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Abstract: Modular forms came to the attention of number theorists through the wealth
of their arithmetic behaviour, the development and applications of which continue to
surprise. Arithmetic data of associated L-functions have conjectured links to fundamental
questions, for example the generalised Riemann hypothesis and the BSD conjecture; special
values of L-functions and their p-adic analogues have had a key role in progress towards
BSD. Modular forms of half-integral weight have a number-theoretic history spanning as
far back as that of their integral-weight counterparts, but their arithmetic theory has long
been latent. Being fundamental variants of integral-weight modular forms, a fully fledged
theory of half-integral weight modular forms has high potential for impact in areas of

number theory.

In this thesis, we develop four key areas in the arithmeticity of Siegel modular forms of
half-integral weight, focusing on the behaviour of their Fourier coefficients and associated
L-functions as follows: an analogue of Garrett’s conjecture on the precise algebraicity of
Klingen Eisenstein series and of the decomposition My = S ® &; the precise algebraicity
of special L-values; the existence of p-adic L-functions; and, for vector-valued modular
forms, an explicit Rankin-Selberg integral expression. Some of the results, such as special
values of L-functions, are further refinements of existing theorems; others, such as the

construction of p-adic L-functions, are entirely new.

The multifaceted nature of modular forms is a considerable characteristic of theirs. Classic-
ally developed as analytic objects, integral-weight modular forms have been reinterpreted
algebraically in terms of automorphic representations and associations to motives. Since
the algebraic viewpoint remains insufficient for our purposes we focus on the analytic
theory and methods of proof for half-integral weight modular forms, using Shimura’s the-
ory of Hecke operators and his Rankin-Selberg expression as a basis, and modifying the

established methods of Harris, Sturm, and Panchishkin to prove our results.
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Chapter 1
Introduction

One of the first occurrences of modular forms was of half-integral weight: Gauss had

discovered the classical theta series

P(t):=1+2 Z e Tt Re(t) > 0,
nez

at least by 1808, [Royl7, p. 32]. This series arose from the heat diffusion equation on

the real line and it satisfies, by the Poisson summation formula, a half-integral weight

o= (1)

and in fact putting 6(z) := P(—iz) does give a well-known modular form of weight % -

transformation of the form

the theta series. Such series have surprisingly direct arithmetic applications, for example

taking the rth power gives
©0 .
0(z)" = Z sp(n)e2™n= (1.0.1)
n=0

where s,.(n) is the number of ways that n can be represented as the sum of r squares. For

r = 4 this can be used to prove that any positive integer is the sum of four squares along

sq4(n) = Z d.

44d|n

with the explicit value

Since 6" is a modular form of weight /2, the purely arithmetic question of how many
ways a positive integer can be expressed as the sum of an odd number of squares is
directly related to the theory of half-integral weight modular forms, and this constitutes
one of the earliest instances of the notoriously fecund relationship between number theory
and modular forms. So it is more than a little surprising that the analytic theory of
classical half-integral weight modular forms remained inchoate until Shimura’s paper in
1973, [Shi73].

It took even longer for Weil’s theory of theta series and the metaplectic group in [Wei64]
to filter through and be used to establish the analytic theory of half-integral weight Siegel
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modular forms, which we dub metaplectic modular forms. Key aspects of this theory,
such as the notion of Hecke operators and the standard L-functions, were established by
Shimura in [Shi95b]. So whilst the arithmetic theory of integral-weight Siegel modular
forms developed significantly in, amongst others, the work of Harris [Har81], Sturm [Stu81],
Panchishkin [Pan91], and Bocherer and Schmidt [BS00], that of metaplectic modular forms
lagged behind. Recently, however, this has been an active research area, see for example
algebraic L-values being determined by Shimura [Shi00] and Bouganis [Boul8], as well as
the analytic theory of p-adic metaplectic forms being developed by Ramsey in [RamO06].

That automorphic forms have algebraic interpretations was a key development in the
latter half of the last century. This involves viewing automorphic forms as automorphic
representations and studying Galois representations of a motive that one can associate
to the automorphic form. The most famous example of this link between motives and
automorphic forms is Wiles’ modularity theorem of [Wil95], which gave the association
of classical weight-two modular forms and elliptic curves. The general philosophy of the
Langlands programme asserts that such associations exist and that the L-functions one
constructs on either side are equivalent. Concerns on the arithmetic properties of motives,
which often arise out of fundamental problems in number theory, can thus be illuminated
by looking at the corresponding arithmetic questions on the associated automorphic forms,
should this association be known. The algebraic theory of metaplectic modular forms is
much less understood than the analytic theory, though serious progress is being made in
this regard, most notably by Weissman in [Weiss18], as well as McNamara [McNam12], Gan
and Gao [GG18, Gaol8], in developing L-groups for general metaplectic covers (including
Mp,, and those of GL,,). The key motif of this thesis is the capitalisation on the lopsided
nature, with respect to the analytic-algebraic dichotomy, of the theory of metaplectic

modular forms in order to establish key arithmetic properties via analytic means.

The notion of arithmeticity in the theory of automorphic forms is vague and encompasses
many aspects. Two key facets that form the focus of our investigations are (1) modular
forms with algebraic Fourier coefficients and (2) arithmetic properties of L-functions
associated to eigenforms. We have already encountered an example of (1) as the theta
series 0", defined in (1.0.1), which has coefficients in Z. The not-at-all obvious fact that
forms with algebraic coefficients span spaces of modular forms underlines the importance
of such arithmetic forms, for Siegel modular forms of integral and half-integral weight
see [Shi00, Theorem 10.4 (3)] and [Shi00, Theorem 10.7 (3)] respectively. Moreover, L-
functions associated to eigenforms encode further arithmetic data and we explore (2) more
thoroughly in the following paragraph. Before doing so, however, we note that (1) and (2)
are not necessarily mutually exclusive areas and the previously mentioned work of Shimura,
[Shi73], and the subsequent investigations of Waldspurger, [Wal81], give a nice example of
interplay between them. The salient result of [Shi73] is Shimura’s correspondence which
goes between classical modular forms of half-integral weight and those of integral weight,
with standard L-functions of the former being quadratic twists of those of the latter.
In [Wal81], Waldspurger showed that Fourier coefficients of half-integral weight modular

forms can be expressed as an algebraic special value of the standard L-function associated



to the corresponding integral-weight form.

The history of L-functions and their arithmetic properties predates even that of modular
forms and can be traced back to at least 1735 with Euler’s solution to the Basel problem,

which sought the value of

<1

>

5,
n=1 n

or, in other words, the special value at s = 2 of the proto-L-function ((s) — the Riemann
zeta function. Euler calculated this to be %f and that we have 772((2) € Q is a deep
property with analogues for more general L-functions. The general importance of such
functions is clear from their key roles in long-standing unsolved conjectures such as the
classical and generalised Riemann hypothesis, and the Birch and Swinnerton-Dyer (BSD)
conjecture. The latter conjectures that the rank of an elliptic curve E is precisely the
order of the zero of its L-function L(F,s) at s = 1 and a subsequent, stronger, statement
of it predicts the value of the residue of L(E,1). In particular, for elliptic curves of rank

zero, this stronger statement is the special value

L(B,1)
Q(E)

€Q,

where (E) € R is the period of F, and it moreover conjectures a precise value for this
rational number in terms of certain invariants of the elliptic curve. The BSD conjecture
therefore constitutes a surprising and direct connection between the arithmetic of L-
functions and fundamental questions in number theory — in this case rational solutions
to cubic equations. The focus of this thesis in this regard is on special values of the
standard L-function associated to a metaplectic eigenform and is once again twofold: (i)
the determination of the precise field extension of Q in which these special values belong; (ii)
analytic interpolation of these special values to construct the p-adic L-function. In settings
of automorphic forms for which the Langlands-theoretic correspondence is coherent, for
example integral-weight Siegel modular forms, the concerns of both (i) and (ii) have deeper
contextual interpretations. In the former, for general pure motives M, Deligne’s conjecture
of [Del79, Conjecture 2.8] for so-called “critical” values and Beilinson’s conjecture [Bei85,
Conjecture 3.4] for non-critical values of the L-function, L(M, s), associated to M predict
the existence of a number ¢ (M), known as the period of M, through which
L(M,s) —

o <%

In [Bei85], Beilinson introduced “higher regulator” maps between motivic cohomology
groups, which generalise the Dirichlet regulator map; in his conjecture the value of this
quotient is given a precise prediction in terms of determinants of these regulator maps. In
both conjectures, the value of ¢t (M) is also given an exact value. For (ii), traditional
interpretations of p-adic L-functions were analytic in nature, with the prototypical example
being Kubota-Leopoldt’s p-adic interpolation in [KL64] of the Riemann zeta function by
constructing p-adic measures. However, such objects can be viewed in an a priori distinct

and algebraic way. For example, in numerous papers [Iwab9, Iwa64, Iwa69], Iwasawa
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developed the theory of the Iwasawa algebra; it was his key insight to conjecture that the
Kubota-Leopoldt p-adic zeta function is the generator of a certain characteristic ideal in the
Iwasawa algebra of a Galois group — this is the original Iwasawa main conjecture, first proven
by Mazur and Wiles in [MW84]. Provided that one has the necessary algebraic theory
needed to construct the Iwasawa-theoretic objects, this conjecture can be generalised to
other settings. Over GL; we can consider the p-adic interpolation of Dirichlet L-functions;
in the GLs case, the Iwasawa main conjectures for classical modular forms of integral
weight is a recent and active research area, see the work of Skinner and Skinner-Urban,
[Ski06] and [SU14], and higher-dimensional cases are also being considered, for example
by Wan in [Wanl5]. The algebraic context of both (i) and (ii) are key to the general
philosophy of Iwasawa theory, and the importance of this theory is given by its key role in
the significant progresses made on the BSD conjecture. Naturally, all of these algebraic
notions are presently unavailable in the setting of this thesis however we expect the analytic

work here to eventually fit into the larger framework described above.

In Chapter 2, after recapping relevant foundational theory established by Shimura in
[Shi93] and [Shi95b], we establish in Section 2.3 a new result on the algebraicity of Fourier
coeflicients of metaplectic Eisenstein series and give a subsequent algebraic decomposition
of the space of modular forms into cusp forms and Eisenstein series. Given its eminent role
in the methods of this thesis, we also give an exposition on the Rankin-Selberg method
at the end of this chapter. Chapter 3 is dedicated to the algebraicity of special values of
the standard L-function in this setting and the existence of the p-adic L-function is given
in Chapter 4. Chapter 5 consists of joint work with Bouganis, in it the focus is shifted
slightly to vector-valued modular forms, encompassing both integral and half-integral
weight modular forms, and we extend the Rankin-Selberg method to this setting. As a

result, analytic properties of the standard L-function are proved.

At the start of each section there will be a paragraph with notation, along with key

assumptions, that have been introduced earlier on in the thesis.

Notation. Throughout the entire thesis, we fix a positive integer 1 < n € Z.



Chapter 2
Metaplectic modular forms

The brute replacement of an integer weight k by a half-integer in the definition of a
modular form causes the thorny issue of a consistent choice of square roots in the factor
of automorphy; this issue is the genesis of the nuances and difficulties in the theory of
metaplectic modular forms. The moniker of metaplectic modular forms is a result of this
— one uses the metaplectic cover of Sp, to make a consistent choice of roots. The first
two sections of this chapter explore these nuances as we give the well-known foundational
theory of metaplectic modular forms. The fundamental objects of study — L-functions
associated to eigenforms — will be introduced at the end of Section 2.2. The first result
of interest of this thesis is given in Section 2.3 in which we prove an algebraicity result
regarding the well-known decomposition of modular forms into cusp forms and Eisenstein
series. This result will be of direct use in the next chapter. To finish this chapter we give
an expository section on the Rankin-Selberg method in Section 2.4, whose role within this
thesis is crucial. General background and philosophy of the method is given as well as the

derivation of the relevant integral expression involved.

2.1 Fourier expansions of modular forms

We begin by reviewing the definitions of modular forms, their adelisations, and we give
the properties of their Fourier expansions. To do so, much of the notation and conventions
used by Shimura in [Shi94, Shi95b, Shi00] are adopted and the material found here is

adapted from these sources.

Let Ag and I denote the adele ring and idele group, respectively, of Q; elements of Ag
(resp. Igp) have the form (2o, 2, 23,...,Zp,...), Wwhere £, € R (resp. R*), z, € Q, (resp.
Q) ), and ;, € Zy, (vesp. Z, ) for all but finitely many primes p. The Archimedean place is
denoted by oo, the non-Archimedean places by f, and if v € Ag let z¢ = (1,22,...,2p,...).
If G is any algebraic group, let G denote its adelisation (this is the group of all points of
G with values in Ag); let G := G(R), Gp, := G(Q)), and G¢ be the subgroup of G whose
Archimedean place is the identity of Goo. We view G as a subgroup of G, by embedding

diagonally at every place, but embed G and G}, into G place-wise. Specifically, for
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v € {oo} Uf, this means viewing g € G, as an element of G, by defining g, = g and
setting g,s as the identity of G,/ for any v # v' € {oo} UTf.

For any fractional ideal v of Q let v, denote the completion (with respect to the p-adic
norm) of the localisation of v at the prime p, which is an ideal of Z,, and understand
N(t) € Q>0 to be the unique positive generator of v. For any element ¢ € Ig we denote by
te the fractional ideal of Q such that (tt), = t,t, for any p € f. The adelic norm is

j2la = ool I l2plp:
P

where x € A, |-| = |- |oc denotes the usual absolute value on R, and |- |, denotes the p-adic
absolute value for each p € f, normalised in the sense that [p|, = p~!. Any z € Q, has
a p-adic expansion of the form +3 5y a;p', where a; € Z/pZ and ay # 0; the fractional
part {z} € Q of such an z is 0 if N > 0, otherwise {2} := + > ;"'\ a;p’.

Define the unit circle by
T:={2eC||z| =1},

where |z| := /Re(2)? + Im(z)? for any z € C, and define three characters on C, Q,, and
Ag respectively, all with images in T, by

ez X

ep & — e(—{x}),

ep: T e(Too) H ep(zp).
pef

If z € Ag and z € C then we also put ef(z) := ep(2f), () = €(T0), and e (2) := e(2).
For any ring R and matrix ¢ € M, (R) we make use of the following notation: g > 0 (resp.

q > 0) to mean that ¢ is positive definite (resp. positive semi-definite), tr(¢q) to denote the

sum of all diagonal elements of ¢,

lq| : = det(q),
gl - = [det(q)],
G:=(q")7",

with the last line defined only if ¢ is invertible. If R = Ag we understand det(q) and tr(q)
to be the element of Ag with det(q), = det(g,) and tr(q), = tr(gy), for v € {oo} Uf. For

any collection q1, ..., g of matrices of arbitrary size with entries in R, let
g 0 - 0
diaglqr, ..., q == X “ N (.)
0 0 - q

denote the matrix with ¢; as its jth diagonal block and with zeros off the diagonal. If
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a € GLay(R) then put

where z,, € M, (R) for x € {a,b,c,d}.
For the rest of this thesis, fix
1<nezZ.

Definition 2.1.1. We define an algebraic group G, subgroups P,{) < G, and the Siegel
upper half-space H,, by

G:=5pa(Q) = {a € GL(Q) | e =1}, 1= (0 _In> ’

P:={aeG|c,=0},
Q= {w e Gy | det(cy) € In},
H, :={z=2+iy € M,(C) | 2" =2,y > 0}.

A half-integral weight is an element k € Q such that k — % € Z; an integral weight is an
element ¢ € Z. Recall in the classical n = 1 case that the factor of automorphy of weight
¢ € Z was given by j(7,2)! = (cyz + d,)*, where v € SLy(Z). Since half-integral weights
involve taking the square root of a complex number, we are confronted with the issue of a
consistent choice of which root to take. This is resolved by making use of the metaplectic
group — the double cover of the symplectic group. What actually happens here is that a
certain subgroup of the metaplectic group gives roots of the factor of automorphy with
multiplier, for instance, if n = 1 this is a root of £(cyz + d,) whenever v € SLy(Z) is such
that by = ¢y =0 (mod 2).

In the classical construction of half-integral weight modular forms in [Shi73], Shimura
used a theta series to construct a suitable factor of automorphy of weight % Following
the relatively recent exposé of the role of the symplectic group by Siegel in constructing
a new type of higher-dimensional modular form, Weil in [Wei64] recast the Siegel theta
series in a representation-theoretic light. From a certain unitary representation of the
Heisenberg group one obtains a unitary representation, not of the symplectic group but
of a central extension of it — the metaplectic group Mp,,. It is this representation of the
metaplectic group that gives Weil’s theory of theta series. Thus it is natural to see the
emergent role of the metaplectic group in treating Siegel modular forms of half-integral
weight. Indeed if one considers the case n = 1, where the Siegel and classical cases coincide,
then the metaplectic group explicitly becomes the group & used by Shimura in [Shi73]
(we shall ourselves define this group later in Section 2.3.2). For general n > 1 it is difficult
to give an analogously concrete description for Mp,. Nevertheless their localizations
M, := Mp,(Qp), for any p, and the adelisation My of Mp, (Q) can be described as groups
of unitary transformations on the spaces L*(Qp) (resp. LQ(A@) of square-integrable

functions Q) — C (resp. Ag — C), with the exact sequences

1 =T — M, — G, —1,
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15T — My — Gy — 1.

We have natural projections

pry : My — Ga,
pr, : M, — Gy,

either of which are denoted by pr when the context is clear. There are natural lifts

r: G — My,
TP:PA%MA,

TQ:Q%MA,

through which we can and do view G, Py, and () as subgroups of M. Moreover rp and
rq are equal to r on P and G N respectively, and satisfy

ra(afy) = rp(@)ra(B)re(y),
for a, f € Py and v € Q ([Shi95b, (1.2a, b)]).

For any two fractional ideals ¢,y of Q such that ry C Z, congruence subgroups are defined

by the following respective subgroups of G, G, and G:

Dylt,0] : = {z € Gp | ag,dy € Mp(Z),by € My (xp), co € Myn(v,)}, pef,
Dlt,y] : = Spp(R) [[ Dplx, ],
p

Llr,p] : =GN D[,y

If 2,y € Q we shall often write Z[z,y], for = € {D,, D,I'}, to mean ZE[zZ, yZ]. The groups
DJx, 9] can be thought of as “adelic” congruence subgroups, with their subgroup of global
elements — I'[r, y] — giving the more familiar notion of congruence subgroups. Typically
these will take the form T'[b~!, bc] for a fractional ideal b and an integral ideal ¢ of Q, and
where we understand b~! = 0 if b = 0. For modular forms of half-integral weight, there

will be some restrictions on b and ¢ which we explain next.

One of the fundamental differences in the theory of half-integral weight modular forms to
that of integral-weight forms is in congruence subgroup restrictions. It is not the whole
of the metaplectic group My that gives us roots of the factor of automorphy, but only
a certain subgroup M < My. Thus any congruence subgroup I' we consider must be
contained in 91. In the classical case this meant half-integral weight forms had to have

level divisible by 4 for example. In our setting we have that

Cg L= {f S Dp[l, 1] ’ (agbg)ii S QZp, (Cfdg)ii S QZP, 1<: < n}, pef,
¥ = Spa(R) [[ %
p

M := {0 € My |pr(o) € P,C%).
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Thus we must always ensure that we choose b and ¢ such that D[b=! bc] < 9. Since
DI[2,2] <M, the condition b= C 27 and be C 27 ensures D[b~1, bc] < 9.

The above constitutes the groups and spaces with respect to which our modular forms are
defined, and these spaces interact with each other as follows. The action of Sp,(R) on H,
is given by

vz = (ay2 4+ by)(cyz +dy) 7,
for v € Spp(R), z € H,,. That this is an action is given in [K1i90, pp. 2 — 3|, in particular
it is shown there that c¢yz + d, € GL,(C). Further define

A(z) = [Tm(z)],
(7, 2) 1 = cyz + dy,
J(v,2) = |uly, 2)|

If, now, a € Gy then aq € Spy(R) and define

Qa-zZ:= Q" 2,
(e, 2) = patos 2),
(e, 2) + = j(ass, 2).

If o € My with pr(o) = a € Gy then we set z, = x,, for x € {a,b,c,d}. The action of My

on H,, isgiven by 0-z=a - z.

In [Shi93|, Shimura defines a function h, = h(o,-) : H,, — C for any o € 9 that acts
as a factor of automorphy of weight % This is done through the use of Weil’s theory of
theta series as mentioned above. In Lemma 1.1 of that paper, Shimura shows that one
can identify My, with the group of couples («,g), where a € G and g : H,, — C is
holomorphic, that satisfy

9(2)? = Cleaz + dal,

for some constant ( € T. One has that Cz is precisely the group Ps(X,, L,) found in the
36th paragraph of the paper [Wei64] of Weil, yielding a lift

el
rp.C'p — M.

This previous point is the salient one as it allows Shimura, in Theorem 1.2 of [Shi93], to
then construct h, by the transformation formulae of certain theta series for ¢ € 9. In
this theorem, several properties of this function are proven, and we state the following

relevant three:

h(o, z)*> = Cj(pr(o), z) for a constant ¢ = (o) € T, (2.1.1)
h(rp(7),2) = | det(d,)oo|? if 7 € Py, (2.1.2)
h(poT,z) = h(p, z)h(o, 72)h(T, 2) if pr(p) € Py and pr(r) € C?. (2.1.3)

Note that the third property is a “weak” automorphy property, which will not be sufficient
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for the Hecke theory we detail in the next section. But what actually is this function A?
The theta series

0(z) = Z e(%xTza:)

zeQn

satisfies, by Proposition 1.3 of [Shi93],
O(a- z) = h(a, 2)0(2),
for any a € G N M. Therefore, in the n = 1 case, we have

2¢q 1
h(e, z) = agal (;) (Caz + doz)év

found in (4.40) of [Shil2], where
1 ifdy=1 (mod4)
5da =
i ifdy,=3 (mod4).

For general n we restate the following proposition found in [Shi93, p. 1026]:

Proposition 2.1.2. Suppose that « € G N PyDI[2,2] and, according to the decomposition
Gy = Py\D[1,1], write « = pw with p € Py and w € DI[1,1]; we have

|dw|Z

h(a, 2)2 = sgn(|dal) ( ) (caz + da),

where (_74) is the quadratic ideal character corresponding to Q(v/—1)/Q.

If k is a half-integral weight then put [k] := k — % € Z; if £ is an integral weight then put
[(] := ¢. The factors of automorphy of half-integral weights k& and integral weights ¢ are

subsequently given as

Ja(2) s = ho(2)i(pr(e), 2)M,
Ja(2) = jla,2)',
where 0 € M, a € Gy, and z € H,,. Given & € %Z, a function f : H,, — C, and an element

& € G or M according as k € Z or not, we define a new function

(flle&)(2) = GE (=) T f (€ - 2).
The operator ||, is called the slash operator.

Definition 2.1.3. Let x be an integral or half-integral weight and let I' < G be a
congruence subgroup so that I' < M if k ¢ Z. We denote by C2°(T") the complex vector
space of C* functions f : H,, — C such that f||,a = f for any a € I'. Let M, (T") C C*(T)
denote the subspace of holomorphic functions (with the additional holomorphy at cusps
condition if n = 1). The elements of M (I") are called modular forms of weight . and level

I'; if k ¢ Z they are called metaplectic modular forms.
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Modular forms in M(I") have Fourier expansions summing over symmetric matrices
T € M,(Q) such that 7 > 0. If, for all £ € G or M according as k € Z or not, the Fourier
expansion of f||.& sums over 7 > 0 then we call f a cusp form. The subspace of cusp

forms of weight x and level I' is denoted S, (I).

Write
M, =M (D),  Se=JS(I),
I I

where the unions are taken over all congruence subgroups in G (that are contained in 9t
if kK ¢ Z).

Definition 2.1.4. A Hecke character ¢ of Q is a continuous homomorphism
(ol HQ / @X — T,

whose restrictions to sz, X, and QfX are denoted ¢, ¢, and ¢ respectively. Each such

Hecke character corresponds to a primitive ideal character ¢* given by
o =[] ¢
pif

where the integral ideal § is the conductor of ¢, and put ¢, := Hp‘a ¢, for any integral
ideal a. There exist ¢t € Z and v € R such that ¢ () = sgn(Zeo)!|T0o|™, and we say that
¢ is normalised if v = 0. All Hecke characters that we consider are normalised. Let Q(y)
be the field extension formed by adding all values of . For an integer r > 1 define the

r-degree Gauss sum of ¢ by

Grp)i= > eitllabe (5). (2.1.4)

aeMr(Z/N(f)Z)

and we put G(¢) = G1(p).

Take k € %Z, a fractional ideal b and an integral ideal ¢. For the rest of this section, we

make the key assumption that if x ¢ Z then

note that these conditions imply ¢ C 4Z. If k € Z then take any fractional ideal b and
integral ideal ¢. Put I' = I'[b~!, bc], the above assumption ensures that I' < 90 in the
half-integral weight case. Now take a normalised Hecke character ¢ of Q with the following

two properties:

Ypla) =1ifa € Z; and a € 1+ ¢y, (2.1.5)
Yoo ()" = sgn (o)™ (2.1.6)

The property of (2.1.5) guarantees that 1, is unramified for every p{ ¢. Modular forms of
weight k € %Z, level T' = T'[b~!, be], and Hecke character 1) satisfying properties (2.1.5),
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(2.1.6) above are the fundamental objects of study in this thesis, the spaces of which are
defined as

CE@) i ={f :Hy = Ce C% | fllxy = ¥e(lay ) f, forall y € T},
M(T, ) s = My 1 C (D, ),
SelT, ) 5 = 8,01 Mo (T, ).

For any number field K, let X (I",%, K) denote the space of forms in X, (T",v) whose
Fourier coefficients all lie in K, where X € {M,S}. Two key examples of modular forms,
which play key roles throughout this thesis, are the non-holomorphic Siegel Eisenstein

series and the theta series.

Eisenstein series. If ¢ is a Hecke character that satisfies (2.1.5) and

Voo () = 580 (T00) ", (2.1.7)

which condition differs from that of (2.1.6) in that the parity of the character is controlled
by [k] if n is even. Recall the notation A(z) = |Im(z)| and pu(v,2) = ¢yz + d, for any
v € G and z € H,,. The Eisenstein series is defined on variables z € H,, and s € C by the

sum

K

S]]

Bu(z,5:9,1) = A=) Y ellay )55 (2) 7 Huly, 2)"7%, (2.1.8)

~ePAT\T'

which is convergent on the half-plane Re(s) > ”TH [Shi00, p. 133], has meromorphic

n+1
2

C>(T,4~1). For n > 1 other kinds of non-holomorphic Eisenstein series also exist, such

continuation to all of s € C by a functional equation in s — — s, and belongs to

as the Klingen Eisenstein series. These are defined and used in Section 2.3.2.

Theta series. Let 7 € M,,(Q) be symmetric and let t be an integral ideal of Z satisfying
RT(27)71h € 4t7! for any h € Z". As an example, if 27 € M,,(Z), then t = 4|27|Z works.
Take p € {0,1} and a Hecke character x of conductor f such that xoo(2)" = sgn(zee)™.
The theta series is defined by

00 (27) = 0x(2) == D (xeox) (|2l e(tr(z" T22)), (2.1.9)

€M (Z)
where we understand that (xcoXx*)(0) = 1 if §f = Z (otherwise it is zero) and recall
that tr(q) denotes the trace of a matrix q. By Proposition 6.2 of [Shi96] this belongs

to M%+M(F[2,2tf2],x_lp7), where p, is the quadratic character corresponding to the
extension Q(i""/2,/]27])/Q, and it has coefficients in Q().

Understand pr = id if x € Z. Setting D := D[b™!, bc], we have Gj = GD by strong
approximation (see [Bum96, Theorem 3.3.1]) and this holds for all b and ¢. If f € M, (T, %)
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we can define its adelisation fy : pr~!(Ga) — C by

fa(@) = he(|dw]) (Fllxw) (1),

where z = aw for o € G, w € pr~ (D), and i = il,, € H,,. We have the following property:

falazw) = ¢e(|dw]) i ()7 falz), (2.1.10)

if w-i=1, w e pr (D), and o € G ([Shi95b, (1.16)]). This goes conversely so that
the space M, (I",%) is in correspondence with the space of all functions pr='(Gy) — C
satisfying (2.1.10) via this adelisation map, [Shi95b, p. 26].

To give the precise Fourier expansions of these forms, define the following sets of symmetric

matrices:
S:={¢e Mu(Q) | T =¢}, S, ={¢eS|¢>0,
Vi={¢eS|& €L ;€ 3L, <}, SY =8NSy,
S(r) 1 =50 Mp(v), Sg(r) := H S(tp),
pef

for any fractional ideal v of Q. An element of SV is known as a symmetric half-integral

matrizx.

The Fourier expansion of fs encodes not only the Fourier coefficients of f, but also all the
Fourier coefficients of its translates f||.&, where £ € Gif k € Zand £ e GNM if k ¢ Z,
thus unifying the expansions of f at all cusps into one expression. We recap this expansion

below and give the traditional Fourier expansions of modular forms afterwards.

Theorem 2.1.5 (Shimura, [Shi95b], p. 27). Let k € 3Z and put D = D[b~}, bc] and
[ = T[b71,bc] (assuming that both are contained in MM if k ¢ Z). Let f € M (T,1),
q € GL,(Ag), and s € Sy. Then the Fourier expansion of fa is given as

fa (TP (0 )) ool lgoo |13 o7, 45 fewo(tr(ig" ) en(tr(rs)),

TES+

where c(1,q; f) = cf(1,q) € C and recall § = (¢7) ™. Furthermore, the coefficients cs obey:

(i) cp(1,q) # 0 only if ep(tr(qTrgs)) =1 for all s € Sg(b™1);
(i0) cp(7,q) = cp(T,q¢);
(iii) c;(77b, q) = |l [b]]*~ ey (7,bq) for any b € GL,(Q);
() Ye(lal)er(T,qa) = cp(7,q) for any diagla,a] € D;

(v) if B € GNdiaglr,7]D, r € GLy(Ag), and z € H,,, then

J5BT (B 2) = veldgr]) D cp(rr)e(tr(rz)).

TESY



14 Chapter 2. Metaplectic modular forms

The coefficients cf(7,1) are the usual Fourier coefficients of f in the following sense: by (i)

of the above theorem, the modular form f € M(T', ) has Fourier expansion

f(2) = Y ep(m De(tr(r2)),

TESY

where ¢f(7,1) # 0 only if 7 € N(b)SY. By Theorem 2.1.5 (v) above, the coefficients cf(7,7)

are the Fourier coefficients of f at the cusp corresponding to r.

If FF e CX(T, ) then it has a Fourier expansion of the form

F(z) =) cr(r,y)e(tr(ra)),

TES

where z = x + iy and the coefficients cp(7,y) are smooth functions of y with values in C.

As above, cp(7,y) is identically zero unless 7 € N(b)S"V.

Definition 2.1.6. The space Aut(C) acts on My(I") as follows. If f € M,(I") and
o € Aut(C), then f7 € M, (T') is the form given by

f7(z) = Z cr(r,1)%(tr(r2)).
TESL
Remark 2.1.7. That this is an action at all is non-trivial. See p. 35 and (Q1) in [Shi00]

for a discussion on this, and Chapters 9 and 10 for the proof.

We end this section with some final fundamental definitions. Define: differentials on n xn

symmetric matrices by

_ntl
dr = /\ dZpq, dy = /\ AYpqg; d*y =y~ 2 dy,

P<q P<q
dz = dxdy, d*z = |y " dedy = \y|*nT+1d:chy;

the sets of matrices

X:={z€M(R)|a" =2 -1 <z <3 forall 4}, (2.1.11)
Yi={yeMR)|y" =y,y>0} (2.1.12)
and the generalised Gamma function
_t ( ) x n(n—1) n—1 .
(s):= / ly|’e” " Wd*y =7~ 4 H r (s - %) . (2.1.13)
Y i=0

Consider b fixed in the definition of I' = I'[b=!, bc], so that I' depends only on ¢, and
let 1 be a normalised Hecke character satisfying (2.1.5) and (2.1.6). Then for any two
f,g € C(T, 1) we define the Petersson inner product by

(f:9)e=(f9) = Vol(F\Hn)_l/ f(2)g(2)A(2)"d" . (2.1.14)

T\H,

This integral is convergent whenever one of f, g belongs to Sk(T, ).



2.2. Hecke theory 15

2.2 Hecke theory

Notation. k - half-integral weight; [k] =k — § € Z.

b — fractional ideal of QQ; ¢ — integral ideal of Z.

(b7, bc) C 2Z x 2Z.

D=D[b" !, bc); T =T[b", be].

P={a€ Sp,(Q) | ca =0}; rp: Py — My — lift.

S={ec M (Q)| " =¢}.

G = (¢)~! for any invertible matrix q.
We have already seen some major differences in this setting to that of integral-weight
forms — namely the factor h, having only a “weak” automorphy property and congruence
subgroup restriction. Both of these differences have ramifications in constructing a theory
of Hecke operators for metaplectic forms, with the former requiring an extension of h, to
have a “strong” automorphic property and the latter causing natural restrictions to the

operators we consider.

Definition 2.2.1. Two subgroups H; and Hs of a multiplicative group H are commen-

surable if H; N Hy has finite index in both H; and Hy; commensurability is transitive.

Let A be a subgroup of H; its commensurator is the set of all h € H such that h='Ah
and A are commensurable. Let E be a subsemigroup of H. Then (A, =) is called a Hecke
pair if = is contained in the commensurator of A and if AZ =ZA ==

If (A, E) is a Hecke pair, let R(A, =) denote the ring of formal finite sums >-, ce AEA, with
ce € Cand ¢ € E. Each double coset in this sum has a finite decomposition into single
right cosets, see [And79, p. 78|. For the law of multiplication in this ring see [And79, pp.
78 — 79].

In order to define the appropriate Hecke ring acting on modular forms of half-integral

weight, we first define some groups:

O, : = GLy(Z,), O :=[[ GLn(Zy),
p
X, : = My(Zp) N GLy(Qp), X = GLn(Q)r N ] X,
p
Zo » = {diag[q. q] | ¢ € X}, Z = DI2,2|ZyD[2,2],

and certain metaplectic lifts

D[2,2] : = pr }(D[2,2)]), D :={a € D[2,2] | pr(a) € G¢ N D},
3:=pr '(2), 30:={a €3 |pr(a) € Ge N DZyD},
30:={(a,t) |t €T, ac 3}, D :={(a,1) €30 | a €D}

For any prime p we use the subscript p to denote the pth local component of any of the

above adelic groups.
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To define the action of Hecke operators on modular forms later on, it is necessary to extend
the half-integral weight factor of automorphy h to all of 3. This extension should have
stronger automorphic properties than the aforementioned factor h, which had the weak
property (2.1.3). In [Shi95b, p. 32] Shimura defines a new factor of automorphy J*, which

extends the original j* to 3 and which has the desired strong automorphic properties.

Definition 2.2.2. Let o = £13&2 € 3, where & € D[2,2] and pr(3) € Zp. For z € H,
define

TH(a, 2) = j* (&, 2).

The factor J* is well defined, [Shi95b, p. 32], and satisfies the following three properties

TH(E, 2) = M (€, 2) if € € D[2,2], (22.1)
Jk(fom,z) = Jk(f,anz)Jk(a,nz)Jk(n, 2) if o € 3and &,n € D[2,2], (2.2.2)
J*(a, z) = j¥ (pr(a), z)J%(a, z) for any o € 3. (2.2.3)

These properties are obtained immediately from the definition; pay special emphasis on

(2.2.2) which gives a satisfactory factor of automorphy for the theory of Hecke operators.

Define a law of multiplication in 30 by

(a7t>(a,t/) = (aa,’ tt/ JE]Q(L({Q(/O; )) 7

where J(a) = Jz (o, i) for aw € 3. Since pr(a) € Gy N DZyD we can write a = £13&,
where pr(&;) € Gg¢ N D[2,2] are each trivial at the infinite place. Therefore h(&1€2,1) = 1,
J(a) € T, and the above law of multiplication makes sense; essentially the notation J(«)
is referring to an extension of the element ( € T given in (2.1.1). Notice by the property
of (2.2.2) above that J(aa/) = J(a)J(a/) if either « € D or o/ € D.

The Hecke ring we consider is R(@,go), and take f € My(I',4). The action of the
element T := @(a,t)@ of this Hecke ring on the adelisation fy : My — C is given by
first decomposing into finitely many single cosets T' = [ |5 @(6,t), where 8 € 3p, and
subsequently putting

(falTy) (@) =D ellag) "I (B) " falap™). (2.2.4)
8

If ¢ € X then write T}, , = T}, whenever a = rp(diag[q, ¢]) and ¢t = 1. In this case we can
give the explicit action on f itself by considering finite decompositions of global double
cosets of the form
G N (D diag[g, /D) = Tal' =| |T'8,
B

where o, € GN Z, and by putting

(ITy)(2) =D tellag) = 5 (8, 2) 1 f(B - 2); (2.2.5)
8

by [Shi95b, p. 41] we have fa|T, = (f|T4,»)a and these two notions indeed match up.
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Lemma 2.6 of [Shi94] tells us what these single coset representatives look like; we restate

it here.

Lemma 2.2.3. For any g,h € X let gZ" + hZ" denote the Z-lattice in Q such that
(9Z" + WZ™)p = gpZy + hypZy for all primes p and define the sets

Wc::{(gyh) exz‘an"i_h/Zn:Zn?hpeop pr’t},
S’::{JESf|ap€S(b_1)p if p|c}

Let O\W, denote the right coset representatives under simultaneous multiplication — i.e.
u-(g,h) := (ug,uh), where u € O and (g,h) € W,. Let W./(O x 1) denote the left coset
representatives under multiplication on the first argument only —i.e. (g,h)-(u,1) := (ug, h).

