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Preface

Finally this is now the book on ” Cohomology of Arithmetic Groups” which was
announced in my ”Lectures on Algebraic Geometry I and II.” It starts with
Chapter II because the material in what would be Chapter I is covered in the
first four chapters of LAG 1. In these four chapters we provide the basics of
homological algebra which are needed in this volume.

During the years 1980-2000 I gave various advanced courses on number the-
ory, algebraic geometry and also on ”cohomology of arithmetic groups” at the
university of Bonn. I prepared some notes for the lectures on ”cohomology
of arithmetic groups”, because there was essentially no literature covering this
subject.

At some point I had the idea to use these notes as a basis for a book on
this subject, a book that introduced into the subject but that also covered
applications to number theory.

It was clear that a self-contained exposition needs some preparation, we
need homological algebra and later if we treat Shimura varieties, we need also
a lot of algebraic geometry, especially the concept of moduli spaces. Since the
cohomology groups of arithmetic groups are sheaf cohomology groups, and since
the theory of sheaves and sheaf cohomology is ubiquitous in algebraic geometry
I had the idea to write a volume ”Lectures on Algebraic Geometry” where 1
discuss the impact of sheaf theory to algebraic geometry. This volume became
the two volumes mentioned above and the writing of these volume is at last
partly responsible for the delay.

The applications to number theory concern the relationship between special
values of L-functions and the integral structure of the cohomology as module
under the Hecke algebra. On the one hand we can prove rationality statements
for special values (Manin and Shimura) on the other these special values tell us
something about the denominators of the Eisenstein classes. These connections
was already discussed in the original notes in 1985 for the special case of Sly(Z).
and the precise results are stated at the end of Chapter II.

In more general cases this relationship is conjectural and it was very impor-
tant for me that these conjectures got some support by experimental calculations
by G. van der Geer and C. Faber and others.

This tells us that the whole subject has interesting aspects from the compu-
tational side. In Chapter II we discuss a strategy to compute the cohomology
and the Hecke endomorphisms explicitly so that we can verify the above con-
jectures in explicit examples. For the group Sla(|Z) such explicit calculations
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have been done by my former student X.-D. Wang in his Bonn dissertation and
are now resumed in Chapter II.

I hope that this book will be a substantial contribution to a beautiful field
in mathematics, it contains interesting results and it also points to challenging
questions.
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0.1 Introduction

This book is meant to be an introduction into the cohomology of arithmetic
groups.

Generally speaking we can say that an arithmetic groups I' is a discrete
subgroups of a Lie group G(R) C Gl,,(R) whose matrix entries satisfy certain
rationality and integrality condition. The most basic example is the group
S1,.(Z) C S1,(R). More generally G(R) will be the group of real points of an
algebraic subgroup G C Sl,, this is the "ambient” group. Our group G has
its rational representations p : G — Gl,.(M), these representations provide I'-
modules, which are also called M, these modules will be finitely generated free
Z-modules.

Then we can consider the group cohomology

H*(T,M) = P HI(T, M).

These cohomology groups are defined in terms of homological algebra, they
are the derived functors of the functor M — M (= invariants under I'.) At
this point we could forget, that I is a subgroup of G(R), but we do not. Our
arithmetic group I' acts properly discontinuously on the symmetric space X =
G(R)/K, we can form the quotient I'\ X, this quotient is an orbifold. We
can pass to a suitable subgroup of finite index IV C I" such that I has no non
trivial elements of finite order (i.e. is torsion free). Then I'V\ X is a Riemannian
manifold, it is a so called locally symmetric space. The map I"\X — T\X is
a finite covering with some ramifications. If I" has elements of finite order then
I\ X is only a Riemannian orbifold. These spaces I'\ X are of great interest for
differential geometers, mathematicians interested in analysis on manifolds and
topologists,

Our T module M provides I'\ X with a sheaf M (section 6.2) with values in
finitely generated abelian groups. If T' is torsion free then M is a locally constant
sheaf, or in other words a local system. We introduce the sheaf- cohomology
groups

H*(T\X, M) = @ H)('\X, M)
q
these cohomology groups are ”essentially” the same as the above group cohomol-
ogy groups, these two versions of cohomology become equal, if X is connected
and T' is torsion free. We will see that these cohomology groups are finitely
generated Z modules.

We have some additional structure on these cohomology groups. In general
the quotient space I'\ X is not compact. Therefore we may also consider the
cohomology with compact supports H?(I'\X, M). Moreover we will construct

a neighborhood A (I'\X) of ”infinity” (see (?7) and from this we get a long
exact sequence

o HIO\X, M) =5 HIT\X, M) —5 HIN (T\X), M)~ HIFY(D\X, M) =5 ...
(1)
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This sequence will be called the fundamental long exact sequence. We also
introduce the ”inner cohomology”

HI(T\X, M) := ker(r) = Im(i.)

A second structural ingredient is the Hecke algebra. Under certain conditions
we have an action of a big algebra of operators acting on all these cohomology
groups and the action commutes with arrows in the fundamental exact sequence.

This is the so called Hecke algebra H( or Hr), it originates from the structure
of the arithmetic group I'. The group I' has many subgroups I'” of finite index,
for which we can construct two arrows

P1
IMX 2 T\X. 2)
P2

Such a pair of arrows is also called a correspondence between on I'\ X, such

correspondence, together with a suitable map u : pj (M) — p5(M), induces an
endomorphism in the cohomology.

The basic objects of interest in this book are the various cohomology groups,
which appear in the fundamental exact sequence, together with the the action
of the Hecke algebra H on them.

It is my intention is to keep the exposition as elementary as possible, the
text should be readable by graduate students. We will need some background
material from algebraic topology and from homological homological algebra (
cohomology and homology of groups, spectral sequences, sheaf cohomology).
This material is expounded in the first four chapters in [20], of course it can be
found in many other textbooks.

In the later chapters we also need results and concepts from the theory
of algebraic groups, the theory of symmetric spaces, arithmetic groups, and
reduction theory for arithmetic groups. Furthermore we need results from the
theory of representations of real semi-simple groups. In the first five chapters
we explain all these concepts and results in terms in special examples.

For the the Lie groups Slp(R) and Sla(C) and their arithmetic subgroups
Sly(Z) and Sly(Z[v/—1]) these prerequisite concepts are easy to explain and
we will do so in this book. For instance if T' = Sly(Z) or more generally a
congruence subgroup of finite index the symmetric space Sla(R)/K, is the
upper half plane Hy = {z € C | J(z) = y > 0} = Sl3(R)/SO(2). The quotient
space I'\Hy is punctured Riemann surface. In this special case we have the I"
module M,, = {3 a,X"Y"""| a, € Z} and we will study the the cohomology
groups H(T'\Hz, M,,).

We also explain some of the results of the theory of representations of
real Lie groups for the groups Sla(R) and Slz(C). With these results at hand
we formulate the famous Eichler-Shimura isomorphism, and we can sketch its
proof. This Eichler-Shimura isomorphism also establishes the connection be-
tween H'(I'\Hy, M,) ® C and the space of modular forms of weight n 4 2. In
the second half of this book in Chapter 8 we discuss what is called ”Repre-
sentation theoretic Hodge theory” and the Eichler-Shimura theorem becomes a
special case of a much more general theorem.
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On the other hand we will show that the results for the special groups
Slx(Z), Sly(Z[\/d)), or suitable subgroups of finite index of them, have deep and
interesting results. We will discuss the Eisenstein cohomology for these special
groups and explain the interaction between special values of L-functions and
the structure of the cohomology.

A prototype of such a result is the formula for the denominator of the Eisen-
stein class (Theorem ?7). It is clear that this result is just a special case of more
general theorems. At this moment it is not clear how far these generalizations
reach (See section 9.6.5).

In Chapter 5 we discuss some applications of these results to number theory,
and we have to accept some even more advanced topics. We concentrate on the
case that I' C Sl3(Z) and we will use the fact that- with a grain of salt - the
quotient I'\H is the set of C-valued points the moduli space of elliptic curves
(with some additional structure). This is also explained in [20],[21].

Then for any prime ¢ the cohomology groups H* (I'\Ha, M,,) ® Z;) are actu-
ally f-adic etale cohomology groups, especially we get an action of the Galois-
group Gal(Q/Q) on these /— adic cohomology groups. This action commutes
with the action of the Hecke algebra. The insights into the structure of the
cohomology groups as Hecke modules provides insights into the structure of the
Galois group Gal(Q/Q), for instance we discuss the theorem of Herbrand-Ribet

([9]; [48])

In Chapter 6 we change gears and study the cohomology groups of arithmetic
groups in a more general framework. We start from arbitrary reductive groups
G/Q, we assume some familiarity with the theory of semi -simple real groups
and the theory of symmetric spaces. Some examples have been discussed in
earlier sections of this book.

We also use the adelic language, our locally symmetric spaces will be double
coset spaces ng = G(Q)\G(A)/K K. Here Ky is an open compact subgroup
of G(Ay), it the so called level subgroup. These locally symmetric spaces turn
out to be disjoint unions of the previous ones.

Again define sheaves M on these spaces, this will be sheaves with values
in the category of finitely generated Z-modules, and we are interested in the
various cohomology groups H$ (S§ " M) in our fundamental exact sequence.(1)
We know that all these cohomology groups are finitely generated Z-modules.
(Raghunathan)

Here we have to work a little bit to define the integral cohomology and to
define the action of the Hecke operators on these integral cohomology groups.

In this context the Hecke -algebra becomes a restricted product of local
Hecke -algebras, this means Hy, = ®/p H,. The local algebras #H, have an
identity. The level subgroup Ky determines a finite set 3 = Xy, of ramified
primes. The sub algebra H*) = ®p€2 is a central sub-algebra of Hy . For an
unramified prime p ¢ 3 the structure of #,, is given by the Satake isomorphism.
(Theorem 6.3.1).

We may pass to the rational cohomology groups H$(S% . M@ Q), these are
finite dimensional Q vector space together with the action of H. We will show
in section 8.1.7 that the action of H on the inner cohomology H (ng ,M®Q)



0.1. INTRODUCTION xiii

is semi simple, i.e. each H invariant submodule has a H-invariant comple-
ment. This implies that we can find a finite (normal) extension F/Q such that
e (ng , M ® F) is a direct sum of absolutely irreducible % module. Therefore
we get an isotypical decomposition

HYNSE, MeF) = B H(S{, M F)(xp)
ﬂfECOh!(G,Kf,M)

where the ¢ denote isomorphism classes of absolutely irreducible H-modules.
Such an absolutely irreducible Hecke module is the restricted tensor product:
Ty = ®;,7Tp. The restriction of 7 to M) gives us a homomorphism 7% =
R, H — Op.

After that we discuss some general facts concerning these cohomology groups
(Poincare duality, homology, adjunction formulas for Hecke operators)

Chapter 7 is somewhat philosophical. We have seen in the previous Chapter
4 and we will also see in Chapter 8 how the cohomology groups after tensoring by
C are related to the space of automorphic forms. In 1967 R. Langlands formu-
lated a visionary program concerning automorphic forms, this is the Langlands
program. In this Chapter 7 we discuss some of the aspects of this program in the
context of cohomology of arithmetic groups. The main player is the Langlands
dual group VG/Q.

The Langlands dual group ¥G/Q has the following purpose: For any abso-
lutely irreducible ¢ which occurs non trivially in the cohomology H$(S% . M®
F) and any p ¢ ¥ the Theorem of Satake provides a canonical semi-simple con-
jugacy class wy(m,) €Y G(F). For any representation r :¥ G/Q — Gl(V) of
the algebraic group YG/Q we can attach an L-function which is defined as an
infinite product

1
L) L(
(mg,7,8) Hdet Td = r(wy (7m,))p—|V) pl;[E (mps 7, 8)

With some extra effort we can also attach local Euler factors L(m,,7,s) to
the ramified primes p € ¥ and then the L function is defined as L(ms,7,s) =

[1, L(7p, 7, 5).

A very bold prediction of the Langlands philosophy says that to any abso-
lutely irreducible 7; which occurs somewhere in the cohomology H$(S% . Mo
F) and any representation r we can find a motive {M(my,r)} such that we an
equality of L-functions

L(my,r,s) = LMM(7y,7), 5).

It is one of the central themes in this book to investigate the relationship
between the L— functions L(7¢,r,s) (analytic properties, special values) and
the structure of the integral cohomology as modules under the Hecke-algebra,
a first instance is theorem ?77.

In Chapter 8 we develop the analytic tools for the computation of the co-
homology. Here we do not use the language of adeles. We assume that the
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I'-module M is a C-vector space and it is obtained from a rational representa-
tion of the underlying algebraic group. In this case one may interpret the sheaf
M as the sheaf of locally constant sections in a flat bundle, and this implies
that the cohomology is computable from the de-Rham-complex associated to
this flat bundle. We could even go one step further and introduce a Laplace
operator so that we get some kind of Hodge-theory and we can express the
cohomology in terms of harmonic forms. Here we encounter serious difficulties
since the quotient space I'\ X is not compact. But we will proceed in a different
way. Instead of doing analysis on T'\ X we work on Co (I'\G(R)). This space is
a module under the group G(R), which acts by right translations, but we rather
consider it as a module under the Lie algebra g of G(R) on which also the group
K acts, it is a (g, K)-module.

Since our module M comes from a rational representation of the underlying
group G, we may replace the de-Rham-complex by another complex

H* (g, Koo, Coo(T\G(R)) © M),

this complex computes the so called (g, K)-cohomology. The general principle
will be to ”decompose” the (g, K)-module Coo (I'\G(R) into irreducible submod-
ules and therefore to compute the cohomology as the sum of the contributions
of the individual submodules. This is a group theoretic version of the classical
approach by Hodge-theory. Here we have to overcome two difficulties. The first
one is that the quotient I'\G(R) is not compact and hence the above decom-
position does not make sense, the second is that we have to understand the
irreducible (g, K)-modules and their cohomology. The first problem is of ana-
lytical nature, we will give some indication how this can be solved by passing
to certain subspaces of the cohomology the so called cuspidal and the discrete
part of the cohomology. We shall state some general results, which are mainly
due to A. Borel and H. Garland. We shall shall also state some general results
concerning the second problem. The general result in this chapter is a partial
generalization of the theorem of Eichler-Shimura, it describes the cuspidal part
of the cohomology in terms of irreducible representations occurring in the space
of cusp forms and contains some information on the discrete cohomology, which
is slightly weaker. We shall also give some indications how it can be proved.

In the following chapter 9 we discuss the Eisenstein-cohomology. The the-
orem of Fichler-Shimura describes only a certain part of the cohomology , the
Eisenstein -cohomology is meant to fill the gap, it is complementary to the
cuspidal cohomology. These Eisenstein classes are obtained by an infinite sum-
mation process, which sometimes does not converge and is made convergent by
analytic continuation. We shall discuss in detail the cases of the special groups
Sl5(R) and Sly(C) (the second case is not yet in the manuscript). Here we will
be able to explain an arithmetic application of our theory. Recall that we have
to start from a rational representation of the underlying algebraic group G/Q
and this representation is defined over Q or at least over some number field.
Hence we actually get a I-module M which is a Q- vector space, and hence we
may study the cohomology H*(T'\ X, M) which then is a Q-vector space. The
FEisenstein classes are a priori defined by transcendental means, so they define
a subspace in H*(g, K, M)C . But we have still the action of the Hecke-algebra
H, and this acts on the Q-vector space H*® (I‘\X,M), and using the so called
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Manin-Drinfeld argument we can characterise the space of Eisenstein-classes as
an isotypical piece in the cohomology, hence it is defined over Q. We shall
indicate that we can evaluate the now rational Eisenstein-classes on certain
homology-classes, which are also defined over Q, hence the result is a rational
number. On the other hand we can-using the transcendental definition of the
Eisenstein class-express the result of this evaluation in terms of special values
of L—functions. This yields rationality results for special values of L—functions
(see [Ha] and [Ha -Sch]). This gives us the first arithmetic informations of our
theory.

Finally I want to discuss some possible generalisations of all this and some
open interesting problems. During the whole book I always tried to keep the
door open for such generalisations. I presented the cohomology of arithmetic
groups in such a way that we have the necessary tools to extend our results.
This may have had the effect, that the presentation of the results in the classical
case of Sly(Z) looks to complicated, but I hope it will pay later on.

Some of these generalisations are discussed in [HS].
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Chapter 1

Basic Notions and
Definitions

1.1 Affine algebraic groups over Q.

A linear algebraic group G/Q is a subgroup G C GL,,, which is defined as the
set of common zeroes of a set of polynomials in the matrix coefficients where in
addition these polynomials have coefficients in Q . Of course we cannot take just
any set of polynomials the set has to be somewhat special before its common
zeroes form a group. The following examples will clarify what I mean:

1.) The group GL, is an algebraic group itself, the set of equations is empty.
It has the subgroup Sl,, C GL,,, which is defined by the polynomial equation

Sl, = {z € GL,, | det(z) = 1}

2.) Another example is given by the orthogonal group of a quadratic form
n
flar,...,z,) = ZCWC?
i=

where a; € Q and all a; # 0 (this is actually not necessary for the following).
We look at all matrices

a1 .o Qip

ap1 ... Qnn

which leave this form invariant, i.e.

flaz) = f(z)
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for all vectors x = (z1,...,2,). This defines a set of polynomial equations for
the coefficient a;; of «.
These a form a group, this is the linear algebraic group SO(f).

3.) Instead of taking a quadratic form — which is the same as taking a
symmetric bilinear form — we could take an alternating bilinear form

<£ay> :<$17---7$2my1,---y2n> =

n

> (@1Yian — Tinyi) = flz,y)-

i=1
This form defines the symplectic group:
Sp, = {a € GLy, | (az,ay) = (g,g)} )

1.1. Important remark: The reader may have observed that I did not specify
a field (or a ring) from which I take the entries of the matrices. This is done
intentionally, because we may take the entries from any ring R containing the
rational numbers Q. In other words: for any algebraic group G/Q C GL,, and
any ring R containing Q we may define

G(R) C GLn(R)

as the group of those matrices whose coefficients satisfy the required polynomial
equations.
Adopting this point of view we can say that

A linear algebraic group G/Q defines a functor from the category of Q-
algebras (i.e. commutative rings containing Q) into the category of groups.

4.) Another example is obtained by the so-called restriction of scalars. Let
us assume we have a finite extension K/Q, we consider the vector space V = K™.
This vector space may also be considered as a Q-vector space Vj of dimension
n[K : Q] = N. We consider the group

GLy/Q.
Our original structure as a K-vector space may be considered as a map
©: K — Endg(V),

and the group GL,(K) is then the subgroup of elements in GLy(Q) which
commute with all the elements of O(z),x € K. Hence we define the subgroup

G/Q = Rk ;o(GLy) = {a € GLy | o commutes with ©(K)}
and G(Q) = GL,(K). For any Q-algebra R we get
G(R) = GL,(K ®¢ R).

This can also be applied to an algebraic subgroup H/K — GL,/K, ie. a
subgroup that is defined by polynomial equations with coefficients in K.
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Our definition of a linear algebraic group is a little bit provisorial. If we
consider for instance the two linear algebraic groups

1 =z
aie = {(5 1)

1 0
Go/Q = 0 1 C GL3

0 0

then we would like to say, that these two groups are isomorphic. They are
two different “realizations” of the additive group G,/Q. We see that the same
linear algebraic group may be realized in different ways as a subgroup of different
GLN’S.

Of course there is a concept of linear algebraic group which does not rely
on embeddings. The understanding of this concept requires a little bit of affine
algebraic geometry. The drawback of our definition here is that we cannot
define morphism between linear algebraic group. Especially we do not know
when they are isomorphic. I assert the reader that the general theory implies
that a morphism between two algebraic groups is the same thing as a morphism
between the two functors form Q-algebras to groups. In some sense it is enough
to give this functor. For instance, we have the multiplicative group G, /Q given
by the functor

R — R*

and the additive group G,/Q given by R — R*.
We can realize (represent is the right term) the the group G,,/Q as

Gn/Q= {(é t(—)l)} C Gly

1.1.1 Affine group schemes

AGS

We say just a few words concerning the systematic development of the theory
of linear algebraic groups. This is not directly used in the next few chapters but
it will be useful in Chapter 8.

For any field k an affine k-algebra is a finitely generated algebra A/k, i.e.
it is a commutative ring with identity, containing k, the identity of k is equal
to the identity of A, which is finitely generated over k as an algebra. In other
words

A= k[l’l,{EQ, . ,.’ﬂn] = k[Xl,XQ,. .. ,Xn]/I,

where they X; are independent variables and where [ is a finitely generated
ideal of polynomials in k[X7,..., X,].

Such an affine k-algebra defines a functor from the category of k— algebras to
the category of sets, namely B — Homy (A, B). A structure of a group scheme
on A/k consists of the following data:

a) A k homomorphism m : A - A ®; A (the comultiplication)
b) A k-valued point e : A — k (the identity element)
¢) An inverse inv : A — A,
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which satisfy the following requirement: For any k-algebra B our homomor-
phism m induces a map

‘m : Homg(A ®p A, B) = Homy (A, B) x Homy (A, B) — Homy (A, B)

and we require that this induces a group structure on Homyg (A, B). We also
require that the £ valued point e is the identity and that inv yields the inverse.

We leave it to the reader to figure out what this means for m, e, inv, especially
what does associativity mean (Hint: Choose B = A).

The group G has the coordinate ring A(G,,) = k[t,t 1], m(t) = t®t,e(t) =
1,inv(¢) = t~! and the coordinate ring of the additive group G, is A(G,) = k[z]
and m(z) —x®1+1®x e(r) =0,inv(z) = —z.

An affine k-algebra A together with such a collection m,e,inv is called
an affine group scheme G/k = (A, m,e,inv). The k-algebra A is the coordi-
nate ring, or the ring of regular functions of the group scheme. We will de-
note it by A(G). The group of B/k valued points will be denoted by G(B) =
Homy(A(G), B). For g € G(B) and f € A(G) ® B we write g(f) = f(g), we
evaluate the regular function at the point g € G(B).

The group Gm has the coordinate ring A(G,,) = k[t,t™1], m(t) = t®t, e(t) =
1,inv(t) = t~! and the coordinate ring of the additive group G, is A(G,) = k[z]
and m(z) =z ® 1+ 1@z, e(z) =0,inv(z) = —z.

The group scheme Gl,,/k has the coordinate ring

A=Fk[..,zij,...,yl/(det(z; )y —1); 1 <i,5,<n

and the comultiplication is given by

xl,j szy(@xy] (11)

It is clear what a homomorphism between affine group schemes is. A (ratio-
nal) representation is a homomorphism of group schemes p : G/k — Gl,, /k.

If V/k is a vector space of dimension n then we can define the group scheme
GI(V), if we choose a k-basis on V, then we can identify GI(V)/k = Gl,/k. If
G/k is any affine group scheme, we say that V/k is a G-module if we have a
homomorphism p : G/k — G1(V). Hence we know that for any k -algebra B/k
we have a homomorphism p(B) : G(B) — GlI(V ®; B). Of course this is func-
torial in B/k, i.e. a homomorphism v : B/k — B’/k induces a homomorphism
G(B) — G(B’). We will also say that p is a rational representation.

We may also consider actions of G/k on vector spaces W/k which are not
of finite dimension, here we require a certain finiteness condition. As before we
have an action

pp:G(B)x (W@B)—>W®B (1.2)

which is functorial in B/k. But now we assume in addition that for any w € W
there is a finite set of elements wy,ws,...,wy such that for any B/k and any
g€ G(B)

9w = w; @bi(g) with b; € A(G).
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It suffices to check this for the "universal” element Id € Homy(A(G), A(G)) =
G(A(G)), this means we have to find wy,ws,...,wqg € W such that

d
PA(G) (Id)w = Z h; ® w; with h; € A(G)

i=1

This implies of course that the k-subspace W’ = > kw,; which is generated by
these w; is invariant under the action p and it contains w. Hence we see that our
k-vector space W is a union of finite dimensional subspaces which are invariant
under the action of G/k.

Therefore we say that a vector space W/k with an action of G/k is a G-
module if it satisfies the above finiteness condition.

The ring of regular functions A(G) is a G X, G module: For (g1,92) €
G x, G(B) = G(B) x G(B) the action and f € A(G),z € G(B) the action is
defined by
plgr,92)f () = f(g1 ' g)-
We have to verify the finiteness condition. To do this we write a formula for
p(g1,92)f € A(G)®B. We have the comultiplication m : A(G) — A(G)®,A(G),

we apply it to the first factor on the right hand side and get mq20m : A(G) —
A(G) ®r A(G) @ A(G). Then

migom(f) =Y hj, &h,®h
I

Then by definition

plar.g2)f = >y @ inv(h,) (911! (g2)

1%

and this says that p(g1,g2)f lies in the submodule generated by the hy,.

Of course we may restrict the action to each the two factors, we simply
choose g1 = e,-we get the action by right translations- or we choose g5 = e, this
gives the action by left translations.

Base change

If we have a field L D k and a linear group G/k then the group G/L = G x L
is the group over L where we forget that the coefficients of the equations are
contained in k. The group G x, L is the base extension from G/k to L.

Tori, their character module,...

A special class of algebraic groups is given by the tori. An algebraic group T'/K
over a field K is called a split torus if it is isomorphic to a product of G,,-s. It
is called a torus if it becomes a split torus after a suitable finite extension of the
ground field, i.e we have T x ¢ L — G, /L.

If we take an arbitrary finite field extension L/Q we may consider the functor

R— (L®gR)*.
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It is not hard to see that this functor can be represented by an algebraic
group over Q, which is denoted by Ry, /q(G,,/L) and called the Weil restriction
of G, /L. We propose the notation

Risq(Gm/L) = G/? (1.3)

The reader should try to prove that for a finite extension L /L which is normal
over Q we have } 3
G,L,L/Q xq L AN (Gm/L)[L:Q]

and this shows that GTLn/ Q is a torus .

A torus T/K is called anisotropic if is does not contain a non trivial split
torus. Any torus C/K contains a maximal split torus S/K and a maximal
anisotropic torus C7//K. The multiplication induces a map

m:SxC; —C

this is a surjective (in the sense of algebraic groups) homomorphism whose
kernel is a finite algebraic group. We call such map an isogeny and write that
Cc=5-0C.

We give an example. Our torus Ry ,q(Gm/L) contains G,,/Q as a subtorus:
For any ring R containing Q we have R* = G,,(R) € (R® L)*. On the other
and we have the norm map Ny g : (R® L)* — R* and the kernel defines a
subgroup

Ry)o(Gm/L) C Rpq(Gm/L)

and it is clear that

1
m: G X Ry} (G /L) = Ry yo(Gm /L)
has a finite kernel which is the finite algebraic group of [L : Q]-th roots of unity.

For any torus T" = GJ, we define the character module as the group of
homomorphisms

X*(T) = Hom(T,G).. (1.4)

If the torus is split, i.e. T = G!, then X*(T) = Z" and the identification is
given by (n1,ns,...,n.) — {(x1,22,...,2,) = z*z5? ...zl }. We write the
group structure on X*(7') additively, this means that (y; +72)(x) = y@)y2(z).

It is a theorem that for any torus we can find a finite, separable, normal
extension L/K such that T x g L splits. Then it is easy to see that we have an
action of the Galois group Gal(L/K) on X*(T X, L) = Z". If we have two tori
T,/K,T5/K which split over L

HOmK(Tl,Tg) L> Hom Gal(L/K)(X*(TQ XK L),X*(Tl XK L)) (15)

To any Gal(L/K)— action on Z™ we can find a torus T'/K which splits over L
and which realizes this action.

A homomorphism ¢ : T7 /K — Ty is called an isogeny if dim(77) = dim(73)
and if ¢ : X*(Ty) — X*(T}) is injective.
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Semi-simple groups, reductive groups,.

An important class of linear algebraic groups is formed by the semisimple and
the reductive groups. I do not want to give the precise definition here. Roughly,
a linear group is reductive if it does not contain a non trivial normal subgroup
which is isomorphic to a product of groups of type G,. A group is called
semisimple, if it is reductive and does not contain a non trivial torus in its
centre.

For example the groups Sl,, Sp,, are semi simple. The groups SO(f) are
semi-simple provided n > 3. The groups Gl,, and especially the multiplicative
group Gl;/Q = G,,,/Q are reductive.

Any reductive group G/Q (or over any field of characteristic zero) has a
central torus C'//Q and this central torus contains a maximal split torus S. The
derived G /Q is semi simple and we get an isogeny

GV x0y xS =G

or briefly G = G . C; - S.
If for instance G = Ry g(Gl,/L) then G = Rpq(Sl,/L) and C =
Ry 0(G,, /L) and this yields the product decomposition up to isogeny

G=G". Ry,

(G /L) - Gy,
Split groups, classical groups, the standard maximal split torus in the
split group, quasisplit groups

1.1.2  k-forms of algebraic groups

Exercise: 1) Consider the following two quadratic forms over Q:
f(il’,y,Z) = x2 +y2 _Z2 9 fl(xayvz) = x? +y2 _322'

Prove that the first form is isotropic. This means there exists a vector (a,b,c) € Q3\ {0}
with
Fa,b,e) = 0.

Show that the second form is anisotropic, i.e. it has no such vector.

2) Prove that the two linear algebraic group G/Q = SO(f)/Q and G1/Q =
SO(f1)/Q cannot be isomorphic. (Hint: This is not so easy since we did not define
when two groups are isomorphic.)

Here is some advice: In general we call an element ¢ # u € G(Q) unipotent if it is
unipotent in GL,,(Q) where we consider G/Q < GL,, /Q. It turns out that this notion
of unipotence does not depend on the embedding.

Now it is possible to show that our first group G(Q) = SO(f)(Q) has unipotent
elements, and G1(Q) does not. Hence these two groups cannot be isomorphic.

3) Prove that the two algebraic groups G Xg R and G1 xg R are isomorphic, and
therefore the two groups G(R) and G1(R) are isomorphic.

In this example we see, that we may have two groups G/k, G1/k which are
not isomorphic but which become isomorphic over some extension L/k. Then
we say that the groups are k-forms of each other. To determine the different
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forms of a given group G/k is sometimes difficult one has to use the concepts
of Galois cohomology.

For a separable normal extension L/k we have the almost tautological de-
scription

G(k) ={g € G(L)|o(g) = g for all elements in the Galois group Gal(L/k)}.

Now let we can consider the functor Aut(G) : It attaches to any field exten-
sion L/k the group of automorphisms Aut(G)(L) of the algebraic group G x, L.
We denote this action by g — o(g) = g°. Note that this notation gives us the
rule g(°7) = (¢g7)?. A 1-cocycle of Gal(L/k) with values in Aut(G) is a map
¢: 0 ¢, € Aut(G)(L) which satisfies the cocycle rule

(o8
Cor = CoCq

Now we define a new action of Gal(L/k) on G(L): An element o acts by

g o9, "
We define a new algebraic group G;/k: For any extension E/k we have an
action of Gal(L/k) on E ®; L and we put

Gi(E)={9€G(E® L)|lg=co99;"}

For the trivial cocycle o — 1 this gives us back the original group.
It is plausible and in fact not very difficult to show that E — G1(F) is in
fact represented by an algebraic group. This group is clearly a k-form of G/k.
We can define an equivalence relation on the set of cocycles, we say that

{ocot~{orc}
if and only if we can find a @ € G(L) such that
¢ =alcya® for all o € Gal(L/k)

We define H'(L/k, Aut(G)) as the set of 1-cocycles modulo this equivalence
relation. If we have a larger normal separable extension L’ D L D k then we get
an inclusion H'(L/k, Aut(G)) — H'(L'/k, Aut(G)). If k, is a separable closure
of k& we can form the limit over all finite extensions k¥ C L C k, and put

H'(ky/k, Aut(G)) = 1ig1H1(L/k, Aut(@))

This set is isomorphic to the set of isomorphism classes of k-forms of G/k.

We may apply the same concepts in a slightly different situation. A k—
algebra D over the field k is called a central simple algebra, if it has a unit
element # 0, if it is finite dimensional over k, if its centre is k (embedded via
the unit element) and if it has no non trivial two sided ideals. It is a classical
theorem, that such an algebra over a separably closed field is isomorphic to a
full matrix algebra M, (k). Hence we can say over an arbitrary field k, that the
central simple algebra of dimension n? are the k-forms of M, (k).

For any algebraic group G//k we may consider the adjoint group Ad(G), this
is the quotient of G/k by its center. It can be shown, that this is again an
algebraic group over k. It is clear that we have an embedding

Ad(G) — Aut(G)
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which for any g € Ad(G)(L) is given by
g {z— g ag}.
A form G4/k of a group G/k is called an inner k-form, if it is in the image of
H' (ks /k,Ad(G)) — H"(ks/k, Aut(Q)).

We call a semi simple group G/k anisotropic , if it does not contain a non
trivial split torus (See exercise in (1.1.2)) In our example below the group of
elements of norm 1 is semi simple and anisotropic if and only if D(a, b) is a field.

I want to give an example, we consider the algebraic group Gls/Q we con-
sider two integers a, b # 0, for simplicity we assume that b is not a square. Then

we have the quadratic extension L = Q(v/b). The element ((1) 8) defines the

inner automorphism

saifd (o (5o (0 5)

of the group Gly, let o be its non trivial automorphism. Then o — Ad( (1) g))

and Idgai(z/k) = Idaue( ar)(z) 18 @ 1-cocycle and we get a Q form of our group.
Hence we get a Q form G; = G(a,b)/Q of our group Gly. It is an inner
form.

Now we can see easily that group of rational points of our above group
G(a,b)(Q) is the multiplicative group of a central simple algebra D(a, b)/Q. To
get this algebra we consider the algebra Ms(L) of (2,2)-matrices over L. We
define

D(a,b) = {x € My(L)|z = Ad(((l) g))x”Ad(((l) g>)—1}.

We have an embedding of the field L into this algebra, which is given by

}_}uO
v 0 u°

Let up, the image of v/b under this map. We also have the element u, = <(1) g)

in this algebra.
Now I leave it as an exercise to the reader that as a Q vctor space

D(aa b) = @ 2] Qub @ Qua @ Quaub
We have the relation u2 = a,u? = b, uqup = —uptg.
Of course we should ask ourselves: When is D(a, b) split, this means isomor-

phic to M>(Q). To answer this question we consider the norm homomorphism,
which is defined by
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THYUp+2UqFWaaUp = (THYUpF2UqFWagup ) (T—YUp—2Ug —WagUp) = z?—y?b—z2a+wab.
It is easy to see that D(a,b) splits if and only if we can find a non zero element
whose norm is zero.
If we do this with R as base field and if we take a = —1,b = —1 then we get
the Hamiltonian quaternions, which is non split.
We may also look at the p-adic completions Q, of our field. Then it is not
difficult to see that D(a,b) splits over Q, if p # 2 and p | ab. Hence it is clear
that there is only a finite number of primes p for which D(a,b) does not split.
If we consider R as completion at the infinite place, and the Q, as the com-
pletions at the finite places, then we have

The algebra D(a,b) splits if and only if it splits at all places. The number of
places where it does not split is always even.

The first assertion is the so called Hasse-Minkowski principle, the second
assertion is essentially equivalent to the quadratic reciprocity law.

1.1.3 The Lie-algebra

We need some basic facts about the Lie-algebras of algebraic groups.

For any algebraic group G/k we can consider its group of points with values
in kle] = k[X]/(X?). We have the homomorphism k[e] — k sending € to zero
and hence we get an exact sequence

0—g— G(kle]) » G(k) — 1.

The kernel g is a k-vector space, if the characteristic of k is zero, then its
dimension is equal to the dimension of G/k. It is denoted by g = Lie(G).

