,,,
(e®71) > (er,er).
Let us observe that the complex conjugation satisfies (g1, g2) = (g2,¢1). Then by (2.2.1) we obtain
G(Qy) = {(g,h,my) € GL4(E,,) x GLa(Ep,) x @, s.t. ("h' g)(" T, J)(g. h) = mg("J, J)}.  (2-2)

The equations defining (2.2.1) are

'htJg =my'J,

tgJh = mgJ.

One equation is the transpose of the other, therefore we isolate h = myJ~! tg=1.J. This formula implies
that g a free variable i.e. we can choose any g € GL4(E),). Therefore we conclude identifying E,, ~ Q,,
which implies that the map

G(Qp) = GL4(Qp) x Q;
(97 h’vmg) = (gv mg)7

is an isomorphism. O

Corollary 2.2.6. The algebraic group G is an inner form of GL4y x GL;.

Proof. 1t follows by proposition 2.2.5. O

Corollary 2.2.7. The group G is connected.

Proof. By [Mill7, prop. 1.4, p. 21], the group G is connected if and only if G X gpec(g) Spec(F) is connected
for every field extension F/Q. By proposition 2.2.5

G Xspec(@) Spec(C) ~ GLy x GLy, (2.-2)

where GL; and GL; are algebraic groups defined over C. The groups GL, and GL; are connected as
algebraic groups, hence [Mill7, lem. 1.15, p. 21] implies that GL, x GL; is connected. Therefore the
isomorphism (2.2.1) implies that G is connected. O

Definition 2.2.8. The special general unitary group is the subgroup of GU given by

G*(R) = {(g.my) € G(R) : det(g) = my}.

g9

Let Bg = TgUg denote the upper-triangular Borel subgroup of G, where Tg is the maximal non
split diagonal torus given by

ta®) = { (") abe Reseen (), v e Gulm)].

with maximal split subtorus determined by

TG,S(R):{(G*’,,,,_l ) s.t. mb,ueGm(R)}.

va~ !



102 CHAPTER 2. L-FUNCTIONS AND SHALIKA MODELS

Its maximal unipotent subgroup is the following group of matrices

I1mn t
Uc(R) = {( Lk %) m,n € Resg)9Gq(R), t,k € Ga(R)} .

1

Lemma 2.2.9. The modulus character of Ba(Q)) is given by
§BG : Bg((@p) —C
ab B |a(‘z|2|b5|p
vb! T
va~?! P

Proof. The modulus character can be computed using the formula

§BG (b) = det (Ad|Lle(UG)(b)) s

given in [Cas08, 1.5, p. 16]. O

We fix a basis {o;}i=0,1,2 of the free Z—module X*(Tg 5), where
a;: Tg,s(R) — R™,
a v ifi=0,
( - >H> a ifi=1,
va~! b ifi=2.
The set of positive roots with respect to the split torus Tg s which corresponds to this choice of Borel

subgroup is
‘I’E = {Oél — g, a1 + a2 — g, 20 — oo, 2001 — Oéo}. (2.-3)

The unimodular subgroups associated to each root are denoted by

la
Vg (R) == {( s ) L€ ReSE/QGa<R)}’

b

The Siegel parabolic subgroup Pg has Levi decomposition of the form Pg = MgNg so that

Ma(R) = {(h Mﬁlh) . st h € RespoGLa(R), A € Gm(R)} ,
Na(R) = {(" g) , s.t. X € Hermy(R) },

where Hermy (R) := {(Z%) , s.t. o € Resg /9Gu(R), z,y € Ga(R)}.

Lemma 2.2.10. Let p be a non split prime, the Weyl group Wa := W(G,Ts)(Q,) is generated by

1 1 1
e 1 R -
S1 = —1 , S2i= 1 9
1 1

where sy is the reflection about oy + as — ag and s is the reflection about a; — aip.

Proof. Tt follows by direct computation. O
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Lemma 2.2.11. It holds that
LG = GL4(C) x GL;(C) x Gal(E/Q),
where the action of the non-trivial element 6 € Gal(E/Q) in (g,mg) € GL4(C) x GL1(C) is given by
0(g x my) =7y 'J g7 T x M.

Proof. 1t is a direct application of corollary 2.2.6. O

2.2.2 General symplectic group

Definition 2.2.12. Let (W, J) be a rational symplectic space. The general symplectic group attached to
W is the algebraic group over QQ so that

GSp(W)(R) = {(g,my) € GL(W)(R) x G (R) s.t. g"Jg = myJ}.
We denote by A : GUW) — Gy, g — my the similitude character. Its kernel is the group Sp(W).

Remark 2.2.13. The general symplectic group associated to certain symplectic space of dimension 4 will
be relevant for the thesis. Let J be the matriz defined in remark 2.2.3, the vector space W = Q* endowed
with J is a symplectic space.

Definition 2.2.14. Let W be the symplectic space described in remark 2.2.13, we define
H(R) := GSp(W)(R){(g,my) € GL4(R) x G(R) : 'gJg =myJ}.
Remark 2.2.15. The algebraic group H embeds into G via the map
t:H— G,
(9:mg) = (g9,my),
inziu;ed by the inclusion GLy — Resp, /zGLs. Furthermore the R—points satisfy that G(R) NGL4(R) =
H(R).

Remark 2.2.16. The bilinear form J = (12 12) is a symplectic form, then the vector space W = Q*
endowed with J is a symplectic space of dimension 4. There exists an isomorphism of algebraic groups

GSp((W, J)) = GSp((W, J)) ~ H.

The isomorphism changes the explicit description of the parabolic subgroups. Depending on our goal the
choice of one of the above coordinates or the other will be more suitable.

The root datum of H is equal to the relative root datum of G with respect to the split torus Tq .
Therefore the structure of the parabolic subgroups and Weyl group of H will be completely analogous to
the one of G. Let By = TigUn denote the upper-triangular Borel subgroup of H with Ty the diagonal
torus

Ta(R) = {(a - _) st.abv e Gm(R)} ,

and maximal unipotent subgroup

Us(R) = {(1 Tk _f;n> st.myn,t,k € Go(R) ). (2.-4)

The torus Ty is split and is equal to the maximal split torus of G.
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Lemma 2.2.17. The modulus character is given by

0By © Bu(Q,) = C,

a
b lalp[bl3
( v ) > e
—1 r
va

Proof. 1t is analogous to lemma 2.2.9. O

Since Tg s = Tu, we take the basis {c; }i=0,1,2 of X*(Tu) defined in (2.2.1). The set of positive roots
of H which are compatible with the choice of Borel By is

@;:I = {041 — (g, X1 —+ Qg — O, 20[2 — Qp, 20[1 — 0[0}. (2-4)

<1(1111a)7a€Ga(R)}7
(1) vesn).
(5 ) cesum)
(

111d),deGa(R)}.

1

The associated unimodular subgroups are

UL —o2(R) :

UI?éllJraz*Oéo (R) .

U~ “(R) :

U~ (R) =

{
{
{
{

The Siegel parabolic Py has Levi decomposition Py = My Ny such that
M (R) = {(h wﬂw) , s.it.h € GLy(R), \ € Gm(R)} ,
Nu(R)={("7),st. X € S(R)},
where S(R) ={(y a), st. a,z,y € G, (R)}.
Remark 2.2.18. In remark 2.2.16 we pointed out that the isomorphism
H ~ GSp((W, J))

changes the description of the parabolic subgroups. For example, the maximal unipotent subgroup of
GSp(W) is given by

Ugspoir) (1) = {w(a)v(A), s.t.a € G4(R), (4t ai2) = A="A € Matyy2(R)},
1la

withw(a):( L )andv(A):(bfz).

—a 1l

Lemma 2.2.19. The Weyl group Wy := W(H, Tu)(Q)) is generated by

1 1 1
— 1 — -
81 o < - ) 52 o ( 1) ’
1 1

where s1 the reflection about a; + as — g and so is the reflection about c; — aus.
Proof. Since Tu(R) = Tg s(R) and U (R) = Ug(R) N GL4(R) the result follows by 2.2.10. O
Lemma 2.2.20. The general symplectic group satisfies

LH = GSpins(C).

Proof. See [AS06, prop. 2.9, p. 148]. O
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2.2.3 General orthogonal group

Definition 2.2.21. Let (V,q) be a quadratic space with associated bilinear form (-,-). The general
orthogonal group is the algebraic group defined over Q so that

GO(V)(R) = {g € GL(V)(R), s.t. (gv, gv) = vy(v,v)}.

We denote by v : GO(V) — Gy, g — v, the similitude character. Its kernel is the group O(W).

Definition 2.2.22. The connected component of the identity of the algebraic group GO(V)(R) is de-
noted by GSO(V).

Remark 2.2.23. Throughout this chapter we will consider rational quadratic spaces of signature (4,2)
1

1
and Witt index 2. For example the matriz S = Ly defines a quadratic form Q onV := Q5

1
1

which makes the tuple (V, Q) an isotropic quadratic space of signature (4,2) so that V = H? @& V,,, where
Van =~ (E,Ngq) as Q—vector spaces.

Definition 2.2.24. We denote by
GO, 2(R) :=GO42(V)(R) = {g € GLg(R). s.t. 'gSg = \,S, A\, € R*}.
Furthermore, its connected component of the identity is given by

GSO42(R) := GSO(V)(R) = {g € GOy a(R). s.t. det g = v3}.

Definition 2.2.25. The general orthogonal group of signature (2, 0), denoted by GSO3,, is the algebraic
group over QQ so that

GSO20(F) = {g € GLa(F), *g (* _24) 9 =v(9) (* _2q), det(g) =v(g9)} .

Remark 2.2.26. Let G, be the 1—dimensional split torus defined over E. By [Morl4, p. 32] there exists
a homeomorphism

GSOQ}[)(F) ~ ReSE/QGm (F)

Furthermore, the above map identifies the determinant with the norm field Ng q.

Let us consider the Borel subgroup of GSOy4 > defined by the product Bgso = TgsoUcso, where

“ b
Tgso(R) = { ( x Ab-1 > , s.t.a,b € Gm(R), HAS ResE/QGm(R), A= NE/Q(LB)} (2—4)
Aot

is a maximal torus. We alert the reader that by remark 2.2.26, the element = in the above matrix is a
2 x 2 matrix defined over R. The maximal unipotent subgroup Ugso is given by

Uaso(R) = Ug(R)U1(R)Us(R)U (R), (2-4)
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with
1 —'X,S; 0 g
Uo(R) = UO(:L‘) = 14 Xo |, s.t. Xo = ol x € GG(R) s
1
0
1 —1X8 —AX8X N
U1(R) = ul(sl,tl) = 14 X1 s s.t. X1 = tl s 317t17 GG(R) 5
1 1
0
1
1 —TXQSO _%tXQSQXQ s
UQ(R) = u2(82,t2) = 12 X2 5 s.t. XQ = (1;) 5 827t2 S GQ(R) 5
1
1
i 1 —'XS i 8
U(R) =< a(b) = sy X|,st.X= 0l PEGaR) ¢,
! b
where
9 1
SO: ( _2d>a 51: ) SO )

and Sy is the matrix given in 2.2.23.

2.2.4 Exceptional isomorphism

This section is devoted to explaining the exceptional isomorphism PG ~ PGOy3. For a detailed
discussion of the proof we refer the reader to [Morl4, p. 33].

Proposition 2.2.27. The group G satisfies the following algebraic group isomorphism PG ~ PGSOy >

Proof. We consider the 6—dimensional vector space defined over Q

0 T1 T3 + 024 To
-1 0 x5 —x3 + 04
V.= v(xy, 29,23, T4, 25, Lg) := st.x; €
( 1,42, 43,44,L5, 6) —.133—5.134 —5 0 Tg ) [ Q
—X2 $3—5£C4 —Tg 0

The homomorphism

¢: G* = GO(V),
g (v go'y),
is well defined. Let us fix the basis e; := v(1,0,0,0,0,0), e2 = v(0,1,0,0,0,0), es = v(0,0,1,0,0,0),
es = v(0,0,1,0,0,0), e, = v(0,0,0,1,0,0),e5 = v(0,0,0,0,1,0), eg = v(0,0,0,0,0,1) of V, then the

homomorphism ¢ defines an homomorphism of algebraic groups

d: G — GSO472.
Given o € E* we set 7, = ( L > The action of @« € E* on v € V is defined as follows:

Q- V= QravTy. (2.-6)
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Furthermore E* also acts in G* by a - g = rogr;* for any g € G*. Using the above action we consider
the semidirect product G* x E*. Using (2.2.4) we define an homomorphism

I': G*xE*— I)(;S()42.
By [Morl4, p. 34] there exists a surjective homomorphism

: G*x EX = PG

(9,0) = gra.

(1]

In [Mor14, p. 34] the author claims that ker(I') = ker(Z) and hence I'* o (E*)~! : PG ~ PGSOy 2, where
I'* is the isomorphism

I'": G* x E*/ker (I') - PGSOy, (2.-6)

and Z* is the isomorphism
E*: G* x EX /ker (B) — PG. (2.-6)
O

Lemma 2.2.28. The image of t(a,b,v) := ( ’ Jp ) € Tpc(Qyp) throughout the isomorphism

|ad|

given by 2.2.27 is equal to vlal, € PGSO0,2(Qy), where x € E)S.

v[b|

l/2

Proof. This proof is divided into two steps; first we compute a representative g of (2*)~1(¢(a, b, v)), where
we recall that E is defined in (2.2.4). Having done that, we compute the image of the representative g
throughout the homomorphism I'* defined in (2.2.4).

We factor the element t(a,b,v) as follows:

bt . ab L
t(a7 b7 V) = vbh < a1pt > )
it 1

p—1
where ( b B ) € G*(Qp) and using the notation of the proof of 2.2.27 we denote by 7y =

ab
< ! B ) By direct computation we find that
1

va~!

- bt ab
t(a,b,v) X rep = ( b - ) P ( ! 11 ) € G*(Q,) x E,
1

is a representative of (2*)7!(t(a,b,v)). Let us consider the basis {ei,...,es} of the proof of 2.2.27,
then 74, - €1 = |abler, Tap - €2 = |ablea, Tap - €5 = €5 and rqp - 6 = €. Moreover t(a,b,v) - e; = ey,
t(a,b,v)-eg = €2, t(a,b,v) - e5 = bbves, t(a,b,v) - eg = v2eg. Comparing the action of G*(Q,) x E) on
V ®g Q) given by (2.2.4) and (2.2.4) with the natural action of PGSO, 2(Q,) on V ®g Q, we obtain

|ab]
vla|
I o (E%) ! (t(a,b,v)) = * € Tgso,,(Qp),
v[b|

where * € Ezf. O
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2.3 Representations of topological groups

In this section we will denote by G a reductive algebraic group defined over Q,. We fix a Borel subgroup
B = TU with maximal torus T, maximal split torus Ts and maximal unipotent subgroup denoted by U.
Furthermore we will denote K¢ := G(Z,).

2.3.1 Admissible representations

This subsection will be devoted to reviewing the basic definitions and theory of admissible representations.
For a further discussion of the topic we refer the reader to [Cas08], [CS80] and [Ber92].

Definition 2.3.1. Let V' be a complex vector space and (7, V') a representation of G(Q,). If Stabg g, (v) =
{m(g)v=v, g € G(Q,)} is open for every v € V, we say that the representation is smooth.

Definition 2.3.2. Let (m, V) be a smooth representation of G(Q,), the algebraic dual representation
(m*,V*) is defined by the vector space V* := Homc(V, C) and the action of G(Q,) via

7 (g): V' = V"
o' () = v (7 (9))

The algebraic dual representation of a smooth representation might not be smooth. There is a refined
notion of duality in the category of smooth representations.

Definition 2.3.3. Let (m, V) a smooth representation of G(Q,). The smooth dual or contragradient
representation of (7, V') is denoted by (7, V). The vector space is defined by

V= {v* € V", s.t. Stabg(qg,)(v") is open} ,
and the action is given by restriction 7 := 7*|y.
Remark 2.3.4. The smooth dual of a smooth representation is a smooth representation.

Definition 2.3.5. A smooth representation (m, V) of G(Q,) is admissible if VE := {v € V, s.t. m(k)v =
v, k € K} is a finite dimensional vector space for every open compact subgroup K < G(Q,).

Definition 2.3.6. A representation (m,V) of G(Q,) is unitary if it admits a G(Q,)—invariant inner
product in V.

Remark 2.3.7. In certain bibliography, our notion of unitary representation is called unitarizable rep-
resentation. It is also common to define unitary representation with an extra condition on V: it has to
be a Hilbert space. In the present setting let (w, V') be a unitarizable representation (i.e. a unitary repre-
sentation in the sense of definition 2.3.6). We can complete the vector space V' with respect to the inner
product, obtaining a unitary representation which is no longer smooth. Both definitions are intimately
related and, depending on the goal, it is preferable to use one definition or another.

Proposition 2.3.8. Given a irreducible, unitary and admissible representation, its space of G(Q,)—invariant
inner product is isomorphic to C.

Proof. See [Cas08, prop. 2.1.15, p. 23]. O

Proposition 2.3.9. Let (m,V) be an admissible unitary representation. Then (m, V') is semisimple and
each irreducible factor appears with finite multiplicity.

Proof. Tt is [Cas08, prop. 2.1.14, p. 22]. O

Proposition 2.3.10. Let (r, V) be a unitary representation. Then (7, V) = (7, V), where V = {T, s.t. v €
V, and, - is the complex conjugation}.

Proof. We refer to [Ber92, rmk. 2, p. 83]. O
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Definition 2.3.11. Let H(Q,) < G(Q,) be a closed topological subgroup. Given a smooth representation
(&, V) of H(Qp) we define the normalized induced and normalized compactly induced representations as
follows:

IndG@)e = {f : G(Qy) =V, sit. f(hg) = 052 (W4, (MEMR) F(9),
for, he H(Qp)},
c— IndG(Q”)f ={f: G(Qp) =V, s.t. f has compact support modulo H(Q,),

H(Qp)
and f(hg) = dg .2 (M3 | (WER)f(g), For, h € H(Qy)}.

If the place p is clear from the context, we will denote those representations by Indgf and ¢ — Indgg
respectively.

Proposition 2.3.12. If H(Q,) \ G(Q,) is compact and (§,V) is an admissible representation, then

Indfl((%p))f is admissible and satisfies the following isomorphism of representations
p

GQp) ¢ _ G(Qp)
IndH(Qp)f =c— IndH(Qp)f.

Proof. See [Cas08, thm. 2.4.1, (d), p. 26]. O

Proposition 2.3.13 (Frobenius reciprocity 1). Let H(Q,) < G(Q,) be a closed topological group. Given
(o, W) and (§, V) smooth representations of G(Qp) and H(Q)) respectively, we have the following group
isomorphisms:

a 12 —1/2
Homg(q,) (U, Inng) ~ Homp(q,) (UlH(@P)’(SH/(Qp)(SG((ép)g) ,
Ge ~ —1/2 ¢1/2 T
Homg(q,) (c — Inng,a) ~ Homp(q,) (5H(<ép)5G/(Qp)§>U‘H(Qp)) .
Proof. Tt is [Cas08, thm. 2.4.1, (e), p. 26]. O

Given x a complex character of the torus T(Q,), we define a representation of B(Q,) = T(Q,)N(Q,)
by

X T(Qp)N(Qp) — cx
tn — x(t).

Throughout this chapter we will use the following notation:
md%y = Ind$y. (2.-6)

The above constructions of Indgx can be seen as a functor

n G
{Smooth representations of T(Qy)} Inds, {Smooth representations of G(Qp)}.

To conclude this subsection we will introduce its adjoint, the Jacquet module.

Definition 2.3.14. Let (7, V) be a smooth representation of G(Q,), P(Q,) a parabolic subgroup of
G(Q,) and N(Q,) its maximal unipotent subgroup. The Jacquet module of (7, V') is a representation of
P(Qp), denoted by (mn(q,), VN(g,)), Where

VN, = V/(m(n)v —v, n € N(Qy)),

and 7y (q,) = 7lp(g,)-

To simplify the notation, if the place p is clear from the context we will denote the Jacquet module
associated to (m, V') just by V.
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Proposition 2.3.15 (Frobenius reciprocity 2). Let P(Q,) = M(Q,)N(Q,) < G(Q,) be the Q,—points
of a parabolic subgroup. Given (o,W) a smooth representation of a topological group G(Qp) and (§,V) a
smooth representation of P(Q,), we have

Homg(qg,) (0’, Indgg) ~ Homp(q,) (JN,5;/(?QP)55(16§)§) .

Proof. See [Cas08, (3.2.4), p. 2]. O

2.3.2 Induced representations as sections of a vector bundle

Let us consider H(Q)) a closed subgroup of G(Q,,) and (p, V) a representation of H(Q,). We define
GxgV:i=GxV/~,

where (g,v) ~ (hg, p(h)v). Consider the following vector bundle:

T G(Qp) xug 'V — G(Qp)/H(Qy)
g x v gH(Qp).

The space of sections of (2.3.2) is given by
D(G(Qp)/H(Qp), G xu V) ={f: G(Qp) =V, s.t. f(hg) =p(h)f(9)},

The previous discussion allows us to use a geometric point of view to understand the induced represen-
tations. The following proposition, that is used crucially used in this dissertation, is a result in that
direction.

Proposition 2.3.16. Let ¥ be a complex vector bundle on a locally compact totally disconnected topolog-
ical space X and let Z be a closed subspace. Let T'o.(X,¥") denote the space of locally constant compactly
supported sections of ¥'. Then we have the exact sequence

0T (X —Z,V|x—z)—>T(X,¥)—=>TZ,¥|z) = 0.

Proof. See [Pra90, lem. 5.1, p. 12] O

2.3.3 Unramified representations

Admissible representations with Kg—invariant subspaces play a relevant role in the theory of automor-
phic representations. This subsection is devoted to describing the basic properties of these representations.

Definition 2.3.17. A model G of G over Z,, is an affine scheme of finite type over Z,, of the form Spec(A)
with A < O(G) a Z,—algebra so that A ®z, Q, = O(G).

Proposition 2.3.18. There exists a model G of G over Z, such that the special fiber of G is equal to G.

Proof. See [GH22, thm. 2.4.1, p. 50]. O

Definition 2.3.19. A maximal compact group K is hyperspecial if it is of the form G(Z,) where G is a
model of G over Z,,.

Definition 2.3.20. An irreducible admissible representation (w, V') is unramified if for any K < G(Q,)
hyperspecial compact group, the space of K —fixed points satisfies that VE #£ 0.

Definition 2.3.21. We define the complex valued Hecke algebra of G by 'ng = ’H,C,; ®zC={f €
Ce(G), st f(kgk) = f(9), k € Kg}
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Remark 2.3.22. Given a unramified representation (m,V'), Schur lemma implies that the complex valued
Hecke algebra acts on VS by multiplication by a constant, i.e. given f € ’ng and v € VEe n(f)v =
tr(m(f))v with tr(w(f)) € C. The map

[ te(x(f)),
is called the Hecke character of (w,V).

Proposition 2.3.23. The Hecke characters classify the unramified representations up to isomorphism.

Proof. Tt is [GH22, prop. 7.1.1, p. 62]. O

2.3.4 Classification of unramified representations: The Satake isomorphism
Classification of unramified representations of split groups.

In this and the following subsection we state the classification of the unramified representations in terms
of the dual group of G.

Proposition 2.3.24. Let (G, T) be a split algebraic group defined over Q,. There exists an isomorphism
of C—algebras o
UG, = CIFW DO,

Proof. Tt follows directly by 1.6.36. O

Theorem 2.3.25 (Satake isomorphism). There is a bijection between the semisimple conjugacy classes
of G(C) and the isomorphism classes of irreducible unramified representations of G(Q,).

Proof. By proposition 2.3.23, every unramified representation is classified up to isomorphism by its Hecke
character, which is in fact an element of Hom¢ (7—[817, (C). Using proposition 2.3.24, we show the following
group isomorphisms

Home (HE ,, C) ~ Home (@[T]W@TA)(C), cc) ~ T(C)/W (G, T)(C).
Every semisimple conjugacy class in G (C) intersects T'(C), moreover two elements of 7'(C) are conjugated
if and only if they are conjugated by W (G, T)(C). O
Definition 2.3.26. Let (7,V) be an unramified representation of G(Q,). The conjugacy class x. €
T(C)/W(G,T)(C) obtained by the isomorphism of theorem 1.6.36 is called Satake parameter of (m, V).

Classification of unramified representations of unramified groups

One of the cornerstones of the Langlands program is the connection between representations of topolog-
ical groups and Galois representations. An elementary instance of this correspondence is given by the
classification of the unramified principal series. This subsection is devoted to extending corollary 2.3.25
to unramified non-split groups.

Definition 2.3.27. Let R be a C—algebra, the group G(R) acts on G(R) x Fr as follows:

G(R) — Aut(G(R) x Fr),
g (h x Fr — ghFr(g) ™! % Fr) .
Let us denote by ~ the relation that defines the above action.

Theorem 2.3.28. The complex valued Hecke algebra satisfies
HE , ~ C[(G x Fr)/ ~].

Proof. Tt follows by 2.3.31 and [GH22, thm. 7.5.1, p. 173]. O



112 CHAPTER 2. L-FUNCTIONS AND SHALIKA MODELS

Theorem 2.3.29 (Satake isomorphism). There exists a bijection between the isomorphism classes of
irreducible unramified representations of G(Q,) and the set ((é x Fr)/ N) (©).

Proof. The proof follows using proposition 2.3.23 and theorem 2.3.28 as we did in corollary 2.3.25. [

Definition 2.3.30. Let (7,V) be an unramified representation of G(Q,). The conjugacy class x. €
((CATv x Fr)/ N) (C) obtained by theorem 2.3.29 is called Satake parameter of (m,V).

Even though theorem 2.3.29 provides a parametrization of the unramified representation in terms of
the points of an algebraic group, neither the statement nor the proof of the theorem shows a sistematic

way to construct such points. This difficult the task of working with ((G’ x Fr)/ N) (C) instead of work-

ing with representations. To conclude this subsection we will define an algebraic group isomoprhic to
(G x Fr)/ ~, that combined with the forthcoming section 2.3.10, allows us to state an explicit version of
the Satake isomorphism.

Let g, NV be the constant group scheme over C whose C—points are the inverse image of the surjective
homomorphism

Ne(T)(C) = W(G, T)(F) < W(G, T)(C).
Lemma 2.3.31. The following algebraic isomorphism of affine schemes holds:
T % Fr/g,N ~ (G x Fr)/ ~.

Proof. We refer the reader to [GH22, (7.23) p. 173]. O

2.3.5 Unramified representations of tori

We denote by Tk = T(Z,) the maximal compact subgroup of T'(Q,).

For the following exposition we will recall that it is known that a character x € X*(T') = Hom(T, G,,)
defines a continuous homomorphism Hom(7'(Q,), Q,). In fact

Hom(T(Q,), Q, ) = Hom(Hom(Spec(Qy), T'), Hom(Spec(Qy), Gy,)). (2.-7)
Definition 2.3.32. A continuous character T(Q,) — C* is unramified if it is trivial on T(Q,) N Tk.

To conclude the subsection we will examine the connection between X*(7') and the unramified char-

acters. Let us define a map
Hr: T(Q,) » Hom(X*(T),R), (2.-7)

such that efT(1):X) = |y (t)|, for every y € X*(T).
Lemma 2.3.33. For each A € X*(T') ®z C the map
Fis oHT(OX)

s an unramified character.

Proof. See [GH22, p. 179]. O
Lemma 2.3.34. The group of unramified characters satisfy
Hom(T'(Qp)/Tk,C*) ~ Hom(Ts(Qp)/Ts ik, C*) ~ X*(T,) ®z C.

Proof. 1t is [GH22, lem. 7.6.1, p. 179]. O
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Lemma 2.3.35. Fiz E/Q be a totally imaginary quadratic field extension with E = Q(\/d), p a prime
number and let us denote by G, the 1—dimensional torus defined over E,. Given § an unramified
character of Resg, /g, (Gm) (Qp) there exists a unramified character & : Q) /2 — C* so that

fzgoNEp/Qp'

Proof. The spaces of unramified characters of Resg, /g, (Gm)(Qp) and Q) are both 1—dimensional,
since given an unramified character § : Q; — C*, the map { o Ng /g, is an unramified character of
Resg, /g, (Gm) (Qp), the result follows. O

2.3.6 Unramified principal series

Theorem 1.4.9 shows that an automorphic representation is isomorphic to the restricted tensor product
of infinitely many local representations, so that infinitely many of them are unramified. The classifi-
cation of this kind of representations provides a way to understand the structure of the automorphic
representations. From now on we will assume that p is a finite prime.

Definition 2.3.36. If £ is an unramified character of T'(Q,) the representation Indgf is called unramified
principal series.

Theorem 2.3.37. Let w be a unramified representation. Then there exists an unramified character & so
that 7 is a subrepresentation of Indgf.

Proof. Tt follows by [GH22, thm. 7.6.6, p. 182] and [GH22, thm. 7.6.7, p. 182] or by [Cas80, prop. 2.6, p. 396].
O

Proposition 2.3.38. The unramified principal series satisfy the following statements:

o For any unramified character £, the representation Indgf 1s admissible.

The contragradient satisfies Indgf ~ Indgg’l.