A complete set of representatives for D\3g is given by

1 g
{(g ) h ggTﬁh> ‘(9, h) e O\W./(Ox1),0 € Sl/gsf(bl)gT}.

Definition 2.2.4. Form the factor ring

Ro = R(D,30)/D (e, 1)D — tD (v, )D | (e, t) € 30), (2.2.6)
and let A; € Rg denote the image of T}, ;, under projection to Ro. The factor ideal acts
trivially on M (T, ) by (2.2.4), thus giving an action f|A, of A; € Ro on f € M(T',v)
by the same formulae of (2.2.4) and (2.2.5).

For any prime p denote by R, the subalgebra generated by A, for all ¢ € X,.

An element f € S(T', %) that is an eigenvector for all Hecke operators in Ry is called an

eigenform.

Eigenforms and their L-functions carry a wealth of arithmetic information and they are a
fundamental object of study for this thesis. The association of the standard L-function to
an eigenform involves the determination of a bunch of non-zero complex numbers, known
as Satake parameters, whose determination comes about through the Satake maps.

+

The Satake maps are local injective maps between R, and polynomials in (C[acli, ce Tl

and they are defined for all primes p via the composition of two maps

- . + +
wp 1= wop 0 ®p : Rop — Cla7", ...,z ],

rrn

which will be defined below. It is well known that if p { ¢ then this is an isomorphism
between Rg, and C[z7, ..., 2], which is the ring of symmetric polynomials invariant

under the Weyl transformations x; — x; . zj — xj for j # i — see for example [And79,
Lemma 1.2.2]. We adopt the following definitions from [Shi95b, pp. 41-42].

The map ®,. If g € X, then from Lemma 2.2.3 we have a decomposition of the form

d sd
Dpdiag[Qa Q]DP = |_| |_| |_| Dpad,sa Qg s = < ’ > ’ (227)

zeX s€Yy deER, 0 d
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with X C GL,(Qp), Ry C 20O, representing the single coset decomposition O,\O,z0,,
and Y; € S,. Recall the notation J(«o) = J%(a, i) for a € 3 and extend to all of Rq, by
C-linearity the map

Dp(Ag) = Z J(TP(ad,s))_lopd € R(Op, GLn(Qp)).
d,s

The map @, : Rop — R(O,, GL,(Qp)) is injective for all p, see [Shi95b, Lemma 4.3].

The map wp,. Note that any coset O,d with d € GL,(Q)) contains an upper triangular

matrix of the form

plit % *
0 ple *
| | (2.2.8)
0 0 pPdn

with a4, € Z, and then define

wop(Opd) := [ (0™ i),
i=1
which, via decompositions O,zO, = > ;O,d and C-linearity, we extend to obtain the
map wop : R(Op, GL,(Qp)) — (C[x{c, ...,xF]. This map is an isomorphism between

R(Op, GL,(Qp)) and Clzf, ..., z]>», which is the ring of all symmetric polynomials.

The above local maps are used to associate to a Hecke eigenform f € Si(T", %) an element

in C" for all primes p. Define a formal Dirichlet series with coefficients in Rq, by

o0
To= 3 AWM,
m=0
where A(p™) € Rop is the sum of all A; € Ry, over ¢ € O,\X,,/O,, with |g| = p™. This
series acts on any f € My(I', ) by letting it act coefficient-wise; denote this action f|7,.
If f is an eigenform in the sense of Definition 2.2.4, with f|A(p™) = A(p™)f, we get

o0

fITy =A™t f. (2.2.9)
m=0

Theorem 4.4 of [Shi95b, p. 42] tells us that

n

H(l —pat) ! if p|e,
WP(,];J) = i?z,l Qi_ltg (2210)

11 L=p ifpte
g (L =prat)(1 — p”xi_lt) ’
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ifptfe.

and subsequently we get the existence of an n-tuple (Ap1,...,Apn) € C" such that
n
o H(l - p")\p,it)_l if p e,
_ Ji=1
mz::OA(pmﬁm = Zf[ 1 — p2i—1g2 (2.2.11)

i (L= prApat) (1 —prAsit)

Definition 2.2.5. Let f € Si(I',¢) be an eigenform, where I' = I'[b~!, b¢] < M, and put
TINEES E
Ve

Let x : Ip/Q* — T be a normalised Hecke character in the sense of Definition 2.1.4 and let
(Ap1,---,Apn) € C" denote the Satake p-parameters of f for each prime p. The standard

L-function associated to f is the following function in the complex variable s:

n

[T =p"Mit) if p e,
Ly(t) : = "%

[Ta=p"X\at) (X =p A tt) ifpie,

=1

Ly (s, fox) - = [T Lo (X)) -

The Euler product defining Ly (s, f,n) is absolutely convergent, and therefore non-zero, for
Re(s) > 37" + 1, see [Shi%, Theorem A, p. 332]. In addition, it can be meromorphically
continued to the whole s-plane with finitely many poles. The location of these poles can be
determined using the Rankin-Selberg integral expression [Shi96, (4.1)]; under additional

assumptions this is Theorem B2 of [Shi96] and we restate an appropriate version of it here.

Theorem 2.2.6 (Shimura, [Shi96]). Suppose that n > 1. Let f € S(I'*, 1), where
.= {fy eT[b " c,bc] |a, =1 (mod c)}

is analogous to the principal congruence subgroup. Let x be a Hecke character of conductor
f and take € € {0,1} such that xoo(x) = sgn(ze0) ¥ *e. Then the standard L-function

Le(s, f.x) = [T Lo (")) ",
pfe

with FEuler factors at ¢ removed, is meromorphic on the whole s-plane with finitely many
poles, all of which are simple. The L-function is entire if x> # 1. If x> = 1 then L¢(s, f,X)
has the following possible poles.

(i) If k > n+ e then L¢(s, f,x) is entire for half-integral weights.
(ii) If k <n+ e then L¢(s, f,x) may have poles only in the set
{(j+31i€Zn+1<j<min{2n—k+e 3} +1>2n+[k—c}

Remark 2.2.7. Theorem B1 of [Shi96] is a similar kind of result to Theorem 2.2.6 above
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but for L(s, f,x) normalised by some Gamma factors (defined in [Shi95b, (6.4a-b)]) so
that the proof of the above theorem follows directly from Theorem B1.

Weaker versions of Theorem B1 appeared in [Shi95a, Theorem 6.1] for integral weights,
which was proved using the Rankin-Selberg method, and in [Shi95b, Theorem 6.1] for half-
integral weights, which was proved using the doubling method. We mention only that the
doubling method is another tool that can be used to prove similar results to those obtained
using the Rankin-Selberg method, see Sections 7-8 of [Shi95b| for details. In either case,
the poles are obtained from those of the Eisenstein series and those of the normalising
Gamma factors. The improvements of both these results to give Theorem B1 of [Shi96]
follow by increasing the non-vanishing range of the L-function to Re(s) > 2 +1, see [Shi96,
Theorem A]. Therefore the above theorem actually follows using the doubling method,
not the Rankin-Selberg method. One can prove a similar result using the Rankin-Selberg
method by removing the additional assumptions, however we must take into account
possible poles of a quotient of Dirichlet L-functions f\\—;, which we define later in (2.4.1).
We do this in the vector-valued case in Theorem D2 of Chapter 5.

2.3 Algebraic decomposition

The results of this chapter can also be found in Sect. 6 of [Mer18b].

Notation. k - half-integral weight; [k] =k — 5 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 2Z x 2Z.
D= Db~} bc]; T =T[b~!, bel.
P ={aeSp,(Q)|ca=0}rp: Py — My — lift.
Superscript n on groups defined in Section 2.1 and Section 2.2
(G", M}, D, Ri, etc.) when emphasis is necessary.
Xp = Mn(Zp) N GLn(Qp); Op = GLn(Zp);
X = GL(Q)¢ N T, Xp: O = 1, O
Zy = {diagld,q] | g € X}; Z = D[2,2)2yD[2,2]; 3 = pr1(2).

a) = J%(a,i) for any a € 3.
T)—l

<
~ o

for any invertible matrix q.

That the space of modular forms decomposes into cusp forms and Eisenstein series is well
known; it is not so obvious that this should preserve algebraicity of the Fourier coefficients
of the forms involved and, should it indeed preserve this, it is even less clear to what degree
this preservation of algebraicity occurs. The results of this section clarify this issue for the

half-integral weight case.

To be more precise, we prove

Mi(L) = Sp(L) B EW(L), (2.3.1)
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where .Z/Q is an algebraic field extension, & is the space of Eisenstein series, and X} (%)
for X € {M,S, &} denotes the modular forms in X whose Fourier coefficients lie in .Z.
The decomposition of (2.3.1) is known in the present setting when . = Q, this was shown
by Shimura in Theorem 27.16 of [Shi00]. We improve on this by detailing a precise field
extension of Q for which (2.3.1) holds; the benefits of this precision will become apparent
in Chapter 3 and will allow the algebraic determination of the full range of special values
of the L-function.

To achieve this result we prove an analogue of Garrett’s conjecture, of [Gar84], that if f
has algebraic coefficients then its Klingen Eisenstein series E(f) does too. That such a
result should lead to the decomposition (2.3.1) is natural since My = S @ & is given
precisely by writing f as the sum of Klingen Eisenstein series associated to it. The proof
of Garrett’s conjecture is achieved by a non-trivial extension of the methods of Harris in
[Har81], whose setting is integral-weight and full-level Siegel modular forms. Later, in
[Har84], Harris extends this result to more general automorphic forms that are associated

to Shimura varieties which does not cover the present case.

o For the rest of this section, we use the superscript n on symbols already introduced

which naturally depend on n, for example G", My, D)}, Ry, and so on.

2.3.1 The Siegel Phi operator

The purpose of this preliminary subsection is to give a relation between the standard L-
function of an n-degree form f and that of the n — 1-degree form ® f, where ® is the Siegel
Phi operator. This type of relation has been studied before; for forms of integral weight
and trivial character this was done by Zharkovskaya in [Zha74] and later for non-trivial
character by Andrianov in [And79]. It has also been established by Hayashida [Hay03] for
half-integral weight Siegel modular forms, using the Hecke ring construction of Zhuravlev
in [Zhu84|, [Zhu85] and results of Oh-Koo-Kim [OOK89], but it is not so clear how their

setting translates to that of the present.

For a real variable p the Siegel Phi operator is defined as
O Mp - My

f(z) limf<w _0),

p—00 0 ip

for variables z € H,,,w € H,,_1.

Take a prime p such that p { ¢. Define a map ¥(-,u) : R, — Rg, L[u*], for an independent
variable u, as follows. Consider the generators A, € R, for ¢ € Xp, with Dy diaglq, q| Dy
having the decomposition of (2.2.7) and each d in the decomposition having the form in
(2.2.8), recall this means that the ith diagonal entry of d is p®% for a4, € Z. Then put

V(Agw) == 3 Jrp(aw) I (rp(ags) ™ ™) Dy (Cé dd> |

z,d,s
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where o’ denotes the upper-left n— 1 block of any n X n matrix a and recall J(a) = J 2 (a i)
for any o € 3. Extend this to all of R, by C-linearity. The map (w;,~ 1'x 1) on Rop Lu]

acts as wg_l on Rgp_ L and as the identlty on u. Then

n—1
(wp™! x 1)(¥(Ag, w)) ZJ (rp(aas)) ™ (up™™)%n T (p™"w;)™
i=1
So by defining ¢y, (z;) = x; for 1 <i <n —1 and ¢y (z,) = v and extending C-linearly
to all of (C[xf, ..., xF], we get the commuting square
8]3 L) (C[xica e a1:7:|z:]

et J"b (2.3.2)

1
Rgp_l[ui]u Clzt,...,zE |, uF].

By Lemma 2.2.3 in the previous section we can write

_(g7'h gloh _ (@) (g) o'W
ad,s - T"' ) ad,,S/ - / T~/ Y
0 4" 0 ()" h
where, as in Lemma 2.2.3, (g, h) and o are coset representatives taken from the sets Wy

and (S},)" respectively.

For any s € Sy define g(s) € T by

©3

By Lemma 2.4 of [Shi95b] we then get that J%(ad’s, z) = g(—o) and J%(adzysl, z) =g(—o’)
are both independent of z and therefore
Jk(adys,z) = J(T’P(de’s))J(T’P<Oéd/’s/))_1pad"[k]Jk(Oéd/’sl,Z). (2.3.3)

1

Remark 2.3.1. In general, the quotient J(rp(ags))J(rp(aq.s))”" is not so easy to

calculate. By Lemma A1.5 of [Shi00] we can assume o = diag|oy,...,0,], where each
o € Q. If ordy(o;) > 0 for all ¢ then g(—o) = g(—o’) = 1 by definition. So let
ordy(o;) = —m; where 0 < m; € Z and put m = >, m;. We can further assume that

m; = 0 only if ¢ > e for some integer e < n. Then following the proof of Lemma A1.6 of
[Shi00] we see that
e
’Y(_U) = pim H G(pmlo-zupml)a
i=1

cl 2y 42—

where G(a,c) = > 5 e , for integers a,c. By the assumption (b~!,bc) C 27 x 27
we have that p # 2 since pJ( ¢. Let (5) denote the Legendre symbol and recall for an odd

integer b that e, = 1if b =1 (mod 4) but e, =i if b = 3 (mod 4); note that (%) = 5127



2.3. Algebraic decomposition 23

and 5p = g2 HEp- Therefore we have

. . mi _y (=pTioi\"™
G(—pmlai,pml)zp”p%i( p Z) ’

which gives

€ m; m.
_ _p Zo-A
g-o) = [Tt (2%

i=1 p

So if e < n then J(rp(aas))J(rp(aw )~ =1 and if e = n then it is sgnlln (%)mn.
By multiplying out cosets one can obtain a more concrete expression for the m; in terms
of the ¢ € X, and d appearing in the decomposition of (2.2.7), and therefore of W(A,, u)

itself, but in general this is quite messy.

The above calculation, that the form of J(rp(aqs)) is a bunch of quadratic characters,
directly generalises the cosets of, B, and o* found in the n =1 case of [Shi73, p. 451]. If
n=1landg=pé€ Xllj is just our chosen prime number then by multiplying out cosets we
have ord,(d) € {—1,0,1}. Using Lemma 2.2.3 for the values of o we can take, there are

the following three cases:

1. ordy(d) = 1 and we can take o € Z,/p*Z,. So g(—c) =1 and these are the ;.

2. ordy(d) = 0 and we can take o € Zy[p~1]. So g(—0o) is a quadratic character as

above and these are the 3;.

3. ordy(d) = —1 and we can take o = 0 (in this case ¢ = 1 and h = d in the notation
of Lemma 2.2.3). So g(—o) = 1 and we obtain the ¢* here.

Proposition 2.3.2. If f € M} (T',v) and p{ ¢ then
O(f|Aq) = (BF)|W(Ag, vy, " (p)p" ).
Proof. Firstly, since ¢(p) = 1, L(p), we have

fl4, = Z Z 1/1171(|d|)¢]k(ad’5,Z)_ICf(T,1)6(d_17'CZZ+7'8)7

z,d,s TESZLr

where z,d, s sum over the same sets as in the decomposition of (2.2.7), and apply ® to
this expression. If 7 = (7 ¥) with 7/ € S%~!and 0 < t € Z, then we know that the last

2aant. Thus writing z = (% 3 ) and letting A — oo, any terms

involving 7 where ¢ > 0 will tend to 0 and we are left only with those 7 € S7 such that

diagonal entry of d~'7d is p~

t = 0 — these are precisely all elements of Sifl. For such a 7 = (TO' 8) we have

d—l J N <(d/)—17_/d'/2/ + ey 0)
TAZ TS = .
0 0

By the relation between J*(ays,2) and J*(ag ¢, 2) of (2.3.3) we get

f|A Z J Tp Qg s J(TP(ad,s)) ¢p ( adn) —adq,, K]

z,d,s
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/
< wc(’d/’)t]k(ad/ﬁljzl)fl Z cy ((7(—) 8) 71) 6(T’(CZ’Z’ + S’d/)(d/)*l) 7
T’ESi_l

which is exactly (®f)|¥(Ag, ¥, (p)p" M), as @ f has Fourier coefficients c; (7 9),1) for

all 7€ S771. O

Suppose that f is a non-zero eigenform with eigenvalues given by the homomorphism
A : Ry — C. The above proposition allows a direct comparison of the Satake p-parameters
of ®f and f. We saw in the previous section how one obtains these parameters and the
whole point of these is to give the action of the Hecke operator 7T, — generally difficult to
understand — in terms of a polynomial, (2.2.10), in ¢ acting as a scalar — much easier to

understand.

Extend the definitions of ¥ and w to 7, by letting them act linearly on the coeffi-
cients. For any 1 < ¢ € Z the polynomial wf;(xl,...,mg;t) = wf;('Y;f) is given by
(2.2.10); if g is an f-degree eigenform with Satake p-parameters (Ap1,...,Ap¢) then
g|T€ =w ()\p Loy Apait)g.

Notice from (2.2.9) that

[e.e]

= > AP (2.3.4)

m=0

Assume 0 # @ f has Satake p-parameters (Ap1,...,Apn—1) for p{c. The aim is to find the

Satake p-parameters of f. By the commuting square of (2.3.2) we have

wi (T u) = nulw)(T)1)
2i—1t2 1 _ p2n_1t2
ik

n—1
=TI l—p
i (L=prat)(1—pray ') | (1= prut)(1—pru=tt)’
so that

n—1 1 — p2i—142 1 — 2142
P f)|W = of. 2.3.5
(@) (7;",16) Ll_[1 (1 —prXpt)(1 —p”/\;}t)l (1 — prut)(1 — pru—lt) ! ( )

On the other hand Proposition 2.3.2 along with the identity in (2.3.4) gives

o0}

(@NIU(T ¢, ()" ) = (f7,) = ZA (") D f. (2.3.6)

Equating (2.3.5) and (2.3.6) above with u = ¢ L(p)p"~ ¥ proves the following proposition.

Proposition 2.3.3. Let f € M} (I',v) be a non-zero Hecke eigenform such that ®f # 0.
Then ®f is an eigenform of degree n — 1. If ® f has Satake p-parameters (Ap1,..., Apn—1)
for ptc then the Satake p-parameters of f are (Ap1,..., Apn—1, w;l(p)p"_[k}).

Define the Hecke character y := 2. Using the above proposition, we can obtain a
useful expression between Ly (s, f, x) and LZ_I(S —1,®f, x). Assume ®f # 0 has Satake
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p-parameters (Ap1,...,A\pn—1); by Proposition 2.3.3 above the Euler factor of f at p{ ¢ is
L (W) (p)p~*) = LE (X)) (0)p (1 — x* (p)p> M=) (1 — pM=*),
and the Euler factors at p | ¢ are just 1 by definition of y. Therefore
L (s, f,x) = Ly~ (s = 1, @, X) L(s + [k] = 2n, X)¢(s — [K]),

where (, is the Riemann zeta function with the Euler factors at p | ¢ removed. By induction,
for any 0 < 1/ < n such that " f % 0, we get

Li(s, f,x) = Ly (s —n+ 1, 8" f,)
n—r'—1 (2.3.7)
x JI L(s+ [kl —2n+1i,x)¢(s — [k] — ).
=0

2.3.2 Klingen Eisenstein series

Let G’ denote the image of G under the embedding

G—>GA

x> (),
where 2o, = x and xz, = I, for all primes p, and define
& :=pr {(G') < My.

We have that & < 9%. By [Shi95a, p. 544] the group & can be identified with the
group of couples («,q), where @ € G and ¢ : H,, — C is a holomorphic function such
that ¢(2)?/j(a, z) € T is a constant, with the group law (o, ¢)(c/,¢") = (ad/, q(a'2)q'(2))
as follows. To each («,q) there exists a unique o € & such that pr(c) = a € G’ (i.e.
pr(c)ec = o and pr(o), = Iz, for all primes p) and ¢ = h,. The group & acts on
f:H, - Cas

(flI)(2) = a(2)j(e, 2)F f(a- 2),

where £ = (a,q) € &.

Viewing G as a subgroup of M, as usual through the natural lift » : G — M, suppose
we have a € G NI, then the pair (o, h,) associates to some element & of & by the
identification of the previous paragraph. Therefore we obtain a map G NN — &; a — a.
A congruence subgroup of & is defined as a subgroup A such that pr(A) is a congruence
subgroup I' of G and A coincides with the image of I' under the map « — &. As such,
congruence subgroups of G N M and of & are one and the same and we shall use the

notation I' to denote congruence subgroups of either G or &.
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For an integer r such that 0 < r < n and for any a € M, (Ag), we write
ar az b1 bg
as a4 by by
C1 C9 d1 d2 7
c3 C4 ds dy

where, for any = € {a,b,c,d}, we have x1 € M, (Ag),x2 € My ,—r(Ag), 23 € My—r(Ag),
and x4 € M, _,(Ag). Also write

I (;1:1 x2> _ <x1(a) ;Ug(oz))
“ T3 X4 z3(a) z4()

when we wish to emphasise the matrix « to which these blocks belong. If r = n then

(2.3.8)

we understand that z, = z1(a) and likewise, for r = 0, we have z, = x4(a). Define the

following parabolic subgroup P™" < G by
PV i={a € G| az(a) =ca(a) =0,c3(a) =d3(a) =0,c4(a) =0} if 0 <7 < m,
with P*0 := P" and P*" := G. With « of the form in (2.3.8), we have some maps

Ty - Mgn(AQ) — MQT(AQ)

o <a1(a) bl(a)>
c(a) di(a) ’

)\r : Mgn(AQ) — AQ
a— |da(a)].

These define respective homomorphisms P{"" — Sp,(Ag) and P;"" — Ip. On the meta-
plectic side let P™" := {(a,q) € & | a € P™"} and extend 7, and A, to P"" by letting

m (@) : = (me(@), [Ar(@)|"3¢) € &7,
Ar((a,q)) 1 = M(aco) € Qx,

where ¢/(z) := ¢ (( v »)) does not depend on the choice of w, 2.

Suppose that 0 < r < n, I' < &™ is a congruence subgroup viewed under the previously
discussed identification v — (7, hy), ¥ is a Hecke character in the sense of Definition 2.1.4,
and K is some number field, we define for X € {M, S} the space

XL R ) = {f € XL | fllme(7) = (sgn™ ) (A (7)) f for all y € T NP,

and denote by X} (I' N P™", ¢, K) the forms in the above space whose Fourier coefficients
are all in K. To any f € S;(I'N*P™", 1) one can associate the Klingen Eisenstein series
denoted by E;""(z,s; f,,T), defined for variables z € H,,, s € C in [Shi95a, p. 554], and
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whose sum is convergent for Re(2s) > n +r + 1. Of particular interest to us are the series

Bz fe )= 3 tellas)F (57) e,

ye(CNP™NL

where z(") is the upper left  x r block of z, and this latter sum is convergent provided
k >mn+r+1. This was extended to all k > 2243 in [Shi95a, p. 346]. By Lemma 8.11 of
[Shi95a] these are holomorphic if k£ > 2n.

Assume that k > 2n. For each 0 < r < n, let Eis}"" denote the set of all E}""(z; f,1,T)]|xc,
with o ranging over &", f ranging over S;(I' N™"), and I" ranging over all congruence

subgroups of " under the usual identification  +— (v, hy). Then put
& = spanc Eis)" .

As E"(z; f,1,T) = f we have £ = 8. Set " ([',¢) = & N MYT,v) for any
congruence subgroup I'. Their eminence in this section comes from a decomposition, in

their terms, of the space of modular forms.

Theorem 2.3.4 (Shimura, [Shi95a|, pp.581-582). If k > 2n, then we have the decomposi-

tions
r=dar
r=0
MRT,¥) =P ET (T, ).
r=0

Remark 2.3.5. Originally in [Shi95a] the above theorem was proven for k > 2n, which
bound was further improved in [Shi96, p. 346]. We retain that of the former as later

results will require k > 2n anyway.

Theorem 27.16 of [Shi00] gives that the above decompositions preserve algebraicity over

Q.

For any integral ideal a let R{ (resp. Ra(D, 30)) denote the subspace of R (resp. R(D, 30))
generated by all the Ay (resp. Ty,y) with g, € X, for all p and ¢, € O, for all p | a.

Theorem 2.3.6. Let 0 < 1" <1 < n be integers, and assume [k] > 5+r'+1. Consider two
non-zero Hecke eigenforms f € £ (T,¢) and f' € EZ’TI (T, %) with the same eigenvalues
for R§. Thenr =r'.

Proof. As in [Har81, p. 309] we may assume that » = n and therefore that f is a cusp
form. Assume for a contradiction that r’ < r. Since f and f’ share the same eigenvalues
for Rf), we have Lg(s, fix) = L’J)(s,f’,x) where y = 92 is defined as in the previous
subsection. So, using the relation in (2.3.7) obtained at the end of the last subsection, one
has

n—r'—1

Ly(s, fox) =Ly(s—n+7, 0" f . x) T L(s+ [k —2n+1d,x)¢(s — [k] — ).
=0
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Plug s = [k] + n — r/ into this. For i = n — 7’ — 1 we have that {.(s — [k] — 1) = (1) is

a pole; note (.(s — [k] — i) # 0 for all other ¢ and L(s + [k] — 2n + i, x) # 0 for all i. By
Theorem A in [Shi96, p. 332], Ly (s, f, x) is absolutely convergent for Re(s) > 3 41 and
by our choice of s and k£ we indeed have this. So the left-hand side is finite. In the same
manner LZ(S, , &7 ' x) is absolutely convergent for Re(s') > 377"/ + 1, which inequality
s’ = s —n + 1’ satisfies by our choice of s and k. So LZ(S —n+7r,®"" f x) is non-zero.
This gives a contradiction as the right-hand side of this expression contains a pole, yet the
left does not. So 7’ = r. O

Definition 2.3.7. For any 0 < r < n we let
X, = prN\&"/T

be representatives for the r-dimensional cusps.

For notational purposes let
e f = @(f[Ik),
for any £ € X,,_1 and f € M} (I"). Then we define the map

O, : ML) — ] My HEre np™nt )

éEXn—l

[ (@cf)e,
and by definition ker(®,) = (T, ).
Lemma 2.3.8. If f € MP(T,¢) then (f|[x& 1) Aq = (flA)|IkE™L for any € € X,,—1 and

any Ay € Rj.

Proof. Since & is the identity at all finite places we have, for o = diag]q, q] and g € X such
that ¢, € O, for all p | ¢, that

(EDE Mo (DEY) = ESp(R)E [ Dyop Dy,
pte

from which G N (6EDE N (6DEY) = €GE1 N (DoD) = ¢(TBL)E! for some f € GN Z.

Supposing that ['a are the single cosets in the decomposition of I'ST", we have
N(EDE o (eDE™ <|_| Fa) ¢! |_|(£F§’1)(£a€’1),

so that a1 are the single cosets for the operator 4, of level ET'¢ 1. Note that & € D[2, 2]
and that

(Flle& MIAg =D 5" (€ ot 2) T TR (Cat™ 2)  fad ' 2),
(F1AINRE =55 2) 7D TH (e, 671 2) 7 fag ).
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So all that remains is to show that
FHET ot ) T (Gag T 2) T = R ) T T (0,67 )T

and both sides of this equation are indeed equal to J*(a&™!, 2)~! by using properties of
J¥ found in (2.2.1) and (2.2.2). O

Proposition 2.3.9. The space My(I',1) has a basis consisting of eigenforms for R§.

Proof. Lemma 4.5 of [Shi95b] tells us that 7j, (or Ay) are Hermitian on cusp forms
provided ¢, € O, for p | c. From this it follows immediately that S;'(I',?) has a basis of

eigenforms for Ry.

To show that the Eisenstein series &£ (I, ) has such a basis we use induction on n. Note
by [Kob84, p. 210] that the space M (I',v) has a basis of eigenforms for (R})*.

We make three claims, which hold for all 1 < n € Z:
(1) The space &(T',4) is invariant under (Rg).

(2) There exists an epimorphism (R§)S — (Rg~')% A — A* such that ®¢(f|A) = (B¢)|A*
for all £ € X1, f € ME(T).

(3) The space ®:E7(T, ) is invariant under (R{ )¢ for all £ € X,_1.

Claim (1) follows from the fact that S;*(I", ) is readily seen to be invariant under (R{)¢
and by using the self-adjointness of A, on cusp forms. Claim (2) is given by the local
maps (-, p"~[Fly(p)) of the previous section and Lemma 2.3.8 above. Claim (3) follows
from the previous two claims; indeed let A = A} for A € (Ry™1)° and Ag € (R})S, then

(D€ (T, )| A = e (& (T, )] Ao) € @eE(T, ¢)).

So now assume the proposition holds for n — 1. By the induction hypothesis we obtain,
for each £ € X,,_1, a basis of szl(ﬁfﬁ_l NP1 ) consisting of eigenforms. Call this
basis Be. Since ®:£(T', ) C MZ_1(§F§*1 NP1 ep) is invariant under R§ then we
obtain from B a basis, call it C¢, of ®¢EP(T, 1)) consisting of eigenforms of (Ry™ 1)<, Let
Cx denote the resultant product basis of ®,£ (T, 1). As ker(®,) = S;(I', ) then we have
that @, is injective on &£(I",7), and so the inverse image of Cx, call it C,, gives a basis
for (I, ).

The set C, consists of all g € M} (I',4) such that ®,(g) € Cx, that is such that ®¢ (g) is
non-zero and belongs to C¢, for some & € X,,_1 and ®¢(g) = 0 for all other £ # £y — this
is by the definition of the product basis. Therefore fg, := ®¢,(g) € Cg, is an eigenform,
say with eigenvalues Ag. For any A, € (Ry)" we then have

(1)50(9|AQ) = f§0|AZ = AO(A;)fﬁo

and we see that ®,(g|A4,) = Ao(A;)P+(g). By injectivity of @y, any g € Cy is therefore an
eigenform for (R{)". O
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Proposition 2.3.10. Let V. C M} (I',4) be an eigenspace for R whose eigenvalues are
gwen by the homomorphism A : Ry — C. It is spanned by V N MZE(Q(, A)).

Proof. Write
V = ML, 1, A) = {f € ME(T,9) | flA = A(A)f for all A€ R},

By the previous proposition the space M} (T, 1)) is spanned by eigenforms for Rf and by
Lemma 5.1 in [Boul8] the action of Rf, preserves M} (I, 4, Q(¢), A)). As we have a ring
of Q(¢, A)-linear transformations on M} (T, 4, Q(z), A)) the argument of [Shi00, p. 233]
follows. O

So, if k > 2n, we obtain an equality of two different direct sum decompositions of M2 (T, ).
From Proposition 2.3.9 one of these decompositions consists of eigenspaces for R{, and by
Theorem 2.3.4 the other one consists of the spaces &,"" (T, 1). By Theorem 2.3.6 we have
that &£""(T',%) contains entire eigenspaces for Rf. So by the basic properties of direct

sums we see that each £ (T',¢) is itself a direct sum of eigenspaces.

For any character ¢ let Ay = A}, C Hom(Rj, C) be the finite subset such that

MR, )= @ MET, ¢, A), (2.3.9)
AEAk’zp

and let Q(Ag,)/Q be the field extension generated by the values of A for all A € Ay .
The above discussion in conjunction with Proposition 2.3.10 proves the following result for

0 <r <n—1; the cusp-form case r = n is already known.

Corollary 2.3.11. Let 0 < r < n be integers and assume that k > 2n. The space E;"" (T, 1))
is spanned by £ (L, 0, Q(¢, Agy)) = EF (L, 0) N MEQ(, Ak yp))-

2mi
We need such an algebraic basis at other cusps as well. Let ( := e~¥@ denote the N(a)th
root of unity for any integral ideal a and recall { : 9t — T as the character, see the property
in (2.1.1), such that h(o, 2)? = ((0)j(pr(c), ). Let

G = Clx, (2.3.10)

where X = J,. X;, € &" is the set of representatives for all cusps.

Theorem 2.3.12. Let K/Q be an algebraic field extension and let f € M} (I, K). For
any 0 <7 <n and £ € X, we have f||p& € MR(ETE, K (¢, ¢).

Proof. In the integral-weight case — £ € Z and g € M} (I', K') — Proposition 1.8 of [FC80, p.
146] gives g|[o&~1 € M(ET¢71, K(¢.)). The half-integral weight case is deduced from this
via the use of the theta series §(z) := > czn e(ﬂ%) € Mg (Q). By the second equation
of Proposition 1.3 [Shi93| the translate 6] 1 ¢~! = 0 has rational coefficients for any .
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Take f as stated in the theorem, the form 6 f has integral weight [k + 1] and coefficients in
K. Then we have that (6f)]j+1& ™" has coefficients in K (() for any £ € X, and we get

(0N ksn€ ) (2) = e ) o 2) £(6712)
=3 2T h(ET 2201167 @ (I T(2)
= (€0 (f1IkEH)(2)-

Considering 6 as an element of Q[[q]], with ¢ = €?™, it is an invertible power series as it

has a non-zero constant term. Considering =1 € Q[[q]] we then have

FlIR€ =<0 Oy € Me(EDE K (G, G))-
]

Remark 2.3.13. For certain congruence subgroups one can remove the (,. For example,
if I' has cusps only at 0 and oo then X = {Is,,,¢}. In this case ((¢) = (—i)" by Proposition
1.1R of [Shi93] and we see that Q({x) € Q(¢) since 4 | ¢. In general, however, it is not so
clear that we can remove (,; the relative non-triviality of the behaviour of f at the cusps in
the half-integral weight setting (see Proposition 1.4 of [Shi93] and subsequent discussion)

suggests that it may be a necessary addition.

Corollary 2.3.14. Let 0 < r < n be integers and assume k > 2n. The space £ (ETE1, 1))
is spanned by " (ETEY, 4, Q(Ag,y, G(¥), G))-

Proof. As & (E0E71, ) = £7"(T,9)||x€ ! this follows from Corollary 2.3.11 and Theorem
2.3.12 above. O

The previously defined map @, provides a useful isomorphism from which we can determine
the rationality of @, f given that of f.

Theorem 2.3.15 (Shimura, [Shi95al, p. 582; [Shi%6|, p. 347). Let k > 2n and fix r < n.
The map

O EN (T, ) = [ SKETET NPT )

geXy

is a C-linear isomorphism.

Corollary 2.3.16. If f € " (T',¢) and k > 2n, then f € My(T, v, Q(Agy, G(¥), ) if
and only if

o) f e I SEEre n P, ¢, QAky, G(¥), G)-

£eXy,

Proof. Theorem 2.3.12 and the fact that ®"~" (M} (T", ¢, L)) C M}.(T', 4, L) for any subfield
L C C gives necessity.

For sufficiency, let {g7, ..., g/} be a basis of Q(A 4, G(¢¥), (x))-rational forms for £ (T, ¢)).
By Corollary 2.3.14 there also exists a basis of Q(Ag,y, G(¢), (x))-rational forms for each
SEETEINP™T 1), so let {g7,. .., gh,} denote the product basis for I1e SIETEI NPT 1))
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obtained out of this. Each g] is zero for all £ € X, except for one element whereby it
belongs to S (ELE1NP™", 1, Q(Ag.,p, G(1), (x)). Assume further that this basis is ordered
to that ®}7"(g') = g} for all i — we can do this by the isomorphism in Theorem 2.3.15.
Writing f = Y% aug” € £ (T, ), the proof follows from the following argument that
each a; € Q(Ag,y, G(¢), (). By assumption

YT => gl € [ SEERE NPT b, QMg G(1), Ch))-
7::1 feXT
If m=1and f # 0 then by Lemma 8.2 (2) and Lemma 8.11 (4) of [Shi95a] there exists
€ € X, such that ®""(f|[x¢1) # 0. As a1 = (¢7)"1®7 " f we see by assumption that
a1 € Q(Ak,y, G(¢), (). The rest follows by induction on m. O

All of the above results allow us to now prove a particular case of Garrett’s conjecture in
Theorem 2.3.19 below.

Lemma 2.3.17 (Shimura, [Shi95a], p. 578). If f € ST NP v), € € X,, and
k>n+r+1 then we have

fifr=¢

O EL (25 £, 4, EDE ) €y = { ,
0 ifvelX,andv #E.

Remark 2.3.18. The above lemma is given in [Shi95a] with trivial character and the proof
found there follows directly from Lemma 8.5 of that paper. That lemma clearly applies

for non-trivial character Klingen Eisenstein series as well, hence the above formulation.