Let us consider the example of the group G = SO(f), where f: Vx — k is
a non degenerate symmetric bilinear form. In this case an element in G(kle]) is
of the form Id + €A, A € End(V) for which

F((1d + €Ay, (1d + eAyw) = f(v,w)
for all v,w € V. Taking into account that € = 0 we get
G(f(A'an) + f(vv Aw)) =0,

i.e. A is skew with respect to the form, and g is the k-vector space of skew
endomorphisms. If we give V a basis and if f = >_ 27 with respect to this basis
then this means the the matrix of A is skew symmetric.

If we consider G = Gl,,/k then g = M,,(k), the Lie-bracket is given by

(A,B)— AB — BA (1.6)
We have some kind of a standard basis for our Lie algebra

s=Prtie P kB, (1.7)
=1

,5,17]
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where H; (resp.E; ;) are the matrices

0 0 0 0 0 00 . 0 0 0
0 0 0 0 0 00 . 0 0 0
0 0 0 0 0 0 1 0
H=100 0 1 o o|l™Fi=]o0 0 0o o0 o0
00 0 ... 0 00 0 ... .0
00 0 0 0 0 00 0 0 0 0

and the only non zero entries (=1) is at (i,¢) on the diagonal (resp. and (i, j)
off the diagonal.)

For the group Sl,,/k the Lie-algebra is g») = {A € M, (k)| tr(A) = 0} and
again we have a standard basis

n—1
g(o) = @ k(HZ' — HZ‘+1) D @ kE; (1.8)
i=1 i,§,i#]

A representation of a group scheme G/k is a k-homomorphism
p:G— GlV)

where V/k is a k— vector space. Then it is clear from our considerations above
that we have a ”derivative” of the representation

dp : g = Lie(G/k) — Lie(GL(V)) = End(V) (1.9)

this is k-linear.

Every group scheme G/k has a very special representation, this is the the
Adjoint representation. We observe that the group acts on itself by conjugation,
this is the morphism

Inn:Gx,G—= G

which on T valued points is given by
Inn(g1,g2) = g192(g1) "
This action clearly induces a representation
Ad: G/k — Gl(g)

and this is the adjoint representation. This adjoint representation has a deriva-
tive and this is a homomorphism of k& vector spaces

Dpg =ad:g— End(g).
We introduce the notation: For 77,75 € g we put
[Tl, TQ] = ad(Tl)(Tg)

Now we can state the famous and fundamental result
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Theorem 1.1.1. The map (T1,T3) — [T1, T3] is bilinear and antisymmetric. It
induces the structure of a Lie-algebra on g, i.e. we have the Jacobi identity

(Th, [To, T3] + 13, [T3, Th]] + [15, [T1, T2]] = 0.

We do not prove this here. In the case G/k = G1(V') and Ty, T5 € Lie(Gl(V) =
End(V) we have [Ty, T3] = T1T5 — T>T; and in this case the Jacobi Identity is
a well known identity.

On any Lie algebra we have a symmetric bilinear form (the Killing form)

B:gxg—k (1.10)
which is defined by the rule

B(T1,T,) = trace(ad(T1) o ad(12))

A simple computation shows that for the examples g = Lie(Gl,) and g0 =
Lie(Sl,) we have

B(Tl,TQ) =2n tI‘(TlTQ) -2 tI‘(T1> tI‘(TQ) (111)

we observe that in case that one of the T; is central, i.e.= uld we have B(T1,T3) =
0. In the case of g(» the second term is zero.

It is well known that a linear algebraic group is semi-simple if and only if
the Killing form B on its Lie algebra is non degenerate.

1.1.4 Structure of semisimple groups over R and the sym-
metric spaces

We need some information concerning the structure of the group Go, = G(R)
for semisimple groups over G/R. We will provide this information simply by
discussing a series of examples.

Of course the group G(R) is a topological group, actually it is even a Lie
group. This means it has a natural structure of a C., -manifold with respect to
this structure. Instead of G(R) we will very often write Goo. Let G be the
connected component of the identity in G,. It is an open subgroup of finite
index. We will discuss the

Theorem of E. Cartan: The group G°, always contains a maximal com-
pact subgroup K C G2 and all maximal compact subgroups are conjugate
under G%,. The quotient space X = G°, /K is again a Coo-manifold. It is diffeo-
morphic to an R™ and carries a Riemannian metric which is invariant under the
operation of G%, from the left. It has negative sectional curvature. The maxi-
mal compact subgroup K C G, is connected and equal to its own normalizer.
Therefore the space X can be viewed as the space maximal compact subgroups
in GY,.

This theorem is fundamental. To illustrate this theorem we consider a series
of examples:
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The groups Sl;(R) and Gl,(R):

The group Sl;(R) is connected. If K C Slz(R) is a closed compact subgroup,
then we can find a positive definite quadratic form

f:R* =R,

such that K C SO(f,R). since the group SO(f,R) itself is compact, we have
equality. Two such forms fi, fo define the same maximal compact subgroup if
thre is a A > 0 in R such that Af; = fs.

This is rather clear, if we believe the first assertion about the existence of f.
The existence of f is also easy to see if one believes in the theory of integration
on K. This theory provides a positive invariant integral

C(K) —

R
o — /go(k)dk
K

with [¢ > 0 if ¢ > 0 and not identically zero (positivity), [ ¢(kko)dk =
[ p(kok)dk = [ ¢(k)dk (invariance).
To get our form f we start from any positive definite form fy on R™ and put

f2) = /K Jolka)dk.

A positive definite quadratic form on R"™ is the same as a symmetric positive
definite bilinear form. Hence the space of positive definite forms is the same as
the space of positive definite symmetric matrices

X:{Az(aij)\A:tA,A>O}.

Hence we can say that the space of maximal compact subgroups in Slg(R) is
given by ~
X = X/RY,.

Tt is easy to see that a maximal compact subgroup K C Slz(R) is equal to its
own normalizer (why?). If we view X as the space of positive definite symmetric
matrices with determinant equal to one, then the action of Slz(R) on X =
Sli(R)/K is given by

(9,4) — g Ay,

and if we view it as the space of maximal compact subgroups, then the action
is conjugation.

There is still another interpretation of the points x € X. In our above inter-
pretation a point was a symmetric, positive definite bilinear form <, >, on R"
up to a homothety. This bilinear form defines a transpose g —!* g and hence
an involution

0,9 (g)7" (1.12)
Then the corresponding maximal compact subgroup is

K, = {g € Sln(R”@x(g) = g} (113)
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This involution ©, is a Cartan involution, it also induces an involution also
called O, on the Lie-algebra and it has the property that (See 6.4)

(u,v) = B(u,04,(v)) = Be, (u,v) (1.14)

is negative definite. This bilinear form is K, invariant. All these Cartan invo-
lutions are conjugate.

If we work with Gl,(R) instead then we have some freedom to define the
symmetric space. In this case we have the non trivial center R* and it is
sometimes useful to define

X = G1,(R)/SO(R) - R%, (1.15)

then our symmetric space has two components, a point is pair (©,,¢€) where €
is an orientation. If we do not divide by RZ, then we multiply the Riemannian
manifold X by a flat subspace and we get the above space X.

A Cartan involution on Gl,(R) is an involution which induces a Cartan
involution on Sl,,(R) and which is trivial on the center.

Proposition 1.1.1. The Cartan involutions on Gl,,(R) are in one to one cor-
respondence to the euclidian metrics on R™ up to conformal equivalence.

Finally we recall the Iwasawa decomposition. Inside Gl,(R) we have the
standard Borel- subgroup B(R) of upper triangular matrices and it is well known
that

Gl,(R) = B(R) - SO(R) - R%,, (1.16)

and hence we see that B(R) acts transitively on X.

The Arakelow- Chevalley scheme (Gl,/Z, ©))

t \—1

We consider the case G = Gl,, and the special Cartan involution ©¢(g) = (*g)

and look at it from a slightly different point of view.

We start from the free lattice L = Zey ©Zes®- - -®Ze,, and we think of Gl,,/Z
as the scheme of automorphism of this lattice. If we choose an euclidian metric
<, > on L®R then we call the pair (L, <, >) an Arakelow vector bundle. up
to homothety, we get a Cartan involution © on Gl, (R). We choose the standard
euclidian metric with respect to the given basis, i.e. < e;,e; >= 6;;. The
the resulting Cartan involution is the standard one: ©g : g + (‘g)~!. This
pair (Gl,/Z,©y) is called an Arakelow- Chevalley scheme. (In a certain sense
the integral structure of Gl,,/Z and the choice of the Cartan involution are
”optimally adapted”)

In this case we find for our basis elements in (1.7)

B@O (Hi,Hj) = —2’/151‘,]‘ + 2; B@o (Ei,j, EkJ) = —27151‘,14,5]‘71 (117)

hence the E; ; are part of an orthonormal basis.

We propose to call a pair (L, < , >,) an Arakelow vector bundle over
Spec(Z)U{co} and (Gl,,, ©,) an Arakelow group scheme. The Arakelow vector
bundles modulo conformal equivalence are in one-to one correspondence with
the Arakelow group schemes of type Gl,.
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The group S1,(C)

We now consider the group G/R whose group of real points is G(R) = Sl4(C)
(see 1.1 example 4)).

A completely analogous argument as before shows that the maximal compact
subgroups are in one to one correspondence to the positive definite hermitian
forms on C™ (up to multiplication by a scalar). Hence we can identify the
space of maximal compact subgroup K C G(R) to the space of positive definite
hermitian matrices

X={A|A='A, A>0, detA=1}.
The action of Sl;(C) by conjugation on the maximal compact subgroups becomes
A—gAtg

on the space of matrices.

The orthogonal group:

The next example I want to discuss is the example of an orthogonal group of a
quadratic form

fze, .. xn) :x%—l—...—l—mfn—x%Hl — a2
Since at this point we consider only groups over the real numbers, we may
assume that our form is of this type.
In this case one has the usual notation

SO(f,R) = SO(m,n —m).

Of course we can use the same argument as before and see that for any maximal
compact subgroup K C SO(f,R) we may find a positive definite form

¥:R" — R

such that K = SO(f,R) N SO(¥,R). But now we cannot take all forms 1, i.e.
only special forms 1 provide maximal compact subgroup.

We leave it to the reader to verify that any compact subgroup K fixes an
orthogonal decomposition R™ = V, @ V_ where our original form f is positive
definite on V and negative definite on V_. Then we can take a 1) which is equal
to f on V; and equal to —f on V_.

Exercise 3 a) Let V/R be a finite dimensional vector space and let f be a symmetric
non degenerate form on V. Let K C SO(f) be a compact subgroup. If f is not definite
then the action of K on V' is not irreducible.

b) We can find a K invariant decomposition V.= V_ @ V. such that f is negative
definite on V_ and positive definite on V.

In this case the structure of the quotient space G(R)/K is not so easy to
understand. We consider the special case of the form

242l —al = f(@r, . Tag).
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We consider in R"*! the open subset
X_={v=(21...2p41) | flv) <0}.
It is clear that this set has two connected components, one of them is
Xt ={veX_|zy >0}

Since it is known that SO(n, 1) acts transitively on the vectors of a given length,
we find that SO(n, 1) cannot be connected. Let G% C SO(n, 1) be the subgroup
leaving X invariant.

Now it is not to difficult to show that for any maximal compact subgroup

K C G% we can find a ray R%, - v C X' which is fixed by K.
(Start from vg € X(_Jr) and show that RY,Kwvg is a closed convex cone in

X(f). It is K invariant and has a ray which has a “centre of gravity” and this
is fixed under K.)

For a vector v = (x1,...,%pe1) € X we may normalize the coordinate
ZTp+1 to be equal to one; then the rays Riov are in one to one correspondence
with the points of the ball

o

D,= {(xl,...,;vn)|x?+...+mi<l}CX(f).

This tells us that we can identify the set of maximal compact subgroups K C
GY, with the points of this ball. The first conclusion is that G% /K ~ D" is
topologically a cell (diffeomorphic to R™). Secondly we see that for a v € X
we have an orthogonal decompositon with respect to f

R™ = (o) + ()",

and the corresponding maximal compact subgroup is the orthogonal group on

(o).

1.1.5 Special low dimensional cases
1) We consider the group Sly(R). It acts on the upper half plane
H={z]z€C,3(z) >0}

by

az+b a b
(9,2) — P 9= (c d> € Slx(R).

It is clear that the stabilizer of the point ¢ € H is the standard maximal compact

subgroup .
- B cosp  sing
Koo = 50(2) = { ( sing cos 4,0) } '

Hence we have H = Sl3(R)/K. But this quotient has been realized as the
space of symmetric positive definite 2 x 2-matrices with determinant equal to

one
Y1 1 2

r = —x7=1y1 >0,.

{<fc1 y2)|y1y2 o }
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It is clear how to find an isomorphism between these two explicit realizations.
The map
<Z/1 Jh) N l+$17
1 Y2 Y2
is compatible with the action of Sly(R) on both sides and sends the identity
1 0 .
0 1) to the point 1.

If we start from a point z € H the corresponding metric is as follows: We
identify the lattices (1,2) = {a + bz | a,b € Z} = Q to the lattice Z? C R?
by sending 1 — ((1)) and z — ([1)) The standard euclidian metric on C =
R? induces a metric on Q C C, and this metric is transported to R? by the
identification Q ® R — R2.

2) The two groups Sly(R) and PSly(R) = Slo(R)/{£Id} give rise to the
same symmetric space. The group PSly(R) acts on the space My(R) of 2 x 2-

matrices by conjugation (the group Gly(R) acts by conjugation and the centre
acts trivially) and leaves invariant the space

{A € My(R) | trace(A) = 0} = M2 (R).
On this three-dimensional space we have a symmetric quadratic form
B : MJ}R)—R
B : A— % trace (A?%)

. . 1 0 0 1 0 1
and with respect to the basis h = (0 _1>, er = (1 0), e_ = (_1 0),

this form is 2 + 23 — 22.

Hence we see that SO(MZ2(R), B) = SO(2, 1), and hence we have an isomor-
phism between PSly(R) and the connected component of the identity G C
SO(2,1). Hence we see that our symmetric space H = Sla(R)/K = PSl3(R)/K
can also be realized (see ........ ) as disc

D = {(z1,x2) | x? —l—x% <1}
(+)

where we normalized z3 =1 on X'’ asin ....... .

The group Sl;(C)

Recall that in this case the symmetric space is given by the positive definite
hermitian matrices

A:{(ZQ ;) |det(A):1,y1>0}.

In this case we have also a realization of the symmetric space as an upper half

space. We send
(yl w> — (w 1) =(2,() € C xRy
Wy Y2’ s ’ ”
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The inverse of this isomorphism is given by

o (7 19

As explained earlier, the action of Gla(C) on the maximal compact subgroup
given by conjugation yields the action

G(R) x X — X,

(ga A) — gAtya

on the hermitian matrices. Translating this into the realization as an upper half
space yield the slightly scaring formula

G x (CxRsp) — C x Ry,
(az +b) (cz +d) +ac ¢? ¢ )

@ (z0) — <(cz+d) (cz+d)+ @2 (cz+d) (cz +d) + ce ¢

1.3.4. The Riemannian metric: It was already mentioned in the state-
ment of the theorem of Cartan that we always have a G2, invariant Riemannian
metric on X. It is not to difficult to construct such a metric which in many
cases is rather canonical.

In the general case we observe that the maximal compact subgroup is the
stabilizer of the point zgp = ¢ - K € G /K = X. Hence it acts on the tangent
space of zg, and we can construct a K-invariant positive definite quadratic form
on this tangent sapce. Then we use the action of G on X to transport this
metric to an arbitrary point in X: If x € X we find a g so that x = gz, it
defines an isomorphism between the tangent space at xy and the tangent space
at x. Hence we get a form on the tangent space at x, which will not depend on
the choice of g € GY..

In our examples this metric is always unique up to scalars.

a) In the case of the group Sl;(R) we may take as a base point g € X
the identity Id € Slz(R). The corresponding maximal compact subgroup is the
orthogonal group SO(n). The tangent space at Id is given by the space

Symg (R) = TI§
of symmetric matrices with trace zero. On this space we have the form
Z — trace(Z?),

which is positive definite (a symmetric matrix has real eigenvalues). It is easy to
see that the orthogonal group acts on this tangent space by conjugation, hence
the form is invariant.

b) A similar argument applies to the group G, = Slg(C). Again the identity
Id is a nice positive definite hermitian matrix. The tangent space consists of
the hermitian matrices

T = {A| A='Aand tr(4) =0},
and the invariant form is given by

A — tr(AA).
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c) In the case of the group G% C SO(f) where f is the quadratic form
f@1, o ) =27+ 42l — a2 4.

We realized the symmetric space as the open ball
[e]

Dp={(z1,...,2n) |23 +... +22 < 1}.

The orthogonal group SO(n, 1) is the stabilizer of 0 €D,,, and hence it is clear
that the Riemannian metric has to be of the form

h(x? + ... 4 22)(de? +...da?)
(in the usual notation). A closer look shows that the metrics has to be

dz? + ... +d2?
VA —]

In our two low dimensional spacial examples the metric is easy to determine.
For the action of the group Sly(R) on the upper half plane H we observe that
for any point zg = = + iy € H the tangent vectors 8%‘207 a%|ZO form a basis of
the tangent spaces at zg.

If we take zo =4 then the stabilizer is the group SO(2) and for

() = ( cos sin<p>.

—sing cosgp

We have
0 0 0
N1 = 20+ = |; +sin2¢p— |;
e(p) (3x|> cos 2¢p ax|—|—sm apay\
0

0 i 0
e(p) (6 li ] =sin2¢- o |4 —|—cos2goa—y l;.

Hence we find that % l; and 2~ |; have to be orthogonal and of the same length.

Jy
Now the matrix
Yy T
0 1

sends ¢ into the point z = = + dy. It sends 8% |; and 3% |; into y - 8% |. and

y - 8% |», and hence we must have for our invariant metric

0 0
(5 = 55 12

0 1

0 0 0 1
) <% |Z7%|Z>_y727 <67y |27@|z> Ev

and this is in the usual notation the metric
1
ds* = ?(dx2 +dy?).

A completely analogous argument yields the metric
1

2
ds 2

(d¢C? + dx? + dy?).

for the space Hs.
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1.2  Arithmetic groups

If we have a linear algebraic group G/Q — GL,, we may consider the group
I' = G(Q NGL,(Z). This is the first example of an arithmetic group. It has
the following fundamental property:

Proposition: The group I' is a discrete subgroup of the topological group
G(R).

This is rather easily reduced to the fact that Z is discrete in R. Actually our
construction provides a big family of arithmetic groups. For any integer m > 0
we have the homomorphism of reduction mod m, namely

GLn(Z) — GLy(Z/mIZ).

The kernel GL,,(Z)(m) of this homomorphism has finite indesx in GL,(Z)
and hence the intersection IV = GL,,(Z)(m) NT has finite index in T'.

Definition 2.1.: A subgroup I of T is called a congruence subgroup, if we
can find an integer m such that

GL,(Z)(m)NT cT” CT.

At this point a remark is in order. I explained already that a linear algebraic
group G/Q may be embedded in different ways into different groups GL,,, i.e.

— GLp,
G
— GL,,

In this case we may get two different congruence subgroups
I =GQ) NGL,, (Z),T2 = G(Q) NGL,,(Z).
It is not hard to show that in such a case we can find an m > 0 such that

I'hoIen Gan (Z) (m)
I's D't NGL,, (Z) (m)

From this we conclude that the notion of congruence subgroup does not
depend on the way we realized the group G/Q as a subgroup in the general
linear group.

Now we may also define the notion of an arithmetic subgroup. A subgroup
I C G(Q) is called arithmetic if for any congruence subgroup I' C G(Q) the
group I NT is of finite index in IV and I". (We say that I'' and I are commen-
surable.) By definition all congruence subgroups are arithmetic subgroups.
The most prominent example of an arithmetic group is the group

I = Sly(2).

Another example is obtained as follows. We defined for any number field K/Q
the group

G/Q = Rg/g(Sla)
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for which G(Q) = Slg(K). If Ok is the ring of integers in K, then I" = S1;(Ok)
(and also T' = GL,(Ok)) is a congruence (and hence arithmetic) subgroup of
G(Q).

It is very interesting that the groups I' = Slo(Z) and Sly(Ok) for imaginary
quadratic K/Q always contain arithmetic subgroups IV C T" which are not con-
gruence subgroups. This means that in general the class of arithmetic subgroups
is larger than the class of congruence subgroups. We will prove this assertion in
(See ...... ).

If only the group G(R) is given (as the group of real points of a group G/Q
or perhaps only as a Lie group, then the notion of arithmetic group I' C G(R)
is not defined. The notion of an arithmetic subgroup I' C G(R) requires the
choice of a group scheme G/Q such that the group G(R) is the group of real
points of this group over Q. The exercise in 1.1.2. shows that different Q- forms
provide different arithmetic groups.

Exercise 2 If vy € GL,(Z) is a nontrivial torsion element and if v = Id mod m
then m = 1 or m = 2. In the latter case the element vy is of order 2. This implies that
for m > 3 the congruence subgroup G L,,(Z)(m) of GLy(Z) is torsion free.

This implies of course that any arithmetic group has a subgroup of finite
index, which is torsion free.

1.2.1 The locally symmetric spaces

We start from a semisimple group G/Q. To this group we attached the the
group of real points G(R) = G. In G, we have the connected component G,
of the identity and in this group we choose a maximal compact subgroup K.
The quotient space X = G /K is a symmetric space which now may have sev-
eral connected components. On this space we have the action of an arithmetic
group I'.

We have a fundamental fact:
The action of T' on X is properly discontinuous, i.e. for any point x € X
there exists an open neighborhood U, such that for all v € T we have

yU,NU, =0 or ~x=uzx.
Moreover for all x € X the stabilizer
Ty ={y|ye =2}
is finite.
This is easy to see: If we consider the projection p : G(R) - G(R)/K = X,
then the inverse image p~1(U,) of a relatively compact neighborhood U, of

x = goK is of the form V,, - K, where Vg, is a relatively compact neighborhood
of go. Hence we look for the solutions of the equation

ywk =0k, vy eT,v,v €V, k. k' € K.

Since T is discrete in G(R) there are only finitely many possibilities for v and
they can be ruled out by shrinking U, with the exception of those v for which
yr = .
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If T has no torsion then the projection
m: X —D\X

is locally a Coo-diffeomorphism. To any point x € I'\ X and any point & € 7~ (z)
we find a neighborhood Ujz such that

m:Uz;—U,.

Hence the space I'\ X inherits the Riemannian metric and the quotient space is
a locally symmetric space.

If our group I' has torsion, then a point £ € X may have a nontrivial
stabilizer I'z. Then it is not difficult to prove that  has a neighborhood Ujz
which is invariant under I'; and that for all § € U; the stabilizer I'j; C I';. This
gives us a diagram

Ug — Fg‘c\Ufc =U,

l l

X —— I\X

i.e. the point € T'\ X has a neighborhood which is the quotient of a neighbor-
hood Uj; by a finite group.

In this case the quotient space I'\ X may have singularities. Such spaces are
called orbifolds. They have a natural stratification. Any point x defines a T"
conjugacy class [['z] of finite subgroups I'z C I'. On the other hand a conjugacy
class [c] of finite subgroups H C T defines the (non empty ) subset (stratum)
I\ X ([c]) of those points x € I'\X for which I'; € [c].

These strata are easy to describe. We observe that for any finite H C I' the
fixed point set X intersected with a connected component of X is contractible.
Let 29 € X be a point with I',,, = H. Then any other point z € X is of the
form x = gxo with g € G(R). This implies that g € N(H)(R), where N(H) is
the normaliser of H, it is an algebraic subgroup. Then N(H)(R) N K = K is
compact subgroup, put I'! = T'N N(H)(R), and we get an embedding

A\ X < 1\ X.

This space contains the open subset (T'\ X)) of those x where H € [';]
and this is in fact the stratum attached to the conjugacy class of H.

We have an ordering on the set of conjugacy classes, we have [c1] < [eo] if
for any H; € [c;] there exists a subgroup Hy € [c2] such that Hy C Hs. These
strata are not closed, the closure '\ X ([c]) is the union of lower dimensional
strata.

If we start investigating the stratification above we immediately hit upon
number theoretic problems.Let us pick a prime p and we consider the group
I' = Sl,_1[Z] and the ring of p-th roots of unity Z[(,] as a Z-module is free of
rank p — 1 and hence we get an element

Cp € SI(Z[CP]) = Slpfl(Z)
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and hence a cyclic subgroup of order p. But clearly we have many conjugacy
classes of elements of order p in I' because any ideal a is a free Z-module. If we
want to understand the conjugacy classes of elements of order p or the conjugacy
classes of cyclic subgroups of order p in Sl,,_1(Z) we need to understand the ideal
class group.

In the next section we will discuss two simple cases.

These quotient spaces I'\ X attract the attention of various different kinds of
mathematicians. They provide interesting examples of Riemannian manifolds
and they are intensively studied from that point of view. On the other hand
number theoretic data enter into their construction. Hence any insight into the
structure of these spaces contains number theoretic information.

It is not difficult to see that any arithmetic group I' contains a normal
congruence subgroup I which does not have torsion. This can be deduced

easily from the exercise .... at the end of this section. Hence we see that I\ X
is a Riemannian manifold which is a finite cover of T'\X with covering group
r/T.

The following general theorem is due to Borel and Harish-Chandra:

The quotient T\X always has finite volume with respect to the Riemannian
metric. The quotient space T\X is compact if and only if the group G/Q is
anisotropic.

We will give some further explanation below.

Low dimensional examples

We consider the action of the group I' = Sly(Z) C Slo(R) on the upper half
plane
X =H={z|3(z) =y >0} =SI1(R)/SO(2).

As we explained in .... we may consider the point z = z+1iy as a positive definite
euclidian metric on R? up to a positive scalar. We saw already that this metric
can be interpreted as the metric on C induced on the lattice @ = (1, z). The
action of Sl(Z) on the upper half plane corresponds to changing the basis 1, z
of € into another basis and then normalizing the first vector of the new basis
to length equal one.

This means that under the action of Sly(Z) we may achieve that the first
vector 1 in the lattice is of shortest length. In other words 2 = (1, z) where now
|z| > 1.

Since we can change the basis by 1 — 1 and z — 2z + n. We still have
|z 4+ n| > 1. Hence see that this condition implies that we can move z by these
translation into the strip —1/2 < R(z) < 1/2 and since 1 is still the shortest
vector we end up in the classical fundamental domain:

F={z-1/2<R(:) <1724 > 1)

Two points z1, 29 € F are inequivalent under the action of Sl(Z) unless they
differ by a translation. i.e.

1 1
21:7§+’L‘t, 22:,21+1:§+Z't,
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or we have |z1| =1 and 23 = 7%' Hence the quotient Sly(Z)\H is given by the

following picture

3

It turns out that this quotient is actually a Riemann surface, i.e. the finite
stabilizers at ¢ and p do not produce singularities. As a Riemann surface the
quotient is the complex plane or better the projective line P*(C) minus the point
at infinity.

It is clear that the points ¢ and p = +% + % —3 in the upper half plane
are the only points with non-trivial stabilizer up to conjugation by an element
v € Sl5(Z). Actually the stabilizers are given by

{5 0) {0
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We denote the matrices

(0 ) a2

The second example is given by the group T' = Sly(Z[i]) C Sl5(C) = G (see
....... ). Here we should remember that the choice of Goc = Sl3(C) allows a
whole series of arithmetic groups. For any imaginary quadratic extension K =
Q(v/—d) with O as its ring of integers we may embed K into C and get

SIQ(OK) =T CGe.

If the number d becomes larger then the structure of the group I" becomes
more and more complicated. We discuss only the simplest case.

We will construct a fundamental domain for the action of I' on the three-
dimensional hyperbolic space Hz = C x Ry .

We identify H3 with the space of positive definite hermitian matrices

X ={AeM(C)|A="4,A>0,det(A) =1}.

Q=17[i] - (;) +2[i] - <(1’)

in C? and view A as a hermitian metric on C?> where C/Q has volume 1. Let
e = () be a vector of shortest length. We can find a second vector e; = ()

We consider the lattice

so that det (’O; 6) = 1. This argument is only valid because Z[i] is a principal

]

ideal domain. We consider the vectors e/, + vej where v € Z[i]. We have
(e +vel, ey +vet)a = (ey +ve: 1) a+v(e], es)a +Tle), ef)a + v7(e], €])a.

Since we have the the euclidean algorithm in Z[i] we can choose v such that

(e1,€1)a.

Do =

1
7§<6/136/1> < Re<ellael2>A7%<ellael2>A <

If we translate this to the action of Sly(Z[i]) on Hs then we find that every point
x = (z;() € Hj is equivalent to a point in the domain

F={(z0)] —5 <Re(2),8() < 532+ > 2 1},

| —

Since we have still the action of the matrix (8 _01> we even find a smaller

fundamental domain

F={(20) | -+ <Re(),9(2) <

5 ;22 + (2 > 1 and Re(z) + 3(2) > 0}.

N |

I want to discuss also the extension of our considerations to the case of the
reductive group Glz(C). In such a case we have to enlarge the maximal compact
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subgroup. In this case the group K = Sl1(2) - C* = K - C* is a good choice
where C* is the centre of Glz(C). Then we get

Hs = Sly(C)/K = Gly(C)/ K

i.e. we have still the same symmetric space. But the group I' = Gly(Z[i]) is still
larger. We have an exact sequence

1T T = {i"} -1
v 0
0o i) ( The centre Zr has

index 2 in Z. Since the centre acts trivially on the symmetric space, hence the

The centre Zp of I is given by the matrices {(

above fundamental domain will be “cut into two halfes” by the action of T. the
U
matrices (ZO (1)> induce rotation of v -90° around the axis z = 0 and therefore

it becomes clear that the region
Fo={(2,0) |0 <3(2),Re(z) <

is a fundamental domain for T.
The translations z — z + 1 and z — z + 7 identify the opposite faces of F'.
This induces an identification on Fj, namely

On the bottom of the domain Fj, namely
Fo(1) ={(2,¢) e Fo | 22+ ¢* =1}
we have the further identification

(2,¢) — (iz,¢).

Hence we see that the quotient space f‘\Hg is given by the following figure.
I want to discuss the fixed points and the stabilizers of the fixed points of T'.
Before I can do that, I need some simple facts concerning the structure of Gls.
The group Gly(K) acts upon the projective line P*(K) = (K2 \ {0})/K*.
We write
PHEK) = (K)U{oo} ; K(ze; +e3) =z, Key = oc.

It is quite clear that the action of g = (?; ?) € Gly(K) is given by

ar + f3

The action of Gla(K) on P! (K) is transitive. For a point x € P!(K) the stabilizer
B, is clearly a linear subgroup of Gly/K. If = oo, then this stabilizer is the

subgroup
a u
s 1))
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w9}

It is clear that these subgroups B, are conjugate under the action of Gly(K).
They are in fact maximal solbable subgroups of Gls.

If we have two different points 21,29 € P*(K), then this corresponds to a
choice of a basis where the basis vectors are only determined up to scalars. Then
the intersection of the two groups B, N B, is a so-called maximal torus. If we
choose r1 = Key, r9 = Keg, then

B ={(; )}

Any other maximal torus of the form B,,, Bs is conjugate to Ty under Gla(K).
Now we assume K = C. We compactify the three dimensional hyperbolic
space by adding P'(C) at infinity, i.e.

and for x = 0 we get

H3 ‘—)ﬁg :Hg UPl(C) =Cx RZQU{OO}

(The reader should verify that there is a natural topology on Hj for which the
space is compact and for which Gly(C) acts continuously.)

Now let us assume that a € Gl3(C) is an element which has a fixed point on
Hs and which is not central. Since it lies in a maximal compact subgroup times
C® we see that this element a can be diagonalized

-1 a 0 /
a—rgoagy = 0 B =a

with o # 8 and |a/8| = 1.
Then it is clear that the fixed point set for a’ is the line

Fix (a') = {(0,¢) | ¢ € Ruo},

i.e. we do not get an isolated fixed point but a full fixed line.
The element a’ has the two fixed points oo, 0 in P*(C), and hence ist defines
the torus Tp(C). Then it is clear that

Fix(a') = {(0,¢) | ¢ > 0} = T5(C) - (0,1)

i.e. the fixed point set is an orbit under the action of Ty (C).

Fixed point sets and stabilizers for Gly(Z[i]) =T

If we want to describe the stabilizers up to conjugation, we can focus our atten-
tion on Fy.

If we have an element v € T, 4 not central and if we assume that ~ has fixed
points on Hs, then we know that + defines a torus T, = centralizergy, (y) =
stabilizer of ., x,, € P!(C). This torus is defined over Q(i), but it is not
necessarily diagonalizable over Q(i), it may be that the coordinates of z., z,/
lie in a quadratic extension of F'/Q(i). This is the quadratic extension defined
by the eigenvalues of ~.
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We look at the edges of the fundamental domain Fy. We saw that they
consist of connected pieces of the straight lines
1 141
Gr={(20) |2 =0}, G2 ={(2,0) | 2 = 5}, G5 = {(2,0) | s = 2},
and the circles (these circles are euclidean circles and geodesics for the hyperbolic
metric)

D1 ={(2,0) |22+ =1,3(2) = Re(2)}, D2 = {(2,{) | 22+ % =1,3(2) = 0},

Dy = {(2,0) | 27+ ¢* = 1, Re(z) = %}.

The pair of points (oo, (20, 0)) € P*(C) x P}(C) has as its stabilizer

o= 76 )6 )= %)

the straight line {(z0,¢) | ¢ > 0} is an orbit u nder T,,(C) and it consists of

fixed points for
r.on={(; @)

We can easily compute the pointwise stabilizer of G1, G, G3 in I'. They are
~ v 0 v 0
fo=i(o 0)p =10 D)=
v 1—4” 1 —v
i i
{0 )

a/ﬁesl}.

) 41 1L
v (1—i")(1+1)

where in the last case we have to take into account that w € Z[i] for
all v.
Hence modulo the centre Z these stabilizers are cyclic groups of order 4, 2, 4.

The arcs D; are also pointwise fixed under the action of certain cyclic groups,

)
porie (0 1)
b= (1 ).

and we check easily that these arcs are geodesics joining the following points in
the boundary

D runs from Vi to — Vi
D5 runs from i to — i

fukl
3

1mi _
D3 runs from e =¢e¢ s =e3 top.
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The corresponding tori are

Ty =Stab(—1,1) = {(g Zf)}

Ty =Stab(—Vi, Vi) = {(g Oﬂ‘)}

Ty =Stab(p, 7) = {(5‘65 ?) } .

The torus T5 splits over Q(4), the other two tori split over an quadratic extension
of Q(7).

Now it is not difficult anymore to describe the finite stabilizers and the
corresponding fixed point sets. If x € Hs for which the stabilizer is bigger than
Z, then we can conjugate x into Fy. It is very easy to see that x cannot lie
in the interior of Fy because then we would get an identification of two points
nearby z and hence still in Fy under T.

If z is on one of the lines D1, D5, D3 or on one of the arcs G1, G2, G3 but not
on the intersection of two of them, then the stabilizer I'; is equal to Zf times
the cyclic group we attached to the line or the arc earlier. Finally we are left
with the three special points

z12 =D1NDs NGy ={(0,1)}

$13:D1QD3QG3:{<1;—Z,?>}

1 V3
$23_DQQD3QG2_{<2,\2[>}.

In this case it is clear that the stabilizers are given by

1.2.2 Compactification of I'\ X

Our two special low dimensional examples show clearly that the quotient spaces
I\ X are not compact in general. There exist various constructions to compactify
them.

