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Abstract

The Franke filtration is a finite filtration of the space of automorphic forms
on a connected reductive linear algebraic group defined over an algebraic number
field. The main feature of the filtration is that its quotients can be described in
terms of parabolically induced representations using the main values of derivatives
of Eisenstein series and the residues of these. The goal of this paper is to provide
a complete explicit description of the Franke filtration of the space of automorphic
forms on the symplectic group of rank two. The approach is different from the
original approach of Franke, and takes into account the full cuspidal support of
automorphic forms, that is, the cuspidal automorphic representation from which
the Eisenstein series is built and the evaluation point at which it is evaluated. This
considerably simplifies the exposition and makes it possible to obtain very explicit
results and reveal the phenomena present in the filtration. The considered low rank
case exhibits many of the properties and phenomena present in the cases of arbitrary
rank. The explicit description of the Franke filtration in this case has important
implications and applications in cohomology of congruence subgroups related to
the Hilbert—Siegel modular forms of degree two, the Hilbert—Siegel modular variety
of degree two and the corresponding Shimura variety.
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CHAPTER 1

Introduction

The Franke filtration. The Franke filtration is a finite descending filtration of
the spaces of automorphic forms on the adelic points of a reductive linear algebraic
group defined over an algebraic number field, where the notion of automorphic forms
is the same as in [BJ79]. The filtration was defined by Jens Franke in [Fra98|.
Its main property and advantage is that the quotients of the filtration may be
described in terms of representations parabolically induced from the cuspidal and
residual representations of the Levi factors of parabolic subgroups of the considered
group.

The representation theoretic description is obtained using the main values of
derivatives of the (degenerate) Eisenstein series associated to these representations
of the Levi factors. In particular, the construction of the Franke filtration implies
that any non-cuspidal automorphic form on an adelic reductive linear algebraic
group over a number field is a derivative of an Eisenstein series. This fact, which
has several important consequences and applications, was previously known only
in the function field case by [MW95, App. II].

Consequences and applications of the filtration. The applications of the
Franke filtration and its construction are numerous. In particular, the fact that
any non-cuspidal automorphic form is a derivative of an Eisenstein series, implies
the existence of an Eisenstein spectral sequence that converges to the cohomology
of arithmetic congruence subgroups. This spectral sequence, constructed already
in Franke’s paper [Fra98] using Eisenstein series and their derivatives, implies that
the cohomology of an arithmetic congruence subgroup can be calculated as the
relative Lie algebra cohomology of the space of automorphic forms with respect to
the considered arithmetic group. This is an improvement of Borel’s regularization
theorem [Bor83], sometimes referred to as the Borel-Harder conjecture [Bor06],
[Har90].

Further consequence of the existence of the filtration, obtained in [Fra98] and
[FS98] in the case of the general linear group, is the rationality of the decomposition
along the cuspidal support in cohomology of the space of automorphic forms. This
result generalizes the rationality result of Clozel in the case of cuspidal automorphic
representations [Clo90]. Another result in [Fra98] is a certain trace formula for
Hecke operators in full cohomology, which is of different type than the Goresky—
MacPherson trace formula [GM92]. For a brief summary of Franke’s results see
the Seminaire Bourbaki exposition of Waldspurger [Wal97].

Although there exists a general construction of the Franke filteration, it is
highly demanding to write down the explicit description of the filtration in terms
of parabolic induction. The reason is that the combinatorics of the filtration is
quite involved, but also that the description depends on the analytic properties
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2 1. INTRODUCTION

of Eisenstein series, which are not known in many cases. On the other hand, it
is very desirable to have such explicit description in particular cases, because of
possible applications in calculations of cohomology of the space of automorphic
forms, as in [GG13b], [GS21], [Grol3]. In view of the results of Jun Su [Sul9],
[Su21], certain (p, K)-cohomology of spaces of automorphic forms is isomorphic to
the coherent cohomology of the admissible toroidal compactification of a Shimura
variety with respect to the canonical extension over the compactification of the
automorphic vector bundle. Hence, the explicit descriptions of the Franke filtration
may play a role in the study of such coherent cohomology of Shimura varieties in
future.

Motivation behind this paper. The Franke filtration is so far explicitly de-
scribed only in few special cases. In the case of the cuspidal support in a maximal
proper parabolic subgroup of any reductive group, the explicit description is pro-
vided in [Grb12]. Interesting cases of the Franke filtration for the general linear
group studied in [GG22] reveal certain unexpected phenomena present in the fil-
tration. A partial result in the case of the symplectic group of rank two, which is
the group also considered in this paper, is obtained in [GG13b]. It considers only
the cases of cuspidal support which may possibly contribute to cohomology, and
these are rather regular cases from the point of view of the Franke filtration.

The motivation for writing this paper is three-fold. Firstly, despite the partial
result in [GG13Db], there is no complete description of the Franke filtration of the
spaces of automorphic forms on the symplectic group of rank two. Our first goal
here is to provide such a description.

Secondly, the original paper [Fra98| of Franke is written in wide generality,
technically highly demanding and the considered spaces of automorphic forms, al-
though appropriate for theoretical considerations, are not convenient for explicit
calculations and applications. Our second goal in this paper is to introduce a dif-
ferent approach, more convenient for applications, in which the Franke filtration is
described for spaces of automorphic forms supported in a given full cuspidal sup-
port. Using this approach, the Franke filtration can be described more clearly, and
in the case of the symplectic group of rank two very explicitly. The Franke filtration
of higher rank groups can also be tackled using this approach, and our motivation
for writing this paper is to foster such endeavours.

Thirdly, the explicit description of the Franke filtration in the case of the sym-
plectic group of rank two reveals interesting features and phenomena present in
the filtration in general. Hence, our third goal in this paper is to point out clearly
these features and explain the underlying reasons for their presence in the filtra-
tion. These are related to the functional equations and the analytic properties of
Eisenstein series used in the construction of the filtration.

In view of these motivating goals, the style of exposition in this paper is de-
liberately chosen to be highly explicit, as elementary and accessible as possible, in
order to reach a wider readership. Hopefully we provide a clearer picture of the
Franke filtration and pave the way towards further study of spaces of automorphic
forms and applications of the filtration.

The Franke filtration revisited. As mentioned above, one of the goals of
this paper is to provide the complete explicit description of the Franke filtration of
the space of automorphic forms with arbitrary cuspidal support on the symplectic
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group of rank two. This considerably improves the partial results of [GG13b]. Our
approach is different from the original approach of Franke in [Fra98]|, and the one
taken in [FS98] and [GG13b]. The main point is that we fix the full cuspidal
support, and describe the Franke filtration of the space of automorphic forms with
the fixed full cuspidal support.

In the original paper [Fra98], an ideal of finite codimension is fixed in the cen-
ter of the universal enveloping algebra of the complexification of the real Lie algebra
of the Lie group of real points of the considered algebraic group. The filtration is
then defined for the space of automorphic forms with cuspidal support in a given
associate class of parabolic subgroups and annihilated by a power of the fixed ideal,
without further notice regarding the cuspidal representation on the Levi factor.
This approach is appropriate for theoretical considerations of cohomological appli-
cations, because the ideal naturally arises from the coefficient system. However, it
is not so convenient for explicit calculations of cohomology and description of the
Franke filtration.

The papers [FS98] and [GG13b] consider the space of automorphic forms
with cuspidal support in an associate class of parabolic subgroups and the fixed
unitary part of a cuspidal automorphic representation of the Levi factor. This
approach is more convenient than the original one for explicit calculations, but still
the description depends on the analytic properties of Eisenstein series at several
points of evaluation. Therefore, it is not as clean as the approach taken here,
in which the full cuspidal support is fixed. Fixing the full cuspidal support of
automorphic forms makes it possible to formulate the results very explicitly and
reveal otherwise hidden phenomena of the filtration.

Reasons for considering the symplectic group of rank two. The moti-
vation for considering the symplectic group of rank two in this paper stems from
several reasons. It is an important group as the ambient group for the theory of
Hilbert—Siegel modular forms of degree two, related to the Hilbert—Siegel modular
variety of degree two, and the corresponding Shimura variety. Thus, it would be
useful to have the complete explicit description of the Franke filtration in this case.
The theory of Eisenstein series on the symplectic group of rank two is already rather
well understood by the work [Kim95] on the residual spectrum, as well as [Wat92],
[HM15]. The cohomology in that case is studied and explicitly calculated in the
works [Sch86], [0S90], [GG13b], [MG18].

The symplectic group of rank two is the group of low rank, in which the fea-
tures and properties of the Franke filtration can be pointed out more clearly than
in the case of larger groups. On the other hand, the Franke filtration of the space
of automorphic forms on that group exhibits several important properties of the
filtration in arbitrary rank, and is much more involved than the rank one cases.
Therefore, another goal of this paper is to point out clearly and explain in details
the underlying reasons for the features and phenomena present in the Franke fil-
tration of spaces of automorphic forms on the symplectic group of rank two. We
explain the general mechanisms, which are incorporated in the definition of the
filtration in order to settle certain issues in its construction using the Eisenstein
series. In particular, the functional equations of Eisenstein series are taken into
account using colimits of a certain functor. The problems arising from the analytic
properties of Eisenstein series, in particular, the problem of Eisenstein series that
is not holomorphic at the relevant value of its complex parameter, are settled using
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certain partial order on the contributions from various Eisenstein series to the same
space of automorphic forms.

And last, but not least, the author has learned from personal communication
and discussions with Joachim Schwermer, that Franke himself has often used the
case of the symplectic group of rank two in order to point out the underlying ideas
and properties of the filtration in his talks. However, the complete explicit descrip-
tion of the Franke filtration of the space of automorphic forms on the symplectic
group of rank two for all possible cuspidal supports is given in this paper for the
first time.

Extraordinary phenomena — a model case. As a model case which may
serve as a preview of the results of this paper and resembles the flavor of the phe-
nomena that occur in the Franke filtration, we formulate below case (4j) of Theorem
7.7. It describes the Franke filtration of the space of automorphic forms on the sym-
plectic group of rank two, with cuspidal support in the Borel parabolic subgroup
and a certain twist of the trivial character of the maximal split torus. This case of
the filtration is an example of the phenomenon in which two different quotients of
the filtration must be described as parabolically induced representations from the
parabolic subgroups of the same rank. It was apparently overlooked by Franke in
Remark 2 on page 242-243 of [Fra98], in which he claims that the only rank two
example of this phenomenon that he knows is in the case of the exceptional group
G>. My speculation would be that the cause of Franke’s omission of this example is
most likely arising from the following two difficulties. In his approach, Franke did
not consider the full cuspidal support to distinguish spaces of automorphic forms,
so that our example below is only a part of much larger space of automorphic forms
considered by Franke. Besides that, the cuspidal support in our example is such
that it does not contribute to cohomology of arithmetic groups with respect to any
coefficient system arising from a finite dimensional algebraic representation of G.
For more details regarding this and other phenomena occurring in the filtration see
Chapter 9.

THEOREM. Let F' be an algebraic number field with the ring of adéles A and
the group of idéles I. Let G = Spy be the symplectic group of rank two defined over
F. Let B be a Borel subgroup of G, and T a maximal split torus in B. Consider
the character

T | . |H ® 1g
of T(A) 2T x 1, where |- |1 is the adélic absolute value on I, and 1y is the trivial
character on 1. The space of automorphic forms on G(A), with cuspidal support in
(the associate class of) B and 7, is denoted A¢py o(x). Then, the Franke filtration
of the space A(py o (x) i the three-step filtration
_ 40 1 2
A(B}om) = AB) o) 2 AB) et 2 AlB}em 2 10}

and the quotients of the filtration are isomorphic to
~ G(A . w
Alpypm) = (Indpz((lsi) (L1 ® Lgp,)) © S(ap,c))" ™
~ 1. 1G(A 1/2 .
AL By o(m) /ALY () = Indpf(g) ((111 o det)| det |}/ ) ® S(ap, c)

~ G A ~ w
A?B},Ap(ﬂ')/‘A}{B},w(‘n’) = (IndBEA;U el ©Ssc)”
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where Ind stands for the parabolic induction, Pi(A), resp. Po(A), is the standard
parabolic subgroup of G with the Levi factor isomorphic to GLa(A), resp. IXSLo(A),
and S(ag,c) is the symmetric algebra on the complexification Gr ¢ of the Z-module
of rational characters of the parabolic subgroup R. The exponents wiz and wo
denote the space of invariant vectors for the action of certain intertwining operators
acting on the induced representations.

In this model theorem, observe that there are two quotients of the filtration
isomorphic to induced representations from a parabolic subgroup of the same rank.
The isomorphisms between the quotients of the filtration and the induced repre-
sentations are constructed using the main values of the derivatives of the Eisen-
stein series. The sample theorem exhibits the situation in which the degenerate
Eisenstein series associated to the residual representation 1 o det of the Levi factor
L1(A) =2 GL2(A) has a pole at the relevant value s = 1/2 of its complex parameter.
The main value of the derivatives of such degenerate Eisenstein series are not well
defined as elements of the full space of automorphic forms. The principal part of
the Laurent series, which is in this example only the residue, of the degenerate
Eisenstein series should contribute to a deeper filtration step, so that the main
values of the derivatives of the degenerate Eisenstein series can be well defined as
elements of the quotient of the filtration.

If the residues were square-integrable, then they would naturally form a deeper
filtration step isomorphic to an induced representation from a parabolic subgroup
of lower relative rank. However, this is not the case in our model theorem. The
residues of the degenerate Eisenstein series are not square-integrable, and still they
must contribute to a deeper filtration step. This is achieved by finding in the
associate class of the cuspidal support m = | - || ® 11 another character of T'(A),
which is the cuspidal support of a degenerate Eisenstein series, holomorphic at
the relevant value of its complex parameter, whose Taylor coefficients contain the
non-square-integrable residues in question.

In our example, we take the character 1 ® | - |1, which is associate to m, and
which is the cuspidal support of the degenerate Eisenstein series associated to the
residual representation 1;®1g7,4) with the relevant value of its complex parameter
s = 0. Since the Eisenstein series is holomorphic at s = 0, the main values of its
derivatives are well defined and contain the residues of the previous degenerate
Eisenstein series. This is the underlying reason for the existence of two different
quotients of the filtration isomorphic to the induced representations from parabolic
subgroups of the same rank. See Section 9.4 for more details.

The model theorem also exhibits the way in which the Franke filtration deals
with functional equations of the Eisenstein series. These functional equations relate
Eisenstein series associated to residual or cuspidal representations which are asso-
ciate under certain elements of the Weyl group, and the relationship is established
via the standard intertwining operators attached to these Weyl group elements.
Invariant vectors for these intertwining operators are taken in the first and the last
quotient to avoid taking twice into account the Eisenstein series which are equal by
the functional equation. For more details see Section 9.2.

Outline of the paper. At the end of the introduction, we outline the contents
of the paper. Following this Introduction, the structure of the symplectic group of
rank two is recalled in Chapter 2 and the basic notation is fixed. The prelimi-
naries regarding the automorphic forms, parabolically induced representations and
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Eisenstein series are collected in Chapter 3. The Franke filtration is introduced in
Chapter 4. Explicit description of the spaces of automorphic forms with cuspidal
support in maximal proper parabolic subgroups is given in Chapter 5. In the case
of the cuspidal support in the Borel subgroup, the analytic properties of Eisenstein
series required in the paper are summarized in Chapter 6, and the results regarding
the explicit description of the Franke filtration are stated in Chapter 7. The proofs
of these results are the subject of Chapter 8. Finally, Chapter 9 points out and
explains the underlying reasons for the properties and features of the Franke fil-
tration present in the case of the symplectic group of rank two. The calculation of
colimits required in the paper is made in the Appendix A at the end of the paper.

Acknowledgments. We would like to express our gratitude to Joachim Schw-
ermer for countless discussions, reading the early drafts of the manuscript and his
help in sharpening the scope of the final paper. We would also like to thank Harald
Grobner, Marcela Hanzer and Goran Mui¢ for many useful conversations.



CHAPTER 2

The symplectic group of rank two

Let F be an algebraic number field. The set of places of F' is denoted by V,
the subset of all archimedean places by V, and the subset of all non-archimedean
places by V;. For the place v € V, let F, denote the completion of F' at v. If
v € Vy, let O, be the ring of integers of F,. Let A be the ring of adeles of F', and
Ay the subring of finite adeles. Let I be the group of ideles of F'. Throughout the
paper, the adelic absolute value on I is denoted by | - |.

Let G = Spy be the symplectic group of rank two defined over F'. It is the
group of isometries of the symplectic form on a four-dimensional vector space over
F. As in [Tad94], we fix a basis of the vector space in which the matrix of the
symplectic form is

. 0 Jo (01
J<_J2 0)’ WhereJQ(1 0>.

Then, for any F-algebra R, we have
G(R) = {g € GL4(R) : tgJg = J},

where g denotes the transpose of g.

We fix, once and for all, the choice of the Borel subgroup B of G such that
B(R) consists of all upper-triangular matrices in G(R). Let B = TU be the Levi
decomposition of B, where T is the maximal F-split torus of G such that T(R)
consists of all diagonal matrices in G(R), and U the unipotent radical. Then, T is
isomorphic to the product of two copies of GLq, that is,

z 0 0 0
0 0
TRY=tew)=| o o 1 o | #veER

00 0 at

The Weyl group of G with respect to T is denoted by W. It is generated by two
simple reflections, which we denote by w; and ws. They are given by their action
on T as

w1 (t(z,y)) = t(y, z),
wa(t(z,y)) = t(z,y~ "),
for z,y € R*. The Weyl group is then
W = {1, w1, wa, w12, wa1, w121, Wai2, Wi212} ,

where we abbreviate the product w;, w;, ... w;, by w;,,. i,. The action of the Weyl
group on the torus 7T is given in Table 3.1 in Chapter 3 below.

The group G has two standard maximal proper parabolic F-subgroups, which
we denote by P; and P». By a standard parabolic F-subgroup we mean a parabolic

7



8 2. THE SYMPLECTIC GROUP OF RANK TWO

subgroup, defined over F', which contains the fixed Borel subgroup B. Let P, =
L;N;, for i = 1,2, be the Levi decomposition, where L; is the Levi factor and N;
the unipotent radical of P;. In our notation, as in [Kim95], the Levi factor L; of
P, is isomorphic to GLs, that is,

nw={uw= (4 s, ) occnm).

while the Levi factor Lo of P» is isomorphic to GLy x SLs, that is,

z 0 0
LQ(R)Z lg(l‘,h): 0 h 01 : xERX,hGSLQ(R) R
0 0 =z

for any F-algebra R. We often use maps [y and ls to identify the Levi factors L,
and Lo with GLy and GL1 x SLo, respectively.

For the moment, let P = LN be one of the standard parabolic F-subgroups
of G,ie, P=B, P=P, P =P o P=_G. Let X*(P) be the Z-module of
F-rational characters of P. Let ap = X*(P) ®z R, and apc its complexification.
The elements of dpc may be identified with certain characters of L(A). We have
apc = C", where r is the relative rank of P, ie., r =2 for P = B, and r = 1 for
P =P, and P = Py, and r = 0 for P = G. The isomorphism is fixed in such a way
that, s = (s1, s2) € C2, for P = B, corresponds to the character

t(z,y) = [ y|>
of T(A), and s = s € C corresponds for P = P; to the character
li(g) = |detg]?
of L1(A), and for P = P; to the character
lo(x, h) — |z|°

of L2 (A)

The restrictions of characters from L(A) to T(A) give rise to the inclusions of
dpc into dp,c, which we denote by ¢p. In particular, for P = P, and s € ap, ¢, we
have

v (s) = (s,5) € apc,
and for P = P, and s € ap, ¢, we have

Lp, (S) = (570) € ElB,(C-
For P = B, the inclusion ¢p is the identity map on dp c. Although dg ¢ is trivial,
it is convenient to denote its inclusion into dg ¢ by tg.

The choice of the Borel subgroup determines the positive Weyl chamber in ag c.
In coordinates, it consists of all (s1,s2) € @p ¢ such that Re(s;) > Re(s2) > 0. We
denote by

¢t ={(s1,82) €ap : 51 > 59 >0}
the real part of the positive Weyl chamber, and by

¢t = {(s1,80) €Edp : 51> 59 >0}
the real part of its closure. The choice of the Borel subgroup also determines the
positive Weyl chamber in apc for P = P, and P = P,. In both cases, the positive
Weyl chamber consists of all s € @pc such that Re(s) > 0, the real part of the
positive Weyl chamber is given by s > 0, and its closure by s > 0.
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In the definition of the Franke filtration, the closure of the negative obtuse
Weyl chamber in dap is also required. It consists of all (s1, s2) € dp such that

81§O
s1+s2<0

in coordinates as above.

We fix, once and for all, a maximal compact subgroup K of the adelic group
G(A), which is the product K =[], K, of the fixed maximal compact subgroups
K, of G(F,) such that K, = G(O,) for every place v € Vy. Then, K is in good
position with respect to B in the sense of [MW95, Sect. 1.1.4].

Let Goo = [[,ey. G(Fy) be the archimedean part of the adelic group G(A).
Then the product Ko, = Hvevoc K, is a maximal compact subgroup of G,. The
real Lie algebra of G is denoted by goo, and its complexification by goo,c. The
universal enveloping algebra of g c is denoted by U, and Z denotes its center.






CHAPTER 3

Spaces of automorphic forms

In this chapter we collect all the necessary preliminaries regarding automorphic
forms required in the rest of the paper. In particular, we recall briefly the definition
of automorphic forms following [BJ79], introduce parabolically induced represen-
tations and Eisenstein series, and discuss their basic properties. Finally, we define
the spaces of automorphic forms with a fixed cuspidal support. These are the main
objects of study in this paper.

Throughout this chapter, let P = LN be one of the three standard proper
parabolic F-subgroups of G, i.e., P =B, P = P, or P = P,. We use freely the
notation introduced in the previous chapter.