If € is a unitary character, the representation Indgg s unitary.

e for any w € W(G,Ty), if the representations Indgg and Indg “& are irreducible then they are
isomorphic as G(Q,)—representations.

o The ’ng—module Indgf has finite length.

e The representation Indgf admits a unique irreducible unramified sub-quotient.

Proof. We refer the reader to [Car79, thm. 3.2, p. 136], [Car79, thm. 3.3, p. 137] and [GH22, lem. 7.6.5, p. 181].
O

2.3.7 The structure of unramified principal series

Unramified principal series are described by the combination of the central theorem 2.3.39 and Frobenius
reciprocity, see proposition 2.3.15. In this subsection we will explain how those results are used to deduce
certain key properties of these representations.

Theorem 2.3.39. Let A be a choice of a set of simple roots of G, Q a subset of A and & a character of
T(Qp). There exists a filtration

0C I, C..CI=IndSe,
by P(Q,)—stable subspaces so that
(I’rb/In+1)N52 = (In)NQ/(In-H)NQ = @ (Jw)Nﬂv

weW(G,Ts)(Qp)/Wa
d(w)=n
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where o
(Jw)NQ ~ Indi\;{lemMﬂ wf,

and the group Wq is defined as in proposition 2.1.5/.

Proof. Tt is [Cas08, thm. 6.3.5, p. 59] with © = {&}. O
Remark 2.3.40. If we take Q = {@}, theorem 2.53.39 shows that the irreducible constituents of (Indg )U
are equal to 5113/2 wE, with w € W(G, Ts)(Qp)

Proposition 2.3.41. Let ¢ be an unramified character of T(Q,). Given w € W(G,Ts), the semisimpli-
fications of Indgf and Indg “¢& are isomorphic.

Proof. See [Cas08, thm. 6.3.11, p. 61]. O

Definition 2.3.42. A character £ : T'(Q,) — C* is called regular if for any w € W(G, T;), the equality
w - &€ = £ implies that w = id.

Proposition 2.3.43. Let £ be a unitary reqular unramified character, then Indg.f 1s irreducible.

Proof. By proposition 2.3.38, the representation Indgf is unitary of finite length. Then, using 2.3.9 we
show that the representation Indgé“ is a finite direct sum of irreducible representations. Therefore it is

irreducible if and only if Endg(q,) (Indgg) = C. By proposition 2.3.15

Endg(g,) (Indf¢) = Hompg,) ( (na5e) . ).

Using remark 2.3.40 the irreducible constituents of (Indg ) are of the form 5113/2 “¢ for w € W and we
U
conclude with the equality

Endg(,) (1ndf¢) < [Stabw(cr. €]
O

Along this dissertation, the unramified representations of G play a key role. In the following lemma,
using 2.3.43 we find a criterion for the irreducibility of these representations.

Lemma 2.3.44. If £ = & ® & ® & is a unitary unramified character satisfying
o &ofgx # 1,
LRSERSY
o Gilgg #lor&r #& 1 or&(0)6(B) # 1,
o Slgx # L or& # & or&i(a)éa(a) # 1,
o &ilgx # & gx or&a)é(@) £ 1,
* Gilgy # 1 or&i(aa) # 1,
o Gloy # &algy s €1(a@) # 1 # &(ad),
the representation Ind§_¢ is irreducible.

Proof. We take the following representatives of the Weyl group:

W(G,Ts)(Qp) = {51, 52, 5152, 5251, 525152, 515251, 52515251}

a
We fix the following notation t(a,b,v) = ( b ! ), and we proceed by cases
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e Tt holds that s, 't(a,b,v)sy = ( v b ) Then sy - & = £ if and only if & (a)é2(b)éo(v) =
& (a)fg(ugfl)&)(y), which implies that 52\(@; =1.

b
e Furthermore s *t(a,b,v)s; = p— ) . The character £ satisfies that s; - £ = £ if and only
vb !

rva

if &1(a)é2(b)éo(v) = &1(b)é2(a)éo(v) that is equivalent to & = &o.

v !

e We obtain sflsglt(a,b, V)sgsy = < R ) It holds that sps1 - & = £ if and only if
b

1(a)é2(b)éo(v) = 51(V5_1)§2(a)§0(1/)7 that is equivalent to &ifgx =1, & = & and &(b)6 (b) = 1.

b
e It follows that sglsl_lt(a’ b,v)s150 = ( va .
14

> , then s189-& = £ if and only if &1 (a)&2(0)Eo (V) =
b

&1 (0)&(va ") (v), that implies &|gx = 1, §1& " = 1 and &1(a)ée(@) = 1.

bt
e Furthemore sglsflsglt(a,b, V)S98189 = < va ! . ), hence s1s981 - &€ = £ if and only if

b
&1(a)éa(b)éo(v) = 61(1/5—1)52(”671)50(”). Then sas1s2 - £ = £ implies that §1|Q§ = f;l\(@; and

va !

e Weobtain sy 's; ts7 t(a, b, v)s15281 = ( b i ) then s1s951-€ = € implies that &;(a)&2(b)&o(v) =

& (va )& (b)éo(v) that is equivalent to §1|Q; =1 and & (aa) = 1.

-1

1
rva
e Moreover sflsglsflsglt(a,b, V)S9818281 = ( vb . ) $9818281 - & = £ is equivalent to
a

()62 (b)éo(v) = & (Va1 &b )&o(v), implying Silgx = 52@;7 §1(a)é1 (@) = &2(a)éa(a) = 1.

Applying 2.3.43 we obtain the result. O

2.3.8 Distributions of unramified principal series.

In the theory of automorphic representations there are certain relevant functionals that are characterized
by their symmetries. Their study and computation are essential to provide integral representations for
L—functions. This subsection will be devoted to the study of unramified principal series an harmonic
analysis perspective, we refer the reader to [Mac71] for a detailed exposition. It allows us to study in a
more precise way the aforementioned functionals.

Throughout this subsection we fix a regular unramified character & of T(Qp). Let us denote by
C°(G(Q,)) the ring of locally constant smooth functions on G(Q,). We consider the representation

9= (f() = f(g)-

Proposition 2.3.45. The map
Pe: C(G(Qy)) — IndEe,

fe ¢1612(b) £ (bg) f,
B(Qyp)

is surjective and G(Qy)—intertwining.



116 CHAPTER 2. L-FUNCTIONS AND SHALIKA MODELS

Proof. See [Cas80]. O

G(Zp)
Lemma 2.3.46. The functions ¢x ¢ := Pe (charg(zp)) form a basis of (Ind%f) .
Proof. Tt follows by the Iwasawa decomposition, see [Cas80, cor. 2.2, p. 394]. O

For the following discussion we recall that proposition 2.1.65 implies

G(Z,) = | ] Iwl.
WEW (G,T.)(Qp)

For each w € W(G,T), we consider the function ¢, ¢ := P¢ (chary,r). If there is no danger of confusion,
the character £ we will suppress the it from the notation.

I
Lemma 2.3.47. The set of functions {¢w}wew (c,1.) 5 a basis of (Indg )
Proof. 1t follows by proposition 2.1.65. O

Proposition 2.3.48. The canonical projection induces the isomorphism

I
ndf¢) = (mae) .
(mae) = (mae)
Proof. By [Cas08, p. 55] there exists a decreasing filtration

0C1,, C..CI,, =Ind$¢,

labelled by the elements w; of the Weyl group W (G, T,)(Q,). Proposition [Cas08, lem. 1.3, (a), p. 393]

shows that the element ¢,, obtained in lemma 2.3.47 belongs to the subspace I,,. We denote by J, = {f €

Indgf, s.t. f has compact support and supp(f) C BwB}. aWe have ¢, € I,/ EB:E;W J. Proposition
TFW

[Cas08, prop. 6.3.1, p. 56] implies the following isomorphism

L/ @ e ~ Jo.
T>W

THw

Combining theorem 2.3.39, remark 2.3.40 and [Cas08, prop. 6.3.2, p. 56] we obtain

L/ @ J. | ~o?we (2.-7)
ey

We remark that the right hand side of the above isomorphism is a 1—dimensional space isomorphic to
C. Furthermore, the map (2.3.8) is described explicitly by means of the integral

b / d(wn)dn.
WU (Qp)wNU (Qp)\U(Qp)

By [Cas08, lem. 1.3, (b), p. 393] fw,]U(Qp)me(Qp)\U(@p) ¢ (wn)dn # 0, therefore using lemma 2.3.47 we

conclude the proof. O
Lemma 2.3.49. The maps ¢ — fw*lU(Qp)me(Qp)\U(Qp) ¢(wn)dn with w € W(G,T,)(Q,) form a basis
of the dual space of (Indgf)U.

Proof. Tt follows by the proof of proposition 2.3.48. O
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Definition 2.3.50. The space of distributions is defined by
D(G(Qp)) := Home (C*(G(Qy)),C) .

We denote by (-, -) the pairing between C°(G(Q,)) and D(G(Q,)).

The group G(Q,) acts on D(G(Q,)) by its natural action: given T' € D(G(Q,)), the distribution
p(g9)T is defined so that

(0,0(9)T) = (p(9)9,T) ,
for every ¢ € C°(G(Qp)).

Remark 2.3.51. The map Pg¢ induces an injective map
Pei (mage) - DGQ,),
F = F(Pe())-
Lemma 2.3.52. We have G(Q,)—intertwining isomorphism of the form
Pr: (Indgg) — D(G)er,

where
D(G)e-1 :={T € D(G), p(b)T = £ 162(b)T}.
Proof. See [Hir99, lem. 1.2, p. 558]. O

Remark 2.3.53. By lemma 2.5.52 there is an injective G(Q,)—intertwining map

Ind§¢ — D(G)e-1. (2.-7)

Combining the isomorphism of proposition 2.3.38

Ind$¢ ~ IndGe?,

and the map (2.3.53),we may regard the elements of Indgg_l as distributions.

2.3.9 Intertwining maps between unramified principal series.

Throughout this subsection we fix an unramified connected reductive group G defined over Q, with
maximal torus T so that the relative root system (V,®) associated to (G, Ts) is reduced in the sense
of 2.1.22. These conditions are imposed to simplify the exposition: The following discussion follows in
greater generality. For a general discussion of the subject we refer the reader to [Cas08], [CS80] and
[Cas80]. For this subsection we fix a regular unramified character £ : T(Q,) — C*, see 2.3.42 for the
definition.

Definition 2.3.54. Given ¢ € Ind§¢ and w € W(G, T:)(Q,) we define

T.(6)(g) = / $(w ng)dn,
WU(QP)WflmU(Qp)\U(Qp)

where dn is the Haar measure of U(Q,).

Proposition 2.3.55. Let ¢ € IndSe¢, if T, (¢)(g) converges for all g € G(Q,), then

T, : Ind%¢ — Ind$ “e,
¢ = T,(9)(9),

18 an intertwining map.
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Proof. Tt follows by a change of variables. O

Proposition 2.3.56. Set w € W(G,T,)(Q,) and & an unramified character so that Re (§,a) > 0 for
all o« € 1 with wa & ®+. The intertwining map T,, converges absolutely for every f € Indgg.

Proof. Tt follows by [Win78, thm. 1, p. 948], [Win78, thm. 3, p. 951] and [Key82, p. 385]. O

In order to simplify the exposition we will assume that the unramified character £ satisfies the hy-
pothesis of proposition 2.3.56. Since the characters of a torus varies holomorphically in C*#*¥(T)  the
forthcoming results can be extended to characters outside the region of absolute convergence by a pro-
cess of meromorphic continuation.

For the following discussion let M, be the Q,—points of the Levi subgroup associated to a positive root
a, see 2.1.31 for the details of the construction. The simply connected cover of the derived subgroup of M,
denoted by M2 is connected, semisimple, unramified and of rank one. According to [Cas80, p. frm[o] 0]
there are just two groups satisfying these hypothesis, SLy(F') and SU3(F') with F' an unramified extension

of Q.

Definition 2.3.57. Let F' be an unramified extension of Q,, OF its ring of integers and p its maximal
ideal. Let us consider the group SLy defined over F. We define the following coset of Tsy,, (F')/TsL,(OF)

_ (p—p?
= ( (pﬂﬂ)’l) )

Let us consider the group SUs defined over F. We define the following coset of Tsy,(r)/Tsu,r)(OF)

()
a = 1 .
(p—p*)~"

Given « a positive root of G, a, is the image of a representative of a throughout the map
rd
ME™ — G(Qp).

Definition 2.3.58. For every root « so that M%" = H(F), we denote

Ga = |OF/pOF|
Furthermore we denote
_ 1 if H = SLo,
Qe/2= 105 /pOp|? if H=SUs

Proposition 2.3.59. Given o € ® so that Mgf” = SLy(F) with F' an unramified extension of Qp, we
have
Go = [Two I : 1],

where wo, € W(G,T5)(Qp) is the element of the Weyl group associated to the root a.

Proof. Using the alternative definition of these constants given in [Cas80, (12), p. 390], the computation
follows parallel to lemmas 2.7.14 and 2.7.16. O

Definition 2.3.60. Given a € @ and w € W(G,Ts)(Q,) we define

G (g) = (1—q, 505 €(00)) (1 + 436 (an)
) (1 - ga"*€(a0)?)

5 = H ca(§).

2eLo

If there is no danger of confusion, we will simply denote them by ¢, (£) and ¢, () respectively.
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Remark 2.3.61. If M = SLy(F), then

_ 1- q;lf(aa)
Ca(g) - 1 _ g(aa)

Proposition 2.3.62. The following equality holds:
Todxe = cwl(§)PK ¢,

where ¢, (&) =[] a>0 ca(§) with

wa<0

Proof. See [Cas80, thm. 3.1, p. 397]. O

For the following discussion we will denote the adjoint map of T,,—-1 by

i1 D(G)e - D(G)e,
D+ D(T,-1(-)).

Remark 2.3.63. Using 2.3.53 we have injective maps

md%e — D(G)e
md§ “¢ — D(G)we.

Furthermore, the definition 2.3.3 implies
Indz¢ = D(G)e NCF(G(Qp)), Indf “€ = D(G)we NCTE(G(Qy)):
Since the map T,,—1 preserves the space of C2°—distributions, then
Ti-iles(c(g,) ¢ IndEE — Ind§ ¢,

is a bijective G(Qp)—intertwining map. Since T,, and T:_1|Cgo(g(@p)) are intertwining maps between
irreducible representations, they are proportional. In fact [Hir99, lem. 1.5, p. 561],

* ¢ 71<UJ§_1)
T5-tlez @, = WCWTTM

Theorem 2.3.64. Fizw € W(G,T,)(Q,). Given a € A so that l(waw) > l(w) we obtain

Twa ((bw) = (Ca(f) - 1)¢w + q(zl(bwawa
Twa (waaw) - ¢w + (Ca(g) - q;1)¢waw~

Proof. Tt is [Cas80, thm. 3.4, p. 400]. O

2.3.10 Satake parameter of principal series

Let 7 be an unramified representation of G(Qp). By theorems 2.3.24 and 2.3.29, 7 is determined by a
class of the form x, € T(C)/W (G, T)(C) or xx € (G‘ X Fr) / ~ (C), depending wether G is split or not.

The explicit computation of such class x, is relevant for the forthcoming sections. First we show a way
to compute this class when G is split and subsequently how to compute this class when G is not split.

Proposition 2.3.65. There is a bijective correspondence
{Irreducible unramified representations} — { Unramified characters of T(Q,)}/ ~,

where & ~ & if there exists a w € W(G,T5)(Q,) so that & = “&a.
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Proof. By 2.3.37, given an irreducible unramified representation m, there exists an unramified character
& so that
G
m — Indgé&,

is an injective map. We define the correspondence of the statement by
=& (2.-7)

The rest of the proof is devoted to showing that the correspondence is well defined and bijective modulo
the action of the Weyl group.

Let us suppose that there are two different characters & and & so that @ — & and © — &s.
Propositions 2.3.38 and 2.3.41 imply that & = “&,, therefore the correspondence is well defined. By
proposition 2.3.38, for every unramified character £ of T(Q,) the representation Indgf has a unique
irreducible unramified sub-quotient, then (2.3.10) is surjective. The map (2.3.10) is injective because by
proposition 2.3.38 7 is the only unramified sub-quotient of Indgf . O

Proposition 2.3.66. Let (G,T) be a split reductive group. There is a bijective correspondence

{ Unramified characters of T(Qp)}/ ~ — T(C)/W(G,T)(C),
& tg.

Proof. By [Sha81, p. 25] the map Hrp given in (2.3.5) defines an exact sequence
1= T(Zy) = T(Qy) 25 Xo(T) - 1,
Therefore there exists a W (G, Ts)(Qp)-equivariant group isomorphism of the form
Hom(T(Q,)/T(Z,), C*) ~ Hom(X,(T), C*).

Taking the W(G, Ts)(Q,)—conjugacy classes in both sides we have

Hom(T(Q,)/T(Z,), C*)W €7@ ~ Hom(X,(T), X)W (ED.
We conclude by recalling the isomorphism 7'(C)/W (G, T)(C) = Hom (X, (T), C*)W(G.T), O

For the next lemma we recall that there is an isomorphism

X*(Ts) = Xo(Ts),
p = Q.

Lemma 2.3.67. Let £ — t¢ be the corresspondence of proposition 2.5.66. The conjugacy class te is
determined by

£(p(p) = p(te),
for every ¢ € Xo(T).

Proof. See [Sha81, p. 25]. O

Remark 2.3.68. Using the above discussion, when G is split the Satake parameter of the unique unram-
ified irreducible sub-quotient of Indgcf is given by te.

In the non split case, due to the action of the Galois group, an extra consideration is needed.

Proposition 2.3.69. Let G be an unramified reductive group. There is a bijective correspondence

{ Unramified characters of T(Qp)}/ ~ — T(C)/W (G, Ts)(C),
f — tg.
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Proof. Let us consider the following exact sequence
1 - T(Z,) — T(Q,) 255 A(T) — 1,
where A(T) = im(Hyr). By [Sha8l, p. 29] A(T) = X(T)¢ (@& /@) = X (T,). Therefore
Hom (T(Q,)/T(Z,),C*) = Hom (X, (T),C*).
Proceeding as in the proof of proposition 2.3.66, the statement follows. O

Lemma 2.3.70. Let £ — t¢ be the correspondence given in proposition 2.5.69. The element t¢ is
characterized by

£(p(p) = wlte),
for every ¢ € Xo(Ts).
Proof. By lemma 2.3.34
Hom (T(Q,)/T(Z,), C*) ~ Hom (T5(Qy)/Ts(Z,),C*) .

Using lemma 2.3.67 in the exact sequence
1= Tu(Zyp) = T(Q,) 25 Xo(T4) — 1,

we obtain the statement. O

Let 7 be an unramified representation. Proposition 2.3.69 allows us to classify unramified characters
of the torus in terms of the points of

T,(C)/W (G, T,)(C). (2.-7)
We may summarize the the above results with the following diagram

{ Unramified representations} 235 {Unramified characters of T(Qp)}/ ~

12.3429 J/243.69

(G % Fr)/ ~(C) T,(C)/W (G, T,)(C)
The determination of the Satake parameter x, is then equivalent to the definition of a map of the form
T,(C)/W(G, T,)(C) — (G x Fr)/ ~ (C),
which makes the above diagram commutative.

We recall that the injective map

i Xo(Ty) = X*(Ty) = Xo(T) = X*(T),
induces a surjective morphism R R
i T(C) = Ts(C).

Remark 2.3.71. Since the dual group of T is equal to the dual group of T77 we may simplify the previous
morphisms moving the computations to the algebraic closure, where all the groups are split. Observe that
the natural inclusions define the following diagram

Xo(T) Xo(T) X.(Ty)

T

X(Ty) X*(1) — X*(Tg,)
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The map i : X*(T,) — X*(T) is equal to the map Xo(Ts) — X.(T@). Since Ty is split, the equality

Xo(Tg;) = X*(T") and the morphism i* are easier to determine than in the non split case.

Proposition 2.3.72. The map

v: T(C) x Fr — T,(C),
t x Fr— i*(1),

induces a bijection . .
v: T(C) xFr/g,N — T,(C)/W(G,T,)(C).

Proof. See [BC80b, lem. 6.4, p. 47]. O

Remark 2.3.73. The Satake parameter X, is equal to 7' (t¢).

Combining proposition 2.3.72 with lemma 2.3.31 we obtain a method to represent our Satake param-
eter in terms of the element ¢¢. To conclude this subsection we will give a some examples.

Example 2.3.74. Let £ = {1 ® ... ® &, be a character of Tar, (Qp), a representative of the Satake
parameter of the unique irreducible sub-quotient of Indgéz & is given by

€1(p)
€ GL,(C).

n(p)
Example 2.3.75. Let 0, be the unique unramified sub-quotient of Indgl({(%&) 2 with v = 11 @ 12 ® 1.
P
Where those characters are defined as

v ( L Ml) — 1 (a)va(B)ro(N).

Furthermore let us suppose that o, has central character. Therefore we can regard o, as a representation
of PH, which satisfies
LPH = Sp,(C).

In [RS07, (2.28), p. 52] the author computes the semisimple conjugacy class attached to this representa-
tion:
v1vavo(p)
vivo(p) e 'PH.
va10)(p)
vo(p)

Xop =

Example 2.3.76. Let us consider the general unitary group G defined over Q, with p a non split prime
of Q over E. Let £ = &1 ® & ® & be an unramified character of Ta(Qp), we consider o be the unique
wrreducible sub-quotient of Indgcf. Along this example we will explain how to construct the Satake pa-
rameter of o using the ideas described in remark 2.3.71.

Since Tg ~ Resg,/0,Gm. B, X Gmg,, we have TG@) ~ an@. The @—poim‘s of the torus are
realized in G(Qp) as follows:

a

Ta(Q,) = .| X9 eGL@) x GLU@,), a.bed j €T,
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Using the proof of proposition 2.2.5 we obtain that the inclusion Tg s — Tg T s given by

TG’S(QP) —Ta (@)7

a b a .
,ub71 — 1 X .
pa~t 1

at the level of points. Let us denote by {e;}i=0.1,2 the usual basis of X'(TS) and by {fi}i=1,..5 the usual
basis of X.(TG,@)' The map (2.3.76) provides the injective map

X*(Tg..) — X'(TG7@),
defined by e1 — f1, ea — fo and eq — f5, producing the surjective morphism

i*: Ta(C) = Ta.+(C),

«
L el e upt ~
5 po!

The mazimal split subtorus of Ta(Q,) satisfies
TG,S ~ G?ﬂ,Qp'

Using lemma 2.3.69 we obtain

te = (£1(p), &a(p), &o(p)) € C*3.
Therefore by proposition 2.3.72, the Satake parameter of o is given by the conjugacy class of

&1(p)
Xo =1 Hte) = &(p) J&o(p) | ¥ Fr e GL4(C) x GL;(C) x Fr = LG,

modulo o, N.

2.3.11 Relation between unramified characters of similitude groups

Lemma 2.3.77. Let § = §®& @& be an unramified character of Ta(Q,). We denote by SN = 7'0®£1 ®52
the image of & via the isomorphism X*(Tpa) ~ X*(Tpcso, ) induced by proposition 2.2.27 with T :

Ey — C with 1o = & o Ng,q,- The following relations hold:

& =&&&oNg, /g,
& =&&oNg, /q,,
& = &alo,&5-

Proof. We consider t(a,b,v) € Tc(Q)) as an element in Tpg(Q,). Furthermore we regard I'*o(Z*)~!(¢(a, b, v)) €
Teso,.(Qp). The characters £ and § must satisfy

&(t(a,b,v)) =& (I o (E%) " (t(a,b,v))) -
Using lemma 2.2.28 we obtain

E1(a)&2(0)éo(v) = &1(lal)ér ([b])€2(Jal)é2 (v)éo (lal)Eo([B])Eo ().

Let us recall that Ng, /Qp(a) = aa. Regrouping the terms we obtain the statement. O
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2.4 Models of automorphic representations

In this section we will denote by G any reductive algebraic group defined over Q. Further we use F' to
denote any Q—algebra. We set 7 a representation of the topological group G(F'). For the forthcoming
exposition R(F') < G(F') will be closed subgroup and ¢ a character of R(F').

Definition 2.4.1. A model of a representation 7 with respect to (R(F), 1)) is a non-zero G(F)—intertwining
map of the form

i:m— IndG(F)z/;.

R(F)

Examples of the above construction are given by Whittaker models [JS83], Shalika models [FM13]
and Whittaker-orthogonal models [BFG92].

The existence of a model for a representation 7 can be seen as an underlying symmetry. In fact, it is
equivalent to the existence of a non-zero functional

F:nm—C
v i(v)(1),

so that for any € R(F), F(n(r)v) = ¢(r)F(v). Although the definition using the above functional is
less algebraic, it appears in a natural way on the integral representations of certain L—functions.

Definition 2.4.2. The multiplicity of m with respect to the model defined by (R(F), 1;) is the following
constant: .
mf := dim Homgp) (W,Indgggw) .

Informally, the existence of a model is equivalent to the existence of m non-zero solutions of certain

functional equation. They have been used to characterize representations. For example, in [Sak06, p. 21],
the author proved that the unramified representations of the form Indgzi”(%a) )5 have a Shalika model if
2n P

and only if the character ¢ is regular. Moreover, the search of compatibility between models have been
used to relate values of L—functions, see for example [JNQOS8], [Mor14], [FM13].

This section will be devoted to describing two significant models for the thesis, the Whittaker models
and the Shalika models. For the forthcoming exposition we fix a unitary character v : Q\ A — C! so
that ¢ = @1, with ¢, : Q, — C* unramified characters , i.e. ¥plz, = 1.

2.4.1 Whittaker model

In this subsection we will denote by K the maximal compact subgroup of G(A). We fix B =TU a Borel
subgroup of G with maximal torus 7' and maximal unipotent subgroup U. By [GH22, thm. 1.9.1, p. 30]
the choice of a Borel subgroup is equivalent to the choice of a set of simple roots A. We set {X,,, a € A}
a choice of root vectors in Lie(U) and we consider the map

¢: U= ][ Ga.
acA
that sends exp(24Xa) to 2, € Q. Further let us consider

Q: ] Ga — G,

acA

(xa)oceA = Z Ley-

acA

Suppose that the group Gal(Q/Q) fixes the set { X, }aea, which implies that the map ¢poQ: U — G, is
defined over Q. For every Q—algebra F' we will also denote by ¢ o Q2 the map induced by ¢ o Q on U(F).
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Definition 2.4.3. The characters x, : U(Q,) — C* of the form x, = ¢ 0 Qo ¢, with ¢, : Q, — C*
non-trivial, are called locally generic characters. The characters x : U(A) — C* of the form x = ¢oQ o),
with ¢ : Q\ A — C* non-trivial, are called globally generic characters.

Remark 2.4.4. The locally and globally generic characters are characters defined over U(Q,) and U(A)
respectively, that are not trivial on the root spaces associated to the set of simple roots A.

Definition 2.4.5. Let (m,,V,) be a representation of the topological group G(Q,). Given a locally
generic character x, of U(Q)), we say that 7, is generic if there exists a non-zero functional W, €V,
so that

W, (mp(w)v) = xp(0) Wi (v),
for every v € V,, and u € U(Q,). When (7,,V,) is an induced representation of the form IndgEgZ ;{ , we
will denote this functional by W, ¢.

Remark 2.4.6. As we shown in (2.4), the existence of a functional of the form 2.4.5 is equivalent to the
existence of a G(Qy)—intertwining map:

G
Fy, @ mp— IndUEgi;XP’

v = Wy, (7 (o).

When , is an induced representation of the form Indggg”)f we will denote this intertwining map by
p
Fy, . Let us note that the functional-intertwining map correspondence can be described algebraically via

[CS80, prop. 1.1, p. 209] and [CS80, prop. 1.3, p. 209] taking V' = xp.

Proposition 2.4.7. For any locally generic character x, and any unramified character & of T(Q,), the

space of functionals Wy ¢ € d$e so that Wy ¢ (mp(u)v) = x,(u)Wy (v), has dimension at most one, i.e.
dim Homg (Indgf, Indgxp> <1.

Proof. This result follows by the combination of two propositions, the first one the following modification
of the Frobenius reciprocity theorem [CS80, prop. 1.3, p. 209]:

Homg (Indgglndgxp) — Homg ((Indgg) . xc) :
Xp>s

where (Indgf) is the so-called twisted Jacquet module (see [CS80, p. 2] ). The result is the equality
Xp,U

between (Ind%f)w " and ¢ given in [CS80, cor. 1.7, p. 213]. O
Dy
Definition 2.4.8. Given a globally generic character x of [U], a cuspidal automorphic representation
(m,V) of G is globally generic if the Fourier coefficient associated to the character x does not vanish for
at least some ¢ € 7, i.e.

W (p,9) = /[ ]w(ug)x(U)du # 0,
U
for some ¢ € .
Remark 2.4.9. Analogously to the local case, a cuspidal automorphic representation 7 is globally generic
if and only if there ezists a (g, K) x G(Ay)—intertwining map of the form

T Indgx
@ = Wilp, ).