If, for instance, I' C Sly(Z) is a subgroup of finite index, then the quotient
INH is a Riemann surface. It can be embedded into a compact Riemann sur-
face by adding a finite number of points. this is a special case of a more general
theorem of Satake and Baily-Borel: If the symmetric space X is actually her-
mitian symmetric (this means it has a complex structure) then we have the
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structure of a quasi-projective variety on I'\ X. This is the so-called Baily-Borel
compactification. It exists only under special circumstances.

I will discuss the process of compactification in some more detail for our
special low dimensional examples.

Compactification of Sl3(Z)\H by adding points

Let I' C Sly(Z) be any subgroup of finite index. The group I acts on the rational
projective line P1(Q). We add it to the upper half plane and form

H=HUP'(Q),

and we extend the action of I to this space. Since the full group Sly(Z) acts

transitively on P*(Q) we find that T has only finitely many orbits on P*(Q).
Now we introduce a topology on H. We defined a system of neighborhoods

of points Z =r € P1(Q). We define the Farey circles S (c, %) which touch the

real axis in the point r = p/q (p,q) = 1 and have the radius
get the picture

C p—
32 For c =1 we

T ™ T
0

-
-1 — 1

N[
-

Let us denote by D (c, %) = Ueo<er<eS (c’, g) the Farey disks. For ¢ — 0 these

Farey disks D (c, 23) define a system of neighborhoods of the point » = p/q. The
Farey disks at oo € P1(Q) are given by the regions

D(T,0) =1{z|3(z) >T}.
It is easy to check that an element v € Sly(Z) which sends co € P1(Q) into the
point r = % sends D(T, 00) to D (%, §>' These Farey disks D(c,r) do not meet

provided we take ¢ < 1. The considerations in 1.6.1 imply that the complement
of the union of Farey disks is relatively compact modulo I'; and since I' has
finitely many orbits on P*(Q), we see easily that

Yr = I\A

is compact (which means of course also Hausdorff).

Tt is essential that the set of Farey circles D(c,r) and D (%, oo) is invariant
under the action of I' on the one hand and decomposes into several connected
components (which are labeled by the point r € P!(Q)) on the other hand.

Hence
I\ U D(c,r) = U I \D(c,r:)
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where 7; is a set of representatives for the action of I' on P!(Q) and where T',.,
is the stabilizer of r; in T.

It is now clear that T, \ D(c, ;) is holomorphically equivalent to a punctured
disc and hence the above compactification is obtained by filling the point into
this punctured disc and this makes it clear that Y is a Riemann surface.

BSC

The Borel-Serre compactification of Sly(Z)\H

There is another construction of a compactification. We look at the disks D(c, 1)
and divide them by the action of I',. For any point y € S(¢/,r) — {r} there
exists a unique geodesic joining r and y, passing orthogonally through S(c/,r)
and hitting the projective line in another point y, ( = —1/4 in the picture
below)

-1 -1 0 : 1
If r = oo, then this system of geodesics is given by the vertical lines {y - I + z |
x € R}.. This allows us to write the set
D(c,r) —{r} = Xoor X [¢,0)

where X = P1(R)—{r}. The stabilizer T, acts D(c,r) and on the right hand
side of the identification it acts on the first factor, the quotient I'}\ X, is a
circle. Hence we can compactify the quotient

I \D(c,r) —{r} = I'\Xe, X [c,0].

This gives us a second way to compactify T'\H, we apply this process to a finite
set of representatives of P*(Q) mod .
There is a slightly different way of looking at this. We may form the union

HUUXOO’,«:H

and topologize it in such a way that
D(c,r) = Xoor X [¢,0) C Xoor X [c, 0]

is a local homeomorphism. Then we see that the compactification above is just
the quotient R
MH
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and the boundary is simply

OM\E) =T\ ] Xeor

reP(Q

This compactification is called the Borel-Serre compactification. Its relation
to the Baily-Borel is such that the latter is obtained by the former by collapsing
the circles at infinity to a point.

It is quite clear that a similar construction applies to the action of a group
I' C Sly(Z[i]) on the three-dimensional hyperbolic space. The Farey circles will
be substituted by spheres S(c, ) which touch the complex plane {(z,0) | z €
C} C H; in the point (,0),a € P}(Q(i)) and for @ = oo the Farey sphere is
the horizontal plane S(oco, (o) = {(z,(o) | z € C). An element v € I" which maps
(0,00) to o maps S(00,¢p) to S(c,«), where ¢ = 1/{y. For a given o we may
identify the different spheres if we vary ¢ and for any point o € P1(Q(i)) we
define Xoo o = P1(C) \ {a}. Again we can identify

D(c,a)\ {a} = Xoo,a X (0,¢] C D(c, ) \ {a} = (T\H) = Xoo.o X [0, ]

The stabilizer T',, acts on D(c,«) \ {a} and again this yields an action on the
first factor. If we choose a = oo then

Dy = {(g <6_l1> |¢ root of unity,a € M.}

where M is a free rank 2 module in Z[i]. If ¢ does not assume the value i then
I\ X0,00 is a two-dimensional torus, a product of two circles. If ¢ assumes
the value ¢ then I'oo\ Xoo,00 is a two dimensional sphere. If course we get the
same result for an arbitrary a.

Then we get an action of the group I' on Hz = Hs U |J D(c,a) )\ {a}

acPl(K)

and the quotient is compact.

The the set of orbits of I' on P*(Q(4)) is finite, these orbits are called the

cusps.

1.2.3 The Borel-Serre compactification, reduction theory
of arithmetic groups

The Borel-Serre compactification works in complete generality for any semi-
simple or reductive group G/Q. To explain it, we need the notion of a parabolic
subgroup of G/Q.

A subgroup P/Q — G/Q is parabolic if the quotient variety in the sense of
algebraic geometry is a projective variety. We mentioned already earlier that
for the group Gly/Q we have an action of Gly on the projective line P* and
the stabilizers B, of the points x € P(Q) are the so-called Borel subgroups of
Gly/Q. They are maximal solvable subgroups and

Gly/B, =P,
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hence they are also parabolic.

More generally we get parabolic subgroups of Gl,,/Q, if we choose a flag on
the vector space V =Q" = Qe; & - - - ® Qe,. This is an increasing sequence of
subspaces

F:0)={O0)}=VocViCVa...V}, =V.

The stabilizer P of such a flag is always a parabolic subgroup; the quotient
space
G /P = Variety of all flags of the given type,

where the type of the flag is the sequence of the dimensions n; = dim V.
These flag varieties (the Grassmannians ) are smooth projective schemes
over Spec(Z) and this implies that any flag F is induced by a flag

]:Z:(O):{(O)}:LOCLlCLQC...CLk:L:Zn (1.18)

where L; = V; N L, and of course L;  Q = V;. This is the elementary fact which
will be used later.

If our group G/Q is the orthogonal group of a quadratic form

n
flay,. ... xy) = Zaix?
i=1

with a; € K*. Then we have to replace the flags by sequences of subspaces
F:0CW, CWsy... CcWtcwicv,

where the W; are isotropic spaces for the form f, i.e. f | W; =0, and where the
Wit are the orthogonal complements of the subspaces. Again the stabilizers of
these flags are the parabolic subgroups defined over Q.

Especially, if the form f is anisotropic over Q, i.e. there is no non-zero
vector z € K™ with f(z) = 0, then the group G/Q does not have any parabolic
subgroup over Q. This equivalent to the fact that G(Q) does not have unipotent
elements.

These parabolic subgroups always have a unipotent radical Up which is
always the subgroup which acts trivially on the successive quotients of the flag.
The unipotent radical is a normal subgroup, the quotient P/Up = M is a
reductive group again, it is called the Levi-quotient of P.

We stick to the group Gl,,/Q. It contains the standard maximal torus whose
R valued points are

t1 0 0
0 ty 0
To(R) = { | tie R [[t:i=1} (1.19)
0 0 . 0
0 0 0 ¢t

It is a subgroup of the Borel subgroup (maximal solvable subgroup or minimal
parabolic subgroup)
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tl U1,2 Ul,n
0 tg U2,n
Bo(R) = { , | tie R J[ti=1} (1.20)
0 0 D Un—1,n
0 O 0 tn

and its unipotent radical Uy consists of those b € By where all the t; = 1. This
unipotent radical contains the one dimensional root subgroups

10 0 0
0 1 0 0

Uiy ={|0 0 z 0]} (1.21)
00 0 .0
00 0 0 1

where ¢ < 7, these one dimensional subgroups are isomorphic to the one di-
mensional additive group G,. They are normalized by the torus, for an element
t € T(R) and z;; € U; j(R) = R we have

txm-t*l = ti/tjxi,j~ (122)

Fori=1,...,n,j=1,...,n,i# j (resp. i < J ) characters «; ;(t) = t;/t;
are called the roots (resp. positive roots) of Tp in Gl,,. We denote these systems
of roots by ASl» (resp)AEl". The one dimensional subgroups U j,¢ # j are
called the root subgroups. Inside the set of positive roots we have the set of
simple roots

™ = 7TG1" = {alﬁg,...7ai’i+17...,an,1’n} (123)
We change the notation slightly, for i = 1,...,n — 1 we define o; := o; ;41 then
fori<jwegeta,; =o;+...a;_1, and 7 = {a1,a2,..., 001}

The Borel subgroup By is the stabilizer of the ”complete” flag
{0} CQe; CQe1 ®Qes C - CQe; ®Qex @ -+ @ Qe (1.24)
the parabolic subgroups Py D By are the stabilizers of ”partial” flags

{0} CcQe1® - ®Qepn, CQe1 ®--- @ Qep, ®Qepn,1 P+ B Qepyqn, C---C Q™
(1.25)

The parabolic subgroup P, also acts on the direct sum of the successive quotients
Qe1®---®Qep, ®Qepy11 D - DQepygn, ®--. (1.26)

and this yields a homomorphism
rp, : Po — Mo = Gl,, x Gl,, x ... (1.27)

hence My is the Levi quotient of Py. By definition the unipotent radical Up, of
Py is the kernel of rg.
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A parabolic subgroups Py D By defines a subset
APO = {Oéi’j S AGI" | Ui,j C P()}
and the set decomposes int two sets
AMD = {Oéiﬁj | U’i,j and Uj,i C APO}; AUPO = APO \AMU (128)

Gl,

Intersecting this decomposition with the set 7='» yields a disjoint decomposition

7Cln = gMo y 7V (1.29)
where 7V = {a,, Ony4ngs - - -5 }- In turn any such decomposition of 78 yields
a well defined parabolic Py D By.

If we choose another maximal split torus 77 and a Borel subgroup B; D T}
then this amounts to the choice of a second ordered basis vq,vs,...,v, the v;
are given up to a non zero scalar factor. We can find a g € Gl,,(Q) which maps
€1,€2,...,€, t0 v1,Va,...,v,, and hence we can conjugate the pair (By,Tp) to
(B1,T1) and hence the parabolic subgroups containing By into the parabolic
subgroups containing B;. The conjugating element ¢ also identifies

iTy,Bo,11,B, * X (To) — X (Th)

and this identification does not depend on the choice of the conjugating element
g. This allows us to identify the two set of positive simple roots 7C» C X*(Tp)
and m C X*(T1). Eventually we can speak of the set 7 of simple roots of Gl,,.
Hence we have the fundamental fact

The Gl,,(Q) conjugacy classes of parabolic subgroups P/Q are in one to one
correspondence with the subsets 7' = ™. Then number of elements in 7\ n’ =
7V is called the rank of P, the set ©' is called the type of P.

We will denote the unipotent radical of P by Up and the the reductive
quotient of P by Up will be denoted by Mp = P/Up. Then 7/ = mMr,

We formulated this result for Gl,/Q but we can replace Q by any field &
and Gl,, by any reductive group G/k. We have to define the system of relative
simple positive roots 7¢ for any G/k (See [B-T]).

The group G/k itself is also a parabolic subgroup it corresponds to 7/ = .
We decide that we do not like it and hence we consider only proper parabolic
subgroups P # G, i.e. ©' # (). We can define the Grassmann variety Grl™'l of
parabolic subgroups of type m. This is a smooth projective variety and Grl™] (Q)
is the set of parabolic subgroups of type .

There is always a unique minimal conjugacy class it corresponds to 7’ = ().
(In our examples this minimal class is given by the maximal flags, i.e. those
flags where the dimension of the subspaces increases by one at each step (until
we reach a maximal isotropic space in the case of an orthogonal group)). The
(proper) maximal parabolic subgroups are those for which 7’ = 7\ {a;}, i.e.
VP = {a;}

We go back to the special case Gl,,/Q, the following results are true in general
but their formulation is just a little bit more involved.
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For a maximal parabolic subgroup P of type ' = {«;} we consider the mod-
ule Hom(P,G,,)®Q C X*(T)®Q. Of course it always contains the determinant
and

Hom(P, Gm) ® Q = Qy, & Qdet

where ~; is

vi(t) = (1:[ t,) det(t)~%/". (1.30)

These ~; are called the dominant fundamental weights.

If our maximal parabolic subgroup is P/Q is defined as the stabilizer of a
flag 0 ¢ W C V = Qm, then the unipotent radical is U = Hom(V/W,W).
An element y € P(Q) induces linear maps yw, yy,w and hence Ad(y) on U =
Hom(V/W,W). We get a character yp(y) = det(Ad(y)) € Hom(P,G,,) which
is called the sum of the positive roots. An easy computation shows that

ny; =yp (1.31)

We add points at infinity to our symmetric space: We consider the disjoint
union Uy xg Grl™1(Q) and form the space

X=xuJ a().
w20
This is the analogue of or H U P*(Q) in our first example, it is now more
complicated because we have several Grassmannians, and we also have maps

Ty Grlml(Q) — Grl™N(Q) if mp € my.

Our first aim is to put a topology on this space such that I'\X becomes a
compact Hausdorff space.

In our first example we interpreted the Farey circle D (c, %’) with0<e<1
as an open subset of points in H, which are close to the point %, but far away
from any other point in P*(Q).

The point of reduction theory is that for any parabolic P € Grl™] (Q) (here
we also allow P = () we will define open sets

XP(Qﬂ"’T(QW’)) cX (132)

which depend on certain parameters c_,,7(c)r» The points in XF(c_.,r(c.))
should be viewed as the points, which are ”very close” to the parabolic subgroup
P (controlled by ¢,/) but "keep a certain distance” (controlled by r(c,/)) to the
parabolic subgroups Q 7 P. They are the analogues of the Farey circles. We
will see:

a)This system of open sets is invariant under the action Gl,,(Z)

b) For P = G the set X“(), () is relatively compact modulo the action of
Gl,(Z).
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¢) Any subgroup I' C Gl,(Z) has only finitely many orbits on any Grl™] (Q)
d) For a suitable choice of the the parameters ¢, and r(c,/) we have :
X = UX ) =X U |J XP(errlen)
P:Pproper
and if P and P; are conjugate and P # P; then X ¥ (c_,,r(c,.))NXT (c,/,r(c,/)) =
0.

Let us assume that we have constructed such a system of open sets, then c)
and d) impliy that for a given type 7’ we have

N U XPlrlen) =JTp\X " (crr,r(cr))

P:type(n’)=m

where {... ...} = X(m,T) is a set of representatives of Gr'™(Q) modulo the
action of F and I'p, =T'nN P (Q).

This tells us that we have a covering

DX =T\X“W,r)u ] | Tr\X (o r(c) (1.33)

7' #£0 PeX(n’,T)

The philosophy of reduction theory is that T\X% (0, 7o) is relatively compact
and that we have an explicit description of the sets Tp\XF (c,,,r(c./)) as fiber
bundles with nil manifolds as fiber over the locally symmetric spaces T p\X™M.

We give the definition of the sets X (c,,,7(c,/)). We stick to the case that
G =Gl,/Qand T' C Ty = Gl,(Z) is a (congruence) subgroup of finite index.
We defined the positive definite bilinear form (See 1.14)

1
Bg, =—-—DBe, :gr X gr = R

* 2n

and we have the identification gg AN T.;G (R), and hence we get a euclidian metric
on the tangent space TG( ) at the identity e. This extends to a left invariant
Rlemannlan metric on G(R), we denote it by de,s?. Hence we get a volume
form dvol on any closed subgroup H(R) C G(R).

For any point € X and any parabolic subgroup P/Q with unipotent radical
U/Q) we define

pp(x, P) = volg®=(Ty N U(R)\U(R)) (1.34)

_ For the Arakelow-Chevalley scheme (Gl,/Z,0q) See(1.1.4) we have that
Be,(E; ;) = 1. We have by construction

Ui ;(Z)\U; ; (R) =R/Z (1.35)
and under this identification E; ; maps to 5. Hence we get
Aot i,j(Z)\Ui,jaR)) =1

and from this we get immediately
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Proposition 1.2.1. For any parabolic subgroup Py containing the torus Ty we
have

pp(©o, Py) = 1.

Let (L, <, >,) be an Arakelow vector bundle and (Gl,,, ©,) the correspond-
ing Arakelow group scheme (of type Gl,, ) let

Fr:(0)={(0)}=LogCc L1 CLyC...CLy=L=7"

be a flag and P/Z the corresponding parabolic subgroup. Then we have the
homomorphism

i=k
rp: P/ Spec(Z) — M/Z = [ [ GI(Li/Li_1) (1.36)
=1

with kernel Up/Z. The metric <, >, on L ® R yields an orthogonal decompo-
sition

i=k

LR = EBL,»/LH ®R

i=1
and hence an Arakelow bundle structure (L;/L;_1, (0),) for all 4, and therefore
an Arakelow group scheme structure on M /Z.

Hence we get

Proposition 1.2.2. If (Gl,,©) is an Arakelow group scheme then © induces
an Arakelow group scheme structure ©M on any reductive quotient M = P/U.

Definition : A pair (Gl,,/Z, ©) is called stable (resp. semi stable) if for
any proper parabolic subgroup P/Q C Gl,,/Q we have

pp(©,P) > 1 (1.37)

In our example in (1.2.2) the stable points are those outside the union of the
closed Farey circles.

To get a better understanding of these numbers we have to do some com-
putations with roots and weights. Let us start from an Arakelow vector bundle
(L =74 <, >) and let us assume that L is equipped with a complete flag

Fo = {0)} =LoCLiC---CL4g_1CLyg (138)

which defines a Borel subgroup B/Z. The quotients (L;/L;—1,< , >;) are
Arakelow line bundles over Z or in a less sophisticated language they are free
modules of rank one and the generating vector €; has a length /< €;,€; >;. This
length is of course also the volume of (L;/L;—1 ® R)/(L;/L;—1).
The unipotent radical U/Z C B/Z has afiltration {(0)} C V1 C ...,V (n-1)/2-1 C

Va(n—1)/2 = U by normal subgroups, the successive quotients are isomorphic to

G, and the torus T' = B/U acts by a positive root «; ; and this is a one to

one correspondence between the subquotients and the positive roots. Then it is
clear: If v corresponds to (i,7) then

(Vo/Vis1,00) = (Li/Lic1, <, >i) © (Lj/Lj—1, <, >;) " (1.39)
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Moreover the quotients (V,,/V,1+1,0,) depend only on the conformal class
of <, > and hence only on the resulting Cartan involution ©.

The unipotent subgroup U/Z contains the one parameter subgroup U; ;/Z
and this one parameter subgroup maps isomorphically to (V,,/V,11). Hence our
construction defines the Arakelow line bundle (U; ;,©; ;).

If we now define ng, ;(z, B) = vole, ;(U; ;(R)/U; ;(Z)) then it is clear that

pe(z, B) = Hnozi,j(xaB) (1.40)

1<j

If P D B then its unipotent radical Up C U and we defined the set AV? as
the set of positive roots for which U; ; C Up. Then we have

pp(z, P) = H Na, ,; (2, B) (1.41)
(i,j)eAUP

Here it is important to notice the right hand side does not depend on the choice
of BC P.

We follow a convention and put 2pp = Z(i,j)EAUP o ; so that pp is the half
sum of positive roots in in the unipotent radical. This character is equal to vp
in formula (1.31) and hence we know for any maximal parabolic subgroup P;,

QPP«; = Z Q5 = MY (142)

1<io,j2%0+1

Since the numbers nq, ;(x, B) are positive real numbers we define for any v =
Z T 41 € X* (T) QR

n—1
ny(z, B) = [[ na, (z, B)™. (1.43)
i=1

Here we see that the second argument is a Borel-subgroup B. But if the above
character v : B(R) — RZ, extends to a character v : P(R) — RZ, (See above
(1.45) ) the we can define

ny(z, P) := ny(B)

and this number only depends on P and not on the Borel subgroup B C P.
The characters which extend are exactly the linear combinations (See (1.45))
v = Eaieﬂ'U z;7v;. The characters vp = EaiewU r;; where the r; > 0 are
rational numbers. Let P; be the maximal parabolic subgroup of type 7 \ {a;}
containing P then the above formula implies that

pe(@,P)= [] ny.(@P) = [ pr(eP)® (1.44)

a;enV a;emV

The Arakelow scheme (Gl,/Z,©) is stable if for all maximal parabolic sub-
groups pp, (0, P;) = n., (0, ;)" > 1.
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We need a few more formulas relating roots and weights. For any parabolic
subgroup we have the division of the set of simple roots into two parts

n=aMunlr,
This induces a splitting of the character module
X*TeQ= P Qe G Qu (1.45)
a;enM a;enlP

where ~; is the dominant fundamental weight attached to «; (See (1.30)).
If now a; € 7Y then we can project «o; to the second component, this
projection

af):ai—i— Z CipQy (1.46)

ayeﬂ.M
Here an elementary - but not completely trivial - computation shows that
cip >0 (1.47)

P

i

Since «
defined.

€ @@aieﬂup Q~; these characters extend and hence n,r(x, P) is

We state the two fundamental theorems of reduction theory
Theorem 1.2.1. For any Arakelow group scheme (Gl,,,0,) we can find a Borel
subgroup B C Gl,, for which

2
Na; (Og, B) = ng, (x,B) < 7 foralli=1,...,n—1

7

Theorem 1.2.2. For any Arakelow group scheme (Gl,,0) we can find a a
unique parabolic subgroup P such that for all oy € TVP we have

naf(@,P) <1

and such that the reductive quotient (M,OM) is semi stable.

The first theorem is due to Minkowski, the second theorem is proved in [Stu],
[Gray].

This parabolic subgroup is called the canonical destabilizing group. We
denote it by P(z), if (G,z) is semi stable then P(z) = G. This gives us a
dissection of X into the subsets

X = U XPl={ze X |P(z)=P} (1.48)
P: parabolic subgroups of G/Q

Clearly v X Pl = X/Py™'1if we divide by the group T the we get

nNx= |[J rp\xt” (1.49)
PePar(T")
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where Par (') is a set of representatives of I' conjugacy classes of parabolic
subgroups of Gl,/Q. This is a decomposition of I'\X into a disjoint union of
subsets. The subset I'\X[G!"] is compact, it is the set of semi stable pairs
(z,Gl,), the subsets I'p\X¥] for P # G are in a certain sense “open in some
directions” and ”closed in some other direction”. Therefore this decomposition
is not so useful for the study of cohomology groups.

Do remedy this we introduce larger subsets. For a real number r,0 < r <1

we define
X (r) = {z € X[ n,, (z, P(z)) > r, for all a € 777@). (1.50)

It contains the set of semi-stable (z,Gl,). If we choose r < 1 but close to one
then some of the elements in X! (1) may be unstable but only a "little bit ”.

Together with the first theorem this has a consequence

Proposition 1.2.3. The quotient XC (r) = T\ XS (r) is relatively compact
open subset of T\X, It contains the set of semi-stable (x,Gly,).

We start from a parabolic subgroup P and let M = P/Up be its Levi-
quotient. Our considerations above also apply to M/Q. The group P(R) acts
transitively on X and we put

XM = Up(R)\X and let gar : X — XM be the projection ,

this is the (generalized) symmetric space attached to the reductive group M/Q.
For a simple roots o € 7| a Borel subgroup B C M/Q and a point 2 = gy ()
we can define the numbers n, (2, B) essentially in the same way as before and
clearly
na(xMa B) =nq(z, B)

if B is the inverse image of B.

We have to be a little bit careful with the numbers pQ(xM7 Q) because the
for the inverse image @ the unipotent radical U, is larger than Ug. Therefore
we have to look at the dominant fundamental weights Y € D, crn Qai, and

M

formulate the stability condition for 2 in terms of these v :

The point ™ is stable, if for all o,c v the inequality Ny M (™M P,) > 1

i

holds. Again we denote the destabilizing group by P(x™).

Hence we see that for a number rj; < 1 we can define regions

XM(ry) = {xM|n,yg( (™, P,,) > ry whenever P,, D P(z™)}

We choose numbers 0 < ¢p < 1 Furthermore we choose a number r(cp) < 1
and define

*XP(cp,r(cp)) = {z| nor(z, P) < cp for all a € 7V7;2M € XM (r(cp))}
(1.51)

Proposition 1.2.4. For a given r(cp) < 1 we can find numbers cp such that
that for any = € *X* (cp,r(cp)) the destabilizing parabolic subgroup P(x) C P.
The same is true in the other direction: For a given 0 < cp < 1 we can findr < 1
such that for x € *X* (cp,r)) the de-stabilizing parabolic subgroup P(z) C P.
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To see this we have to look at the canonical subgroup Q C (wnr, M). Its
inverse image ) C P is a parabolic subgroup of Gl,,. The reductive quotient
(w37, M) is semi- stable. We want to show that @ is the canonical parabolic
of (x,Gl,), for this we have to show that nye(z,Q) < 1 for all a« € 7Ve =
aUr urla.

For a € 7Ya this is true by definition. For a € 7V we have

af =a+ Z a5 and a® = a + Z ay, 53,
BenM genM

where a, 5 > 0. The roots 8 € 7Y@ can be expressed in terms of the 42 = 39 :

BO=B+ > asuf (1.52)
5/6771\2,
and hence
a? =a" - Z Qo B + Z cap B (1.53)
5€ﬂUQ ,3/6771\7[

The last sum is zero because a®,a’’, 39 are orthogonal to the module B L.
We get the relation

Na (.’E,Q) = NP ((E,P) ! H nge (xaQ)_aa'ﬁ' (154)
QGWUQ
Now it comes down to show that
nar (z, P) < co, ¥ a € VP and nge(r,Q) >r, Vp € wVa
(1.55)

implies nge(x, P) < 1;¥V a € 7YP

This is certainly true if either the ¢, are small enough or if r is sufficiently close
to one. In this case we say that (cp,r) is well chosen.
Therefore we define

XP(cp,r(cp)) = {x € "X (cp,r(cp))|P(x) C P}
we have XP(cp,r(cp)) = *X (cp,r(cp)), if (cp,r(cp)) is well chosen.
We claim that we can find a family of parameters

(~ ) (va ’I"(Cp)), v )P: parabolic over Q

where (cp,r(cp)) only depend on the type of P, such that we get a covering
X = UXP(CP,T(CP)))
P

and hence

N\X =T\ J\X"(cp,r(cp) = |J Tr\X"(cp,r(cp))

PePar(T)
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We change the notation slightly, since these numbers only depend on the type
7' = 1M = t(P) we replace cp by ¢, and r(cp) by r(cq).

To prove the claim we choose a number 0 < ¢y < 1. In this case rq = r(cg)
can be any number. Then we choose a number 0 < r; < ¢p. For any 7; = {«;}
we choose a ¢, < 1 such that (¢g,,r1) is well chosen. We continue and chose
0 < ry < ¢, for all ¢ and for any two element subset J C 7w we choose numbers
0 < ¢y < 1 such that (cy,r2) is well chosen. This goes until we reach top
parabolic.

Now we get a covering of X by the open sets X ¥ (c.,7(n)). To see this we
pick a point x € X, we have to show that it lies in at least one of the sets
XP(ep,r(cp)). If it is not in X! (r,,_;) then we find a maximal parabolic P;
such that ng, (z, P) < ¢p\({a,}- We project = to the point aMi e XM If this
point is in Xi(r,, _5) then z € X (€m\{a:}>Tn—2) and we are done. If not we
apply our argument above to ¢ and 7' = 7\ {a;}. We continue the same
reasoning and at latest it stops for 7’ = ().

We have a very explicit description of these sets T'p\ X (cp/,7(cqr)). We
consider the evaluation map

n™ FP\XP(CWUT(CW’)) — HaEw’(()?ca)

(1.56)
x> (oo,nge(z, P),. )
Of course we also have the homomorphism
la™ [ P(R) = {...,[a”], .. Yaen (1.57)

and the multiplication by an element y € P(R) induces an isomorphisms of
the fibers

(g )™M (er) > (g ) T (ea) i o™ (9) - 1 = e

where the multiplication is taken componentwise. This identification depends
on the choice of y.

To get a canonical identification we use the geodesic action which is intro-
duced in the paper by Borel and Serre. We define an action of A = ([] RZ,)
on X. This action depends on P and we denote it by

aem\n’

(a,z) ~aex

A point z € X defines a Cartan involution ©, and then the parabolic sub-
group PO+ of G x R is opposite to P x R and P x RN P® = M, is a Levi
factor, the projection P — M induces an isomorphism

¢p: M xR =5 M,.
The character o™ induces an isomorphism
521 A5 S, (R)©

where Hence we S,(R)(® is the connected component of the identity of the
center M,(R) N Sl,(R) and we put
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aex =s,(a)x

We have to verify that this is indeed an action. This is clear because for the
Cartan-involution O,,; we obviously have

PO: — pOasx

It is also clear that this action commutes with the action of P(R) on X
because
ysz(a)z = syg(a)yx for all y € P(R),z € X.

It follows from the construction that the semigroup A_ = {...,a,,... }- where
0 < a, <1 - acts via the geodesic action on X (c,,7(c,,)) and that for a € A_
we get an isomorphism

(™) er) = () (aey).

This yields a decomposition as product

XP(Car,m(cer)) = () (eo) x ] (0,0l

aemn’

where ¢g is an arbitrary point in the product.
Since we know that |a™ | is trivial on I'p and since the action of P commutes
with the geodesic action we conclude

Tp\XT (cor,r(c,))) = Fp\(n”/)*l(co) X H (0, cq) (1.58)

aemn’

Let P(O(R) = ker(a™) then the fiber (n™)~'(co) is a homogenous space
under P(l)(R) We have the projection map ppar : X — XM where XM is the
space of Cartan involutions on the reductive quotient M. Hence we get a map

Prar =ppar x ™1 X = XM TT (0, ol (1.59)

aemn’

The geodesic action only acts on the second factor of the product XM x
[Taer (0,ca] , the map pj , commutes with the geodesic action.

The group Up(R) acts simply transitively on the fibers of this projection,
and hence

apar i TP\X P (err r(en)) = T\ XM (r(cp)) x [T (0,¢4] (1.60)

aemn’

is a fiber bundle with fiber isomorphic I'yy\U (R). If we pick a point & € I\ XM (r(cp)) x

[Iocx (0,cq] then the identification of q;}M (z) with Ty \U(R) depends on the
choice of a point z € X P (cyr,7(c,,)) which maps to 7.

(The next requires a little revision) This can now be compactified, we
embed it into

TPAXP (e r(cp) = TP\ ) ™ eo) x - [T [0,

verg\m
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We define

8’1"(01)) = FP\XP(CWI,QW) \FP\XP(Cﬂ, Qﬂ)
this is equal to

OLP\XT (car,r(cp) = Tp\(I™) " (eo) x OC [T [0,¢x])

verg\m

where of course I([], e, \#[0; ¢r]) C [T e\ [0s cx] is the subset where at least
one of the coordinates is equal to zero.

We form the disjoint union of of these boundaries over the m and set of
representatives of I' conjugacy classes, this is a compact space. Now there is
still a minor technical point. If we have two parabolic subgroups @ C P then
the intersection X ¥ (cp,r(cp) N X%(cq,r(cq)) # 0. If we now have points

x € AL p\XP(cr,r(cp),y € OT\X(crr,7(cpr)

then we identify these two points if we have a sequence of points {x,, }neny Which
lies in the intersection X' (c,,7(cp))NX?(crr,7(cps)) and which converges to =
in Tp\X ¥ (¢, r(cp) and to y in T\ XQ(cqr,7(cps). A careful inspection shows
that this provides an equivalence relation ~, and we define

or\x)={J OTP\XP(er,r(cp)/ ~

! ,PePar(T)
and the Borel-Serre compactification will be the manifold with corners
DX =\(XU |J XP(c rcp). (1.61)
P:Pproper
We define a "tubular” neighborhood of the boundary we put
NOX) =T\ |J XPlcp,r(cp)) (1.62)
P:Pproper
and then we define the ”punctured tubular” neighborhood as
NOX) =T\ |J  XPler(ep) = T\X NN(T\X) (1.63)
P:Pproper

Eventually we want to use the above covering as a tool to understand coho-
mology (See ) But then it is also necessary to understand the intersections

X (emyy (e, ) NN X (e, (e, ) (1.64)

Our proposition 1.2.4 implies that for any point = in the intersection the desta-
bilizing parabolic subgroup P(z) C Py N---N P,. Hence we see that the above
intersection can only be non empty if Q = Py N---N P, is a parabolic subgroup.

Now we look at the product [], ..
it - using the logarithm - with R%:

R, here it seems to be helpful to identify

log : [ RZy = R (1.65)

aem
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If G is one of our reductive groups Gl,,/Q let X be the symmetric space of
Cartan involutions- If we have a point x € X and P a parabolic subgroup such
that P(z) C P then the number n,r(z, P) is defined and < 1. If P(z) € P then
we put n,r(z, P) =1, so that nyr(z, P) is always defined.

Hence we defined a function

NQ( ,Q): X — R%: 2 — {...,=log(nge(z,Q)),... }acxr =4, Noa(z,Q), ... }aenr
(1.66)

a close look shows that the image is a convex set C'(¢) C R? because it is an
intersection of half spaces defined by hyperplanes. In the target space we can
project to the unipotent roots, i.e. we look at the projection

TQ T ={ . Ta, - Jaer = {1 Tas- - Joenla-

Then we can consider the composition rg o N Q(,Q) and the image under this
composition is a cone Cy,, (¢) in Rilo.Then

X (eny, (e, )) NN X (e, 7(cr,) = XOCO(@) = Cug (@) (1.67)

=1

is a fiber bundle over the base Cy,, ().



Chapter 2

The Cohomology groups

2.1 Cohomology of arithmetic groups as coho-
mology of sheaves on I'\ X.

We are now in the position to unify — for the special case of arithmetic groups
— the two cohomology theories from our chapter II and chapter IV of the [book].
(Lectures on Algebraic Geometry I)

We start from a semi simple group G/Q and we choose an arithmetic sub-
group I' C G(Q). Let X = G(R)/K as before.

Let M is a T-module then we can attach a sheaf M on I'\X to it. To do
this we have to define the group of sections for any open subset U C X. We
start from the projection

and define

MU) ={f: 771 (U) = M| f is locally constant f(yu) =~f(u)}. (2.1)

T X —T\X

This is clearly a sheaf. For any point € I'\X we can find a neighborhood
V, with the following property: If # € 7~ !(x), then & has a contractible I'z-
invariant neighborhood Uz and U, = I'z\Uz. Then it is clear that

M(V,) = M"e.

Since z has a cofinal system of neighborhoods of this kind, we see that we get
an isomorphism
gz M(Vi) = My——MF=,
The last isomorphism depends on the choice of z. If we are in the special case
that I has no fixed points then we can cover I'\ X by open sets U so that M/U
is isomorphic to a constant sheaf M;;. These sheaves are called local systems.
We will denote the functor, which sends M to M by

shr : Modr — 8F\X7

occasionally we will write shp(M) instead of M, especially in situations where
we work with several discrete subgroups.

47
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The motivations for these constructions are

1) The spaces '\ X are interesting examples of so-called locally symmetric
spaces (provided T' has no torsion). Hence they are of interest for differential
geometers and analysts.

2) If we have some understanding of the geometry of the quotient space I'\ X
we gain some insight into the structure of I'. This will become clear when we
discuss the examples in ...x.y.z.