3.1. Automorphic forms

Let A = A(G(F)\G(A)) be the space of automorphic forms on G(A), as defined
in [BJ79]. Recall that a function on G(A) is an automorphic form if it is

smooth,

left G(F')-invariant,

K-finite,

Z-finite, and

of uniform moderate growth,

cf. loc. cit. Since K-finiteness is not preserved by the action of G, the space
A of automorphic forms carries only the structure of a (goo, Koo; G(Ay))-module.
Nevertheless, we often refer to such modules as representations of G(A), although
strictly speaking there is no action of the full adelic group.

Given a parabolic F-subgroup @ of G, the constant term of an automorphic
form f € A along @ is defined as

falg) = f(ng)dn,

/NQ(F)\NQ (A)

where Ng is the unipotent radical of @, and dn is an appropriate Haar mea-
sure, cf. [MW95, Sect. 1.1.13]. An automorphic form f is cuspidal if its constant
term fgo = 0 along all proper parabolic F-subgroups of G. The space of cuspidal
automorphic forms on G(A) is denoted by Acusp = Acusp(G(F)\G(A)). It is a
(8oos Koo; G(Af))-submodule of A, which exhibits a direct sum decomposition into
irreducible modules [GGPS90]. The irreducible summands in this decomposition
are referred to as cuspidal automorphic representations of G(A).

The space of automorphic forms and cuspidal automorphic forms on the Levi
factors L(A) are defined in the same way as on the full group G(A). Hence, we may
talk about cuspidal automorphic representations of L(A).

11



12 3. SPACES OF AUTOMORPHIC FORMS

TABLE 3.1. The action of the Weyl group on the torus and the
character x1| - |** ® x2| - |*2 of T'(A).

weW | wt(z,y) | wls,se) |whxa®@xe) | wxi|- [ @ xe|-[*?)

1 t(z,y) (s1,82) X1 @ X2 xil - [ @ xal - 2
wy t(y, ) (s2,51) X2 ® x1 xz| - 72 @ xal - [
wy t,y™) | (s1,-s2) | xu®@xa' | xal-[rexgt-T
wiz | tyThe) | (=s2,s) | xol@xa | o ITT @l
w21 ty,a™') | (s2,—s1) | xe®@xi' | Xxel-[@xi-
wigr | HaThy) | (msnse) | Xt ®xe | oxa T @ xel |

wora |ty Lol | (=s2,—s1) | xo @it [ xR e T

(
wizrz | Ha Ly | (=s-s2) [ xitexs ! [ xit T et T

Let " be a unitary cuspidal automorphic representation of L(A). We may
write

T2 x1 ®x2, for L=T,
where x; and xo are unitary Hecke characters of I, and
™2 xy®0o, for L= Loy,

where y is a unitary Hecke character of I and o a unitary cuspidal automorphic
representation of SLy(A). For L = L1 & GLy, we have 7% is a unitary cuspidal
automorphic representation of GLo(A). We always assume that 7% is normalized in
such a way that it is trivial on the connected component of the archimedean part of
the center of the Levi subgroup L. This assumption is not restricting, as explained
in [KimO04, page 121]. It is just a convenient choice of coordinates, which makes,
in what follows, the relevant poles of the Eisenstein series associated to 7 real.

The action of the Weyl group W on T gives rise to the action of the Weyl group
on dap,c and on the unitary characters 7" = x1 ® x2 of T'(A). Combining these two
actions gives rise to the action of the Weyl group on characters m = x1|-|** ® x2|-|*2.
All these actions are given in Table 3.1.

3.2. Induced representations and Eisenstein series

Let s € apc. We denote by Ip(s,7*) the representation of G(A) parabolically
induced from the representation 7 of the Levi factor L(A) twisted by the character
corresponding to s and extended trivially on N(A), as in [Shal0], [MW95]. More
precisely,

P=B,
Indgﬁii (xal - I ®@xal - %2), for w:jzclleix)z
Ip(s,m") = { Ind§()) (r*|det |*) for F=50
P=P,,
md§E) (-1 @ o) for xtay e,

s=Ss.
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The parabolic induction is always normalized by pp, so that it preserves unitariz-
ability, where pp denotes the half-sum of positive roots of G with respect to T' that
appear in the unipotent radical N of P. It equals

PB = (27 1)7 PP = 3/27 PP, = 27

viewed as an element of apc = C".

For a unitary cuspidal automorphic representation 7" as above, let V;u be
the submodule of the space of cuspidal automorphic forms on L(A) isomorphic
to 7*. Since the multiplicity one theorem holds for the cuspidal spectrum of the
Levi factors [Sha74], [Ram00], such V,u is well defined. Let Wy be the space of
K-finite smooth functions

£ L(F)N(A\G(A) — C

such that the function given by the assignment m +— f(mg) belongs to V. for all
g € G(A).
For f € Wru, and an element s € dpc, let

fs(g) = f(g) - (s +pp)(ly)

for g € G(A), where s + pp on the right-hand side, abusing the notation, stands
for the character of L(A) corresponding to s + pp € apc under the isomorphism
introduced above, and I, is an element in L(A), which appears in the decomposition
g = nglgky of g according to the Iwasawa decomposition of G, ie., ngy € N(A),
lg € L(A), kg € K. Although such [, € L(A) is not uniquely determined by g, the
value (s + pp)(ly) of the character on I, is independent of that choice.

The Eisenstein series associated to 7 are defined, at least formally, as

E(f,9)9)= >,  fs(a),

YEP(FN\G(F)

where f ranges over Wy . The defining series is absolutely and locally uniformly
convergent for s in a positive cone deep enough in the positive Weyl chamber defined
by P. It can be analytically continued to a meromorphic funtion of s in the whole
space ap,c. For these and other properties of Eisenstein series, we refer the reader to
[MW95, Chap. IV] and [Lan76, Sect. 7]. The analytic properties of the Eisenstein
series associated to " are crucial for the description of the Franke filtration of the
space of automorphic forms with the cuspidal support in the associate class of 7%
twisted by a character corresponding to some s, € dp, which is defined in the
following section.

However, in the description of the Franke filtration, besides the Eisenstein series
associated to the cuspidal automorphic representation 7%, we must deal with the
Eisenstein series associated to certain residual representations II of the Levi factor
Li(A) of standard parabolic subgroups R of G. These Eisenstein series are referred
to as the degenerate Eisenstein series. They are constructed in the same way as
the Eisenstein series associated to w*. The function f is chosen in the space Wi,
which is the analogue of W;«, and the complex parameter is taken from ag c.

3.3. Decomposition along the cuspidal support

We now recall the definition of the space of automorphic forms with a given
cuspidal support following [FS98, Sect. 1.3]. An alternative definition is provided
in [MW95, Chap. III], and it is proved in [FS98, Sect. 1.4] that the two definitions
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are equivalent. In fact, the Franke filtration of the space of automorphic forms is
precisely the underlying reason for the equivalence of the two definitions. It allows
the definition of the space of automorphic forms with a given cuspidal support in
terms of Eisenstein series.

We first fix a cuspidal support. Let P be one of the three standard proper
parabolic F-subgroups of G with the Levi decomposition P = LN. We denote by
{P} the associate class of parabolic F-subgroups represented by P. It consists of
all parabolic F-subgroups of GG such that its Levi factor is conjugate to L. We also
consider the associate class {G} of the full group G, which is a singleton.

Let ©#* be a unitary cuspidal automorphic representation of the Levi factor
L(A), as above. Let s, € ap. The associate class of cuspidal automorphic repre-
sentations represented by m = 7 ® s, i.e., 7 twisted by the character of L(A)
corresponding to s, is denoted by o(7), cf. [FS98, Sect. 1.2]. More precisely, ¢(m)
is a finite family of finite sets @g(7), indexed by parabolic F-subgroups @ in the
associate class {P}, such that @g(m) consists of cuspidal automorphic representa-
tions of the Levi factor Lg(A) of @, constructed as follows. For Q € {P}, if w is an
element of the Weyl group W such that the Levi factors are conjugate by w, i.e.,
wLgow™! = L, then the conjugate w(r) of ™ by w is in g (7). We will choose, as
we may, the representative of the associate class ¢(m) in such a way that s, € ap
belongs to the closure of the positive Weyl chamber determined by P. Hence, we
always assume that 7 is chosen in such a way. For the special case of the associate
class {G}, we take m = " to be a unitary cuspidal automorphic representation of
G(A).

We refer to the pair ({P}, p(m)) as the (full) cuspidal support, where {P} is
an associate class of parabolic F-subgroups and () an associate class of cuspidal
automorphic representations of the Levi factors of parabolic subgroups in {P}.
We now define the space Aypy ,(r) of automorphic forms supported in a given
cuspidal support ({P}, p(7)), where m & 7% ® s,. Stating the results on the Franke
filtration with regard to the full cuspidal support 7, instead of only its unitary
part %, is an important improvement in making the statements simpler and more
comprehensible.

Let E(f,s) be the Eisenstein series associated to 7“, where f ranges over the
space Wy, as defined in Section 3.2. According to the analytic properties of the
Eisenstein series, cf. [MW95, Chap. IV], the poles of the Eisenstein series F(f,s)
in the closure of the positive Weyl chamber determined by P all lie along a locally
finite family of singular hyperplanes. Hence, we may find a polynomial p on ap
such that

p(s)E(f,s)

is holomorphic around s, for all f € Wru. The space A{py,,(r) is defined as the span
of all the coefficients in the Taylor expansions around s = s, of these holomorphic
functions, as f ranges over Wyu. It carries the structure of a (geo, Koo; G(Ay))-
module.

In the special case of the associate class {G} and a cuspidal automorphic repre-
sentation m = 7 of G(A), the above construction of the Eisenstein series is empty,
and the space A;qg} o(x) is the space of cuspidal automorphic forms on which the
representation 7 acts. This special case gives rise to the space of cuspidal automor-
phic forms on G(A), which decomposes into a direct sum of irreducible cuspidal
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automorphic representations [GGPS90], and thus the Franke filtration of each
summand is trivial.

The goal of this paper is to provide an explicit description of the Franke fil-
tration for the (goo, Koo; G(Af))-modules Agpy (), with P # G, for all possible
cuspidal supports. Since the space A of automorphic forms on G(A) exhibits a
direct sum decomposition indexed by the cuspidal support, cf. [FS98, Sect. 1.4],
[MW95, Sect. I11.2.6], this is sufficient to completely describe the Franke filtration
of A.






CHAPTER 4

Definition of the Franke filtration

The Franke filtration is a filtration of spaces of automorphic forms, defined
in [Fra98, Sect. 6], such that the successive quotients of the filtration may be
described in terms of parabolically induced representations. In this chapter we
recall the definition, but take a different approach than the original one. The main
point is to fix the full cuspidal support of the considered automorphic forms.

4.1. Fixing the full cuspidal support

The Franke filtration was first defined in [Fra98, Sect. 6] in a slightly different
setting than the one taken here. More precisely, in loc. cit. only the associate
class of parabolic F-subgroups, but not the full cuspidal support, is fixed. Instead
of the full cuspidal support, an ideal J of finite codimension in the center Z of
the universal enveloping algebra is fixed. Then the space A7 of all automorphic
forms on G(A) which are annihilated by a power of J is considered. This is not
restrictive, because the condition of Z-finiteness in the definition of an automorphic
form implies that, for any automorphic form, there is an ideal of finite codimension
in Z which annihilates it. From the cohomological point of view, the approach taken
by Franke is natural, because the coefficient system for the cohomology determines
the ideal 7, cf. [BWO0O]. The space A carries the structure of a (goo, Koo; G(Ay))-
module. Franke defines in [Fra98, Sect. 6] the filtration for submodules A7 py of
A 7 of automorphic forms annihilated by a power of 7 and with the cuspidal support
in the associate class {P}, without further reference to a cuspidal automorphic
representation of the Levi factor.

In our setting, the fixed full cuspidal support ({P}, (7)) provides the nec-
essary finiteness condition for the description of the Franke filtration, as well as
the possibility to make the description very explicit. In fact, given such full cus-
pidal support, there exists an ideal J of finite codimension in Z, although not
unique, such that Agp; ,(x) is a submodule of Ay and Az p;. The approach
taken here was already applied in the calculation of residual Eisenstein cohomology
in [GG13b], [GS21], [Grol3], and also implicitly in [FS98], [GS11b], [GS11a],
[GS10], [GS14], [GS19], [GG13a], [Grbl8], in the description of the Franke fil-
tration for spaces of automorphic forms supported in a maximal proper parabolic
subgroup in [Grb12], and in the study of certain phenomena in the Franke fil-
tration of the spaces of automorphic forms on the general linear group [GG22].
Observe that the paper [GG13b] also considers the symplectic group of rank two.
However, in that paper, the Franke filtration is determined only for those cusp-
idal supports which may possibly contribute to cohomology. This simplifies the
description considerably, as the possible values of s, are quite regular. Many of the
interesting features of the filtration do not occur in such regular situations. Note
that in [GG13b], we only fix the unitary cuspidal support 7%, and the possible

17
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values of s, are determined by the coefficient system for the cohomology through
the ideal J. Fixing also the character corresponding to s, makes the exposition
much more comprehensive.

4.2. The category of triples

We now describe the Franke filtration of the space A{py ,(x) in terms of the
cuspidal support ({P},¢(7)). Essentially, we follow [Fra98, Sect. 6], with the
addition of keeping track of the cuspidal support, as in [Grb12]. Let Mypy ()
be the set of triples (R, 11, z), where

e R is a standard parabolic F-subgroup of G containing an element of the
associate class {P}, with the Levi factor Lg,

e II is a discrete spectrum representation of the Levi factor Lr(A),

e 2 is an element of the closure of the positive Weyl chamber in ag, such that
the twisted representation II® z, by the character of Lr(A) corresponding
to z, has cuspidal support in ({P}, p(7)).

The infinitesimal character z; of II and z may be viewed as elements of ag under
inclusions arising from restrictions of characters as in [FS98, page 769] and Chapter
2. The third requirement in the definition imposes that the sum of zj; and z belongs
to the Weyl group orbit of tp(s,). Observe that the set of possible z that appear in
the triples, for a given cuspidal support, is finite. This is because it is certainly a
subset of the finite set of all natural projections of the elements of the Weyl group
orbit of tp(sgy) to dg for all standard parabolic F-subgroups @) of G. We denote by
S{P},o(x) the finite set of natural inclusions tg(z) into dp of all z that appear as
the last entry in the triples in Mypy o (x)-

Given a non-negative integer k not greater than the rank of G, i.e., k € {0, 1,2},
let M]{gp},ap('n') be the subset of triples (R, I, z) in M{p} ,(x) such that the rank of R

is k. Consider the set M’EP},@(W) as the set of objects of a groupoid, with morphisms
defined as follows. Given a parabolic F-subgroup @ of G, with the Levi factor Lg,
let W, be the Weyl group of Lg, and let WS denote the set of minimal coset
representatives for right cosets in W, \W. By the minimal coset representative,
also known as the Kostant representative, we mean the unique element of minimal
length in its right coset [Kos61]. Let W (Lg) denote the set of all w € W< such
that the conjugate of Ly by w is the Levi factor of a standard parabolic subgroup
of G, as in [MW95, Sect. 1.1.7]. If (R,II, z) and (R',II', ') are two (possibly equal)
triples in Mypy o(x), the set of morphisms between them is the set of all w € W (R)
such that wLrw ™! = L/, and the conjugates w(r) = 7’ and w(z) = 2'.

Having organized the set M’E Pho(n) into a groupoid, we may define a functor
M from that groupoid to the category of (goo, Koo; G(Af))-modules. It acts on the
objects as

M((R,11,2)) = Ir(z,11) ® S(dr,c),

where Ir(z,II) is the induced representation as above, and S(ag,c) is the symmetric
algebra of dr c. The action of go, Ko and G(Ay) is defined as in [Fra98, page
218]. The action of the functor M on a morphism w is defined in terms of the
intertwining operator associated to w and its derivatives, as in [Fra98, page 234].
We omit the precise formula, as it is not required for the purposes of this paper.

In order to define the filtration, we need some way to organize the contributions
of triples in Mypy o(x). On the finite set Syp} ,(x) of inclusions tg(z) into ag, we
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define a partial order in which
Lr(2) = tri(2)

ifand only if tg(2) # tr/(2') and tr(2) —tr/ (2') belongs to the closure of the negative
obtuse Weyl chamber in ap introduced in Chapter 2. If we write in coordinates
tr(2) = (¢1,¢) and g/ (2') = ({1, (%), then tg(2) = tr (2') if and only if

G <
G+G<G+EG

and (C1,C2) # (¢1,¢2)-

Let Tpy () be a function on the finite set S;py ,(r), taking integer values,

such that
T{P}u@(ﬂ')([’R(g)) > T{P},g@(ﬂ')([/R' (él))

whenever tg(z) = tr(2). Such function is not unique, but any choice of T(py ,(r)
defines equivalent filtrations in the following sense. If a non-trivial quotient of
the filtration obtained by certain choice of the function T{py ,(r) is a direct sum
of (goo; Koo; G(Ay))-modules arising from several triples in MIEP},SO(W), then some
other choice of T py () may result in the filtration in which the summands appear
as different quotients. Examples of this phenomenon are provided below, see also
Chapter 9. Except for this minor deviation, the non-trivial quotients are the same
and appear in the same order.

We now fix a function T = Typ} ,(r) satisfying the condition above. Given

an integer 7, let M?}JT}’;(W) denote the set of triples (R,1II, z) in M?P}W(W) such

that T'(tg(z)) = ¢. Then the set M?£i¢(w) determines a full subcategory of the

groupoid M?P}’@(ﬂ) .

4.3. Definition and construction of the filtration

We are now ready to state the main theorem of [Fra98] regarding the Franke
filtration. Our statement slightly differs from the original one, because we take into
account the full cuspidal support, as explained in Section 4.1.

THEOREM 4.1. [Fra98, Thm. 14] There exists a descending filtration

7 i+1
e :_) A{P},LP(TI') :_) A{P},Lp(’n’) :_> “ee

of the (goo; Koo; G(Af))-module Agpy (), indeved by the integers, such that

2

j i1 ~ .
A%P}’w(ﬂ)/A{}}w(ﬂ) = colim M((R7 H,g))

k,T,i
p—o (RILZ)EM LYy

2
= GB colim Ir(z,1I) ® S(ar.c),

KT,
k=0 (RILZ)EM By )

where the colimit is the colimit in the category of (§oc, Koo; G(Af))-modules of the

functor M, restricted to M}E}%iw(w), in the sense of [Mac71, Sect. I11.3] and Ap-

pendix A below. Since T is defined on a finite set, only finitely many quotients of
the filtration are non-trivial.
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The isomorphisms in the above theorem are constructed using the main values
of the derivatives of the Eisenstein series. More precisely, given a triple (R,II, 2)
in M?If}lw (x)> the degenerate Eisenstein series E (f,s), associated to the residual
representation IT of Lr(A), are constructed in the same way as the Eisenstein series
associated to 7" in Section 3.2. Here f € Wi and s € agc, so that fs is a section
of the family of induced representations Ir(s,II). The elements of the symmetric
algebra S(apc) are viewed as linear combinations of iterative derivatives. We
denote by 0%/Js* the iterative derivative given in coordinates by a multi-index
a, and view it as an element of S(dg,c). The isomorphism is then given by the

assignment
o 0“E(f,s
fs®— = MV, (8;{ >) .

The main value MV at s = 2z of the derivative of the Eisenstein series is defined as
the constant term in its Laurent expansion around s = z along any line in generic
position passing through z. However, the main value at s = z is well-defined only
if the Eisenstein series is holomorphic at s = z. Otherwise, the main value is only
well-defined as an element of the quotient

Apy o AP} ()

The underlying reason is that the coefficients in the principal part of the Laurent
series should have already been assigned into deeper quotients of the filtration.
Hence, whenever the Eisenstein series associated to (R,1I, z) have a pole at s = z,
there should be other triples which contribute to deeper quotients of the filtration,

e., those with larger ¢’s, such that the coefficients in the principal part of the
Laurent series already occur as main values of derivatives of Eisenstein series asso-
ciated to these other triples. For more details see [Fra98, Sect. 6] and [FS98, page
775]. This interesting phenomenon occurs in the Franke filtration of G = Spo, as
exhibited below, as well as in the case of the general linear group [GG22], and the
exceptional group Go as observed in [Fra98|.



CHAPTER 5

Filtration for the support in a maximal parabolic
subgroup

Let P;, ¢ = 1,2, be one of the maximal proper parabolic F-subgroups of G,
as in Chapter 2. Let P; = L;N; be its Levi decomposition, where L; is the Levi
factor, and N; the unipotent radical. Recall that in our notation L; = GLs and
Lo 2 GL; ® SLs.

We fix the cuspidal support ({P;},¢(m)), where @ & 7% ® s, is a unitary
cuspidal automorphic representation 7% of L;(A) twisted by the character of L;(A)
corresponding to sy € ap, in the real part of the closure of the positive Weyl
chamber, i.e., sop > 0, as in Section 3.3.

We form the Eisenstein series E(f,s) associated to 7%, as in Section 3.2. The
analytic properties of these Eisenstein series are crucial for the explicit description
of the Franke filtration of the (goo, Koo; G(Af))-module Afp,y ,(x)- The Franke
filtration in the case of cuspidal support in a maximal proper parabolic F-subgroup
of any connected reductive linear algebraic group G is described in [Grb12] in terms
of the analytic properties of the Eisenstein series E(f,s) at the value s = s¢ of its
complex parameter. Observe that the condition F' = Q in loc. cit. is not really
necessary, it only slightly simplifies the notation, and the results hold, with the
same proof, for any algebraic number field F. We now recall the main theorem of
loc. cit. in our setting.

THEOREM 5.1. [Grb12, Thm. 3.1] Let G = Sps be the symplectic group of rank
two defined over F. Let ({P;}, p(m)) be a fized cuspidal support, where m =2 1“®s, is
a unitary cuspidal automorphic representation ™ of L;(A) twisted by the character
of L;(A) corresponding to so € ap, with sg > 0.