For any f € &' (I',4) and any 0 < r < n define

EX (2 f,4,1) = Z E;?’T(Z;‘I)?_rfa%frfflmkf € & (T, Y).
£eXr
Theorem 2.3.19. If0<r <n,k>n+r+1, and f € (L, ¥, Q(Akp, G(¥), (), then
EX (25 f,9,T) € (T, 9, Q(Ag,p, G(¥), Go))-

Proof. The case r = n is given immediately by Theorem 2.3.12; so assume r < n. For
any v € X, we have @2 "F""(z; f,4,T) = ®7" f by Lemma 2.3.17. By Theorem 2.3.12,
@77 f has coeflicients in Q(Ag,, G(¥),(s) for each v € X,.. If 0 < r < n — 1 then, by
Corollary 2.3.16, F}""(z; f,4,T) also has coefficients in Q(A y, G(¢), C). O

Define the space of all Eisenstein series by
n—1
&= H &
r=0

The decomposition M} = S @ &} of Theorem 2.3.4 is proven inductively and each step
involves the use of the Eisenstein series F}"". Observing this proof along with Theorem

2.3.19 gives the following.
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Theorem A. Assume that k > 2n. We have

Mk(Fv ¢a Q(Akﬂlﬂ G(¢)v C*)) = Sk(Fv 1/}’ Q(Ak,w’ G(w)v C*)) & gk:(rv ¢7 Q(Ak,dh G(¢)a C*))

Proof. The proof of Theorem 2.3.4 is outlined, from [Shi95a, pp. 581-582], as follows. If
f € My(T',9) then put fo = F:’O(z; f,v,T). By Lemma 2.3.17 we have ®7(f — fo) = 0,
so @ 1(f — fo) is a cusp form for any v. Then put f; = Fg’l(z; f— fi,¢,T') and repeat
the above procedure to get fo = F,?’Q(z; f—=fo— f1,v,T) and so on until f,, which is a

cusp form. In the final step we obtain 0 = ®°(f — fo — -+ — f,) = f — fo— -+ — fn and
this is the proof of Theorem 2.3.4. So if f has coefficients in Q(Ay ., G(¥), () then, by
Theorem 2.3.19, so do each of fy, fi1,..., fn- ]

2.4 The Rankin-Selberg method

Notation. & — half-integral weight; [k] =k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27Z x 2Z.
I =T[b"1, be].
n(n—1) n— i
Lo(s)=m" 1 T[}5 T(s — 3).
A(z) = |Im(z)| for z € H,,.
Sp={§€My(Q) | ¢" =6, 0} 7 €8,
X = {2 € My(R) |27 = 2,4 <a; < ).
Y ={yeM,@®R)|y" =y,y>0}
pr — quadratic character associated to Q(il"/2\/]27])/Q.
Xp = Mn(Zp) N GLn(Qp); Op = GLn(Zy);
X =GLn(Q)s NI, Xp; O =1, GLn(Zp).

The Rankin-Selberg method is a powerful tool in the theory of automorphic forms and can
be used to obtain a variety of results, an example of which is Theorem 2.2.6 concerning the
analyticity of L-functions. In Chapters 3, 4, and 5 of this thesis respectively it is critically
used to determine algebraicity of special L-values for metaplectic modular forms, prove
existence of metaplectic p-adic L-functions, and give analyticity and non-vanishing results
of L-functions for vector-valued modular forms. The method, whose objective is to express
an L-function as an integral of certain automorphic forms multiplied by an Eisenstein
series, was developed independently by Rankin in [Ran39] and Selberg in [Sel40]. They

used it to prove analytic continuation and a functional equation of the L-function of the

type

o)

D(s, f,g) := Z cr(n,1)cg(n, 1)n™7*,

n=1

where f,g € M} and ( € Z.
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The application of the method to Siegel modular forms of integral weight has a substantial
history, it is used for example by Sturm to prove algebraicity of L-values in [Stu81].
Traditionally, the integral expression was slightly limited in that certain Euler factors were
removed from the L-function — see Proposition 2.8 of [Pan91, p. 57] in which the Euler
factors dividing N (c)|27| are removed. In his paper [Shi94], Shimura removes this limitation
entirely in the integral-weight case and this was achieved by the study of a certain type
of Dirichlet series o and its factorisation into certain polynomials — see Chapter 3 and
Theorem 3.2 in particular of [Shi94]. In his further paper, [Shi95b], Shimura replicates
these results for the half-integral weight case and subsequently gives an integral expression
of full generality in [Shi96, (4.1)]. In this section then, we restate this expression and
give its derivation in suitable detail following closely the proofs and results of Shimura
mentioned supra; it is therefore entirely expository and the results contained within are

well known.

2.4.1 Definitions and the integral expression

Let f € Sk(T', ) be a non-zero eigenform and take a normalised Hecke character 1, defined
in Definition 2.1.4, satisfying the usual properties of (2.1.5) and (2.1.6). Fix 7 € S, where
recall S = {¢ = ¢T € M,(Q) | € > 0}, such that the Fourier coefficient of f at T satisfies
cg(7,1) # 0. Let x be a normalised Hecke character, in the sense of Definition 2.1.4, with
conductor f, and take p € {0,1} such that (¥x)eo(z) = sgn(we) ¥,

Forany 1 <m € Z, k € %Z, and integral ideal a, we define certain products of Dirichlet

L-functions as follows:

La(s,n) = [[Q =n*(p)p—*) ",

pta
(3]
La(2s,m) [ La(4s — 2i,9%) if k€ Z, (2.4.1)
AG(5:) = 4 ) =
Lo(4s — 2i +1,7%) if K ¢ 7Z.
=1

Then, for a congruence subgroup I'g = T'[r~!, 9] (contained in 9 if x ¢ Z) and normalised
Hecke character n : Ip/Q* — T satisfying (2.1.5) (with p in place of ¢) and (2.1.7), we

normalise the Eisenstein series of (2.1.8) by

Exl(z,8) = Ex(z,8:m,Tp) := Ag’ﬁ(s,w)E,{(z, s;m,To). (2.4.2)

Let b be the set of primes p such that p { ¢ and ord,(|7]) # 0. For each p € b there exists
a certain polynomial g, € Z[t] such that g,(0) = 1. These polynomials are the f¢(¢) in
Proposition 4.1 of [Shi95b]; the g, arise as the integral factor of a certain Dirichlet series
a — which can be seen in the second line of (2.4.15) below or see Theorem 5.2 of [Shi95b]
for more details — and it is exactly this factorisation that allows Shimura to overcome the

traditional limitations of this method in removing Euler factors.
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Recall t as an integral ideal such that A7 (27)h € 4t~! for all h € Z". Now take the ideals
r=b and vy = ¢ N (4tf?) in the subgroup Iy, and put

Aal(s) = ARFT2700g ), (2.4.3)

for any integral ideal a. Let n := ¥ xp,, where p, is the quadratic character defined just
after the definition of the theta series in (2.1.9). The character n satisfies (2.1.7), with
k = k — % — p, by choice of u. Finally, recall the definition of the generalised Gamma
function I';, from (2.1.13) and the inner product (-,-), from (2.1.14).

From (4.1) of [Shi96], the desired integral expression is given as

n(n+1 s—n—1+k+p

Lo(s, £.x) = [T (525848 2, (r,1)] 7 N (o) ™5 farr| 3 () (22)

< I 90 (X)) )P ™) {f OxEr—n (s 277, T0))y Vol (Do \Hy,).
pEb

(2.4.4)

2.4.2 Unfolding

The derivation of the above integral expression comes in two main steps. First, in this
section, we give an integral expression for the Rankin-Selberg Dirichlet series D(s, f,g) of
two modular forms f and g. This is achieved by the unfolding procedure which makes use
of the identity

/I‘\Hn > ey z)d z :/ o(2)d* z, (2.4.5)

~EPAM\T PAL\H,

where ¢ : H,, — C is a P N I'-invariant function. The second step, to come in the next
subsection, establishes an expression relating D(s, f, g) to L(s, f,x) when g =0, and f is

a non-zero eigenform.

For now, let f € Sg(T',v) and g € My(I”,4’) where £ < k is any integral or half-integral
weight; TV = T[(b')71,6/¢], with ((b/)71,0'¢) C 2Z x 2Z if ¢ ¢ 7Z; and ¢’ is a Hecke
character satisfying the usual property of (2.1.5) with ¢ = ¢/, with the further property
that (/4)eo () = sgn(@ee) 1.

By choice of 1’ the Hecke character 1 := (') ~! satisfies (2.1.7) with Kk = k — £. Fix b
and b’, let t:=bNb, p:=r H(bcNb'¢'), and Ty := I'[r~!,ry]. We start by looking at the
integral (f, gEk—¢)y, in which

Ep_¢(2) == Ex—y (Z, 5+ 2, Fo) :

Using the definition, (2.1.8), of the Eisenstein series this integral transforms to look like

the left-hand side of (2.4.5), allowing the application of the unfolding procedure. To see



36 Chapter 2. Metaplectic modular forms

how this works exactly, the integral Vol(I'o\H,){f, gEk—¢)y is equal to

s+ n+14+k+4 X

/FO\H S el )l ™) () (o (gl D) (72) A(yz) =5 d* 2

’YGPQF()\FO (2 4 6)
= S Fa)g(R) Al axs,
Fo\Hn ) e pAro\Ty

where we used ¢, (la,|) = 1 = ¢} (la,|) if p { ¢ and ¢ { ¢; that ¢c(|ay]) fllxy™" = f and

Y (lay])glley™ = g for any v € I'g; and the following facts

AT =) T (R) = i (r2)d - () T

7 (v2) =GB (ve) Ty 2) 17,
A(y-2)" = [y, 2)| A 2).
. —— ntlthtl N
It is easy to check that (z) := f(2)g(2)A(2)*T 2 is PNTg-invariant, so we apply the

unfolding procedure of (2.4.5) to the above integral (2.4.6) and use the Fourier expansions

of f and g to obtain

> [ ey [ el egfon Dyl F e ety (2.4)

g; ES+

where Y’ := Y/SL,(Z) is defined with respect to y + aya? with a € SL,(Z) and
y €Y (see (2.1.12) for the definition of V'), and X’ x Y’ is a domain for P N To\H,. If
Py := PNTY[1,1] then we can take the domain X x Y’ for Py\H,,, where X is defined in
(2.1.11). Note that Py acts as the identity on Y/SL,(Z) and as translation on X', with
both integrands in (2.4.7) above being Py-invariant. The map P N To\Py — S(Z/r 1)

n(n+1)
given by p — bgdp is an isomorphism. So the integral over X’ becomes N(xr~!)” 2  many

2mitr((o1—02)x)

integrals of e
which point it is equal 1. Hence the integral Vol(I'o\H,)(f, gEk—¢)y, from (2.4.7) above,

becomes

over X, which latter integral is non-zero only when o1 = o9 at

n(n
- // Z cr(o,1)ey(o, 1)|y|s+k+£ —Amtr(oy) @<y (2.4.8)

ocESY

We say any o1 ~ o9 in Sy if 01 = a’ o9a for some a € GL,(Z) and let S, /GL,(Z) denote
the representatives of this equivalence. Let U, := {a € GL,(Z) | a’oa = o} and set
vy = #U,. We get

Z ct(o,1)eq(o, Le 4 tr(oy)
O’ES+

. (2.4.9)
=2 Z Z v, lep(aToa,1)c (aTaa, 1)e 4 trloaya’),
a€SLn(Z) 0€S,1 /GLn(Z)
The factor of 2 accounts for the action of —I,, € GL,(Z). By (iii) and (iv) of Theorem
2.1.5 we have cf(a”oa, 1)cy(aToa, 1) = neo(lal)|a|F=Wes (0, 1)cy(0,1) = ¢f(0, 1)cy(o, 1) for
any a € GL,(Z). Hence the following definition is well defined.

Definition 2.4.1. Let f € M (T, ¢) and g € M,(I",4’) as above. For a complex variable
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s we define the Rankin-Selberg Dirichlet series of f and g by

D(s,f9)i= S viles(o,Deglo, Do >

0€Sy/GLn(Z)

Now, using (2.4.9) with (2.4.8), we have that Vol(I'o\H,,)(f, gEk—¢), becomes

n(n+1)
O Y w0 )0 0) / Syt ettty
€Sy /GLn(Z) a€SLn(Z)

By the definition of Y/ =Y/SL,(Z) (specifically that it is given with respect to the action

y — ayal), as well as the fact that |aya’| = |y|, we have

/ Z ’y|s+k+é —47 tr(caya )dxy — (47_‘_)—71(54—%)1#”(5 + %)|O’| S_M’
a€SL,(Z)
and therefore the culmination of this section is the expression

n(n+1)

Vol(To\HLy) (f. 9 Ex—e}y = 2(4m) "+ FIN ()3T, (s + 542) D(s. f.9).  (24.10)
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2.4.3 The Dirichlet series of f

Definition 2.4.2. Let f € Si(T', %) be a non-zero eigenform, let 7 € S, and let x be a
Hecke character. We define the Dirichlet series of f at T for a complex variable s € C by

D:(s, fox) = Y (@x")(Jzl)er(r,2)|z[*[l] ;"

2€X/O

The above Dirichlet series can be used to relate Ly (s, f, x) to the Rankin-Selberg Dirichlet
series D(s, f,0y) from the previous subsection. Therefore the main integral expression,
(2.4.4), will follow from the integral expression, (2.4.10), of D(s, f, 6y) above.

Now take 7 € S such that cy(7,1) # 0. Define a Dirichlet series 7y, with coefficients in
Ro by

ZA YW X (n)n =, (2.4.11)

where A(n) is the sum of A, for all ¢ € O\X/O such that |g| = n, and the action of this
on f, denoted f|Ty,y, is given by acting coeflicient-wise. Now let A(n) := A(A(n)) be the

eigenvalues of f and put c¢7(7, ) := (7, x; f|Ty,y); immediately we have

(ZA )X (n)n” )Cf(Tvl)- (2.4.12)

On the other hand one can use the definition of Hecke operators and the coset decomposi-

tions given in Lemma 2.2.3 to obtain

cr(7,1) = ac(7) D7 (s, f,X), (2.4.13)

where, for any ¢ € St such that ef(tr(S¢(Z)()) = 1, we define ac by ac(C) = [Ty ap(Gp)

and

ap(Cp) = > (X (ld)g(o)ep(— tr(Gpo))ld] ™ (2.4.14)

o=d~'ceSy/S(Zp)

in the above sum we have decomposed o = d~!c into its numerator ¢ € M,(Z,) and
denominator d € M,,(Zy) N GLy(Qp), which satisty cZ, + dZ,, = Z,. This is Theorem 5.1
of [Shi95b].

By Definition 2.2.5, Equation (2.2.11) of this thesis, and the identity of [Shi95b, (5.5)], we

also have

AZVF (5, 9) Z A(n) (X" (n)n™* = Ly(s, f,X),

o (2.4.15)

A (27¢Xp7' (T ng ((¥X7) ),
pEDb
where p € {0,1}, and both b and g, € Q[t] are as in Section 2.4.1.

Combining (2.4.12), (2.4.13), and (2.4.15) above relates D.(s, f,x) and Ly(s, f,x) as
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follows
er(r )Ly (s, f:x) = [T op((x) ()™ A (252) Do (s, £X), (2.4.16)
pEb
where, recall, A.(s) = A?’ki%fu(s, xpr)-

We now relate D.(s, f,x) with D(s, f,6y). We have GL,(Ag) = GL,(Q)GL,(R)O by
strong approximation. Equation (3.7) of [Shi96] then tells us that

Do(s,fx)= D (ex*)(alep(r a2,

zeX /O’
where X' := M,(Z) N GL,(Q) and O" := GL,(Z). Using Theorem 2.1.5 (iii) we have
Dis,fx) = 3 (xooX")(al)es(@lra, 1)z 17, (2.4.17)
zeX! JO

where, since z is global and modulo GL,(Z), we have been able to use that (1x)so(|2|) =
and that ¢(|z|) = 1.

Assuming xoo(2) = sgn(zeo)™, the Fourier coeflicients of 6, are given, by the definition
(2.1.9), by

co(0,1) = Y (xooX) " ()|,

zeX),
where 0 € S; and
zeX |o=aTrz if Z,
X = { | J P (2.4.18)
{r € Mp(Z) |0 =212} iff=7
So, since there is support only when ¢ = 27 7z, we have
7k+n/2+
D(s,f.0)= Y. v 3 (xeeXWales@ra, Dlal 2 ral =7
€S+ /GLn(Z XL
_J;/_@ - * T _9g—k—1 (2419)
= || 2 Y (XeoxX")(|zhes (! T2, 1)z 2
zeX' /O’
Equations (2.4.17) and (2.4.19) then give
Do(s, fox) = 7|~ D (232, 1,0,) . (2.4.20)

Now take p € {0,1} such that (¢x)eo(|z|) = sgn(|z|)FIT#, therefore n = xp, satisfies
(2.1.7) and the integral expression of (2.4.10) holds for D(s, f,6,). The Rankin-Selberg
integral expression (2.4.4) is subsequently given by combining the three key equalities
(2.4.10), (2.4.16), and (2.4.20), recalling that the second argument of Ej_, is 5 + 2! in
the expression of (2.4.10).






Chapter 3

Algebraicity of metaplectic

L-functions

This chapter consists of results that can also be found in [Mer18b].

In rudimentary terms, special values of L-functions are a set of values for which the
transcendental factor can be precisely determined and for which one is able to say something
about the algebraic remnant. As was mentioned in the introduction, such notions are
generalisations of Euler’s calculation that ((2) € 72Q and that 772°((2n) € Q for any
1<neZ.

The above idea has natural extensions to more general L-functions, such as those associated
to modular forms, and in the introduction we saw how these can often be interpreted
algebraically. In such a case one can therefore approach the proof of these special values
either algebraically or analytically. For Siegel eigenforms f of integral weight k, even
degree n, and character 1, Sturm in [Stu81] used the Rankin-Selberg method to prove
the special values of the L-function associated to f; the key insight of his method was
the development of a holomorphic projection operator Pr, which maps certain elements
of C°(T',9) to My(I',¢) and was defined by its explicit action on the Fourier coefficients.
Through this method Sturm showed, [Stu81, pp. 347-348], that

T (T (m, fx) € QU ), (3.0.1)

for all m € Q(x), where Q(x) is a set of integers and ¢ (f) € C (given explicitly in [Stu81])

is known as the period of f.

The work of Sturm was limited by the following aspects of the non-holomorphic Eisenstein
series involved in the Rankin-Selberg integral: (1) the need for the Eisenstein series to be
of integral weight (i.e. the need that n be even); (2) lack of algebraicity of the Fourier
coefficients of the Eisenstein series beyond the range of convergence for s (limiting the
lower bound for £2(x)); (3) the need for the projection map to produce a holomorphic
cusp form for which the Eisenstein series had to be of “bounded growth” (limiting both

the upper and lower bound of (x)). Since that paper, the theory of Eisenstein series of
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integral or half-integral weight was substantially developed by Shimura, see for example
Chapters 16 and 17 of [Shi00]. Subsequently for k € %Z he gave, in [Shi00, Theorem 28.8],

the special values
T, )T L(m, f,x) €Q

for a larger set m € Q (containing Q(y) if £ € Z) and an integer a depending on n, k, and

m.

In this chapter we extend the method of Sturm to metaplectic L-functions — the standard L-
functions we associate to a metaplectic eigenform, see Definition 2.2.5 — and use up-to-date
theory of Eisenstein series to circumvent the limitations (1) — (3) detailed above, showing
precise algebraicity akin to (3.0.1) for all the values m € Q. To deal with (1) and (2) we
use the work of Bouganis, [Boul8, Theorem 3.2], which builds upon the Eisenstein series
theory of Shimura mentioned above, and the results of Section 2.3 allow us to remove the
limitation of (8). Similar results were proved by alternative means by Bouganis — Theorem
6.2 of [Boul8]; the use of this particular method allows us to remove the condition that
1 # 0 appearing on the Hecke character found there. Note that the work of Bouganis and

Shimura in the above citations work over general totally real fields, whereas we restrict to

Q.

We begin this chapter by stating the main theorems. In Section 3.2 we define Sturm’s
holomorphic projection operator in this setting and prove the existence of its desired prop-
erties. Certain cases when this projection is applicable to the non-holomorphic Eisenstein
series are given in Section 3.3 and we use this in Section 3.4 to modify the Rankin-Selberg
integral expression by applying the projection. The chapter is then concluded by the proof

of the main theorems in Section 3.5.

3.1 Main theorems

Notation. & - half-integral weight; [k] = k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27Z x 2Z.
[ =T~} be].
Hecke character v : Ig/Q* — T satisfying (2.1.5) and (2.1.6) with x = k.
St ={6e My(Q) |7 =¢,6>0} 7€ 55
SV — set of symmetric half-integral n X n matrices.
pr — quadratic character associated to Q(il"/?,/]27])/Q.
d =n (mod 2) € {0,1}.

The non-holomorphic Eisenstein series £4(z, s;7, 1) defined by (2.1.8) and (2.4.2), plays a
key role in the proofs of the main theorems of this chapter. Its non-holomorphicity needs
to be addressed with holomorphic projection and, with it, the algebraicity of its Fourier

coefficients; this section begins with the latter.
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Let 0 :=n (mod 2) € {0,1}. For any ¢ € 3Z define the set

Q()Z:{SEéZ 1

o mgt 4 mpt - bt ez mutghat <o kel ()

There are exceptional cases where the Eisenstein series &/(z, 2’”4_";77,F0) has different

behaviour. The relevant ones are:

m=n+1andn? = 1; (X)
n=1m=3, andn=1, (R1)
n>1lm=n+3, and 7% = 1. (R2)

Case (X) affects neither of the main results, Theorem B1 and B2, since the set of special
values are strict half-integers. Neither Case (R1) nor (R2) affect the first result, Theorem
B1, since the set of special values excludes them, but they will have an effect on the second
result, Theorem B2.

The following theorem, which is a particular case of Theorem 3.2 of [Boul8], gives the
existence of a period w(n) through which algebraicity of the Fourier coefficients of the

FEisenstein series is given.

Theorem 3.1.1 (Bouganis, [Boul8], Theorem 3.2). Let £ € 3Z satisfy k — ¢ > "1 Put
Lo = Tx=t,1n] (contained in M if k — € ¢ Z). Let n be a normalised Hecke character
defined by Definition 2.1.4 satisfying the usual property of (2.1.5), with vy in place of ¢, as
well as (2.1.7) with k = k — 0. Exclude case (X). For any m such that 2= € Qy we have

Er—e(z, 2"%”;?7, Lo) = [my|™" Z P(r,n,y)e(tr(rz)),
TESH
TEN(x)SY

where r = % — 2m=n 4 1 in cases (R1) and (R2), otherwise r = ot |Zminl) _ ntl

2 Z 4
and P(1,m,y) € Quplmyij | 1 <i < j<n]. Set
B =3k —L+m—n)+ 3,

and define a period we(m,n) = we(n) = w(n) by

| E2G2E gm0 ) 1y ifk—0eZ andm > n,
i"|W|7%(3"+272m)G(n)" ifk—0€Z and m <n,

w(n) = { | #ZFE =m0 Gy ifk—0¢Z,ne2Z, m>n,
B k=0t (90 B om GG ()G if k — £ ¢ Zon & 2Z,m > n,
g SR = S B 2-2m) G g ifk—€¢Z and m <n,

where (s is a fived 8th root of unity, ¢ is the character induced by h~(2)* = ¢(7)j(7, 2) of
(2.1.1), and v =1 if n =1 (mod 4), but v = 0 otherwise. Then we have

{P(T, n,y)]" _ P y)
mhme(n) mhma(n7)

)
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for any o € Gal(Qq,/Q) acting on P(1,7n,y) coefficients-wise.

If £ € 5 + Z, then notice that k — ¢ € Z if and only if n is odd. In such a case relabel
ws(n) = we(n).

Given a homomorphism A : Rg — C and a non-zero eigenform f € Si(T', ) with eigenval-

ues given by A, we take ¢ € {0,1} such that

Poo(x) = sgn(weo) M e,

By (2.1.6) we have ¢ = 0 if n is odd. The period ws(n) for the Eisenstein series will
form part of the overall period of our L-function along with a non-zero complex constant
w' (A, k, 1), dependent only on A, k, and ¢, defined by

MI(A’ kv ¢) = 2gﬂ-_ai_§w5(m€vw)_ll’w(m€a f)? (3]‘2)

where m, := k—2n—2—¢, a := Bm5+n(k:—r)—”zj‘g, (= S+4¢,and Ly(s, f) := Ly(s, f,1).

This constant is non-zero for k > 77" + 3+ ¢ as Ly(s, f) is absolutely convergent for

Re(s) > 3 + 1, see [Shi96, Theorem A].

Theorem B1. Assume that k > 77" + 3 ifn is odd, k > 77” +34¢ if n is even. Let
f € Sk(T',9) be a non-zero eigenform with eigenvalues A. Take a Hecke character ,
choose pu € {0,1} such that (x1)eo(z) = sgn(zeo) ¥, put n = Yxpr, and define

WEZ,?+1<m<k—2n—p}.
For any T € Sy such that cy(1,1) # 0 and any m € Q;z,lw normalise the L-function by

Yo(m, £,X) = [r[3m 0 ! (A, b, ) s (m, 7)™ Ly(m, £, X),

where by, := Py +n(k —1) — @ and { = 5 + p. Then for any o € Aut(C/Q) we have
Yy(m, f,x)7 = Yyo (m, f7,X7) and therefore

Yy(m, f,x) € Q(f, ¥, x).

The results of Section 2.3 will enable an improvement of the above theorem in two ways.
The bound on k is improved and the full range of special values seen, for example, in
Theorem 28.8 of [Shi00] is obtained. The periods and powers of 7 here are slightly

different; for m € %Z, ¢ =% +p,and p € {0,1}, define

Cm = Pm +n(k—1)— 7"2_3””

in cases (R1) and (R2), and otherwise let

m—i—nk—r—@ if m > n,
Cm = {B (k=) =5 (3.1.3)

,Bm—l—n(k—i—m—r)—5’12"'4#'“S if m <n.
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Define a slightly different constant p(A, k,v) by

2

(A o) = 23R T (k — e, ) " Ly(k — <, ). (3.1.4)
This constant is non-zero for k£ > 37" +1+e.

Theorem B2. Assume that k > max{2n, 3 + 1} if n is odd, k > max{2n, 3 + 1+ ¢} if
n is even, and let f € Sp(I',1) be a non-zero eigenform with eigenvalues given by A. Take
a Hecke character x, choose pu € {0,1} such that (x¥)eo(z) = sgn(zeo)FTH, put n = xp,,
and define

Q:,k D= {me %Z

WEZ,n<m§k—u},

Q;k D= {me %Z

mth—p=1 eZ,2n+1—k+u§mgn},
O +
Qs = UQE,.
For any 7 € Sy such that c¢(7,1) # 0 and any m € Qy, 1, normalise the L-function by

Zy(m, £,X) = 7127 mws(m, 1)~ (A, b, )" Ly (m, £, %)

Then Zy(m, f,x)7 = Zyo(m, f7,Xx7) for any o € Aut(C/Q(Ak,y, G(),(x)) where, recall,
Ay is defined by the decomposition of (2.3.9) and (. is, as in (2.3.10), the restriction of
the character ¢ to the cusps of T\H,,. Therefore

Z¢(m7 f7 X) € @(fa X5 Ak,wa G(dj)a C*)

Remark 3.1.2. In all cases we actually have b,, = ¢, = n(k+m—n) —note that £ = 5 +p
in 8,, and r; they are therefore integers, and agree with the powers of 7 present in Theorem
28.8 of [Shi00]. We present the powers of 7 as a sum of its constituents in order to clarify

the proof of these main theorems throughout this chapter.

3.2 Holomorphic projection

Notation. & - half-integral weight; [k] =k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27 x 27Z.
[ =T} be).
Hecke character v : Io/Q* — T satisfying (2.1.5) and (2.1.6) with k = k.
A(z) = | Jm(z)| for z € H,,.
w(v,2) = cyz +dy for v € G and z € H,.
0 =n (mod 2) € {0,1}.
SV — set of symmetric half-integral n x n matrices.

Sy — set of symmetric n x n matrices such that 7 € N(b)S".

The holomorphic projection given in this section directly generalises Sturm’s operator of
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Theorem 1 of [Stu81] and Theorem 4.2 of [Pan91, p. 71]. It is applicable, in two cases, to
F e Cp°(I', 1) satisfying certain growth conditions.

Definition 3.2.1. If F' € C°(T,¢) then we say it is of bounded growth if, for all € > 0,

we have

//\F(z)|A(z)k*1*"e*“r(y)dydx<oo, (3.2.1)
xJy

where X and Y are the sets of symmetric matrices defined in (2.1.11) and (2.1.12) re-
spectively. We say that F' is of moderate growth if, for all z € H,, and sufficiently large
Re(s) > 0, the integral

[ F(w)det(w — 2) ™| det (@ — 2)| > Aw) " w (3.2.2)

is absolutely convergent and can be continued analytically over all s € C to the point
s =0.

If F' has bounded growth then holomorphic projection will yield a holomorphic cusp
form, whereas if F' has only moderate growth then it will yield a holomorphic modular
form, all the while preserving the Petersson inner product. Recall from Section 2.1 that

F € C*(T',7) has an absolutely convergent Fourier expansion of the following form

F(z)= ) cp(rye(tr(ra)),

TeSY

where S is the set of all 7 € S such that 7 € N(b)SY, and c¢p(7,y) are smooth functions

of y having values in C.

Theorem 3.2.2. Assume that k > 2n and let F € C°(T',4) have either moderate or
bounded growth. For any 0 < T € Sy define

_ _ndtl —2m tr(7 —1-n
clr) s = k. m) M E [ en(ry)en 2y oy,
pk,n) s =Ty (b — 250 ) pn =255,

Then the holomorphic projection map is given by

Pr: C°(T,¢) — (T, %)
F— Z c(r)e(tr(rz2)),

0<resy
i which X = S if F is of bounded growth, whereas X = M if F is of moderate growth.
Furthermore we have (F,g) = (Pr(F),g) for any g € S(I",v) and I" < T of finite index.

The proof of the above theorem rests on the use of Poincaré series and well-known properties
of theirs. One uses a single-variable series to prove the case where F' is of bounded growth,
and a double-variable Poincaré series when F' is of moderate growth. To accommodate

half-integral weights, the main change to the integral-weight proof occurs in the definition



3.2. Holomorphic projection 47

of these series by including the factor of automorphy h,. With this change in the definition,
it is clear that all the other relevant properties of the Poincaré series hold, and thus the
above theorem. We detail this in the case where F' has bounded growth now and give a

brief outline for the case where F' has moderate growth.

Assume that k > 2n, fix a 0 < 7 € S, and let ', be the subgroup of I' generated by

( i({" il}n ), with b € M,,(b=1). The single-variable holomorphic Poincaré series is

Gr(2):= > ¢ Haal)ia(z)  etr(raz)).

a€l\I'

Proposition 3.2.3.

(i) The sum defining G, converges absolutely and uniformly on compact subgroups of
H,, and G, € S(T',v).

(it) If F € C°(T, 1) then
N(b)w VO](F\Hn><F, G7_> = / CF(T, y>e—2ﬂ'tr(7'y)’y‘k_l_ndy7
Y

which integral is absolutely convergent.

(ii7) If f € Sk(T', ) then

N(6)™ 2™ Vol (P\HL) ([, G) = e (m, 1)|47 |5~ (e, m).

Proof. (i) The absolute and uniform convergence, modularity, and cuspidality of G,
was proven in the integral-weight case by Godement in [God58]. By using the bound
(e, 2) | < (e, 2)F| < ey, 2)|*", where k' = [k] and k” = [k] + 1 if |u(e, 2)| > 1, but
kK = [k] + 1 and k" = [k] otherwise, we deduce the convergence and cuspidality in the

half-integral weight case from the integral-weight case.

To show modularity, we prove G;||xy = ¥c(|ay|)G; for any v € I'. By the automorphic
property of h,, see (2.1.3), we have h(ay,z) = h(a,vz)h(v,2), and the usual cocycle

relation gives u(ay, z) = u(a, v2)u(y, 2); hence we have
.k ks N—1 -k
]a(’yz) = _]7(2) ljory(z)

and, moreover, ¥¢(|aq|) = Yc(|aay|)¥e (|ay]) since any = aqay (mod ¢). Write v = pw
with p € Too and w € Txo\I'. Then ay = aw in T, \I' and the map o — aw™! is both
well defined and a bijection on I'oo\I'. The proof of (i) is then concluded by putting all of

this together into the following calculation:

Gr(v2) = gy ()ellasl) Do v (laal)ia(z) e(tr(raz))

aw= el \I'

= j5 (2)c(|as )G (2)-
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The proof of (ii) follows in the same manner of the integral-weight case, seen in [Stu81, p.
332], and we outline this. By definition

[ ertrpe ity = [ P u(z)plia. (3.2.3)

Note X xY is a fundamental domain for I'oo NI'[1, 1]\H,, and integrating F'(z) over I'so\H,,
is N(b~ )n(n;l) many integrals of F'(z) over X x Y. Choose a set of representatives « for
Lo \I' so that T'oo\H,, = ||, «(T'\H,,). Then the transformation formulae for F' and |y|

give that the right-hand side of (3.2.3) is equal to

0 [P Y D b el ezl

a€l o\
which gives (ii).
For (iii) note that ]y\§| f(2)] is bounded — this can be deduced from the integral-weight

case by squaring f (we prove this in Corollary 3.3.2 below). So f is of bounded growth,
and using (ii) with F' = f gives

n(n-‘r )

N(b) Vol(I\H,,){f,G7) = Cf(T,l)/ e 2mtr(7y) |y | k=1=ng,,
Y

from which we obtain (iii). O

The proof of Theorem 3.2.2 now follows precisely as in [Stu81, pp. 332-333], and we outline
it again for clarity’s sake. Let {f1,..., fq} be an orthonormal basis for Si(T', ) and define

K(z,w) := Ed:lfi(z)ﬁ(w)
This is precisely the function satisfying
K(z,w) € Si(T", ) for each w € H,, (3.2.4)
(9(2), K (2,w)) = g(w) for any g € Sy(T, ). (3.2.5)
Now define
K(zw) = N(b)™ 2 Vol(\HL)u(k,n) ™" S [4r[F " Gr(2)e(~ tr(r)).
0<resy

By Proposition 3.2.3 (i) and (ii) the function K(z,w) satisfies (3.2.4) and (3.2.5), and
therefore K(z,w) = K (z,w). The projection map in question is defined by

d
PI‘(F)('IU) = <F(Z)7K(va)> = Z<F(Z)7fl(z)>f’b(w) S Sk(r7w)a
i=1
and clearly we have (Pr(F), g) = (F,g) for any ¢ as in Theorem 3.2.2. The explicit form
for the Fourier coefficients given in Theorem 3.2.2 can be seen by using the definition of
K(z,w) in (F(z), K(z,w)) and by using Proposition 3.2.3 (ii).
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The moderate-growth case is a bit more complicated, but the core of the above idea
remains unchanged. As we saw above, the only real difference in this case was setting
up the Poincaré series properly so that Proposition 3.2.3 (ii) is satisfied — the rest then
follows as in the integral-weight case. In this spirit then, we define the half-integral weight
double-variable Poincaré and leave most of the details to the four-page proof seen in [Pan91,
pp. 72-76]. For variables z,w € H,, and s € C define

P(z,w,s) = ))* YW Hlas )5 (&)l )20y - 2 4 w] TRl - 2wl 7
vel
This converges absolutely and uniformly on products V' (d) x V' (d) where Re(2s) > 2m—k—+1,
d>0,and V(d) = {z € H,, | y > dI,,tr(z7x) < d~'}, see [Pan9l, p. 72]

Proposition 3.2.4. For any v €T let v := (16‘ _(}n) 1 (Ig _(}n ) We have

A@)hz +wlt = g5 (w)y'w + 2.

Proof. By routine calculation ||u(7y, 2)(vz + w)|*| = ||u(y, w)(v'w + 2)|*| for any r € 3Z.
We claim that
hy(w) _ ()

[y ()| [Py (2)]
These are constants independent of w and z respectively. Proposition 2.6 of [Shi93] gives
that

eT.

h(()hw) _ hy(2)

(V)7L w)l Ay (2)]
since 7/ = (v*)~! in Shimura’s notation. Using the cocycle relation of (2.1.3) we obtain
hy(2) = h((7/)~1,2)~!, which gives the claim and so

(2)

ez + it = Sl )+l

_ by (w)
[y ()

1

= hy(2)y'w + 27,

1
‘Hu(v’,w)(v’w + 2|2

which gives the proposition. ]

We have the following properties

P(z,w,s) = P(w, z,s), (3.2.6)
Pz, 721,8) = bellamas )7, ()5, () P(z, 0, ), (3.2.7)
(F(w), P(—z,w,s)) = uF(z), (3.2.8)

for any F' € C°(I',¢) such that the integral of (3.2.8) converges and for some constant
w given in [Pan91, p. 73]. Property (3.2.6) is immediate from Proposition 3.2.4. The
transformation of (3.2.7) is obvious in the z-variable, and the w-variable is due to the first

property (3.2.6). The integral expression of (3.2.8) perhaps needs a little explaining. Let
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u= k=125l .= 4, =F|y| =25 for any u € C, then the integral (F(z), P(z, —w, s)) of (3.2.8) is

a3 vl FEEE) TG, 27z —wl A
nyel

Now use that c(|ay)F(2) = j§(2) ' F(y - 2) and A(2) = [|lu(y, 2)[PA(72) to get

(™A@ [ Y Pl - AR
I\Hy, ~el

= (-1 A(w)° /H F(w)|w — z|F= s A(2)F+5a% 2

which is exactly of the form found in (4.14) of [Pan91, p. 73]. Therefore the rest of that
proof now applies and we obtain (3.2.8). Note that the above integral is convergent and

has analytic continuation to s = 0 precisely when F' is of moderate growth.

To finish the projection in this case set K (z,w, s) = u~'P(—Zz, w, s) and one plays a similar
game to the bounded-growth case by setting Pr(F)(z) := (F(w), K(z,w, s))|s=0, which

we are able to do by the definition of moderate growth.

3.3 Bounded & moderate growth of Eisenstein series

Notation. & - half-integral weight; [k] =k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27Z x 27Z.
[ =T}, be].
Hecke character v : In/Q* — T satisfying (2.1.5) and (2.1.6) with x = k.
d =n (mod 2) € {0,1}.