3) The cohomology groups H®(I', M) are closely related and in many cases
even isomorphic to the sheaf cohomology groups H®(T'\ X, M) Again the ge-
ometry provides tools to compute these cohomology groups in some cases (see
X.y.2.).

4) If the I'-module M is a C-vector space and obtained from a rational
representation of G/Q, then we can apply analytic tools to get insight (de Rham
cohomology, Hodge theory).

2.1.1  The relation between H*(I', M) and H*(I'\X, M).

In general the spaces X will have several connected components. In this section
we assume that X is connected and I' fixes it.
Then it is clear that
HOM\X, M) = MF.

Hence we can write our functor M — MU from the category of I'-modules to
Ab as a composite of

shp : M — M and H° : M — H°(I\ X, M).

We want to apply the method of spectral sequences. In a first step we want to
convince ourselves that shr sends injective I'-modules to acyclic sheaves.

In [book], 2.2.4. we constructed for any I" module M the induced I" -module
Indgl}M. This is the module of functions f : I' - M and ~; € T acts on
this module by (y1f)(v) = f(y7y1). We want to prove that for any such induced
module the sheaf shr( Indlfl}M). is acyclic.

We have a little
Lemma: Let us consider the projection w : X — T'\X and the constant sheaf
M on X. Then we have a canonical isomorphism of sheaves

P

(M )— Indlfl}/\/l.

Proof: This is rather obvious. Let us consider a small neighborhood U, of
a point z, such that 7=1(U,) is the disjoint union of small contractible neigh-
borhoods Uz for # € m~!(z). Then for all points & we have M (Uz) = M

and
nMOU) = [ M.

zer—1(x)

On the other hand

Indgl}M(Um) = {h s N UL) = Indlfl}M | h is locally constant h(yu) = vh(u)}
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For u € 771(U,) the element h(u) itself is a map
fu): T — M,

and (yh(u))(v1) = h(u)(y17y) (here 1 € T is the variable.)

Hence we know the function u — f(u) from 7= (U,) to Indlfl}M if we know
its value f(u)(1) and this value can be prescribed on the connected components
of 771(U,). On these connected components it is constant, we may take its
value at = and hence

f— (...,f(j)(l),...)ierl(x)

yields the desired isomorphism.

Now we get the acyclicity. We apply example d) in [book], 4.6.3 (section on
application of spectral sequences) to this situation. The fibre of 7 is a discrete
space and hence

m(My) = Ind[; M

and R(m,)(Mx) =0 for ¢ > 0. Therefore the spectral sequence yields

HICK My) = HY(P\X . (M) = £ (T\X, ).

and since X is a cell, we see that this is zero for ¢ > 1.
We apply this to the case that m = 7 is an injective I'-module. Clearly we
can always embed 7 — Indgl}I. But this is now a direct summand; hence it

follows from the acyclicity of Indlgl}I that also Z must be acyclic.
Hence we get a spectral sequence with Ey term

HP(I'\X, Ri(shr)(M)) = H*(I', M).

The edge homomorphism yields a homomorphism

H™(I'\X,shp(M)) — H"(T', M)

which in general is neither injective nor surjective.

Of course it is clear that the stalk R?(shr)(M), = H4{(I'z, M). If we make
the assumption that the action of I' is faithful, this means that any element
v different from the identity acts a non trivially on X, then R%(shr)(M) is
supported on a lower dimensional closed subset.

If we have a commutative ring R in which the orders of all the finite stabilizers
'z are invertible and if we only consider R — I' modules M, then of course
Ri(shr)(M) = 0 for ¢ > 0 and then the edge homomorphism becomes an
isomorphism.
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Functorial properties of cohomology

We investigate the functorial properties of the cohomology with respect to the
change of T". If IV C T is a subgroup of finite index, then we have, of course, the

functor
MOdF — Modp/ N

which is obtained by restricting the I'-module structure to I'. Since for any
I-module M we have M" —s M!" | we obtain a homomorphism

res : H (T, M) — H'(T', M).

We give an interpretation of this homomorphism in terms of sheaf cohomology.
We have the diagram

X

e N\ 7T
T =TI F/\X — F\X

and a T-module M produces sheaves shp(M) = M and shy (M)=M’ on I"\ X
and I'\ X respectively. It is clear that we have a homomorphism

TH(M) — M.

To get this homomorphism we observe that for y; € I"\ X we have 7] (M),, =
Mz, (y1), and this is

{f 7 M (m(y)) = M| f(vg) =7f(§) forall y € ', g € 7~ (m(y1))}
and
My, ={fg: (@) ) > M| f(YG) =7f(§) for all y € T', 5 € (x') (1)},
and if we pick a point § € (7/)"1(y1) C 7 *(m1(y1)) then
M)y, = MI NG, = MY
Hence we get (or define) our restriction homomorphism as (see I, ....)

HY(T\X,shr(M)) — HY(I"\X, 7} (shp(M)) — H*(I"\ X, shr(M)).

There is also a map in the opposite direction.
Since the fibres of 7y are discrete we have

H{(T'\X, M) H (T\X, 1 (M)).

But the same reasoning as in the previous section yields an isomorphism

71,2 (M)— Indj, M.

Hence we get an isomorphism

HY(T'\X, M)~ H*(T'\ X, Indj, M)
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which is well known as Shapiro’s lemma. But we have a I'-module homomor-
phism
e: Indh M — M

which sends an f: ' - M, in f € IndE,M to the sum

tr(f) => v " fn)

where the ~; are representatives for the classes of I"\I'. This homomorphism
induces a map in the cohomology. We get a compositon

T1e: H(T'\X, M) — H'(T\X, M).
It is not difficult to check that

meom =[:T].

2.1.2 How to compute the cohomology groups H*(I'\ X, M)?
The Cech complex of an orbiconvex Covering

We return to the beginning of this note. We want to find a finite set of points
Z1,...,%i,..., T, and open sets Ug,, Z; € Uy, such that the following conditions
are true

a) For v € T we have 'Yﬁfi n Ufl = () unless we have vi; = &;, i.e. v €'z,
b) The map |JUz, — I\ X is surjective
c¢) For all i we have a I'z, equivariant homotopy contracting 17@. to ;.

d) For any non empty finite intersection --- N 0@ Nn---nN ﬁfj N... we can
find a point Z; in this intersection which is fixed by ---NT'z, N... Tz, = T'z, and
such that we have a I'z, equivariant homotopy contracting ﬁf to ;.

We know that the Czech complex

CU U, M) =0 EPMU,) 2 P MU, NUL,) — (2.2)

i€l 1<j

computes the cohomology provided we know that the intersections U; = Uy, N
Uy, N+ NUy,, are acyclic, i.e. H™(U;, M) = 0 for m > 0.

For the implementation on a computer we need to resolve the definition of
the spaces of sections and the definition of the boundary maps. (By this I mean
that we have to write explicitly

M(UQ) = @ Mn

where 7 runs through an index set and M,, are explicit subspaces of M and
then we have to write down certain explicit linear maps M, — M,,.)

To be more precise: We have to write U; = UU,, as the union of its connected
components, we have to choose a connected component 0?7 in wil(Un) for each
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value of 7, and then the evaluation of a section m € ./\;I(Ui) on these Un yields
an isomorphism

®evy, MU;) = @Mrn.
n

If we replace Un by ’yﬁn then we get for m € ./\;1(77((7,,)) the equality

vevg, (m) = v, (2.3)

Especially the choice of the Z; yields an identification

evy,, : M(Uy,) = M= (2.4)
this gives us the first term in the complex.

The computation of the second term is a little bit more delicate, the dis-
cussion in Chap.II is not correct. The point is that the intersections U, N Uy,
may not be connected. To get these connected components we have to find the

elements v € T" for which
Uz, N1(0s;) # 0 (2.5)

It is clear that this gives us a finite set G; ; of elements v € I'/T;,. We have a
little lemma

Lemma 2.1.1. The images ©(Ugz, N ’Y(ﬁf])) are the connected components of
Up, MUy, , two elements v,v1 give the same connected component if and only if

st S le'yFwJ
Let F;; C G;; be a set of representatives for the action of I'y, on G
this set can be identified to the set of connected components. Of course the

set Uz, N v(Ugz) may have a non trivial stabilizer T'; ;, and then we get an
identification

@'YEFi,jevﬁziﬂ’yﬁzj : M(Uzl N U;cj) — @ MPis (2.6)
YEF; ;

This is now an explicit (i.e. digestible for a computer) description of the second
term in our complex above. We still need to give the explicit formula for dy in
the complex

0 @PM= P P Mo (2.7)

el 1<j 'YGF;,J'

Looking at the definition it is clear that this map is given by

(covsmiyoco,my, )= (o, my —ymy, L) (2.8)

Here we have to observe that v € T'/I';, but this does not matter since m; €
MY So we have an explicit description of the beginning of the Cech complex.

A little reasoning shows of course that a different choice Fl’j of the repre-
sentatives provides an isomorphic complex.
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Now it is clear, how to proceed. At first we have to understand the combi-
natorics of the covering 4 = {Uy, }ier.
We consider sets

Gi={y=(e;7,-- -, € T'/Ty; Uzy N - Ny Us, ﬂWqUiq # 0}

on these sets we have an action of I'y, by multiplication from the left. Again
let F; be a system of representatives modulo the action of I'y,.
We abbreviate

Uial = Uio n---nN PYlU@ N ’)’qﬁiq,
let I'; 4 be the stabilizer of Uzz

The images W(Uiﬁ) under the projection map 7 are the connected compo-

nents (Ui ) = Uiy C Ui = Uy, N---NUy,, N...Us, . On the other hand each

set U,  is a connected component in 7! (U; ). We get an isomorphism

@ evg, MU;) = ./\;l(U% NNUg,, N Uy, ) — @ MEia (2.9)

YEF; YEF;

We need to give explicit formulas for the boundary maps

~ d ~
P mw) = @ Mwy).
i€l icIa+l
Abstractly this boundary operator is defined as follows: We look at pairs i €
I‘”l,z(”) € 19 where ;'(”) is obtained from ¢ by deleting the v-th entry. Then we
have U; C U;) and from this we get the resulting restriction homomorphism
Ry ; : M(Ujon) = M(Uy). Then

q
dg =3 (~1)"Ryo s
1 v=0
and hence we have to give an explicit description of R;u) ; with respect to the
isomorphism in the diagram (2.9). -
We pick two connected components 71'(0&'71) C U; and W(UZ@,)’,Y, C Ujwvy, then
we know that B

Uiy CUjwr <= 3y €T such that 1, ), =, for all p#v

and then the restriction of R;w) ; to these two components is given by

~ evﬁi(u)‘,\{/
M(']T(Ul(u) 1/)) 7—>7 M L(V) 1/
\l, RZ(U)vi \l, 7’],‘/77/ (210)
- - B’UO1 Y
M(7(Us)) - MPea

Here the two horizontal maps are isomorphisms, we observe that 7, . is unique
up to an element in I';w) ., and hence the vertical arrow 7, is well defined.

Now we can write down the complex explicitly.

We will show that it follows from reduction theory that
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Theorem 2.1.1. We can construct a finite covering I\X = U;cpU,, = U by
orbiconver sets.

This of course implies the following theorem of Raghunathan

Theorem 2.1.2. If R is any commutative Ting with identity and if M is a
finitely generated R — I'— module then the total cohomology

@ HU(T\X, shr(M))

qeN

is a finitely generated R-module

2.1.3 Special examples in low dimensions.

We consider the group I" = Sl»(Z)/{£Id} and its action on the upper half
plane H. We want to investigate the cohomology groups H*(I'\H, M) for any
module I'-module M. The special points 7 and p in T'\H are the only points
which are fixed points. We construct two nice orbiconvex neighborhoods of
these two points, which will cover T'\H. We drop the notation with the tilde
and consider , p as points in the upper half plane and as points on T'\H. The
stabilizers I';, resp. I', are cyclic and generated by the two elements

0 1 1 -1
s= (% D= () s
respectively.

Now we consider ¢. In the fundamental domain we consider a strip V; =
{z]—=1/24+ € <R(2) < 1/2 — €}. To this strip we apply the matrix (? _01),
0 -1
1 0
U; of i. Let us look at p. In the fundament domain F we consider the subset
Vo = {z € Fle < R(z) < 1/2} We should also consider we consider the
corresponding subset Vp+ containing p?, (Here we have an ambiguity, we have
two points in the fundamental domain lying over the fixed point p.) we translate
this set by the translation by one, then we get the the set V, =V~ U (fo +1).
To this set we apply the elements the stabiliser and the union of the images
under the action of the stabiliser of p we get a nice orbiconvex neighborhood
Up,. If we take our € > 0 small enough then clearly

we take the union V; U V; and we get our orbiconvex neighborhood

MNH=U,UU, (Cov)
and we get a resolution of a sheaf shp(M) = M
0= M— M;x M, — M;, —0
and hence the cohomology groups are given by the cohomology of the complex

0—- M MY - M= 0.
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Then HO(T\H, M) = M = M N MP». Since this is true for any I' module
we easily conclude that I' is generated by I';,I',.
We get

HY(Sly(Z)\H, Mz) = M/ (M5> @ M<E>) (2.11)

and the cohomology vanishes in higher degrees.

Exercise 1: Let IV CT' = Sly(Z)/+1d be a subgroup of finite index. Prove
ii) We have (Shapiros lemma)

HY(T\H,Z) = H'T'\H, Ind}LZ).
These cohomology groups are free of rank
L:I"—n;—n,+1

where n; (resp. n,) is the number of orbits of I'; (resp. T',) on T'\I'. If I is torsion
free then

L

rank(H'T\H, Indy.Z) ik ' +1

The Euler-characteristic of I"\H is %[F TV,

Exercise 2:Let M,, be the module of homogenous polynomials in the two variables
X,Y and coefficients in Z.. We have an action of I = Sla(7Z) on this module by

(Z Z) P(X,Y) = P(aX + ¢Y,bX +dY).

these modules define a sheaf Mn on F\H, and we want to investigate their cohomology
groups.

Prove:

i) If nis odd, then M,, = 0.

Hence we assume n > 2 and n even from now on.

i) HO(T\H, M,,) = 0.

iii) If we tensorize by Q , then H'(I'\H, M,, @ Q) is a vector space of rank
n—1-2[3] -2[3]. B

Hint: Diagonalize the action of I'; and I', on M,, ® Q separately and look at the

= 0 -1
eigenspaces. To say it differently: Over (Q we can conjugate the matrices (1 0 )

) , and then look at the decompo-

1 1 t
( ) into the diagonal maximal torus (0 tE)l

-1 0
sition of M, into weight spaces.
iv) Investigate the torsion in H'(T'\H, M,,). (Start from the sequence 0 — M,, —
M, = M, J[tM,, — 0.)
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v) Now we consider I' = Sly(Z). The two matrices S = ((1) _01) and R =

1 1 ) .
(_1 0) are generators of the stabilisers of © and p respectively.

We take for our module M the cyclic group 7./127Z,consider the spectral sequence
HP(T\H, R*(shr)(Z/12Z).
Show that H°(T'\H, R'(shr)(Z/12Z) = Z/12Z. Show that the differential
H°(T\H, R*(shr)(Z/12Z) — H?*(T'\H, shr(Z/12Z)

vanishes and conclude

HY(T,7Z/127) = 7./]127.

The group I' = SI,(Z[i])
A similar computation can be made up to compute the cohomology in the case
of I' = Glo(O). We have the three special points 12,13 and za3 (See(1.2.1),
and we choose closed sets A;; containing these points which just leave out a
small open strip containing the opposite face. If A;; is a component of the
inverse image of A;; in Hs, then

Ay = Tij\Ajj.
The intersections A;; N Ay = A, are closed sets. They are of the form

A, =T,\A,

where I, is the stabilizer of the arc joining x;; and z; ;. The restrictions of
our sheaves M to the A;; and A, and to A = A2 N Asz N Ays are acyclic and
hence we get a complex
0—M—PMa, — PMa, — Ms—0
%))

where the M- are the restrictions of M to ??? and then extended to the space
again.

Hence we find that our cohomology groups are equal to the cohomology
groups of the complex

dt d?
0— PMms S PMm S M—0
(4,9) v
with boundary maps
1
d* :(mi2,m13,ma3) — (M12 — M1z, Moz — M1z, M13 — M23)

d? :(my,ma, m3) — my 4+ mo + ms.

If we take for instance M = Z then we get H*(I'\Hs, Z) = Z and H*(T'\Hs, Z) =
0 for ¢ > 0 as it should be.
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Homology, Cohomology with compact support and Poincaré duality.

Here we have to use the theory of compactifications. For any locally symmetric
space we can embed I'\ X into its Borel-Serre compactification

i: F\X — F\yBs,

and this process was explained in detail for our low dimensional examples. Espe-
cially we give an explicit description of a neighborhood of a point 2 € 9(I'\ X gg).
If we have a sheaf M on I\ X, we can extend it to the compactification by using
the functor i.. We get a sheaf

iv(M) on I\Xgs,

it is clear from the description of a neighborhood of a point in the boundary,
that i, is exact. ( This is not true for the Baily-Borel compactification.)

Our construction M — M can be extended to the action of I' on X gg and
clearly

iv(M) = result of the construction M — M on '\ X ps.
Hence we get from our general results in Chapter 1, ..... that
H*(D\X, M) = H*(I'\X g, ix(M)).

But we have another construction of extending the sheaf M from MNX to
"X ps. This is the so called extension by zero. We define the sheaf ij(M)
on "\ X pg by giving the stalks. For 2 € T\ X gg we put

M, if zel\X
0 if rzgT\X'

It is clear that iy is an exact functor sending sheaves on I'\ X to sheaves on
I\ X g, and we have for an arbitrary sheaf

H°(T\X ps,ii(F)) = H(T\X, F)

where H2(I'\ X, F) is the abelian group of those sections s € H(T'\ X, F) for
which the support

supp (s) = {z | 5. # 0}

is compact.
Hence we define the cohomology with compact supports as

HI(T\X,F)=HIT\Xps,irF)).

If M is a sheaf on '\ X which is obtained from a I'-module M, then it is quite
clear that
HY(T\X, M) =0,

provided our quotient I'\ X is not compact.
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The cohomology with compact supports is actually related to the homology
of the group: I want to indicate that we have a natural isomorphism

H;([, M) ~ HIY(T\ X, M)

under the assumption that X is connected and the orders of the stabilizers are
invertible in R.

This is the analogous statement to the theorem .... which we discussed when
we introduced cohomology.

Our starting point is the fact that the projective I'-modules have analogous
vanishing properties as the induced modules.

Lemma: Let us assume that I' acts on the connected symmetric space X.
If P if a projective module then

0 if i#dimX
Hi(T\X, P) =
Pr if i=dimX.
Let us believe this lemma. Then it is quite clear that

because both sides can be computed from a projective resolution.

2.1.3 The homology as singular homology

We have still another description of the homology. We form the singular chain

complex
=S Ci(X)=Ci1(X) = ... = C(X) = 0.

This is a complex of I'-modules, and we can form the tensor product with M.
We get a complex of I'-modules

I o) oM -5 0 (X))o M — ...
We define the chain complex
C.M\X, M),

simply as the resulting complex of I'-coinvariants. The homology groups are
defined as

The cosheaves

The symbol M should be interpreted as the cosheaf attached to our I'-module,
this is an object which is dual to the sheaf M. For a point Z € IMX costalk M
is given as follows: As in (2.1) we consider the projection nr : X — I'\X and
maps with finite support

C(@, M) = {f : 75 (%) — M}. (2.13)
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On this module we have an action of I" which is given by

(V) (@) = (f(y ). (2.14)
Then our costalk is given by the coinvariants
Mg =C(@, M)r =C(x, M\)/{f —~f,y €T, f eC(z, M)} (2.15)

We have the homomorphism [ : Mz — M which is given by summation f —

Zweﬂ_gl(i) f(z) and this induces an isomorphism
/ :C(2, M)r — M, (2.16)

We pick a point x € 771?1(57) and an open neighborhood U, of x such that
~U, N U, # 0 implies v € T',,. We consider the space C(Z, z, M) of those maps,
which are supported in in the point x. This space is of course equal to M and
the composition

0y : C(Z, 2, M) = C(Z, M) - M,

induces an isomorphism
8yt Mp, — M, (2.17)

If we pick a second point § € 7p(U,) and a y € 7p'(g) N U, then clearly
I'y C T’y and therefore we get a specialization map

rge My — Mz, (2.18)

Now it becomes clear why these objects are called cosheaves. For the sheaf M
we get in the corresponding situation a map in the opposite direction

as a specialization map between the stalks of M. An element [* € M; can be

represented as an array
fr={F@), . teen@) (2.20)
where f(z) € (Mg)r, and f(yz) = ~vf(z).

Now we can give a different description of the group of i-chains C; (IT'\ X, M) :
An i-chain with values in the cosheaf M is of the form oc® f where o : A* — T\ X
is a continuous (differentiable) map from the i dimensional simplex A’ to I'\ X
and where f is a section in the cosheaf, i.e. f, € Ma(m) and where f, varies
continuously. (This means: If o(y) specializes to o(x) then 74y o(2)(fy) = fz-)

Then C;(T'\ X, M) is the free abelian group generated by these i chains with
values in M). Then the boundary maps d; are defined in the usual way and we
get a slightly different description of the homology groups H,(I'\ X, M).

But we may choose for our module M simply the group ring. Then

(C.(X) ® Z[I)r ~ C,(X),
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and hence we have, since X is a cell, that

H;(T\X,Z[I') =0 for i>0.
On the other hand we have

Ho(T\X, M) = Mr.

This follows directly from looking at the complex

(C1(X) @ M)r — (Co(X) @ M)r.
First of all we observe that 0-cycles

1 @m—x90@®m

are boundaries since X is pathwise connected. On the other hand we have that

o ®@m —yxo ®ym € Co(X) @ M

becomes zero if we go to the coinvatiants and this implies the assertion.
If we have in addition that the orders of the stabilizers are invertible in R
than it is clear that a short exact sequence of R-I'-modules

0o—M —M-—M"—0
leads to an exact sequence of complexes
0— C,(IN\X, M) — C(T\X, M) — C,(T'\X, M") — 0,
and hence to a long exact cohomology sequence
H,(T\X,M') — H;T\X, M) — H;(T\X,M") — H;,_1(T\X, M).
Now it is clear that

Hy(T, M) ~ H;(T\X, M) ~ H"/(T'\ X, M).

2.1.4 The fundamental exact sequence
By construction we have the exact sequence
0 = iy(M) = i (M) = i, (M) /i(M) =0

of sheaves and clearly i.(M)/i1(M) is simply the restriction of i,(M) to the
boundary extended by zero to the entire space. This yields the fundamental
exact sequence

— HTYA(T\X), M) - HY(T\X, M) - HY(I'\X, M) —— HIOT\X),M) — ...

We define the “inner cohomology”

HY(T\X, M) := Im(HY(T'\ X, M) — HYT\X, M)) = kerHI(T'\ X, M) - H1(J(I'\X), M)
(2.21)

( This a little bit misleading because these groups are not honest cohomology
groups, they are not the cohomology groups of a space with coefficients in a
sheaf. An exact sequence of sheaves 0 - M’ — M — M” — 0 does not
provide an exact sequence for these H, groups. )
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The cohomology of the boundary

We want to have a slightly different look at this sequence. We recall the covering
(See 1.62,8.31)

N\X =D\XUN (O\X) =T\X() U |J Tp\X (epr(ey) (222)
P:Pproper

where the union runs over I' conjugacy classes of parabolic subgroups over Q

and N (I'\X) is a punctured tubular neighborhood of oo, i.e. the boundary of
the Borel-Serre compactification.

It is well known (See for instance [book] vol I , 4.5 ) that from a covering
X =, Vi we get a Czech complex and a spectral sequence with E}?- term

I #'(ViM) (2.23)

i={40,81...,ip }

where V; = V;; N --- NV, . The boundary in the Czech complex gives us the
differential

@t I HUWVLM) - 11 H(V;, M) (2.24)

i={i0,i1...,ip} j={josJ1-dp+1}

Here we work with the alternating Czech complex, we also assume that we have
an ordering on the set of simple positive roots. If such a V; is non empty then
it of the form I'o\X%(C()).

We return to the diagram (1.67), on the left hand side we can divide by I'.
We have the map which maps a Cartan involution on X to a Cartan-involution
on M. Then we get a diagram

flX9CE@) —  XM(r)x Cuy(9)
1 g b pm (2.25)
FiT\X®(C@©) — Tu\XM(r) x Cyy())

where the bottom line is a fibration. To describe the fiber in a point & we
pick a point @ € (p, o f1)~1. Then Ug(R) acts simply transitively on the fiber
(f)7'(fT(2)) hence Ug(R) = (f1)~'(f1(x)). Then pq : Ug(R) = T'uy\Ug(R)
yields the identification i, : Iy, \Ug(R) — f~(&). If we replace « by y& = x4
with v € I'y,, then we get iy, = Ad(y)oi, where for u € Uy, Ad(y)(u) = yuy™!
where for u € Ug(R), under this action of I'g.

We have the spectral sequence

HP (DA \X M (r), R1fu(M)) = HPP(TQ\XV(Cler, -+, r,)), M)
and clearly R?f, (M) is a locally constant sheaf. This sheaf is easy to determine.
Under the above identification we get an isomorphism

iy H*(Py,\Ug(R), M)) — R*(M);.
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The adjoint action Ad : I'g — Aut(I'y,\Uq(R)) induces an action of I'g

on the cohomology H*((I'y, \Ug(R)), M). Since the functor cohomology is the
derived functor of taking I'y,, invariants it follows that the restriction of Ad to

Iy, acts trivially on H*(T'y, \Ug(R), M). Consequently H*((I'y, \Ug(R)), M)
is a I'jy— module. We get

—_~

R® fu(M) = H*(Ty,\Ug(R), M)

and hence our spectral sequence becomes

HP(Ca\X ™M (r), H*(Puy \Ug(R), M) = HPT(D\X?(C(2), M) (2.26)

We can take the composition rg o f. Then it is obvious that for any point
co € Cy, (€)) the restriction map

H*(X?(C(E), M) = H*(X%((rg o f) " (co), M) (2.27)

is an isomorphism. On the other hand it is clear that we may vary our parameter
¢ we may assume that the Cy,(¢) go to infinity. Then we may enlarge the
parameter r without violating the assumptions in proposition 1.2.3. Hence
we get that the inclusion o\ X%(C(2)) C I'o\X? induces an isomorphism in
cohomology

H*(Dg\X(C(@), M) = HY(T\X, M) (2.28)

We choose a total ordering on the set of I' conjugacy classes of parabolic
subgroups, i.e. we enumerate them by a finite interval of integers [1, N]. We also
enumerate the set of simple roots {aq,...,a4) in our special case o; = @ i41.
For any conjugacy class [P] we define the type of P to be t(P) = 7U? the
subset of unipotent simple roots and d(P) = #7U? the cardinality of this set.
If P,,..., P, are maximal, 41 < 92+ < %, and if P, N,--- NP =@ is a
parabolic subgroup then we require that t(P;,) < --- < t(P;,).

The indexing set Par(I") of our covering is the I" conjugacy classes of parabolic
subgroups over Q. If we have a finite set [P, ], [P}, ], . -, [P;, ] of conjugacy classes
then we say [Q] € [P;,],[Pi,],. .., [P;,] if we can find representatives P; < [P;, ]
and @' € [Q] such that Q" = P N... Pz‘;-

Hence we see that the E7'? complex in our spectral sequence (2.24) is given
by

[[E T \Xx? @) M) =] I HTXC®E®),M)—
i i<j [RIE[QiINIQ;)
(2.29)

this obtained from our covering (8.31). Now we replace our covering by a sim-
plicial space, i.e. we consider the diagram of maps between spaces

D1
%
mat ZZHFQi\X P2 H H FR\X% (230)
i Ny [RI€[Qi]NQ;] s
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this yields a spectral sequence with E}? term
~ . d© R 1~ 4
[[H e \x. M) =T ] H@TRX"M) = (2.31)
@ i<j [RI€[P:]N[P;]

Our covering also yields a simplicial space which is a subspace of ( 2.30) we get
a map from (2.24) to (2.31 ) and this map is an isomorphism of complexes.

We replace Bar by another simplicial complex

P1 —

%
Parmar:=  [[ Tr\X o I To\x«— (2.32)
[Pd(P)=1 [Q):d(Q)=2 —

We have an obvious projection II : Par — PBarmar which induces a homo-
morphism

- 4(® ~ Fie)
[[; H*(T g\ X, M) — Lic; Himepynpy HATR\XH M) —
) )
~ d(O) ~ d(l)
Hippacpy=t A1 TPAX, M) — gy acry=2 HY T r\X T, M) S
(2.33)

and an easy argument in homological algebra shows that this induces an iso-
morphism in cohomology or in other words an isomorphism of the E5¢ terms
of the two spectral sequences.

We had the covering

NO\X) = | To\X (epr(en)) (2.34)

P:Pproper

which gives us the spectral sequence converging to H*(N (T'\X), M) with

E'= D D HYTQ\X?(crr, (e ), M) (2:35)

10 <i1 < <ip [QIE[Piy |N[Piy JN--N[Py,, ]

Our covering of ./;/' (T\X) gives us a simplicial space QUU(/V)F\X) and we
have maps

Cov(N (T\ X)) — Par — Parmar. (2.36)

We saw that the resulting maps induced an isomorphism in the EY'? terms of
the spectral sequences. Hence we see that Barmar yields a spectral sequence

EPY = @ HUTP\X, M) = BN (D\X), M)) (2.37)
(P):d(P)=p+1

At this point we want to raise an interesting question
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Does this spectral sequence degenerate at EY? level?

The author of this book is hoping that the answer to this question is no!
And this is so for interesting reasons! We come back to this question when we
discuss the Eisenstein cohomology.

The complement of V' (I'\X) is a relatively compact open set V' C T'\ X,
this set contains the stable points. We define M}, = iy, (M) then we get an
exact sequence

0— My - M— M/M, =0 (2.38)

and M /M, is obviously the extension of the restriction of M to A" (I'\ X) and
the extended by zero to I'\X. We claim (easy proof later) that

H(T\X, M) = H*(I'\ X, M},) (2.39)

and this gives us again the fundamental exact sequence

HIW(N (D\X), M) — HIT\X, ML) — HID\X, M) — HIN (T\X), M) —
(2.40)

2.1.5 How to compute the cohomology groups H?(I'\ X, M)

We apply the considerations in 4.8 from the [book]. Again we cover I'\X by
orbiconvex open neighborhoods U,,, and now we define

My, = (ig)iy(M).

These sheaves have properties, which are dual to those of the sheaves ./\;l2 .
If z = (z1,...,25) and if we add another point 2’ = (z1,...,7,2s41) then
we have the restriction M, — M,/ , which were used to construct the Cech
resolution.

Now let d = dim(X). For the ! sheaves we get (See [book] , loc. cit.) get a
morphism M, — M.. Forz = (z1,...,z,) we define the degree d(z) = d+1—s.
Then we construct the Cech-coresolution (See [book], 4.8.3)

Now we have a dual statement to the proposition with label acyc
Proposition: (acyc!)Ifd = dim(X) then

Mr, q=d

H%U@M;):{O iy
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Hence the above complex of sheaves provides a complex of modules C\* ({4, M) :

= ] HYUM) == [ B Uz, M, ) = [[H U, ML) — 0.

z:d(z)=q (@i,x;5) T

Now it is clear that

HY(T\X, iy(M)) = HI(T\X, M) = H(C? (4, M)).

Now let us assume that M is a finitely generated module over some commutative
noetherian ring R with identity. Then clearly all our cohomology groups will be
R-modules.

Our Theorem A above implies

Theorem (Raghunathan) Under our genmeral assumptions all the coho-
mology groups HI(T\X, M), HY(T'\ X, M), H!(T\ X, M), H/(d(T'\ X ), M) are
finitely generated R modules.

Modified cohomology groups

Most of the time our module M will be a finitely generated Z module and
the theorem of Raghunathan says that the cohomology groups are also finitely
generated Z modules. Sometimes we replace Z ring of integers Op of a finite
extension F/Q and then we will even invert some finite numbers of primes.
Hence we our coefficient modules will be finitely generated R-modules where
Or C R C F. In any case these rings R will be Dedekind rings.

Starting from the fundamental exact sequence we have introduced the mod-
ified cohomology groups H( ). There is a second process of modification: If

H*( ) is any of these cohomology groups then
H*( Vi :=H*( )/Tors=Im(H*( ) > H*( )®Q) (2.41)

We have to discuss a minor problem: These two processes of modification
do not quite commute. This is due to the fact that the resulting sequence

— HIYO(T\X), Mg) it = HUT\X, Mg) e —2> HU\X, Mz) it — HIOIT\X), MR) int

is not necessarily exact anymore. Clearly we have H/(I\X, Mg) it = Im(j)
and if we now define HIT\X, MRg) int,1 := ker(r) then we have

qu(F\X7MR) int C HqF\XaMR) int,!

but this inclusion may be proper. The following proposition is an elementary

exercise in homological algebra | supgbd

Proposition 2.1.1. The quotient HI(T\X, Mp) ine.1/H}(T\X, MR) ins is fi-
nite and isomorphic to a subquotient of H1(d(I'\X), Mg)

We will discuss an example in section 3.3.2
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2.1.6 The case I' = S1y(Z)

In the following M can be any I'-module. We investigate the fundamental exact
sequence for this special group.

Of course we start again from our covering I'\H = U; UU,. The cohomology
with compact supports is the cohomology of the complex

0 H*(U;NU,, M} ) — H*(U; ,M}) @ H*(U,, M.,) — 0.
Now we have H2(U; N Uy, M} ) = M, H*(U; ,M}) = Mp, = M/(1d -
S)M,H*(U, ,./\;llp) = Mr, = M/(Id — R)M and hence we get the complex

0—>M—=Mp, & Mr, =0

and from this we obtain

HY(T\H,i;(M)) = ker(M — (M/(Id — S)M & M/(Id — R)M))

and
H(T\H, iy(M)) = 0, H*(T\H, i1(M)) = Mp

We discuss the fundamental exact sequence in this special case. To do this
we have to understand the cohomology of the boundary H*(O(I'\H, M). We
discussed the Borel-Serre compactification and saw that in this case we get this
compactification if we add a circle at infinity to our picture of the quotient. But
we may as well cut the cylinder at any level ¢ > 1, i.e. we consider the level
line H(c) = {z = = + ic|z € H} and divide this level line by the action of the
translation group

'y ={ Lon neZ} ={ ©n |n € Z,e = £1}/{£1d}.
0 1 0 €
But this quotient is homotopy equivalent to the cylinder

FU\H ~ FU\H(C).

We apply our general consideration on cohomology of arithmetic groups to
this situation and find
H*(9(T'\H), M) = H*(I'y\H, shr, (M)) = H*(T'y\H(c), shr,, (M)).
This cohomology is easy to compute. The group I'yy is generated by the
element T = ((1) 1) . It is rather clear that
H°(I'y\H, shr,, (M)) = M'v, HY(T'\H, shp, (M)) = Mr, = M/(Id — T)M.
Then our fundamental exact sequence becomes (See( 2.11))

0— ML = MV — ker(M — (M/(Id — S)M & M/(Id — R)M)) —25 M /(M & MT») s

M/(Id—-T)M — Mr =0
(2.42)
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Now it may come as a little surprise to the readers, that we can formulate a
little exercise which is not entirely trivial

Exercise: Write down explicitly all the arrows in the above fundamental sequence

We give the answer without proof. I change notation slightly and work with

the matrices
0 -1 1 -1
s=(1 0)m=(0 %)

and we have the relation
1 1
psr= (1)

Then I'; =< S >,I') =< R > . The map
MJ(M5> & M<F>) 5 M/(1d - T)M
is given by
m—=m—Sm

We have to show that this map is well defined: If m € M<5> then m — 0. If
m € M<E> then

m—Sm=m—SR 'm=m—Tm
and this is zero in M/(Id — T)M.
The map
ker(M — (M/(Id — SYM & M/(Id — R)M)) = M/(M<5> @& M<F>)

is a little bit delicate. We pick an element m in the kernel, hence we can write
it as
m=mq —Sm; =ms — R ms

and send m — my — mg (Here we have to use the orientation). If we modify
mi,my to my = my + ny, mh = ma + ng then mj — mj gives the same element
in M/(M<S> D M<R>).