Remark 2.4.10. The cuspidal automorphic representations of GL,, are always generic, see [Bum97,
thm. 8.5.5, p. 329] for the proof when n = 2.
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Definition 2.4.11. Let {x,}, be a set of locally generic characters for every place p. We say that an
automorphic representation 7 is locally generic if for every p the representation m, is generic with respect

to xp-

Remark 2.4.12. Set x = ®p,Xp a globally generic character. If an automorphic representation T is
globally generic with respect to x, it is a locally generic representation with respect to the set of characters
{xp}p- The converse of this statement is more subtle and in fact, it is only proved for the group GL,, in
[Sha7}]. The general case is still conjectural, in [AS06, conj. 2.10, p. 8] the author studied cases where
locally generic implies globally generic under the assumption of the conjectures of Arthur and Clozel; (
see [Clo07, conj. 2A4] and [Shall, conj. 6.4, p. 21]). The reliance of this result on Arthur’s conjectures
shows the relevant role of the models to classify automorphic representations.

2.4.2 Shalika model for the group GLs,.

For simplicity, let us consider the group GLsg, defined over Q. We fix Bgp the upper diagonal Borel
subgroup of GLy,, with T, and Ugy, the maximal torus and the maximal unipotent subgroup of GL,,
satisfying BGL = TGLUGL-

Definition 2.4.13. The Shalika subgroup of Sgr,, < GLa, is the algebraic subgroup so that
Sara, (F) = 1{(74) (" 1.), 9 € GLu(F), X € Mu(F)},

for any Q—algebra F. If there is no danger of confusion, we will suppress the subscript 2n from the
notation.

Remark 2.4.14. The Shalika subgroup of GLay, is isomorphic to the algebraic group GL,Ngr,,, where
Ngr,, s the Siegel parabolic of GLa,. We will factor each element s € Sar, according to the previous
isomorphism by

s =gn,

where g € GL,, and n € Ng,, -
Definition 2.4.15. The local Shalika character of GLo, is defined by

XP,GLG : SGL(QP) - Cl’
gn — i, (tr (X)),

where X € M, (Q,) so that n = (1" I)i) We suppress the subindex 2n from the notation unless it is not
clear.

Definition 2.4.16. A representation (mp, V,) of GL2,(Qp) has a Shalika model if there exists a non-zero
functional Sgr,,, p € f/p, called local Shalika functional, satisfying

SGLan.p (7Tp (s)v) = Xp,GL2n (5)ScL,, P (v),

for any v € V, and s € Sgr,,(Qp). If the subindex n is clear from the context we will suppress it
from the notation. When (m,,V,) is the unique unramified sub-quotient of a representation of the form

Indgzi"((@p)f , we denote the above functional by Sqr,.¢.

Theorem 2.4.17 (Multiplicity one). For any representation (mp, Vy) of GL2,(Qp), we have

dim Homgr,, (,) <7Tp7IﬂdSéf"Xp,GL) <1

Proof. Tt is [JR96, prop. 6.1, p. 117]. O

Theorem 2.4.18. Let ¢ be an unramified character of Ty, (Qp). The representation Indggi’; & has a
non-zero Shalika model if and only if

e The representation Indggiz & is reducible with the spherical vector generating a proper GL,, (Q),)—subspace.
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e The character £ is regular.
o The character € is also a character of the torus of Sps,, embedded in GLg,.

Proof. See [Sak06, p. 21] and [Sak06, p. 2]. O

2.4.3 Shalika model for the group G.
Definition 2.4.19. The Shalika subgroup of G is the algebraic subgroup S < G so that for any Q-algebra

S(F) = {(‘;3 u b) (11?216“) : (28) € GLa(F), 2,y € Gu(F), aeResE/FGa(F)}.

For any g = (Y) it holds that ( * ) = Jig~'Jo, where the matrix Jo the 2 x 2 anti-diagonal matrix
with all non-zero entries equal to 1.

Remark 2.4.20. The Shalika subgroup S is isomorphic to GLs NG where

NG: H Naa

ac{ar+az—ap,2az—ap,2a; —ap}
1s the unipotent subgroup of the Siegel parabolic Pg of G.

Definition 2.4.21. The local Shalika character of G is defined by

Xop: S(Qp) — C,

where we recall that § is the element so that E = Q(4).

Definition 2.4.22. A representation (m,,V,) of G(Q,) has a Shalika model if there exists a non-zero
functional S, € V), called local Shalika functional, satisfying

Sp(mp(5)v) = Xo,p(5)Sp(v),
with s € S(Q,) and v € V.
Definition 2.4.23. The global Shalika character is defined by x5 := ®pxs,p : S(Q) \ S(A) — CL.

Definition 2.4.24. A cuspidal automorphic representation (m,V) of G has a Shalika model if there
exists a non-zero functional Sy, called Shalika functional, so that

Ss(m(s)v) = xs(5)Ss(v),
for any v € V and s € S(A).

Remark 2.4.25. For any cuspidal automorphic representation (w,V) of G we consider the functional

ss(e)= | [ otnhyxs(ahydndh,
AXGL2(Q)\GL2(A) J[Ne]

where dh and dn are the Haar measures of GLa(A) and N5%9(A) respectively, and the embedding
(A*GL2(Q) \ GL2(4)) [Ne] = G(4),

s given via the structure of the Shalika subgroup described in remark 2.4.20. If there is a cusp form
p € V satisfying Ss(p) # 0, the functional S5 is an explicit example of non-zero Shalika functional of
(m, V).
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Remark 2.4.26. The existence of a global Shalika functional is intimately related to the existence of poles
at s =1 of the wedge square L—functions, see [FM13, thm. 4.1, p. 4136]. Furthermore, the existence of
such functionals can be related to the theta correspondence, see [Morl/, thm. 8.6, p. 43]. Since these both
results are essential to understand the main goal of this chapter, we will discuss them in detail in the
forthcoming sections.

Remark 2.4.27. Due to the isomorphism 2.2.27, the Shalika models for the groups GL4 and G are

intimately related. We will adress this question in subsection 2.7.2.

2.4.4 Shalika model for the group GSOy.
Definition 2.4.28. The Shalika subgroup of GSOy4 2 is the algebraic group So < GSOy 2, so that
So(F) = R(F)No(F),

for any Q—algebra F', where

R(F) = r , s.t.r €S031(F), rea =e3 7,
1

and No = UpU,U is the unipotent subgroup of the Siegel parabolic. The reader can find the definition
of this unipotent subgroup in (2.2.3), (2.2.3) and (2.2.3).

Definition 2.4.29. The Shalika character g is defined by
P (ruo(w)ui(y, 2)a(w)) = P(2dz).
Remark 2.4.30. The Shalika character factorizes as follows:
Vs = QpPs.p,

where g p(rug(x)ur (y, 2)a(w)) = ¥p(2dzy) and z = H; zp € A.

Definition 2.4.31. A representation (7, V,) of GSO4,2(Q,) has a Shalika model if there exists a non-zero
functional Sp ), € V}, so that

80,p(mp(8)v) = Vs,p(8)S0,p(v),
for v € V,, and s € So(Qy).

Definition 2.4.32. A cuspidal automorphic representation (7,V) of G has a Shalika model if there
exists a non-zero functional Sp € V, called Shalika functional, so that

So(m(s)v) = ¥s(s)So(v),
forve V and s € Sp(Q,).

Remark 2.4.33. Let (m,V) be a cuspidal automorphic representation of GSO4o. If the functional
Sh(f) := " f(9)vs(g)dg,
is non-zero for some f € V., Sh(+) is a non-zero Shalika functional.

2.4.5 TUniqueness of models

Results concerning multiplicities of representations with respect to models have been widely used to
study the structure of automorphic representation. In particular, multiplicity one results are essential to
obtain certain integral representation of L—functions. In this section we explain two different methods
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to understand the multiplicity of a representation. The first one is based on the search of an involution.
Even though it is completely general, it is only usefull when the multiplicity is one. The second method
is based on Mackey theory, and allows us to understand the multiplicity for unramified representations.

Let (7, Vp) be a smooth irreducible representation of the group G(Q,). Fix R(Q,) < G(Q,) a closed
subgroup and 9, : R(Q,) — C a character. There are several strategies to prove the uniqueness of a
model, i.e. the inequality

dim Homg (wp, Indgwp) <1.

One of the most fruitful ideas is based on the search of an involution which fixes the group R(Q,) and
the functional F associated to the model by (2.4). We will sketch this method stressing out why such
involution is needed. For a complete discussion of this method we refer the reader to [Sou87] and [Bum97,
sec. 4.4, p. 492], where particular cases are treated.

Given [ € V,, we consider the space
W={pxl, peHSc},

where * is the action of the Hecke algebra on the representation. The space W is a subspace of f/;, and
we denote by p be the action by right translations of the group G(Q,) on Hff . Since

pg)p * 1 = mp(g) (e *1),
the space W is an invariant subspace of V},. Since V,, is irreducible, then
W ~V,.

Let us suppose that 1,75 € V,, are two functionals associated to the model Indgwp in the sense of (2.4).
We define a map

Ve = Vp,
@ * Ty = Q*Ty.

It is surjective and intertwining. Let us suppose that the previous map were also injective, then using
the Schur’s lemma there would exist a constant C' € C so that

pxry =Cypxry.
Concluding that r; = Cre and obtaining the multiplicity one result. Therefore, the main goal of this
method has been reduced to prove the injectivity of the map (2.4.5), i.e. if ¢ x 7y = 0 then ¢ xro = 0.
From now on, let us suppose that ¢ *r; = 0. We consider the following distribution:

T(p) = ra(p*11).
It is straightforward that T'(¢) = 0.

Lemma 2.4.34. The following equality holds:
pri= [ plomls Hids,
G(Qp)

where [ is the image of | under the map V — 1% defined by the Riesz representation theorem.

Proof. See [Sou87, (2.9), p. 273]. O

Let go € G(Q,) and denote by (-,-) : V x V — C the natural bilinear form between a representation
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and its smooth dual. Using the lemma 2.4.34 we obtain

0="T(p) =r2(p(go)p *71) = 72 (/G p(go)w(g)ﬂp(g‘l)fldg>

(@p)

=/ p(go)w(g)rz(ﬂp(g‘l)fl)dg=/ p(90)¢(9) <rz,ﬂp(g‘1)fl>d9:/ p(90)¢(9) (mp(g)r2,71) dg
G(Qy) G(Qy) G(Qp)

= / o(g) (mp(ggy H)ra, 1) dg,
G@y)

where the last equality follows by a change of variables. Let us suppose that there exists an involution 7
ie. amap 7: G(Qp) = G(Qp) so that (ab)™ = b"a", satistying

R™(Qp) = R(Qy) and ra(p” *11) = ra(p * 11). (2.-11)

The existence of such involution would allow us to change the order of the multiplication gg, ! obtaining

(9) (mp(95 ) mp (g)ra, 1) dg = /G o, PO (a5 o)) dg

/G(@p)so(g) (mp(996 )rz,fq)dg:/

G(Qp)

=7 <7Tp(90 b /G . sﬁ(g)ﬁp(g)rzd9> :

Since for any gy € G(Q,)

0=T(p)=mr (ﬂp(gol)/G(Q )so(g)wp(g)rzdg> :

and r; # 0, we obtain

/ ©(g)mp(g)radg = 0,
G(Qp)

implying that ¢ * ro = 0.

Therefore any smooth representation (mp, V},) has multiplicity one with respect to the model given
by the tuple (R(Q,),%,) if there exists an involution satisfying the hypothesis (2.4.5). Although this
method has been very fruitful in many cases and it is completely general, it presents some disadvan-
tages. For example it does not provide any information when the multiplicity is not one and it may
happen that the multiplicity of certain family of representations varies according to certain invariant.
Since throughout the previous discussion we have not used any property of the representation (m,, V},),
we are not able to relate any invariant with the multiplicity of the representation using the above method.

One of the main results of this chapter is a criterion which determines the multiplicity of an unram-
ified representation of G(Q,) with respect to the local Shalika model. The multiplicity one of the local
Shalika model for the group G(Q,) was not clear at the beginning of the project (for example in [CG21,
thm. 4.3, p. 12] the authors gave a formula for the multiplicity of discrete series representation with re-
spect to Shalika models for unitary groups, showing that it is not always one). In order to approach this
computation, we used the so-called Mackey theory. Althought in subsection 2.7.3 we will explain this
method in complete detail, to conclude this subsection we sketch it, stressing out its main idea.

For simplicity let us take m), = Indﬁ%’%ﬁ an irreducible unramified principal series. The multiplicity
of m, with respect to the model defined by (R(Q,), ;) is equal to

Homg (Indgg, Indgwp) . (2.-12)
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An initial idea to understand the above vector space is to apply proposition 2.3.13. Due to the lack of
relation between the groups B(Q,) and R(Q)), the resulting vector space is just as difficult to compute
as (2.4.5). In order to understand the group (2.4.5) we use the line bundle description of the unramified
principal series presented in 2.3.2. This point of view allows us to apply the exact sequence of proposition
2.3.16 to our representation m,, obtaining that the multiplicity of the representation m, with respect to
the model is described by the smaller groups

R(Qp
Homp(g,) (C'IndSt(ab R)(Qp)wfwﬂ wp) : (2-12)

i

where w; € G(Q,) so that R(Qp) \ G(Q,)/B(Qp) = |l;c; wi and &, are certain twists of the character
&. We compute the dimension of the vector spaces (2.4.5) via proposition 2.3.13. Applying an induc-
tive argument to the exact sequence obtained in 2.3.16, we may obtain a criterion on ¢ explaining the
multiplicity of the representation.

2.4.6 Casselman-Shalika formula for Whittaker models

One of the main reasons why models of representations are considered in the theory of automorphic
forms is because they are closely connected to functional equations and integral representations of cer-
tain L—functions. In fact, their associated functionals appear in a wide variety of computations using
Rankin-Selberg integrals or Godement-Jacquet integrals. The combination of an explicit formula for the
functional, usually called Casselman-Shalika formula for the model, and the Weyl’s character formula,
connects the aforementioned integrals with the L—functions. Case by case, this kind of formulas have
been usefull tools to understand the Langlands L—functions, leading mathematicians to study different
methods to compute Casselman-Shalika formulas: [Shi76], [CS80] or [Sak06]. In this subsection we will
introduce the basic theory to understand the proof of [CS80], whose ideas have been used to state a
diverse range of Casselman-Shalika formulas.

Let G be a connected unramified reductive group defined over Q, and K = G(Z,). We fix a Borel
subgroup B = TU, defining a set of positive roots ®*. Given ¢ an unramified character of T'(Q,), we

consider the representation (7r, Ind%ﬁ). The main goal of this subsection is to find a formula for

Wy e(m(t)oK ),

where W, ¢(-) is the functional defined in 2.4.5, x is a locally generic character of U(Q),) satisfying
K
Xluz,) =1, ¢, = Pe(chark) is the element generating (Indgf) by lemma 2.3.46 and t € T(Q,).

We recall that by proposition 2.4.7 the Whittaker functional W, ¢(7(¢)¢x ) is unique up to constant.
The following proposition will define an explicit choice of such Whittaker functional.

Proposition 2.4.35. Fiz a representative x € Ng(T5)(Qp) for wy € W(G,Ts)(Qy), the longest element
of the Weyl group. The functional

Oy (@) = /U o, e

is defined for the sections ¢ € Indgﬁ with support on B(Qp)w;B(Qp). This functional extends uniquely
to a Whittaker functional on the whole space Indgf.

Proof. Tt is [CS80, cor. 1.8, p. 213]. O

From now on we will denote by W, ¢(-) the Whittaker functional determined by proposition 2.4.35.

Lemma 2.4.36. Let T, be the subset of T5(Q,) defined in (2.1.4). Given t € T5(Qp) so that t ¢ T,

WX,E(W(tWK,g) =0.
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Proof. The proof follows using the functional equation of W, ¢(-) given in 2.4.5. See [CS80, lem. 5.1, p. 224]
for further details. O

Despite having reduced our computation to a smaller family of elements, we still have to compute the
value of the functional given in 2.4.35 on a continuous family of vectors of the form 7 (t)¢x . Moreover,
we do not have an explicit formula for the Whittaker functional evaluated in every element of Indgﬁ . The
main novelty of [CS80] is the definition of a finite basis { fu }wew (@,1.)(Q,), Which reduces the computation
of Wy ¢(m(t)dK,¢) to the computation of Wy ¢(¢.,).

Definition 2.4.37. We denote by f, € Indgﬁ the element dual to the operator defined by

Ind%¢ — C,
¢ = T (#)(1),

where T}, is the map defined in 2.3.54. The set {f, }uew(a,1.)(q,) i called Casselman basis.

I
Proposition 2.4.38. The Casselman basis {fw}wew(g,n)(@p) is a basis of (Indgf) , where we recall
that I is the Twahori subgroup of G(Q,) defined in 2.1.62.

Proof. Lemma 2.3.49 shows that the maps ¢ — T,,(¢)(1) form a basis of the dual space of (Indaf)N
Proposition 2.3.48 implies the result. O

Remark 2.4.39. Since s

b € (Indgg)

using proposition 2.4.38, we are able to express ¢x ¢ as a combination of the elements {fw}weW(QTs)(@p).
In fact, applying proposition 2.3.62, we obtain

¢K,§ = Z Cw(é)fwa

WEW(GvTS)(Qp)
where we recall that c,,(§) is the constant defined in 2.3.60.

Definition 2.4.40. Given Uy < U(Q,) an open compact subgroup of U(Q,) and ¢ € Ind%e¢, we define

Prvo(9)(g) = (meas(Up)) ; P(gu)x " (u)du,

where meas(Up) = [, du.

Lemma 2.4.41. For any open compact subgroup K of G(Qyp), there is a compact open subgroup Uy <

K
U(Qyp) so that for every unramified character €& and ¢ € (Indg ) , the function Py u,(¢) has support
on B(Q,)w; B(Q,).

Proof. See [CS80, lem. 2.2, p. 214]. O

Let K be any open compact subgroup of G(Q,), the above lemma allows us to extend the formula

K
given in proposition 2.4.35 for every ¢ € (Indgg) , removing the condition on the support. More

concretely
Wie (Pt (9)) = (meas(Ua) | plrund Y~ ()~ (u)dod du.
U(Qp) Y Uo

Applying a change of variables we obtain

Wi (Px.uo(9)) = Wie(9), (2-12)
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K
obtaining an explicit formula for W), ¢(¢) when ¢ € (Indgf) . We recall that proposition 2.3.69 implies

that the set of unramified characters of T'(Q,) is isomorphic to Cxrank(T) - Given any function f €

C°(G(Qp)) and a compact open subgroup K with the property that f is K —invariant, the formula(2.4.6)
allows us to show that the function

Woe(Pe(f)) = Comk® — ¢,
&= Wy e(Pe(f)),

is a holomorphic function on £, see [CS80, prop. 2.1, p. 214] for more details.
Proposition 2.4.42. We obtain

Wr®dre) = Dl Y&y (OWy(f).
WEW(G)TS)(QP)
Proof. By [CS80, p. 228]
Pure (Mt)ore) = D cwl€) “E52 () fun (2-12)
weW(G,T:)(Qp)
Using the equation (2.4.6) on (2.4.6), the result follows. O

The computation of Wy ¢(f,,) using the formula of proposition 2.4.35 is too involved for the elements
of the form w # w;. We will use the aforementioned formula to compute the constant W, ¢(f.,) and then,
by means of a functional equation we will show the final formula.

Lemma 2.4.43. The following equality holds:

WXaf(fwl) =1
Proof. See [Cas80, prop. 3.7, p. 402]. O
Definition 2.4.44. Given w € W(G,T;)(Q,), we introduce the following constants:

pa(€) = (1= q,105 €(aa)) (1 + 4, )3 € (0a)),

po(€) =TT ral®).

a>0
wa<0

Lemma 2.4.45. For any w € W(G,T,)(Qp) so that p, (&) # 0,

Wywe () = (pw(€71)/Pw () Wie ()

Proof. Let
Fye: d§¢ — mdfx,

be the map associated to the functional W, ¢(-) by remark 2.4.6. It is defined by

Fye(dre)(t) = Wye(m(t)pxe)-

The map F) ¢ is unique by 2.4.7, then there exists a non-zero constant C' € C so that

Py we(Tuore) = CFye(dre)- (2-12)

In [CS80, prop. 4.3, p. 223], the author shows that C' = ¢, (£)p,(€71)/p.(€). Furthermore, by proposition
2.3.62, we have
FX,“E(Tw¢K,£) = Cw(g)FX7“§(¢K,W§)- (2‘12)

Plugging (2.4.6) in (2.4.6) we conclude. O
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Proposition 2.4.46. The function Wy ¢(m(t)dr)/pu, (&) is W(G, Ts)(Qp)—invariant as a function on
&

Proof. Lemma 2.4.45 reduces the statement to the proof of the following equality:

P (UE)  pul€h)

P (€) pu(§)
for every w € W(G,T)(Qy). See [CS80, cor. 5.3, p. 225] for the details of the computation. O

Theorem 2.4.47. Forte T,

1
Wy e(m(t)pr.e) = pu (§) H T—élan) " Z (—1)' H §(aa) “E82(1).
acd+ « weW (G,Ts)(Qp) gi%

Proof. Propositions 2.4.42 and 2.4.43 show the equality

Waem005)/pa(©) = Y. pu(€) 7 ewl(€) “E0 O W (fur) + P () ew (€) “€01* ().
WEW(G’TS)(QP)
wHwy
(2.-12)

By direct computation
P © e @ = ——=[[ —e—
l l a>0 1= §((lo¢) a>0 1= Wlwlg(aa)

Since w; sends all the positive roots to the negative roots, it hold that ““i¢(a,) =*' £(a,)!, obtaining

Py (g)ilcwz €3] wlfgleg/Q(t) = H 1_;_1 wlféjl_c;/z(t). (2.-12)

a>0 Mé.(aa)

We have chosen £ regular, then the set {¥¢ }weW(G,Ts)(Qp) is a linear independent set of characters. Using
proposition 2.4.46, lemma 2.4.43 and the equation (2.4.6) recursively, we obtain

Weelw®or)/pw© = > Tl oaerr 26087 (@).

WEW (G, T:)(Qp) a>0

By a formal manipulation the result follows, see [CS80, p. 226-227] for the details. O

2.4.7 Casselman Shalika formula for the Shalika model of GL,,.

In this subsection we explain the main result of [Sak06], an explicit formula for the Shalika model of
GLs,,. Even thought the proofs of [Sak06] and [CS80] follow a similar philosophy, their techniques differ
in certain aspects.

We consider the group GLa,, defined over Q, and K = GLj,,(Z,). We fix the upper triangular Borel
Bar, = TarUgr,- This choice of Borel determines a set of positive roots that we will denote by (I%L' In
this subsection we fix an unramified character of Tqr,(Q)) of the form:

£=60.0606'®.0&" (2.-12)

We consider the representation Indgéi”f . The main goal of this subsection is to obtain an explicit formula
for

Acrg (1(9)¢K)

where ¢x = P¢ (charg) = 5;1/ 2§ and Agr¢ is an explicit choice of the Shalika functional defined in
2.4.16. Let us recall that we assume that the character £ is also a character of the torus of Spo, because
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of proposition 2.4.18 if the character £ is not of this form. the representation does not admit a Shalika
functional. Furthermore, by theorem 2.4.17, the representation Indgzi"g has at most multiplicity one
with respect to the Shalika model. Therefore the functional Aqr, ¢ is unique up to constant. For the time
being, we do not choose a particular Shalika functional.

Remark 2.4.48. Since the element ¢ is K—invariant and the Shalika functonal satisfies the functional
equation of 2.4.16, we just need to compute the value of Agr.e(m(g)dK) in representatives of the double
quotient Sar,(Qp) \ GL2,(Q,)/GL2(Zy). Using the Iwasawa and Cartan decompositions we obtain that
this double quotient has representatives of the form

A
_ (pn
e (M)

where p* = ] with Ay > Ag > -+ > \,. Furthermore, in [Sak06, p. 12] it is proved that
-

P
the Shalika functional vanishes when \; < 0, then from now on we restrict our computations to gy with
Ai > 0. We recall that 2.1.56 shows that the vector defined by X is a dominant weight of GL,,.

By lemma 2.3.52 there is a distribution Agp,, ¢ € D(GL2,(Qp))¢-1 so that for all f € C2°(GL2,(Q,))

Acre(Pe(f) = /G o, B @ = Bt ()

If there is no confusion with the subindex will supress 2n from the notation. We recall that since P; is a
GLs, (Q,)—intertwining map, we have

Acre (T(9)0K) = AgL,, ¢ (Rychark),

where Ry is the right translation by GL2,(Q,) on C2°(GL2,(Q,)). Using that Agr ¢ € D(GL2,(Qp))e—1
and the fact that it is the distribution associated to the Shalika functional Aqr, ¢, it satisfies

Agre(bgs) = 57151/2(6)Xp,GL(S)AGL,5(9)7 (2.-12)

for any s € SgL(Q,) and b € Bg,(Q,). This functional equation implies that the distribution Agy, is
determined by their values on representatives of the coset

B, (Qp) \ GLay, (Qp)/SGL (@p)- (2-'12)

Let
8= ( ),

with J,, the n x n antidiagonal matrix and all entries different from 0 equal to 1. In [Sak06, lem. 3.1, p. §]
the author shows that the double quotient (2.4.7) has a Zariski open coset in GLa,(Q))

BeL(Qp)BSaL(Qp)-

In order to simplify the forthcoming computations we modify the Shalika functional.

Definition 2.4.49. Let H := 35¢1,(Q,)3 . We denote

Xp.a : H— ct,
h— Xp,GL(B_lhﬁ)'
Lemma 2.4.50. The map

. GL GL
i: IndSGLXp,GL — Indg 'Xp,H,

FO) e f(B71),
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is a bijective GLg, (Q))—intertwining map.
Proof. 1t follows directly. O

Definition 2.4.51. Let us consider the map

S GL GL
FGL,£ . IndBGLf — IndSGLXP»GL

&(-) = Aare(m(-)9).

We denote by Age:=io0 Fng its associated functional and by Ap ¢ its associated distribution.

It is straightforward
Acr (m(gx)0k) = Mg (m(g-2)oK) -

Proposition 2.4.52. Giwen a regular character & and an element ¢ € Indggi"g with supp(¢) C PH,
the integral

/ (1) xpzr ()1,
BGL(Qp)ﬂH\H

converges and defines a Shalika functional (after the change of coordinates given by 2.4.51). Moreover,
it extends uniquely to a Shalika functional.

Proof. Tt is a combination of [Sak06, cor. 5.5, p. 13], [Sak06, prop. 7.1, p. 15] and [Sak06, prop. 7.2, p. 16]
under the assumption that £ is regular. If ¢ were not regular, theorem 2.4.18 would imply that the only
Shalika functional is equal to 0. O

From now on, we fix the Shalika functional given by proposition 2.4.52 and we denote it by Az ¢. Let us
note that this step of the proof is analogous to the proposition 2.4.35 in the case of the Casselman-Shalika
formula for Whittaker models.

Definition 2.4.53. We consider the following projection

IcL
Pr: D(GL2n(Qp))e-1 — (IndGL%g_l) 7

BgL

D() — D(-h)dh,

JGL

where Iy, is the Iwahori subgroup of GL9,, (Q,) defined in 2.1.62 and db is the Haar measure of the Iwahori
subgroup giving Igy, volume 1. We point out that remark 2.3.53 is used implicitly in this definition.

The projection map P; plays an analogous role to the projection Py of 2.4.40. Since the adjoint
operator of R, satisfies Ry = R -1, we have

9
Ape(m(9)dK) = Ane(Rgcharg) = Ry—1Ap ¢(charg).
Considering char as a distribution it is straightforward that Py (charg) = charg and hence
Rgf1 AH@(charK) = Rg—l Ava(’P[ (charK)) .
The adjoint operator of P; satisfies P; = P; and hence
Ry-1Ap¢(Py (charg)) = Pr (Ry,-1 Ape(charg)) .

Proposition 2.4.54. The following equality holds:

Ame(m(g)or) = Q! Z H ca(&)T)-1 Afwe(Rycharp),
wGW(GLQn,TGL)(Qp) aei‘g

where Q = 7m;ac;gl(°;é{ )|
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Proof. Let {fue-1}wew (GLa,, Tor)(@,) De the Casselman basis defined in 2.4.37 for the representation
Ind§2"¢ 1. By definition 2.4.53

I
Pr(Ry-1Ape) € (IndGL2n§—1) “

BeL

Proposition 2.3.47 implies that there exists constants a,(g) € C so that

Pr(Rg-1Amn) = > () foe—1- (2.-12)
WEW (GLan,TaL)(Qp)

For any w € W(GLay,, TeL)(Qp) we apply the operator
T, : Indflerg™ — Indflen “¢77,
in both sides of (2.4.7). We evaluate the resulting function at 1, obtaining
Tw’P](RgflAH,E)(l) = aw(g). (2—12)

Be aware that R,-1Ap ¢ € D(GL2,(Qp))¢-1. Then, applying remark 2.3.63 in (2.4.7) (with £~ instead
of £ because our intertwining map 7,, has domain Indgging_l instead of Indgéi"é), we obtain

Cuw (5_1)

e @) i By A ) (1) = au(9).

Furthermore, by definition
P[ (T*_l Rg—l AH,E) (1) = T:_1 AH,& (RgChaI‘[GL),

and then )
cw(™)

Cy—1 (wé‘)
Using remark 2.3.53, we consider f,, -1 as a distribution of Ind%Lé In the proof of [Cas80, thm. 4.2, p. 403]
it is shown the following equality

aw(g) = T Apg(Rycharpg, ).