In this section we extend the bounds obtained by Sturm in [Stu81, pp. 333-336] to the
present setting and these bounds shall govern when holomorphic projection is applicable
to certain modular forms. For an integral or half-integral weight « € %Z, a congruence
subgroup T'y (contained in M if k ¢ Z), z € H,,, and b € R such that b > ”T‘H we define
the following majorant of |E(z,b)|:

Hy(2,0;T0) = Hy(2,b) == |y‘b7g Z lcaz + da”i%'
OéEPﬁF()\F()

Now fix a fundamental domain ® of Sp,(Z)\H,,, chosen so that z = = + iy € ® implies

y > el,, for some € > 0 independent of z.

Proposition 3.3.1. Let Cy,a € R be given, with Cy > 0 and a > 0. Let ¢ : H, — C be
such that

| % (v - 2)] < Colyl*,

for all z € Q and v € Spp(Z). Then, writing \; as the eigenvalues of y and taking only
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positive square roots, we have
n
H N

for some constant C1 > 0 dependent only on .

Proof. Let z € Hi,, and choose 7y € Sp,(Z) such that -z € ®. Then
|0*(2)] = 1¢* (v (v - 2))] < Co| Im(y - 2)|* = Coly|*lleyz + dy[| 7> (3.3.1)

Let r be the rank of ¢,; since def is symmetric there exist Uy, Us € GLy(Z) such that

c 0 d 0 _
67:U1<01 0>U2T, dW,ZU1<01 I )Uzla

where c1,d; € M,(Z) are such that |c;]| # 0 and c1d? is symmetric. Put Uy = (Q Q’)
where Q € M,,,(Z) and Q" € My, ,—r(Z). Then, using ||U;|]| = 1 to remove U; from the

left-hand side of ||c,2 4+ d,|| and perform similar elementary manipulations with Us, we get

leyz + dyl| = le1QT2Q + di || = |QT2Q + e7 Hdal| = |QuQT ],

which, with (3.3.1) above, gives

| % (2)| < Coly|*|yo| 2,

for yo = QyQT; hence | p(z)| < \/CToly|%]yg|*a. In [Stu81, p. 334], Sturm proves that
there exist 1 < j; < -+ < j, < n such that |yo| > o], Aj,. Asy > 0 we have \; >0
for all j, and so [];_; )\-_a < I (1 + )\-_a) — the left-hand side is just one term in the
expansion of the right- hand side, all terms of which are > 0. So, for C; = /Cpa™%, we get

lp(z)l <L [T A7 (L + A7) H>\2+)\
j=1 j=1

O]

Corollary 3.3.2. Let f € Sg(T',v); g € My(T,¢); £,k € %Z; and b > ”TH Then there
exists a constant 0 < C' € R such that

(i)
|f(2)] < Cly
(i) )
lg(z)] < C T = A9,
j=1
(iii)

(=) < T2
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Proof. To prove (i) consider f2 — a cusp form of integral weight 2k and level T'. It is
known that |f2(z)||y|¥ is bounded for all z € H,,, hence we can apply Proposition 3.3.1
with ¢(z) := |y\§f(z) and a = 0.

Likewise, in (ii), Consider g — a modular form of integral weight 2/ and level I'. Then

p(z) = |y[§g(z) satisfies the conditions of Proposition 3.3.1 with a = %é =/.

(iii) Sturm shows in [Stu81, p. 335] and Equation (12) in particular that if x € Z and
©(2) == |y|2 He(z,b), then | (7 - 2)| < Coly|’ for any v € Sp,(Z) and z € ®. Now taking
Kk € 37 we have that H2(z,b) is a constant multiple of Ho.(z,2b), which is of integral
weight. Hence, as defined, ¢ satisfies the conditions of Proposition 3.3.1 with a = 2b. [

Corollary 3.3.3. Let k be a half-integral weight, £ € %Z, g € My, ¢), b> ”T‘H, and put
F*(z) :=g(2)Hk—¢(2,b). Then F* is of bounded growth provided

nAl {g—n if g€ Su(T, 1),

2 % —n  otherwise.

The proof of the above corollary is exactly the same as in [Stu81, pp. 335-336] and
involves using the bounds of Corollary 3.3.2 to determine precisely when the integral of
(3.2.1) is finite. We do not reproduce it here since we shall next give the proof of the

moderate-growth case, which is similar.

Corollary 3.3.4. Let k be a half-integral weight, £ € %Z, g€ MyT,¢), b> ”TH, and put
F*(2) := g(2)Hk—¢(2,b). Then F* is of moderate growth provided

ML _nk+1)—2<b<n(k+1)—5E 2

Proof. Set s =0 in the integral defining moderate growth, see (3.2.2) in Definition 3.2.1.
In terms of the bounds that will be obtained this is perhaps an excessive way to guarantee
analytic continuation to s = 0, but it is enough for our purposes. Fix z € H,,, let w = x+1y,
and let \; be the eigenvalues of y. Notice that |@ — z| is a polynomial in x;;, y;; of degree
n > 0, which is | — iy — z| as 2 — 0. Hence ||w — z|| 7% decays as |z| — 400, and is finite

when & — 0. So then, by Corollary 3.3.2, for some constant v we may write
| AF@)o = 2y dyds < [ o) Pl dy,

where P(y) is a polynomial in y;; of degree n, and

< N S W A
v(y) ::H(l—A;)()\j N8 ))\j_ -
k=1
Let A := {diag[A1, -, An] | 0 < Ap < -+ < A}, As is done in the proof of Corollary
2 of [Stu8l, p. 336], we can make the substitution y = UAU”, where U € O,(R) is
orthogonal and A € A If A; are all distinct then this is unique up to multiplication of U
by diag[+1,...,+1]. Now v(y) and the Jacobian of the transformation are independent of
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U. Therefore the integral over O, (R) will be finite so long as the integral over A is, for

which it is enough to show that
/Xv(y)]P(A)]_k\J()\l, AL - dA, < oo,

where J(A1, ..., A,) is the Jacobian matrix of the transformation. To do this, we need only
check the limits A\; — 0 and \; — oo. Firstly, as \; — 0 we have |P(A)|7% — [|z[| 7" is just
finite, so the exponent of each A; in the integrand needs to be > —1 (and recall b > ”T‘H)
This just gives the original bounds found in Corollary for bounded growth. For the limit
A\j — oo we have that |P(y)| =% decays to order nk in \;, so as long as the exponent of \;

in v(y) is < nk we obtain convergence. That is

b—kT*e—i-k—l—nSnk,
—b—%+k—l—n§nk,

which gives the desired bound

ML _nk+1)—2<b<n(k+1)—5E +2

3.4 Projecting the Rankin-Selberg integral

Notation. k - half-integral weight; [k] =k — § € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27 x 2Z.
[ =T} be].
Hecke character ¢ : Ig/Q* — T satisfying (2.1.5) and (2.1.6) with x = k.
d =n (mod 2) € {0,1}.
Si = {£€ My(Q) €T =£,€>0) 7€ S,
SV — set of symmetric half-integral n x n matrices.
v

Sy — set of symmetric n x n matrices such that 7 € N(b)S".
pr — quadratic character associated to Q(i[*/2/]27])/Q.

The results in the previous section tell us when we are able to project the Eisenstein series
appearing in the Rankin-Selberg integral expression of (2.4.4). Using Theorem 3.1.1 and
the precise description of the Fourier coefficients under projection we are able to determine
algebraicity of the resultant holomorphic form and give a useful modification of the integral
expression of (2.4.4), which we do in this section. The case of bounded growth of the

Eisenstein series is done first, followed by the moderate-growth case.

Lemma 3.4.1. Let 0 < 7 € Sy and let P(y) € Qly;; | i < j]. If s € 3Z\Z is such that
¢ >n then

n —1 n
T30 (s - 5) LP(y)e‘“”y)!y\g‘#de €Q.
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ij

Proof. We can assume P(y) = [[;<; yfj
then by definition

is a monomial, where 0 < a;; € Z. If v = (v;5) € Y

L-H_
/\ylg e Ty =T, (¢ = m5 ) ol 7

2271
and apply [];<; (d,‘ij) ]

to both sides. This gives

Vij=Tij
n+1 n
A/P(y)e_tr”y)ly\g‘%dxy el (s — ) IrF 0
which, since % — ¢ € 7, gives the lemma. ]

Let ¢ € %Z and let g € My(I",¢)’), where IV < MM if £ ¢ Z and ¢’ is a normalised Hecke
character satisfying the usual properties, (2.1.5) and (2.1.6) with x = ¢, and further assume

(¥/1)oo(7) = sgn(mee)*1;

this latter assumption is only strictly necessary when n is even, since the property (2.1.6)
of both 1 and ¢’ guarantees it when n is odd, and it ensures that /v’ satisfies (2.1.7)

and we can therefore define the Eisenstein series

/

ELY(2,8) = Eglz, 590, T NT).
Now define the sets

{meéz|%%—%ez3ﬂ+1<m<k—£—3—"} if g ¢ S,

O =
? {me%Z|%MeZ5"+l<m<k Bmom<k—(+2 } if g € Sp.

Recall the definitions of 3,,, , and the period w; from Theorem 3.1.1.
Proposition 3.4.2. Let k > 2n, let £ and g be as above, and take m € Q;. Set
mo := W _ nTH

Then there exists K(m,g) € Sp(I',v), whose Fourier coefficients lie in Qqp(g), such that

B ) G 2meny\ _ o n(k—r)—3niints
7Tﬁmw(ﬂ%Q/_M/}/)Fn( 0)” <f795 A )>_7r (f, K(m,g))

for all f € Sg(T',v). We have K(m,g)? = K(m,g?) for any o € Aut(C).

Proof. The function F(z) :

= ( )SW) (z,22=2) € Cp°(T', 1) has bounded growth precisely
when F(z) := g(2)Ep_¢(z, 22

—n-qn)’, T NT7) does, and since

|Er—e(z, 222 o)) T NIY)| < Hyg(z, 22572 "

we invoke Corollary 3.3 to determine this. That 27’%" satisfies the bounds of said corollary
is clear by definition of Q. The additional bound for the case g € Sy is there to ensure
that 2”%” belongs to the set g defined in (3.1.1), which is needed to apply Theorem
3.1.1.



3.4. Projecting the Rankin-Selberg integral 55

In accordance with Theorem 3.2.2, set K (m,g) := %Fn(mg)_lPr(}") e Si(T, )

and we have
(47 )nmo
mhmag(m, Pip’)

We now use the explicit expression of the Fourier coefficients in Theorem 3.2.2 to show
nk— 3'n +2'n+5

Ta(mo) ™ (£, 981, (. 2272)) = (£, K (m. ).

that K (m, g) has coefficients in 7 Qab(g), from which we obtain the proof. By

Theorem 3.1.1 the Fourier coefficients of F are given as

cr(my) = Y. cg(r, 1) P(ro, ¢!, y)|my| e 27T,

T1+T2=T
where in this case r = ”_Q%M. So, by Theorem 3.2.2, we have

K(m,g)= > ( 3 a(n,fg)) e(tr(rz)),

0<resy \mtm2=7

nt1 (47r)mmo

a(r1,79) = p(k,n) " eg(1, 1)[47] _7W£(7JH!J’)

X / P(T271/_}1/)/’ y)e*47rtr(~ry)|y‘k,r7n+1 dX
Y

Fn(mo)_l

The polynomial P (73,1, y) has the form

P(TQ,'@LTZ),,y) = Z Zblj 7—2)17[}¢ H(ﬂ-yz ) y
1<7,<]<n azg ,]
for coefficients b;; = bij(TQ,T,Ew/ ) € Qu and «;; summing over some finite set of non-
negative integers. We have \47[’“_%1 € |7]2Q and by routine calculation we see that
1 nk— 3n +2n+6
pulk,n)=—" €™

+ (47) "1y then gives

Q. Note also mg =k —r — ”—H and k — r > n; the substitution

nk— 3n2+2n+5

C (T1,1)7T 4 n - Qjj —tr(r mo
a(ri,m2) € BTy () > b [’T\2Fn(mo) 1/Y (H?Jw )6 Ty ]Q

1,5, %,J

n24om - Doaly!
€ ¢y(m1, 1)7r”<’€—’”>—3+47“5 > MQ,
i, ™ WZ(TWJ )

where we used Lemma 3.4.1. The direct application of Theorem 3.1.1 then gives the
proposition with K(m, g) := 3nh%M_"(k_”f(m,g). O
The above proposition can be used to modify the original Rankin-Selberg expression of
(2.4.4). As in that expression, take a Hecke character x : Ig/Q* — T of conductor f and a
T € S such that cf(7,1) # 0. Recall t as an integral ideal such that h” (27)71h € 4t~ for
all h € Z" and y = ¢N (44). As usual, take p € {0, 1} such that (¢x)eo(2) = sgn(ze)FITH,

Now assume that k > 2n, take g = 6, and £ = 5+ in the above proposition, and m € ng.

Firstly, ( ) (22:™) is a finite product, over all p | y such that p { ¢, of Euler factors twisted
by n = ¢xp-. Hence, denoting it by €(s,n) = €, (s,n), we have €,(s,1)” = €(s,n”) for
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all o € Aut(C). We have that mg = %HH“ € § + Z occurs naturally in the integral
n(n+1)

expression of (2.4.4), and moreover \7‘|% € 2%|2T‘_%Q and Vol(I'\H,,) € 7~ 2z Q (see
[Shi00, p. 231]). Thus the integral expression in (2.4.4) can be rewritten as

Ly(m, £,x) € (2127)) 3 ep(r, 1) e(mn) T] g (X))~ ™) 72
pEDb
P o (0L )

Multiplying both sides by 7 #mws(m, )~ and applying Proposition 3.4.2 we get

(2027])2 ¢ (7, 1) Ly (m, f,x) e
ST Een(m,n)ggp (LX) P)p™™) (f, K(m, 0,))Q.  (3.4.1)

The result of Proposition 3.4.2 is now repeated for the moderate-growth case. In this case
define, for any g € My(T',¢)’) as above, the sets
Qf i ={mez|n2m2t c 7 n<m<k—(+3},

Qg_::{me%Z|%%_%_2€Z,37"+1—k+€§m§n},

(3.4.2)

and put Q, := Q  UQS

Proposition 3.4.3. Exclude case (X). Let k > 2n, ¢, and g be as in Proposition 3.4.2.

In case (R1) set mg := % and in case (R2) set mg := W%_l — 2tL-in all other
cases
2k+2€—£2m—n _ n—2i-1 me >n,
mgo =
2k:+2€+3£—2m+2 o n—2|—1 me < n.

For every m € Qg there exists Ks(m,g) € Si(I',), whose Fourier coefficients lie in
Qab(g7 Ak,d)a G(w)a C*); such that

(4gr)nmo
ﬂ—ﬂm Wy (mv &W)

for all f € Sg(T',v).
For any 0 € Aut(C/Q(Ak,y, G(¢¥), (i) we have Ks(m, g)” = Ks(m, g%).

_ i —n n(lr)— 3n2+2n+8
To(mo) ™ (£, g€ (-, 227m) ) = w" B0 =255 £ Ks(m, g))

Proof. The proof of this is pretty much identical to that of Proposition 3.4.2, so we
just make some remarks on the different inequalities involved and how this guarantees

the proof still works. To apply holomorphic projection we ensure moderate growth of

9(2)Hy—¢(z, 222) when m € Qf. The analytic continuation of _¢(z,s) is given with

respect to s — ”TH — s and so we consider the majorant Hy_,(z, "TH — 2”3%) whenever
m € Q. That %”T_” and ”T‘H — 2”3% satisfy the bounds of Proposition 3.3.4 is immediate

from the definition of €2,. Moreover 2m47" € Qy — allowing the application of Theorem

3.1.1 — and k — r > n — allowing the application of Lemma 3.4.1. The changes in the
definition of mg in the four separate cases is a result of the change to the order r of the

non-holomorphic Eisenstein series — see Theorem 3.1.1.
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Therefore in applying holomorphic projection, and replicating the proof of Proposition 3.4.2,
we obtain a holomorphic modular form K(m, g) € My(T', 1) with coefficients in Qu(g). By
Theorem A this splits up as K(m,g) = Ks(m, g) + Kg(m, g) where Kx(m, g) € X,(T,v),
for X € {S,€}, has coefficients in Qqp(9, Ak, G(¢), (). Since (f, Kg(m,g)) = 0 we are
done. O

Now assume that k > 2n, take g = 0, and £ = 5 + p in the above proposition. If m € Q;X
and we are not in cases (R1) or (R2) then we obtain the same integral expression of (3.4.1)
above for Ly(m, f,x). On the other hand if we are in case (R1) or (R2), or if m € Q.
then this will be slightly different since here the value mg required to apply Proposition
3.4.3 above is no longer occurring naturally in the original integral expression of (2.4.4).

Hence we introduce (47)™" and T',,(mg) artificially in these cases. If m € Q, then

mo = k*”;“_m = <m_"_21+k+“> +n—m+ %

from which

m—n—1+k+p

(47T)n(f) — (47T)nm0(47r)%(2m—2n—1)’
ry (%W) Fn(mo)_l € Q.

So, from (2.4.4), we obtain

Ly(m, £,x) € 2[2r)) 272 e (r, 1) ey (mym) T g5 (05X (0)p™™)
pEDb

X (A7)0 T (mo) (£, 0 ] n (- 257)) @

and, as before, multiplying both sides by W*B’"w(;(m, 7)~! and applying Proposition 3.4.3

gives

(2027))2 ¢y (r, 1) Ly (m, £, %)

2
7r6m+n(k+m_7’) _ W

€ ey(m,n) [T gp (W X*)P)p™™) (f, K (m, 6,))Q.

ws(m, 1) peb
(3.4.3)

m—n—1+k+p

If we are in cases (R1) or (R2) then (47?)"( 2 ) = (47 )Mo+ and rationality of the
[-factors is again preserved. Hence for both of these cases we have

(2’2T|)§Cf(7;121_)4{:f6(m7 fu X) c €n(m777) H 9 ((wcx*)(p)pfm) <f7 K(m’ex»(@ (344)

Bm A=) =F=22 s (m, 1) peb

3.5 Proof of the main theorems

Notation. k - half-integral weight; [k] =k — § € Z.
b — fractional ideal of Q; ¢ — integral ideal of Z.
(b=1,bc) C 27 x 2Z.
[ =T}, be].
Hecke character ¢ : Ig/Q* — T satisfying (2.1.5) and (2.1.6).
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Notation. 0 =n (mod 2) € {0,1}.
£ € {0,1} such that 1) (x) = sgn(xs)F e,
Hecke character x : Ig/Q* — T of conductor f.
pr — quadratic character associated to Q(il*/?/]27])/Q.
1 € {0,1} such that (xt)eo(x) = sgn(ze)FHe,
t — integral ideal such that A7 (27)"'h € 4t~! for all h € Z".

p = cN (44?).
ey(m,n) = (2—;) (2=2) — finite product of Euler factors.

In the projected integral expressions of the previous section we have managed to express,
for certain m, the L-function Ly(s, f, x) as a Rankin-Selberg integral of two holomorphic
forms. So it only remains show algebraicity of this Rankin-Selberg integral. As a quotient
over a constant, u'(A, k, 1) of (3.1.2) in the bounded-growth case and p(A, k, ) of (3.1.4)
in the moderate-growth case, the Petersson inner product becomes entirely equivariant
under action of Aut(C/Q). Recall that Si(I',1,A) denotes the space of eigenforms in
Si(T', ) with eigenvalues A : Rf — C. If f € Si(I',4,A) and o € Aut(C) then, by [Shi00,
Lemma 23.14], we have f7 € Si(T',47,A,), where

(vVp™)?
Vi

for any prime p. Let p € Aut(C) denote the complex conjugation automorphism and recall
e € {0,1} such that ¥ (z) = Sgn(xoo)[k]‘i‘e'

Ag(A(p™)) = A7(A(p™))

Theorem 3.5.1. Assume that k > 77” +3+4e. If f € Sk(T',¢,A) is a Hecke eigenform
for a system of eigenvalues A : Ry — C, then the non-zero constant p'(A, k, 1)) — which is
defined by (3.1.2) and is dependent only on A, k, and ¢ — satisfies

( (f.9) )“: (/7. 9?)
WA E)) T W (B k)

for any g € Si(T[(6")~1, '], ), ideals ((b')71,b'¢) C b1 x be, and o € Aut(C/Q).

Proof. If m is an integral ideal let 1, : Ig/Q* — T denote the Hecke character that is trivial
modulo m, i.e. the associated ideal Hecke character satisfies 1},(d) = 1 for any (dZ,m) =1
and 17 (d) = 0 otherwise. Let 6, denote the theta series of (2.1.9) with 1, in place of x
ne

and ¢ in place of p. Since € = 0 unless n is even; the condition (1y)eo(z)™ = sgn(xe)™ is

satisfied, and such a theta series is defined.

Recall t as the integral ideal such that A7 (27)"'h € 4t7! for all h € Z" and let m := tc,
then Proposition 2.1 of [Shi96] gives that 6y, transforms with respect to I'[2, 2t3¢?]. Hence,
with ¢ := 2671%c%, we have O € Mz, (C[6~",b¢], pr) and f € S(T[6~", be'],4). Since

QY ={meiZ|Fr—=cZ 3 +1<m<k—2n—¢c}

we have m, =k —2n—-2—¢c € ng . Now apply Proposition 3.4.2 with g = 6, to obtain
the integral expression, (3.4.1) with x = 1y, for L(m,, f,1y). The character occurring



3.5. Proof of the main theorems 59

in the Eisenstein series in this integral expression is n = 1% p-, but by definition of m
we just have = ¥p,. Recall from Theorem 3.1.1 that the ws(m.,)~!, which appears
in the definition of u/(A, k, ), consists primarily of Gauss sums and we wish to compare
ws(me, 1)) with ws(me,¥p,). To this end, notice that

— — _ N TN — G(pr)"
G(Ypr)G ¢rn1=G¢G¢"1 j— ——
( g ) (( ’ ) ) ( ) ( ) J(Pr,ﬂr)"_lj(@b,ﬂr)J(i/’ lap’TFL_l)

where J (X1, X2) = >4 (mod ¢) X1(a)X5(1 — a) is the Jacobi sum of any two Hecke characters

i

X1, X2 modulo ¢Z. In the case of n odd and s > n this gives

ws(B) = ws(@pr)Gpr) T (prs pr)™ LT (@B, pr) I (@ ).

The other three cases of n and s are simpler and give ws(v)) = ws(Vp;)G(pr) "I (¥, pr)™.
In any case, denote these products of Jacobi sums by 7,(¢), and evidently we have
TIn ()7 = Tn(17). Note also that

LT/’('S) 1 1m) = Rw(sv f)Lw(S, f)a
Ry(s, f): =] Ly (0 (0)p™),

plm

and put
Py(s) =TT oo (W 0)p™) "

pEb

The integral expression (3.4.1) for Ly(me, f, 1) thus becomes

M 272L|27'|é‘|n In(¥) Py(me) Ry(me, )Q,

ece(T,
/“L,(Aa k?,T/J) f( ) [ G(pT) EU(méf?QzZ)pT)
the o-equivariance of which is easy to see. So for any o € Aut(C) we have

{(f,K(meﬂm»]U _ {7 K(me, 7))
WAk, ) W(Ag k)

Let
[%:={yell " m|a,=dy=1 (mody)}.

Suppose that I'o < T'y < 97 are two congruence subgroups and decompose I'y = |_|§l:1 1“3%-.
The trace map is defined, for any Hecke character p, by

Tif? |« Mi(T9) = My(T1, p)
d
3 (3.5.1)
h — Zpt1(|a’%‘|) th%7
=1

where T'; = T'[b;*, byc1]. By Lemma 5.4 of [Boul8] we have that Trll:ip(h)” = Trll:ipg(h")
for any h € My(T9) and any o € Aut(C/Q). Therefore, if IV := T'[b~!, bc/] then
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Trab (K (me,0m)) € Sp(I7,9). So far we have obtained

[ (f.9) r: (f7,9%)
i (A, k) 1 (A, K, 1po)

for any g € R := {Trll:,ﬂ# (K(me,0m)) |0<T€ S/, m= tc}. This set can be extended into
a basis for Sg(T",1, A) by the same argument of [Stu81, p. 350]. This basis is defined by

S :={g € Sk(I',¥, A) | there exists k; € R such that g — k, is orthogonal to Sy (I",1, A)}.

If g € Sp(I,v) C Si(T, ) then we can write g = g1 + ga2, where g1 € Sk(T', 1, A) and
(91, 92) = 0; this is so by the decomposition of (2.3.9). So

(f,9) = (frq) =D &(f,s) =D elf k),
s€6 s€6
divide this by p/(A, k,v) and apply o to it. Since each ks € K we obtain o-equivariance of
(f, ks)i/ (A, k, 1)~ by the argument above. To finish note, for any system of eigenvalues
A’ and any ¢’ € Aut(C), that ¢ = g7 + g3 and Si(T, v, N)” = Sp(T,4°,A’,). So by
the decomposition (2.3.9) we see (g7 , g3 ) and this finishes the proof. O

Proof of Theorem B1. The two separate bounds are there to emphasise the fact that e =0
if n is odd by the property (2.1.6) of ¥ (with x = k). Noting that €, , = gx and that
(2|27'\)% € |T|%Q, we use the definition of Yy (m, f, x) and the integral expression of (3.4.1)

to get
- * —m f7 K m, 9
Valm, ) € eg(r, 1) ey(m. ) Ty (0x )y LE 0N
pEb 2 (Aa ka @ZJ)
which we see is o-equivariant by Theorem 3.5.1. O

The moderate-growth case is very similar. Theorem B2 improves on Theorem B1 in two
ways, the set of special values is expanded and the bounds on the weight k are lowered.
Proposition 3.4.3 facilitates the former while the latter arise from the following modification
to Theorem 3.5.1.

Theorem 3.5.2. Assume that k > max{2n, 3% + 1 +¢c}. If f € Sp(D', 4, A) is a Hecke
eigenform for a system of eigenvalues A : Ry — C, then the constant u(A, k,v) — which
defined by (3.1.4) and is dependent only on A, k,v — satisfies

{ (f.9) r: (f7,9"")
(A, k1) (Ao, by 907)

for all o € Aut(C/Q).

Proof. Take m as in the proof of Theorem 3.5.1; since we have a larger set )y, of special
values defined in (3.4.2), this allows the change to the special value of the L-function in
the definition (3.1.4) of u(A, k, ). Specifically

ng:{me%Z]%eZ,n<m§k—e},
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and since k — € € Yy, the rest of this proof follows exactly as that of Theorem 3.5.1. The
bound k£ > 37" + 1 4 & guarantees u(A, k,9) # 0 and the bound k > 2n ensures we can
apply holomorphic projection and Proposition 3.4.2; for n > 2 we have 2n > 37” +1+¢

but for n < 2 this is no longer necessarily true, so both bounds are needed. ]

Remark 3.5.3. The modification above tells us that we could, if we wanted to, simply use
the one constant p(A, k, 1) for both of the main Theorems B1 and B2 and, as a consequence,
get the improved bound on k for Theorem B1 as well. They are being kept separate for
the following reason: in hindsight we know that — modulo some m-factors, \T|%, and G(n) —
we have Ly (me, f,x) € Q(f,1,x). On the other hand, Theorem B2 tells us that we need
to add Ay 4, G(), and (. to this field for the algebraicity of Ly, (k — ¢, f, x). Hence if we
did use p(A, k, ) to define Yy, (m, f, x), whilst we would still have Yy (m, f, x) € Q(f, %, x),
we would need to add Ay, G(¢) and (. when thinking about the actual algebraicity of
Ly (m, f,x) itself. This would essentially leave the separation of the two main Theorems B1
and B2 redundant, and yet they deserve to be separated since the algebraicity of Theorem
B1 is much stronger than that of B2.

Proof of Theorem B2. Note that Qétx = ka Ifm e Q:er and we are not in cases (R1,
R2) then combine the integral expression of (3.4.1) with Proposition 3.4.3 whereas, if
m € Q. (resp. (R1, R2)), then use the integral expression of (3.4.3) (resp. (3.4.4))
directly. This gives

Zum 1.0 € eg(r 1) eg(m ) T] g (0 o) L Fstm 2

b WA 0)

which is evidently o-equivariant over Aut(C/Q(Ag,y, G(¢),(x)) by Theorem 3.5.2. O






Chapter 4

p-adic L-functions on metaplectic

groups

This chapter is mostly adapted from the author’s paper [Mer19]; Sect. 4.2.2, which focuses
on the case n = 1, has been published in [Mer18a).

The p-adic interpolation of special values of L-functions dates back to Kubota-Leopoldt’s
interpolation of the Riemann zeta function in [KL64], and we noted in the introduction
how it was the key insight of Iwasawa that these p-adic L-functions had an algebraic
interpretation as ideals of Iwasawa algebras. Subsequent successes of Iwasawa theory to

problems such as the BSD conjecture have elevated their role within number theory.

The algebraic theory needed to construct the Iwasawa-theoretic notion of a p-adic L-
function is not available for the present setting, but the current analytic theory of meta-
plectic modular forms allows the p-adic interpolation. We again make use of Shimura’s
analytic theory, particularly [Shi95b, Shi96, Shi00], to achieve this in this chapter. The
p-adic theory of metaplectic modular forms has been studied before, see Ramsey’s thesis
[Ram06] in the n = 1 case; the p-adic L-function for n = 1 follows as a result of Shimura’s
correspondence in [Shi73], nevertheless it was also constructed directly by this author in
[Mer18al, some of which is included in this chapter. Note again that there has been decent
progress on the algebraic side of metaplectic modular forms, this is the work of Weissman,
McNamara, Gan, and Gao that we mentioned in the introduction, with which one can
hope to eventually formulate the Iwasawa-theoretic interpretation of the p-adic L-function

constructed in this chapter.

The key characteristic of the p-adic L-function is that it has outputs in some p-adic space
and interpolates the special values of the complex L-function. They can be defined as the
Mellin transform of a p-adic measure (which is a p-adically bounded distribution) and so
the task is to construct a p-adic measure interpolating the special values from the previous
chapter. The boundedness of this measure is the crux of the proof and the Rankin-Selberg

method is employed again to show this.

The p-adic interpolation of L-functions for Siegel modular forms of integral weight has been

done before, notably by Panchishkin in Chapters 2 and 3 of [Pan91] for even degrees n and
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by Bocherer and Schmidt in [BS00] for any n. In this chapter, non-trivial modifications
to methods of Panchishkin are made to allow it to work for metaplectic modular forms of

any degree.

Following the statement of the main theorem in Section 4.1, we construct the p-stabilisation
of a metaplectic modular form in Section 4.2. The p-stabilisation fy of a form f is a
modification to the level of f so that p now divides it, while the eigenvalues remain largely
unchanged and their L-functions are easily related. That p divides the level of f is vital in
the following sections, and this process of p-stabilisation means that we get full generality
of the level in the main result. For general n this process is abstract and it hinges on Hecke
polynomials and the Satake map; for n = 1 this stabilisation can be constructed directly
via other means, so this is included separately. Due to differences in Hecke theory, this is

where key modifications to the methods of Panchishkin are made.

In Section 4.3 we use the trace operator on modular forms to reduce the level of the Rankin-
Selberg integral after which, in Sections 4.4 and 4.5 respectively, we give explicit formulae
and Fourier developments of theta series and Eisenstein series. The culmination of these
sections — the proof of the main theorem — is given in Section 4.6, in which the measures
are shown to be p-adically bounded by an application of the abstract Kummer congruences
to the Fourier coefficients of Eisenstein series. In [Pan91], Panchishkin uses the Mazur
measure interpolating the Dirichlet L-function to show that the Fourier coefficients of the
Eisenstein series there satisfy the Kummer congruences. A key change occurs for us in
this last step since the Eisenstein series here have rather different Fourier coefficients and
we need to show that they satisfy the Kummer congruences from scratch. Strangely, this

final step is more immediate for half-integral weights.

This chapter is concluded by a section containing further remarks for the n = 1 case. Prior
to the research conducted for this chapter we constructed the p-adic L-function for modular
forms of half-integral weight in [Mer18a], when n = 1. This function was previously known
to exist, indirectly, via Shimura’s correspondence in [Shi73] between modular forms of
half-integral and integral weights, however it had not been established directly and the
paper formed a suitable stepping stone for the general n > 1 case. As alluded to above,
the salient difference between the n = 1 case and n > 1 is in the process of p-stabilisation
and so we include both cases in full detail here. The rest of the method of [Merl8a] is
similar to, and therefore superseded by, the results of this chapter; so we do not detail
them fully, but content ourselves with making some remarks on the more minor differences

between the two cases.
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4.1 Main theorem

Notation. & - half-integral weight; [k] =k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=, bc) C 27 x 2Z.
[ =T[b"} be).
Hecke character v : Ig/Q* — T satisfying (2.1.5) and (2.1.6).
SV — set of symmetric half-integral n x n matrices.
Sy — set of symmetric n x n matrices such that 7 € N(b)S".
pr — quadratic character associated to Q(il"/2\/]27])/Q.

p — an odd prime.

Throughout this chapter, fix a prime p # 2. Given the general notion of a p-adic L-function
being an interpolation of a complex L-function with its values lying in some p-adic space,
it is not so clear how to go about defining such a thing. Since the complex L-function
takes a variable s € C and outputs s-exponents, then there does not appear to be any
immediate way to guarantee p-adicity of these outputs. This initial step requires the
non-trivial observation that any s € C can equally be viewed as a continuous character
Rsg — C* given by y — y*. Then a complex L-function can equally be thought of as a
Mellin transform of such a function. Given some h : Rsg — C*| its Mellin transform is
the function
dy
Ly(s) := h(y)y®—,

R>o Yy
assuming that h also satisfies appropriate growth conditions, and this is all well and good
since we know how to integrate over R~ with the proto-measure dy. For example, suppose
n =1 and f is some classical integer-weight cusp form. Then putting h(y) = f(iy) in the
Mellin transform yields the classical L-function

L'(s) ¢ s % i s Y
e 2o 0™ = [ 1G],

whenever this is convergent, see [Pan91, p. 23] for the details.

Now it is a little clearer how to proceed. The theory of p-adic integration is well established
using the notion of p-adic measures. Then one can make a straightforward generalised
definition of the Mellin transform in the p-adic setting, after which define the p-adic
L-function as the p-adic Mellin transform of characters on Z; with respect to a p-adic
measure, both of which (the character and measure) have values in the desired p-adic
space. Put like this the task seems almost trivial, but recall that we want to interpolate
the complex L-function at special values, hence we need this measure to interpolate these
values too. That such an object is a measure at all, i.e. that it is p-adically bounded, is

the crux of the matter.

The algebraic closure @p of @, is not complete, so denote the completion by C, := @p,

which space will form the output space of our p-adic L-function. The p-adic norm of Q,
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naturally extends to C, and its ring of integers is given by

Op={zxeC,||z[, <1}

A Cp-analytic function on W C C,, is any function F' : W — C, that can be written as a

power series
o

F(z) =) an(z — )",

n=0
convergent in some neighbourhood of x¢ for all 9 € W, and where a, € C,. Early
examples of such functions arose out of interpolating functions on integers, see [Pan91, pp.

12-13], so the question of whether L-functions can be p-adically interpolated is natural.

The domain of the p-adic L-function will be
X, :={z € Hom(Z,,C)) | x is continuous}.

The discussion in [Pan91, pp. 23-25] concerning a natural decomposition of X, tells us
that any Cp-analytic function F' on X, is uniquely determined by its values F'(xox) for a
fixed xo € X, and x ranging over non-trivial elements of Xlt,ors. This torsion subgroup can

be identified as the group of primitive Dirichlet characters having p-power conductor.

Of particular interest to us will be the cyclotomic characters

[m] . 7x X
" L, = C,
y =y,
where m € 1Z is such that [m] = m — £ € Z. The p-adic L-function will be a C,-
analytic function, hence by the above discussion it will be enough to give the values of the
measure on xz})" wh trivial primitive Dirichlet characters of p-

XTp = where y ranges over non-trivial primitive Dirichlet characters of p-power
conductor, and m ranges over a certain set of half-integers which is determined by the

previous chapter. The measure of Xme] will be defined in terms of the values Ly (m, f, x).

Definition 4.1.1. Let LC(Z),Cp) denote the Cj-module of all locally constant functions
Zy — Cp, and let A be a Cp-module. An A-valued distribution on Z; is an A-linear

homomorphism
v:LC(Z,,Cp) — A,

which we denote by
v(g)= [  ¢dv,

Zy

for any ¢ € LC(Z,;,Cy).

When A = C these are called complex distributions, whereas when A = C,, they are p-adic

distributions.

The group Z,; is profinite and we have

Z; = lim(Z/p')"
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with respect to the natural projections m;; : (Z/p'Z)* — (Z/p’Z)*, i > j € Z. These
projections satisfy the universal property which is the existence, for each 1 < i € Z, of
a unique projection m; : Z; — (Z/p'Z)* satisfying m;; o m; = m; for any i > j. To any

distribution are then associated, by universal projection, a system of functions
vi : (Zp'7)* — A,
which satisfy

vily) = Y wil) (4.1.1)

—1
zem; (y)

for any y € (Z/p’Z,)*. To see how this association works, note that each ¢ € LC(Z),Cy)
factors through some (Z/p‘Z)*. The distribution v and the system of functions {v;}; are
related by

[ ootr= 3 o)

T€Z/p'Z
which latter equation, by the relation of (4.1.1) above, makes sense.
Since we shall be working with Dirichlet characters factoring through (Z/p‘Z)*, we need

a way of going backwards from the system {v;}; to an overall distribution on Z;. The

following criterion, from [Pan91, p. 17|, tells us when we can do this.
Proposition 4.1.2 (Compatibility criterion). Consider an arbitrary system of functions
{vi : (Z)p'Z)* — AV,
If, for any fized j € Z and any function ¢; € LC((Z/pZ)*,C,), the sum
> ¢(mii(y)vi(y)
ye(Z/p'Z)*
is independent of i for large enough i > j, then there exists a distribution v on Z, associated
to {Vz}z

Definition 4.1.3. Let C(ZX,C,) denote the topological C,-module of all continuous
PP P

functions Z; — Cp,. A p-adic measure is a Cp-module homomorphism
v:C(Z,,C,) — C,.

