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Preface

The present book, just as some of its forerunners, grew out of the author’s desire
to find a different approach to analytic number theory, certainly one of the more
aesthetically satisfying branches of mathematics: this is especially true so far as
modular form and L-function theory are concerned. That we relied on pseudodif-
ferential analysis to try such an approach was initially due to the fact that we had
practiced the latter since its beginnings, half a century ago. But we discovered,
on the way, that it has deep connections with many areas: quantization theory
and mathematical Physics, the theory of symmetric spaces, representation theory
and, our main interest here, modular form and L-function theory. Our aim in this
preface is to convey to interested readers, not necessarily familiar with pseudodif-
ferential analysis, the realization that some of their interests are closer to it than
what they probably believe.

Pseudodifferential operators were first devised as a help in partial differen-
tial equations: the analysis of such problems required a constant use of auxiliary
(non differential) operators, and pseudodifferential operators, of a more and more
general type, soon provided the quite adaptable box of tools desired. At the same
time, the structure of pseudodifferential analysis became a subject of interest of
its own. It starts with a specific way (the Weyl calculus) of representing linear
operators on functions of n variables by functions of (2n) variables, called their
symbols. Such a correspondence is a linear isomorphism, but it cannot be an al-
gebra isomorphism if, on the symbol side, the (commutative) pointwise product is
considered. This is why much emphasis has always been put on the “sharp compo-
sition formula” expressing the symbol hy # ho of the composition of two operators
with given symbols hy and hy. Such a formula is in general based on that valid
for differential operators, which led many people to believe that asymptotic, no to
say formal, expansions are a fixture of pseudodifferential analysis.

This is not the case and, in situations of interest (staying within the Weyl
calculus or not), what is required instead is to combine the sharp product with
the decomposition of symbols into irreducible parts provided by some relevant
representation-theoretic notions. These come into play through the two properties
of covariance of the Weyl calculus, which express that the symbol of an operator
transforms by a translation or by a symplectic linear change of coordinates if the
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operator undergoes a conjugation under an element of the Heisenberg represen-
tation or of the metaplectic representation. It is only the latter representation
that will concern us here: actually, we shall specialize in this book in the one-
dimensional case, so that the group of interest is simply SL(2,R). As another
major simplification, the only arithmetic subgroup of SL(2,R) considered here
will be SL(2,7).

By definition, automorphic symbols will be symbols invariant under linear
changes of coordinates associated to matrices in SL(2,7Z): they must be distri-
butions, since no non-constant continuous function can qualify. Thanks to the
covariance property, automorphic symbols can be expected to make up an algebra
under the sharp product: there are difficulties, linked to the fact that two operators
with automorphic symbols cannot be composed in the quite usual sense, but these
are fully solved. Automorphic distributions which are at the same time homoge-
neous of some degree are to be called modular distributions: they are introduced,
together with their associated L-functions, in an independent way. They can then
be shown to be a notion only slightly more precise than that of non-holomorphic
modular form (in the hyperbolic half-plane), and a complete two-to-one dictionary
is provided. The main question solved in the book can then be formulated as fol-
lows: given two modular distributions 9%; and s, decompose their sharp product
My # Ny as a linear superposition (both integrals and series are needed) of modular
distributions (Eisenstein distributions and Hecke distributions); then, express the
coefficients of the decomposition in terms of L-functions, Rankin-Selberg product
L-functions and related notions.

Developing this program necessitated some machinery, in particular a rein-
terpretation in terms of pseudodifferential analysis of the Radon transform from
the homogeneous space G/MN of G = SL(2,R) (functions on this space can be
identified with even functions on R?\{0}) to the homogeneous space G/K (the hy-
perbolic half-plane). Of course, under this transformation, the non-commutative
sharp product does not transfer to the pointwise product but if the two entries,
as well as the output, of the sharp operation are reduced to homogeneous com-
ponents, it becomes almost true: analyzing the terms of the sharp composition
reduces ultimately to the analysis, in the hyperbolic half-plane, of the pair made
up of the pointwise product and Poisson bracket, after functions in the hyperbolic
half-plane have been decomposed into generalized eigenfunctions of the hyper-
bolic Laplacian. This is proved first in a non-automorphic environment, next in
the automorphic case.

We hope, and believe, that several categories of readers may find useful
developments in this volume. New methods had to be developed, of course, in
pseudodifferential analysis, while new perspectives in classical (i.e., non-adelic)
non-holomorphic modular form theory might be gained from the automorphic dis-
tribution point of view. So-called invariant triple kernels have been considered
lately by several authors, with or without number-theoretic applications in mind:
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the end of Section 3.3 will explain to what extent some of this this appears as a
byproduct of pseudodifferential analysis. Connections with quantization (not only
geometric quantization) theory, a subject which has been this author’s central in-
terest for a few years, are hinted at in a short last chapter. In view of the current
interest in Rankin-Cohen brackets, we have also included a short review showing
that series of such constitute the right-hand side of the sharp product formula
in a genuine symbolic calculus, a counterpart of the Weyl calculus in which non-
holomorphic modular forms are traded for modular forms of the holomorphic type:
much remains to be done in this direction. One of our other projects would be to
understand more about some easier cases of Langland’s L-function theory: to this
end, some generalization of the present theory to the n-dimensional case might
prove manageable and helpful.






Contents

Preface

Introduction

1

Basic modular distributions
1.1 Eisenstein distributions . . . . . . . . . ... ...
1.2  Hecke distributions . . . . . . . . . . . ...

From the plane to the half-plane

2.1 Modular distributions and non-holomorphic modular forms

2.2 Bihomogeneous functions and joint eigenfunctions of (A, Euln) ..
2.3 A class of automorphic functions . . . . ... ... L

A short introduction to the Weyl calculus

3.1 An introduction to the Weyl calculus limited to essentials . . . . .
3.2 Spectral decompositions in L*(R?) and L2(IT) . . . . .. ... ...
3.3 The sharp composition of homogeneous functions . . . . . . . . ..
3.4 When the Weyl calculus falls short of doing the job . . . . . . . ..

Composition of joint eigenfunctions of £ and ¢ a%

4.1 Estimates of sharp products hy, g #hvogo « - - v v o o o o oo
4.2 TImproving the estimates . . . . . . .. .. ... ... ... ...
4.3 A regularization argument . . . . . ... ..o
4.4 Computing an elementary integral . . . ... ... ... ... ...
4.5 The sharp product of joint eigenfunctions of &, £ a% .........
4.6 Transferring a sharp product hy, 4, # R, 4, to the half-plane

The sharp composition of modular distributions

5.1 The decomposition of automorphic distributions . . . . .. .. ..
5.2 On the product or Poisson bracket of two Hecke eigenforms . . . .
5.3 The sharp product of two Hecke distributions . . . . . .. ... ..
5.4 The case of two Eisenstein distributions . . . . . . ... ... ...

19

27
28
37
44

51
52
99
72
79

83
84
91
98
100
105
115

123
124
134
142
161



6 The operator with symbol €&,

Contents

6.1 Extending the validity of the spectral decomposition of a sharp

product . . . .. ...
6.2 The odd-odd part of Op(€,) when [Re v| <3 . ... ..
6.3 The harmonic oscillator . . . . . ... ... ... . ...
6.4 The square of zeta on the critical line; non-critical zeros

7 From non-holomorphic to holomorphic modular forms
7.1 Quantization theory and composition formulas . . . . .
7.2 Anaplectic representation and pseudodifferential analysis

Bibliography

Index

169

169
171
172
177

183
184
189

197

201



Introduction

Automorphic distributions are distributions in the plane invariant under the action
of the group SL(2,Z) by linear changes of coordinates, and automorphic pseudod-
ifferential operators are the operators from Schwartz’ space S(R) to S’'(R) with
automorphic distributions for symbols. Our interest in considering these opera-
tors is twofold. First, it offers a new vantage point on non-holomorphic modular
forms, from which these objects can be interpreted as operators, reinvigorating
the subject in a novel direction. Let us immediately mention that the case of mod-
ular forms of holomorphic type requires drastic changes and will be approached
in a short last chapter. Next, the species of symbols we have to consider here are
by nature very singular distributions: the analytical difficulties one comes across
when dealing with these distributions, clarified throughout the central chapters of
the book, are important.

Automorphic function theory is commonly introduced as a study of func-
tions in the hyperbolic half-plane IT = {z € C: Im z > 0} invariant under the
action of some arithmetic group I' (say, SL(2,Z), the only one considered here) by
fractional-linear changes of the complex coordinate. As a major starting point, we
here trade automorphic functions in II for automorphic distributions in the plane
R2?, as just defined. Besides making it feasible in a natural way, thanks to the Weyl
pseudodifferential calculus, to associate operators to such objects, this shift has
several important advantages, of which we will try, in this introduction, to con-
vince the reader: note that, in the automorphic situation, the word “distribution”
(resp. “function”) will always refer to the theory in R? (resp.II).

First, the two theories are closely related. Given any tempered distribution
G in the plane, define the function ©¢& in II by the equation

)2
(006) (2) = <6, (z,€) — 2 exp <—27r|$hnzf|>> , zell (0.0.1)
Then, & is characterized by its pair of transforms (0,5, ©0:6), wherfe 6, GIis the
Oo-transform of the image of G under the Euler operator 2in€ = x% + 58% + 1.
Moreover, both ©y& and ©;& are automorphic functions if & is an automorphic
distribution.
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Recall that non-holomorphic modular forms (for a given group I') are clas-
sically defined as C'*° automorphic functions which are for some complex number
v in the nullspace of the operator A — 1_4”2, where A = (z — 2)23‘2—22 is the hy-
perbolic Laplacian. A full list of non-holomorphic modular forms is made of the

so-called non-holomorphic Eisenstein series F T together with the mysterious

Hecke eigenforms, a notion slightly more precise than that of (Maass) cusp-forms:
this will be briefly recalled in Chapter 2. Now, for every tempered distribution &,
one has the identity

1
Op (r?€26) = (A — 4) 006. (0.0.2)
It follows that if the distribution & is homogeneous of degree —1 — v for some
v € C, its ©p-transform lies in the nullspace of A — 1_4”2. In particular, if & is

also an automorphic distribution (we say, then, that it is a modular distribution
of degree —1 —v), its Og-transform will be a non-holomorphic modular form. This
does not imply that the theory of modular distributions (in the plane) and that
of non-holomorphic modular forms (in IT) are fully equivalent: the first one is
slightly more precise, since any tempered distribution has the same image, under
Oy, as its symplectic Fourier transform (the symplectic Fourier transformation
is the one, with the right combination of signs in the exponent, that commutes
with the linear action of SL(2,R) in R?, not only that of SO(2)). It is for this
reason that a pair (096, 0;6) of transforms of & is required to characterize it.
One advantage of the concept of automorphic distribution is immediately appar-
ent: one can substitute, for the problem of decomposing any given automorphic
function into non-holomorphic modular forms (integral superpositions of Eisen-
stein series and series of Eisenstein and Hecke eigenforms are generally needed),
the often easier problem of decomposing any given automorphic distribution into
homogeneous components. In other words, spectral decompositions relative to a
first-order, rather than second-order, operator, are now required.

We shall honestly admit that Hilbert space facts, in particular the properties
of self-adjoint operators, are used much more easily in II than in R2. The reason is
that, while there are nice fundamental domains (for instance, {z: |[Re z| < 3, || >
1}) for the action of I' = SL(2,Z) in II, no such thing can exist in R?, since most
orbits are everywhere dense. There does exist an independently defined Hilbert
space substitute L?(T'\R?) for L?(T'\II), but it is by no means so simple to use.
We shall actually rely on the spectral decomposition theorem for the automorphic
Laplacian (the Roelcke-Selberg theorem) to prove something similar, in the plane,
involving the decomposition of sufficiently general automorphic distributions into
modular distributions. In the problems to be tackled here, it is actually better
to stay within a rather general distribution environment, since terms (Eisenstein)
outside what would be the spectral line in a Hilbert space frame will present
themselves too.
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We shall introduce the full collection of modular distributions (for the group
SL(2,7)), to wit Eisenstein distributions &, and Hecke distributions 9N, with-
out appealing to any previous knowledge of automorphic function theory (in II),
in Chapter 1. It is only in Chapter 2 that, after some reminders about non-
holomorphic modular form theory, we shall relate the two kinds of concepts under
Og, more precisely under the pair ©g, ©1. Needless to say, the vocabulary relative
to automorphic distributions (Eisenstein distributions, Hecke distributions) has
been chosen so that, under @y, it should correspond to that in use in automorphic
function theory. But, while ¢, and €_, are the images of each other under the
symplectic Fourier transformation, their images under ©, are proportional since

Ao (2712 Véil,> =1 - I/)El—Tu, with ¢*(s) = 77 2I(£)((s): now, the classi-
cal functional equation of non-holomorphic Eisenstein series says precisely that
C*(1-v)E 1_vis an even function of v. Modular distributions, which are already

globally homogeneous functions of (x,&), can be further decomposed into (non-
automorphic) bihomogeneous functions: this introduces L-function theory at an
early stage of the theory, in a spectral-theoretic role.

In Chapter 3, we present a short introduction to (one-dimensional) pseudod-
ifferential analysis. In the most important pseudodifferential analysis, to wit the
Weyl calculus, tempered distributions & in the plane give rise to operators Op(&)
from S(R) to S’(R): the correspondence is linear and one-to-one, and & is called
the symbol of the operator Op(&). Higher-dimensional pseudodifferential analysis
has been for decades a major tool in partial differential equations, and innumerable
papers, as well as important books [12, 29, 21] have been written on this subject
and its applications. Nevertheless, Chapter 3 is not to be skipped by specialists of
the field, since methods completely foreign to the well-known ones, in particular
regarding the sharp composition of symbols (the operation defined when possible
by the rule Op(&;) Op(&2) = Op(&; # &3)), are necessary here. Another topic
treated in this chapter concerns a relation between the sharp product of symbols
on one side, the pointwise product and Poisson bracket of functions in II on the
other side.

We have arrived at a formulation of the main question addressed in this book:
to develop pseudodifferential analysis when dealing with automorphic symbols
exclusively. However, this program meets with considerable difficulties (which we
regard as solved here), the main one being that two operators with automorphic
symbols cannot, in fact, be composed at all in general. One cannot fail to regret this
state of affairs since (a consequence of the covariance of the Weyl calculus under the
metaplectic representation) operators with automorphic symbols are exactly those
which commute on one hand with the (one-dimensional) Fourier transformation,
on the other hand with the multiplication by the function x ei’””Q, a property
which would be preserved under composition if this operation were possible. We
would then obtain a general formula for the sharp composition & # G4 of any
two modular distributions, expressing it as a sum of explicit integrals and series
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of modular distributions.

In [35], under the pressure of our desire for such a formula, we were led
to define a composition of operators with automorphic symbols in an extremely
weak sense (dubbed the “minimal” sense there): a few words about it will be
useful. Given z € II, define the pair of functions

¢° () = 2%(Im 2;)%671'”29527 ¢t _i(z) = 2%7'(%(1111 z)%x eimza® (0.0.3)

when 2z = 4, these functions are the first two normalized eigenstates of the so-called
harmonic oscillator. For every distribution & € S'(R?), one has

(006) (2) = (62| Op(6)¢?), (©16) (2) = (¢2]Op(&)¢;) - (0.0.4)

It is thus pseudodifferential analysis that led to the construction of the pair ©q, ©1,
but these transformations relate also to the Radon transformation between two
homogeneous spaces of SL(2,R), the simplest case of an extensive theory [11]:
more general transformations, still linked to the Radon transformation, will be in-
dicated in Chapter 3, and will be useful when proving the decomposition theorem
of automorphic distributions. It is true, as already said, that a distribution & is
characterized by its pair of Theta-transforms: but going in the reverse direction
is an extremely discontinuous operation in any useful sense. In [35], we systemat-
ically analyzed automorphic distributions by the exclusive means of their Theta-
transforms. This did not suffice to make the sharp product of any two modular
distributions meaningful, and some other tricks were needed as well [35, p.133].
While we certainly obtained, up to some extent, an explicit sharp-composition
formula for automorphic symbols, we did not reach any understanding of the as-
sociated operators.

In this book, we shall analyze exactly what makes it impossible to compose
two operators with automorphic symbols and what, at best, can remain of this
composition. Just like a non-holomorphic modular form, any modular distribution,
homogeneous of degree —1 — v, admits a Fourier series decomposition: the terms
of this series are distributions h, x(z,&) = |£|717" exp (21’77%) with k € Z. The
question of analyzing the sharp product of any two modular distributions thus
begins with that of analyzing a sharp product such as hy, k, # Ry, k,. This will be
done in Chapter 4, the most technical of the book. The main difficulty originates
from the fact that, in the case when ki + ko = 0, ky # 0, the composition A; Ay of
two operators A; and A with symbols hy,, , and h,, i, does not act from S(R) to
S’'(R), hence does not admit any symbol in the Weyl calculus. However, denoting
as P = ﬁ% and @ (the multiplication by ) the infinitesimal operators of the
Heisenberg representation, one observes that both operators A; A5 P and PA;As
act from S(R) to S’(R), which makes it possible to define in particular, even
when k1 + k2 = 0, the symbol M (h,, k,, Pu, k,) Of the operator 2im [P(A;A42)Q —
Q(A1A2)P]. Our interest in this special combination stems from the fact that, in
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the case when an operator A acts from S(R) to §'(R), hence admits a symbol
h € 8'(R?), the symbol of the operator 2im(PAQ — QAP) is (2in&) h, which is of
course especially useful in automorphic theory since the Euler operator commutes
with the action of SL(2,R).

Then, assuming that |Re (11 £ v2)| < 1, we give an integral decomposition
into functions Az k,+k, of the sharp product h,, r, # hu, i, if k1 4+ k2 # 0, or of
M (huy iy s By iy ) if dispensing with this assumption. This is based on the general
composition formula (quite different from the ones pseudodifferential practition-
ers are familiar with) recalled in Chapter 3, and detailed computations involving
hypergeometric functions. Dispensing with the assumption that |Re (11 £1v5)| < 1
is possible, at the price of replacing the symbol M (hy, iy, hu, ky) by its image
under some polynomial, of Pochhammer’s style, in the operator 2iw€. Different
explanations of this necessity are given: ultimately, it comes down to the fact that,
while the resolvent (2im€ — pu)~1 is well-defined, in the space L?(R?), as soon as
Re p # 0, applying it to the tempered distributions we shall come across here will
be possible only for values of i avoiding a small set of integers.

In Chapter 5, we arrive at what was the major aim of the book (Theorems
5.3.4 and 5.4.1), obtaining in the case of two modular distributions &; and &5 a full
decomposition of M (&1, S2) into modular distributions: we assume in the case of
two Eisenstein distributions €,, and &,, that |Re (v1 £15)| < 1. The various terms
of the decomposition are an integral superposition of the Eisenstein distributions
Eix, A € R, a series of Hecke distributions, finally, in the case of two Eisenstein
distributions only, a sum of 4 exceptional Eisenstein distributions. The coefficients
of the decomposition are quite interesting: they involve repeatedly products of
values of the zeta function and of L-functions, as well as “product L-functions”.
Let us emphasize that this is an exact formula, providing a sophisticated example
of how far composition formulas, in pseudodifferential analysis, may differ from
decompositions into asymptotic series, a rather popular if definitely too narrow
concept: more will be said about this in Sections 3.3 and 7.1.

In Chapter 6, we show that, for any odd eigenstate ¢(2**1) of the harmonic
oscillator 7(P2? + Q2), the distribution Op (€,) $"*V lies in L*(R) if |[Re v| < 1:

the corresponding fact is false if |Re v| > or if we take in place of ¢7+1)

1
27
an even eigenstate ¢(") of the harmonic oscillator. Then, in the odd case,we
extend the formula for M (€, , €,,), at the price of having to insert the extra
factor (2i7€)? — 4, beyond the line Re (v; + v2) = 1. A consequence of the for-
mula obtained will consist in an interpretation of the function |[¢(v)[?, on the
critical line Re v = 1, as the discontinuity of a function of interest, defined on

2
both sides of the critical line. Finally, for 0 < Re v < %, we consider the series

S0 € @Y Op (€,) 27|12, a convergent one for a > 0. With o = Re v,
we show that it is the sum of a main term, the product of '~ by an explicit

constant, and of an error term, in general a O(a~!): the error term is a O(a~2) if
and only if v (which lies on the left of the critical line) is a zero of zeta. Now, it is



6 Introduction

not uncommon to give a characterization of the Riemann hypothesis in terms of a
bound for a certain error term: the best-known example is of course the expression
of the number 7(N) of primes less than some large number N as the sum of the

integral f2N logtdt and of an error term, which is for every ¢ > 0 a O (N %4‘5)

if and only if the Riemann hypothesis holds. But the present characterization of
individual zeros of zeta on the left of the critical line is different: the Riemann
hypothesis, on the contrary, is equivalent here to the fact that a certain error term
is never too small.

After some thought, we decided against fully developing, in a way analogous
to that expounded in the book in the non-holomorphic case, a similar theory in
the holomorphic case. Such a theory exists, and is just as rich in symmetries as
the Weyl calculus together with its satellites. But the metaplectic representation
and Weyl pseudodifferential calculus have to be replaced by the anaplectic rep-
resentation and alternative pseudodifferential analysis, as will be briefly recalled
in Section 7.2. Decompositions of automorphic symbols into holomorphic modular
forms then substitute for decompositions of the type considered in the greater
part of this book. The anaplectic theory, introduced in [38], is very unusual: but,
in a sense to be made precise, there is no room for any other choice, and the
alternative pseudodifferential analysis is the sole possible competitor of the one-
dimensional Weyl calculus, if one wishes to extend the two fundamental covariance
properties of this calculus (under the metaplectic as well as under the Heisenberg
representation). Also, the right-hand side of the alternative sharp composition for-
mula, which is just a series (a convergent one, not a formal or asymptotic one) of
Rankin-Cohen brackets, has met with some popularity recently.

The central point of the present book is that non-commutative algebras of
non-holomorphic modular forms appear naturally in connection with the Weyl
calculus: in the holomorphic case, such algebras appear in connection with alter-
native pseudodifferential analysis. One may thus find it highly unsatisfactory that
arithmeticians should be familiar only with algebras of the second kind, and an-
alysts only with the first-mentioned symbolic calculus. With the purpose, among
others, to make our solution to this dilemma perfectly clear, a small first section
in the last chapter was included for the benefit of people interested in combining
pseudodifferential analysis, or quantization theory, with harmonic analysis and
arithmetic.



Chapter 1

Basic modular distributions

The theory of L-functions is a subject for experts [10, 17], involving deep questions
of algebraic number theory. We make here the simple observation that, defining
in the usual way the L-function of a Maass form from its collection of Fourier
coeflicients, one can also give it in a direct way a natural spectral interpretation.
This demands shifting from modular form theory in the hyperbolic half-plane to
modular distribution theory in the plane and may be an introduction as good as
any to this latter topic.

Consider the distribution 9, on the line, defined as

m
o, (x) = Z x(m)é (az - %) , (1.0.1)
meZ N
where y is a primitive character with conductor N. It is an easy matter ([37, p.
18]: not needed in the sequel) to obtain a decomposition of 9, into homogeneous
components, to wit an integral expression, valid in the weak sense in the space
S’'(R) of tempered distributions,

0 (z) = /00 c(X) |x|€_%_M dX: (1.0.2)

—00

here, ¢ = 0 or 1 is defined so that (—1)°* = x(—1), and one sets |x|8—%—i)\ _

2|~ 2~ (sign2). The coefficient ¢ of the decomposition is found to be

1 1 iA 1
A)=—Ni1i"2 L= —12A 1.0.3
C( ) 271_ (2 Qg ’X> ( )
in terms of the Dirichlet L-function associated to the character y. Defining the
Fourier transformation F by means of the integral kernel e~2"*¥ and using the
equation
1 —i)
F(Z + £ 22 )
1 +i)
F(Z + < 2Z )

F (2l # ) = (—ien® s 2, (1.0.4)

© Springer International Publishing Switzerland 2015 7
A. Unterberger, Pseudodifferential Operators with Automorphic Symbols,
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one obtains from the decomposition (1.0.2),(1.0.3) that the classical functional
equation of Dirichlet L-functions with primitive characters [4, p. 10] or [16, p. 84]
is equivalent to the equation

_ T
F o, = ) 5, (1.0.5)

VN

2imm

where 7(x) is the Gausssum )~ x(m)e ™~ : another expression of the same
identity is the twisted Poisson formula, as to be found in [4, p. 8].

Automorphic distributions in the plane are tempered distributions invariant
under the action of SL(2,Z) by linear changes of coordinates. Modular distribu-
tions are distributions both automorphic and homogeneous of some degree: they
make up the collection of Eisenstein distributions and Hecke distributions. On the
other hand, homogeneous distributions in the plane can be further decomposed
into bihomogeneous components, which are separately homogeneous with respect
to each of the two coordinates of (z,£) € R% A canonical set of such functions
(1.1.22) is denoted as hom;i),: the number —1 + v stands for the global degree of
homogeneity, and p—1 stands for the difference between the degrees of homogene-
ity with respect to x and & separately. We show that the coefficient, with respect to
the family of functions just referred to, of the decomposition into bihomogeneous
components of an Eisenstein distribution or of a Hecke distribution, coincides as a
function of p with the L-function naturally associated to it: in this sense, this de-
composition may thus be regarded as analogous to (1.0.2), (1.0.3), the L-function
of Maass type taking the role previously taken by a Dirichlet L-function. It is only
in Chapter 2 that these concepts will be linked to the more familiar ones, in which
the analysis takes place in the hyperbolic half-plane instead.

1.1 Eisenstein distributions

We need to start this section with a shorthand, the reference to which will be
permanent. We define, when € =0 or 1,

L T
B.(p) = (—i)¢ 7 2W%8), wFe+1le+3,.... (1.1.1)
One has
Bo(1)B.(1 — ) = (—1)° (11.2)
and one may note the relations
¢(p) o1, L1 x)
B =———"— and B =2 1.1.3

if y is the non-trivial Dirichlet character mod 4: the first one (only) will be used
on occasions.
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We use, for power functions, the notation

t]e if £ =0
e =4 o EeT (1.1
|[t|¥sign ¢ ife=1.

The equation

o 1 d.
|t|s ! :_;%|t|1—57 e=0or ]-7 (115)

makes it possible, by induction, to give the left-hand side a meaning as a tempered
distribution on the line provided that v # €, € + 2, .... The function B.(u) is a
necessary factor when dealing with the Fourier transform of (signed or not) power
functions, since one has

o0
/ 5|7 =277 45 — B () |o|“, (1.1.6)
— 00

a semi-convergent integral if 0 < Re p < 1: if this is not the case, the Fourier
transformation in the space of tempered distributions makes it possible to extend
the identity, provided that p # ¢ + 1,6 +3,... and p # —e,—¢ — 2,.... As
functions of p with values in &’(R?), both sides of this equation are holomorphic
in the domain just indicated.

We shall use without further reference, throughout the book, the formula of
complements of the Gamma function, as well as its duplication formula [22, p. 3]

I(2)T(z + %) = (2m)22372°T(22). (1.1.7)

We shall also make use, consistently, of the following asymptotics for the Gamma
function on vertical lines [22, p. 13]

ID(a +iy)| ~ (2m) e W |y|o=5 |y| = oo (1.1.8)

The following lemma will be useful.

Lemma 1.1.1. If -1 <a < —1

5, one has, fort € R*,

, 1
e 1 = . (—1)5/ B.(1—v)|t|Z" dv. (1.1.9)
e e=0,1 Re v=a
Proof. Start from the right-hand side. As |Im v| — oo, it follows from (1.1.1) and
(1.1.8) that the factor B.(1 — 1) is of the order of [Im v|%~ 2, hence integrable if
a < f%. We write

(iFen' 1
2 sin w I(1-v)

B.(1-v)= (1.1.10)
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so as to take advantage of the periodicity of the sine factor, and we move the line
of integration to the line Re v = 1 — 4k with k£ = 1,2,.... The new line integral
goes to zero as k — oo, and one obtains for the right-hand side of (1.1.9) the
expression

% > (=17 “Resym g (B-(1=v)|tZ") — %Resyzo (Bo(1 = w)t| ™).
j=0

e=0,1
(1.1.11)
Now, one has
1 . (_1)j qstet2)
“Res,—_._2; (B:(1 —v)) = (—1)° ~— -
(=i)5(=1)Imatet e (2m)%7+e
= . 1 N T ) (71 . 1
P +)0(5 +e+7) (25 +¢)!
(1.1.12)
Hence, the right-hand side of (1.1.9) is
2mt| T2 in
d iy (-1 |2 J're) — 1=t 1. (1.1.13)
e=0,1 3>0 ‘7 0

One of the nice things about power functions is the way they extend, when
considered as tempered distributions, as meromorphic functions of the exponent in
the full complex plane, as it follows from (1.1.5). This makes it possible to give the
right-hand side of (1.1.9) a meaning under more general conditions regarding a,
provided it is interpreted as an integral convergent in the weak sense in the space
S'(R), i.e, if what is really meant is that the integrand is to be tested against
an arbitrary function in S(R). The first thing to do, to make sure singularities of
the functions v — B.(1 — v) and v + [t|-" are avoided on the line of integration
Re v = q, is to assume that a ¢ Z. Then, the integral automatically converges in
the sense indicated, in view of the identity

NG d\"*
£l d=v) () L2V tF, & =e4 kmod?2: (1.1.14)

TT(l—v+k) \dt

indeed, whatever the value of a ¢ Z, if k > a + % and Re v = a, the distribution

|t|Z"** is a locally summable function while, at the same time, the integral

I'(l1-v) ﬂ/
/Re T —vtky VIt dv (1.1.15)

converges since, as already used in the proof of Lemma 1.1.1, B:(1 — v) is of the
order of [Im v|*~2 as [Im v| — co.
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Lemma 1.1.2. One has, in the weak sense in S'(R),

1 ) e?imt — 1 if —1<a<0,
= DIC L P XEIU R VA S
oo Re v—a e if a > 0.
(1.1.16)
Also,
1 2rt) — 1 if —2 0
— Bo(1— v) |t~ v = { <™ ' SESU
4T Jre vea cos(27t) if a > 0,
and
1 —isin(27t) 4 2imt if —3 -1
L e {Timem s cas
4T JRe v=a —isin(2mt) if a > —1.

(1.1.18)

Proof. The considerations which precede the lemma show that the only thing
needed is to locate the poles and compute residues. Within the half-plane Re v >
—2, the product B.(1—v)[t|-” = F(|t|*"!) hasapoleat v = 0,at v = —1 ife = 1.
According to (1.1.12), one has Res,—oBo(1—v) = 2 and Res,—_1 B1(1—v) = —4inr.
The first part of the lemma follows, and the rest of the lemma is immediate. [

Definition 1.1.3. A distribution & € S'(R?) will be called an automorphic distri-
bution if it is invariant under the action by linear changes of coordinates of the
group I' = SL(2,Z). Tt will be called a modular distribution if, moreover, it is
homogeneous of degree —1 — v for some v € C.

A distribution & is homogeneous of degree —1 — v if and only if it satisfies,
in the distribution sense, the equation 2imr€& = —v &, where the Euler operator
is defined as

0
%imE = x—+£—£+1 (1.1.19)
in terms of the coordinates z,& on R2. An equivalent, somewhat more useful,
characterization is by means of the identity t*"¢& = t~¥&, where the operator
t2'™€ on tempered distributions is defined for ¢ > 0 by the equation

(PG, h) = (&, t7™ER) = (&, t = t T h(t e, t7RE)),  he S(R?). (1.1.20)

Remarks 1.1.1. (i) That we limit ourselves to the case of the group SL(2,Z) is of
course a matter of convenience: definitions would be meaningful in relation to any
arithmetic subgroup I' of SL(2,7Z), while it should not be too difficult to extend
some results to the case of congruence subgroups. The emphasis of this book is
on analysis more than on arithmetic.

(ii) As we wish to give automorphic distribution theory (in the plane) a role
of its own, it is only in the next chapter that we shall relate it to automorphic
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function theory (in the hyperbolic half-plane). The correspondence will not be
absolutely one-to-one, since the first concept is more precise, only slightly so but
in a way which will turn out to be very useful.

Besides the operator 2iw&, consider in the plane the operator

0 0
2int = am o (1.1.21)
The globally even bihomogeneous function
m) (2,8 = 2157 €277, 2 £0,€£0, (1.1.22)

a generalized eigenfunction of the pair (2i7€, 2in&?) for the eigenvalues (v, p—1),
makes sense as a distribution in the plane provided that p+v # —2¢, —2e — 4, ...
and 2—p+v # —2¢, —2e—4,. ... The functions hom/(,f)y withRev =0andRep =1
constitute a set of joint generalized eigenfunctions of the pair of operators £, £*
for the realizations of these as unbounded self-adjoint operators on L2 . (R?).
Observe that hom(a) is homogeneous of degree —1+ v, while &,,, as defined below,
is homogeneous of degree —1 — v. The following easy facts will be used time and
again.

Lemma 1.1.4. The product B.(%5* )hom( ) s an analytic function of p outside

bt %4

the points p =2+ v+ 2,6 v+ 2¢,... (so that the poles of homp 4, of the first
species have disappeared from the product) One has the special values
hom®) _, (2,€) = |e[™7",  homy?, _, (&) = |¢|™7, (1.1.23)

while special residues are
[Res,—bom(?, | (2,6) = 46(2) I, [Res,—s vhom)) | (w,€) = ~4 || ~5(¢).
(1.1.24)

Proof. Most of this is proved by inspection, while the computation of the residues
follows from the identities

2 d v p—v 2 p—v—2 2—p—v
hom®) _ 2 )=—— ( )
) () = == = (el 57— 2 (=15 Ieh

(1.1.25)
considered for p close to v, the first one yields
R © _9 9 (g v
esp=yhom,” | (z,£) =2 . (signz [¢]7"), (1.1.26)

and the second equation furnishes in the same way the second residue. O
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That, with a few exceptions (including the definition of the Weyl calculus
in Chapter 3), we interest ourselves in globally even distributions only is a sim-
plification we could dispense with. However, as will be seen in the next chapter,
no other distributions need be considered as long as, in the hyperbolic half-plane,
we limit our considerations to Maass forms of weight zero (cf. [4, p. 129] for the
definition of more general ones: Maass forms of weight one are linked to auto-
morphic distributions of an odd type in [35, section 18]). Considering only even
distributions will put a desirable limit on the number of parameters necessary in
the composition formula to be developed in Section 3.3.

Definition 1.1.5. If v € C, Re v < —1, we define the Eisenstein distribution &, by
the equation, valid for every h € S(R?),

(QE,,,h)z% > /OO |t|=" h(mt,nt) dt. (1.1.27)

ml+lnl0 7~

It is immediate that the series of integrals converges if Re v < —1, in which
case €, is well defined as a tempered distribution. Obviously, it is SL(2,Z)-
invariant as a distribution, in particular an even distribution (i.e., it vanishes
on odd functions), finally it is homogeneous of degree —1 — v. The relation be-
tween this notion and the classical one of non—holomorphic Eisenstein series will
be recalled in Proposition 2.1.1.

Theorem 1.1.6. As a tempered distribution, &, extends as a meromorphic function
of v € C, whose only poles are at v = +1: these poles are simple, and the residues
of €, there are

Res,—_1¢,=—1 and Res,—1 &, =, (1.1.28)

the unit mass at the origin of R2. Let F¥Y™P be the so-called symplectic Fourier
transformation on S'(R?) (an advantage of which is that it commutes with the ac-
tion of SL(2,R) by linear changes of coordinates, not only that of SO(2)), defined
by the equation

(F h) (2,€) = / hy,m) 271 dy (1.1.29)
R2
then, one has
FSymp ¢, =¢_, for v 75 +1. (1.1.30)

Proof. For the sake of completeness, let us reproduce the proof given in [39, p.
93]. Denote as (€,) . (resp. (€,),) the distribution defined in the same way
as €,, except for the fact that the integral on the line in (1.1.27) is replaced by
the same integral taken from —1 to 1 (resp. on ] — 0o, —1] U [1,00]), and observe

that the distribution (&,), .. extends as an entire function of v. As a consequence
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of Poisson’s formula, one has when Re v < —1 the identity

/ > (FYTPh) (tn, tm) dt = / > th(t T n, T im)dt

(n,m)ez? (n,m)ez?
/ £ > h(tn, tm)dt, (1.1.31)
(n,m)€Z?
from which one obtains that

h(0, 0) n (F™Ph)(0, 0).

Symp — .
<]: (Q—V)res ) h> <(€V)prmc ? h> + ]_ 'y ]_ + 14

(1.1.32)

From this identity, one finds the meromorphic continuation of the function v — &,
including the residues at the two poles, as well as the fact that &, and €_, are
the images of each other under F3Y™P. O

Eisenstein distributions alone already make it possible to decompose some au-
tomorphic distributions into homogeneous components: as a basic example, defin-
ing the Dirac comb ® as

D(x,&) =27 Z d0(x —n)é(& —m), (1.1.33)
[+l %0
one has -
D=2 +/ i dA. (1.1.34)

The short proof [39, p. 95] relies on the decomposition of test functions into ho-
mogeneous components, as will be systematically used later. Starting from (3.2.1)
and using a change of contour, one may write, for any a > 1 and any function

he Seven(Rz)a

h = 1/ h_,dv with h_,(x, &)= i/ t™h(te, t&)dt. (1.1.35)
? JRe v=—a 2w 0
Then
@, ho) = > / tY h(tn, tm) dt (1.1.36)
Im|+|n|0 0
and, using (1.1.27),
1
(D, h) = f/ (€, . h)dv, (1.1.37)
Re v=—a

after which it suffices to move the contour of integration to the line Re v = 0,
using the first equation (1.1.28).

We give now two distinct decompositions of Eisenstein distributions: into
Fourier series, and as integral superpositions of bihomogeneous functions. Both
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kinds of developments will be available too in the case of Hecke distributions, in
the next section. The following was already proved and used in [35, 39], but we
give here a direct proof, staying within automorphic distribution theory (in the

plane). The reason why we consider %QEU, rather than €,, in the next formula, will

be explained in Remarks 1.2.1(v) and 2.1.1(iii).
Theorem 1.1.7. For Re v < 0, v # —1, and h € S(R?), one has [39, p. 93]

%«&,, h) = %C(—v) /Oo it~ (F7Mh) (0,1) dt

— 00

+ % (1) /OO [t]7¥ h(t,0) dt

o0

+% S ou(lnl) /: [t (Fr'h) (% t) dt, (1.1.38)

n#0

where ]-'1_1 denotes the inverse Fourier transform with respect to the first variable
and oy(|n|) = X 1<y, d”. After the power function t — [t|" has been given a
meaning, as a distribution on the line, for p # —1,—3,..., this decomposition is
actually valid for v # +£1, v # 0.

Proof. Isolating the terms with n = 0 in (1.1.27), we write, after a change of
variable,

%<@U,h>: c(1—v) /O:O|t|"h(t,0)dt+i ¥ /Z|t”h(mt,nt)dt

- meZ,n#0 "

((1-v) /jo |t| =" h(t,0) dt
1 OO —v—1 —1 m
1 > /OO | (Fr 'h) (?nt) dt, (1.1.39)

meZ,n#0"

DN | =

DN | =

_|_

where we have used Poisson’s formula at the end. Isolating now the terms such
that m = 0, we obtain

% > /m it (Frth) (?,nt) dt

meZ,n#0 "
=30 [T E O
1 o0 o B m
+4ng¢0/_00 7t (7 () o (1.1.40)

from which the main part of the theorem follows after we have made the change
of variable t +— % in the main term. The last part of the statement uses also the
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fact that the product ¢(—v)[t|7*~! is regular at v = 2,4,... and the product
C(1 —v)|t|™" is regular at v = 3,5,..., thanks to the terlal zeros of zeta: for
instance, the value of the second one at v = 3 is the distribution ¢’(—2)8".

Let us remark also that, even though neither of the first two terms of (1.1.38)
is the image on h of a meaningful distribution when v = 0, their sum is still an
analytic function of v near that point. Indeed, since ¢ ( )= —1 and the residue at
v = 0 of the distribution |¢|7¥~1 = %d— (J€l77) is — & mgnf = —26(¢) (a fact to
be used time and again), the sum ¢(—v) €]~ + (( 1 —v) |z|7¥§() is regular at
v=0. (]

So as to obtain the decomposition of &, into bihomogeneous components,
we first decompose the individual terms of its Fourier series expansion. Fixing v
such that Re v < 0, consider for every n > 1 the distribution &,, such that, for
h € S(R?),

(&, h) = % /_: H () (Fot) + (FR) (=5 t) | at

o0 oo 2
:/ \t|—”—1dt/ h(z,t) cos th dz, (1.1.41)
)

— 00

a superposition of integrals (starting from the right) which can be transformed
into a genuine double integral by means of an integration by parts, to wit

1 2
(G, h) = / i ah@s 1) sin 2% g (1.1.42)
l‘

C2mn

in other words,

omnz 1 Oh <|€|_V i 27Wf> : (1.1.43)

G (x,8) = [§[7" cos = ¢

£ " 2mn Oz
iterating this integration by parts shows that, as a tempered distribution in (z, &),
this is an entire function of v (in contrast to the factor [|7¥~1, only meaningful
for v # 0,2,...). The equation |§|*”*1’%|7” = |z|7#|€]#~V~1, certainly true for
x # 0,& # 0, involves locally summable functions of x,@% in the case when
Rev<0,Repu<landRe (u—v)>0.If Rev <0and 0 < a < 1, one may then
write in the weak sense in S’(R?), in view of (1.1.17), the decomposition

1
dim

Gn(z,§) = /R |7 Bo(1 — p) || 7€ d. (1.1.44)
e u=a

Since the left-hand side is an entire function of v, this remains true, dropping
the assumption that Re v < 0, under the sole assumption, besides the condition
0 <a<1,that a > Re v. Set u = 27§+”, so that the new line of integration is
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Re v = ¢ with ¢ = —2a —|— 2 —|— Re v, the constralnts on ¢ being thus Re v < ¢ <

2 + Re v: noting that |z|“ = |§| PV = (0) ,(z, &), one obtains
1 - N (0)
n=—-—— n 2 Bo(i) hom,” ,dp, Rev <c<2+Rer. (1.1.45)

~ Qi Re p=c 2
Theorem 1.1.8. Assume that —1 < Re v < 1, v # 0. Then, in the weak sense in
S'(R?),

1 —v—1 —v—1 1 —v —v
S €(@,8) = 5 () [lal ™+ I ] 4 2 =) [l 5(6) + 8(a) e~

— 27PTVy PV (0)
8im Jre p=1 () ¢(=5 ) hom, _, (z,§) dp (1.1.46)

One can also, when desirable, replace the line Re p = 1 by any line Re p = ¢
with ¢ > 2 4 |Re v|, provided that one deletes from the right-hand side the terms

3 C(=)[El7" " and 5 ¢(1 = v)|z|75(8).
Proof. We rewrite (1.1.38) as a decomposition

5.6 = L D) € 4 S C =0 ] 6(O) + 5 € () (1.1.47)

and from (1.1.45), assuming that Re v < ¢ < 2 £ Re v (a condition certainly
verified if ¢ = 1),

1 p—v—2 p—
gmain _ Bo(P—Yyn Ld 1.1.48
2 Szwza /ch U (=5~ om), dp. )

We have shown in (1.1.14) in which sense this type of integral is always convergent:
but we must still arrange for summability with respect to n. The product

BO(P— V)hom(o) _ BO(P— V) mp*;fz

5 o, 5 (1.1.49)

contrary to its second factor, is regular at p = v. This makes it possible, in (1.1.48),
to move the line of integration to any line Re p = ¢ with ¢ < £Re v. The right-
hand side of (1.1.48) then becomes a convergent series of integrals, and one has
for p on the new line of integration

S omn T = 3 a(

n>1 d,k>1

=TT 2T )

Using this identity together with the functional equation (1.1.3), one obtains
the weak integral decomposition in S’(R?)

1

1 main _ 2 —p—V p— (0)
3 ey (x,€) = Bin /Re - ¢( 5 ) ¢( 5 ) hom,,” , (z,§) dp, (1.1.51)
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provided that Re p < —|Re v|. What has to be done finally is to move back the
line of integration to the line Re p = 1, paying attention to the poles p of the
integrand such that Re p < 1. The first zeta factor contributes a simple pole at
p = —v, and the factor hom;?zy is singular when p = v,v —4,...: but the simple
poles v —4,v —8,... can be discarded since they are (trivial) zeros of the second
zeta factor. We shall have to add to the new integral obtained the product of the
sum of residues by —2imw. The residue at p = —v is

(=2) ¢(—v) hom®), _ (,€) = —2¢(~v) |27 (1.1.52)
while, as a consequence of (1.1.24) and of the equation ((0) = —3, the residue of
the integrand at p = v is —2¢(1 — v) §(x) |£|7¥. This leads to the decomposition
(1.1.46).

If, as will be helpful later, one wishes to replace the line Re p = 1 by a line
Re p = ¢ with ¢ large, one must take into consideration the poles of the product
((%)homﬁfly with Re p > 1. There is one at p = 2 4+ v because of the first
factor, while the second factor has poles at p = 2 — 1,6 — v,...: but the poles
6 — 1,10 — v,... are killed by zeros of the other zeta factor C(Q =£=2). Finally,
the residues at the only two remaining poles are obtained from an apphcamon of

Lemma 1.1.4, together with the fact that ((0) = —1. O

Remark 1.1.2. Since homp (=& x) = hom2 pﬂ,(m €), the fact that €, is in-
variant under the action of the map (x, &) — (=&, z) remains apparent under the
decomposition: not so the invariance under the action of the matrix (§1). It is
the other way around when the Fourier expansion (1.1.38) is used instead.

Corollary 1.1.9. Theorem 1.1.8 extends to the wvalues of v such that Re v #
—1,Rev#1,5,... andv #0,1,....

Proof. The left-hand side can be continued to values of v distinct from £1. On the
first line of the right-hand side, it suffices to assume that, moreover, v # 0,2, ...
andv # 0, v # 1,3, .... So far as the integrand on the right-hand side is concerned,
it suffices to manage so that one will always have p+v # 0, p— v # 2 (considering
the zeta factors) and p —v # 0,—4,..., 2—p+v # 0,—4,... so that hom( )

should be well-defined: this will be the case for every p on the line Re p = 1
provided that Re v # —1 and Re v # 1,5, .... (|

Remarks 1.1.3. (i) If v lies on one of the lines Re v = —1 or Re v = 1,5,... but
v # +1, a decomposition of &, (z,£) is still possible, only turning slightly around
the point p on the line Re p = 1 responsible for the singularity, and computing a
residue: this is trivial when the singularity originates from a zeta factor, and can
be obtained, when the singularity originates from the factor homﬁ?lu(x, €), from
an application of (1.1.14).
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(ii) It is natural, imitating a definition given for Hecke (rather than Eisen-
stein) distributions later, in Theorem 2.1.2, to set, with by, = k=20, (k),

L(&;(’fu) :Zbk k—? :C(S—%)C(S+g) : (1.1.53)

k>1

then, rewriting (1.1.46) in terms of this function, to wit

S (.6 = 2 () [l 1€ 4 5 1 =) [Jal ™ 6(6) + 6(x) el

1 p—V 2—p 1 (0)
— B L(==2 2¢,) hom®  (x,¢)dp,
5 [ e (B e ) honll e )y

(1.1.54)

it will be seen in the next section that a fully analogous formula holds for Hecke
distributions, except that there are no longer “cuspidal” terms (the analogues, in
modular distribution theory, of the two terms, in the Fourier expansion of non-
holomorphic Eisenstein series, not rapidly decreasing at the cusp of T'\IT). Note
the functional equation

-V 2 — 1 2—p—v 1
Bo(p2 )L<2p,2€y> =Bo(g)L<g,2c€V>, (1.1.55)

a consequence of (1.1.3).

1.2 Hecke distributions

We introduce here Hecke operators acting on automorphic distributions: these
will be related later to the more traditional notion of Hecke operator acting on
automorphic functions.

Definition 1.2.1. Given an automorphic distribution &, we set, for N > 1,

(Td'e by = N3 ad%dw <6, (z, €)= h <dxmb§, \j%» (1.2.1)

bmodd

and
(TS, h) = (&, (2,6) = h(~z, £)). (1.22)

Just as in the automorphic function environment, the linear span of the
Hecke operators T3 with N > 1 makes up an algebra, which is generated, as
such, by the operators TgiSt with p prime. Automorphic distributions which are
left invariant, or change to their negatives, under 745  are said to be of even or
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odd type: this answers the question whether such (globally even) distributions are
separately even or odd with respect to each of the two variables = and &.

In what follows, we consider characters xy on Q*, by which we mean homo-
morphisms from Q* to C*: we do not assume these to be unitary, but tempered,
in the sense that, for some C' > 0, one has

Ix (E)| < |mn|® for every fraction n (1.2.3)
n n

In the usual way, an entire function f is said, below, to be polynomially bounded
in vertical strips if, given a segment [a, b] C R, one has |f(s)| < C(1 + |Im s|)¥
for some pair C, N and all s with a < Re s < b.

Theorem 1.2.2. Given a tempered character x on Q* and A € R, the (even)
distribution =N, ;\ € S'(R?) defined by the equation

_1 m m1min (1 m 2
(‘ﬂ,h>4m%ox<n)/oo|t| (Frn) (B nt) dt, he SE2),
(1.2.4)
satisfies the identity (M, h o (} 1)) = (M, h) for every function h € S(R?). Also,
it is homogeneous of degree —1 — i\. Set x(=1) = (=1) withe = 0 or 1, and
define

—s —s\ 1 - —s
di(s) =Y xmm==[[ @ =xp)p™®) ", a(s)=> (x(n)'n7",
m>1 D n>1
(1.2.5)
two convergent series for Re s large enough. Also, define

L(s,0M) = (s + Z;) P2 (s — Z;) (1.2.6)

and assume that the function s — L(s,0M) extends as an entire function of s,

polynomially bounded in vertical strips. Then, the distribution N admits a decom-
position into bihomogeneous components, given as

1 — i\

N=—— B.(

= L(———,7) hom dﬂ : 1.2.7

9 p,—iA

one can also replace the line Re p =1 by any line Re p = ¢ > 1. It is I'-invariant,
i.e., a modular distribution, if and only if the function

12—\
Li(s,M) = §BE( 5

—s) L(s, M) (1.2.8)
satisfies the functional equation

L(s,M) = (—1)° Li(1 — 5, M). (1.2.9)
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If such is the case, M is of necessity a Hecke distribution, by which is meant that
it is an eigendistribution of the operator Tt for every N = 1,2,... and for
N = —1.

Anticipating the relation, to be made explicit in Chapter 2, between the
automorphic theories available in the plane and in the hyperbolic half-plane, let
us make some points clear right now.

Remarks 1.2.1. (i) In Section 2.1, we shall define a linear map from automorphic
distributions in the plane to automorphic functions in the hyperbolic half-plane:
then, it will be shown that every Hecke eigenform A/, an eigenfunction of A for
the eigenvalue 1%‘2, is the image of some Hecke distribution. The distribution 91
contains more information than the Hecke eigenform N, the knowledge of which
only determines A?, not A. The L-function of N, as defined in a usual way, will be
seen to coincide with the function L(., M) as defined in (1.2.6), Note, on the other
hand, that while Lf(., M) is well-defined by (1.2.8), one could not substitute A
for M there, since this definition depends on A, not only A2. Finally, the functional

equations of the function Lf(.,91) and of the more classical function

i\ )
Li(s, M) = TS £ 228 1 sy (1.2.10)
2 1 2 4
are identical, since
Li(s,M) = (i)™= L*(s, M) (1.2.11)
’ (= -)T(==-)

and the factor of proportionality is invariant under the change of s to 1—s. Still, the
function L#(s, M) contains slightly more information than the function L*(s, 9N)
(the only one available in the modular form environment), and one may simplify

(1.2.7) as
1 2-p ©
=—— LA(==L5,9) h A dp. 1.2.12
47»71- Re p:1 ( 2 ) Omp,—lk p ( )
(ii) On globally even distributions, the partial Fourier transformation F;
relates to the symplectic Fourier transformation by the equation

(FyPF™PR) (&,m) = (Fi'h) (n,€) :
it follows that
]_-symp mx,i/\ — mxfl,—i)\' (1213)

As a consequence of this equation, together with (1.2.5), (1.2.6), one has
L(s, F¥Y™mPN) = L(s,M) for every Hecke distribution 91. Proposition 2.1.1 will
give a better explanation of the fact.

(iii) The pair (A, ) is uniquely determined by 91, but y is not: indeed, as will
be seen below, splitting the set of primes into two disjoint sets and changing the
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function p +— x(p) to p — (x(p))~'p** on one of the two sets (then extending the
modified version of x as a character) does not change the distribution 91.

(iv) As will be seen later as a consequence of (2.1.28) and of the fact that,
in this equation, b, is real, one has for every prime p either |x(p)| =1 or x(p) =
x(p) p~" (whether the first condition always holds is the Ramanujan-Petersson
conjecture): then, it follows from Remark (iii) that, if one sets x1(q) = (¥(q))~!
for g € Q*, one has My, ix = My in.

(v) From (1.1.38), the Eisenstein distribution 3 &;, has, up to two extra terms,
a totally similar Fourier decomposition, taking this time y = 1.

Proof of Theorem 1.2.2. One has
(Frt(hoo (§1))) (s, t) = et (F1h) (s, 1), (1.2.14)

from which the invariance of 91 under (1) follows. However, invariance under
( 5 (1)) will necessitate a condition, similar to the ones occurring in so-called “con-
verse theorems”. Before analyzing it, let us observe, starting from the identity
(r*"€h) (z, £) = r h(rz, r), that, for r > 0, one has

(FIL (127 R)) (%’ nt) — (F7'h) (%, rnt) : (1.2.15)

after a change of variable ¢ — r~!t in the integral (1.2.4) defining (M, r2™€h), one
obtains that this coincides with 7** (0, h): in other words, ¢ is homogeneous of
degree —1 — ¢\. Another obvious point is the identity 9(—z, &) = x(—1) N(x, &).

We now turn to the question of decomposing 91 into bihomogeneous compo-
nents. One may rewrite (1.2.4) as

(M, h) :i > o(k) /oo t| 71 (Fr M) (lz t) dt, (1.2.16)

kezx -

setting . N )
o) =" x(;) Inf*, kez (1.2.17)

mn=~k

(note that ¢(1) = 2). Permuting m and n, one sees that ¢ is unchanged if x is
changed to x1, with x1(s) = x (s‘l) |s|**: this justifies a remark made above,
since we could also split the set of primes into two subsets and perform the change
X — x1 only on rational numbers which are products of powers of primes of the
first category, leaving the other factor unchanged.