_1 cw (¥€)
fuldr) =Q 1= .
(9x) Cuw (5_1)
By a formal manipulation of the constants ¢, (§), we obtain the result. See [Sak06, p. 11] for further
details. O

Proposition 2.4.54 is analogous to the proposition 2.4.42; it reduces the computation of the Shalika
functional to the computation of
T:,lAH,wg(RgChaI‘[GL).

For the following proposition we denote by Tg, the maximal torus of the algebraic group Sp,,, defined
over Q,. We fix the upper triangular Borel subgroup Bg, of Sp,, determining a set of positive roots
q)érp. Furthermore we will denote the set of positive short roots by q)g; , and we regard W (Sp,,,, Tsp) as
a subgroup of W (GLay, Tar)-

Proposition 2.4.55. If w ¢ W(Spy,,Tsp)(Qy) the distribution T Apwe is supported away from
BeL(Qp)H.

Proof. The proof of this result is in [Sak06, 5.2, p. 12]. For the sake of completeness we will give a formal
sketch of the proof, considering T)_, Ay «¢ as a function instead of a distribution. Using the functional
equation of the Shalika functional we have

T Agrwg(bgh) = €716 12 (0)xp,m (h) T T Agrwe(9)-

BeL
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Given x € Bgr(Qp) N H, we obtain

Xt () T A g (1) =2 €102 (@) T2 Aprwe(1),

BecL

and hence, if T, Ap we(1) #0

Xpr(@)TH = €162 (@),

The group Bar,(Q,) N H consists on matrices of the form

aq

o2

a1
On the one hand, x, #(z)~! = 1. On the other hand, by the choice of £ in (2.4.7)

e S () = 1,

Ber
if and only if w € W (Spa,,, T5p)(Qp). If wf_légci (x) =1 is non-trivial, that would imply

T Apee(l) =0,

Proposition 2.4.56. Let g\ € GL2,(Qp) with A = (A1, ..., An) all entries A\; > 0. Then

aia(gr) = §16"2(g-).
Proof. See [Sak06, prop. 6.1, p. 14]. O

Proposition 2.4.57. For w € W(Sp,,,, Tsp)(Qp)

aw(g-») _w o e—151/2
aolg) 677 (gn)-

Proof. The operator T,,-1 is a GLj,,(Q,)—intertwining map. Then T,-1(Ag ¢) is a Shalika functional of
Indggi" “¢. By theorem 2.4.17, the space of Shalika functionals is one dimensional, then there exists a

non-zero constant c¢ so that
T5-1(Ame) = cApwe.

By proposition 2.4.56
Ague(Rg y08) = “€716"2(g-1). (2-12)

hen 151/2 151/2
ay(g— cYET0 - cvETo - e
(9-x) 571 : 2(9 ) § (9-x) ¢ 161/2(97”'
aw(go) Cf ot/ (IQn) ¢

Proposition 2.4.57 is the replacement for proposition 2.4.46 in the present setting.

Theorem 2.4.58. The following equality holds:

-1
Micr@on) =@ T el 0 (0 T tlon) T] olmrges 61900
acdl,  weW(GLan.Tar)(@p) acdl  acosr L S\%e

wa>0 wa<0
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Proof. Tt is [Sak06, (17), p.7]. It is based on proposition 2.4.57 and the explicit description of the
functional given in proposition 2.4.52. O

2.5 Theta correspondence for similitude groups

In this section we recall the construction of the local and global theta correspondence for similitude
groups. Throughout this section we fix V' a quadratic space of even dimension m, W a symplectic space
of dimension 2n and we form W = V ®q W, a the symplectic space, where we fix a polarization of the
form W = X @Y. We will use the following notation W, := W®qQ,, V, := V®qQ, and W, := W®gQ,.

The main difference between the theta correspondence for isometry groups and the theta correspon-
dence for similitude groups is that there is no embedding of GO(V') x GSp(W) in any metaplectic group
and we are not able to use directly the construction given in section 1.5. In order to define a replacement
for the Weil representation, we restrict the setting to a subgroup denoted by GSp™ (W) x GO(V'), where
the group GSp™ (W) depends on the group GSO(V). At first, it seems that this construction does not
give us information about the automorphic representations of GSp(W). But in fact, following Morimoto
[Mor14, thm. 3.6, p. 45], given an automorphic representation 7 of GSp™ (W) we are able to construct
an automorphic representation of GSp(W) and then realize the correspondence in terms of the group

GSp(W).

2.5.1 Replacement of the Weil representation

Let p be a place of Q. Throughout this section we fix the character v, : Q, — C! defined in 1.5.1. Since
V has even dimension, remark 1.5.21 shows that the Weil representation can be realized as follows:

wp = Sp(Wp)(@p) x O(Vp)(Qp) — Aut(S(Y(Qp)))-

Due to the lack of an embedding of the form

GSp(WP)(Qp) X GO(VP)(QP) - Sp(wp)(Qp)»

we have to define a replacement of the Weil representation. It must be constructed in a way such that
the resulting correspondence satisfies a Howe duality property as in 1.5.26. Let us consider the group

R:={(g,h) € GSp(W;)(A) x GO(V;)(A), s.t. M(g)v(h) = 1}.
By [Rob96, p. 14], the group GO(V,)(Q,) acts naturally by left translations on S(Y(Q,)). Furthermore,
according to [GT11, p. 1847], the Weil representation extends naturally to the full group R by

_ dim Vdim W
8

wp(g, h)p(x) = |A(h)| wp(g1,1)p(h '), (2-12)

where

=g (MY espmy)

Although the Weil representation is defined for the group R, we can not define a theta correspondence
yet because we are not able to factor R as a product of two different topological groups. Let us consider
the group

GSp™ (Wp)(Q@p) = {g € GSp(W,)(Qy), s.t. Mg) = v(h) for some g € GO(V;,)(Qy)}-
It is straightforward that R C GSp™ (W,)(Q,) x GO(V,)(Q,).

4
Definition 2.5.1. Let Q, = c — IndgSlD (W5)xGO(V3)

the form

wp,the induced Weil representation is the map of

Qp - GSp+(Wp)(QP) x GO(V;)(Qp) — Aut (),
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defined by the formula (2.5.1) and the induction defined in 2.3.11.

For further information about this representation we refer the reader to [Rob96, p. 17] (in [Rob96]
this representation is denoted by Q7). It is shown in [Rob96, sec. 4, p. 18] and [Rob96, sec. 5, p. 24]
that the representation £, inherits crucial properties of the representation wyp via Frobenius reciprocity,
allowing us to define a correspondence between the groups (GSp™ (W,,)(Q,), GO(V,)(Q,)) which is in fact
intimately related to the classical theta correspondence between (Sp(W,)(Qp), O(V,)(Qyp)).

2.5.2 Local theta correspondence

Let 7, be an admissible representation of GO(V,)(Q,). In order to construct the local theta correspon-
dence we proceed as in 1.5.24. The maximal 7, —isotypic quotient of €}, is of the form

p ® O(1y), (2.-12)
where é(ﬂ'p) is an admissible representation of GSp™ (W,)(Q,).

Definition 2.5.2. Let 7, be an admissible representation of GO(V},)(Q,). The GSp™ (W,)(Q,)—representation
@(Wp) obtained in (2.5.2) is called the local big theta lift of m,. There is a unique maximal semisimple
quotient of @(wp) denoted by 9(77,,) and called the local theta lift.

Remark 2.5.3. As in the theta correspondence for isometry groups. Given a irreducible representation
o, of GSpT (W,)(Q,), the constructions of the big theta lift ©(o,) and the theta lift 0(c,) are completely
analogous to the definition 2.5.2.

Theorem 2.5.4 (Howe duality). Given a irreducible smooth admissible representation m, of GO(V,)(Q))
so that 7Tp|0(vp)(Qp) is multiplicity free, then

1. The representation é(ﬂ'p) s admissible of finite length.
2. The representation 5(Wp) is irreducible.

3. If 5(771) and 5(7'('2) are non-zero and isomorphic, then 7 ~ mo.
The analogous theorem also follows for representations of GSp*(W,)(Q,).

Proof. The proof is based on the transfer of the Howe duality for isometry groups to the similitude groups.
The first assertion follows by [GT11, lem. 2.2, (iii), p. 1848]. The second and third assertions are given
by [Rob96, thm. 5.2, p. 24] under the assumption of the Howe duality conjecture. O

Lemma 2.5.5. Suppose that m, is an irreducible representation of GO( )(Qp) and take T, a constituent
of the O(V,)—representation my|ov,),)- Then 0(1,) # 0 implies 9(7rp) # 0. The result for representa-
tions of GSpt(W,,)(Q,) is completely analogous.

Proof. See [GT11, lem. 2.2, (i), p. 1848]. O

Lemma 2.5.6. Let 7, and ma be irreducible admissible representations of GO(V,)(Q,) and GSp™* (W,)(Q,)
respectively. Suppose
HomR(Qp, T X 7T2) £ 0,

then W1|Sp(wp)(@p) and 7T2|O(vp)(<@p) are semisimple and multiplicity free.

Proof. Tt follows by Frobenius reciprocity, see [GT11, lem. 2.2, (i), p. 1848]. O

Lemma 2.5.7. Let 7, and o be irreducible admissible representations of GO(V,)(Q,) and GSp™* (W,)(Q,)
respectively. Suppose
HOHIR(QJTQ (39 7T1) #0,



2.5. THETA CORRESPONDENCE FOR SIMILITUDE GROUPS 141

and that, for each constituent 11 of 7T1|O(Vp)(Qp), the representation 0(11) is irreducible and the theta
correspondence is injective in m1|o(v,y(q,)- Lhen, there is a uniquely determined bijection

[ Adirr summands of milow,),)} — {irr summands of ma|spw,)(@,)}s

so that, for any 7; in Tilov,)@,), then 7o = f(11) if and only if Homo v, ) xsp(w,) (Wp, T1 @ T2) # 0.

Proof. Tt is [GT11, lem. 2.2, p. 1848]. O

Remark 2.5.8. According to theorem 1.5.26, if the representation 7T1|O(V,,)(Q,,) 18 multiplicity free, the
second assumption in lemma 2.5.7 is always true (under the assumption of the Howe duality conjecture).
We refer the reader to [AP06, prop. 11.1, p. 20], where an explicit example of a multiplicity one result
for the restriction is given.

Lemma 2.5.9. Setw, an admissible representation of GO(V,)(Q,) so that the O(V,)(Q,)—representation
Tplow,)(@,) s semisimple. We denote its factorization into irreducibles by mp|owv,),) = &; Tpi- Then

O(mp)sp(w;) (@) ~ EP O(7.0)-

The representation é(wp) is admissible and of finite length. Moreover, if ©(1p;) = 0(7,.) for all i, then

O(mp) = O(mp). The result for GSpt(W,,)(Q,)—representations is completely analogous.
Proof. See [GT11, lem. 2.2, (iii), p. 1848]. 0

The following proposition specializes to the case of interest in this dissertation. This result is not in
general true, even though it is proved for other combination of groups as in [GT11, lem. 3.1, p. 1851].

Proposition 2.5.10. Let us suppose that W is a symplectic space of dimension 4, V is a quadratic space
of signature (2,4) and

Homggsp+w,)xco(v,) (2, m1 @ m2) # 0,
where T (respectively ma) is an irreducible representation of GSp™ (W,)(Q,) (respectively of GO(V,)(Q,) ).

Then, the GSO(V,)(Q,)—representation TQ‘GSO(VP)(QP) is irreducible. Furthermore, in the present case
the theorem 2.5.4 holds without the Howe duality conjecture hypothesis.

Proof. Tt is [Mor14, lem. 6.3, p. 68] and [Morl4, cor. 6.22, p. 81]. O

2.5.3 Global theta lift

Throughout this section we denote by W the symplectic space of dimension 4 endowed with the symplectic
form J defined in 2.2.14. Furthermore, we fix V the quadratic space of signature (2,4) and Witt index 2
defined in 2.2.21. This subsection will be devoted to describing an analogous global theta correspondence
for similitude groups in a compatible way with the local theta correspondence addressed in section 2.5.2.

Fix a polarization of the form W = W ®gV = X &Y and consider the character ¢ : Q\ A — C!
defined in (1.5.4). Throughout this subsection we will denote by (w,S(Y(A))) the Schrodinger model
of the Weil representation of Mp(W)(A), see 1.5.31 for the details. We proceed in a similar way to the
previous subsection. Let us consider the homomorphism

i: GSp(W)(A) x GSO(V)(A) — GSp(W)(A). (2.-12)
It is straightforward that A(i(g, h)) = M(g)v(h)~t. Therefore, the map (2.5.3) restricted to the subgroup
R:={(g,h) € GSp(W)(A) x GSO(V)(A), s.t. A(g) = v(h)},

has image in Sp(W)(A). The previous proposition discussion allows us to consider the pullback of w to
the subgroup R.
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Definition 2.5.11. Given ¢ € S(Y(A)), we define the similitude theta function by

0(g.h0) = > wlg,h)e(2),

2€Y(Q)

with (g, h) € R.

As in the local case, since R is not the product of two topological groups we are not able to state
the theta correspondence yet. In fact, we consider a group between R and GSp(W)(A) x GSO(V)(A),
denoted by GSpT (W)(A) x GSO(V)(A), with

GSpT(W)(A) := {g € GSp(W)(A), s.t. AN(g) = v(h) for some h € GSO(V)(A)}.

Further we define GSp™ (W)(Q) := GSpT (W)(A) N GSp(W)(Q). At first, this group has two disadvan-
tages; the first one is that the theta kernel is not defined over GSp™(W)(A) x GSO(V)(A). We will
approach this difficulty by translating our theta function by certain element of GSp™ (W)(A). Secondly,
the group GSp™(W)(A) depends both on the symplectic vector space W and on the quadratic space
V. To get rid of the dependence of V, and then obtain results for the group GSp(W)(A), we will show
that there is an explicit interplay between the representations of GSp(W)(A) and the representations of
GSpt(W)(A) given by an ”induction and restriction” argument.

Remark 2.5.12. We recall that the Bruhat decomposition 2.1.34 in the present setting shows the following
factorization:

GSO(V)(A) = H |_| Basow) (Qp)wipBasow) (Qp)-

P wi,PGWGSO(V)Qp

Since the similitude character of the elements of the Weyl group is equal to 1, the similitude character
of each element of GSO(V)(A) is determined by the similitude character of Basow)(A). Given b =
tn € Bgso(v)(A), it is straightforward that v(b) = v(t) and by (2.2.3), v(t) € Ng,g(Af). The previous
discussion gives an alternative description of GSp™(W)(A):

GSp* (W) (A) = {g € GSp(W)(A), st A(g) € Npyg(AX)}
Definition 2.5.13. Throughout this section we say that a smooth moderate growth function f defined
on GSpt (W)(A) is an automorphic form if it is
e GSp™(W)(Q)—invariant,
e K —finite,
o Z(U(Lie(GSp™ (W)(R))))—finite
where K is a maximal compact subgroup of GSp(W)(A) and U(Lie(GSp™(W)(R))) is the universal

envelopping algebra of Lie(GSp™ (W)(R)). We say that an automorphic form f on GSp'(W)(A) is a
cusp form if its restriction to Sp(W)(A) is a cusp form.

Definition 2.5.14. Let 7 be a cuspidal automorphic representation of GSp™(W). Given ¢ € 7 we define
©*: GSp(W)(A) = C by

o*(g) = {W)’ if g € GSpt(W)(Q)GSp (W) (A),

0 0.W.

The function ¢* is an automorphic form of GSp(W). We denote by 7* the automorphic representation
generated by ¢*.

Definition 2.5.15. Let f be a cusp form on GSp™(W)(A) and ¢ € S(Y(A)). The theta lift of f is
defined by

O(h, f, ) = / 0(g19,h, ) f(g919)dg1,
[Sp(W)]

where g € GSp™ (W)(A) is chosen so that A(g) = v(h).
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Proposition 2.5.16. Given f a cusp form on GSpt(W)(A) and ¢ € S(Y (A)), the theta lift O(h, f,¢)
is an automorphic form on GSO(V).

Definition 2.5.17. Let f’ be an automorphic cusp form on GSO(V) and ¢ € S(Y(A)). The theta lift
of f’ is defined by

6(g, ', ) = / 6(g, hnh, o) TR dhs,
[SO(V)]

where h is chosen such that v(h) = A(g).

Proposition 2.5.18. Given f' a cusp form on GSO(V)(A) and ¢ € S(Y (A)), the theta lift (g, f', p) is
an automorphic form on GSp™(W)(A).

Definition 2.5.19. Given 7 an automorphic cuspidal representation of GSp™ (W) the global theta cor-
respondence of m is defined by

099 () :={0(g, f,¢), f€mpeSY(A)}.

For an automorphic representation o of GSO(V), its global theta lift églOb(a) is defined in an analogous
way.

Proposition 2.5.20. Given cuspidal automorphic representation © of GSp+(W), we have

B9 (1) ®§(7rp)|c;so<v)(@p)'
p

This result also follows for the cuspidal automorphic representations of GSO(V).

Proof. The definitions of the local and global theta correspondence for isometry and similitude groups
are analogous. Using theorem 2.5.4 we can adapt the proof of proposition 1.5.50 for the present case,
obtaining a surjective GSO(V)(A)—intertwining map

®pé(ﬂ'p) — @9l (7717) .

We conclude using the second statement of theorem 2.5.4 and proposition 2.5.10 as in the proof of corollary
1.5.51. O

For the following theorem we recall that given (Vy,¢,) an anisotropic rational quadratic space, we
may construct the following quadratic space V,. := Vy@H" of r > 1. We attach the similitude orthogonal
group GSO(V;) to the above space.

Definition 2.5.21. The chain of groups
GSO(Vy) € GSO(Vy) C ...
is called the Rallis tower.

We consider the dual reductive pairs of the form (GSp(W), GSO(V,)) and we denote its associated
theta correspondence by ©9°.

Theorem 2.5.22. Let o be a cuspidal automorphic representation of the group GSp(W) and let i be the
smallest integer such that @fl(’b(a) # 0, then

1.i<2n,
2. ©9(0) is cuspidal,
3. O3 (5) £ 0 forr > i.

Proof. Tt follows by proposition 2.5.5, theorem 2.5.4 and theorem 1.5.54. O
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2.5.4 Theta correspondence and relation between models

In this subsection we explain the results of [Mor14]. The theta correspondence can be used to realize an
equivalence between the Shalika model for the group G and the Whittaker model for the group H.

Throughout this section we will consider the theta correspondence for the pair (H, GSO43). When
the input are automorphic representations with trivial central character, proposition 2.2.27 allows us to
extend the correspondence for the pair of groups (H, G). Let us fix the character ¢ : Q \ A — C! given
in (1.5.4). Further, let us denote by U the maximal unipotent subgroup of GSO, 2 given in (2.2.3).

Definition 2.5.23. We consider the character
Yy U(A) — CP,
u = Uo(I)Ul(Sl, tl)u2(52, tg)fb(b) — 1/)(2dt2 + b)

Remark 2.5.24. The character 1y is globally generic in the sense of 2.4.3. The pair (U,vy) defines a
Whittaker model which will be studied in this section.

Given a cuspidal automorphic form ¢ of GSOy4 2, we consider the following Whittaker functional

W) = /[U] () (),

Definition 2.5.25. Let Uy be the maximal unipotent subgroup of H defined in (2.2.2). We consider
the character

’(/)H : UH(A) — (Cl,
n=w(a)v(A) — (—a — dags),

where we recall that ass is certain entry of the matrix A defined in (2.2.18).

For any cuspidal automorphic form f of H" we consider the Whittaker functional associated to the
character iy, denoted by

W(f) = /[U Ay

Definition 2.5.26. A cuspidal automorphic representation o of H is generic with respect to 1y if there
is some f € o such that W’(f) # 0.

Proposition 2.5.27. Let o be a cuspidal automorphic representation of H*. The representation o is
generic with respect to 1y if and only if ©9°°(c) is generic with respect to .

Proof. In [Morl14, prop. 3.3, p. 40], given f € o and ¢ € S(Y(A)) the author was able to compute
W(O(h, f,¢)) in therms of the Whittaker model of f. More concretely, via an unfolding it is shown

that W(0(h, f,¢)) can be expressed in terms of W’(f), where f € o is certain H*(A)—translate of f.
Following [GS03, p. 2718] the result follows. O

Proposition 2.5.28. Let 7 be a cuspidal automorphic representation of GSO42. The representation
has a Shalika model if and only if ©9'°°(r) is a HT —automorphic representation generic with respect to

YH.

Proof. Given aby f € m and ¢ € S(Y(A)), [Morl4, prop. 3.4, p. 42] expresses W/ (6(g, f,¢)) in terms of
the constant Sh(f) defined in remark 2.4.33. O

2.5.5 Appendix: Restriction of admissible representations

The previous theta correspondence may be used to relate representations of H and GSOy, 2. Despite this,
the construction is developed for representations of the group H' and hence we relate representations
of H via the theta correspondence of their restrictions to H™. Then, it is natural to ask how are the
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admissible representations of H when we restrict them to HT. In this subsection we recall a result of
[GK82] which allows us to approach this problem.

Lemma 2.5.29. Let 7w be an irreducible admissible representation of a topological group &, § an open
normal subgroup of & so that &/$ is finite and abelian. Then

1. 7|g is the finite direct sum of irreducible admissible representations of .

2. When the irreducible constituents of 7| are grouped according to their equivalence classes as

M
7T|5§ ~ @mﬂri,
i=1

with m; irreducible and inequivalent, the integers m; are all equal.

8. The subgroup
G, ={g€B, st.g-m =7},

has the property so that /&, permutes the classes of the m; simply transitively.

4. The set
Xg(m):={v: & = C, homomorphism s.t. |v|sg =1, and T @v ~ 7}

has m?>M elements, where m is the common m obtained in the second result above.

5. Given m an admissible representation so that the representations in 7| have multiplicity one, then

G, ={9€6, st.v(g)=1 forallve Xg(n)}.
Proof. Tt is [GK82, lem. 2.1, p. 105] and [GK82, cor. 2.2, p. 107]. O

Theorem 2.5.30. Given an admissible irreducible representation m of H, the representations w|sp, appear
with multiplicity one.

Proof. Tt is a particular case of [AP06, thm. 1.4, p. 4]. O
Corollary 2.5.31. The restriction of IndIB{HX to HT(Q,) is irreducible if and only if
IndIgHX ® XE,/Q, o Indng.

Proof. By 2.5.30 and (4) of lemma 2.5.29, the restriction of Ind}BIHX to H*(Q,) is irreducible if and only
if

Xu+(q,) () = {id}.
The trivial characters on H (Q,) define characters of H(Q,)/H"(Q,), which, according to remark 2.5.12,
is a group isomorphic to Q) /im(Ng, /g, \E; ). By [Mill3, thm. 1.1, (b) p. 10] this quotient is isomorphic
to Gal(E,/Q,) = {£1}. Therefore, there are only two characters of this form, which are xg, /g, and the
trivial character.

Corollary 2.5.32. The restriction of IndIfBIHX to HT(Qy) is irreducible if and only if
XE,/Q, & {x1: X2, x1x2: x1x3 '}

where x = X1 ® X2 ® Xo-

Proof. Using the corollary 2.5.31 and [GT11, (H3), p. 4, prop. 2.2, p. 4], the proposition follows deter-
mining whether IndIJ;IHX is isomorphic to IndIng ® XE,/q, at the level of Satake parameters. O
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2.6 L functions and models

The L—functions are analytic objects associated to algebraic objects, which conjecturally encode infor-
mation about the algebraic object in their analytic properties. More concretely it is conjectured (and in
many cases proved) that the analytic nature of an L-function (such as holomorphicity, poles or equalities
between L—functions), encode relevant algebraic information (for example self-duality of a representation,
the existence of embeddings in other representation or even algebraic geometry properties of Shimura
varieties). In the present setting, the relevant L—functions are the so-called Langlands L—functions. In
this dissertation we just consider the unramified part of this function, which is defined via the Satake
isomorphism. In this section we will adress some examples where the L—functions and the models of
automorphic representations are intimately linked.

2.6.1 Automorphic L—functions

In this subsection we will explain the construction of the Langlands L—function. There is a wide variety
of conjectures relating the behaviour of the L—functions with the properties of the representations, we
refer the reader to [KR94, sec. 7, p. 61], [Bum97, sec. 3.8, 3.10, p. 368, 385], [JS83] to see some known
examples of this phenomena.

Definition 2.6.1. Let m be an automorphic representation, S the set containing the archimedian places
and the finite places p where m, is ramified, furthermore let r : LG — GL,, be a finite dimensional
representation. The partial Langlands L—function is defined by

LS (s, mp, T HL S, Tp, T
pgS

where Ly(s,m,7) = det(I — r(xx,)p~%)"" is the so-called Euler factor, with x», € “G the Satake
parameter associated to 7, defined in 2.3.26 and 2.3.30.

Proposition 2.6.2. There exists a real number so depending on G, w and r, so that L° (s, m,r) converges
when Re(s) > sg.

Proof. See [LanT1]. O

Remark 2.6.3. Let r be a representation of “G and i1, ..., j1q the eigenvalues of 7(Xx,). The coefficient
of p7F% of det(I — r(xx,)p™*) " is equal to the k—th elementary symmetric polynomial in the variables

W1y -eey pq- It coincides with the trace of Symkr(xﬂp) and hence we express

L,(s,mp, 1) = Ztr (Xﬂp|Symk7") p ke,

k=0

Among the vast Langlands program it is conjctured that the partial Langlands L—functions have
meromorphic continuation and satisfy a functional equation. In order to approach these problems, a
wide variety of methods have been developed. Two of the most fruitfull methods are the Godement-
Jacquet integrals (see [GPSR87]) and the Rankin-Selberg integrals (see [Bum97, sec. 3.8, p. 368]). The
latter one has been used in 2.7 to study the residue of certain L—function.

Example 2.6.4. The Riemann zeta function is the most basic example of Langlands L—function. An
automorphic representation m of GL1(A) is given by a Hecke character x : GL1(A) — C. In the present
case, we consider the automorphic representation © determined by the Hecke character x(g) = ®p l9p|p-
Furthermore, we take the standard representation of the form std : *GL; = GL;(C) — GLy. Therefore,
it is straightforward

(s,m,std) H(p

ptoo

with ¢P(s) = (1 — p~%)~! the classical Euler factor of the Riemann zeta function. Furthermore, given a
set of non-archimedian places places A so that the non archimedian places minus A are denoted by S, we
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will use the following notation

%(s) =[] Gls)

PES

Example 2.6.5. The Satake parameter of the unique unramified sub-quotient w of IndSp4 (%6 )5, with
& =& ®&,, is given by

&(p)
&2(p)
1

&(p)!
&(p)~!

Xr = e’ Sp, = S05(C).

Let us consider the standard representation
std : Sp, — GL(CP).

By direct computation, the FEuler factor satisfies

Ly(s.mstd) = (1 —p~) " [[(1 = &)~ (1 — &(p) )~ (2-13)

i=1

Example 2.6.6. Let us consider  the unique unramified sub-quotient of IndH(Q” 5, with € = £1R&RE.

Further, we suppose that © has trivial central character, which implies x» € Sp1n5((C) ~ Sp,(C). In the
present case, the so-called standard representation is defined by

std : GSping(C) — GL(C?).

A direct computation shows

Ly(s.mstd) = (157 TI0 = o)1= &0) ')

Let us observe that according to (2. 6 5), it coincides with the partial standard L—function of the unique
irreducible sub-quotient of Indg p4( )fl ® &o.

Remark 2.6.7. The poles and values of the L—functions of Sps,, (and twists of them) are related via
the Siegel-Weil formula to the non vanishing of theta lifts, see [PSR88], [KR94], [KRS92].

Example 2.6.8. With the notation of the above example, for any character n of C*, the Euler factor of
the twisted standard L—function of GSp, has the following form:

2

Ly(s,mstd@n) = (1 =n(p)p~*) ' [T = nm&@)p~*) " (1 = n(p)&p)'p) 7"

=1

Proposition 2.6.9. For any generic cuspidal automorphic representation o of H its partial twisted
standard L—function satisfies
L%(1,0,5td ® x/q) # 0.

Proof. See [Sha81, thm. 5.1, p. 351]. O

Example 2.6.10. Set p an inert prime of E/Q and let 7 be the unique unramified sub-quotient of

Indg(@é& ¢, where £ = &1 ® &2 ® & is any unramified character of T (Q,). We denote by

At 0 GL4(C) x GL1(C) x Gal(E,/Q,) =" G — GL(A%C*),
the representation given in 2.1.59. Using [KKO08, p. 12] we obtain

A%(diag(a,@l,l),)\,e) = )‘diag((ab 1)7(ba)7(a b))
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Therefore

Ly(s,m, A7) =(1 = &@)p~*) 7 (1 = &o(p)&1(p)&2(p)p~) ™
2

(1= &Pap™)t 1 - &EBsp ) (1 - L& mp) 7

i=1

where a and 3 are the roots of the polynomial X2 — & (p)&2(p).