Then, the Franke filtration of the (§oc, Koo; G(Ay))-module A(p,} o (x) is at most
a two-step filtration

Arpyem) 2 Lipyem 2 {0
where Lip,y o(x) 15 the (possibly trivial) space of automorphic forms spanned by the
residues at s = so of the Eisenstein series E(f,s) associated to . This space
is precisely the space of square-integrable automorphic forms in Agpy o(x)- The
quotient is always non-trivial and isomorphic to

) Up(0,7)®@5S(@p,c)”, if so="0 and w(z") = 7",
Ay o)/ LiPYp(m) & ] '
Ip,(s0,m) ® S(ap, c), otherwise,

as @ (goo, Koo; G(Ay))-module, where w(m") denotes the representation conjugate
to ™ by the unique non-trivial element w € W (L;), and (Ip,(0,7*) @ S(ap, c))”
stands for the space of invariant vectors for the action of the operator M(w) on
Ip,(0,7") ® S(ap, c), where M is the functor introduced in Section 4.2.
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5.1. Analytic properties of Eisenstein series supported in a maximal
parabolic subgroup

The analytic properties of the Eisenstein series E(f, s), associated to a unitary
cuspidal automorphic representation 7 of L;(A) as in Section 3.2, are determined
by Kim in [Kim95]. He also describes the space of automorphic forms spanned
by their residues at a pole. We now recall two of his results, which are required to
make Theorem 5.1 explicit in the case of the symplectic group of rank two.

THEOREM 5.2. [Kim95, Thm. 3.3] Let G = Spy be the symplectic group of
rank two. Let Py be the standard parabolic F-subgroup of G with the Levi factor
Ly &2 GLy. Let m be a unitary cuspidal automorphic representation of Lqi(A) =
GL2(A). Suppose that sg is in the real part of the closure of the positive Weyl
chamber in ap, c, i.e., so > 0.

Then, the Eisenstein series E(f,s), associated to ", is holomorphic at s = sg
for all f € Wy, except in the case

® Sp — 1/2,
e the central character of @ is trivial, and
e the principal automorphic L-function L(s, ), attached to ™", is non-zero
at s =1/2.
In that case, for all f € Wy the pole at s = 1/2 is at most of order one, and the
space spanned by the residues of the Fisenstein series E(f,s), associated to w*, is
the residual representation of G(A) isomorphic to

span {Ress:1/2E(f7 S) : f € Wﬂ'“} = JP1(1/2a7Tu)7
as a (goo, Koo} G(Af))-module, where Jp, (1/2,7") = QuevJp, (1/2,7) is isomor-

v
phic to the restricted tensor product over all places v of F of irreducible repre-
sentations Jp, (1/2,7%) of G(F,). The representation Jp, (1/2,7Y) is the unique

irreducible quotient of the induced representation Ip, (1/2,7%).

Before stating the second result of [Kim95], we need a technical remark. Let o
be a cuspidal automorphic representation of SLa(A). According to [Fli92, Lemma
1.9.2], see also [LL79], o is an irreducible summand in the restriction from GLy(A)
to SLa(A) of a unitary cuspidal automorphic representation o’ of GLy(A). The
representation o is called monomial if ¢’ is monomial, i.e., if there exists a non-
trivial character n of I such that ¢’ ® n = ¢’. Then 7 is quadratic, and hence
determines a quadratic extension E/F by class field theory. The main result of
[LL79], see also [GJ78, Sect. 3.7], associates to o’ a (not necessary unitary) Hecke
character ) of the group of ideles I of E. Let Q¢ be the Hecke character of Ig
conjugate to €.

If Q(Q¢)~* factors through the norm map Ng,p as

Q)" =75 o Ng/p,
then 7’ is another quadratic Hecke character of the group of ideles of I. In this case
there are three quadratic characters 1, ’ and nn’ such that
o= en=2d en 2o @0y,
that is, o’ twisted by one of these characters is again isomorphic to ¢’. Otherwise,

that is, if Q(2°)~! does not factor through the norm map Ng/p, then 75 is the
unique such character determined by o.
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THEOREM 5.3. [Kim95, Thm. 4.1] Let G = Sps be the symplectic group of
rank two. Let Py be the standard parabolic F-subgroup of G with the Levi factor
Lo 2 GLy X SLy. Let m 2= x® 0 be a unitary cuspidal automorphic representation
of La(A) 2T x SLa(A), where x is a unitary Hecke character of the group of idéles
I, and o a cuspidal automorphic representation of SLa(A). Suppose that so is in
the real part of the closure of the positive Weyl chamber in ap, ¢, i.e., so > 0.

Then, the Eisenstein series E(f,s), associated to ©*, is holomorphic at s = sg
for all f € Wy, except in the case

® Sy = ]-7

e the representation o is monomial, and

e the character x is determined by o, more precisely, in the notation intro-
duced before the statement of the theorem, x is one of the quadratic char-
acters n, n' and nn' if the character Q(Q°)~1 factors through the norm
map Ng/r, and x =1 otherwise.

In that case, for all f € Wyu the pole at s = 1 is at most of order one, and the
space spanned by the residues of the Eisenstein series E(f,s), associated to ©*, is
the residual representation of G(A) isomorphic to

span {Ress—1 E(f,8) : f € Wyru} = Jp, (1, 7%),

as @ (goo, Koo; G(Ay))-module, where Jp,(1,7) = ey Jp, (1, my) is the restricted
tensor product over all places v of F' of irreducible representations Jp,(1,7) of
G(Fy). The representation Jp,(1,7%) is the unique irreducible quotient of the in-
duced representation Ip,(1,7%).

5.2. Results for the support in a maximal parabolic subgroup

As a consequence of these two theorems of Kim, we can make Theorem 5.1
explicit. We omit the proofs, as they follow directly from the general description
of the Franke filtration, once the analytic properties of the Eisenstein series are
known. Note that the condition 7% = 7% in Theorem 5.4 below, where 7 is the
representation contragredient to 7%, and the condition that x?2 is trivial in Theorem
5.5 below, arise from the fact that the conjugate of 7" by w is

wir) = {

—u

T, fori=1
x '®o, fori=2,

where w is the unique non-trivial element in W(L;) with ¢ = 1,2. Thus, the

condition w(r") = 7* in Theorem 5.1, becomes 7 m* in Theorem 5.4, and
x~!=x,ie., x> =1 in Theorem 5.5.

U o~ U

-1

THEOREM 5.4. Let G = Sps be the symplectic group of rank two. Let Py
be the standard parabolic F-subgroup of G with the Levi factor Ly = GLo. Let
({P1}, p(m)) be a fized cuspidal support, where m = 74 ®| det |*° is a unitary cuspidal
automorphic representation ™ of L1(A) = GL2(A) twisted by the character of
L1(A) corresponding to sg € ap, with so > 0.

(1) If the following assertions
® Sy = 1/2,
e the central character of m is trivial, and
o the principal automorphic L-function L(s, ") is non-zero at s = 1/2,
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are all satisfied, then the Franke filtration of the (goo, Koo; G(A}))-module
AP, }p(x) 18 a two-step filtration

Agpiyen) 2 Lipyeen 2 10}

where, in the notation of Theorem 5.2,

Lipye = Jp (1/2,7),

and

Agpyem) / Lipy e = Ip (1/2,7) @ S(ap, ¢,

s (goo, Koo; G(Ay))-modules.

(2) Otherwise, that is, if one of the three assertions above is not satisfied, the
Franke filtration is only one-step filtration, and the full space A(p,} o(x)
18 isomorphic to

~ (IP1 (Oaﬂ—u) ® S(ﬁpl,(:))w ) Zf so=10 and T & T,
AP} p(m) = ) ‘
Ip (so,m) @ S(ap, c), otherwise,

as @ (goo, Koo; G(Ay))-module, where T is the representation contragre-
dient to m, and (Ip, (0,7") ® S(ap, c))" stands for the space of invariant
vectors for the action of the operator M (w) on Ip, (0,7*)@S(dp, c), where
w = way2 18 the unique non-trivial element in W (L1) and M is the functor
introduced in Section 4.2.

THEOREM 5.5. Let G = Spo be the symplectic group of rank two. Let P be
the standard parabolic F-subgroup of G with the Levi factor Lo = GLy X SLs.
Let ({Pa2}, p(m)) be a fized cuspidal support, where m = x| - |%° ® o is a unitary
cuspidal automorphic representation ™ = x ® o of La(A) =2 1 x SLy(A) twisted
by the character of La(A) corresponding to sg € Gp, with sg > 0, where x is a
unitary Hecke character of the group of idéles 1, and o is a cuspidal automorphic

representation of SLa(A).

(1) If the following assertions
® So = 1)
e 0 is a monomial representation, and
e x is one of the characters determined by o as in Theorem 5.3,
are all satisfied, then the Franke filtration of the (goo, Koo; G(Ay))-module
A(py},o(m) 5 a two-step filtration
Ay 2 Lipoy e 2 {0},

where, in the notation of Theorem 5.3,
Lipy o) = Jp(17),
and

Apoy o)/ Lpoy o(m) = Iy (1,7) @ S(ap, c),
as (goo; Koo; G(Af))-modules.
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(2) Otherwise, that is, if one of the three assertions above is not satisfied, the
Franke filtration is only one-step filtration, and the full space A(p,} o(x)
18 1somorphic to

(Ip,(0,7) @ S(ap,c))”, if so =0 and x? is trivial,

1%

AP} o (m)
e Ip,(so, ™) @ S(ap,.c), otherwise,
as a (goos Koo; G(Ay))-module, where (Ip,(0,7%) ® S(ap,c))"” stands for
the space of invariant vectors for the action of the operator M(w) on
Ip,(0,7") ® S(ap, c), where w = wi21 s the unique non-trivial element
in W(Ls) and M s the functor introduced in Section 4.2.






CHAPTER 6

Analytic properties of Eisenstein series supported
in the Borel subgroup

In this chapter, the Eisenstein series supported in the Borel subgroup B are
studied. The Borel subgroup B of G, with the Levi decomposition B = TU, is
fixed as in Chapter 2. We retain the notation of previous chapters.

Let 7 = x1 ® x2 be a unitary character of T'(A) = I x I, where x; and x2
are unitary Hecke characters of the group of ideles I. We fix an element s, =
(507175072) S Q:j, i.e., 50,1 > 50,2 > 0. Let

m=xa|-[7" @ xaf - [*

be the unitary character 7% of T'(A) twisted by the character of T'(A) corresponding
to sy. Table 3.1 gives the action of the Weyl group W on the character 7, which also
determines the action on (s1,s2) € ap ¢ and on the unitary character 7% = x1 ® x2
of T(A).

6.1. Eisenstein series on GLy(A) and SLy(A)

Given a cuspidal support ({ B}, ¢(m)), where () is the associate class of 7, the
Franke filtration of the (goo, Koo; G(Ay))-module Agpy ,(x) of automorphic forms
supported in ({B}, ¢(m)) is closely related to the analytic properties at s = s,
of the Eisenstein series E(f,s) associated to 7%, where f € Wy w, as in Section
3.2. Moreover, the analytic properties of the Eisenstein series on the Levi factors
Li(A) =2 GLy(A) and La(A) =2 GL1(A) x SLy(A) with the support in () are also
required for the Franke filtration of Apy ,(x). Therefore, we first recall the well
known analytic properties of the Eisenstein series on GL3(A) and SLy(A).

THEOREM 6.1. Let GLs be the general linear group of rank one defined over F'.
Let Bar,, be a Borel subgroup and T, = GL1 xGL; the maximal split torus of GLo
contained in Bgr,. Let py ® pa be a unitary character of Tgr,(A) 2 IQ1, where py
and pe are unitary Hecke characters of the group of idéles I of F', normalized as in

Section 3.1. Let EGL2(f,s) be the Eisenstein series constructed from f € Wﬁ%w

where Wﬁ%ﬁuz is the analogue in the case of GLo of the space Wy of Section 3.2,
and s = (s1,82) € aBg,,.c i the compler parameter. Suppose that s, = (50,1,50,2)
is in the real part of the closure of the positive Weyl chamber determined by Bar,,
i.e., 80,1 = 80,2 are real numbers.

Then, the Eisenstein series ESL2(f,s) is holomorphic at s = s, for all f €

Wﬁ%ﬁm, except in the case

® (1 = p2, and
® 50,1 —So2 = 1.

27
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TABLE 6.1. Singular hyperplanes for the Eisenstein series E(f, s)
associated to *, where T = 1 ® X2 is a unitary character of T'(A)
and s = (s1,52) € ap,c is the complex parameter, with equations
in (s1,$2) € ap and conditions on y; and y2 for the pole along
singular hyperplanes.

Hyperplane | Equation | Condition on 7% = x1 ® X2
G s1—s2=1 X1 = X2
62 So = 1 X2 = 1
(CP 51 +85=1 X1 =x5"
64 51 = 1 X1 = 1

In that case, for all f € Wﬁggm the pole of EGL2(f, s) is at most of order one, and
the residues span the residual representation isomorphic to
s0,1+50,
(wodet)|det| =,
where we write . = 1 = Uo.

THEOREM 6.2. Let SLo be the special linear group of rank one defined over
F. Let Bgr, be a Borel subgroup and Tsy, = GL1 the maximal split torus of SLqy
contained in Bgr,. Let u be a unitary Hecke character of Tsr,(A) =21, normalized
as in Section 8.1. Let ESF2(f,s) be the Eisenstein series constructed from f €
W;?LQ, where WELZ is the analogue in the case of SLo of the space Wyu of Section
3.2, and s € apg,, c is the complex parameter. Suppose that sy is in the real part
of the closure of the positive Weyl chamber determined by Bgr,,, i.e., so > 0 is a
real number.
Then, the Eisenstein series EST2(f,s) is holomorphic at s = so for all f €
W;?LZ, except in the case
o 1 =1 is the trivial character of I, and
® Sp — 1.
In that case, for oll f € Wsz the pole of E5L2(f,s) is at most of order one, and
the residues span the residual representation isomorphic to the trivial representation

ISLQ(A) Of SLQ(A)
6.2. Eisenstein series on G(A)

We now turn our attention back to the Eisenstein series E(f,s) on G(A), as-
sociated to . The singular hyperplanes of these Eisenstein series, which intersect
the closure of the positive Weyl chamber, are determined in [Kim95, page 141].
They are listed in Table 6.1 and shown in Figure 6.1. For each singular hyperplane,
Table 6.1 contains its equation and the condition on the characters x; and 2 for
the pole along the hyperplane.

The singular hyperplanes intersect at certain points, which may result with a
pole of higher order of the Eisenstein series E(f,s). These points are s, = T1(2,1),
sp = T2(1,0) and s, = T5(1,1) as shown in Figure 6.1. They are studied by Kim
[Kim95] as part of his complete description of the residual spectrum of G(A). For
the convenience of the reader we recall the results below.
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THEOREM 6.3 (H. H. Kim [Kim95, Thm. 5.4, Prop. 5.1.2, Prop. 5.2.1]). Let
G = Spy be the symplectic group of rank two. Let B be the Borel subgroup of G
with the Levi factor T'= GLy X GL1. Let 7 = x1 ® x2 be a unitary character of
T(A) 2 IxI, where x1 and x2 are unitary Hecke characters of the group of idéles L.
Let E(f,s) be the Fisenstein series associated to m*, where f € Wy as in Section
3.2, and s = (s1,82) € Ap ¢ is the complex parameter.

Suppose that:

(i) s = T1(2,1).
Then, there exists f € Wyu such that the Eisenstein series E(f,s) has a
pole of order two at s = sy = (2, 1) if and only if x1 = x2 = 1 is the trivial
character of I. In that case, the iterated residues of E(f,s) at s = s, span
a restdual representation which is isomorphic to the trivial representation
1G(A) Of G(A)

(i) s = T>(1,0).
Then, there exists f € Wyu such that the Eisenstein series E(f,s) has a
pole of order two at s = sy = (1,0) if and only if x1 and x2 are equal and
X2 =1, where we denote x = x1 = 2. In that case,

o if x = 1 is the trivial character, the iterated residues of E(f,s) at
s = sy are not square-integrable;

e if x # 1 is a non-trivial quadratic character, the iterated residues of
E(f,s) at s = s, are square-integrable and they span a residual repre-
sentation isomorphic to the representation J(x), which is defined as
a direct sum of irreducible summands described explicitly in [Kim95,
page 148] as a restricted tensor product with certain parity condition
imposed on the local factors.

(i) 5o = T3(1,1).
Then, for every f € Wyu the Fisenstein series E(f,s) has a pole at most
of order one at s = sy = (1,1).

Besides singular hyperplanes, the Franke filtration depends on the existence
of non-trivial morphisms in the groupoids M"EB}M(TF) introduced in Section 4.2.
These non-trivial morphisms are given by the Weyl group elements which stabilize
50 € ¢+, The stabilizer of Sy is non-trivial along certain hyperplanes. We refer to
these hyperplanes as stabilizing hyperplanes. They are listed in Table 6.2 and shown
in Figure 6.1. For each stabilizing hyperplane, Table 6.2 contains its equation, the
stabilizer in W of points on the hyperplane, and the condition on x; and x5 assuring
that the character 7" is also stabilized along the hyperplane.

Observe that the stabilizing hyperplanes intersect in a single point in ap, and
that is the origin s, = (0,0). The stabilizer in W of this point is generated by
stabilizers along all stabilizing hyperplanes, i.e., the stabilizer is W. Because of
such large stabilizer, the cases of cuspidal support with s, = (0,0) are treated
separately in the statement of the results in Chapter 7.

The singular and stabilizing hyperplanes are shown in Figure 6.1. The figure
shows only the real part dp of the space g c, because, as explained in Section 3.1,
our normalization of the cuspidal support makes the poles of the Eisenstein series
real. The hyperplanes are seen as lines of their intersection with ag. The figure is
similar to the one in [Kim95, page 141], except that we use a different coordinate
system.
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TABLE 6.2. Stabilizing hyperplanes for the cuspidal support
(B, p(m)), with 7 & 7% ® s, where 7% = x; ® x2 is a unitary
character of T'(A) and s = (s1,s2) € ap. The columns contain
equations in (s1,s2), stabilizers of s in W, and conditions on x1
and yo for stabilization of 7" along the stabilizing hyperplanes.

Hyperplane | Equation | Stabilizer | Stabilizing condition for 7% = x1 ® x2
GH 51— 52 =0 1wy X1 = X2
&) 53=0 1, ws X3 =1
G s1+82=0| 1,wao X1=X5
A s1 =0 1, w121 xi=1
S2

FIGURE 6.1. Singular and stabilizing hyperplanes for the Franke
filtration of Ap ,(x)-
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In the statement of results, we refer to different regions in €+ defined below.
The distinguished points in Figure 6.1 are intersections of singular and stabilizing
hyperplanes in the closure of the positive Weyl chamber. They are given in co-
ordinates as T1(2,1), T»(1,0), T5(1,1), T4(1/2,1/2) and O(0,0). The regions are
disjoint and defined as follows

Ct=¢"\(6,UB,UB;UB,),
&1 = (&1 ne)\{Tu},

&y = (SN €\ {T},

Gy =65n¢e,

S,=6,n¢€r,

&) = (6/1 QF) \ {13, T4, O},
&), = (6’20(’:7) \ {T3, 0}.

Observe that the stabilizing hyperplanes &4 and & intersect the closure €+ of the
positive Weyl chamber in point O, and that point is treated in a separate theorem.
Hence, they do not generate additional regions above.






CHAPTER 7

Filtration for the support in the Borel subgroup —
statement of results

In this chapter, we describe the Franke filtration of the (goo, Koo; G(Af))-
module A(py ,(x) of automorphic forms with cuspidal support in the associate
class ({B}, o(m)), represented by the character

TET'® sy = x| [0 @ xof - 702,

where 7% = x1 ® X2 is a unitary character of T'(A) =1 x I, with x; and y2 unitary
Hecke characters of I, and

So = (80,1,50,2) €€, e, s91>502>0.

However, before stating the results, we explain the plan how to systematically list
all the possible cases.

7.1. Plan for the statement of results

Since the singular hyperplanes for the Eisenstein series E(f, s) are determined
by the conditions on the unitary character 7%, given in Table 6.1, we first distinguish
several cases based on the type of 7*.

We number the cases according to the number of singular hyperplanes for the
FEisenstein series associated to 7*. Such numeration of cases is aligned with the
growing complexity of the Franke filtration. Thus, Case 0 is the case with no singu-
lar hyperplanes and Case 4 is the case with all four possible singular hyperplanes.
There are four different cases with one singular hyperplane, so we add in our nu-
meration of cases the index of the hyperplane. For instance, Case 1-1 is the case
in which &; is the only singular hyperplane. As explained below, there is only one
case with two singular hyperplanes, which is numerated as Case 2, and there is no
Case 3, because there is no 7 such that there are three singular hyperplanes.

We now list these cases with explicit conditions on 7" = 1 ® x2, i.e., on Hecke
characters x; and ys. See Table 6.1.

Case 0: 7" 2 x; @ x2 with X1 # x2, x1 X2 > x1 # 1, x2 # 1,

Case 1-1: 7% = y ® x with x2 # 1, i.e., x1 and x2 are equal non-trivial
non-quadratic characters,

Case 1-2: 7m“ = y ® 1 with x # 1, i.e., x1 is a non-trivial and xo is the
trivial character,

Case 1-3: 7% = y®x ! with x? # 1, i.e., x1 and y are different non-trivial
non-quadratic characters such that yixs is trivial,

33
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Case 1-4: 7 2 1®y with x # 1, i.e., x1 is the trivial and 2 a non-trivial
character,

Case 2: 7 =y ® x with x2 = 1 # x, i.e., x1 and x» are equal non-trivial
quadratic characters,

Case 4: 7 =1®1, i.e., x1 and x2 are both trivial characters,

where 1 denotes the trivial character of I. From the conditions for singular hyper-
planes in Table 6.1, observe that in the cases with more than one singular hyper-
plane, if one of the characters x; and s is trivial, then the other is trivial as well,
and we are in Case 4. If both y; and y2 are non-trivial, then the only possibility
for more than one singular hyperplane is Case 2 above. This explains why there is
only one Case 2, and no Case 3.