Since LC(Z,,Cp) is dense in C(Z,,Cp) then any measure v is uniquely determined by
its corresponding distribution — this is just v restricted to LC(Z,,C,). The following

proposition gives a well-known criterion for when we can run this backwards.

Proposition 4.1.4. Let v be a distribution on Z, . For any ¢ = limp . ém € C(Z),Cy),
with each ¢y, € LC(Zy,Cyp), define v(¢) = limy, o0 v(Pm), with all limits taken with
respect to the p-adic norm on C,. Then v is a measure on Zy, if and only if there exists a
constant B > 0 such that

|vi(x) ’p < B,
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for alli and all x € (Z/p'Z)*.

Proof. The proposition follows from the observation that

/Z ¢dv

) < lim  max {|v, (z)p},
P

= lim / mdv

using the non-Archimedean property of the p-adic norm, and the fact that each ¢,, is

p p

locally constant and factors through some (Z/p™Z)*. Therefore this limit exists if and

only if the bound in the proposition holds. O

The final criterion of this section is known as the abstract Kummer congruences. This
important and well-known criterion is very general and is due to Katz in [Kat78, p. 258];
we give a specialisation of it. Generally it tells us when v is a measure, given knowledge
of some of the values of its underlying distribution, and so it will be fundamental for our

uses.

Proposition 4.1.5 (Kummer Congruences). Let I be some indexing set and suppose that
{fitier € C(Z},0p) is such that spanc {fi | i € I} is dense in C(Z;,Cp). For a given
system {a;}ic1 € Op there exists an Op-module homomorphism v : C(Z,;, Op) — Op such
that

fi dl/ = a;
Zy

if and only if, for any finite subset S C I and any system {b;}ics C Cp, the condition

> bif; CpNO,

€S
implies that

Z ba; € pNOp.

€S
Note that the Kummer congruences give an Op-valued measure v, but it also covers
our p-adic measures since a C,-valued measure can be turned into a O,-valued one via
multiplication by some non-zero constant. The proof of the above can be found in [Pan91,
pp. 19-20].
Essentially, the Kummer congruences say that if, for some integer N, any finite linear
combination of the integrands is in p™ Oy, then there exists such a measure so long as the
corresponding linear combination of the integrals is also in p” Op; in other words, so long

as the process of p-adic integration “respects” congruences.

If v is a p-adic measure with v(xz}') = an(x) for some ay, : {T-valued characters} — C,
and w is a primitive T-valued character whose conductor is prime to p, then the twist of v

by w is given by [v ® w](xz}') = am(xw), and this also defines a p-adic measure.

Definition 4.1.6. Let v be a p-adic measure on Z;. The p-adic Mellin transform of v is
given by

L,(x) :/Z xdv,

X
P
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for any x € X,,.

This section is concluded by the statement of the main theorem of this chapter, which
gives the desired existence of the p-adic measures, and therefore the p-adic L-functions
themselves. Note that we produce two measures and two p-adic L-functions according to

the two sets of special values, 2, and Q;‘ i

Fix an embedding ¢, : Q < C,. f T'=T[b%,bc] <T'[2,2] and f € Sk(T, %) is a non-zero

Hecke eigenform, then we say it is p-ordinary if

n(n+1)
p 2 )\p,l T >\p,n =1,
p

and assume that p 1 ¢. To any such form we associate, in the next section, the p-stabilisation
fo of f. There is no guarantee that fy # 0, so the assumption that there exists cs,(7,1) # 0
in the following theorem in crucial. For a fixed 7 recall t as the integral ideal such that
RT(27)71h € 4t for all h € Z", and recall the definition of Gy, () from (2.1.4).

Theorem C. Let k > 2n and let f € Si(T',) be a p-ordinary Hecke eigenform, where p
is any prime such that p { ¢. Assume the existence of 0 < 7 € Sy such that cg(r,1) # 0
and cs,(1,1) # 0. There exist bounded C,-analytic functions

u}' : Xp = Cp,

v+ Xp = Cp,

that are uniquely determined by the following. In both cases x € th,ors s a primitive Dirich-
let character of conductor p'x, with 1 < Uy € Z; set n :=Yxps; choose p € {0,1} so that
(6X)o(~1) = (~1)EH; define 7 := N(27) " € Mu(Z); set Ar(s) i= (Ae/A)(Z52),
which is a finite product of FEuler factors over p | t twisted by n, defined by (2.4.1) and
(2.4.3), and

Gr(s) = [ 90 (00 (@)a )",

g€b
which is a product of polynomials as given in Section 2.4.1; recall the numbers ¢, defined

in (3.1.8), we have ¢y, = n(k +m —n); and let

n? e
- if n is even
d:={7? / (4.1.2)
0 ifn is odd.
(i) For any m € %Z such that m — % €Z and n <m <k — p, the measure 1/}' s given
by
/ almlant =, (—1)"l 27|z te ’_N(\ﬂbc)zf_ —Etmogmln
zx P P AN (the)m 2
L PG () <p<> Y )‘ZX Ly(m, f,X)
Ar(m)Gr(m) " n mem(f, f) |7

whenever [m] = [k] + p (mod 2) (i.e. whenever m € Qj{k of Theorem B2) and
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m # n+ 3 (with the further condition that m # n+ 3 if (y*x)> =1 and n > 1),

otherwise the integral is zero.

(ii) For any m € 37 such that m — 1 € Z and 2n+1—k + 1 < m < n, the measure vy

s given by
—1)nlkl|9 |%+u , | lEBmop—2-dn
ml g~ — , | (ZD"2T  N(/bo)? . 5
Z;; Xxp Vf Lp [ ZdN(tbC)nH ‘ 5 T
y pnéx(n-i-l—k:—m)Gn(X) (p"(”;q) 1”.)\ >€x M
A7 (m)G-(m) ? o men(f, f) ]

whenever [m] = p+ 1 — [k] (mod 2) (i.e. whenever m € Q, . of Theorem B2),

otherwise the integral is zero.

Remark 4.1.7. The condition that m # n + %, and m # n + % in certain cases, arises
from complications in the Fourier development of the Eisenstein series, for which values
there exist non-zero coefficients at 7 € S; such that |7| = 0. This condition should be
removable since, by the formulae of Proposition 17.6 in [Shi00], one can interpolate the
coefficients at |7| = 0 using the Mazur measure, as is done in the integral-weight case of

[Pan91, pp. 113-114].

Definition 4.1.8. Let f € Si(T",¢) be a p-ordinary eigenform and let I/chE be the measures
of Theorem C. Then one can define two p-adic L-functions of f by the p-adic Mellin
transform as follows. If s € C is a variable and x is a primitive Dirichlet character of

p-power conductor then put

_1 _1
e o0 1y () - [ v
P

which, by the formulae of Theorem C (i) and (ii), interpolate Ly(s, f,X) at the values
m € Qf \{n+1} (and m # n+ 3 if (¢*x)? =1 and n > 1) and m € Q,, respectively.

4.2 p-stabilisation

Notation. & — half-integral weight; [k] =k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27Z x 2Z.
P ={a€ Spn(Q)|cqa =0}; rp: Py — My — lift.
D = D[b~! be].
[ =T}, be].
Hecke character v : Io/Q* — T satisfying (2.1.5) and (2.1.6).
p — an odd prime.
ep=1ifb=1 (mod 4), e, =7 if b =3 (mod 4) (b is an odd integer).

G = (¢7)~! for any invertible matrix q.

The abstract definition of the p-stabilisation, fy, of f can be achieved through the fac-

torisation of some Hecke polynomials, which method will be explored in the first part of
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this section. On the other hand, if n = 1 then there are enough concrete results on the
action of the various operators involved to allow a direct and explicit construction of fjy,
which will be done in the latter half of this section. It will be checked that this explicit
construction agrees with the abstract one. In fact, it is pretty much the same method as

the abstract one, but done in reverse.

4.2.1 General case

The general method here is adapted from [Pan91, pp. 42-50], in which Panchishkin
uses results of Andrianov from Chapter 2 of [And79] to construct the p-stabilisation of
integral-weight forms by factorising a certain polynomial and making use of the Satake

map.

The polynomial used in [And79] and [Pan91] is the spinor polynomial; for our case we

need to use a variation on the symmetric square polynomial. With p {1 ¢, this particular

Hecke polynomial is an element R, € C[zT,...,zF][z] of degree 2" defined by
- ~ n(n+1)
Ry(z1,...,2pn;2) = Ry(2) : = H (1—p 2 all. . adnz).

die{£1}

This polynomial has an immediate decomposition of the form

o
Ry(z) = > (=1)"T,2™,

m=0

where the coefficients T),, = Tm(xl, ceeyTp) € (C[a:li, . ,:n,jf] By definition of Rn, these
coefficients are invariant under the group of Weyl transformations, which is generated by
the transformations z; — x; 1,mj — x; for j # i. Therefore, by the Satake isomorphism

wp, there exists a polynomial

277/
Rn(2) = > (=1)™Tp2"™, (4.2.1)
m=0
whose coeflicients T}, € R, satisfy fm(xl, .oy p) = wp(Thy). If n =1 then notice from

(2.2.10) that we have wy,(A(p)) = wp(T1) = pr1 + pry ', and therefore Ty = A(p) is the pth

Hecke operator.

To make the methods of Panchishkin and Andrianov work we need to use a different,
but closely related, Hecke ring than we have done previously. Let K = D[b™!, bc] N Py,
K[2,2] = D[2,2] N Py, and put T'p =T[b~!, bc] N P. We define

Wy:= {diag[f, 7]

S HGLH(Qp n Q)} )
J2
W= KJ[2,2]WyK|[2,2],
and metaplectic lifts

R[2,2] : = pr 1(K[2,2]), R:={a e R2,2]|pr(a) € G N K},
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W =pr (W), Wi :={a €W |pr(a) € Ge N KWK},
Wo:={(a,t) [te T, € Wy},  R:={(a,1) €Wy | € K}

Now define the Hecke ring S := R(?i, Q/ﬁo), which differs slightly from that of previous
chapters in allowing denominators of p into the elements r and is analogous to the Hecke
ring Ly of [And79, pp. 81-82]. The following three conditions hold: RCD; @Q/ﬁo = 3p;
(@ N Q/I\To)ﬂfﬁa 1 C R. The first and third of these are trivial, and the second can be seen by
multiplying out cosets. Therefore, by Lemma 1.1.3 of [And79] there exists an embedding
£:R(D,30) — S defined on single cosets as follows:

€ <|_| Dg) = |_|Kg. (4.2.2)

Let Sy denote the factor ring of S formed in the same way as in (2.2.6) but with K in
place of © and 20 in place of 3. Denote by A, € Sy the element corresponding to diag[7, r]
with r € [, GLn(Q, N Q), and as usual we let S, denote the subspace generated by all
A, with r € GL,(Q, N Q). Since any coset of K,\K, diag[7, K, for any prime p, has
a representative in diag[7, r] K}, then it has a decomposition of the form found in (2.2.7),

namely

o d ds
K, diag[r,r|K, = |_| |_| |_| Kpag s, Qg = ( d> , (4.2.3)
rx€X s€Y, deER, 0
with X € GL,(Qp), Ry C 2O, representing O,\O,z20,, and Y, C S,. By the same pro-
cess seen in Section 2.2, one can define a Satake map w, := wo, 0 @}, : Sop — (C[xfc, o]
by defining @}, : Sop — R(Op, GL,(Qy)) analogously and keeping wo, the same. The map
<I>;D may no longer necessarily be injective. Let eg), : Rop — Sop denote the local embedding

obtained from (4.2.2) and notice that w, = w;, o eop.

There exists an element U, € Sy, called the Frobenius element, defined by

—1[ 0 —1[ -1
Upzrp<p n ; I'p= |_| T'p p n pIu .
0 pl ueS(b-1/p26-1) 0 Pln

If n =1and p | ¢, it is well known that U, = Ay(p) is the pth Hecke operator (they
both shift the coefficients by p?, see Proposition 1.5 of [Shi73] or the next subsection); for

n(n+1)

general n > 1, this is no longer true. By definition we have w,(Up) =p~ 2 z1---2p.

Let C :={A € Spp | UpA = AU, } denote the centraliser of U, in Sp,.

Proposition 4.2.1. Any A € C is a linear combination of double cosets

where r € M, (Zy) N GLp(Qy).

Proof. This is the second statement of Proposition 2.1.1 of [And79], with 6 = 0 (in the
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pl, O

0 p I
cosets on the left-hand and right-hand sides of the condition U, A, = AU, to see that, in
this case, no entries of r can be p-integral. To finish use the involution A% := A,-1, which

satisfies U]ﬁ = Ul;. O

notation of Andrianov). To prove it use U, := I'p ( ) I'p and multiply out the

Proposition 4.2.2. The map CID; is injective when restricted to C.

Proof. By the previous proposition, if A, € C then r € M,(Z,) N GLy(Zy). It therefore
has the decomposition
K, diag[F, r|K, = |_| Ko s,
ds

where a5 is as in (4.2.3) above, d € O,\O,rO, and s € S(b71),/d'S(b=1),d. This
can be seen by multiplying out diag[r,r|K, and is analogous to the case p | ¢ in [Shi94,
Lemma 2.3]. Now J(rp(aqs)) = 1 by Lemma 2.4 of [Shi95b], and therefore we have
D, (Ar) = | det(r)[," 'OprO,, which shows injectivity. O

The Hecke polynomial R,(z) has a factorisation given in terms of the U, and the T),,

which we now give.

Lemma 4.2.3. With T,,, and U, defined as above, we have

271
S (-1)"T,U; T =0.

m=0

Proof. Denote the sum on the left-hand side by Y, this is in Spp. By an elementary
n(n+1)

calculation R, (z) = (p~ 2 2)2"Rn((p™™t12)~1) and hence, by (4.2.1), we have

T, = prntm=2""Hp (4.2.4)

Define the degree of K, diag[F,r|K, € Sop to be §(A,), where p" diag[F,r] = (pé(fg)fo T%)
ro = plr and h is the smallest integer such that p7, p"r € M, (Zy), and of an arbitrary
element as the maximum of the degrees of all double cosets appearing in it; this is the
same notion of degree as in [And79, p. 88]. If w,(X) € Clzt,...,zF], let d(X) be the

rrn ] Y
minimum power of any x; appearing in wy,(X); for example we have d(U,) = 1, whereas
d(Tj) = —j. Then through the Satake map we see that §(X) = 2|d(X)| and in particular
§(Tj) = 2j. In Andrianov’s notation of [And79] we have pU, = II2 and, since our notions
of degree coincide exactly, Proposition 2.1.2 of that paper says that X Hﬁ belongs to the
centraliser of IT¢ , for any X € Sy, so long as £ > §(X). Thus TJHiJ is in the centraliser
of I} for any 0 < j € Z and, multiplying by p’, we conclude that T;U} € C and, by (4.2.4)

above, that Y € C as well.

The map wy, is always injective and by Proposition 4.2.2 it is therefore enough to show

w,(Y) = 0. For this note

.
(V) = wp(Up)*" D (=1)" T - (wp(Up) ™)™

m=0
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"5 /

:(.‘)]'O(Up)2 Rn(ml,...,azn;wp(Up)_l),

n(n+1) ~
which is zero, since (1 —w;,(Up)z) = (1 —p - x1---Tpz) is a factor of Ry (). O

The above result is similar to that found in [And79, pp. 90-91]. Now, for 0 < m < 27,
define

Ving = Vin =Y _(-1)'T,U" " € Spp.
=0

Proposition 4.2.4. The Hecke polynomial R(z) can be factorised as

= (2"2—:1 szm> (1—-"Upz). (4.2.5)
m=0

Proof. First note that Vj = 1 by definition and that Vorn_1U, = —T5» by Lemma 4.2.3.
For 1 <m < 2™ — 2 we have

Vin = Vine1Up = > (1) T U — Z V'TUr U, = (—1) T,
=0

Now expanding the right-hand side of the factorisation of (4.2.5) above gives

2" —2 2n
Vot D (Vin = Vine1Up)2™ = Van 1Up2*" = > (=1)"Tp2™ = R(2).
m=1 m=0

O

Definition 4.2.5. Let f € My (I'[b~1, b, ) be a Hecke eigenform with Satake p-parameters
(Ap1s---, Apn) for p1c. Then the p-stabilisation of f is denoted by fo and is defined by

-1 m
for= 3 <p"("2+”Ap,1 - Ap,n> FVinp- (4.2.6)

m=0
Remark 4.2.6. It is not clear from this method that fy # 0 if f # 0, and therefore the
need to assume the existence of 7 such that cg (7,1) # 0 in Theorem C. That f, may
vanish is entirely possible, as is remarked in [Pan91, p. 50]. In [BS00, Section 9], Bocherer
and Schmidt give an alternative construction for the p-stabilisation of a Siegel modular

form of integral weight, which method does guarantee that fy # 0.

Given an f as in Definition 4.2.5 above recall that f|A = g(/\p,l, .y Apn)f, where we
have denoted A = w,(A) € ClzT,...,zF].

rrn

Proposition 4.2.7. If f € Mg(T[b=1,bc],%) and p t ¢ then fo € Mp(T[b~1, beol, ),

where ¢ = ¢p*@" V). Moreover
n(n+1)
f0|U =\{p =2 >\p,1"'>\p,n fO-

Proof. Recall U, = T'p (pé” o1, )Fp, then f|U, = = p™ f(p®2) has level T[6~!, bep?]

and therefore, as operators, U, b=t bep?] = U, . As before, let ¢ be the involution on
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Sop defined by Aj = A,-1. The elements U, and U, satisfy U, = (U, )" and, by the
argument found in [Pan91, p. 49], we have U,I'[b~!, bep?] = U, as operators as well. Hence
f1Up € My(T[671, bep?], ) and the first property follows by definition of fo and Vi, .

n(n+1)

Set Ao :=p~ 2 Ap1---Apn and define f|Ag = Ao f. The second property is now given by

the following calculation:
Jol (o = Up) = Ao fol(1 = A5 Tp)

rnzl(kol)m‘/m,p] (1= 2"0p)

m=0

= of

- )\Of|Rn(>‘O_1)7

where Proposition 4.2.4 was used in the last line and Definition 4.2.5 in the penultim-
ate. This is zero since f|Rn(A\yY) = Ru(Apis-- s Ao g 1) f and (1 — Aoz) is a factor of
Ry(Apis-- s Apni2). O

For any other primes ¢ # p the operators V;,, , and €4(A(q)) commute, so fp and f share

the same eigenvalues away from p and hence the following corollary.

Corollary 4.2.8. If1 < ¢ € Z and p® is the conductor of x, then Ly (s, f,x) = Ly(s, fo, X)-

4.2.2 The case n =1

If n = 1 then the classical theory of half-integral weight forms was substantially developed
by Shimura in [Shi73]. In this paper, Shimura proves a lot of concrete results regarding the
action of Hecke operators, the kind of which one sees when encountering the fundamental
theory of classical integer-weight modular forms for the first time. It is shown why we
only consider the p?th Hecke operators (since the pth operator is 0 if p { ¢), and the
Fourier development of f|A(p) is given explicitly. As we have seen, it is one thing to
define the factor of automorphy of weight % for v € T'[2,2] by using the theta series,
but to do so for the action of the Hecke operators is a whole other issue entirely. This
is what Shimura first achieves in [Shi73] and is what facilitates the subsequent concrete
theory of Hecke operators. That paper is particularly well known for its nexus, which
is the surprising result that cusp forms of half-integral weight 5, with x € Z odd, are
in one-to-one correspondence with cusp forms of integral weight x — 1. We dub this the
Shimura correspondence, and we explore it in more depth at the end of this section. The
key implication of this correspondence for us is that the p-adic L-function for n = 1 is
already known to exist from the integral-weight case, as this correspondence preserves
the L-functions modulo some twisting by quadratic characters. Note that [Shi73] works
with congruence subgroups of the form I'g(¢c) = I'[1,¢], where 4 | ¢, and the factors of
automorphy are obtained via slightly different theta series. Recasting the results of [Shi73]
for our setting is fairly simple and has been done by Shimura in the book [Shil2]; for
simplicity we assume that b = 27'Z and thus any f € My(T, 1) has Fourier expansion of
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the form
oo

fz) =) er(n)e(nz/2),

n=0

where cf(n) = c(n; f) is the coefficient c¢(7/2,1), for 0 < 7 € Z, of previous sections.

Let H(H) denote the space of all holomorphic functions ¢ : H — C and define
6" = {(a,¢) € GLF(Q) x H(H) | ¢(2)? € o] 72 (cz + d)T},
with group law

(@, 9(2))(B,9(2)) = (B, p(B2)1(2)),

and then put & := {(a, ) € 8" | a € SLy(Q)}. The group & is precisely the metaplectic
group Mp1(Q) and is the same & appearing at the beginning of Section 2.3.2. If k = §,
where k € Z is odd, and f : H — C then we define the action of £ = (o, ) € T on f to
be

(Fllx&)(2) = @(2)"" f(az). (4.2.7)

In this case we have
2¢q 1
ho(2) = e3 (dc ) (Caz +da)?,
9 —4
ho—(Z) = df (Caz + dOé)7

for any o € G N D[2,2] with pr(c) = a. Congruence subgroups of & are given as in the
start of Section 2.3.2 and for the rest of this section, when we write I' we are considering
its image, f, under the embedding v +— (7, hy). Hecke operators in this case are considered
as double cosets AEA, where A < & is a congruence subgroup and & = (a, ¢) € &*. Their
action on modular forms is given by decomposing into single cosets and using the slash

operator, (4.2.7) above, of & on modular forms.

The first point of interest is that if p { ¢ then the traditional pth Hecke operator, associated
to the double coset T’ (((1)2) ,pi) I', is 0 as an operator on My(T',4). That the following

sequence
1-T—=6—=SL(Q) — 1 (4.2.8)
is exact, is well known. Thus for some lift L : SLy(Q) — & we can write
Liaya™") = L) (1,(7)),

where ¢ = (a,9(2)) € 8, vy € I'Na 'Ta, and t : T Na"'Ta — T is a homomorphism.
Then Proposition 1.0 of [Shi73] tells us that f|T¢T" = 0 if ¢ is non-trivial.

Proposition 4.2.9 ([Shi73], pp. 447-448). Let y € T[2,2], a = (} ), € = (a, tm™7) for
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anyt € T and m € Z. Then

if v €T[2,2] Na T2, 2]

So given the double coset I'€I', where £ = ((ég) ,pi>, the above proposition tells us

that t(y) = (%). Since k is odd, we see that t* is non-trivial and f|['(I" = 0 for any
f € Mgp(T,v). Tt is precisely the existence of a non-trivial ker(pr) = T in the exact
sequence of (4.2.8) that causes the pth Hecke operator to disappear, which kernel naturally
does not appear in the integral-weight case. Anyway, curiously, the same is no longer true

ifp|ec.

Proposition 4.2.10 ([Shi73], pp. 448-449). Let 0 < m € Z be such that the conductor of
Q(y/m) divides ¢ and the primes of m also divide ¢. If f € My(T, ) and & = (( 2O, m4>
then

o

fITET = ml=3 > cp(mm)e(nz/2) € My, (0, ¢ ® (™)) .

n=0

With U, as in the previous subsection, we have A(p) = U, if p | ¢, and these correspond to
(p~'I,1)I ((é z? ) VP ) I'. By the above proposition the Frobenius element U, shifts the
coefficients of f to the tune of c(n; f|U,) = p*~*c;(p*n).

Let f € Si(T') and n be a Hecke character of conductor §f. The twist of f by 7 is given by
(f @n)( Z ! n)e(nz/2),

which, since b = 2717Z and we have bc C b~!, belongs to S(I'[6~!, bef?], n?). This latter fact
can be seen by generalisation of Proposition 17 (b) in [Kob84, pp. 127-128], which requires
the assumption be € b='. Let n® be the Hecke character such that (n)*(nZ) := (@)

P
This has conductor p and define the p-stabilisation in this case by

NG
fi(z) = f(z)—(pl) PN (Fen®) (2) = P 1 (0%), (4.2.9)

which we can see belongs to Si(I'[b~!, bep?]) right away. By considering the action, given
in [Shi73], of the Hecke operators on the Fourier coefficients of forms we can show directly
that f1 is an eigenform that shares eigenvalues with f for A(q), ¢ # p, but has eigenvalue
pApa for A(p).

Corollary 1.8 of [Shi73] tells us that, if f|A(p) = A(p)f and p? { ¢, then

—1\ K]
Apes() =7 Fes ) + (=) VB (1) esl0) (4:2.10)

P
p*Fep(tp*™ 1) = A(p)cr (tp™™) — pFep(tp®™2), (4.2.11)

for any 0 < m € Z (in the notation of [Shi73] we have w, = p*~2A(p)).
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Proposition 4.2.11. Suppose f € Sp(T'[b~1,bc]) has eigenvalues A(p) = A(A(p)), and
that p t ¢. The following three formulae hold:

(f&n®) U, = o; (4.2.12)
F@*2)|Up =" f; (4.2.13)

— 1\ [#
U= 8011 = (=) VB (fo1”) =137, (12.14)

Proof. That (4.2.12) and (4.2.13) are true is a consequence of ¢(n; f|U,) = p* Fcp(p?n).

The formula in (4.2.14) is not so immediate and we need to make use of the coefficient
identities preceding the proposition, (4.2.10) and (4.2.11). If p? { n then by (4.2.10) we

have

e(m; A(p)f — p* F(0%2)) = p*Fep(pPn) + (‘pl)w N (Z) es(n),

whereas if p? | n then by (4.2.11) we have

C(n;A(p)f - pkf(p2z)) = A(p)cf(n) — pkcf <;L2)

kac

= p* Fep(pPn).

With this, and the fact that ¢ (n; f® 77(”)) =0 for p? | n, we get

(%]
AW =1 1%2) = 10, + (=) Vi (F o),
and hence (4.2.14). O

Proposition 4.2.12. The form f| is an eigenform. If ¢ # p then fi1 and f share the same
eigenvalues for A(q), whereas fi|U, = pAp1fi.

Proof. Equations (4.2.12) — (4.2.14) of the previous proposition give

%] (p) k 2 -1
fl\UpZA(p)f—<p> \/23(f®77”)—p f(p°z) =pA 0 f
and by the definition of A\, 1, given in (2.2.11), we have A(p) = pAy1 —i—p)\;&. This gives

1\ [¥] B _
filUp =pApaf — <p> VA A1 (f®77(p)) — PN 1 f(072)
_on | -1 (] - <f® (p))_ F=1)=1 £ (p22)
= pAp1 o) P 7 PN (02
= pAp1fi.

If ¢ # p then the commutativity of the coset decompositions, given in [Shi73, p. 451], with
(é’p?l) show that f(p®2)|A(q) = (f|A(q))(p*z). By Theorem 1.7 of [Shi73] we have

SNE
e(n: f1A(g)) = ¢ Fes(ng?) + (ql) Vi (q) es(n) + des(ng?),
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where we understand cs(ng=2) = 0 if ¢* f n. Since ("T?Q) = (%) for any n and

mn -2 n . n .
( qp ) = (5> if ¢ | n we get C(n; <f®77(p)> |A(q)) = <5> c(n; flA(q)), which tells
us that (f ® n(p)> |A(q) = (f|A(q)) ® n®). Hence by definition f; and f share the same
eigenvalue for A(q). O

The above explicit calculations for n = 1 are actually the same as those found in the
general case of the previous section, but run in reverse. It is nice to specialise the definition
of fo in (4.2.6) to n = 1 and see how this works out to give us f; of (4.2.9). By definition
Vip=U, —T1 = U, — A(p) when n =1 and so

fo=F+ @) fVip=f+p "N 1FIU, —p A TA(D) f

which, by (4.2.14), gives

Wy -1 (p) k—1y—1p/ 2
fo=f—() P2 (fen®) = pF AT F(p%2);
this is exactly f1 of (4.2.9).

There is another way one can anticipate the slightly odd form of f; given in (4.2.9). At
least one can see, by analogy with the integral-weight case, that f; should have level cp?.
The p-stabilisation of an integral-weight form F of level T[b~!, bc], when p { ¢, is given by
the relatively benign

Fy(z) == F(z2) — pkil)\;%F(pz), (4.2.15)

which is of level cp. It has eigenvalue p), 1 at p and the same eigenvalues as F' elsewhere.
The aforementioned Shimura correspondence S; preserves eigenvalues, and its definition
depends on some square-free integer t. The point being here that if we can choose t
such that the image S;(f1) has level c¢p, then S;(f1) and Si(f)o have precisely the same
eigenvalues, so they are multiples of each other. Even better, using the definition of the

Shimura correspondence, we can explicitly give this multiple.

Firstly, Proposition 3.7 of [Shi73] tells us what we can take as the level of Sy(f1). Take t = 2
and assume p > 3. For simplicity, we make the further assumptions that ¢ = 4¢/, where
¢ is odd and square-free, and that f1|A(p) # 0 for all p | ¢’ (other cases are similar, but
are messier notationally). Since fi € S,(I'[b!, bep?]) has trivial character, the notation of

Proposition 3.7 in [Shi73] becomes
N =4dp’, M;=8, M =8, H=dp, Ky=dp, N*"=8()%"

and the proposition says that N*/2K, = ¢p can be taken as the level of Sa(f1). So Sa(f1)
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is a constant multiple of Sa(f)o, since the eigenspaces are one dimensional here. The
precise statement of the Shimura correspondence, found in [Shi73, p. 458], says that for a

half-integral weight eigenform g of trivial character and weight k£ such that 2k > 3 one has

[e'e] [e'e] -1 [k] 9 [e'¢]
c(n; So(g))n™°% = () (> m[k]_l_‘S) ( ca(2m? m_s> ,
S s~ (£ (3)" (7 & o)
which first of all tells us that ¢(1; S2(g)) = ¢4(2) for any such g. So ¢(1;52(f1)) = cf, (2).
Notice by the definition of Fp, in (4.2.15) above, that c(1;S2(f)o) = c(1;S2(f)) = c¢(2).
Then by the definition of f1, in (4.2.9), we have got

n (@) = [1 -(H" ) p—éxpﬂ o 2).

Putting all this together gives

—1\ ¥ /2 1
So(f1) = |1— () () pEA 1| S2(f)o,
(f1) 5 p o1 | 52(f)
and hence the integral-weight and half-integral weight processes of p-stabilisation really

are different sides of the same coin.

4.3 Tracing the Rankin-Selberg integral

Notation. & — half-integral weight; [k] = k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27Z x 27Z.
[ =T}, be].
Hecke character v : Io/Q* — T satisfying (2.1.5) and (2.1.6).
Dirichlet character x of conductor px.
SV — set of symmetric half-integral n x n matrices.
Sy — set of symmetric n x n matrices such that 7 € N(b)SV.
Xp = My (Zp) N GLn(Qp).
Zy = {diag|q,q] | ¢ € GLn(Q)¢ NI, Xp}-
t — integral ideal such that A7 (27)71h € 4t~! for all h € Z™.
pr — quadratic character associated to Q(il"/?\/]27])/Q.
Ar(s) = (Ac/Atc)(2$41_n)-
Gr = [lzen gq((wp)_()(Q)q_s)_l-
p — an odd prime.

co = cp2@"=1).

With the relationship, established in Corollary 4.2.8, between L(s, f, x) and L(s, fo, x) the
focus is now shifted to the latter. Once again, we apply the Rankin-Selberg method to
it, and in this section the integral expression is modified via use of the trace operator.

Recall that the level of the inner product of the Rankin-Selberg integral expression is
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p = ¢ N (442), where f is the conductor of y. In this section the level of this integral is

reduced to eschew any dependence on the character x.

We now make the assumption that fo # 0 and that we can fix 0 < 7 € S such that
cfy(7,1) # 0. Define the integral matrix

F:=N()(2r) ' € S(z). (4.3.1)

Take a Dirichlet character y of modulus p* and conductor px with 0 < ty <t € Z, choose
a p € {0,1} such that (¢oox)(—1) = (=1)F+# and put 5 := ¥xp,.

Since this section involves many levels, and liftings of modular forms through these levels,
we first define and clarify this schematically. Consider b fixed and note by Theorem 2.1.5
(i) that b=1 | t, therefore we can think of f; as having level I'[b=2, b%tcy] where, recall,
co = cp?>®"~1 . Define the integral ideal
vy = [tep™]?.

The ideal v, can be taken as the level of the integral in the Rankin-Selberg expression of
Ly (s, fo, x) only if £, > 2" — 1; to avoid this condition we choose higher levels. The levels
we move through are I'y, := I'[b72,b%y,], indexed by a € {r,d € Z | 0 < ¢, < ¢ < r} U {0},
where the vy, are defined as follows. The base level, to which everything will be reduced,

is ng, and we arrange their definitions below in order of divisibility:

Yy = UOP%

Ve = Uop%

h1 = Uop2

Yo = t2cc0.

Generally, in the Kummer congruences, we shall take a set of Dirichlet characters of varying
moduli p’ and consider their respective Rankin-Selberg integrals of varying levels 1, then
take a single r > 0 so that all characters are all defined modulo p”, and lift up each integral

to v, first from y,. We then trace the Rankin-Selberg integral back down to 1, which
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process is given in the rest of this section. This is so that we can treat all characters
uniformly. In specific cases, i.e. when we consider a single primitive Dirichlet character
such that ¢ = £, > 2" — 1, one can use 1, as the level of the integral in the expression
of L(s, fo,x) and we need not lift up to r in the first place; such a case is given as an
example at the end of this section but for full generality this will not be used later. The

Rankin-Selberg integral of (2.4.4) becomes

s—n— 1+k+u

—n— -1 n(n
Ly (s, fo,X) = [T (52555 2¢5,(r,1)] N(0)" D47

(4.3.2)
Ar(5)G(5) { fo, 05—zl 25271, T, )>U V.

T

in which V,. := Vol(I',\H,, ), and recall the notation A, and G, from Theorem C.

Write Y, := N(b)v/N(9a) € Z for o € {0,4,7,x}; we have Yy = N(tbc)p®" 1, ¥, = Yyppt,
and Y, = Yyp". Notice also that Y, = Yoptx—2"—1 if 4, >2" —1.

If » > 0, then the trace map Trgg s Mg (Dyy90) — Mg (Lo, 1)) is defined in the same way
as the trace map from (3.5.1) in the previous chapter, except without the need for the

character to appear in the sum defining the output. If g € M%JFM(F[EJ_Q, 62y,], xpr), then

set
Fy(2,8) == g(2)E—n (2, 2o, Ty)
and we have

Tr)r (Fy) = Z F,
ueS(Z/p*r7)

I 0
k N(UO)U I, u€S(b=2/p2rp—2)

I, O
k }/0271' I, ‘
Let M € Z and define the matrix

0 M-I,
LM = , 4.3.3
u (MI” 0 ) (133

which belongs to Pyt and is therefore in 9. We associate to tj; an operator W (M), acting
on modular forms g of weight x € 3Z by g|W (M) = g||xtm.

Proposition 4.3.1. Let x be a character modulo p* and take g and Fy as above. If r >0

is an integer then

(fo: Fy(-r8)),, = (—=1)" M fo, Hy (-, 8)[U5 W (Y0)) o,

where Hy := Fy|W(Y;).

Proof. Immediately,

(Fo Fy(9)),y, = (fo, Tely (Fy))

To finish we note that W (Y)? = (—1)"* and we claim

Uol

T (Fy) [ W (Yo) = H,|U;

the proof of which is twofold. That the matrices corresponding to the operators match up
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is given by the simple matrix multiplication

I, O p "I, —p~"u
Ly, =t ,
Yeu I,) "\ 0y,

for u € S(b=2/p*"b~2) and in which we used Y, = Yyp". For the claim to be true however,
we need to check that the factors of automorphy match up as well and, given the strong
automorphy property of the traditional factor of automorphy j(«, z), it suffices to check
the identity

h (( In 0) ,LYOZ) h(tyy, 2) = h(LyT,auz)J% (y, 2) , (4.3.4)

Yéu I,
p L —pTu
Q1= .
0 p'In
By considering tp; € Pat, using a combination of the weak automorphic property of h (see
(2.1.3)), its values on Py (see (2.1.2)), and Equation (2.5) of [Shi93, p. 1025] we see that
h(ear, 2) = |Mzz]% To calculate J2 (ouy, 2) write o, = 3§, where 3 € Zp and £ € D[2,2] are
defined by 300 = Ion,

where

p~ "I, 0
= 5 E f,
dq ( 0 prfn> q
I, —u
T = € Dg|2,2], ef,
fq (0 In) q[ ] q

€so 1 =y € Spp(R).