2.6.2 Local theta correspondence and L—functions

In this subsection we address the results of [Mor14], where the L—functions 2.6.10 and 2.6.8 are related
via the local theta correspondence defined in 2.5.2.

In this subsection we will use the followung notation: Bg+(Q,) := Ba(Q,) NH'(Q,), Ta+(Q,) :=
Tu(Qp) NHT(Qp), Nug+(Qp) := Nu(Q,) NHT(Q,) so that

B+ (Qp) =Tu+ (Qp)JVHJr (Qp)- (2-‘13)

By remark 2.5.12 we have Ty+(Q,) ~ Qijvz x Im (NEp/@p>' Given any character xo : Q) — C we fix
the following notation:

X0t = X0l (v, )

Given x1,x2 characters of Q) and xo a character of £, we consider the normalized induced represen-

tation of the form

H(Q,
IndBH_E_(Q)p) (X1 @ X2 @ Xx0.+),

where we recall that for b € B+ (Qp), X1 ® X2 ® Xx0,+(b) = x1 ® X2 @ Xo0,4 ().

Lemma 2.6.11. Let 7 be an unramified representation of H™ (Q,) so that

= Indg; (&1 ® & @ &o4),

with &1,&2,80 be unitary unramified characters of Q,;, then

n
T~ IndgH+ (61 ®& & +)-

Proof. Since &1,&2,& are unitary unramified characters. We can apply [Morl4, lem. 4.2, (3), (d), p. 50]
with s; = s = 0 in its notation. O

Theorem 2.6.12. Let % be an unramified representation of HY(Q,) satisfying the hypothesis of the
lemma 2.6.11, then

0 (n") =I5 (67 ' xE, /0, ® &XE, /0, © (G16260) ©NE,q,)
where the right hand side representation is the unique irreducible sub-quotient of
IndGoo (& 'XE, /0, ® &2XE,/0, ©® (162£0) °Ng, /g,) -

Proof. 1t is [Morl4, thm. 6. 21, (3), (d), p. 75].
O

Remark 2.6.13. Given an unramified character § : Q) — C*, the function {xg,/q, is an unramified
character. In fact, xg,/q, is a continuous map of the form Q) — {1}, where the right hand side is
endowed with the discrete topology. Therefore the product

éxe, 0, 1 Q = C¥,
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is continuous with the usual topology of C*. Moreover by definition both characters & and X|EP/QP are iden-

tically 1inZ}; . The previous discussion implies that Ind%igo (51_1XEp/@p ® aXE, /0, @ (§16280) © NEp/Qp)

is an unramified representation.

Theorem 2.6.14. Let o be an unramified representation of GSO4.2(Q,), then
Ly(s,0,A¢) = Lyp(s,m,std ® Xg/q)¢p(s),

where m is an unramified representation of H so that 6(o) C m|g+ .

Proof. The proof follows from comparing the Euler factors at p ¢ S, which is done in [Mor14, cor. 6.23, p. 81].
For the sake of completeness we show the proof of the theorem. Suppose that p inert in £ and that 7 is
an unramified irreducible sub-quotient of Inch;Gg . If 7 =6(c™), with o an unramified generic principal

series Indjg , x, then by [Mor14, thm. 6.21, (3), p. 73] we have that
&1 =x0°Ng,/q,, &2 = (xaxo0) © Ng,/0,, {0 = X1XE,/Q,-

Therefore, the Frobenius conjugacy class A, = (diag(x; x5 (»), x7 "x2(p), 1, 1), x1 (P)xE,/0,(P),T). As

in example 2.6.10, we thus have that /\%(AHP) = X&,/0, (D) - diag(x1(p), x3 ' (®), x2(»), x1 *(p), —1,1),
hence

L(s, I, A7) = [(1 + x&, /0, ()p°) (L = XE, /0, [P)P"°) _H(l —X5,/0,Xi(P)p" )1 = XE,/0,X; (P)p )]

= (1=p™*) "' L(s,0p,5td © xp, /0,);

as Xg,,q,(p) = —1. The proof in the split case is analogous. O

2.6.3 Shalika model and L—functions

In this section we explain the relation between the poles of the function L (s, A;), defined in 2.6.10,
and the existence of a Shalika model for a cuspidal automorphic representation 7. Furthermore, we will
explain key applications of this result; the equivalence between Shalika models and Whittaker models via
the theta correspondence and an integral expression for the L—function 2.6.8 which, combined with the
aforementioned relation, proves analytic continuation and functional equations for both L—functions.

Definition 2.6.15. Given any Schwartz function ® € S(A?) we consider the function fg(h, s) : GLa(A)x
C — C defined by

Falh,s) = \deth\s/ B((0, 4)h)|t[2d* 1.

AX

GL2(A)

It satisfies that f@(V S) € IndBGL (A)
2

x° where
x°: Bar,(A) = C,
b=("5) = lalilvlz"

Throughout this subsection we consider the Eisenstein series defined by the following expression

E(h, fa,s) = > fo(vh,s).

YE€BaL, (Q)\GL2(Q)

Proposition 2.6.16. Let fo(h,s) be a section of the form 2.6.15, the sum Z'YEBGLQ (Q)\GL2(Q) fa(vh, s)

converges for all s with Re(s) > 1. Furthermore the Fisenstein series E(h, fe,s) has meromorphic
continuation to C.

Proof. See [JacT72, prop. 19.3, p. 118]. O
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Let us recall that the Shalika subgroup S of G, defined in 2.4.19, is isomorphic to GLs Ng as algebraic
groups. We denote by

GL2(Qp) — S(Qp),
h— h*,

the embedding of GLs into the GLg part of the Shalika subgroup. Given a cuspidal automorphic repre-
sentation 7 of GU(2,2) and ¢ € m, we consider the global zeta integral

Z(s..05) = |

/ p(nh*)(n)E(h, fo, s)dndh.
AXGL2(Q)\GL2(A) /[Ng]

Proposition 2.6.17. The function Z(s,p, fo) has a simple pole at s = 1 if and only if the Shalika
functional defined in (2.4.25) satisfies Ss(p) # 0.

Proof. Tt is [FM13, prop. 2.1, p. 4129]. O

Theorem 2.6.18. Let m be a cuspidal automorphic representation and ¢ € w. The global zeta integral
has an Fuler product expansion i.e.

Z(Sawaf'ib) = HZ(Svﬂ-paf'iI))v
p

so that
H Z (87 7Tp, fCharo@o) = LS (87 ™, At) )
pES

where S is the set of primes so that the representations {mp}sgs are ramified.

Proof. The proof is in [FM13, se. 2, 3, p. 4129]. Tt is based on the unfolding of the global zeta integral
with the Eisenstein series. They express the zeta integral in terms of the Whittaker model of m and
hence, using the Casselman-Shalika formula of [CS80] the result follows. O

Theorem 2.6.19. The partial L—function L° (s, 7, \;) extends to a meromorphic function in s € C. It
has a pole at s =1 if and only if ™ has a Shalika model.

Proof. See [FM13, thm. 4.1, p. 4136]. O

Theorem 2.6.20. Let w be a cuspidal automorphic representation of G with trivial central character.
The representation 7 has a Shalika model if and only if there exists a generic representation of H, denoted
by o, so that = ©9°%(c+) with o a subrepresentation of |g+ .

Proof. The proof of this result is given in [Mor14, thm. 3.6, p. 44]. For the sake of completeness we give
a sketch of the proof.

We start assuming that 7m has a Shalika model. By proposition 2.5.28, the representation églOb(ﬂ')
is generic with respect to the character 1. We assume that (:)9101’(77) is not cuspidal to obtain a con-
tradiction. Let us recall that H ~ GSO(3,2) and GSp, ~ GSO(2,1). We define the group GSpy in an
analogous way to H*. Since ©9!°°(7) is non cuspidal, theorem 2.5.22 implies that the theta lift ©9°b(rr)
to GSpd is non-zero and hence by 2.5.4 that there exists an automorphic representation w of GSpd
so that ©9°°(w) = 7. In [Morl4, lem. 3.8, p. 44] the author uses the fact that 7 has a Shalika model
and égl"b(w) = 7 to obtain that the theta lift of w to GSO3 ; is non-zero. Since the group GSOs; is
the element below GSOy 2 in the Rallis tower, theorem 2.5.22 implies that 7 is non cuspidal, obtain-
ing the desired contradiction. The previous discussion implies that (:)glOb(w) is a cuspidal automorphic
representation of H' and then we are able to define égl‘)b(w)*, the cuspidal automorphic representation
of H defined in 2.5.14. From the definition of églOb(w)*, there exists an irreducible constituent o of
©9L9 ()* |1+ so that 7 = ©9°P ().
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Now let us suppose that there exists o a generic representation of H so that = = églOb(a+) with o
a subrepresentation of o|g+. Using 2.6.12 we have

L3(s,m, Ay) = L5(s,0,5td ® x/q)¢° (s),

where the above functions are defined in 2.1.59, 2.6.8 and 2.6.4. If ¢ is generic by 2.6.9, the L—function
L5(s,0,std®X p/q) does not vanish at s = 1. Since (*(s) has a pole at s = 1 we conclude that L (s, 7, A;)
has a pole at s = 1. Therefore, plugging together theorem 2.6.19 and proposition 2.6.8 we conclude that
7 has a non-zero Shalika model. O

Theorem 2.6.21. Given a cuspidal automorphic representation m of G the following three facts are
equivalent

1. The L-function L(s,m, At) has a pole at s = 1.
2. m has a non-zero Shalika model.

3. = égl"b(a+), with ot a subrepresentation of o|u+ where o is a generic cuspidal automorphic
representation of H.

Proof. Plugging together theorems 2.6.19 and 2.6.20 we obtain the result. O

2.7 Zeta integrals and Shalika models for GU»

This part of the thesis mainly based on [CT], a work with Antonio Cauchi. The main contribution of this
section consists of giving (partially) a new instance of the curious phenomenon where a Rankin-Selberg
integral of a cusp form on one group is used to represent an L-function of a different cusp form on another
group. The principal ingredient to obtain this equality is the determination of an explicit formula for the
Shalika functional. Therefore, one of the main focus of this section is on the proof of a local criterion that
implies the multiplicity one result of the Shalika model. The previous result allows us to approach the
computation of an explicit formula for the Shalika functional using harmonic analysis on p-adic reductive
groups. In the future we expect to relate this formula to the standard L—function of H. Along the
theta correspondence between similitude groups will play a crucial role (both local and global). Then, in
order to lighten the notation we will denote those correspondences by 6 and ©9°° as in the classical case.
Furthermore, given an unramified reductive group G and a character £ of the Q,—points of the maximal
torus of G, we will use the following notation I (&) := Indgcg.

Throughout this section we will consider the zeta integral
Ip.s) = | Ep(s.9)(a)dg,
H(Q)Zu (A)\H(4)

where E%(s,g) is the normalised degenerate Siegel Eisenstein series for H and ¢ is a cusp form in the
space of a cuspidal representation 7 of G(A) with trivial central character. This integral is analogous to
the integral for the group SOs 3 studied in [BFG92] and can be regarded as the degenerate companion of
the integral for SOy 2 studied in [Sug85] and [Pol18].

The integral I (¢, s) unfolds to the Shalika period of ¢. Thus, by the characterization given by theorem
2.6.21, it is identically zero if m does not come from H. From now on we will assume we are not in this
situation. Due to the nature of the resulting integral after the unfolding, there is an Euler product
expression for the zeta integral, more concretely

1) =TT Hton) =] | Fps(W)Sy(h - v0)dh
p V4 GL2(Qp) Nu (Qp)\H(Qp)

We approach the computation of the zeta integral from local to global. Firstly, we will describe explicitly
the functional Sp(-). Then, using the Weyl’s character formula and the equality 2.6.3, we will relate the
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resulting expression with the standard L—function of H.

The first (and main) step of the proof is the computation of the Shalika functional. We have to divide
our calculation depending on the prime p. In fact, according to proposition 2.2.5, when p is a split prime
of Q over E we get

G(Qp) = GL4(Qp) x GL1(Qp).

In this situation, the Shalika functional of G(Q,) is intimately linked to the Shalika functional of GL4(Qy).
Hence, it is unique and we may adapt the main result of [Sak06] to describe explicitly S,(h - vg). The
previous discussion allows us to obtain the following result.

Theorem (2.7.43). For Re(s) big enough, we have
I,(vo, s) = L(s, 0p,std). (2.-13)

The main body of this section is devoted to understanding the Shalika functional when p is inert over
E. In this case, there is no Casselman-Shalika formula available. Moreover, the multiplicity of the model
is not clear, see [CG21]. The strategy used in this section to approach this computation is based on
[CS80] and [Sak06]. This theory relies on the multiplicity one property of the model. Therefore, the first
step of the proof is the determination of a multiplicity one result for the model. In accordance with the
global situation we assume every representation m of G in the image of the theta correspondence with
the group HT. These are the kind of representations that will appear when we consider the above zeta
integral. If 7 = 0(c™) with % a constituent of the restriction of the generic representation IndlgH X to
H"(Q,), we will distinguish the following two cases:

e When |- |[*!, XE,/0, € 1X1, X2 X1X2, X1X3 '}, we will say that 7 is in the non-degenerate case.

e When xp, /0, € {X1, X2, X1x2, X1x2 '} and |- [F1 & {x1, x2, X1x2, X1X5 '}, we will say that 7 is in
the degenerate case.

The above classification is related to the reducibility of Indng|H+(@p) and allows us to exclude cases in
which the multiplicity is not yet known to be 1. The following theorem follows from applying Mackey
theory to the present situation.

Theorem (2.7.1). If m = 0(c™") is a representation in the non-degenerate case satisfying the hypothesis
of lemma 2.7.10, there exists a unique Shalika functional on 7 (up to constant).

From now on, we will assume every representation of G(Q,) is in the non-degenerate case. We will
approach the degenerate case in future projects. Using the ideas of [CS80] and [Sak06] we get the following
result.

Theorem. We obtain the following expression:

p72n Hae.:pl‘*_'l Ca(f)
Qe=? H@eégﬁ“s (1 - p_led)(gg)

ertr(@ita) TT (1—p~'e®) | (ge)-

< V,+,8
oz€<I>sp4

S5, (m(g9-x)vo) =

Proceeding as in the split case, we get the following theorem:

Theorem. For Re(s) big enough and p a non split prime we have
IP(UOa 5) = LP('S? Op, std @ XEP/QP)'

The main theorem can be derived from the previous two expressions for the L—function:

Theorem. Let 7 be an irreducible cuspidal automorphic representation of G(A) with trivial central

character. Suppose that m = églOb(a+), with ot a subrepresentation of o|g+ where o is a generic
cuspidal automorphic representation of H with trivial central character. We have

I((P, S) = IS(S)LS(Sv g, std & XE/Q)7
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where S is a finite set of primes containing the ramified primes for w, o, and E/Q, and Ig(s) is the
integral over the places in S and infinity.

This section is organized as follows: The first subsection is devoted to explaining the ideas that
motivated this section but are still unknown. In the second subsection we obtain a Casselman-Shalika
formula for the Shalika model of G(Q,) when p is split. Due to the structure of G, it is easily deduced
from the one treated in subsection 2.4.7. For the non split primes, we first prove in the third subsection
the uniqueness of the model using Mackey theory. Then, in the fourth subsection, using the methods of
[Sak06] and [CS80] we obtain the formula for the functional. In subsections 5 and we prove the equality
between the local zeta integrals and the local L—factors for the split primes using the previous results.
To conclude in section 6 we obtain the vanishing of the zeta integral with the Klingen Eisentein series
and the relation between the wedge square L—function and some period integral.

2.7.1 Future directions

Throughout the introduction, we emphasized that the main motivation for this section was the computa-
tion of the standard L—function of H using an integral derived from G. We did indeed achieve equality
for the unramified primes. The purpose of this section is to discuss the unfinished results and how we
plan to obtain them.

The two points that remain to be proved are:
e The multiplicity one property for the so-called degenerate case.
e The non vanishing of the ramified places.

Throughout this section, we will assume the automorphic representations with all their constituents
in the non-degenerate case. As a matter of fact, we intend to exclude the degenerate case by showing
that, if an automorphic representation belongs to the non degenerate case, then it cannot belong to the
cuspidal spectrum.

Our second expectation is that the function Is(s) obtained in our main theorem will not vanish.

Theorem 2.7.1. Let 7 be an irreducible cuspidal automorphic representation of G(A) with trivial central
character. Suppose that © = ©9°%(a+), with ot a subrepresentation of o|g+ where o is a generic cuspidal
automorphic representation of H with trivial central character. We have

I((p, 8) = IS(S)LS(Sv o,std ® XE/Q)v

where S is a finite set of primes containing the ramified primes for w, o, and E/Q, and Ig(s) # 0 is the
integral over the places in S and infinity.

2.7.2 A Casselman-Shalika formula for the Shalika model of GU,5: The split
case

In this subsection we will consider the split places, where we may deduce the result by a simple mod-
ification of 2.4.7. Let m be a unramified representation of G(Q,) with trivial central character and let
p be split over E. In what follows we describe how the Shalika model of 7 defines a Shalika model for GLy,.

According to proposition 2.2.27, when p is split there is a group isomorphism

G(Qp) ~ GL4(Qp) x GL1(Qp).

Furthermore, taking quotient at both sides we get PG(Q,,) >~ PGL4(Q,,). Since 7 has trivial central char-
acter by hypothesis, we may consider 7 as an irreducible unramified representation of PGL4(Q,). We con-
veniently combine the isomorphism 2.2.27 with conjugation by the diagonal matrix w = (diag(1,1,—-1,1),—1) €
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GL4(Qp) x Q. This has the effect of identifying the subgroup

GL?(QP) = {(g dct(g)I;tg’IIQ )} < G(Qp)a
with {((?4),det(g))} x {1} < GL4(Qp) x GL1(Q)) and the subgroup Ng(Q,) < G(Q,) with

NGL4(Qp) = {U(X) = (I )I() , X € M2x2(Qp)} < GL4(Q1)) X GLI(@p)~

Furthermore, under the previous identification, the Shalika character of G, denoted by x;,p, corresponds
to the character

Xp,GLs © Nan, (Q,) — C~
u(X) =y (tr(X)),

the so-called Shalika character for the group GL4, see 2.4.15. Moreover, according to the isomorphism
PG(Q,) ~ PGL4(Q,), the irreducible unramified representation = of PG(Q,) gets identified with

7 = IndG™ (),

BecL

where Bgy, is the Borel subgroup of GLg and x = (x1, X2, X3, X4) is an unramified character of the di-
agonal torus of GL4(Q,) satisfying H?Zl Xi = id (i.e. the representation 7 has trivial central character).
From now on, we assume the character y of the form y = x1 ® x2 ® Xz_l ® Xl_l. According to theorem
2.4.18 this hypothesis ensures the existence of a Shalika model for 7. This assumption is consistent with
the global setting. In fact, if 7 is a constituent of an automorphic representation in the image of a generic
cuspidal representation of H, the global Shalika model must exists, implying the existence of a local
Shalika functional. By the previous discussion, the existence of the model is equivalent to the fact that
the character of 7 is of the form y = y1 ® x2 ® Xz_l ® Xl_l.

Before continue we address the relation between the structures of Sp, and GL4. We let I', resp. W,
denote the Weyl group of Spy, resp. GLy4; we also let ®qr,, Psp, denote the root systems for GLy and
Sp,. The embedding Sp, — GL4 identifies I' as a subgroup of the Weyl group of GL4 and induces a
surjection

Dgr, — Psp,,

which is one-to-one onto the set of long roots <I>§p4 and two-to-one on the set of short roots <I>§p4. For
each a € ®gy, , we denote by «a, & the (possibly equal) elements in the pre-image of it.

Lemma 2.7.2. The functional S, : m — C defines a functional Sgi,,, p : @ = C so that for all v € T we
have

Sar, p((7 g) u(X) -v) = hp(tr(X))Sar, p(v), Vg € GL2(Qp), VX € Max2(Qp).
Proof. Tt follows by the previous identifications. O

Remark 2.7.3. The functional Sg1,, , obtained in the previous lemma is a Shalika functional for GLy4,
see section 2.4.2 for more details.

We recall that theorem 2.4.17 shows the uniqueness of the Shalika model for GL,, unconditionally. We
therefore normalize the functional S, according to the explicit expression given in theorem 2.4.58. Let o
be a root, we denote by ¢ its co-root. In this section we will use the following notation e%(§) := £(aq).

Definition 2.7.4. We define .
AP (g) == Sar,p(g - vo),

where vy is the spherical vector of m such that vo(1) = 1 (with vy seen as an element of @), Sqr, p(-) is
the Shalika functional such that

S Q 67PV HBE‘I)EL4(1 - 676)
B S | A O I R
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where @ =Y oy (IeL,wlcr, : Io,) ™t p= %Zaecbgm &, and A denotes the alternator

AC) = Y0 (=D w().

weWyn

Remark 2.7.5. As it is explained in the proof of [Sak06, thm. 2.1, p. 21], the factor H(XE{);M (1—p~te %) (xz)

appearing in the denominator of the formula above is non-zero as long as 7 is irreducible.

The formula given in 2.4.58 will be used to compute a L—function for the group Sp,. Then, in order
to relate the formula of 2.4.7, first we have to write the constants attached to GL4 in terms of constants
attached to Sp,. More concretely, on the one hand, for o € @G so that o € ®5P4, trivially a,, € Spy(Q,).
On the other hand, by assumption § is a character of the torus of Sp,(C), see remark (2.7.3). Then,
regarding § as a character of Tgp,, instead of Tgr, we get

€(aa) = e*(X7);

where 7 € SO5(C) is the semisimple conjugacy class attached to the representation IndJSBI;‘; 4§ . To lighten
the notation from now on we will simply denote X7 by xz.

Theorem 2.7.6. For all n > 0 we have

—2n

" p p+n(c+é -1_—a 5 -1
A1) = A T - ) ) () )
ae@;l
Proof. Tt follows from a combination of the previous discussion and theorem 2.4.58. O

2.7.3 Multiplicity of the Shalika model for GU,,: The non split case

There is no formula available in the bibliography for the Shalika functional when the place p is not split.
In order to find it using harmonic analysis for reductive p-adic groups, we need to establish a multiplicity
one result for the model. The forthcoming exposition is based on Mackey theory, i.e. in proposition 2.3.16.

In accordance with the global situation we will assume every representation of G(Q,) with trivial
central character and in the image of the theta correspondence with H*(Q,).
Orbits computations

The first step of this proof consists on the computation of representatives of the double quotient S(Q,) \
G(Qp)/Bc(Qp) when p is a inert prime in £. We denote by E, = Q,(d) the corresponding quadratic
extension of Q,. Let Pg ~ MgNg denote the Siegel parabolic of G and recall that S(Q,) — Pa(Qp)
induced by the inclusion GL3(Q,) — GL2(E,) x GL1(Q,), g — (g, det(g)).

Lemma 2.7.7. We have the following decomposition:

GQ)= || [| S@)wiBe(@)

weW5s weM Wy

1

where Ws = {id, ws = <5 ! 1 >} and MWy = {id, s2, 8281, 828152} the set of minimal length repre-
-5 1

sentatives (Kostant representatives) of Wi, \Wu with s1 and so defined as in lemma 2.2.10.

Proof. Using the Bruhat decomposition 2.1.34 we have

G(Qp) = |_| Pa(Qp)wBc(Qy),

weW
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where W is the set of Konstant representatives of Wi \We, with Wi, the Weyl group associated to
the Levi of the Siegel subgroup Pg. According to (2.2.1) and (2.2.2), the root datum of H equals to the
relative root datum of G, then Wy, \Wa = Wy, \Wn. Therefore the disjoint union above is indexed
by the elements in the set of Kostant representatives for the quotient Wi, \Wu. Thus any g € G(Q,)
can be expressed as m - n - @ - b for a unique W € ¥ Wy and some b € Bg (Qp). We use the following
notation m-n = (" .1 ,) (1¥) € Pa(@Qy).

Write m as the product of m'\, = (" Jtﬁ_lj) (T ,;), then we have
g = m/\,nwb = m'A\,n\, A\, Wb = m'n’\,wb = m'nw\,b € GLay(E,)Ng(Q,) 0B (Q,),

where we have denoted n’ = \,nA\;! € Ng(Q,) and X, = @A\, 0w~ € Tg(Q,). The previous discussion
implies

S(@QN\G(Q)/Ba(@) = || S(@)\Pa(Q)@Bc(Q,)/Be(Qy)

weM Wy

= |_| GL2(Qp)\GL2(EP)NG(Qp)@BG(@p)/BG(Qp)'

weM Wy

Finally, recall that GL2(Q,) acts on ]P’}Ep = GL2(Ep)/Bar, (Ep) with two orbits, one closed and one open

with generators given by the set
1
Wé:{ld7w6:<511 )}’
-1

see [Gro20, p. 18]. Since any @ is defined by the condition @~'®}, C @&, ie. W 'Bar,(Ey)w C
B (Qp), we use this fact to deduce

GQ)= || || S@)uwiBa(@,),

weWs weM Wy
which completes the proof. O

Following Lemma, 2.7.7, we now calculate the stabiliser of each orbit for the action of S(Q,) on the
flag G(Q,)/Bc(Q,). Before doing so, we denote by T5 the maximal non-split torus of GL2(Q,,) given by

Ts := {(b§2 2) : (a,b) € QZQ) ~ {(0,0)}},
which we see inside S(Q,) via the usual embedding GL2(Q,) — S(Qp).

Proposition 2.7.8. The group S(Qp) acts on the flag G(Qp)/Ba(Qp) with an open orbit Ow;s,s,s, and
seven closed ones. All possible cases are listed below:

o Oy = Stabid\S(Qp), with Stabyq = BGL2 (Qp)Ng(Qp)
o O,, = Staby,\S(Q,), with

«
1

Stab52 = BGL2 (Qp) { ( ' 1

= QI8

) : xEQp,aeEp}.
* 08251 = Stabszsl\s<(@p), with

Stab,, s, = BGLZ((@I,){(I 1 ) ze Q,,}.

1
o Ogys15, = Stabg,s,s, \S(Qyp), with

Stabs,s,s, = Bar, (Qp).
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o O, = Staby,,,\S(Qy), with
Stabwé = Tch;(Qp).

i Owész = Stabw532\5<(@p>, with

1 o
Stabwgm =Ty {( 1 6a+6?—66w

= QI8

) :xe@p,aeEp}.

o Ouyssys; = Staby,sys, \S(Qyp), with

1 gg: x
Staby;ssys, zTg{( 15!{1 595) : xEQp}.

1

® Ouwssysisy = Stabussys,s, \S(Qp), with
Stabw5525152 =Ts.
Proof. By Lemma 2.7.7, a set of representatives for the S(Q,)-orbits of G(Q,)/Ba(Qy) is given by {ww}

with w and @ varying in W5 and ™ Wy respectively. It is straightforward that the stabilizer of each
element v of this set is given by

Stab, := S(Q,) NvBg(Q,)v .

We start by computing the stabiliser of each element @ € M Wygy. Since ‘I’thg C wd*, we have

Stabg = Bar, (Q,)(Nag N WU 1)(Q,),

where we recall that Ug denotes the unipotent radical of the upper triangular Borel parabolic of G and

Bgr, embeds into S via the map b — (b det(b)J'b~1 J). Hence the following equality is straightforward:

Stabig = BaL, (Qp)Na(Qy),

Since s3 sends the Sp,-positive roots <I>§rp4 ={a1 —ag, a1+ 9,201,205} to {1 + g, a1 —an, 207, —2a2 },
then

1 T
Stab32 = BGLQ(QP) {< 1 a) S Qp,Oé S Ep}.
1

Similarly, sos1 and resp. s28152, sends (I)érm to {—a1 — ag, a1 — ag, —2a, 201 }, resp. to {ag — g, —ag —
ag, —2as, —2aq }, hence
1 x
Stabs,s, = Bar,(Qp) {( L ) T € @p} ,
1
Sta‘b828152 = BGLz (Qp)

We are now left with calculating the stabiliser of the orbits associated to the elements wsw. Conjugating
by uzgl we obtain
wy 'Stab,,pws = wy 1S(Q,)ws NwBg(Qy)w .

az 1 azx
Giveng:mnz(c a b)( 1’{“)65(@,,) we get
1

—c d

at+bs b 1 a=dx =«

1 | -1 _ ¢ d-bs 1 " a—é
Wy gWs = Wy MWsWy NWs = atbs —b vooasee ),
—& d—3b

with ¢ = ¢ — bd% + 6(d — a) and ' = y + §6x — da — 6a. Using again that <I>X/[G C wd™t, wy 'mw; €
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WBg(Q,)d L if ¢/ =0, ie.
c=0b6%>+d(a—d).

Since ¢ € Qy, this further implies that a — d = 0, hence m equals to <b52 ¢, _b>. When w = id,
—b82% a
wglnw(; € Be(Q,), which implies

a b
Stab,,; = {(W @ b) F (R0 e GLQ(@@)} Uc(Qr) = T5sNa (Qp).

a
—b6% a

1 x %
When @ = s3, Na(Qp) NwlUg(Q,)w~"! = ( Ly *>, hence wé_luwg € wUgw™ ' if v = 0. Thus
1

1 o oz
Stabw552 =Ty { ( 1 da+ (1)¢—66x T) } .