This answer can only be right if m, — mso goes to zero under the map r, i.e.
we have to show that

mip — Mmo — S(m1 — mg) S (Id — T)M
We compute
my —mg —S(my —ma) =m—my+Smy =m—mg+R 'my— R 'mo+ Smo =

—R_lmg + Smy = —T_lSmg + Smsg € (Id — T)M

Finally we claim that the map M<T> — ker(M — (M/(Id—S)M &M /(1d —
R)M)) is given by m +— m — Sm=m — R~ 1T 'm =m — R~ 'm.

There is still another element of structure. The map ¢: z — —Z induces an

(differentiable) involution of H. We put S; = <_01 (1)> then yez = ¢SSy 2



68 CHAPTER 2. THE COHOMOLOGY GROUPS

and therefore ¢ induces an involution on I'\H. We get an isomorphism of coho-
mology groups

W HY(T\H, M) 5 HY(T\H, ¢, (M)) (2.43)
The direct image sheaf ¢, (M) is by definition the sheaf attached to the I' module
M8 : This module is equal to M as an abstract module, but the action is
twisted by a conjugation by the above matrix S1, i.e.

yxm = S1vS7 m (2.44)

Now we assume that M is actually a Gly(Z) module. Then the map m — Sym
provides an isomorphism M 1) =5 M and hence we get in involution on the
cohomology groups

¢*: H*(T\H, M) — H*(T'\H, M) (2.45)

We have the explicit description of the cohomology groups H*(I'\H, M) and
we can compute this involution in terms of this description. We observe that the
matrix 557 fixes the two points 7, p and hence the two open sets U;, U, of the
covering. Hence it also fixes M and M!» and therefore the map m +— SS1m
induces an involution on M/M i & MTe = HY(I\H, M) and this is our map
e,

The cohomology has a 4+ and a — eigen submodule under this involution,
and

HY(T\H, M) > HY(I'\H, M), & H*('\H, M)_

the sum of the two eigen modules has finite index which is a power of 2.

Poincare’ duality

We assume that our I' module M is a finitely generated and locally free module
over R , where R is a Dedekind ring or a field. We assume % € R. In section 6.3.8
we discuss Poincare duality in greater generality, here we consider the pairing
(see 6.57)

HYNT\H, M) iy x HY(T\H, M) ines — HZ(T\H,R) = R (2.46)

It is clear that the involution ¢ induces multiplication by —1 on HZ(T'\H, R).
On the other hand we have the decompositions of the above cohomology groups
into &+ eigen modules. The pairings of the 4, + parts and the —, — give zero
and then we get pairings

HYT\H, M) ine 1+ x HY(T\H, M) ine1— — R
~ i (2.47)
Hl(F\H,M) int,!,+ X H!l(F\H, M\/) int,— — R

both of them are partially non degenerate.

If we have M = M"Y then we get

rank(HY(T\H, M) inc. 1) = rank(H(T\H, M) i) (2.48)
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Final remark: The reader may get the impression that it is easy to compute
the cohomology, but the contrary is true. In the case I' = Sly(Z)/+1d we found
formulae for the rank of the cohomology groups, this seems to be a satisfactory
answer, but it is not. The point is that in the next section we will introduce
the Hecke operators, these Hecke operators form an algebra of endomorphisms
of the cohomology groups. It is a fundamental question (see further down) to
understand the cohomology as a module under the action of this Hecke algebra.
It is difficult to write down the effect of a Hecke operator on a module like
M/ (MFi 4+ MEr). We will discuss an explicit example in (?7.)

The situation is even worse if we consider the case I' = Gly(Z[i])/{(i"1d)}.
First of all we notice that it is not possible to read off the dimensions of the
individual groups H*(I'\Hs, M) from the complex in 2.1.2 ) . Of course we can
compute them in any given case, but our method does not give any kind of
theoretical insight.

We will see later that we can prove vanishing theorems H(T'\Hs, M¢) for
certain coefficient systems Mg by transcendental means. These results can not
be obtained by our elementary methods.
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Chapter 3

Hecke Operators

3.1 The construction of Hecke operators

We mentioned already that the cohomology and homology groups of an arith-
metic group has an additional structure. We have the action of the so-called
Hecke algebra. The following description of the Hecke algebra is somewhat pro-
visorial, we get a richer Hecke algebra, if we work in the adelic context (See
Chap III). But the desription here is more intuitive.

We start from the arithmetic group I' C G(Q) and an arbitrary I'-module
M. The module M is also a module over a ring R which in the beginning may
be simply Z.

At this point it is better to have a notation for this action

I'x M = M, (v,m) — r(y)(m)

where now 7 : ' = Aut(M).

We assume that M is a module over a ring R in which we can invert the
orders of the stabilizers of fixed points of elements v € T'.

If we have a subgroup I' C T of finite index, then we constructed maps

v H(T\X, M) — H*(I"\X, M)
e :H(T\X, M) — H*(I"\ X, M)

(see 2.1.1).
We pick an element o € G(Q). The group

Ia™')=a 'TanT

is a subgroup of finite index in I'" and the conjugation by « induces an isomor-
phism
inn(a) : T'(a™ ') — T'(a).

We get an isomorphism
j(a) : T(@™)\X — D(a)\X

which is induced by the map x — ax on the space X. This yields an isomor-
phism of cohomology groups

j@)*: H*(D(a™\X, M) — H*(T(a)\X, j(a)«(M)).

71
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_ We compute the sheaf j(a).(M). For apoint z € I'(a)\ X we have G(@) (M), =
Mg where j(a)(2') = X. We have the projection mpq-1y : X = (e )\ X,
and the definition yields

(./\;l); = {s : ﬁlf(la_l)(x’) — M | s(ym) = vs(m) for all v € F(orl}

The map z — «az provides an identification Wlf(la,l)(x’) = w;(la) () in in
terms of this fibre we can describe the stalk at x as

j(a). (M), = {s : 71'1?(1 (z) = M | s(yv) = a  yas(v) for all vy € F(a)}.

@)

Hence we see: We may use a to define a new I'(a)-module M(®): The
underlying abelian group of M(®) is M but the operation of T'(c) is given by

(77 m) — (a_lrya)m =7 ko M.

Then we have obviously that the sheaf j(a).(M) is equal to M(®). Hence we
see that every element

Uq € Homp(a) (M(a), M)

defines a map i, : j(a).(M) — M. Hence we get a diagram

H* (0" WX, M) "% B (D()\X, j(0). (M) 25 H*(D(0)\X, M3.1)

Lr' lw. (3.2)

H*(T\ X, M) Hosue) H*(T\X, M) (3.3)

where the operator on the bottom line is the Hecke operator. It depends on
two data, namely, the element « € G(Q) and the choice of u,, € Homp(a)(/\/l(“), M).

It is not difficult to show that the operator T'(a,u,) depends only on the
double coset " a I', provided we adapt the choice of u,. To be more precise if

a1 = 71072 1,72 € T,
then we have an obious bijection
D, 4, + Hompe) (M@, M) — Homp(a,)(M*), M)

which is given by
RS (Ua) = Uay = V1UaY2-

The reader will verify without difficulties that
T(Oé, uOé) = T(ala uoq)'
(Verify this for H® and then use some kind of resolution)

There is a case where we have also a rather obvious choice of u,. This is the
case if R C Q and our I'module M is a R-lattice in the Q-vector space Mg,
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where Mg is a rational G(Q) module, i.e. is obtained from a rational (finite
dimensional) representation of our group G/Q.
Then we have the canonical choice of an

Uq,Q * M((@a) — MQ,

which is given by m — am. But this morphism will not necessarily map the
lattice M(®) into M. It is also bad if Uq,Q MAaps M@ into bM, where b is an
integer > 1. But then we can find a unique rational number d(«) > 0 for which

d(@) - tag : M@ — M and d(@) - ua (M) ¢ bM for any integer b > 1.

Then u, = d(a) - uq,q is called the normalized choice. The canonical choice
defines endomorphisms on the rational cohomology, i.e. the cohomology with
coefficients in M@ whereas the normalized Hecke operators induce endomor-
phism of the integral cohomology.

We see that we can construct many endomorphisms 7'(cv, us) : H*(I'\ X, M) —
H*(T\ X, M). These endomorphisms will generate an algebra

My C End(H*(T\X, M)).

This is the so-called Hecke algebra. We can also define endomorphisms T'(c, u,,)
on the cohomology with compact supports, on the inner cohomology and the
cohomology of the boundary. Since the operators are compatible with all the
arrows in the fundamental exact sequence we denote them by the same symbol.

We now assume that M is a finitely generated R module where R is the
ring of integers in an algebraic number field K/Q. Then our cohomology groups
HY9(T'\ X, M) are finitely generated R-modules with an action of the algebra H
on it. The Hecke algebra also acts on the inner cohomology H{(T'\X, M) If we
tensorize our coefficient system with any number field L D K , then we write
My, =M® L.

We state without proof :

Theorem 3.1.1. Let M be a module obtained by a rational representation. For
any extension L/K/Q the Hr ® L module H!(T\X, M) is semi simple, i.e. a
direct sum of irreducible Hr modules.

The proof of this theorem will be discussed in Chap.III section 4, it requires
some input from analysis. We tensorize our coefficient system by C, i.e. we
consider M ®r C = Mc. Let us assume that I is torsion free. First of all start
from the well known fact, that the cohomology H*®(I'\ X, M¢) can be computed
from the de-Rham-complex

H*(D\X, M¢) = H*(Q* @ Mc(T\X)).

We introduces some specific positive definite hermitian form on Mc and this
allows us to define a hermitian scalar product between two M¢ -valued p-forms

< Wi, w2 >=/ w1 N *wa,
\X
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provided one of the forms is compactly supported.

This will give us a positive definite scalar product on H{’ (I'\H, /\;ln,(c), In the
classical case of Gly this is the Peterson scalar product. Finally we show that
Hr is self adjoint with respect to this scalar product, and then semi-simplicity
follows from the standard argument.

3.1.1 Commuting relations

We want to say some words concerning the structure of the Hecke algebra.

To begin we discuss the action of the Hecke-algebra on HO(I'\ X, M). We
have to do this since we defined the cohomology in terms of injective (or acyclic)
resolutions and therefore the general results concerning the structure of the
Hecke algebra can be reduced to this special case.

If we have a I'-module M and if we look at the diagram defining the Hecke
operators, then we see that we get in degree 0

MF(afl) N (M(“))F(O‘) k) MF(a)

T l

MF T(a,ua) Mr‘

where the first arrow on the top line is induced by the identity map M —
M@ = M and the second by a map u, € Homap(M, M) which satisfies
o ((ya=™1)m) = yu,(m). Recalling the definition of the vertical arrow on the
right, we find

T(au) ()= 3 7 ualv).

YEr/T(a)

We are interested to get formulae for the product of Hecke oprators, so, for
instance, we would like to show that under certian assumptions on «, 8 and
certain adjustment of u,,ug and ung we can show

T(a,ue) - T(B,up) =T (B up) - T(ov,uq) = T(afB, uag)-

It is easy to see what the conditions are if we want such a formula to be
true. We look at what happens in H° and get

T(a,ua) - T(B,up)(v) = Z Z Vg - nup(v).
~v€l/T'(a) n€l/T(B)
We rewrite the right hand slightly illegally:
YooY yuanug uaus(v),
Y€EL/T(a) n€T/T(B)

where we have to take into account that this does not make sense because the
term yunnu;t is not defined. But let us assume that (i) for each n we can find

an 7’ such that
70Uy = Uq 01,
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where these i’ also form a sytem of representatives for T'/T'(8) (ii) The ele-
ments vy’ and 1’y form a system of representatives for I'/T'(a5) (iil) uqug(v) =

UgUa (V) = uqp(v), then we get a legal rewrite

T(ayua)-T(Bug)w)= Y Y uaus(v)= Y Euaplv) =

YEL/T(a) n'€T/T(B) £er/T(ap)

T(aB, uap)(v)

We want to explain in a special case that we may have relations like the one
above.

Let S be a finite set of primes, let |S| be the product of these primes. Then we
define T'g = G(Z[ﬁ]) We say that a € G(Q) has support in S if a € G(Z[ﬁ])

We take the group I' = Sl4(Z), and we take two disjoint sets of primes Sy,
Ss. For the group I' one can prove the so-called strong approximation theorem
which asserts that for any natural number m the map

is surjective. (This special case is actually not so difficult. The theorem holds
for many other arithmetic groups, for instance for simply connected Chevalley
schemes over Spec(Z).)

We consider the case

ajy bl
o = .. EFSUﬂ: . GFS27
aq ba

where aglag—1...|a; and bg|bg—1|...|b1. It is clear that we can find integers ny
and ng which are only divisible by the primes in S; and S5 respectively, so that

P(n;) € T(a™),T(n2) C T(B7Y),

where the I'(n;) are the full congruence subgroups mod n; and ns respectively.
Since we have
Sly(Z/nZ) = S14(Z/n1Z) x Sl4(Z/n27)

we get
L/T(a ') S T/T(a ) xT/T(B7Y).

On the right hand side we can chose representatives y for I'/T'(a~!) which satisfy
v = Id mod ny and n for T'/T(B~1) which satisfy 7 = Id mod n;. Then the
products yn will form a system of representatives for I'/T'(a~13~1). But then
we clearly have u,n = nu, and we see that (i) and (ii) above are true. Then we
can put uqg = Uqug.

We consider the case that our module M is a R-lattice in Mg, where Mg
is a rational G(Q)-module. Then we saw that we can write

Uy = d(a) -«
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where d(a) will be a product of powers of the primes p dividing n; and an
anologous statement can be obtained for 8 and ns.

Since we have a8 = B and since clearly d(«)d(8) = d(af) we also get the
commutation relation.

Of course we have to be careful here. We only proved it for the rather
uninteresting case of H(I'\X, M). If we want to prove it for cohomology in
higher degrees, we have to choose an acyclic resolution

0—M— A" — A — |
We have to extend the maps uq,ug to this complex

0— M@ — (A"

00— M— A
and we have to prove that the relation
UaNUp = n/uauﬁ = U/Ua/a

also holds on the complex. If we can prove this, it becomes clear that the
commutation rule also holds in higher degrees.
We choose the special resolution

0—M-— IndiM —.

It is clear that if suffices to show: If we selected the uq,ug in such a way that
we have the condition (i), (ii) and (iii) above satisfied, then we can choose
extensions g, ug, uas to Indi M so that (i), (ii) and (iii) are also satisfied.
Once we have done this we can proceed by induction.

We have the diagram of I'(«)-modules

0— M@ — (Ind! M)

[
0— M— IndiM,

and we are searching for a suitable vertical arrow 7. The horizontal arrows are
given by (as before)
i:m— fm:{y — ym}.

To get a map
(@)
? € Homp(q) <( Ind{m) , IndlfM)

we apply Frobenius reciprocity: We choose representatives 71 ..., of I'/T'(«);
then our I'(a)-module in the second argument is

Indj M ~ @ Ind} M

Vi
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where f € Ind{/\/l is mapped to (f1,..., fm) € Ind§(°‘)7 and where

fi(v) = f(viv)-

Hence we have

Homp(q) (( Ind{M)(a) ) Ind{M) o~ @ Homyy, ( Ind{/\/l,/\/l) .

an element ®., : Homgqy ( Ind} M, M) is a collection of homomorphisms
Gyt M — M,
so that almost all of them are zero on @, (f) = ¢, ~(f(7). The homomorphism
10Uy € Homp(a)(./\/l(o‘), Ind! M) = Homyy (M, ©,, M)
is by definition given by the vector of maps

M (oo Funmy (1), -2) = (oo itta(m)s ).

Hence we define 777 by the conditions that

Yitg(m) fory=1
Pryigy 21—
0 for v # 1,

and we get the required commutative diagram. This morphism ? is now the
extension of ug : M — M to ( Indlfl}./\/l)(o‘) — Indlfl}/\/l. It is clear that
under the assumption (i), (i), (iii) for the morphisms u, : M — M and
ug : MP) — M the extensions also satisfy (i), (ii), (ii).

Hence we see that under our special assumptions on «, 8 we have

T(B,ug) - T(a,uq) = T(Be, ugq)

on all the cohomology groups H*(Sly(Z)\X, M).
HHO

3.1.2 Relations between Hecke operators

We attach a Hecke operator to any coset Tal' where a € G1F (Q) (i.e. det(a) > 0,
we want a to act on the upper half plane). The center of Gl3(Q) is Q*. It acts
trivially on M,, this will have te effect that o and Aa with A € Q* define the
same operator. (Of course here we assume that m = —n/2.) Hence we may
assume that the matrix entries of a are integers. The theorem of elementary
divisors asserts that the double cosets

r- Mn (Z)det;ﬂ) -I'c Gl; (Q)

are represented by matrices of the form

(63
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where b | a. But here we can divide by b, and we are left with the matrix

a 0
a—(o 1) , aeN.

We can attach a Hecke operator to this matrix provided we choose u,. We see
that o induces on the basis vectors

XYY"V aufn/2 . XYYy,
Hence we see that we have the following natural choice for u,,
U : P(X.Y) — a™?a- P(X,Y).

(See the general discussion of the Hecke operators)
Hence we get a family of endomorphisms

T (g (1)>u (a 0) — T(a) (3.4)

0 1

of the cohomology H*(T'\H, M,,).
We have seen already that we have T,T, = T, if a,b are coprime.
Hence we have to investigate the local algebra H, which is generated by the

_ p" 0
TpT—T (O 1),U pr 0
0 1

for the special case of the group I' = Sly(Z) and the coefficient system M,,. To
do this we compute the product

B p" 0 ) p 0
(DR (ED

where the ul,r are the canonical choices. ~
Again we investigate first what happens in degree zero, i.e. on H°(T'\H, 1)
where I is any I'-module.

Let a = (g (1)> , then we have

T(O‘Ta Uoﬂ')T(av ua)f = ( Z ’yuoﬂ')( Z 77“a)(§)

yer/T(ar) nel’/T'(a)

We have the classical system of representatives

o U G Uy G (G e

j mod p” 4’ mod pr—1

Then our product of Hecke operators becomes
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35 R G ED S A | G TR ol () Y (e R

j mod p" 7’ mod p” j1 mod p

CX (o (o )

j mod pT,j1 mod p

SR £ [ Py

j’ mod pT—1,j1

O (D (2 et

7’ mod pr—1

Now we have to assume the validity of certain commutation rules

L ogi\ _ (1 5"
Har (0 1) - <o 1)t
0 1 o 1\ _
Unr 1 0 Un -1 0 =P Uyr—1

which are obviously valid for the canonical choices in the case I = My[m] ( here
m is arbitrary). We also have uqrttg = ugr+1. If we exploit the first commutation
relation then we get as the sum of the first summand and the third summand

L j+p"h
Z (O 1 ) Ugr+1+

j mod pT,j1 mod p

Z 1 0 0 1 u
(j/ +pr—1j1)p 1 ~1 0 artl,
mod p

mod p™~1,j;

(%)

i

J

and this is T,~+1. To compute the contribution of the second and the fourth
summand we observe that w = _01 (1)) € I' and hence we have w¢ = ¢. Now
the second commutation relation yields for the sum of the second term and the

fourth term

O ((1) D tor ) (j}p (1)) (01 é) tar1)

j mod p" 4’ mod pr—1

If we take into account that our summation over the j( resp. j')is mod p"( resp.
mod p"~1), then we see that this second expression yields pn+1Tp'r7l7 provided
r > 1. If r = 1 then the summation over p"~! is the same as the summation
over p" 2 and then the second term is (1 + 1/p)Tp0

If we put e(r) = 0 for r > 1 and e(1) = 1 then we arrive at the formula

e(r
Tyr - Ty = Tprr + (1 + %)p”“TpH
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This formula is valid for all values of r > 0 if we put 1},-» = 0.

We proved the formulae for the HO(I'\H, I) for any I" module I for which
we can choose the u, satisfy the commutation rules (*). These commutation
rules are satisfied for the canonical choice in the case of I = M,[m]. But
then it is not so difficult to see that we can embed M, into an acyclic I'-
module Iy such that we can extend the u, : M — M, to I(ga) — Iy such
that the commutation rules are still valid. Then we get induced morphisms
g ¢ (In/ M) @ — (In/M,,) and also on these quotient the commutation rules
hold. Then we see from the resulting exact sequence that our formulae for the
Hecke operators are also true for the action on H'(I\H, M,,).

It may be illustrative to generalize a little bit. We choose an integer N > 1
and we take as our arithmetic group the congruence group I' = T'(N). For any
prime p | N the T'(a, u,) with a € Gl (Z[1/p]) form a commutative subalgebra
H,, which is generated by T),. For p|N we can also consider the T'(c, uo) with a €
Gl3 (Z[1/p]). They will also generate a local algebra H,, of endomorphisms in any
of our cohomology groups, but this algebra will not necessarily be commutative.
But we saw that the H,, H,, commute with eachother for two different primes
p,p1. All these algebras #H, have an identity element e,, we form the algebra

He = Q) My
p

where the superscript indicates that a tensor has an e, for almost all p. This
algebra acts on all our cohomology groups. The algebra H of endomorphism of
one of our cohomology group is a homomorphic image of Hr.

We come back to this after a brief recapitulation of the theory of semi simple
modules.

3.2 Some results on semi-simple modules for
algebras

We need a few results from the theory of algebras 2l acting on finite dimensional
vector spaces over a field L. Let L be an algebaic closure of L.

Let be a finite dimensional vector space V over some field L and an L-
algebra 2 with identity acting on V' by endomorphisms. We say that the action
of 2 on V is semisimple, if the action of A® L on V ® L is semi simple and this
means that any 2 submodule W C V ® L has a complement. Then it is clear
that we get a decomposition indexed by a finite set

V®E:@Wi
ieE

where the W; are irreducible submodules, i.e. they do not contain any non
trivial 2 submodule.
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This decomposition will not be unique in general. For any two W;, W; of
these submodules we have ( Schur lemma)

L if they are isomorphic as 2 -modules

HOIHQL(W“ W]) =
0 else
We decompose the indexing set £ = E; U E5 U .. U Ej, according to isomor-
phism types. For any FE, we choose an 2 module W, of this given isomorphism
type. Then by definition

L ifjekE,
H Wi, Ws) = .
oma (Wiy), W;) {O else
Now we define Hj,) = Homg (W}, V ® L) we get an inclusion Hyy @ Wiy
whose image X, will be an 21 submodule, which is a direct sum of copies of
Wi
We get a direct sum decomposition

V®E:@@Wi=@&

v i€F,

then this last decomposition is easily seen to be unique, it is called the isotypical
decomposition.

If V is a semi simple 20 module then any submodule W C V also has a
complement ( this is not entirely obvious because by definition only Wj has
a complement in V. But a small moment of meditation gives us that finding
such a complement is the same as solving an inhomogenous system of linear
equations over L. If this system has a solution over L it also has a solution over
L.) and hence we also can decompose the 20 module V' into irreducibles. Again
we can group the irreducibles according to isomorphism types and we get an
isotypical decomposition

V-QU-@ P - DY
=y v i€Fl, v

But an irreducible 2 module W may become reducible if we extend the

scalars to L . So it may happen that some of our U; decompose further. Since

it is clear that for any two 2(- modules V7, Vo we have
Homg (V1,V2) ® L = Homggr (Vi ® L, Vo ® L)

we know that we get the isotypical decomposition of V ® L by taking the iso-
typical decomposition of the Y, ® L and then taking the direct sum over v.

Example: Let L1/L be a finite extension of degree > 1, then we put 2 = L,
and V' = L, the action is given by multiplication. Clearly V' is irreducible, but
V ® L is not. If Ly /L is separable then the module is semisimple, otherwise it
is not.

We say that the 2 - module V' is absolutely irreducible, if the 2A® L- module
V' ® L is irreducible. In this case it we have a classical result:
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Proposition.Let V' be a semi simple 2 module. Then the following asser-
tions are equivalent

i) The A module V is absolutely irreducible

ii) The image of A in the ring of endomorphisms is FEnd(V)

iit) The vector space of 2 endomorphisms Endy (V) = L.

This can be an exercise for an algebra class. Where do we need the assump-
tion that V is semi simple?

Proposition: For any semi -simple 2 module V we can find a finite ex-
tension Li/L such that the irreducible sub modules in the decomposition into
irreducibles are absolutely irreducible.

Let us now assume that we have two algebras 2,8 acting on V, let us
assume that these two operations commute i.e. for A € A, B € B,v € V we
have A(Bv) = B(Av). This structure is the same as having a A®, B structure
on V. Let us assume that 2 acts semi simply on V' and let us assume that the
irreducible 21 submodules of V' are absolutely irreducible. Then it is clear that
the isotypical summands Y,, = @ W, are invariant under the action 8. Now we
pick an index 7y then the evaluation maps gives us a homomorpism

Wig X HOIHQ[(W%, Yy) —Y,.

Under our assumptions this is an isomorphism. Then we see that we get
V=W, ® Homa(W;,,Y,)
1%

where 4, is any element in F, and where 2 acts upon the first factor and B
acts upon the second factor via the action of B on Y,,.

Especially we see:

Proposition If V is an absolutely irreducible A @1, B module then V. ">
X ®Y, where X (resp, Y) is an absolutely A (resp. B) module

We apply these considerations to get

Theorem 3.2.1. For any L we can decompose :

H{ (D\H, M,,,) = €D H (T\H, My,,1) (1)

where this is the isotypical decomposition and the Ily are isomorphism classes
of trreducible modules. There is a finite extension L/Q such that all the iso-
morphism classes of isotypical modules which occur are actually absolutely irre-
ducible.

If 11y is an absolutely irreducible Hr module then it is the tensor product
Il = ®m, where the m, are absolutely irreducible H, modules. For p N the
modules 7, are of dimension one (see above theorem) and they are determined
by a number X\(m,) € Or, which is the eigenvalue of T, on .

This follows easily from our previous considerations. The eigenvalues (7))
are algebraic integers because T}, induces an endomorphism of H}! (I'\H, M,, o, )
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which after tensorization with L becomes the T}, on the rational vector space.
The above field extension is called the splitting field of Hr.

These two theorems 2 and 3 are special cases of more general results. We
can start from an arbitrary reductive groups over Q, arbitrary congruence sub-
groups I' C G(Q) and arbitrary coefficient systems M obtained from a rational
representation of G/Q, they are finitely generated modules over Z. Then we can
consider certain symmetric spaces X = G(R)/K and we have the cohomology
groups H*(I'"\ X, /\;l), they are finitely generated Z modules. Again we can de-
fine an action of the Hecke algebra Hr and this Hecke algebra acts semi simply
on the inner cohomology H(T'\ X, Mg). (theorem 2) Again this Hecke algebra
is the tensor product of local Hecke algebras where for almost all primes these
local Hecke algebras #H, are polynomial rings in a certain number of variables.
Then the theorem 3 is also valid in this situation. We resume this theme in
Chap.III.

3.3 Explicit formulas for the Hecke operators, a
general strategy.

In the following section we discuss the Hecke operators and for numerical ex-
periments it is useful to have an explicit procedure to compute them in a given
case. The main obstruction to get such an explicit procedure is to find an ex-
plicit way to compute the arrow j°®(«) in the top line of the diagram (3.1). (we
change notation j(a) to m(a)).

Let us assume that we have computed the cohomology groups on both sides
by means of orbiconvex coverings U : UiV, = I'(a )\ X and 8 : Uje U, =
Ta)\X.

The map m(«) is an isomorphism between spaces and hence m(«)() is an
acyclic covering of I'(a)\X. This induces an identification

C* (B, M) = C* (m(a) (W), M)

and the complex on the right hand side computes H®(I'(a)\ X, M(®). But this
cohomology is also computable from the complex C'(Ll,/\;l(a)). We take the
disjoint union of the two indexing sets IU.J and look at the covering m,, () ULL.
(To be precise: We consider the disjoint union I = I U .J and define a covering
90; indexed by I. If i € I then W; = m(a)(V,,) and if i € J then we put
W; = U,,. We get a diagram of Czech complexes

= Diers MO (W) — Dicrars MO (W) —

) T
= Bicio MW — Dicran M@ (W) — (3.5)
{ 4

— @iEJ‘IM(a)(Wi) - @16Jq+1M(a)(Wi)_>

The sets I®, J® are subsets of I* and the up- and down-arrows are the resulting
projection maps. We know that these up- and down-arrows induce isomorphisms
in cohomology.
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Hence we can start from a cohomology class ¢ € H9I(I'(a)\X, M), we

represent it by a cocycle
ce € @ M(a)(W
i€la
Then we can find a cocycle ¢¢ € @Zelq MW, (W) which maps to c¢ under
the uparrow. To get this cocycle we have to do the following: our cocycle c¢ is
an array with components cg (i) for i € I9. We have d4(ce) = 0. To get ¢ we
have to give the values & (i) for all i € 19\ I9. We must have

dyée = 0.

this yields a system of linear equations for the remaining entries. We know that
this system of equations has a solution -this is then our ¢ - and this solution is
unique up to a boundary dq—1(§’). Then we apply the downarrow to ¢¢ and get
a cocycle cz, which represents the same class £ but this class is now represented
by a cocycle with respect to the covering 4. We apply the map u® : M@ 5 M
to this cocycle and then we get a cocycle which represents the image of our class
& under T,.

3.3.1 Hecke operators for Gls:

We consider the classical case. Our group G/Q is the group Gly/Q and K =
SO(2) € Ge. Then X = G /K is the union of an upper and a lower half
plane. We choose I" = Glz(Z), then

N\Go/K =T\H,

where I' = Sl5(Z) and H is the upper half plane.
As I'-modules we consider the Z —module

n
M, = {ZGUX”Y”_” | a, € Z}.
v=0

The group I' acts by

@ 9XW””@M+JWM+MWV

We observe that the associated sheaf M,, becomes trivial if n £ 0 mod 2
hence we assume that n is even. We define a rational representation of Gla(Q)
on M,, @, which we choose to be

—n/2
a-PLXJﬂzz(Z Z)}%A;Y) (m¥+cYer+demt<a Z) .
Here we may also multiply by another power det ((cl 2 of the determinant
factor. We call the resulting module M,, o[m], later it will turn out that m = —n

is the optimal choice. At this present moment our module is M,, g[—n/2], this
choice of the exponent m has the advantage that the center acts trivially.
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We refer to Chapter 2 2.1.3. We have the two open sets U;, resp. U'p C H,

they are fixed under
0 -1 1 -1
S_(l 0)andR—(1 0),

respectively. We also will use the elements

11 _ -1 1
T, = (0 1>7 St =T_ST-! = (_2 1) eTf(2)

1 0 _ _ -1 2 _
T_:(l 1>751:T+5T+1:<_1 1>6F0(2)

The elements S; and S are elements of order four, i.e. (S{)? = (S7)? = —Id,
the corresponding fixed points are % and i+ 1 respectively. Hence S] fixes

the sets ol TS and Ui+1, this is the only occurrence of a non trivial stabilizer.

3.3.2 The boundary cohomology

It is easier to compute the action of the Hecke operator 7}, on the cohomology
of the boundary, i. e. to compute the endomorphism

T, : HY(O(T'\H), M) — H'(d(T'\H), M).

We know (see 2.42) that H'(A(T'\H), M) = M/(1 — T)M, we collect some
easy facts concerning this module.
For m > 1 we define the submodules

M(k) —_ Zyn—kxk o Zyn—k—le—‘rl DD an’

these modules are invariant under the action of 7" we have (1 — T)M®*)
MEED “and M*) /pMEHD) 25 7 The map (1 — T) induces a map

By - M(k)/M(k+1) - M(k+l)/M(k+2)
which is given by multiplication with n — k. Hence it is clear that
M/Q1-=T)M=2Z[y" o MY /1 -T)M
and the second summand is a finite module.

The filtration of M by the M®*) induces a filtration H'(d(I'\H), M), we
put

HY(9(\H), M)®) .= Im(H*(§(T\H), M*)) - HY((D\H), M) (3.6
Then
Proposition 3.3.1. The quotient
HY(9(D\H), M)®) / HY (O(T\H), M)k =5 7/ (n + 1 — k)Z

The Hecke operator T}, acts on H'(9(T\H), M)®) /H*(9(T'\H), M) B+ by mul-
tiplication with pF+1 + p"=*_ Especially we have

LIY" =@ + )Y
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Proof. Postponed O

Here we encounter a situation where the quotient H*(T'\H, M) int.1/H" (T\H, M)\ int
may become non trivial and interesting. We have to consider the exact sequence

0 — HY(T\H, M) — H'(T'\H, M) — H'(3(I'\H), M) (3.7)

Our cohomology groups may have some torsion 7; ¢ H'(I\H, M), Tz C
H'(d(T'\H), M) and the map r maps the torsion 77 to a submodule r(7;) C Tp.
But it will happen that r(r=1(7z)) is strictly larger than 7(77) this means that
some non torsion elements are mapped to torsion elements under r. By definition
HY(T\H, M) iney = 7~ (T2) and therefore

H' (D\H, M) et/ HN(T\H, M) ing = 7(r~(T2))/Ta (3-8)
It seems to be an interesting task to investigate the structure of r(r=1(73))/T1
more closely. i
Let 7 : H — I'\H be the projection. We get a covering I'\H = 71 (U;) U
m1(U,) = U; N U,. From this covering we get the Czech complex
0 - MU)eMU,) — MUNU,) —0
L evg, @ evg L evgng, (3.9)

M=S> @ M<B> M =0

and this gives us our formula for the first cohomology

HY(T\H, M) = M/(M<5> & M<E>) (3.10)

We want to discuss the Hecke operator T5. To do this we pass to the sub-
groups

rg(z):{‘c’ lc=0 mod 2} -
3.11
[b=0 mod 2}

QU Qo

o2 ={(}

we form the two quotients and introduce the projection maps 7r2jE cH —
I'Z(2)\H. We have an isomorphism between the spaces

T3 (2)\H = Iy (2)\H

which is induced from the map mo : 2z +— <2 0) z = 2z. This map induces an

0 1
isomorphism

af - HY(T$(2)\H, M) =5 HY(T; (2)\H, M), (3.12)
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0
0 1) m and the com-

position with this map induces a homomorphism in cohomology

We also have the map between sheaves us : m (

HY (T (2\H, M) “2°% 505 (2)\H, M). (3.13)

This is the homomorphism we need for the computation of the Hecke operator;
it is easy to define but it may be difficult in practice to compute it.

Each of the spaces T'§ (2)\H, T (2)\H has two cusps which can be rep-
resented by the points 00,0 € P}(Q). The stabilizers of these two cusps in
['§(2) resp. Iy (2) are

< Ty > x{£Id} and < T? > x{+Id} C T{(2)

resp.
<T? > x{£ld} and <T_ > x{£Id} C I';(2)
the factor {£Id} can be ignored. Then we get
We know that
HY QT (2)\H), M) =5 M/(1d -~ T )M @& M/(1d — T )M

HY(0(Ty (2)\H), M) —> M/(1d - T2 )M & M/(1d — T_)M.
But now it is obvious that o maps the cusp oo to oo and 0 to 0 and then it is
also clear that for the boundary cohomology the map

as : M/(Id—T )M e M/(1d — T* )M — M/1d - T)M & M/(1d - T_)M

is simply the map which is induced by us : M — M. If we ignore torsion then
the individual summands are infinite cyclic.