The case when ¢ = 0 can be treated in a way quite similar to the one
used toward the decomposition into bihomogeneous components of the distribution
% Eran - as done in the proof of Theorem 1.1.8: only, we must replace v by ¢\ and



1.2. Hecke distributions 23

p—v—2

o,(k) by % ¢(k). Then, ZnZIUV(n)n+, as computed in (1.1.50), must be

replaced by
ir—2 2—p+iX 2—p—il
— <p2) ™ (g) (1.2.18)

1

5 2 Ok k
E>1

(a convergent series when —Re p is large because the character x is tempered),

and (1.1.51) becomes now

N(x, £)
1 pmir=1 I‘(2 p-&-zA) 2— p+7,)\ —p—i) ©
Sir 4 % 1/} 1/}2 hom i xé’
817‘1’ Re p=c P(p4>\) 1( ) ( 9 ) A( )
1 p— 1A 2—0p 0)
"~ 8iT JRe p_lj()( 2 ) L(—5=,9) hom, ” ;,(z,£) dp. (1.2.19)

The change of contour from Re p = ¢ (with —c large) to Re p = 1 does not require,
this time, computing any residue, since the function L(.,91) is entire, while the
factor By(£5= z)‘) kills the poles of the distribution hom( ) Ty at p =i\ —4,.

we shall examine later the change of contour to a line Re p=c>1

Some changes are necessary when ¢ = 1, replacing the study of the distribu-
tion &,, in (1.1.41) by that of the distribution such that

(&, ,h) = % /OO |t] A1 [(]—‘ 'h) ( ) — (F7'h) (—% t)} dt

:i/_ €]~ 1d§/ h(z, &) sm%%dx, (1.2.20)

in other words
2mnx

£

the only difference with the preceding case is that one must apply (1.1.18) in place
of (1.1.17). The decomposition (1.2.7) is proved, whether £ = 0 or 1.

S, (z,8) =il¢|~"Psin (1.2.21)

Since
hom7) (€, ) = (~1)°hom§” (z,€), (1.2.22)

that the functional equation (1.2.9) is equivalent to the identity M(—¢, x) = N(x, &)
follows from the decomposition.

Whether ¢ = 0 or 1, we verify now that the line Re p = 1 can be changed to
Re p = ¢ > 1. The poles of B (&5 Z’\) to be taken care of are simple, at the points
2+ 2e 41\ 64 2c+ i), ...: but let us recall [4, p. 107] that not only the function
L(s,M) is entire, but so is the function L*(s,M) in (1.2.10), one of the two extra

factors defining it being I'(££= + %) Dividing by this factor, evaluated at s = %Tp,




24 Chapter 1. Basic modular distributions

p—iA

precisely kills the poles of B.(#5=) under consideration. On the other hand, the
poles of homéjpﬁi)\ to be taken care of are at p = 24+ 2 — i\, 6 4+ 26 — i), .. .:

they are killed with the help of the other factor (I'(3f — %))_1 present if using
the entire function L*(s,91) in place of L(s, ).

What remains to be done is to show that 91 changes, for every integer NV > 1,
to a multiple, under the operator T¢*. For N > 1, one has (with d > 0)

(4038 (5 5) e
=d ' (F7'h) (ﬁvs, ;%) exp (2mbd‘9t) , (1.2.23)

so that
1 m
dlst _ e
m, n#0
& mn N t
3 d—l/ |1 2 (Fr ) £T, ) ar. (1.2.24)
. it IN
ad=N, d>0
b mod d

After a change of variable ¢ — T\/f t, one finds

i\
dis 1 m - =
mrn =3 3 () X TR
m, n#0 ad=N,d>0
b mod d

e2im ™ / |71 (Frth) (9@ t) dt. (1.2.25)

It is sufficient to examine further the case when N coincides with a prime
number p: then, one can have (a =1, d = p, b modp) or (a=p,d=1,b=0). In
the first case, one has }, 2™ — 0if p does not divide mn, and the same sum
is p if p| mn. In the second case, this sum reduces to 1. Hence, (1.2.25) simplifies

as
<Td1stm h Z ak/ |t| 1—iX 1h) <k )dt7 (1226)
keZx*
with
a= 3 1M (T)+ X mvEPx(T)
mn=pk pmn=k

—p % o(pk) +p7 6 (’;) , (1.2.27)
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with the convention that ¢(k) = 0 unless k € Z*. Given any integer k # 0, one
has

{(m, n): mn = pk} = {(pm1, n): mn =k} U {(m, pn1): mny =k}, (1.2.28)

not a disjoint union if p| k: the two sets intersect along the set {(pm1, pni): min; =
%}, which leads to the equation

o(pk) = [x(0) + 0 x(p™") ] 6(k) —p™ ¢ (i) . kezx (1.2.29)

It follows that

m‘;

_iA i k _ i _
o) 4% (5) = [ p ] 0. (1230)
Coupling this equation with the pair of equations (1.2.26), (1.2.27), one obtains
the equation
Tt = [x(p)p? +x e | (1.2:31)
proving that 91 is indeed a Hecke eigenform if it is automorphic (i.e., invariant
under (Pl (1))) This completes the proof of Theorem 1.2.2. O

Let us sum up the main results of the chapter just concluded as follows.
Modular distributions, either of Eisenstein or of Hecke type, can be defined in
the plane without appealing to a previously defined notion of non-holomorphic
modular form: the relation between the two species of notions will be treated in
the next chapter. Each modular distribution admits two types of expansions. First,
the “Fourier series” expansion, to wit ((1.1.38) and (1.2.4))

1
3 (@ &) =5 ((=v) e
k
+ % C(1—v) |2 778(€) + %Z o ([kl) €]~ exp <2m€x) :
k0
N(z, &) =% Sy (%) €7 exp (mmgx). (1.2.32)
m, n#0

On the other hand, according to Theorem 1.1.8 and Theorem 1.2.2 (or (1.2.12)),
every modular distribution admits a continuous expansion (up to the addition of
a few special terms in the case of Eisenstein distributions) into bihomogeneous
functions, the coefficient of which is provided by the L-function relative to the
given modular distribution.

Let us set hy, 4(2,&) = |€|71=7€?™ € | a symbol the analysis of which (with an
emphasis on sharp products of such) will keep us busy throughout Chapter 4. The
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functions h,, , with ¢ € Z* are the basic terms of expansions (1.2.32) into Fourier
series. They are linked to bihomogeneous functions by the pair of formulas

2—p—v p+v

2

<1,

(1.2.33)
as it follows from (1.1.6), while, from Lemma 1.1.1, if ¢ # 0, @ > 0 and ¢ # 0,

homﬁfl)/ = B ( ) / |Q|sip2whu—1,qdq, Rev > 0,0 <Re

— 00

1 e
hog(@,€) = — > (~1)° / B.(1—p)glz#hom?,y 1y (2,€) dp,

dim e—on Re p=a
(1.2.34)
which can be rewritten in the following form, more immediately comparable to
(1.1.46) and (1.2.7):if ¢ # 0, b < Re v + 2 and z£ # 0,

p—v

1 € p—v 272 ()
s 2= D ; st( 5 )lale * hom,”,(z,£)dp. (1.2.35)
e=0,1 € p=

hoq(2, &) =



Chapter 2

From the plane to the half-plane

This chapter provides a dictionary from automorphic distribution theory (in the
plane) to automorphic function theory (in the hyperbolic half-plane). More pre-
cisely, one defines, with the help of the so-called dual Radon transformation, a
linear operator © = (0g, ©1) from automorphic distributions to pairs of automor-
phic functions: a two-component operator is needed because two distributions in
the plane which are images of each other under the symplectic Fourier transforma-
tion have the same image under ©y. We show that the ©¢-transforms of Eisenstein,
or Hecke, distributions are Eisenstein, or Maass-Hecke modular forms, and that
the notions of L-functions defined in the two environments are fully coherent.

We also transfer (non-automorphic) bihomogeneous functions, which leads

to further decompositions of Eisenstein or Maass-Hecke modular forms. There,

new functions F,SE,B or, with a different normalization, @2‘??,, show up: v enters the

(generalized) eigenvalue 1_4"2 relative to the modular Laplacian A, while p is an

eigenvalue associated to the operator

Eul! = % (za + za) : (2.0.1)

The functions Fp@ are much more complicated than the distributions in the plane
they originate from: the quite simple spectral-theoretic role of L-functions in au-
tomorphic distribution theory does not stay so simple in the automorphic function
environment.

On the other hand, these functions led in [39, chap. 4] to the construction of
a new class of automorphic functions in the hyperbolic half-plane with interesting
singularities on the set of lines congruent to the line (0, ic0), a task briefly imple-
mented in the last section of this chapter for the sake of completeness: only the
case of functions invariant under the symmetry z — —Zz had been considered in
the given reference. Disregarding completely Sections 2.2 and 2.3 would not harm
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understanding the rest of the book. But Section 2.1 and the notation, relating
Hecke distributions and Hecke eigenforms, introduced there, is essential for the
sequel.

2.1 Modular distributions and non-holomorphic
modular forms

With the exception of Theorem 2.1.2 below (a converse of Theorem 1.2.2), all
non classical facts in this section needed in this book have been detailed in [34]
and, with a refreshed proof, in Sections 2.1 and 3.1 of [39]. Before dealing with
the automorphic situation, we relate general analysis on the plane to that on the
hyperbolic half-plane II.

Recall that the standard Iwasawa decomposition NAK of G = SL(2,R)
involves the subgroup K = SO(2) and the subgroups N and A consisting respec-
tively of all matrices (§ %) with b € R and (§ a91 ) with a > 0; one considers also
the group M consisting of the two matrices + (§ 9). The homogeneous space G/ K
can be identified with the half-plane II with base-point ¢ since K is the subgroup
of G leaving this point fixed. The generic point (z,¢) of R?\{0}, regarded as the
left column of the matrix g = (2 2), can be identified with the class g/N: further
dividing by M, we may regard G/M N as the quotient of the former space by the
equivalence (z,&) ~ (—x, —=£), so that functions on G/M N become exactly even
functions in R2.

The dual Radon transform V* — a concept which can be defined and studied
in considerable generality [11] — is the map from continuous even functions in R?
to functions on II defined as

(V) (g.1) = /K h((gk) . (1)) dk (2.1.1)

1
or, making the choice g = ( Y 21:”),
0 y 2

I 3cos & —zy 7 sin
(V*h)(z + iy) = g/o h (i (y Cos_z_;siyn o 2)) do.  (2.1.2)
2

In other words, (V*h)(i) = (do;, h) if do; is the rotation-invariant measure on the
unit circle with total mass 1; more generally, (V*h)(z) = (do.,h) if do, is the

2
measure supported in the ellipse {(z,&): ‘wI;nZEZ‘ = 1} (one irritant is that one
cannot use simultaneously the coordinates z,¢ in R? and z + 4y in II), invariant
under the group of linear transformations preserving this ellipse and with total

mass 1.
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The Radon transform V', which will be useful later as well, works in the
other direction, from functions f on II to even functions on R?: it is defined by
the equation

(V)g- / f((gn).i)dn, (2.1.3)
with dn = dbif n = (}%). Recall that the hyperbolic distance d on II is SL(2 R)-
invariant and characterized as such by its special case cosh d(z,i) = ;H ® The

integral is convergent, yielding a continuous function V f if, say,
|f(2)| < C (cosh d(3, z))—%—s

for some & > 0: indeed, when g = (g a91 ), it is immediate that 2 coshd(i, (gn) . )

= a"2+a?(1+b?), a formula which remains true if g is replaced by kg with k € K.
Explicitly, completing if = # 0 the column (¢ ) into the matrix (ag mgl ), one has

(VHE(E) = i/_o;f (M) db, x#0. (2.1.4)

One pair of transformations, working in the same direction as V*, will be
of considerable interest in this book. It is the pair (©¢,©;) of maps from even
functions, or even tempered distributions on R2, to functions on II, defined by the
equations

|z — 2 ¢

(09 6)(z) = <6, (2,€) > 2 exp (—27r - >> . 0,6 =0, (2rES).

(2.1.5)
This pair of operators has a useful interpretation in terms of pseudodifferential
analysis and of the canonical set of coherent states of the metaplectic represen-
tation, and the same is true of its adjoint: we shall come back to it in the next
chapter. What we need to know about is the (immediate) covariance of this pair
of maps, to wit the pair of relations
0,(609)=(0,6)09, geG, k=01, (2.1.6)
in which g = (2%) € G = SL(2,R) acts on I by means of the equation (2}) .z =
‘CIZZIZ, on R? by means of the equation (“ b) (§) = (g:fisg ) Also, recalling that
we have already defined, in (1.1.19), the Euler operator 2i7& on R?, we need the
fundamental transfer property expressed by the equation

m z

0, (1?£%6) = (A - i) 0,6, (2.1.7)

020%
identity can be written as

(oo ;) ko) = (8- 7) klo (2.18)

with A = (z — 2)? = 2 (86—; + 3%22) if z = x +4y. Setting p = I”” 25‘ , this
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for every C? function k: the calculation of the right-hand side presents no difficulty
since, taking advantage of the invariance of both operators involved under the
appropriate actions of G, one may assume that (z,&) = (1,0), so that p = (Im z) 1.

The operator &€ is essentially self-adjoint on L?(R?) (i.e., it admits a unique
self-adjoint extension) if given the initial domain C§°(R?\{0}). This makes it pos-
sible to define, in the spectral-theoretic sense, functions of £. The map ©¢ connects
to the dual Radon transformation by the equation

w 1
Qg = V* (2m)2 71" (2 + z‘ms) : (2.1.9)

To prove this, one first decomposes the function i € Seven(R?) the two sides of
(2.1.9) are to be tested on into homogeneous components h;y, as will be done in
(3.2.1), after which, performing a change of variable in Euler’s integral formula for
the Gamma function (details are given in [39, p.52] if so desired), one obtains

©0hi)() = @07 1= [ b, o) (

2 -

|z — 2]
Im z

)2 drde.  (2.1.10)

On the other hand, the operator (2r)2 =" T (3 +147wE) acts on h;y as multiplica-
tion by the scalar (27) H;AF(%). Temporarily denoting z as z = z’ + iy, one

writes, with the help of (3.2.1) and (2.1.2),

1 0 fy—% i 0
1 2m Sl t(y2cosf—xy zsmf)
(V*hiy) (2) = 72/ do/ t R S 2 dt -
4= Jo 0 t (—y‘i sin g)

(2.1.11)

then, one performs the change of variables defined by the equations

0 0 0

r=t (yé cos —x'yésin2> , &=t (—yésin2> , (2.1.12)

so that t? = % and dz d¢ = tdt df. The identity (2.1.9) follows.

Let G be the rescaled version of the symplectic Fourier transformation (1.1.29)
defined on L*(R?) (next on S'(R?)) as G = 227 Fsymp — 9in€ psympo—inf 'j o

(G 5.9 =2 [ b)) dy (2.1.13)
R2
One then has the identities
©(G6)=606, ©,(G6)=-6,6. (2.1.14)

If & € 8,.,(R?), the image of & under Oy (resp. ©1) characterizes the part

of & invariant (resp. changing to its negative) under G. The proof of this fact,
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fundamental for our purposes, is to be postponed to the end of Section 3.1, after
we have related the transforms Oy and ©; to pseudodifferential analysis:

We can now consider the automorphic situation, recalling that a tempered
distribution & is automorphic if it is invariant under the action of the group
I' = SL(2,Z) by linear changes of coordinates. Because of the covariance formula
(2.1.6), its ©-transform will consist of a pair of automorphic functions in II. A
modular distribution is an automorphic distribution homogeneous of some degree
—1 —v. As a consequence of (2.1.7), its ©p-transform is a (possibly generalized)
eigenfunction of A for the eigenvalue %, in other words a non-holomorphic
modular form; so is its ©;-transform, but no novel information is carried by it if
v (not only v?) is known. Note, in view of the first equation (2.1.14) and of the
identity G(2in€) = (—2iw€)G, that two modular distributions, one the image of the
other under G, have the same ©p-transform, and that their degrees of homogeneity
are then —1 — v and —1 + v for some v.

We make all this explicit, for which we need to give a crash course on au-
tomorphic function theory in II, limiting ourselves to what is absolutely needed
in the sequel. Very nice presentations of this theory (accessible to non-experts,
including the present author) are to be found in [4, 14, 16] and elsewhere. The
first thing to recall is that it is useful to complete the Riemann zeta function

((s) = >_,51 n° (a convergent series if Re s > 1) as the function
* _s S
¢s) =m2 I(5) C(s), (2.1.15)

which extends as a meromorphic function in the entire plane, the only poles of
which lie at 1 and 0 and are simple: moreover, it satisfies the fundamental func-
tional equation (*(s) = {*(1 — s). A great bulk of non-holomorphic modular form
theory is made up of the so-called Eisenstein series. If Re v < —1, the series

1 |mz — n|? =
FEi. = — _ 2.1.1
wt=; ¥ (M) (2.1.16)

m,n€”z
(m,n)=1

(where (m,n) denotes the g.c.d. of the pair m,n) is convergent and its sum is a

non-holomorphic modular form for the eigenvalue 1=*~. It is periodic of period 1,
and the function
’{%(2) =({1-v) El;zu(z) (2.1.17)

admits the Fourier series expansion (with respect to © = Re z)

2

* 1—v * 1+ zﬂ'w
=CA-v)y T +CA+v)y T +2yF > kT o (k) Ky (27 [k|y) e
k0

(2.1.18)
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with o, (|k]) = 321 <4/ d”: this provides its analytic continuation as a function of

V.
An easy separation of variables relative to the operator A shows that every
2
generalized eigenfunction of A for the eigenvalue 1;” , periodic of period 1 with
respect to £ = Re z, admits a Fourier expansion of the kind

fariy) =ary = tasy T 42y by 2 Ky (2 |kly),  (2.1.19)
k=0

unless it is far from being bounded, as y — 0o, by some power of 1+ (in which case
one would have to substitute for K'» another linear combination of the functions
Ii% )

We now introduce the standard fundamental domain D of T', consisting of
all points z € II with —1 < Re z < % and [z > 1: it satisfies the property
that no two distinct points of D are congruent under T' (i.e., the images of each
other under some transformation in I'), while every point of II is congruent to
at least one point in the topological closure of D. Outside a set of measure zero,
an automorphic function is then characterized by its restriction to D: using in
II the invariant measure dm(x + iy) = y~2dx dy, one may then introduce the
Hilbert space, denoted as L?(T'\II), which is just L?(D,dm) in terms of these
restrictions. Standard Hilbert space techniques then show that there exists an
at most — an adverb which can be dispensed with thanks to Selberg’s trace
formula — countable set of linearly independent modular forms (the so-called
Maass forms), which satisfy the property (not shared by Eisenstein series) that
they are rapidly decreasing as y = Im z — oo, in a way uniform with respect to
x = Re z: in other words, the first two coefficients a; and a_ are zero. As can
be seen, v must be pure imaginary: one usually sets v = i\ with, say, A > 0, or
v = i)\, since the possible A’s make up a sequence going to oo. It is not known
whether (in the case of I', the only discrete group under consideration here) there

may exist linearly independent Maass forms corresponding to the same eigenvalue
1422
-

A much clearer picture emerges after one has introduced the so-called Hecke

operators T, N > 1, defined by the equation

(Inf)(z)=N"2 Y f(“ZJ[’); (2.1.20)

ad=N,d>0
b modd

they can be shown to commute pairwise, while commuting with A and with the
parity operator T_; defined by the equation (T_;f)(z) = f(—%). One has the
fundamental formal relation between Dirichlet series

S NecTv= [ (t-p T +p) 7, (2.1.21)

N2>1 p prime
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a compact form of an infinite set of polynomial relations among the Hecke opera-
tors. Maass forms which are joint eigenfunctions of all Hecke operators (including

T_1) are called Hecke eigenforms. Just as A, the Hecke operators are self-adjoint
1+22

in the space L?(I'\IT). Consider a true eigenvalue of A, to wit one for which
some Maass forms do exist. Then, standard Hilbert space methods (the theory
of commuting families of compact self-adjoint operators) show that there exists a
finite family (M, ¢), o, ., where & is an r-dependent finite number, of Hecke eigen-
forms making up an orthonormal basis of the eigenspace of A corresponding to
the given eigenvalue. Another normalization of Hecke eigenforms (to be referred
to as Hecke’s normalization) is very useful: it is the one for which one substi-
tutes for M, ; the proportional Hecke eigenform N, , such that the coefficient by
from its Fourier expansion (2.1.19) is 1: then, one has the collection of identities
TNJ\/'M = by NM~ Again, a self-adjointness argument shows that all coefficients
by, of such a Hecke eigenform must be real numbers.

The spectral theorem relative to a certain natural self-adjoint realization
of the operator A in L?(T'\II), together with the collection of Hecke operators,
makes it possible to show that every automorphic function f € L?(I'\II) admits a
so-called Roelcke-Selberg expansion, to wit a decomposition of the kind

f(z) =%+ % /Oo ) Ero (2)dA+) ) @7 Myy(2). (2.1.22)

r>1 ¢

In Chapter 5, we shall prove an analogous expansion for a large class of automor-
phic distributions. What is much harder to prove, at least in the case of automor-
phic functions invariant under the map z — —Zz (it requires using the so-called

2
Selberg’s trace formula), is that there does exist an infinite sequence (12’\"')
r>1

of true eigenvalues of A. Note that Eisenstein series, as defined for general values
of v by their expansion (2.1.18), can never be true eigenfunctions of A, in that
they never lie in L?(I"\A) (as seen by an application of Hadamard’s theorem that
¢(s) has no zero on the line Re s = 0, while one trivially has {(s) # 0 for Re s > 1
in view of the Euler product expansion ({(s))~! = [, prime (1 —=27%)).

The following proposition establishes the link between modular distribution
theory and non-holomorphic modular form theory. Before stating it, we define the
rescaled version of a tempered distribution G as G'%¢ = 273 HTEGS: the operator
G is the conjugate of the operator F*¥™P under the rescaling operator. In par-
ticular, €*5¢ = 2 =5 €, . The rescaling operator cannot be dispensed with when
interested in the Weyl calculus, since the “most natural” one and two-dimensional
Gaussian functions in this context are z — 2%e~™" and (z,8) — 2 e 2m(@*+¢%),

the second one (the symbol of the operator of orthogonal projection on the first

one) is the rescaled version of 2 e~(@*+6%) There are also reasons of elementary al-
gebraic number theory leading to the same two types of normalization of Gaussian
functions [20, p. 282].
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Proposition 2.1.1. For every v € C, v # +1, one has Oy (E1*°) = E’I,TV Next, let

N be a cusp-form with the Fourier expansion

N(x+iy) =y> > b Ko (27 k] y) ¥ (2.1.23)
k0

this only defines the number \? and, choosing A = VA2, we define a pair (M) of
distributions in the plane by setting, for h € S(R?),

My, h Z k| / |7 (FMh) <’z t> dt. (2.1.24)

k;éO

The distribution Ny is a modular distribution, homogeneous of degree —1Fi\. The
two distributions are related by the identity F>Y™P Ny = N-. The O-transform of
the rescaled version ML° is given by the equation

(€0 ME*) (2) = N (2). (2.1.25)

Proof. In view of the (similar) Fourier expansions (1.2.32) and (1.2.4) of Eisenstein
and Hecke distributions, the statement reduces to the results of computations

involving the functions h, x(z,£) = |£|717" exp (2i7r§>: these will be given (in a

slightly more general version) in (4.1.2) and (4.6.3). O

Remarks 2.1.1. (i) From (1.1.30), one has G&[*¢ = &' the invariance of the
function Ef_, under the change of v to —v, which follows then from (2.1.14), can

2
also be seen from the Fourier expansion (2.1.18). In the same way, the modular
distributions D¢ are G-related and have the same ©p-transform.

2
(ii) While, as indicated above, we denote as (Hz‘r> N the increasing se-
r>1

quence of true eigenvalues of the automorphic Laplacian and, for each r, we denote
as (N,¢) , the finite associated set (unique up to permutation) of Hecke eigenforms,
normalized in Hecke’s way, the following slight change is necessary when dealing
with modular distributions: with the same convention about (r,¢), and given a
Hecke eigenform N = Nr,e, we now denote as 9, (resp. M_, ) the modular
distribution (a Hecke distribution as will be seen presently) defined as 914 (resp.
MN_) by (2.1.24). In other words, a proper “total” set of Hecke distributions will
then be the set (‘IIM)M where, this time, the condition on r is r # 0. We shall
always assume that, for » > 1, ), is the positive square root of A2, and it will be
convenient to set A_, = —\,. so that, whether » > 1 or » < —1, one should always

have
—1—iX —1 k
/ It] " (Frth) (t,t) dt. (2.1.26)

< Tla

k;eo
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A clear understanding of the relation between the collection (N, ), of Hecke
eigenforms and the collection (9, ¢), ., . of Hecke distributions will be necessary
in Chapter 5.

(iii) The coefficient by in the series (2.1.23) for N is normalized (in Hecke’s
way, not in any Hilbert sense) to the value 1: making the same choice in the
Eisenstein case leads (2.1.18) to considering $F;_, as the correctly normalized

2
Eisenstein series. Finally, looking at the first sentence in Proposition 2.1.1, it is
%@V that ought to be considered as normalized in Hecke’s way.

We prove now a fact announced in Remark 1.2.1 (i) following Theorem 1.2.2,
to some extent a converse of that theorem.

Theorem 2.1.2. Every Hecke eigenform N with the Fourier expansion (2.1.23),
normalized so that the coefficient by is 1, coincides, for some choice of x, with
the image under ©¢ of the rescaled version of the Hecke distribution D = M,
as defined in Theorem 1.2.2. Setting when Re s is large, as is usual, L(s,N') =
Dkt Z—’;, one has L(s,N') = L(s,0M). Recall that, with e =0 or 1 according to the
parity of N under the map z — —Z, one sets

s+¢e A s+¢e A

— — —) L 2.1.27

obtaining as a result the identity L*(s, N') = (—=1)°L*(1 — s, N).

L*(s, N) =7 I(

Proof. In this direction, we start from a Hecke eigenform A/, normalized in the
way indicated and, defining 9 = 9 according to Proposition 2.1.1, our problem
is showing that 91 coincides for some choice of (x,iA) with the Hecke distribution
My.ix as defined by means of Theorem 1.2.2. First define e = 0 or 1 according to
the choice made in the statement of the theorem: then, b_; = (—1)%b;. On the
other hand, for every prime p, let 6, be any of the two roots of the equation

02 — by, +1=0. (2.1.28)
Denote as o the collection of data

0= {Ea i/\, (ap)pprime }7 (2129)

where ) is any of the two square roots of A\?. To each such set o of spectral data,
one associates in a one-to-one way the pair (, i), where the character x on Q*
is defined by the set of conditions

X(p) =p% 0, x(£1)=(-1)°: (2.1.30)

it is quite well-known that y, so defined, is a tempered character. The corre-
spondence o — My iz, or (x,i\) — M, ;x, introduced in Theorem 1.2.2, is not
one-to-one because, besides ¢ and A, only the set of sums 6, + 6 I is needed to
define M, ;», as it follows from (1.2.16), (1.2.17).
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We now prove that, with 91 as defined above, one has the identity (1.2.4),
here recalled:

N, h) :i 3 x (%) /m [t~ (£ ) (% mf) dt, he S(R).
m, n#0
(2.1.31)
To do so, let us rewrite the set of Fourier coefficients by in terms first of o,
next of the pair (i), x), relying on Hecke’s theory: the computation reduces to
that of b for k > 1. One has T, N' = by V. On the other hand, one has the formal
identity (2.1.21) between Dirichlet series: applying the operator there to N and

using (2.1.28), one has

U | L R

k>1 P

=[IC+p 0 +p >0 +..) A+p 0, +p 20,2 +..). (21.32)
p

The number by, which is the coefficient of £~° in the right-hand side, can thus be
written, if k = Hp pr, as

p o, 8p>0 r+s=j P

rp+Sp=Jp

if, in the last expression, one sets j = (ja, j3, J5, - .. ) and one considers similarly
defined vectors r and s with non-negative coordinates, indexed by the set of primes.
To each pair (r, s), associate the pair (m, n) of positive integers m = Hp pr, =
Hp p°?, so that k = mn, an arbitrary decomposition of k > 1 as a product of two
integers > 1. Defining the character 6 on Q} by the equation 6(p) = 6, for all p,
one can thus write (2.1.33) as

—1 m
= = — > . . .
b= > 6(m)6(n) 3 o(n) k>1 (2.1.34)
m,n>1 m,n>1
mn=k mn=k
Then, for any k € Z*,
(2N - s o . e (2N m
k1% b= [l by = 7 (signk)® fmnl T 0 (|2)
m,n>1
mn=|k|
1 2 [ 2 o
=7 X ImlE o(ml) x [ [[nlZ 0(n]) |
m, n#0

mn=k
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- i S I x (%) . (2.1.35)

m, n#0
mn=~k
Hence,
1 m ix [ —1min (o1 mn .
=7 D x (g) In| /700 1t (F7'h) (T t) dt: (2.1.36)
m, n#0
performing the change of variable t — nt, we are done. (]

Remarks 2.1.2. (i) Recall that the Hecke eigenform A is said to satisfy the Ra-
manujan-Petersson conjecture if |6,| = 1 for every prime p, in other words if x is
unitary.

(ii) That the Hecke operator T (acting on non-holomorphic modular forms),
as defined in (2.1.20), is the transfer under ©¢ of the operator TE* (acting on
automorphic distributions) in (1.2.1) is easy: nothing more than relating the two
actions (by linear or fractional-linear transformations) of the group G is needed.

(iii) Eisenstein series are of course not cusp-forms: however, Eisenstein dis-
tributions can be recovered in the same way, with the exception of the first two
terms of its decomposition (1.1.38). We start from the Fourier series expansion
(2.1.18), both sides of which have been multiplied by % for proper normalization,
so that the coefficient b, taken from this expansion should be 1. Following the
construction in the proof which precedes, one sees that ¢ = 0 and that, for k > 1,
one has by = k=% o, (k). In particular, for any prime p, one has b, = p~% (1+p¥),
so that 6, = p~% is one solution of equation (2.1.28). Any corresponding charac-
ter x is trivial on p. This leads to the main part of the expansion (1.1.38) of the
Eisenstein distribution % ¢,.

Even though it is natural to put less emphasis on Hilbert space methods
in the automorphic distribution environment than in the automorphic function
(in II) environment, there is a perfectly natural Hilbert space L?(I'\R?), despite
the fact that there is no fundamental domain for the action by linear changes of
coordinates of " in R? (most orbits are dense). This will be recalled at the end of
Section 3.2. The decomposition of rather general automorphic distributions into
their homogeneous components (the analogue of the Roelcke-Selberg theory) will
be treated in Section 5.1.

2.2 Bihomogeneous functions and joint eigenfunctions
of (A, Eul")

N.B. The present section and the one which follows are not required for further
reading.
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However, the question of how bihomogeneous functions in the plane transfer
to the half-plane is a natural one. Theorems 2.2.4 and 2.2.5 below are the ana-
logues, in the half-plane, of the decomposition formulas (1.1.46) and (1.2.7) of
Eisenstein or Hecke distributions into bihomogeneous components. On the other
hand, Theorem 2.2.3 can be stated as the fact that \Ilﬁf)u is almost a generalized
eigenfunction of A, in that it satisfies the required differential equation outside a
one-dimensional set.

We first compute the dual Radon transform of hom,(f,)j, a task already per-

formed in [39, section 2.3] in the case when € = 0. To do so, we need to introduce
for v ¢ Z and p £ v ¢ 27Z the function on R\{0}

,_T(¥)
Xooo(t) =2 n 2
' (=)

ptv—2
A l—v 2—p— 2
X ! oFy V, p V;l—y;i, , (2.2.1)
2 ), 2 2 1+ it

where the power z¢, for z ¢] — oo, 0], is defined as €¢'?, § being the argument
of z lying in | — m, 77[ It is undefined at O since, for a proper definition of the
hypergeometric function, we must exclude values of the argument lying on the
half-line [1, co[. Its main property is that the function

z +— (Im z)%1 Xp, v (Rez) (2.2.2)

Im z

N

is in the complement, in the hyperbolic half-plane, of the line Re z = 0, a gen-

eralized eigenvalue of A for the eigenvalu
(2.2.30), (2.2.31). We also set

= even (Re z : _
F(Elz (Z) _ (Im Z) i XP’ (Im z) if e = 0’
7 (Im 2)“7 x93 (Bez)  ife =1,

Im =z

(2.2.3)

and, with another normalization,
1 4—2e—p—v 4—-2—-p+v
ﬂ%ﬂazﬁzr( - >r( - ) FOG(). (224

These functions are obviously generalized eigenfunctions of the operator Eul"
introduced in (2.0.1).

Lemma 2.2.1. One has

= D(Ee=2)r (24t
(1+£2) 72" X () = = X570, (1),
T(g=)r(=g)
1-p F(M)F(p*—”) "
(14872 X051 = = X505, (1) (2.2.5)
v T ()
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Proof. The even case is just equation (2.3.52) in [39]: we (wrongly) omitted the
superscript “even” there: the proof of Lemma 2.3.4, from a certain point on, only
considered the even part of x,, (the odd part of this function played no part in
that book). Equation (2.3.55) in the given reference can be written as

2—ptv 2\ ¢

im 2= Lsign t F( 2 ) 1+¢

Xo—pu(t) =€ 2 "8 — Xpw (1) (2.2.6)
P r(2ty) 4 P

Then,

1+t2 FTP odd 1 F(/H_?V) inize im st
Xpw () = w {6 7 X2-pu(t) — €2 ngp,y(—t)} :

4 2T(=5
(2.2.7)
Using twice the equation [39, (2.3.29)]
in(2—v—p)
Xpw(t) =€ 2 Xpw(—t), t>0 (2.2.8)
and the equation
1 1 1 iﬂ'emo‘fp)
S (e - e ) = — (2.2.9)
2 DT (24
one arrives at the second equation (2.2.5). t
It follows that
P(2—26+p—u)r(2—25+p+u) ©
" FE)(2) = — ot B (2), (2.2.10)
P F(4 254p )F(4 254 p+ ) P
hence
F(2—2s+p—V)F(2—25+p+y)
FE(2) = (-1)° 4 4 FO (—z71y; 2.2.11
p71/( ) ( ) F(4—254—p—l/)r(4—284—p+V) 2—p,1/( ) ( )
in other words
V) (2) = (—1)Fwy), (—=h). (2.2.12)

Another symmetry worth mentioning concerns the function homff)l,: one has

F( 27pJZV+2E )F( p+1/4+2z—: )

sym &) _ _—u ()
F¥UPhom ), = F(p71+25)f‘(27";”+25) hom,,~ (2.2.13)
or
Fsymp <Bs(w)h0m§f)u) = BE<P;7V) homff)_u. (2.2.14)
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Theorem 2.2.2. Assume Re v > —1+|Re p—1| andv ¢ Z, p £ v ¢ 2Z. Then,
one has, denoting also the even and odd parts of x,,. as Xffi withe =0 or 1,

-1

(V* hom;f)l,) (z) =i (Im 2)7

F(Q—p+u) (26+p+u

5 (42spu)

p—v _
x 277 g7t

)T
L4

() Re z () Re
{Xp,_y <Im z) +Xp (Im AR (2.2.15)

. F(2fg+u) 1—\(2€+f+u) 1—1(472547;)71/) |:
L(45)

or

\% hom(s) = €2

(&)
B+ Fp(f)u} :

p, —V
(2.2.16)

Proof. In the case when ¢ = 0, this is [39, p. 70], and we consider now the case
when € = 1. One has, if Re v > max(Re p — 2, —Re p) = =1+ |Re p — 1],

1 2 G vt 0 p+
(v hom(pl))u)(x—l—iy) =5 ‘y_% sin 7}12 3 sin 7’1 d9
0
p—1 1 2 0 x "‘*’” 2
=y 2z X o ‘smf’l |co g—gsmﬂl de.

(2.2.17)

It is immediate (compare [39, p. 71]) that, as { — +00, one has the equivalent

F%) pl IP+V2

H (2.2.18)

(v* homg)y)(m +iy) ~ —r2

On the other hand, y*z* (v* homg),/)(x + zy) is an odd function of z, or of t = 7.
To see this, starting from the definition ‘

1 1 1 _1
only note that (§ %) <y2 W 2) ((1)_01):(;,2 _uf%z ) and (§ %) K (§ %)=

To prove Theorem 2.2.2, one may assume, using analytic continuation, that

Re v > 0, in which case an equivalent of )fd )+ pdd,l,(t) as t — oo reduces to
an equivalent of the first term. With C' =2V~ 7~ 3 ﬁ, one has
2
p(}(i(t) -~ *P27u tp+12/72 [67%(p+y72) _ e%(erl/*Q)]
v I'(% v
=i2" 7" 73 (5) £ (2.2.20)

F(2—g+V)F(2+Z+V)F(2—Z—V)
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Now, the function (V* homg),/)(x + dy) is C*° in II because it is a generalized
eigenfunction of A, and it must coincide with a linear combination of the two
functions (Im z) Ea X‘;didl, (f{rﬁ z) so that the jumps on the line £ = 0 should
cancel, only the sum of the two functions qualifies, up to multiplication by a

constant. Using the estimates (2.2.18) and (2.2.20), one obtains the theorem. O

We compute now the image of the function \I/Ef,), under the operator A— 1’4" ,

expecting to find a distribution supported in the hyperbolic line from 0 to 1c0. We
denote as d(, j o) the measure % on this line, with z = z + iy, and we define the

distribution 5;07”0) = y% 0(0,i00) by the equation

oh o
< 20,1'00) ’ h> = 7<6(0,io<>) ) y%% h e C’0 (H) (2221)
Theorem 2.2.3. Set, with e =0 or 1,
L(5)r3%)
G© (p,v) =22"°x — 22 (2.2.22)
F(2+24P+ )F(2+24P )F(2 +f+ )F(2 +f )
Then, one has
L=\ 40 _ ¢
A—T \Ilp,V:G ( )(Im Z) 2 5(0 i00)
L= 4o o) el s
A— I Ul =—G"(p,v) (Im 2) 2 &g ;00 (2.2.23)
Proof. It was proved in [39, p. 73] that O
1-— V2 (0)
A— — Fy) =C(p,v) (Im z)" 7 (0,4 00) (2.2.24)
with .
vy(2zv
C(p,v) =22 Pr32 NG T (2.2.25)

D (225 T(Z4=2) [ (£5) T(22)

this covers the case when £ = 0, in view of (2.2.4) and a new application of the
duplication formula.

To cover the case when € = 1, we must start with a computation of the jump

D(p,v) = Xp,v(07) = Xp,1(07). (2.2.26)
It is based on the equation [22, p. 48]
T(c)T(b—a)

1
(=2)h oFi(a, b;c; 2) = (=)0 oFi(a,a—c+1;a—b+1; )
2z

I'(b)T(c—a)
4 D@ La—b)
(

1
Y2\ _ 1:b— .z
Fa) (c— )ZFl(b’b ctisb a+1’z)’

(2.2.27)
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applied with z = ﬁ and a = 1*7", b= 27‘2’7", ¢ =1—v. One obtains
1_
D(p,v) = 2"+t2=% 772 sin 77r( 5 )

(%) ID(1-v)I(52) l—v 14v p+1 1Y\
1‘\(27/2)+V) F(prfy)r(lny) Z—Fl ( 2 5 9 5 2 3 2) : (2228)

2
using [22, p. 41] to obtain the required value of the hypergeometric function,

L(5)(33%)
F( 27[2J+V)F( 27571/)1—\(2+Z+V)F( 2+qu) .

D(p,v) =2""rr2

(2.2.29)

Now, given a function x on the real line, one has [39, p. 65]

A(zﬂ—)(Im Z)TX(RGZD = (Im 2)“=" (Dy) (R‘”) (2.2.30)

Im 2 Im 2
with P2 i ) )
—1)(p—3
D=—-(1 5 — — 7_07: 2.2.31
the fact that (A — 1_4”2) F,SEV) = 0 in the complementary of the hyperbolic line

Re z = 0 actually originated from the ordinary differential equation

1—v?
(D‘4)XW:0

outside 0. In the distribution sense on the real line, one then has

1—v? dd d?
(’D - ) Xpw = —D(p,v) - char(t > 0)

4 dt?
=—D(p,v)d, (2.2.32)
and
1-— V2 (1) o=l o
A— 1 Fyp=—D(p,v)(Im 2) 2 0y ; ), (2.2.33)

from which the second equation (2.2.23) follows.

Note that both coefficients G(p‘f,), change to their negatives under the change
v — —v, and are invariant under the change p — 2 — p: the second property was to
be expected in view of (2.2.12), of the invariance of A under the map z — —z71,
finally in view of the fact that d(g, ;) is invariant under the map z — —z~ ! while

6207i00) changes to its negative.

We reproduce from [39, p. 75], assuming Re v < 0, the equation

ALV 4(1 )T 600 100 | (2) = =——— FO) (2.2.34)
4 m z (0,200) z) = C(p, V) P,V .
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more precise than (2.2.24) since it singles out the function F,S?,,) from the pair

F ,E?j[l,: it required a somewhat unusual expression of the resolvent of A. The same

method makes it possible to obtain the equation

D(p, v)

We now combine the results of Sections 2 and 3 on one hand, of the present
section on the other hand, to obtain the decompositions of Eisenstein series E7_,

1—v2\ " o1 1
<A 1 ) (Im 2) = 0,00 | (2) = = FY. (2.2.35)

2
or of Hecke eigenforms N into joint generalized eigenfunctions of the pair of op-
erators (A, Eul'") in L2(IT): not in L2(T'\II), of course, since the second operator
is not defined, even formally, in that space.

Theorem 2.2.4. One has, for v # 0,

%ETEV (2) = %C*(V) [(Im 2) 7 + (Im (72—1))%}
20w [ ) 4 (m (2]
* % Re p=1 ¢ <p ; V) ¢ <pgy> {‘IJE)O)—D(Z) + \IJE,OI),(Z)} dp,

with \Ilf)?ly as defined in (2.2.4).

Proof. One has

; 1 v 1 -
B, — Q@ — 1 .ﬁ%—mgr(5 1inE) €, =1 I( . v
2
Consider first the term %C(fz/) |€]7¥~1 of the decomposition (1.1.46). From [39,

p. 50], one has

YV*E,. (2.2.37)

v ((:c,f) = |§‘_y_1) (2) = % /o ' ‘(Im z)—% sing}_”_l do
= FF((lgv)) (Im 2) =", (2.2.38)

Then, the image of the function (x,¢) + |z|7%~! under V* is the transform of

the function on the right-hand side of the last equation under the fractional-linear
transformation associated to the matrix (Pl (1,) These calculations lead to the

second term of the expansion (2.2.36) to be proved. In the same way, the equation

V* ((@,€) = |21770(¢) (2) = %/_ (Im 2)"% 6 ((Im 2)~% sin Z) do

=7 *(Im 2) 2 (2.2.39)
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leads to the first term of the expansion.

Now, still using the equation Oy = V*.(27)2 "¢D(% 4 in€), we rewrite
(2.2.15) as

— 4 —
F(p V)F pt+v

(0)
E= ) ) r () [FO ) + FY, ().

>
S

Using then (1.1.46), one obtains that the main term of £ E5_, (z) is
2

1 ptv —14v 2—p—vV. . _p—V
— 2
s | et
2—p—v p—Vv 4—p+v 0) (0) d
P2 e P PR (R0 + B ()] dp, (22.41)

an expression which can easily be transformed into the one which occurs in (2.2.36)
by an application of the duplication formula. O

Theorem 2.2.5. Let N be a Hecke eigenform such that AN = 12—)‘2./\/', of even or
odd type according to whether ¢ =0 or 1. One has the decomposition

1 « (P ) ) ]
= — L*(= v vl dp. 2.2.42
N=giz | B G [rhG) e (2:2.42)
Proof. Let 2 be the Hecke distribution, homogeneous of degree —1 — i\ for some
choice of a square root of A2, such that N = Q™. Rewriting (1.2.7) as

(=) / T p (©)
= — ——— L*(5, N)hom'®) , dp. (2.2.43)

8im  Jre p=1 T(§ + £52)T(5 + 24=2) "2 2

Then,
1ix 1 — 3 N

NiE)=7n"2 I 5 ) (V) (2). (2.2.44)
Using (2.2.43), (2.2.15) and, again, the duplication formula, one obtains the de-
composition (2.2.42). O

2.3 A class of automorphic functions

N.B. This section is not required for further reading.

This short section is meant “for completeness” only. In the last section, we
decomposed Eisenstein series or Hecke eigenforms corresponding to the (possibly
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generalized) eigenvalue 1’4”2 of A and with a parity under the map z — —Z

characterized by € = 0 or 1, as continuous superpositions, for Re p = 1, of the

functions F' p(;):l,. Our program in this section is different. Starting from one function

F,gi}, we wish to analyze the function defined, when possible, as

1
£ = 3 Y F) oy (2.3.1)

gel’

In the case when ¢ = 0, this was done in [39, chapter 4] and proved to be a
lengthy task. We here consider the case when € = 1, a much easier one since an
automorphic function changing to its negative under the map z — —Z can only
be a series of Hecke eigenforms and does not involve any Fisenstein series in its
decomposition: the continuous part of the Roelcke-Selberg decomposition was by
far the hardest part when dealing with f§°3 It will be handy to refer to the part of
the discrete spectrum of A for which there exist (Maass) eigenfunctions invariant
(resp. changing to their negatives) under the map z — —Z as the even (resp. odd)
part of the discrete spectrum of A. The two parts may not be disjoint, for all we
know, though there is some suspicion that they are.

Whether € = 0 or 1, we make the standing assumptions that 0 < Re p < 2,
that v ¢ Z and p + v ¢ 2Z: the last two assumptions make the definition (2.2.1)

of Xp,, hence that (2.2.3) of F,§f37 possible. Let us briefly recall the main results

obtained when € = 0. The series for f(?,z is convergent if Re v < —1 — |Re p — 1]
and can be continued analytically to the domain obtained from the half-plane
Re v < 1— |Re p — 1| by removing the following values of v: the non-trivial zeros
2
of the zeta function, and the points ¢\, with 11)” in the even part of the discrete
spectrum of A. If Re v < 0 and p # 1, one has the Roelcke-Selberg expansion

L[ 1 (R ¢(e5R)
2 J_ o V2 4+ A2 C*(1+1N)

2 Y
+ Z mL (§7M7',€)M'r,€- (232)

Ei-ix dA
Pl

r,{ even

If Re v < 0 and p = 1, the equation remains true after one has replaced the
linear combination of Eisenstein series making up the first two terms of the right-
hand side of (2.3.2) by a linear combination of a constant and of a (not quite
homogeneous) automorphic substitute ET, obtained by a limiting process, for the
non-existent Eisenstein series ;. The coefficient C(p, v) is that defined in (2.2.25),
and the subscript “r,feven” indicates that only Hecke eigenforms of even type
(relative to z — —Z) are to be taken into account.
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One of the major points of the analysis was the study of the continuation
[39, Theorem 3.6.2] of the Dirichlet series in two variables defined, when Re s >
1,Ret > 1, as

1 ., m
Cr(s, t) = 1 Z |my|~% [ma| " exp (ZZﬂ'k mi) , (2.3.3)

ml’HLQ;é(]

(ml,mg)ZI

where M5 is the number mod m; defined by the condition moms = 1 mod my: we
also defined the function ¢, (s, t) by the same formula, in which the extra factor
sign (mymsz) has been added on the right-hand side. One has

C(s)¢(t)
C(s+1)

and, for k # 0, the main features of the two functions under consideration are
given as follows [34, p. 101, 108, 112] to be completed by [34, p. 160]:

Co(s,t) = (2.3.4)

Theorem 2.3.1. For k # 0, the function (i(s,t) extends as a meromorphic function
forRe s>0,Ret >0, |Re (s —t)| <1, s#1, t #1, holomorphic outside the set
of points (s,t) with s+t =1—1i\,, # in the even part of the discrete spectrum
of A, or s+t =w, a non-trivial zero of the zeta function. So far as the function
(i, (s,t) is concerned, the same result holds, with the difference that it is now the
odd part of the discrete spectrum of A that must be considered, and the zeros of

zeta do not enter the picture any more.

The given references also give the residue of a function such as

l—v—p 14+v—1p _d1—v—p 1+v—p
= Cr( 5 , 5 ) or ¢ ( 5 , 5 ) (2.3.5)

at u = i\.. However, we shall only take advantage, here, of the version just given
in Theorem 2.3.1, more precisely of the part dealing with ¢, of that theorem. The
proof of Theorem 2.3.1 is quite lengthy, and based on the spectral decomposition
of the pointwise product of two Eisenstein series in the case when € = 0 (this part
was somewhat simplified in [39, section 3.6]), on that of the Poisson bracket of two
Eisenstein series when € = 1: these results are related to the main subject of the
present book. The role of the function (j, in the proof of (2.3.2) is that it provides
the continuation of the coefficients of a Fourier series expansion of the main part
of the function z — f{%(—z1).

Theorem 2.3.2. Keeping the standing assumptions relative to (p,v) given in the

beginning of this section, the series for f,§13 is convergent if Re v < —1—|Re p—1|

and can be continued analytically, as a function of v, to the domain obtained from
1422

the half-plane Re v < 1 — [Re p — 1| by removing the points v = i\, with —;= in
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the odd part of the discrete spectrum of A. If Re v < 0, one has the Roelcke-Selberg
expansion

43 —_—
D) = Y s L6 M) Mo, (2:3.6)

2 1 )2
r,¢ odd Vet )\T
with D(p,v) as defined in (2.2.28).

Proof. The possibility of extending the function v — f,(,l,), to the domain indicated
is proved exactly like the corresponding fact for f,g?l), in [34, section 4.3]: since the
core of the proof is an application of Theorem 2.3.1, the non-trivial zeros of zeta

do not enter the picture in the case when € = 1. Then, the function f obtained
is automorphic and changes to its negative under the map z — —Z, so that it can

be written as
=3 (M,

r,£odd

M. (2.3.7)

)L2(F\H)

Recalling (2.2.35), we obtain

(A 1 _4V2> {(D( v)) 1f(1)} Zsp o g, (2.3.8)

gGF

where s, is the distribution —(Im 2)5 60 i0o Supported in the hyperbolic line
(0,i00) from 0 to ico: we restrict it, in what follows, to the space of functions
in II invariant under the map z — —z~!, the %—derivative of which is rapidly
decreasing at infinity on (0, i00). The formula then remains true if one replaces s,
by its symmetrized version

“m@%ﬂ(MQE}%m: (2.3.9)

[N

|
2™ =5l ta, 0 (93)] -

to prove this latter formula, observe that, if M satisfies the conditions just listed,
one has

) (2t oM LM (i
Mz +1iy) =M <x2+y2) , so that o (ty) =  or <y) . (2.3.10)

Let X be the union of the (locally finite) collection of g-transforms, with g € T', of
the line (O i00). Since there are 4 elements of I" preserving this line, the distribution

(p’ =3 EQEF §Y™ o g is the only I-invariant distribution in II supported in
Z and coinciding with s7*™ when tested on a function supported in a sufficiently
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small neighbourhood of (0,4i00). Then, one writes

2422 1-v°
T (Ml 512) o = (2555 Mol £22)
4 L2(T\II) 4 L2(0\I)

1— 2
= (Mol (8- 255 ) a2
r\II

e —
=D(p,v) <§ Zﬁbpy °og, Mrg)r-  (2.3.11)
gel’

Since the line (0, i00) intersects the usual fundamental domain along the half-line
from ¢ to ico only, one has, using (2.3.10) again,

1 . _ s e 3p oM,y .
- sym — = _ s
(3 d sV o g, My i) /1 (y Y2 ) oy W) dy

gel’
e p=1 8M7 YJ
— 3 2.3.12
/O Y 5y (1Y) dy. (2.3.12)
As . _
Mooz +iy) =y= > by e ™ K, (2m K| y), (2.3.13)

k0

one has, if Re s is large, with the help of [22, p. 91], the well-known equation [4,
p. 107]

/0 Y a/g;“ (iy) dy = dim Y kby /O yst2 K i, (2mky) dy

k>1
. el s 341X s 33— 1
1
= ’LL*(S + 5, MT‘,Z)' (2314)
Hence, using also the fact that M,., = —M,.,
4iD(p,v) v (P 4

W)= (4 2.3.15
(Mr,f | f ,u) V2 + A2 9’ MT,Z) ) ( )

which proves Theorem 2.3.2.
Corollary 2.3.3. The distribution ds(;’l), which is I'-invariant and supported in X3,

admits the series expansion, convergent in the space of distributions in 11,

ds) — Z L ,* ) My (2.3.16)

r,£odd
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Remark 2.3.1. This corollary is only a rephrasing of (2.3.14), but the following

comparison is useful. We gave in [39, section 4.7] the spectral expansion (involving a
continuous part too) of the measure ds(;) built in the same way from d¢ ;o0 in place
of d( joo- In both cases, v has disappeared from the object under consideration,
while the coefficients of the decomposition are given in terms of the restriction

of zeta to the line Re s = § with a = Re p (when ¢ = 0) and (in both cases)

of the L-functions of Hecke eigenforms at £. One can then interpret the zeros of

zeta or of L-functions of Maass-Hecke type on any given line Re s = 5 as points

where a spectral density vanishes, or where a Hecke eigenform is missing from
a certain decomposition. Needless to say, this is nothing more than an aesthetic

satisfaction. O



Chapter 3

A short introduction to the
Weyl calculus

Pseudodifferential operator theory, or analysis, a.k.a. the symbolic calculus of op-
erators, started its development half a century ago as an alternative to representing
operators by their integral kernels. It soon became one of the major tools of partial
differential equations. Their domain of applications in the present book, however,
is certainly aside from the main trend, and new methods had to be developed as a
consequence. They will, most of the time, be unknown to practitioners of pseudod-
ifferential analysis for P.D.E. purposes: this is especially true for what concerns
the composition formula, or the properties linked to the use of the Euler operator
in the plane.

Several symbolic calculi are available at present: in the major part of the
book, we shall be concerned only with the most important one, to wit the Weyl
calculus. Section 2.1 contains an exposition of the first properties of this calculus:
newcomers to pseudodifferential analysis should concentrate on the covariance
properties (3.1.10) and (3.1.11), and on the so-called coherent state theory, ex-
plained in Proposition 3.1.4. Equation (3.1.19) shows that the maps ©¢ and ©,
(2.1.5) on which we relied to link automorphic function theory (in II) to automor-
phic distribution theory (in R?) has a very natural interpretation in terms of the
Weyl calculus: it is not limited to the automorphic environment either.

With the help of some spectral theory and of calculations involving Bessel
functions, we shall construct, in Proposition 3.2.5, some associates of the dual
Radon transformation: these will make it possible eventually, in Chapter 5, to
move in the other direction, from modular forms to modular distributions. We shall
then be able to take benefit from an important result of the automorphic function
theory, the so-called Roelcke-Selberg decomposition theorem, and to transfer it to
the automorphic distribution environment.