Once we fixed the seven cases depending on 7%, we consider each of them
separately. In each case, we formulate the result depending on the region in €+,
introduced in Section 6.2, in which s, lies. The only exception of this rule is that
we consider separately the point

S = (0’ 0)7

which is denoted by O in Figure 6.1. There are no singular hyperplanes passing
through this point, so that the seven cases above are irrelevant. On the other
hand, all stabilizing hyperplanes intersect at s, = (0,0), and we distinguish cases
depending on the conditions for stabilization in Table 6.2.

7.2. Fascicule de résultats

In this section we formulate the explicit description of the Franke filtration of
A{By},p(x) in all possible cases. The numeration of cases is as in Section 7.1.

To reduce repetition, in all theorems below, we have the following assumptions.
Let G = Sps be the symplectic group of rank two. Let B be the fixed Borel
subgroup of G with the maximal split torus T' = GL; X GL; as the Levi factor. Let
({B}, ¢(m)) be a fixed cuspidal support, where m 2 x1|-|%*1 ® x2|-|%02 is a character
of T(A) with 7% = y; ® x2 a unitary character of T'((A), and s, = (s0.1, 50.2) € €F,
ie., 80,1 > S02 = 0. In all theorems except the last one, we also assume that
sp 7 (0,0), and state the results depending on the region of Section 6.2 and Figure
6.1 to which s, belongs. The last theorem deals with the point s, = (0,0), which
is denoted by O in Figure 6.1.

THEOREM 7.1 (Case 0). Suppose that ™ = x1 ® x2 is in Case 0, that is,
the unitary Hecke characters x1 and 2 satisfy x1 # X2, X1 # x;l, x1 # 1, and
X2 # 1. In this case, the Franke filtration of the (goc, Koo; G(Af))-module Ag gy, o(r)
is always one-step filtration.

(0a) For
50=(501,502) €CT UG UG, UG UG, UG, U{T, T3, Ty} = CF \ &b,
that is, so,1 > s0,2 > 0, the full space A(py o(x) is isomorphic to
A(BYo(m) = IB(sg, ™) ® S(dp,c)
as @ (Goo, Koo; G(Ay))-module.
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(Ob) For
So = (80,1,50,2) € @2 U {75},

that is, so,1 > so,2 = 0, the full space A;py ,(x) is isomorphic to

I((50,1,0),7") ® S(dB,c), if x5 # 1,

AB} p(m) = w
(I5((s0,1,0),7) ® S(apc))"*, ifx3=1,

as a (Goo, Koo; G(Ay))-module, where the exponent we in the last line de-
notes the space of invariant vectors for the action of the intertwining oper-
ator M(w2) on Ig((s0,1,0), 7™)®S(ap,c), and M is the functor introduced
in Section 4.2.

THEOREM 7.2 (Case 1-1). Suppose that 7 = x1 ® X2 is in Case 1-1, that
is, the unitary Hecke characters x1 and X2 are equal mon-trivial non-quadratic
characters, and denote x = x1 = Xx2. In this case, the Franke filtration of the
(fo0r Koo; G(Ay))-module Agpy o(x) is at most two-step filtration.

(1-1a) For
Sp = (5071, 5072) S E+ U @2 U ég U é4 U élg,
that is, so,1 > so2 > 0 and so,1 — so2 # 1, the full space A¢py o(x) 8
isomorphic to

ABy o) = I8, x ® X) @ S(ap,c)

as @ (Goo, Koo; G(Ay))-module.
(1-1b) For

So = (50,1,50,2) € @/1 UA{T3, T4},

that is, sop1 = so,2 > 0, let to = 50,1 = s0,2. Then the full space A{B}W(W)
18 1somorphic to

Ay ot = (Is((tos o), x ® X) ® S(ap.c))

as @ (goos Koo; G(Af))-module, where the exponent wi denotes the space
of invariant vectors for the action of the intertwining operator M (wy) on
Ip((to,t0),x @ x) @ S(apc), and M is the functor introduced in Section

4.2.
(1-1c) For

w1

50 = (s0,1,50,2) € 61 U{T1,Tp},
that is, so,1 — So,2 = 1 and sg2 > 0, the Franke filtration of the space
A(B},o(x) 18 the two-step filtration
_ A0 1
Ay o) = Ao 2 ABrem 2 10)
and the quotients of the filtration are isomorphic to

~ S0,1 + S0,2 .
AlByom = I <2, X © det) ® S(ap, c)

ALB) om) AL BY o) = T8(50,X @ X) ® S(p.c)
as (goo; Koo; G(Af))-modules.



36

7. SUPPORT IN THE BOREL SUBGROUP - STATEMENT OF RESULTS

THEOREM 7.3 (Case 1-2). Suppose that m = x1 ® X2 is in Case 1-2, that
is, the unitary Hecke character x1 is non-trivial and xo = 1 is trivial. In this case,
the Franke filtration of the (§oo, Koo; G(Ay))-module Afpy o(x) is at most two-step
filtration.

(1-2a)

(1-2b)

(1-2¢)

For
So = (8071, 8072) S /QE_‘— U él U ég U é4 U é/l U {T4},

that is, so,1 > s0,2 > 0 and so2 # 1, the full space A{py o(x) is isomorphic
to

A(B}or) = IB(s9,x1 ®1) ® S(Gp,c)

as @ (goos Koo; G(Af))-module.
For

So = (80,1, 50,2) € 65 U{Tn},

that is so,1 > so,2 = 0, the full space A(p} ,(x) is isomorphic to

Aot = (I5((s01,0),x1 ®1) ® S(apc))

as & (Goos Koo; G(Ay))-module, where the exponent wy denotes the space
of invariant vectors for the action of the intertwining operator M (ws) on
I5((50,1,0),x1®1)® S(ap,c), and M is the functor introduced in Section

4.2.
For

50 = (50,1, 50.2) € G2 U{T1, T3},

that is, so,1 > S0,2 = 1, the Franke filtration of the space Afpy o(x) is the
two-step filtration

_ 40 1
ABy.o(m) = A} o) 2 AlByetn 2 {0}
and the quotients of the filtration are isomorphic to
AlBypm Z1p, (s0,1, X1 ® Lsp,m)) ® S(ap, )
A?B},go(w)/A%B}#p(ﬂ) = Ip((s0,1,1),x1 ®1)® S(ap,c)
as (9007 Koo G(Af))—modules.

THEOREM 7.4 (Case 1-3). Suppose that 7 = x1 ® x2 is in Case 1-3, that
is, the unitary Hecke characters x1 and x2 are different non-trivial non-quadratic
characters such that x1x2 = 1 is trivial, and denote x = x1 = X2_1- In this case,
the Franke filtration of the (§oo, Koo; G(Af))-module A(py o(x) s at most two-step

filtration.

(1-3a)

For
Sy = (80,1,80)2) S /Q\:+ U él U @2 U é4 U éll U éé U {T17T3},

that is, 50,1 2 50,2 Z 0, with (80’1,80’2) 7£ (0,0), and 50,1 + 50,2 74— 1, the
full space Aypy o(x) 18 isomorphic to

Ao = Is(sp, x @ X~ 1) @ S(apc)
as @ (Goo, Koo; G(Ay))-module.
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For
80 = (50,1, 80,2) € 63U {1y, Ty},
that is, s01 + so2 = 1 and so1 > so2 > 0, the Franke filtration of the
space A(py,o(x) 18 the two-step filtration
_ A0 1
ABy.o(m) = A} et 2 Ay 2 {0h

and the quotients of the filtration are isomorphic to
~ 80,1 - 8072 -
A%B}w(ﬂ =1p <27 X det) ® S(ap,.c)

ALB) o(m) /AL BY p(r) = I(s0,x @ X71) ® S(ap.c)
s (Goo, Koo; G(Ay))-modules.

THEOREM 7.5 (Case 1-4). Suppose that ™ = x1 ® x2 is in Case 1-4, that
18, the unitary Hecke character x1 = 1 s trivial and xo is non-trivial. In this case,
the Franke filtration of the (goo, Koo; G(Af))-module A{py ,(x) is al most two-step

filtration.

(1-4a)

(1-4b)

Ay p(m) =

For
Sp = (5071, 3072) € €+ U él U ég U ég U éll U {Tl,T4},

that is, so,1 > s0,2 > 0 and so,1 # 1, the full space A{py, o(x) is isomorphic
to

A(B}o(r) = IB(85,1® x2) ® S(dp,c)
as @ (Goo, Koo; G(Ay))-module.
For

89 = (50,1, 50,2) € é/z,

that is, so,1 > so,2 = 0 and so,1 # 1, the full space A(py () s isomorphic
to

I5((s0,1,0),1 ® x2) ® S(dp,c), if x5 # 1,
(IB((SOJaO))]-®X2)®S(637C))w27 ZfX% = 17
as & (Goos Koo; G(Ay))-module, where the exponent wy denotes the space
of invariant vectors for the action of the intertwining operator M (ws) on

I((50,1,0),1®x2)®S(ap,c), and M is the functor introduced in Section

4.2.
For

~

50 = (50,1, 50,2) € 64 U{T3},
that is, spqp = 1 and 1 > 502 > 0, the Franke filtration of the space
A(B},o(m) 18 the two-step filtration

0 1
ABye(m) = Ay o) 2 AlBrem 2 {0h
and the quotients of the filtration are isomorphic to
Alpy om) Z 1p, (502,X2 ® 1s148)) ® S(ap, c)
AL By () /AL BY p(m) = IB((1,502), 1 © x2) ® S(@Bc)
as (9007 Koo G(Af))—modules.
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(1-4d) For
So = (50,1, 50,2) = T,
that is, so.1 = 1 and sg2 = 0, the Franke filtration of the space A(py o(x)
is the two-step filtration
_ 40 1
AByo(m) = A} o) 2 AlBretn 2 {0h

and the quotients of the filtration are isomorphic to

Al ~ IP2 (07X2 ® 1SL2(A)) & S(aP2,C)7 Zf X% 7é 17
{B}p(r) = y w .
‘ (Ip, (0,x2 ® Lgp,a)) @ S(ap,c)) 7', ifx3=1,
I5((1,0),1® x2) ® S(ap,c), if x5 # 1,

1

AlByom)/ ALY o) s
(IB((]-vo)a1®X2)®S(aB,C)) ) ZfX% =1,

as (goo, Koo; G(Ay))-modules, where the exponent wig1 in the first line
denotes the space of invariant vectors for the action of the intertwining
operator M (wi21) on the induced representation Ip, (0,X2 ® 1SL2(A)) ®
S(ap,c), and the exponent wy in the second line denotes the space of
invariant vectors for the action of the intertwining operator M (ws) on
I((1,0),1 ® x2) @ S(ap,c), and M is the functor introduced in Section

4.2.

THEOREM 7.6 (Case 2). Suppose that 7 = x1 ® x2 is in Case 2, that is, the
unitary Hecke characters x1 and x2 are equal non-trivial quadratic characters, and
denote x = x1 = X2. In this case, the Franke filtration of the (goc, Koo; G(Af))-
module A;py ,(x) 5 at most three-step filtration.

(2a) For

Sy = (80,1, 80’2) S E* U ég U é4,
that is, s0,1 > s0,2 > 0 and so,1 — So2 # 1 and so1 + s0,2 # 1, the full
space A(By,o(x) 18 isomorphic to
A(Byp(m) = Ip(s0, x ® x) ® S(dp,c)
as @ (Goo, Koo; G(Ay))-module.
(2b) For
50 = (50,1,502) € &} U{T3},
that is, 50,1 = S0,2 > 0, and ty = s0,1 = s0,2 # 1/2, the full space A¢py, ()
18 isomorphic to

Asypm = (Is((tos o), x ® X) ® S(dpc)) "
as @ (Goos Koo; G(Ay))-module, where the exponent wy denotes the space
of invariant vectors for the action of the intertwining operator M(w1) on
Ip((to,t0), x ® x) ® S(ap,c), and M is the functor introduced in Section

4.2
(2¢) For

1

S0 = (S0,1,50,2) € é/g,
that is, so,1 > so,2 = 0 and so,1 # 1, the full space A(py (x) is isomorphic
to

w2

AiByom = (Is((s0,1,0), x ® x) ® S(asc))
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as @ (Goo, Koo; G(Ay))-module, where the exponent wy denotes the space
of invariant vectors for the action of the intertwining operator M (ws) on
I5((s0,1,0),x ® x) ® S(ap,c), and M is the functor introduced in Section

4.2.
For

So = (50,1,50,2) € S, U {T},
that is, so,1 — So,2 = 1 and sg2 > 0, the Franke filtration of the space
A(B},o(x) 18 the two-step filtration
— A0 1
AByp(m) = A} o) 2 AlBretm 2 {0h
and the quotients of the filtration are isomorphic to

~ 50,1 + 5072 .
Alpy o = 1 (2, X det) ® S(ap, c)

-A?B}ygo(ﬂ)/A%B}W(ﬂ) = Ip(sg, X ® X) ® S(apc)

as (Goo, Koo; G(Ay))-modules.
For

So = (80,1780,2) € é:’,,
that is, so1 + so2 = 1 and so1 > so2 > 0, the Franke filtration of the
space A(py,o(x) 18 the two-step filtration
_ 40 1
ABye(m) = A} o) 2 AlByetn 2 {0}

and the quotients of the filtration are isomorphic to

S — S .
Alypm = Ip, <0’120’27 X © det) ® S(ap, c)

A?B},go(ﬂ)/A%B}’w(ﬂ) = Ip(sg,x ® Xx) ® S(apc)

as (9oo; Koo; G(Af))-modules.
For

8o = (80,1, 80,2) = T,
that is, sg1 = Sp9 = 1/2, the Franke filtration of the space Afpy, o(r) i5
the two-step filtration

_ 40 1

ABye(m) = Ay o) 2 AlBrem 2 {0h
and the quotients of the filtration are isomorphic to
Alpypm = (Ip, (0, x 0 det) @ S(ap, )"
Ay o /ALy o) = (13((1/2,1/2), x ® X) © S(@p.c)) "

as (8o0, Koo; G(Ayg))-modules, where the exponent woi2 in the first line
denotes the space of invariant vectors for the action of the intertwining
operator M(wa12) on Ip, (0,x odet) ® S(ap, c), and the exponent wy in
the second line denotes the space of invariant vectors for the action of the

intertwining operator M(w1) on Ig((1/2,1/2),x ® x) ® S(apc), and M
is the functor introduced in Section 4.2.
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For
8o = (80,1, 80,2) = T,
that is, so1 =1 and sy o = 0, the Franke filtration of the space A(py, o(r)
is the three-step filtration
_ 40 1 2
A(B}.o(m) = A(BY o) 2 ABYe(n) 2 AlBLe@ 2 {0h
and the quotients of the filtration are isomorphic to
2 [a¥)
Al = J(X)
Al By o/ Al By o = Ip, (1/2,x 0 det) ® S(ap, c)
A?B},Lp(ﬂ)/A}B},Ap(ﬂ') = (IB((L 0)7 X® X) ® S(aB,C))wQ

as (Goo, Koo; G(Ay))-modules, where J(x) is the residual representation of
G(A) mentioned in Theorem 6.3 and explicitly described on [Kim95, page
148], and the exponent wy in the last line denotes the space of invariant
vectors for the action of the intertwining operator M (ws) on Ig((1,0), x®
X) ® S(ap,c), and M is the functor introduced in Section 4.2.

THEOREM 7.7 (Case 4). Suppose that 7 = x1 ® x2 is in Case 4, that is,
the unitary Hecke characters x1 and x2 are both trivial. In this case, the Franke
filtration of the (goc, Koo; G(Ay))-module Agpy () is at most three-step filtration.

(4a)

(4b)

For

So = (80,1, 80,2) € €T,
that is, so1 > s0,2 > 0 and so.1 —s0,2 # 1 and so.2 # 1 and so1+ 50,2 # 1
and so,1 # 1, the full space A(py o(x) is isomorphic to

A(By o) = IB(50,1® 1) ® S(ap,c)

as @ (goos Koo; G(Af))-module.
For

s9 = (50,1, 50,2) € &1,
that is, 50,1 = So0,2 > 0 andty = 50,1 = 50,2 75 1andty = 50,1 = S0,2 7é 1/2,
the full space A{py o(x) is isomorphic to

Ay o) = (I5((to, ), 1 ® 1) ® S(ap,c)) "

as @ (Goos Koo; G(Ay))-module, where the exponent wy denotes the space
of invariant vectors for the action of the intertwining operator M(wy) on
Ip((to,t0), 1 ® 1) ® S(apc), and M is the functor introduced in Section

4.2.
For

S9 = (50,1,50,2) € élz,

that is, so.1 > so,2 = 0 and sy 1 # 1, the full space A(py (x) is isomorphic

to
wo

Ao = (Is((s0,1,0),1®1) @ S(apc))
as @ (goos Koo; G(Af))-module, where the exponent wo denotes the space

of invariant vectors for the action of the intertwining operator M(ws) on
I((50,1,0),1®1)® S(ap,c), and M is the functor introduced in Section

4.2.
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(4d) For
80 = (50,1, %0,2) € él,
that is, so,1 —s0,2 = 1 and sy # (2,1) and sy # (1,0), the Franke filtration
of the space A;py o(x) is the two-step filtration
AByom = Alp) p(m) 2 AlB)om 2 (0}
and the quotients of the filtration are isomorphic to

+ .
Atpy o) = I (S‘”;“ 1o det) ® S(ap )

ALy om) ALY o) = 1(50,1©1) @ S(ap.c)

as (Goo, Koo; G(Ay))-modules.
(4e) For

Sg = (80,1780,2) € é2,
that is, so1 > So2 = 1 and so1 # 2, the Franke filtration of the space
A(B},p(x) is the two-step filtration
0 1
ABy.p(m) = A} o) 2 AlBretm 2 {0h
and the quotients of the filtration are isomorphic to
A5y o(m) Z 1P (501, 1@ Lspyn)) @ S(ap, )
ALBy oy ALY oy = I((501,1),1® 1) ® S(apc)

as (goo; Koo; G(Af))-modules.
(4f) For

Sg = (80,1,50,2) S éSa
that is, s0.1 + so2 = 1 and so1 > so,2 > 0, the Franke filtration of the
space A¢py o(x) is the two-step filtration
_ 40 1
AByo(m) = A} o) 2 AlBrem 2 {0

and the quotients of the filtration are isomorphic to
~ 50,1 — S0,2 .
A%B}#P(‘fr) = Ip, <2, 1o det) ® S(aPl,(C)

ALB) o(m) Al BY o) = IB(30,1©1) @ S(d5.c)

as (goo; Koo} G(Af))-modules.
(4g) For

S0 = (50,15 50,2) € @4,
that is, 1 = s9,1 > so,2 > 0, the Franke filtration of the space A¢py o(x) 8
the two-step filtration

_ A0 1

ABye(m) = A} e 2 AlBretn 2 {0}
and the quotients of the filtration are isomorphic to
Asypim) = I (502, 1@ Lsr,a)) ® S(dp,.c)
A8y oy ALY oimy = I1B((1,502),1® 1) ® S(apc)

as (goo; Koo; G(Af))-modules.
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For

8o = (50,1, 80,2) = T,
that is, s, = 599 = 1/2, the Franke filtration of the space A(py ,(x) is
the two-step filtration

_ 40 1

A(B} () = AlB1 o) 2 AlB}o 2 10}
and the quotients of the filtration are isomorphic to
Alpy o = (Ip, (0,1 0det) ® S(ap, )"
AlBy o)/ ALy o) = (18((1/2,1/2),1©1) @ S(apc))”

as (8o0, Koo; G(Ay))-modules, where the exponent waio in the first line
denotes the space of invariant vectors for the action of the intertwining
operator M(wa12) on Ip, (0,1 0det) ® S(ap, c), and the exponent wy in
the second line denotes the space of invariant vectors for the action of the
intertwining operator M(w1) on I5((1/2,1/2),1® 1) ® S(agc), and M
is the functor introduced in Section 4.2.

For

So = (50,1, 50,2) = T3,
that is, o1 = 89 = 1, the Franke filtration of the space A(py y(x) is the
two-step filtration
_ A0 1
ABy.o(m) = A} o) 2 AlBretn 2 {0
and the quotients of the filtration are isomorphic to
AlByo(m) Z 1P, (1L1® 1s1,8)) ® S(@p,.c)
~ 4 w1
AL By oy A By o = (IB((1,1),1® 1) @ S(dp,c))
as (Goos Koo; G(Af))-modules, where the exponent wy denotes the space of
invariant vectors for the action of the intertwining operator M (wi) on

Ip((1,1),1 ® 1) ® S(ap,c), and M is the functor introduced in Section

4.2.
For

80 = (50,1, 50,2) = T2,
that is, sq1 =1 and sy o = 0, the Franke filtration of the space A(py ,(x)
is the three-step filtration
0 1 2
ABY.o(m) = AB) o(r) 2 ABYo(m) 2 AlBYom 2 {0}
and the quotients of the filtration are isomorphic to
Alpypm = (Ip, (0,1 @ Ls,4)) ® S(ap, o))

A%B},@(W)/A?B}7tp(ﬂ) = Ipl (1/2, 1o det) ® S(Elpl,(c)

Al By o(m) /ALy (m = ([5((1,0),1©1) ® S(dpc))
as (8o, Koo; G(Af))-modules, where the exponent wi21 in the first line
denotes the space of invariant vectors for the action of the intertwining
operator M (w121) on the induced representation ([p2 (O, 1® 15L2(A)) ®

S(ap, c), and the exponent wy in the last line denotes the space of in-
variant vectors for the action of the intertwining operator M (ws) on the

w121
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induced representation Ig((1,0),1 ® 1) ® S(apc), and M is the functor
introduced in Section 4.2.
(4k) For
So = (30,1, 50,2) =1,
that is, sy 1 =2 and sy o = 1, it can be arranged that the Franke filtration
of the space A;py o(x) 15 the three-step filtration

_ 0 1 2
A(BY.o(m) = AB} o(m) 2 ABY0(m) 2 AlBYom 2 {0}

and the quotients of the filtration are isomorphic to
2 ~
AlBypm = o)
Al gy o/ Ay oy = (Ipl (3/2,1 0 det) @ S(aplyc))

D (1P2 (210 15,m) ® S(aPQ,C))
Alpy o/ ALy o = 18((2,1),1©1) © S(apc)

a5 (8o, Koo; G(Ay))-modules, where 1(n) denotes the trivial representa-
tion of G(A).