By Definition 2.2.2 and (2.1.2) we see that J%(au,z) = h(€,z) = pz. Therefore, using
Y, = Yop" and a,z = p~2"(2 — u), the right-hand side of (4.3.4) is |Yyi(z — u)\% Finally,
by use of Lemma 2.2 of [Shi93] or Proposition 2.1.2 of this thesis, we have

1
I 0 2
h " LYy 2 :‘—u—}—Ing.
Y02u I, z

So the left-hand side of (4.3.4) above is also |Ypi(z — u)]% and the claim, and therefore the
proposition, holds. O

As an example, assume that y is primitive, £ = £, > 2" — 1, and g = 5. Let H, := Hy,
and V, := Vol(T'[6=2, 6%y, ]\H,,). Then taking r := ¢, — 2" — 1 > 0, we have v, = 1,, and
I =T'y, and applying the above proposition to (4.3.2), we get

s—n—1+k+p

Li(s. fo. %) = [T (527558 9 (r,1)] 7 N(0)" 4D jaer| 3
% (1) ()G- (3 fo. Hy[US 2"~ W (Yo)) o V.
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4.4 A transformation formula of theta series

Notation. k£ — half-integral weight; [k] = k — % €Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1, bc) C 27 x 2Z.
I =T[b"1, be].
Hecke character v : Ig/Q* — T satisfying (2.1.5) and (2.1.6).
St ={6eM,(Q) " =¢6>0} 785,
t — integral ideal such that h7(27)"1h € 4t~! for all h € Z".
= N(t)(2r) L.
p — an odd prime.
x — Hecke character of conductor p*Z.
Y, = Yopix—2"~1 = N(tbe)px.
or = (30, M )5 gl W (M) = gllear.

d= "% if nis even, d = 0 if n is odd.

Transformation formulae for theta series of the form 6, |W(Y)), when x is a primitive
Dirichlet character, are generally well-known entities. The precise formula of this section
is encompassed by the generality of both Theorem A3.3 and Proposition A3.17 of [Shi00];

what follows is a concrete derivation and calculation of the integrals found there.

Let S(M,,(Qs)) denote the Schwartz-Bruhat space of locally constant and compactly
supported functions M, (Q¢) — C. Explicitly, these are the functions A = [], A, such that
each A, : M, (Q,) — C is locally constant and A\, =1 M, (z,) is the characteristic function
of M, (Z,) for all but finitely many p. Theorem A3.3 tells us that there is a C-linear
automorphism A — A of 9 on S(M,,(Q¢)); moreover it gives formulae for this action by
P, and the inversion ¢ = ( }1 _é" ), which latter was used way back in the definition of the

symplectic group.
Chapter A3 of [Shi00] concerns more general theta series of the form

0(z,\) = Z Mzg)|z[Pess (tr(z T22)), (4.4.1)
z€Mn(Q)

for a fixed 7 € S4, p € {0,1} and A € S(M,,(Qr)); be apprised that putting A = [[, A,

and

1 if y € M,,(Zy) and p 1,
M) == xp(yl) ify € GLu(Z,) and p | 1, (4.4.2)
0 otherwise,

for a Hecke character x of conductor f gives the series 6(z, \) = 0&“)(2; 7) of (2.1.9).

Assume that x : Ig/Q* — T is a Hecke character of conductor p”Z and let ¢, = Ly, be
the matrix of (4.3.3) with M = Y,. Since 1y, € C?, Proposition A3.17, and Equation
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(A3.18) in particular, of [Shi00] give that

W) = Y (&IA) (zg) |2 eco (tr(zT T22)), (4.4.3)
x€Mn(Q)

and so we calculate “x 1/\. Note that

0 Yl Y, I 0
L;II X T =0, o= xen e P,
Y, I, 0 0 o

so that by Theorem A3.3 (2) we have ‘x A= “°A). Recall

2 L.
% if nis even,
d—
{0 if n is odd

from Theorem C. Let d,y be the Haar measure on M, (Q,) such that the measure of
2
bM,(Zy) is |b]p /2 for any b € Q. The equations in Theorem A3.3 (5) and (A3.3) of [Shi00]

give the first line of the following calculation

(X)) =M et [ d(Vadep(— T2y

n\{p

= (I el [ e (- a2y
X n\~p

. n 5 r(z2r
— iy (—1)"] det(27)| /G wlyher (522 oy,

n(Zp)

using the definition of (4.4.2) in the second line and the change of variables y — Y,y in
the last. By the fact that Y, = N(tbc)p’ and by the definition of 7 from (4.3.1), we have
that (A),(z) is equal to

. n 3 r(zT7 1a r(zT71
(=D det2n)lf Y xpllae (S22 [ en (— ) dov-
aEGLn(Z/pZXZ) p XGLn(Zp)

The integral in the above equation is non-zero if and only if the integrand is a constant

n2
|, 17 M, (Zy) — at which point it is p T,
Likewise, for ¢ 1 §, we have (°A) (z) # 0 if and only if z € |N(be)| ;7 M,(Zg), at which

point it is ]det(27)|§. Therefore (°)\)(z) # 0 if and only if x € N(bc)7M,(Z), for which

function in y — i.e. if and only if x € |N(bc)

n 7L2
(ON)(@) = i'xoo(=1)"[27] " Zp~ T Gu(N (b0) 177 e, ), (4.4.4)
where, for any Hecke character ¢ of conductor f and X € M, (Z),

— I Ta
GaXop) = X g (labe ()
a€Mn(Z/Nf)Z)

denotes the generalised n-degree Gauss sum. The Gauss sum of (2.1.4) relates to the
above by G,(¢) = Gn(In, ), and if ¢ is a primitive Dirichlet character then we have
Gn(X,0) = 0 Y| X])Gn(p) when (| X|, N(f)) = 1, and G,,(X, ¢) = 0 otherwise. So, under
the assumption that x is a primitive Dirichlet character and that x € N (b¢)7M,(Z), (4.4.4)
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above becomes
n _p n2 A _
(€N (z) = i%x(=1)"|27] " 2p~ 5T x(IN(be) 1+ 2 ]) Gy (X).

Thus when x is a primitive Dirichlet character the transformation formula of (4.4.3)

translates to

i“x(=1)"
272

0, W(Yy) = PEEGR) Y (N ] fal e (tr(a” Ta2)),

2EN (bc)7 My (Z)
and this becomes, by writing x = N(bc)72’, the desired formula:

LN (the)™ w2

_g.n2 _ z .
AP W) = X1 T N G (NWe?i7) (4

where we have written N(y/a) = |N (a)%] for any integral ideal a.

4.5 Fourier expansions of Eisenstein series

Notation. & — half-integral weight; [k] = k — 1 € Z.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1,bc) C 27 x 2Z.
I =T[b"1 be.
Hecke character v : Ig/Q* — T satisfying (2.1.5) and (2.1.6).
d =n (mod 2) € {0,1}.
SV — set of all symmetric half-integral n x n matrices.
Sy ={£eM(Q) T =¢6>0)7€8,.
t — integral ideal such that h7(27)"1h € 4t~! for all h € Z".
7= N(t)(2r)"L.
p — an odd prime.
x — Hecke character of conductor p“*Z.
0 <r€Z v, = yop” = [tep? 7% Y, = N(b)yN(y,); T = T[b72, b7, ].
oar = (30, M) gl W (M) = glleear.
N(va) = ]N(a)%| for an integral ideal a.
X, = {r € Hom(Z,, C;f |z is continuous}.

Pr — holomorphic projection map of Theorem 3.2.2.

Given Proposition 4.3.1 and the transformation formula in (4.4.5), it will be germane to
give explicit expressions for the Fourier coefficients of Pr(H*|U} ), where r > 0, H* is the

form

H*(z,5) = 03 (2)E5 (2, 272,

and

0 (2) : = o) (N(\/Ebc)Qg; %) , (4.5.1)
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Ex(2,8) = Exn (57, T) W (). (45.2)

Recall the notation n = ¢xp, and 6 =n (mod 2) € {0,1}.

Proposition 4.5.1. For any ¢ € Sy define
2
V.= {(q,Q) € My(Z) x Sy | MO ET 21 4y = C}-

Assume that k > 2n, x is a Dirichlet character, and m € Q,, . For any € Z, there exists
a polynomial P(o,0'; B) € Qloyj,07; | 1 <i,j < n], defined for 0,0’ € Sy; a finite subset c
of primes; polynomials f,, € Z[t], defined for each o € S and q € ¢, whose coefficients

are independent of x; and a factor

01(0,7 m) = Z——n([k—%—,u])N(bQUT)n(w—kﬁu)Qn(k—;ﬁ-%)ﬂ_m(%)

k—n— _ _ ntd—1
x D ("= "o | [T foq(i(@)g 2 ™),
gece

where my =m —n— 3, m_ =0, such that if m € Qu\{n+ 3} (and m #n+3 ifn>1
and (¥*x)? = 1), then Pr(03&5(, 2m47")|U;) has non-zero Fourier coefficients only when

o > 0, for which we have

e (P 2 U)) = Y lou)|on O (o0, m) Plow, pTos )

(0'1 ,UQ)GVPTG.

- +
ifme ka, whereas

¢ (o LPrOE( 2U) = X x(o])|on O (o2,m) Plon, pl o =)

(01,02)EVprs
ifm e Qn,k'

Furthermore, the polynomial P(o,0’; 3) satisfies P(o,0';8) = |o|? (mod aéj) for B € Z.

When £ is an integer and n is even the above kind of result is well known, see for example
Theorem 4.6 of [Pan91, p. 77]. Since we have seen, in Theorem 3.2.2, that the definition of
the projection map remains the same for half-integral weights, we can obtain the above in
a similar manner, by using results on the Fourier development of integral and half-integral

weight Eisenstein series as follows.

Suppose that x € %Z is such that 2k + n ¢ 2Z and recall the normalisation &.(z,s) of
(2.4.2), taking the congruence subgroup I'g = I'[t~!, ry]. Further assume that N(x), N(p)
are both squares, that (r7!,1y) C 2Z x 2Z if kK ¢ Z, and let Y := \/N(ty). If s € %Z,
s # "TH, and s # ”T% if n > 1 and 72 = 1, then Proposition 17.6 of [Shi00] combined with
both the analytic continuation of the Eisenstein series and the fact that (Tge = [tz !]
gives

Enlzy )L = Z (0,1, 8)eso(ox),

O<O’€S+
N(y)oeSY
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where, if 0 > 0, we have by Propositions 16.9 and 16.10 of [Shi00] that

n(k—[k n(n+1) o . - T

g€c

£(g:his,s') : =[S eoo(—hix)|a — ig| | — ig| ™ dx,

for g € Y (which set is defined in (2.1.12)), h € Sy, and s,s’ € C. The aim now is to
represent the function & at certain values as a polynomial to which one can easily apply the
definition of holomorphic projection. This is done via several intermediary relations and
functions, the first of which relates £ to the hyperconfluent geometric function w(g, h; s, s)
of [Shi82] and is given (the relation) in (17.11) of [Shi00] as

n—1

Ey, 055+ 5,5 — §) =i 2R EERIT, (s 4+ 5) 7y 2o

(4.5.3)
X w(2my, 058+ 5,5 — 5).

Then the function w(g, h; s, s’) is continued analytically by defining

C(g;sas/) . :/ e_tr(gw)‘x+In|s—fg|$‘s/_ﬂdm
Y
wo(g5,5') = Tu(s) ol (g5 5, ),

which latter function has an analytic continuation, see Theorem 3.1 of [Shi82]. By certain
properties of these functions, see (4.7.K) of [Shi82] for the first line, and [Shi82, (4.10)]

plus the definition of wy for the second line, one has

w2Ty, 058+ 5,5 —§) = w(dmaya™, I;; s + 5,5— %)

n(n+1)
2

(4.5.4)

e*Q”tr(”y)wo(élﬂay; s+ 5,8 5),

where a € GL,(R) satisfies aca’ = I,, (and therefore o = a~'a). It is this function wp

that has a polynomial representation in terms of the differential operator

0

’ ﬁ /
Rgs.) = (1) et | 22| (e vz,

On (1405 0 \"
Ong 2 0gij i,j:l’

for s € C and 0 < § € Z. Now Proposition 3.2 of [Shi82] and the proposition of [Pan9l,
p. 64] tell us that, if 0 < § — s € Z, then

wo(dmoy;s + 5,8 — §) = [dmoy|*~ 2 R(4moy; B g, mH=E ) (4.5.5)
whereas, if 0 < s + %TH € 7Z, then

K—=n—1

wo(dmoy; s + ==L 4 nbl g £ = |droy| 75T R(4roy;s + =0=1 s — &) (4.5.6)

Combining both (4.5.3) and (4.5.4) with (4.5.5) (resp. (4.5.6)) in the case 0 < § — s € Z
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and s > " (resp. 0 < s+ "5~ € Z and s < ") therefore gives

c*(0,y,8) = Clo, 8)|47T0y|8_gR(47wy; 5 — s, M —g)emmow),

ﬁ)e—27r tr(ay)7

_ 1
¢ (o,y,5) = C(o, s)]47r0y\ “TSR(4rwoy; s + Eenel T—=,5— 5

(n+ nt3)

C(o,s): = i_”[“}N(;U)_n 5 gnlt 23
% o[ T Frzeq(ila)g 2175

gee

77”(5+5)Fn(5—|— g)—l (4.5.7)

Now since (2, s)[W(Y) =Y " E.(z,5)|¢], we have that

=Y?2z

Ex(z,8)W(Y) = Z Cx:)t(aayas)eoo(ow)a

0<oeSY

where cfjt(a, y,s) == Y ™ (Y 20,Y?y, s) are given explicitly by

;r(a,y, s) = Y_"“C’(Y s)|dmoy|®™ 2R(47ray, §— s, "‘*‘; E_ s)e_%tr("y),

¢y (0,y,8) = Yo (y 2 )|47my\ “=$ R(4noy: s — nilor o %)e*QWtr(o‘y)‘

C

n+1

Now put Gy (0, ) := Y "*|o[* 3C(Y 20, 5) and C; (0,s) := Y " |o| 7 *C(Y 20, ).
By analogy with the proof of Theorem 4.6 of [Pan91, p. 77], the application of the
holomorphic projection combined with (4.5.7) gives that if ¢ € M, is a holomorphic

modular form, then

c(o, L Pr([g€x (-, 8)[W(Y)]IU,)) = Z cg(01,1)C (0, 5)P (02, p 03 5 — 5) (4.5.8)

01,02

Whenogg—seZ,s>”T+1(ands;é”T*'?’if772:1andn>1),and0>0,whereas

o LPr([GE( WU = 3 cylo1,1)Cy (0.)Plo2poss +53=1)  (45.9)
01,02
when 0 < s + *=5— Lez, s< "H , and ¢ > 0; in both cases the summation is taken over

all 01,09 € S+ such that o1 + 09 = p'o.

Specialising (4.5.8) and (4.5.9) to the case ¢ = b2, D=v,k=k—5—pl=35+ug=">05,

and s = 2= for m € QF, gives Proposition 4.5.1 by putting C% (o, m) := Cnir( o, 2m=n),

Proposition 4.5.2. There exist p-adic distributions X, ., defined, for any m € %Z such
that m — 5 E 7, by

Som(X [ [T foa((@g™ ™)
D

#q€c

If we set X, = X _ 1 then this defines a p-adic measure that satisfies

N

% Xx[pm]dga = Ea,m(X)v
Zyp

for any m € 37 such that [m] =m — % € Z.
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Proof. That ¥, ,, satisfies the compatibility criterion, and therefore defines a Q-valued
distribution, is evident. That Y, is p-adically bounded is also obvious, since it is a
finite product of polynomials whose coefficients are independent of x, and this proves
the proposition. It can also be proved using the Kummer congruences, which proof, to

pre-empt the use of the congruences later on, is now detailed.

Take x;v;m] for xy € XZEOrs and m € %Z with m — % € 7 as the system {f;} in the statement
of the Kummer congruences. Taking Re(s) — oo in the identity (16.46) of [Shi00] tells us
that [T, 44ec f2,4(0) = 0 and so this product of polynomials has no constant term. We may

then write
n+6 2

Zag ) (el (e,

where 0 < e € Z, a; € Z are independent of x and ¢; € Z is some product of primes g # p

H fa,q()Z(Q)

pF#gEC

in c. Hence given any finite subset X' C th)ors and the assumption, for some {b,} C O,,
that

S bxalM € pNo,,
XEX

all the while suppressing the notation of ¢,, one has

Zb / Xl‘[m]dz Zb H faq "*5 ' m)

XEX XEX pF#gEc

= Zaﬂ J(

+62

'y b (xal)(e;7) € PN Oy,

XE€EX

where we used the fact that each a; is independent of x, as well as the main assumption. [J

4.6 p-adic interpolation

Notation. k£ — half-integral weight; [k] = k — % €.
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b=1, bc) C 27 x 27.
[ =T}, be].
Hecke character v : Io/Q* — T satisfying (2.1.5) and (2.1.6).
Sy ={£e My(Q) |7 =620} 7€ 5.
pr — quadratic character associated to Q(i[*/2/]27])/Q.
t — integral ideal such that h7(27)~'h € 4t~! for 7 € M, (Q).
= N(t)(2r)!
Ar(s) = (AC/Atc)(gszl_n)~
Gr = Tgen 9a((¥PX)(@)a ")

Prime number p 1 c.

n(n+1)
p-ordinary eigenform f € S(I',1) — means that [p > Ap1-Apnlp = 1.
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Notation. fy — p-stabilisation of f of Definition 4.2.5.
d:%Q if n is even, d = 0 if n is odd.
N(y/a) = |N(a)%| for an integral ideal a.
0%(2) = O, (N (Vibe)2z/2; 7).

Ve = {(s1,) € Ma(Z) x S | YPE T) 4y = o, for ¢ € 5.

This section finishes the proof of Theorem C, the main result of this chapter, and its
structure is as follows. First the definition of a complex-valued distribution v interpolating
Ly (s, f,X) is given, and this is subsequently normalised so that it becomes Q-valued,
therefore defining a p-adic distribution. This process is repeated for the other distribution
v, . That they are each bounded, and so define p-adic measures, is then done in tandem,
and this follows by the measure of the Fourier coefficients of the Eisenstein series — see

Proposition 4.5.2.

Assume k > 2n and take a p-ordinary eigenform f € Si(T', ). Recall the assumption that
p 1 ¢, and now assume that there exists 7 € Sy such that cs(7,1) # 0 and ¢y, (7,1) # 0.
X

¥4 M
determined on Dirichlet characters x of p-power conductor p'x as follows. If x is primitive,

1<t €Z and p € {0,1} is such that (x)oo(—1) = (=V)FITH then it is defined by

Proposition 4.6.1. There exists a complex distribution v; on 7, which is uniquely

kts—p—1-2 —k—
_W anX(n—i-l k s)G (

n(X)
A+ (5)Gr(s)

1)l 2|5 tn
by CDMERTETE ) N
v 00 = N by e

n(n+1) _KX _
X (p 2 )\p,l "‘)\p,n> L¢(Saf7 X)v

(4.6.1)

where the number d, A (s) = (ﬁ;‘;) (22) and G-(s) = [yeb 94 (¥°X)(9)g™°) are all as
in Theorem C.

In general, for any £ > £, let x, denote the character modulo p’ associated to x and, for
any r > £, define

|T|w ) kts—p—1-2n
L a-i Lo 3n
vE) = — T Ay (g

2
Cfo (7,1) 2 4 (4.6.2)

n(n+1) -r _3p— "
><<p2 Apg-‘-)\pm) D(%iiz,fo,emywm)),

where, recall, D(s, f, g) is defined in Definition 2.4.1 and 0%,(z) is defined in (4.5.1).

Proof. By Proposition 4.1.2 it is enough to show that the definition of vs given is inde-
pendent of £ and r. When y is primitive, this is immediate from the definition. When y

is imprimitive, the expression (4.6.2) is independent of £ since £ > ¢,.. By definition
—3n— - _s=n—ldktp
D(W?f()ag;p‘w(y;)) = Z Vo 1Cf0(0', 1)69;[|W(Yr)(0—7 1)0‘0.’ 2 )
0€S4 /GLn(Z)

where p € Aut(C) denotes complex conjugation. Let V(M) be the operator associated to
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(MOI" M—Oljn)v which acts as f|V (M) = M”[k]\M%U(MQZ), and notice that

0%, IW (Y;) = 03, W (Yo)V (p" )
therefore has coeflicients

c(p?ro 0,1;0%,|W(Y,)) = [pn(ﬁ—r)(%“)]ce;ﬂw(n)(U, 1).

So the Dirichlet series D(2=31=2_f, 0%, IW (Y;)) becomes

(R _ _ _s—n—1+k+p
prEIEE N ey, (07 o ey vy (0, 17107 o a—
0€S+ /GLn(Z)

and thus the powers of p" in the definition of the measure in (4.6.2) cancel. Now U, shifts

coefficients, which with Proposition 4.2.7 gives

n(n+1)

r—~{
) = (P5F A Nn) (o),
This cancels the remaining dependence on 7 in (4.6.2). O

Remark 4.6.2. Through the use of the following: the manipulations on D(s, f,¢g) in the
above proof; the identities in (2.4.16) and (2.4.20) relating D(s, fo,0y) to Lqy(s, fo, x); Corol-
lary 4.2.8; the transformation formula of (4.4.5); and that G, (x) ™" = x(—=1)"p """ >G(%),
one can check that the two expressions indeed coincide if x is primitive and ¢ = ¢,. The
reason for including the general definition of the distribution for imprimitive characters is
that, in order to use Proposition 4.1.5, we need to check the Kummer congruences for all

characters.

The above distribution can be normalised so that it gives values in Q and it therefore
defines, after application of ¢,, a p-adic distribution.
Proposition 4.6.3. Let m € Q:er and let ¢, be defined by (3.1.8). If k > 2n then, for
any Dirichlet character x of p-power modulus, we have

va(x)
men(f, f)

Proof. Whenever x is primitive and n > 2 this follows immediately from Theorem B2
upon the observation that, by Theorem 3.5.2, we have (f, f) € u(A, k,4)Q and the fact

that ws(m,7) € Q. For arbitrary n, one can also use Theorem 28.8 from [Shi00] since we

€Q

are concerned only with these values being in Q.

If x is not primitive, then use the unfolded integral expression of D(s, f, g) found in (2.4.10)

to obtain the integral expression

_ktm—p—1-2n

M

—1
vi(x) = [2%(7’ I, (%ka)] N(b)n (n+1) ‘ \fhc)
m—nn— n n(n -r
« [dmrr| " (S k) <p< DV Am) (4.6.3)

X (Jor O IW (V) (25253 T0)) Vi
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The application of Proposition 3.4.3 with g = 0}, |[W(Y;), analogous subsequent modific-
ations (as in (3.4.3) and (3.4.4)) to the above expression, and the use of Theorem 3.5.2

again, just as was done in the previous chapter, proves the proposition in this case too. [

Therefore the distribution ©2, defined below for all m € %Z withn <m < k—pu,isa
p-adic distribution. If m € Q;fk\{n + 13 (ie. if (X)oo(—1) = (=1)[™]) then set

m 9

R0 =y | 0,

m

otherwise 1% (x) = 0 (and moreover set Vgi§(x) =0ifn>1and (¥*x)? =1).
2

The proof that 9" actually represents a p-adic measure invokes the Rankin-Selberg integral
expression. To allow more concise expressions, we collect superfluous terms into C, by

defining

Cr : = (—1)" (B34 [romaep, (v, 1)p, (mtbp=n=1)] 7 gy

miktp-n—1 (4.6.4)

> ‘47T7‘| g prn(%-&-l—k—m)w‘

Note that this is independent of x and the factor of (—1) appears as a result of 6% |W (Y;)?
in the following calculation. Combining the integral expression in (4.6.3) above with
Proposition 4.3.1 for g = 0} |W(Y;) and r > £, we get

0 N(v/ibe)? _w n(n+1) —r
0?2 . n(ntl)
Ver(X) =lp [Cr —— 5 T (P 2 )\p,l te Ap,n)

(fo, 03,5 (-, Qm[”)]IU;W(Yo))no]
(£, 1)

(4.6.5)

X

where, recall, £5(z,s) = EZ_%_M(.’ $)|W (Yy).

In light of Proposition 4.5.1 we make one final artificial adjustment to this above expression

by inserting a constant Dj. Define

(k=5 —p]) g—n(k—p+3) b
Dy, : = — fk+u)7rn<m+’“2‘”—“> T, (m n u) (4.6.6)

N(b2y,)" (%5

and the modular form

k4+m—p—1—2n
2

2
R (-, m;xe) := Dy, ‘_N(\/#tbc)f_

Pr([075(, 25711 Up).-

This form is an element of My (T'[672,6%n,],1). For the values of m in the previous section

it has cyclotomic Fourier coefficients that are non-zero only when o > 0 at which point,
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by Proposition 4.5.1, they are

o LR (zmixd) = Y xellor])|or "€ (o2, m) P (02,p7 03 B
(01,02)EVyr,

k+m—p—1—2n

2 |~ _n_l _ ntd—1_
¢ (02,m) : = |- LS o272 T foa(A(@)a ™2 ™).
gece
(4.6.7)
Insertion of Dy, to the expression in (4.6.5) above gives
_ n(n+1) -r 7%;‘!_ +,M; W Y
05 (X) = 1y [C,,Dk ! (p2 Apt - Ap,n> o, R ( 7 if;‘ (¥Y0))no (4.6.8)

Proposition 4.6.4. There exists a complex distribution v on Z; which is uniquely
determined on Dirichlet characters x of p-power conductor p*x as follows. If x is primitive
with 1 < ¢y € Z, then it is defined by

, ( ) o (71)n[k]|27|%+p ‘_N(\ﬂhc)2 . _W pfx(”“_k’_s)Gn()Z)
s W= TN () ynw 27 Az (s)Gr(s)

' (4.6.9)
n(n+1) X _
X <p 2 )‘p,l "')\p,n> L¢(Svf)X)'
In general, for any £ > £, and any r > £, define
s—=n—1+k+p _ k+3s—u—2—4n
VS_ (X) - ‘7—| 2 ‘_N(\gbc)2,f_ 2 AUO (254—77,) p’r‘n(%n-l-l—k’—s)
cfo(7: 1) (4.6.10)

n(n+1) - o
< (5 e dn ) D (B2 85, W (YD),
Ifme %Z with 2n +1 — k + p < m < n, then this is now normalised by letting

0= (1) ., Vi (X)
Vm (X) TP [W0m<f,f>

if m e Q,, and 19 (x) = 0 otherwise. This is a p-adic distribution since v,,(x) has the
same integral expression of (4.6.3) multiplied by factors of | — 271 N (y/tbc)?#|, whenever it

is non-zero.

Repeat the same process as before: v, (x) has the integral expression of (4.6.3) multiplied
by factors of | — 271N (v/tbc)?#| and then, after the normalisation above, use Proposition
4.3.1 when r is large enough. In the end we obtain, for m € €0, and C;, Dy as in (4.6.4),

(4.6.6) above, the expression

Vi (X) = tp lCrDil <p"(75+1)/\p,1--~/\p,n)_r UO%T_("??)%)'W%»”“ . (4.6.11)

in which the holomorphic modular form

k+3m—p—2—4n

Pr([0y, &5 (- 227)]1Up)

2
R, (-,m; xe) : = Dy ‘_Wftbc)%
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has cyclotomic Fourier coefficients that are non-zero only when o > 0. In such a case they

are given, when m € €0, by

(o, LR, (omixe)) = Y. xellow])|or|*€* (o2, m)P (02>pTUSW),
(Ul,Uz)GVpTU
\/ 5 _ k4+3m—p—2—4n o1
N b ~ 2 _ nto—-1_
¢ (02,m) : = |- HGELS [T Joa(i(a)a™ ™).
qEc

(4.6.12)
Define the linear functional

Cr s My(T[672,6%0],90) — Q
(fo, gV (Y0))
HLn

Theorem 3.5.2 with g = f gives that (f, f) € u(A, k,4)Q, and so the above linear functional
indeed maps to Q by Theorem 3.5.2 again.

Notice that €5 € (fo, fo)(f, [) " L;Q, where L is defined in (3.51) of [Pan91, p. 109]; the
functionals ¢; and L are equal up to some algebraic constant, of bounded p-adic norm,
determined by the differences of the operator W(Yj) in this thesis and [Pan91]. Therefore
by the property (3.52) in [Pan91, p. 109] of Ly, there exist positive-definite matrices
o1,...,00 € b2SY and o, ..., ap € Q(f, A, ) satisfying

li(g) = Z aicg(oi, 1). (4.6.13)
=1

For any subset X C X;;O‘”S take the integers r and ¢ large enough so that: (1) all y € X
are defined modulo p’ and (2) the expressions of (4.6.8) and (4.6.11) both hold. For any
X € X we have

n(n+1)

O () = o, lCerl <p ; Ap,l.--Ap,n> R (oms xe)| (4.6.14)

Notice from the expressions (4.6.7) and (4.6.12) that the Qup-coefficients of SRF do not
depend on the modulus p’ of y once ¢ > 1; setting cir,m(X) = pe(o, 1; R/ (-, m; x0)]
therefore defines a p-adic distribution by Proposition 4.1.2. Now we have, see (4.6.13),

that
t
GO Comixe)) = 3 i (), (4.6.15)
i=1

for constants «; of bounded p-adic valuation. Since by assumption we have

-
=1
p

n(n+1)

P2 ApiApm

and by definition C;, and Dj have bounded p-adic valuation, plus all three of these are

independent of y, we see from (4.6.14) above that whether v0F

V=(x) defines a measure
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+

a,r,m

is directly dependent on whether the p-adic distributions ¢ (x) satisfy the Kummer

congruences of Proposition 4.1.5 (and therefore define p-adic measures themselves).

Now fix o and for any (01,02) € Vpro fix also o1. By definition of ¢, ,, we may assume

p1lo1]. We have, by Proposition 4.5.1 and the definition of V,-,, the following congruences

N (mod p"0,), (4.6.16)

jos] = |-

P(oy,p o3 8) = |os)? = H (\/bc }5 (mod p"Op), (4.6.17)

where § € Z. So, recalling the Fourier expansions of (4.6.7) and (4.6.12), and using

Proposition 4.5.2, we can write

> xelloaDlon TS, @ wrl(xeap™)  (mod pTOp),  (4.6.18)

(0'1,0'2)€Vpr0

+
Ca,r,m (X)

where w, is the primitive character associated to E* pr. The conductor of w; is tc, where ¢ is
the conductor of p,. We have (p,tc) = 1 by the following argument. Under the assumption
p 1 ¢, this is given by showing p {t. Since bec C 27Z then we must have p { b~! as well, so
that pr(p) # 0 if and only if (%ﬂ) # 0. We can assume |o3| # 0 (mod p"O,), since
otherwise we have ¢, (x) = 0 (mod p") by the congruence of (4.6.17). By definition,

o,r,m

followed by the application of the congruence in (4.6.16) above, we have
2N\ (NG (m)
p p p
[Ny 2\™" (yag|>
p )’

which is non-zero by assumption and so (t,p) = 1. Hence ¥,, ®w, defines a p-adic measure.

Set cir = cir’%, then (4.6.18) above shows that cir(xxz[;m]) =ct, . (x). Assume that

o,r,m

Z bxxml[,m} C pN O,
XEX

for some b, € O, then the Kummer congruences require

Z bxcir(X%[;m]) € pNOp
XEX

in order for ¢, to define a measure. If N > r then the congruence of (4.6.18) above gives

Zbcmxx eX b X wllolor IS, @ wl (™) + 57O,
XEX XEX  (01,02)EV,ro
e X ol Y b [ ) o) laSs, @) + 7O,
(01,02)EVyr, XEX Ly

which last line is clearly in pN O, as |o1[F=172" € O, and we know ¥, ® w, is a measure
satisfying the Kummer congruences by Proposition 4.5.2.

This shows that v%F defines a p-adic measure. To finish the proof define V]jf = yli, then
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by the identities of (4.6.14) and (4.6.15), the congruence of (4.6.18) and the subsequent

fact that cir(X:cl[,m}) = ¢Z,.m(X), we have

xafmdvy = vE(x),
ZP
for any m as in the statement of Theorem C. The main identities of Theorem C then follow

from the primitive-character definitions, (4.6.1) and (4.6.9), of the original distributions.

4.7 Final remarks for n =1

When n = 1, one is at a comparable advantage with respect to the calculations present
in this chapter, particularly those involved with Fourier coefficients; we have already seen
an example of this in Section 4.2.2, in which we used the explicit behaviour of the Fourier
coefficients of an eigenform to construct the p-stabilisation. Another notable example is in
the Fourier expansion of Eisenstein series. The result of this is that the definitions of the
p-adic measures are more explicit, as are the methods of proof. As well, through Shimura’s
correspondence, this construction provides an alternative proof of the p-adic L-function
for classical integral-weight modular forms and there is potential for future insights here.
We discuss all of these facets further here and, for comparison, we include the statement

of the main theorem for this case.

Among the Dirichlet characters of p-power conductor, the trivial character is uniquely
bothersome in the construction of the measure defining the p-adic L-function. Happily, it
is not necessary to define the explicit value of the measure on the trivial character since,
as we mentioned in Section 4.1, any C,-analytic function is determined by non-trivial
elements of th,ors, and we opted for this approach in this chapter. To apply the Kummer
congruences, however, we still needed to involve the trivial character, and this meant lifting
it up into an imprimitive non-trivial Dirichlet character and therefore the need to define
the measure on imprimitive characters as well. The alternative — giving the explicit value
of the measure on the trivial character — seems difficult for general n > 1. The issue here
is twofold, on the one hand we would need to relate L(s, f) with L(s, fy), as was done for
non-trivial characters in Corollary 4.2.8, and on the other hand we would need to modify

the Fourier coeflicients of the theta series and the Eisenstein series.

To relate L(s, f) with L(s, fo), when n = 1, we are aided by the fact that U, = A(p) and

a subsequent comparison of Satake parameters gives

L(s, fo) = (1 = pA,1p~*)L(s, f), (4.7.1)

this is [Mer18a, Lemma 3.2]. To explain the issue with the Fourier coefficients, recall that

the product of polynomials

I1 foa (x(@g™5) (4.7.2)

qEc
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occurring in the Fourier expansion of the Eisenstein series £5(z, 2’"47”) of Proposition

4.5.1, define a p-adic measure whenever x has p-power conductor (Proposition 4.5.2). If
X is trivial then the character appearing in the Eisenstein series is the principal character
modulo ¢y — so the above product would still define a p-adic measure — but the character in
the theta series remains the trivial character and we end up with slightly different Fourier
coefficients in this case. Therefore we would need an explicit way of comparing the Fourier
coefficients for non-trivial characters with those for the trivial character in order to use

them in the Kummer congruences. This is likely possible by considering the Dirichlet series
al ' (N(b)°,m — 3, x), (4.7.3)

appearing on the left-hand side of the identity (16.46) of [Shi00] between this series and
the product of polynomials in (4.7.2) above, and by trying to generalise an identity we
have in (4.7.4) below for n = 1. In the prenominate special case, the key ingredient of the

Fourier coefficients, at 1 <t € Z, of the Eisenstein series is the divisor sum

_3
Um,%,*(t, X) = ZX () d™ 2,
dlt

which is essentially the Dirichlet series o in (4.7.3) above. That the p-modified divisor sum

(p) o -3
O s (6X) = 3 x (§)d™ ™
pid|t
defines a p-adic measure, is well known — see, for example, Chapter 7 of [Hid93] — and
clearly if y € X;"rs is non-trivial we have that these two divisor sums are equal. Moreover,
by an elementary calculation, we showed in [Mer18a, Lemma 6.4] that

_3 —
X)) + P 2)0 ™y (X)) = 0, s (PPt X) — P Po,, s (6 X)), (474)

m—5 %

which is a generalisation of the fact that, in the case x € Z and E(2) := Ex(z, §;1, SLa(Z)),
we have E,(z) — p" ! E.(pz) is a modular form whose coefficients define p-adic measures
(i.e. it is a p-adic modular form, see Chapter 7 of [Hid93]). For our Eisenstein series of

principal character yo mod p the identity (4.7.4) gives

2m—3

0= amig’*(p%, X0) — P Um—g,*(t7 X0), (4.7.5)

and a version of this identity allows one to match up exactly the Fourier coefficients of

Pr(0,&X (2, 2m47”)|U;), when x is non-trivial, to those of

Pr(0&; (2, 2men )| [pP 2yt — pk—m—“U;]). (4.7.6)

See later or [Mer18a, Section 6] for further details. In order to obtain the operator Ug“ -U,
in the above equation, we use the fact that pA, 1 fo = fo|Up and therefore include a factor
of the form (pA,1 — 1) in the definition of the measure on the trivial character. Upon
manipulation of the inner product via the trace operator, as in Section 4.3.1, with the fact

that Up is self-adjoint one obtains a form as in (4.7.6) above.
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In [Mer18a] we focused only on the set ka\{g} of special values and we produced, for

an eigenform f € S,(T'[b~!, b)), measures u](c“ ) which are only non-zero for characters of

0+ we saw in the general n > 1 case.

certain parity. These are the p-adic distributions v,
For n = 1, we can see by the definition of (4.2.9) that fi # 0 if f # 0, so we do not need

to make the further assumption that ¢z, (7) # 0 here.

Theorem 4.7.1 ([Mer18a], Theorem 6.1). Let pu € {0,1} and m € 1Z satisfy 3 <m <k
and m —k +p € 2Z. Assume p t ¢ and f € Si(T[b7L,bc]) is a p-ordinary eigenform;
take 1 < 7 € 7 such that c¢(1) = 1. There exists a constant D,, and p-adic measures
VJ(C‘QL on Z, such that if x is a Dirichlet character, of conductor pi with 1 < l{y €Z, and
x(=1) = (=D)F+# then

/ Xdl/( v _ Dﬂp2k—2m—1p€X(m—1) GO_() ( )\pl)_gx L(m_:uv fa )Z) .
Z b

; Ar(m) PP R )
if x(—=1) # (=1)E+# then Jzx Xdu(“) =0. If p=[k] (mod 2) then
— pmtp—1 —
dV(M) =D (1_p>\ 1 ,u m)p)\p,l p -1 L(m Maf)

m ;
2y T P (pApn) T wm R, f)

if w# k] (mod 2) then fZ§ du}f;)n =0.