© Springer International Publishing Switzerland 2015 51
A. Unterberger, Pseudodifferential Operators with Automorphic Symbols,
Pseudo-Differential Operators 11, DOI 10.1007/978-3-319-18657-3_3
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Section 3.3 deals with the sharp composition of symbols, by which is meant
the operation on symbols that corresponds under the Weyl calculus to the com-
position of operators, when the latter one is well-defined. The formula recalled
there (it was initiated in [34] for purposes identical to the present ones) is based
on the decomposition of symbols as integral superpositions of their homogeneous
components: it bears no relation to the composition formula used in view of P.D.E.
applications, which is always a variant of the one giving the sharp composition of
polynomials, as quoted in (7.1.2).

We shall then see, in the same section, that if coupled with the decomposition
of symbols into homogeneous components in a proper way, the anti-commutator (as
physicists say) and commutator of two operators reduce in a way to the pointwise
product and Poisson bracket of functions in the hyperbolic half-plane.

3.1 An introduction to the Weyl calculus limited to
essentials

We specialize here in the one-dimensional case of the Weyl calculus, even though
not much would be needed to cover a part of the program we have in mind in
the n-dimensional case: we would just have to replace SL(2,R) by the symplectic
group Sp(n,R) so as to define the metaplectic representation [42], at the same
time replacing the upper half-plane by the complex tube over the cone of positive-
definite symmetric matrices. But the arithmetic calculations needed in connection
with modular form theory would be quite another matter.

Definition 3.1.1. The one-dimensional Weyl calculus associates with a function
h € S(R?), the Schwartz space of C* functions on R? rapidly decreasing at
infinity, the linear endomorphism Op(h) of S(R) defined by the equation

©Op(hy0) @) = [ hC L ) dydn s @10

the operator Op(h) is called the pseudodifferential operator with (Weyl) symbol h.
Given two functions u, v € S(R), one defines their Wigner function as the function
W (v,u) on R? such that

W, u) (x,£) =2 /OO o(x 4 t) u(x —t) ¥ dt. (3.1.2)

Remark 3.1.1. On L?(R), we define the scalar product
(v|u) = / o(x) u(x) dz (3.1.3)

as an object antilinear with respect to the variable on the left side. This choice is
the one generally made by physicists, whereas mathematicians usually make the
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other choice. It is really a question of taste: note that if making the “mathemati-
cians’ choice”, it is necessary, for coherence, to denote as W (u,v) the function
denoted as W (v, u) according to our choice. The adjoint of the operator Op(h) is
Op(h), an immediate but important fact. Incidentally, note that straight brackets
(, ), as opposed to curly brackets ( | ), will always denote bilinear pairings (such
as the ones associated to a duality between two linear spaces).

Proposition 3.1.2. The Wigner function W(v,u) is the one which makes the for-
mula

(v] Op(h)u) = /R2 h(z, &) W (v, u)(x, &) dx d (3.1.4)
valid for every symbol h € S(R?): it is also the symbol of the operator w — (v|w)u.
If h € S(R?), the operator Op(f) extends linearly as a continuous operator from
S'(R) (the space of tempered distributions on the line) to S(R). In the other direc-
tion, it is possible in a unique way to extend the map h — Op(h) as a continuous
linear map from S'(R?) to the space of weakly continuous linear maps from S(R)
to 8'(R). Finally, if h € L?*(R?), the operator Op(h) is a Hilbert-Schmidt operator
in the space L*(R). Note its consequence

Tr (Op(hn) Op(ha)) = / o, €) ho(i, €) dr d (3.1.5)

if h1 and hy lie in L*(R?).

Proof. The claims regarding the two roles of the Wigner function are verified by
means of immediate calculations. Then, one verifies that if u and v lie in S(R),
the function W (u,v) lies in S(R?): as a consequence (using duality), the operator
Op(h) makes sense, if h € S’(R?), as a linear operator from S(R) to S'(R). We
shall often denote tempered distributions in the plane, especially automorphic
ones, as & rather than h. One verifies also that if u and v lie in §'(R), the integral
(3.1.2) is weakly convergent in S’(R?), i.e., the integral obtained when testing
it against a function in S(R?) is convergent: the second “topological” claim of
the proposition follows. Finally, the integral kernel of the operator Op(f) is the
function K (z,y) = (F5 'h) (25,2 — y), and the map from h to K is an isometry
of L?(IR?): this proves the last assertion. O

Two unitary representations in the space L?(R) are all-important in pseu-
dodifferential analysis. The first one is defined with the help of the symplectic
form [, ] on R? x R2, which is the (alternate) bilinear form such that

((ysm), 1)) = —yn' +y'n. (3.1.6)

Given (y,n) € R?, consider the unitary transformation 7, of L*(R) defined by
the equation
(Tyn u)(x) = u(z —y) H =2, (3.1.7)
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One has the general identity

Ty Tty = €7@ e (3.1.8)
which shows that only the scalar factor €™ [(¥:1); (')l prevents the map (y,7n) —
Ty,n from being a representation of the additive group R? in L?(R): in other words,
this map is a so-called projective unitary representation of R? in L?(R). Replacing
R? by a central extension, to wit the 3-dimensional group known as the Heisenberg
group, one would obtain a genuine representation. However, extra factors such as
the one we just came across, of absolute value 1 (to be called, generally, phase
factors) will not bother us since they will, in this book, disappear from most
formulas of interest.

The other unitary representation of interest for us is even more fundamental
for our applications in the present book. It is the so-called metaplectic (projective)
representation [42] of the group G = SL(2,R) in L?(R) defined on generators as
follows, starting from the warning that, given ¢ € G, only the unordered pair
(£Met(g)) is well-defined. If g = (§ agl) with a > 0, Met(g) is (plus or minus)
the transformation u — v, with v(z) = a~2u(a"'z); if g = (19), the same holds
with v(z) = u(z)ei™"; if g = (% 8), Met(g) is (plus or minus) the transformation

e~ TF , where the Fourier transformation F on the real line is defined as

o0

(Fu)(z) =u(x) = / u(y) e 27 dy. (3.1.9)

— 00

For every g € G, any of the two transformations +Met(g), besides being a unitary
transformation of L?(R), preserves the space S(R); also, it extends as a continuous
transformation of S’'(R) (we always consider on this space its weak topology of
topological dual of S(R), not that it would really matter). Note that, again, one
could replace the representation just defined by a genuine one, in which no factors
+1 would appear: to that effect, one would just have to replace G by its twofold
cover G, called (of course) the metaplectic group ; this group has no faithful linear
realization, which implies that it is difficult to give its elements very concrete
realizations. The following is fundamental.

Proposition 3.1.3. The Weyl calculus enjoys the following two covariance proper-
ties. For every & € S'(R?), one has

Ty OD(S) 7,0 = Op ((,8) = S(z —y,£ — 1)), (y,n) € R? (3.1.10)

Also, for every g € G, one has
Met(g) Op(&) Met(g) " = Op(& o g~ 1) (3.1.11)

if g is any of the two elements oféY lying above g.
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Proof. The simplest way to prove these identities is to prove in both cases their
specializations involving particular sets of generators of the group involved. The
list has already been given for the metaplectic representation; in the first case, one
can take the elements 7, ¢ and 79 ,. Note that, even if 7, had only been defined
up to an unknown phase factor (as is traditional, for good reasons, when dealing
with projective representations), no indeterminacy would be present anyway on
the left-hand side of (3.1.10). O

Let us introduce the “Heisenberg operators” (i.e., the infinitesimal operators
of the Heisenberg representation) @, which is the operator that multiplies func-
tions of x on the line by x, and P = % %. The symbols of these operators are
respectively (as functions of (z,£)) z and . If A = Op(h) for some h € S(R?), it
is a completely elementary matter, starting from (3.1.1) and using when needed
one integration by parts, to obtain the symbols of the operators obtained when

composing A, on either side, by @ or P. One obtains the formulas

oh
Symb(QA)(r,§) = wh — oz, Symb(PA) (€)= Eh + ﬁ >,
oh Oh

Symb(AQ)(x,&) = xh+ —4; 3 Symb(AP)(x,&) =&h — ﬁ o (3.1.12)

Easy continuity arguments show that the formulas remain valid for every h €
S'(R?).

The single most important operator in this book is the Euler operator &
introduced in (1.1.19), which commutes with all operators & + & o g~! with
g € SL(2,R): it is not only formally self-adjoint in L?(R?), it is also essentially
self-adjoint with as small an initial domain as the set of C'*° functions with compact
support disjoint from {0}. If h € L?(R?) and ¢ > 0, one sets (as led to doing by
Stone’s theorem on one-parameter unitary groups)

(" h) (z,€) = t h(tz,t§). (3.1.13)

The transpose of £ with respect to the duality between S'(R?) and S(R?) is —€&,
which leads to the action of the operator %€ on tempered distributions defined
in (1.1.20). The role of £ in pseudodifferential analysis is the following: defining
the operation mad(P A Q) on operators (“mad” stands for “mixed adjoint”) by

the equation
mad(P A Q) A =PAQ — QAP, (3.1.14)

the symbol of mad(P A Q) Op(6) is £G for every tempered distribution &. This
is an immediate consequence of the equations (3.1.12).

We come now to questions of parity: these will prove to be of great impor-
tance. A function on the line is said to be of a definite parity if it is even or odd.
An operator with (Weyl) symbol & € S'(R?) preserves the parity, i.e., transforms
every even (resp. odd) function on the line into an even (resp. odd) distribution if
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and only if & is an even distribution, i.e., &(z,§) = &(—x, —¢): only even distri-
butions in R? will have to be considered here. On the other hand, we must deal
with functions on the line without definite parity. Recall that the automorphism
G of S(R?) or S'(R?) was defined by the equation (2.1.13), or

G = 2%mE FHvmp — 9=y HinE psymp (2—%““5)71 : (3.1.15)

Set in the usual way 1\2(50) = u(—x). Starting from (3.1.1), one obtains with the
help of elementary manipulations with the Fourier transform the general identity

Op (Gh) u = Op(h) 1. (3.1.16)

In particular, the symbol of the check operator ch: u — W is the distribution %6,
half the unit mass at (0,0).

The rescaling operator 22 HTE L & oy Grese already played a role in Section
2.1, dealing with automorphic distributions in the plane and automorphic func-
tions in the hyperbolic half-plane. It is a small irritant to appear consistently in
this book, in view of the link G&**¢ = (F¥MPG) " valid for every & € S'(R?):
indeed, F®™P is in some sense the most natural Fourier transformation in the
plane, while G is the one with an important role in the Weyl calculus. This dis-
tinction would have been avoided if we had defined the Weyl calculus (3.1.1) in
a slightly different way, replacing e (=97 by 2 4m(z=¥)7_ which would amount
to “choosing % as a Planck constant”. But we decided against it, because of the
very large set of facts and formulas regarding the Weyl calculus on which we shall
depend. Note that many authors introduce in a systematic way a “small” Planck
constant in the basic formulas: expansions with respect to it constitute one way
to approach the useful (and quite popular) domain of semi-classical analysis.

We introduce now two “sets of coherent states” related to the even and odd
parts of the metaplectic representation, and we give an interpretation, in terms of
pseudodifferential analysis, of the transforms © and ©; (2.1.5).

Proposition 3.1.4. Given z € 11, set

9
1 1\ 1 1T
(bg(x) =21 (Im (—z 1)) exp I

3 a2
T3 (Im (—=27"))* = exp s (3.1.17)
z

IS

PL(z) =2

Given g = (g Z) € SL(2,R) and any g lying above g in the metaplectic group, one
has for some phase factors wy, w1 depending on z, g the equations

Met(7) ¢ = wo (Zﬁ%sv Met(7) g1 = wi ¢1a%3- (3.1.18)
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The set {¢2: z € 11} (resp. {@L: 2z € I1}) is total in LZ ., (R) (resp. L244(R)). Any
distribution S € S,

! von(R?) is characterized by the pair of functions
(048)(2) = (45 Op(&) ¢%), k=0 or 1. (3.1.19)

Proof. Let us first apologize for the misprint that occurred in [39, p. 22]: the
factor 27 in the second equation (3.1.17) was unfortunately typed as 2%. Since Met
is a projective representation, it suffices to prove the equations (3.1.18) when g
belongs to the set of generators of SL(2,R) which we used to define the metaplectic
representation: the verification is easy in each case.

In view of (3.1.18) and of the covariance formula (3.1.11), computing, say,
the Wigner function W (¢2, ¢9) is an immediate task, as it can be reduced to the
case when z = i: note that the phase factor wg, not made explicit here, disappears
in the process. One obtains

WL )(o ) =2 exp (oo - 2P
W(L, 61) = ~(2inE) W62, 62). (3.1.20
Then, one has
(008)(2) = (&, W60, 62), (©:18)(2) = (&, W(gl 1)), (3.121)

which confirms that the definition (3.1.19) of ¢, ©1 coincides with the definition
(2.1.5) of this pair of operators.

To prove that, given & € S.,.,(R?), the conditions ©¢& = 0,6 = 0 im-
ply & = 0, we remark first that they imply the conditions ( O Op(G)ng) =
(6%, 10p(&) ¢L) = 0 for every pair w,z of points of II. This follows from the
fact, a consequence of the definition of the two sets of coherent states, that the
first scalar product becomes a sesquiholomorphic function (holomorphic with re-

spect to w, antiholomorphic with respect to z) after it has been multiplied by

(Im (—w™') Im (—z_l))_%, and the same goes so far as the second scalar product
is concerned after one has replaced the exponent —i by —%. To conclude the proof,
it suffices to remark that the linear space generated by the functions ¢? (resp. ¢?)
is dense in Seyven(R) (resp. Soad(R)). In the odd case (only, for convergence), one
can use the polarized version of the easily proved identity

(8m)1 /H (G w2 dm(z) = [ul?, ue L2(R), (3.1.22)

to wit

ue) = 5= [ (0112 él(a) dm(z). (3.0.23)
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In the even case, subtracting first a suitable multiple of the function ¢, one can
assume that the function v € Seven(R) to be approached is the derivative of a
function u € Spaq(R): writing

Leet)-[-Taer) w

and using an integration by parts in the identity (3.1.23), we are done. (]

Gl

|

The map © = (O, ©1) intertwines the two actions of SL(2,R) on functions
in the plane or in II. Next, (2.1.7), which states that 72?2 transfers under ©q or
©1 to A— %, has the pleasant consequence, to be used throughout this book, that
the study of the Laplacian in II can be replaced by that of the Euler operator in
R?: this remains valid in the automorphic situation.

Our understanding of operators with automorphic symbols, beyond the fact
(immediate from the metaplectic covariance) that they can be characterized as
those commuting with the maps u — v with v = Fuor v(z) = eimzu(x), is limited,
and one of the aims of this book is to make improvements in this direction. After
much effort, we shall obtain in Chapter 6 some understanding of the restriction
to Soaa(R) of the product of Op(&,) by its adjoint, assuming that |Re v| < 3.
This will lead again, in Proposition 6.4.3, to a natural appearance of Eisenstein

distributions the parameters of which are critical zeros of zeta.

Eisenstein distributions with trivial zeros of zeta (if so wished: recall that
FYMPE, = ¢_,) as parameters show up in the identity [40, section 10]

2 (7q2)m 7T2m+%
> m!  T(m+3)¢(2m+1)

m>1
N [ e (NI ACEES

(4,k)=1

(u| Op(€zm)u)

where the sign Z’ means that pairs j, k and —j, —k must be associated before the
summation is implemented, and
itk 1;2 2i?rq

1
jl7ze s Ted T if j#0,
) () = J ’ 0 ke 4]
d(x+ 1) if j=0,k==1:

(3.1.26)

this characterizes the operator with symbol &,,, as a Taylor coefficient of some
explicit hermitian form of arithmetic interest, depending on some parameter .

Another class of arithmetic symbols is obtained as the result of applying
to the Dirac comb any partial product of the Euler expansion of the operator
(¢(2im€)) . The associated operators are fully understood [40, prop. 8.4] and con-
sist of “projections” onto finite-dimensional spaces of discrete measures of arith-
metic interest on the line: these spaces generalize the notion of modular form of

3

holomorphic type, of weight % or 3.
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3.2 Spectral decompositions in L?(R?) and L?(II)

The main formula of this section is (3.2.32) below, which reduces the problem
of finding the spectral decomposition of functions in L?(IT) relative to A to the
simpler one of decomposing tempered distributions in R? into homogeneous com-
ponents. Applying this formula, in place of the one (3.2.8) involving a Legendre
function, leads to simpler calculations and extends in an easier way to more gen-
eral functions f. Given a function h in the plane, we denote here as h;) what was
denoted as hy in Section 4 of [34] and, given a function f in the half-plane, we de-

note here as f,,,2 what was denoted there and in [39] as fy. Then, the subscripts
4

1A and 1J§1>‘2 indicate generalized eigenvalues relative to —2iw€ in the first case, to

A in the second.

With the help of a Mellin transformation or, after an exponential change of
variable, a Fourier transformation, every function h € Seven(R?) can be decom-
posed into homogeneous functions of degrees —1 — i\, A € R, according to the
equation

h:/ hixd\  with hi,\(x7§):—/ tAh(ta, t€) dt - (3.2.1)

—0 2 0

the function h;) in the plane is characterized by the function hz)\ on the real line
such that h’, (s) = hix(s, 1), since
T

§

Both functions i\ — h;y or hg)\ extend as analytic functions of v € C, Re v > —1.

ha,€) = 6172 (5). (3.2.2)

Given h € Seven(R?), the functions hEA will not, generally, lie in S(R). Set,
for h € Seven(Rz) and g = (% g) € SL(2,R), (r(g)h)(x, &) = h(dx — b§, —cx + af):
then, one has

(W(Q)h)im(s) = les — a|_1+MhE‘,\ (dSb) = (W—ix(!})h?x) (s); (32.3)
—cs+a
recognizing in the second equation a definition of the representation m_;\ from
the principal series of SL(2,R). Now, for h € S(R?), u = I’ ;, does not belong to
S(R), but it is a C*° vector of the unitary representation 7_;y: in particular, one
has |s|' =" u(s) — U as |s| = 0o, where uge = 5= [;° 7 h(t,0) dt is a generally
nonzero number. Details can be found if so desired in [34, sections 2,3].

Recall that we have already defined (1.1.20) the operator t2*¢ (with ¢ > 0)
acting on S(R) and, by duality, the operator ¢t=2""¢ acting on S’(R). Rewrit-
ing the definition of h;y as h;y = %fooo t—1HA2imE R 4t one is led, so as to
preserve this definition in the case of tempered distributions, to trying to de-
fine the homogeneous components of a distribution & € S’ .. (R?) by setting

even
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(Gix, h) = (&, h_;)) for h € S(R?). However, this is not possible in general:
a tempered distribution cannot be tested, usually, on the homogeneous function
associated to a C'™ vector of the unitary representation m_;, or, more generally,
a homogeneous component of a function in S(R?).

What one can do instead is the following. Consider the resolvent of the Euler
operator (an essentially self-adjoint operator in L?(IR?) if given the initial domain
S(R?)) defined as

Jo t*h(ta,t€)dt if Re p > 0,

. . (3.2.4)
— [ tFh(tx, t) dt  if Re p < 0.

((2im€ + )0 (2, €) = {

If h lies in S(R?), the same will not be true, in general, of the functions (2ir€ +
w)~Lh, preventing a definition by duality of the same operator on tempered distri-
butions: in general, this function is not rapidly decreasing for Re p > 0, and not
C*> for Re pu < 0. However, the space S(R?) is the projective limit of a decreasing
sequence of spaces Sy (R?), the Nth space consisting of functions lying in L?(R?)
which remain there after having been applied a number < N of operators chosen
among the operators %, a% and the operators of multiplication by z,£. Now, it
is true that, given N = 0,1, ..., the function (2i7€ + p)~*h will lie in Sy (R) for
every h € S(R?) if |Re | large enough. This makes it possible, given & € S'(R?),
to define by duality the distributions (2in€ + u)~'& for |Re | large enough. One
can then prove [39, p. 191] the equation, here inserted for clarity only,

1 6+iA

S = —limg_,00 / [(p+2imE) ™" — (—p+2in€) ] Sdp (3.2.5)
2im 5—iA

for & large enough, in a way depending on &. In the case when & € L?(R?), one
can let § go to 0, obtaining as a result the classical Weyl-Kodaira-Titchmarsh
formula.

While, as made clear by what precedes, there is no a priori reason why a
given tempered distribution should have a decomposition into homogeneous com-
ponents of degrees lying on the line —1 + iR, we shall consistently come across
distributions which do admit such decompositions, even in the automorphic en-
vironment. However, in that case, we shall sometimes have to add finitely many
homogeneous (Eisenstein) distributions the degrees of which lie off the spectral
line: several examples will show up in Chapter 5.

Remark 3.2.1. Given a tempered distribution &, R, = (u — 2ir€) 'S is a well-
defined distribution when |Re p| is large enough, and one has (R,,, (¢ +2ir€)h) =
(&, h) for every h € S(R?). But we shall often have to use the operator j — 2iw€
for some specific values of j (typically, j = 0,£1 or £2). Then, 2, will not be
a meaningful distribution any longer but, as shown by the last equation, it will
still be a well-defined continuous linear form on the space of functions lying in the
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image of S(R?) under j + 2iw€. It will be important, especially in Chapters 4 and
5, to distinguish clearly between operators such as b — 2in€, with b real and |b|
large (the frequent use of powers (b — 2im€)™ will be referred to, for short, as the
“(b, M)-trick” in the second paragraph following (5.3.19)), and operators such as
j — 2in€, where j € Z and |j| is small. Using the ones of the first kind and their
inverses will help transforming some d\-integrals over the real line into convergent
ones (in the weak sense in &'(R?)), improving the growth of the integrand at
infinity. Operators of the second kind are essential in the role of killing poles of
some Gamma factors: but this will be felt more like a necessary ailment than like
a technical help.

We must also consider the question whether, given a (weakly) measurable
function A — &;) on the real line, in which ;) is an even tempered distribution
for almost every A\, homogeneous of degree —1—4), the integral [ fooo G, d\ makes
sense as a tempered distribution. In an L2-frame, an answer is provided by the
Plancherel formula

T — / NN (3.2.6)

Actually, we need results both less precise and more general. Given a measurable
family (&), depending on some parameter 7, of tempered distributions and a
positive function 7 — b(7), say that &, is a O(b(7)) in S'(R?) if there exists
a continuous semi-norm ¢ on S(R?) such that the estimate [(&,, h)| < b(7) g(h)
holds for every 7 and every h € S(R). Then, the integral fix;o G, dX will be mean-
ingful as a tempered distribution in the case when, for some N, the distribution
Gixisa O ((1+ |A])Y): indeed, the possibility to move the exponent N to a value
below —1 is a consequence of the fact that &;) = (1 —i\) (1 + 2inE) ;..

It follows from (2.1.7) that, under the transform Oy or close associates to
it, one should be able to link decompositions of even functions in the plane into
their homogeneous components, as just examined, to the question of decomposing
functions in the hyperbolic half-plane into generalized eigenfunctions of A for
generalized eigenvalues %. The latter problem is taken care of by the classical
Mehler formulas valid if, say, f € Cg°(II),

(1+z/\)F( 21‘)\)
/ e Wd/\, (3.2.7)

with
f1+>\2 47r2/f RUNE 7A(Coshcl(z,w))dm(w). (3.2.8)

Recall that dm is the canonical invariant measure on II, d(z,w) is the hyperbolic
distance, characterized by the property that d(g.z, g.w) = d(z,w) for every g €

SL(2,R) together with the special case cosh d(z,i) = Ltlz” (or d(i,iy) = logy

2Im z
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if y > 1). Finally, P_. 1y is the Legendre function so denoted, and the extra

factor in (3.2.7) is ‘c ”‘ ’_2 in terms of Harish-Chandra’s c-function for II =
SL(2,R)\SO(2). References for the Mehler formulas can be found in [28] or, in a
considerably more general setting, in [11].

Recall from (2.1.3) and (2.1.1) the definitions of the Radon transform and

its dual. It is convenient to introduce in L2 (R?) the operator, a function in the

spectral-theoretic sense of the Euler operator,

T - (I)é I(1 +im€)

2) TT@re) (3:2.9)

and its adjoint 7.
Proposition 3.2.1. Given h € Seven(R?), one has for every A € R the identity

1—4) 00 —82 7%+%
(VT hiy) (x):(zw)—éFF(( Z‘M))/ 125 (s) (|ZImz|> ds.  (3.2.10)
2 — 00

In the other direction, given f € C§°(II), one obtains for every A € R the identity

1+id 5 — g2 -3-
(TV f)ix(s) = ;(2@ Sré(;))/n<1m Z' ) f(z)dm(z). (3.2.11)
2

Also, one has the identity
VEV)ix = fraaz (3.2.12)

Proof. One has h;)(z,§) = |§|*1’“‘h5/\ (%) The operator T acts as a scalar on

hix. Substituting the result in (2.1.2) and setting s = —y cotan g +z in the formula
obtained, one finds (3.2.10). Next, starting from (2.1.4) and (3.2.2), one has the
equation

b _ -3 F(%) > in—2 > s°(i + b) )
(TV f)ix(s) = (2m) . /O t dt/ f<(. ) db: (3.2.13)

%) oo A\ 8(i 4 b) + t2
performing the change of variable such that
s2(i +b) 2dtdb
- /. d = 2.14
o dm() =252, (3:2.14)

so that t? = ‘f‘slz, one obtains (3.2.11).

m z

Coupling the two equations just proved, one has

[2
2

2 — 5|2 —3t% lw — |2 3=
VAV i)z 43/f / <1m2> <Imw> ds.

(3.2.15)
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Now,
1 A 1 L\
1 [ [|z—s|? —3t% lw—s2\ 2% B

as a consequence of Plancherel’s formula together with the identities [22, p. 401]

e 2\ — -‘r%
/ <|Z — S| ) ef2i7rsod8
—oo \ Im 2z

i\

[N

s

D=

— 2> 1 _2inrocRe z —iA
= F(172>‘) (Im 2)ze lo| == K%(Qﬂ'\aﬂm z) (3.2.17)

and [22, p. 413]

/ K%(QW |o|Im z) K%(27r |o| Im w) cos(2mo Re (z —w)) do
0

1 TS B NN e YN
=—(I I 2T r
R R

The equation (3.2.12) follows if one compares the result of this sequence of iden-

)PB_1 0 (cosh d(z,w)). (3.2.18)

tities to (3.2.8). O
Remark 3.2.2. One may rewrite (3.2.11) as
s F(M) |z — |2 —3-%
T )72 Z
(TV £)(a,6) = /f ) dm(z / T (Imz> aA
(3.2.19)

provided that one understands the second integral (divergent in a pointwise sense)
as defining a distribution, to wit the image under the operator 1 4+ 472£2 of the
integral obtained after one has inserted the extra factor (14 A\?)~!, which ensures
convergence.

The operator ©g from L2 ., (R?) to L?(II,dm) relates (2.1.9) to the compo-

sition V*T™ since
) , 1
©0 = V*T*2(2r) """ (in€) = V*(2r) 7 ~"T (2 + ms) . (3.2.20)

Its adjoint ©F = 2(27)"" T (—iwE) TV is given explicitly as

Im z

(©0.f)(z,8) —2/f eXp( 27r| — €|2) dm(z). (3.2.21)

One has ©9G = O, as can be proved from the integral definition (2.1.13) of G
or, better, from the pseudodifferential interpretations (3.1.19) and (3.1.16) of the
two operators involved. On the other hand, from (3.2.21), the function OFf is
G-invariant for every function f, say bounded, on II.
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Proposition 3.2.2. The transformation TV , initially defined on the space of con-
tinuous functions on Il with a compact support, extends as an isometry from
L2(I1) onto the subspace Ran (T'V) of L2,.,(R?) consisting of all functions invari-

even

ant under the unitary involution (27)~2"¢ Flz(fffg)) G. The operator V*T* extends
on Ran (TV) as the inverse of TV, and is zero on the subspace (Ran (TV))*: of
L2, (R?) consisting of all functions changing to their negatives under the same
involution. Moreover, the isometry TV intertwines the two actions of G on L*(II)
and L2, (R?) respectively, and transforms the operator A — % on L2(I1) into the

(R?).

operator m2E2 on L2,
Proof. The identity (V*T*TV) f = f for every continuous function f on II fol-
lows from (3.2.12), (3.2.1) and (3.2.7), the factor T*T reducing to a scalar in the
course of this computation. That functions in the image of the isometry TV are
invariant under the involution under consideration follows from the G-invariance,
mentioned immediately after (3.2.21), of functions in the image of ©. In just the
same way, using this time the fact that ©¢ kills distributions which change to
their negatives under G, one sees that the operator V*T™ is zero on the subspace

of L2, (R?) consisting of all functions changing to their negatives under the in-
volution (27)~2im€ % G. The intertwining property and the transfer property

of the operator A — % follow from the same properties relative to the transform
©p (2.1.6), (2.1.7), since T, as a function of £, commutes with the action of G on
L?(R?) and reduces to a scalar on the space of functions with a given degree of
homogeneity.

The more difficult part is proving that the image of L?(IT) under TV is dense
in the space of even functions on R2, invariant under the involution
—aize L (iTE)

I'(—in€) g.

(2)

Given w € II, consider the function

) i w(p) dy, (3.2.22)

o P(H) /z — we|?
h(w)(x,ﬁ):(%r)’%/ L ><I 3

—eo T(%) Im w

where w is an even C*° function on the line, with compact support. We first
prove that the function h(*) is invariant under the involution under consideration.
Indeed, from (3.1.20) and the consideration of a Gamma integral, one has

|z — wé|? L B (271’)% o o
<Imw> W/@ tEW (o, b (t, t€) dt. (3.2.23)

Since

G [(z,&) = W (8%, 0%) (ta, t&)] = t>W (¢3, 0% (t 'z, t71E), (3.2.24)
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the function

—1—ip

1—ip 7 r —w 2 2
(om) T oL <| ¢l > (3.2.25)

2 Im w

changes under G to what is obtained if changing p to —p. Our first claim is thus
a consequence of the parity of the function w.

Using (3.2.10) and (3.2.16), we obtain

—1+4ip

1 [ (s —wl? N |z — s|? 2
o (w) _ L _
(V h )(z) ZW/OOW(M)dM/OO( Im w ) ( Im 2 ds

1= TS T2
. ") TR

PUSIES (cosh d(z,w)) w(p) du, (3.2.26)

and we can reduce the interval of integration to (0, 00), just forgetting the coeffi-
cient % in front of the integral.

Finally, using (3.2.19) and (3.2.8), one obtains

P(i5) T(ke)

L(=") T(%)

(TvV T ) (,€) = / N Gue (wi 2, ) w(n) dpr (3.2:27)

if
; = 3 * F(%) |$—z§|2 —3-%
9(z; 2,§) = (2m) /_Oo T(2) ( Im = ) dA (3.2.28)

where, as explained in Remark 3.2.2, g(z; z,€) is actually a distribution rather
than a function with respect to the variables z,£. Applying finally (3.2.7) in a
weak sense with respect to (z,£) (i.e., testing against a function of this pair of
variables in C§°(R?)), one obtains that TVV*T*h*) = p(w),

One concludes the proof, as in the proof of Proposition 3.1.4, with a sesqui-
holomorphic argument, which makes it possible to use in place of integral super-

ip
==
positions of the factors (Iml:nwi\ ) : integral superpositions of the factors

—l—ip

<(x —wi§)(x — wzf)) v (3.2.29)

w1 —Wa
[l

Since pseudodifferential analysis puts the emphasis on the operators ©y and
©O1 (the second of which does not deserve a particular study since it is simply the
product of the first one by 2iw€), it is useful to rephrase the propositions that
precede as follows
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Proposition 3.2.3. For f € C5°(II), one has

\5+1A —14iX

0o _ 2 2
fup) =T [ @nae (5F) T e e2m

. Im z

and

7 s—z|? —7
@00 = 0~ r 5 [ (Bh) T fedme). G2

Im 2z

Proof. Using (3.2.20), one may rewrite (3.2.12) as

0003 () =207 (52) 1 (F52) fi o) (3:2:32)

2

Setting h = ©f f, one combines this equation with the equations
_ |z — 2€]?
(Bohiy) (2) = 2/11@2 hix(z,€) exp ( 27 T dx d§
= 2/ REINOES —27‘(‘52M ds dg
T Jge A P Im 2z

14X

:2(27r)#11(%) /_Z NG (ls_ZP) T ods: (3233)

Im z

between the first and second equation in the last sequence, we have used the fact
that h;y is homogeneous of degree —1 — i\ and set x = s€. This proves the first
formula announced in the proposition. To prove the one that works in the reverse
sense, one combines (3.2.20) with the equation (3.2.11).

Even though the proof is complete, one may wonder why the right-hand side
of (3.2.30) is an even function of A. The symmetry leading to this is provided
by the (unitary) intertwining operator 6;5 from the representation ;) to m_;y,

defined by the equation 0 \u(c) = |o|~*7(c). It is related [34, p. 28-29] to the
symplectic Fourier transformation by the identity (for A € Seven(R?)

(Pymph) YN (3.2.34)
It follows that, given h and ® in Seyen(R?), one has
bl Rb = symp symp
(#l0) 0 gy = (Fm0) s | (Fmen) )

= (@o) s @n"s) - (3.2:35)

L2(R)

L(®)

Applying this identity with ®(z,£) = 2 exp (—2%%) and h = ©§f, two G-
invariant functions, we are done, only noting that

—14iX
2

P\ (s) = (2m) "7 =l <|8_Z2) : (3.2.36)

2 Im z
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The following is a consequence of the identity
0300 = 2T (—im&E)T(in€) [I + G, (3.2.37)

which follows from Proposition 3.2.2.

Proposition 3.2.4. Recall that an even distribution in the plane invariant under
G is characterized by its Og-transform; if it changes to its negative under G, it
is characterized by its ©1-transform. If h is G-invariant and lies in the image of
Seven(R?) under 2it€, one has

|| GOhHL2(H) =2 ||P(Z7T(‘:)hHL2(R2) (3238)
If h € Seven(R?) changes to its negative under G, one has
|| @1h”L2(H) =4||F(1+i7T5)h||L2(R2). (3.2.39)

Since the Gamma function decreases exponentially at infinity on vertical lines
(1.1.8), the transformations © and @ are very far from being (partial) isometries.
The dual Radon transformation V* defined by the equation (V*h)(z) = (do, h)
in (2.1.1) is closer to a partial isometry since, in view of (3.2.9) together with the
fact that V*T™ is a partial isometry, one has

Vbl = (3) 7 Il (3.2.40)

if the function 7*™T'(4 — iw€) h is invariant under the involution F=™P,

Even though a distribution & € &'(R?) is characterized by its (©g, ©1)-
transform, as will be explained just before Corollary 3.3.2, the partially defined
inverse map is extremely far from being continuous in any useful sense. This will be
felt, especially, in the automorphic situation: an operator such as 0 is simply “too
good”. The operator V* is much better in this respect, in view of the existence of
inverse formulas such as (3.2.11): however, as it consists in integrating over ellipses,
it cannot be applied to general distributions. We introduce now two families (W)
and (U,,), with m = 0,1,..., of variants of V* and V*F™P with improved
properties, but not so good as to destroy their usefulness.

The integral kernels of all the operators from functions on R? to functions on

2
IT considered in the proposition below depend only on % Now, if g = (‘Z 3),
) = g7t (%) and 2/ = 2 one has ZEEE - le=2 ey ses that all
¢ g 3 z' = ¢ZF;, one has == Im - Lhis expresses that a

operators below are covariant under the pair of actions of SL(2, R) on R? and II, by
linear or fractional-linear changes of coordinates: it will make it possible to tacitly
reduce most calculations to the case z = i, in which the quadratic form under
consideration is simply z2 + £2. Besides, under any of these maps, the operator
72E2 transfers to A — i, as stated in (2.1.7) in relation to Gg: the proof is the same
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in all cases, since it boils down to showing that applying 722 to any function of
2
%7 considered as a function of (z,£), gives the same result as applying it the

operator A — 1, when considered as a function of z [39, p. 24].

Proposition 3.2.5. For m =0,1,..., define

d m
Jom(p) = ('0_1dp> Jo(p), p>0, (3.2.41)
and, form=1,2,..., set
— M _ p2ym-1
gm(r) = 2 (m =11 (1 —r°)™ “char(r < 1), r>0. (3.2.42)

Let Wy, and U, be the operators from Seven(R?) to functions on 11 defined by the
equations

Wat)(e) = [ Oon (2 )dmde m=12
(Unmh)(2) = /R h(z,€) Jo.m (%Ej)i") dede, m=0,1,..., (3.2.43)

and complete the first definition by setting Wy = V*. One has, for every m =
0,1,..., the identity W, = U,, F¥™P. Besides, for every h € Seven(R?), one has
the identities

VEFYPh = (1)U, [(1 — 2ixE) (3 — 2i7E) ... (2m — 1 — 2ixE) h],
Vih = (=1)"W,, [(1 + 2i7E) (3 + 2inE) ... (2m — 1 + 2w h] = (3.2.44)

the polynomial in Fin&, of Pochhammer’s style, on the right-hand sides, should
be interpreted as the identity operator when m = 0.

Let us take this opportunity to recall the Pochhammer notation, which will
come in handy on occasions: given a number a (or an element in any algebra with
unit) and n =1,2,..., one sets (a), = a(a+1)...(a+n— 1), completing this by
(a)o =1.

Proof. In the coordinate r = /x2 + £2, the F¥™P-transform of a radial function
h(r) is the radial function r +— 2 [ th(t) Jo(2mrt)dt. If one takes for h the
integral kernel of the transformation V*, to wit h(r) = 5 §(r — 1), the F=ymp-

transform of which is the function r — Jo(27r), one obtains that the operator
V*Fsymp = Wy FY™P coincides with Up, as claimed.

Since the Bessel function Jj is analytic and even, the integral kernel of the
transformation Uy is an analytic function of (x, §): however, in contrast to the inte-
gral kernel of @, it is not rapidly decreasing at infinity. It is useful to improve (not
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too much) the growth of this integral kernel at infinity. To this effect, we remark
first that the function Jy ,, is still an even analytic function on the line. Its advan-
tage rests on the asymptotic expansion Jo(p) ~ >, < P2 (ay cos p+ by, sinp),
valid [22, p. 139] for some (explicit) coefficients a,,, b,: applying (p*1%>m substi-
tutes for this expansion a similar one, in which the sum starts from n = m. Next,
we prove the identity

Jo(p) = (—1)7"( d‘; +2> ( d‘; +4> (pjp +2m) Jom(p).  (3.2.45)

To check it, we first remark from the differential equation which essentially defines
the function Jy that one has

—Jo(p) = (ddp +/1)> dilpJo(p) = (pjp—i—2) —1dd Jo(p), (3.2.46)

which is the case m = 1 of the claimed identity. A proof by induction will then
follow from the identity

(p_ljp> (pddp +2> = (p;p +2m+2> ( —1dd> 7 (3.2.47)

proved by testing it on p* (with « € C arbitrary) and using the fact that
d m
(P 1dp> pa — C(a,m) pa—2m
for some constant C(a, m).

The two equations (3.2.44) are equivalent to each other, assuming that the
equation linking W,,, and U,, has already been obtained, and the first follows from
(3.2.45), not forgetting that the transpose of £ is —€&.

What remains to be proved so as to complete the proof of Proposition 3.2.5
is the validity, for m = 1,2, ..., of the identity W,,, = U,, F¥™P_ equivalent to

gm(r) = lim. 095, (r), (3.2.48)
with
oo
g (r): = 27T/ te 2™ Jo.m(27t) Jo(2rt) dt, (3.2.49)
0
which expresses that the F3Y™P-transform of the integral kernel of U, is W,,,: the
case when m = 0 has already been treated.
For m =0,1,..., one has the identity

(=)™ ) /1 eTIPN1 = A2 3d), p> 0. (3.2.50)

T
Pl = i+ D)

N|—= w\»-A
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This is to be found, e.g., in [22, p. 79] when m = 0. The general case follows by
induction, with the help of an integration by parts based on the identity

d : 1 ) . d 1
L (67PN (1= N2) T = TPyl (1 =\, 3.2.51
Py N = T (LT (3251)

Assuming from now on that m > 1, one writes

e (71)mﬂ'% ! m—1 > —27e
I (1) = m 71(1 — A%)"2d\ ; te 2™ Jo(2mrt) cos(2mAL) dt.
(3.2.52)
After an integration by parts, one has
e (71)771,”7% ! 2\m—2 > —2met :
(1) = ——5F——~ Al =) 2dA e Jo(27rt) sin(2wAt) dt.
2m=2l(m - 3) Jo 0
(3.2.53)
The limit as € — 0 of the last integral is [22, p. 425]
i(AQ—rQ)’%- = ichar(r<A) (AQ—r2)’% (3.2.54)
27_[_ + L 27T /N

It follows that the limit as € — 0 of ¢, (r) is

(_1)77171.—% ! m—2 -3
i 1) /. A1 =)™ (A2 =) 2 d),
5 .

where the last integral can be transformed to

e m—3 2\~ 3 1 S m-% —1
3 2(1—15) 2(t—1°), dt:§(1—r)+ (1—s)""2s 2ds
T 0
1
1 7m20(m— 1) m—
=5 m_1) S Vi (3.2.55)
This concludes the proof of Proposition 3.2.5. O

One may also note its consequence that

Up [(1+2imE)(B3+ 2iwE) ... (2m — 1 + 2iwE) h)
= (—4)"AA+2)(A+6)...(A+m?—m) (Unh), (3.2.56)

or

V*[(1 = 2iw&)(3 — 2in€) ... (2m — 1 — 2in&) h]
= (—4)"AA+2)(A+6)...(A+m? —m) (W,h). (3.2.57)

We save for future use the following formula.
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Lemma 3.2.6. Form=1,2,... and « € R*,8 >0, set
L.(a,B) = / gm (BN 1+ t2) e dt, (3.2.58)

where the function g,, has been defined in (3.2.42). The integral is zero unless
B < 1, in which case one has

(v, B) = (—1)%—%”;1(;)5) (1 ;252> S gm, ('a W) (3.2.59)
where J,, is the usual Bessel function so denoted.

Proof. Recall that g,,(r) = C(m) (1 —r?)7"", with C(m) = % Assuming
that 8 < 1, one has, with v = \/m,

(C(m)) (e, B) = 2 /O " cos(at) [1 _ m]m_z dt

gl
=201+ 72)%77”/ (v = %)™ 2 cos(at) dt
0

=2"73(m + 1) (1442)z"™ <Z4) I (e ),  (3.2.60)

according to [22, p. 401]: (3.2.59) follows. O

In all that precedes in this section, we have made use of the spaces L?(R?)
and L?(IT), not of analogous spaces of automorphic objects such as L?(T'\II). How
to define a Hilbert space L?(I'\R?) is much less obvious since, as already remarked,
the action of I' in R? has no fundamental domain. However, there is a way to do
s0, based on a complete spectral analysis of the Poincaré process (the summation
of g-transforms of a given function h, with g € T'), as follows [39, chapter 5].

Whenever a function h lies in the image of Seyen(R?) under the operator
m2E2 (§ 4+ 72E?), the series & = >_ger I © g converges weakly in S’(R?), and its
sum is an automorphic distribution. Moreover, one may set

|6 ||2L2(F\R2) Z/ (h o g)(x,&) h(x, &) drdé (3.2.61)
gerl

as the right-hand side is positive if & # 0 and depends only on &, not on h.
The proof depends on a complete spectral decomposition of the bilinear operator
involved in the summation process, to wit on the formula (in which f € Seyen(R?))

(&, ) =5 /_3%’ h(€in, f) W

+23°r (g) r ( ) D ene e YNy, f): (3.2.62)

r#0 14
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we have set €, = (—1)%, where € = 0 or 1 is associated to the Hecke distribution
M, as in Theorem 1.2.2, or to N}, ¢ as in Theorem 2.1.2.

The norm in the space L?(T'\R?) (the completion of the space of distributions
S just introduced) relates to the norm in L?(T'\II) by the pair of formulas

||®06||L2(F\H) =2 ||F(Z7T5) GHLZ(F\]R"’) if gh = h,
||@16||L2(F\H) =4 ||F(1 + 7,775) 6||L2(F\1R2) if Gh = —h. (3263)

Even though the two formulas look identical to the formulas of Proposition 3.2.4,
this pair of equations, which deals with automorphic distributions (in the plane)
and automorphic functions (in the half-plane), requires a solid 40-page proof.

3.3 The sharp composition of homogeneous functions

There is an elementary integral formula for the sharp composition of two symbols
in S(R?): though its usefulness is limited, we recall it since it will help clarify
things in a moment. Setting X = (2,£),Y = (y,n), Z = (z,() and using the
symplectic form introduced in (3.1.6), one has the general formula (cf. e.g. [39, p.
26))

(hths)(X) = 4 / by (V) o (2) e~ 871 =X Z-X1 3y 47 (3.3.1)
R2 xRR?

We recall here the way the sharp composition of symbols (the operation cor-
responding to the composition of operators) combines with the decompositions of
symbols into homogeneous components. We have proved the formula that follows,
in various degrees of generality, in more than one place. The shortest proof, at
the same time a better explanation of what really goes on here, can be found in
[39, section 1.2]: still, it is much too lengthy to be reproduced here. Quoting from
Theorem 1.2.2 there, if h! is an even symbol homogeneous of degree —1 — i\,
originating from the decomposition of a function in S(R?), and a similar notation
goes for h2, one has, if h = h' # h?, the identity h = ffooo hixd\, with

1 ; b b
hix(s) = I Z /R2 Ki(,j\i,z',\Q;i,\(Sl’S% s) ('), (51) (h%),,, (s2) ds1dss -

§=0,1
(3.3.2)
the integral kernel is given as
Ki(/J\i,i)\ng(shS?; s) = Ci(f\i,ikg;i/\ XEZ\)l,ixz;i,\(Sle% s), (3.3.3)
with
: . —14i(A1+Ag—A)
CXZ,M%M =(-1)2 2
B, (1 +i(=A + A — )\)) B; <1 +i(A— A2 — >\)> B; (1+i()\1 + A2 JrA))
2 2 2
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and
() .
Xikl,i)\g;ik(sl782a S)
Z14iAg A2+ A) —14i(=A1+Aa—A) (g —Ag—)
=ls1—sal; 7 |52 — sl; ’ s —s1f;  ® . (33.5)

Some observations are necessary. What is really meant here is that if A' =
ffooo (h')ix, dA1 lies in Seven(R) and the same goes with k2, the symbol h = hl # h?,
which lies in Seven(R) too, has a decomposition h = [, dA1 do ffooo hixd, with
h?/\ given by the preceding formulas. We shall refer to this way of understanding
(3.3.2) as being an identity “in the weak dA; dAg-sense”. This terminology will
make it possible to dispense with writing consistently extra integrals, in already
quite complicated equations.

To readers who would like to check this quotation with the given reference,
let us indicate that there is now some simplification due to the fact that we deal
here with globally even symbols only, so that the three indexes denoted as 41, d2, §
in [39] are zero: but j = 0,1 survives and, with the notation there, one has e =

g9 = ¢ = j. We denote as KY » what would have been denoted {Kf)’\j;él\z;ik]

Z‘Al,i)\g;i ]
there. Also, we denote as Xg\)l irg:ix What would have been denoted xJ37; .\

there and as Cz(ii ixg:ix What would have been denoted Czq-;\i;‘ikg'i)\' It is useful to
understand the role of the parameter j. From the relation

Ki(il,if\l;m(s%sh s) = (-1 Ki(iz,ihg;i)\(slasﬁ s), (3.3.6)

of immediate verification, it follows that, if one keeps only the term with j = 0
from the right-hand side of (3.3.2), the result one gets is that corresponding to the
decomposition, in place of h! # h2, of the commutative part

h' A R = % (R' #h* + > #h') (3.3.7)

similarly, the term with 7 = 1 corresponds to the decomposition of the anticom-

mutative part h' 7 h* = 1 (h* # h* — h? # h'). Note that the formulas for the A

(resp. V) compositions of symbols are obtained from (3.3.1) by simply replacing

the exponential exp(4im(y( — zn)) there by its cosine (resp. 4 times its sine) part.

One may set also A = # and 7 = # so as to treat the two parts simultaneously.
0 1

Then, (3.3.1) yields the pair of identities
(h1#h9)(X) = / hi(Y)heo(2) F(AlY — X, Z — X])dY dZ (3.3.8)
J R2 xR2

with Fy(t) = cost, Fi(t) = —i sint. If one considers the map J such that J(x, &) =
(—x,§), it is immediate that

Y —JX, Z-JX]=-[JY - X, JZ - X]. (3.3.9)
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Just performing a change of variables, one obtains the following consequence, to
be used in Chapter 5: if h; and ho satisfy the identities h1(JY) = (—1)thy(Y)
and ho(JY) = (—1)%2ha(Y), one has

(ha#the)(JX) = (=1)"4=2 4 (hy#thy) (X). (3.3.10)

There is a link between the sharp composition in the plane and the point-
wise product, to be completed with the Poisson bracket, in the half-plane, if one
combines the first bilinear operation with the decomposition of symbols into ho-
mogeneous components. Given a pair fi, fo of C* functions in the hyperbolic
half-plane (for instance modular forms), one can always define their pointwise
product and — which is just as important — their Poisson bracket

df1 0 of1 0
{fl,f2}=y2(—;ylaj;2+£;;) (z =z +1iy). (3.3.11)

It is convenient to set

fife if j =0,

h >J< f2= {é {f1, f2} if j=1. (3.3.12)

We show now that, when coupling the sharp product on R? with the decom-
position of symbols into homogeneous components (as has been done in (3.3.2) to
(3.3.5)), one can, using also the map © defined in (2.1.5), express it in terms of
the two operations just considered in the half-plane.

Theorem 3.3.1. Given h', h? € Seyen(R?), one has

hl #h2
- g (—i)! /OO d)\/ ( H r (1 +i(mA + 77222 + mime) + 2j>>
Jj=0,1 - R2 Ny mo=a1
: {@3 <@o(h1)m1 X @o(hZ)mz)] dA1dAs. (3.3.13)
J ix

Proof. The following was proved in [34, p. 71-74] and a version dealing only with
the case of globally even symbols (the case of interest here) was proved again in
[39, p. 56-57]. Let h', h? be two even functions in S(R?). For every pair (A1, A2)
of real numbers, one has the identity
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b

V(T ) 5 <V*T*<h2>m”] A

F(—@)F( )T (%)

)\+)\1+)\2 +2j r T+iA=A14+ X)) +25
4
>\+>\1 2) + 25 T T+iA =1 — )+ 25
4
/ XD o in(s15525 8) (WD)4, (51) (W)}, (52) dsy dso. (3.3.14)
R2

We shall not write the formula obtained when replacing, on the left-hand side,
V*T™* by Og and TV by the adjoint ©F of Og: simply observe, as a consequence
of (3.2.20), that the right-hand side must be multiplied by

§ (2m) 2 Ay e yp A (3.3.15)
2 2 2
which changes the factor 2-3772 to 273“012“27*)7r74+i(k12ﬂ27k) and Kkills the

product of three Gamma factors in the denominator.

The integral on the last line of (3.3.14) is the same as that in (3.3.2): only the
coefficients differ. Making the functions B; which are factors of (3.3.4) explicit and
observing that the product of three Gamma factors obtained upstairs are among
the four Gamma factors in (3.3.14), we obtain (3.3.13).

A few hints about the way (3.3.14) was proved in the above-given refer-
ences, say in the case when j = 0, may be useful. Taking benefit of (3.2.10) and
(3.2.11), one arrives at an expression of the left-hand side which, up to some
Gamma factors, coincides with the integral with respect to dsj dsg of the product

of xgg)hi)\z;i)\(sl, S2; 8) by the (convergent) integral

1 (281 _l+i>‘2
|Z|2 3+ |Z|2—1 2 3 1,0
— e I T2 . 3.1
/H<Imz [ (Im z)27 2 dm(z) (3.3.16)

Using (3.2.17) and Plancherel’s formula, one reduces the computation of this
integral to the consideration of a Weber-Schatheitlin integral, as will occur in
(5.2.11). O

It is one of our aims to extend Theorem 3.3.1 to the case of two factors,
each of which will be taken from the Fourier series expansion of an Eisenstein or
a Hecke distribution, i.e., will be of the kind h*(x,&) = |¢|~1—¥* 2™ e doing
this will be our task in the next chapter. In Chapter 5, we shall then extend the
theorem to the case of two modular distributions.
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The first difficulty, when trying to extend Theorem 3.3.1, lies in the presence

on the right-hand side of the inverse of a product of 4 Gamma factors: if one
Al

neglects (easy to deal with) powers of |A|, this function is of the order of e 2
as |A| = oo (cf. (1.1.8)), which is unsuitable for a d\-integration, unless we know
enough about the other factor in the integrand. The origin of the problem lies in the
fact that a pair of operators such as (©g,©1) is “too good” to have a continuous
inverse. It is for this reason that we have introduced the sequence of operators
(Wy,) in (3.2.43). In Section 5.1, we shall substitute W,,, with m well-chosen, for
Og: this will solve the difficulty, especially in the automorphic situation. But it is
still true, as proved in Proposition 3.1.4, that a tempered distribution in the plane
is fully characterized by its transform under the pair (0, 01). Not all is lost, as a
consequence, if we reformulate Theorem 3.3.1 as follows, with the help of (3.2.32):

Corollary 3.3.2. Under the assumptions of Theorem 3.3.1, one has

[ D252
Qo (h! #h?) = 7* Z <_i)]/ d)‘/ 13( A +2/\ T N)+2;
— oo R2 H I‘( MiAL 17242 n11M2 .7)

J=0,1 n1,m2==+1

- [Qo(hl)m X @0(h2)m] dAid)s, (3.3.17)
and the ©1-transform of h' # h? is given by the same formula, on the right-hand
side of which the extra factor —i\ has been inserted.

Proof. Only the last sentence has not yet been justified: it follows from the relation
(2.1.5) between Oy and O, the variable —i\ corresponding of course, under the
decomposition (3.3.13), to the (generalized) eigenvalue of 2in&. O

The advantage of this corollary is that the ratio of Gamma factors on the
right-hand side of (3.3.17) is bounded by (1+|A|)}~2/: the exponent is unimportant,
what matters is our having gotten rid of the exponential factor.

Remark 3.3.1. Combining the (n-dimensional version of the) most elementary com-
position formula (3.3.1), here rewritten with the help of (3.1.5) as

Tr (Op(h1) Op(hz) Op(h))

= 2% / hi(Y) he(Z) h(X) eHmXYI=NZIHIX2D g x Yy dZ (3.3.18)
]RZn XRZIL XRZn

with an elementary case of the composition formula based on decompositions
into homogeneous components, one obtains an identity which has attracted some
interest lately, though people do not seem to have realized how simple a proof
could be obtained from a pseudodifferential argument.