1
Finally, when @ = s281, resp. @ = s25182, Ug(Q,) N WNg(Q,)w~! equals to ( b

*

), resp. I4. From
1
this, one deduces the last two cases. O

Following the same ordering as in Proposition 2.7.8, we denote by {w; }iecr, with I = {1,..., 7}, the set
of representatives of the closed orbits, each with stabiliser Stab;. Moreover, we let wo, be the represen-
tative wssas1 s of the open orbit with stabiliser Tj.

Mackey theory

Now we are in position to apply proposition 2.3.16. In fact, let X = G(Q,), Y = Bg(Q,) and ¥
the vector bundle associated to the representation Ig (&) := Indg'cé via 2.3.2. If Z = X/Y — Oy,,,
proposition 2.3.16 yields an exact sequence of S(Q,)-modules, with S(Q,) acting on the right

0 — c-Ind3, &p — 7= IndF_ € — I, <|_| On 7., oi> -0, (2.-13)
icl
with &, the representation of T given by
/2, _ —-1/2 - /20, —
Son(9) = 55 (W gwop) 7, * (9)E (woy) gwap) = SH26 (wey guwop)
where the latter equality follows since Ts is unimodular. Notice that the restriction of ¥ to each orbit
O; can be identified with c—Indgt(gf’i)EwZ, where
/2, _ —-1/2 _
€ (9) = 5 (] gui)og2 (9)€(w; gu).
In the present setting we get
I, <|_| Oia 4//|L|i61 Oi> =TI, <|_| Stab; \ S(@p)wza %|Uiel Stabi\S(Qp)wi> .
iel i€l

In order to lighten the notation we will denote ¥|; := “1/||_|i€J Stab;\S(Q,)w, for any subset J of I. Let x5,
be the character on S(Q,) defined in 2.4.21. Applying the functor Homg (—, x,) := Homg(q,) (- Xx») to
the exact sequence (2.7.3), we obtain
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0 — Homg (I‘C <|_| O, V| iey Oi) ,x(s,p> — Homys (7]s(q,): Xs.p) — Homg (C—Ind%é‘op,x(;,p) —
i€l

— Extg (FC <|_| O, 41/"—'1’61 @i> ,Xg,p) — EXt}g (W‘S(Qp)7)(6,p) — EXt}g (c-Ind%&)p,Xa,p) — ...
i€l
We use this exact sequence to study the space Homg (7|, Xs,p). To do so, we study the contributions
of the open and closed orbits separately.

Lemma 2.7.9. The space Homg (c—Ind%fop,X&p) is trivial unless &1 (a)§2(@)p(a) =1, Va € B, in

which case
dim Homg (c-Ind%fomX&p) =1

Proof. By Frobenius reciprocity

Homg (c—Ind%fop, X&p) ~ Homr, (5}9/2501), 1) .

We now explicit 539/2§0p(g) = (5}9/2 (g)ég/jg(wgplgwop). Firstly, recall the notation

— J1
S 1 S
2 ( )? 1 ( )’wé_( )
-0 1

(15 a2 b a—bd b

_ —1 . _ bé< a —1 _ a-+bs

Hence wop, = ( 1 ) and, if g = o —b | €Ts, wehave Wop Wop = atbs —b |-
-5 -1 —b82 a a—bd

Since d5(g) = dpe (wop gwop) = 1, the space Homyy (62/25();,, 1) is trivial unless &(w;, gwop) = 1 for all

g € T5, in which case it is 1 dimensional. This condition translates to asking that & ()& (a@)éo(ad) =1
for all @ € Ef.

Recall that 7 has trivial central character, i.e. {1(a)é2(a)éo(aq) =1 Va € E.
Lemma 2.7.10. We have the following:

o Homg(c-IndS,p, Ew,, Xy) is trivial if i = 1,4,5,6,7;

e dim Homg(c-Indgtabszz, Xn) < 1 and it equals to one if and only if

§1(a)s2(a)éo(ad) =1, Va,d € Q.

The latter is equivalent to asking that & = id and & = f;l,

e dim Homs(c—Indgtab3§w3, Xn) < 1 and it equals to one if and only if
&1(a)s2(d)éo(ad) = 1, Va,d € Q.
This is equivalent to asking that &1|q, = &1 and &(a) = & (a).
Proof. By Frobenius reciprocity

HomS(C_Indgtabi gwi 9 X&P) =~ HomStabi (éé/Q(SS_tla{fng ) X&P

—1/2
S’tabi) = HomStabi (6Stabi€wi7X6,p|Stabi) .

In the case where w; € {id, s2, ws, wsS2, Wss2s1}, this space is trivial since xsp|stab; is not trivial while
55_;{3 w, 18 trivial on the unipotent part of Stab,. We are left with examining the cases of ws = s2s1 and

w3 = S98182. Let us start with ws. In this case

1 T ab 1 x 2
StabQZBGL2<QP){( 111> : $€Qp}; 5Stab2 (( da_b) < 111)> :%a
d
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ab 1 T
hence, ifgz( da_b) ( b ),We have
d 1

Ot € (9) = Oz, (9)0H2€ (w3 " gws)

5 a —b
()
d

{4 - 26 (a)&2(a)éo(ad)
&i(a ) 2(a)éo(ad).

¥

Therefore Homggap, (5S_t1a{322§w2’x7l|5tab2> is trivial unless &;(d)&2(d)éo(ad) = 1Va,d € Q, in which

ab
case it is one-dimensional. Similarly, Stabs = Bgr,,(Qp) and dstan, ( d o _b) = % which implies the

d
following equalities:

Igihh, (9)0 o€ (wy  gws)
= &'513@5(@2,1—1;)

d
= 4 lele) (a)€a(d)6o(ad)
£1(a)éa(d)o(ad).

Ot Eus (9)

Hence Homggab, (5S_t;{ai£wavxn|8tabs) is trivial unless £ (a)é2(d)éo(ad) = 1 Va,d € Q;, in which case it

is one-dimensional. O

Role of the theta correspondence

We now finalize the calculations of 2.7.3 and discuss the uniqueness of the Shalika model for unramified
representations of PG(Q,). After applying the exceptional isomorphism j : PG(Q,) ~ PGSO42(Q))
of Lemma 2.2.27, these unramified representations are assumed to be in the image of the local theta
correspondence for (HT, GSO42) of [Mor14]. Before continue the discussion about the multiplicity one,
we recall the following lemma, which allows us to divide the proof into two cases:

Lemma 2.7.11. Let &' =& @ & ® &) be a character of Tpa (Q,) defined by

5( e >H51<a>s§<b>sa< ), Va,b e Q) x € EJ.

va

The character £ :== € o j of Tpg(Qy) is given by <’l b = 1) — &1(a)é2(b)éo(v), where

§i(a) = (618 © Ng, sg,)(a)8(a),
§2(b) = &1 o Ng, jq, ()€ (D),
€o(v) = &8 (v).

Proof. According to lemma 2.2.27, we have

NEP /Q‘p (ab)

. a b uNEp/@p (a)
7 51 — vab
va vNg, /0, (0)

112
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with a,b € E) and v € Q). Thus, { := ¢’ o j is explicitly given by

e (i) o €N o, (@)L, o, ) b

va~ !

Regrouping the terms of the latter as

§1(Ng, /0, (a))6(NE, /g, ()€ (@)1 (N, /g, (0))€ (D)€ (v)5 (),

we get the result. O

We now turn our attention to local unramified generic representations in the image of the local theta
correspondence studied by [Mor14]. By [Morl4, thm. 6.21, p. 73], the theta lift §(¢™) of an irreducible
representation o of H(Q,) to GSO42(Q,) has a unique irreducible quotient #(c™) if it is non-zero.

Moreover, note that an irreducible generic unramified representation o of PH(Q)) is necessarily a princi-

pal series Ig(x) := Indgl({(%al)x, for a unique Wyg-orbit of characters x = x1 ® x2®x0, where x1, X2, X0 are

unramified smooth characters such that y1x2x3 = 1 and |-|*! & {x1, X2, X1X2, X1X5 ' } (see [RS07, Tables
A.1 & A.13]). We recall that, by corollary 2.5.32, the restriction Igg+ (x) of Iz(x) to HT is irreducible if
and only if xg /0, € {X1,X2, X1X25 Xlxgl}. To study the multiplicity of local Shalika models, it is thus
natural to distinguish between the following two cases.

The non-degenerate case

We say we are in the non-degenerate case when 7 is the local theta lift of I+ (x) from HT(Q,) so that

£ =(x0°Ng,/q,X2X0° Ng, /0, X1XE,/Q, )
| =Y XE, /0, & {X1. X2, X1x2, X1X2 ' -
Lemma 2.7.12. Let w be an irreducible generic unramified representation of G(Qp) with trivial central

character. Let us assume 7 is in the non-degenerate case. Then m = Ig(§) such that & ()2 (@) (aa) =
1, Va € Ef. Moreover, we have

HomS(Qp)(c—Indgg%i)fwi,X(;J,) =0, foreveryl <i<T.
Proof. Since xg,/q, & {X1, X2, X1X2, X1X5 ' }, we can identify oF = Ig+(x). The theta lift of ot is

calculated explicitly in theorem 2.6.12. Then (¢ ™) is the unique irreducible unramified quotient of

GSO04 5

Indp. o (X7 'XB,/0, © X2 ' XE,/0, ® (X1X2X0) © NE, /q,) -

By [Morl14, sec. 5.2.2, p. 53], this principal series is irreducible and thus isomorphic to 8(c™). Using the
exceptional isomorphism j : PG(Q,) ~ PG’(Q,) and lemma 2.7.11, we thus have II = Ig(§), with

§&1=x0°Ng,/q,

§2 = (x2x0) © Ng, /0,

§o = X1XE,/Q,-
We now examine the conditions of lemma 2.7.9 and lemma 2.7.10. Firstly, notice that the condition of
Lemma 2.7.9 is automatically satisfied; indeed, for any a € EPX, we have

& ()& (@)éo(ea) = (X1X2X0XE, /0, ) (ad) = 1,

because Ig(x) has trivial central character and xg, /g, is trivial on Ng /g, (E,). Now, notice that the
conditions &y = id, resp. §1|Q§ = 561, imply that x1, resp. x2, equal to xg,/q,, which would yield a
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contradiction. Therefore, by Lemma 2.7.10, we get

Homg g, (c-Indgyey €, xs,0) = 0, for every 1 <i < 7.

We can finally prove the uniqueness of the Shalika functionals.

Theorem 2.7.1 (Multiplicity one). Let m = 0(c™) be as in Lemma 2.7.12. Then m admits up to constant
multiple a unique Shalika functional.

Proof. By lemma 2.7.12, 7 is an irreducible unramified principal series of the form Ig(§), with & =
X0 ° Ng, /0, &2 = (x2X0) © NEg,/0,: 0 = X1XE,/q,, for certain unramified smooth characters x1, x2, xo
of Q. Recall that we have the long exact sequence (2.7.3)

S(Q
0 — Homg(qg,) <Fc <|_| O, 4//‘|—|'iel Oi) aX(S,p) — Homg(q,) (Ic (&), xs,p) — Homg(q,) (C-IndTg p)&p,X&P) —
iel

S(Qp)
— Extg(q,) <Fc <|_| Ou 7., oi) 7X6,p> — Extg(q,) (Ia(€), xsp) = Extsq,) (C_IndTa P €<>p,x5,p> — ..

iel

By lemma 2.7.10, we have
H S(Qp) _ .
omg(q,)(c-Indg,op” Ew,, Xsp) = 0, for every 1 <i <7.
Thus, we can apply lemma 2.7.13 to get
1
Homy(g,) (Fc <|_| Oi’“’/luiefoi> ’X&p> = Exts(q,) (Fc <|_| Oz‘f’/luiefoi) ,x(s,p> =0.
il il
Therefore, the short exact sequence gives an isomorphism
H 1 ~H Ind; @)
oms(q,) (Ia(§), xs,p) = Homg(q,) ( c-Indp " Eop, Xo,p ) -
By lemmas 2.7.12 and 2.7.9, the latter is exactly of dimension one. O

Lemma 2.7.13. Let £ be such that Homs(@p)(c—lndgﬁgfi)fwi,X(;,p) =0 for every 1 < i < 7, where we
recall that {w;};cr is the set of representatives of the closed orbits of S(Q,)\G(Q,)/Ba(Qy,). Then

Homg g, (rc <|_| Oi’”’/luiefoi> ,X&p> = Ext§g,) (rc <|_| Oi*’/luiefoi> ,XMD) =0.
el el

Proof. We will prove the statement by applying Proposition 2.3.16 inductively on the number of closed
orbits.

Firstly, let X = O1] |02, Z = Oy and let ¥|x be the restriction to X of the vector bundle ¥
associated to the representation Ig(§). By Proposition 2.3.16, we have the exact sequence

0 — c-Indg, o, &wy — Do (X, ¥|x) — c-Ind§ap, Ews — 0.

We apply the functor Homg(q,) (-, Xs,) to the previous exact sequence, obtaining

0— HomS(QP) (C—Indgtabsz,x(;m) — HomS(Qp) (Fc (X, "f/lx) aX(S,p) — HomS(Qp) (C_Indgtabl fwl y X5,p> — ...
(2.-13)
By hypothesis, HomS(Qp)(c—Indgg%i)fwi,X(;J,) = 0 for ¢ = 1,2, which shows the equality

Homgq,) (T (X,7|x),x5p) =0.
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We now apply an inductive argument on the number of closed orbits; given J = {1,...,j} C I so that

j+1e€l. Let us suppose
Homgq,) (Tc <|_| Oi,7/|1> 7X5,p> =0, (2.-13)

ieJ
where 7| ; denotes the restriction of #" to| |, ; O;. Applying Proposition 2.3.16 with X = |_|i€JU{j+1} O;,
Z = Ojy1 and with the line bundle ¥| ju¢;41y, we get an analogous exact sequence to (2.7.3). Using the

inductive hypothesis (2.7.3) and our hypothesis on the vanishing of Hom S(@p)(c—lndgigﬁ )

j+1£u1j+1 s X&,P)» we
obtain

Homg(q,) | I'c |_| Oi, Vsug+1y | v xew | =0.
ieJU{j+1}

By induction, this proves the following equality:

Homgq,) <Fc <|_| 0;, 7/|uiezt%> ,Xs,p> =0.

i€l

The vanishing of the Ext! is proved similarly. Firstly, notice that HomS(Qp)(c—Indggg&)gwﬁX(;’p) =0

if and only if Exté(Qp)(c—Indgggi)éwi,X(;’p) = 0. This fact is proved in the exact same way as for [Pra90,
prop 5.9 p. 17]. Then, the exact sequence (2.7.3) becomes

S p
0 — Extlq, ) (c-Ind 50 €0, X5.p) = Extlg) (Te (X, #]x) s xop) — Exthq,, (C—Indgtablfl, X&p) -

thus, by hypothesis, Ext};(Qp) (Te (X,7|x), xs,p) = 0. Using the same inductive argument as above we
obtain the result. O

The degenerate case

We are in the degenerate case when xg, /g, € {x1, X2, X1X2, X1X5 ' }, ie. Ta(x) ® XE,/0, = Ia(x)
At present we have not proved the multiplicity one property in this situation. We expect to exclude
this situation by proving that this would imply the existence of a pole of order two for the standard
L—function of H.

2.7.4 A Casselman-Shalika formula for the Shalika model of GU;5: The non
split case

Along all this section we will assume every representation m of G(Q)) (with p inert), unramified, with
trivial central character and in the non-degenerate case. Furthermore, we will assume the existence of the
Shalika model of 7. The last assumption is consistent with the global picture. In fact, any automorphic
representation which is in the image of the theta correspondence has a non-zero Shalika model by theorem
2.6.21.

Sketch of the proof

The strategy used to determine the formula will be analogous to the one described in subsection 2.4.7.
For the sake of clarity, we will discuss here an sketch of the forthcoming subsections, emphasizing the
differences with the proof of [Sak06].

The main goal of this subsection is to show an explicit expression of S, ((p"12 12) vo). Firstly, in
order to take advantage of the structure of the locally compact group G(Q,), we rather work with the
following translation of the Shalika functional:

Sp(g - v0) := Sp((wopg) - vo)- (2-13)



164 CHAPTER 2. L-FUNCTIONS AND SHALIKA MODELS

As in [Sak06, sec. 4, p. 9], using the work of Casselman [CS80] and Hironaka [Hir99], we may write the
above twist by

Sp(g—r-v0)=Q7" > [ cal®T;1A5.0c(Ry_,chary). (2.-13)

weWn ae@;
wa>0

The previous formula reduces the computation to the constants
Tw*_1 Ag)%(Rgﬂcharl).

It is necessary to remove this dependence of T"_,Ag ¢ 0N g—x. This step is called the first reduction.
Using the multiplicity one result obtained in the previous subsection (see theorem 2.7.1), we show that
(2.7.4) is equal to

Q7 II X0 cal®€T 105 (90To1 Ag o (chary). (2-13)
weWH acdf;
wa>0

By 2.2.19, the elements wqy, —a, and wan,—q, generate Weyl group. Therefore, once again by the multi-
plicity one result, the computation will conclude by determining the following constants:
17 AS,“M*W £(Char1) = Cay—as (wal_az 5) -1+ p_QAS',wal*aZ §(Charlwal —agl, 12 E),

wo‘l —a2

T*71 AS-’Won,aOg(ChaI'I) = c20¢2_040 (W2a2—o¢0 5) -1 +p_lAS,w2a2*0‘0f(Char1w2a2—aoI,w2a2ia05)’

w2a27040

On first thought, the only indeterminacy above are the constants
Agwa(charjwj,wg),

when w = Wqa, —a, OF Wan,—a,- Hence, in order to conclude the computation we have to obtain a formula
for the distribution A Gwer This step is called the second reduction. Due to the non-split structure of
the group G, the computation differs from that in 2.4.7. The absolute convergence of the intertwining
operators T, is the main ingredient for this part. The third reduction consists of presenting a formula
based on the recently determined formula for the above constants. In the fourth reduction we will use
the previous results to show an explicit formula for the Shalika functional.

Throughout this subsection we fix a non split prime p of Q over F and m = Indgcf an unramified
representation of G(Q,) with trivial central character and in the non-degenerate case. Further, we
suppose 7 lies in the image of the local theta correspondence from non-degenerate representations of HT.
For the following exposition we recall that the relative root datum of G xg Q, with respect to Tg s is
equal to Py, the reduced root datum of the group H.

Preliminary step: structure theory of G

This subsection is devoted to computing constants needed to give an explicit expression for ¢, (§) in the
cases of interests for the dissertation. We recommend skipping this section for expert readers.

For the following discussion we will denote by wq,ws € W(G, Ta 5)(Q,) the Weyl elements associated
to the roots a; —ag and 2as —ag. We recall that these two elements generate the group W(G, Ta,s)(Q,)-
Furthermore, we fix s; and so two representatives of wy and ws in Ng(T)(Q,). An explicit choice of
representatives may be found in lemma 2.2.10.

Lemma 2.7.14. We have
[Twol : I = p.
Proof. Let us note that there exists a group isomorphism

U(Q;QQ_QU (Zp) = Zp.
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By 2.1.64, the Iwahori subgroup I has Iwahori factorization of the form
I = Bg(Z,)Ug (pZy).

Therefore o o
IwyI/I ~ Bg(Z,)Ug(pZy)we/Ba(Zy)Uc(PZy). (2.-13)

By direct computation (2.7.4) is equal to

—

Do—or —2as—« —2as—a _ —_—
weBE* T (Zp)Ue ' (Zp)Ue " (W) UG (WLy)/ Be(Zp)Uc (PLy). (2-13)
Since U~ (pZ,) C Bg(Z,) and Tg 2 (pZ,) C Ug(pZ,) we have (2.7.4) equal to
So—a —2as—« —_
W2Bé 2Ty (Zy)/Ba(Zy)Uc (PLy).
Using Bé(g_\ao (Zp) = Ng(Zp)TG(Zy) and ﬁzaz_ao (Zp) € Ma(Zy) the above quotient is isomorphic to
— 20— —
wla™ " " (2,)/Ba(Z,)Uc (pLy)- (2.-13)
Equation (2.7.4) implies
e ™" () /U™ (vLy) ~ F,.

Therefore, there are p cosets of the form

72&2 — Q0

w2Ug (7)/Ba(Zp)Uc (PZyp),

with j € F), and

Corollary 2.7.15. We obtain q20,—a, = P-

Proof. Tt follows combining lemma 2.7.14 and the proof of [Cas80, thm. 3.4, p. 14]. O

Lemma 2.7.16. We obtain
[TwiI: 1] =p?

Proof. Proceeding as in the proof of lemma 2.7.14, we find

S —
a1 —o

Iy I ~ w B **(Z,)Uq (Z,)Uc"~ “* (0Z,)U& ~*2(pZ,)/Ba (Zy)Uc (pZy)

a1 —0o2

~wilUg (Zp)/Ba(Zy)Uc (PLp)-

We recall the group isomorphism
Ug' ™ **(Zy) ~ Og,.

P

Therefore, since
] — Q2

Ue (Zp)/UiGm_Oé2 (pZp) = Fp ®Fp,
we proceed as in the proof of lemma 2.7.14 to conclude. O
Corollary 2.7.17. It holds that 4o, —a, = p*.

Proof. Tt follows combining lemma 2.7.16 and the proof of [Cas80, thm. 3.4, p. 14]. O

P 1
Lemma 2.7.18. We have aq,—a, = ( v » ) and 20y —ap = < P o1 )
p! 1
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Proof. The Q,—points of the Levi subgroup associated to a1 — s is isomorphic to GL2(E},) x GL1(Qp).
It is known that (GLa(E,) x GL;(Q,))*" = SLy(E,), which is simply connected. According to definition
2.3.57, the element a,,—q, is the image of a representative of the following coset

a =

<(P)*(P)2 ((p)—(@*~" )

throughout the map SLy(E,) — G(Q,). By direct computation the first equality follows. For the root
2a5 —ay, the simply connected cover of the Q,—points of its associated Levi subgroup is equal to SL2(Q,).
Proceeding as above we conclude. O

Remark 2.7.19. Using lemma 2.7.18 and [CS80, p. 19] we may show alternative proofs for lemmas
2.7.14 and 2.7.16.

Preliminary step: Twist of the Shalika functional

The main goal of this subsection is to justify and explain why the twist of the Shalika character may
benefit us. Furthermore we will show the equality (2.7.4).

Let w,p be the representative of the open orbit of S(Q,) \ G(Qp)/Ba(Qp) (see 2.7.8). We define the

group 3 o
S(Qp) = wOPS(QP)wo_pl = W6GL2(Qp)NG(@p)W<;17

Furthermore, we set the character
X5pt 5(Q,) — C*,
S X(sap(w;plswop)v
and the map
IndSX&p — Indgxgm,
fe fslg) = fwg, g).

It determines an isomorphism of representations. Hence, the composition of (2.7.4) with the map
Ind(B;Gg — Indgxtgﬁp given by the existence of the Shalika model, results in a G(Q,)—intertwining map
of the form
G G
IndBGE — Indg X3 .p-

The above representation may be seen as a different realization of the Shalika model of G. Its associated
Shalika functional is given by

S3p(m(g)v0) = Sp(m(wg, g)vo) = Sp((wg, gwop)vo), (2.-15)

where the last equality follows because wo, € G(Z,). Furthermore, using the map P defined in 2.3.45,
there exists an associated distribution to Sg , which we will denote by

Age € D(G(Qp))e-1-

The main computation of this subsection may be rewritten as follows:

p>\ p7>\
8p<7r< pA11>UO>:S§’p<7T< pA11>UO>’

p)\
where A > 0. From now on let us denote gy := ( » ) ) Using the work of [CS80] and [Hir99] as we
1
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did in section 2.4.7, we obtain

Sg, (m(g-x)vo) =Q! Z CWZI(:fé)_)T*_lAS7N€(RgACharI), (2.-15)
weWH Cw

where I is the Iwahori subgroup of G(Q,), R,_, is the right translation by G(Q,) on C°*(G(Q,)) and
cw (&) and ¢, (&) are the constants associated to the group G defined in propositions 2.3.62 and 2.3.60
respectively. From now on, we will use the following notation :

aw(g9-x) = T*_1A§7w€(Rg7Achar1).

To conclude this subsection, we will simplify the constants CC‘”( = 2) In fact, by direct computation

Furthermore, since
_ 1- q;I wf(aa) _ 1- qglg(auﬁla)

Ca wf = - = Cy-1a Ea
- R ©
we obtain
II coral®=IT cal®-
a>0 a>0
w_1a>0 wa>0
The previous discussion allows us to rewrite the formula (2.7.4) by
Sg, (m(g-a)v) =Q7" Y. [] cal&)Ts1Ag.(Ry_,chary). (2.-15)
WEW”{a€©+
wa>0

First reduction: Dependence on A\

The main goal of this reduction is the proof of the formula (2.7.4).

Lemma 2.7.20. The Iwahori subgroup I satisfies the following property
19;1 - BG(QP)S(QP)'

Proof. The Iwahori factorization provides I = Bg(Z,)U; where Uy := ([, Ug((p)))t First of all, it is
straightforward that Igy ' = Bg(Z,)U1gy ' Since Bg(Zp) is trivially a subgroup of Bg(Q,), we reduce
the proof of the statement to show the inclusion U;gy " C S(Q,). Since g_x C Bg(Qy), this is equiv-
alent to show that gkﬁlgxl C Bg((@p)g(@p) Moreover, by direct computation we get gAUlg/\ c U,.
Therefore we conclude this proof showing that U; C Bg(Q,)S(Q,).

Let us write an element of U as I +wuy, where u; has all their entries in (p). Proposition 2.7.8 implies
that the algebraic groups Bg and S are complementary and hence their Lie alebras. Therefore we may
find h1, an element of the Lie algebra of S with coefficients in Z,, so that

bl =u; + hl, (2—15)
with b; an upper triangular matrix. Then

(I+U1)(I+ hl) =1+ u + hi +urhq,
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where uy + hy is upper triangular by (2.7.4). We repeat this process recursively, obtaining an element
h=1+hy+hs+..€S(Z,), (where the convergence of this sum is provided by the fact that h; has
coefficients in p?, with j > 0), so that

(I 4+w)h € Ba(Zy),

obtaining the result. O
Proposition 2.7.21. For any w € WH and ¢ € Indg'G w¢ with supp(¢) € Ba(Q,)S(Q,) we have

Ssp@=[ o,
Ba (Qp)NS(Qp)\S(Qp)

Proof. Since we have assumed the representation Indng with trivial central character, the proof follows
parallel to the proof of 2.4.52 given in [Sak06, cor. 5.5, p. 13]. O

Let f € C2°(G(Q,)) be a function so that ¢ = P:(f) € Ind§¢ has support contained in Bg(Q,)S(Q,).
Combining the definition 2.3.45 with the formula 2.7.21, we get

& = —lgl/2 T 2)x=1(5(z))dz -
Ag(f) /B(QP)S(QP)E o5 " (b(2))f(@)xg (5(x))dz, (2-15)

where dz is the Haar measure of G(Q,) and the constants b(z), §(z) are the Bg(Q,) and S(Q,) parts
of z respectively. Since the group Bg(Q,)S(Q,) is dense in G(Q,), almost every element of G(Q,) may
be expressed in the above form and hence the equality makes sense. From now on, we normalize the
measure dz in such a way vol(I) = 1. We fix our Shalika functional as the one defined by the distribution

(2.7.4), i.e. fixing the normalization
Sg ,(Pe(charr)) = 1. (2.-15)

Proposition 2.7.22. The Shalika functional satisfies
Ag (Ry_,chary) = £71612(gx) = ar(g-»).

Hence, for any w € WH
aw(g-») we—151/2
— = Y& 07 (gn)
Gy, (90) ( )
Proof. The first statement follows parallel to proposition 2.4.56.

Since the operator T,-1 is G(Qp)—equivariant, the functional 77}, (Ag ) is a Shalika functional on

Indg w¢. According to the assumption at the beginning of the subsection and theorem 2.7.12, the Shalika
functional is unique (up to constant). Therefore, there exists a constant ¢ € C satisfying

T:_1(A§75) = CAg,wg.
Using the first statement of this proposition, we get
Ague(Ry  dB) = “€716'2(g5). (2-15)

Therefore

aw(g_)\) _ Cw£7161/2(g—>\) _ w§7161/2(g_>\).

A (90) c
O
The above proposition allows us to simplify the formula (2.7.4), obtaining the first reduction:
S5, (m(9-2)v0) = Q7" T D7 cal©“6101* (91T Ag o (chary). (2-15)

weWH aE<I>IJ:I
wa>0
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Second reduction: Convergence of the Shalika functional on all of its domain

The main goal of this subsection is the proof of the convergence of the formula (2.7.21) for all the elements
of 7, where 7 is an unramified representation satisfying certain local constraints. Moreover, this reduction
concludes with the meromorphic continuation of thios formula to all kind of unramified representations.

We first consider the following auxiliary calculation. Recall that we have denoted by T5 the maximal
non-split torus of GL2(Q)) which is equal to the stabilizer of the open orbit wep, (see proposition 2.7.8)

Lemma 2.7.23. We have an tsomorphism
T5 \ GL2(Qp) =~ Tl(Qp)NGLz (Qp),

where Tl(@p)NGLz Q) = {t )(glc 1), Y€ Q;;v T e@p}

Proof. Recall that the group GL2(Q,) acts on ]P’}Ep ~ GLy(E,)/Bgr, (Ep) with two orbits, generated by
the elements (1:0) and (1 :6). Every matrix g = (¢ 4) € T5 \ GL2(Q,) acts on (1:§) by

(a8) (1:6)=(a+1b6:c+dd).