THEOREM 7.8 (Case of the point s, = (0,0)). Let ({B},¢(n)) be a fized
cuspidal support with m = T = x1 ® x2 a unitary character of T(A), where x1 and
X2 are unitary characters of I, that is, s, = (0,0). In this case, the Franke filtration
of the (goo, Koo; G(Ag))-module A¢py o(x) 15 always one-step filtration.

(a) If x1 # x2 and x1 # x5+ and X3 # 1 and x3 # 1, then the full space
A(B},p(x) is isomorphic to

A(py,o(m) = 15((0,0),x1 ® x2) ® S(dp,c)

as @ (Goo, Koo; G(Ay))-module.
(b) If x1 = x2 and x1 # X5 ', which implies that x3 = x3 # 1, then the full
space A{B}W(ﬂ) is isomorphic to

Aot = (I5((0,0),x ® ¥) ® S(apc))"”

as @ (§oo, Koo; G(Ay))-module, where we write x = x1 = X2, and the
exponent wy denotes the space of invariant vectors for the action of the
intertwining operator M(w1) on Ig((0,0),x ® x) @ S(apc), and M is the
functor introduced in Section 4.2.

(¢) If x1 # X2 and x1 = x5, which implies that x3 # 1 and x3 # 1, then
the full space A;py o(x) i isomorphic to

Aipyem = (I((0,0),x ® x ) ® S(ap,c)) ™"

a5 0 (Goo; Koo; G(Af))-module, where we write x = x1 = X5, and the
exponent wa12 denotes the space of invariant vectors for the action of the
intertwining operator M (wa12) on I5((0,0),x ® x ') ® S(apc), and M
is the functor introduced in Section 4.2.

(d) If x? = 1 and x3 # 1, which implies that x1 # X2 and x1 # X3 ', then
the full space A{py o(x) is isomorphic to

w121

A(Byp(r) = (IB((Oa 0),x1® x2) ® S(ﬁB,C))
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as @ (goos Koo; G(Af))-module, where the exponent wiz1 denotes the space
of invariant vectors for the action of the intertwining operator M (w121) on
I5((0,0),x1 ® x2) ® S(ap,c), and M is the functor introduced in Section
4.2.

If X3 # 1 and x3 = 1, which implies that x1 # x2 and x1 # X2_17 then
the full space A(py o(x) is isomorphic to

Ao = (15((0,0),x1 ® x2) ® S(apc))”

as @ (goos Kooy G(Af))-module, where the exponent wo denotes the space
of invariant vectors for the action of the intertwining operator M (ws) on
I5((0,0),x1 ® x2) ® S(ap,c), and M is the functor introduced in Section
4.2.
If x3 = x%3 =1 and x1 # X2, then the full space A(By,p(x) 18 isomorphic
to

Ay = (15((0,0),x1 ® x2) ® S(ap,c)) "™
as @ (§oo, Koo; G(Ay))-module, where the exponent we, w121 denotes the
space of invariant vectors for the action of both intertwining operators
M (ws) and M(wi21) on Ip((0,0), x1®x2)®S(dp.c), and M is the functor
introduced in Section 4.2.
If x1 = x2 and x3 = x3 = 1, then the full space A(BY},p(x) 18 isomorphic
to

A{B}W(.,r) = (IB((O, 0),x®x)® S(CVlB7c))w1’w2

as @ (goo; Koo; G(Af))-module, where we write x = x1 = x2, and the ex-
ponent wi,ws denotes the space of invariant vectors for the action of both
intertwining operators M (wy) and M(w2) on I5((0,0),x ® x) ® S(apc),
and M is the functor introduced in Section 4.2.



CHAPTER 8

Filtration for the support in the Borel subgroup —
proofs

In this chapter the theorems stated in Section 7.2 are proved. The plan of
the proof is different than the plan for the statement of the results in Section 7.1.
Therefore, we begin by explaining the strategy and the plan of the proof.

8.1. Strategy and plan of the proof

The strategy of the proof is to prove simultaneously in Section 8.2 all the
Theorems 7.1-7.7, because some cases of different theorems admit the same proof.
The only exception is the last theorem, namely, Theorem 7.8, which is proved
separately in Section 8.3 at the end of this chapter.

The proof is divided into steps. Each step covers certain region defined in
Section 6.2 referring to Figure 6.1. The steps are then divided into substeps de-
pending on the cuspidal support. Several substeps of different steps may admit the
same proof, because of the same properties of the Eisenstein series and/or the same
conditions for stabilization of the cuspidal support.

This plan of proof is different than the statement of results. The reason is that
in the statement of theorems, the cuspidal support is used to distinguish cases. This
is natural from the point of view of applications in which the cuspidal support is
given. On the other hand, in the proof it is more practical to distinguish the steps
according to the region in which s, belongs, because cases with different cuspidal
support have the same proof.

For convenience of the reader, we provide in Tables 8.1 and 8.2 the list of all
theorems and their cases, together with the reference to the step of the proof in
which they are proved. The table simplifies the navigation between the statement
of theorems and the steps in which they are proved.

The proofs are based on

e the description of the Franke filtration in Chapter 4,

e the analytic properties of the Eisenstein series constructed from 7" re-
called in Chapter 6 and summarized in Table 6.1,

e the conditions for stabilization given in Table 6.2,

e and Theorem A.2, in which the colimits required for the proof are com-
puted.

See also Figure 6.1, in which the singular and stabilizing hyperplanes intersecting
the closure of the positive Weyl chamber are shown.

According to the description of the Franke filtration in Chapter 4, the key
information for the proof is the structure of the groupoid Mgy (). This is studied
using the analytic properties of Eisenstein series and the stabilization conditions in
each step of the proof separately. The partial oreder = on the set S;py ,(x), which

45
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TABLE 8.1. The list of Theorems 7.1-7.5 and their cases, with
reference to the steps of the proof in which they are proved.

Theorem | Case Steps
Thm. 7.1 | (0a) |1,2.1,3.1,4.1,5.1,6.1, 7.1, 10.1, 11.1
(Ob) 8.1,8.2,9.1,9.2
(1-1a) 1,3.1,4.1,5.1, 8.1
Thm. 7.2 | (1-1b) 7.2,10.2,11.2
(1-1c) 2.2,6.2,9.3
(1-2a) 1,21,4.1,5.1,71,11.1
Thm. 7.3 | (1-2b) 8.2,9.2
(1-2¢) 3.2, 6.3, 10.3
Thm. 7.4 | (1-3a) 1,2.1,3.1,51,6.1, 7.1, 8.1, 10.1
(1-3b) 42,94, 11.3
(1-4a) 1,21,31,4.1,6.1, 7.1, 11.1
Thm. 7.5 | (1-4b) 8.1, 8.2
(1-4c) 5.2,10.4
(1-4d) 9.5, 9.6

is required for the definition of the Franke filtration, is made explicit for the group
G in Section 4.2. It is repeatedly used in the proof to order the triples in Mgy o (x)
into appropriate quotients of the filtrations.

Observe that, except for Theorem 7.8, the only two non-trivial groupoids for
the computation of the colimit of Theorem A.2 which appear in the proof are either
the groupoid with one object Xy and a non-trivial automorphism wg of X, or the
groupoid with two objects X and X; and the isomorphisms wo,1 = wy, (1) between
them as the only non-trivial morphisms. The notation is as in Theorem A.2. In
the former case, we look at Theorem A.2 with m = 0 and Wy = {1, wp}, so that
the colimit is isomorphic to the space of M (wp)-invariant vectors in M(Xp). In
the latter case, we look at Theorem A.2 with m = 1 and Wy = {1}, so that the
colimit is isomorphic to M (Xy) itself. We use this observation repeatedly in the
proof below.

8.2. Proof of Theorems 7.1-7.7

As already explained above, the proof is divided into steps according to the
region in which s, belongs. The steps are then divided into substeps depending on
the conditions on the cuspidal support 7" = x1 ® xa2.

Step 1: Sg = (3071,5072) S /QEJ'_.
In this step, according to Table 6.1 and Table 6.2, the point s, is away from
all singular hyperplanes and all stabilizing hyperplanes. Therefore, the
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TABLE 8.2. The list of Theorems 7.6-7.7 and their cases, with
reference to the steps of the proof in which they are proved.

Theorem | Case Steps
(2a) | 1,3.1,5.1
(2b) | 7.2,10.2
(2¢) 8.2

Thm. 7.6 | (2d) | 2.2, 6.2
(2e) 4.2
@2f) | 114
(2¢) 9.7
(4a) 1
(4b) 7.2
(4c) 8.2
(4d) 2.2
(4e) 3.2

Thm. 7.7 | (4f) 42
(4g) 5.2
(4n) | 114
(4i) 10.5
(4) 9.8
(4k) 6.4

Eisenstein series with any cuspidal support 7% are holomorphic and there
is no stabilization. Thus, the set of triples Mgy ,(x) in the description
of the filtration is a singleton. The only possible triple is

(B77ru7§0)7

as there are no poles of the Eisenstein series which could produce residual
representations with that support. The only morphism of this triple is the
identity, as there is no stabilization. Hence, according to the description of
the Franke filtration in Section 4.3, the full space Ay o (x) of automorphic
forms supported in () is isomorphic to

Ig(sy, ) ® S(ag,c)
as a (foo, Koo; G(Ay))-module.

Step 2: Sy = (5071,5072) S @1, ie., 50,1 — S0,2 = 1 with 50,2 > 0, and

S0 7£ (27 1)



48

8. SUPPORT IN THE BOREL SUBGROUP - PROOFS

This step is divided into substeps depending on the condition for the pole
of Eisenstein series along &; given in Table 6.1.

2.1 X1 7é X2
In this substep, there is no pole of the Eisenstein series, and no

stabilization. Hence, the proof and the result are the same as in Step
1.

2.2 x1 =x2
We denote x = x1 = x2. The condition for the pole of the Eisenstein
series along &, is satisfied, so that the residues span the residual
representation

50,1+50,2
2

(xodet)]-|

of the Levi factor L;(A) = GL2(A) as in Theorem 6.1. Thus, there
are two triples in Mpy ,(r), and these are

Sp,1 + So,2>

(B,x ® x,59) and (Pl,xodet, 5

Since there is no stabilization, there are no non-trivial morphisms in
MBy},o(x)- In the partial order required for the description of the
quotients of the filtration, which is made explicit in Section 4.2, we

have
80,1 +S02\ _ [ S0,1+S02 So0,1+ 50,2 -
Lp 5 = D) ) 5 > (50,1,50,2) = tB(Sg),
because sg 2 < % < s0,1. Hence, we may choose the function

T(B},o(x) to take values 0 and 1, and the two triples contribute to
different quotients of the filtration. The Franke filtration of the space
A(B},o(x) of automorphic forms supported in o(7) is the two-step
filtration

_ 40 1
ABye(m) = A} o) 2 AlBretn 2 {0
where the quotients of the filtration are isomorphic to

~ S0,1 + S0,2 .
“4}[3}790(#) =1p, <27 Xo det) ® S(ap c)

AL} o(m) AL BY o) = 18(50,X @ X) © S(dp.c)
as (goo, Koo; G(Ay))-modules.

Step 3: sy = (s0,1,50,2) € ég, ie., 50,2 =1 with 59,1 > 1 and sg1 # 2.
This step is divided into substeps depending on the condition for the pole
of Eisenstein series along G, given in Table 6.1.

31 2 £1
In this substep, there is no pole of the Eisenstein series, and no

stabilization. Hence, the proof and the result are the same as in Step
1.
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This substep is very similar to Step 2.2. The condition for the pole of
the Eisenstein series along G, is satisfied, and there is no stabiliza-
tion. The residues of the Eisenstein series span a residual represen-
tation as in Theorem 6.2, which produces a triple in Myp) ,(r) with
the parabolic subgroup P,. More precisely, the triples in Mgy ,(x)
are

(B,x1®1,(s0,1,1)) and (P2, x1 ® lsr,(a),S0,1) s

and there are no non-trivial morphisms. In the partial order defined
in Section 4.2, we have

tp,(50,1) = (50,1,0) = (s0,1,1) = tB((s0,1, 1))
Hence, the Franke filtration of the space A(py ,(x) of automorphic
forms supported in ¢(7) is the two-step filtration

_ 40 1
AByo(m) = A} o) 2 AlBretm 2 {0h
where the quotients of the filtration are isomorphic to
AlBY o) = Ips (50,1, X1 © Lg,a)) © S(ap, c)
ALBy o) /ALY o) = I ((s0.1,1), x1 ©1) ® S(apc)

as (goo, Koo; G(Ay))-modules.

Step 4: s, = (50’1780’2) S @37 i.e., 50,1 + 50,2 = 1 with 591 > 5092 > 0.
This step is divided into substeps depending on the condition for the pole
of Eisenstein series along &3 given in Table 6.1.

4.1 xix2 #1
In this substep, there is no pole of the Eisenstein series, and no

stabilization. Hence, the proof and the result are the same as in Step
1.

4.2 xixz =1
As in Step 2.2 and Step 3.2, the Eisenstein series have a pole only
along &3, so that there are two triples in Mgy ,(x), and there are
no non-trivial morphisms. More precisely, the triples in Mgy o (r)
are

_ 5 —5
(B, x® x5 (0,1,502)) and <P1’X0det’(MQM>’

where we set x = x1 = X3 ! and there are no non-trivial morphisms,
because there is no stabilization. In the partial order defined in
Section 4.2, we have

So0,1 — 50,2\ [ S0,1 —S0,2 50,1 — 50,2 o
Lp 5 = D) ) 5 >~ (50,1,50,2) = tB(8g),

because Z:1-02 < 501 — s00 < So1 and Sp1 — So2 < So.1 + S02-

Hence, the Franke filtration of the space Apy ,(x) of automorphic
forms supported in o(7) is the two-step filtration

0 1
A(Byp(m) = A} o) 2 AlBrem 2 {0h
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where the quotients of the filtration are isomorphic to

~ 50,1 - 5072 .
Alpy o = 1 (2, X © det) ® S(ap, c)

AlByom /A Byom) = IB(s0,x @ X71) @ S(ap,c)
as (goo, Koo; G(Ay))-modules.

Step 5: s, = (s0,1,50,2) € é47 ie, 501 =1with 1> 5092 >0.
This step is divided into substeps depending on the condition for the pole
of Eisenstein series along &, given in Table 6.1.

In this substep, there is no pole of the Eisenstein series, and no

stabilization. Hence, the proof and the result are the same as in Step
1.

The Eisenstein series have the pole along G4 and there is no stabi-
lization. Therefore, as in Step 2.2, Step 3.2 and Step 4.2, the triples
in M{B},p(r) are

(B,1® x2,(1,502)) and (P2, x2 ® lgp,(a),50,2)
and there are no non-trivial morphisms. In the partial order defined
in Section 4.2, we have
Lpy(50,2) = (50,2,0) > (1, 50,2) = t5((L, 50,2)),

because 1 > sp2 > 0 in this step. Hence, the Franke filtration of
the space A¢py o(x) of automorphic forms supported in ¢(7) is the
two-step filtration

_ A0 1
AByo(m) = A} o) 2 Ay 2 {0h
where the quotients of the filtration are isomorphic to
AL By oimy = 1Ip, (50,2, X2 ® Lgry(a)) @ S(ap, )
A8y o(m) /A BY o(m) = IB((1,502), 1 © x2) ® S(dBc)
as (goo, Koo; G(Ay))-modules.

Step 6: s, = (0,1, 80,2) = 11, i.e., $0,1 = 2 and sp2 = 1.
Since T7 is the intersection point of hyperplanes &; and G, this step is
divided into substeps depending on the condition for the pole of Eisenstein
series along &; and Gq, as given in Table 6.1.

6.1 x1# x2 and x2 # 1
In this substep, there is no pole of the Eisenstein series, and no

stabilization. Hence, the proof and the result are the same as in Step
1.

6.2 x1=x2#1
In this substep, only the condition for the pole of the Eisenstein series
along 6 is satisfied, and there is no stabilization. Hence, the proof
and the result are the same as in Step 2.2 with sg; =2 and sp2 = 1.
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6.3 X1 7é X2 = 1
This substep is the same as Step 3.2 with sg 1 = 2, because only the
condition for the pole along the hyperplane &; is satisfied.

6.4 X1 = X2 — 1
In this substep, the pole of Eisenstein series is of order two and the
iterated residues span the trivial representation of G(A). Since the
residues of order one along &; and G2 span residual representations
of the Levi factors of the maximal proper parabolic subgroups, there
are four triples in Mgy (). More precisely, the triples in Mgy ,(r)
are

(.B,].(®:|.7(2,:|.))7 (P1,10det,3/2), (P271®1SL2(A)72) and (G, 1G(A)70)7

and there are no non-trivial morphisms, because there is no stabi-
lization. In the partial order required for the Franke filtration, we
have

1a(0) = (0,0) = vp (3/2) = (3/2,3/2) = 15(2,1) = (2,1)
1q(0) = ( ) = upy(2) = (2,0) = 0p(2,1) = (2,1),
and ¢p, (3/2) = (3/2,3/2) is not comparable to tp,(2) = (2,0).

Hence, we may choose the function T' = Ty ,(x), in such a way
that

T(c(0) =2, T(p (3/2)=T(p,(2) =1, and T(up(2,1))=0.

Thus, the triple with G as the parabolic subgroup contributes to
the deepest filtration step. The two triples with P; and P, as para-
bolic subgroups are incomparable, so that we may arrange that they
contribute to the same quotient of the filtration, which is deeper in
the filtration than the triple with the parabolic subgroup B. In this
way, we obtain that the Franke filtration of the space A(py ,(rx) of
automorphic forms supported in ¢(7) is the three-step filtration

0 1 2
Ao = Apy e 2 AlBrem 2 Alrem 2 (0
where the quotients of the filtration are isomorphic to
2 Y
As)p(m) = Low)
Als) e/ A5y o) = (Ir, (3/2, 10 det) © S(ar, c))

P (1r, (219 1s1,) © Sar.c))
A({)B},w(w)/A}B},Ap(ﬂ') = IB((27 1)? 1® 1) ® S(ﬁB,C)

as (oo, Koo; G(Af))-modules. This is the case in which a different
choice of the function 7" may result in a slightly different filtration,
as explained in Section 9.1 below.

Step 7: sy = (s0,1,%0,2) € é’l, ie., so01 = so2 > 0 and so1 = sp2 # 1/2
and s91 = So,2 # 1.
In this step, we set typ = s9,1 = S0,2. According to Table 6.1, there are
no singular hyperplanes passing through s,. The type of stabilization
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depends on the condition on 7% given in Table 6.2. We distinguish the
following substeps.

7.1

7.2

X1 # X2
As there are no singular hyperplanes, all triples in Mg} () have B

as the parabolic subgroup. The stabilization along & is given by the
Weyl group element w;. In this substep, w; does not stabilize 7.
Hence, there are two different triples in Mgy o (x), With a non-trivial
isomorphism between them given by wi. More precisely, the triples
in Mypy o(r) are

(B,x1 ® X2, (to,to)) and (B, x2 ® x1, (to, o)),

and the only non-trivial morphisms are the isomorphisms between
these two triples given by w;. The colimit required in the definition
of the Franke filtration is the case of m = 1, Wy = {1} and wg 1 = w;
in Theorem A.2. Hence, according to the description of the Franke
filtration in Section 4.3, the full space Ay gy o (x) of automorphic forms
supported in ¢(7) is isomorphic to

I((to,t0), x1 ® x2) ® S(apc)
as a (goos Koo; G(Af))-module.

X1 = X2

Set x = x1 = Xx2. This substep is similar to Step 7.1, except that
wy stabilizes 7", so that there is only one triple in Mgy ,(r) With
a non-trivial automorphism w;. More precisely, Mpy} () contains
only the triple

(B7X oY X (to,to)),

and the only non-trivial morphism is the automorphism w; of that
triple. The colimit required in the definition of the Franke filtration
is the case of m = 0 and Wy = {1,w;} in Theorem A.2. Hence,
according to the description of the Franke filtration in Section 4.3,
the full space A¢py} ,(x) of automorphic forms supported in o(7) is
isomorphic to

(I3 ((t0,t0). x1 © x2) ® S(ane) )

as a (goo; Koo; G(Af))-module, where the exponent w; stands for the
space of invariant vectors for the action of the intertwining operator
M(wl)

Step 8: s, = (s0.1,50.2) € é’z, ie., s01 > sp2 =0 and sp1 # 1.
This step is very similar to Step 7. There are no singular hyperplanes, and
we distinguish the substeps depending on the condition on stabilization
of 7" along &Y given in Table 6.2.