—n—i

Indeed, with £(z,&) = |2|2 + |¢|?, consider the case when h = (=" and a
similar definition goes for h; and ho after one has replaced A by A; or As. The
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three operators in (3.3.18) are not Hilbert-Schmidt (it just fails), but one can still
consider the two sides of (3.3.18) in the weak sense against functions of A, ... which
extend as holomorphic functions in some strip [Im A| < ¢, rapidly decreasing at
infinity. Denoting as do the Euclidean measure on the unit sphere S2"~! and
making the polar changes of variables X + rX,... with r > 0, X € $?"71, one
is left with the consideration of the (weakly convergent) integral

o oo oo
2 1 X, —iAp . —iA
2 ”/ / / (rryre)" g 2
o Jo Jo

cexp (dim (rry [ X, Y] = rire [Y, Z) + 112 [ X, Z])) dr dry dra. (3.3.19)
Taking rry, r17re, 72 as new coordinates, one transforms the integral (3.3.18) to

—n+i(—A1+ Ag + N)
2

2%,430(_71/ + ’i()\12+ )\2 — )\)

—n + Z()\l — Ao + )\)
5 )
/HY Z]|—n+z‘<A12+A2—A) |[X Z]|fn+i(fA21+Az+A)

—n4i(A]—Ag+A)
2

)Bo( )

- By (
XY do(X) do(Y) do(Z). (3.3.20)

On the other hand, the spectral decomposition of the n-dimensional harmonic
oscillator L = Op(w ) led to the equation [30]

Op (e727%) = (1 - 5%)"% G - i)L , (3.3.21)

from which it followed [19, p. 986] that the decomposition into homogeneous com-
—n—i\y —n—i\

T s given by the

ponents of degrees —n — i\ of the symbol g = ¢~ =  #/

equation
1 n—2+i(A1+Aoa—A) —n—iX
gix = Z (27T) 2 g 2
F( n+i(>\li’>\2*/\) )F( n+i()\1;)\2+)\) )F( n+i(7)\z+)\2+)\) )F( n+i(7)\117)\27)\) )

D(EE T (2T ()

(3.3.22)

Taking the trace (in the weak sense against a nice function of the parameter V)
against the operator with symbol £~z and noting (take the trace against the
operator with symbol

_ 1 i n+iu —n—ip
7ol
e = 7471-/ I( 5 ) (mdl) T2 du (3.3.23)

— 00
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as an intermediary) that

Tr((op (4’"5“) Op (e’"z’i”>) = 21 wan_1 6\ + 1), (3.3.24)

where wa,_1 is the area of the unit sphere, we obtain an explicit formula for the
integral (3.3.20). This formula was given, in various degrees of generality, in [3, 5].

Remark 3.3.2. In the n-dimensional case, there is a great variety of Gaussian
functions the exponent of which has a positive-definite real part, parametrized
by the complex tube over the cone of positive-definite matrices in R™, which is
a model of the homogeneous space quotient of Sp(n,R) by its maximal compact
subgroup. Each such Gaussian function could serve as a substitute for the function
#? in (3.1.17). Let us consider only, however, the normalized functions in R"

b.(z) = (2 Im <i)>z exp <Z: |x|2> , (3.3.25)

with z in the two-dimensional hyperbolic half-plane. The first Wigner function
formula (3.1.20) extends at the sole price of having to replace the factor 2 in front
of the right-hand side by 2". Computing first the (Gaussian) integral

I(t)'—Q"/e (—2mt(|z|? + |¢)? o 22 dzd
A0):=2" | exp mi(le® + |€%)) exp | =27 —— x d§

—_n
2

n 2 ].
= (Im z)~% {ﬁ + |ZI|T+Z t+ 1] : (3.3.26)

one obtains with the help of [22, p. 185] the formula
—n—i) (27‘(‘) o ntil—2
¢ |0p (L2 ) ¢.) = =i / t 2 L(t)dt
(92100 (757) 0:) = gy |,

KRR ()
I'(n) 4

n+il
2

) ' (coshd(i,2)) (33.27)

involving the hyperbolic distance on II.

In [35, p. 215], this equation was combined with the one-dimensional case of
(3.3.22) to give a pseudodifferential proof of a formula, due to Mizony [23], express-
ing the product of two Legendre functions B3 SN (6) with the same argument ¢
but generally different parameters A\ as an explicit integral superposition of func-
tions of the same kind. It is very likely that, on the basis of (3.3.27), one should
be able to obtain a similar formula for the product of two functions of the kind

1-n 1-n
(62 - 1) T 9B _2_,,(9). But this would require pushing somewhat the analysis of
2

the very special case of the n-dimensional Radon transform we have considered,
obtaining the generalization of Corollary 3.3.2: we have not done it.
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3.4 When the Weyl calculus falls short of doing the job

Only linear operators from S(R) to &’(R) have symbols, in the sense of the Weyl
calculus. However, we shall come very soon (in Lemma 4.1.2) across operators A
with the property that, while both operators PA and AP act from S(R) to S'(R),
the operator A itself does not. In that case (cf.(3.1.14)), one defines mad(P A
Q)A = (PA)Q — Q(AP), as well as the symbol h; of this operator: it would
coincide with Eh if, after all, A did act from S(R) to S’(R) and its symbol were h.

The slight difficulty with this definition is that if ¢ € SL(2,R) and M,
is one of the two metaplectic unitary transformations lying above g, if PA and
AP act from S(R) to S'(R), the same does not necessarily hold if one replaces
A by MyAM; ' Indeed, one has MyQM;' = Op(x o g~') = dQ — bP and
MyPM; ' = —cQ + aP. Then,

My (mad(P A Q) A) M, " = mad((—cQ+aP) A (dQ—bP)) (MgAM, "), (3.4.1)

if one is defining mad((—c@ + aP) A (dQ —bP)) B = (—cQ + aP) B (dQ — bP) —
(dQ — bP) B(—cQ + aP) under the assumption that both (—cQ + aP)B and
B(—cQ + aP) act from S(R) to S'(R).

We are thus led to generalizing our definition of mad(P A Q) A. We shall
consider this operator as a well-defined operator from S(R) to S’(R) if, for some
choice of g = (2%), A(—cQ + aP) and (—cQ + aP)A are operators from S(R) to
S'(R) (i-e., if A acts from the space (—c@ + aP)S(R) to S'(R) and from S(R) to
the dual of the space (—c@ + aP)S(R)), and we define then

mad(P A Q) A= (—cQ + aP) A(dQ — bP) — (dQ — bP) A(—cQ + aP). (3.4.2)

Of course, we have then to show that, if for some ¢g; = ( o Zi ), both A(—c1Q+a; P)
and (—c1Q + a1 P)A act from S(R) to S’(R) too, one necessarily has

(—cQ + aP) A (dQ — bP) — (dQ — bP) A (—cQ + aP)
= (—ClQ + G1P) A (de — blp) — (de — blp) A (—C1Q + alP). (343)

In the case when the vectors (%) and (&l ) are not proportional, this implies that

AP, PA, AQ, QA all act from S(R) to S8'(R): expanding the wedge by bilinearity,
one verifies that both sides of (3.4.3) agree with PAQ —QAP. If the above vectors
are proportional, it is no loss of generality to assume that they are identical (since

replacing the vector (f%j:’f P) by ( /\,Al((df?cgi)m) will not change mad((—c@Q +

aP) A (dQ—bP))). Then, expanding (—cQ+aP) A (dQ—bP)—(dQ—bP) A (—cQ+
aP) and its companion (in which g; takes the place of g) linearly with respect to
the factor, in each term, distinct from —c@ + aP, is possible, and leads to (3.4.3).

Our definition of mad(P A Q) applies now to a class of operators A which is
preserved under the map A — MyAM - 1. However, it may seem a bit artificial: let
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us trace the origin of the difficulty. An operator such as A = A; A5 in Lemma 4.1.2
below is well-defined on the image of S(R) under P. This is a one-codimensional
subspace of S(R), which may seem “almost as good”, but this is not the case,
because it is not preserved under the metaplectic representation. In Chapter 6,
we shall interest ourselves in the way a certain operator acts on Syqq(R) only, a
subspace of S(R) invariant under the metaplectic representation, so that the slight
inconvenience just explained will disappear anyway.

The developments that follow in this section are not necessary for further
reading, but they will be referred to in a short expository paragraph at the end of
Section 6.3 and revisited in Section 7.1.

The inconvenience just alluded to would never show if we had a represen-
tation acting on the image of S(R) under P (or under @), and an associated
pseudodifferential calculus, covariant under this representation. Such a pair ex-
ists, and consists of the case p = 1 of the following general construction. First,
one builds for p = 0,1,... a unitary representation Met, of SL(2,R) in L*(R),
preserving the space S,(R) which is the image of S(R) under the multiplication
by the function z — aP. Such a representation is defined, if g = (‘; g) with b > 0,
if w is even and x > 0, by the equation

) o0 2 2
ety (9)0) (@) = e F 000 5T [T g,y () @)

(3.4.4)

while in the case when u is odd, the sole modification to be done on the right-hand

side is replacing p by p + 1. Then, one builds a symbolic calculus Op” which is

covariant under this representation, the action of elements of SL(2,R) on symbols

being the usual one. Needless to say, the pair (Op”, Met,,) consists, when p = 0, of

the Weyl calculus together with the metaplectic representation. Some more hints

regarding this “calculus of level p” will be given in Section 7.1.

Such a construction has been carried in [35, sections 7,9] and, indeed, the
general properties of the pseudodifferential calculus OpP, especially when used
with automorphic symbols, improve with p. As will be seen in the next chapter
and Chapter 5, the sharp composition, in the Weyl calculus, of any two Hecke
distributions is not absolutely meaningful: this is where using mad(P A Q) can
save the situation. But it is possible in the Op®-calculus if p > 2: it is even
possible, staying within such a calculus, to compose any given number of modular
distributions (Eisenstein’s €, and Hecke, with a bound on |Re v| in the first case)
provided that p has been chosen large enough.

We shall not follow this path, however, partly because this leads to extremely
complicated calculations. We shall stay within the Weyl calculus proper, at the
price (which will be fully explained) of having to use repeatedly polynomials in
the operator mad(P A Q) in an appropriate way. What may explain the greater
simplicity of the Weyl calculus within the series (Op?) is that it is the only one
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which, besides its covariance under the metaplectic representation, enjoys also
covariance under a representation of the Heisenberg group (3.1.10).



Chapter 4

Composition of joint
eigenfunctions of £ and ¢ 8%

The functions

hug(@,€) = |77 exp (2i7rq;) : (4.0.1)
with ¢ € Z, are the basic pieces of the decomposition (1.2.32) of modular dis-
tributions, such as Eisenstein’s and Hecke’s, into Fourier series. For this reason,
analyzing the sharp composition of two symbols of such a kind (it is preferable
not to assume that ¢ € Z at this point) is a natural way to approach the question
of the sharp composition of two modular distributions. Another possible approach
could have relied on the decompositions of Eisenstein or Hecke distributions into
bihomogeneous functions, since the coefficients of these decompositions are given
in terms of L-functions (a desirable fact) in a direct way. However, extensive calcu-
lations, not reproduced in this book, show that the terms of the decomposition of
the sharp product of two bihomogeneous functions involve linear combinations of
generalized hypergeometric functions gF5, whereas only standard hypergeometric
functions will appear in connection with the method to follow.

Before we compute a sharp product such as h = h,, ¢ # hu,.q,, We must
analyze in which sense it is meaningful. As will be seen in the first section to
follow, though h is certainly a tempered distribution when g1 + g2 # 0, one must
satisfy oneself, when ¢ +¢2 = 0, with defining it as a continuous linear form on the
image under 2i7€ of S(R?). Next, in view of applying the results to series of such
products, we must improve the estimates. All this will be done with the help of the
following trick: substitute for the symbol h its image under a certain polynomial,
of Pochhammer’s style, in the operator 2i7€. Finally, the explicit decomposition
of hy, g, # hv,,q, into homogeneous components will depend on a quite lengthy
computation, based on the composition formula provided by the equations (3.3.2)
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to (3.3.5).

4.1 Estimates of sharp products h,, ;, # hy,.q,

If & € S(R?) and ¥ = F; '®, one has if h,, is the function introduced in (4.0.1)
the identity (h,,q,®) = [*°_ |71~V (g,g) d¢. The function £ s ¥ (g,g) lies in
S(R), whether ¢ = 0 or g # 0: it is, moreover, flat to infinite order at 0 if ¢ # 0.
It follows that the function h, 4, initially defined as a locally integrable function if
Re v < 0, extends as a tempered distribution for every v if ¢ # 0, for v # 0,2, ...
if ¢ = 0. This splitting of cases will have consequences to be felt throughout the
developments to follow.

The distribution h, , satisfies the pair of (generalized) eigenvalue equations

0
(2in&) hy,q = —v hy 4, f% hyg=qhyg. (4.1.1)
One should note the relations
FVmPRY — bV if b (x,€) = |q|2 ¢V ePTIE, g #£0 (4.1.2)

and, for future reference, Gh, , = 22"E F¥mPh, = 2V|q|"Vh_,,, if ¢ # 0. Recall
(3.1.14) the equation, valid for every & € S'(R?):

mad(P A Q)Op(6&): =POp(6)Q —QOp(&)P =0p(£6). (4.1.3)
On the other hand, from (3.1.12),

1

5 [P%, Op(&)] = Op (15 0 6) . (4.1.4)

2im > Ox

From the latter equation, it follows that the sharp product of two (generalized)
eigenfunctions of the operator & % will also be an eigenfunction of the same oper-
ator, simply adding the (generalized) eigenvalues. Something similar would hold
with the operator £7 in view of the eigenvalue equation % [QP + PQ, Op(6)] =
Op(&%6), but nothing of the same kind is valid so far as the operator £ is con-
cerned. This is why computing the sharp product of two symbols of the kind h, 4
will involve an integral with respect to the variable v.

It is useful to consider, in place of functions h, 4, more general functions
h(z,&) = f({)e%”q%, where f is assumed to be an even function on the real line.
The operators with such functions for Weyl symbols are easy to describe, but
analyzing their composition is much more delicate: this will be our task in this
chapter.
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Lemma 4.1.1. Let g € R. Let h(z,&) = f(f)e%rq%, and set g(§) = @ f(g) Assume
that f is a continuous (even) function on R\{0}, and that |f(&)| is bounded, for
some pair (O, N), by C (€| +|&|7Y)N : if ¢ = 0, reinforce the assumption, taking f
to be locally integrable near the origin. For u € S(R), one has

2~ 7 (Fu)(er/t?—2q) .
(FOp(h)u) (1) = char(t* > 2q) E:Zﬂ:dg(t +eV/t? —2q) Y if ¢ #0,
F)(Fu)(t) if ¢ =0.
(4.1.5)
Letuw € S(R): if ¢ < 0, FOp(h) u is continuous on the line and rapidly decreasing
at infinity; if ¢ > 0, F Op(h) u is continuous outside ++1/2q, locally summable near
these points and rapidly decreasing at infinity.

Proof. The case when ¢ = 0 is trivial, and we assume that this is not the case.
The first thing to note, generalizing what was said in the beginning of this section,
is that the equation

o= [ r@ o) (Le)de wes@). (1o
gives h a meaning as a tempered distribution, even though f may be far from inte-
grable near 0. We take advantage of the equation 7 Op(h) F~* = Op (h o ((1) o ))
and we write (with w = Fu)

(Op (ho (Y7')) w) ()= /R f(HTx)e“‘”qt% 2T (1) dr de. (4.1.7)

Performing the change of variable z — y = xz + ti—qm, so that (t+y)? > 8¢, one has

x:%(7t+y+€ (t+y)278q) with e = +1, and

dz :1\t+y+6\/(t+y)2—8q| (418)
dy| 2 (t+y)? —8q

The product of exponentials becomes e~27¢(t=%) and the calculation is over since
[ermEt=vde = §(y —t).

The last assertion is a consequence of the fact that the argument t+e+/t2 — 2¢
of g in (4.1.5) is never zero, and can approach zero only when et — —oo, in which
case it has the size of ‘71| O

We come now to the question of defining the sharp product of two functions
h¥(k = 1,2) of the type just discussed as a tempered distribution, or the equivalent
one of defining the composition A; A, of the associated operators as an operator
from S(R) to §'(R): as will be seen, in the case when ¢ + g2 = 0, one may have
to lower slightly one’s expectations.
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Lemma 4.1.2. Let there be given q1,q2 € R, not both zero. Consider two operators
A, = Op(h¥), (k = 1,2), with h*(z,€) = fu(£)e* ™ 5. Assume that f1, fo are
continuous in R\{0} and that, for some pair (C,N), one has |fr(&)] < C(|¢] +
1€~V if qp = 0, reinforce the hypothesis about fy, assuming that this function
is locally summable near the origin. Then, if (1 + g2 # 0, or g1 > 0 (or g2 <
0), the operator A1As acts from S(R) to S'(R). If 1 + ¢2 = 0 and ¢1 < 0,
the operator A1As does not generally act from S(R) to S'(R) but the operator
mad(P/\Q)(AlAg) = P(AlAQ)Q—Q(AlAQ)P, deﬁned as (PAl)AQQ—QAl(AQP),
does.

Proof. Let us consider first the case when q1g2(q1 + ¢2) # 0. Let u € S(R).
Setting v = Asu, it follows from Lemma 4.1.1 that Fv is continuous on the line,
with the exception of locally summable singularities at +1/2¢o when g2 > 0, and
rapidly decreasing at infinity. Then, the only possible singularities of F(A; Asu) =
F(Ayv) are located at points ¢ such that t2 — 2q; = 0 or 2qo, ie., t = +/2q;
and t = £4/2(q1 + ¢2): in view of equation (4.1.5) applied with the operator Ay
(and u replaced by v), and of the properties of Fv just given, the singularities of
the second species are obviously locally integrable, and so are those of the first
species in view of the equation ds

\/t2dt2 — T valid in a half-neighbourhood
—<q1 S q1

of t = ++/2q1 if s = €1y/t? — 2¢1. This gives the operator A;As a meaning as an
operator from S(R) to S'(R), and a Weyl symbol in S’(R?): but note that the
“intermediary space” in which Asu has been found to lie depends on go. We shall
fix this inconvenience to some extent in Lemma 4.1.5 below. Explicitly, setting

gx(&) = %fk(%), one has
(.7:(A1A2u)) (t)

= Char(t2 > 2q1) Z it % 201) (F(Azu)) (e1v/ 12 — 2¢1), (4.1.9)

and

12—
(F(A1Aqu)) (t) = char(t? > 2q1) char(t? > 2q; + 2¢2) Z gt + eyt =~ 2q1)

o V2 —=2q

VE—2 V= 2q — 2
> gales G+ e 0= 292) () (oo /= 2 = 2g3). (4.1.10)
o V2 —2q1 — 2¢2

When g2 = 0 (and ¢; # 0), this simplifies to

Fu)( 2\/m)
char(£2 > 2q1) Zgl(t+51\/m> Faler /2 = 2q1) ( \;m q )

(4.1.11)
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Still, the operator Ay As acts from S(R) to S§’(R) under the strengthened assump-

f2(e1/t?—2q1)

tion regarding fo: for, if ¢ > 0, the fraction NCETN is locally integrable

near +4/2q; because f is in this case assumed to be locally summable near 0
(change variable, setting again s = e91/t2 — 2¢;). The case when ¢; = 0 and
q2 # 0 is totally similar to the preceding one, from which it can be derived by
transposition.

Things are different in the case when ¢; + g2 = 0 and ¢; < 0. For one has in
this case (setting e = esignt)

2
Flhdo) ()= 3 SEFAVEZ20) o Jimag) FWED
€1,e==+1 2 — 2q1 |t|

(4.1.12)
and we have to cope with the non locally integrable factor |t|~!. However, one
obtains an operator from S(R) to S'(R) if one multiplies, either on the right or on
the left, the operator A;As by the operator P (do not forget the conjugation by
the Fourier transformation): in particular, the operator P(A;A2)Q — Q(A1A2)P
will do. O

Remarks 4.1.1. (i) one can reinterpret the last sentence as asserting that, even if
q1 + g2 = 0, the operator A; A, is well-defined as a weakly continuous operator
from the subspace of S(R) consisting of functions u such that [*°_u(x)dz =0 to
S'(R), or from S(R) to the dual of that space.

(ii) even though the operator A; Ay = Op(h')Op(h?) does not qualify, in
the case when ¢; + ¢ = 0, for having a Weyl symbol according to the definition
(3.1.1) of the Weyl calculus, which does not extend beyond the case of symbols in
&' (R?), the image of such a would-be symbol under the operator £ can be defined,
taking advantage of (4.1.3), as being the symbol of P(A;42)Q — Q(A142)P. In
other words, we may define the sharp composition of h' and h2, to be denoted as
Sharp(h', h?) rather than h'#h? (to avoid taking for granted the generalization of
certain facts), as a quasi-distribution, by which we mean, in this case, a continuous
linear form on the space which is the image under 2ir€ of S(R?). More general
quasi-distributions &, involving in place of 2iw€ some polynomials, of Pochham-
mer’s style, in this operator, will have to be used later in this volume. We shall
actually provide in most cases a genuine tempered distribution ¥ coinciding with
G as a quasi-distribution of the given type, i.e., when restricted to the image of
S(R?) under the specified polynomial in 2im&.

Considering the case when ¢1g2(q1 + ¢2) # 0, one sees from (4.1.10) and
(4.1.5) that the symbol of A = Ay A, is of the kind (z,£) — f(£)e2™(nFa)E jf
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with ¢g(§) = ﬂf(%), the identity

g(t+ev/t2 — 2q1 — 2¢2)

= chaur(t2 > 2q1) Z g1t + 51\/@) 92(61\/t2 —2q1 + 5\/152 —2q1 — 2¢2)
A NCEET

(4.1.13)

holds for 2 > 2(q1 + o). Setting & =t + e/t2 — 2¢; — 2¢2, one has

§ qa+taq § a+aq
t==> Vi2—2q1 — 20 = > — 4.1.14
2 + é- ) £ q1 q2 9 f ) ( )

which leads the (unique) solution for g, hence for f. This expression, however,
would not lead easily to an explicit decomposition of f into homogeneous compo-
nents, a question we will turn to by another method in Section 4.5.

The following elementary lemma will be used time and again: displaying the
two obviously equivalent pairs of inequalities will save (very) minor headaches.

Lemma 4.1.3. With €1,e2 = £1 and a,b € R, one has
—-b
o — < |er V2 — 2a + ex/12 — 2b| < 21/12 — 2min(a, b),
t2 — 2min(a, b)
|la — b|
s%2 + 2max(a, b)

| < lerV/s? + 2a 4 e2v/s% + 2b| < 21/s2 + 2max(a, b),
(4.1.15)

assuming that t2, or s2, is large enough for each of the two square roots involved
to make sense.

Proof. Let us prove the second one, assuming a > b (and, of necessity, s> > —2b),

so that 0 < 2a— )<1 One has
2(a—b))*
a—
1—(1-22=27) | 4.1.16
( 52—|—2a>1 ( )

s2+42a
and1—V1—-h>1 5if0<h<1. O

V82 +2a—\/s2+2b=/s2+ 2a

Lemma 4.1.4. Keepmg the notation and assumptions of Lemma 4.1.2, assume
that q1qg2 # 0. If 1 + g2 # 0, or ¢t > 0 (or g2 < 0), the operator A1As is
continuous as an operator from the space of functions u the Fourier transform Fu
of which is continuous and rapidly decreasing at infinity to the space of functions
the Fourier transform of which is summable. Still assuming q1q2 # 0, but dropping
the assumption that g1 + g2 # 0 or q1 > 0, the claim remains valid after one has
replaced A1As by A1AsP, or by PA;yAs.
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Proof. Set r = max(q1,q1 +¢2), .., r =q1+¢q2if g2 > 0and r = ¢ if ¢ < 0. We
shall consider separately the cases when r > 0,7 < 0 and r = 0. In the first case,
we set € = g9 if r = q1 + ¢2 and € = €1 if r = ¢, and make the change of variable

dt d
s=eVi2—2r, t=¢'\/s2+2r = i (4.1.17)

V2 =2r s2+2r

in the integral
I: = / |F (A Aqu)(t)| dt. (4.1.18)

— 00

Starting from (4.1.10), we obtain in the case when r = ¢; + g2 > 0,

I<Z/ l91(ev/8% 4+ 2q1 + 2q2 + £1/5% + 2¢2)|
cet V82 +2¢2

ds
|g2(s + e1v/ 8% + 2¢2)| | (Fu)(s)| T (4.1.19)
Vs° 4 2q1 + 2¢2

and in the case when r = ¢; > 0,

|92(s+62\/ — 2g2)|
I< / lg1(s +ev/82 +2q1)]
; VS 2 - 22

'|(—7:U)(52M)|\/£72m. (4.1.20)

The arguments of the functions g; and g must be appreciated, in view of the
assumption about fi, fo (or g1,¢2) in Lemma 4.1.2. In the first case, one has
q1+q2 >0, g2 >0 and

a < Jev/s2 + 2q1 + 202 + €17/52 + 20| < 2V/5% + 201 + 200,

% + 2‘]1 +2¢2
\/ﬁ < |s+e1v 8% + 2q2| < 24/ 8% + 2¢o; (4.1.21)
5%+ 2q2

in the second case, one has g1 > 0, g2 < 0 and

\/m <|s+ev/s? +2q1| < 2v/52 + 2q1,
1

|Q2\

V82— 2g2

and the result, to wit the fact that the integral I is convergent, follows: note,
however, that this result may, or not (it depends on subcases) be uniform with
respect to q1, qo.

< |s 4 e9v/52 — 2¢a| < 2¢/52 — 2¢o, (4.1.22)
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When r < 0, no change of variable is needed, or possible, and we start from
(4.1.10), just forgetting the two needless characteristic functions. Since

V2 = 2q1 — 2¢g2 > max([t], V12 — 2q1),

the desired result is immediate, estimating the arguments of g; and g2 as done
before.

We consider finally the case when r = 0, i.e., ¢ < 0 and g2 = —¢;. Then, we
use (4.1.12), and observe that, though the function F(A; Asu) is not summable in
general (for u € S(R)), it becomes so, assuming that Fu is rapidly decreasing at
infinity, provided that we multiply it by ¢ (any power of || with positive exponent
would do, but this would not help). Now, performing such a multiplication amounts
to multiplying the (multiplication) operator FA; Ao F~1, on the left or on the right,
by the operator @, or the (convolution) operator A; Ay, on the left or on the right,
by P. This leads to a proof of the last remaining case of Lemma 4.1.4. O

In the next lemma, we show that, assuming q1g2 # 0, one can give each of the
two operators PA; A; and A; A3 P a meaning as an operator from S(R) to S'(R),
the “intermediary” space implied in the composition being independent of ¢, gs:
this is a natural demand when, as is the case in automorphic distribution theory,
one is dealing with series (with respect to ¢ € Z*) of operators of the type under
consideration. It is not possible, however, to choose the same intermediary space
for the two operators under consideration. The lemma, meant for clarification only,
will not be used in the sequel.

Lemma 4.1.5. Let LY be the space of functions w = w(t) on the real line such
that, for every M, the function (1 + [t|)Mw(t) is summable; let L>>>° C L1
be the space of measurable functions on R, essentially bounded after they have
been multiplied by an arbitrary power of 1 + |t|. Given g # 0, let A = Op(h) be
the operator considered in Lemma 4.1.1. The operator A sends the space F L%
to FLY>, while the operator AP is an endomorphism of the space FL°>>, and
the operator PA is an endomorphism of FLY“®. As a consequence, under the
assumptions of Lemma 4.1.1 relative to h', h?, completed by the condition q1qs # 0,
both operators A1 AsP and PA; Ay act from FL>®>® to FLY™,

Proof. Set B = FAF~!. As observed in the proof of Lemma 4.1.4, one has

(1+ %) vE—20 ifg<o

(1+2) 1 if ¢ > 0 and 2 > 2q.
(4.1.23)

It immediately follows from (4.1.5) that the operator B sends L°°*° to L%, the

singularities at 4+/2¢ (if ¢ > 0) being locally integrable. Next, AP = F(BQ)F !,

and

(BQw)(t) = char(t* > 2q) Z eg(t +ev/12 — 2q) w(e/t? — 2q) : (4.1.24)

e==1

[t+eV/t2 — 2q|+|t+ey/t2 —2¢|7! <
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it is immediate that BQ is an endomorphism of L>°-*°. Finally,

(QBw)(t) = char(t* > 2q) 821 tg(t+ev/1t2 —2q) w(f/i ;5;2__23(1) (4.1.25)

If ¢ > 0, we set s = e4/t2 — 2q, so that % = ds, which yields
—2q

/ T )M [(QBuw)(1)| di

— 00

= Z/_Z lg(s +&'v/s% +20)] (14 /52 +29)" w(s)| ds, (4.1.26)

an inequality which implies that QB preserves the space L. In the case when
q < 0, looking at (4.1.5), one observes that the denominator /t> — 2¢ cannot
approach zero: the problem, this time, is near the point ¢ = 0, where the map
\/t2 — 2q cannot serve as a regular coordinate in, say, the C''-sense: however, the
product tw(e\/t2 — 2q) is locally integrable near 0 if w is locally integrable near
+1/—2q, so we are done. O

Remark 4.1.2. Trying to substitute FL?°°, with an obvious notation (interpola-
tion) for FL°°° and F L1 just fails: one could replace each space by some space
FLP>° with p > 2 in the first case, p < 2 in the second.

4.2 Improving the estimates

When applying the results of the section that precedes to automorphic distribu-
tions, rather than to the individual terms h, j of their Fourier series decomposi-
tions, we shall need to consider series of symbols h, , with k € Z, with coefficients
making up sequences bounded by powers of 1 + |k|. To do so, it is necessary to
sharpen the estimates obtained so far.

In Lemma 4.1.2, we have already come across the fact that, in some cases, only
the image of by, 4, # Nuy,q, under 2¢m€ could be defined as a tempered distribution.
We shall now show that substituting for the operator 2iw& a certain polynomial P,
of Pochhammer’s style in 2iw€ improves the estimates, the more so as ¢t =0,1,. ..
increases. The main application of the next pair of lemmas is Theorem 4.2.3: a
totally different proof of a slightly different version of it will be given later.

Lemma 4.2.1. Let H = H(ea,t) be a function of the real variable t, depending
on a parameter o = +1 and on a (fized) pair (q1,q2) of nonzero numbers: we
assume that one does not have simultaneously g1 > 0 and q2 < 0. In the case
when q1 + g2 < 0, we assume that H is C™ on the line, and that both H(e,1)
and %(52, t) are bounded by some power of 1+ |t|; when q1 + q2 > 0, we assume
that the restriction of H(ea; t) to each of the intervals | — oo, —/2q1 + 2qa] and
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[v2q1 + 2q2, +00[ is C™ up to the boundary, and keeps the same bound as before
as |t| = oo . Define the operator By by the equation

\/ﬁ
(Brw) (t) = > char(t> > 2q; + 2q2) H(ea, 1) wea vt — 20— 26) o gy,
- ViI2 = 2q1 — 2¢2
(4.2.1)

Then, assuming that w € S(R) and, in the case when g1 + g2 > 0, that w(0) =0,
one has

1
(mad(P A Q)Bp)w = %ir By, w
with

dH
Hl(&‘g,t) = &2V t2 - 2(]1 - 2(]2 E(EQJ). (422)

One can dispense with the condition w(0) = 0 in the case when H is given by
(4.2.3) below, and g1 and go are even functions. When either of the two conditions
making (4.2.2) valid is ensured, this equation can be iterated as many times as
needed.

Proof. First, observe that, assuming that ¢1g2 # 0 and excluding the case when
q1 > 0 and g2 < 0, one cannot have simultaneously ¢; > 0 and ¢; > ¢; + g2, so
that the operator FA; Ao F~! in (4.1.10) is indeed of the kind By, as the factor
char(t? > 2q;) can be dispensed with. It suffices to set

H(es, t) = Z H(ey,e2,1)
e=%1

Z g1(t+€1\/t2 — 2q1)
Elzil \4 t2 - 2QI

g2(e1V/12 — 21 + ea/12 — 2q1 — 2g5) :

(4.2.3)

the properties of H(e2; t) assumed in the present lemma are indeed true in view of
Lemma 4.1.4, in the proof of which it was shown in particular that the arguments
of g1 and go cannot approach 0 in an uncontrollable way.

As seen there, the operator mad(P A Q) By acts from S(R) to S'(R) (ac-
tually, much better than that). Let us prove (4.2.2), first under the additional
assumption that g1 + g2 < 0, under which no characteristic function needs be
introduced in (4.2.1). One has

2im [(mad(P A Q) By) w] (t) = % [(Bu(Qu)) (t)] — t (Baw') (t) = (Bau (Qu))(t)

d ¢ t2 —2q; — 2
= (€2w(€2 /12 —2q, — 2q2)) W (€2 @ — 2q2) ’

12 —2q1 — 2¢2

+ ) H(ea,t)

€1,€2
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and the bracket is zero. In the case when ¢; +¢2 > 0, the factor char(t? > 2¢; +2¢2)
must be reintroduced: this will not result in the addition of any extra term in the

case when, with s = 94/t — 2¢1 — 2¢2, w(s) vanishes at s = 0.

But, if one drops this condition, one will find the additional term
Y e [H(52, V201 + 2¢2) — H(ea, —\/2q1 + 2q2)} w(0). (4.2.5)
€2

In the case when H is given by (4.2.3), and the functions g; and g5 are even, this
additional term is again zero, as can be seen by changing the summation index €; to
—e1 in one of the two terms, which does not change the factor gs(e11/2¢2). Clearly,
equation (4.2.2) can always be iterated when valid since Hi(e2, £1/2¢1 + 2¢2) =
0. O

Looking at (4.1.10), one observes that, while it is easy to cope with arbitrary
powers of \/t2 — 2q; — 2g2 when using functions » in S(R), and with powers of
1 + |¢| by looking at the operator A;As as having its values in &'(R), there is
a genuine difficulty when trying to save powers of |¢|. This is the reason for
the following lemma, the proof of which is remarkably inelegant: it would have
simplified computations a lot if we had limited it to the (sufficient) cases when
t = 0,1,2, but knowing that we are almost certainly dealing with a general trick
— working in a direction opposite to that associated to integrations by parts —
is, in our opinion, interesting.

Lemma 4.2.2. Consider the case when, with the notation of Lemma 4.2.1, the
function H(ea,t) =3 . _, | H(e1,e2,t) is given by (4.2.3), with

£ §

91(§) :|§’7D17 92(§) :|§|7V2. (4.2.6)

Still excluding the case when q; > 0 and gz < 0, denote, for t? > 2q; +2q2 > 0, as

d
0= g2V t2 - 2(]1 - 2(]2 & (427)

the operator that occurs in (4.2.2). Introduce the polynomials
PO)=0-0)O@—t+1)...(0+¢) for.=0,1,... (4.2.8)
in the operator 0 and set
[P,(0) H(e1,e9, +)|(t) = F,(t) H(e1,e2,1). (4.2.9)

Then, for t? > 2q1 + 2g2 > 0 (which implies t* > 2q1), F,(t) can be written in a
unique way as a polynomial in the indeterminate &1 (> — 2q1)_%, the coefficients

of which are polynomials in the variables t, ear/t2 — 2q1 — 2qa, V1, V2, but do not

depend on any other parameter in a direct way. For v = 0,1,2,3,4, the term of
. . . 1

lowest degree in the indeterminate £1(t> —2q1)~2 of F,(t) has degree at least 1+ 1.
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Proof. Let us simplify the notation, setting

t —v —v
Hiep e t) = ey |l |7 |22 7 (4.2.10)
2 2
with
T:€1\/t2 —2q1, 8262\/t2—2ql —2q2. (4211)
We have now 6 = s%, while % = %, % = %, so that
t t t
or = 24 Ot +r)= ad +r)’ O(r+s) = (r+8), (4.2.12)
r r r
and (0 H( )
517623t —1 —2
Fo(t) = ———"~=— t —str—*. 4.2.13
o(t) Hereol) (v18 + vot)r str ( )

To simplify the computation further, set
a=uvis+uvt, B=st, y=wt+res, S=s"+t>, andp=r"" (4.2.14)
so that Fy = —ap — Bp? and
o=, Oy =a, 06 =20, 05 =48, Op = —f3p°. (4.2.15)

For + > 1, one has

F,=(0?—*)F,_1+2F).(0F,_1)+ (0F,) . F,_1 + F2F, ;. (4.2.16)
The general properties of the functions F, are an immediate consequence of the
last relations. Neglecting terms of degree > 5 in r~!, one has
OFy ~ —yp—0p” + aBp’ +25°p*,
0?Fy ~ —ap — 4Bp* + (ad + 2B7)p® + 656 p* (4.2.17)
and
Py =0’Fy — Fy + 3Fy .0Fy + F3
~ (3ary — 3B)p* + (4ad + 587 — a®)p® + (986 — 6a2B)p*. (4.2.18)
Next,

0 Fy ~ (3a% + 372 — 38)p* + (995 + 21aB — 3a*y)p?
+ (96% 4 428% — 18aBy — 6a20)pt  (4.2.19)

and

02F) ~ (12ay — 128)p* + (30ad + 575~ — 6ay? — 30°)p?
+ (162 35 — 24 By* — 30ays — 48 a?B)p*.  (4.2.20)



4.2. Improving the estimates 95

Then,

Fy = 0*F, — AF, +2Fy .0F, +0F, . F\ + F3Fy
~ (2006 +408y—15av2 —503) p3 4 (135 B —35 B> =75 a® B—55 ayd+10 o) pt.
(4.2.21)

Next,

OF; ~ (6075 + 12008 — 15v% — 45a%7)p?
+ (13502 + 540 B2 — 90425 — 120 %5 — 440 aBy + 30 a*y* + 10a%)p*  (4.2.22)

and

62 Fy ~ (180ad + 3608y — 135ay% — 4503)p?
+ (2160 86 — 800 5% — 960 a8 — 880 aryd + 60 ay® + 100 a®7)p*.  (4.2.23)

Hence,

F3 ~ 92F2 — 9F2 - 20([)9F2 — ’prQ
~ [945 86 — 525 (By* + a?B + ayd) + 105 (ay + ay?)] p*. (4.2.24)

Next,

0 F5 ~ [945 6243780 32 — 1050 (720 +8) — 4200 By +630 a4 +105 (at +~1)] p*
(4.2.25)
and

02 F3 ~ [15120 36 — 8400 (87> + o2 B + ayd) + 1680 (ay® + ay)] p*  (4.2.26)

Then
Fy ~0°F3 — 16 F3 ~ 0. (4.2.27)

O

Remark 4.2.1. We have not found a proof, along these lines (really a problem in
non-commutative algebra, according to (4.2.15)-(4.2.16)), valid for every ¢. Hav-
ing pushed the computation so far would be more than sufficient in view of our
forthcoming study of the sharp composition of two Hecke distributions, or in view
of the same question involving two Eisenstein distributions €,, and €&,, with
|[Re (11 £ 1v2)| < 2. The lemma that precedes can be appreciated in the following
way: with h = h! # h? (not always a distribution, but its image under £ is, even if
¢1 + g2 = 0), it tells precisely in which way estimates of the function H such that
FOp(h)F~! = By improve, if \/t2 — 2q; is to be considered as large, when 2i7Eh
is replaced by the image of h under the operator P,(2im€) (observe that P,(6) is
divisible by ) with larger values of «. Here, integral numbers are to be substituted
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to ¢1, g2 in view of applications to modular distribution theory, so that it may be
assumed that |¢1]| > 1, |g2] > 1. The difficulty is gaining on the exponents of ¢y
or ¢o, while gaining on the exponent of ¢; + g2 is easy (cf.(4.2.29) below), but
insufficient when ¢1¢2 < 0.

Basing our estimates, in the sequel, on the explicit decomposition of h' # h2
(with A = Op(h*)) given by Theorem 4.5.1 into homogeneous components, we
shall avoid later the need for the present lemma. It is extremely likely that gen-
eralizing Lemma 4.2.2 to all values of ¢ (which we have not been able to do by
algebraic manipulations) would be an easy matter, after the explicit decomposi-
tions in Section 4.5 have been obtained. However, we have not found it useful to
do so: it would be contrary to the spirit of this lemma, which is to find an a priori
reason why applying Pochhammer’s style polynomials in mad(P A @) should be
beneficial to the situation, at the same time providing a much needed verifica-
tion. The condition ¢ < 4 in Theorem 4.2.3 below will be dispensed with later, in
Proposition 4.5.4, under the initial assumption that |[Re (v; & 1v2)| < 1. Note that
this condition ¢ < 4 is only necessary in the last part of the proof below, dealing
with the “difficult” case.

Theorem 4.2.3. Let Ay = Op (hy, g4, ). Recall that
PL(2imE) = (2mE — 1),y = (207E — 1)(20mE — 1+ 1)... (27E +1), (4.2.28)

so that P,(2iwE) (hy, gy # huyq,) 1S the symbol of P,(2imrmad(P A Q)) (A142).
Given + = 0,1,2,3,4, a real number a < ¢+ 1, and an arbitrary number N, the
symbol of P,(2immad(P A Q)) (A1As2)is a O(|q1|w (1+]q +a2))™)
in the space S'(R?).

Proof. Let us start with the observation that since

. P T I .
((Il +(J2) 621 (Q1+Q2)£ — %5% (622 (’11+Q2)5), (4229)

arbitrary powers of 1+ |g1 + ¢2| can be gained when estimating symbols of such
a kind in the space &’(R?), and it amounts to the same to gain powers of |q;| or
of |gz2|: only the sum of exponents matters. Let us first dispose of some easy cases.
Recall from (4.1.10) that, if B, = F Ay F~!, one has

4 Vit2—2
(B1Byw)(t) = char(t? > 2¢y) char(t? > 2q; + 2¢2) Z gt +en @)

e1 \/tz - 2(11

12 —2 12 —2q; — 2
5 g2(e1y/ @1+ 21/ a1 — 2g2) w(ea /P = 20 = 2),  (4.2.30)
- V2 —2q1 — 2¢2

with gi.(¢) =[5
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If both ¢; and g2 are negative, there is no singularity to cope with, and the

absolute value 1/t2 — 2¢; — 2¢2 of the argument of w is > \/|q1| + |g2| + %: then,

for every N, the operator By Bs is a O ((|q1\ + |q2\)_N) as an endomorphism of the
space L°* (cf. Lemma 4.1.5) of functions on the line which remain essentially
bounded after having been multiplied by arbitrary powers of 1 + |t|. This was
of course the easiest case. Consider next the case when ¢; > 0 and ¢ < 0:
then, ¢1 + g2 < ¢1, and the product of characteristic functions in (4.1.10) reduces
to the factor char(t> > 2q;). To cope with the (integrable) singularity of the
function (B Baw)(t), with BiBy = F A1 Ao F 1, at t = £1/2q1, we give an L'-
type of estimate for this function, under assumptions of the L*°-type regarding
w. More precisely, assuming that w € L°°° and setting r = e11/t2 — 2q¢1, so that

dt = M%, we obtain from (4.1.10) that

r24+2q1

/ZuBlBQw)(mthZ /-

(4 VTR oo+ 20r/7F303) w(ea /72 — 2q9) dr. (4.2.31)
Vr?+2q0 VP =20

Since /72 — 2q2 > max(vVr? + 2, 1/|2qz|), this integral is, for arbitrary N, a

Re v
0] (\q1| 7 lg2| =N ) when w remains in a bounded set of the space of functions

rapidly decreasing at infinity.

We have covered the cases when ¢ < 0, and we thus assume that go > 0
from now on, so that we can dispense with the factor char(t* > 2q;) in (4.2.30).
The case when g; > 0 too is just as easy as the last one: now, there are integrable
singularities at t = 4/2q; + 2¢q, to be taken care of by the same method as before,
obtaining estimates of an L'-type for By Bow with assumptions of an L>>-type
about w. What matters here is gaining powers of ¢; * (or ¢; ') with large exponents:
since t? > 2¢; when char(t?> > 2q; + 2¢2) # 0, it suffices to bound by arbitrary
powers of ¢; ! an integral such as J75 [(BiBaw)(t)] (1 +[t]) =N dt, which is done as
before, setting this time s = £21/t2 — 2q1 — 2¢2. As a last easy case, we consider
the one in which ¢; < 0 and Z—j > —1 (this is somewhat arbitrary: Z—j > —0 with

0 < 1 would do just as well), in other words ga < |‘12—1‘: then, |g1| < 21q1 + ¢al:

again, since arbitrary powers of (1 + |q1 + ¢g2|) ™! can be “gained”, we are done.

The only difficult case is that in which ¢; < 0 and q2 < 75, or qo > lar] |
In that case, if He,(t) = > _., H(e1,€2,1) is the functlon H(eo,t) 1ntroduced
in Lemma 4.2.2, one has (B1Byw)(t) = Y__ _ .1 (Bu.,w) (t) with the notation of
Lemma 4.2.1. It follows from this lemma that, for « = 0,1,..., one has

P,(mad(P A Q)) (B1By) = (2im)™* »_ Bun.,,, (4.2.32)
E2= :tl
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with H.,, = P, (82\/t2 —2q1 — 2q2 %) H.,. Lemma 4.2.2 finally makes it possible
——1
to save an extra factor (\/t2 — 2q1) , provided that ¢ < 4. O

4.3 A regularization argument

Considering two symbols of the kind h/(x,§) = fj(f)ezm‘”%, we wish to obtain
the decomposition of h'#h? into homogeneous components by an application of
Theorem 3.3.1. However, such symbols never lie in S(R?), so that Theorem 3.3.1
cannot be applied directly. But, under the assumption that f € S(R) is flat to

infinite order at 0, the product of h by a function ¢ (%z), with ¢ € S(R) and

6 > 0, will lie in S(R?). Let us first characterize the Mellin transforms of such
functions f (assumed to be even, a permanent assumption on symbols).

Lemma 4.3.1. Given A > 0, and an even function f on R* = R\{0}, the following
two conditions are equivalent:

(i) fis C™ on R*; given b < A and N =0,1,..., there exists C > 0 such that

d\" _ P

(e5) F@I=Cl e+ 17 (43.1)

(ii) there exists a function 1 = (v) holomorphic in the strip {v: |Re v| < A},
rapidly decreasing as a function of Im v in a way uniform with respect to
Re v under the condition |Re v| < b for some b < A, such that, for every
a €] — A, A], the identity

fO=7 [ et g0 (132)

i
holds. Of necessity, such a function ¥ is unique.

The space of functions satisfying these conditions for some given A > 0 will be
denoted as S4(R*). In particular, the space Seo(R*) = NasoSa(R*) coincides
with the space of functions in Seven(R), flat to infinite order at 0.

Proof. Given f, one defines 1(v) = 5= fooo t¥ f(t) dt, and one applies the Fourier
inversion formula, interpreting the definition of ¢ as the fact that ¥ (a +4)) is the
inverse Fourier transform, evaluated at A, of the function 7 -+ >7(a+1)7 f(£277)
(there is no need for the exponential change of variable if, unlike this author, you
are as familiar with the inverse Mellin transformation as with the inverse Fourier
transformation). Also, one writes

1 [~ (.d N
vNp(v) = (-1)N /0 t(tdt+1> f(t)dt. (4.3.3)

“om

The remaining details are even easier. O
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We shall use the approximation of a symbol h(z,&) = f(£)e* ™% by the
symbol h? obtained as the result of multiplying h(z, &) by ¢ (?”” with ¢ € S(R)
and 6 > 0 going to zero: we shall assume that f € Sy (R), 50 that h? € Seven(R?).
Lemma 4.3.2. With f € S (R), and g # 0, define the operator A, by the equation
Ay =Op ((z,f) — f({)e%”q%), so that, with g(&§) = ‘g—‘f(%), one has, as proved
in Lemma 4.1.1

(F(Aqu)) (t) = char(t? > 2¢) Y g(t + /1 — 2) (F “)\(/;7 Vi; 20 (1.3

Define, for some function ¢ € Seven(R), satisfying the property that (E has 1its
support contained in the open interval | —|q|, |q|[, the operator Ag as the operator

with symbol h?(z,¢) = ¢ (%) f(€)e* ™% . One has the identity

=0 (5

If $(0) = 1, the operator AZ converges, as § — 0, to Ay in the space of weakly

) A, dr. (4.3.5)

continuous linear operators from S(R) to S8'(R), i.e., (v|Afu) — (v|Aqu) for every
pair u, v of functions in S(R).

Proof. The expression (F (AZu)) (t) can be obtained by the integral analogous to

(4.1.7), only inserting the extra factor ¢ (—%) under the integral (do not forget

the role of the matrix (9 7')). Since

& 20 . 2q t+x —z2 -2
[ o (-5 o (o (10 - 25) a1 (=),

(4.3.6)

one has
(F( / ft+x t+x!¢<2 22_2q> (Fu)(z)dz.  (4.3.7)

Making the change of variable x +— r = tQEZQ, so that t2 —2r > 0 and x =

+vt2 — 2r and %| = \/ﬁ7 one obtains
0 _ 2 i~ (r—q\ (Fu)(eVt? 727*)
(F(AJu)) (t) _E_Zj;lg(lH—E\/tQ 2r) [me gb( 7 > N

[

The second part follows from (4.3.5), together with the fact that, in the space of
operators under discussion, the operator A, depends continuously on r. O

") Fa) 0 (13.5)
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Lemma 4.3.3. Let f; € S(R) (j =1,2), and let q1,q2 € R be such that q1g2(q1 +
q2) # 0. Let hi(x,§) = fj(f)e%”‘”%. With ¢ as defined in Lemma 4.3.2, and

0| small enough, set (h?)?(z,&) = hj(w,f)qS(%), The symbol (k)% # (h?)%2
converges to h* # h? in S'(R?) as 01,602 — 0.

Proof. Set hi(x,€) = f;(€)e*™ % so that, in particular, hY = hJ Set ij =
FOp((h)%)F~! and B;, = FOp(hi)F~!. One must show that the product
BY B2 converges to B;By: = Bi,q,B2,¢, in the space of weakly continuous op-
erators from S(R) to S'(R) as 6;,0; — 0. Fix 6 > 0 such that the condition
r1r2(r1 + r2) # 0 holds if |r1 — ¢1| 4 |r2 — g2| < 0: then, if §; is small enough for

the support of ¢ to be contained in the interval | — %, g[, one can apply (4.3.5)
J J

to each of the two operators B?j, obtaining as a result

~(r — ~(ry—
B B = (0,0,)" /R ¢s< 101 q1> ¢< 292 QQ) Biy, Boy, dridry.  (4.3.9)

What remains to be proved is that, for (rq,r2) sufficiently close to (qi,q2), the
product Bj ,, Ba,, remains in a weakly bounded subset of the space of weakly
continuous linear operators from S(R) to S'(R) and that, in the same space, this
product converges to By 4, B2 4, as 71 — q1,72 — g2. From (4.1.10), one obtains

t+€1\/t2727’1)
By, By, w)(t) = char(t2 > 2q;) char(t2 > 2¢4 + 2 9
(Bur, Bapy)(§) = chax(t 2 200) chan(s® 2 21 +22) 3 5

2 -9 2 —2r —2
Z g2V = 3n 4 VI 21 =) Ao o (43.10)
\/T_Qr2

The points ¢; and g1 +g2 are by assumption distinct and distinct from 0, so that the
five points ++/2q1, 1/2(q1 + g2) and 0 are pairwise distinct. Let V be the union
of 4 closed intervals centered at the first 4 points, pairwise disjoint and not contain-
ing 0: for (r1, r2) close enough to (q1,q2), each of the points +1/2ry, £1/2(r; + 72)
remains in a fixed interval taken from the 4 ones making up V. Then, the sin-
gularities involved in (4.3.10) lie, as r1, 79 vary, in 4 disjoint closed intervals and
do not prevent integrability. Under the assumption that w remains in a bounded
subset of L>°(R), one sees that the integral of | By, B2 r,w| over V will be as small
as desired provided that V is small enough. On the other hand, it is clear that
a uniform bound on some product (1 + [t|) |%2| will ensure that the integral of
|B1,r, Ba,ryw — By g, B2 g,w| (or even of the product of this function by (14 [t|)

with M’ as large as desired) over R\V goes to zero as 11 — q1,72 — ¢a. O

4.4 Computing an elementary integral

We need now to compute an elementary integral: though special cases of the
calculations which follow have certainly been made hundreds of times, it would be
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hard to find a reference giving exactly what we need.

Lemma 4.4.1. With j =0 or 1, consider, for Re «, Re 81, Re B2 negative, Re (a+
B1+P2+2)>0andceR, c#0,—1 the (convergent) integral

RY(a, By, Bo; c)=/ T e PR T A (4.4.1)

When ¢ > —1, ¢ # 0, this integral can be made explicit as

RY(a, By, Ba; ¢) = Aj(—Po,a+ Ba+1) |c| "2 271 oFy (By + 1, —; —a— fo; —¢)
+Aj(=Pr,—a—B2—1) 1B+ La+ P+ B2+ 25+ B2 +2; —¢). (4.4.2)
where we have set

T@l(l-z-y) Td-z-yIl)

A = —1)/
R e I Y (7 I )
Bi(z+y)
=A(l—2—yy) = 12, 4.4.3
2 )= B@Bw) 44)
a function singular only where x +y =14+ j4+2n, orx = —j — 2n, ory = —2n,
withn =0,1,.... When ¢ <0, ¢ # —1, one has

RY(a, By, Ba; ¢) = (=1)7 || @771

NAjla+ B+ Ba+2,—p1 — P2 —1)2F1(BL+1,—; B1 + B2 +2;c+ 1)

+A; (=B, B+ Be+1) 14|72 o (—a— By — Ba—1, —B2; —B1—P2; c+1)].

(4.4.4)
IfRex > 0,Re y >0 and Re (z +y) < 1, one has
A, (r,y) = / 751+ 2 . (4.4.5)
Proof. One has the identities
R(]) (a7ﬁ1a 527 C) = |1 + c|;a75175272 R(J) (527ﬂ17a; - 1 ‘T‘ C)
= (=1)7 |e|7* P21 4 | PP RO (a, By, —(a + B + B2 +2); —c— 1) :
(4.4.6)

the first one is obtained by means of the change of variable ¢ — (1 + ¢)t — ¢, the

second one by means of the change of variable ¢ — - Jfltf 7
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Next, recall the equations (under the preceding assumptions, and with v > 0)

1
/ 7N 1 =) TP (1 4yt e
0

_ T(-a)T(-)
F(—Ol — 61)

oo
/ P21 (1 4 )70 (1 4 1)Lt
0

_ D(—Bo)T(a+ p1 + B2 +2)

o1 (B2 + 1, —a; —a — fB1; =),

oF1(BL+ 1, —Pasa+fi+2;1—7).  (44.7)

[(a+ B +2)
The first equation can be found in considerably many places, for instance [22, p.
54]. The second follows, after one has performed the change of variable ¢ = +*-.