Denote by Oj; the corresponding orbit. It consists of elements (m : n) such that mn # 0 and mn=! € Q,.
Since Ty \ GL2(Q,) acts transitively on Os, we have T5 \ GL2(Q,) ~ O; as topological spaces. On the
other hand, the subgroup T1(Q,)Nar,(Q,) = {(Y ;) (L)} € GL2(Q,) acts on Os with one orbit, with
representative (1 : §). Concretely, if (¥ ) € T1(Q,)Nar,(Qp)T1(Q,), we have

(1) (1:0)=(y:2+9),

which implies that the stabilizer of (1: ) is just the identity matrix; hence T1(Qp)NcrL,(Q,) ~ O;s as
topological spaces. O

We now can study the convergence of the period integral of Lemma 2.7.21 for all ¢ € Ig(&). Since &
is an unramified character, we can write §; = |- [>1 oNg_/q,, &2 = |- |72 0 Ng_/q,, and § = | - [2°, where
21, 22, zp are complex numbers such that | - 172221 = 1. In particular, Re(zp) = —Re(z1) — Re(z2).

Proposition 2.7.24. Suppose that Re(z1) > Re(z2) + 1 > 1. The period integral of Lemma 2.7.21
converges absolutely for every ¢ € Ia(§) and thus represents a Shalika functional.

Proof. As Ig(€) is unramified, it suffices to prove the proposition when ¢ is equal to the spherical vector
¢0, which we therefore assume from now on. In order to simplify the calculation, after conjugating by
Wop (using (2.7.4)), the convergence of the integral for S follows from the one over the Shalika group S
given by

Ssplon) = | i, PO NG ()

/ / /Nc@p w™twy Mt (y)a(e)n)x;s , (0)lyl, T dnded™y,

where, for the second equality, we have used the isomorphism of Lemma 2.7.23, and denoted w := s9519;
moreover, we have used the fact that the right Haar measure ds corresponds to the right Haar measure
on T1(Qp)Nar,(Qp), which is |y|'dzd*y (up to a volume factor coming from the normalization of ds
chosen in 2.7.4).

Notice that wy 't(y)n(z) = ¢t (. s 1) = (W)t (4 2ys 1) Where v : GLy(E,) < Pg(Q,), so that the
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integral becomes equal to

5(%0) = / / (W™t (o2ys 1) WG, ()Yl dndzd™y
Ne Qp

/ / / lb(x—lyé 1)”)X;;(n)|y‘;1dndxdxy
NG Qp

/ / WM (o 2ys 1) WX (1) (€060) (v)dndad ™y,
Na Qp

where in the last equality we have used that ¢o(t(y)g) = 551/2( t(y))po(g). As ¢g is fixed by the right trans-
lation action of G(Z,) and since conjugation by the Weyl element s; yields s1¢ (I_ly(; 1) S1=1 ( 1 ””_195 ),
the integral simplifies further as

/ / /NG@p o(wg "¢ (M 7777) )G, (n) (Ga60) (y)dndaed ™y,

where we have denoted wgy := s2515251, which is a representative of the longest Weyl element of W.
Since & = |- |5 oNg, /q,, & = |-1;? 0Ng, jq,, and & = |- [:°, we have that (£,€0)(y) = |y[57 t*° and the
integral above is domlnated absolutely by

/ / / |¢O wO L (1 x—1y6) ’Il)| |y|§e(zl)7Re('z2)dnd$de,
NG(QP

where we have used |xg;(n)\ = 1. Furthermore, since {0} € Q,, is a measure 0 set of Q, and ¢ (wot (* *¥° ) n)
is a continuous function in all y € Q,, if Re(z1) > Re(22) + 1 the latter extends to

L ot (15 ey
NG(QP

We now show that the latter integral converges. We write it as the sum of two integrals by splitting
the domain of z,y into {z,y : * —dy € Op} U{z,y : © — 0y & Op} and analyze each separately. The
first integral equals to

// d(Edy _ Zp—n(Re(zl) Re(z2)—1) / / / |¢0(UJ61L ( 1 z—lyé) TL)| dndxdy
NG(Qp)

n>0
S Zp—n(Re(zl)*Re(z2)71) / |¢0(w0_1u)} du,
n>0 UG(QP)

where we denoted Q,, = {y : |y|, = p~"}. The latter converges because Re(z1) > Re(z2)+ 1 and because
the intertwining operator

Ty (d0)(1) = /U o ol

converges absolutely as long as Re(z1) > Re(z2) > 0 (see [Sha81, (2.3)]). The second integral equals to

L o o B (]l
T P G (Up
¥ - B e(z1)—Re(z2)—
N //{ Sygo }/N @,) ’¢0 “o K (ac 1y (w—y6)71) t ((x E(P 1 1) n)‘ |y|§ (z1)=Re(z2)=1 g gz dy
= P G
1 _ B B
- //{x SygO. }/]\/' (Q )‘¢0(b ((xiyé) x:g];é) wO 1n)’ |y|;1:){e(Z1) Re(22) 1dndmdy
- P G (Up

-/ [l ] lyta? — a2l MR dndady,
{z—0y€0p} / Na (Qp)
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_ _ -1
where for the third equality we have made the change of variable n +— ¢ ((w’f? ! 1) nt ((xf;“‘i) ' 1)

and we have used that (“"f‘i)fl 1) € GLy(0,); for the fourth, ¢o(e ((w*y‘;)_l x:;é) 9) = &6 (z —
yo)|z? — 6%y?|,00(g). Notice that

if <
ly 1z — y52‘p _ |y|2p B 1 up(y) < vp(2)
|2y, i vp(y) > vp(2).

In particular, |y~ *z? — yé?|, < 1 because x — §y & O,,. Therefore

(2.7.4) < 37 pr(RelenReza) 1) / [Go(w™1m)| d,

n>1 Nc(Qp)
and the latter converges as above because of our hypotheses. O

This section concludes with a meromorphic continuation of the functional above. The principal tool
for solving this problem is Bernstein’s theorem. We will closely follow [GPSR87, (12.2), p. 126] to state
this theorem.

For the following discussion we fix Y a vector space defined over a field K, Y* = Homg (Y, K) its
dual vector space and D an algebraic variety defined over K with ring of regular functions K[D] over K.

Definition 2.7.25. A system of equations = in Y* is a collection of pairs {(y,, \v)}ver, with y, € Y,
Ay € K and R some set. A solution of Z is an element [ € Y* satisfying I(y,) = A, for all v € R.

Definition 2.7.26. A function f: D — Y is regular on D if it belongs to Y ® x K[D]. In other words,
if it can be expressed as a finite sum
Z YiPi,

where y; € Y and ¢; € K[D].

Definition 2.7.27. Let {E;} be a family of systems of equations in Y* parametrized by d € D. {E,} is
polynomial in d if all the systems =4 are indexed by the same set R = {v} and, (before specializing at
any d € D) given any v, z, 4 € Y @k K[D] is a regular function and A, 4 € K[D] (in other words, when
we evaluate z, 4 and A, 4 at certain dy € D, we will obtain elements of Y and K respectively).

Let L = Frac(K[D]). We will denote Y7, := Y ®x L and Y} = Hom(Yy,L). We may regard a
system of equations over Y as a system of equations over Y7 .

Theorem 2.7.28. Fiz a polynomial family {Z4} with K = C, D an irreducible variety over C andY of
countable dimension over C. Suppose further that there is a subset Q C D, non empty and open (with
the Hausdorf topology), so that for each d € Q, the system Eq has a unique (rational) solution lg € Y} on
some subset D' C D, whose complement is a countable union of hypersurfaces I(d), then lg is the unique
(rational) solution of Zg4.

Proof. Tt is in [BL19, Appendix A, p. 47]. O

This result is specially useful to obtain meromorphic continuations for expressions satisfying certain
symmetry conditions. The following corollary is a concrete example of the application of this result.

Corollary 2.7.29. Let D be the set of unramified characters of PG(Q,) of the form (2.7.3), for which
(2.7.3) holds. There ezists a unique non-zero Shalika functional on Ig(§), which satisfies (2.7.4), for
almost all & € D. Moreover, if {¢¢}eep is a rational family of functions ¢¢ € Ig(&), then the period
integral Sz (¢¢) of (2.7.21) is a rational function on § € D.

Proof. We apply theorem 2.7.28 to the system of equations given by

e D is the complex variety defined by the unramified characters of Tg s(Qp).
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e The rational functions of Ig(&) are X ®@c C(D), where X is the space of locally constant functions
on G(Z,) that are left-invariant under Bg(Zy).
® Sz, is a Shalika functional on I (§), for all £ € D,
o S, satisfies (2.7.4).

Indeed, by Proposition 2.7.24, there exists a unique normalized Shalika functional Sg,p, given by the
period integral of Lemma 2.7.21, for £ € D which satisfies that Re(z1) > Re(z2) + 1 and Re(z2) > 0. The
latter conditions define an open subset of D - here we are identifying D with the variety C? by sending
& — (z1,22). We can thus apply Bernstein’s theorem to deduce that there exists a unique non-zero
Shalika functional Sz, satisfying (2.7.4) for almost all £ € D. This has the further property that, if
{¢e}eep is a rational family of functions ¢¢ € Ig(§), then SS,p(¢£) is a rational function of £ € D. This
concludes the proof. O

Third reduction: expliciting the right hand side of (2.7.4)

The main results of this reduction are the propositions 2.7.32 and 2.7.34. They determine the constants
T;,lAS wg(charj) for the Weyl elements associated to the roots 2as — g and a1 — g, i.e. the generators
of the Weyl group.

For a € (I>Jé, denote by U& C Ug the one parameter unipotent subgroup associated to it. Explicitly,
if a equals 2ap — g, Tesp. a3 — ag, we let

1
) Qs — 1
$2a2—ao-Ga—>UGa2 ao,l/'—>( ?{ )a
1

ly
Tay—ay : Reso, z,Ga = Ug' ™™, y = ( b _y> .
We have the following decomposition.
Lemma 2.7.30.

1. The element $9T20,—a,(y) € saN2¥27%(Z,) factors as
1 1 . 1 1 N
( -1 }y ) = Y —1y ( y_l 1 ) € BG(QP)S(QP)v
1 1 1
if y # 0.
2. The element $1Ta,—ay(y) € SIN**~*2(Z,,) factors as
L —(y+by) " @(yﬂﬁby)*l v —by ~
Y — Y
( 1 —11/> B (YT+by) ™ y(yy+by) v by | € Ba(Qp)S(Q),
( -1
where y = a, + 0by, if yy+ b, # 0.

Proof. Tt follows from a direct matrix calculation. O

For the following discussion we denote by dy the additive Haar measures of E,. Since the homomor-
phism Op, ~ Zf) preserves the topologies of both sides, we have

dy = Cdadb,

where da and db are the additive Haar measures of Q,, giving Z, measure 1. Since

1:/ dy=C [ dadb=C,
Os,

Zy
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we have dy = dadb. To compute the ratio of T77_; Ag ., ¢ by Ag ¢» 1t is enough to evaluate it at the element
Liw. Recall that, thanks to our normalization (2.7.4), Ag ((11w) = 1.

Finally, recall that, since our principal series is in the image of the theta lift the character £ is of the
form (2.7.3):

£ = (xo°Ng,/0,:X2X0 © NE, /0, X1XE,/Q, )

for some regular unramified character x of Tg(Q,). In the following discussion, we will use the following
equalities derived from theta correspondence:

f(a2a2—ao) = Xﬁl(an—Otz)’ g(aal_(XQ) = XﬁQ(QQOtz—ao)'

Lemma 2.7.31. Suppose that & satifies the hypothesis of Proposition 2.7.24; then
/ (671642) (ble))x5 (5())de = 1 — p~! — p1€(d20; a)-
s3N2a2720(Zp)

Proof. Given x = sa%2a,—a,(y) € SQU(Q;O‘Z_O‘0 (Zy), the first point of lemma 2.7.30 shows that, if y # 0,

(€710 (b(x))x5 (3(x)) = |yl €2(y) x5 (wop(@)wiy)) = ly[22 1yt (26%7Y).

Since N2@270(Z,)) ~ Z,, the integral, away from {0}, reduces to
—ig1/2 1= zo—1 — _
/ (€ DO (ade = [ 0, 20 .
52 N2%27%0(Zy) Zp

where we recall that dy is the additive Haar measure of Z,. The previous integral is equal to

p)i—(p)7*!

Zp‘j@“‘”/( ey (—20%y ™ )dy. (2-18)
=0

Since the conductor of the character y — ¢51(—252y*1) is Zj, the only two integrals of (2.7.4) that
contribute to the sum are the ones with j = 0 and j = 1. They are equal to 1 — p~! and —p—2
respectively. Thus, the integral is equal to 1 —p~! —p~ 2+ =1 —p=1 _ P 1€(a20,—ay ), Where for the
latter equality we have conveniently used the matrix asq,—q,- O

Proposition 2.7.32. We obtain the following equality:
Tw*g_lAS‘,“2€(CharI) = X" (@ay-a2) 205 - a0 (),

where we recall that co,—a,(§) is the constant defined in 2.3.60.

Proof. Due to the resemblance with [Sak06, prop. 8.1, p. 17], the result is completely analogous to the
aforementioned one. Despite this, for the sake of completeness we will show the proof of this result. Using
theorem 2.3.64 and corollary 2.7.15 we obtain

T, (Paxg (charp wag)) = (Cons—aq (“2€) = 1) Poag (chary wag) +p~ ! Poag (charyg,p wag) -

-1
2
Using the first statement of proposition 2.7.22 and equation (2.7.4) we obtain

TZEIAS',“Qﬁ(CharI) = Cas—a (w2£) -1+ p_lAg,sz(Char18217“’2§)7
reducing our computation to Az w,.(charrs, s «2¢).

If we express every element of Iso1 as a product of the form B(Q,)S(Q,), the formula (2.7.4) provide
an explicit expression for Ag,wzg(Chaflsﬂ,wzgf Using the Iwahori factorization of I we find that Isol =

Ba(Z,)Uc(pZy)s2Ba(Zy)Ug(pZ,). Considering the unimodular subgroup attached to the root 2as — g
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we get
—2as—a — 2as—o Qo—a o—a —2as—a — 2as-o
Ba(Z,)Ug " (0Lp)Ua " (PLy)sa BE* (L) BE* " (Z,)Ua " (0Zp)Uca " ()
—2az—« ao—a —2as—« — 2
= Ba(Z)Ua = "(WLy)s2Ug " (Zy) U~ " WLp)Ue " (0Ly)-

Since 82_1U7G20‘27&0 (pZyp)s2 = Uéaro‘“ (pZ,), the group (2.7.4) is equal to

20—
(

BG(ZP)32U(2;a2_a0 (Zp)% PZLp)-

—

The previous expression discussion allows us to rewrite the coset I'soI as Ba(Zp)s2 Uéo‘rao (Z,)Uq TUg 2 (pZ,)
in a measure preserving way except for the constant [Is21 : I] that is equal to p by lemma 2.7.14. Moreover
using lemma 2.7.20

—

pr) - BG(ZP)S2U(2}O‘27QO (Zp)BéOQiao (Zp)g(Zp)
= Ba(Zy)s2UE> " (Z,)S(Zy).

2@0
(

Bg (Z;D)S?Ué%iao (Zp)%

By the formula (2.7.4) and the left and right G(Z,)—invariance of 5_1513/2(b(x))xg1(§(x)) we obtain

Ague(lrsr) = / oy )g—lag/Q(b(x)) f@)x3" (3(z))da, (2.-19)

where the Haar measure dz is normalized such that vol(Bg(Z,)) = vol(S(Z,)) = 1. Applying lemma
2.7.31 to equation (2.7.4) we get

T:;Ag’wz&(charj) = _§(a2az—ao)62az—ao &) = _X_l(aal—az)c%cz—ao (6),

where we have used (2.7.3) to identify &(a2a,—ao) = X~ (Ga,—a,). This proves the result for the set of
characters which satisfy the hypothesis of Proposition 2.7.24. By Bernstein’s theorem, 2.7.28, the section
T, (Pozg(chary)) is a rational function on the character variety of Tg,s. Then we apply Corollary
2.7.29 to deduce that Sg ( -1 (Pos g(ChaI‘[))) is a rational function on the character variety and hence
we extend the expression to every &. O

Lemma 2.7.33. Suppose that & satisfies the hypothesis of Proposition 2.7.24. We have

_ 1a 1 1 — px(a2a;—a,)
LY 2 () 32 (3( dxz—[l—&— — 1) s
/91UQ1QQ(Z )g BG( ( ))XS ( ( )) p2 (p ) 1+X(a2a2—ao)

Proof. Given & = s1%q,—a,(y) € $1UG'~ “*(Z,), with y = a, + b, such that yg+b, # 0, lemma 2.7.30(2)
shows o .

(€152 (b)) x5 (5(x)) = [y + byl " (E160) (T + by).
Since ¢ is unramified, we can write

(6160) (WT +by) = lyg + by |27,

for some complex numbers z1, zg. Let us assume for now that zy and z; satisfy 2Re(z1) +Re(z9) — 1 > 0;
we first prove the formula in this region and then extend it to other values of zy and z; by meromorphic
continuation. Fixing an isomorphism O, ~ Z of Zy-modules, for which the topology on O,, corresponds
to the product topology on 22 then we can decompose

X p)UZ;xZ;UZ;x(p)U ) X Zy = |_|A
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Using this, we write the integral away from the elements y = a, + b,0 such that afl — §2b§ +b, #0, as
/ €102 (b())x5 " (5())do = Z / — 0%b2 + b, |221+Z° " daydb,, (2.-19)
s1N*1=22(Zy)

where day, db, are additive Haar measures of Z,. We now solve each of the integrals appearing in the
right hand side separately.

We may factor the ideal (p) = | J;5,(p)" — (p)"*'. We thus get

— 622 + b, |27 daydb, = /
/(p)X(p)| ’ Z

i,5>1 (p

2z1+20—1

= 8%y + by| db,day,.

i (p)itt /<p>f’—<p)f+1 !
By direct computation we get

2 272 ) ) ) L I if §<2i
|ay —9 by + by|p |(p)’*(p)’“x(p)’*(p)”1 - {5*21' ifj‘>21'

Writing vol; j = vol((p)® — (p)**1) - vol((p)? — (p)?*1), then the integral is equal to

j=2i—1
Z Z VOli’j .p—j(2z1+zo—1) + Z Z VOli,j _p—2i(2z1+z0—1)
i>1 =1 i>1 j=2i+1
+ Z/ / a2 — 6262 + by [>T dbyday,.
=1 p)it1 J(p)2i—(p)2it1

First of all, we compute (2.7.4) explicitly: since vol((p)® — (p)"*) = p~(1 — p~1), (2.7.4) is equal to

21—1
(2 —2i(2 —1y—
§ ’E p —j(2z14+20)— +§ § P i(2z14+20— %)
i>1 j=1 i>1 j>2i+1

We analyze each sum separately. By direct computation,

Qizz—lp (2aro)— . 212211) j@mto) _ - p2z1+zof2i(2zl+zo) _ pzzl+zo—i(2(2zl+zo)+1) 7p7i.
= 1-— pzzl""zO 1— p221+zo
Therefore
2i-1 ‘ 1
Z Z pfj(QzlJrzo)fz == T p2Fateo prz(Z 221+20)+1) Zpﬂ
i>1 j=1 i>1 izl

B 1 p2Z1+ZO 1
1 — p2a1tzo p2(2z1+z0)+1 1 p—1

p2z1+20+1 +1

C(p— D(pPeatt — 1)

as long as Re(2z1 + 29) > —1/2. Regarding the second sum, we get

—2i —2i(2 1
—2i(2z1420—1)—j _ . —2i(2z1+20—1) i 2i@ata-n) P P H2artzots)
§ p =p § p =D =
R R p—1 p—1
j>2i+1 j>2i+1
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Therefore

—2i(2z1+20—3)—J — —2i(221+20+3) — )
>y Ly e —

i>1 j>2i+1 i>1

Hence, the sum of (2.7.4) is equal to

( B 1)p2z1+z0—1 + 2p—2
p p2(221+20)+1 _ 1 :

We now evaluate (2.7.4). Writing any element a € (p)* — (p)**! as o = p*@, with & € Z), we may write

it as
Zp72i(2z1+z071)p73i/

i>1 Ly XLy

~ |221420—1

a2 — 6%p*b2 + b, da,,db,, (2-19)
p

where the volume factor comes from the Jacobian of the change of variables (&, Ey) = (p~ay, p~2b,),

which is exactly
vol(pin—pi+1Zp)-vol(p2in—p2i+lZp)
vol(Z )2

— 3.

By doing the variables change (a,, 8,) = (a,b; 1, bt — 62p?%), which has trivial Jacobian, then
g g ¥ Py y

y 0y
(274) — pri(2(221+zo)+1)\/ }0612] +5y|221+zo—1 daydﬂy
i>1 Zy XZy P
= 3 priCEnta (g _p—l)/ 14 20 gy
i>1 Zy
. _ o1
S et 4 g
i>1

—1 —2 1—p—t
=(1-p )p2(2z1+io)+1,1 (pT + p2Z1+pzo_1)v

where for the second equality we did the change of variables u = 3,/ ai, for the third we have divide the

integral into the one over 1+ u ¢ pZ, and 1 + u € pZ,, and, for the convergence of the geometric series,
we have used that Re(2z; + zo) > 1.

We now calculate the other three terms of (2.7.4). Firstly, the integral over Z) x (p) is immediately
equal to vol(Z, )vol((p)) = pp_zl, while the integral over (p) x Z,5 equals

/( e a2 — 6°b5 + by [ 720" day, db, = / lazb,® — 6% + b, 2T daydb,
P) XLy

(P)XZy

_ / a2 — 62 + b 1[50~ 1dg, db,
(p)xZy

= vol((p)) / ju — 822120~ Ly

P
_ —1/p=2 1—p~ !
*p ( D + p221+20_1)7

where for the second, resp. third, equality we have used the change of variable a, = ayb, L resp.
u=>b14a2.
Y Yy

Doing the analogous changes of variables as above, we may write

/ |y — 070, + by [, 0~ daydb, = / jay — 6% + by ;70" daydb,.
Zy XLy

Ly XLy
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Furthermore, since p is inert, 62 is not a square modulo p, hence a -6 c Z, . This fact (and a change
of variable u = b, (a2 — 6%)7") let us write the integral as

/ a2 — 6% + by 2710~ daydb, = vol(Z;)/ 14w+ du
Ly XLy Zy

P
2 1—p~ !
(]‘ - )(Pp + p221f20_1)’

Hence, the contributions of the last three terms of (2.7.4) add up to ppZI + ’)’%2 + %. Summing
this with (2.7.4) and (2.7.4) gives

1 _ 1 2z1+zo+1+2 1 1
pj [ -p—1+ 2z1+zf 1 + e 2()2(51+20)+1 1 ) + 2(221320)+1 1(17 2+ W)}
1 221+zo+1 +1

ZT p221+20 —-1

i)

where, by (2.7.3) and the fact that xz, /@, (p) = —1, in the last equality we have used that —x(a2a,-ay) =
221+20
D O

Proposition 2.7.34. We obtain the following equality:

1+ p 'x(a2a5—a0)
1+ p~'x " a2as—a0)

ijlAg,ng(CharI) = _X_l(CLQOtQ*Oéo)COq*OQ (f)

Proof. We prove the formula following the same strategy as in Proposition 2.7.32. In particular, by
proposition 2.3.64 and corollary 2.7.17, we have

wal(Pwlg(charI)) = (Cay—an (“1€) — 1) Purg(chary) + p~ 2 Puy¢(charyg, 1).
Applying Ag . to (2.7.4), we get
le—lAS,%g(CharI) = Cay—as (wlf) -1 +p72A§,5(char1511).

To calculate Ag,g(charlsl 1) explicitly we use two facts. Firstly, we express every element of Is;] as

a product of the form Bg(Q,)S(Q,). Secondly, we initially assume that ¢ satisfies the hypothesis of
proposition 2.7.24 to use formula (2.7.4) for the Shalika distribution and then extend the result for all £
by using corollary 2.7.29.

In the exact same way as in Proposition 2.7.32, we get that I's;I C Bg(Z,)s1N®(Z,)S(Z,). Thus, if
¢ satisfies the hypothesis of proposition 2.7.24, we get

Agglebar =g [ 0N G (2-22)

where the Haar measure dz is normalized such that vol(Bg(Z,)) = vol(S(Z,)) = 1, and p? comes from
the volume factor [Is;I : I]. By lemma 2.7.33, we get

1 — px(a20, -« 1—p'x (02050
( 2 0) :71+p(p71) = ( 2 0)'
1+ X<a20¢2*a0) T+x (a20t27040)

Ag,f(chaljsll) =—-1+4+ (1 7]))

Hence, (2.7.4) becomes

1—p "X 0205 —a)
1+ Xﬁl(a2(12—0¢0)

T} 1Ag e (chary) = ca,—ao (1€) = 1= p~2 +p7 (p — 1)
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Since o
1—p*x*(a2a5-a0)
1- X_Q(GQQZ*OCO)

- 1*p72X2(a2 o) _
e (1E) — 1 — 2 _ SRS 1 — ‘=
Car—az (“1€) p 1 — x%(a2a3-ac) g

we thus have

_1 _p_ZX_Q(CLQaz—ao) 1 _p_lx_l(a%cz—ozo)
1'_;X72(a2a27a0) 1'+TX71(a2a2*ao)
__1“p_1X_1@Dazfao) 1+ p~'x (0205 —a0)
B 1+ x ' (az2as—ao) X Hazas—ay) — 1
_ 1-p '\ Ma2as-00) P+ X M(a205-a0)
B 1‘+fxil(a202—ao) 1‘7/X71(a202—a0)
1——p*2X42(a2a2,a0). 1+—pflx(a2a2,ao)
1 — x2(a2a5—a0) L+p~x Ha20,—a0) .

ijlAS’,wg(CharI) +p_1(p_ 1)

+1—p!

:'_Xiluhazfad

1-p %x " ?(a2a9—ag)
1_X72(a20¢27a0)

Since oy —a, (&) = , we get the desired formula. O

Fourth reduction: The Casselman-Shalika formula

Before starting the proof of the final theorem, we will recall a simple formula involving products of
covariant expressions. If k, is an expression which is covariant with « (in the sense that wky, = ky,-14),
we have

— [} kfa
o ) _ 1 <0 )
Ha>0 koc H a>0 k(x

wa<0

(2.-22)

Lemma 2.7.35. We get
- —w ™!
H X 1(aa) =ef p(gxfl)'

ae@;
Proof. Taking k, = &(ay) in (2.7.4), we get

—1
+ X a _
Hacap x7000) 3100

Macog, X 1(@-a) @ Tlacog X ' (@a)’
wa<0

Isolating the term we want to compute, we obtain

[T v @)= [ x " @au-1a)-

I I
wa<0

Hence, using the fact that y is a character, we get
H Xﬁl(aa) = X(apfwflp)v

ae@ﬁ
wa<0

where we recall that p = % Zaeq)ﬁ «. Furthermore, expressing the result in the dual group notation we
conclude. O

Lemma 2.7.36. We obtain

1+p x(aq) [ocap 1 +ple e
H = (gx“) .

L+p~tx~1(aa) | P S

+.1
Py
wa<0
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Proof. Taking ko, =1+ p~tx(a_o) and ®*! as the set of roots in (2.7.4), we get the result directly. [J

For the following theorem let us denote by é , the restriction of £ to the split torus.

Theorem 2.7.37. We obtain the following expression

p 1l ‘PECG(@ (&4 ~1_-a
Ssp(0-300) = BT <pg:+,s€(1—pled)(gg)“4 S | S e I

o‘ze{)gl;js
Proof. Let us start by recalling the formula obtained in (2.7.4),
1/2 %
S5, (m(g-x)vo) Z H 164 / (92)T5-1Ag we(chary).
weWH a6<1>+
wa>0

As we explained in 1.5.42, the group W is generated by w; and ws, with representatives s; and so. We
will proceed then by induction. By 2.7.32 and 2.7.34 we get

1+ p71X(a2a270¢o)
1 +p_1X_1(a2a2—ao)
- 1—|—p71x(az —a)
_ —1 Z(WQ) 1a c a2 —OoQ ,
0 I x e TT «© 11 7

acdt acdt acdt!
woa<0 w1 a<0 woa<0

le—lAg,wlg(CharI) = _Xil(GQOtQ*Oéo)COél*DQ (5)

Tjgl Ag’w%(char]) =—x! (Gas—az)C205—a0 (§)

S0 T M) T cale) [ iMoo

1 +p_1X Hazas—a
acdt acdt aedt! ( 2 O)
w1 a<0 woa<0 wia<0

Our inductive hypothesis is that, for every w € Wy, then

]‘ -1 o —
T Agu(chary) = (1)) T xYaa) [ el© ] + P~ X(9205-a0)

1+ p~Ix " Haga,—
acdt acdt aedt! X205 -a0)
L(w)a<0 wa<0 L(w)a<0

where ¢ : WH — WH is the map which sends w; to wy and viceversa. We point out that £(¢(w)) = £(w).
We will prove that 7™_, ,1A§ Wl%(charl) satisfies the expression of the statement. The case wow is

completely analogous. First of all we may write the above expression as T, (TsflAg’wwg(charf)).