Our module M is the module of homogenous polynomials of degree n in 2
variables X,Y with integer coefficients. Then the classes [Y"], [X"] of the poly-
nomials Y™ (resp.) X™ are generators of (M /(Id—T%)M)/tors resp. (M/(Id—
TY)M)/tors where v = 1 resp. 2. Then we get for the homomorphism o3

o [Y™] o [Y7, a8 ¢ [X7] — 27 [ X7, (3.14)

3.3.3 The explicit description of the cohomology
We give the explicit description of the cohomology H'(I'{ (2)\H, /\;l) We intro-
duce the projections
nF Ty
H - T'f(2)\H; H = Ty (2)\H

and get the covering iy

I @N\H = w3 (03) U (T-03) Ui (T,) = mf (03) U (Taga) U (0)

where we put T_U; = U# Our set {z,} of indexing points is i, ”Tl, p, we put
Ut =73 (Us,). Note T_ ¢ T§(2), Ty € T§(2).



88 CHAPTER 3. HECKE OPERATORS

Again the cohomology is computed by the complex
0= MU & M(T-U;") & M(US) = MU NUN) & M(T-UF nUS) =0

we have to identify the terms as submodules of some € M and write down the
boundary map explicitly. We have

M(U) & MUL,) ® MU) D, MUF U @ MUE 0 US)

| evg, @ evp g, @ evy L Vg, ® eVgar-1, © eVr_gng,
M MSST> g M o, MaeMae M
(3.15)

where the vertical arrows are isomorphisms. The boundary map dg in the bot-
tom row is given by

(m1,ma,m3) = (m1 —mz,mq — T 'mg,my —ma) = (z,y,2)

We may look at the (isomorphic) sub complex where © = z = 0 and m; = mg =
mg then we obtain the complex

0— M<Sl+> M= 0; mg — mo — T;lmg
which provides an isomorphism
HY(TE(2)\H, M) =5 M/(1d — T )M<5> (3.16)

A simple computation shows that the cohomology class represented by the
class (z,y, z) is equal to the class represented by (0, y—x—i—T;lz —2,0) we write

(z,y,2)] =0,y —x + T_:lz —2,0)] (3.17)

3.3.4 The map to the boundary cohomology

We have the restriction map for the cohomology of the boundary

~

HYTE@\H,M) M/(1d = T YM=<5>
1 rter | (3.18)
HY QT (2)\H),M) = M/(Id-T )Mo M/(Id - T?)M
we give a formula for the second vertical arrow. We represent a class [m] by
an element m € M and send m to its class in in each the two summands,

respectively. This is well defined, for T it is obvious, while for r~ we observe
that ifm:x—T_,flx and Sf'z:xthenm:z—TIle'x::c—TEx.
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Restriction and Corestriction

Now we have to give explicit formulas for the two maps 7*, 7, in the big diagram
on p. 50 in Chap2.pdf. Here we should change notation: The map 7 in Chap.2
will now be denoted by :

wy T (2)\H — I'\H (3.19)

We have the two complexes which compute the cohomology H'(I'f (2)\H, M)
and H'(I'\H, M), and we have defined arrows between them. We realized these
two complexes explicitly in (3.15) resp. (3.9) and we have

M(Uﬁ)@M(U?&Tl)EBM(Uj) o, M(Uij;)@M(UﬁTlmU;)

(@)1 L (@3 ) ) (@D 1 | (@) (3.20)

_do, o

M(U;) @ M(U,) MU;NU,)

and in terms of our explicit realization in diagram (3.15 ) this gives

MaeMS>agm 2 MaeMaeM
(@) O 1 1 (@) (@H D1+ L (@F)q) (3.21)
MSS> @ M<R> o, M

Looking at the definitions we find
(w;)(o) : (ml,mz) — (ml,T,ml,mg)
(3.22)
(w;)(o) : (my,mg, ms) — (m1 + Smy + T~ 'my, (1 + R+ R*)ms3)

and we check easily that the composition (g ))° (w3)(® is the multiplication
by 3 as it should be, since this is the index of T'g(2)* in T.

For the two arrows in degree one we find

(@)W m e (m, Sm, T_m)
(3.23)
(W;)u) : (m1,ma, m3) = (my + Sma + T__lmg)
We apply equation (3.17) and we see that (zy )(!)(m) is represented by
(@)D (m)] = [0, Sm + T7 ' Tom —m — T_m, 0] (3.24)

We do the same calculation for I'; (2). As before we start from a covering

Ty (Q\H = 3 (U:) Uy (T4 Uy) Uy (Uy) = 75 (U) Uy (Uiga) Uy (Uy)
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and as before we put U, = 75 (Uy,). In this case U1 = T, U; is fixed by
ST = <:1 2> € I'y(2) and we get a diagram for the Czech complex

11
MUT) e MU @ MU;) 2 MU NU;) e MUS,NU,)
evg, © evg, | 1 Devg, evgng, © eVgnr—1 0, J Devg, o,
M S M5T> @ M Do, MEME M
(3.25)
Again we can modify this complex and get
HY Ty (2)\H, M) ~5 M/(Id — T-H )M =51 >, (3.26)
We compute the arrows (w, )*, (w5 )« in degree one
(w;)(l) moe (m? Sm7T+m)7

(3.27)

(w3 )y : (m1,ma,m3) = (mq 4 Sma + T;lmg,).

The computation of o3.

We recall our isomorphism a between the spaces and the resulting isomorphism
(9.116). The identity map of the module M and the isomorphism « on the
space identifies the two complexes

MU & MUE,) & MU o, MU NUF) & MU, NUY)
M@ (a(U;) & MO ((UF,)) @ MO (aUF) 25 MO (U NUN)) @& MO (U, NU))

(3.28)

and if we consider their explicit realization then this identification is given by
the equality of Z modules M = M(®) . This equality of complexes expresses the
identification (9.116). We can compute the cohomology H'(Ty (2)\H, M(®))
from any of the two coverings

Ty (2)\H = (U ) Ua(U, ) U(US) = Uy, UU,, U U,
and (3.29)
Ty (2\H = U7 UUS, UU; = Uy, UU,, UUs.

We have to pick a class £ € H*(T; (2)\H, M(a)) and represent it by a cocycle

e @ MO, NU,)

1<i<j<3

(The cocycle condition is empty since Uy, N Uy, NU,, = 0.)
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Then we have to produce a cocycle

e P MIU,NUL)

4<i<j<6

which represents the same class.

To get this cocycle we write down the three complexes

@15i<j53 M(a)(Um NUz;) — 0
)

Bicicjce MW (Ue,NUz) = Brcicjance MW (Un, MU, NUs,) (3.30)
1

@4§i<j§6 M(Q)(U’Ei NUz;) — 0

for our cocycle c¢ we find a cocycle cz in the complex in the middle which maps to
c¢ under the upwards arrow and this cocycle is unique up to a coboundary. Then
we project it down by the downwards arrow, i.e. we only take its 4 <i < j <6

components, and this is our cocycle céa).

We write down these complexes explicitly. For any pair ¢ = (4,5),¢ < j of
indices we have to compute the set F;. We drew some pictures and from these
pictures we get (modulo errors) the following list (of lists):

Fia=10 Fiz={1d,77°} Fra={ld} Fi;={1d,71;%
Fig:={Id,T-"} Faz = {1d} Fou={1d,T_} Fas = {1d}
Foe = {Id} F34={1d, 7%} Fss={Id}  Fze={Id, Sy}
Fas=10 Fue={1d, 7"} Fs,6 = {I1d}
(3.31)

Now we have to follow the rules in the first section and we can write down
an explicit version of the diagram ( 3.30) . Here we have to be very careful,
because the sets Uy,, Uz have the non-trivial stabilizer < S; > and we have
to keep track of the action of 'z, ; : the set F;; C I'z,\I'/T'z,. Therefore we
have to replace the group elements v € F; ; by sets I';,7I'z;. In the list above
we have taken representatives.
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Bicicjcs Brer,, MO0 — 0
T

Dicicjcs Brer, (MleNFigy Di<icjcrzo Dreri (M) igkn
)

@4§i<j§6 @76]_-”_ (,/\/1(a))1“i,j,w N 0

(3.32)

Here we have to interpret this diagram. The module M(®) is equal to M as
an abstract module, but an element v € I';(2) acts by the twisted action (See
Chapll, 2.2)

m»—wy*am:a_lfya*m

here the * denotes the original action. Hence we have to take the invariants
(M) Tis with respect to this twisted action. In our special situation this has
very little effect since almost all the I'; ; , are trivial, except for the intersection
a(ﬁ#) N U; in which case I =<5 > . Hence

(M(a))<s;> _ M<51+>.

Each of the complexes in (3.32) compute the cohomology group H'(I'y (2)\H, M)
and the diagram gives us a formula for the isomorphism in (9.116). To get u?, in
(9.116) we apply the multiplication mso:m — am to the complex in the middle
and the bottom. Then the cocycle ¢ is now an element in @/\;l(“) and ocg

represents the cohomology class u$,(€) € H'(Ty (2)\H, M).

Now it is clear how we can compute the Hecke operator

Ty=T 5 0 :M/(M<S> @M<R>) N M/(M<S> @M<R>)
(0 1)
We pick a representative m € M of the cohomology class. We apply (w3 )™ in
the diagram (3.21) to it and this gives the element (Sm, m,T_m) = cc. We apply

the above process to compute céa). Then acéa) = (my, mo, mg) is an element in

MU NU;) & MU, NU;) and this module is identified with M & M & M

by the vertical arrow in (3.25). To this element we apply the trace
(WQ_)(l)(mh Mg, m3) = my +mag + T;1m3

and the latter element in M represents the class To([m]).

We have written a computer program which for a given M = M,,, i.e. for
a given even positive integer n, computes the module H 1(F\H,M) and the
endomorphism 75 on it.
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Looking our data we discovered the following (surprising?) fact: We consider
the isomorphism in equation (9.116). We have the explicit description of the
cohomology in (3.16)

HY(TE (2)\H, M) = M/(Id — Ty HYM<S>

and
HY Ty (2)\H, M) =5 M/(Id — T=H)(M(@))<5r>

We know that we may represent any cohomology class by a cocycle

ce = (0,¢¢,0) € M (my (a(U)Na(U,)) M (my (a(Un)Na(TUp) )M (my (a(Unsa )N T Up))

S0 it is non zero only in the middle component and then it is simply an element
()

in M. If we now look at our data, then it seems to by so that c¢; ’ is also non

zero only in the middle, hence
™ € (0,¢,0) € 00 M@ (5 (U; N T=U,)) @0
hence it is also in M(®) and then our data seem to suggest that
Ce = C¢
Hence we see that the homomorphism in equation (8.212) is simply given by
XYY"V s 2V XYYV,

Is there a kind of homotopy argument (- 2 moves continuously to 1)-, which
explains this?

We get an explicit formula for the Hecke operator T> : We pick an element
m € M representing the class [m]. We send it by (wwy ) to H(T§ (2)\H, M),
ie.
(wy )Y - m s (m, Sm, T_m) (3.33)
We modify it so that the first and the third entry become zero see( 3.17)

[(m, Sm,T_m)] = [(0, Sm —m + T 'T_m — T_m,0)] (3.34)

To the entry in the middle we apply M = (2 0

0 1> and then apply (w; )(1) and

get

To([m]) = [S - Ma(Sm —m + T ;' T-m — T_m)] (3.35)

Eisn
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3.3.5 The first interesting example

We give an explicit formula for the cohomology in the case of M = Mjy. We
define the sub-module

5
Mtr — @ Zylo—llxu
v=0

and we have the truncation operator

y10-v xv if v <5,

trunc : YOV XY
{(_1)v+1YVX10—u else,

which identifies the quotient module M/M<5> to M. To get the cohomology
we have to divide by the relations coming from M<R> ie. we have to divide
by the submodule trunc(M<f>.) The module of these relations is generated by
R; = 10Y?X +20Y7X3 + Y°X°®
Ry =9Y3X?2 - 36Y7X3 +14Y5X* — 45Y5 X5
R3 =8Y7X? 4+ 10Y5X°®
and then

HY(T\H, M) = @ ZY=" X" /{R1,Ra,R3} (3.36)

v=0

We simplify the notation and put e, = YV X"7%. Using R; we can eliminate
e5 = —10eg — 20e7; and then

v=6
H'(T\H, M) = €P Ze, /{~50e9 + 9es — 96¢7 + 14eq, —100eg — 192e7}

v=10

(3.37)

introduce a new basis { f10, fo, fs, f7, f6, f5} of the Z module M™ :

fio = e10; fs = —2eg — 3es; fo = Jes + 1deg

(3.38)

fo = —12e9 — 23e7; f7 = 25e9 + 48e7; f5 = 10eg + 20e7 + €5

and hence in the quotient we get f5 = 0 and 2f; = fs and therefore

H'(D\H, M) = Zfi0 & Zfy © Zfs © Z/(4) fz (3.39)

(If we invert the primes < 12 then we we can work with ejg,eg,es and in
cohomology eg = —%68,65 = %69767 = —Z—‘S’eg.)

If we can apply the above procedure to compute the action of T on coho-
mology we get the following matrix for 75 :

2049 —68040 0 O
0 24 0 0

L=1 0 -2 0 (3.40)
2

0 0 0
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Hence we see that it is non trivial on the torsion subgroup. If we divide by the
torsion then the matrix reduces to a (3,3)-matrix and this matrix gives us the
endomorphism on the ”integral” cohomology which is defined in generality by

H? (D\X, M) = H*(I'\ X, M) /tors C H*(T\ X, Mg) (3.41)

here we should be careful: the functor H®* — HJ, is not exact. In our case we

get (perhaps up to a little piece of 2-torsion) exact sequences of Hecke modules

0 — Lfo ® Zfs — Zf10 D Zfo ® Zfs —> Zfio — 0
| [ l

0 — Hilnt,!(F\IHLM) - Hilnt(F\H7M) — Hilnt(a(F\H)vM) — 0

(3.42)

where Ty(f10) = (2 + 1) fio. If we tensor by Q then we can find an unique
element (the Eisenstein class) flTO € H},(T\H, M) ® Q which maps to fio and
which satisfies To( ffo) = (211 +1) ffo. This element is not necessarily integral,
in our case an easy computation shows that fT ¢ HL (T'\H, M). but 691fT €
H (C\H, M). This means that 691 is the denominator of f];, i.e. 691 is the
denominator of the Fisenstein class flTO.

Hence we see that
Hiyo(T\H, M) D Hyo ((T\H, M) & Z691 /7

the quotient of these modules is isomorphic to Z/6917Z

The exact sequence X in (3.42) is an exact sequence of modules for the
Hecke algebra C' D Z[T5] and hence it yields an element

[X10] € Exty,(Zf1o, Hilnt,!(F\H7M))a (3.43)

and an easy calculation shows that this Ext' group is cyclic of order 691 and
that it is generated by Xip.

Of course we should also look at the action of the full Hecke algebra H on
these cohomology groups. It turns out that for any prime p the Hecke operator
T, acts by the eigenvalue p'' + 1 (See ??). We will also see that a simple
argument using Poincare duality and an adjointness of the Hecke operators
shows that T}, acts by multiplication by a scalar 7(p). Then we can conclude
(See below)

For all primes p we have

7(p) =p*' +1 mod 691

Interlude: Ramanujan’s A(z)

We want to stress that the previous considerations are purely algebraic and
combinatorial, no analysis is involved. In the next chapter we will use analytic
methods, especially we will use the results from the theory modular forms.
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Ramanujan detected the function

A(Z) — 2miz H(l _ eQﬂinz)Zél

n=1

this is the unique (up to a non zero scalar ) cusp form of weight 12 for Sly(Z),
(See [?]). We can expand

A(Z) — e27riz _ 24647riz 4 252667riz 4 ane2nﬂ'iz 4.

and the numbers 7(n) are the coefficients we get by expanding. They satisfy
(conjectured by Ramanujan)

Gpyny = Qn,Gn, if n1,n9 are coprime; a,- = if p is a prime andr > 2

These recursion formulas for the coefficients of the expansion were proved
by Mordell (essentially by using Hecke operators) and later by Hecke in a more
general framework.

In the next section we discuss the Eichler-Shimura isomorphism and in this
special case it implies

For any prime p we have a, = 7(p)

But for Ramanujan the numbers 7(n) = a, where simply the expansion
coefficients and he has proved the famous congruence 7(p) = p'! +1 mod 691.

Other congruences

If we compute H'(T\H, M) ine1/HNTO\H, M) 1ns = r(r~*(T2))/T: and if we
compute H'(9(T'\H), M) as a module under the Hecke operators then we should
get some of the well known congruences modulo small primes [60].

End of interlude

We can go one step further and reduce mod 691. Since there is at most 2
torsion we get an exact sequence of Hecke-modules

0— Hi (D\H, M & Feo1) —Hip (T\H, M @ Fgo1) —  Hyb, (O(T\H), M & Fg1) —0.

(3.44)
The matrix giving the Hecke operator mod 691 becomes
667 369 O
T, = 0 667 O (3.45)
0 0 667

This implies that the extension class [X19 ® Fgo1] is a element of order 691.
This implies that 691 divides the order of [X}o] and hence divides the order of
the denominator of the Eisenstein class.
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The general case

Now we describe the general case M = M,, where n is an even integer. We
define M as above, if n/2 is even, then we leave out the summand X"/2Y™/2,
we get

Mtr _ M/M<S>-

This gives us for the cohomology and the restriction to the boundary coho-
mology

HYT\H,M) = M /Rel
U \J (3.46)
HYOMT\H,M) = M/(Id - T)M.

We have the basis

Yn/2Xn/2 pn/2 odd

en = trunc(Y™), e,_1 = trunc(Y" 1 X), ..., {O X
else

for M"Y, Let us put ng = n/2 or n/2 — 1. Then the algorithm Smithnormalform
provides a second basis f,, = en, fn—1,- -, fn, such that the module of relations
becomes

Anfrn=0,dp_1fn-1=0,...,deft =0,...,dp, fn, =0

where d,,, |dp, 41| - |dn. We have d, = dp,—1 = -+ = d;,_25 = 0 where 25 + 1 =
dimHl(F\H, M) ® Q and dn—23—1 ;é 0.

Now we have a computer program which for a given n gives us an explicit
matrix for Ty, it is of the form

Jj=n2

L(f) = t7f; (3.47)

j=n

where we have (the numeration of the rows and columns is downwards from n
to 7’L2)

tih =0for v <nand 2 € Hom(Z/(d;),Z(dy))

3.48
andtfj):OforiZn—2s7j<n—2s ( )

If we divide by the torsion we get for the restriction map to the boundary
cohomology

n—2s
H'(D\H, M)ie = @D Zf, == H' (O(D\H, M) = ZY™ (3.49)
where f, — Y™ and To(Y™) = (2" + 1)Y". Now we will find that the en-
domorphism T — (2" 4 1)Id of H!'(T'\H, M)y is injective (Manin-Drinfeld
principle see section 4.1.5) and this implies that we can find a vector

v=n—2s

EBisy = fo+ Y. @ufs, 2, €Q (3.50)

v=n—1
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which is an eigenvector for T5 i.e.
Ty(Eis,) = (2" + 1)Eis,,. (3.51)

The least common multiple A(n) of the denominators of the x, is the de-
nominator of the Eisenstein class, it is the smallest positive integer for which

A(n)Eis, € H(T\H, M)ins. (3.52)

This denominator is of great interest and our computer program allows us
to compute it for any given not to large n. We simply have to compute the z,.
We know that Ty (f,) = (2" +1)f, + Zﬁiﬁjs t$2, ., and then the z, are the
unique solution of

v=n—2s
Z (2" +1)0,, — t(VQZL)xV = tgzt; {p=n—-1,...,n—2s} (3.53)
v=n-—1

With the help of H. Gangl we carried the computation of the x,, and hence
the A(n) and we found for some not too large values of n (roughly n < 150)
that

A(n) = numerator({(—1 — n)). (3.54)

Comment: Actually we will show that this is a theorem (Theorem ?7?) . The
reader might argue, why do you make such efforts to find out some experimental
evidence for something you know to be true?

There a several reasons for doing this but the main motivation is the fol-
lowing. The Theorem ?7 is hopefully a special case of a much more general
assertion. The problem to determine (estimate) denominators of Eisenstein
classes is ubiquitous in the cohomology of arithmetic groups. And we have
many cases where we have conjectures relating these denominators to special
values of L-functions. (See [23]) But in many of these cases the methods to
prove theorems like Theorem ?7 seem to fail. Therefore it seem to be of interest
to develop algorithms which compute the cohomology and the action of Hecke
operators explicitly in given cases. A toy model of such an algorithm has been
written in the above case. We are aware that these algorithms may become very
slow for more general reductive groups.

3.3.6 Computing mod p

Of course the coefficients tﬁ)‘ become very large if n becomes larger, hence
we can verify (3.54) only in a very small range of degrees n.

But if we are a little bit more modest we may be able to check experimentally
whether a given - perhaps large- prime p, which divides a numerator{(—1 — n)
for a very large n actually divides A(n). Here we need a little bit of luck.

Assume that we have such a pair (p,n). We want to show that the prime
p divides the lem of the denominators of the z, in (3.53) and this means that
the equation (3.53) has no solution in Z,), the local ring at p. This is of course
clear if the mod p reduced equation

v=n-—2s
Z (2" +1)6,, — t,(fzb)x,, = tgL mod p (3.55)

v=n—1
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has no solution. ( Of course the converse is not true, therefore we need just
a little bit of luck!). In this computation the numbers become much smaller.
In fact this has now been checked for all n < 100 we can can easily go much
further.

Higher powers of p

This reasoning can also be applied if we look at higher powers of p dividing a
numerator¢(—1 — n). Let us assume that p%» (") |[numerator¢(—1 — n). We have
to show that p(™ divides the lem of the denominators of the z, in equation
(3.53 ). This follows if we show that the equation

v=n—2s
> (@ + )by — tE))m, = pP P, mod p ) (3.56)
v=n—1

has no solution. This in turn means that the class
(X, @ Z/p**™MZ) € Exty, (Z/p’* ™M Z)(—1 - n), Hiy ((T\H, M @ (Z/p** "M 7))
has exact order po»(").

Interesting cases to check are p = 37,59,67,101... then we have
¢(=31) =0 mod 37; ¢(—283) =0 mod 37% ((—37579) =0 mod 37%; ((—1072543) =0 mod 37%;...

¢(—43) =0 mod 59; ¢(—913) =0 mod 59*
Here our computations have a surprising outcome. For ((—283) resp. ¢(—913)
it has been checked that the order of the extension class is 37 resp. 59 so it
is smaller than expected. This is not in conflict with the assertion that the
denominator is of order 372,592. In fact it turns out that the determinant of the
matrix on the left hand side in (3.56) is (37%)? = 37% where the denominator only
predicts 374. Is this always so and is this also true for other Hecke operators?

3.3.7 The denominator and the congruences

For the following we assume that (3.54) is correct. We discuss the denominator
of the Eisenstein class in this special case. In [Talk-Lille] this is discussed in
a more abstract way, so here we treat basically the simplest example of 4.3 in
[Talk-Lille]. Remember that in this section M = M,,, i.e. we have fixed an
even positive integer n.

We have the fundamental exact sequence

fuex

0 — Hy (T\H, M) — H{j, (D\H, M) = H{, (d(T\H), M) = Ze,, = 0
(3.57)

and we know that Th(e,) = (2"T! + 1)e,,. We get a submodule

Hiy (D\H, M) & Zé, C Hp, (D\H, M) (3.58)
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where é,, is primitive and Tyé,, = (2"*! + 1)é,,. We have r(é,) = A(n)e, and

HL (D\H, M)/(H}, (T\H, M) & Zé,) = Z/A(n)Z (3.59)

int int,!
Any m € Z/A(n)Z can be written as

y +me,

m=rCKmy )

(3.60)

and this yields an inclusion Z/A(n)Z < H}

int,!

(T\H, M) ® Z/A(n)Z.

Hence

Theorem 3.3.1. The Hecke module HL. ("\H, M)®Z/A(n)Z contains a cyclic
submodule Z/A(n)Z(—1 —n) on which the Hecke operator T, acts by the eigen-

value p"*1 +1 mod A(n) for all primes p.

This theorem has interesting consequences which will be discussed in the
following.

In section (4.1.6) we will review the famous multiplicity one theorem which
follows from the theory of automorphic forms. This theorem implies that we
can find a finite normal field extension F'/Q such that

Hy (D\H,M) @ F = @D Hy, (D\H, M @ F)[r/] (3.61)

f

where m; runs over a finite set of homomorphisms 7y : H — Op, and where
H'..[rf] is the rank 2 eigenspace for ;. We also have the action of the com-
plex conjugation on the cohomology (See sect. how) and under this action
each eigenspace decomposes into a one dimensional + and a one dimensional
- eigenspace, i.e. H'.[my] = H}.[rs] & H!.[my]. Let us denote the set of
7wy + H — Oy which occur with positive multiplicity (then 2) in the above
decomposition by Coh!(").

Our considerations at the beginning of this section imply that we also have
a decomposition of

HYT\H,M)® F = H(T\H,M) ® F & Fe,

where Tpe, = (p"*! + 1)e,. Let 75" : # — Z be the homomorphism 7™ :
T, —p"t +1.
This decomposition induces a Jordan-Holder filtration on the integral coho-

mology

(0) - le(l)Hilnt,!(r\Ha MOF) C jH(Q)Hilnt,!(F\HvMOF) c--C jH(T)Hilnt,!(F\HvMOF)
(3.62)

where the subquotients a locally free O modules of rank 2 and after tensoring
with F' they become isomorphic to the different eigenspaces.

We choose a prime p which divides A(n), let p?»(™||A(n). Let p be a prime
in Of which lies above p. If e, is the ramification index then we have

{0} € Op/p*r ™ (1 —n) C Hiy (P\H, Mo,.) @ Op/p*™  (3.63)
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The above Jordan-Holder filtration induces a Jordan-Holder filtration on the
cohomology mod p¢r% (") we have

{0y c THWHL, (T\H, Mo, ) ® Op /po™ — JHE . (3.64)

where again the subquotients are free Op /p°»® (") modules of rank 2. A simple
argument shows

Theorem 3.3.2. We can find ws1,7¢2...,7f, in the above decomposition and
numbers f1 > 0, fo > 0,..., fr > 0 such that ) fi = epd,(n) and we have the
congruence

mri(T)) =0T +1 mod p’t (3.65)
for all primes ¢.

In the following section we look at this theorem from a slightly different
point of view.

p-adic coefficients

In the previous section we decomposed the inner cohomology into eigenspaces
under the action of the Hecke algebra. In our special situation - the underlying
group G = Glsy- this is also valid for the full cohomology. But our main object
of interest is the cohomology with integral coefficients and our example above
shows that the cohomology with integral coefficients does not split.

To investigate the structure of the cohomology groups H '(F\H,M) we
choose a prime p. This prime will be fixed throughout this section, let Z,) C Q
be the local ring at p. We are interested in the structure of the cohomology
groups H*(T\H, M & Z(py) as modules under the Hecke algebra. But now it is
convenient to go still one step further, we tensorize our coefficient systems by
Zy, the ring of p-adic integers. We want to simplify the notation: In this section
we denote by M,, the Z,-module M ®Z, where A\ = ny+ddet where the value
of d is irrelevant it just has to have the right parity. (Comment? Z,) — Z,, is
flat hence it does preserve Ext' groups.)

Let M be any finitely generated Z,-module, let T,, : M — M be an endo-
morphism. Of course X is a topological module, the open neighborhoods of 0
are the modules p” M. Following Hida we define two submodules

Moa = () TyM; Munpe = {z € M|Tjz — 0} (3.66)

rT—00

A simple compactness argument shows that
M = M ora ® Myiips (3.67)

and it is also clear that M — M ,.q is an exact functor.
We apply this to our cohomology groups, and we assume that I' = Sly(Z).
We start from the exact sequence of I' modules

0— M, -5 M, +M,2F, 0. (3.68)
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Here we want to assume that p > 3 then we get the resulting exact sequence of
sheaves and hence a long exact sequence of cohomology groups

0= (ME) gra =2 (ML) ora = (M @ Fp) g —
(T\H, M,,) =% H_(D\H, M,) — H. (T\H, M, ® F,) = 0

ord

3.69
— H*! (3:69)

ord

and we can break this sequence into pieces

0= (M}) ora —2 (M}) ora = (M @ Fp)q = H'g (T\H, M) [p] — 0
(3.70)

and

0— H 4 (D\H, M,,)[p] = H.,4(T\H, M,,) =% HY _(D\H, M,,) — H. (T\H, M,, @ F,,) = 0

ord

(3.71)

where of course ... [p] means kernel of the multiplication by p and the far most
0 on the right is the vanishing of H?.
We analyze these two sequences and get

Theorem 3.3.3. The cohomology Hlord(F\HM\;ln) is torsion free unless we
have n >0 and n =0 mod p(p—1). The cohomology groups H! , ,(T\H, M)

are always torsion free and HZ ora(D\H, M) =0

Proof. We consider the polynomial ring in two variables F,[X,Y]. On this ring
we have the action of Sly(Z). It is an old theorem of L.E. Dickson that the ring
of invariants is generated by the two polynomials

Xp2—1 _ Yp2—1

— y(@-1)p (p—1)(p—1)yp-1
Xr—1 _yr-1 =X + X Y + ...

(3.72)

fi=XPY — XYP and fo =

Now every element in (M,, ® F,)L_, is a sum of monomials f¢f2 where a(p +
1)+ bp(p — 1) = n. We see that

U = Uy : MY 5 M,
p 0 "
(6 1)
multiplies f; with a multiple of p and hence we see that all the monomials with
a > 0 are multiplied by a multiple of p. This means that (M,, @ F,)% , # 0 if
and only if n = bp(p — 1). If n = 0 we the map ML = Z, — (M, @ F,)" is
surjective if n > 0 we have ML = 0 and hence the theorem.

For the assertions concerning the compactly supported cohomology we have
to recall that H2(I'\H, M,,) = (M,,)r = M,,/IrM,, [book vol I, section 2 and
4.8.5 ]. We check easily that X™ Y™ € It M,, and the assertion is clear. O

We write n = ng + (p — 1) where we assume 0 < ng < p — 1, we know that
Hlord (F\H7 Mn) ® Z/pTZ % Hlord(F\H’ Mﬂ ® Z/p7) (373)

we have a second theorem
interpol
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Theorem 3.3.4. If n = ng+ (p — Da,n’ = ng+ (p — 1)a/ and a =
mod p"~ !, (i.e. n =n' mod (p— 1)p"~1) then we have a canonical Hecke in-
variant isomorphism

(b(n’ n/)T ord F\H M by Z/p ) ord(F\H M ' ® Z/p (374>
This system of isomorphisms is consistent with change of the parameter o, o’ and r.

Proof. See paper on interpolation. O

We find a finite extension F/Q, such that we have a decomposition into
eigenspaces

H. (D\H, M, @ F) EB HY ((D\H, M, ® F)[rf] ® Fe, (3.75)

where the first summation goes over those m¢ € Coh!(") for which 7¢(T}) is a

unit in Oy, the ring of integers in F'. Let us denote this set by Coh,(?rCl Then

the full summation goes over the set Coh( = COh-(Z)rd U {’ﬂ'EH’} Intersecting

this decomposition with H. ,(T\H, M,, ® Op) gives us a submodule of finite
index

H,q(T\H, M,, ® Op) > @ H',,a("\H, M,, ® Op)[mf] ® Open, (3.76)
T
and this also gives us a Jordan-Hoélder filtration as in (3.62).
We consider the reduction maps

H! 4(T\H, My ®0p) — H! 4(T\H, M, @F(p))
! . (3.77)
HY (O\H, M, ®0,) — H. (T\H, M, @F(p))

the right hand sides do not depend on a. Any 7y € CohOrd we get a non zero
homomorphism 7; = m¢ xF(p) : # — F(p). The map 7y — 7 is not necessarily
injective: we say that 7 ; and ma y are congruent mod p if w1 ¢(Ty) = mo ¢ (T})
mod p for all primes ¢, or in other words 71y = 72 f. For a given my let {7}
be the set of all 7; ; which are congruent to the given 7.

H g (D\H, My, @ F(p)) {75} = {2 € H g (D\H, My, @ F(p)) (T2 — W.f(Te)zg%): 0}

provided N >> 0. Then it is easy to see that (See for instance [book,II], 7.2 )
that

The kernel mz, of 7y is a maximal ideal, let ’Hmﬁf be the local ring at mz .

Then the above decomposition can be written as

ord (F\H M ® F @ H ord F\]HL MTL ® F(p)) ® Hm;ff /mf—:}f (380)
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Now we recall that we still have the action of complex conjugation (See
sect.2.1.5) on the cohomology and it is clear (SEE(?7)) that it commutes with
the action of the Hecke algebra. Hence we see that the summands in the above
decompose into a + and a - summand, i.e.

Hlord (F\H7 Mn ® F(p)) ® Hmﬁf /mf_rf @ H ord F\]HL M’ﬂ ® ]F(p)) ® Hmi—f /mflyf [i}
(3.81)
Now we encounter some difficult questions. The first one asks whether we

have some kind of multiplicity one theorem mod p. This question can be for-
mulated as follows:

Are the summands H', (T\H, M,, @ F(p)) ® Hum,, /mef [£] cyclic, i.e. are

they - as 'Hm,,rf /m,éer modules - generated by one element ?

To formulate the second question we regroup the decomposition (3.75)

Hiopg MH M, @ F) =@ @ Hoa(P\H, M, © F)[ry]) (3.82)

wy mpe{ms}
and define

H', g (T\H, M,, ® Op){s} =

B (3.83)
(@Tk’fG{ﬂ'f} Hord(F\H M ® F)[’]Tf]) n Hord(F\H?Mn ® OP)
and then we get a second variant of (3.81)
@Hord (D\EL M, © 0,) {77} = Hlyg (T\H, M, © Op) (3.84)
Now we are interested in the structure of the direct summands H*_,(T'\H, M,,®
Op){7s}. It is clear that this is a free O, module of rank

_ 2#{7 if {7,} # {7[Fs
r({rgy) = § AT {7} # {7l (35)

207t =D+ 1 i {mpy = {7}

Again we get a submodule

@ H, o (T\H, My, @ Op)[mr] C H',y(T\H, M,, © Op){7s} (3.86)
mpe{ms}

Our second question is

What can we say about the structure of the quotient

H',pg(\H, Mo @ Op) {7}/ €D H'ora(T\H, My, © Op)[y] 2

mpe{ms}
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For instance we may ask: Is this quotient non trivial if the cardinality of {7y}
18 greater than 1 ?

For a subset ¥ C {7y} we define in analogy with (3.83)

H', g (T\H, M;, ® Op){S} =
) N (3.87)
(Ganfez Hlord(F\H’ M’ﬂ by F)[Tf'f]) N Hlord(F\H’ Mn ® OP){ﬁf}

and we call ¥ a block if

Hopg(T\H, My @ Op){7is} = (3.88)
H g (T\H, My, ® Op){S} & H g (T\HL M, @ Op) {7} \ S} (3.89)
Then a slightly stronger version of our question above asks
Can {7y} contain non trivial blocks?

These two questions are closely related. We will come back later to these
issues in this book. In the following we outline the general philosophy:

The structure of the cohomology as module under the Hecke-algebra is influ-
enced by divisibility of special values of certain L functions which are attached
to the my.