Then, assuming ¢ > 0, we split the integral (4.4.1) defining RY) (v, By, Bo; ¢)
into 4 parts, using the points —c¢,0 and 1 to separate the interval. One has

—C oo
/ =/ 7 e+ )T 1+ e+ 1)t
0

0 1
/ = (—1)jc—a—f”2—1/ TN (L —t) PN (L 4 et) TP,
e 0
/ .= (—1)j/ A )T e+ 1+ 1) P2 (4.4.8)
1 0
In each case, including of course that of the original integral fol ..., to be inserted

without transformation of the integrand between the last two equations, one can
compute the integral by an application of one of the two equations (4.4.7). One
obtains, still assuming ¢ > 0,

RY(a, By, a; ¢

_ mamfal(] 4 o)l L(=B2)L(a+ B1 + B2 + 2)

F(a+ p1+2)
1
ol (B + 1, —Bra+ 1+ 2 —)

1+e¢c
—a—Ba-1 W o1 (G141, —a; —a — Ba; —¢)

¢ P21 W oF 1 (B2 + 1, —a; —av — B —%)
iy N D(—B1)T(a+ By + B2 + 2)
+ (=) (1+0) T(a+ Bz +2)

C
- oF! 1, —B; 2, ——). 4.4.9
21<ﬁ2+ ) ﬁlaa+ﬁ2+ 7C+1) ( )

+(=1)c

+
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We take benefit, now, from the set of so-called linear transformations of the hy-
pergeometric function to move all arguments to the value —¢ by means of the
successive transformations z +— 1 — % or £ or obtaining [22, p. 48] and, in

1>
the first and last cases, [22, p. 47] : :

1
F1 (P +1,—fosa+ B+ 2; T+e —)

~ Tla+ B +2)I(a+ P2 +1)
- Dla+ D (a+ B + B2 +2)
Pla+Bi+2)I'(—a—B—1) 41541

(14 ) oF (B 41, —a; —a — B3 —)

—B2
L N VS R S
oFi(a+1,=Bria+ B2+ 25 —c) (4.4.10)
or
(B + 1, =P+ B1 + 2; e —)
~_Dla+Bi+2)I'(a+B2+1) Bi+1 A
Tt Do+ o) O FOT AL me e )
F(a + 51 + 2)1_\(704 — ﬂZ — 1) a+B2+1 Bi1+1
RS 7y v e S
oF1(Be + 1, a4 B+ B2 + 25+ B2 + 25 —c), (4.4.11)
next
o1 (B2 + 1, —a; —ar — B —%)
_F(—a—ﬁl)F(a+52+1) - o B
- F(ﬂngl)F( ) 2F1(ﬁ1 +1a_a7 (6% 627 C)
n P(—a—p)l(—a—p2—1) P+l
F(—a)F( o — Bl ﬁg — 1)
oF (Ba+1,a+4 B1+ B2+ 2+ P2 + 2, —c), (4.4.12)
finally
oF1(Ba+1,—Prsa+ P2+ 2 m)
=1+ (Ba+ 1L a+ B+ B+ 2 a+ By +2; —c). (4.4.13)

All terms on the right-hand side of (4.4.9) become linear combinations, the coef-
ficients of which are products of powers of ¢ and 1 + ¢, of the two expressions

G =oF1(f1+1,—os —a—Pa;—c), H =F1(fa+1,a+P1+P2+2;a+PB2+2; —c).
(4.4.14)
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Simplifying the coefficients, we obtain (4.4.2) in the case when ¢ > 0.
In the case when —1 < ¢ < 0, the first equation (4.4.6) yields

R(j)(o‘vﬁlyﬁz; c)=(1+ c)fo‘*ﬁlfﬁ‘z*?
c —a—f2—1 .
A (—a,a+ P2+ 1) <l+c> oF <ﬂ1+1,ﬁz;a52; 1+c>

+Aj(—ﬁl,—06—ﬂg—1)2F1 <OZ+1,0[+,61 +52+2,0Z+62+2, C>:|

1+c¢
(4.4.15)
On one hand, one has Aj(z,y) = Aj(1 —2 —y,y), so that
Aj(—Oé,Oé—i-ﬁQ +1) = Aj(-ﬁg,@-kﬁg —|— 1) (4416)

On the other hand, one has the pair of equations (using the transformation z +—
2 of the argument [22, p. 47])

z—1

c
1+c

oF 1 (B1+1, —B2; —a—Pa; ) = (14+¢) T oFy (8141, —a; —a—Pa; —c) (4.4.17)

and

2F <Oé+1,04+51+52+2;04+52+2; 1j_c)

= (14 c)otPtPt2 p (B + 1,a+ 1 + fo+ 20+ o +2; —¢).  (4.4.18)

This transforms (4.4.15) to (4.4.2). In the case when ¢ < 0, one obtains (4.4.4) by
a combination of the second identity (4.4.6) and of (4.4.2).

Finally, let us derive now the second relation (4.4.3) from the first, say in the
case when j = 1. The expression Aj(z,y) can be transformed, with the help of
the formula of complements and of the duplication formula, to

I'(x)(y) sin 7y sin rx
Iz +y) sinm(z+y) sinw(x+y)
_ D(@)[(y) sin72F2 +sinm25¥ 2T (2)[(y) sin 5F cos T
- D(z+y) sin 7w £5Y - I(r+y) sin 7w £EY
 D(H2) T(Y) (2= B
=2 (231;) Ezz (1+320+y) = 1z +9) - (4.4.19)
[(55%) (54 D(H5H)  Bi(z) Bo(y)
The equation (4.4.5) is immediate, just cutting the integral into 3 parts. (|

Remarks 4.3.1. (i) each of the two functions Aj(...) on the right-hand side of
(4.4.2) has a simple pole, as a function of o + B + 1, when this argument is
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zero: the residues are £2, so that, using also the fact that the two hypergeometric
functions on the right-hand side of (4.4.2) coincide when a + 83 +1 = 0, one
sees that RU)(...) has no singularity there, as obvious from its integral definition
(4.4.1). This will be important in the beginning of the proof of Theorem 4.5.1.

(ii) for ¢ # 0, —1, the function R(j)(a,ﬁl, B2; ¢) extends as a meromorphic
function of «, 81, 32 in the whole of C3, with explicit poles and polar parts. On
the other hand, one should not believe that the values 0 and —1 of ¢ appear as
poles in some extension of the function under examination to some domain in C:
ramification occurs. As ¢ — 0 from either side, RU)(...) can be written as the
sum of a C™ function of ¢ and of the product of such a function by |c|=*~#2~1; as
¢ — —1 from either side, RY)(...) can be written as the sum of a C* function of
¢+ 1 and of the product of such a function by |c + 1|7%1 =271, Indeed, let us use
a C'* partition of unity 1 = ¢g + ¢1 + ¢, on the real line, where ¢, is supported
near 0 and equal to 1 in some smaller neighbourhood, and ¢; does the same job
around ¢ = 1. The function RY)(...) differs by some function of ¢ regular near 0
from the integral

/ bo(t) (1 — 1)~ 1] e+ 17t
= |c|*a*52*1/ go(ct) (1 —ct) Pt 7o M +t|;ﬁ2*1. (4.4.20)

If Re @« < 0,Re B3 < 0 and Re (av+ B2 + 1) > 0, it follows with the help of (4.4.5)
that the main term of R (a, B, B2; ¢) near ¢ = 01is |c|~* P21 A;(— B2, atBa+1),
which agrees with (4.4.2).

The analysis of RY(...) for ¢ close to —1 is obtained in the same way,
replacing the function ¢g by ¢;1. This provides a much needed verification of the
formulas in the last lemma.

4.5 The sharp product of joint eigenfunctions of £, £ a%

The theorems of this section are concerned with computing explicitly the sharp
products of any two individual symbols h,,. 4. (4.0.1), under the assumption that
|[Re (v1 £ 1v2)| < 1. It follows then from Lemma 4.1.2 that, if ¢1¢2(q1 + ¢2) # 0
(an assumption to be removed in latter parts of the section), this sharp product is
well-defined as a tempered distribution: also, it depends analytically on (v, v2). To
prove the identities which are the object of the next theorem, one can thus address
instead the similar problem, in which each of the two individual symbols has been
replaced by an integral superposition of such (with respect to v, lying on a line
Re v, = a,, using analytic continuation at the end) making up a function h(z,§) =
f(£)e* ™ with f € Soo(R). This makes it possible to use the approximation
process in Lemma 4.3.2, as is necessary since we have only stated and proved the
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composition formulas (3.3.2) to (3.3.5) in the case of two symbols in the space
S(R?).

Theorem 4.5.1. Let vy,vs satisfy the conditions |Re (11 £ v2)| < 1 and, with
r =12 let h" = hy_q., A = Op(h"). Assume that q1q2(q1 + q2) # 0 and set
h = h'#h2. If Z—f < 0, h admits a decomposition into homogeneous components

h= [7_hixd), given by the equation

—14vy+rvg—iX

2 2 ; 1 i laita)z
hia(@,€) = =————— (=17 g1 eH T

47 .
7=0,1
14 v —vg + i ) Zlovy—vp—id i
.[Aj (2,1)\ lqul; 2 g1 + g2
1 A 1— 2
P +uv1+uveti , v+ +i 1 O+ q
2 2 q1
1—v) —vy—id . Zlovg —vadiA
o, (SRl
g (LotvemiA Tb vt —id e ]
2 2 Q1

(4.5.1)
Ifg—f > —1, one has

—1—vj —vg—iX

1 o N ,
R AL AL S P e

§=0,1
'|:Aj (1—1—1/14—1/2—2)\’1/2)
2

—14vqfrg—iX
2

hp\(l‘,f) =2

1 A1 — A
P +v1+rvati ’ Mtvett oy -2
2 2 q1
q1 \vs l—Vl_VQ_Z.A
=PA | ——
+’¢12 ]( 2 ’V2>
1—v — iA 1 - A
~2F1( 2 2V2—|—Z 7 + 11 2V2+l 1 — vy _qQ)] (4.5.2)
q1

Proof. As observed in the beginning of Section 4.1, the assumption ¢; + g2 # 0
g (a1ta)e
implies that the distribution [¢| =1~ ¢*™ “7%7 is an analytic function of A, even

at A = 0. On the other hand, it has been observed, in Remark 4.3.1 (i) following the
proof of Lemma 4.4.1, that each of the two functions A; present on the right-hand
side of (4.5.1) is singular at A = 0. However, we have also stressed that the linear
combination of these two functions, when the two hypergeometric functions present
here are taken as coefficients, is not: besides, the extra factor |q1|_%|q1 + g
which shows up in the first term after one has applied (4.5.22) agrees, when A = 0,
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with the corresponding factor |q1|% from the second term. To sum this point up,
the right-hand side of (4.5.1) has no singularity at A = 0, as was to be expected
under the assumption that g1g2(q1 + g2) # 0.

To compute (h')% # (h?)%2 we wish to apply the composition formula pro-
vided by the equations (3.3.2) to (3.3.5). This cannot be done directly: however,
we may do so if we consider, in place of the pair of functions h,, 4., a pair of
functions h”(z,&) = f.(€)e*™ ¢ with f, € So(R). Indeed, using Lemma 4.3.3,
one sees that h = h! # h? is the limit as 0,05 — 0 of the symbol (h!)% # (h2)%2,
with

L

<Mfwm01u@¢<§

) AT (W) (2,6) = fo(€) b (“) gPimeat .

3
(4.5.3)
the two symbols (h")% lie in Seven(R?) and their sharp composition can be ob-
tained with the help of equations (3.3.2) and (3.3.5). One can write (4.3.2), here

recalled,
1
fr(6) = / o) €] Ny, € £, (4.5.4)
Re v,=a,

2

with a, < 0, or even a,, = 0 provided one makes a slight deformation of contour
around v, = 0. Up to a last integral, with respect to the measure ¥ (v1)a(v2) diny
dvs, taken on a product of lines Re v, = a, (or, in the other direction, taking
a density relative to this measure and using the fact that |£|~!7"" depends on

v, in an analytic way), finding a formula for <f1 (5)62”‘“%) +# (fg({)eZi”qﬁ)
when f, € Swo(R) or when f, = [£|717" amounts to the same. We thus go
back to the situation when f, = hy, 4, : then, [(h1)%]) (s1) = p(Brs)e? ™o

and [(h?)%] byz (52) = ¢(fa52)e?™252 According to the recipe between (3.3.2) and
(3.3.5), we must compute the limit as 61,602 — 0 of the integral

Ii(v1,v9;50; s)

= @(0151) d(6152) e2im(ais1tass) 51— s2f [s — 51|?1 |sa — s|J'82 dsy dss,
RQ

(4.5.5)
with
141 +vo+1A —1+ v — v — i —1—vi +ve — i
a = ) ﬁl = ) 52 = .
2 2

One may recall at this point that the index j = 0,1 singles out the commu-
tative and anticommutative parts of the symbol h, defined as

ht #h? = % [R'# 1> + (=1)7(K* #h")] . (4.5.7)
J



108 Chapter 4. Composition of joint eigenfunctions of £ and & %

We first compute

I(s2) = / P(B151) €3 TH 51 — 855 |s — 51\?1 ds1, (4.5.8)

obtaining with the help of (1.1.6) the equation

Fsa) = (-0 By(-c)Bs(-60) [ o7 (F1) <Q101 ) dry

00
. / e2i7r82(7'1—t)|7=1 — t|;0‘71 e2iﬂ'3t ‘t|;ﬁ171 dt. (459)
—o0

Then,

Llnvssin s) = (C1PB(-a)By(-0) [ 07 (F70) (‘“ - ) dr,

oo 01

. ¢(9282) e2imsa(ri+q2—t) 2imst ‘82 - 8|§32 |’I“1 _ t‘j_a_l |t‘j_61_1 dso dt. (4.5_10)
R2

Now, one has

oo
/ @(0252) e2imsa(ritaa—t) |sa — s|?2 dss
— 00

_y p2ims(ritaa—t) (=1 Bj(=B2) |r1 + g2 — t|j*/32*17 6, — 0. (4.5.11)

As 05 — 0, the integral I, (v, vo;v; s) thus goes to

Bi(-a)B(~80B;(-5) [ Y5 (Fle) (qlgl “) ar

—00

- g2ims(ritaz) / P go — t; 7 ey — 0T P T e, (4.5.12)

— 00

an expression the limit of which, as 6; — 0, is

(oo}
Bj(—a)B;(—B1)Bj(—f) (a1 +a2) / lqu gz —t; 2 g =t el
(4.5.13)
The integral is the same, if ¢;(q1 + q2) # 0, as

(_1)j|q1|j—a—ﬁ1—ﬂz—2 R (ﬂha’BQ; _(11;_1612) ) (4.5.14)

According to this lemma, the limit as 6,602 — 0 of the integral I (v, vo;1); ) is

(1) Bj(—a)B;(—p1)B;(—B2) RY (51,a,ﬂ2; ql;qz)

|y o Rt e)s - (4.5.15)
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Using the recipe provided by the equations (3.3.2) to (3.3.5), and the equation
hix(z, ) = |f\_l_i>‘h3>\(%), we obtain

hir@,6) = = 32 O, (S By (~a) By (~51) By (~2)

7=0,1

-RY) </31,04,52; .2 ;_ Q2> \Q1|j_a_ﬁl_52_2 |7 exp (22'7r(q1 + q2)x> .
1

3
(4.5.16)

Using (3.3.4), we note that the functional equation (1.1.2) of the function B; can
be applied 3 times, which leads to the equation

vty i 1 o
hix(z,§) = . (=1)7 RYD ( By, v, Bas _ate
am 7=0,1 q1

. ‘Q1|j_a_ﬁ1_52_2 |€|717i)\ exp <2m((]1—2(]2)££> (4.5_17)

or, using (4.5.6),

—14vyfrg—iX 1 1 inla1taa)w Zlovi—vatid
hia(w,€) =27 T 3 (A1 e TR gy
Y[
7=0,1
R —1+v —vp =i\ —1+v+ve+i\ —1—v; +vo —i)\ Gt
2 ’ 2 ’ 2 ’ a1 '

(4.5.18)

Up to this point, it has not been necessary to consider separately the (in-
tersecting) cases when 22 < 0 or 22 > —1. In order to obtain (4.5.1), it suffices
then to apply (4.4.2), while (4.5.2) is a consequence of (4.4.4). We must not fail
to observe, however, that Lemma 4.4.1 is applicable, which demands verifying the
inequalities stated in the beginning of this lemma: they are all guaranteed by the
assumption |Re (11 £ 1v2)| < 1. O

Remark 4.5.1. In view of the amount of computation that led to Theorem 4.5.1,
some verification is no luxury: let us verify that the two terms of (4.5.1) are
compatible. To do so, we shall verify that using this formula would lead to the
identity (in which £ <0)

hl/1,Q1 # ghl@#]z =g (hl/h% # hV27l12) ’ (4'5'19)

which is to be expected in view of the interpretation (cf. what precedes immediately
(3.1.15)) of G as an operation on symbols. One has for ¢ # 0 the identity Gh, , =
2"|g|~"h_,,q, which makes it possible to express the two sides of (4.5.19), starting
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from (4.5.1). An extra factor |gz| ™" will show up in the left-hand side: we get rid
of it by means of the identity [22, p. 47]

(1 —2)9T= o (a,b; ¢; 2) = oF 1 (c —a,c—b; c; 2), z<1, (4.5.20)

in which we take z = qlq%, so that 1 —z :|g—f|, the other parameters a, b, ¢ being
those involved in the hypergeometric functions which show up in (4.5.1), so that
in both cases a + b — ¢ = v5. The rest of the verification is straightforward, using
also the identity Aj(z,y) = A;(1 —z —y,y).

Theorem 4.5.2. Keeping the notation of Theorem 4.5.1, assume that |Re (11 £
)| <1 and ¢ #0,q1 + g2 = 0, and recall from Lemma 4.1.2 that, while the
operator A1 As does not have a symbol in S'(R?), its image under mad(P A Q)
does: to prevent confusion, we shall still denote this symbol as Eh, but h is no
longer a (tempered) distribution, only a continuous linear form on the image of
S(R?) under € (a quasi-distribution as defined in Remark 4.1.1(ii)). One has the
identity (2in€)h = pu. [7_((2imE)h);, dX, where the sign p.v. indicates that the
integral (again, a weak integral in S'(R?)) has to be taken in Cauchy’s principal
sense near A =0, and

((2imE)h) (3, 6) = — 274552 5™ (L) (i

47 ,
7=0,1
Zlovy—vp—id I1+v —vo+iX CA =),
[ (B ) S e
—1l-vg—votid 1—v —vo—iX | —iA—
+|Q1|j ’ Aj <122’Z>\) d ' 1]. .

Proof. From Lemma 4.1.2, mad(P A Q)(A1A42), with A, = Op (hs, q.), is a con-
tinuous functions of the pair ¢, ge with values in the space of linear operators
from S(R) to S'(R), provided with the weak topology. Still assuming g1 + ¢2 # 0,
observe that the right-hand side of the equation (a special case of (4.1.2))

Fom (|g[P1eHm @) gy 4 g g ATt E (45.92)

occurs as a factor in the first term on the right-hand side of (4.5.1). On the other
hand, replacing, as desired, h by 2iw€ h amounts to multiplying h;y by —¢A. This
leads, continuing h;y as h, for Re v close to 0, to

(2imEh), (z,€)

_1+l/12+u2—u i Z (_1)]' |q1|ﬂ#}-8ymp (‘§|V71 62m (411‘2’12)-"3)
4 J

7=0,1

(o, (HEEE L) (/)
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P 1+I/1+V2+V’1*V1+l/2+1/;1+y;q1+q2
2 2 Q1
_1+V1+y2 v —l-vy—votv 1—y oinla1taz)
+27  z 4 Z |Q1 2 1§~ Ve ¢
§j=0,1
l—11—1y—v
(A5
2
1-— —v 1 —
.2F1( l/l—;yQ V7 +V1—|2_V2 V;l—y;q1+QQ>. (4.5.23)
q1

(<11+<12)1

For qi + g2 # 0, the distribution |¢|~1# ™ is defined for all values
of A\, even A\ = 0. This is no longer the case when ¢; + ¢ = 0, and the ex-
tra factor —iA does not completely solve the difficulty because the coefficients
Aj(wi”?j“’, Fv) have also simple poles at v = 0. However, it is 2iw€h, i.e., the
integral - fRe v—o(2imENR),dv, we are really interested in. To obtain the limit of
this integral as ¢; + g2 — 0, we must make two distinct deformations of contour,
turning around v = 0 on the right in the first term and on the left in the sec-
ond term. In the limit, we shall obtain the sum of two terms: first, the integral
fix;o(%ﬂé’ h)ix(z, &) dA, taken in Cauchy’s principal sense; next, a half-difference
of residues (times 2m).

Now, the residue of |¢|7*~! at v = 0 is —26(¢) (as observed at the end of
the proof of Theorem 1.1.7), while, as is easily verified, one has

M x|™Y v near
) |z| 7" 6(8), 0. (4.5.24)

Using also the last expression of Aj(z,y) in (4.4.3) and the fact (1.1.1) that, as
v — 0, Bo(1 —v) ~ 2 and By(v) ~ %, one verifies, remarking finally that when
q1 + g2 = 0, both hypergeometric functions which show up reduce to 1, that the
residues at v = 0 of the two terms on the right-hand side of (./.) agree in this
case. Finally, the limit as g1 + g2 — 0 of 2iw€ h reduces to the integral on the real
line, taken in Cauchy’s principal sense, indicated. U

F (16 ) = Bo(1 ) la] ™ 6(6) =

In the next theorem, we consider the case when ¢o = 0 but ¢; # 0. The
case when ¢; = 0 but g2 # 0 is not only totally similar, but can also be reduced
to the preceding one, by taking the operator (A1As)* = A3A7 in place of A;As:
replacing an operator by its adjoint is the same as replacing its symbol by the
complex conjugate thereof.

Theorem 4.5.3. Let h' = hy, 4, with q1 # 0, let h?(z,&) = hy, o(x, &) = [£]717
with Re va <1, v2 # 0 and |Re (11 £ 0)| < 1, and set A, = Op(h"). The symbol
h of the operator A1As is characterized by the equation
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| Tlbritrp—id 1 iN—1 2imq —1- e e s B2 vo+id
hix(z,§) = 2 2 : E|§| e2maie Z rar
7=0,1
1 — A
A (erlzw,—z@) : (4.5.25)

Proof. Let us first assume that Re v < 0 so that, with h? = h,, 4,, the conditions
of Lemma 4.1.1 are satisfied when g2 = 0. Again, with A, = Op(h"), we set (as in

the proof of Lemma 4.3.3) B, = F A, F~!. Recalling (4.1.10) and (4.1.11), also
that g, (& —|§| , one has in the case when Re v5 < 0 and ¢ > 0,
1 t+e1\/t2 —2¢1 —v
(BiByw)(t) = char(t® > 21 + 22) — e | ! ™ By (t)
!
(4.5.26)

with (exchanging €; and €2 in (4.1.10) when g2 # 0)

t2—2q1+e1/t2—2q1—2q2 | —
D 1 ‘52\/ a1 6;\/ @ q2| VQw(&M)

F,,(t) = { 7% VP -2a-2a

Do, (VR = 2q1) 72 L w(e /12 — 2q1)
(4.5.27)

according to whether go > 0 or ¢go = 0. Clearly, to obtain the limit of the first
expression as ga — 0, one must take only the term with €5 = €7 since Re s < 0,
and one sees that, indeed, it converges pointwise towards the second expression.
Nothing else needs be said if ¢; < 0 while, if ¢; > 0, we look for an estimate of L!-
style of Blng for w € S(R), just as done in the proof of Lemma 4.1.5. Setting

s = e1\/t?2 —2¢q1 — 2q2 in the integral of |B;Bsw| on the line, one transforms
dt ds
\/t272q1\/t272q172q2 \/S2+2 = , where the non-integrability near 0 in the limit is

taken care of by the factor |s 4+ e21/52 4 2¢2| ¢ 2 since Re vy < 0. Emphasizing
the dependence of As on go, denoting it as As(g2), we have just proved that, in
the case when Re vy < 0, the operator AjAs(ga) converges to A;As = Aj As(0)
in the space of weakly continuous linear operators from S(R) to S'(R) as ¢z > 0
goes to zero. Starting from (4.5.2) and going to the limit, we obtain (4.5.25).

For later applications, it will improve things to allow the weaker condition
Re 15 < 1 (a consequence of the assumptions of the theorem under proof), just
assuming that v # 0 so that (z,&) — |£]7*27! should make sense as a tempered
distribution in R2. Let us even assume Re v < 2 and v # 0,1, and let us write
€727t = (va(ve — 1))—1% (|&]7v2*1). We use here a second-order operator
for the sole reason that, for notational simplicity, we have not analyzed the sharp
products of possibly “odd” versions of the function h, 4. Using the general identity

Op (ah) = —2i7 [Q, Op(h)] and the commutation relation

AQ, [Q, A2]] = [Q, [Q, A1 As]] = 2[Q, (@, A1]As] + (@, [Q, Au]]A2,  (4.5.28)
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one sees that from Lemma 4.1.2 that the operator A; Ay acts from S(R) to S'(R),
hence has a symbol in S'(R?), if ¢; # 0 and Re vo < 2, 5 # 0,1. Then, the
decomposition (4.5.25) follows in this case as well. O

The next proposition provides both an improvement on the result of Theorem
4.2.3, under the additional assumption that |Re (v1 + 1»)| < 1, and a totally
different proof of it.

Proposition 4.5.4. Assume that |Re (11 £ 10)| < 1, and that q1q2 # 0. The result
of Theorem 4.2.3 extends to all values of 1 = 0,1,..., with the following additional
improvement: when v > 1, the differential operator P,(2iwE) which occurs in the
statement there can be replaced by the differential operator obtained by forgetting
the two factors 2imr€ £ 1 from the definition (4.2.28) of P,(2in€).

Proof. Recall that, in the proof of Theorem 4.2.3, the only “difficult” case was that

in which ¢; < 0 and ¢2 > |‘12—1‘. In that case, we rely now on the explicit formula

—1—v) —vg—icA

(-/.)- So as to take advantage of the factor g1, N (recall that our problem
is to gain powers of |q1|~1), we shall move the line of integration, replacing the
line Re v = 0 (with v = i\) by the line Re (ev) = a, with @ > 0 distinct from an
even integer: note that we move the line of integration into different directions in
relation to the two terms of (./.). We thus need to estimate the continuation of
the product of the last two factors of each term of this expression.

From the definition of the function A; and the classical integral representa-
tion [22, p. 54] of the hypergeometric function, obtaining under the assumption
that qlq% <1 ie, £ <0, and [Re (11 £ v)| <1 the expression

]_ _
A, ( +eny . u2+81/’_51/>

l+evi+vo+ev 1—cvy+vy+ev +
'2F1( 12 2 7 12 2 14 evs q1 Q2)
q1

B I(—ev)[(1 4 ev)
- F( 14evy ;ngau )1—\( 1761/1*51/24»61/)

+(-1) +

F( lfeulguzfsu )F( 1+evy ;u2+51/ )

I(—ev)I'(1 4 ev) ]

—1l—ev)—vog—cv

1 —1l—ev v EV — EV] — EV 2
/ (T e (1_ql+q2t) dt. (4.5.29)
0

q1

Since £ < —1, one has % < %:also, [Re (1 £ 10)| < 1, so that the last
integral is uniformly bounded when Re (ev) > 0. When performing the changes
of contour, recall that we do not have to worry, so far as the dv-integrability
on some line is concerned, about powers of 1 + [Im v|, since ¢ — v? (with ¢
depending on how far we wish to get away from the pure imaginary line) can
always be replaced by the operator ¢ + 472£2 as many times as needed, and

we are only claiming weak bounds in &'(R?). What is important is taking care
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of the poles, apparent in the expression within brackets on the right-hand side
of (4.5.29). The poles originate from the singularities of the bracket and reduce
to the set of integers. Then, as the operator P,(2iw&) is divisible by each of the
two products £2in€(£2in€ — 1)...(£2iw€ — 1), applying this operator kills all
the poles (originating from the factor I'(—ev)I'(1 + ev)) that appear during the
deformation of contour, provided that a < ¢+ 1 and g1 + g2 # 0. A closer look,
however, shows that the point v such that ev = 1 is actually not a pole of the
bracket in (4.5.29): this is the origin of the additional improvement in Proposition
4.5.4. In the case when ¢; + g2 = 0, we may rely on (4.5.21): note that the proof
of Theorem 4.5.2 showed that, as soon as one sets apart around 0, each in its
proper direction, the two contours on which the two terms of the decomposition
of (4.5.21) are to be integrated, the residues of these terms at A = 0 must be
forgotten.

Whether ¢; 4+ g2 # 0 or not, the benefit of our having changed the contour
of integration comes from the last factor on each term of the right-hand side of

—1—vy—vg—ev
(-/.) not yet made use of, to wit the power |¢1|; 2 : it leads to Proposition
4.5.4. (|

Remark 4.5.2. The factor 277> which appears on the right-hand side of
most identities in this section would disappear if, in place of the function h, g4, its

—v

. —1
rescaled version h,rfzc =922

hu,q had been used in all occurrences.

Finally, we consider the case of two factors, each of which is proportional to
one of the first two terms of the expansion (1.1.38) of some Eisenstein distribution.
In this case, as will be seen, the sharp product under study will be of the same
kind as one of such two terms: in particular, it will be homogeneous (so that no
dM-integration occurs in the formula).

Theorem 4.5.5. One has |&|71 71 # |¢|77271 = |¢|7"1772=2 and the equations

v1+ve v v
(s71800) # (e7800) = g uf)(Cgl)C( 53) e

and

C(12)C(2 +v1 — o)
(L =w)C(=1 =11 +12)
C)C(2 =1+ 1)
A —v1)C(=1+ 11 —12)

€17t 4 (|2l 7= 0(8) ) = 24+ 172 5(6),

||t 5(8).
(4.5.31)

(o] 76(6)) 1|7t = 21+

The assumptions relative to vy, vy in each case are those, detailed just after (1.1.5),
which give the power functions involved a meaning: besides, one must avoid the

poles uw=1,3,... of the factors Cfl(fit) = By(u) present.
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Proof. The first equation is obvious, since the operator with symbol h(z,§) = f(£)
is the operator A such that (FAu)(t) = f(t)(Fu)(t). Next, we use (1.1.6), here
rewritten as
- ((v) -1
G (|2]76(€)) = 2 > ||, 4.5.32
(el 5(6)) = 2" 5y 2y I (45.2)
and the fact that taking the G-transform of a symbol amounts to multiplying the
operator associated to it under the Weyl calculus by the operator u — @ on the
right, or if preferred on the left if the symbol is globally even. It follows that

—v1—1 —vy Y2 C(VQ) —v1—1 vo—1
617 (el 6(6)) =22 52 el 46 (i)
_ oup C(VQ) —vi1—1 vo—1

=20,y 9 e T ]

_ vy <(V2)C(2 + v — 1/2) B
-2 C(1=v2)¢(=1—v1 +1v2) 2™ 5(8).
(4.5.33)

The other equations are obtained in the same way. O

4.6 Transferring a sharp product h,, , # h,,, to the
half-plane

With the help of the map © = (0, ©1), introduced in (2.1.5), we transfer to the
half-plane the results, regarding the sharp composition of two functions of type
hu,q, obtained in the last chapter. Recall that Theorems 4.5.1 and 4.5.3 made the
sharp composition of any two such functions explicit as an integral superposition
of functions h;x,q,+4,: the parameter 5 = 0 or 1 which shows up in the formulas
accounts for the commutative and anticommutative parts of h,, g # hu,,q,, aS
defined in (4.5.7). Except for some simple extra factor, the second equation (4.5.2),
valid in the case when g—f > —1, is very similar to the one (4.5.1), valid when Z—f <0,

after one has exchanged i\ and vy and traded qlq# for —Z—f.

The operator O transforms distributions in the plane into functions in the
hyperbolic half-plane: its adjoint ©f moves in the other direction, and combining
the two as in (3.2.32) makes it possible to replace spectral decompositions in II rel-
ative to A by decompositions into homogeneous components in R2. Note that the
factor T'(352)(152) on the right-hand side of (3.2.32) decreases exponentially
at infinity: this may work to our advantage, or create the need for new estimates,
according to the direction in which the correspondence between functions or dis-
tributions in R? or II is used. On the other hand, as recalled several times, the
spectral theory in the plane (relative to 2iw€) is slightly more precise than the one
in the half-plane (relative to A). When moving information from the plane to the
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half-plane, nothing is lost: when moving it in the other direction, it is necessary
to use the pair (©g, ©1) in place of the sole operator Oy.

The two operations, on functions in the half-plane, which are going to play
a role similar to the operations #, with j = 0 or 1, on distributions in R?, are the

J
operations x defined in (3.3.12), to wit the pointwise product and half the Poisson
J
bracket, as defined in (3.3.11). Of course, the operations # do not transfer globally
J
to the operations x, just as the sharp operation in the plane does not transfer to
J

the pointwise multiplication in the half-plane. However, in Theorem 3.3.1 and
Corollary 3.3.2, we have seen that such a transfer is possible if “localized” with
the help of the two corresponding spectral theories available on R? and on II:
i.e., explicit A-dependent factors will appear. But this was proved only if dealing
with the sharp product of two (globally even) functions in S(R?): extending these
results to the case of two factors of the kind h, , will constitute the main matter
of the present section.

Lemma 4.6.1. Let g € R*, and let h(x,€) = f(£)e* ™€ satisfy the assumptions of
Lemma 4.1.1, here recalled: f is a continuous even function on R\{0}, and |f(£)]|
is bounded, for some pair (C,N), by C (|¢] + |¢|~1)N. Then, one has

(@oh) (.’L‘ + zy) (2y)56217\'qw / f exp ( Yy (26 + 252)) df (461)
In particular, if one sets

Wig(a +iy) = y2 Ky (27 |q| y) €277, (4.6.2)

one has, for ¢ # 0 and an arbitrary v € C,

Oohug =25 1gTE Woge O0 (FY™hoyy) =27 |l Wey, (463
and y
(©ohuo) (z +1y) :w%F(—g)y%, v#0,2,.... (4.6.4)
Proof. Starting from the equation
Mt
(Ooh) (2) =2 | f(€) X € exp (%55') dt de, (4.6.5)
RQ

setting z = x + iy and integrating first with respect to dt, one obtains (4.6.1).
The first equation (4.6.3) follows from (4.6.1) and a usual integral definition of
Bessel functions [22, p. 85]; since, on one hand, Oy = ©¢G with G = 22im& Fsymp
on the other hand W_, ;, = W, 4, the second equation (4.6.3) then follows from
(4.1.2). O
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Lemma 4.6.2. One has, for ¢ € R* and y > 0,

143X

—1—iX
[ee] 2 2
/ g2imax 7(5_@ Ty ’ dr = 272 Z-A
y r(+52)

y%K% (27 |q| y) €2, (4.6.6)

—00
Proof. The integral transforms to

143X

oo
. —1—iX o
emasy / (®+y*) "7 T,
— 0o

after which one can use [22, p. 401]. O

Lemma 4.6.3. Consider on Il a function of the kind g(x +iy) = €™ F(y), where
q € R* and F is a continuous function on |0, 00, bounded by some power of y at
infinity and by Cy%“ for some € > 0 near y = 0. The function g,,,2, as defined

4

by (3.2.8), is given as

) )

L S 2imqT -2 ’ ) ’ ’
RESk 2K (2mlgly)e /0 YTEF(Y) Ky (2 lgly') dy'-
2 (4.6.7)

Proof. Relying on (3.2.30), we compute first, with the help of Lemma 4.6.2, the
function

g#(x—i—iy) =

—1—iX
* \b =3—iA 1—4A o dy > iTqT (S—$)2+y2 :
(©59) (5) = 2m) T [ Tp Y [ e [EEIEEE T g
0 Y —o0 Yy
_ 2*1;“77—1@2”‘”/ Y EF(y) Ko (27 |ql y) dy. (4.6.8)
0

Next, applying (3.2.30) and, again, Lemma 4.6.2 (with A replaced by —\), we
obtain Lemma 4.6.3. O

The factor |F(%)}72 on the right-hand side of (4.6.7) is troublesome, in
view of the behaviour, recalled in (1.1.8), of the Gamma function at infinity on
vertical lines. However, the situation is saved, thanks to the two factors K ia and
of the following estimate.

Lemma 4.6.4. For every § €]0, 1[, one has for some C > 0 the estimate

34iA. 54
(K (2y)l < CP(——)ly"™, AeR,y>0. (4.6.9)

Proof. The result of Lemma 4.6.2 can be rewritten, after a change of variable, as

_%F(l—kix\
2

[N

K (2y)=n"2y )/ (cosh 5) 7™ cos (2y sinh 5) ds : (4.6.10)
2 0
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then, after an integration by parts, one can write the integral on the right-hand
side as

(1+iX) /Ooo(cosh 5) A2 Sinhssm(nginhs) ds. (4.6.11)

Writing for 0 < § < 1,
Fln(?g;mhs)’ < min(sinh s, (2y)7!) < (sinhs)®(2y)° 1, (4.6.12)
one obtains (4.6.9). O

Lemma 4.6.5. Given vy1,vs such that [Re (11 £ 10)| < 1 and ¢1,q2 € R such that
@192(q1 + q2) # 0, one has the estimates <@0h,,1,q1 X ®0h,j27q2> , (x +1iy) =
j 142
4

O()\2) as |A| — oo, where the implied constant depends only on bounds for (Im z)*!

if q1,q2 and q1 + q2 are bounded and bounded away from zero.
Proof. According to Lemma 4.6.1, one has if v, # 0

o (y=5 0
‘(G)ohl,mqr)(m—i—iy)‘:{ (y ) y=5 (4.6.13)

O@™), y = o0,

where N is arbitrary: when v, = 0, an (unimportant) extra factor log y is needed on
the right-hand side. Then, from Lemma 4.6.1 again, <®Ohu1,q1 X @ohwm) (x +
0

iy) can be written as e2™(@1+42) (y) where F(y) is rapidly decreasing at infinity
2—|Re vi|—|Re vo]
2

and bounded, asy — 0, by C'y , with a possible extra factor | log y| or
(logy)?. As |Re (11 £1o)| < 1, Lemma 4.6.3 applies, and (4.6.7) gives an integral

expression of | ©ghy, 4, X @Oh,,z’qg) , (x + iy). Noting that the dy’-integral
g 142

will still be convergent, given what we know about F(y'), if § is close enough to
1, we obtain the part of Lemma 4.6.5 dealing with the pointwise product as a
consequence of the estimate (4.6.9).

To treat the “j = 1”-part, we shall show that using the Poisson bracket of
the two functions ©gh,, 4. involved in place of their pointwise product actually
improves the estimates: starting from

{y? Koy (27 1] y) €270, y2 K oz (27 |go] y) €277}
. d /1 1
= 2imy? {— o (y?K%(?7T lg: | y)) Y2 Kz (27 |q2| y)

d A
tayt Ky Orlaly) g (v o |q2y>)} ePimlata)s (46.14)

1
2
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and using the identity [22, p. 67]

d /1
o (yng(%lfJIy)

=t |- (141) Kepptenlaln) - (1- 1) Kopaonlal)] . (619

it suffices to observe that the extra factor y? present on the right-hand side of
(4.6.14) more than compensates the effect, so far as integrability near y' = 0 of
the integral involved in (4.6.7) is concerned, of the shift by +1 of the parameter
v Vo

701“7.

Let us remark that the result of Lemma 4.6.5 remains true if one replaces
there h,, 4 by a function h”(x,€) = f,(€)e*™€ with |f,.(€)] < C'|¢|71~9, pro-
vided that |a1| + |az| < 1: indeed, this follows from the inequality |(©¢h")(2)| <
(©0ha, 0)(z), a consequence of (4.6.1). O

Theorem 4.6.6. Let h™ = h,, q,., with |[Re (11 £ o) < 1 and qig2(q1 + ¢2) # 0.
With j =0 or 1, one has, in the weak sense in S'(R?),

hl#hzig(*Z)J / < H F< +771V1 +n21/1+7717721 + ]))
J

T \m,me=%1

. {@;’; (@0h1 x @Wﬂ d\  (4.6.16)
J ix
and, in C*(II),
Oo <h1 #h2> =72 (—4)
J
I D(2r(5)

_ 1+n1 vy +nove+ini ne A+25
> Hnl,r]gzj:l r ( 4

[eohl X @W] d\. (4.6.17)
J

1422
P

Proof. Let us prove first the equation

O (h' #1h%) = 7% (48)* Y (=)

§=0,1

oo | RSS2 P2
Y I W g
_ H’fh,nz:ﬂ:lF( nus Enpvati ng ]) J %( +A?)
(4.6.18)

Replacing h! and h? by functions in Seyen(R?), decomposing them according to
(3.2.1) as integral superpositions of functions homogeneous of degrees —1 —i\; and
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—1 —iXy (where i), is to be substituted for v,.), one obtains a weak (i.e., integral

relative to Ay, Ay) version of (4.6.18) as a consequence of Corollary 3.3.2: indeed,

with f = ©gh! x ©gh?, f1,,2 is a generalized eigenfunction of A for the eigenvalue
j -1

#. Next, this equation, still taken in the weak integral sense, extends to the

case when h' (z,€) = f.(€)e*™ ¢ for some pair of functions f, € Sao(R*). To see
this, it suffices to use the approximation process in Lemma 4.3.2: as 61,05 — 0,
the operator with symbol h' # h? is the weak limit (in the space of operators
from S(R) to S’(R)) of the operator with symbol (h!)?t # (h2?)%. This takes care
of the limiting process, so far as the left-hand side of (4.6.17) is concerned. The
appropriate limit is also reached on the right-hand side in view of Lebesgue’s
convergence theorem and (4.3.5) since, as a consequence of the remark at the end
of the proof of Lemma 4.6.5 (we recall that the estimates there are uniform with

respect to g1, ¢o as long as ¢1, g2 and g1 + g2 are bounded and bounded away from
0) and of (1.1.8)

P (152)

H T 14n1v1+n2va+inin2 A+25
n1,m2==x1 4

| <@+ AD%, (4.6.19)

the factor (1+A2?)~2 suffices to ensure convergence. Since the densities v, in (4.5.4)
are analytic functions of v, the equation (4.6.17), valid when each symbol A" is
an integral superposition, with respect to v, € iR, of functions h,, 4., is also valid
for every pair of individual such functions.

Again, we can make from (4.6.18) an identity involving © (h1 # h2) in place
of the O¢-transform, just inserting an extra factor —i\ on the right-hand side. As
already mentioned immediately after (2.1.14), the symbol h! # h? we are interested
in is characterized by its (0, ©1)-transform. This leads to an identity which is
almost the identity (4.6.16) to be proved. Indeed, since 722 transfers under ©g
or ©; to A — 1, what we obtain in place of (4.6.16) is an identity with the same
left-hand side, while the following two modifications have occurred on the right-
hand side: an extra factor (1 + A2)~2 shows up under the integral sign, and the
operator (1 + 472£2)3 is applied to the result. These two modifications of course
cancel each other. This concludes the proof of Theorem 4.6.6: the role of the extra
factor (1 + A\?)73, in (4.6.18), was only temporary. O

Theorem 4.6.7. The result of Theorem 4.6.6 remains true if the assumptions rel-
ative to q1,q2 are replaced by the conditions q1 # 0, qgo = 0. Assuming now that
@1 # 0,¢q1 + g2 = 0 and setting A, = Op(hs, q,), the symbol of the operator
(2irmad(P A Q)) (A1Az) is given as the integral, to be understood in Cauchy’s
principal sense around X\ = 0 and weakly convergent in S'(R?),
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gz(,i)j /oo(i)\)dA< H F<1+771V1+772ui+z'771772)\+2j>>_

j=0,1 - n1,m2==%1

: [@g (@0h1 X @Wﬂ . (4.6.20)
J i

Proof. Recall from Lemma 4.1.2 that in the case when ¢; + g2 = 0, one cannot,
in general, define h,, 4, # hy, 4, @s a distribution: only the image of this object
under £ is: it is the symbol of the operator mad(P A @Q)(A;As). The second
part of Theorem 4.6.7 is then a consequence of Theorem 4.5.2, with the same
details as those given for proving Theorem 4.6.6: the insertion of the factor —i\
is equivalent to the application of the operator 2iw€. The reason why this does
not suffice to make the integral (4.6.20) under examination a convergent one, only
one convergent in Cauchy’s sense, was made clear in the proof of Theorem 4.5.2:
if wishing to obtain a truly convergent integral, it would suffice to apply A; A the
square of the operator 2im mad(P A @), which would result in replacing the factor
—i\ by its square too.

Considering now the case when ¢; # 0 and g2 = 0, let us give, for a change,
a direct proof of the fact that the symbol h = h,, 4, # h., 0 is given as

_m s o0 1—|—1711/1 +7721/2+Z771772)\+2] -
h=3 Z(Z)J/oo< 11 F( 1

: [@3 (@Ohl X @Wﬂ d\, (4.6.21)
J iX

the same equation as in the case when ¢1g2(¢1 + g2) # 0. The function (©gh., 4,)
(x + iy) is still given by (4.6.3). On the other hand,

b— 26)2 4+ 4252
(O0huy.0)(w + iy) = 2 / 1BI71 exp (—277( xﬁ)y +yh ) dbdp
R2
- 2”%757%(*% y T (4.6.22)
Using (3.2.11) and (3.2.20), we obtain
b .
14vq+vg—iN  —34vg—i 1 A
l:@s <@0hu1,q1 %( @0hu270):| (5) =2 tvitv )‘ﬂ- Saad) )‘F(—%)F( ‘;Z )
ix

—1=iX

v a4 o0 — )2 2 pl .
. |(I1|771 / y -2'-2 K%(2ﬂ|q1‘y) dy/ |:M)w:| 6217\'(]11 dl‘,
0

. y
(4.6.23)
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the same as

3+vi+rog—iN  —24vy
2 e 2

D(-12) jgu |75 2imoe
o0 —1+4vg

/ y— 7 Ky (2rlq|y) Ko (2n|q|y) dy
0
I'(—%)

5 | |717V17u2+ix
)
1-\(1+2u2) q1

H F<1+771V1+V2+?72i)\

. ) : (4.6.24)
n1,m2==1

after one has used the integral [22, p. 101]. Multiplying this, as invited to do by
(4.6.21), by

g ( H F<1+771V1+7721/2+i?71772)\+2j
n1,m2==+1

4.6.2
1 )) , (4.6.25)
one obtains the expression

—54vyfug—iX
2 ™

9 —34vqFrg—iX
= 2

™

[V

eQiﬂ'qls

1
2

—1—v—vgtiX
W |q1] 2

—iA — i\
621_7”]15 (1+V1-ZI/2 [ )F(l V1-ZIJ2+7, )

1‘\( 1411 74112719\ ) F( 1—v1 741/241*7,/\) ’
which we must compare to the expression

(4.6.26)
b =Stvitvpid g oo —1—wq—vgtid 1+v1 +ve — i
hix(s) =2 2 T e g1 2 Bo| ———F 1

(4.6.27)

arising from the “j = 0”-part of (4.5.25). Using (4.4.3), one obtains the identity
of the two expressions, which proves the “j = 0”-part (the commutative one) of
the first part of Theorem 4.6.7.

Detailing the “j = 1”-part can be dispensed with: it is entirely similar, since
the Poisson bracket of ©gh! and ©¢h? reduces in this case to

0
{©0hu, 415 Oohusy 0} = y2 %(Gohl) X

2+vy+vg
g 2

0
gy(@ofﬂ)
= 77 (14 1) () (2imqr) e%”“gcyﬂu2

P Koy (2 qily),  (46.28)
an expression identical, up to some changes of parameters, to that of the pointwise
product, with improved integrability near y = 0.

O



Chapter 5

The sharp composition of
modular distributions

In this chapter, we compute the sharp product of two modular distributions, a
well-defined notion provided that we define it as a quasi-distribution (of a species
as close to that of a distribution as is possible).

The proof is still based, ultimately, on the composition formulas (3.3.2)-
(3.3.5). However, it would be quite difficult, if at all possible, to apply these directly
in the automorphic case, because of the singularities of objects such as (hl)E)\1 in

such a case. For instance [34, p.17], € is a linear form on the space C>, of C>®
vectors u of the representation 7_,, (it extends the representation ;) the definition
of which was recalled in (3.2.3), but is not unitary unless Re v = 0: it is, however, a
representation by bounded operators in a weighted L?-space on the line, depending

on Re v) defined as follows: recalling that, for u € C*

—u

u(s) = uso|s| 1T 4+ O(|s| 72TRe V) |s| = o0, (5.0.1)
one has 1
b _ v—1 n
(&, u) = 3 Z |m| U(E)’ (5.0.2)
[m|+[n|#0

with the convention that
|m|”71u(%) = Ugo "™ when m = 0,n # 0. (5.0.3)

The singularities are difficult to handle in this realization: the “distribution” so
obtained is, in some sense, “carried” by the set of rational points of the projective
line.

Instead, we shall take advantage of the Fourier series decompositions (1.1.38)
and (1.2.4) and apply the results of Chapter 4 providing the spectral decomposi-
tions of sharp products of two distributions of type h, . We shall not make use
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of the Hilbert space L?(I"\R?), briefly alluded to in (3.2.61), which might make it
possible, up to a point, to use Hilbert space methods in the automorphic situa-
tion. Still, as long as this is possible, we shall decompose automorphic distributions
into modular distributions the degrees of homogeneity of which will lie on the line
—1 + iR: but this line ought to be thought of as a line of reference rather than
a spectral line, and exceptional terms, Eisenstein distributions or automorphic
distributions related to derivatives of such with respect to the parameter, lying
outside this line, will sometimes have to be added. This chapter is, again, rather
technical, and contour deformations will have to be made repeatedly. The (b, M)-
trick from Remark 3.2.1 will help in this respect, making integrability estimates
at infinity unnecessary: the pole-chasing will keep us busy enough.

Moving back and forth between the plane and the half-plane, as done in
Section 4.6, will help. We shall start this chapter with some reminders about the
Roelcke-Selberg decomposition (the decomposition of automorphic functions in
IT into non-holomorphic modular forms) and establish its analogue (both more
general and less precise, since we shall dispense with any L2-theory) in the auto-
morphic distribution environment.

5.1 The decomposition of automorphic distributions

Recall the Roelcke-Selberg decomposition (2.1.22) ([16, Section 15] or [14, p.112])

f(z) ="+ é /Oo B(iN) B (2)dA+ Y > 07 Mo(2), (5.1.1)

—00 r>1 ¢

valid for an arbitrary function f € L?(I'\II): the notation is not meant to imply
that, as a function of A, ®(i)\) should in general extend away from the real line.
Uniqueness of the coefficients making this identity valid is ensured if one imposes
the condition ¢*(—iA)®(i\) =" (iA)P(— z)\) Then, one has ®° *éfr\n z)dm(z)

since the area of the fundamental domain is I, next ®(i\) = (E1 i | f) - =

fr\n B (2) f(2) dm(z) for almost every A, ﬁnally Pl = (M, | f)L2(F\H) Here,
M, is L*normalized. Also,

If ||2L2(F\H) \‘I>O|2 + — / B(iN)|? d) + ZZ‘ ot ‘ (5.1.2)
r>1 ¢

Our program in this section is to obtain an analogous theorem in the auto-
morphic distribution environment. Starting from a distribution

&(x,£) = go(z) 5(&) + > fu(€) exp (m’“"”) : (5.1.3)

kEZ f
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assumed to be automorphic, we wish to obtain, under suitable assumptions re-
garding the coefficients, the first of which is of course that the function gg, as well
as all functions fx, should be even, a decomposition

(o]
S&=CotCodt Y Cie,+ 8% /_m T(A) EndA+ D > W,
Jwith p;#£1 r#0 £

(5.1.4)
Note that such a kind of expansion cannot be valid for arbitrary automorphic
distributions since the %—derivative of the Eisenstein distribution &;, is also au-
tomorphic (but not modular): this does not happen in the usual theory in the
hyperbolic half-plane because one specializes there in a Hilbert space frame and
only Eisenstein series F i, not their %—derivatives7 occur as generalized eigen-
functions in the spectral decompositions of automorphic functions in the space

L2(D\II).

A finite number, only, of j1;’s, should be present on the right-hand side, all of
which should have a nonzero real part: recall that €, is defined only for p # +1.
On the other hand, as remarked at the end of the proof of Theorem 1.1.7, the
Eisenstein distribution &;,, in contrast to the individual terms of its Fourier series
expansion, is well-defined for A = 0: anyway, under the assumptions relative to &
to be made later, one will have ¥(0) = 0.

We must, at this point, recall Proposition 2.1.1 and Remark 2.1.1 (i), in which
the two properly normalized automorphic distributions 0, , and M_,. ¢ lying above
a given L?(T'\II)-normalized Hecke eigenform M, , have been defined: they differ
by some sign in the exponent of ‘t%’ in (2.1.19), so that 914, , is homogeneous
of degree —1 Fi\,.. They are related under the transformation F5Y™P: since both
will generally occur in the decomposition of &, it has been found necessary to let
in (5.1.4) r run through Z*, not through the set {1,2,...} as in (5.1.1). Another
difference between the expected decomposition (5.1.4) and its automorphic func-
tion analogue (5.1.1) has the same origin: since &;) and €_;, are Fourier related
rather than proportional (as Fi-i and E EESIN ), one may not demand in general
that U (i\) and ¥ (—i)) should relate in any definite way, in contrast to ®(i\) and
D(—iN).

We consider first the case when the terms go(z)d(§) and fo(§) are absent
from the expansion (5.1.3): in this case, we wish to obtain an expansion of & into
a series of Hecke distributions. We have not strived for maximum generality: our
point is to obtain a result under conditions general enough to apply to the question
of the sharp product of two modular distributions.

Lemma 5.1.1. For some constant C > 0, one has for everyr = 1,2, ... the estimate
1 1
CIN 2 < ||V*mir7g||L2(F\H) < CON. (5.1.5)

On the other hand, the numbers of pairs (r,€) with r = 1,2,... such that \, < A
is, as A — 0o, of the size of A2.
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Proof. Recall (as mentioned between (2.1.21) and (2.1.22)) that, besides the Hecke
eigenform M, o, it is customary to introduce a proportional eigenform N, ¢, char-
acterized by the fact that the first coefficient of its Fourier expansion should be
1: this is especially helpful when considering the effect on eigenforms of the Hecke
operators. According to [26], one has for some constant C' > 0 the inequality

_ i)\r i\
C 1|F(7 | < INvellpeavm < C T+ 7)} (5.1.6)
In view of (3.2.20), recalling also that NS, = 2_%+i”£fﬁir,g7 one has ©MTS, =

V*ﬂ'%_iﬂgr(% + 7€) Ny gt then, from (2.1.25),

1FiN,
2

1dig
2

Nep=m"2 T YV* Ny (5.1.7)
and (5 1 5) follows. The last assertion, or the more precise version #{(r,£): A, <

A} ~ E’ is a consequence of Selberg’s trace formula [16, p.391]. O

Before stating the next theorem, recall that, in the automorphic distribution

2
environment, defining \., when r > 1, as the positive number such that %

should be the eigenvalue attached to the corresponding Hecke eigenform M, ¢, we
also set A_, = —A,: in this way, the Hecke distribution 91, is homogeneous of
degree —1 — i\,, whatever the sign of r.