8.1

2
Xz # 1

This substep is parallel to Step 7.1, as the condition for stabilization
of 7 along &j is not satisfied. Thus, the triples in My} (x) are

(B, X1 ® X2, (50,1,0)) and (B,x1®x5",(s0,1,0)),
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and the only non-trivial morphisms are the isomorphisms between
these two triples given by ws. Hence, using again Theorem A.2 and
the description of the Franke filtration in Section 4.3, the full space
A(B},4(x) of automorphic forms supported in ¢() is isomorphic to

I((50,1,0), X1 ® x2) ® S(dp,c)
as & (goo, Koo; G(Ay))-module.
X3 =1
As in Step 7.2, the only triple in Mgy ,(r) is now
(B, x1 ® Xx25 (80,1,0)),

and its automorphism ws is the only non-trivial morphism. Hence,
according to Theorem A.2 and the description of the Franke filtration,
the full space A(py ,(x) of automorphic forms supported in ¢(r) is
isomorphic to

(IB((SO,L 0),x1 @ x2) ® S(dB,c)>w2

as a (goo, Koo; G(Ay))-module, where the exponent ws stands for the
space of invariant vectors for the action of the intertwining operator
M(UJQ)

Step 9: sy = (0,1, S0,2) = Tb, i.e., 0,1 =1 and sg2 = 0.
In this step, the singular hyperplanes passing through 75 are &1, G35 and
&4, and the stabilizing hyperplane is &5. The substeps are distinguished
with respect to conditions for poles and stabilization along these hyper-
planes given in Table 6.1 and Table 6.2. The possible substeps follow a
similar pattern as the statement of the theorems. More precisely, the sub-
steps are ordered with respect to growing number of singular hyperplanes.

9.1

9.2

9.3

X1 7 x2 and x1 # Xz and x1 # 1 and x3 # 1

In this substep, the Eisenstein series is holomorphic and the stabi-
lization is the same as in Step 8.1. Hence, the proof and the result
are the same as in that step with sg; = 1.

X1 #x2and x1 #1 and x3 =1

As in the previous substep, the Eisenstein series is holomorphic, but
the stabilization is the same as in Step 8.2, so that the proof and the
result are the same as in that step with sg; = 1.

X1 = x2 and x5 # 1

In this substep, the Eisenstein series has a pole only along the singular
hyperplane G;. It is of order one, and the residues span a residual
representation of the Levi factor of P;, as in Theorem 6.1. This
yields a triple in Mgy () With the parabolic subgroup P;. The
stabilizer along &), does not stabilize 7, so that there are two triples
in Mgy o (x) With the parabolic subgroup B. Observe that the other
type of stabilization along &), is treated in Step 9.7 below, because
it implies that the Eisenstein series have two singular hyperplanes
passing through 75. To summarize, the triples in My} ,(r) in this
substep are

(B,x®x,(1,0)), (B,x®x ', (1,0)) and (P,xodet,1/2),
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where we set x = x1 = X2, and the only non-trivial morphisms are
the isomorphisms between the first two triples given by ws. In the
partial order required for the definition of the filtration, we have

LP1(1/2) = (1/2’ 1/2) - LB(LO) = (1’0)7

which implies that the triple with the parabolic subgroup P; con-
tributes to a deeper filtration step. The colimit is calculated using
Theorem A.2 in the case of m =1, Wy = {1} and w1 = ws. Hence,
the Franke filtration of the space A(py ,(r) of automorphic forms
supported in ¢(7) is the two-step filtration

0 1
AByo(m) = A} o) 2 AlByetn 2 {0h
where the quotients of the filtration are isomorphic to
A}:B},(ﬂ(ﬂ') = IPl (1/27 X © det) ® S(aphc)
Al By o(m) /ALY .p(m) = I5((1,0),x @ x) ® S(d5.c)
as (goo, Koo; G(Ay))-modules.

X1 =x;" and x3 #1
The cuspidal support in this substep is conjugate by wy to the cus-
pidal support in Step 9.3. Hence, the Franke filtration is already
obtained in that step.

x1=1and x5 #1

The only singular hyperplane in this substep is &,. The stabilizer
along &} does not stabilize 7. Hence, there are two triples in
MBy},o(x) With the parabolic subgroup B. The residual represen-
tation spanned by the residues of the Eisenstein series along &4 pro-
duce a triple with the parabolic subgroup P,, which admits another
conjugate triple. More precisely, the triples in Mgy ,(x) are

(B,1® x2,(1,0)), (B,1®x5",(1,0)),

(Pa, X2 ® 1s1,4),0) and  (Pa, x5 ® Lgz,a),0),

and the only non-trivial morphisms are the non-trivial isomorphisms
between the first pair of triples given by wy and the non-trivial iso-
morphisms between the second pair of triples given by wy2;. The par-
tial order again implies that the triples with the parabolic subgroup
P; contribute to a deeper filtration step. The colimits are determined
by Theorem A.2. Hence, the Franke filtration of the space A{py o (r)
of automorphic forms supported in ¢(7) is the two-step filtration

0 1
ABy.e(m) = A} o) 2 AlByetn 2 {0h
where the quotients of the filtration are isomorphic to
Al By o(m) = 1r, (0. x2 @ Lsry(a)) ® S(ap, )
ALB} o(m) /ATBY o(r) = 18((1,0),1@ x2) @ (a5 c)
as (goo, Koo; G(Ay))-modules.
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x1=1and xo #1 and x2 =1

The only difference between this substep and the previous one is that
the stabilization along &Y is such that 7 is stabilized. Thus, the two
pairs of triples in Mgy ,(x) are replaced with two triples which have
non-trivial automorphisms. More precisely, the triples in Mgy ,(x)
are

(B71®X27(170)) and (P27X2®1SL2(A)70)7

and the only non-trivial morphisms are the automorphism of the first
triple given by ws and the automorphism of the second triple given
by wi21. The partial order is the same as in the previous substep.
The colimits are calculated using Theorem A.2. Hence, the Franke
filtration of the space A;p} ,(x) of automorphic forms supported in
() is the two-step filtration

0 1
A(BYo(m) = Ay o(m) 2 ABY o 2 {0}

where the quotients of the filtration are isomorphic to

Ay o = (I, (0,32 @ Lsr,) @ S(arse))

AL} o) [ AL BY () = (IB((L 0),1® x2) @ S(ﬁB,c))

9.7

as (foo, Koo; G(Af))-modules, where the exponent wig; in the first
line denotes the space of invariant vectors for the intertwining oper-
ator M(wia1), and the exponent wq in the second line denotes the
space of invariant vectors for the intertwining operator M (ws).

X1=X2#1land x3=1

This is the substep in which the Eisenstein series has a pole along two
singular hyperplanes &; and &3 passing through 75. According to
Theorem 6.3, the iterated residues of the Eisenstein series along these
two hyperplanes span a residual representation of G(A) denoted by
J(x), where x = x1 = x2. There are also residues along each of the
singular hyperplanes, which produce triples in My} ,(r). Hence,
the triples in Mpy ,(x) are

(B,x®x,(1,0)), (P,xodet,1/2) and (G,J(x),0),

and the only non-trivial morphism is the automorphism of the first
triple given by ws. In the partial order required for the definition of
the filtration, we have

1c(0) = (0,0) = vp, (1/2) = (1/2,1/2) > 15(1,0) = (1,0),

which indicates that the triple with G as the parabolic subgroup
contributes to the deepest filtration step, and the triple with P; to
the step deeper than the one with B. The colimit is determined by
Theorem A.2. Hence, the Franke filtration of the space A{py o(x) is
the three-step filtration

_ 0 1 2
ABY.o(m) = AB) o) 2 ABY0(m) 2 AlBYom 2 {0}
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and the quotients of the filtration are isomorphic to
2 ~J
Al = J(X)
ALBYo(m) /ALY o(m) = Ip, (1/2, x 0 det) ® S(ap, )

A?B},@(W)/A%B},w(ﬂ) = (IB((]-a 0)7 X X) ® S(aB,C))

as (goo, Koo; G(Af))-modules, where the exponent ws in the last line
denotes the space of invariant vectors for the action of the intertwin-
ing operator M (ws).

98 x1=x2=1

In this case all three hyperplanes G, ©3 and &4 passing through 75
are singular for the Eisenstein series. According to Theorem 6.3, the
iterated residue of the Eisenstein series at T5 is not square-integrable.
Hence, there is no triple in Mgy () with G as the parabolic sub-
group. The residues along each of the singular hyperplanes yield
triples in Mgy ,(r) with Py and P> as the parabolic subgroups.
More precisely, the triples in Mgy ,(x) are

(B,1®1,(1,0)), (P1,1odet,1/2) and (P, 1® 1lg1,(a),0),
and the only non-trivial morphisms are the automorphism of the first
triple given by ws and the automorphism of the last triple given by

wi21. In the partial order required for the definition of the filtration,
we have

1, (0) = (0,0) = vp, (1/2) = (1/2,1/2) > 15(1,0) = (1,0),

which implies that the triple with the parabolic subgroup P, con-
tributes to the deepest filtration step, while the triple with the para-
bolic subgroup P; contributes to the step deeper than the one with B.
The colimits are calculated using Theorem A.2. Hence, the Franke
filtration of the space A{py ,(r) is the three-step filtration

ABy.o(m) = Alpy o) 2 AlB)g(m) 2 AlB)em 2 {0},
and the quotients of the filtration are isomorphic to
Ay o) = (1P2 (0,1@1g,0)) ® S(apz,c))
A}B}yw(ﬂ)/A%B},w(ﬂ) =~ Jp, (1/2,x odet) ® S(ap, c)
Alsy o(m) Al BY () = (IB((L 0,1®1) S(ds,c))w

as (goo, Koo; G(Ay))-modules, where the exponent wi2; in the first
line denotes the space of invariant vectors for the action of the in-
tertwining operator M (w121), and the exponent wy in the last line
denotes the space of invariant vectors for the action of the intertwin-
ing operator M (ws).

w121

Step 10: sy = (s0,1,50,2) = I3, i.e., so,1 =1 and sg2 = 1.
In this step, the singular hyperplanes G5 and &4 and the stabilizing hy-
perplane &} pass through point T5. Hence, the substeps are distinguished
according to the conditions for these hyperplanes given in Table 6.1 and
Table 6.2.
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x1 # 1 and x2 # 1 and x1 # X2
In this substep, the Eisenstein series is holomorphic, because the

conditions for the singular hyperplanes G, and &, are not satisfied.
Thus, the triples in Mgy ,(x) have the parabolic subgroup B. The
stabilization along & does not stabilize 7*. Hence, we are in the
same setting as in Step 7.1 with t = 1. The proof and the result are
the same as in that step.

X1=x2#1

The proof and the result in this substep are the same as in Step 7.2
with tg = 1, because the Eisenstein series is holomorphic and the
stabilization along &} stabilizes 7*.

x1 #Z1land xo =1

In this substep, the Eisenstein series have a pole only along G5, and
the residues span a residual representation of the Levi factor of P.
The stabilization along &) does not stabilize 7%, so that there are
two triples with the parabolic subgroup B, which are conjugate by
wi. Hence, the triples in M) ,(r) are

(B’X1®17(1’1))7 (B’]-@Xl?(l’l)) and (PQaXI(g)lSLz(A)al)v

10.4

10.5

and the only non-trivial morphisms are the isomorphisms between
the first two triples given by w;. The partial order used for the
definition of the filtration implies that the triple with the parabolic
subgroup P, contributes to the deeper filtration step. The colimit
is calculated using Theorem A.2. Hence, the Franke filtration of the
space Ay o(r) of automorphic forms supported in ¢(7) is the two-
step filtration

0 1
ABy.o(m) = A} e 2 Ay 2 {0
where the quotients of the filtration are isomorphic to
AiBy o) Z1Ip, (1,x1 © Lsp,(n)) © S(ap, c)
ALB) o(m) /ATBY o(r) = I8((1,1),x1 ® 1) @ S(dp c)
as (foos Koo; G(Af))-modules.

x1=1land x2 #1

This substep is the same as Step 10.3, and the result is obtained by
replacing the roles of y; and 2. The point is that the representatives
of the cuspidal support are conjugate, so that they belong to the same
associate class.

X1=x2=1

Although in this substep there are two singular hypeplanes G, and
&4 for the Eisenstein series, the iterated residues vanish, as recalled
in Theorem 6.3, so that the pole is at most of order one. Taken along
any of the two singular hyperplanes, the residues of Eisenstein series
span the same residual representation of the Levi factor of P,. The
stabilizer along & stabilizes 7*. Thus, the triples in Mgy ,(x) are

(B, 1®1, (]., 1)) and (PQ, 1® 1SL2(A)7 1),
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and the only non-trivial morphism is the automorphism of the first
triple given by w;. The partial order is the same as in the previous
subcases. The colimit is calculated using Theorem A.2 in the case of
m = 0 and Wy = {1, w;}. Hence, the Franke filtration of the space
A(B},4(x) of automorphic forms supported in o(7) is the two-step
filtration

0 1
ABy.o(m) = A} o) 2 AlBrem 2 {0h
where the quotients of the filtration are isomorphic to
A%B}#’(ﬂ') = IP? (17 1® 1SL2(A)) ® S(aPQ,C)
~ wl
AL By o(m) [ ALBY () = (IB((L ),191)® S(aB,«:))

as (goo, Koo; G(Ay))-modules, where the exponent w, stands for the
space of invariant vectors of the intertwining operator M (wy).

Step 11: sy = (s0,1,50,2) = T4, i.e., So,1 = 1/2 and sp2 = 1/2.
At point Ty the singular hyperplane &3 and the stabilizing hyperplane

l
1

intersect. Hence, the substeps depend on the conditions for these two

hyperplanes in Table 6.1 and Table 6.2.

11.1

11.2

11.3

x1x2 # 1 and x1 # x2
In this substep the Eisenstein series is holomorphic, and the stabi-

lization is such that 7% is not stabilized. Hence, the proof and the
result is the same as in Step 7.1 with tg = 1/2.

x1x2 # 1 and x1 = x2
The FEisenstein series is again holomorphic, but the stabilization is

such that 7" is stabilized. Hence, this substep is the same as Step
7.2 with tg = 1/2.

x1x2 =1 and x1 # x2

In this step the Eisenstein series has a pole along &3, which produces
a triple in Myp) ,(r) With the parabolic subgroup P; as in Step
4.2 with so1 = sp2 = 1/2. The stabilization along &/ does not
stabilize 7", so that there are two triples with the parabolic subgroup
B which are conjugate by w;. It turns out that the triple with the
parabolic subgroup P; also has non-trivial stabilization by the Weyl
group element wa12. Thus, the triples in Mgy ,(r) are

(B,x®x ', (1/2,1/2)), (B,x ' @x,(1/2,1/2)),
(P, xodet,0) and (Pl,X_IOdet,O),

where we set x = x1 = X3 ! and the only non-trivial morphisms are
the isomorphisms given by w; between the first pair of triples and the
isomorphisms given by ws12 between the second pair of triples. The
partial order required in definition of the filtration implies that the
triples with the parabolic subgroup P; contribute to deeper filtration
steps. The colimits in the definition of the Franke filtration are cal-
culated according to Theorem A.2 in the case of m = 1, Wy = {1}
and either wp 1 = wy or wy,1 = waie. All in all, the Franke filtration
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of the space Ay ,(r) of automorphic forms supported in o(7) is the
two-step filtration

0 1
A{B}’@(ﬂ') = A{B}a<P(7T) 2 A{B},<p(7r) 2 {0}7
where the quotients of the filtration are isomorphic to
Alpypm = Ip, (0,x 0 det) @ S(ap, c)
ALBy o(m) /AL BY o(m) = 1B((1/2,1/2),x @ x 1) ® S(aB.c)
as (foo, Koo; G(Ay))-modules.

114 x1x2 =1 and x1 = X2
This substep is proved along the same lines as the proof in Step 11.3.
The only difference is that the stabilization along & stabilizes 7, so
that the two pairs of triples with non-trivial morphisms are replaced
with only two triples which have non-trivial automorphisms. More
precisely, the triples in Myp) () are

(B,x®x,(1/2,1/2)) and (P, xodet,0),

where we set x = x1 = X2 = X3 ! and the only non-trivial mor-
phisms are the automorphism of the first triple given by w; and the
automorphism of the second triple given by ws12. The partial order
implies that the triple with the parabolic subgroup P; contributes to
a deeper filtration step. The colimits are calculated using Theorem
A.2 in the case of m = 0 and either Wy = {1, w1} or Wy = {1, wa12}.
Hence, the Franke filtration of the space Ajpy ,(r) of automorphic
forms supported in ¢(7) is the two-step filtration

0
A(B).om) = Alpyp(m) 2 A%B},w(ﬂ 2 {0},

where the quotients of the filtration are isomorphic to
w212
Alpypim) = (I, (0,x 0 det) @ S(ap, ) )

ALBy ()AL BY () = (IB((1/27 1/2),x®@x™ ) ® S(ﬁB,«:))

as (goo, Koo; G(Ay))-modules, where the exponent waqo in the first
line denotes the space of invariant vectors of the intertwining operator
M (wa12), and the exponent w; in the second line denotes the space
of invariant vectors of the intertwining operator M (wy).

8.3. Proof of Theorem 7.8

The Eisenstein series associated to 7% are holomorphic at s, = O(0,0) for any
cuspidal support 7% = x; ® x2. However, all four stabilizing hyperplanes pass
through O. Hence, depending on the properties of the cuspidal support 7%, we
obtain different instances of Theorem A.2 which determine the results.

In part (a) of Theorem 7.8, according to Table 6.2, the condition for stabiliza-
tion of 7 is not satisfied along any of the stabilizing hyperplanes. Hence, there are
eight different triples in Mpy ,(x) With a non-trivial isomorphism between each
pair of triples, but no non-trivial automorphisms. Thus, we apply Theorem A.2
with m =7 and Wy = {1}, and obtain the claim.
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In parts (b), (c), (d) and (e) of Theorem 7.8, the conditions for stabilization of
" are satisfied along only one of the four stabilizing hyperplanes. Thus, the number
of triples in Mgy ,(x) is reduced to four, but there is a non-trivial automorphism
on each of them, and two isomorphisms between every pair of different triples.
Hence, we apply Theorem A.2 with m = 3 and Wy = {1,wp}, where wq is the
non-trivial element in the stabilizer of 7" as indicated in Table 6.2. The element
wo depends on the case of Theorem 7.8 which is considered. The result is then
obtained as the spaces of invariant vectors for M (wy), as claimed.

In part (f) of Theorem 7.8, the cuspidal support 7" is stabilized along stabilizing
hyperplanes &) and &). The stabilizer is thus generated by ws and wia;, as
given in Table 6.2. There are two triples in Mg} ,(x) with four isomorphisms
between them, and three non-trivial automorphisms on each triple. These non-
trivial automorphisms are given by ws, wi2; and wis12. Hence, we again apply
Theorem A.2, but this time with m = 1 and Wy = {1, wa, w121, w1212 }. The result
follows.

Finally, in part (g) of Theorem 7.8, the condition for stabilization of 7%, given
in Table 6.2, is satisfied for all four stabilizing hyperplanes. Hence, there is only
one triple in Mgy} (), Which has all elements of W as automorphisms. Hence,
we apply Theorem A.2 with m = 0 and Wy = W, and since W is generated by w;
and wsy the result follows.



CHAPTER 9

Properties and features of the filtration

In this final chapter we point out clearly and explain the underlying reasons
for the properties and features of the Franke filtration, which can be observed in
the case of the symplectic group of rank two. Our account comprises the following
points:

e the role of the choice of the function T in the explicit description of the
filtration,

e how the colimits in the description of the filtration take care of vanishing
and equal contributions arising from functional equations of Eisenstein
series,

e the mechanism in the definition of the filtration which solves the difficulties
arising from the poles of Eisenstein series in the case of square-integrable
residues,

e the similar mechanism in the case of the poles of Eisenstein series with
residues that are not square-integrable.

In what follows, we refer to the theorems and the proofs in Chapter 7 and Chapter
8, which exhibit the phenomena listed above.

9.1. The choice of the function T

In the definition of the Franke filtration of the space A{py,,(x) of automorphic
forms with the cuspidal support in the associate class ({P}, (7)), as given in
Chapter 4, the contribution to different quotients of the filtration is determined by
the function T' = Ty py ,(x). However, the choice of the function T' satisfying the
partial order property of Section 4.2 is not at all unique.

In the cases in which the partial order < in the definition of the filtration is a
total order on Sypy ,(x), the choice of T follows the total order, but the assigned
integer values are not necessarily consecutive. However, the non-trivial quotients
of the filtration are the same and appear in the same order. The only difference
in the filtration arising from the choice of T in this case is the number of trivial
quotients between the consecutive non-trivial ones.

The more interesting situation is the case in which there exist elements in
S(P},o(x) Which are incomparable in the partial order < of Section 4.2. Depending
on the choice of T, such elements may be assigned equal integers, or different
integers in any order. If they are assigned equal integers, then the corresponding
quotient of the filtration is a direct sum of contributions obtained from different
Eisenstein series. On the other hand, if they are assigned different integers, the
direct sum splits into successive quotients of the filtration.

The example of this phenomenon is provided by part (4k) of Theorem 7.7. Tt
is the case of the cuspidal support in the associate class of the Borel subgroup and
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the character
|- Pel |
of T(A) 21 x I. Observe that the Franke filtration in the statement of the result

in this case is of length three. The proof is given in Step 6.4 of Section 8.2. In the
proof there are four triples

(B,].@].,(2,1)), (Pl,lodet,3/2)7 (P271®1SL2(A)72) and (G7lg(A),0)
in M¢py} (), and there is a pair of incomparable triples because
tp,(3/2) = (3/2,3/2) and tp,(2) =(2,0)

are incomparable. In the Step 6.4 of the proof, the choice of T" is made in such a
way that

T(ep, (3/2)) =T(tp,(2)) = 1.
This choice of T results in the Franke filtration
0 1
ABY.o(m) = Al o) 2 AlB).otn) 2 AlB)ee 2 {0}
of length three, where

A}B},Lp(ﬂ')/A%B},ap(ﬂ') = (Ipl (3/2, 1o det) ® S(Cvlph(c))
@ (IP2 (21®151,m) ® S(ﬁpz,tc)>

is a direct sum of two induced representations arising from the incomparable triples.
A different choice of T is

T(p(2,1)) =0, T(r(2) =1 T(r3/2)=2, T(a(0) =3,

which would result in the Franke filtration

0
Asyom) = Ay 2 A (81 2 A Byem 2 A s)em 2 {0}

of length four, where the quotients of the filtration are isomorphic to

A’{B} o) = Law)
A’{B} o(n /A {B} o(r) = 1P, (3/2,1 0det) ® S(ap, c)
A5y om /A 1By o(m) = s (21 @ Ls1,0) @ S(ip,.0)
A'{B}w /A/{B}¢ m = 15((2,1),1®1)® S(apc)-

Observe that the two middle quotients in this filtration are the two direct summands
in the filtration in the statement of part (4k) of Theorem 7.7.
Another significantly different choice of T is the one with

T(p(2,1)) =0, T(r(3/2) =1, T(p(2)=2, T(ac(0) =3,

which would also give rise to the filtration of length four, with the two middle
quotients interchanged compared to the filtration of length four above.