Then, proposition 2.7.34 yields

1 +P71w : X(a2a2—ao) T* A
-1
1 +p_1w : X_1<a’20627010)

TG (T;flAS‘,wlwg(Charl)) = ~w X" (a205-a0)Ca1—as (“€) Guwer (2-22)

where w acts on the character x via the theta correspondence, i.e.

w - X_l(a2a2*040) = w£1/2(a0¢1*a2) = 51/2(0’“’_1‘(041—&2))'
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Using the inductive hypothesis we get that

2.7.4) == T x(aa) [] a© ] 1+p~"x(a205-0a,)

1,1
acd” acd™ aed ™! L+ (020:-a0)
t(w)a<0 wa<0 L(w)a<0
1 +p_1w . X(a2(¥2—ao)
1 +p71w ’ Xﬁl(a@az—ao)

W X_1<a2a2—a0)ca1—a2 (wg)

First of all we observe —(—1)¢“(«) = (—1)4u(w12))  The ¢, (&) constants satisfy

Car—az (V€) H Ca(f)zcwa(al_(m)(f) H ca(§) = H ca(§)-

acdt acdt acdt
wa<0 wa<0 wiwa<0

In fact,

{a € ®F, st.wwa <0} ={a € ®T, st.wa<0}U{aedt, st.wa=a;—a}
={aed", st.wa<0}U{w! (a1 —ag)}.

As have been used consistently throughout this subsection, the constants £(as) and x(as) are related
by the Theta correspondence. At the level of roots, it has the effect of the map t : &y — Py, which
sends a; — a to 2a0 — g and 2a — g to a3 — as. The previous map between root systems induces the
morphism ¢ between the Weyl groups of both sides. Hence, we get that t(wa) = ¢(w)t(a), which yields
the following equality:

w- X 0205 —a0) = X (Gu(w) 1 (200—a0))-

Replying the argument we used to deal with the ¢, (&) constants, we get

w - Xﬁl(a2a2—ao) H Xﬁl(aa> = H Xﬁl(aa)v

acd™ acd™
t(w)a<0 t(wiw)a<0
l+p'w- X(a2a5—a,) 1 +p71X(a2az—ao) _ H 1 +p71X(a2a2—au)
1 +p71w : Xﬁl(CLQGQ*OéO) .1 1 ""_pilXil(aQaz*Oéo) .1 1 +pilxil(a2a2*ao)
acd™’ acd™’
t(w)a<0 t(wiw)a<0
Therefore by induction we prove the equality (2.7.4).
Furthermore note that, since gy = (pnl I), we can write (Y¢€71)(gn) = (=1)" - ‘(w)x(an(gal_ao));

hence, after reordering the sum, the above expression is equal to

_1¢1/2 . 1+ p~x(aq)
Q 153/‘3(%) H ca(§) Z (‘UZ(WHL(WX(an(szao))) H x(a-a) H W.
ae¢; wewH oc€<1>;f[ ae@;‘l e
wa<0 wa<0

1

Using lemmas 2.7.35 and 2.7.36 and writing w™" = wwy, the formula becomes

@ (Maeay (1+ 2 (@)
Hag@;v’ (1+p~x(a-a))

)

Q_l(S]lB/(f(g)\) H Ca(g) Z (_1)Z(W)+nx_1(aP+w(p+n(2a1—ao)))

a€d}; weWH

where we have written “X(an(2a;—ag)) = X~ (Gnw(2a1—ag))- To further simplify the formula, we can

express it all in terms of the Satake paramaters of I (£). To do so, first observe that via the isomorphism
between the dual group of PH and Sp,(C), the set of positive roots of PH is isomorphic to set of positive
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co-roots of Sp, via the map (explicited in the proof of [RS07, Lemma 2.3.1])
{041 — o, a1 + e — ap, 201 — g, 209 — 040} — {dg,@l, a1 + dig, v — (542}.

Using this and the fact that g; = xg, /0, (p)diag(x7 ' (®), x5 - (p), x2(p), X1(p)), the expression reads as

052 (93) Tacas, cal€)
Qe [Lsepys (1 —p~te®)(gg)

A | eptntatas) H (I1—pte™®) (9¢),

~ V,+,8
aE@SM

where we used the convenient notation of {(a,) = e‘i(gé) and the definition of the alternator A(-) =
S, (=D @u(). As 5]13/2(%) = p~?", we get the formula. O

Remark 2.7.38. If Ig(&) is irreducible, applying the previous we get the vanishing of the Shalika func-
tional.

2.7.5 The zeta integral
Siegel Eisenstein series on H

We define the Siegel Eisenstein series associated to H and describe some of their properties. We follow
[KR94, sec. 1] closely, with the only caveat of moving to s = 1/2 the center of the functional equation.
Recall that in (2.2.2) and (2.2.2) we introduced the Siegel parabolic Py of H with Levi deomposition
My Ny where

Mp(R) = {m - (q Wg_llé) , g€ CLo,pc GLl},

for every Q—algebra R. Denote by dp the modulus character of P given by

det(g) ’3 )
M

g *
5PH : ( #I;tg—llé) —

We denote by Ip(s) the degenerate principal series representation of H(A) consisting of smooth functions
fs on H(A) so that

3(s+1)
fs(nmg) =03, (m)fs(g), Vn € Nu(A),Ym € Mu(A).

Let us recall that as in remark 1.6.7, the representation Ip(s) factorizes as follows
Ip(s) ~ ®1P(@p)(5)7
p

where Ip(g,)(s) is the representation of H(Q,) consisting on smooth functions f, , on H(Q,) so that

l S
Fen(nmg) = 535 () £, (g). Y € Nux(Q,). Vi € Mis(A).

Given a standard holomorphic section
fs € IP(S)’
we define the degenerate Eisenstein series

Ep(g,s, fs) = Z fs(vg),
YEPu(Q)\H(Q)
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which is absolutely convergent in the half-plane Re(s) > 2 and admits analytic continuation to a mero-
morphic function on € which satisfies a functional equation (cf. [KR94, (1.5), p. 11])

EP(g75a fs) = EP(Q, 1- SzM(S)fS)v

where M(s) is an intertwining operator defined in 1.6.8. At a finite prime p, let f£7s be the function in
Ip(g,)(s) such that f (k) =1 for all k € H(Z,). We assume that f, is a pure tensor and denote by f,
its p-adic component, which equals fg . almost everywhere. Let S be the finite set of places containing oo
and all the primes p such that f, ¢ # fg’s. Following [KR94, (1.11), p. 12], we then define the normalised
Siegel Eisenstein series to be equal to

Ep(g,8) = (s +1)¢%(25)Ep(g, s, fo)- (2-22)

It follows from [KR94, thm 1.1, p. 12] and [KR94, thm, 4.12, p. 39] that E}(g,s) has at most simple
poles at the points s = 1, 2.

The zeta integral and Shalika periods

Let 7w be a cuspidal automorphic representation of G with trivial central character. Let S be a finite set
of places containing co and all the ramified primes for w. We take a cusp form ¢ € w. Recall that by
remark 2.2.15 we have the embedding

H = GSp; — G.

We consider the following integral:

I(p,s) = E%5(h, s)p(h)dh, (2.-22)

/H(Q)ZH (A)\H(A)

where E} (g, s), defined in defined in (2.7.5), is the normalised Siegel Eisenstein series for H associated
to a normalised standard holomorphic section fs = ®),fp s € Ip(s), i.e. such that

fos = Cp(s +1)(p(25) S,s, Vp ¢ S.

Note that this integral converges absolutely as the restriction to H(A) of ¢ is rapidly decreasing.

Proposition 2.7.39. The integral I(p,s) unfolds to

/ Fo(0)Ss((h)g)dh,
GL2(A)Nu(A)\H(A)

where S is the functional defined in remark 2.4.25.
Proof. We start by unfolding the Eisenstein series to get

/ Fu(B)o(h)dh. (2.-22)
P (Q)Za (A)\H(A)

Collapse the integral over the unipotent radical Ng obtaining that (2.7.5) is equal to
/ / fs(nh)p(nh)dndh
Mu(QNu(A)Za (A)\H(A) Y Nu(Q\Nu(A)
p(nh)dndh,

/ fu() /
Mu(Q)Nu(A)Za (A)\H(A) Nu (Q\Nu(A)

where the equality follows from the definition of fs € Ip(s). Let us denote unipotent radical Ng of the
Siegel parabolic subgroup of G, which is commutative. Using the Fourier expansion of the cusp form ¢



2.7. ZETA INTEGRALS AND SHALIKA MODELS FOR GU; » 183

over [Ng/Nul], see 1.4.11 for the details, we obtain that the above integral equals

/ 1.(0) Y ), (2-22)
Mu (Q)Nu(A)Za (A)\H(A) X

where the sum runs over the characters x : [Ng/Nu] — C* and where we have denoted
oy (h) = / o' h)x(n)dn'.
Na(Q\Na(4)

Recall that any character x : [Ng] — C* is of the form
n' =P (tr(A- (5 5))),

where A € Mayyo(E) satisfies A= IL AT, 4 is a non-trivial additive character on Q\A and where we
have used the notation from (2.2.1) i.e.

1 azx
n'z( 131"1), with z,y € A, € Ag,
1

If A = (a;;), the associated character x is trivial on Ng(A) if a11 + a2 = 0 and a12 = as1 = 0.
Therefore any character y : [Ng/Nu| — C* can be described as follows by

n = (Te((° _5) - (5 5)) = v(da - da),

with § € E such that 6 = —4. To emphasize its dependence on §, we denote this character by xs.

As My acts on Ng by conjugation and this action preserves Ng, Mu(Q) acts on the space of
characters of [Ng/Nu|. Indeed, if m = (g Hlét,g—llé) € Mu(Q) ,

xs(mn/m™Y) = xs/(n'), with &' = p~'det(g)n.

Then the group My (Q) acts on the space of characters of [Ng/Ng] with two orbits, the trivial one and
an open one associated to any ys with § # 0. Using this action, we can write the integral (2.7.5) as

plm)dn'dn -+ [ Fo(h)oxs (h)d,

fa(h) /
/MH(@)NH(A)ZG(A)\H(A) [NG] M;5(Q)Nu(A)Za (A)\H(A)

where Ms(Q) denotes the stabiliser in My (Q) of xs. Precisely, m € Ms(Q) if u = det(g) and hence we
can fix an isomorphism

GL2(Q) — M;(Q)
g = m(g,det(g)),

where m(g, det(g)) = (g det(g)1} tg—11£>. As the first integral of (2.7.5) vanishes because of cuspidality
of ¢ along [Ng],

I(p,s) = Fs(R) @y, (h)dh.

/GLz (QNu(A)Za (A)\H(A)
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Collapse the integral over [GLs], to get

I((P?S) = fs(h)(px,s(h)dh

/GLz(Q)NH(A)ZG\H(A)

_ / / f2(m(g, det(g))h) gy (m(g, det(g))h)dgdh
GLa(A) Nu (A)\H(A) JGL2(Q) Ze (A)\GLz (4)

= / s(h / ¢xs (gh)dgdh
GLa (A) Nex (4)\HL(4) L (Q) Zc (A)\GLa (A)
- [ FoW)Ss(r(R)o)h,
GL2(A)Nu (A)\H(A)
3
where we have used that dp, (m(g,det(g))) = j::ggg =1. O

Corollary 2.7.40. The integral I(y, s) is identically zero unless one of the following equivalent conditions
hold

1. m is (globally) generic and L°(s,w,A;) has a pole at s =1,

2. m= égl"b(0+), where ot is an irreducible cuspidal automorphic representation of HY appearing in
olg+, with o a generic cuspidal automorphic representation of H with trivial central character.

Proof. Tt follows from the combination of proposition 2.7.39 and theorems 2.6.19 and 2.6.20. O

In order to relate I(¢p, s) with the partial standard L-function, we study the local integral

I(v,s) = / Fors(R)S,y(h - v)dh,
GL2(Qp) Nu (Qp)\H(Qyp)

where v € m, and S, : m, — C is a local Shalika functional defined in 2.4.22, i.e. a functional with the
property
Sp(mp(gu)v) = X5p(u)Sp(v), Vg € GLa(Q), Vu € Ng(Qp)-

Suppose that p is a finite place of Q so that m, is unramified. Let vy be a spherical vector in 7,
then, using the Iwasawa decomposition H(Q,) = Pu(Q,)H(Z,) and the fact that f, s and vy are H(Z))-
invariants, we get

I (v, 5) = / 57 (0) . a(2) S (p - 0)dp.
GL?(QP)NH (Qp)\PH (Qp)

As Pu(Qp) = Mu(Qp)Nu(Q,) and the multiplier identifies GL2(Qp)\Mu(Q,) ~ Q,, we have

Ip(v07s) = /@x 5}79;((1 /ﬂ))fp’s((l ul))SP((I /ﬂ) -vo)dxu

= foo) [ S ) v
Lemma 2.7.41. IfS,((! ur) - v0) # 0, then |pul, > 1.

Proof. As vy is spherical, we have for u € Ng(Z,)
Sp (7 ur) - v0) = Sp (7 ur) w) - v0)
(((Iul)“ (Ilrlf) (UI)) '”0)
I I

Sp
Sp
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Hence, since by hypothesis S, (( 4 " 1) . vg) = 0, we deduce the equality

(o)) =1

since ¢ is a p—adic integer. This implies that |u| > 1. O

By Lemma 2.7.41, we can further write the integral as

I(v0,8) = fys() D "8, (7 )y ) - 10)

n>0

= fos (D p IS, (") - v0),

n>0

where in the latter we have used that the central character of 7 is assumed to be trivial. From now on,
the following two subsections will be devoted to finding an explicit expression for S, ((?"! ;) - vo) and
then relate Ip,(vo, s) with the L—function L,(s,mp, A¢). Since by proposition 2.2.5 the group G(Q,) has
a different behaviour depending if p is split or non split, we divide the computation of our functional.

2.7.6 The split prime: Unramified computation

In what follows, we explicitly calculate I,,(vo, s) when p is an unramified prime for = which splits in E.

Factorization of the standard L-function

We recall that, according to theorem 2.6.14, we get
Ly(s, vaAf) = Ly(s,0p,std)(1 - P

where o, is an irreducible unramified representation of H(Q,) with trivial central character such that
0(mp) C 0p and L(s, 0y, std) denotes the Euler factor associated to the 5-dimensional representation piq
of Sp,4(C) = LPH of highest weight e; + es. Notice that the Satake parameter associated to o, equals
to the Satake parameter of m, and thus is equal to xz, see 2.3.74. We recall the reader that 7, is the
unramified representation of GL4(Q)) defined by 7, see lemma 2.7.2 for further details. By remark 2.6.3,
the Euler factor of the standard L—function satisfies the following equality

(o9}
L,(s,0p,std) = Ztr (X;r|Symkp1,1) phe,
k=0

where tr (Xﬁ|Symkp1,1> is the character associated to the representation Symkpm of Sp,(C), evaluated

at xz. In order to give a more explicit formula for the L-function, we have to decompose it into irreducible
factors the representation Symkplyl for every k > 0.

Lemma 2.7.42. We have that
Lk/2]
Symk(f)l,l) = EB Pk—2i,k—2i5
i=0

where pr_oi k—2; is the irreducible representation of highest weight (k — 2i)(a1 + a2).
Proof. The symplectic form defining Sp, defines a surjection

Symzpl,l — C,
which induces a surjection, for all k > 2,

Sym*(p1,1) = Sym*?(p1,1),
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with kernel the representation py,  of highest weight ko + koo (see [FHI1, ex. 16.11, p. 250]). Therefore

Sym* (p1,1) = prk ® Sym"™ 2 (p1,1).
Using this formula recursively, we obtain the desired factorization

Lk/2]
Sym p11) EB Pk—2i,k—2i-

Lemma 2.7.42 implies the equality

oo |k/2]

L,(s,0p,std) = Z Z tr (Ay. |Pk—2ik—2i) D ks,

k=0 i=0

The Weyl’s character formula, stated in [FH91, thm. 24.2, p. 400], provides an equality between the above
L—function and
oo |k/2] A (ep+(k—2i,k—2i))

>

k=0 i=0
where we denote (k — 2i,k — 2i) := (k — 2i)(aq + a2).

A(eﬁ) (X'f’r)piksv (2_22)

The unramified computation at split primes

Theorem 2.7.43. For Re(s) big enough, we have
I,(vo, s) = Ly(s, op,std).

Proof. Substituting the formula of Theorem 2.7.6 in the integral, we have

Ip(vo,s) = fp,s(1 Zp - S)S ) 0)

n>0
= fps((A+p™ )7 Zp’”SA(e“"(dez) - II a- p’le’d)>(><ﬁ)(«4 (€)™t
n>0 aEds

where we recall that xz is equal to the Satake parameter of the representation o,. We now examine the
alternator sum appearing above. First, recall that <I>‘§;; consists of the roots a; — ap and a; + . Futher,

we have p = 2¢ + drp. Then, the term A(ePT™(@1+d2). [ocas+ (1 —p~te9)) equals
P4

A(e(n+2)d1+(n+l)d2 716(n+1)6¢1+nd2 716(n+1)d1+(n+2)d2 + p72end1+(n+1)d2).

-p —-p

Now, let s; € ' be the simple Weyl element associated to the root a; — ao; it acts on the alternator as
multiplication by —1, i.e.

Ae®tH) = —A(e"). (2.-22)
Applying it to (2.7.6), it rearranges the sum as

(1 +p71)A(e(n+2)é1+(n+1)é2 7pfle(n+1)é1+né2)'

Substituting (2.7.6) in the integral and using the definition of g, yields

s A(eﬁ+né1+né2 _p716ﬁ+(n71)é1+(n71)é2)
Bleo ) = 602 A(er) (xa).

n>0
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A(eﬁ+n,él +nég )

For every n > —1, denote the term a, := (o) (Az,); notice that for n = —1 we have that
a_1 = A((Pe:)) (A, ) Let s5 € I' be the Weyl element associated to the root 2es, it acts on the alternator

as in (2.7.6). Since é; is invariant under sy we conclude that a_; = 0.

Recall that
fp75(1) = Cp(s + 1)Cp(25)-

Using the Cauchy product formula, we have

I(vo,8) = Co(s+1) Y _p>"* =Y p ™ (an —p 'an1)

n>0 n>0
ln/2]
p(s+1) Z( Z (an—ok —p an_1- 2k))P "
n>0 =
[n/2] L(n—l)/2J
p(s+1) Z( Z W ok —p 'Y aanzk)p*“,
n>0 k=0 k=0

where for the latter equality we have used that a_; = 0. This expression is terribly close to the one of
(2.7.6). Indeed, a simple manipulation of the series above gives that

n/2] [(n—1)/2]
Ip(vo, 8) = Gp(s +1) ZP_"S Z O Zp_m Z Un—1-2k
n>0 n>0 k=0
[n/2] [(n—1)/2]
=Gp(s+1) Zp_m Z e ZP_("_l)s Z Ap—1-2k
n>0 n>0 k=0
[n/2]
=(p(s+1)(1— *15217*”5 Zan 2%k)
n>0

[n/2] .A( p+(n—2k,n— 2k)>

= Z Z (ep) (Xﬁ')p7
n>0 k=0
= L,(s,0p,std),
where the last equality follows from (2.7.6). O

2.7.7 The inert prime: Unramified computation
The exterior square L—function

In this section we fix m, = Ig(§) and o, = Iu(x), both with trivial central character and so that
0(mp) C op. We denote by £ the restriction of the & to the torus of H(Q,), and we also consider the
representation &, = Iy(§). The relevant L—function in this subsection will be 2.6.6

L,(s,6p,std),
see 2.6.6 for the definition. Lemma 2.7.42 implies the following equality

oo |k/2]

L,(s,6p,std) = Z Z tr Xgp\pk 2i,k— 21) ks,

k=0 =0
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and further, the Weyl’s character formula (see [FHI1, thm. 24.2; p. 400]) conclude with

oo |k/2] A(6p+(k—2i,k72i))

L,(s,6p,std) = Z Z

k=0 =0

—ks

.A(eﬁ) (Xfip)p y

where we have denoted (k — 2i,k — 2¢) = (k — 2¢)(a1 + a2). The above L—function will appear naturally
applying the Casselman-Shalika formula developed in subsection 2.7.4 when we compute I,(vg, s) with
p inert. Furthermore, this L—function is consistent with the computation at split primes, since it is
related to both L (s, 0p,8td®@XE, /q,) and Ly(s, T, A¢). The theta correspondence is used to realize such
connection. In fact, recall that the characters £ and x are related by

§&1=x0°Ng,/q,,
&2 = (x2x0) © Ng, /0,
§o = X1XE,/Q,+
and then, using the example 2.3.75, we see that the Satake parameter of &, (we recall that it is a conjugacy

class modulo Wyy) is equal to

X1XE, /0, (P)

X2XE,/Q, ()

X&p = = XEP/QPXUP

1
X2 XE,/Qp _
X1 XE,/Qp

Hence, we get
Ly(s,6p,std) = Ly(s,0p,5td ® XE,/0,), (2.-22)

which, together with theorem 2.6.14, yields

Ly(s, Wp,Af) = Ly(s,dp,std)(1 — p_s)_l.

The unramified computation at inert primes

Theorem 2.7.44. For Re(s) big enough, we have
Ip(UOv ) = Lp(s,0p,std ® XEp/Qp)'
Proof. Recall that Ig(€) is irreducible; this implies, by [Cas80, Proposition 3.5],

Hae@; Ca (6)

C:=— -
e’ [acayrs (1 —p~e?)(g¢)

is invertible. We then normalize the Shalika functional by multiplying our formula by 1C +_p191.

theorem 2.7.37, the proof follows parallel to theorem 2.7.43. To conclude we use the equality (2.7.7). O

Using

2.7.8 Location of poles

In what follows, we locate the possible poles of the zeta integral and relate the period introduced in the
introduction to the residue of the standard L-function at s = 2.

The Klingen Eisenstein series

Let () denote the Klingen parabolic of H with Levi deomposition MgNg where

Mg :{(agd), g € GLa,a,d € GL; : ad = det(g)} ~ GLa x GLq,
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and Ng ~ G3.

Denote by d¢g the modulus character of @), given by

5Q:(“gd)H|g|2.

Let Ig(s) be the degenerate principal series representation of H(A) consisting of smooth functions f. on
H(A) such that

l S
Flnmg) = 02 (m) £1(g), ¥n € No(A),Vm € Mg(A).

Given a smooth section
fe € 1q(s),
we define the degenerate Eisenstein series
Eisq(g.s)= > fl(v9).
YEQIQ\H(Q)

In the study of the poles of our integral, we employ two facts regarding this Eisenstein series. The first
one is a result of Ikeda and regards a first term identity between the Siegel and Klingen Eisenstein series
(cf. [Ike96, Proposition 1.8]).

Proposition 2.7.45. There exists a section f. € Io(s) such that Eisg(g,s) is holomorphic at s = 1/2

and
€Ss= o S S
Ress—1 E5(g,s) = R 12(§S((2§)C (3)

The second fact needed concerns the vanishing of the following integral:

Eisg(g,1/2).

I, fl) = Eisq(h, s)p(h)dh, (2-22)

/H(Q)ZH(A)\H(A)
where ¢ is a cusp form in 7 and Eisg(g, s) is the Klingen Eisenstein series for H. We have the following.
Proposition 2.7.46. The integral J(p, f1) is identically zero.

S

Proof. We start by unfolding the Eisenstein series. For big enough Re(s), we get

/ F1()(h)dh.
Q(Q)Zu(A)\H(A)

Collapse the sum over the unipotent radical Ng of @ to get

/ fi(h) / o(nh)dndh.
Mq(Q)Nq(A)Zu(A)\H(A) No(@\Ng(4)

We now Fourier expand over [N”/Ng], with N being the unipotent radical of the Klingen parabolic of
G. The integral equals

/ 1) py(h)dh,
Mo (Q)No (4) Zs (A)\H(4) .

where the sum runs over the characters x : [N”/Ng] — C* and where we have denoted
Sax(h) _ / (p(n"h)xil(nﬂ)dn”.
N7 (@)\N"" (&)

Any character x : [N /Ng] — C* can be described as follows. Recall that any character x : [N”/[N", N"]] —
C* is of the form n” +— (Trg g(ax + By)), where o, 8 € E, ¢ is a non-trivial additive character on



190 CHAPTER 2. L-FUNCTIONS AND SHALIKA MODELS
Q\A, and where we have written
lzy (2
n' = < Y y) , mod [N”,N"] with z,y € Ag.

Such a character  is trivial on Ng(A) if a +a = 8+ 3 =0.

We deduce that any character x : [N”/Ng] — C* is of the form

n" — (Trgg(ax + By)),

with o, 8 € E such that @ = —a and § = —3. To remark the dependence on these data, denote such a
character by xq,3-

As Mg acts on N by conjugation and this action preserves N, Mg (Q) acts on the space of characters
of [N"/Ng]. Indeed, if m = (a g d) € Mg(Q) and g~ = (i),

Xa,g(mn'm™") = ¥(a- Trgg(a(fiiz + J2,1y) + B(G122 + J2,29)))
= Y(Trg/g(alagrr + Bgi2)r + alagey + G2,2)Y))
= XOé/ﬂ' (nl)v

with o = a(agi1 + Bd12) and ' = a(agz1 + §2,2). Then, Mg(Q) acts on the space of characters of
[N /Ng] with two orbits, the trivial one and an open one. A representative of the open orbit is given by

the character xq,0 with & = —« # 0. Using this action, we can write the integral as
/ £ [ etamyanan+ [ FL (oo (B},
Mq(Q)Nq(A)Zr(A)\H(A) [N"] Ma(Q)Nq(A)Zr (A)\H(A)

where M, (Q) denotes the stabiliser in Mg (Q) of xq,0. From the explicit description above, notice that

where L, (resp. N,) denotes its Levi part (resp. unipotent part).

The first integral of (2.7.5) vanishes because of cuspidality of ¢ along [N”'], hence

T f1) = / F1(R) @y o (h)dh.
Mo (Q)Ng(A)Zu(A)\H(A)

Collapse the sum over [N,] to get

T f)) = / £i(h) / xo.o (nh)dndh.
Lo(Q)Na(A)Ng(A)Zu\H(A) [Na]

Notice that the inner integral f[N ]apxmo(nh)dn equals the Fourier coefficient of ¢ with respect to the
unipotent radical of the Borel subgroup of G and the choice of a character on it which is degenerate (as
it’s only supported on the entry (1,2)). As a consequence, f[ Na] PXarr0 (nh)dn contains as an inner integral
the period of ¢ over the unipotent parabolic of the Siegel parabolic of G, which vanishes by cuspidality
of ¢. This completes the proof. O
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Periods and residues

Theorem 2.7.47. The integral I, s) is holomorphic for all s except two. In particular, Ress—21(p, s) =

Pu(p), where
Pu(p) = / ¢ (h)dh.
H(Q)Zu(A)\H(4)

Proof. Recall that the normalised Eisenstein series E5 (g, s) achieves poles at s = 1,2 of order at most
one, thus I(p, s) may have a pole at these two values.

At s =1, the residue of the integral equals to

Res,_1I(p, s) = Res,_; / Ep(h, s)p(h)dh
H(Q)Zu(A)\H(A)

Ress—1Ep(h, s)o(h)dh

/H(Q)ZH (A)\H(A)

—c [ Bisq(g, 1/2)¢(h)dh
H(Q)Zu(A)\H(A)

=C- J(Qp, f{/Z)a

where the third equality follows from Proposition 2.7.45 and C' = %&))45(3) The latter integral

vanishes by Proposition 2.7.46, hence I (¢, s) is holomorphic at s = 1.

At s = 2, the picture is different. Indeed by [KR94, prop. 5.4.1, p. 48], there exists fs € Ip(s) such
that Ress=2E5(g,s) = 1 therefore

Ress=21(p, s) :/ Ress—2Ep(h, s)p(h)dh
H(Q)Zr (A)\H(A)
= / w(h)dh.
H(Q)Zr (A)\H(A)
Hence, I(p, s) achieves a pole at s = 2 if and only if Pg(¢) # 0. O

Theorem 2.7.48. Let 7 be an irreducible cuspidal automorphic representation of G(A) with trivial
central character. Suppose that T = ©9°°(a+), with o+ a subrepresentation of o|y+ where o is a generic
cuspidal automorphic representation of H with trivial central character. We have

I(‘Pa S) = IS(S)LS(Sv g, std ® XE/Q)7

where S is a finite set of primes containing the ramified primes for 7, o, and E/Q, and Is(s) is the
integral over the places in S and infinity.

Proof. 1t follows by theorems 2.7.43 and 2.7.44. O
For the next corollary we assume Ig(s) # 0.
Corollary 2.7.49. The wedge square L—function L(s, 7, A;) is holomorphic at s = 2.

Proof. By essentially [CT], Pr(¢) = 0 and hence by the previous theorem and theorems 2.7.43 and 2.7.44
the L—function is holomorphic at s = 2. O
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