Proposition 5.1.2. Let & be an automorphic distribution with a weakly convergent
expansion in S'(R?) of the form

2,6) =Y fu(€) exp (%wkg) (5.1.8)

k0

where, for every k, fr is an even distribution on the line, C*° in R*, and the
collection (fx) satisfies for some pair 6 > 0, N > 0 and every j = 0,1,... the

estimate | (5%)j fk(£)| < O®5) (1 + k)N (|§| + |§|_1)5, with C(j) depending only
on j. For m large enough (in a way depending only on the pair 6, N ), the trans-
forms of & and (2in€)S under the operator W, introduced in (3.2.43) both lie
in L?(T\IT). The distribution & admits an expansion as a series (convergent in
S'(R?)) of Hecke distributions. In terms of the (Roelcke-Selberg) expansions

W (2i7€)"6) =Y > A My, k=0,1 (5.1.9)

r>1 ¢

of Wi, & and W,,,((2in€)S), it is given as the series

S=> Z\If”mm (5.1.10)

rezx
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with

s e, D(m + 155%0) [ ||,

1
gt = (—1)mom—2 - el 5.1.11
(it e B AR

Proof. We must first observe that, despite the fact that f; may not be locally
summable near 0, the function fi (&) exp <2i7r%$) is well defined as a tempered
distribution: the argument is strictly the same as that, given in the beginning of
Section 4.1, which concerned the functions h, ; with k& # 0. Now, given z € II, the

function (z,£) — gm ((Ilzzfl) has a compact support and, while never C'*°, is
m z)2
as smooth as desired provided m is chosen large enough: this makes it possible to

test each distribution fx (&) exp (22’77%) on it.

Recall the definition (3.2.43) of the operator W, from functions in R? to
functions in II. One has, denoting as (z/,¢) the current point of R? so as to save
x for z =z + iy,

(W, =3 / o) 2T E g ('x — §|)d de. (5.1.12)
y2
keZx
After a translation z’ — 2’ 4+ z¢, followed by the change z’ = ty€, one obtains

(Win®) (z+iy) =y Y 2”’“/ €] fr(€ di/ e*imhuty (y 5\/1+t2) dt.

keZX*
(5.1.13)

With the notation in Lemma 3.2.6,

(W) (@ +ig) =y 3 e2imhe / €1 F1(6) In(@nhy, yie)de,  (5.1.14)

keZx*

where

1 =2 _ 4 k| y?
L (2mky,y€) = C(m) [ ™y (1- e, <27r' Ly 1—y£2>

€
(5.1.15)
for some constant C'(m). For m = 0,1, ..., the Bessel function on the right-hand
side of (5.1.15) is bounded by a constant depending only on m, and the estimate

(I (2ky, y3 )] < C'(m) [F "™y Tchar(¢] <y ) (5.1.16)

makes it possible to bound the d¢-integral on the right-hand side of (5.1.14) by
any power of |k|~ty~! for some choice of m. This implies that the automorphic
function W,,,& is well-defined and lies in L?(I'\IT), provided that m is large enough
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(in a way depending only on the pair §, N which defined the assumptions made
regarding f).

The function W,,& admits in the Hilbert space L?(T'\II) a convergent expan-
sion of the type given in (5.1.9), with >~ -, >", |AS’£|2 < 00. Since our assumptions
involve bounds not only for the functions f, but for the functions & — £f}.(€) as
well, a similar expansion exists if one replaces & by (2in€)6.

Next, we justify the equation linking the Fourier coefficients of & to those of
Wi ((2in€)5G). In view of (3.2.20) and (3.2.44), one has generally

- 1
Ooh = (—2)™W,,(2m)2 "™ T (m + 5 Himé)h: (5.1.17)

iAp

2 QoM. (2.1.25), one has for r €

combining this with N, , = GG = 271~
ZX

1 1-iAp 11—\,
Nirte = (~1)m2m =225 D 4 ——

) WinDrp. (5.1.18)

The coefficients U™¢ with r € Z* are determined by the necessary conditions that,
with
G=> Y [N+ N, (5.1.19)

r>1 ¢

the pair of equations (5.1.9) must be satisfied. Since, with » > 1, one has Nng =
| NVie || Mo, an application of (5.1.19) reduces this pair of equations, if one sets
for r € Z*

[1]

r,0 —i-idp L — i - .l
f=amE (Tim+ — ot (5.1.20)
to the pair (in which r > 1)

(—iA)FENE 4 (M) BT = (=1) 2773 | Ny || AT (5.1.21)

this implies (5.1.11).

Tt is easy to see that, if m is large enough, the series (5.1.10), with coefficients
as defined in (5.1.11), or even the multiple series obtained when expanding each
Hecke distribution into a Fourier series, converges in &’ (R?). Indeed, if one replaces
the parameter (7, ¢) by a unique parameter n, allowing repetition of the eigenvalue
while keeping the fact that the absolute value of A, must be a non-decreasing
function of |n|, it follows from Selberg’s estimate (the last assertion in Lemma
5.1.1) that providing polynomial bounds in terms of A, is just as good as providing
polynomial bounds in terms of n. But, when only convergence in S’(R?) is asserted,
arbitrary powers of —i\, can be replaced by the application of corresponding
powers of 2iw€. The coefficient in front of the right-hand side of (5.1.11) is bounded
by C |A.|™*2 in view of (5.1.6). Finally, in the Fourier series defining each Hecke
eigenform I, ,, the coefficients of which are, up to bounded factors, borrowed
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from those of the associated Hecke eigenform N, |, (Proposition 2.1.1), one can

replace powers of k by corresponding powers of the operator (2i7)~1¢ 8% and take
benefit of the fact that, in a uniform way, the kth Fourier coefficient of MT\»@ is
bounded by some power of k (the exponent could be chosen arbitrarily small if
the Ramanujan-Petersson conjecture were proved, but this is not necessary here).

Finally, what remains to be proved is that if G is an automorphic distribution
such that W, ((2ir€)"&) = 0 for k£ = 0 or 1, the distribution & reduces to zero.
As seen in Proposition 3.1.4, this becomes true if W, is replaced by ©qy. Then,
using (again) the relation

1 1 1 1
6 = V*(27r)§_”751"(§ +in€) = (—2)"‘Wm7ﬁ_”gI‘(m + 3 +1in€), (5.1.22)
one obtains

1 1 1 1
Oo(2m) 2T E (m + 3 ir€) = (=2)"W,,I'(m + 3 iwE)T'(m — 3 in&)

. 1 1 1 1
=(-2) F<m+2—|—u/A—4>F<m+2—z A—4>Wm (5.1.23)

if one denotes as I’(m—&—%—l—i\/A—i)F(m—i—%—i A—i)) the operator

transforming a function f in II into the function g such that

fugt
1+i4A 1—iX 1 [1+iX 1—iA .
= I‘(m + 5 )F(m + 9 )f1+4x2 = % ( B >m ( 5 >m[@o(@of)i>\]
(5.1.24)
(3.2.32), or
1
g= %A(A+2)...(A+m2+m) 000} f. (5.1.25)

From the assumption that W,, ((2i7€)*&) = 0 for kK = 0 or 1, it thus follows that
(2m) "2 HTET (m + 3 —in€)& = 0, so that & = 0. This concludes the proof of
Proposition 5.1.2. O

Remarks 5.1.1. (i) in the last paragraph of the proof, we transferred the operator
L(m+ § —in€)(m + 3 — in€) to a function (in the spectral-theoretic sense) of
the operator A: this was possible only because we started from an even function
of 2in&;

(ii) we used the operator W,,, not the operator Oy, in the proof, because the
distribution & could be proved to depend continuously, in the space of tempered
distributions, on the pair (W,,&, W,, ((2in€)&)) of functions in L?(I'\II): the
“continuity part” of this statement would be totally false if W,, were replaced
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by ©g. On the other hand, ©y has the advantage (linked to its role (3.1.19) in
pseudodifferential analysis) that ©¢& characterizes exactly the G-invariant part
of &. The function W,,& characterizes the part of & invariant under the more
complicated involution

L(m+ 1 +in€)
L(m+ 1 —in€)

L(m+ 1 —in€)

9 —2im€
(2m) L(m+ 1 +in&)’

G =G (2m)*"¢ (5.1.26)

which does not preserve the whole space S'(R?). Nevertheless, in the case when
one can take for ¢ (the number introduced in Proposition 5.1.2) a number < 2, it

will map the class of distributions fx (&) exp (22’77’“5—“") which are the terms of the
decomposition (5.1.3), to the G-transform of this class. Indeed, one has [22, p.91]

 T(m+ L ing o
(am)2ime LM+ 2 ZW)::/ £ Ty, Arct) dt, (5.1.27)

L(m+ 3 +irE) Jo

and the image under this operator of the distribution fj(€) exp (21’77’2—“") is the
distribution gy (¢) exp (in%), with

gr(€) = /ODO fr (t—%g) Jom (47t) £~ 2 dt. (5.1.28)

This (generally divergent) integral is to be interpreted as follows. Writing 1 =
o(t) + (1 — ¢(t)), where the C* functions ¢(t) is supported in {|t| > 1}, and
¢(t) = 0 for t > 2, the part of the integral in which 1 — ¢(¢) has been inserted as
a factor is convergent as soon as m > 1. In the other part, we use the asymptotic
expansion [22, p.139]

72 Ty (dnt) ~ > 7" ay, cos(4mt) + by, sin(4rt)], t — oo, (5.1.29)

n>0

and we make just one integration by parts, isolating the trigonometric factor: one
ends up with a convergent integral when § < 2. The function g, then satisfies the
same estimates as the function fj.

After, under the assumptions of Proposition 5.1.2, & has been proved to be an
automorphic distribution, nothing prevents one (and this will be useful later) from
characterizing the coefficients of its expansion (5.1.10) by those of the expansions
of ©,6 = O ((2im)"6) instead of W, ((2im)"&).

Corollary 5.1.3. Under the assumptions of Proposition 5.1.2, assume that

0.6 =YY BNy k=01 (5.1.30)

r>1 ¢
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Then, one has, for r € 2>,

e [ 1
yrl =92 (B(I) " B lv‘) _ (5.1.31)
I\
Proof. The calculations are simpler than the corresponding ones in the proof
of Proposition 5.1.2, since (5.1.18) is to be replaced by the equation ©, M, , =

(fi/\r)“21+m7r./\/|r|7g, and we have to solve the pair of equations (k =0or 1,7 > 1)
iAp iAp

(—idg) 215U 4 (i) 52 - 2w = B (5.1.32)
0

In the following theorem, we decompose fairly general automorphic distribu-
tions (at least, sufficiently general for our purposes) into modular distributions:
this is an analogue of the Roelcke-Selberg theorem, for automorphic distributions
this time.

We shall consider an automorphic distribution & with the Fourier expansion
(5.1.3), where, for k = 0, the functions fj are even, C* in R* and satisfy bounds
Ife(O)] < C (1 + |EDN (€] +1€)71)° for some fixed triple (C, N, ) of positive num-
bers; so far as fp and gg are concerned, we assume that they are well-defined even
distributions on the line, C'*® outside 0 and polynomially bounded at infinity. We
set

1
go(x) ||~ da,
1

M) = 2 K ROl NoG) =2 /

Moo (p) = 4/100 fo(€)€1de,  Noo(p) = 4/100 go(x) x" Vda : (5.1.33)

as the distribution fy is C*> outside 0, it can be tested on the function & —
|€|#char(|¢] < 1) if Re p is large. From the assumptions just made, the integrals
defining Mo (u) and No(u) are convergent for Re p large enough, and those defining
My (p) and N (p) are convergent for —Re p large enough.

Theorem 5.1.4. With the notation just introduced, we assume that the functions
Mo(p) and No(u) extend as continuous functions in the half-plane Re pu > 0,
holomorphic in the interior, satisfying the usual condition of “polynomial bound-
edness” at infinity in vertical strips, with the possible exception of a finite number
of simple poles p; (j = 1,2,...) with Re p; > 0 and p; # 1. We make just
the same assumptions about the functions Moo (1) and Noo(p1), only replacing the
preceding half-plane by the half-plane Re p < 0, allowing then a finite number of
poles pj (j = —1,-2,...) with Re p; < 0: this time, the number —1 is not pre-
vented from being one of the u;’s. Next we assume that the functions Mo+ Moo (1)

¢(=n)
No () +Noo (1)
¢(1

and 0 both well-defined on the real line, agree there, and we denote as
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V(i) their common value at p = iX. Finally, we assume that, for Re p; >0,

1
— ———— Res,,—,,. No(1), to be denoted as C;
4¢(—1y) TC(T = gy oS Mol ( ’ |
5.1.34

(if, say, pj = 2,4,..., the condition means that Res,—,,, Mo(p) = 0; if (1 —p;) =
0, it means that Res,—,, No(i) = 0), and that, for Re p; <0,

Res;—y., Mo(u) =

1 1
—— Resy=;; Moo () = -+ Resu=y; Noo(p), to be denoted as — Cj
5.1.35

(the meaning is similar to the one above if ((—p;) =0 or (1 — p;) =0).

Then, the automorphic distribution & admits a decomposition of the type
(5.1.4) into modular distributions. The density U(i\) has already been made ex-
plicit, and one has Coo = 1Res;—_1 My (1) and Co = —1 No(1).

Proof. Before giving the proof, let us remark that the possible pole p; = —1
contributes a constant: there is no Eisenstein distribution €_;. One has if a and
b are large enough and £ # 0 or = # 0 according to the cases,

fol€)ehar(el < 1) = g [ Mol e~
e pu=

o) cha(el < 1)3() = g [ Nolo)lal 5 .
ol ar(lel = 1) = g [ M€
mfa) cha(el > 3 = g [ NGl 5@ dn (5139

Let us move the lines of integration to the cases when a = b = 0. One must not
forget the (simple) poles, isolating the number —1 (which may, or not, be a pole
of M, certainly not of N, ) and, adding the 4 equations, one obtains an identity
which, in the domain where x # 0, reads

fo (§)+90( )6(£)
RQSH,71M —I—ZC M] |f| “"_1+C(1—Mg)|$| Hig ()]

+ % ) \II(M) [C(=iN) €] 71 4 (1 — iN) |2 ~8(€)] d (5.1.37)

However, what we really wish to obtain is not the pointwise decomposition of
Ffo(&) + go(x)d () for = # 0, but the decomposition of this distribution into homo-
geneous components in S’(R?). Under the given assumptions, one has ¥(0) = 0,
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and the integral term is meaningful as a distribution. But, looking at the second
integral from the list (5.1.36), one must take into account the fact that the distri-
bution |z|™* has at p = 1 a pole with residue —24(z), so that one must add to
the right-hand side of (5.1.37) the extra term —3 No(1)§, with § = 6(z)5(¢).

If one sets
1 [~ _ .
T, =66~ Co+ Co— Y G 8- oo [ W) Ealear
BiF—1 e
(5.1.38)
the distribution ¥ is automorphic and admits the Fourier expansion
T, &) = Y ful§ ™, (5.1.39)

k#0
with
~ P T e ) i
RO=R©O- X Coglle o [ on(r) w2,
Jwith pj7#—1 -
(5.1.40)

To ensure summability of the last integral, we use the (b, M)-trick from Re-

mark 3.2.1 and we rewrite it as

d Mo e . —1-iA =M
(£d§+1—b> 5 [ ol TEN I b= i

for a sufficiently large M, and b such that b > d + 1 and b + Re p; > 0 for every

M
j, a choice to be justified presently. Letting the operator ({ d% +1-— b) act on

f(€) has the same effect as letting, at the end, the operator (2i7€ — b)M act on

the product of fi(§) by %7€ Next, we observe that if lf&) < C (g + |£|_1)5,
the function (cf. (3.2.4))

1

[(5;2 +1-— b> - f} € =- /OC t=of(t€) dt, (5.1.41)

well-defined if b > § + 1, satisfies the same estimate as f. This action of the re-
solvent of the operator & chg can thus be iterated. Finally, under the constraints

indicated about b, one can for every M apply the resolvent (2i7€ — b)~M to all
terms of the decomposition of the series (5.1.39) obtained from (5.1.40), finding
as a result an identity ¥ = (2in€ — b)M T, where the distribution T, is automor-
phic (it is a continuous superposition of rescaled versions of ), and given as a
series Zk;éo 9x(8) 62”%, where the functions gy satisfy for some pair (N’,4’) the
estimates demanded from the family (fx) in Proposition 5.1.2. Hence, T; can be
decomposed as a series, convergent in S’ (R?), of Hecke distributions: this concludes
the proof of Theorem 5.1.4. O
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5.2 On the product or Poisson bracket of two Hecke
eigenforms

As a preparation toward the computation of the sharp product of two Hecke
eigenforms, we need to obtain the result of testing the product or Poisson bracket
of two Hecke eigenforms against an Eisenstein series. The proof (just Rankin’s
trick) improves, in the case of the Poisson bracket, on the rather complicated one
(it addressed a more general question) given in [35, p.177]. The formula for the
first question could also be derived from the computation [24] of the decomposition
of the product of a Hecke eigenform by an Eisenstein series; Poisson brackets, on
the other hand, are just as useful as pointwise products, but have probably not
benefitted of the same consideration from arithmeticians.

Given an automorphic function f in the hyperbolic half-plane with the Fou-

rier series expansion
flatiy) =" Aly) e, (5.2.1)

kezZ

we first need to recall the way the density ® from its Roelcke-Selberg expansion
(5.1.1) can be recovered. This is based on the so-called Rankin-Selberg trick, or
on improvements making it possible to minimize the assumptions about f. The
following version is reproduced from [39, p.89], and might be compared to Lemma
5.3.3, which has the same role in connection to the discrete part of the spectral

decomposition of f.

Lemma 5.2.1. Let f be an automorphic function, such that f and Af are square-
integrable in D . Let (2.1.22) be its Roelcke-Selberg expansion, and let (5.2.1) be
its Fourier expansion. The function

- L g (my) b

= — 2 ~ 727

Co (W) =5 /0 Ao(y)y (=5

is holomorphic in the half-plane Re p < —1 and extends as a meromorphic

function in the half-plane Re p < 0 with an only possible simple pole at = —1.

The residue of Cy () at this point is —%ﬁ , so that, in particular, f is orthogonal

to constants if and only if the function C; is holomorphic throughout the half-
plane Re p < 0. The function

dy (5.2.2)

CJ(M):_siﬂ_ 100»40(9)3/ 2@

_ K
2

dy (5.2.3)

is holomorphic in the half-plane Re u > 0. Finally, the function A — Cy (—e +
i\) — Cf (e +i\) has, as € — 0, a limit in the space L2 _(R), which coincides
with the function
1 _ix
T B(—iN). (5.2.4)
I'(=%)
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©w

Let us observe that, even though the factor é % is present both in the
2

functions CiF (1) and in (5.2.4), one could not completely dispense with it as it kills
poles in the half-plane Re & > 0. On the other hand, it is the kind of “Archimedian”
factor that occurs quite naturally in analysis in the half-plane, not in automorphic
distribution theory.

Consider now two Hecke eigenforms N and N, eigenfunctions of the auto-
morphic Laplacian for the eigenvalues 1_4”f and 1_4V§ (v1 and vy are pure imagi-
nary), with the Fourier expansions (2.1.23), in which we take aj or by for the co-
efficient by, relative to the expansion of N (resp. Nz). The “product L-function”
or “convolution L-function” relative to the pair A7, N3 is the one defined for Re s

large by the equation

L(s, N1 x Ny) =((2s) Z arbr k7. (5.2.5)

E>1

The definition extends to the case when one of the Hecke eigenforms (say, nor-
malized in Hecke’s way), or both, is replaced by an FEisenstein series %E"{_V
2

(again, this normalization gives in (2.1.18) the value 1 to the coefficient a; of
y%K% (27y) e2™): note that the coefficients (*(1 #+ v) of the first two terms of
the expansion (2.1.18) play no role in the definition of the product L-function in
this case. In any of the two cases just considered, however, the product L-function
reduces to a pointwise product of L-functions of a single non-holomorphic modular

form, as will be seen immediately after (5.2.26).

Define the parities of N7 and N3 as the numbers g1 and g5 equal to 0 or 1
such that a_j = (—1)ay and b_j, = (—1)°2b;,. We assume in all this section that
N1 and N3 are normalized by the conditions a; = 1, by = 1, which implies that
all their coefficients are real, and Ny = (—1)%2N5.

Proposition 5.2.2. Assume |Re v| < 1. If the Hecke eigenforms N7 and N2 have
the same parity, one has

Ei . (2) N1(2) Na(z) dm(z)

no
vl 1—v l—v+u1r+1s
g (5 ) ()

.r<1”+4”1 ”2>r<1”4”1+”2>r(1”4”1VQ). (5.2.6)

If they have distinct parities, one has
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2 [ B () (M) Fa(a) dm(2)

I\II

vl 1—-v 3—v+uvi+uy
4z'<*<u)L< 2 ’N”NQ)F( 1 )

.r<3_”+4”1 _”2>r<3_”_4”1+”2>F(g_”_;l_VQ). (5.2.7)

If the pair of parities of N1 and Na does not agree with the choice of pointwise
product or Poisson bracket in the way indicated above, the corresponding integral
18 zero.

Proof. The density ® in the spectral decomposition of the product A7 (z) Na(2)
is given by the equation

D(—i)) = . Ein (2) M1 (2) N2(z) dm(z). (5.2.8)

Since the product, or Poisson bracket, under consideration is rapidly decreasing
as Im z — oo, the recipe given in Lemma 5.2.1 reduces to the equation

—3

Mimﬂm%@yz”@, (5.2.9)

where Ap(y) is the “constant” (i.e., independent of x) term of the Fourier ex-
pansion of N;(z) N2(z), and the value of the divergent integral is to be under-
stood as the value when v = i\ of the analytic continuation of the function
O(—v) = fooo Ao(y) y# dy, initially defined for Re v sufficiently negative to
ensure summability. One obtains from (2.1.23) that

Ao(y) =2y > arby Ky (27 [k| y) Kz (27 [K| y). (5.2.10)
k>1

The integral (5.2.9) becomes a so-called Weber-Schatheitlin integral, made explicit
in [22, p.101], which we shall quote in greater generality for future reference:

o0 —1—v

y 7 Ko (2m |kly) Kz (2 (k2| y) dy
0

v—1

-1
T2 v—vg—1 vy 1—v 1+V1+V2—1/
e ) e

T 1+ —1m—v r l—-n+wvw—v r l—v1—1vy—v
4 4 4

1+vi+wve—v 1—vy+1vn—v 1—v ko 2
ol ) ; ;11— = )
4 4 2 k1

Re (111 £ —v) > 0. (5.2.11)
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In our case, the hypergeometric function reduces to 1, and one obtains when —Re v
is large

17rV5 14vi+vy—v
P(—v)= - _
(V) ar 2 k>1 ( 4 )
T 1+ —v9g—v r 1—vy4+v9—v r 1—1vy —vyg—v :
4 4 4

(5.2.12)

using (5.2.5), one obtains (5.2.6).

We make now the computations involving the Poisson bracket (3.3.11), still,
up to some point, in greater generality than what is currently needed, writing with
ki and ky € Z

1. 2 - i -
5 WKy (2 |kaly) &7, 42 Ko (2m k| y) €742}
Z7T/€y23217r(k1+/€2):v kzg (y%K ) KVz +I€1Ku1 g (y?Kug) , (5213)
Jy dy

where the argument of K'vy (and of related functions in what follows) is 27 [k1 |y
and that of Kvz is 2 |k1| y Using [22, p.67]

a 1 ]_ 1 1
o (ny%) = Sy EKy —nlk|y} (KVIQ_Q n K+) , (5.2.14)
one has

5 {WKTI (2 [k | y) €297, y2 K ug (27 ko y) e~ 272"

_ e?iw(k1+k2)w X {Z;T yz(kl + kQ)K%KVTZ

—i7T2y3 [|k‘1|k2 (KVIT4+KVI2+2) KVT2+k1|k2|KVT} (KVZT& +K:/22+2>}}

(5.2.15)
We specialize now in the case, of current interest to us, when k1 = k, ko = —k.
The new function ®(—v) (assuming that 1 + &9 = 1) is
1—v
—v) = 2zw2kakbk/ Yy 2 K%K%z dy
k>1

. 92 2 it 3—v

—2im® Yk akbk/ v [(KL4+KL+2) Ku + Ko (KLHKLH)} dy.
0 2 2 2 2 2 2

E>1
(5.2.16)
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One uses again the Weber-Schafheitlin integral: set

7371/+1/1+u2 737u+1/171/2
P1 = 9 y P2 = ) ’
3—v— 3—v—uv —
p3 = %ﬁ-l@’ p1 = % (5.2.17)

The first line on the right-hand side of (5.2.16) contributes (just replace v by v —2
n (5.2.11))

3 oy Zakbkk 2 HF Pn (5.2.18)

T2 k>

The sum on the second line contributes to ®(—v) the expression

; - P1 P2 @ p4
4ZFL;akbkk [ )(2)r(2+1)r(2+1)

P1 P2 P3 P4
I'N=+1)I'(=+1)I'(=)I'(=—
+r(2 +)r(Z + yr2ré)
P1 P2 P3 P4 P1 P2 P3 P4
+F(2)F(2+1)1"(2)1"(2+1)+F(2+1)F(2)F(2+1)F(2)}
(5.2.19)
Since
p3pa+ pLpa + paps+ pros = (3 —v)?, (5.2.20)

this contribution reduces to

3_ _
Zakbkk ( V+4V1 +V2) F( V+4V1 Vz)

2 k>1

r( v p(fnrmns), (5.221)

Since 4(13(5'/)”) F(3 55y = F(ll 7y, We obtain (5.2.7).

The last assertion of Proposition 5.2.2 results from the fact that the product
of two Hecke eigenforms with distinct parities, or the Poisson bracket of two Hecke
eigenforms of the same parity, changes to its negative under the symmetry z —
—Z. O

One may cover both formulas by the single one to follow:

/F\H;Efzu(z) (N1 x J\/2> (2) dm(z)

v—1

71' 1—-v 14+ muvr +nove —v+2j
= — L —— T . (5.2.22
Qi < 9 ,Nl X NQ) H < 4 ( )

n1,m2==%1
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Since the left-hand side is invariant under the change v — —v, it is an entirely
straightforward matter, using (1.1.1), to obtain that

1+ +v9+v
)B;( 5 )

is invariant under the change (va,v) — (=12, —v). (5.2.23)

l1—vi—1vs+v

L(lgy,f\/‘l X NQ) Bj(

A fundamental property of L-functions, and product L-functions alike, is that
they admit Eulerian products. Going back to Proposition 2.1.1, denote as (by) the
set of coefficients entering the Fourier series decomposition (2.1.23) of A. Let 91
be any of the two Hecke distributions above N, with the degree of homogeneity
—1 —v = —1 — iX: then, the set of coefficients (8y) entering the Fourier series
decomposition (2.1.24)

N(z,§) = % > Bl ™ exp <2m1~cz) (5.2.24)
keZx

of N is given (2.1.26) as By = |k| = by,. The L-function associated to A admits the
Eulerian expansion

Lis, )= [[ (0= bpp— +p72) " =T [(1 - 6pp~)(1 — 6, )]

p p

' (5.2.25)

if 6, is any of the two roots of the equation 912, — by0, +1 = 0. Recall from
(2.1.30) that a character x leading to the Hecke distribution 91 according to the
construction in Theorem 1.2.2 could be defined by any collection (x(p)), in which,
for every p, x(p) = p% 6, for any of the two possible choices of §,,.

In the case of product L-functions ([4, p.73] or [15, p.231], though these
references emphasize, rather, the case of modular forms of holomorphic type), one
has with an obvious notation

1 —1
Lo N x N =] TI [ o) (a)yepdomsma=]
P mi,me=%1
(5.2.26)

If the Eisenstein series %ET,UQ is substituted for 915, one must take xo =1
(cf. Remark 1.2.1(v)), obtaining

1
I <5, N, x E)
2 ==

= 11 11 Kl - Xl(p)l’_%‘m%z‘s) (1 _ Xl(p)p%—m%—s” -1

n2=+1 p

= 11 11 [(1 — gy (1 - (9;1>)—1pn2”;5)]1

ne==+1 p
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- Iz ( 2 s M) (5.2.27)
na==+1
Finally,

2 M) (5.2.28)

( N % 1y2):L(s—|—V22,/\/1)L(s—2

2

and, in the same way,

1, 1, 1, vy 1,
L(S’z S X5 ) L(S+2 3 12”1)L<8_2’2 )

. Vo — U1 —Vs + 11 vy + 11 vy + 11

—((s-i- 5 )C(s—i— 5 )((s+ 5 )C(s 5 >

(5.2.29)

In view of the computation of the discrete part of the spectral decomposition
of sharp products of modular distributions, we need to write the modifications
of (5.2.22) obtained when testing a pointwise product, or a Poisson bracket, of
two non-holomorphic modular forms, one at least of which is an Eisenstein series,
against a Hecke eigenform N, , rather than an Eisenstein series. No Euler product
formula seems to be known for the integral on the fundamental domain of the
product of three Hecke eigenforms: cf. however [9, 41, 13] for some formulas close
to this. When dealing with a product, or a Poisson bracket, of a Hecke eigenform
by an Eisenstein distribution, the following identity takes us back to the result
(5.2.22) already obtained:

Proposition 5.2.3. One has the identity (with v > 1, and N1 denoting an arbitrary
Hecke eigenform)

N (M . 2ETV2> dm = / ‘e, (NM . Nl) dm.  (5.2.30)
2 I\II j

I\II J
Alleviating notation, we prove that, more generally,

Lemma 5.2.4. Given three non-holomorphic modular forms N, N1, N3, one at
least of which is a cusp-form (for convergence), one has

/ N (NG, No}dm = / No {0, N3 dm. (5.2.31)
I r\II

Proof. We make use of the usual fundamental domain {z: |Re z| < 3, |z| > 1} of
I in II. Writing 0, = (%v’ 0y = -, one makes the left-hand side of (5.2.31) explicit

as

N [*ay./\/.l 8z./\/'2 + (9le 8y./\/2] d:z:dy

I\II
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Now, one has

*Nay./\/'l ax./\/'z =0, [*Nay./\/'l NQ] +N281 (Nay./\ﬂ) ,
N Oy Ny .0y Ny = 0y [N 0, N1 . N2| — N2 0y (N 9, NY) . (5.2.32)

Adding the two equations, one obtains
/ N{Nth}dm:/ NQ{N, Nl}dm
I r\ao
+ / [0, (N0, Ni . N2) — 0, (N0, Ay Aa)] ddy.  (5.2.33)
\II
Setting F' = N N3, still an automorphic function, we are left with proving that
A = / (=0, (F 9,\}) + 8, (F 9,\3)] da dy = 0. (5.2.34)

I\

Denoting now the partial derivatives of N7 as 01 N7 and 9N rather than 9, N

and 9,7, one has, using first the invariance of automorphic functions under the
translation x + iy — x + 1 + 1y,

A= /l V1=22) (M) (2, V1 — 22) dz

/«;[F( T=721) (M) (V1= o)
— F(=V1—-y%y) (M) (- 1—y2,y)}dy~ (5.2.35)

Making the change of variable y = v/1 — z2 in the integral on the second line, one
transforms it into

/O \/%7 {F(x, V1= 22) <82N1> (2, V1= 22)
— F(=,V/1— 22) (5\) (—, \/ﬁ)} dz.

Now, since F' is automorphic, one has F(z,v1 — 22) = F(—xz,v1 — z2); one ob-
tains when taking the “total” derivative with respect to x of the similar equation
involving N7 in place of F' the identity

((91./\[1) (l‘, V1-— .%'2) + (31/\[1) (—SC, vVi1-— 1‘2)

_ \/%7 [(agjvl) (2,1 — 22) — (BeN7) (—2, /1 — xz)} . (5.2.36)

The two lines of the expression (5.2.35) of A thus cancel each other. 0
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Another application of the lemma is the identity

— 1 1 1 — 1
T - *71/ 7E*—7/ d = = *—u T 7E*71/ d 9
~/F\HN7Z<2 ‘121>j<2 122) m /F\H2 122<N’Z>j<2 121> m
(5.2.37)

needed in view of the computation of the left-hand side: both sides reduce to zero
unless j corresponds to the parity of NV, ;. Looking back at the proof of Proposition
5.2.2, we observe that replacing one of the two Hecke eigenforms there by an
FEisenstein series does not destroy it. For in the pointwise product or the Poisson
bracket of a Hecke eigenform by an Eisenstein series, both decomposed into Fourier
series, we must always associate a factor e?*™*® from a term of the first series with
a factor e=2"** from a term of the second series in order to contribute to the
function denoted as ® in the proof: the two exceptional terms from the Fourier
expansion of the Eisenstein series are thus not relevant to this computation. Just
as in (5.2.22), we obtain (with j indicating the parity of N, ¢)

1 — 1
/F\Hg iya (N ne X QET;l)dm

g2l 1—vy — 1 1+muv —ve+niX. + 25
= — L ” ~FEi_, r .
8l ( 7 N3 12) 11 ( 1

n1,m==x1
(5.2.38)

Again, N,y = (—1)/N,.,. Using (5.2.22), we obtain finally

— (1 1 vl ] -
N ( X - T,,2>dm=7r z’jL< tn ”2,/\/7%)
F\H 2 2 2 8

2 7 2 2 2

1—v1 — 1y 1+mv — v+t + 25
L< 5 ,NM> 11 F( . . (5.2.39)

n,n==x1

5.3 The sharp product of two Hecke distributions

Recall from Lemma 4.1.2 that, setting A, , = Op (h,), a composition such as
Ay ki Avy ks, while always well-defined as an operator from S(R) to S'(R) if k1 +
ko # 0, is not necessarily so when ky + ko = 0. However, if one multiplies the
operator Ay, i, Av, k,, o0 the left or on the right, by P = ﬁ%, the operator
obtained always sends S(R) to §’'(R): in particular, such is the case for the operator

29 mad(P VAN Q) (AV1q,k1AV2J€2) = 2m [PAV1¢k1AV2,]€2 Q- QAul,klAuz,kg P] .
(5.3.1)
Recall from (3.4.2) that we have generalized our definition of the operator
mad(P A Q) acting on operators A, so as to make it possible to perform on A the
conjugation by any metaplectic operator.
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Whenever two operators A; = Op(h'), A2 = Op(h?) are such that mad(P A
Q) (A1As) is a meaningful operator from S(R) to S’(R) in the more general
sense just alluded to, we shall denote the symbol of 2ir mad(P A Q) (A1Asz) as
M (h', h?). In the case when A; A; sends S(R) to S'(R), so that it has a symbol
h' # h?, one has (3.1.14)

M (b, h?) = 2in€ [ #h?]. (5.3.2)

Only assuming that M (hl, h2) is well-defined in the above sense, so is the symbol
M (h! o g7t h? o g71) for every g € SL(2,R), and one has

M (hiog t hgog ") =[M(hi,ha)log " : (5.3.3)

this is a consequence of (3.4.1) and (3.4.3). It applies in particular in the case
when Ay = A,, 5, and Ay = A,, 1,.

Recall that, in Remark 4.1.1(ii), we introduced the notion of quasi-distri-
bution, meaning in the simplest case a continuous linear form on the space image
of S(R?) under the operator 2i7€: this is precisely the situation we are dealing with
in relation with the pair (h', h?) = (hy, ky, Py ks ) In the case when k1+ke = 0, one
cannot define Ay, i, # hy, i, as a distribution, but one can still define it as a quasi-
distribution: however, prudence demands that we should denote it as Sharp(h!, h?)
rather than h' # h%. Whether k; + ko # 0 or not, one always has

M (h*,h?) = 2in& [Sharp(h', h?)], (5.3.4)

but the expression within brackets on the right-hand side is a quasi-distribution
only, the image under 2i7w€ of which is indeed, like the left-hand side, a distribution.

Theorem 5.3.1. Denote as Vect,(d) the Banach space of symbols consisting of
series

&(z,¢) = % Z Br €] Lexp (2i7rk:§> (5.3.5)

keZx*

such that the coefficients satisfy the estimate |By| < C|k|> for some C > 0.
Let Vect, be the dense subspace consisting of symbols defined by the same series,
assuming that only finitely many coefficients are nonzero. Assume that

51 + 52 — Re (I/1 + Vg) < 1. (536)

Then, the bilinear map M: Vect,, x Vect,, — S'(R?) extends continuously to the
space Vect,, (01) x Vect,, (d2). Moreover, M(61,S3) is an automorphic distribu-
tion if both 1 and Gy are.

Proof. Using Proposition 4.5.4, we must show that it is possible to choose a < 2
such that

5 S —1—Re (v1+vo)—a
Skl Tkl F T 2 (L b+ k)N <0 (5.3.7)
k1,ko€Z%
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for some choice of N. This is immediate, writing |k2|672 <C |k1|672 (14]k1 +k2|)%.
The last assertion is a consequence of (5.3.3). O

Theorem 5.3.1 will apply in the case of two Eisenstein distributions &y =
¢, provided that |Re (11 &+ v2)| < 1. Indeed, the kith Fourier coeflicient of the
distribution €,, is o, (|k1]), a O (Jk1|(Be ¥+F¢) with (Re v1)4 = max(0, Re v1):
the required convergence follows. On the other hand, as quoted in [14, p.128], there

is a deep bound b, = O <|kz\ %“‘5), a step on the Ramanujan-Petersson conjecture,

for the Fourier coefficients of any Hecke eigenform N, ;: any estimate of the same
kind with an exponent < i would do just as well for our purposes. From the link
(2.1.26) between these coefficients and the coefficients S, of the Hecke distributions
My e, it follows that Theorem 5.3.1 applies also in the case of the sharp product of
two Hecke distributions. This gives M (M., ¢,, My, .0,) @ meaning as a distribution
(alternatively, it gives Sharp (M., ¢,, M;,.e,) & meaning as a quasi-distribution).
We address now the question of decomposing M (M, ¢,, Ny, ¢,) into homogeneous
components.

Then, we shall observe that the quasi-distribution Sharp (M, ¢, Mrye,) cO-
incides with the restriction to (2i7€) S(R?) of a genuine distribution. This does
not mean that it identifies with it, only with the class of this distribution modulo
the addition of an automorphic distribution homogeneous of degree —1, to wit of
a multiple of &.

Starting from two modular distributions &; and &5, our program is to obtain
(for some specific choice of the left-hand side, in the sense just indicated) an
identity

dA\
Sh Q'L , rebC _
P (1 G2 = 877/ B NCOVSEY
D50 (=5) pvesc
+35 Z ZQré 61; 62 W‘I{M
TGZX
+ exceptional terms : (5.3.8)

the last line stands for the sum of a finite number of Eisenstein distributions, and
will reduce to zero unless both &; and &5 are Eisenstein distributions. The rescal-
ing operation has been put into action so as to make the sought-after coefficients
QA (61, 63) and 2, (61, G2) slightly nicer: they will be even more so if we apply
it to the distributions &; and &3 as well. A decomposition such as (5.3.8) will
turn out, however, to be available in the case of two Eisenstein distributions &,,
and €,, with |Re (11 £12)| < 1 only under the extra assumption that 14 £ vy # 0:
a modification will have to be made in the remaining cases.

Remark 5.3.1. (not indispensable for further reading). The distribution B with
the spectral decomposition
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i)\r )

i r 5.3.9
47r/ € ﬂﬁ ZZ ||N|T|g||2 Mg (5:39)

reZ*

was introduced [35, p.34] under the name of “Bezout distribution”. It has a simple
direct definition as %del‘/l‘go bog ! where'% = {({%):b€Z}and b(x,§) =
22 §(¢ — 1). However, this series does not converge in &' (R?): to make it conver-
gent, one must apply it, termwise, the operator m2€2(r2€2+1) ... (7262 + (£ —1)?)
for some choice of £ > 1, obtaining a true distribution B¢ as a result. This is an-
other case when a preliminary application of some Pochhammer polynomial in i7€
or 2im€ (possibly reducing to (2im€)?) ensures convergence. The distributions B¢
are invariant under F5Y™P and are therefore characterized by the ©g-transforms
of their rescaled versions. These transforms are [35, p.26] special cases of a family
of automorphic functions introduced by Selberg [25].

As soon as both distributions M (&1, &2) and M (S, &) have been de-
fined, it is useful to set, for j =0 or 1,

M; (61, 62) = = [M (61, &3) + (-1)) M (&2, &1)], j=0,1. (5.3.10)

N | =

We extend the notation to the case of the automorphic quasi-distribution
Sharp (61, G3), setting of course

1 .
Sharp; (&1, 62) = 3 [Sharp (61, &2) + (—1)? Sharp (&2, 61)], j=0,1.

(5.3.11)

In the remainder of this section, we consider two Hecke distributions 91, and

Mo: to simplify notation, we denote as —1 — vy (resp. —1 — 1) their degrees of

homogeneity, in place of —1 — i\, (resp. —1 —i)\,,): we denote as e; = 0 or 1

and e their parities under the map (z,&) — (—=z,&), which are the same as the
parities of the associated Hecke eigenforms. Set (5.2.24)

Ny (z,€) = % Z ag €7 exp <2i7rkz> (5.3.12)

kezx

and define in the same way the coefficients £y of Da. As it follows from the proof
of Theorem 5.3.1, the symbol M (91, Nz) lies in S’ (R?) and is given as the series,
convergent in that space,

1
M (M, M) = > ok, By M (huy ey k) - (5.3.13)

k1,ko€ZX*

From the identity (3.3.10), and the fact that Eisenstein distributions are
invariant under the map J that occurs there, a fact not destroyed by the ap-
plication of a polynomial in 2iw&, it follows that, given the Hecke distributions
9y and Mo, it is only for j = €1 + €2 mod 2 that the automorphic distribution
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M; (M4, Ny) will have Eisenstein distributions in its spectral decomposition. In
the next proposition, we compute the continuous (Eisenstein) part only of the
distribution M, (91, No).

Proposition 5.3.2. Let 911 and Ny be two Hecke distributions, with the degrees of
homogeneity —1 — v1 and 1 — vo and the parities €1 and €o; let j = 0 or 1. Set
(2.1.25) N7 = M=, Ny = O, The symbol T;: = M, (M1, N2) admits a

decomposition of the kind

1 o0
=5 W5(A) EndA + > > W, (5.3.14)
—o° r#£0 £

The function ¥; is zero unless €1 + €2 = j mod 2, in which case it is given by the
equation

P )

LN = ey 2

]. —+ 11 + 120 + Z)\
2

(=iA)

L= —vs4id, 1—i)
i 2”2“ VL2 Ny % AG). (5.3.15)

- Bj( ) Bj(
Proof. The distribution T; will not immediately satisfy the assumptions which will
make Theorem 5.1.4 applicable: but, as will be seen later (cf. the “(b, M)-trick”
below), it will be proved to be the image under some even polynomial in 2i7€ of a
distribution that does. It is automorphic as a consequence of Theorem 5.3.1, and
we must first decompose it as a (Fourier) series of the kind (5.1.3). One has

1
Tj = Mj (mla mQ) = 1 Z ak1ﬁk2M]' (hvl,klv th,k?z) (5316)

k1,k2 €2

and one can apply Theorem 4.6.6 in the case when k; + ko # 0, Theorem 4.6.7
when k1 +k; = 0. Considering the expansion (5.1.3) relative to T;, the coefficients
that need the most detailed attention are gy and fp.

To start with, one has

fo(§) + go(x) 6(§) = i > arBok M (huy s P 1) - (5.3.17)

kezZx

Indeed, recall, as explained immediately after (4.1.4), that the exponents k; and
ko simply add up when considering the sharp product of two functions of type h, j
or, when needed (which is the case here), the image under 2i7€ of such a possibly
undefined sharp product: the term fo(§) + go(x) §(§) is obtained when adding up
all terms corresponding to pairs ki, ko such that ki + k2 = 0. In that case, the
applicable formula is (4.5.21), which gives M (hy, 4, Puy.q.) after its right-hand
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side has been integrated on the real line with respect to dA. We must thus set
q1 = k,q2 = —k, obtaining the identities

fo© = g Y e [T i

167 o
kezx

—1-vy—votid 1y — o —4 .

. |kj|j 2 Aj (1/121/2@)\,2)\> |§|_1_2)\d)\ (5318)
and
(—]_)j /00 —14vgfrg—iA ) C(]-_'L)\)
1) = _ 2 —\)
go(x) 6(¢) Tor Z agB—k N (—iN) 0N
kezx

R T A (H”Ql’?m M) 2| "5(E) dA. (5.3.19)

Some examination of these integrals is necessary. First, recall from (4.4.3) and
(1.1.1) that the singularities of a factor Aj(z,y) are located at © = —j — 2n, y =
—2norxz+y=1+j+2n for somen =0,1,...: they do not concern us here (they
may when we change the contour of integration), except for the one at A = 0,
which may be considered as being taken care of by the factor —i\. However, a
simple pole at A = 0 will remain in each of the two equations, originating either
from the distribution |¢|~!=* or from the scalar factor (1 —4)): but, as shown
in the proof of Theorem 4.5.2, we obtain a correct formula for fy(£) + go(x) 6(&)
if we forget about these singularities and make in the two dA (or dv with v = i))
integrals small changes of contours around 0, in two different directions.

Next, the integrand in (5.3.18) or (5.3.19) has at most polynomial increase
in A, as a look at the decomposition (4.4.3) of Aj(x,y) as the sum of three terms
will confirm: in the present case, only the one in the middle fails to be rapidly de-
creasing at infinity. Finally, throughout Chapter 4, we have made it clear that
all d\-integrals of functions of (z,£), or distributions, were to be understood
in the weak sense in S'(R?). In this sense, the integral (5.3.18) is convergent:
it suffices to write for some large pair (b, M) the usual identity (|¢|7*,¢) =
(iX — b)~M{|g| 7, (2inE — b)M¢): just the same trick will work with the terms
(originating from an application of Theorem 4.6.6 rather than Theorem 4.6.7) for
which kl + k2 7é 0.

As required by (5.1.33), we must test fy on a function ¢ = ¢(&) such as
|¢|#char(—1 < & < 1). This is quite possible, but the operation, if done under the
integral sign, would not lead to a convergent dA-integral. The simplest solution,
which will apply just as well to the other terms to be considered, consists in
applying Theorem 5.1.4 to the distribution Ry, = (2ir€ —b) =M (—2ir€ —b)"MF;
as defined by way of inserting in all dA-integrals appearing from an application
of Theorems 4.6.6 and 4.6.7 the extra factor (—i\ — b)~™M(iX — b)~M: this is
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again the (b, M)-trick from Remark 3.2.1, and an almost identical one was used
around (5.1.41). At the end, it would suffice to write T; = (—2ir€ — b)M (2in€ —
b)MR: since all Eisenstein distributions and Hecke distributions are generalized
eigenfunctions of the operator (+2i7& — b)™, finding an expansion of the kind
(5.1.4) for Ry is just as good as finding one for T;. Actually, it is not necessary
to worry about M, which would disappear at the end anyway, when applying
both an operator and its inverse: applying an operator in the variables (x,&) to
a function of (z,£,\) and specializing A\ to some particular value A’ — we shall
see below that the computation of ¥ reduces to doing just that — are of course
two operations which commute with each other. In order to alleviate notation,
we shall simply forget about it, just remembering that the (b, M)-trick will solve
all difficulties of integrability linked to the polynomial behaviour, at infinity, of
functions of \. For a clear understanding of the distinction to be made between an
operator 2iw€ — b with b large and an operator such as 2in€ or 2iw€ £ 1 present
as a factor in P;(2in€), one may if needed have another look at the argument
developed in Remark 3.2.1.

Our discussion of the convergence of the expressions for fy(€) and go(x) is not
over: though the convergence of the k-series of integrals is guaranteed by Theorem
5.3.1, we shall benefit, in a moment, from the observation that a preliminary
deformation of contour in the dA-integral, replacing it by a dr-integral on a line
Re v = —c in the case of fy(£), Re v = ¢ in the case of go(x), makes it possible
to save an extra factor |k|~¢. Not forgetting the link (2.1.26) between ay, and ay,
or by and i, one sees that taking ¢ reasonably close to 2 (any number > %
would do, considering the current state of the Ramanujan-Petersson conjecture),
will ensure convergence of the k-series: taking ¢ < 2 avoids introducing unwanted
poles of the A; factors. Under this change, the distribution [¢|~*~% only improves
locally, while the distribution |2|~** certainly deteriorates when becoming |z|~¥
with Re v < ¢, but its only pole, at ¥ = 1, is taken care of by the factor ((i\) = {(v)
present in the denominator of (5.3.19).

After we have replaced the d\-integrals involved in (5.3.18) and (5.3.19) by
dv-integrals taken respectively on the above-defined lines Re v = —cand Re v = ¢,
we use (5.2.5) and write in the first case (use (2.1.26))

—1-v—vytv v=1
Z Oékﬁ_k- |]€‘J 2 = Z akb_k ‘k|j2 . (5.3.20)

keZX [ A=VAS

The sum of this series is zero unless €1 + €5 + j = 0 mod 2, as seen by changing k
to —k, which confirms an observation made immediately after (5.3.13) since the
present calculation will lead to the continuous (Eisenstein) part of the spectral
decomposition of M;(91, Ma) only. Under the condition €1 + €2 + j = 0 mod 2,
one has
Zlov—vady 1 1—v
> arBolkl; =2(-1)2 (C(1 - v)) ' L(——, M1 x N2). (5.3.21)

2
kezZ>
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The same holds in the second case, only changing v to —v on both sides.

Assuming from now on that £; 4+ 5 = j mod 2, we obtain after the changes
of contour have been made the pair of equations

fo(€) = (_82 /R letr- ) L T M X AG)
G W i ek Bl S ) e (5.3.22)
and
nl@)8©) = G [ )T L A X )
S () C(é (;)”) A, S ) ] (€ dv. (5.3.23)

If 4 € C is such that Re g > 0 in the first case, Re ¢ > ¢ in the second case,
one has if one applies the first line of (5.1.33), next a change of contour taking
back the line of integration to the line Re v = 0, the equations

Mo = G [ (=) TG A x A
B Y 3 270 ) Md_”V (5.3.24)
and
Moo = 55 [ )T LS A X )
S C%(;)”) a7 3 vty Mdfy. (5.3.25)

The continuations of these two functions to the half-plane Re p > 0 (nothing
needs being done in the first case) are holomorphic there. The formulas giving,
for —Re p sufficiently negative (Re p < —c will do in the first case, Re g < 0 in
the second) the functions My, (1) and Neo(p) in place of My(p) and No(p) are
the same, except for a global change of sign in the right-hand side, in both cases.
Again, the continuations of the last two functions to the half-plane Re p < 0 are
holomorphic there.

Recall that we are not really busying ourselves with these integrals, but with
a modified version the effect of which is not having to worry about integrabil-
ity at infinity on vertical v-lines. We must now compute explicitly the functions

M"(*?(t%""(“) and N"(’g();j\lﬁ(”), as defined in Theorem 5.1.4, and show that they
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agree on the real line. If ¢ = ¢(\) is a continuous function on the pure real line,
say a O(A72) at infinity (never mind this condition: (b, M)-trick again), one has
for every X € R

lime_yo UOO &CM—/% __Y

N +e—1iA oo BN —E— A
S 00

— lim, g [ mw(x)mif_wcu:zwm. (5.3.26)

We obtain that, at u = i\ (after the d\-integration has been performed, we change
the name )\ of the argument to A), the function My(p) + Moo () takes the value

(1) (€0 =) LS, M X )
TR (e i _2”2 AN, (5.3.27)
Similarly, No(u) + Neo(pt) takes at p = i\ the value
(1) (€0 +iN) T LS M X )
—1+V1;-V2—i/\ L C(].*’LA) ] ].+l/171/2 +’LA .
T (=) "G A 5 ,—i\). (5.3.28)
Setting
Mo(iX) + Moo (iX) = (—1)7127 7977 (=id) 1 (i),
No(i\) + N (iA) = (—1)F127 5272 (1iA) ¢ (i), (5.3.29)
we have, using the general identity
Bj(z —y) ((1-y) : ((1-y)
A, = =d = (-1)B, B;(1— 3.
the pair of equations
d1(iN)  (—1)7 1—i\
= aoem (e M xm)
-Bj(l_yl —2V2+’L')\)Bj(1+yl -‘;Vg—l—’i)\)7
do(iN) (=1)7 144\
e = ot H(Ta N <)
.Bj(l"‘l/l_2V2_Z>\)Bj(1_l/1';l/2_2>\). (5331)
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These two functions coincide, as shown in (5.2.23).

All conditions making it possible to apply Theorem 5.1.4 to T; (actually, to
the symbol denoted as fR)/, a purely notational complication we dispensed with)
are satisfied, and the automorphic distribution ¥; admits an expansion of the type
(5.1.4), in which, from what precedes, Co, = Cy = 0 and there are no Eisenstein
distributions €. Applying Theorem 5.1.4, we obtain (5.3.15). O

In order to obtain the discrete part of the spectral decomposition of ¥;, some
preparation is needed. We start with the following lemma, proved in [39, p.90-91]
or [34, p.66-67], which might be compared to Lemma 5.2.1.

Lemma 5.3.3. Let f be an automorphic function such that f and Af are square-
integrable in the fundamental domain. Assume that its Fourier expansion is

flatiy) =) Aply)e™

keZ

and that its Roelcke-Selberg expansion reduces to

F2) =) 0" My(2). (5.3.32)

r>1 ¢

Given k # 0, define

cr(p) = 8% /OOO Awly)y~? (g(y);; dy (5.3.33)

when —1 < Re p < 0. Then, ci(u) extends as a meromorphic function of p in the
half-plane Re p > —4: it has no pole with Re p < 4 except the pure imaginary
points i\, r > 1; all its poles are simple. For every r, the projection of f on

2
the eigenspace of A in L>(T\I1) corresponding to the eigenvalue 1+4/\T is given as

ST M,p(z) = y2 Y di Kise (21 || y) €274 (5.3.34)
0 k#0 :
with N
di, = —8m k|7 2" x Res,—ix, ck(p) . (5.3.35)

We shall apply Lemma 5.3.3 in two cases, then benefit from the comparison:
with f = ©¢F;, or with fi=M x Na. Neither function reduces to the discrete
J

part of its spectral decomposition, but the functions cj or c,; associated to the

continuous part of their spectral decompositions are regular at the points £i\,:
their only poles in the domain Re p < 1 (this will have to be replaced by the
domain Re p < 1 —|Re (1 — v2)| when, later, we shall substitute for one, or both,
Hecke distributions an Eisenstein distribution) are non-trivial zeros of zeta. This
argument, easy because the continuous part of the spectral decomposition of ¥,
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hence f, or that of f% is already explicit (from Proposition 5.2.2 in the latter case),
has been developed in full in [34, theor. 11.1] and recalled in [39, p.116].