We have some partial results. ( For this see Herbrand -Ribet , Hida.. ).
If we consider the special case of {ﬁ'?is}. Our theorem 3.3.2 implies

plC(=1-n) = {77"} > 1,

this has been proved by Ribet in [ ], he also proves the converse using a theorem
of Herbrand [ |. Our theorem 3.3.2 is stronger, because it implies higher con-
gruences if ((—1 —n) is divisible by a higher power of p. Moreover the existence
of congruences do not imply anything about the denominator.

Of course the next question is: If we have p | {((—1 — n), what is the size of
{77} can it be > 27 Let us pick a 7y € {7} which is not 7}**. To this 7 we
attach the so called symmetric square L-function L(ms, Sym?, s). (See ...). This
L function evaluated at a suitable ”critical” point and divided by a carefully
chosen period gives us a number

L(rs, Sym?) € OF,

here Fy is a global field whose completion at p is our F' above. Now a theorem
Hida says (cum grano salis)

#ﬂ?is >2 <= p| L(my, Sym?) (3.90)

(See later) If we accept these two results then we get

Theorem 3.3.5. If p’»(") | ((—1—n) and if L(rs, Sym?) & p, then the number
r in theorem 3.3.2 is equal to one, i.e. {ﬁ?is} = {Wf,ﬂ?is) and we have the
congruence

m1(Ty) =" +1 mod p® ™ Y primes ¢
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Finally we get wy(Ty) € Zy for all primes £ and hence we may take Op = Zy.
We can find a basis fo, f1, f3 of Hlord(F\H,./\;l) where
a) f1, fa form a basis of H} ora(C\HL, M)
b)The complex conjugation c acts by c(f;) = (=1)"F1f;
and
¢) the matriz T, ord yith respect to this basis satisfies

ot 0 1
T, = 0 4l 0 mod p°» (™)
0 0 AR |
Proof. Clear O

If we drop the assumption L(7s, Sym?) & p then the situation becomes defi-
nitely more complicated. In this case we we have {7"%} = {77, w1 f,..., 7 1}
where now r > 1. We apply theorem 3.3.2 to this situation where we replace the
subscript 1in; by ora.- We have the filtration which is analogous to (3.62) but
now the last quotient is of rank one and isomorphic to the cohomology of the
boundary. We find a basis fy, f1,e1, f2,€2,..., fr, e, adapted to this filtration

and where ¢(f;) = —fi,c(e;) = e1 Then we get a matrix (we consider the case
r=2)
aaE ! 0 1 0 1
0 Tf1 (Tg) 0 u 0
7,0 = 0 0 mr1(Te) 0 v (3.91)
0 0 0 Tf2 (Tg) 0
0 0 0 0 TF2 (T[)

where u, v are units in Z, and where the diagonal entries satisfy some congru-
ences 7,1 (1) = ("1 +1 mod p™ where ny +ng = epop(n). We come back to
this later.

3.3.8 The p-adic (-function

We return to section 3.3.6. We are interested in the case that p is an irregular
prime, i.e. p | {(—1 — ng). We also assume that also L(ms, Sym?) & p. We
consider ((—1 —n) = {(—1 —ng — a(p — 1)) as function in the variable « € N
and we want to find values n = —1—ng—a(p—1) such that {(—1—n) is divisible
by higher powers of p. We know that that there exist a p-adic (— function and
tells us - provided ng > 0— that

C(=1=n)=C¢(=1—ng—a(p—1)) = (—1—ng) + a(ng, ap + a(ng, 2)ap?. ..
3.92)

where the coeflicients a(ng,v) € Z,. Now several things can happen.

A) Our prime p does not divide the second coefficient a(ng, 2). Then we can
apply Newton‘s method and we find a converging sequence a1, as, ... such that

a, =a,;; modp” and ((—1 —ng—a,(p—1))=0 mod p*T  (3.93)
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If now n, = ng + a,(p — 1) then we can form the system of Hecke-modules
(A Hida family) H', (C\H, M, )({7¥*}) and theorem 3.3.4 gives us Hecke-

module morphisms

HYg(D\H, M, 1 @ Z/p 1 Z) 25 HY (T\H,M,,, ©Z/p"Z)  (3.94)

The sequence n, converges to an p-adic integer n,, we can form the projective
limit and define

Hlord(F\Hv Mnoo) = hin Hlord (F\]HL M’nu ® Z/pDZ) (395)

Under our assumptions this is a free Z,-module of rank 3. The Hecke operators
T,°*4 acts on HL  (T'\H, M,,, ®Z/p"Z) by a matrix of the shape as in theorem
3.3.5, and the eigenvalues on the diagonal are

ot 41 = grotP=Dew 4 1 mod p¥

For £ # p we write £~ = 1 4+ §(¢)p,6(¢) € N and then ¢mot(P=1ew — gno(] 4
§(€)p)* and hence it follows that lim, . £ = £"> exists. Hence we see that
7,4 acts on H ,(T'\H, M,,__) by the matrix

ord
el g 0 1
T[ord = 0 freetl 1] 0
0 0 et 4

B) We have p | (=1 —ng);p?> J{(—=1—ngp) and p | a(ng,1). In this case we
can not increase the p power dividing (-1 — n).

C) We have p? | ((—=1 —no); p | a(no,1) and p [ a(ng,2)
We rewrite (3.92)
((=1-n) _ ¢(=1—mno)  a(no,1)

e = = + » a+ a(ng,2)a® mod p (3.96)

Now we get two numbers ao, Boo such that
C(_l —Ng — aoo(p - 1)) =0 ;C(_l —Ng _/Boo(p - 1)) =0

but these numbers are not necessarily in Zj, they lie in a quadratic extension
O, of Z, hence they are not necessarily approximable by (positive ) integers.
If we want to interpret these zeros in terms of cohomology modules with an
action of the Hecke algebra we have to extend the range of coefficient systems.
In [Ha-Int] we define ”coefficient systems” M}, where now is any element in
Oc,. (These coefficient systems are denoted P, in [Ha-Int]).

These coefficient systems are infinite dimensional Oc,— modules, we can
define the ordinary cohomology H%  (I'\H, M}, ). On these (ordinary) coho-
mology modules we have an action of the Hecke algebra and they satisfy the
same interpolation properties as the previous ones, especially we have an exten-
sion of theorem 3.3.4 for these cohomology modules.

If a = a is a positive integer then we have a natural homomorphism

Vot Mugtap-1) = Mha
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and this map induces an isomorphism on the ordinary part of the cohomology

OO ¢ L (OVE, Mg yapon) < HhyOVE MG L) (3.97)

ord no,Q

We now allow any a € Oy, our coefficient system will then be a system of O,
modules and the cohomology modules will be O, modules. Of course we still
have our fundamental exact sequence (3.98) of O, modules.

— HY 4 (O\H, M, ) — H. GO\H,M! )" H. J(O(T\H), M )= Openy.a =0

ord,c no,o ord no,o ord no,o
(3.98)
This is an exact sequence of Hecke-modules and we still have
T, en) = (€™ (P71 + Deng a (3.99)

Let p = (wp), we define d,(a) by

@y @ON¢(=1 —ng —a(p - 1)).

In a forthcoming paper with Mahnkopf we will (hopefully) show that we can
construct a section

Eiso : Oc,€ng,a @ Qp = H g (\H, M}, ) ©Q, (3.100)
which is defined by analytic continuation and that w;fp(") is the exact denomi-

nator of Eis,.

If this turns out to be true then we can extend the results for ordinary coho-
mology modules H*  (T'\H, Mo 4+(p—1)a)) to the extended class of cohomology
modules H! ,(T'\H, MLO,Q). Especially if we look at our roots e, S and as-
sume that they are different then we get a theorem analogous to the theorem
3.3.5 for both of them. If these two roots are the same the situation is not clear

to me.

3.3.9 The Wieferich dilemma

We are still assuming that our group I' = Sl»(Z). We get a clean statement if
we are in case A), i.e.

pl¢(=1=n0),p fa(no,1),p [L(ms, Sym?)

At the present moment we do not know of any prime p| {(—1 — ng) which does
not satisfy A). This is is not surprising: The primes p | {(—1 — ng) are called
the irregular primes and they start with

37| ¢(—1—30),59 | ¢(—1—42)...

It is believable that for a prime p | ((—1—ng) the numbers a(ng, 1) and L(r¢, Sym?)
are "unrelated” and or in other words the residue classes a(ng,1) mod p and L(m s, Sym?)
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mod p are randomly distributed. Hence we expect that the primes p | {(—1—ng)
which do not satisfy A) is a "sparsely distributed”.

But this does not say that this never happens, actually depending on the
probabilistic argument you prefer, it should happen eventually. But perhaps we
will never find such a prime.

On the other hand

The Wieferich dilemma: We do not know whether the set of primes which
satisfy A) is infinite.

We drop our assumption that I' = Sl3(Z) and replace it by a normal con-
gruence subgroup of finite index. We choose a free Z— module of finite rank V
with an action of I'g/T", i.e. we have a representation

py : Tog/T = GI(V)

we assume that the matrix —Id acts by a scalar wy(—Id) = £1. We look at the
I-modules M,,®V, we assume that V(—Id) =n mod 2, These modules provide

sheaves M,, ® V and we can study the cohomology groups and especially we can
study the fundamental exact sequence

— HYy (D\H, M, ® V) = HL 4(T\H, M, ® V) - H. 4 ((T\H), M,, @ V)
(3.101)

We have to compute H' _ (9(T'\H), M%V) as a module under the Hecke al-
gebra and we can ask the denominator question again, provided this boundary
cohomology is not trivial.

We may for instance choose a positive integer NV and we consider the congru-
ence subgroup I'o(N) = {(Z 2) € Sl5(Z)|e =0 mod N}. Let I'y(N) C T'p(V)
be the subgroup where a = d =1 mod N then I'o(N)/T1(N) = (Z/NZ)* We
choose a character x : I'g(N)/T'1(N) — C* and consider the representation
V= IndII:U (vyX- In this case the denominator is essentially given by L values
L(x,—1 —n) and these values will be divisible by smaller primes (compared to
37) and our chances to encounter cases of B) and or C) are much better.
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Chapter 4

Representation Theory,
Eichler-Shimura
Isomorphism

4.1 Harish-Chandra modules with cohomology

In Chapter 8 we will give a general discussion of the tools from representation
theory and analysis which help us to understand the cohomology of arithmetic
groups. Especially in Chapter 8 section9.5 we will recall the results of Vogan-
Zuckerman on the cohomology of Harish-Chandra modules.

Here we specialize these results to the specific cases G = Glz(R) (case A))
and G = Gly(C) (case B)). For the general definition of Harish-Chandra modules
and for the definition of (g, K ) cohomology we refer to Chap.I11, 4.

4.1.1 The finite rank highest weight modules

We consider the case A), in this case our group G/R is the base extension of the
the reductive group scheme G = Gly/ Spec(Z). In principle this a pretentious
language. At this point it simply means that we can speak of G(R) for any
commutative ring R with identity and that G(R) depends functorially on R.

111
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( Sometimes in the following we will replace Spec(Z) by Z.) Then GV /7Z is
the kernel of the determinant map det : G/Z — G,,/Z. We have the maximal
torus T/Z and the Borel subgroup B/Z. We consider the character module
X*(T) = X*(T x C). This character module is Ze; @ Zes where

€ : (0 t2) =t (4.1)

Any character can be written as X = ny+d det where y = 4522 (¢ X*(T) !),det =
e1+e2 and where n € Z,d € %Z and n = 2d mod 2. We assume that \ is dom-
inant, i.e. n > 0 and drop the assumption that n should be even.

To any such character A\ we want to attach a highest weight module M.
and consider the Z— module of polynomials

M, ={P(X,Y)|P(X,Y)=> a,X"Y"",a, € Z}.
v=0

To a polynomial P € M,, we attach the regular function (See Chap. IV)

o((l V) = Playaen (3 )yEee (42)

u v

and we obviously have
fp<(t01 Z) (2 ﬁ)):tsb(tltz)dfp((i g)>=x<(i; ;‘;)w(i i))
(4.3)

where A~ = —ny + (§ +dy)det = —n~y + ddet considered as a character on
B. On this module the group scheme G/Z acts by right translations:

(& oo (s =5 ) (5 )

This is a module for the group scheme G/Z it is called the highest weight
module for A\ and is denoted by M.

Comment: When we say that M, is a module for the group scheme G/Z we
mean nothing more than that for any commutative ring R with identity we have
an action of G(R) on M, ® R, which is given by (4.2 ) and depends functorially
on R. We can "evaluate” at R = Z and get the I' = Gly(Z) module M z.
(Actually we should not so much distinguish between the Gla(Z) module M z
and M)

Remark: There is a slightly more sophisticated interpretation of this module.
We can form the flag manifold B\G = P!/Z and the character \ yields a line
bundle £,-. The group scheme G is acting on the pair (B\G, £,-) and hence
on H°(B\G, L~ ) which is tautologically equal to M, (Borel-Weil theorem).

We can do essentially the same in the case B) . In this case we start from an
imaginary quadratic extension F//Q and let O = Op C Fits ring of integers. We
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form the group scheme G/Z = Ro/7(Gly/O). Again GV /Z will be the kernel of
det: G/Z — Z/Z = Rpz(Gm). Then G(O) = Gl2(O ® O) C Glz(0) x Gl2(O).
The base change of the maximal torus T/Q C G xz Q is the product T} x Ta/F
where the two factors are the standard maximal tori in the two factors Gly/F.

We get for the character module | CHMsplit

where we have to observe the parity conditions n; = 2d; mod 2,n, = 2ds
mod 2.

Then the same procedure as in case a) provides a free O- module M) with
an action of G(Z) on it. To see this action we embed the group G(Z) = Gly(O)
into Gla(0) x Gla(O) by the map g — (g,g) where g is of course the conjugate.
If now our A = nyvy; + dydet; +noys + dadets = A1 + Ay then we have our
two Gla(O) modules My, 0, My, 0 and this provides the Gla(O) x Gla(O)-
module My, 0 ® My, 0, is now our M) o is simply the restriction of this
tensor product module to G(Z). Sometimes we will also write our character as
the sum of the semi simple component and the central component, i.e. A =
A 4§ = (n1v1 + nay2) + (di dety +dadety). The relevant term is the semi
simple component, the central component not important at all, it only serves to
fulfill the parity condition. If we restrict the representation My to G1)/Z then
the dependence on d disappears. In other words representations with the same
semi simple highest weight component only differ by a twist, the role played by
¢ is marginal.

We return to Glp/Z. Given A = A1) 4§ we define the dual character as
AV = A1) —§. For our finite dimensional modules we have

MY ®Q " My ®@Q (4.5)

If we consider the modules over the integers the above relation is not true.

We define the submodule | duallambda

M, = {P(X,Y) | P(X,Y) =Y <”> WXV c T}, (46)

v=0
This is a submodule of M,, and the quotient M,, /M’ is finite. It is also
clear that this submodule is invariant under Sly/Z. We introduce some notation

e, = XYY"V and Bby = <n> )(nil/}/y7 (47)
14

the the e, (resp. €”) for a basis of M, (resp. M”).
An easy calculation shows that the pairing
<, >t (ewsel) = Gup (4.8)

is non degenerate over Z and invariant under Sly/Z. We can also define the the
twisted actions of G/Z Of course we can define the twisted modules MY and
then we get a G/Z invariant non degenerate pairing over Z :

<,>MIMKvXM)\—>Z
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In other words

(My)" = M3y

We always consider ./\/lg\ as the above submodule of M.

prinseries

4.1.2 The principal series representations

We consider the two real algebraic groups G = Gly /R case A) and G = R¢/r(Gl2/C)
( case B). Let T/R, resp. B/R be the standard diagonal torus (resp. Borel sub-
group of upper triangular matrices). Let us put Z/R = G, (resp. Rc/rGm).

We have the determinant det : G/R — Z/R and moreover Z/R = center(G/R).

If we restrict the determinant to the center then this becomes the map z —

22. The kernel of the determinant is denoted by G(M/R, of course G =
Sly, resp. Rcyr(Sl2/C). Let us denote by 9,0, ¢, b,3 the corresponding Lie-
algebras.

The Cartan decompositions

In both cases we fix a maximal compact compact subgroup K., € G(R) :

B B cos(¢p)  sin(¢) B a B e A _
Ko=) = (50 IO 16 e B) and Koo = {( Y D)+ 55 1)
(4.9)

We define extensions Ko = Z(R)(© K., where of course Z(R)® is the con-
nected component of the identity. In both cases the group K, is the group of
fixed points under the Cartan involution ©( which is given by
Op:g—tgtresp. g =t g tie @(a b): d: e (4.10)
o - . .€. 0 c d b a . .
This involution induces an involution on g") we can extend it to an involu-

tion acting on g = 3 @ g, we let it act trivially on 3. Then the fixed point Lie
algebra £ = 3@t C 3@ gV is the Lie-algebra of K.

Here are some arithmetic considerations, they may not be so relevant, but
further down we make some choices of a basis in some of these algebras, and
these choices can be justified by these considerations.

We can write our group scheme G /R as a base extension of a group scheme
G/Z, ie. G/R =G xzR. For this we simply take G/Z = Gly/Z in case A). In
case B) we take G/Z = Ryzy;,z(Glz/Z]i]). In the case A) this gives a reductive
group scheme over Z, in case B) it is only a flat group scheme, but the base
extension G xzZ[1/2] is reductive. ( This group scheme over Z is not semi-simple
since Z[i] is ramified at the prime 2.)

Now it is clear that © is actually an automorphism of G/Z and then it
follows that the scheme of fixed points is again a group scheme K/Z. If we
define R = Z[1/2] then K Xz R is actually semi-simple. (If we replace Z[i] by
the ring of integers of another imaginary quadratic extension, we have to modify
R accordingly.)

Consequently we see that the all the above Lie-algebras are defined over R,
hence they actually are free R modules, we denote them by gr and so on.
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The Cartan Og involution induces an involution on the Lie algebras gg, gg),

the module decomposes into a + and a — eigenspace
gR:ER@pR and gg):ER@pR, (4.11)

The + eigenspaces ¢ 'R, tr are the Lie-algebras of K, K, both summands in the
decompositions are K-modules.
The Lie-algebra bp is not stable under Oy, it is clear that the intersection

br N Oo(br) = tr,
where tg is the Lie-algebra of the standard maximal torus 7/R C G/R. This
torus is a product (up to isogeny) 7/R=Z-TW/R.
In case A) the torus T /R =+ G,,,/R and the Cartan involution ©g acts

by t ~— t~1. Therefore it acts by —1 on tg). We write

M _ (1 0 _
th —R(O _1)—RH (4.12)

the generator H is unique up to an element in R*, i.e. up to a sign and a power
of 2.

In case B) the torus 7 /R is (up to isogeny) a product 7 72(1)/]% the
Cartan involution ©q acts by ¢ — ¢! on the split component 7;(1) and by the

identity on 7;(1). The Lie-algebra decomposes accordingly into two summands
of rank one:

) _ 1 0 0\ .
th _R(O 1)@1%(0 Z.>_RH69RHZ.

In both cases the group scheme K acts on pr by the adjoint action, can describe
this action explicitly.

In case A) the group scheme K is the following group of matrices

@ b\ 2 2
lC—{a—(_b a>|a +0b* =1}
this is a torus over R which splits over R][i]. We have

0 1

pR:RH@R(l 0

and Ad(a)(H) = (a® — b*)H — 2abE,, Ad(a)(Ey) = 2abH + (a® — V*)E,.
Since the torus splits over Z[i] we can decompose p ® R[i] into weight spaces,
we introduce the basis elements

P,:=H-E,®i P.:=H+E, ®icpe R[]

then

Ad(a)Py = (a+ bi)*Py, Ad(a)P_ = (a — bi)?P_ (4.13)
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Hence we get - in case A) -the decomposition

0 1
o) =tr@pr=R (1 0) ® RP, ® RP_ = RY & RP, ® RP_  (4.14)

where the generators are unique up to an element in R[i]*.

In case B) the group scheme C/R is semi simple, it contains 7 /R as maxi-
mal torus. The two /R modules t; and pg are highest weight modules of rank
3, since 2 is invertible in R they are even isomorphic. Again we can decompose
them into rank one weight spaces and give almost canonical generators for these

weight spaces. | basisfkfp | The Lie algebra

ERRHiGBR(_Ol é)@R(? é) = RH; ® RY @ F,.

We introduce the elements P, =Y — F; ®1i, P._ =Y + F; ® i and then

tr © R[i] = R[i|H; & R[i]P., & Rl[i|P._ (4.15)

This is the decomposition into weight spaces under the action of Tc(l)/ R, the

T
element o = <

0 2) acts via the adjoint action

Ad(a)P.y = 2*P.; , Ad(a)H; = H; , Ad(a)P._ =z %P._

Essentially the same can be done for pr ® RJi]. We define
0 =1 . 0 = .
Pp7+:E+_(—Z‘ O>®Z7P’:E++(—Z O>®Z

then we get the weight decomposition

pr @ R[i] = R[i|P, + & R[i|H & R[i| P, (4.16)

Our aim is to to construct certain irreducible (differentiable) representations
of G(R) together with their ”algebraic skeleton” the associated Harish-Chandra
modules. Of course any homomorphism 7 : Z — C* yields via composition
with the determinant a one dimensional G(R) module Cr. We want to construct
infinite dimensional G(R) modules.

We start from a continuous homomorphism (a character) x : T(R) — C*,
of course this can also be seen as a character x : B(R) — C*. This allows us to
define the induced module

IEx = {f:G(R) > C| f € C=(G(R)), f(bg) = x(b)f(9), Vb€ B(R),g E(G(]R;)}
4.17

where we require that f should be Co. Then this space of functions is a G(R) -
module, the group G(R) acts by right translations: For f € I§x,g € G(R) we

put
Ry(f)(x) = f(zg)
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We know that G(R) = B(R) - K. This implies that a function f € I§x is
determined by its restriction to K.,. In other words we have an identification
of vector spaces

IEx = {f : Koo = C| f(tck) = X(te) f (k) tc € Koo N B(R), k € Koo}, (4.18)

We put T. = B(R)N K. and define y, to be the restriction of x to T;. Then
the module on the right in the above equation can be written as IJI{“’ Xe- By its
very definition Ij{i‘” Xe- is only a K., module.

Inside IQI:(C > we have the submodule of vectors of finite type

Olgm xe:={f¢€ ]71:(600 Xe | the translates Ry (f) lie in a finite dimensional subspace}
(4.19)

The famous Peter-Weyl theorem tells us that all irreducible representations
(satisfying some continuity condition) are finite dimensional and occur with

finite multiplicity in I:,I{f” Xc and therefore we get

o 7Koo m (Y o 7Koo
Ii=xe= @ ;" = @ Ir=xlv) (4.20)
9eK o Y€K oo

where K. is the set of isomorphism classes of irreducible representations of K,
where Vj is an irreducible module of type ¥ and where m(9) is the multiplicity
of ¥ in °I£°° Xe. Of course °I£°° Xe is a submodule 7§y, but this submodule is
not invariant invariant under the operation of G(R), in other words if 0 # f €
OIJ{?’" Xe and g € G(R) a sufficiently general element then R, (f) ¢ OIT{?” Xe-
We can differentiate the action of G(R) on I§x. We have the well known
exponential map exp : g = Lie(G/R) — G(R) and for f € I§, X € g we define

Xf(g) = lim f <gexp<wt< ) = /(9)

(4.21)

and it is well known and also easy to see, that this gives an action of the Lie-
algebra on I§, we have X;(Xaof) — Xao(X1f) = [X1, Xa]f. The Lie-algebra is
a K, module under the adjoint action and is obvious that for f &€ OI:,{{C‘” Xe[9]

the element X f lies in @y OIZI:{C *yc[¥'] where ¥ runs over the finitely many
isomorphism types occurring in Vy ® g.

Proposition 4.1.1. The submodule OITI:?"XC C ng is invariant under the
action of g.

The submodule OITI:i‘” X together with this action of g will now be denoted
by 3%x. We should think of this module as an algebraic skeleton of I§ch.

Such a module will be called a (g, K ) - module or a Harish-Chandra module
this means that we have an action of the Lie-algebra g, an action of K, and
these two actions satisfy some obvious compatibility conditions.

We also observe that °I§i <X is also invariant under right translation R,
for z € Z(R). Hence we can extend the action of K., to the larger group
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Koo = Ko - Z(R). Then Jx becomes a (g, Koo) module. Finally observe that

in the case A) the element
1 0 _
c= ( 0 1) ¢ K., (4.22)

but obviously for f € 3%x the element R.(f) € Gy, hence R, induces an
involution on jg. We could also say that we can enlarge Koo ( resp. f(oo) to
subgroups K’ (resp.K* ) which contain ¢ and contain K., resp. Ko, as sub-
groups of index two. Then 3% also becomes a (g, K% ) module.

These (g, K ) modules 3G x are called the principal series modules.
We denote the restriction of x to the central torus Z = {<é ?)} by wy.

Then Z(R) acts on J%x by the central character character w,, i.e. R.(f) =
wy (%) f. Once we fix the central character, then there is no difference between
(9, Koo) and (g, Koo) modules.

The decomposition into K. -types

We look briefly at the K,,-module °I£°° Xe- In case A) the group

—sin(¢) cos(d)

and T, = T(R) N K is cyclic of order two with generator e(m). Then x. is given
by an integer mod 2, i.e. x.(e(m)) = (—1)™. For any n = m mod 2 we define
Wn € 35X by

Koo = 500) = {( 30 IO (o) (4.23)

Ya(e(9))) = e’ (4.24)
and then
G- D cu (4.25)
k=m mod 2

In the case B) the maximal compact subgroup is
U(2) C G(R) = Re/r(Gl2/C)(R) C Glo(C) x Go(C)
this is the group of real points of the reductive group U(2)/R. The intersection

7 =1® K= (% ) =)

The base change U(2) x C = Gly/C and T, x C becomes the standard maximal
compact torus. The irreducible finite dimensional U(2)-modules are labelled by
dominant highest weights A. = ny. + ddet € X*(T, x C) (See section ( 4.1.1),
here again n > 0,1 € Z,n = 2d mod 2 and v.(e(¢)) = e(9172)/2))

We denote these modules by M _ after base change to C they become the
modules M c.
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As a subgroup of G(R) C Gl2(C) x G2(C) our torus is

eldr 0 e~ 1 0 N eld1 0
T. = {( 0 ei¢2> X ( 0 €i¢>2>} — {< 0 ei¢2)} (4.26)

and the restriction of x to T, is of the form

Ye(e(@)) = elaertibez — e 5 (01=02) o 50 (d1+2) (4.27)

and this character is (a — b)y. + %+ det . Then we know

Koo ~
CIf=xe =IFX = P M, (4.28)
pe=kve+2EL det;k=(a—b) mod 2;k>|a—b]

4.1.3 Intertwining operators

Let N(T) the normalizer of T/R, the quotient W = N(T)/T is a finite group
scheme. The in our case the group W (R) is cyclic of order 2 and generated by

(0 1
o= -1 o
In case a) we have W(R) = W(C) in case b) we have
G xpC=(Gly x Gl)/C; TxzC=T; xTy; and W(C) =Z/2 x Z/2

where the two factors are generated by s1 = (wp,1),s2 = (1,wp). The group
W(R) is the group of real points of the Weyl group, the group W = W (C) is
the Weyl group or the absolute Weyl group.

We introduces the special character

s (10 1) = 1242
’ 0 t2 t2
The group W (R) acts on T(R) by conjugation and hence it also acts on the

group of characters, we denote this action by x — x*. We define the twisted
action

w-x = (xlp))*pl ™

We recall some well known facts

i) We have a non degenerate (g, K) invariant pairing
IGx x IGx"°|pls — Cw? given by (f1, f2) — / f1(k) fo2(k)dk (4.29)
Koo

We define the dual 35" y of a Harish-Chandra as a submodule of Home (3%, C),
it consists of those linear maps which vanish on almost all K, types. It is clear
that this is again a (g, K )-module. The above assertion can be reformulated
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ii) We have an isomorphism of (g, K, ) modules
IGxSy =I5 X oIk (4.30)

The group T'(R) = T, x (R%,)? and hence we can write any character x in
the form

X(t) = xe(t)[ta ][ [t2]* (4.31)
where z1, 2z € C.

For f € 3%y, g € G(R) we consider the integral

T.2(f)(9) = f(woug)du (4.32)
U(R)

It is well known and easy to check that these integrals converge absolutely
and locally uniformly for R(z; —22) >> 0 and it is also not hard to see that they
extend to meromorphic functions in the entire C?. We can ”evaluate” them at
all (21, z2) by suitably regularizing at poles (for instance taking residues). This
needs some explanation. To define the regularized intertwining operator we
consider the ”deformed” intertwining operator

T00(x™ |y|7) : 3Gx™ [y|* — 3G xIplE v~ (4.33)

(See 4.32, x = Ag°|v|?) and this integral converges if R(z) >> 0. We have
decomposed

G = P IE=x W = @ IGAE Y]
VEK oo V€K oo

and our intertwining operator is a direct sum of linear maps between finite
dimensional vector spaces

g 17, 9) - TGNy F[9] = IGxIplf | [9)

The finite dimensional vector spaces do not depend on z and the c¢(Ag°|v|?, V)
can be expressed in terms of values of the I'— function. Especially they are
meromorphic functions in the variable z (See sl2neu.pdf, ). Hence we can can
find an integer m > 0 such that

TGN [y o s TGX™ — TG x| plR

is a non zero intertwining operator and this is now our regularized operator
loc,re w
T2 8 (X").

iii) The regularized values define non zero intertwining operators

T"5(x) : IGx — TG |l (4.34)
These operators span the one dimensional space of intertwining operators

Hom(gvKoc) (ng7 3§wo “X)-



4.1. HARISH-CHANDRA MODULES WITH COHOMOLOGY 121

Finally we discuss the question which of these representations are unitary.
This means that we have to find a pairing

Y38y x 3Gy = C (4.35)
which satisfies
a) it is linear in the first and conjugate linear in the second variable
b) Tt is positive definite, i.e. ¥(f, f) > 0Vf € IGx

c¢) It is invariant under the action of K., and Lie-algebra invariant under
the action of g, i.e. we have

For f1, fo € 3%x and X € g we have (X f1, fo) + ¥(f1, X f2) = 0.

We are also interested in quasi-unitatry modules. This is notion is perhaps
best explained if and instead of ¢) we require

d) There exists a continuous homomorphism (a character) n : G(R) — R*
such that ¢ (gf1,9f2) = 1(9)¢(f1, f2), Vg € G(R), f1f2 € TGx

It is clear that a non zero pairing ¢ which satisfies a) and c) is the same
thing as a non zero (g, Ko )-module linear map

iy IGx = (3Gx)V (4.36)

by definition 7, is a conjugate linear map from ng to (ﬁgx)v. The map i, and
the pairing 1 are related by the formula (v, v2) = iy (v2)(v1).
Of course we know that (See (4.30))

(3Gx)Y = IGx0lpl2oy" (4.37)
and we find such an ¢, if
X = x“lpl2dx "t or x*°|plz = x*0|pl2ox" (4.38)

We write our y in the form (8.121). A necessary condition for the existence
of a hermitian form is of course that all |w, (z)| = 1 for z € Z(R) and this means
that R(z1 + 2z2) = 0, hence we write

21:J+i71,22:—0+i72 (439)

Then the two conditions in (4.38) simply say
1
(uny) : 0 = 5 or (ung) : 71 = 72 and x. = x2° (4.40)

In both cases we can write down a pairing which satisfies a) and ¢). We still
have to check b). In the first case, i.e. o = % we can take the map 4, = Id and
then we get for f1, fo € 3§x the formula

U(f1, f2) = J1(k) fo(k)dk (4.41)

Koo
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and this is clearly positive definite. These are the representation of the unitary
principal series.

In the second case we have to use the intertwining operator in (4.34) and
write

U(f1, f2) = T8 (f2) (1) (4.42)

Now it is not clear whether this pairing satisfies b). This will depend on the
parameter 0. We can twist by a character  : Z(R) — C* and achieve that
Xe = 1,71 = 75 = 0. We know that for o = % the intertwining operator TOLOC is
regular at y and since in addition under these conditions 3%y is irreducible we
see that

Tl¢(x) = a1d with a € R, (4.43)

oo

Since we now are in case A) and B) at the same time we see that the two pairings
defined by the rule in case (uny) and (unz) differ by a positive real number hence
the pairing defined in (4.42) is positive definite if o = 1.

But now we can vary o. It is well known that ng stays irreducible as long
as 0 < o < 1 (See next section) and since T,1°°(x)(f)(f) varies continuously we
see that (4.42) defines a positive definite hermitian product on ng as long as
0 < 0 < 1. This is the supplementary series. What happens if we leave this
interval will be discussed in the next section.

nontriv

4.1.4 Reducibility and representations with non trivial co-
homology

As usual we denote by p € X*(T) ® Q the half sum of positive roots we have
p="(resp. p=7y1+72 € X*(T)®Q in case A) (resp. B)).

For any character A\ € X*(T x C) we define A\g to be the restriction (or
evaluation)

>\R : T(R) — C*.

This provides a homomorphism B(R) — T(R) and hence we get the Harish-
Chandra modules 3G \g which are of special interest for our subject namely the
cohomology of arithmetic groups.

We just mention the fact that jgx is always irreducible unless x = Ag (See
sl2neu.pdf, Condition (red)).

We return to the situation discussed in section (4.1.1), especially we rein-
troduce the field F/Q. Then we have X*(T x F) = X*(T x C) and hence
A € X*(T x F). We assume that A is dominant, i.e. n > 0 in case A) or
ny,ng > 0 in case B). In this case we realized our modules M, as submod-
ules in the algebra of regular functions on G/Z and if we look at the definition
(See (4.3)) we see immediately that My c C IGAR° and hence we get an exact
sequence of (g, K,) modules

0— Myc — TGN — Dy =0 (4.44)
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Hence we see that JGAR° is not irreducible. We can also look at the dual
sequence. Here we recall that we wrote A = ny + ddet. Then we will see later
that MX,C = M _2ddet,c. Hence after twisting the dual sequence becomes

0 — DY ®@detd® — TZVAY 5 My — 0 (4.45)
Equation (4.30) yields 3% A% = 3%y |p|2 and our second sequence becomes
0 — DY @ detz® — TG Ag|p|2 = Mac =0 (4.46)

Now we consider the two middle terms in the two exact sequences (4.44,4.46)
above. The equation (4.34) claims that we have two non zero regularized inter-
twining operators

Toeres () - IGAE = IGAalplh 5T E (v pl2)  IGAwlplE — TEAL”
(4.47)

If we now look more carefully at our two regularized intertwining operators
above then a simple computation yields (see sl2neu.pdf)

Proposition 4.1.2. The kernel of T l°¢™8(\z°) is My c and this operator
induces an isomorphism

T()\R) : D)\ ; ’D;\/ ® detéd

(Remember \ is dominant) The kernel of T,0%™8(\g|p|2) is DY @ detz’ and it
induces an isomorphism of My c.

The module jgx is reducible if T.l°¢™°8(x) not an isomorphism and this hap-
pens if an only if x = Ar or A\g°|p|3 and X\ dominant. (There is one exception

to the converse of the above assertion, namely in the case A) and o = % and

Xe® # Xc~)

Unitarity

For us it is of relevance to know whether we have a positive definite hermitian
form on the (g, K )-modules Dy. To discuss this question we treat the cases A)
and B) separately.

We look at the decomposition into K-types. (See ( 4.25)) In case A) (See (
4.25)) it is clear that M ¢ is the direct sum of the K, types Cy; with |I| < n.

Hence

D= P Cwe P Cu=DyaDf (4.48)

k<—n—2,k=m(2) k>n+2,k=m(2)

Proposition 4.1.3. The representations D;,Dj\' are irreducible, these are the
discrete series representations. The element c interchanges D;,Dj\' hence Dy
is an irreducible (g, K*) module.