In conclusion, the freedom of choice of T" may possibly give rise to different
quotients of the filtration. However, it is only a minor modification. A quotient
which is a direct sum of summands arising from several triples can be split into
several quotients of the filtration, as in the example above.
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9.2. Functional equations of Eisenstein series and colimits

The colimits in the definition of the filtration take care of the equal contribu-
tions to the filtration which appear due to the functional equations of the Eisenstein
series. Recall that the colimits are taken with respect to the functor M from the
monoid M?P})w(ﬂ) to the category of (goo, Koo; G(As))-modules. The objects in
the monoid MIEP}W(ﬂ) are triples (R,II, z), as in Section 4.2, with R of rank k.
The morphisms from the triple (R,II, z) to the (possibly equal) triple (R',I',2’)
are given by the Weyl group elements w € W (R) under which the Levi factors of R
and R/, the representations IT and II’, and z and 2z’ are all conjugate, as in Section
4.2.

9.2.1. The functional equation of two different holomorphic Eisen-
stein series. As the clearest example of this phenomenon, consider the case of the
cuspidal support in the associate class of the Borel subgroup with

Sy = (80)1,80,2) S 6’2 \ {TQ}, ie, 0= 50,2 < 80,1 7& 1.
Hence, the cuspidal support is represented by the character
m=xa| -7 @ X2

of T(A), where sg1 is as above, and x; and x2 are unitary Hecke characters of
[. This example, depending on the properties of y; and a2, is treated in several
theorems in Section 7.2, all of which are proved in Step 8 of the proof in Section 8.2.
More precisely, it is considered in part (Ob) of Theorem 7.1, part (1-1a) of Theorem
7.2, part (1-2b) of Theorem 7.3, part (1-3a) of Theorem 7.4, part (1-4b) of Theorem
7.5, part (2¢) of Theorem 7.6 and part (4c) of Theorem 7.7. The filtration is always
one-step filtration, but its description in terms of parabolic induction depends on
the Hecke character xs.

Consider first the case of yo non-trivial and non-quadratic Hecke character,
i.e., X3 # 1. In this case, the proof is given in Step 8.1 of Section 8.2. There are
two different triples

(B,x1 ® X2, (50,1,0)) and (B,x1® x5 ", (s0,1,0))

in Mpy pn) = M({)P}W(ﬂ), which are conjugate by the Weyl group element ws, so
that wo is the only morphism between these triples. As explained in the proof, the
colimit in the definition of the Franke filtration implies that only one of the two
triples contributes.

In this case the Eisenstein series constructed from these two triples are as
follows. Let E.u(f,s) be the Eisenstein series associated to the unitary character

™ = X1 ® X2

of T(A), as in Section 3.2, where f ranges over the space Wyu, and s = (s1, 82) €
ap,c = C? is the complex parameter. Similarly, let Eupy(zuy(f'; 8) be the Eisenstein
series associated to

w2(7ru) =X1Q X2_17
where f’ ranges over W,,, (). These two Eisenstein series arising from conjugate
characters of T'(A) are related by the functional equation

Eru (fv 5) = sz(w“)(A(ﬁa ", w2)fv w2(§))a
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as in [Lan76]|, [MW95|, where A(s, 7, ws) is the standard intertwining operator
[Shal0] which intertwines, away from its poles, the induced representations

Ip(s,m) = Tnd0) (xal | @ xa| )

and
Ip(wa(s), wa(r")) = Indg () (xal - [ @ x5 |- 17°2) .

The standard intertwining operator A(s, 7", wsq) is holomorphic at the value s =
(s0,1,0) of its complex parameter. Moreover, since A((sg,1,0), 7%, wz) can be viewed
as the standard intertwining operator associated to the character ys of the torus
in the group SL, at the value 0 of its complex parameter, it is an isomorphism.
Therefore, taking the main values of (the derivatives of) the two equal Eisenstein
series generates the same automorphic forms, and one of the two Eisenstein series
should be discarded from the description of the Franke filtration. This is exactly
what is achieved by taking the colimit, which discards one of the two triples in Step
8.1 of Section 8.2. This example shows how the colimit takes care of the functional
equation in the case of two different triples with a morphism between them.

9.2.2. The functional equation of a single holomorphic Eisenstein se-
ries. Consider now the case of xo either trivial or quadratic Hecke character, i.e.,
X2 = 1. In Step 8.2 of Section 8.2, which deals with this case, there is only one
triple

(B, x1 ® X2, (50,1,0))
in Mypy o) = M?P}’@(W), but now ws is a non-trivial automorphism of the triple.
Taking the colimit in this case implies that the contribution of the triple consists of
invariants for certain intertwining operator associated to wy acting on the induced
representation
IB((SOJ, 0), X1 (29 X2) ® S(aB,(C)-

This behavior of the colimit is responsible for dealing with the functional equation
of the Eisenstein series as explained below.

Let E,«(f,s) be the Eisenstein series associated to the unitary Hecke character

T = X1 ® X2

of T(A), where f € Wyu and s = (s1, s2) € dp,c = C?, as above. In this case, since
wa (™) = 7%, the functional equation is

Eru(f,8) = Exu(A(s, 7", wa) f, w32(s))-

The standard intertwining operator A(s, 7", ws) at the value s = (s1,0,0) of its
complex parameter is an involutive automorphism of the induced representation
G(A
Ip((s1,0,0),7") = Indigs) (xal - [ @ xa) .
Hence, the induced representation is a direct sum of the +1-eigenspaces for that
operator. The functional equation of the Eisenstein series at the value s = (sg,1,0)
reads
ETr“ (f7 (50717 0)) = Eﬂ'“’ (A((So,la 0)7 ﬂ_u’ U}Q)f, (80,1, O))
It implies that for any f = f~ in the —1-eigenspace for the intertwining operator,
the Eisenstein series

Eﬂ” (fia (50,13 O)) = 0
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This argument reveals that only the Eisenstein series constructed from functions
f = fT that are invariant under the intertwining operator contribute non-trivially
to the space of automorphic forms. Similar parity conditions arise from the deriva-
tives of the functional equation evaluated at s = (so,1,0), which imply that only
invariants of certain intertwining operator associated to ws acting on the induced
representation

I5((50,1,0),x1 ® x2) ® S(aB,c).

contribute non-trivially to the space of automorpic forms. This is exactly what
is obtained by taking the colimits, and exhibits how the colimits deal with the
functional equation in the case of the triple with a non-trivial automorphism.

All other cases in which the functional equation must be considered are essen-
tially reduced to the two cases explained above. The case of the cuspidal support
represented by the character

WgX1|'|tO®X2|'|t0a Wltht0>07t07é17t07é1/2

of T(A), where x; and xo are unitary Hecke characters and s, = (to,%p) € &} \
{T3, Ty}, is completely analogous. The condition on X3 is replaced with the condi-
tion on equality of x; and x2, and the Weyl group element ws is replaced by w;.
The colimits deal with the functional equation of the Eisenstein series in this case
in Step 7 of Section 8.2, and the corresponding parts of the theorems can be found
in Tables 8.1 and 8.2.

9.2.3. The functional equations in the case of non-holomorphic Eisen-
stein series. There are also examples in which the filtration has more than one
step. In such examples, there could be several Eisenstein series with functional
equations, but contributing to different quotients of the filtration. Some of these
Eisenstein series may be degenerate, that is, associated to a residual representation
of a Levi factor, as mentioned at the end of Section 3.2. However, the colimit takes
care of all these functional equations in the same way as in the two basic examples
explained above. A particularly nice example of this phenomenon is given in part
(2f) of Theorem 7.6 and part (4h) of Theorem 7.7. The cuspidal support in this
case is represented by the character

ﬂ_gx‘ . |1/2®X| . |1/2

of T(A), where x is a unitary Hecke character of I such that x? = 1. It is treated
in Step 11.4 of the proof in Section 8.2. There are only two triples

(B7X®X7(1/271/2)) and (PlaXOdetaO)

in Mgy o(x), and both of them admit a non-trivial automorphism, given by the
Weyl group elements w; and w12, respectively. As they contribute to different
quotients of the filtration, the Eisenstein series associated to each of the triples is
treated separately. The Eisenstein series associated to the first triple is just the
Eisenstein series associated to 7 = x ® x. Its functional equation is taken into
account in the same way as in the examples explained above. However, the other
Eisenstein series is associated to the degenerate Eisenstein series Erp(f, s) associated
to the residual representation II 2 y o det of the Levi factor L;(A) & GL3(A) of
Py, where f ranges over Wi and s € ap, ¢ = C is the complex parameter. The



66 9. PROPERTIES AND FEATURES OF THE FILTRATION

degenerate Eisenstein series also satisfy the functional equation. In our case, it is
the functional equation

En(f,s) = En(A(s, 1L, wa12) f, 5),

where A(s,II, we12) is the standard intertwining operator that intertwines the in-
duced representations
G(A
Ip,(s,T0) = Ind (35 ((x o det)| det[*).

and
Ip, (war2(s), 1) = Ind (), ((x o det)| det|~*) .

As in the non-degenerate case, the operator at the value s = 0 of its complex
parameter becomes an involutive automorphism of the induced representation

Ip,(0,11) = Ind (), (x o det) .

Hence, by the same argument as in the non-degenerate case, the functional equation
implies that one should take invariants for certain intertwining operator associated
to wo12 acting on

Ip, (0, x odet) ® S(ap c),
which is exactly the result of taking the colimit in this case.

9.2.4. The case of several functional equations. The only case in which
there are several functional equations relating more than two Eisenstein series hap-
pens in Theorem 7.8. In that theorem s, = (0,0), and the cuspidal support is
represented by the character

™= X1 ® Xe,

where x1 and x2 are unitary Hecke characters. Depending on the properties of these
characters, there could be up to eight different Eisenstein series related by functional
equations, but also, in the case of y; = x2 = 1, there is just one Eisenstein
series with seven functional equations. All these possibilities are essentially just
a combination of the two basic examples explained above, and the colimits take
care of all the functional equations. All these Eisenstein series are holomorphic at
the value s, = (0,0) of the complex parameter, so that the filtration is of length
one in all these cases, but its explicit description in terms of parabolically induced
representations depends on the functional equations.

More precisely, in the case of the cuspidal support represented by the character

T=m"=x1 QX2
of T(A), where 1 # x2 and x1 # x5+ and x? # 1 and x% # 1, which is handled

in part (a) of Theorem 7.8, there are eight different triples in Mgy ,(r), given by
the action of the Weyl group, i.e.,

M By .o = {(B,w(x1 ® x2),(0,0)) : we W}.

There is a unique isomorphism between each pair of different triples in My} ,(x),
but there are no non-trivial automorphisms. The isomorphisms are given by the
conjugate action of the appropriate Weyl group element as in Table 3.1.

On the other hand, for each triple, there is an Eisenstein series E,,(f, s) associ-
ated to the unitary character w(x1®y2) obtained from 7% & x; ® x2 by conjugation
by the element w of the Weyl group. Here f ranges over the space Wy, (r«) and
s = (s1,82) € dp ¢ = C? is the complex parameter. Each pair of these Eisenstein
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series admits a functional equation, so that we have essentially seven independent
functional equations given by

Ew(fa §) = El(A(§7X1 oY X2aw)fvw(§))a

where A(s, x1 ® x2,w) is the standard intertwining operator between Ig(s, %)
and Ip(w(s), w(m")), and the Eisenstein series on the right-hand side corresponds
to the identity element of the Weyl group. Since all the Eisenstein series and the
standard intertwining operators are holomorphic at the value s = s, = (0, 0) of their
complex parameter, these functional equations and their derivatives evaluated at
s = (0,0) imply that the contributions to the space of automorphic forms of all eight
Eisenstein series are the same. Therefore, the space A(py,,(x) of automorphic forms
supported in 7 = x1 ® x2 in this case is obtained by the derivatives at s = (0,0) of
only one of the Eisenstein series considered above, and thus isomorphic to

A(B},ox) = 15((0,0), x1 ® x2) ® S(dsc)-

But this is exactly the result of taking the colimit over the eight triples in Mgy ,(r)
with an isomorphism between each pair of different triples. This shows how the
colimit takes care of the functional equations in this particular case.

On the other extreme, in the case of the cuspidal support in the trivial character
m=7"=1®1 of T(A), there is only one triple

(B,1®1,(0,0))

in M¢pj} o(r), but it admits seven non-trivial automorphisms, one for each non-
trivial element of the Weyl group. This case is just one instance of part (g) of
Theorem 7.8. Consider the Eisenstein series F(f,s), associated to 7% = 1 ® 1,
where f ranges over the space Wy and s = (s1,52) € dyp},c = C? is the complex
parameter. This Eisenstein series admits seven functional equations

E(f,s) = E(A(s,1 ® 1,w) f,w(s)),

where w is a non-trivial element of the Weyl group, and A(s, 1®1, w) is the standard
intertwining operator between Ig(s,1®1) and Ig(w(s),1®1). The Eisenstein series
and the standard intertwining operators are holomorphic at the value s = (0,0) of
their complex parameter. Since the standard intertwining operator A(s,1 ® 1, w)
at s = (0,0) is an involution, it follows that the Eisenstein series is zero for f in
the —1-eigenspace of that operator. Thus, in order to obtain non-zero automorphic
forms, one should take in the construction of the Eisenstein series only those f that
are invariant under the action of standard intertwining operators A(s,1 ® 1,w)
at s = (0,0) for all non-trivial elements w in the Weyl group. Taking also the
derivatives of Eisenstein series, it follows that the space A(py ,(191) of automorphic
forms supported in 7 2 1 ® 1 is isomorphic to

Ay paen = (I5((0,0),1© 1) ® S(amc)"

where W stands for the invariants for the action of intertwining operators associated
to all elements of the Weyl group. Since W is generated by the simple reflections
wy and wo, it is sufficient to take invariants for these two intertwining operators, as
stated in Theorem 7.8. But this is exactly the result of taking the colimit, so that
the colimit discards the zero contribution of the Eisenstein series and its derivatives
arising from the functional equations.
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The other cases in Theorem 7.8 are just a combination of the two extremes
explained above. In these cases, the triples in Mgy ,(r) admit non-trivial auto-
morphisms, and there are isomorphisms between each pair of different triples. On
the other hand, the corresponding functional equations of different Eisenstein series
imply that we should consider only one of them, because their contributions to the
space of automorpic forms are the same, just as in the first case above. However,
the functional equations of one of the considered Eisenstein series imply that one
should also take invariants for certain intertwining operators to avoid zero contri-
butions of the Eisenstein series as in the second case considered above. Both issues
are neatly solved by taking the colimit.

9.2.5. The functional equations of Eisenstein series supported in a
maximal parabolic subgroup. The functional equations of Eisenstein series,
and the corresponding colimits, play a role also in the case of the cuspidal support
in a maximal proper parabolic subgroup treated in Chapter 5. The non-trivial
phenomena occur for the cuspidal support with s, =0, i.e., 7 = 7" in Theorem 5.4
and Theorem 5.5.

In that case, if w(n™) 2 7", then the Eisenstein series associated to 7% and
w(m™) are related by the functional equation, and thus, only one of them contributes
to the space of automorphic forms. This is controlled by the colimit, as in this case
there are two triples

(P, 7*,0) and (P, w(r"),0)

in Myp;y,o(ru), With an isomorphism between them. The situation is completely
analogous to the first case considered in this section with x3 # 1.

On the other hand, if w(7™) = 7%, then the situation is analogous to the
second case considered in this section, in which x3 = 1. Namely, the Eisenstein
series associated to 7" admits a functional equation, which implies that for certain
choice of the function f in Wy« the Eisenstein series vanishes. The choice of the
appropriate functions is again governed by the colimit. In this case, the only triple
in Mp,} () i

(Pi, 7Tu, 0),

which admits a non-trivial automorphism given by w. Thus, the colimit consists
of the invariants for the corresponding intertwining operator on the induced repre-
sentation. This can be observed in Theorem 5.4 and Theorem 5.5, in which such
invariants appear.

9.3. Eisenstein series with square-integrable residues

If the Eisenstein series is not holomorphic at the relevant value of its complex
parameter, then the main value of its derivatives is well-defined only up to the
automorphic representation spanned by the coefficients in the principal part of the
Laurent series. If these coefficients are square-integrable automorphic forms on
the Levi factor of a parabolic subgroup of higher rank, then they span a residual
representation of such Levi factor. This residual representation occurs among the
triples defining the Franke filtration in Chapter 4, and the partial order assigns it to
a deeper quotient of the filtration. In such a way the main values of the derivatives
of the Eisenstein series are well-defined as elements of the quotient of the filtration.
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9.3.1. The pole of order one. Examples of this phenomenon occur in several
theorems of Section 7.2. The simplest cases are those in which the Eisenstein series
in question has a pole of order one at the relevant value of its complex parameter.
This happens in part (1-1c) of Theorem 7.2, part (1-2¢) of Theorem 7.3, part (1—
3b) of Theorem 7.4, parts (1-4c) and (1-4d) of Theorem 7.5, parts (2d), (2e) and
(2f) of Theorem 7.6 and parts (4d), (4e), (4f) and (4g) of Theorem 7.7. In some of
these theorems, the functional equations of the Eisenstein series also play a role, as
explained in Section 9.2.

As a convenient example, consider the cuspidal support represented by the
character

w01,

of T(A), where x is a unitary Hecke character of I, and
sp = (to+1/2,t0 — 1/2)

lies on the part (A‘Sl of the singular hyperplane &1, i.e., 1/2 <ty # 3/2, in order to
avoid possible poles of higher order. This case is treated in part (1-1c) of Theorem
7.2, part (2d) of Theorem 7.6 and part (4d) of Theorem 7.7, and proved in Step 2.2
of the proof in Section 8.2.

In this case, the Franke filtration is a two-step filtration

0 1
A(B} () = ABY o) 2 AB)em 2 10}
where the quotients of the filtration are isomorphic to
AlBY o = I, (to, x 0 det) ® S(ap, c)
ALy o) [ AlB) o(m) = T8(50, X ® X) @ S(d.c)

as (goo, Koo; G(Ay))-modules. We explain below the underlying reason in terms
of Eisenstein series responsible for the necessity of two different quotients of the
filtration in this example.

Let E(f,s) be the Eisenstein series associated to the unitary character 7% =
x®x of T(A), where f ranges over W, and s = (s1,52) € apc = C? is the complex
parameter. It has a pole of order one along the singular hyperplane &1, so that the
main values of its derivatives are not well-defined. The residues, on the other hand,
are square-integrable as automorphic forms on the Levi factor Ly (A) = GLa(A) of
P, and span the residual representation isomorphic to

(x o det)]| det |*

of L1(A). The degenerate Eisenstein series Er(f’,s’) associated to the unitary
residual representation II 2 y odet of the Levi factor L1 (A) of P; is holomorphic at
s’ = tg, which is the relevant value of the complex parameter for the given cuspidal
support. The coefficients in the Taylor expansion of Er(f’, s’) span the automorphic
representation which contains the automorphic forms obtained as residues of E(f, s)
along &;. Therefore, the contribution of the degenerate Eisenstein series Er(f’,s’)
should be assigned to a deeper quotient of the filtration than the contribution of
the Eisenstein series E(f, s), so that the main values of the derivatives of the latter
are well-defined as elements of the quotient. Since the Eisenstein series E(f, s) and
En(f’,s") correspond to the triples

(37X®Xa(t0+1/23t071/2)) and (Plaxodetato)
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in M¢Bj, (), respectively, the partial order implies
Lp, (to) e (to,to) - LB((to —+ 1/2,t0 — 1/2)) = (to + 1/2,t0 — 1/2)

Thus, the Eisenstein series Er(f’,s’) contributes to a deeper quotient of the fil-
tration than the Eisenstein series E(f,s), exactly as required. This explains how
the Franke filtration deals with the problem of defining the main values of the
derivatives of the Eisenstein series in the case of Eisenstein series which has a pole
of order one at the relevant value of the complex parameter and the residues are
square-integrable.

9.3.2. The pole of order two. The Franke filtration for the symplectic group
of rank two also exhibits examples in which the Eisenstein series required for the
definition of the filtration has a pole of order two with square-integrable residues.
This is the case in part (2g) of Theorem 7.6 and part (4k) of Theorem 7.7, which
are proved, respectively, in Step 9.7 and Step 6.4 of the proof in Section 8.2. For
simplicity of exposition we explain here part (2g) of Theorem 7.6. The other ex-
ample is analogous, and is already considered in regard to the freedom of choice of
the function 7" in Section 9.1.

Consider the cuspidal support represented by the character

m=x|-l®x

of T(A), where ¥ is a unitary non-trivial quadratic Hecke character of I, i.e., x> = 1,
but x # 1, as in part (2g) of Theorem 7.6. Let E(f,s) be the Eisenstein series
associated to 7 = x ® x, where f ranges over Wyu and s = (s1,82) € apc is
the complex parameter. There are two singular hyperplanes for the Eisenstein
series E(f,s) passing through s = s, = (1,0), which is the relevant point for
the considered cuspidal support. Although the pole along each of the singular
hyperplanes is of order one, the residue of E(f,s) along each of them has a pole
of order one at s = s, = (1,0). Thus, there are two terms in the principal part
of the Laurent series of E(f,s) around s, = (1,0) along a generic line. The main
values (of the derivatives) of E(f,s) are well-defined only up to the automorphic
representation spanned by the coefficients in the principal part of the Laurent series.
These coefficients must be assigned to a deeper quotient of the filtration, so that
the main values of the Eisenstein series E(f, s) are well-defined as elements in the
quotient.