Let us start with the function f%. Denoting as (ax) and (by) the families of
Fourier coefficients of A; and A, one has

./\/1>_<N2
J

= D amby [(yéK";(%lklly)e%”’“”) x (y%K%z(Qw\kzly) e%”’m)]
K1,k €Z% J
(5.3.36)

If j = 0, the coefficient AEC (y) of the Fourier expansion of this automorphic function
is

AW = Y anbr,y Ky 2rlk|y) K (2r|k|y), (5.3.37)
ki1+ko=k

and the function c,hc(u) associated to this coefficient by means of (5.3.33) is, using

(5.2.11),

-1
1_ p—vog—1 v
G =2t [LEOIEEA] Y anb
k1+ko=k

.F<1+V1—£U2—M)F(1+V1;VQ-,U,)

l—v+vy—p l—vy—vy—p
(=== "yp(—=1 =2 F
(=) (e

1 —p 11— —p Lo 2\’
~2F1< + 14— vitve— M;l_(2>>: (5.3.38)

4 ’ 4 T2 k1

recall that we start from negative values of Re u. We are only interested in the
poles on the pure imaginary line of the continuation of this function of u. For fixed
k, one has

Il ol # = [ (140 (- - () 2o (L), (539
1 2 = |k1 kl ) Ifl = k‘l . L.

If we had an extra factor F11’ the series would be absolutely convergent in a domain
crossing the pure imaginary line: hence, when applying Lemma 5.3.3 to the present
situation, one may replace ci(u) by its modification on the right-hand side of the
equation
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-1
—6_—3 Py L —p s
R s D DR

k1 EZX
T 14+vi+ve—p r 14+vi—vo—p
4 4
1-— — 1—vy —vy —
.r( ”12”2 ’“‘)F( ”14”2 “). (5.3.40)

Let us introduce, for j = 0 or 1, the series

S;Jf Vi, V25 [ Z ag, bk, |k‘1| = (5.3.41)
k1€Zx

Applying Lemma 5.3.3, one obtains that the series S (v1, vo; u) extends as a mero-
morphic function in the half-plane Re p > —4, and that it has no pole with
Re p < 4, except the pure imaginary points i\, » > 1: these poles are simple.
Finally, since the discrete part of the spectral decomposition of N1 N5 is

NN =3 N 72 (N [ MAN2) o o gy Vot (5.3.42)

r>1 ¢

one obtains, this time with r € Z*|

ReSH:i)\TS;S(Vla Vo [b)
[(=5)0(2)

1
= —8m? T (1+u1+i/2—ikr) T <1+u1—:2—i)w) T (l—ul—‘r:Q—i)\T) r (o —:2—1')\7)

z/: [ Nrpe 172 VF\HNT,AZ)M(Z)NQ(Z) dm(2)| Chjrj s (5.3.43)

where Cy, |, ¢ is the kth Fourier coefficient of the Hecke eigenform ./\/'|,,M.

We wish now, with x = 0 or 1, to compute the coefficients \Ilg’e in Proposition
5.3.2. Do not confuse the indexes j and «: the first one refers to the fact that we
interest ourselves in the commutative, or anticommutative, part of a sharp product,
while the second refers to the fact that we use ©,, to move from distributions in the
plane to functions in the half-plane. In view of Corollary 5.1.3, these coefficients
are given in terms of the coefficients B™>* (x = 0 or 1) in the identities

0:T; =YY BirfNey k=01, (5.3.44)

r>1 ¢

by the equations

e (ol 1,
gl — 9-2-5 (B| 1€ - Bl 'vf) . rezx. (5.3.45)
T
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We assume that the Hecke distributions 91 and 91 are linked to the Hecke eigen-
forms N7 and N5 by the equations (2.1.25), in other words

N =27"1F00, Ny=2"1"7F0,M,, (5.3.46)

so that their Fourier coefficients (ay) and (8j), defined so that 9 (z, )
=1 Zklezx ag, |E]7 " Lexp (2mk1x) (cf.(5.3.12)) and that a similar equation

should hold with 91y, are given (2.1.26) as ay = |k| = ax, B = |k| 2 bx. Then, one
has

gj = Z Oéklﬂkz (217’(5) (hvhkl # hu27k2> (5347)
k1,ka€ZX J

and, in view of our computation, we may restrict the summation by imposing the
additional condition k; + ko # 0. It is only the presence of infinitely many terms
in this sum that is responsible for the appearance of discrete (Hecke) terms in the
spectral decomposition of ¥;, so we may as well, when computing the individual
Fourier coefficients of ©%F;, throw away all terms with ki1ko > 0. Finally, we are
left with applying to each remaining term of the sum (5.3.47) the equation (4.5.1)
or, preferably, (./.).

Recall (4.6.3) that
CH) (]:symph z/k) _2 |/€‘ l,k, @Ohuk —2 |]€‘_7 vk (5348)

if one sets ) ‘
Wy k(x +iy) = y? Ky (2 |k| y) €27 (5.3.49)

It follows that, for k # 0, the coefficient Ay (y) of €2™%* in the Fourier expansion of
(©0%;) (x+1iy) is, up to terms which will not contribute to the residues of interest,

Ap(y) ~ 7_/ Gi(n,v2; v; y) dv, (5.3.50)
Re v=0
with

(_1)j 242“‘12“’2

Gl (vr, v vy y) = (—v)yi Ky (2 |k|y)

47
—1—vy—v
S anBelkil; * [Hik, (vi,ve; v) + Heg, (=11, 005 —v)],  (5.3.51)
ki + ko =k
kika <0
and

v vy — v

Hy g, (v1,v2; v —| | (22,1/>

l—-n+uvy—v 14+v14+1v5—v
<oF

k
5 , 5 11— kl) . (5.3.52)
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Just as in the proof of Proposition 5.3.2, we increase the ki-summability, replacing
the line Re v = 0 by the line Re v = —c¢ (resp. Re v = ¢) with ¢ large enough to
ensure the convergence of the series

—1-vy —vptv

Sl v) = Y apBrlkl; (5.3.53)
ki1 +ke =k
kiko <O
on the line Re v = —¢: it suffices to take ¢ > 1, at the same time taking ¢ < 2

so as to avoid unnecessary poles of the functions A;. Observe that, except for the
change p + v, this series is, because of (2.1.26), an inessential modification of
the series S} (v1, v2; v) introduced in (5.3.41): indeed, deleting finitely many terms
will not change the poles of residues of its analytic continuation. We are currently
dealing with the case of two Hecke distributions, but the same condition 1 < ¢ < 2
can be arranged, as will be needed later, when we deal instead with two Eisenstein
distributions 1¢,, and $¢&,, and assume that [Re (11 £15)| < 1, since in that case

Ay = UV1(|k1|)'

A Taylor expansion of the hypergeometric functions near the value 0 of the
argument shows that, in view of our present investigation, we can replace these
functions by 1: for, if saving another factor k; * were possible, no change of contour
whatsoever would be necessary to ensure the convergence of the series (5.3.53). In
order to apply Lemma 5.3.3, we use (again) the integral [22, p.91], in which we
assume that —Re p is large,

L[ (ry)"2dy 1 |k]> | —ptv—p—v
— Kv (2 —= = Tr r . .3.54
Set, for r € Z*,
priy, % = Z‘I’;’Z‘ﬁnb (5.3.55)
¢

Using (5.3.35) together with (5.3.51) and (5.3.54), we obtain that the kth Fourier

coefficient (i.e., the coefficient of y2 K i, (2 |k| y) €27™%) of the image under O
2

of pr;,, T; is the residue at p = i\, of the continuation of the function

(—1)F+1 g—3+452

—idp
P T E) |k:|“ > [F(v1,ve; u) — F(—v1,v9;1)], (5.3.56)
2
with
—u+v —u—v
Fonmn = [ Konmwvwds = [ ot
Re v=—c¢ Re v=—c¢

v 1 - - - y
(=v) k|72 A (1/121/”,1/> Sl (vi,ve; v)dr  (5.3.57)
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(we have changed v to —v and ¢ to —c in the second integral). Note that the
integrand is rapidly decreasing at infinity on the vertical lines involved. It is of
course the factor Sy (v1,v2; v) that involves “all the arithmetic” there.

From this point on, we assume that j = 0, and it is only in this case that we
have completed our application of Lemma 5.3.3 to N7 x MNj. Calculations in the

J
case when j = 1 are similar, though more complicated, and have been prepared
by the proof of Proposition 5.2.2 since, as already used, the argument of each hy-
pergeometric function involved after we have used the Weber-Schafheitlin integral
can be taken to the value 0. However, we shall not impose these new calculations
to the reader and we shall instead give later a short incorrect argument, which will
at the same time provide some verification of the formula obtained when j = 0.

As we have obtained the analytic continuation (at least in the domain —4 <
Re v < 4) of the function SP(v1,v9; p) and its residues in (5.3.43), it is possible
to perform changes of contour: we analyse the integral F(vq,vo; p) first. It is an
analytic function of u for Re p < —c, a domain we may start from: recall that 1 <
¢ < 2. With ¢ < ¢ < 2, we use the modification v of the line Re v = —c, obtained
for some € > 0 when replacing the segment from —c + i\, — ic to —c + i\, + ic
by the “long” piecewise straight line from —c + i\, — ic to ¢’ + i\, — ig, next to
d + i\ —ig to ¢ + i\, + ig, finally to —c + i\, + ic. Denote as D the domain,
including the initial domain for p, on the left of v. For € small enough, neither ~
nor D will contain any point iAs with s € Z*, s # r. We may choose ¢ so that
the poles 1 + (v1 + v2) of the Delta function in the integrand K (vq,vs; v; p) of
the dv-integral (5.3.57) defining F'(v1,v2; 1) will not lie on +: one at most of the
two may, however, lie in D, and one may assume that the points £1 do not lie
in D. When g moves on the segment from —c + i\, to ¢, £u never lies on ~
and the two Gamma factors reach no singularity, for v on . As a consequence,
the formula obtained after the change of contour has taken place will provide the
continuation of the function F(vy,ve; 1) to some domain containing the initial
domain {p: Re p < —c} and reaching the point ¢\,. So as to obtain the residue of
the continuation of F(vy,vq; u) at u = i\, we may thus replace the dv-integral
(5.3.57) by —2im times the sum of residues of K (vy,vo; v; u) at poles inside D.

One has
. S W o
Resy_in K (...) = (—i\) (=2 T a 1 )r(_g)w :
1—v1 —ve —iA .
- Ag ( " 2V2 ! , z)\r) Res,—ix, S2(v1, vo; V). (5.3.58)

On the other hand, if one of the two points 1 £+ (v1 + v2) lies in D, the

residue of K (vq,ve; v; 1) at this point is, as a function of p, just a multiple of
F(—H+1i(V1+V2))F(—M—1:F(V1+V2))
1 1

: this function of p will thus be regular at u =
i\ Finally, the residue of the continuation of F'(v1,vo; u) at the point i\, is —2iw
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times the residue at p = i\, of the expression (5.3.58), to wit

Sim (i) T(=57) b~ 2 (1 —

—iN
5 2V2 ! , z)\r> ReSl,:MTS,g(I/l,l/Q; V).

(5.3.59)
Using (5.3.56), we obtain that the kth Fourier coefficient of O (pr;y, To) is

vy]+v . _MJ
T (—iN) [K] T Resyzin, SP (11, vas v)

1— v —vy—i L4 o1 — v —i
-[Ao( i MT,MT)—A0< Rl Bl Mr,mﬂz (5.3.60)

2 2

we have used the fact, obvious from (5.3.43) that changing v; to its negative does
not change the residue of interest here. Using (5.3.43), we find that the coefficient
of ./\/'|T|’g in the spectral decomposition of O (pri,\r‘fo) is

23+u§+u2 W%(*Z‘AT) F(_MTT)F(%) . (MT"E |N1N2)L2(F\H)
Hmm:il r(%ﬁzﬂz%) HMTII |2
11— —vg —iA . 1 — Vg — A, .
: {Ao ( = 2V2 “r Z/\r> — A ( tn 2”2 ! ,z)\r)] . (5.3.61)

If considering ©, (pri )\T‘Io) instead, the following modifications are needed.
When applying (./.), we must insert there the extra factor —v, which will appear on
the right-hand side of (5.3.51). But let us not forget that, going from the integrals
there to the one in (5.3.57), we changed v to —v in the second integral only (so as
to have two integrals both taken on the line Re v = —¢): hence, in (5.3.56), we must
insert respectively —v and v as factors of F(vy,v2; p) and F(—vq, ve; ). To obtain
the kth Fourier coefficient of ©4 (pri /\ri(l)), we must thus, simply, accompany the
two Ag-terms in (5.3.60) by the factors —i\,. and i\, respectively. Ultimately, the
coefficient of Mr‘,[ in the spectral decomposition of ©4 (prMTTO) is given by the
modification of (5.3.60) obtained in the way just described.

Using (5.3.45), we obtain, for r € Z*,

r-Sres)
I, e I Limutnavs =i
(N'Irll ’NlNQ)LZ(F\H) A 1—v1 —vy —i), N\
R L e G e A
or, making the A function explicit ((4.4.3) and (1.1.1),
D(-5)r(%)

2
14+n1v1+n2va+n112iA
I( I =)

vitvg—idp
2

ot =2 73 (—i),)

vy frg—idp
2

gt =2

T (—iA)

Hme:il

' (A/ITM | NlN?)Iﬂ(F\H)
[ Ny e 112

(5.3.63)
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As already indicated, rather than redoing in the case when j = 1 the lengthy
computations that precede (the question is purely computational: we have shown
why similar computations could be carried in the new case), we shall give a grossly
incorrect very short argument. This will provide at the same time some measure
of verification of the result obtained for j = 0. One starting point is the identity
(3.2.7), and the observation that, in the case when a function f in IT is the sum of
a (discrete) series of generalized eigenfunctions of A for real eigenvalues > i, say

: 14 A2
z) = ZgT(z) with  Ag, = 1 and A, >0, (5.3.64)

r>1

the identity is preserved provided we set

Froaz (2) d = Z 3)FF((1 M))g (2) (A= Ay). (5.3.65)

r>1

Another starting point is Theorem 4.6.6, which asserts that if h' = h,, j, and
h? = hy, k, with |Re (11 £v2)| <1 and kika(k1 + k2) # 0, one has

O <h1#h2) = / Rj(v1,v; i)) {eohl X eohz} X, (5.3.66)
J —00 J

1422
£

if one sets

D(L)T(5)

14+mivi+nove+ninev+25 "
I( i )

Rj(vi,va; v) = (—i)7? (5.3.67)

Hmm:il

The identity, a consequence of (5.3.66),

00 M, (1}, 1?) = /

— 00

oo

Rj(lll,l/g; Z/\) |:@0h1 X @0h2:| (—Z/\) dA (5368)
J

1422
P

is then valid without having to assume that k1 + ko # 0.

In view of Theorem 5.3.1, given two Hecke distributions 91, and 915, the
automorphic distribution M, (911, M2) can be defined as a series of functions
M; (huy k1 s Ruy k,) With the appropriate coefficients, which is weakly convergent
in §'(R?): moreover, as O is a continuous map from &'(R?) to C°°(II), we obtain
©p M; (M4, Ny) in the form of a convergent series in C'*°(II). However, this does
not imply that the identity (5.3.68) remains valid after one has substituted 9%y
and 9y for h' and h2: for the subscript # would now allude to the spectral
theory in L?(I'\IT), not that in L?(II) (which has of course only a purely continuous
spectrum). Still, let us finish our calculation along these lines, keeping in mind that
this is just to avoid the purely computational part of a calculation the feasibility
of which has been properly established.
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Still setting T; = M; (M, N2), we may rewrite the extension of (5.3.68)
taken for granted, together with the analogous ©1-version, as the single equation
(where K =0 or 1)

o0
0,T; — 2\t / (—iN)Hr
0

. [Rj(Vl,Z/Q; Z)\) + (—l)nRj(l/l,VQ; —Z/\)] l:./\/l >j< N2:| d. (5369)

1422
P

We can then quickly complete Proposition 5.3.2, making in the case of two Hecke
distributions the coefficients of the identity (5.3.8) explicit.

Theorem 5.3.4. Let 9y and Ny be two Hecke distributions, with the degrees of
homogeneity —1 — v and 1 — vy and the parities €1 and €o; let j = 0 or 1. Set
Ni = O™, Ny = O™ (2.1.25). The symbol T; = M, (M, Na) is the
image under the operator 2iw€ of an automorphic distribution, to be denoted as
Sharp; (M, MNa), which admits a decomposition of the kind (5.3.8), to wit

1 * rcsc dA
Sharpj (ml, mg) = 8771' [m Qlk(ml, 9’12) m
F(ZA )F( MJ) resc
+ 2 jg: jg:s) (Mg, M) “Wﬂﬂﬁ““g" rese, (5.3.70)
TEZX

in which the coefficients are given as follows: Q;x(My, MNa) = 0 unless j = &1 + &2
mod 2, in which case

Qi (M, mz)

1 A
= (c1)eptr gy Lt A

2

171/171/2+’L'A
2

VLS N x ),
(5.3.71)

) B;(

and

-1

. vitva 14+ mv1 + 1m0 + i\ 4 2
O, (M, M) =22 H [1“( mvi+ neve + M2 j)

4
n,n2==x1

Nm’g <N1 X NQ) dm. (5.3.72)
I\II j

N

Proof. The first part follows immediately from (5.3.15), using &5 = 27T @,
Note that the factor —i)\, present in (5.3.15), has disappeared to be replaced by
an application of the operator 2iw&.

disc

So far as the discrete part (T;)° of the spectral decomposition (5.3.14) of
%; is concerned, let us start with the observation that it is no longer true (as



160 Chapter 5. The sharp composition of modular distributions

was the case when dealing with the continuous part of the decomposition) that
it reduces to zero unless j = €1 4+ €2 mod 2 : instead, only Hecke distributions
of even type (under the transformation (z,£) — (—z,£)) will show up on the
right-hand side of (5.3.14) if such is the case, and only Hecke distributions of odd
type if j = 1 + €1 + €2 mod 2. But is is the same conditions that ensure the
presence of Hecke eigenforms of a given parity in the spectral decomposition of
the automorphic function Ny x M. Recall, again, that ©¢9%¢ = N, . The

J
coefficients on the right-hand side of (5.3.14) are characterized by the pair of

equations
90{ dlsc} ZZ‘I’MQHW 1,5

rezx

o1 [(5,)™] = ZZ —IA)ET 2N, (5.3.73)

rezZx

or, reducing the summation to the set {r =1,2,...} and setting k =0 or 1,

dlSC ZZ (=i [

r>1 ¢

Ly (-nr2m ‘”} Noo.  (5.3.74)

On the other hand, the discrete part of the spectral decomposition of the
automorphic function N7 x N3 (present in (2.1.25)) is
J

(4 ?N2>dm S R

r>1 £

Nr’e <N1 >< ./\[2) dm. (5.3.75)
r\II J

Taking advantage of (5.3.65) and setting

1 TEI(=5)
T; V) =Gj ; = —72 2
JUﬁaV2aV) JUﬁaV2aV) X T F(lgy)r( —u)

(535

— (_i\J
= (—i)7 Hm i1 I( 1+n1u1+n2112+n1772v+2j)’

(5.3.76)

one can rewrite the discrete part of the identity (5.3.69) as

disc 144t r N
0 (31 =2+ T3 g i)

r>1 £
T3, 8A) + (= 1) T (1, 05 —iA)] /F T (Nl : M) dm. (53.77)
Comparing this to (5.3.74), one obtains, for r € Z*,
7 (iAr)
T (v, va; iA) | N e |72 /F\HNW (/\/1 X N2> dm. (5.3.78)

vty —iip
2

rl
v =
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Equation (5.3.72) follows. Also, in the case when j = 0, equation (5.3.63) is con-
firmed.

vy+vo

Note that one gets rid of the coefficient 22t == if one replaces 91; and Dy
by their rescaled versions, a choice we shall make, in the next section, when dealing
with the sharp product of two Eisenstein distributions. 0

5.4 The case of two Eisenstein distributions

What remains to be done is extending Theorem 5.3.4 to the cases when one of
the two Hecke distributions, or both, is replaced by an Eisenstein distribution:
rather, we shall take half Eisenstein distributions, for a reason explained in Remark
2.1.1(iii). In the first case, there are very small differences only, and we shall not
rewrite the theorem, only indicate the modifications to be made to its proof. When
aiming at the calculation of M (‘ﬁl, % @l,z), where 91, is a Hecke distribution
(same notation as in (5.3.12)), setting Sr = o, (|k|), we observe that the series

WO, will converge tor some a < using again the boun ap = % or
(5.3.7) will ge f 2 (using again the bound o<|k|"+€)f

9

the Fourier coefficients of the Hecke eigenform N) provided that |[Re v| < 33, in

which case Theorem 5.3.1 will be applicable.

The analysis starts exactly as in the case of two Hecke distributions, with the
analogue of (5.3.16). There are, however, new terms that must be added to the
right-hand side, to wit those which originate from coupling one of the two terms
%C(*I/Q) |§\*f’2*1 and 1 ((1 — 1) |:c\*”2.6(§) of the Fourier expansion (1.1.-38) c-)f
5 €, (2, &) with any term of the expansion of 91;. However, we do not get in this
way any contribution to the functions denoted as fy(£) and go(z) in (5.3.18) and
(5.3.19): as a consequence, nothing is changed in the integral term in Theorem

5.3.4, apart from the fact that the function L (1_21”\, N x E’{,m) can be ex-
2

pressed if so desired (5.2.28) as the product of two values of the L-function relative

to N1. The new terms will not contribute, either, to the residues the computation

of which is the key to that of the discrete part of the spectral decomposition of

M; (‘ﬁl, % (’31,2), for the simple reason that, as ko is now fixed at the value 0, kq is

fixed too when k = ki + ko is.

We may thus leave the analysis of M (‘ﬂl, % ny2) at this point, only stating
that Theorem 5.3.4 extends without modification in this case. We consider now two
Eisenstein distributions €&,, and €,,: we have already mentioned that Theorem
5.3.1 applies to this pair provided that |[Re (11 & v5)| < 1. Keeping the notation
(ag) (resp. (Bx)) for the sequence of coefficients of the Fourier series expansions
(1.2.32) of the modular distributions 3 €,, and 1 &,, (again, the factor 3 gives
these coefficients the same role as in the expansion (5.3.12) of a Hecke distribution),

we have for k € Z* the equations oy, = 0, (|k|) and B = 0., (|k]).

Again, we start from the analogue of (5.3.16), and shall be satisfied with
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mentioning that the condition |Re (v &+ 15)| < 1 makes it possible to perform
all the changes of contour used in the case of two Hecke distributions: we made
such a checking, for instance, immediately before (5.3.36), or shortly after (5.3.53).
Before continuing, let us make the observation that the anticommutative part of
Sharp (% ¢, % @l,z) will reduce to a series of Hecke distributions of odd type under
the symmetry (x,&) — (—z,): all the other terms of the spectral decomposition
we are aiming at will arise from the commutative part (the one associated to the
index j = 0). There are now some modifications to be made. Let us first eliminate
anything that might concern the calculation of the discrete part of the spectral
decomposition of M (% ¢, % G,,Z): there is no change at this point, for the trivial
reason that fixing k = k1 + ko and, at the same time, k1 or ks to the value 0 does
not leave us with any series, so that no new poles will occur when applying Lemma
5.3.3. There are 4 new terms, originating from combining any of the two special
terms of the Fourier expansion of % ¢,, with any of the two special terms of the
Fourier expansion of % €,,. These new terms, as given by Theorem 4.5.5, are the
products of —v, where —1 —v is the total degree of homogeneity of the distribution
under consideration, by the following expressions:

((=r1)C (=) [E] 727,

1411 C(V2)<(2+U1 _VQ) 14+vi—vs
C(_V1)2 + C(fl — +l/2) ‘S(}l + 6(€)a

VQC(Vl)C(2_V1+V2) —v1+us
(oo SCASE I ) ),

12 w) g2, (5.4.1)

e i Y N

But there is another major difference with the situation dealt with before. In
1—v

contrast to the function L (5%, N7 x N3) which, according to Proposition 5.2.2,
is a holomorphic function in the complex plane, the function

1—v 1_, 1 . _ 1+ 4+v9—v 1+ —v9—v
L<2’2 g 1‘2"‘)<< 2 )C< 2 >
1—vy4+v9—v 1—1v1 —1vyg—v
(e (mnser)

(cf. (5.2.29)), which occurs in the equations to take the place of (5.3.22) or (5.3.24),
has poles v = —1+v71+15 not to be disregarded when making the change of contour
involved between the two equations: similarly, the poles v = 1 &+ v + v5 must be
considered when making the change of contour between the equations taking the
place of (5.3.23) and (5.3.25). Let us list the poles really present. First, in the
part of the proof (taking the place of that of Proposition 5.3.2) concerned with
the analysis of the distributions fo(§) and go(z) §(§), we may assume that in the
change of contour, from Re v = 0 to Re v = —¢, that ensured the convergence of
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the series (5.3.20), ¢, while still < 2, has been chosen > 1+ |Re v1| + |Re vo|: then,
the 4 poles v = —1 4+ vy & v are to be considered in the move from (5.3.22) to
(5.3.24), and the 4 poles v = 1 £ 14 £ 15 in the move from (5.3.23) to (5.3.25). Not
all, though, for the function Aq (1*"1;#, 1/) vanishes at v = —1£(v1+12): let us
not forget that, when aiming at the Eisenstein part (continuous and exceptional)
of the spectral decomposition of a sharp product of Eisenstein distributions, we
may assume that j = 0, as observed immediately after (5.2.37). Hence, only the
poles —1 £ (1 — v») are to be considered in the move from (5.3.22) to (5.3.24),
and only the poles 1 £ (11 + v2) in the move from (5.3.23) to (5.3.25). So as to
avoid double poles, we shall assume that v; + v5 # 0, but the remaining cases,
assuming only that v and v, are not both zero, will be treated in Remark 5.4.1
at the very end of the chapter.

We obtain a collection of 4 residues: we shall compute only one of them, say
the one at v = —1 — 11 + 19 since, as will be seen presently, this is really only a
verification. Let us write in full the term taking now the place of (5.3.22). It is

1 o (1-v 1 1
- <. 1 - L a *71» - *—1/

WO =gz [ -5 5 % 3P )

11—y —
(=) Ag(——5=
Provided that vy # vs, the residue of the function (5.4.2) there is —2 ((14wv1)¢(1+
v1 — 12)C(1 — vg), so that the residue of the integrand on the right-hand side of
(5.4.3) is the product of 2v, taken at v = —1 — 11 4 v, by the product of 3 values
of zeta just computed, and by

(€241 —w2)) 12 Ag(—ra, =1 — w1 + 1) [€] 7
_ By (—v1)
= (241 — Lor

(C( V1 V2)) Bo(l — I/Q)Bo(—]. — 1 —+ 1/2)
v C(*Vl) C(V2)

CA+w1) C(L=1a)((=1 = w1 +1v2)
Overall, moving the line of integration, in the equation taking the place of (5.3.22),
from Re v = —c to Re v = 0, we get the extra term
o gri—16(=11)C()C(1 + vy — 1)

(=1 =v1+1y)
which will contribute to My (p) the extra term
C(=11)¢(r2)¢(L + 11 — vy)
(p+1+vy — ) (1 —vi +1a)’
while this addition to My(i\) + Mo (iA\) will reduce to 0 (trivially). On the other
hand, the second term in the list (5.4.1) contributes to No(u) the extra term
C(=r1)¢(r2)¢(2 4+ v1 — 1)
(W+1+vi —) (-1 —vi +1)

—14vfvg—v
2

2 Y D) E T rdy. (5.4.3)

[

e[, (5.4.4)

(1+ v — o) |g|rr v, (5.4.5)

(1 + v — 1/2) X 2V1+1

(5.4.6)

(1+v; — 1) x 211 (5.4.7)
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again, the contribution to Ny(i)\) + Ny (iA) will reduce to zero. It follows from
Theorem 5.1.4 that neither of the two additional terms under study can contribute
to the continuous part of the spectral decomposition of M (% ¢, % (’Ew). However,
both expressions (5.4.6) and (5.4.7) have poles at u = —1 — v1 + 15, to be denoted
as p—1 if one wishes to follow strictly the instructions of Theorem 5.1.4: moreover,
as required in (5.1.35), one observes that m times the residue of (5.4.6) and

m times the residue of (5.4.7) agree to the common value

C(=1)¢(r2)

=1 - P e
C 1 ( + 1 VQ) X C(—l—V1+V2)

(5.4.8)

It follows that the two terms under consideration, taken together, ultimately
contribute to M (€,,, 1 ¢,,) the image under 2ir€ (this stands for the factor
1+ v — vy) of the distribution C_1&_1_,, 4,,.

The coincidence expressed by the condition (5.1.35) is no accident: it arose

from the fact that the term 2171 C(_Vlc)(c_(qg_)fl(it:)l_m) [€]17¥2 in (5.4.5) is exactly
the one needed to complete the second term from the list (5.4.1) so that the
two will combine to give the two “special” terms of a multiple of some Eisen-
stein distribution, to wit C_1&_;_,, 4,,. This had of course to be expected, since
M (% ¢, % @,,2) is an automorphic distribution. The 3 more extra terms originat-
ing from residues at the other poles of the function in (5.4.2) produce, ultimately,
terms which just complete in the same way the first, third and last term from the
list (5.4.1). We obtain the following theorem, in which the simplest coefficients
are found in connection with the pair &[°¢, €°°: one might compare it to [35,
p.170] (the function denoted there as §¥, is here denoted as €I*°), not forgetting,
however, that the meaning of the same equation in this reference was much weaker

than the one needed here, while its proof was totally different.

Theorem 5.4.1. Assume that |Re (11 £ 12)| < 1 and v1 £ vo # 0. The symbol
M (Qf,rfisc, fo,isc) is the image under the operator 2in€ of an automorphic distribu-

tion, to be denoted as Sharp (fofisc, @fﬁ;"), which admits a decomposition

Sharp (QErCSC Qiruczsc) = exceptional terms

* resc resc resc d)\
Tor (B €5 5 tmeam

vy 0
1 F(i/\,,,)]_—w(_i)\,,.)
- 9 resc resc 2 2 Tesc
P 2 2 e O ) T

!
8T J_o

(5.4.9)
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in which the exceptional terms add up to

C(=r1)¢(=r2) C(=11)(()
E P— eresc GI'QSC
XC C(*l —v — VZ) 14+v1+v2 + <(71 —u + 1/2) —1-vitvs
C(r1)¢(=r2) ((11)¢(v2)
_ NN Te) @I‘GSC A A N A GI‘GSC 5410
* C(_l + v — 7/2) BRALCC + C(—l + v + VQ) L=i—vs ( )
and the coefficients are given as follows:
1 i\
Qin (Glrjefc7 @resc) -9 H ¢ ( +mv1 + 7722V2 + M2t ) (5411)
n,me==%1
and, denoting as j = 0 or 1 the indicator of the parity of N,
47 1411 — 1y 1—vi —1y
Q @resc Gresc . Lh mr Lh < m—r
FESESI A (AR P SR
(5.4.12)

where the function L¥ associated to a Hecke distribution has been defined in (1.2.8).

Proof. Apart from the exceptional terms, the calculation of which has just been
detailed, it is just a matter of recopying Theorem 5.3.4, paying attention to the
fact that replacing %Gy by €&°¢ amounts to multiplying it by 23" also, one
should remember that the image under ©g of & is E7_,. Let us give some
details in the case of the discrete coefficients, first remembéring that only Hecke
distributions of the parity associated to j occur in M; ( V1 %Cfﬁyz) Recopying
(5.3.72), one has now

1 1
Qr,f (2 qul ) 261’2)

:22+%ﬂ_ H F(1+7]1V1+772V2+771’r]2i)\7«+2j)
4

-1

n1,m2==1
_ 1. 1,
Nie (5 Eiw s x5 Bl | dm. (5.4.13)
- g i Tt

Then, one uses (5.2.39). Simplifying the quotient of two products of four Gamma
factors, one is left with the product of L (=2, Nirje) L (I=1=22 N, ,) by
the quotient of two products of two Gamma factors, which one identifies with a
product of two B; factors with the help of (1.1.1), obtaining the equation

Q (@resc eresc) _ EB] <1V1+V2 'L/\r> Bj <1+V1+V2+i/\r>
17

vy 0 2 2

1 — 1—u —
L <+2 NW) L (2 NWZ) C (5.4.14)

With the help of (1.2.8), one transforms (5.4.14) to (5.4.12), one advantage of
which is its simpler functional equation (1.2.9). O
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Proposition 5.4.2. In the case when |Re (v; £ 12)| < 1 and v; £ v5 =0, Theorem
5.1.4 and the decomposition (5.4.9) remain valid, with the following modifications.
If vy — vy = 0 and vy # 0, the sum of the 2nd and 3rd term of the list (5.4.10)
must be replaced by

(5.4.15)

Resl,zfl [(C(1211))24(14_2514_”)((1_2;14'”) @Lesc ‘| '

¢(v) (=)

If vy + v2 = 0 and vy # 0, the sum of the first and 4th term of the list (5.4.10)
must be replaced by

(=) ) (5.4.16)

If v1 = v = 0, both replacements have to be made.

—Res,— [““2"”24(1“5“”)4‘(1”;1‘”) %] |

Proof. We had to discard the cases when v1 + 15 = 0 or v; — vy = 0, in which
the presence of double poles prevents an application of Theorem 5.1.4. But the
condition v; = F1v5 does not prevent the application of Theorem 5.3.1, a conse-
quence of which is also that, as a tempered distribution, M (fo,‘isc, QE;‘ZSC) is an
analytic function of v, v, in the domain where |Re (v1 &+ 12)| < 1. Consider the
case when v — 15 = 0 (the two cases are totally similar). Then, the second (or
third) exceptional term in (5.4.1) is —2"172((—v1)¢ (1) || §(€). A look at (1.2.32)
shows that ((2) |x| §(§) would be the second term in the expansion of €_;(z, &) if
such an Eisenstein distribution did exist: but it does not, since the first term of
its expansion would be an infinite constant. Let us start from the decomposition
(5.4.9), assuming again that |[Re (11 £ v2)| < 1 and v; — v5 # 0 and making the
integral term explicit as

1 1+ mur + neve + mnav dv
_ I | resc R — 41
dim Re v=0 C < 2 QEV C(V)C(_V) (5 7)

Setting 8 = 2|Im (-1 + v2)| and choosing ¢ with 1+ |Re (11 — 10)| < ¢ < 2,
let us change the line of integration iR to the piecewise straight line v obtained
when replacing the part of iR from —if to i8 by the line from —if to —c — i3
to —c+ 18 to if. If |Im (—v1 + v2)| is small enough, neither the function ¢(v) (of
course) nor the function {(—») can vanish at any point of the rectangular region
delimited by 7. The poles of the integrand of (5.4.17) there are 1 — v; + v and
—1 4+ v1 — vo: they are simple, as long as v; # vo. At the pole —1 — 11 + v, the
residue of the factor C(%) is —2 and the other zeta factors are regular.
The residue there (times 2i7) which has to be considered during the move kills
the second exceptional term (5.4.10), while the residue (times 2i7) at —1 414 — v
kills the third exceptional term. We may thus replace the line Re v = 0 in (5.4.9)
by the line 7, provided that we drop the second and third exceptional terms from
the list (5.4.10).

n1,m2==1



5.4. The case of two Eisenstein distributions 167

The new decomposition of Sharp (L’Ef,‘isc, Gf,‘;sc) into homogeneous components
is then valid also in the case when vy = vy # 0, in which its integral part becomes

2

1 1—v 1421 4+v, 1 —-2v14+v esc dv
— T 5.4.18
e e e e e N e
The integrand has now a double pole at v = —1. The distribution (¢(—v))~t@rese
is a regular function of v at v = —1, where it coincides with the constant 1.

One moves back the line of integration to the line Re v = 0, obtaining the result
expressed by (5.4.15).

Note that the residue under examination, while still automorphic, ceases to
be a modular (i.e., homogeneous) distribution, being instead a linear combination

of a constant and of the distribution - [(¢(=v))~terese]: it does not lie in
v=—1
the nullspace of the operator 2im€ — 1 (which would make it a constant), but in

the nullspace of the square of this operator. O



Chapter 6

The operator with symbol ¢,

6.1 Extending the validity of the spectral
decomposition of a sharp product

Theorem 5.4.1 has been established under the assumptions that |[Re (11 £v2)| <1
and vy £ v5 # 0. The first condition occurred already when we justified that
M (fofc, Q‘E,r,i“) is a meaningful distribution. We wish, however, to consider now

the case when 0 < Re vy < 1,0 < Re vy < 1.
Theorem 6.1.1. Set

R = (2irE)?, M= —4r%[mad(P A Q)]*: (6.1.1)

the first operator, which acts on symbols, and the second, which acts on oper-
ators, correspond to each other under the Weyl calculus. The symbol (R — 4)
- M (@fjfﬂ Gf,ezsc), initially a well-defined tempered distribution in the domain
|Re (11 £ 0)| < 1, extends as an analytic function of v1,vs to the domain de-
fined by the conditions 0 < Re v1 < 1,0 < Re vy < 1. In the case when
0 <Rewvi < 1,0 < Rewe < 1,11 # vo and Re (v + v2) > 1, the symbol
(R —4) M (€, €1°5) is the image under the operator (R — 4)(2in€) of the dis-
tribution Sharp (QE;‘?SC, QEYV‘;SC) given by the same equations as in Theorem 5.4.1,

save for the fact that the 4th term of (5.4.10) must be deleted.

Proof. Recall from (1.1.38) that, for & # 0, the kth Fourier coefficient ay, of €)%
is 2 o, (|k]): it is thus a O (\k|671) provided that §; > 2Re v4. The first

sentence is then proved just as Theorem 5.3.1, taking benefit of Proposition 4.5.4,
together with the fact that ¢ > 01 + d — Re (v1 + v2) will be satisfied if ¢ > 2.

—1-vy

It is now a matter of continuing analytically the image under (R — 4)(2in&)
of the right-hand side of the equation (5.4.9) giving when |Re (11 £ 10)| < 1
the distribution Sharp (€15, €1°°). We do it first in the part U of the domain

vy
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0<Rervy <1,0 < Re vy <1, 11 # vy defined by the conditions vy + vs # 1,
together with the fact that 11 + v5 — 1 should not be a zero of zeta.

Let us continue analytically the various terms of the decomposition (5.4.9)
one at a time. Despite the singularity (when j = 0) of the second B; factor in
(5.4.14) if 1 — v; — v — i\, = 0, this is not a singularity of the product of this
factor by the corresponding L-factor (a consequence of (1.2.10), unless one prefers
to remember that the two B; factors originated from (5.2.39)). Looking at the
exceptional terms (5.4.10), we must worry about the zeros of the zeta functions
in the denominators, not forgetting either that ¢, is meaningless for p = +1.
This leads to the condition {(—1 4 v; 4+ v5) # 0 on one hand, to the condition
11 # vy on the other hand. Let us, finally, rewrite in full the integral term of the
decomposition: it is

1 H C(1 + 111 + eovs + £169V dv

. V€ ey (612

4Z7T Re v=0 e1,60=%1
Given any real number ¢, we now show that (6.1.2) extends analytically to the
part of the domain U defined by the extra condition [Im (v; +v2) +t| < € and we
make its continuation to the subdomain defined by the condition Re (14 +12) > 1
explicit. One may choose € so that there are no zeros of zeta with the imaginary
part t e or —t * €.

Starting with the assumption that 0 < Re v1, 0 < Re 19 and Re (11 +12) <
1, we make a change of contour in (6.1.2), replacing the segment from i(t — &)
to i(t + &) by the piecewise straight line from i(¢t — €) to 1 4 i(t — &), next to
14 i(t + €), finally to i(¢t + €). Within the rectangle R three sides of which have
just been defined, the poles of the integrand are the zeros p,, of zeta there (if
any, finitely many in any case) and the point v = 1 — vy — vo; let us not worry
about the pole at v = 1 of /¢, which is taken care of by the factor {(v) in the
denominator. One can thus replace the initial contour Re v = 0 by the contour
v, provided one adds to the new integral —2im times the sum of residues at the
points v = p,, and at v = 1 — vy — v5. As will be seen presently, there is no
need to make the ones of the first species explicit. The new term to add is exactly

f% €1, _,,, so that it will cancel the 4th term in the list (5.4.10).

Consider now, under the assumption that |Im (11 + v2) + t| < €, the integral on
the contour ~y: the argument of any of the 4 functions in the numerator cannot be
1, either because [Im (v1 +1v2) +t| > ¢ or, if this is not the case, Re v = 1 (one has
Re (v1+1v2) > 0 and |Re (11 —12)| < 1). If follows that this integral is an analytic
function in the domain Re v1 > 0, Re 12 > 0, [Im (14 + 12) + ¢| < €. Finally, in
the case when, on top of that, Re (11 + v3) > 1, the points p,, still lie inside the
rectangle R, but this is no longer the case for the point ¥ = 1 —v; — 5. Changing
back the contour + to the line Re v = 0, one ends up with the integral (6.1.2) one
started with, but one must now delete the 4th term from the list (5.4.10).
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When Re (v1 + 12) > 1, we may, using analyticity, drop the condition that
C(v14+v2—1) # 0. Indeed, the sole reason for this condition was to ensure that the
4th term from the list (5.4.10) was meaningful: but this term is no longer present
in the decomposition. O

6.2 The odd-odd part of Op(€,) when |Re v| < 3

When |Re (v1 £ 12)| < 1 and 14 £ v # 0 (the latter condition can be dispensed
with, as proved in Proposition 5.4.2), Theorem 5.4.1 shows that, given a pair v, u
of functions in S(R) such that the Wigner function W (v,u) lies in the image of
S(R?) under 2in&, the operator Op ((’E‘fllarp) Op (éi};arp) can be tested on the pair
v,u, and that

(v|Op (&) Op (€2%P) u) = (Sharp (€, €2°), W(v,u)).  (6.2.1)

vy

The following lemma, reproduced from [39, p.260] in view of our present interest
in the question, shows that the condition demanded from W (v, u) will be satisfied
if 4 and v are odd.

Lemma 6.2.1. If u,v € Soaa(R), the function W(v,u) lies in the space image of
S(R?) under 2in€. If u # 0 lies in Seven(R), the function W (u,u) never lies in
that space.

Proof. A symbol h € S(R?) lies in the image of S(R?) under 2iw€ if and only
if fo (tz,t&)dt = 0 for every (z,£) # 0 or, what amounts to the same, if

Jo° h(ts,t)dt =0 for every s # 0. Indeed, the equation h = (xa% + fa% + 1) fis
equivalent to h(tx,t§) = 3 4 (t f(tx,t€)). Starting then from

oo

W(v,u)(z,§) = 2/ T(x +r)u(z —r) e edr (6.2.2)

— 00

and using the fact that, if 4 and v have the same parity, W (v, u) is an even function
in R?, one obtains, for s # 0,

/ W('U, u)(ts, t) dt = / dt/ @(ts + 7") u(ts _ 7") e4i‘n’t’rdr
0 oo o

B(y) u(z) exp (W) dedy.  (6.2.3)

2] Jea
This is zero if u and v are odd, while if v = u is even, it is \%I| 75 u(x)e =zt dx|
and can therefore not be identically zero unless v = 0. O

Theorem 6.2.2. When 0 < |[Re v| < 1 and v ¢ R, the operator Op (€:°°) sends the
space Spaa(R) to the space Lodd( ). If u € Soaa(R) and (€5¢, W(u,u)) # 0, the
norm || Op (€¢) u || goes to infinity as Re v — 3: the same holds as Re v — —3

if (€55 W (u, u)) # 0.



172 Chapter 6. The operator with symbol €,

Proof. It u € Soaa(R), one has u(§) = O(|¢]) as £ — 0, so that the operator with
symbol [£|7¥7L, the first term of the decomposition into homogeneous components
of &, (x E) sends u to some element of L2, (R) if Re v < 1. The same is true, if
Re v > —1, in connection with the second term |z|76(£) of the decomposition,
since the g transform of this symbol is the symbol 2¥ By (v) |¢|* 1, so that

Op (2| 6(€)) u = 2" Bo(v) Op (€] ~) . (6.2.4)

Finally, it follows from (4.1.12) that each operator Op (h, ) with k € Z* sends

Sodd(R) to Lgdd(R). Given N = 1,2,..., denote as G[VN] the truncation of &}°
obtained when retaining only the terms h,, ;, of the decomposition of **¢ such that
|k] < N. As N — oo, the image under 2iw€ of the distribution Sharp (&L, ¢resc)

is the weak limit, in S’(R?), of the distribution Sharp (G[ ey ]). Then, for
u e ded(mo,

O () u? = (sharp (€, €M), W (u,u)) (6.2.5)
goes as N — oo to (Sharp (€Lsc &es¢) W (u,u)), a finite number. From a weak

compactness argument, it follows that Op (€:*¢)u € L2(R).
Setting o = Re v with 0 < |o| < 1, it follows from Theorem 5.4.1 that
Sharp (€.7¢, &%)
CENP grese o JCOIP resc
(=1 —20) ™27 7 ((=1420) 7%
<<C—(1 e s + e s €

T+mu+nev + M2t ese dA
ra ) HC( 2 ) e e

+

resc resc F(U\ )P(_l;7) resc
+ = Z ZQ7g (’3 QE ) WWM s (626)

TEZX

where the coefficients of the last (discrete) sum have been made explicit in (5.4.14).
Testing this identity on W (u,u), one obtains the second part of Theorem 6.2.2
since ((—2) = 0. O

To go further, we shall specialize u as a Hermite function.

6.3 The harmonic oscillator

Recall that P = 2m E and that @ is the operator of multiplication by z. If A is

a linear operator from S(R) to S’(R), one has

(P+iQ)A(Q —iP) — (Q —iP)A(P —iQ) = 2(PAQ — QAP):  (6.3.1)
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6.3. The harmonic oscillator
in other words, if one introduces, as done in Physics, the annihilation operator

C =72 (P —iQ) and the creation operator C* = 72 (P + iQ),
(6.3.2)

= imad(C A CY).

mad(P A Q)
Elementary developments regarding these operators, and the associated harmonic
(6.3.3)

oscillator
L=mn(Q*+ P?) =O0p (r(z* + &)
can be found in considerably many references, in particular as the first example
in Physics textbooks concerned with the rudiments of quantum mechanics.
The function ¢ (z) = 27¢~™ is the so-called ground state of L, to wit its
%. Using the identities
(6.3.4)

normalized eigenstate with smallest eigenvalue
. 1
CC*=L+ >

cC*C=L--
27
ﬁ, it is immediate by induc-
(6.3.5)

“ey

a consequence of the commutator relation [P, Q] =
tion that if one sets
o) = (m+1)72C* 6™, m=0,1,

¢(™ is normalized in L?(R) for every m and that L¢™ = (m + 3)¢(™): the
function ¢(©) (resp. (1)) is the same as the one denoted as ¢? (resp. #}) in (3.1.17).
(6.3.6)

Finally, we note that (L — %) #© =0 and that, for m > 1,
1 1 1 1
Co™ =m=2CC"™ ™D =m™3(L+ 5) 6D = maglm V.
is an orthonormal basis of L?(R), and one can define,

The set (¢(™) .,
for a > 0, the operator exp (—aL) by the equation
> 1
exp(—al)u = Z ea(m+3) ((b(m) ’ u) ) (6.3.7)
m=0

exp (—277 tanh % (z2 + {2))
(6.3.8)

(all scalar products in this section are in L?(R)). One has [30, p.204]

with  F,(z,§) =
cosh &

exp (—aL) = Op(Fy)
(6.3.9)

Then, it is immediate from (2.1.13) that
2m 9 9
P <_tanh S (" +¢ )) '

&
2

(G Fo) (2,8) = sinh
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In view of the meaning, given immediately before (3.1.15), of the operator G when
acting on symbols, one has for v € S(R) the identity

= i(—1)me—a<m+%) (g;(m) yu) o™, (6.3.10)

m=0

since ¢(™) is even or odd according to the parity of m. The fact that the symbol
e—2me (@+€%) g that of a positive-definite operator if 0 < £ < 1, but is the product
of a positive-definite operator by the check operator if € > 1, served in ([30]) as
the basis of a new approach to the question of continuity of pseudodifferential
operators: but no arithmetic occurred there. We also set G, = % (Fo — G F,), so

that, for u € S(R),

o0

Z —a(2n+3) ((2n+1)|u) AN (6.3.11)

Lemma 6.3.1. Recall that R = (2in&)?. Let h be a radial symbol in S(R?). It lies
in the image of S(R?) under the operator R — 4 if and only if

/ (2% +€%)} h(2,€)drde =0 and / (a?+€%)7% [h(,€) — h(0,0)] dz d€ = 0.
R2 R2
(6.3.12)

Proof. Let us solve the equations (R — 4) f = 4h. Averaging under the action
of the rotation group, it is no loss of generality to assume that f is also radial.
Setting, with r = (22+&2)2, f(z,£) = f1(r), h(z,€) = hy(r), we solve the equation
[(rd% + 1)2 — 4} f1 = 4hy by the method of “variation of constants”, obtaining

that the solution of this equation which is rapidly decreasing at infinity is

filr)y=r—3 /OO t2hy(t)dt —r /OO t=2hy(t) dt. (6.3.13)

The question is whether this function of r > 0 is, near r = 0, an analytic function
of r2. Simply writing [7° = [;° — [, one sees that the pair of conditions (6.3.12)
suffices to that effect. The two conditions are also necessary, as seen if one observes
that the two terms of (6.3.13) are the solutions rapidly decreasing at infinity of
the equations (Td% +3) fi=—hy and ( £ 1) fi=nh1. O

A better understanding of what is really meant by the fact that, when
Re (v +1v2) > 1 (and 0 < Re 11 < 1,0 < Re vo < 1), one can only test
M (QEL?SC, eresc) on symbols in the image of S(R?) under the operator R—4 will be
obtained from the following calculations. Consider, for m = 0,1, ..., the rank-one
projection operator p,, such that p,,u = ((b(m) | u) ™) and recall that its symbol

is the Wigner function W (4™, $("™): for convenience, define also p_; = 0. One
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has for m > 0,
2ir [mad(P A Q) pm]u
=CppC*u—C*p,,Cu
= (6 C™u) O™ — (™| Cu) €™
= (Co!"™ |u) O™ — (C* ™ |u) C* (™

= m(¢" 7V Ju) gV — (m + 1) (Y | u) g, (6.3.14)

hence
2irmad(P A Q) pm =mpm—1— (M ~+1) 1. (6.3.15)
A first consequence is that the symbol of p;, next the symbol of pg,+1 for n =
0,1,..., lies in the image of S(R?) under 2imw€: this is of course a special case of

Lemma 6.2.1. So far as projections on even states of the harmonic oscillator are
concerned, it is only the symbols of differences (2n + 2) pa12 — (2n + 1) pa, that
lie in that space.

Next, one has, with %R as defined in (6.1.1),
(R—4) pr = m(m—1) prm—2— (2m* +2m+5) pp + (m+1) (M +2) prto. (6.3.16)

In particular, taking m = 1, 2p3 — 3p; lies in the image of the operator SR — 4. The
same is generally true, by induction, for the operator (2n+42) pay,+3—(2n+43) pan+1,
since it follows from (6.3.16) that

(9{ - 4) Pon+1
=(2n+1)(2n) pap—1 — (8n2 +12n 4+ 9) pant1 + (2n 4+ 2)(2n + 3) p2n+s

=2n[(2n + 1) pan—1 — 2npant1] + 2n + 3) [(2n 4 2) p2nts — (2n + 3) Pan11] -
(6.3.17)

Something similar can be said about projections on even states of the harmonic
oscillator, starting with the fact that the symbol of 2ps — 5py lies in (R —4)S(R?),
but this is not as useful since this symbol does not lie in the image of S(R?) under
2im€: it is the linear combination 2py — pg that does.

Let us compute now the coefficient ag,4+1 of = in the polynomial FLEE
>+ (). More generally, the polynomial e’ (™) (z) is related to the Hermite
polynomials H,,, as defined in [22, p.250], by the equation

™" () () = (—1)[%] <2m""> Hy (2v/27), (6.3.18)

as can be checked from the normalization condition

/ e Hyn(2) Ho () dz = 72 2™m ) 6. (6.3.19)

— 00
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together with an examination of the sign of the term of highest degree in the
polynomials concerned. Since [22, p.250], one has explicitly

n 87T)2n+1 2k
H,, V2r) = (2 ! , 6.3.20
2o (2V2) = (2 + kZ:O k! 2n+1—2k)! (6.3.20)
it follows that
5 14/(2 1)!
Qopg1 = o~ ntirs w, (6.3.21)

n!
so that (2n+2) a3, .5 = (2n+3) a3, ;.

The difference (2n + 2) pan+3 — (2n 4+ 3) pan+1, just as each of its two terms,
can be expanded as a linear combination of rank-one operators of the kind u

g2k+1e—ma® | u) 2%+1e=” The benefit of taking precisely the coefficients 2n+2

and 2n + 3 (recall that the linear combination (2n 4 2) pan13 — (2n + 3) p2ny1 is
the one that lies in R — 4) is that there is no remaining term with j = k = 0:
at least one of the two factors 22FT1e=™*" and 22+1e~™*" has to be divisible by
23, This confirms the benefit of dealing with functions on the line with a certain
degree of flatness at 0, as was indicated in Section 3.3. But it is not true that the
Wigner function of the pair of functions both equal to 23¢=™" lies in the image
of R — 4: to manage this, one would have to use a higher-level Weyl calculus Op?
with p > 2, as introduced in [35, sections 7,9] and briefly mentioned at the end of
Chapter 3.

That we have not done so is due to the complications one comes across
when developing the automorphic p-Weyl calculus, even though the equation
(9.54) in [35] provides a way to relate the p-Weyl calculus to the (p — 1)-Weyl
calculus when p > 1. Tts first case deals with the Op’-calculus and its easy
part is the fact that if h € S.,.,(R?), Op'(h) agrees with Op(h) on functions
in Spaa(R). But, if h = (1 —in€) f with f € S...,(R?) and if one denotes as
Q?Seven(R) the space which is the image of Seven(R) under the multiplication
by 22, the operator Op'(h) agrees on that space with the operator A (Op(f)),
where A(A4) = 1 [QAQ™ + Q7 1AQ — in(PAQ — QAP)]. This equation does not
make it possible to reduce the automorphic Op!-calculus to the automorphic Op-
calculus: but such a possibility could not be expected, since, in terms of what was
recalled in Section 3.3, the representations Met,, with p = 0,1,..., are pairwise
inequivalent.

What could be realized from these reminders is that, with the use of the Weyl
calculus, one can have a good understanding of the odd-odd parts of operators with
Eisenstein distributions &, for symbols only when |Re v| < % To understand their
even-even parts in the same domain for v, one should replace the Weyl calculus
by the Op!-calculus, while using an OpP-calculus with p > 2 would be necessary
to understand both parts of these operators when |Re v| < 1, even more so if
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wanting to move to higher values of Re v. Dealing with symbols as singular as
those which present themselves in the automorphic situation forces one to change
the Weyl calculus, up to some point, to a calculus of operators acting in a natural
way on functions with some degree of flatness at 0.

6.4 The square of zeta on the critical line; non-critical
ZEeros

We start with two lemmas.