To define the p-adic L-function we put 1/](@“) = V}ft,g_#. We have dl/](c“%(x) = :Um_k+“du}f‘,€)

— this is [Mer18a, Proposition 6.12] — and set

Ly(s, f,x) = /Z xay )
P

-

The proof of Theorem 4.7.1 is structurally similar to that of the general n > 1 case of this
chapter. Begin by producing the p-stabilisation f; of Section 4.2.2, then since U, = A(p)
we have f1|A(p™) = (pAp,1)™ f1 and note

00
Z p)\pl mtm = (1 —p)\th)_l
m=0

Through the association of Satake parameters in (2.2.11), we see that the f; has the same
parameters as f, and therefore the identity of (4.7.1) between L(s, f1) and L(s, f) follows
from Definition 2.2.5.

Next, one proves the analogous results of Section 4.3.1. The transformation formula of the

theta series and Fourier expansions of Eisenstein series are well known in this setting.

Instead of appealing to the abstract Kummer congruences, the proof of Theorem 4.7.1
above is completed by showing that the measure of any arbitrary open subgroup e + p"Z,,
where e is an integer coprime to p and 0 < r € Z, is of bounded p-adic valuation as e
and r range. To do this we show explicit congruences for the Fourier coefficients of the

theta series and Eisenstein series. Let C, denote the set of all Dirichlet characters whose
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conductors divide p", then we have that

v+ 0 Zy) = o)t > x(e_l)/x xdvih),
x€Cr Zp
where ¢ is Euler’s totient function. Thus, by definition of the measure, we relate the above
to £f(R.), where R/, is ¢(p")~! multiplied by a sum over all y € C, of the projected theta
series and Eisenstein series. To show that ¢(t;R]) € Z, N Q are all p-integral thus involves

proving specific congruences modulo p". The inclusion of the factor

p)\p,l _ pm—i-u—l

prm=3 (PAp1)

in the definition of the measure and subsequently using the identity in (4.7.5) removes the
inherent troubles with the trivial character that we discussed above — see [Mer18a, Lemma
6.10] for the details here. The space My (T[672,b%c0],Z, N Q) ® Z,, is a finitely-generated

Zp-module, say with generators g;, and therefore we have
€5 (R))]p < max{|f(g5)lp},

for any r.

A final point of interest from this construction is in the determination of the integrality of
the measure produced. The measure is integral when it takes values in Z,. As a result of
the Shimura correspondence any differences in determining integrality of the measure in
our setting then offers up some alternative insights into determining the integrality of the
original p-adic measure for the L-function of integral-weight modular forms. The periods
appearing in the denominator of the measure are naturally pivotal to the integrality of
the measures and our construction here differs significantly with that found in [Hid93],
which uses the Eichler-Shimura isomorphism and modular symbols. In that construction,

integrality is determined via congruences between cusp forms and Eisenstein series.

Our construction is much closer in line with the p-adic measure for the adjoint square
L-function of modular forms of integral weight, as seen in [CS86, Hid00], in which (f, f)
plays the role of the period. In the construction of the p-adic adjoint square, questions
of integrality are settled through the congruence module, as seen in [Hid00, p. 296]. The
potential upshot of this is that integrality for the p-adic measure constructed here is likely
to be determined through the congruence module which would involve congruences between
cusp forms of half-integral weight and which provides alternative means for approaching

the integrality of the p-adic L-function for integral-weight modular forms.



Chapter 5

L-functions for vector-valued

modular forms

This chapter consists of joint work with Thanasis Bouganis, the results of which can also
be found in [BM18].

The focus of this chapter is on a further abstraction on the kinds of modular forms one can
consider. Treating now both integral and half-integral weight forms at once, we vary their
range to have values in some complex vector space V'; the weights are further adjusted
by the addition of representations p over V. Forms in the case, considered previously, of
V = C and p = 1 are called scalar-valued (or just scalar) modular forms, else they are

known as vector-valued modular forms.

As in the scalar-weight case, the standard L-function of a vector-valued eigenform can be
defined; the principal outcome of this joint work is the establishment of the Rankin-Selberg
integral expression and of fundamental analytic properties akin to Theorem 2.2.6 of this
thesis and Theorem A of [Shi96]. These results are given with relatively high generality.
One of these analytic properties is a partial result on improving the half-plane of non-
vanishing for the L-function — i.e. for Re(s) > 37" + 1. The importance of this has already
been illustrated in this thesis in the definition of the constants u/(A, k, ) and p(A, k, 1)
of (3.1.2) and (3.1.4) in Chapter 3, which ultimately determined the bounds on k in the

main theorems of that chapter.

The key to the method here is the use of vector-valued theta series and their cuspidality,
given in Section 5.2 after an expository Section 5.1. The rest of this chapter establishes
the Rankin-Selberg integral expression in a similar vein to Section 2.4, and is finished by

the statement and proofs of the main theorems.

Algebraic properties of this L-function have been studied before in specific cases, for
example by Bocherer, Takei, and Kozima in [B6¢85, Tak92, Koz00] respectively, in which
the p = Sym’ representation was considered and the doubling method employed. The
most general results can be seen in the work of Piatetski-Shapiro and Rallis in [PSR87]

and [PSR88], which both use the theory and language of automorphic representations,
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the former using the doubling method and the latter the Rankin-Selberg method. The L-
functions in [PSR87, PSR88] are untwisted, have Euler factors removed, and the expressions
provided are non-explicit. This section avoids these latter issues and considers a different
class of representations to Sym’. It is hoped that the work here could lead to algebraicity
results beyond those given by the doubling method, which results would be a consequence

of a full result improving the range of non-vanishing of the L-function.

5.1 Vector-valued modular forms

Notation. £k € %Z — integral or half-integral weight.
kl=kifkeZ[k]|=k—3ifk¢Z
b — fractional ideal of QQ; ¢ — integral ideal of Z.
(b1, bc) C27Z x 2Z if k ¢ Z.
I =T[b~! bc); D= D[b~ 1, bl
P ={a € Sp,(Q)|cqa =0}; rp: Py — My — lift.
pla, z2) = cap 2 + do,, if @ € Gy and z € H,.
a-z2=(an, 7+ ba)pla,2)7if a € Gy and z € H,.
Si = {€ € M (Q) | € = ,6 > 0},
SV — set of symmetric half-integral n x n matrices.
Sy — set of symmetric n x n matrices 7 such that 7 € N(b)S".
S(671) = {€ € Mo (b)) [ €7 = £): Se(b~) = [T, S(6; ).
G = (¢")~! for any invertible matrix q.
Xp = Mn(Zp) N GLp(Qp); X = GL,(Q)f N Hp Xp.
Zo = {diag[d,q] | ¢ € X}; Z = D[2,2)2,D[2,2]; 3 = pr(2).

Let V denote a finite-dimensional complex vector space and let
p:GL,(C) — GL(V) (5.1.1)

be a rational representation — i.e. it is a rational map of algebraic varieties. Let £ € My
be such that pr(§) = a € Gy, then from any function f : H,, — V we can define a new
function f|,¢ : H, — V by

(flo€)(2) := plu(a, 2)) " f(a - 2).

The kinds of modular forms we will be considering transform with respect to representations
of the form py, := h*~* @ det!™ @p, where p is as in (5.1.1); k € %Z is now an integral or
half-integral weight; det : GL,(C) — GL(V) is the scalar determinant representation; and
h:GL,(C) — GL(V) is a scalar representation satisfying

forany c € M, a € 3,and v € V.
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The congruence subgroups I' = I'[b=1, b] for a fractional ideal b and integral ideal ¢ are
once again considered, but note that the conditions 2 | b~! and 2 | bc are only imposed in
the case k ¢ Z.

Definition 5.1.1. Let p : GL,(C) — GL(V) be a rational representation, let k be an
integral or half-integral weight, and let I' = I'[b=!, bc] be a congruence subgroup (contained
in M if £ ¢ Z). A vector valued modular form of weight py and level T' is a function
[+ H;, — V that is holomorphic on H),, (and at cusps if n = 1) and that satisfies f|, o = f
for all a € I'. Holomorphicity is understood component-wise with respect to some finite

fixed basis of V' over C. The space of such modular forms is denoted M, (I").

If f e M, (') and k € Z take a € G, otherwise take o € 9, then f|, o has a Fourier

expansion of the form

(flone)(2) = D caln)e(tr(r2)),

0<resy

where ¢, (7) € V. The subspace of cusp forms, denoted S,, (I'), is defined as all those
[ € M, (I') which have c,(7) = 0, for all such a and for all 0 < 7 € S such that
det(r) = 0. Write &, := Urp &, (I') for any & € {M,S}, where the union is over all

congruence subgroups (contained in 9 if k ¢ Z).

Take, as usual, a Hecke character 1 such that 1 ()" = sgn(zeo)™* and v,(a) = 1 for
any a € Z; such that a € 1 + ¢, and define the spaces

Mo, (

W) 1= {fe M., | f|pk'7 = wc(’a'y’)f for all v € T'},
Sy, (I

( ’w) : :Mpk<r7¢)05pk

We understand pry, pr,, v, rp, and rq to be the identity maps on Ga, Sp,(Qp), G, Pa,

p7
and € respectively if k € Z. By strong approximation we have that G'pr~'(D[b~!, bc])

is Gy if k € Z and is My if k ¢ Z. If f € M, (T',%) then its adelisation is a map
fa :pr 1 (Gy) — V defined by

fa(@) = Ye(ldw]) (f]ppw) (),

where z = aw for « € G and w € pr={(D[b~!,bc]), and i = il,,. Analogously to [Shi95b,
(1.16)], one can check by definition that if x € pr=1(G,), o € G and w € pr~}(D[b™!, be])

is such that w - i = i, then
Falozw) = de(|duw])pr(p(w, 1)) fa(@). (5.1.2)
Let t € pr1(Gy), set both T'? :== G Npr(t)D[b~!, be] pr(¢)~! and
My, (T, 9) := {f € My, | flpy = ¥e(lag-1,4]) f for any v € I'}.

Proposition 5.1.2. For any t € pr~!(Gy) and y € Goo we have fa(ty) = (filpy)() for
some fi € M, (T, 1).
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Proof. Heuristically, the function f; is the translation of f to some cusp. Decompose

ty = ayw; according to G'pr—1(D[b™L, bc]); by definition

fa(ty) = belldw, ) (flppw0e) (1),

and so define the function f; by letting y € G vary in

fe(y 1) = Ye(|duw, ) e (1, 1) (f ] o we ) (1)

The above result is an analogue of [Shi00, (20.3b)].

Theorem 5.1.3. If f € M, (T',v), then for any 7 € Sy and q € GL,(Ag) there exists
ct(1,q) € V such that fa has the following Fourier expansion

fa (rp <g S;)) = oy (@) laoFH S e4(r, @en (tr(iqTrq)en(ta(rs)),  (5.1.3)

TESL
for any s € Sy.

The coefficients obey:

(i) cp(T,q) # 0 only if es(tr(qgT 7gs)) =1 for all s € Sg(b™1);
(i) cp(1,q) = cp(T,q);
(iii) cp(b7b) = ppyy (b7)[[blI*~Hley(7,0q) for any b e GLL(Q);
(i) ¥e(lal)es(r,qa) = cf(7,q) for any diagla,a] € D[b~", bel;
(v) if € GNdiag[r,7]D and r € GL,(Aq)¢, then

pe(p(B, 8712)) F(B712) = we(ldsrl) D cf(7,m)esc(tr(r2)).

TES+

Proof. The proof of this theorem, that we detail regardless, is almost exactly that of
Proposition 20.2 in [Shi00]. Let z = rp (8 Sg) and put ¢ := x¢. For each such ¢ and s, the

functions f; € M,, (', 1) given in Proposition 5.1.2 have Fourier expansions

f(z) = ) cp(m)eso(tr(r2)),

TES+

where the coefficients (1) = (7, ¢, s) depend on ¢ and s. Note i = qL ool + Soo,

x = tTso, and so by Proposition 5.1.2 we have got

Fa(@) = (filon) () = ppg(as)llao | D7 (7, . 5)ea (t1(ig" Tq) Jeoo (t2(7s) ),
TESY
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where we used that pr(z) € Py and the behaviour of the factor of automorphy h on
parabolic elements, see 2.1.2. Defining c;(7, g, s) := eg(—tr(7s))c} (7, ¢, 5) gives

Fal@) = o (@)llaso " Y7 e (rq, s)eco(t2(iq" 79))en (tr(rs)).
TESY

Since fa(azw) = fa(x) for any a = (Ig IS;) € G and any w = (Ig i) € D[b™ 1, be]e (note
Woo = oy, 50 w -1 = 1), we have c¢(7,q,8) = cf(1,q,5 + 8" + qs"q") for any s’ € S and
qs"q" € IL, qun(b;I)qg. Each place of this latter product is a Z,-lattice in S, so we get

independence of the cf(7,q,s) on s € Sa, and therefore the desired Fourier expansion.

Properties (i) — (iv) are easily deduced from the transformation formula of fx in (5.1.2)
above. To see property (v) let y € Ps satisfy z = y - i. By definition of § and r we
have 3~1diag[r,7]ly =t w € D (note that y is trivial at the finite places), and by the
transformation of (5.1.2) we have fa(diag[r,7y) = fa (5 diag[r,7y) = fa(w). We get

Fa(w) = e(ldul) (15,87 y) (1) = eldul) gy (dy) ™ 1y IM*(F1o 571 (),

using that ws, = B~ 'y. Applying the cocycle relation (871, 2)~1 = (B, 7 12) gives

(B, 87 2)) F(B7"2) = v (Idwl)pp (dy) | dy |1~ fa (diag[r, 7y).

To finish (v), note that (d), = dglfp for any prime p, and apply the Fourier expansion
of (5.1.3) and property (ii) in the statement of the theorem to fa(diag[r,7]y) — i.e. with
g =ayr and s = bydz’j1 — noting also that dyag =1I,. O

We endow V' with a Hermitian inner product < -, - > with respect to which p behaves as
< p(M), = = =<, p(MT)- =,

for any M € GL,(C). Suppose that f,g : H,, — V satisfy f|,,v = 9c(lay|)f and
9lpey = te(lay])g for all v € T[b~1, be]. For any y € Y let \/y denote an element of M, (R)
such that (\/Q)2 =y, then the Petersson inner product of f and g is given by

() = Vo)™ [ < k(D (VD) =

n

whenever this integral is convergent.

This section is now ended with a brief discussion on Hecke operators in this setting and

how the L-functions are defined. Essentially, it is the same.

Hecke operators are defined using the exact same abstract Hecke ring as in the scalar case
— see Section 2.2 for the half-integral weight case. For the integral-weight case the Hecke
ring is R(D, Z"), where Z' = DZyD — as it is in the scalar case. The only thing that needs
modifying is the representation of this ring on the space of vector-valued modular forms in
M, (T',9), and this is done predictably. If k ¢ Z then the action of T' = D, t)D on fa
is exactly as it is in (2.2.4); if k& € Z then the action of T'= DaD = | |3 D, with o, 8 € Z,
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is given by
(falTy)(x Z% lag)) ! fa(zBH).

Globally, the integral and half-integral Welght actions can be written in the same way as
each other using the slash operator |,,. With D = D[b~!, bc], ¢ € X, and

G N (D diag[g,¢q]D) = THI = |_| Ta,

for o, B € G N Z, the action of this on f € M, (T',v) is given as
(f|Tq¢ ch (laal)™ f‘ﬂk a)(z).

The Satake map is defined on the abstract level so the association of Satake parameters
to a non-zero eigenform, and therefore the definition of the standard L-function, remains
the same. The case k ¢ 7Z is given by Definition 2.2.5, and the k € Z case is quickly given
here. If A(p™) = A(A(p™)) € C denote the eigenvalues of f, then by [Shi94, p. 554] there
exists (Ap1,...,Apn) € C" such that
n
s I —p"Ait)™ ifpe,

myym __ ) i=1
> AT = 1—t n 1 — plig? . (5.1.4)
H ifpfe,
Ba=prnna-—paly

which, note, differs slightly from the corresponding expression of the half-integral weight
case in (2.2.10). The L-function of f twisted by a Hecke character x is then defined, in
the same way as for k ¢ Z, by

n

T1(t=p"Apit) ifple,
Ly(t) : = =1 n
") [T = p"Apat) (1 — ”)\ i) ifpte, (5.1.5)
=1

Ly(s, £.x) = [] Ly (X)) (0)p~)

5.2 Vector-valued theta series

Notation. k£ € %Z — integral or half-integral weight.
k| =kifkeZ [kl =k—3ifk¢Z
V' — finite-dimensional complex vector space.
p: GL,(C) = GL(V) — rational representation; p, = h*~ ¥ @ det!* @p
Q= (QT)~! for any invertible matrix Q.
7[Q] = QT TQ for any n x n matrices 7 and Q.
Sy = {6 € Ma(Q) | €7 = £,¢ > 0},

d:”;ifniseven,d:()ifnisodd.

In the scalar-valued case we saw how, alongside the eigenform f, the key ingredients of the
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Rankin-Selberg integral were theta series and non-holomorphic Eisenstein series. Now that
the eigenform is vector-valued however, either the theta series or the Eisenstein series must
also be vector-valued and we go with the former. To allow the Rankin-Selberg method of
Section 2.4 to work in this case we will require the coefficients of this vector-valued theta
series to have certain properties, and the existence of such a theta series is contingent
on the type of representation p we take. This section shows how to obtain the desired
vector-valued theta series and we also give examples for when this theta series is a cusp

form.

We need p to be such that there exists a V-valued pluriharmonic polynomial with respect
to which p acts as right translation; such polynomials will form the Fourier coefficients of
the theta series. This is achieved through the work of Kashiwara and Vergne of [KV78§],

specific cases of which are now summarised.

Definition 5.2.1. Let C[M,,] denote the ring of complex polynomials on n x n matrices,
2

and for each 1 <14 < j <n denote A;; :=> 1 &riijk‘ Then a polynomial P € C[M,,]

is called pluriharmonic if
(A;jP)(z)=0 foralll1 <i<j<n.

The space of pluriharmonic polynomials is denoted by Py.

If V is a finite-dimensional complex vector space and P(z) is a V-valued polynomial on
M, then it can be written P = (Py,..., P.), where P; € C[M,,] and r = dim(V'). In this

case we say that P is pluriharmonic if each P; is pluriharmonic.

Let 0,(C) = {a € GL,(C) | a’a = I,} be the orthogonal group. Then the group
O, (C) x GL,(C) acts on C[M,] by

((9,h) - P)(x) = P(g~ " xh),
and this preserves the subspace Py.

If (¢, V) is an irreducible representation of O, (C) then let P (¢) denote the space of all
V-valued pluriharmonic polynomials P(x) such that ¢(g) "' P(z) = P(gz). Let ¥ denote
the set of irreducible ¢ € O/n\((C) such that Py (¢) # 0, and for each such ¢ let 7(¢) denote
the representation of G L, (C) satisfying (7(¢)(¢g”)P)(x) = P(zg). Kashiwara and Vergne
show, in [KV78], that 7(¢p) is irreducible. It is such pluriharmonic polynomials that form
the coeflicients for the vector-valued theta series. Therefore the p we consider are restricted
by the set ¥ and the representations 7(¢). Such representations have been determined and
described explicitly in [KV78] and, after some brief representation theory, is summarised

below.

To set the scene for the description of these representations, let us recap some general basic
representation theory and the notion of the highest weight. Given a representation (p, V)
of a complex matrix Lie algebra g with Cartan subalgebra b, then a weight is a linear

functional p : h — C such that there exists a 0 # v € V upon which p|y acts as the scalar
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p—ie p(H)v= u(H)v for all H € h. One can define a partial ordering on the weights of
p, and the highest weight is a weight that is maximal with respect to this ordering. These
weights are important since every finite-dimensional irreducible representation has one,
and so such representations can be parameterised by their highest weight. This is how the
representations of O, (C) and GL,(C) are treated in the following description of [KV78].
If ¢ = dimc(h) then the ¢-tuple (mq,...,my) is notation that corresponds to the highest
weight u(H) = )\}7}711 e /\Efe, where A\g; are the eigenvalues of the matrix H.

If n is odd. Say n = 2{+ 1, then we can parameterise the irreducible representations of
O, (C) as follows. Let mj; > mg > -+ > my > 0 where m; € Z. Then (my,...,my) is the
highest weight of a representation of SO,,(C) and we have O,,(C) = SO,,(C) x Z/27Z. Hence
the irreducible representations of O, (C) are parameterised by the ¢+ 1-tuple (m1, ..., my;¢€),

which notation corresponds to (my,...,my) @ €, where e = 1 and the m; are as above.

The finite-dimensional irreducible representations of GL,,(C) are parameterised by n-tuples

(m1,...,my), with m; > mg > --- > m, and each m; € Z.

—

Theorem 5.2.2 ([KV78], p. 25). If n =20+ 1 is odd, then every ¢ € O,(C) belongs to
Y. If o= (mq,...,mg€) and € = (—1)ijj, then

T(SO) = (mb ceey My, On—f)-

On the other hand, if € = (—1)1+ZJ’ " and 0 < r < £ is an integer such that m, # 0 and

o= (my,...,my,0p_p;€), then

T(SD) = (mb ey, 1o, Or)-

If n is even. Say n = 2/, then we parameterise the elements of ¥ in a different way. For
x,y € Myx(C) define

T s Ty
Aj(x):=det | : I 1<j<{n,
N V]
Xip Y1,5+1 Y1e
T

~ X5 Y2,5+1 Yor . .
Aj(z,y) : = det J ) 0<j<n, 20—j<nmn,

X%},j Y20—jj+1 0 Y2u—je

where x; € C is the ith column of z. With m; > mg > -+ > my > 0, all integers as before,

let (mq,...,my)y+ denote the irreducible representation of O,,(C) generated by the products
A ()™ =m2 . AMTTATY () under left translation.  On the other hand, for any
1 < r < ¢ such that m, # 0 and m,4+1 = 0, let (mq,...,my)_ denote the irreducible repres-

entation of O, (C) generated by Ay (z)™ ™2 ... Ap_y(z)™r-1="r A, (2)™ LA, (x,y) under
left translation. Note that &g(ﬂl‘, y) = Ay(x), and therefore (mq,...,mg)+ = (Mmy,...,myp)—,
if my # 0.
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Theorem 5.2.3 ([KV78], p. 27). If n = 2( is even then we have ¥ = ¥4 UX_, where
Yeo={(my,....mpx}. If o= (m1,...,my)+ € X4, then

T(SD) = (m17 <oy My, 0n76)7

whereas if ¢ = (m1,...,my,0p—)— € X_ with m, # 0, then

T(‘)O) = (m17 ey My 1o, 07")-

For any p € 7(X) := {7(p) | ¢ € X} we can now construct a vector-valued theta series
of weight pz with pluriharmonic coefficients. If 7 € Sy is fixed and A € S(M;(Qy)) is a
Schwartz-Bruhat function, as defined at the start of Section 4.4, then the Jacobi theta
series for variables z € Hl,, and u € M,,(C) is given, as in [Shi00, p. 262], by

g5 ) = 30 Méne (U (I @ 4iy) U + tr(€7rée) + tr(uv/2re) )
¢€Mn(Q) (5.2.1)

2
U:= (Ull,---,unl,--.,U1n,Unn) eC” 5

where /7T is a matrix such that (1/7)2 = 7. Properties of this theta series are detailed in
Theorem A3.3 of [Shi00], most notably the action A — *A on Schwartz-Bruhat functions —

previously discussed in Section 4.4 — and the transformation formula
J(a, 2)gla- (u, 2); N) = g(u, z; A), (5.2.2)
in which

~ jla,2)2  if nis even,
Jla, z) : =
h(a,z)™ if n is odd,

a-(u,z): = (/m)u,a-z),

and which holds (the transformation) for all @ € G if n is even and all o € M if n is odd.

Let (p,V) be a representation of GL,(C) with p € 7(X), and let r := dimc(V). By
definition of 7(X) there exists a V-valued pluriharmonic polynomial P = (P,...,P,),
with each P; € C[M,,], such that p(g)P(z) = P(zg"). By Remark (6.5) of [KV78] we can
and do select P(x) to be a highest-weight vector with respect to p. Then we define the

following V-valued theta series:

0(2,AP) = Y A&)P(V2re)e (¢! 7¢2)) .
£EMn(Q)
Theorem 5.2.4. Let o € G or G NI according to whether n is even or odd, and define
the factor of automorphy J,(c, z) := J(o, 2)p(p(e, 2)). We have

O(az, "\, P) = Jp(a, 2)0(2, \; P).

Proof. Let 0 := (%) _be a differential operator on functions M, (C) — C. Let P be a
. Z7J
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V-valued pluriharmonic polynomial of the form P = (P,..., Py) (with respect to a fixed
basis of V') and define the differential operator P(d). This operates on f : M,(C) — C
component-wise as P(0)f := (P1(0)f,...,Pn(0)f), and this defines a V-valued function
on M, (C).

Since P(9)e(tr(ua)) = 2miP(a)e(tr(ua)) for any a € M,(C), it is clear that

27if(z, A; P) = (P(0)g(u, z; \))|

u=0"

By Lemma A3.6 of [Shi00] we also have

P(@)e (U (I, © 4iy) U + tr(€77€2) + tr(uv/278) ) u=o
= P(0)e (tx(¢7762) + tr(uv/27)) Lo,

Applying P(9)|u=0 to both sides of the transformation formula of (5.2.2), along with the
observation that P <\/ 27€p(a, z)) = p(u(a, 2)) "L P(v/27€), then gives the theorem. [

Both 6(z, A; P) above and the scalar theta series 6(z, \) of (4.4.1) are obtained from the
Jacobi theta series g(u, z; \) of (5.2.1) by the application of a differential operator, and so
they share a lot of properties. Both Proposition A3.17, concerning the Fourier expansion
of 6(z, ), and Proposition A3.19, concerning the level of 0(z, A), of [Shi00] hold also for
6(z, \; P) when one replaces, in those propositions, det” with P(y/27&).

Let x be a Hecke character of conductor § and fix an element @ € GL,(Q¢). The theta
series that plays a role in the Rankin-Selberg method is defined by
HP,X(Z) - = (9(2:, A;P)a
Ma) s =[x (QDA(Q ),
p

1 ifye Mn(Zp) and p 1§,
M) 1= 9xp(lyl) ify € GL,(Z,) and p | §,
0 otherwise.

Through analogy to Proposition A3.19 of [Shi00], we have that

Op(2) = Z (Xoox*)_l(]x\)P( ZTx)eoo(tr(acTsz))
€ Mn(Z)

belongs to Mpn/Q(F[(b’)*l, b'c'], x ter), where e, (previously p;) is the quadratic character
of conductor h corresponding to the extension Q(i[%]|27\%) /Q and the ideals b’ and ¢’ are
determined as follows. Let t be the ideal such that ¢g727g € v for all ¢ € QZ", let
a:=t"1NZ, and let t be the ideal such that A7 (27)"h € 4¢~1 for all h € QZ". We can
take

(b, ¢) = (5.2.3)

27y, hNfne i) if n € 27,
(27ta"l pnfn4anaf’t) if n ¢ 27Z.
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This section is now completed by a result on the cuspidality of this theta series. We say
that x is odd if xj(—1) = —1 (equivalently xoo(—1) = —1) and we show that for odd x one
can choose 7 and @) in order to guarantee cuspidality of 6, .

If o = (I?L *é”), pr(o) = (Ig Z}Z), x € M,(Q), and 7 € S5 is fixed, then Theorem A3.3 (5)
and Equation (A3.3) of [Shi00] tell us that

(N (z) = ep(tr(z? TzbD))A(z), (5.2.4)
(N@) =ifl2r[% [ Agler(~ tr(a"2my)dry. (5.2.5)
Mn(Q)¢

where d is defined by (4.1.2), the Haar measure dgy = [[,, dpy of M, (Q¢), and recall each dpy
from Section 4.4 as the Haar measure on M,(Qy) such that Vol(Y M,,(Z,)) = | det(Y") 2/2
for any Y € M, (Qp).

For any X € M, (Z) and s € S, define the generalised quadratic Gauss sum by

— T TCL*T CLSCLT
G (x, X, 5,f) := > X; 1(Ial)e(t & N&?] )>7
a€EMn(Z/N({)Z)

where, for simplicity, we have put 7[Q] := Q7 7Q. By Theorem A3.3 (2) of [Shi00] we have

that “X = {°\) and this integral is calculated as follows.

Lemma 5.2.5. Let x be a Hecke character of conductor f and put F), := ord,(f). Assume
that T and o are as above, that b = b, € S(Zp), and take a Q@ € GL,(Q¢) such that
Q € p ' M,,(Z,) for any prime p | § . Then the value of (°\)(x) is non-zero if and only if

r2bzl — 22712 € M, (Z,),

for all primes p and for all
{Mn%) ifpf.
FAS
QM (Zy) if ptF.

For such an x we have
() (@) = idi(lQl)(QN(f))_é\2T|_%G%(>Z, OIN(HQ rx, N(F)~'b,§). (5.2.6)

Proof. Write i~4({(°)\)) = I1,‘(°A), and first consider the local integrals for p | f; in this
case we have from (5.2.4) and (5.2.5) that (°A) () is equal to

et (1D [ (1@ ey (1x(raby” — 207 7y)) dyy
= (DI det(@n)lf [ xall)en (G QubQu) ~ 27 1Qw)) iy

Since the local conductor of y at p is pf?, this becomes

w(lQDldet(@2n)F S xpllabe (tr(2277Qa — 7[Qlaba”))

a€ My (Z/p"P2)

% /p o rtn(zy) (tf(T Qub(Qy)" — 2xT7'Qy)) dpy.
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The integral on the second line is non-zero if and only if the integrand is a constant function
in y - i.e. if and only if 72027 — 22772 € M,,(Z,) for any z € M, (Z,)- at which point the

—Fp(n?

integral is p /2). This gives the non-zero conditions for when p | f.

When p { § the local integral (“”A),(z) is equal to

\det(2¢)]%/ ep (tr(ryby” — 22T 1y)) dyy
P Joraz) p( ) P

n\=p

and this is non-zero if and only if we have the non-zero condition given in this lemma at
n
p)

which point, by definition of the measure, it is | det(Q)|; .

Multiplying the local integrals together for all p then gives the last identity of the lemma —
(5.2.6). O

Proposition 5.2.6. If det(X) = 0, p is an odd prime, 7 = diag[ri,...,T,] is diagonal,
Q € GL,(Q¢) is upper triangular with qi, = -+ = gn—1n = 0, and x is odd of conductor
p, then

G (x,X,s,p) =0.

Proof. In the base n =1 case, 0 = X € Z and we can write

I
-

p

_ . 25n2 _ ; 2@
Gi(x. X,s.p)= Y. xp TR, () + x5 H(—n)]e 2T
nEFX

v ‘

S
Il
—

for @ € Q and 7, s € Z; this is zero if y is odd.

For the general n case, first let M be the (n —1) x (n — 1) matrix obtained from any n x n
matrix M by removing the jth row and the nth column. By a change of basis followed by

a change of variables in a we can assume that

X:X[LLO
x 0/’

where (x 0) € Z" is the nth row of X. Let a; be the ith column of a, and let a; be the
ith column of a@Q”. Then
n—1
tr(XTa) = tr(X2)7al) + > Tniani,
i=1

tr(7[Qla’ sa) = tr(t(aQ?) T s(aQ™)) ZTla sa,
and so within the sum defining G/, (x, X, s, p) appears the following subsum

> g (laf)e (—ntisan ) (5.2.7)

anng

We have been able to separate the variables as such by the specific form of @ and by
using @, = ¢pa,. The proof is completed by showing that the sum in (5.2.7) above
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is zero if x is odd. By Lemma A1.5 of [Shi00], there exists u € GL,(Z) such that
s' = @isu~! = diag[sy, ..., s, is diagonal. Using the expansion

n

jal = > (=1)"Fajn|aj|

J=1

the sum of (5.2.7) can be written as

sgn(lul) D x;%mgy@M%

an EF;}

the absolute value of which, after a change of variables, becomes

n n
Z X;l (Z(l)”+jajn(ua)§b|) e (p_lanZZ sja?n) . (5.2.8)
(@1seees@nn ) EFE =1 =1
In the base n = 1 case, (5.2.8) above becomes G’ (x, X, s,p) which we have shown to be
zero at the beginning of this proof. So now assume that the n —1 degree sum corresponding
to (5.2.8) is zero. If one of the aj, = 0 in (5.2.7), then it becomes the n — 1 degree sum
and is therefore zero. So we can assume by induction that (ain,...,anm) € (F,)", which

set can be partitioned as
1

F)m =[] Do)

i15emyin=0
where F,, := {1,... ;1} This partition can be seen by writing any (¢1,...,t,) € (F;)"
as ((—=1)at),...,(— 1)i"t’) where ¢ = |t7| and t] is the representative of ¢; taken in
{:l:l, cee pT} The aim is to re-write the sum of (5.2.8) over (F,)". To this end, notice
that as (ain, ..., ann) = ((=1)"d),, ..., (=1)"al,) we have
n
(5.2.8) — Z Z X§1(|a\i)e —p lan Zs]
(@) reees ) E(Fpy ) 1EFS =1
n
lali : =) (=1)" T ag, |(ua)]],
j=1
where i = (i1,...,i,) € F3. The argument of the exponential is unchanged by the
transformation ((—1)%af,,...,(=1)"al,) — —((=1)"ad},,...,(=1)"ad.,), yet in the coef-

ficients we see |al; — —|al;. Hence we can pair up the coefficients of the exponential as
follows. Let ~ be an equivalence relation on Fy defined by i; ~ iy if and only if ij = i» + 1.
Then (5.2.8) becomes

n

S Y [l gt (lal)] e (—p—lmq%zsj<a;-n>2)

(@) seeestl ) E(Fyy ) EFG [~ Jj=1

which is zero, since x is odd. O

Theorem 5.2.7. Let x be an odd non-trivial character of square-free conductor prime to
2. Then there are choices of T € S and Q € GL,(Q¢) such that 6, is a cusp form.
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Proof. Let 6(z,\; P) be the corresponding theta series to 6,,. Let I := T'[(b')~1, b'¢/]
be the congruence subgroup of the theta series given in (5.2.3). At the beginning of
Section 2.3.2 we defined the group G’, parabolic subgroups P™" for any integer 0 < r < n,
and respective metaplectic lifts & and P™". Let G'(R) = {r € G' | 2 € Spn(R)},
&(R) = pr {(G'(R)), P""(R) = P"" N Ma,(R), and B""(R) = pr—}(P™"(R)), for any
subring R of Q. Let

['\G'(Z)/P™"~Y(Z) if n is even,
IN\®'(Z) /B 1(Z) if n is odd.

These represent the n — 1-dimensional cusps. To show that the theta series is a cusp form,

it is enough to show that
® (60,2 P)lpya) =0,

where @ is the Siegel Phi operator of Section 2.3.1 and « runs over a set of representatives
of X.

The plan is to find these representatives explicitly. First assume that IV = I'[p, p], where
p is a prime; the kernel of the surjective projection map Sp,(Z) — Sp,(Fp) belongs to

[[p,p]. So we can just find representatives of

= {Q(Fp)\G/(Fp)/Pn’n_l(Fp) if n is even,
QEF)\& (Fp) /B~ HF,) if n is odd,

where Q(F,) := {diag[a, @] | a € GL,(F,)}, and lift back. The Bruhat decomposition gives
us
Spa(Fp) = P(Fp) P™" 1 (Fp) U P(F,) P (Fy).

Now note that P(F,) = Q(F,)R(F,), where R(F,) is the set of all matrices r(s) := (§§)
with sT = s € M,,(F,). Hence a subset of {r(s),r(s)¢ | sI = s € M,(F,)} provides a set
of representatives for C. Lifting these matrices back to Sp,(Z) gives the desired set of

representatives.

In general IV = I'[m, m], where m = py - - - p; is square-free, and one can use the Chinese
remainder theorem to show that Spy,(Z/mZ) = Sp,(Fp,) x - -+ x Spyp(Fy,). So this reduces

everything down to the previous case of a single prime.

If x is now an odd character of conductor p then we can choose 7 and () that satisfy the
conditions of Lemma 5.2.5 and Proposition 5.2.6 and are such that (b’,¢') = ((2p)~1, 4p?)
(for example, taking 7 = 2pl,, and Q = (2p)~'I, in (5.2.3)); for such ideals IV = T'[2p, 2p].
The rest of the proof is completed by showing that, for such a choice, 6, (2) = (z, \; P)

is a cusp form. For any a € Sp,(Q) if n is even, or a € M if n is odd, we have that
9(2’ >" P)|Pﬂa = ‘9(27 oﬁl)\; P)7
2

and so we show that if |z| = 0 then (‘fl)\)(x) =0 for all & € X. We have already shown
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that, after projection to Sp,(F2) x Sp,(F,), these representatives are distinguishable as

(r(s),r(s")), (5.2.9)
(), (1), (5.2.10)
(r(s)e,r(s)), (5.2.11)

) )

(r(s)e,m(s")e). (5.2.12

It is enough to check the support of the local Schwartz-Bruhat functions Ao and A, after
transformation by the above elements. For the cusp of (5.2.9), that we have (a_l)\)v(x) =0
for |z| = 0 and v € {2,p} is immediate from the action of parabolic elements, see (5.2.4).
For the cusp of (5.2.11) note that x is trivial, so that vm(=5)), is just the local version
of (5.2.4) at 2 and this is zero when |z| = 0. For the cusps of (5.2.10) and (5.2.12) we
obtain ‘m(*sl))\p at the pth place and, by Lemma 5.2.5 and Proposition 5.2.6, this is zero
if |x| = 0. O

5.3 The Rankin-Selberg integral expression

Notation. k& %Z — integral or half-integral weight.
k] =k if k € Z; [k:]—k:—f1fk:¢Z
V' — finite-dimensional complex vector space.
p: GL,(C) — GL(V) - rational representation; p, = h*~* @ det*l @p.
A(z) = |Im(z)| for z € H,,.
,u(’y, z) =cyz+dy if v € G and z € H,.
ik (2) = |u(v, 2)| if k € Z and v € G;
J«y( 2) = hy(2)|p(v,2)[F if k ¢ Z and v € G 9.
Sy ={6eM,(Q) | " =¢,6> 0}
P(z) — V-valued pluriharmonic polynomial in C[M,,] which is a
highest-weight vector for p and coefficient for 0, .
X ={z e M,(R) | xT:x,—% < x5 < %},
Y ={yeMR)|y" =y, y>0}
Xp = Myn(Zp) N GLn(Qp); Op = GLn(Zy);
X=GLn(Q) NII, Xp; O =11, GLn(Zp).