This is achieved in two steps. In the first step, consider the residues of the
Eisenstein series E(f, s) along the singular hyperplane &;. The pole along &, is of
order one, and the residues span the residual representation

(x o det)] det|&1;r527 where (s1,82) € &1, ie., 51 —s2 =1,
of the Levi factor Li(A) = GLy(A) of P;. This is along the same lines as in the
example of the pole of order one with square-integrable residues, which is elabo-
rated above. Hence, consider the degenerate Eisenstein series Er(f',s’) associated
to IT = x o det, where f ranges over Wiy and s’ € ap, ¢ = C is the complex param-
eter. In our case, the relevant value of its complex parameter is s’ = 1/2, because
it corresponds to 552 at (s1,s2) = (1,0). However, according to [Kim95], the
degenerate Eisenstein series Er(f’,s’) has a pole of order one at s’ = 1/2, and
thus, the main values of its derivatives are well-defined only up to the representa-
tion spanned by the residues. The residues are square integrable, and they span the
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residual representation J(x) of G(A), as in [Kim95], which is also recalled in The-
orem 6.3. Let A% B}.o(m) denote the subrepresentation of the space of automorphic
forms isomorphic to residual representation J(x), obtained as the span of residues
of En(f’,s') at s/ = 1/2. Then, the main values of the derivatives of Er(f’,s’) at
s’ = 1/2 are well defined as elements of the quotient of the space of automorphic
forms by A%B},w(ﬂ).

The span of these main values, together with the forms in A? BY,o(n)? form the
subspace of the space of automorphic forms supported in the associate class of m,
which we denote by A%B}’w(ﬁ). Then, there is a filtration

1 2
A} o) 2 Al 2 {0}

where taking the main values of the derivatives of the Eisenstein series yields that

the quotients are isomorphic to

2 ~
AlBy o = J(X)
AL By o(m) /ALY o) = Ip, (1/2, x 0 det) © S(ap, c)

as (goo, Koo; G(Af))-modules. By the construction, the space A%B},Sa(ﬂ) of automor-
phic forms contains the coefficients of the principal part of the Laurent expansion
around s, = (1,0) of the original Eisenstein series F(f,s). Therefore, the main
values of the derivatives of E(f,s) at s = s, = (1,0) are well-defined as elements
of the quotient of the space of automorphic forms by the subspace A% B},o(r)" This
implies that the quotient is isomorphic to

A{B},@(W)/A}B},gp(ﬂ') = IB((L 0)7 X ® X) ® S(aB,C)

as a (goo, Koo; G(Af))-module.

In conclusion, we have explained the underlying reasons, in terms of the analytic
properties of the Eisenstein series, for the existence of the three different quotients
of the filtration in the considered example. On the other hand, for the considered
cuspidal support, the triples in Mgy ,(x) defining the filtration as in Chapter 4
are

(B,x ®x,(1,0), (Pr,xodet,1/2), and (G,J(x),0).
The first triple corresponds to the Eisenstein series E(f, s), the second triple corre-
spond to the degenerate Eisenstein series Eri(f’, s’), and the last triple is already a
residual representation of G(A). In the partial order required for the definition of
the filtration, we have

1q(0) = (0,0) = vp, (1/2) = (1/2,1/2) > 15(1,0) = (1,0),

so that the contributions of the triples are ordered precisely in a way governed by
the analytic properties of the Eisenstein series required in the construction.

9.3.3. The pole of the Eisenstein series supported in a maximal para-
bolic subgroup. The same feature of the Franke filtration occurs in the case of the
cuspidal support in a maximal proper parabolic subgroup considered in Chapter 5.
In that case, if the Eisenstein series associated to 7 has a pole at the relevant value
s = sg > 0 of its complex parameter, then the residues are always square-integrable
automorphic forms on G(A). This is a general fact, which holds for the cuspidal
support in a maximal proper parabolic subgroup of any reductive linear algebraic
group over a number field. It was already observed by Franke in Remark 2 of



72 9. PROPERTIES AND FEATURES OF THE FILTRATION

[Fra98, page 242-243|, and follows directly from the Langlands square-integrability
criterion [Lan76].

In the Franke filtration, the partial order always assigns the residual represen-
tations of the full group G(A) into the deepest quotient of the filtration. This is
due to the fact that any residual representation II of G(A) appears in Mypy ,(r)
as the triple

(G,11,0),
and we have
tz(0) = (0,0) > tr(z)

in the partial order defining the filtration for any other triple (R,II’, z) in Mpy s (x)-
Therefore, the main values of the derivatives of the Eisenstein series associated to
m* are well-defined as the elements of the quotient of the space of automorphic
forms by the space of automorphic forms isomorphic to the residual representation
II.

This can be observed in Theorem 5.4 and Theorem 5.5, in which the space
Lipy,o(x is the space of square-integrable automorphic forms spanned by the
residues of Eisenstein series associated to 7", and the quotient A p,y o(x)/LiP:},0(x)
is obtained as main values of the derivatives of such Eisenstein series.

9.4. Eisenstein series with non-square-integrable residues

Unlike in the previous examples, the non-square-integrable residues of Eisen-
stein series do not span a residual representation of the Levi factor of a higher rank
parabolic subgroup, because automorphic forms in residual representations must
be square-integrable. Nevertheless, these non-square-integrable residues should not
contribute to the same filtration step as the main values of the Eisenstein series,
because main values are well-defined only up to the representation spanned by these
non-square-integrable residues. Hence, there must exist another Eisenstein series
of the same or lower rank, which contributes to a deeper quotient of the filtration
and is holomorphic at the relevant value of the complex parameter, whose Taylor
coeflicients span a representation containing the non-square-integrable residues in
question.

This fact was already observed by Franke in Remark 2 on page 242-243 of
[Fra98|, in which he writes': “One gets problems with this approach [referring to
the idea of ordering contributions to the quotients of the filtration according to the
rank of parabolic subgroups in triples| in the rank two case if there are Eisenstein
series from a maximal parabolic subgroup whose residue at a point in the positive
Weyl chamber is not square integrable. This never happens for cuspidal Eisenstein
series, and for residual Eisenstein series the only example of this kind which I know,
and which I will explain in more detail below, is the example of G5 described in
the appendix in Langlands’ book.”

This paper provides another example of the same phenomenon, apparently not
anticipated by Franke, in the case of the symplectic group of rank two. It occurs
in part (4j) of Theorem 7.7, which is proved in Step 9.8 of the proof in Section 8.2.
The cuspidal support is represented by the character

T ®1

LThe text in the square-brackets are additional explanations by the author.
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of T'(A). Recall that in this case the Franke filtration of the space Ay py, () is the
three-step filtration

_ 0 1 2
A(BY.o(m) = AB} o(m) 2 ABY0(m) 2 AlBYo 2 {0}

where

Aty o = (Ip, (0,1® 1gp,) © S(@p,c))""™
AlBy o)/ AlBy ox) = Ip, (1/2,1 0 det) ® S(dp, c)
LBy o(m)/Alypm = (I5((1,0),1 1) @ S(dpc))"™

as (goo, Koo; G(Ay))-modules. Observe that there are two quotients of the filtration
arising from parabolic subgroups of the same rank P, and P,, which cannot be
rearranged as in Section 9.1 in a way that they form a direct sum in the same
quotient of the filtration. Here is the explanation of such behavior.

There is a residual representation isomorphic to

(1 o det)| det |*/2

of the Levi factor Lq(A) = GL2(A) of the parabolic subgroup P;, with cuspidal
support in the associate class of w. Let Erp, (f, s) be the degenerate Eisenstein series
associated to the unitary residual representation II; = x o det of L1 (A) =2 GLy(A),
where f ranges over the space Wi, and s € ap, ¢ = C is the complex parameter.
According to the results of [Kim95], recalled in Section 6.2, this Eisenstein series
has a pole of order one at the value s = 1/2 of its complex parameter. However,
the residues of Er, (f,s) at s = 1/2 are not square-integrable automorphic forms.

The calculations under point (ii) on page 144 of [Kim95]|, implicitly contain
the description of the automorphic representation spanned by these non-square-
integrable residues. It turns out that the representation spanned by the residues of
Em, (f,s) at s = 1/2 is isomorphic to the image of the normalized standard inter-
twining operator N((1,0),1 ® 1,wow;). Such normalized operators are obtained
from the standard intertwining operators appearing in the functional equations of
Section 9.2 using certain ratio of automorphic L-functions, as in [Sha10], [Kim04].
The reason for normalization is that the standard intertwining operators may have
poles at the relevant values of the complex parameter, and the pole is captured by
the automorphic L-functions in the normalizing factor. Another important prop-
erty of the normalized intertwining operator is that it may be decomposed according
to the decomposition of the Weyl group element into a product of simple reflections
[Sha90]. In our case, the intertwining operators attached to the Weyl group ele-
ments w; and we are essentially intertwining operators for groups GLs and SLo,
respectively. Hence, the image of

N =N((1,0),1® 1, wowy) = N((0,1),1 ® 1, we)N((1,0),1 @ 1,w;)

can be described through the diagram
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mdS®™ (|- ©1)

B(A)
¥ N
Indg) (1@]-)) > Indg()) ((1odet)| det|'/2)
e N2 N2 N
ndi() (Le]-17) o d5,{()) (1@ 151, () > Im(N)

where V7 and N5 denote the normalized intertwining operators associated to wy
and ws in the decomposition of N above. The first column in the diagram represents
the composition of operators Ny and N at the level of induced representations from
the Borel subgroup. The second column represents the images of the operators Ny
and No, and the image of the composition N = NyNj in the last column of the
diagram is a subrepresentation of the image of N5. The images of N7 and Ny are
well-known from the theory of intertwining operators for GLy and S Ly, respectively.
In other words, the residues of the Eisenstein series Fry, (f, s) span the automorphic
representation isomorphic to

G(A
Im N((1,0),1® 1, wow;) C IndP;(A)) (1®1sp,0)) -
This automorphic representation must contribute to a deeper quotient of the filtra-
tion than the main values (of the derivatives) of the Eisenstein series Erp, (f, ).
That is achieved by considering another degenerate Eisenstein series. There is
a residual representation isomorphic to

o =1®1gr,(a)

of the Levi factor Ly(A) 2 T® SLa(A) of Py, with the cuspidal support in the
character

wi(m) =1@|-|

that is associate to 7. Let Er, (f’, s’) be the degenerate Eisenstein series associated
to the residual representation IIo, where f’ ranges over Wy, and s’ € ap,c = C
is the complex parameter. It is holomorphic at the value s’ = 0 of its complex
parameter, so that the main values of its derivatives are well-defined and span
the automorphic representation isomorphic to the space of invariant vectors under
certain intertwining operator associated to the Weyl group element wsio in the
induced representation

G(A <
IndPQ((Ag) (1 & ISLg(A)) ® S(upz,,(c).

The invariants must be taken in order to handle the functional equation
B, (f',s") = B, (A(s', 112, wa12) f/, —5")

of the degenerate Eisenstein series, as in Section 9.2. Nevertheless, the automor-
phic representation spanned by the non-square-integrable residues of the degenerate
Eisenstein series Ery, (f, s) at s = 1/2 is a constituent, as an abstract representation,
of the automorphic representation spanned by the main values of the derivatives of
the degenerate Eisenstein series Erp, (f7,s).
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The actual inclusion of the space of automorphic forms obtained as non-square-
integrable residues, described as an abstract representations above, follows from the
functional equations

E(f, (s1,52)) = E(A((s1,52), 1 ® L,w1) f, (s2, 51))
= E(A((s1,52),1 ®@ 1, wow1) f, (52, —51)),

after taking the iterated residues, first along the singular hyperplane &1, and then
at the point on &; corresponding to the value s = (s1, s2) = (1,0) of the complex
parameter. The Eisenstein series E(f,s) is the Eisenstein series associated to the
trivial character 1 ® 1 of T(A), and A((s1,s2),1 ® 1,w) denotes the standard
intertwining operator associated to the Weyl group element w.

In view of the behavior of these Eisenstein series, it is now clear that the
contribution in the Franke filtration of the Eisenstein series Erp, (f’,s’) at s’ = 0
must be in a deeper quotient of the filtration than the contribution of the Eisenstein
series Ery, (f,s) at s = 1/2. This is assured by the definition of the partial order
on the set of triples. The Eisenstein series Ery, (f, s) and Er,(f’,s") correspond to
the triples

(P17H1 =1o det7 1/2) and (PQ,HQ =1® 1SL2(A)7O)a
respectively. As already observed in Step 9.8 of the proof in Section 8.2, we have
tpy(0) = (0,0) = vp, (1/2) = (1/2,1/2)

in the partial order defining the filtration. Therefore, the contribution of the sec-
ond triple, that is, the Eisenstein series Ery, (f/,s’) at s’ = 0 is assigned to a deeper
filtration step than the contribution of the first triple, that is, the Eisenstein series
En, (f,s), precisely as required. This explains the underlying reason for the exis-
tence of two different quotients of the filtration arising from the Eisenstein series
associated to the parabolic subgroups of the same rank.

In groups of higher rank, the phenomenon described here often occurs. There
are even examples in which the order of contributions is reversed, so that the
Eisenstein series associated to a parabolic subgroup of lower rank contributes to a
deeper quotient of the filtration than the Eisenstein series associated to a parabolic
subgroup of higher rank. In the case of the general linear group, the recent paper
[GG22] reveals and studies such phenomena.

However, as already explained at the end of Section 9.3 and observed in the
quoted Remark 2 of [Fra98, page 242-243|, this phenomenon never occurs in the
case of cuspidal support in a maximal proper parabolic subgroup, even for groups of
higher rank, because in that case the residues at the relevant value of the complex
parameter of the Eisenstein series are always square-integrable.






APPENDIX A

Calculation of colimits

For convenience of the reader, we provide in this appendix the explicit calcu-
lation of colimits required in the proofs in Chapter 8. We first recall the definition
of the colimit. It can be found in any standard reference on the subject, such
as [MacT71], but we state it in the context of the category of (goo, Koo; G(Af))-
modules.

Let M be a finite groupoid, that is, a category with a finite number of objects
and morphisms, such that all morphisms in M are isomorphisms. Let C be the
category of (goo, Koo; G(Af))-modules. Let M be a covariant functor from M to
C. In this setting, we may define the colimit of the functor M as follows.

DEFINITION A.1. The colimit of the functor M from the groupoid M to the
category C as above, consists of an object C' in C together with a family of morphisms
(6x)xem in C, where

ox : M(X) — C,
such that

e for every morphism w : X; — X in the category M, where X; and X
are (possibly equal) objects in M, the following diagram commutes

M (w
M(x) M)
bx, N O 1/¢X2
C

in category C, i.e., ¢x, o M(w) = ¢x,, and

e the following universal property holds: if C’ is another object in C and
(¢'y ) xem a family of morphisms ¢’y : M(X) — C’ satisfying the condi-
tion as above, then there exists a unique morphism u : C' — C’ such that,
for every object X in M, the following diagram commutes

M(X)
dx \ o'y
C — c’
in category C, i.e., uo ¢x = ¢’y for every object X in M.
The colimit is unique by the universal property, and we write
€ = gl M
for the object C' in the definition of the colimit.

Since the colimit is unique, it is sufficient to make a construction of the colimit
in any particular case required. That is, one must define an object C, together

7
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with a family of morphisms ¢x, and check the two conditions in the definition of
the colimit. We make such construction in the most general case required in the
paper.

THEOREM A.2. Let M be a finite groupoid with objects Xo, X1, ..., Xy, where
m > 0. Let W; denote the group of automorphisms of X; in category M. Suppose
that for every pair of objects (X;, X;) in M there exists a morphism w; ; from X;
to X; such that the set of morphisms from X; to X; is the coset w; ;W; = Wjw; ;.
Observe that then W; and W; are isomorphic as they are conjugate by w; ;. For
1 =7, we choose w; ; to be the identity morphism on X;. We may and will choose
wj ; in such a way that wj; = w;jl.

Let M be a covariant functor from M to the category C of (§o0, Koo; G(Af))-
modules. Then, the colimit of M can be described as

lim M(X,;) =~ M(X,
golim (Xi) (Xo)/S

= { > Mw s g€ M<X0>}

weW,
=~ M(Xo)"o
=~ M(Xo)",
where S is the submodule of M(Xy) generated by
{z — M(w)x : € M(Xo),w e Wy},

T is a set of generators for Wy, and M (X))o, respectively M(Xo)T, denotes the
submodule of M (Xo) consisting of all vectors invariant under M (w) for allw € Wy,
respectively for all w € T'. The morphisms ¢x, are defined as

¢X1 =€0 ]\4(’[1)1'70)7
where M(w; o) = M(wo_ll) is a morphism from M(X;) to M(Xy), and ¢ is the
canonical epimorphism from M (Xo) to the quotient M (X)/S.

ProOOF. For the object C' defined as the quotient M (Xy)/S in the theorem,
and the morphisms ¢x, we must prove that the two conditions in Definition A.1 of
colimit are satisfied. Let e denote the quotient map from M(Xj) to the quotient
M(Xo)/S.

For the first condition, let w be any morphism from X; to X, where X; and
X, are (possibly equal) objects in M. Then we must prove that

bx; o M(w) = ¢x,,
where ¢x, = e o0 M(wy) for I =0,1,...,m, as in the theorem. Inserting this into
the desired equation we obtain

g0 M(wjo) o M(w) =& o M(wip)
which can be rewritten as
g o (M(w;p) — M(wjow)) = 0.

Hence, it is enough to show that the image of the morphism in brackets is in the
kernel S of ¢, that is,
M(wio)y — M(wjow)y € S
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for all y € M(X;). But
M (wi0)y — M(wjow)y = M(w; o)y — M(wjowwo,;) M (w; o)y,

so that if we set © = M (w;0)y € M(Xy) and v’ = w; gwwp; € Wy, it is clear that
this last expression is in S.

For the second condition, i.e., the universal property, we must prove the exis-
tence and uniqueness of the morphism u. More precisely, let C’ be an object in C,
and ¢’y , where i = 0, 1,...,m, a family of morphisms from M (X;) to C’, indexed
by objects of M, such that the first condition in Definition A.1 of the colimit is
satisfied. That is,

P, o M(w) = ¢,
for any morphism w from X; to X; in category M. In particular, for any w € Wy,
we have
Px, o M(w) = ¢,
which implies that ¢’X0 is trivial on the kernel S of the quotient map .
Then, we define the morphism u from C to C’ as

u(e(x)) = Py, (),
where x € M(Xg). This is well-defined, because any element of C' is of the form
e(z), and if 2" € M(Xo) is such that e(z) = e(2’), then x — 2’ € S and, since ¢’y is
trivial on S, we have ¢’y (x) = ¢ (¢'). To show that the diagram in the universal
property commutes, we make a direct computation

uodx, =uoeo Mwip)
= ¢’x, o M(w; )
= ok,
where we use the definition of ¢x, in the first line, the defining relation of u in the
second line, and the assumed property of the family (b’X in the last line. Thus, we
have proved the existence of u.

For the uniqueness, suppose that for the same C’ and the same family gf)/Xi,
there is another morphism u’ from C to C’ such that the diagram in the universal
property commutes, i.e.,

u' o QSXZ = ¢/X'Z7

for all X;,7=0,1,...,m. Then, we may write
' (e(x)) = u'(¢x, (x))
= ¢, (7)

= u(e()),
where we use the definition of ¢x, in the first line, the universal property for «’ in
the second line, and the definition of u in the last line. Since an arbitrary element
of C is of the form e(z), where x € M(Xy), it follows that u = v/, and thus, u is
unique.
It remains to show that the other three descriptions of the colimit in the theorem
are indeed isomorphic to M (Xj)/S. For the moment, let

V:{ > M(w) §EM(XO)}.

weWy
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We prove the first isomorphism directly using the first isomorphism theorem. If we
define an intertwining map ¥ : M(Xy) — V by the formula

V()= Y Mw),
weWy
then it is clear that the image of ¥ is V. For the kernel, we have that S C KerV,
because

U(x — M(wp)z) = Z M(w) (x — M(wp)x)

weWy

= Z M(w)x — Z M (wwq)z
weWo weWp

= Z M(w)x — Z M(w)x
weWq weWy

= O7

for all z € M(Xy) and all wy € Wy. On the other hand, Ker¥ C S, because given
any y € Ker¥, we have
y=— Y. M)y,
weWp,w#1
which may be rearranged as

1
yzm Z (y — M(w)y) € 5,
weWp,w#1
where |Wy| is the cardinality of Wy. Thus, Ker® = S| so that the first isomorphism
is proved.
For the second isomorphism, it is clear that all vectors in V are invariant under
M (wp) for all wg € Wy, because

M(wo) > M(w)é= > Mwow)é

weW)y weWy
= Y M(w).
weWy
Conversely, if y € M (X)) is invariant under M (w) for all w € Wy, then
Woly = > M(w)y,
weWy

which implies that for & = ﬁy we have

y= > Mw}eV.

weWy
This shows the second isomorphism. The third isomorphism is obvious. O

All the colimits required in the paper can be explicitly determined using Theo-
rem A.2. In fact, most of the time, only two special cases are required in the proofs.
The first of these cases is the case of m = 0, so that there is only one object X
in M, with a non-trivial automorphism wq in Wy, i.e., Wy = {1, wo}. In this case,
Theorem A.2 implies that the colimit is isomorphic to the invariants in X, for the
automorphism wgy. The second case is the case of m = 1, so that there are two
objects Xy and X; in M, without non-trivial automorphisms, i.e., Wy = {1}, but
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with a non-trivial isomorphism wg,1 = wy, o between them. In this case, the colimit
is isomorphic to Xy. The only exception of this rule is the proof of Theorem 7.8
given in Section 8.3. The special cases of Theorem A.2 required in that proof are
mentioned there.
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