Lemma 6.4.1. For m =0,1,..., 2# 1,2,... andz# —m —1,—m —2,..., one
has
|
2 2\—z (m) (m)y\ _ m: z . .
w = 2 F' 1 1 -1).
<(J} +£) ) ((b 7¢ )> I‘(m+1+z)( 71') 2 1(Z7m+ sm+ 142 )

(6.4.1)

Proof. The condition z # 1,2,... ensures that (2 + £¢2)~% is a well-defined dis-
tribution (it is characterized by the way it is tested on radial functions). Starting
from the equation

(2m)*
I'(z)

(2® + %)% = / e~ 2@+ 527105 Re 2 > 0, (6.4.2)
0

and setting = tanh &, so that dé =

5 7, one obtains from (6.3.8) the

1 da
2 (cosh %)
equation

z—1
(2wfi/“°0anh§)
; cosh & exp (—alL) do. (6.4.3)

Op (2 +€%)7%) =

Testing against the pair (¢("™), ¢("™)) and using the fact that L™ = (m+ ) o™,
one obtains

—1
_ 1 (2m)* [°° (tanh g)Z _ 1
m) o 2, e2y—2 (m)) _1 / 2 a(m+3) go.
(¢ | p((:c +&) )¢ 2 T'(z) Jy cosh § © e
1 (6.4.4)
Setting e™® = ¢, so that tanh § = i—:;, cosh § = %t_ﬁ(l +t) and da = %, one

findsif 2 £ —m —1,—-m —2,..., using [22, p.64],

(2m)*
I(:)

1
(67 0p (@22 +€)) o) = T [ o=y ey an

m!
= m (27T)22F1 (Z, m+1;,m-+1+z; —1) . (645)
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Note that the dt-integral converges for Re z > 0 and the formula is first established
under the assumption that Re z > 0 together with z # 1,2,... and z # —m —
1,—m—2,...: it remains valid, by analytic continuation, if one drops the condition
Re z > 0. (|

Lemma 6.4.2. If & € S'(R?) is homogeneous of degree —1 — p, with u # 1,3, ...
and p # —3,—=5,..., one has

m!  oFy (B, m+ 1 m+ 2 1)

S, W(p™ ¢m)) = 2 00S)(4).
D G MY o B
(6.4.6)
Proof. Setting t = e~, one has, with F, as introduced in (6.3.8),
213 N
Fo(z,8) = T &P <27T(9C +¢ )l—i—t)
— AT (1-4\TEE (e—zw(x2+£2)) (6.4.7)
1+t \1+t ' o
In particular, if & is homogeneous of degree —1 — pu,
(&, F,) = o (L e &, 2 2@ HEN)
T L+t N\ 1+t ’
=211 (14+t) "2 (06)(i). (6.4.8)
Since
1
Fo= Y "W (o™, ¢m), (6.4.9)
m>0
one has
(&, W(6'™,¢™)) = A (1) (808) (i), (6.4.10)
with
1 dm p—1 —pu—1
A = — — 1—-t) =2 (1 . 4.11
nli) = o g | =0T A0 (6.4.11)

What remains to be done is computing this coefficient, which can be done by using
—1

the special distribution & = (22 + £2) == . In this case, according to (6.4.5), one
has if p # —2m —3,—2m —5,...

m!
T'(m+354)

©n 1 3
(27‘(’)%2}1 (;'u,m—&-l,m—k %, — )
(6.4.12)

Applying also the case m = 0 of this identity, together with the equation
(006)(i) = (&, W(¢©, ¢(0))), one obtains the lemma. O

(&, W(p™, (M) =
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In each of the two parts of the domain 0 < Re 1 < 1,0 < Re 1y < 1
defined by the conditions Re (v1 + v2) < 1 and Re (11 + v2) > 1, we have
introduced a certain quasi-distribution (in the sense of Remark 4.1.1(ii)) ¥ =
Sharp (€,,, €,,). It was to be expected that (2i7€) T would be a genuine distri-
bution when Re (v 4+ v2) < 1, while [(2i7€)? — 4] (2i7€) T = (R — 4)(2in&) T
would be a genuine distribution when Re (v +12) <1 or Re (v1 +v2) > 1. From
Theorem 5.4.1, Proposition 5.4.2 and Theorem 6.1.1, it turned out that it did in
both cases, after all, coincide with a genuine distribution. But the identity that
justified its introduction only allowed to test in on functions in the image of S(R?)
under 2i7€ in the first case, under (R — 4)(2i7€) in the second one.

When v is on the critical line Re v = 1, then it follows from (6.2.6) that
Sharp (€Lese, €e5¢) is not a genuine distribution, as already observed in the proof
of the second part of Theorem 6.2.2. One can give the square of zeta, on the critical
line, an interpretation as a discontinuity.

Proposition 6.4.3. The function
H(v) = ((R — 4) Sharp (€, &), W(¢',¢)), (6.4.13)

well-defined as a real-analytic function of v in each of the two components of the
domain 0 < Re v < 1, Re v # %, has well-defined limits at any point w on the
critical line, from the left or from the right. One has

16 oF1 ( ) 2 _1) E; (i) \C(W)F- (6.4.14)

5.
H 0) — H(w —0) = 2’
Wr O =0 =5 1 g

SIS

Proof. We use (6.2.6). The operator R — 4 acts on €[%5, as the multiplication
by (=1 —20)? — 4 = (20 — 1)(20 + 3) while the function ﬁ has a simple
pole at o = %7 just killed by the preceding factor. None of the other terms of
the decomposition (6.2.6) has any singularity in the strip 0 < Re v < 1, but the
second term, present when 0 = Re v < %, is absent when Re v > % The jump of
the function H at a point w on the critical line is thus (since R — 4 acts on E°
as the multiplication by —4)

AL (e, wioth, 0. (6.4.15)
According to (6.4.2),
. 2 oF (%,2:2: -1 o
<€6ew7 W(¢(1),¢(1))> — g szi E? n ; _13 (@OGBEBC)(Z), (6416)
27+ 9>
where
(B&F=)(4) = E; (7) (6.4.17)

(a well-defined nonzero number). The proposition follows.
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Lemma 6.4.2 provides of course a similar formula in which W (¢™M, $(1) is
replaced by W (¢t ¢(2n+10): only the coefficient of |¢(w)|? is changed. One
could also consider W (™, $(>®)) instead, but this would demand replacing the
operator R — 4 by the operator (R — 4)(2im€): recall that we have taken benefit
of the fact that W (u,u) lies in the image of S(R?) under 2i7€ in the case when
u € Soad(R), a fact never true when u is even (Lemma 6.2.1).

One should emphasize that, while (from (6.3.17)), one has
H(v)=3[-2] Op (€)' ||* + 3| Op (&) ¢°||*] (6.4.18)

when Re v < %, this equation ceases to be valid when Re v > %: neither term
on the right-hand side is meaningful. What remains valid in this case, with the

notation in the proof of Theorem 6.2.2, is that H(v) is the limit as N — oo of the
expression 3 [—2 [|Op (QELN]> #'? + 3] Op ( ,[,N]) (;SSHQ] O

In connection with (6.2.6), this gives when |Re v| < 1, v # 0 an expression of

| Op (€2e5¢) $(>7+1) |2, One can also test the right-hand side of the identity (6.2.6)
on the function G,, € S(R?).

Lemma 6.4.4. With 6 = tanh §,

one has if p # +1

(€, G,) = %5—%(1 0% 58 — 6 % B ) (6.4.19)

2
and, for every pair r,{ with r € Z*,

1 1 T

1 1 iAp _ iy .
(M, Ca) = 56731 — ) [5 ¥ 5 }MTM(’L)' (6.4.20)

Proof. Associating (6.4.8) with (6.3.8), (6.3.9), one obtains if & is homogeneous of

(e

degree —1 — p and t = e~ ¢,

(8, GF,)=t:(1—t)"5 (141" (0,8)(i) (6.4.21)
and
1 i L L .
(6, Ga) = 55 [(1-0"F 1+ 075 (1=~ (1407 (048) ().
(6.4.22)
Astz(1—2)"2 = i 672 (1—62)2, the two equations are consequences of the first
and last lines of Proposition 2.1.1. O

Theorem 6.4.5. Given v =0 + it with 0 < o < %, set, for0 <0 <1,

— — n §Ot res: n
Y " emCr)e Op (€e) g HY|2
n=0

1o
= (271)%+‘7M IC(=)*F146(i) x a7 4 Err(v; a).  (6.4.23)
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If {(v) # 0, the error term Err(v; a) is a O (a™') as § — 0, and is not a O (a™?)
for any 0 < 1. If ((v) = 0, the error term is a O (a*%).

Proof. Let us start by remarking that F14,(i) = %Z(m,n):l(m2 +n?)"177 s

1_
positive, while the factor 41;((12+277)) is positive if 0 < 0 < %, negative if % <o<l

The main term is positive since we are in the first case, as it should be. But it
would not remain so in the second case, so that it is not for technical reasons only
that we had to assume that |Re (v1 + v2)| < 1 in Theorem 5.4.1.

Setting 0 = tanh 5, we examine one at a time the results of testing on G,

the various terms on the right-hand side of (6.2.6). According to (6.4.19), one has
(€155 Q) = %5—%(1 i)k [t 5] ), (6.4.24)
and
EZ, (i) = BTy (i) = C7(2+420) Eryo(i) = ("(=1 = 20) B4 (i).  (6.4.25)
It follows after some elementary calculations that

N2
A (%5 Gl =

is the sum of the main term on the right-hand side of (6.4.23) and of a O (6'77).

The same formula, only replacing v by —v, shows that the result of testing on
G the second (exceptional) term on the right-hand side of (6.2.6) is a O (67177)
and no better than that, unless of course ((v) = 0, in which case this term is zero.

The 3rd and 4th (exceptional) terms on the right-hand side of (6.2.6), when
tested on G, combine, recalling that v = % + it, to

C(_D)C(V) resc
2Re |:C(—1—V+V)< —1—b+v> Ga)}
R (CEK0)
=R (C(—l—u—l—y)

which is as § = 0a O (67') but not a O (67%) for any 6 < 1, unless ((v) = 0. We
must recall, at this point, that Eq_;:(¢) # 0 for t € R: starting from the identity

Es(i) = %Z(m n)zl(mz +n?)7 = %gf)) L(xa,s) for Re s > 1, where x4 is the
non-trivial Dirichlet character modulo 4, this is just a well-known extension [27,
p.373] of Hadamard’s theorem (the non-vanishing of zeta on the boundary of the

critical strip).

Basrv (i) 5”“) +0(1), (6.4.27)
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So as to bound by C 6% the result of testing on G, the integral term on
the right-hand side of (6.2.6), it suffices, in view of (6.4.19), to obtain the bound
|E%_ ., ()] < C(1+|A])~" for an arbitrary N. This follows from the Fourier series

2

expansion (2.1.18)

L i) = C (1= i)+ CU+iN) +2 3 H 2 (k) Ko (2m[K),  (6.4.28)
k#£0

and the estimate obtained by going halfway between the estimate (4.6.9) and the
esimate [22, p.85]

K%(27r\k|) = / e~ 2mIkl cosht g 5 dt < eIkl / e 2m(cosht=3) gt (6.4.29)
0 0

s as to get an estimate of K i (27 |k|) making it possible to save simultaneously

powers of |A| and of |k|. Exactly the same works with the series of Hecke distribu-
tions on the last line of (6.2.6), only replacing (6.4.28) by (2.1.19).

Finally, in view of the size of the remainder of interest, one may replace
g1 = (%)_1_0 (14 O(a)) by 2!*9a~179 and the same goes with the other
powers of § involved in the statement of Theorem 6.4.5. O

Remarks 6.4.1. (i) In the beginning of the proof of Theorem 6.4.5, we have observed

that the main term in the expansion of the series 3 e~®(m+2)|| Op (€rese) ¢(m)||2
m odd
(as a function of @ — 0) was of course positive. While the right-hand side of

(6.2.6) can certainly be tested on the symbol 3 (F, 4+ G Fy,) in place of G, (which
is the difference, rather than the sum, of the two terms), it will then yield when
0 < Rev < % and « is small enough a negative result, hence it cannot pro-
vide an expression of a sum such as > e~(m+2)|| Op (€1%¢) ¢(™)||2. But this

meven
fits with the fact that, as soon as in Lemma 4.1.2, we have seen that if A; =

Op (huy ke, ), A2 = Op (hy, i, ) and k1 4k = 0, the composition A = A3 Ay does not
act from S(R) to §’(R), while each of the two terms of the difference PAQ — QAP
does. In particular, even when 0 < Re v < 1, Op (€15¢) (™ does not lie in L?(R)
when m is even, and the terms of the series just alluded to are meaningless. Note
from (6.3.15) that, despite (6.3.2), it is not true, with the notation just used, that
each of the two terms of the difference CAC* — C*AC acts from S(R) to §'(R).

(ii) If 9 is a Hecke distribution, it follows from Theorem 5.3.4 and arguments
similar to the ones in the proof of Theorem 6.4.5 that

> e D op () 6|2
n=0

. _ 1 . . . . .
isa O (a 2) as a — 0: there is no “main term” in this estimate.



Chapter 7

From non-holomorphic to
holomorphic modular forms

This expository chapter has the following two aims. First, we wish to indicate
what a proper generalization of pseudodifferential analysis, combining it with rep-
resentation theory and, ultimately, with arithmetic, could be (and should be, in
our opinion). This will be done under the heading “Quantization”, a traditional,
and quite appropriate, wording originating with the forefathers of quantum me-
chanics, and stressing the fact that the measurement process requires making
operators (quantum observables) out of functions on some phase space (classical
observables). Quantization theory can be combined with representation theory in
two reciprocal directions: one can, as done in Kirillov’s theory, build a process
(starting with polarizations) enabling one to construct irreducible representations
from the geometric action of a Lie group G on one of its coadjoint orbits X’; or,
which is one way to approach some of the generalizations we have in mind, one
may wish, starting from an irreducible representation 7 of G in a Hilbert space
H, to build a symbolic calculus of (partially defined in general) operators on H
by means of symbols living on X.

In the first section to follow, we shall suggest a slightly more general program,
then specialize it immediately to the case when X = R? and the quantization rule is
the Weyl calculus, a situation involving already many more possibilities than what
one might expect, depending on which group G and which space of symbols are
concerned. In each reported case, we shall be led to a sharp composition formula
(the composition of symbols corresponding to the composition of operators): as
will be seen, there are at least three essentially distinct such formulas.

Some readers, especially the ones with a broader knowledge of arithmetic,
cannot fail to ask whether anything comparable to what has been done in this
book can also be done if one replaces non-holomorphic modular forms by modular
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forms of the holomorphic type. We shall indicate in Section 7.2 that this is in-
deed the case: our presentation will be a (compressed) summary of previous work
on anaplectic representation and alternative pseudodifferential analysis, the sub-
stitutes for the metaplectic representation and Weyl pseudodifferential analysis
called for by this aim.

7.1 Quantization theory and composition formulas

The basic frame we consider as appropriate for piecing pseudodifferential analysis
(in a broad sense) and representation theory together requires the following data:
a manifold X (the so-called phase space), a linear space C, often consisting of
functions on some space the dimension of which is half that of X', a representation 7
of some group G in C, finally a “quantization rule” Op associating to any element &
in some specified space of functions or distributions in X (a “symbol”) an operator
Op(6) in C, possibly partially defined only. These data imply the definition of a
representation 7 of G in the space of symbols, to wit the one defined by the identity

7(9) Op(&) 7(g)~" = Op (7(9)~'6), (7.1.1)

a truly meaningful formula only in the case when all operators Op(&) under
consideration have a common 7(G)-invariant domain.

This is a potentially very rich structure in view of the following possibilities,
none of which can, however, be implemented without a great amount of work
in the more interesting cases. First, the usual composition of operators combines
with the quantization rule to produce a (partially defined) sharp composition
rule of symbols. Next, the representation 7 can sometimes be decomposed into
irreducibles: combining the sharp composition of irreducible symbols with it, one
reaches what we consider as being the right concept of composition formula in the
given pseudodifferential analysis. This will be made explicit presently in a few quite
distinct cases. Finally, given a subgroup I of G (typically an “arithmetic” subgroup
of a Lie group), one can specialize in the consideration of symbols invariant under
all elements 7(g) with g € T, still asking for the decomposition of the sharp product
S # S5 of two such symbols into “irreducible” terms, a word to be taken in a
sense no longer referring, in general, to a group action. Still within the general
scheme, we may reserve the name of “geometric quantization” to situations in
which the representation 7 is given by the equation 7(g) & = & o g~! in terms
of an action of G by diffeomorphisms of the phase space. In Section 7.2, we shall
come across a first example of quantization lying outside this geometric scheme.

The cases considered up to this point include those in which X = R?,C =
L?(R) and the quantization rule Op is that defining the Weyl calculus, while
G = SL(2,R) (resp.R?), the projective representation 7 being the metaplectic
representation (resp.the projective representation 7 in (3.1.7)): recall that one
obtains a genuine representation if replacing SL(2,R) (resp.R?) by its twofold
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cover (resp.by the central extension of R? known as the Heisenberg group). The
distribution & can be any element of S’(R?) since we have allowed only partially
defined operators: but, then, the sharp composition of symbols is only a partially
defined operation too. One could decide to allow only symbols in L?(R?) or even
S(R?): all operators are then of Hilbert-Schmidt type, and the sharp composition
of symbols is everywhere defined. We have also considered, which was what this
book mostly consists of, the case of T-invariant symbols with T' = SL(2,Z): it led,
as was to be expected, to great difficulties.

We wish to show, first, that the above concepts defining what we regard as
a proper sharp composition formula lead, in the case of the Weyl calculus, to all
known special cases of such a formula. In the case in which the basic space of sym-
bols is L?(R?) and the representation 7 is the Heisenberg representation of the
Heisenberg group in L?(R), the representation 7 is the same as the action by trans-
lations of R? in L?(R?) (3.1.10). The space L?(R?) decomposes as a continuous
superposition of irreducible subspaces, each being of multiplicity 1 and character-
ized by a “generalized” (i.e., not in L?*(R?)) function (x,&) — e27(@1=¥8)  Now,
this function is just the symbol of the operator 7, , in (3.1.7). Our program thus
calls, in this case, for the decomposition of a product 7,7y, into a superposition
of operators 7, ,: the answer, given in (3.1.8), shows that just one term, rather
than a superposition, is needed, and this formula is sometimes called the Weyl
exponential version of the Heisenberg commutation relation. Combining this for-
mula with the symplectic Fourier transformation in &'(R?), one obtains the fully
equivalent integral formula (3.3.1), all practitioners of pseudodifferential analysis
are familiar with.

Let us consider now the case when, still using the Weyl calculus, we put the
emphasis not on the Heisenberg representation, but on the metaplectic represen-
tation: then, (3.1.11) substitutes for (3.1.10), but there are still several possible
choices for the given space of symbols, the main demand being that it should be
invariant under linear transformations of the variable (z, £) associated to matrices
in G = SL(2,R). Let us take for it, first, the space of all polynomials in (x,¢&):
the irreducible spaces for the action of G under consideration consist of the spaces
of polynomials globally homogeneous of a given degree. The composition formula,
according to our general program, thus consists in expressing the sharp product
h1 # hso of two homogeneous polynomials as a linear combination of homogeneous
polynomials. It reads

(-1 (1 itk itk oithk
) =5 SR (L) sl gt (712

and is, again, universally known to practitioners of pseudodifferential analysis.
Note that such a formula would be worthless when dealing with automorphic
symbols, since not a single term of this series would in general be meaningful:
automorphic distributions are just too singular.
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Exactly the same formula would do, had we taken for space of symbols the
space of C'>° symbols, polynomial with respect to the variable & only: but this
would require changing the group G to the subgroup of matrices {(8 aﬁl )}. This
space of symbols is important, since the associated operators are exactly the dif-
ferential operators with C* coefficients. Pseudodifferential analysis started, half
a century ago, with applications to P.D.E of situations in which symbols with a
certain type of behaviour at infinity (especially with respect to &) were helpful:
then, the formula (7.1.2), without being an exact one, is still often valid as giv-
ing an asymptotic expansion of the symbol hy # ho. Do not confuse “asymptotic”
with “formal”: proving that the remainders are the symbols of increasingly “good”
operators is essential here. This may have led many people to the misconception
that asymptotic (or even formal) expansions are a permanent part of (generalized)
pseudodifferential analysis.

Consider again the Weyl calculus, choosing C = S(R) and taking the space
S(R?) as a space of symbols (then, the sharp composition is always well-defined),
finally using the metaplectic representation again. The irreducible spaces for the
action 7 (the action in (3.1.11), extended to L?(R?)) make up a continuous family
of irreducible spaces with infinite multiplicity, characterized by a pure imaginary
number ¢\ together with an index § = 0 or 1: the space associated to the pair (i), d)
consists of all functions A in the plane, globally homogeneous of degree —1 — i\
and of parity defined by 4, such that the function s — h(s, 1) lies in L?(R). Our
program calls for the decomposition of the sharp product of two such functions as
an integral superposition of such functions. A complete answer was given in [39,
p.31] and, for simplicity, we have reproduced here, in equations (3.3.2)-(3.3.5),
the case when ¢ is fixed to the value 0: we only considered here globally even
distributions in the plane and, accordingly, parity-preserving operators from S(R)
to S’'(R).

Contrary to the preceding composition formulas, the last one (first introduced
in [34, section 5]) is generally not known. It was crucial, however, in the present
book, in which the case of automorphic symbols was discussed. Note that this
fits again with our general scheme, the irreducible terms of decompositions of
automorphic distributions being Eisenstein and Hecke distributions: however, the
space of symbols is no longer acted upon by a non-trivial group, and irreducible
terms refer instead to decompositions relative to the spectral theory of a family
of commuting operators (the Euler and Hecke operators).

We do not wish, here, to expand these views on quantization theory, but we
cannot, so as to prepare for the next section, avoid mentioning how the way the
metaplectic representation relates to the discrete series of representations of the
twofold cover of SL(2,R) is construed in connection with (generalized) pseudodif-
ferential analysis. Recall [18] that the discrete series (D;41),- _; of the universal
cover of SL(2,R) is defined by means of operators D,1(g), g = (‘z Z) acting

on spaces of holomorphic functions in the hyperbolic half-plane II, defined up to
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scalar factors in the group exp (2iw7Z) by the equation

(Dr1(9)f) (2) = (—cz+a) "1 f (dz—b> , zell (7.1.3)

—cz +a

When 7 > 0, one realizes D, as a unitary representation in some easily defined
Hilbert space of functions f. Taking a Laplace transformation as an intertwining
operator, one may realize the representation as a representation 7,1 defined with
the help of integral kernels of Bessel type in the space L?((0,00); t~"dt). One of
the advantages of the realization m,41 is that it extends in an easier way to the
case when 7 > —1, retaining its unitarity property.

When 27 € Z, the representation 7,41 may be regarded as a representation of
the twofold cover of SL(2,R), another name for the metaplectic group. While the
metaplectic representation is not irreducible, since the space L?(R) decomposes as
the sum of invariant subspaces L2, (R) & L2, (R), every representation 7,1 is. A
fundamental fact is that the even (resp. odd) part of the metaplectic representation
is unitarily equivalent to T (resp.w%), the intertwining operator being, up to
normalization, just the quadratic change of variable z +— 22 from the line to the
half-line. Details were given in [35, p.64], in a way of interest to us for several
reasons. We considered there, in place of the (metaplectic) representation Met ~
m1 @ 73, amore general representation Met, ~ Tl @ mpys, with p=0,1,.

The representation Met,, is precisely the p—metaplectlc representation alluded to
in Section 3.3 and at the end of Section 6.3.

We have made use, in Chapter 6, of the harmonic oscillator w(P? + Q?), to
be denoted here as A. Its position in relation to the metaplectic representation
is central, since it is the infinitesimal operator of this representation associated
to the element (_01 (1)) of the Lie algebra s[(2,R), in other words the infinitesimal
generator, in the sense of Stone’s theorem on one-parameter groups of unitary
operators, of the image under Met of the subgroup SO(2) of SL(2,R). Now, such
an operator, to be denoted as Ly, can be defined in relation to the representation
Tpi 1, and is just as central there. But it can no longer be written as the sum of
squares of two first-order differential operators (on the half-line). Our interest in
piecing together the two representations 1 and 3 originated from the fact
that if one identifies, by means of two properly normalized versions of the quadratic
change of variable 2 + 22 from the line to the half-line, pairs of functions on the
half-line with functions on the line, decomposed into their even and odd parts,
one recovers the possibility of decomposing as a sum of squares not the operator

Ly, but the direct sum A, = Lop L£+1>: this was just a generalization of the

observation that, under the unitary equivalence Met ~ 1 & T, the harmonic

oscillator A becomes (LO“ L01 ) In the general case, one obtains the decomposition

Ay = 7(P? + Q?), where

1 0 d P
Pp: —_ < d P dmo m) : (7.1.4)
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the decomposition of L?(R) into its even and odd parts is to be made in the order
associated to the parity of p: the operator P, happens to be the simplest member
of the class of so-called Dunkl operators [8].

Now that we dispose, for general p, of a pair (Q, P,), it is a natural thing to
define a p-Weyl calculus generalizing the Weyl calculus (its p = 0 case), defining
the quantization rule by the demand that, given (y,n7) € R?, the operator with
symbol (z, &) + 2™ (@158 should be the operator exp (2im(nQ — £P,)) (Stone’s
theorem again: the operator nQ — &P, is self-adjoint). This was done, along these
lines, in [35, sections 7,9], and we have already mentioned, in Section 3.3 and at
the end of Section 6.3, that the main difficulties (regarding the possibility to define
the composition of operators with automorphic symbols) we came across in the
Weyl calculus would cease to be present, had we used instead the p-Weyl calculus
with p large enough.

Unfortunately but not unpredictably, the p-Weyl calculus leads to more com-
plicated formulas throughout its development. The main reason is that the pair
(@, P,) does not fit, unless p = 0, among the infinitesimal operators of a unitary
representation of a finite-dimensional Lie group (just iterate the bracket operation,
starting from the given pair, to see this). Apart from this fact, there are relatively
few differences. One must replace the space S(R) by its image S,(R) under the
operator of multiplication by the function x — P, obtaining again a space of nice
functions preserved under the p-metaplectic representation. Of course, the whole
construction has been made so that the p-Weyl calculus should satisfy the ana-
logue of the covariance property (3.1.11), just replacing there the representation
Met by Met,,.

Let us come back to a situation alluded to in the introduction of this chapter,
in which we take for m an irreducible representation of G = SL(2,R): it is then
a natural thing, in view of Kirillov’s theory, that, so as to build a (generalized)
pseudodifferential calculus of operators acting on the corresponding Hilbert space,
one should let symbols live on a one-sheeted hyperboloid (resp.one sheet of a
two-sheeted hyperboloid) in the dual of the Lie algebra of SL(2,R) if dealing
with a representation 7 from the principal (resp. the discrete) series. In the second
case, a quantizing map could be the Berezin one [1, 2], or the one defined in [31],
for which, in contrast to the case of the Berezin calculus, a sharp composition
formula of integral type (in the style of (3.3.1)) is available [32]. In the case of
the one-sheeted hyperboloid, it was developed in [33], where it was shown that
a sharp composition formula, somewhat similar to (7.1.2), existed: but, in place
of the so-called “Moyal brackets” (the homogeneous terms of the expansion just
mentioned), it was necessary to use Rankin-Cohen brackets, a notion of interest
in holomorphic modular form theory introduced in [6]. A role of these brackets
was reached, independently, in [7], a paper in which formal series in terms of
a parameter, satisfying some associativity property, and looking somewhat like
the right-hand side of (7.1.2), are built: note that, despite its title, there are no
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(generalizations of) pseudodifferential operators in that paper, which fits more
properly within the so-called star-product theory.

The main idea that led to the construction of the pair consisting of the p-
metaplectic representation and p-Weyl calculus, to wit the fact that one should
interest oneself in the direct sum of two irreducible representations, will be helpful
too in building the pair consisting of the anaplectic representation and alternative
pseudodifferential analysis: we shall satisfy ourselves, however, with building an
alternative to the Weyl calculus proper, not to the p-Weyl calculus. The phase
space will be, again, the plane R? but the representation 7 corresponding to the
“covariance formula” which will take the place of (3.1.10) or of (3.1.11) will cease
to be of a geometric type, i.e., will cease to be defined by means of changes of
coordinates in the plane. This may be the right place to remark that the Weyl
calculus is characterized, up to multiplication by a unique constant, by its two
covariance properties (3.1.10) and (3.1.11). For any other calculus with these two
properties would be linked to the Weyl calculus by means of an operator, acting
on symbols, commuting with the pair of operators %, 8% as well as with the Euler
operator on R?: such an operator must be scalar. Just the same will be valid with
the alternative pseudodifferential analysis, which may well be, in this sense, the
only “one-dimensional” competitor of the Weyl calculus.

7.2 Anaplectic representation and pseudodifferential
analysis

It is a very exotic world we are entering now: but this is unavoidable in view of
our project, which consists in building an alternative to the automorphic Weyl
calculus, in which the symbols (again, functions in the plane) of the required
species will be decomposable as series of holomorphic modular forms instead of
non-holomorphic ones. The aim of this short section is to provide a few of the
main ideas, but it could not be considered as an introduction to the subject:
the introduction of the book [38] and its Remark 3.1.2 give already some more
information, while the book proper covers in detail what will be summed up in
this last section.

We start with a description of the first representation 7; of a pair, the first
one dealing with the group SL(2,R) (the second one will deal with R?). There
is nothing surprising about it, and people with some experience with harmonic
analysis or arithmetic will immediately realize that it is just a special case of
more general well-known constructions, involving more linear algebra and a pos-
sibly more knowledgeable terminology. We decompose L?(R?) according to the
representation, by linear changes of coordinates, of the rotation group, obtain-
ing L?(R?) = ®mezL?,(R?), where a function h lies in L2 (R?) if it satisfies the
identity

h o (cosG —sin0) — e—imGh- (7.2.1)

sinf cos 6
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The action 71 of SL(2,R) on “symbols” (again, functions in R?) is meant to
preserve this decomposition. One defines it on a family of generators of SL(2,R),
setting

Fr (L)) ul (2, €) = ul,€) ™+ 7 (0 §))u=—iFu,
7 ((¢,%)u] (@) =a"ua " 'z,a7E), a>0 (7.2:2)

(this time, F is the usual Euclidean Fourier transformation in the plane, not the
symplectic one). This group of transformations does not normalize the action of
the additive group of R? by translations. To recover such a property, we shall
define an entirely different (non-geometric, again) action 7o of this latter group.
Given an entire function h in C2, set, for (a, ) € R? (or even C?),

(Fala, B)h) (z,8) = e 2@ p(z —ja, € — a). (7.2.3)

This is the action we are interested in, and the basic space S*(R?) consists of
symbols h € S(R?) which extend as entire functions, and such that the functions
7a(a, B)h obtained by letting the pair (a, 8) remain in a bounded subset of C?
make up a bounded subset of S(R?).

One can identify each “isotypic” space L2 (R?) with m # 0 as a space of
holomorphic functions in the hyperbolic half-plane, as follows. If m =1,2,..., set

m—1

em = (210) T ((m —1)!)"2. Given h € L2,,(R?), set

x? + &2
z

(Oxmh) (2) = Z*mﬂ/

(x£i&)™ exp <i7r
R2

> h(z,&)dx, =zell, (7.2.4)
so that the map ¢,,0,, is an isometry from L%, (R?) onto the Hilbert space
Hum+1 consisting of holomorphic functions in II, square-summable with respect
to the measure (Im 2)™ !'dRe zdIm z. The map ©,, intertwines the restriction
to L%, (R?) of the representation (7.2.2) with the representation D,,.; as made
explicit in (7.1.3). This map has some analogy with the restriction of the map ©q
(2.1.5) to the space of even functions in the plane of a given degree of homogeneity,
which has an important role in this book. Despite the fact that the representation
7 to be considered presently is more linked to the full principal series of G than to
the discrete series, this occurrence of II (as opposed to a one-sheeted hyperboloid)
does not contradict the last but one paragraph of Section 7.2, in which coherence
with Kirillov’s method of orbits was emphasized: for we are no longer dealing here
with geometric quantization.

We proceed now toward a construction of the anaplectic representation. Just
as the metaplectic representation is the sum of two irreducible representations from
the discrete series of G = SL(2,R), it will be made of two representations almost
taken from the full set of unitary representations of g. With Knapp’s notation [18],

the first one is a representation C_% taken from the complementary series of G.
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We need, however, to introduce also a signed version of it, no longer unitarizable
but pseudo-unitarizable (more about it presently). To cover both cases, we set [38,
p.25] if pisreal, 0 < |p| < 1,and e =0or 1,

wm@mm®—|w+ﬂ;+w(f;;2> £ g=(ab).  (r.25)

Here, w is a function on the line, and the representation 7, is unitary for the
scalar product associated to the norm such that

llullo = [~ wo) (D) (o) do, (7.2.6)

— 00

where |D|? stands for the operator of convolution by the Fourier transform of the
function s — |s|?. The anaplectic representation is just the sum C_ 1.0 @ C 11
Like the metaplectic representation, it has higher-dimensional analogues but in
contrast to the metaplectic case, the construction of these is much more dlfﬁcult
[36].

The (one-dimensional) anaplectic representation has a pleasant realization as
a space of functions u on the line, which we now briefly describe. In usual analysis,
there are functions, such as the Hermite functions, which are both regular (say,
analytic) and rapidly decreasing at infinity. In the space 2 basic in the anaplectic
theory, these two properties will have to be shared between two functions, linked
to each other in a one-to-one way. To do so, it is handy to characterize functions
of interest by a set of 4 functions, only two of which are independent. Say that
a function f of a real variable is nice if it extends as an entire function of z € C
bounded by some exponential C' exp (R|z|2)7 and its restriction to the positive
half-line is bounded by some exponential C exp (—59&2) with € > 0. The space 2
consists of all entire functions u of one variable with the property that there exists
a (necessarily unique, a consequence of the Phragmén-Lindel6f theorem) 4-tuple

=0, f1, fio, fin) (7.2.7)
of nice functions such that
o) = T (foliz) +i fo(~i2))
fualz) = 1+%ﬁwwwﬁ< ), (7.28)

and such that the even part ueven Of u coincides with the even part of fy, while
the odd part u,qq of u coincides with the odd part of fi. An example of function
in 2, both typical and fundamental, consists of the function

$(x) = (r]z))? I_1(ra?). (7.2.9)

_1
4
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Its C*-realization is the function f = (v, 0, v, 0), with

[V

Ylz) =22 772 27 K1 (n2?) = (ma)

1 [I_1(max?) —Ii(n2?)], 2>0. (7.2.10)

-3 :

The space 2 is stable under the usual operators P and (), as well as under the
exponential versions of these; the Heisenberg representation is defined in the usual
way. Since functions in 2 may increase, at infinity, like the inverse of a Gaussian
function, the usual concepts of integral (over the real line) or of L?-norm cannot
subsist: but they have perfect substitutes, most easily defined with the help of the

“C*-realization” of functions in 2. One defines the “integral” by the equation

Int [u] = 27 /Ooo(fo(x) + fio(x)) de, (7.2.11)

obtaining indeed a linear form invariant under translations.
Next, if f = (fo, f1, fio, fi1) and b = (ho, h1, hig, hi1) are the C*-
realizations of two functions v and v in 2, one sets

—~

vlu)

— 2% Aw (Eo(x)fo(x) =+ Bl(l')fl(l') —+ ?Liyo(x)fiﬁo(it) — Ei71($)fi71($)) dl’
(7.2.12)

This is a pseudo-scalar product, the same as a scalar product except for positivity:
but it is still non-degenerate. The operators exp (2im(n@Q — yP)), defined in the
usual way, preserve the space 2 even for (y,n) € C?; the operators obtained when
(y,m) € R? preserve also the pseudoscalar product.

One can now define a Fourier transformation F,n, in % in a “usual” way,
setting

(‘/—"anau) (1‘) = Int (u e;c) s (7213)

with e, (y) = e~ 2™, The function ¢ in (7.2.9) has in anaplectic analysis the
role played in usual analysis by the standard Gaussian function: in particular,
it is (pseudo-)normalized, and invariant under Fun,. One can finally define the
anaplectic representation as follows [38, p.19].

It is the unique representation Ana of SL(2,R) in the space 2 with the
following properties:

(i) if g = (19), one has (Ana(g) u)(z) = u(z) e™*";
(i) if g = (2, ) with a > 0, one has (Ana(g) u)(z) = a2 u(a~');

(iii) one has Ana (( o é)) = Fana-
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This representation is pseudo-unitary, i.e., it preserves the scalar product intro-
duced in (7.2.12). It combines with the usual Heisenberg representation in the way
characterized by the equation

Ana(g) e?™ Q=¥P) Apa(g~1) = e¥7 (' Q=y'P) (7.2.14)

if g = (24) € SLE,R) and g () = ().

The operators
1 d 1 d
A* =73 (x - — ) and A=n2 (x +— ) ) (7.2.15)
T

the analogues of the creation and annihilation operators of usual analysis, will be
called the raising and lowering operators in anaplectic analysis: for each of them
is actually invertible. Starting from the function ¢, one can then easily, with their
help, build a sequence of functions playing in anaplectic analysis the role played
by Hermite functions in usual analysis. But the collection (¢’) of such functions
is parametrized by j € Z, not % + N: the spectrum of the “harmonic oscillator” is
now Z. The more general operators

A, =712 (Q-2P), Al=A.=72(Q-2P), zecll, (7.2.16)
are invertible as well, and linked to one another by the relation

Ana ((¢7)) Az Ana (£, 7)) = (cZ+d) Auzss. (7.2.17)

We have now all the elements needed to define the alternative pseudodiffer-
ential analysis. Note that, unlike the p-Weyl calculus, it is not a generalization
of the Weyl calculus: despite the formula (7.2.14), it does not define general op-
erators as integral superpositions of the Heisenberg operators e27(1Q—vP)  for if
such were the case, we would only be led to the formally usual action of SL(2,R)
on symbols, not the action (7.2.2). On the other hand, the quantization rule to
be introduced now was not at all the result of a guess: as already mentioned, the
alternative pseudodifferential analysis is uniquely characterized, up to a normal-
ization constant, by its pair of covariance formulas, and its definition was obtained
at the end of a rather lengthy process, summed up in [38, p.35-37].

First, observe from the paragraph around (7.2.4) that each representation
Dpni1 (withm = 0,1,...) occurs twice in the decomposition of L?(R?). Forgetting
the term L3(IR?), one can define two distinct (easily related) pseudodifferential
analyses, an ascending (resp.descending) one, keeping all isotypic components
L2, (R?) with m > 1 (resp.m < —1). The ascending alternative pseudodifferential
analysis is defined as follows. If h = > o hy € @p>1L2 (R?) lies in SA(R?)
(cf. (7.2.3)) , one sets -

Op™“(h) = Y Op% (hm) (7.2.18)

m>1
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with

Opi’ (h ):%ﬂ+ : /H (O han)(2) A7 (Im 2)™H dm(z),  (7.2.19)

where dm is the invariant measure in II. The alternative pseudodifferential analysis
satisfies the two desired covariance identities

Ana(g) Op™°(h) Ana(g™") = Op™ (71(g) k), g € SL(2,R),
e2i7r(nQ—yP) Opasc<h) e—2i7r(nQ—yP) Opd.SC( (y 17) h) (7220)

The alternative pseudodifferential analysis has been developed in [38, chapter
3], but not for automorphic symbols (i.e., symbols invariant under the transfor-
mations 71(g) with g € SL(2,Z)). However, we have indicated in [38, chapter
5] what are the anaplectic substitutes for the Dirac comb and Eisenstein dis-
tributions, as well as the object replacing the Bezout distribution (5.3.9). The
L-functions can again be introduced in a spectral-theoretic role, to wit as coef-
ficients of decompositions into functions Ay, , playing the same role as the func-
tions homﬁfl), in the non-holomorphic theory (1.1.22) One must replace the pair
(2im€, 2imE) by (2imR, 2inE) with 2iTR = 58 xag and define, with z = x4 i€,
hmn(z) = 2™Z", a joint eigenfunction of the new pair for the pair of eigenvalues
(i(m — n),m +n + 1). In alternative pseudodifferential analysis, the operator R,
which preserves decompositions into isotypic components, is the answer to the
operator £ from the usual pseudodifferential analysis, which preserves decomposi-
tions into homogeneous components: again, one has the general identity

mad(P A Q) Op™°(h) = 2i Op™°(Rh). (7.2.21)

Let us conclude this summary with the sharp composition formula. Given
two functions fi1 € Hp,+1 and fo € Hyp,p1 (cf. (7.2.4)), and setting m = mq +
meo + 1 4 2p, define the “Rankin-Cohen bracket” of the pair f1, fo, depending on
m as well, by the equation

P
cm m + + _
mfil 2+1 f f2 :E (ml p) <W;2_ qp) fl(p q) fQ(Q)' (7.2'22)
q=

Consider now two symbols h; and hy, both in the space SA(R?), lying in the
isotypic spaces L2, (R?) and L2, (R?) respectively, satisfying some mild techni-

cal extra assumptions. The composition Op®“(h1) Op™“(hs) has a symbol h, the
isotypic components of which are characterized by the equation

1
O +mat142phimy4my+142p = <p> Kt (O, ha, Opyha) . (7.2.23)

Only isotypic components of the orders just indicated can occur in h, and the
series h = Zp Romi+ma+142p 18 & convergent, not only an asymptotic one.
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A few words about the automorphic situation must be added. In anaplectic
analysis, define a modular symbol of weight m + 1, with m = 1,2,..., to be
any distribution h,, transforming under rotations in the way indicated by (7.2.1),
such that the function ©,,h,, (note that the transformation ©,, can be applied
to any tempered distribution) is a holomorphic modular form of weight m + 1.
Given now two modular symbols hy and hs, of weights m; + 1 and ms + 1, the
functions Kﬁf{l’m”l (O, b1y Opyha), with m = mq + ma + 1 + 2p for some
p=20,1,..., will of necessity be holomorphic modular forms. This is so because
the Rankin-Cohen machinery is covariant: but, before taking benefit of this, we
must take advantage of the fact that (in contrast with the operator the integral
kernel of which was introduced in (3.3.3)), it consists of bidifferential operators,
which can be applied without difficulty to automorphic objects. However, this
is far from giving an answer to the question of defining the sharp product, in
alternative pseudodifferential analysis, of two modular symbols, and decomposing
the result into modular terms, since the (hard) convergence problems have not yet
been taken care of.



Bibliography

1

F.A. Berezin, Quantization in Complexr Symmetric Spaces, Math. U.S.S.R.
Izvestija 9(2) (1975), 341-379.

F.A. Berezin, A connection between co- and contravariant symbols of operators
on classical complex symmetric spaces, Soviet Math. Dokl. 19 (1978), 786—789.

J. Bernstein, A. Reznikov, Fstimates of automorphic forms, Mosc. Math. J.
4,1 (2004), 19-27.

D. Bump, Automorphic Forms and Representations, Cambridge Series in
Adv.Math. 55, Cambridge, 1996.

J.L. Clerc, T. Kobayashi, B. Orsted, M. Pevzner, Generalized Bernstein-
Reznikov integrals, Math. Ann. 349, 2 (2011), 395-431.

H. Cohen, Sums involving the values at negative integers of L—functions of
quadratic characters, Math. Ann. 217 (1975), 271-295.

P.B. Cohen, Y. Manin, D. Zagier, Automorphic Pseudodifferential Operators,
in Algebraic Aspects of Integable Systems, Progress in Nonlinear Diff. Equ.
and Appl. 26, Birkh&duser, Boston, 1996, 17-47.

C.F. Dunkl, Reflezion groups in analysis and applications, Jap. J of Math. 3,
2 (2008), 215-246.

P.B. Garrett, Decompositions of Fisenstein series, Rankin triple products,
Ann of Math. 125, 2 (1987), 209-235.

S. Gelbart, S.D. Miller, Riemann’s zeta function and beyond, Bull. Amer.
Math. Soc. (N.S.) 41, 1 (2004), 59-112.

[11] S. Helgason, Groups and Geometric Analysis, Academic Press, New York,
1984.

[12] L. Hormander, The analysis of partial differential operators, III, Pseudodif-
ferential operators, Springer-Verlag, Berlin, 1985.

[13] A. Ichino, Trilinear forms and the central values of triple product L-functions,
Duke Math. J. 145, 2 (2008), 281-307.

© Springer International Publishing Switzerland 2015 197

A. Unterberger, Pseudodifferential Operators with Automorphic Symbols,
Pseudo-Differential Operators 11, DOI 10.1007/978-3-319-18657-3



198
[14]
[15]
[16]

[17]

[18]

[24]
[25]
[26]
[27]
[28]
[29]

[30]

Bibliography

H. Iwaniec, Introduction to the spectral theory of automorphic forms, Revista
Matematica Iberoamericana, Madrid, 1995.

H. Iwaniec, Topics in Classical Automorphic Forms, Graduate Studies in
Math. 17, A.M.S., Providence, 1997.

H. Iwaniec, E. Kowalski, Analytic Number Theory, A.M.S. Colloquium Pub.
53, Providence, 2004.

H. Iwaniec, P. Sarnak, Perspectives on the analytic theory of L-functions, in
GAFA 2000 (Tel-Aviv, 1999), Geom. Funct. Anal. 2000 special volume, II,
705-741.

A.W. Knapp, Representation Theory of Semi—Simple Groups, Princeton Univ.
Press, Princeton, 1986.

T. Kobayashi, B. @Qrsted, M. Pevzner, A. Unterberger, Composition formulas
in Weyl calculus, J. Funct. Anal. 257 (2009), 948-991.

S. Lang, Algebraic Number Theory, Addison-Wesley, Reading (Mass.), 1970.

N. Lerner, Metrics on the phase space and non self-adjoint pseudodifferential
operators, Birkhauser, Basel-Boston—Berlin, 2010.

W. Magnus, F. Oberhettinger, R.P. Soni, Formulas and theorems for the spe-
cial functions of mathematical physics, 34 edition, Springer-Verlag, Berlin,
1966.

M. Mizony, Algébres de noyauz sur des espaces symétriques de SL(2,R) et de
SL(3,R) et fonctions de Jacobi de premiére et deuziéme espéce, Publ. Dépt.
Math. Univ. Lyon 3A (1987), 1-49.

C.J. Moreno, The spectral decomposition of a product of automorphic forms,
Proc. A.M.S. 88, 3 (1983), 399-403.

A. Selberg, On the Estimation of Fourier Coefficients of Modular Forms,
Proc. Symp. Pure Math. 8 (1963), 1-15.

R.A. Smith, The L?-norm of Maass wave functions, Proc. A.M.S. 82, 2
(1981), 179-182.

G. Tenenbaum, Introduction a la théorie analytique et probabiliste des nom-
bres, Belin, Paris, 2008.

A. Terras, Harmonic analysis on symmetric spaces and applications 1.
Springer-Verlag, New York—Berlin, 1985.

F. Treves, Introduction to pseudodifferential and Fourier integral operators:
I, Pseudodifferential operators, Plenum Press, New York—London, 1980.

A. Unterberger, Oscillateur harmonique et opérateurs pseudodifférentiels,
Ann. Inst. Fourier Grenoble 29, 3 (1979), 201-221.



Bibliography 199

[31]

A. Unterberger, J. Unterberger, La série discréte de SL(2,R) et les opérateurs
pseudo-différentiels sur une demi-droite, Ann. Sci. Ecole Norm. Sup. 17
(1984), 83-116.

A. Unterberger, J. Unterberger, Quantification et analyse pseudodifférentielle,
Ann. Sci. Ecole Norm. Sup. 21 (1988), 133-158.

A. Unterberger, J. Unterberger, Algebras of symbols and modular forms, J.
Anal. Math. 68 (1996), 121-143.

A. Unterberger, Quantization and non-holomorphic modular forms, Lecture
Notes in Math. 1742, Springer-Verlag, Berlin—Heidelberg, 2000.

A. Unterberger, Automorphic pseudodifferential analysis and higher-level
Weyl calculi, Progress in Math. 209, Birkhauser, Basel-Boston—Berlin, 2002.

A. Unterberger, The fourfold way in real analysis: an alternative to the meta-
plectic representation, Progress in Math., Birkh&user, 2006.

A. Unterberger, Quantization and Arithmetic, Pseudodifferential Operators
1, Birkh&user, Basel-Boston—Berlin, 2008.

A. Unterberger, Alternative pseudodifferential analysis: with an application to
modular forms, Lecture Notes in Math. 1935, Springer-Verlag, Berlin, 2008.

A. Unterberger, Pseudodifferential analysis, automorphic distributions in the
plane and modular forms, Birkhauser, Basel-Boston-Berlin, 2011.

A. Unterberger, Aspects of the zeta function originating from pseudodifferen-
tial analysis, J. Pseudodifferential Operators and Appl., 5 (2014), 157-214.

T. Watson, Rankin triple products and quantum chaos, Thesis (ph.D.), Prince-
ton Univ., 2002.

A. Weil, Sur certains groupes d’opérateurs unitaires, Acta Math. 111 (1964),
143-211.



Index

Index of notation

(b, M)-trick, 61 hix, hiy, 59 Op,, 80,188

BE(:U‘)7 8 hl/,q7 83 OpaSCa 194

¢,Ccr, 173 hom?), 12 || Op (€77) ¢*" 1], 180
dm, 32 L(s, éy)7 19 DPm, 174 -

DT+1, 187 L(S,m)’ 20 P,(o), PL(QZWS), 93
Eige, By, 31 L(s, Ni x Nb), 135 A

Eé 11 ﬁad(];l/\ Q), 55,79 Sharp(&1, 6), 144

&, 12 et, Sharp, (61, 6,), 145
?y, 13 Metp, 80 Sharp(elgesc7 @;esc)7 172
b Cil,, 35 Mr’f, NT’Z, 33 Gresc, 33

Fa, gFo” 173 Nn[, mne, 34 Tj%ist’ 19

Fymp 13 M(6q, G,), 143 V*, 28

Frt 15 M (ht,h?), 4,143 T*, 62

G, 30, 56 Op, 52 W (v, u), 52

T, 11 ©o,©1, 29,57, 66 0 ¢l 56

A, 29 11, 29

Aj(z,y), 101 oy, 15, 31 x(p), 35

C*v 31 Ty,m» 53 Qi/\(ela 62)7

T, 184 o, 173 Qng(Gl, S,), 144
12,9 (1)<, > 52 #, 74

#7 3,72 tj2i7r€’ 55

{,}m il hix, fiiaz , 59,61,66

© Springer International Publishing Switzerland 2015 201

A. Unterberger, Pseudodifferential Operators with Automorphic Symbols,
Pseudo-Differential Operators 11, DOI 10.1007/978-3-319-18657-3



202

Subject Index

anaplectic representation, 192
alternative pseudodifferential analysis,
194
automorphic distributions, 1,11
decomposition of — into modular
distributions, 125,126, 131
automorphic functions, 31
decomposition of — into modular
forms, 33
Bezout distribution, 145
bihomogeneous functions, 12
decompositions of Eisenstein distri-

butions into —, 17
decompositions of Hecke distribu-
tions into —, 20

covariance formulas
in Weyl calculus, 54
in alternative analysis, 194
decomposition of Sharp(&1, &2), 144
Dirac comb, 14
discrete series of rep.of SL(2,R), 187
Eisenstein distribution, 13
— series, 31
Euler operator, 11
resolvent of, 60
Fourier series decompositions
— of Eisenstein distributions, 15,25
— of Hecke distributions, 20, 25, 34
— of Eisenstein series, 31
— of nonholomorphic modular
forms, 32
Fourier transform
symplectic — ; 13
— of Eisenstein distributions, 13
— of Hecke distributions, 21
harmonic oscillator, 173
Hecke distribution, 20
Hecke operator, 19, 32
hyperbolic half-plane and Laplacian, 29
improving estimates, 93,113
L-functions
— of Eisenstein distributions, 19

Index

— of Hecke distributions, 20
— functional equations, 19, 20, 35
metaplectic representation, 54
modular distributions, 11
products and Poisson brackets of —
135,140,142
non-holomorphic modular forms, 31
Pochhammer’s symbol, 68
Poisson bracket, 74
product L-functions, 135, 139
quantization, 184
quasi-distribution, 87
Radon transformation
dual — , 28
— and Og, 30
— and associates W,,, U,,, 68
Rankin-Cohen brackets, 194
rescaling, 33, 56
Roelcke-Selberg expansions, 33
sharp composition
— of symbols, 3,72
— of symbols, Moyal style, 185
— and homogeneous functions, 72
— of two functions h, 4, 86,106, 88
— of two functions h, , transferred
to half-plane, 119
— and pointwise product, Poisson
bracket, 74,76
— of Hecke distributions, 159
— of Eisenstein distributions, 164
symplectic form, 53
— Fourier transformation, 13
O¢-transform
of Eisenstein distributions, 34
of Hecke distributions, 34
and ¢2, ¢!, 57
norm of — , 67
norm of — in automorphic case, 72
Weyl calculus, 52
Wigner function, 52
— of ¢¥, pL, 57
|€|? as a discontinuity, 179



	Preface
	Contents
	Introduction
	Chapter 1 Basic modular distributions 
	1.1 Eisenstein distributions
	1.2 Hecke distributions

	Chapter 2 From the plane to the half-plane
	2.1 Modular distributions and non-holomorphic modular forms
	2.2 Bihomogeneous functions and joint eigenfunctions of (Δ EulΠ)
	2.3 A class of automorphic functions

	Chapter 3 A short introduction to the Weyl calculus
	3.1 An introduction to the Weyl calculus limited to essentials
	3.2 Spectral decompositions in L2(R2) and L2(Π)
	3.3 The sharp composition of homogeneous functions
	3.4 When the Weyl calculus falls short of doing the job

	Chapter 4 Composition of joint eigenfunctions of ε and ζ
	4.1 Estimates of sharp products hv1,q1 #hv2,q2
	4.2 Improving the estimates
	4.3 A regularization argument
	4.4 Computing an elementary integral
	4.5 The sharp product of joint eigenfunctions of ε, ζ
	4.6 Transferring a sharp product hv1,q1 #hv2,q2 to the half-plane

	Chapter 5 The sharp composition of modular distributions
	5.1 The decomposition of automorphic distributions
	5.2 On the product or Poisson bracket of two Hecke eigenforms
	5.3 The sharp product of two Hecke distributions
	5.4 The case of two Eisenstein distributions

	Chapter 6 The operator with symbol v
	6.1 Extending the validity of the spectral decomposition of a sharp product
	6.2 The odd-odd part of Op(v) when |Re v| < 1
	6.3 The harmonic oscillator
	6.4 The square of zeta on the critical line; non-critical zeros

	Chapter 7 From non-holomorphic to holomorphic modular forms
	7.1 Quantization theory and composition formulas
	7.2 Anaplectic representation and pseudodi erential analysis

	Bibliography
	Index
	Index of notation
	Subject Index