This whole section plays out, structurally, in a similar way to Section 2.4 of the scalar
case and, methodically, with some key differences. Recall that the integral expression of
Section 2.4 was obtained, in three steps, through relations of the Rankin-Selberg integral
and the L-function to the auxiliary Dirichlet series D(s, f,6,) and D.(s, f,x). The main
differences lie in extending these series to the vector-valued case, ensuring their desired
properties, and accounting for the behaviour of the coefficients of vector-valued theta series.
The work of the previous section in ensuring that the coefficients of 6, , are highest-weight

vectors with respect to p will be of critical use in Section 5.3.2.
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5.3.1 Unfolding

For this section take the following set of data: weights k, /¢ € %Z; congruence subgroups
[ =T[b!, bc] and I” = ['[(b') L, b'¢/] such that

(b7 bc) C2Z x 27  ifk ¢ Z,
(6L 0') C2Z x2Z  if ¢ Z;

a Hecke character 1 satisfying the usual properties, (2.1.5) and (2.1.6), with K = k and a
Hecke character ¢ also satisfying (2.1.5) but with ¢ = ¢’ and with the further property
that (¢/1")eo(r) = sgn(re0)*~%; a non-zero eigenform f € S, (T', ) and g € M, (T, ¢").

By choice of ¢/ the Hecke character n = (')~ satisfies (2.1.7) with k = k — £. Fix b
and b, let r := bN b, n = 1(bcNb'¢'), and put T := T'[r~1, ry]. The required Eisenstein

series remains scalar and is given by
N s 1.5
Ek—f(z) L Ek—e (Zv S + n; 5777F0> 9

the precise definition of which is given in (2.1.8). Note that p(,/y) is a Hermitian operator
with respect to the inner product < -, - >. Akin to the first line of the expression of (2.4.6)
the integral Vol(I'o\H,,)(f, 9Ek—_¢)y is equal to

fr 2o = OmOellas )17~ 02D, 8 Dol ™)) =

~EPNTH\To (5.3.1)

x A(yz)"t EEEEE

where we used the definition, (2.1.8), of the Eisenstein series; that ¢, (|a,|) = 1 = ¢;(|a,])
if ptcand ¢1c;in order, the following facts

T = ) ()7 (
3 (v2) = 31 () Ml 2) I, (
y = (v, 2)T Im(yz)u(y, 2), (

uly,2) = nly™y2) 7 (5.3.5
<p(@), = =< pla) -, (
(

pe(n(r 1 72) ™) = p(uly ™ v2) )i (v2) ! for k€ {k, €}

and, finally, the definition of the slash operator for vector-valued modular forms. Since f
and g are invariant with respect to the slash operator of weights p, and p; respectively
n+l—k+4

and that, by fact in (5.3.4) above, the function ¢(z) := < pp(y)f(2),9(2) = |y|*T 2
is P-invariant, the application of the unfolding procedure of (2.4.5) to (5.3.1) gives

n+l14+k42

Vol(To\Hr)(f, 9 Er—)y :/Pmr _ p(y)f(2),9(2) = [y 2 d*z. (5.3.8)

The same game of using the Fourier expansions of f and g, seen in Equations (2.4.7),
(2.4.8), (2.4.9) and beyond, is now played out, and we obtain that the right-hand side of
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(5.3.8) is equal to

oINS vt < Hyo(s)ep(0,1),¢0(0,1)
0€Sy /GLy(Z)

where

A tr ke
Hyo5) = i (5:55) 1= [ plwe i+ 5y, (5.3.9)

and recall that
Ve = #{a € GL,(Z) | a’ oa = o}.

Proposition 5.3.1. Let f € S, (I',v¥) and g € M,,(I",4") be as above. For a complex
variable s the Rankin-Selberg Dirichlet series of f and g, defined by

D,(s, f,g) = Z vl < H,(s)cf(o,1),¢cq(0,1) >,
c€S1+/GLn(Z)

is well defined.

Proof. If a € GLy(Z) then, by Theorem 5.1.3 (iii) and (iv) along with the fact that
7700(‘a|)‘a|[k}_[€] =1, we have

= Hp,aTUa(S)Cg(aToaa 1)7 Cg(aTUaa 1) —-== Hp,aTUa(S)p(aT)Cf(av 1)7 p(aT)cg(a, 1) o

Then a change of variables in the definition of H, ,r,, in (5.3.9), combined with the fact
that |a~tya| = |y|, gives

Hp,aTUa(s) = p(a_l)prg(s)p(&),

from which we deduce the proposition. ]

Hence we obtain
_n(nt1)
Vol(Co\H) (£, 9 Bi—e)y = 2N () "5 D, (s, £. 9)- (5.3.10)
The above expression is the takeaway result to remember from this subsection but we
finish up with an analyticity result for D,(s, f, g), which will be of use in Section 5.4 later

to prove a non-vanishing result of the L-function.

Proposition 5.3.2. Let f and g be as above and assume k > £. Then the following are

true:

(1) the series D,(s, f,g) can be meromorphically continued to the whole s-plane and is
holomorphic for Re(s) > 0 if k # £ or Re(s) >0 if k = {;

(it) the sum defining D,(s, f,g) is absolutely convergent for Re(s) > 0 if g is a cusp

form.
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Proof.

(i) This follows from the integral expression of (5.3.10) above and the meromorphic
continuation of the Eisenstein series Ej_¢(z,5 + ”TH) seen, for example, in Lemma 17.2
(4) of [Shi00].

29+k+f

(i) The operator \/H,, == [y p(y/y)e” 2 (W)|y|

D,(s, f,9) = Z Vgl </ Hygcp(o,1),1/Hpocg(o,1) =

0€S4 /GLn(Z)

d*y is Hermitian, so that

Then, by the Cauchy-Schwarz inequality, we have

<\ ey o)yt ) | < [ Foresto ) { Bt )

where {-} denotes the norm induced by the inner product < -,- > and from which

1Dy(s, f,9)| < [Dy(s, f, £)Dy(s, 9, 9)]7.

So the proof is finished by showing convergence of D,(s, h,h) when Re(s) > 0 and h is a
cusp form. By (i) of this proposition the series D,(s, h, h) is holomorphic for Re(s) > 0,

has non-negative coefficients, and hence is convergent. O

5.3.2 Dirichlet series

If f is a non-zero eigenform as in the previous section, then Lemma 4 and the sub-
sequent discussion found in [Weis83| guarantees that there exists 7 € Sy such that
< ¢cp(1,1), P(V2r71) = # 0, where P(z) € C[M,] is the pluriharmonic polynomial that is
a highest-weight vector for p and that forms part of the coefficients of the vector-valued

theta series 0, .

Definition 5.3.3. Let f € S, (I',4) be a non-zero eigenform, let 7 € Sy, and let x be

a Hecke character. Then we define the Dirichlet series of f at T for a complex variable
s € C by

DY(s, fox) = Y (x)(l2l) < ep(r2), P(V2r=1) = Jaf =2l 3"

2€X/O

Recall the Hecke operator Ty, defined in (2.4.11) and let c¢7(7,1) := ¢(7, 1; f|Typ,y)- In the
scalar case, one can relate ¢y (7, 1) with the scalar Dirichlet series D, (s, f, x), this is [Shi94,
Theorem 5.1] when k € Z and [Shi95b, Theorem 5.1] when k ¢ Z (which we also saw in
Equation (2.4.13) of Section 2.4.3). This is done by the definition of Hecke operators and

the coset decompositions of Lemma 2.2.3, all of which remain the same in the present
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setting, and we therefore have

er(r 1) = or, 1 1To) = ac(Bir) 5 (x)(es(rolal 2™, (5.3.11)
zeX/O
where By, = N(b~1)2k=2k+1 and the definition of o, depends on whether k € Z or not. If
k ¢ Z then a.(¢) was defined by (2.4.14) in Section 2.4.3. If k € Z then «. is given, for
any ¢ € S such that eg(tr(S¢(Z)()) = 1, by ac(() = [L ap((p) and

ap(CGp) = > WX ) () ep(= tr(¢po))ld]™; (5.3.12)

o=d~1ceSp\S(Zy)

in the above sum we have decomposed o = d~!c into its numerator ¢ € M,(Z,) and
denominator d € Mp(Zp) N G Ly (Qy), which satisfy ¢Zj + dZ; = Zy.

Now take 7 € S, such that < c¢(7,1), P(V2r71) = # 0. If A(n) = A(A(n)) are the
eigenvalues of f, the identity of (2.4.12) relating c7 (7, 1) and c¢(7,1) holds also in this case
too. So comparing < ¢7(7,1), P(vV27~1) = with the identities in (2.4.12) and (5.3.11), we
get

<ZA )XY )n—5> < ¢p(7,1), P(V27r71) == ae(Bg7)D2(s, f, X)- (5.3.13)

The equations of (2.4.15) remain true for vector-valued half-integral weight forms since
the definition of the L-functions and abstract Hecke rings are unchanged from the scalar
case. The equations of (2.4.15) also hold for vector-valued integral-weight forms when we
replace a.(7) with the integral-weight version a.(N(b~1)7) defined in (5.3.12) above; this
can be seen by using (5.1.4) and (5.1.5) of this thesis and (5.8) of [Shi94]. So through
(2.4.15) and (5.3.13) we get

< ep(r 1), P(V2r=1) = Ly(s, £,x) = [T 00 (65X @)p ™) Ac (252) D25, £,X)-

pEDb
(5.3.14)

This section, and everything needed to give the desired integral expression in the next

section, is now completed by relating D2(s, f, x) with D,(s, f,0,)-
We have 0, , € M,,(I",¢') with £ = % and ¢/ = x"'e,. By definition
cp(0,1) = D (XooX*) ' (|z) P(v2r2)

zeX],

for o € S, and X/ defined by (2.4.18). Hence, replicating the calculation of (2.4.19), we
get

DP(S7f7 0[%)() = Z 1 Z XOOX |1‘| = Cf(xTTx 1) Hp,zTTxP( 27‘1‘) ~
aeS+/GLn(Z) zeXl

(5.3.15)

where we used that H, ,r., = H, ,r.,(s) is Hermitian.
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The following three results establish an explicit expression for H, ,r . (s)P(v27z).

Lemma 5.3.4. There exists an o € C* such that

2k+n
4

/ P(y)e ™ W) |y[st 75" 4y = aP(1).
Y

Proof. Write V' := V, for the representation space of p, and let W := W, be the rep-
resentation space of ¢ — the irreducible representation of O(n) associated with p. Then
VoW =V W*=Hom(V,W) = Mgx,(C), where d := dim(V') and r := dim(W). So
the group GL,, x O(n) acts on the set of M, (C)-valued pluriharmonic polynomials P on
M, by

plg")P(x) p(0)~" = P(oxg),

for o € O,,(C) and g € GL,(C). Each P consists of columns of V-valued polynomials P;
for j € {1,...,7}, where each P; is pluriharmonic and p(g?)P;(z) = Pj(zg). So we can
choose the polynomial P to be one of the columns of some such polynomial P. Hence the

lemma is given by showing

2k+n

i d*y =aP(1), (5.3.16)

| Pyetmoy
Y

for some o« € C* and all such P.

The representation p ® ¢ is non-trivial and GL,,(C) is dense in M,,(C), so that if P # 0
then there must exist A € GL,(C) such that P(A) # 0, which, by the action of p, tells us
that P(1) # 0 also. Solet U = {P(1) | P £ 0} C V ® W, this is an invariant subspace as

(9,0) - P(1) = p(g)P(1) p(0) # 0,

where - is the action of p® ¢ on V ® W and where the second equality follows as P(1) # 0.
But by assumption p ® ¢ is irreducible so U = V ® W, the point of such a conclusion
being that we can assume P(1) = v ® w where v is a highest-weight vector for p and w is

a highest-weight vector for .

Now note that any y € Y is symmetric so it can be written as y = a’ da, where a € O, (C)
and ¢ = diag[dy,...,d,). Then the integral of (5.3.16) becomes

CO/O ® p(aT)/DP(aT5)6—47rtr(6)|5‘s+2kZ# |:H(5k _5j):| d*dda, (5.3.17)

j<k

n+1

for some constant ¢y, where D := {diag[d1,...,0n] | & € R} and d*6 = |§|” 2 df. We
have P(a'§) = 6{" - 622 P(al) for some m; € Z, since P(a’§) = p(§)P(1) p(a) and P(1)
is a highest-weight vector. So the integral of (5.3.17) then becomes

co /O ® p(aT> /DP(QT)€—47rtr(6)|5|S+2kjn [H 51%' H(ék _ 5]')] d*éda,

=1 j<k

which completes the proof, since a € O,,(C) and therefore p(a®”)P(a’) = P(1). O
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Lemma 5.3.5. The constant o of Lemma 5.3.4 is given as

(47r)n(s+2k4+n+)\lj)a _ e H r (s FA+ 2k+n 2z> ’
1=0

where (A1, ..., An) is the weight of P(1) with respect to p and Ap := A1 + -+ + A\, € Z.

Proof. Notice by Lemma 5.3.4 that

<aP(1), P(1) - = / < P(y), P(1) = e~ 4mti(w) |y |5+ 25
Y

d*y. (5.3.18)

By Gauss decomposition we can write y = Vv’ where vV = V(y) is upper triangular. Both
the action of p on P and its behaviour with respect to < -, - = give that < P(vv™), P(1) =
= < P(V),P(V) >, and since V is upper triangular we have P(V) = v}l --- v P(1).
Hence the integral of (5.3.18) becomes

2k+n

< P(),P(1) - [ sy
Y

ﬁ v(y)i)\l] dy.

i=1

This latter integral has been computed by Maass in [Maa71, pp. 76-80] and is equal to

(47r) n(s+2k+n+/\ ) n(n HI‘(5+)\ + 2k:+n 2@)_

=0
O
Proposition 5.3.6. The integral H, ,r.,(s)P(v27x) has the following expression:
(47r)n(3+Qk;n+)‘P)Hp7xTTx(s)P( 2rz) =T, (s + 2’f#))P(\/ 2r-1%),
where A\p = A\i + -+ A\, 78 as in Lemma 5.5.5 and
n(n )
T,(s) : H I (s+Ai—3) (5.3.19)

Proof. By definition we have

_ —1 —1.
Hp,acTTx:p(x 1\ﬁ )prlnp(\/; (IJ)

so that

Hp7iL‘TTCC(8)P( 27—‘7") ( 1\[ ) prIn (\/i)
= ol 1VarT) [ Py ey

= (47) MEHEEEANT (5)P(V2r1a),

where Lemmas 5.3.4 and 5.3.5 were used. O
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In combining Proposition 5.3.6 and the expression for D,(s, f,0,,) in (5.3.15), we get

n s 2ktn
(4m) ’\P\47r7| T3 D,(s, f,0,y)
=T, (s+2582) 3 (xax)al) < ep(aTra, 1), P(VET1E) = [o] 25 F,
zeX /O’
(5.3.20)

where, recall, X' = GL,(Z) N GL,(Q) and O’ = GL,(7Z).

Much like [Shi94, (5.8)] if k € Z and [Shi95b, (3.7)] if k ¢ Z, strong approximation tells us
that
D2(s, f.x) = D, (ex")(lal) < ep(r,@), P(V2771) = fa "+
zeX' /O’
which, when combined with Theorem 5.1.3 (iii), (iv), and the fact that (1x)so(]z|) =1 for
z e X' /O, gives

D?(s, f,x) = Z (XooX")(|2]) < ¢ef(@T T2, 1), P(V2r=1%) > |z["T17F5 (5.3.21)
zeX' /O’
Together, the identities (5.3.20) and (5.3.21) above give

s—n—1+k

-1
DA, f,x) = Ty (551518 ) (4m)™r dmr |5 D, (25022, 1,60,0) . (5:3.22)

5.4 Main theorems

Notation. £k € %Z — integral or half-integral weight.
kl=kifkeZ[kl=k—3ifk¢Z
V' — finite-dimensional complex vector space.
p: GL,(C) — GL(V) - rational representation; p, = h*~* @ det* @p.
P(z) — V-valued pluriharmonic polynomial in C[M,] which is a
highest-weight vector for p and coefficient for 0, .
Ap =XM1+ -+ A (A1,..., Ay) the weight of P with respect to p.
d =n (mod 2) € {0,1}.
D(s) = 75 T (s — )
T,(s) = " 1) T(s + A — £).
e — quadratic character associated to Q(i"/2,/]27])/Q, T € M,(Q).
Aq(s) — product of Dirichlet L-functions defined by (2.4.1) and (2.4.3)

for an integral ideal a.

gq € Z[t] — polynomials satisfying g,(0) = 1, given by (2.4.15).

The main results of this chapter are given here; they concern the final Rankin-Selberg
integral expression — a culmination of the results of the previous section — and analyticity

properties of the standard L-function.

Assume that k > 5 if k —§ € Z, or k > § if k — § ¢ Z. Recall the generalised Gamma
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function T'y, of (2.1.13) and the notation 6 = n (mod 2) € {0, 1}. Define some I'-factors by

ry(s+ 520 ifn<k¢Z,
F<S+k_g_5—{k;(SDFnGnLk;n) ifn<keZ,
[n/2]
n,k o _
™% (s) = r%_n+1<s+k2”> I‘<2S—Z—i> ifn>k-1cz,
i=k—1 41
[(n—1)/2]
k— 1
F2k—n+1(5+ 2n> H F<2s—n_2‘_ —i> if 5 >k—5 ¢Z.
i=[k—5]4+1

Theorem D1. Let k € %Z and take a fractional ideal b and an integral ideal ¢ such
that (b1,bc) C 2Z x 2Z if k ¢ Z. Let f € S,.(I',v¥) be a non-zero eigenform, where
' =T[b~1,bc] and ¢ is a Hecke character such that e ()" = sgn(zeo ). Select and fix
T € Sy such that

< cf(r,1),P(V2171) = £ 0.
Let x be another Hecke character such that (¥x)eo(x) = sgn(zeo)¥l. Then

Ly(s, £, 0T™F (3) = [T, (5=25148) 2 < (7, 1), P(V2r ) »rl

n(n+1) n s—n—1+k ¢ % s
x N(b)" 2 (4m)"*Pldnr| =7 [] g0 (X)) (0)p~*)
pEDb

X (ﬁ;) (284_n) <f> 0pxE' (-, %T_n>>UVOI(FO\Hn),

where T, is the function of (5.8.19); A\p = A1 + -+ -+ Ay, where (A1,...,\y) is the weight
of P with respect to p; gq € Z[t] are polynomials, given by the relation on the second
line of (2.4.15), satisfying g4(0) = 1; Aq(s) = AZ”“‘“/2(5,1/;X€T) 1s the product of Dirich-
let L-functions defined by (2.4.1) for an integral ideal a; €, is the quadratic character
corresponding to the extension Q(ilz1\/]27])/Q;

5/(27 S) = I‘n,k(s + %)AU(S)Ekfg (Z¢ S ¢X€n FO);
Lo=T Y] andr=bN0, y =171 (bcNb'c), with b’ and ¢’ determined in (5.2.3).

Proof. The integral expression of the theorem is a combination of three auxiliary expres-

sions obtained in the previous section:

(1) the integral expression, (5.3.10), of D(s, f,g) with g = 6, y;
(2) the identity, (5.3.22), relating D(s, f,0,,) with D-(s, f, x);
(3) the identity, (5.3.14), relating D, (s, f,x) with Ly(s, f, x).

O]

Let Zy(s, f,x) := I™F(5)Ly(s, f,X), the poles of this function can be deduced using the

integral expression of Theorem D1 and they come from two sources, those of the scalar-
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weight Eisenstein series £'(z, 22) (see [Shi94, Theorem 7.3]) and those of the quotient of

Dirichlet L-functions A/A,.

Theorem D2. Let 5 <k € %Z and take a non-zero eigenform f € S, (I',v) as usual. If
X is a Hecke character such that (1X)eo(z) = (20o)¥, then the function Zy(s, f,x) has

only finitely many poles, all of which are simple, that are determined as follows.

o If (¥X)* # 1 then Zy(s, f,x) has simple poles only for s where (ﬁ—;) (257_”) has

poles.

o If (x)? =1 and vy # Z then, in addition to the possible poles of <£—;) (254_"), there

may be poles detailed in the following two cases.

(1) If k > n then Zy(s, f,x) has a single pole at s = n+ 1 only if k € Z and
k—n € 2Z.

(it) If 5 < k <n then the possible poles of Zy(s, f,x) occur only in the sets

{(jli€Zn+1<j<2n+1—k} ifk—t ez,
(k+lljezZn+1<k<2n+l-k} k-1 ¢

if, on the other hand, we have (¥x)?> =1,y =7, and k — 5 € Z then, in addition to
the potential poles specified in the first set of (i), there may also be poles in

jez|["F<j<n}

Remark 5.4.1. The poles from the factor (ﬁ—;) (2547”) can be removed in two ways,

either by removing the Euler factors at p | ¢ from the L-function and assuming ¢ = 1, as

in Theorem 2.2.6, or by imposing conditions discussed in [Shi94, Proposition 8.3].

Definition 5.4.2. Let xo be an odd non-trivial character of conductor p # 2, let 7 € S5
be diagonal and @ € GL,(Q¢) be as in Lemma 5.2.5 and Proposition 5.2.6 such that, by
Theorem 5.2.7, 6, , is a cusp form. We say that f € M, (I',9) is xo-ordinary if both of

the following are satisfied:

(1) (¥x0)so(z) = sgn(z)M,
(ii) < cf(r,1),P(V2171) =#0.

Since xo is odd then the condition (i) above is only possible if n is even, in which case this
condition becomes 1o () = sgn(zeo)F*1. By Theorem 5.1.3 (iii) and (iv), the condition

that 7 be diagonal is non-exacting.

Theorem D3. The function Ly(s, f,x) can be meromorphically continued to the whole
s-plane. Furthermore if n is even and if, for a character xo of conductor p # 2, we have

that f is xo-ordinary, then the Fuler product of

LW (s, £,X) = Ly(s, £, ) Lp((X*) ()p ™)

is convergent, and therefore non-zero, for Re(s) > 37” + 1.
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Proof. The meromorphic continuation is given by the integral expression of Theorem D1

and the continuation of the scalar-weight Eisenstein series.

Consider Equation (5.3.14) with x = xo, which relates the Euler product of Ly(s, f, xo)
with the Dirichlet series D(s, f,x0). Note that the product [ cp 94((¥X5)(q)g™*) is
just finite and since, by assumption, %8(2‘37_”) > 1, so is A,,(QSZ”). Therefore by the

formal Lemma 22.7 of [Shi00], the convergence of Ly (s, f, xo) rests on the convergence

of DP(s, f,xo) which, in turn, rests on the convergence of Dp(QS_i"_Q,f, 0p0) by the
identity of (5.3.22). Since 0, ,, is a cusp form by Theorem 5.2.7, then Proposition 5.3.2
(i) gives that the series D(2=3=2 f ¢ . ) is convergent for Re(s) > 32 + 1. Hence the

convergence and non-vanishing of Ly (s, f, xo0) has been established.

Now let x be any character, and remove the Euler factor of p from Ly(s, f,x) to get
Lff)(s,f, X)- The Euler products of both Lff)(s,f, x) and Ly(s, f,x0) range over all
primes g # p, and so the Euler product of Lg)(s, f,x) is just that of Ly(s, f, xo) twisted
by the T-valued character xx, ! The formal Lemma 22.7 of [Shi00] and the previous
paragraph then tell us that such an Euler product is convergent and non-vanishing for
Re(s) > 32 +1. O






Chapter 6

Summation & future research

The key aim of this thesis was the capitalisation on the advanced analytic theory of
metaplectic modular forms to resolve fundamental arithmetic questions relating to these
forms. By turns, methods that were successfully employed in the integral-weight case have

been extended to show:

(1) how the decomposition, My = Sy ®E, of modular forms into cusp forms and Eisenstein

series preserves algebraicity of the Fourier coefficients of the forms involved;
(2) precise determination of the special values of the standard L-function;

(3) the existence of p-adic L-functions interpolating the special values of the standard

L-function;

(4) an explicit Rankin-Selberg integral expression for the standard L-function associated

to vector-valued modular forms and resultant analytic properties of this L-function.

The results of (2) are a slight refinement of those by Bouganis in [Boul8]. The results
of (1) and (3) are completely new and there was no indication that such results should
hold a priori, so they are perhaps of greater significance. The Rankin-Selberg expression
of (4) has been shown to exist previously by Piatetski-Shapiro and Rallis in [PSR88], via
the language of automorphic representations, in a less explicit form with Euler factors
removed. The work of this thesis is the first time an explicit Rankin-Selberg expression
has been established in the vein of Shimura’s of [Shi94] and [Shi96].

Listing the areas of this thesis as though they are disparate is perhaps misleading; the
areas of (1), (2), and (3) are intimately related, and (4) is also relatively close. With
arrows A — B indicating that the research area A leads naturally into the research area
B, they fit together as follows:

Foundational theory of
metaplectic modular forms, (4) Vector-valued
including (1) modular forms
/
(2) Special Valuesw (

3) p-adic L-functions
of L-functions J L( ) }
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Nevertheless, to talk of the implications of these results it is more manageable to consider
each area separately. Thus, we split up the following in-depth discussion accordingly. We
shall recap the results along with their limitations, their place in the literature, and future

research that could follow.

The findings of the previous chapters are a consolidation of the anticipated arithmetic
theory of metaplectic modular forms. It can be seen that, in spite of the struggles inherent
in developing the foundational material, metaplectic modular forms behave, arithmetically,
as one would like a modular form to. The similitude to the integral-weight case suggests
that the metaplectic setting is not as bizarre as it first appears. Those working in the
metaplectic Langlands program in developing the algebraic theory of modular forms for
general m-fold metaplectic covers, and those wishing to extend Iwasawa-theoretic ideas
to the present, 2-fold, metaplectic setting should find interest in this work as concrete
instances of their abstract algebraic work. The establishment of analogous analytic theory
and resultant arithmetic results for m-fold metaplectic modular forms — i.e. those of m~1Z

weight — would be an interesting long-term venture in this arena.

6.1 Algebraic decomposition

In Section 2.3 we showed that
Mk(rvw7°§/ﬂ) = Sk(raww’ip) 5] gk(rvwwi/ﬂ%

where .Z = Q(Ag,, G(v), (), Ak is the collection of all eigenvalues in My (T, v), G(v)
is the usual Gauss sum, and (, = (|x is the character of (2.1.1) restricted to the cusps of
['\H,. The above decomposition was shown by Shimura in this setting for . = Q, see
[Shi00], and by Harris, in [Har84], for automorphic forms associated to Shimura varieties.
Fitting into neither of these two categories, our result is entirely new and was obtained
by a fairly non-trivial extension of Harris’ method of [Har81]. It was used as a stepping
stone in this thesis to prove more special values for the L-function in Chapter 3, however
the decomposition My = S @ & is fundamental in the theory of automorphic forms and

therefore this result is of independent interest as well.

The key difficulty in extending the method of Harris was the need to deal with the
arithmetic behaviour of f at non-trivial cusps, this is Theorem 2.3.12; we had to do this
since there are no full-level metaplectic modular forms. To resolve this issue, we multiplied
by the theta series of weight % to obtain an integral-weight modular form and appealed to
the g-expansion principle of [FC80]. Such a principle does not exist in the present setting
and the inclusion of (, in .Z is a direct result of this workaround. Whether the inclusion of
(s is a limitation of this particular method or a necessity is not so clear; as we discussed in
Remark 2.3.13 we believe it is necessary but that one may have Q(¢) € Q(¢;) in general,
which would allow the artificial removal of {, from .Z. To resolve this one could either
study the behaviour of ¢ on the cusps or attempt to establish a g-expansion principle for

this setting. The lack of algebraic theory makes the latter option very difficult at present.
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In accordance with the possible future research proposed in the next subsection, one could
try to extend this result to general totally real number fields. Given that the key results of
Shimura that we used in this section are given over totally real number fields, we believe
this should be achievable.

6.2 Algebraic L-values

In Chapter 3 we proved two theorems regarding the special values of the standard L-
function. In Theorem B1 we showed that, in normalising the L-function by powers of 7

and other factors into Lfb(s, fyx), we have

L;Z(m, f, X) € Q(fﬂ/}aX))

for a limited set of special values m € Q;l - In Theorem B2 we extend the set of special

values to m € 1, ;, but in doing so we obtain the slightly weaker algebraicity

Ly (m, f,x) € Z(f, %),

where . is determined by Section 2.3 and is also given in the previous subsection.

In other settings in which one can associate algebraic motives to automorphic forms, special
values of L-functions have a deeper context — see, for example, conjectures of Deligne
[Del79] and Beilinson [Bei85]. The importance of such results in general is underlined
by their applications to extant problems in number theory, of which the BSD conjecture
is the most famous. We believe that the present results should have their place in an
analogous framework and that there are therefore possibilities for fruitful applications to
fundamental questions in number theory. The development of such a framework hinges on

further advances in the algebraic theory of metaplectic modular forms.

The results we proved are a slight refinement of Bouganis’ Theorem 6.2 in [Boul8], in
that the parity condition p # 0 of that theorem was removed. To achieve our results we
extended, in two ways, Sturm’s method which was used in [Stu81] to prove special values
of the standard L-function for integral-weight Siegel modular forms of even degree. The
key to extending the method was to establish Sturm’s explicit holomorphic projection
operator in the metaplectic case. Once we did this, the extension of this method to prove
Theorem B1 by using Shimura’s Rankin-Selberg expression [Shi96, (4.1)] was relatively
benign. Doing the same for Theorem B2 required the highly non-trivial results of Section
2.3 that we discussed in the previous subsection; we also used the ideas of Panchishkin’s

extension of the holomorphic projection, [Pan91], to achieve this.

The method used in proving Theorem B2 inherits the possible limitations discussed in the
previous subsection in defining the field .Z. The bounds on k given in Theorems B1 and B2
arise out of the definition of the constants p'(A, k, ) and p(A, k, ), along with the bound
k > 2n needed for the holomorphic projection operator. Recent work of Maurischat in

[MW17] and [MW18] shows that the holomorphic projection operator produces “phantom”
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non-holomorphic terms for lower weights; whether this phantom projection could apply to
the present setting and improve the bounds of Theorems B1 and B2 is a possible future

research venture.

In [Shi0O0], Shimura works over general totally real number fields and shows that these
L-values belong to Q; likewise, Theorem 6.2 of [Boul8] is also given in such generality. We
believe that the methods of Chapter 3 would also extend to totally real number fields. To
do so one needs, in general, to establish the following: the explicit holomorphic projection
operator of Theorem 3.2.2, the bounds of Section 3.3, and the results of Section 2.3 as

discussed in the previous subsection.

6.3 p-adic L-functions

In Theorem C of Chapter 4 we proved the existence of two p-adic measures V]jf that
interpolate the special values of the standard L-function from the preceding chapter. As a

result we can define two p-adic L-functions Ei(s, f,x) as p-adic Mellin transforms of y]jf.

When n = 1, the existence of these p-adic L-functions is immediate from Shimura’s
correspondence and the elliptic case, nevertheless once can construct it directly and we
did this in [Mer18a]. The existence of the p-adic L-function for general n > 1 is entirely
new and is therefore more significant. The theory of p-adic L-functions is central to
Iwasawa theory and, given the latter’s crucial role in advances to problems such as the
BSD conjecture, it is an active research area. We believe that the p-adic L-functions
constructed in Chapter 4 should have an Iwasawa-theoretic interpretation and possible
subsequent applications to fundamental problems in number theory; the key result of this
chapter — that the analytic notion of the p-adic L-function exists — forms an important

first step in this direction.

To produce the relevant p-adic measure we extended the method of Panchishkin, [Pan91],
which was done for integral-weight Siegel modular forms of even degree. The key difficulty
in extending this method was the definition of the p-stabilisation fy of an eigenform f,
and to do this we used the Hecke theory developed by Shimura in [Shi95b]. The method
we used was limited by the fact that it did not guarantee fy #% 0 and so we had to make
this a crucial assumption in Theorem C. In the integral-weight setting of arbitrary degree,
Bocherer and Schmidt in [BS00] gave an alternative method for defining this p-stabilisation
which does guarantee that fy # 0. It would be worth investigating whether this latter
method is compatible with the methods of Chapter 4. To extend the rest of Panchishkin’s
methods we used Shimura’s Rankin-Selberg expression of [Shi96, (4.1)] and his theory of
theta series and Eisenstein series found in [Shi00]. Due to the Fourier development of the

Eisenstein series £*(z, 22%=") having support at |7| = 0 for the special value m = n + 1

(see [Shi00, Proposition 17.6]), we excluded this value entirely from the interpolation (and
likewise for the value m =n + % in certain cases). This was largely for convenience and

one should be able to use the explicit Fourier coefficients for 7 with rank < n, of [Shi96,
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Proposition 16.10], and the Mazur measure to amend the formula of Theorem C and

interpolate this value accordingly.

A distant future research proposal following on from this chapter is in the development of
the Iwasawa-theoretic notion of the p-adic L-function and the Iwasawa main conjecture
in this setting. The algebraic tools needed for this are not currently available, though

progress is being made with respect to the metaplectic Langlands program.

6.4 Vector-valued modular forms

Chapter 5 consisted of joint work with Bouganis and concerned V-valued modular forms of
weight pr = W~ @ det!™ ®p, where p : GL,(C) — GL(V) is an irreducible representation
of a vector space V. In Theorem D1 we gave a very explicit Rankin-Selberg integral
expression relating the standard L-function Ly (s, f, x) of a vector-valued eigenform f with

the integral
25—
(F,0p8'( 272)).
As immediate consequences of this we proved two analyticity results concerning the L-

function: Theorem D2 gave the location of all possible poles of Ly (s, f,x), and Theorem

D3 gave a partial non-vanishing criterion for the L-function with Euler factors removed.

Much of the prior work in computing L-values for vector-valued modular forms has made
use of the doubling method — see [Tak92] and [Koz00]. Being the first explicit Rankin-
Selberg expression established in the style of Shimura, our expression is significant in that
it paves the way for alternative proofs for these L-values and it is often the case that these

two methods compute different sets of values.

The method of Shimura in [Shi94], which was applied to scalar Siegel modular forms of
integral weight, was extended to the vector-valued setting. To do this we had to define
three key objects: a particular vector-valued theta series whose Fourier coefficients were
highest-weight vectors with respect to p (Section 5.2), the appropriate Rankin-Selberg
Dirichlet series D,(s, f,g) of two vector-valued modular forms f and g (Definition 5.3.1),
and the analogous Dirichlet series D£(s, f,x) that associates to Ly (s, f,x) (Definition
5.3.3). The condition on the Fourier coefficients of the theta series was needed in order to
calculate the integral H, , of (5.3.9) which, under this condition, becomes I'-factors and
allowed us to relate the two Dirichlet series D,(s, f,0,,) and DZ(s, f,x) (see (5.3.22)).
The method was thus ultimately limited by the set of representations p we could consider,
those for which there exists a pluriharmonic polynomial acting as a highest-weight vector,
and by the key fact that p®det is not one. In the scalar case, given a character , one chose
w € {0, 1} depending on the parity of x and then used the theta series of weight det" ® det®
in the Rankin-Selberg method; we were unable to analogously take (p ® det’) ® det? in
Chapter 5. Therefore the expression of Theorem D1 only holds for characters x of certain
parity, in particular for (¢x)eo(—1) = (—1)!*), as do the resultant analyticity results. That
we could not take p = 1 had even further implications for the non-vanishing result of

Theorem D3. The method of that theorem hinges on the theta series being a cusp form
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and in the scalar case one could use that 9&1)(2; 7) is a cusp form, see [Shi00, (A3.16)]. So
we needed to attack the difficult issue of cuspidality of theta series of weight Pz, this was
Theorem 5.2.7. It required the further assumption that x be odd and of prime conductor
p # 2, which latter meant the removal of the Euler factor at p from Theorem D3. The
odd parity of x is only compatible with the condition (1x)so(—1) = (=1)* if n is even
and, moreover in that case, this limits the parity of ¢ to be 1s(—1) = (—=1)¥+1. So the

non-vanishing result is heavily limited and can only be considered a partial result.

The original aim of the work of Chapter 5 was to prove Q-algebraicity of L-values by the
method of [Shi00, Theorem 28.8]. For such a result to be effective relative to the doubling
method, a full result on non-vanishing for Re(s) > 2 + 1 is required, which we were not
able to provide. Proving such a non-vanishing result, and subsequent algebraicity, would
be a worthwhile future research problem. This could be possible by trying to calculate the
integral H,, through alternative means or by proving a stronger cuspidality result on the

vector-valued theta series of Section 5.2.
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