The operator T(\g) induces a quasi-unitary structure on the (g, K+ )-module
Dy. The two sets of Koo types occurring in My c and in Dy (resp.) are disjoint.
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Proof. Remember that as a vector space Dy ® detﬁd = DY, only the way how
K acts is twisted by detf{i . Then the form

hy(f1, f2) = T B ) (f2) (1) (4.49)
defines a quasi invariant hermitian form. It is positive definite (for more details
see sl2neu.pdf). O

A similar argument works in case B).We restrict the Glz(C) x Glz(C) module
M c to U(2)xU(2) then it becomes the highest weight module My, = M,, .®
M., .. (See4.1.1) Under the action of U(2) C U(2) x U(2) it decomposes into

U(2) types according to the Clebsch-Gordan formula

M o) = b M,,  (4.50)

/tc:k%+% det;k=(n1—n2) mod 2;n14+n2>k>|ng —na|

Hence we get

Dilue) = P M, (4.51)

te=kvo+BE%2 detik=(n1—n2) mod 2;k>n1+na+2

Again we have

Proposition 4.1.4. The operator T,1°¢*8(\{°) induces an isomorphism
T(AR) : Dy = DY ® det2?

The (g, Koo) modules are irreducible.

The operator T l°™8(\Z°) induces the structure of a quasi-unitary module
on Dy if and only if ny = na. This is the only case when we have a quasi-unitary
structure on Dy. The two sets of Koo types occurring in My ¢ and in Dy (resp.)
are disjoint.

The Weyl W group acts on T by conjugation, hence on X*(T x C) and we
define the twisted action by

s A=sA+p) —p (4.52)

Given a dominant A we may consider the four characters w- A, w € W(C) =
W and the resulting induced modules J%w - A\g. We observe (notation from
(4.1.1))

S1 (nl'y + dl det +TL2’_Y + dgﬂ) = (777,1 — 2)"}/ -+ d1 det +Tl2’_}/ + dg@)
- (43
s2 + (n17y + di det +n9¥ + dodet) = nyy + dy det +(—ng — 2)7 + dadet)

Looking closely we see that that the K, types occurring in Jgsl ‘A or 3§SQ~)\
are exactly those which occur in Dy. This has a simple explanation, we have

exiso
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Proposition 4.1.5. For a dominant character A we have isomorphisms between
the (g, Ko ) modules

Dy —3%s1- A, Dy —= 3550 - A (4.54)

The resulting isomorphism 3Gs1 -\ — 3%sa- X is of course given by T.9%(s1-\).

Interlude: Here we see a fundamental difference between the two cases A)
and B). In the second case the infinite dimensional subquotients of the induced
representations are again induced representations. In the case A) this is not so,
the representations Df are not isomorphic to representations induced from the
Borel subgroup.

These representation Df are called discrete series representations and we
want to explain briefly why. Let G be the group of real points of a reductive
group over R for example our G = G(R), here we allow both cases. Let Z be
the center of G, it can be written as Zy(R) - Z. where Z, is maximal compact
and Zy = (RZ)%. Let w® : Zy — RZ be a character. Then we define the space

Coo(G wr) = {f € C(G) | f(zg) =w©(2)f(g9) ;Y2 € Zo,g € G}  (4.55)

and we define the subspace
L2 (Gun) = {f € Cu(Goiom) | | 0T @V (0) Py <o} (450)

where of course dg is a Haar measure. As usual L?(G,wg) will be the Hilbert
space obtained by completion. This Hilbert space only depends in a very mild
way on the choice of w(® we can find a character § : G — RZ, such that

w6z, = 1. Then f — fd provides an isomorphism L?(G,w®)) =5 L2(G/Zy).

We have an action of G x G on L*(G,w(®)) by left and right translations.
Then Harish-Chandra has investigated the question how this ”decomposes” into
irreducible submodules. Let éwm)) be the set of isomorphism classes of irre-
ducible unitary representations of G.

Then Harish-Chandra shows that there exist a positive measure y on éw(o))
and a measurable family H of irreducible unitary representations of G' such
that

I(Guum) = [ He T ) (4.57)

( If instead of a semi simple Lie group we take a finite group G then this is
the fundamental theorem of Frobenius that the group ring C[G] = ®pVy @ V)’
where Vj are the irreducible representations.)

If we are in the case A), the sets consisting of just one point {Di} have
strictly positive measure, i.e. u({D/\i}) > 0. This means that the irreducible
unitary G x G modules ’Df ® va occur as direct summand (i.e. discretely in
L?(@G).).

Such irreducible direct summands do not exist in the case B), in this case
for any & € G we have p({¢}) = 0.



126CHAPTER 4. REPRESENTATION THEORY, EICHLER-SHIMURA ISOMORPHISM

We return to the sequences (4.44),(4.46). We claim that both sequences do
do not split as sequences of (g, K, )-modules. Of course it follows from the above
proposition that these sequences split canonically as sequence of K., modules.
But then it follows easily that complementary summand is not invariant under
the action of g. This means that the sequences provide non trivial classes in
EXt%Q,KOO)(D)\v M ¢) and hence these Ext® modules are interesting.

The general principles of homological algebra teach us that we can under-
stand these extension groups in terms of relative Lie-algebra cohomology. Let
t resp. € be the Lie-algebras of K. resp. Ko the group Ko acts on g, € via the
adjoint action (see 1.1.3) We start from a (g, Ko,) module 3§x and a module
M c.

Our goal is to compute the cohomology of the complex (See 8.1.2)

Hompg (A*(g/€), 3%x ® My ). (4.58)

There is an obvious condition for the complex to be non zero. The group
Z(R) C Ko acts trivially on g/ and hence we see that the complex is trivial
unless we have

wy ' = Arlzw)

we assume that this relation holds.

We will derive a formula for these cohomology modules, which is a special
case of a formula of Delorme. It will also be discussed in Chap. III. An ele-
ment w € Hompy (A™(g/t),IGx © My c) attaches to any n tuple vy,..., v, of

elements in g/ £ an element
W1, ..,v,) €TEY ®@ Mac (4.59)

such that w(Ad(k)vy, ..., Ad(k)v,) = kw(vi, ..., v,) for all k € K.
By construction

w1, ) = Zf,, ® m,, where f, € 3%x,m, € My c
and f, is a function in C which is determined by its restriction to Ko (and

this restriction is K, finite). We can evaluate this function at the identity
e € G(R) and then

w(vr, .., v)(eq) = fule) @my, € Cx @ My c

The IE'OONinvariance (4.59) implies that w is determined by this evaluation at
eg- Let KL = T(R)N Ko = Z(R) - T... Then it is clear that

w* {1, un e w(vg, ., on)(eg) (4.60)
is an element in

w* € Homgr (A"(g/¥),Cx ® My c) (4.61)
and we have: The map w +— w™* is an isomorphism of complexes

Hompy (A*(g/€),3%x ® Mac) — Hom (A®(g/t),Cx @ Mac)  (4.62)
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The Lie algebra g can be written as a sum of ¢ invariant submodules
g=bt+E=t+u+t (4.63)

in case B) this sum is not direct, we have b NE=tNt=cand hence we get the
direct sum decomposition into KL -invariant subspaces

g/b=t/cou (4.64)

We get an isomorphism of complexes

Hompy_(A®(g/%),3Gx ® M) — Hompgr (A*(t/8),Cx ® Hom(A®(u), My c))
(4.65)

the complex on the left is isomorphic to the total complex of the double complex
on the right.

Intermission: The theorem of Kostant The next step is the computa-
tion of the cohomology of the complex Hom(A®(u), M ¢).

Case A). Our group is G/Q = Glp/Q. Then u = QFE where E; = (8 é)

and our module M) g has a decomposition into weight spaces

v=n-—v H=n
Myro = @ QX" YV = @ Qe,.. (4.66)
v=1 pn=—n,u=n(2)

The torus T = {(é tE]l)} acts on e, = X"7"Y" by

px((é t01>)eu = tley, (4.67)

We also have the action of the Lie algebra on My g (See section ??) and by
definition we get

n—u
d(pk)(EJr)eu =FE e, = T€u+2 (4.68)

Now we can write down our complex Hom(A®(ut), M ¢) very explicitly. Let
EY € Hom(u,Q) be the element EY(E,) = 1 then the complex becomes

p=n
0+ P Q-5 EB QEY ®e, — 0 (4.69)
p=-—n,u=n(2) p=-—n,u=n(2)

where d(e,) = “52EY ® e, 42. This gives us a decomposition of our complex
into two sub complexes

Hom(A®(u), M (c) '(u,/\/l,\’@) o AC* (4.70)

where AC*® as acyclic (it has no cohomology) and in

H* (1, Mrg) = {0 = Qe, —5 Q EY ®e_, — 0} (4.71)
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where the differential d is zero. Hence we get
H®*(u,Mj o) = H*( Hom(A®*(u), My q)) = H*(u, M) g) (4.72)

We notice that the torus T" acts on H®(u, M g) ( The Borel subgroup B acts
on the complex Hom(A®(u), My g) but since the Lie algebra cohomology is
the derived functor of taking invariants under U (elements annihilated by u) it
follows that this action is trivial on U).

Hence we see that T acts by the character A on Q e, = H%(u, M, g) and
by the character A~ —a = wp- A = A" —2pon Q EY ® e_, = H'(u, M, ).
Here we see the simplest example of the famous theorem of Kostant which will
be discussed in Chap. III 6.1.3.

We discuss the case B). Again we want that our group G/R = R g(Gl2/C)
is a base change from a group G/Q denoted by the same letter. We need an
imaginary quadratic extension F//Q and put G/Q = Rp/g(Gl2/F'). We choose a
dominant weight A = Aj + A2 = n1vy1 +d; det; +n2vy2 +dadets and then My p =
M, F @My, r is an irreducible representation of G xg F = Gl x Gla/F. Now
we have u ® F = FE} ® FEZ. Then basically the same computation yields:

The cohomology H®(u, My r) is equal the complex

H® (u, My r) = {0 = Fel) @ Fe't) -4 FEMYW @) el @ FENY @) @ B2V @)
L FEY 0e) @ B2V 0?0}
(4.73)

where all the differentials are zero. The torus T acts by the weights
A in degree 0, s1 - A\, 82 - A in degree 1, wq - A in degree 2 (4.74)

and we have a decomposition into one dimensional weight spaces

H*(u,Myp)= @ H (u, Myp)(w- )
weW (C)

We go back to (4.75) and get a homomorphism of complexes

Hom,(A®*(g/t),Cx ® My c) — Hom(A®(t/8),Cx @ H*(u, Mxc)) (4.75)
which induces an isomorphism in cohomology so that finally
H* (8, Koo, IGx © Myc) = H*( Hom(A*(t/8),Cx ® H*(u, My c)) (4.76)
and combining this with the results above we get
Theorem 4.1.1. If we can find a w € W(C) such that x~' = w - A\g then
H*(g, Ko, 35X @ Mic) = H'™ (1, My o)(w - A) @ A°(4/8)

If there is no such w then the cohomology is zero.
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t 0

Proof. Our torus T(R) = ¢ x {<O -1

) ; t € RZy} = ¢ x A. Hence we see that

1 0
0 -1
X! Ag|. is the trivial character. The second factor A does acts on Cy by the
character x(t) = t* and on H'")(u, M ¢)(w - A) by t — ¢™(*). Differentiating
we get for the complex

dimt/¢ = 1, and the element Hy = ( ) . Of course we must have that

0— H®Wu, Myc)(w-A) = C® HY @ H™ (u, Myc)(w-\) =0  (4.77)
where the differential is multiplication by m(w) + z. Hence we see that the
cohomology is trivial unless m(w) + z = 0, but this means Y ™! =w-Ag. O
The cohomology of the modules M), ¢, D) and the cohomology of
unitary modules

Again we start from a dominant character A. We take the tensor product of the
exact sequence (4.44) by Myv ¢ and we get a long exact sequence of (g, K)
cohomology modules

0 — H(g, Koo, Mirc ® Myvc) = Hg, Koo, TEGAR" @ Myv c) = HO(g, Koo, Dy ® My )
— H(g, Koo, My c @ Myv ) = H'g, Koo, TGN @ Myv ¢) = HY(g, Koo, Dy @ Myv )
— H?(g, Koo, My c @ Myv c) = H3(g, Koo, IGAR° @ Myv ) = H?(g, Koo, Dx ® Myv c)

— H3(g, Koo, Mac @ Myvc) = 0
(4.78)

We have seen that the modules Dy — Cig s; - Ar and hence know all the coho-
mology in this exact sequence except the the H*(g, Koo, My c @ Myv c). But
then a careful analysis of K, -types shows

Proposition 4.1.6.

HY(g, Koo, My c @ Myv ¢) = H3(g, Koo, My c @ Myv ) =C,
H' (g, Koo, Mxc @ Myv ¢) = H*(g, Koo, Mac ® Myv c) =0

H3(g, Koo, DA ® Myv ¢) = H*(g, Koo, IEAZ° @ Miyv ) =0

If w e W(C) is not = e,wp (i.e. it is one of the elements of length one)
then ng -Ar — D,. Looking at the K, types occurring we see that the semi
simple part of the lowest K, -type is (n1 + na + 2)7.. The K, type of g/% has
highest weight 27, and M ¢ has highest weight (nq + n2)7.. This implies that
our Lie -algebra complex becomes

0 — Homg_ (A (g/8),3%w - \x) % Hompy_ (A2(g/8),3Gw - Az) — 0 (4.79)

in degree 1 and 2 the spaces are of dimension one and since the cohomology
in these degrees is also one dimensional it follows that the boundary operator

0 = 0. | EiShiso|
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4.1.5 The Eichler-Shimura Isomorphism

We want to apply these facts on representation theory to the study of co-
homology groups H®(I'\X, M) ) where now I' is a congruence subgroup of
Gl2(Z) or Glo(0O). (Discuss also quaternionic case- perhaps)

We start again from a dominant A = ny + ddet € X*(T x C). For every
(9, Koo) invariant embedding ¥y : 3Gw - Ag < Coo (T'\G(R)) induces a homo-
morphism

\I/A : HOIHKOC (A'(g/%),jgw . )\R ® M)\V)C) — HOI’HKOO((A.(Q/%), (COO<F\(G’(R>)) ® M)\v’c)
4.80

We will show in section 8.1.3 Proposition 8.1.1 that the complex on the right is
isomorphic to the de-Rham complex:

Hompg_ (A®(g/8), (Coo(M\G(R)) ® Myv c) == Q*(T\X, Myvc)  (4.81)
This de-Rham complex computes the cohomology and hence we get an homo-
morphism

S H*(g, Koo, IGw - A\ @ Myv c) — H*(T\X, Myv c ® C) (4.82)

We denote by w(®) the restriction of the central character of Tjgw - AR to the
subgroup Zy. (See above Interlude) and we introduce the spaces

Eme(\w,T) = Hom . )(IGw - A, CZE(T\G(R),w®)
U (4.83)
ED(\w,T) = Homg k. y(IGw - Ap, C& (T\G(R),w®)

where the superscripts mg resp. (2) mean moderate growth resp. square inte-
grable.(Reference). From this we get two maps in cohomology

O &'\ w,T) @ H*(g, Koo, IGw - Ag @ Myv c) = H*(I\X, Myv c ® C)
(4.84)

Of course the module £®)(\,w,)\) = 0 unless 3Gw - A\g has a non trivial
quotient module which admits a positive definite quasi unitary (g, K ) invariant
metric. This means that £2)(\,w, \) # 0 implies that in case B) the coefficients

satisfy

ny = ng, i.e.A =n(y1 +y2) + di det +ds det, (4.85)

we will say that A is unitary if this condition is fulfilled. Then the results in
section (4.1.4) yield that these irreducible quasi unitary quotient modules are
D¥ in case A) and Dy in case B) .

If n = 0 then \ extends to a character A : G — G,, and M c is one
dimensional we write My ¢ = C[)].

In the first two cases we know that

ED (N w,T) = Homg x_)(Dx, CP(T\G(R),w?))

We have the fundamental
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Theorem 4.1.2. (FEichler-Shimura Isomorphism) Assume X\ unitary, then in
degree 1 in case A, (resp. degree 1,2 in case B) the map

3@ @\ w,T) ® H*(g, Koo, Dr @ Myv c) = H? (T\X, Myv ¢ @ C)
(4.86)

18 an isomorphism.

If we are in the third case, i.e. n =0, and if \*|pnz = 1 then Hom(y x_)(C[A], Coo(G(R))
is one dimensional and generated by ®) : 1 — A. The map

CP\ @ H*(g, Koo, C[\] ® C[XY]) = H*(T\ X, Myv c ® C) (4.87)
is an isomorphism in degree zero and zero in all other degrees.

We want to relate this to the classical formulation in case A). The group
Sl3(R) acts transitively on the upper half plane H = Sl3(R)/SO(2). For g =

¢ Z) and z € H we put j(g,2) = cz + d. To any

® € Hom k. )(DY, CZ(M\G(R),w))
we attach a function fF, ,: H — C: We write z = gi with g € Sly(R) and put
holWh
nr2(2) = @(Yni2)(9)i(g, )"+ (4.88)

An easy calculation shows that f. "o is well defined and holomorphic (slzweineu.pdf)p.25-

26) and for v = (i Z) € Sly(Z) it satisfies

Frra(72) = (cz + )" 2 f715(2) (4.89)

The condition that ®(1,42)(g) is square integrable implies that f, 42 is a holo-
morphic cusp form of weight n 4+ 2 = k. It is a special case of the theorem of

Gelfand-Graev that this provides an isomorphism | GelfGraev
Hom(g k) (D, C2(N\G(R)) = Si(T) (4.90)

where of course Si(T") is the space of holomorphic cusp forms for T".

We can do the same thing with D) then we land in the spaces of anti
holomorphic cusp forms, these two spaces are isomorphic under conjugation.
Combining this with our results above gives the classical formulation of the
Eichler-Shimura theorem:

We have a canonical isomorphism

Sp(l) @ S(T) = H!'T\X, Myv c ®C) (4.91)

The-Manin-Drinfeld principle
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4.1.6 Local Whittaker models

We recall some fundamental results from representation theory of groups Gla(Q,,).
Let F/Q be a finite extension Q. An admissible representation of Gla(Q,) is an
action of Gla(Q,) on a F-vector space V which fulfills the following two addi-
tional requirements

a) For any open subgroup K, C Glz(Z,) the space of fixed vectors VEr is
finite dimensional.

b) For any v € V we find an open subgroup K,, C Gly(Z,) such that v € VX».

We say that V is a Gl2(Q,) module, we denote the action of Glz(Qp) on V'
by (g,v) + gv. In addition we want to assume that our module has a central
character, this means that the center Z(Q,) = Q, acts by a character wy :
Z(Q,) — F*. Such a module is called irreducible if it does not contain a non
trivial invariant submodule.

Again we dispose of a Hecke algebra, given K, we consider the space of
functions

Hi, = {f: GL(Qp) = F | f(29) = wy'(2)f(g) ; f has compact support mod Z(Q,)}

this gives as an algebra by convolution and this algebra acts on VX7 by

f*rv= / f(z)zvdx
Gl12(Qp)/2(Qp)

(See also section 6.3.3.) We normalize the measure dz such that it gives volume
one to K.

We recall - and explain the meaning of - the fundamental fact that each
isomorphism class of admissible irreducible modules has a unique Whittaker

model. We assume that F C C, then we define the (additive) character
Uy Qp = C5 ¢y ¢ afpm e (4.92)

it is clear that the kernel of 1), is Z,. Since we have U(Q,) = Q, we can view
1p as a character ¢, : U(Qp) — C*. We introduce the space

Cy, (Gl2(Qp)) = {f : GL2(Qp) — Clf(ug) = ¥p(uw)f(9)}

where in addition we require that our f is invariant under a suitable open sub-
group K¢ C Gly(Zp). The group Gla(Q,) acts on this space by right translation
the action is not admissible but satisfies the above condition b) .

Now we can state the theorem about existence and uniqueness of the Whit-
taker model

Theorem 4.1.3. For any absolutely irreducible admissible Gla(Q)) -module V
we find a non trivial ( of course invariant under Gla(Q,)) homomorphism

UV = Cy, (Gl2(Qy)), (4.93)
it is unique up to multiplication by a mon zero scalar.

Proof. We refer to the literature. O
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Spherical representations, their Whittaker model and the Euler factor

An absolutely irreducible Glz(Q,) module is called spherical or unramified if for
K, = Glx(Z,) we have VE» =£ {0}. In this case it is known that (Reference)

dimp (VG2 Z))y = 1, v Gl@) — pg,. (4.94)
The Hecke algebra H, is commutative and generated by the two double cosets

T, = Gly(Z,) (g g’) Glo(Z,) and C, = Glo(Z,) (g g) . (4.95)

The space VE12(Z») is an absolutely irreducible module for # K, hence it is
of rank one, let ¢y be a generator. Our two operators act by scalars on V%,
we write

Ty (ho) = mv (Tp)o and Cp(vo) = mv (Cp)tho (4.96)

The module V is completely determined by these two eigenvalues, of course
v (Cp) = wy (Cyp).

We can formulate this a little bit differently. Let 7, an isomorphism type of
our Gl2(Q,) module V. Then our theorem above asserts that there is a unique
Gl2(Qp) -module

W(r,) C Cy(Cla(R)) (4.97)

with isomorphism-type equal to 7, xp C. We call this module the Whittaker
realization of m,. If our isomorphism type is unramified then the resulting ho-
momorphism of H, to F'is also denoted by .

We have the spherical vector hSﬁ] € W(WP)GIZ(QP) which is unique up to a
scalar. Since Glz2(Q,) = U(Q,)T(Q,)Gl2(Z,) this spherical vector is determined
by its restriction to T'(Q,). We have a formula for this restriction. First of all
we observe that

m(% ) =miem@(7y" )y (1.95)

We claim that thi} ( (p 0 (1)

Wilo 1) (o S =%y D=2 (0 T

and we can find an element v € Q) such that p~"u € Z, and ¥,(u) # 1, this

>) = 0if n < 0. To see this we look at the equalities

implies the claim. Now we exploit the eigenvalue equation Tp(hg?) = Wp(Tp)hSS)),

we write the double coset K, ( 0) K, as union of right K, cosets

p
0 1

g0 Nm=U (016 DU )6 ) s

z€Z/pL
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25 D6 D6 D=l n)
iy DG o=y b

and this implies the recursion formula | recurs

noQ n-1 ph{( P o ) if n>0
mdn(7 ) =micm(7y " ) oy -

0 ifn<O
(4.99)

Clearly

1 0

We can normalize h;‘?j( <0 1

>) = 1, then the values for n > 0 follow from the

recursion.
There is a more elegant writing this recursion. For our unramified m, we

define the local Euler factor

L(my, 5) !

1 Tp(Tp)p~* + pmp(Cp)p~28

If we expand this into a power series in p~° then

(4.100)

L(mp, ) =Y h&?((ﬁ: ?) )p"p~" (4.101)

n=0

Whittaker models for Harish-Chandra modules

We also have a theory of Whittacker models for the irreducible Harish-Chandra
modules studied in section 4.1. The unipotent radical U(R) = R resp. U(R) =
C. Again we fix characters 1o, : U(R) — C* we put

—2mix

oolz) = {e in case A) (4.102)

e~ 2mi@+2) in case B)
and as in the p-adic case we define
Cyo (GR)) = {[f : G(R) = C|f(ug) = Yoo (u) f(9)}
Then we have again | Whittinf

Theorem 4.1.4. For any infinite dimensional, absolutely irreducible admissible
Gl2(R) -module V' we find a non trivial ( of course invariant under Gla(R))
homomorphism

UV = Cy (G(R)), (4.103)

This homomorphism is unique up to a scalar. The image of V' under the homo-
morphism U will be denoted by V.
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Proof. Again we refer to the literature. O

Hence we can say that for any isomorphism class m., of irreducible infi-
nite dimensional Harish-Chandra modules we have a unique Whittaker model
W(Teo) C Cy (G(R)). In the book of Godement we find explicit formulae for
these Whittaker functions.

Actually it is easy to write down such maps W4 resp. U explicitly for our
induced modules, we start from a dominant A = ny + ¢ (resp. n(vy1 +y2) + 6.
We define

b 3G Alpl2 — Cy (G(R))
by the integral
B(f)(g) = / F(wug) oo (—u)du,
U(R)

there is no problem with convergence. We apply this to the spherical function
Yo € TGAr|p|2 (See ??) and a rather straightforward computation yields We
choose a A = ny;n > 0 and even and consider the induced module Cig/\RpD% =
®VEO(2) Cé¢x,, we have the exact sequence

0— Df @Dy — IGArps — My — 0
We have the Whittaker map
F : 3G eph — Cy(G(R))

which is defined by

Fonal(§ D)= [ ot (g 1) (5 1)

We write the Cartan decomposition

1 a2\ (t 0 0 -1 oY * T T
G D6D-C DT ) 2

0 1/\0 1 -t —=x 0 ?+2?) \ o v
and a straightforward computation gives us that we have to evaluate

oo e2‘n’iw
tzHl dx
o (CE + ti)n/2+u/2+1(x _ tz‘)n/qu/ZJrl

This can be done by the Residue theorem, we integrate from —R to R and then
from R back to —R along the circle in the upper half plane. Our function has
only one pole in the upper half plane, namely for x = ti and therefore

00 1 =z t 0 ) . eQ‘n’iz
Tix _ 45+ X
/Oo O (w (O 1) (O 1))6 der =t Resg—¢; (z + ti)n/2+u/2+1(x _ ti)n/27V/2+l

If we put z := x — ti then our integral becomes
6271'2’2

N—n/2—v/2—1,—v/2 —2mt
(29) t e Res,—o 1+ 2%)n/2+u/2+1Zn/2—u/2+1

_ P)\7u(t)672ﬂt,
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where P, ,(t) is a Laurent polynomial in C[t,¢!]. This polynomial is zero if
v > n+ 2 and this implies that F maps Dj to zero.
Therefore our map F induces an injection

IGAR0R/DY = Cy(G(R))

this is of course an intertwining operator. The module D, C ngRpi / D;\r it has
®x,—n—2 as a lowest weight vector. If we apply our above formula to F(¢x,—n—2)
then we see that the nasty factor (1 + 5)"/2+*/2+1 is equal to one in this case
and hence we have up to a non zero constant

t 0 a1 _on
-7'—((25/\,—n—2)(<0 1)) = c}\t2+1e 2mt

In the case A) the we the two discrete irreducible series representations
DI, D, attached to a dominant weight \. We have their Whittaker model
U, : DY < Cy (GL2(R)). (4.104)

The group (Glz(R) has the two connected components Gla(R)*, Glo(R) ~,( det >
0, det < 0) and we have

¥ (DY) = Dy is supported on Glo(R)™, Dy is supported on Gly (Rz; 05)

Under the isomorphism ¥ the elements Y (ny2) (See (4.24) ) are mapped to
functions &i(nJrg). We can normalize U, such that

tﬂ+1 —27t if ¢
¢Tn+z((3 (1))):{ S =0 (4.106)

0 else

and ¢T_, _, is given by the corresponding formula.

Global Whittaker models, Fourier expansions and multiplicity one

We also have global Whittaker models. To define them we recall some results
from Tate’s thesis ([61]). We introduce the ring of adeles A = Ag, we write it
as a product A = Q X Ay = R x Ay. The ring of finite adeles contains the

compact subring 7= Hp Z, of integral adeles.
We define a global character ¢ : U(A)/U(Q) = A/Q — C* as the product

(Toor -3 Ty ) = Voo (o0) [ [ () (4.107)

where the local components ), are as above, we have to check that v is trivial on
U(Q). (See [61], "note the minus sign”) For any a € Q we define ¢[*(z) = (az),
so ¢ = ¢ In ([61]) it is shown that the map

Q — Hom(A/Q,C*); a s 1l (4.108)
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is an isomorphism between Q and the character group of A/Q. Hence we know
that for any reasonable function i : A/Q — C we have a Fourier expansion

[Fouex]
h(w) =Y _ h(a)p(au) (4.109)

acQ

where h(a) = fA/Q h(w)Y(—au)du, and where volg,(A/Q) = 1. Then we put

Cy(Gla(R)xGla(Af)/Ky)) = {f : Gla(R)xGla(Af) /Ky — C|f(ug) = ¢(u)f(g)}
this is a module for Glo(R) x @' H,,

Let us start from the Harish-Chandra module 7, = Dj\' and a homomor-
phism 7y = ®'m, : @ H, — F from the unramified Hecke algebra to F. We still
assume for simplicity that K = Gly(Z).

The results on Whittaker-models imply that we have a unique Whittaker-
model

W(r) = W(rao) ® ChY) C Cy(Gla(R) x Gla(Ay)/Ky) (4.110)
for our isomorphism class m = 7, x m¢. Here of course hSS) = ®h$r(;).

We return to Theorem 4.1.2. On the space c? (T\G(R),w®)) we have the
action of the unramified Hecke algebra. To see this action we start from the
observation that the map Gla(Q) — Glz(Ay)/Ky (Chap. IIT, 1.5) is surjective
and hence

Gla(Z)\Gl2(R) — Gly(Q)\Gla(R) x Gla(Ay) /Ky (4.111)
and hence
CP(Gly(2)\Gly(R)) = C? (Cly(Q)\Gla(R) x Cly(Af)/Ky) (4.112)

and the space on the right is a Gly(R) x @' H,, module. Now we consider the
T = Moo X Ty isotypical submodule Cég)(Glg(@)\Glg(R) x Gla(Ay)/Ky)(m) C
C?(G1(Q)\Gla(R) x Gly(Af)/Ky).

We have the famous Theorem which in the case I' = Sly(Z) is due to Hecke

Theorem 4.1.5. If CZ)(Gly(Q)\Gla(R) x Gla(Af)/Kf)(m) # 0 then have a
canonical isomorphism

Fi: W(m) =5 €2 (Gla(Q)\Gla(R) x Gla(Af)/Kf)(m) (4.113)
especially we know that m occurs with multiplicity one.

Proof. We give the inverse of F;. Given a function
h € C2(Gla(Q)\Gla(R) x Gla(Ay)/Ky)(m)

we define

B ((90rg,)) = / h(ug)P(@)du (4.114)
/ UQ\U(4)
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it is clear that h'(geo, g f) € W(r). It follows from the theory of automorphic

forms that A is actually in the space of cusp forms, this means that the con-
stant Fourier coefficient fU(Q)\U ) h(ug)du = 0 and hence our Fourier expansion

yields ((4.109), evaluated at u = 0)

= w1 (W) du .
") agx /U<A>/U<@> Mgy (w)d (4.115)

The measure du is invariant under multiplication by a € Q* and hence a indi-
vidual term in the summation is

/U(A)/U(Q)h(((l) zll)gW((lJ alu))d“:/U(A)/U(Q)h(<(1) a11u>g)¢(((1) ?))du
(4.116)
o= DG HE Y

Since h is invariant under the action of G(Q) from the left we find

Now

wa ol (wWdu = (¢ Y g (@0 .
/U(A)/U(@h(JW () h(<0 1>)g°°)hf(f) (0 1) (90, 9,)) (4.117)

We evaluate at g = (goo, €) then

(s D) =n(% Do () ans

For a fixed g, the function g, = hT(gomgf) is up to a factor equal to
hSS? = ®; h$,0p) and hence we find

w5 1) e =nt((5 amen@(y 1) ang)

The recursion formulae ( 4.99),(4.134) imply that h&of)( <aof ?)) = 0 unless

a € 7.
We restrict our functions to Glj (R), i.e. we take goo € Glp(R)* and we
remember that our representationm,, is D:\*'. Then we know that for h., € Dj\'

the value h'( (ago (1)> Joos€) = 0 if as < 0 and hence

+ a O _ 1t Qoo 0 Qf 0 — ]
h(<0 1>(goo,e))—h(<0 1>gooa<0 1 ) =0 unless a > 0,a € Z,
and our Fourier expansion (4.109) becomes

h<g>§m<(g D) (1) (1120)
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We notice that there is never any problem with convergence. The Whit-
taker functions hl_ always decay very rapidly at infinity. We write goo =

1 uw\ [/t O . .
(0 1) (0 1) k with k € K, then it is easy to see

it 0 —2mt
|hoo((0 1) Joo| < P(t)e

where P(t) is a polynomial in ¢. This implies that the series is really very rapidly
converging (See remark below).

Now we choose for the component at infinity the function hl = ’l/;n+2 and
we compute the corresponding holomorphic cusp form A® under the Eichler-
Shimura isomorphism. We have the formula (4.88)

P Sy e T (e B B R e e
0 y 2 0 y 2 0 y =2

and hence our Fourier expansion (4.120) becomes
Dy _g_loo ~ ay ax o fa O
K (z) =y 2 Zl¢n+2((0 1))%((0 1)) (4.121)
We have the formula (4.106) for ¢4 and then this becomes
— = a 0 Tiza
h®(z) = Z:laz +1h§9f>(<0 1))62 (4.122)

This is now the classical Fourier expansion of a holomorphic cusp eigenform of
weight k£ = n + 2, ([28]). The numbers ¢(ny,a) = a3+1h$9f)(<8 ?
Fourier coefficients and they also the eigenvalues of the operator T, -defined in
by Hecke in [28]- on h?. If we apply the the Eichler-Shimura isomorphism and
interpret h® as a cohomology class then it is an eigenclass in H{'(I'\H, M,, ® C)
and for any prime p the number ¢(|pif,p) is the eigenvalue of the operator T),
defined in 3.1.2.

We briefly come back to the question of convergence. Hecke proves in [28]

that

)) are the

le(mp,a)] < Ca™tite (4.123)

and with this estimate the convergence becomes obvious.
Actually there is a much better estimate, which will be discussed in the

”probably removed” section.

4.1.7 The L-functions

We still assume that K ; = Gly(Z) or what amounts to the same that T' = Sla(Z).
We start from an eigenspace H}' (I'\H, M ® F)(7s), now 7 is simply a homo-
morphism 7y : Hg, — Op. To this homomorphism we attach the cohomological
L-function
1
LCOh(T( ,S) _
= i

(4.124)
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here T}, is the Hecke operator defined in 3.1.2, it differs from the Hecke operator
defined by convolution by a factor p? in front. If we expand this product over
all primes we get

LM (rp,s) =Y & Wf’ (4.125)

a=1

and this is exactly the L-function Hecke attaches to the cusp form provided by
m¢. But we want to stress that this cohomological L-function is defined in purely
combinatorial terms (See section 3.3, and Chapter 7).

At this moment this L function is a formal expression, it is a formal Dirichlet
series with coefficients in our field F', which is simply a finite extension of Q. If
we assume that F' C C. then we may interpret s as a complex variable and the
above estimate of the size of the coefficients implies that this series converges
absolutely and locally uniformly for R(s) > n+2 and hence gives a holomorphic
function in this halfspace. But something much better is true. We define the
completed L function

ACOh(ﬂ'f, 8) _ (]j‘2(7.(i9))3LCOh(7Tf’ 5)7 (4126)

for this completed L-function Hecke proved

Theorem 4.1.6. The function A°°"(7s,s) has holomorphic continuation into
the entire complex plane and satisfies the functional equation

A (7, s) = (—1) 2 TEA (1 n + 2 — 5)

Proof. We could refer to Hecke, but for some reason we give an outline of the
argument. We have the integral representation (Mellin-transform)

d o d
Ahap) = [ ch,a)e—?myysﬁz | i
=1

Y

of course here we have to be courageous ( or stupid ) enough to exchange
integration and summation. But since e~2"% goes rapidly to zero if y — oo
there is no problem with the upper integration limit co. If $(s) >> 0 the y*
also tends to zero fast enough, so that we do not have a problem with the lower
integration limit. But now we can split the integration into two parts

I S5 el eyt

fo ° ﬂf’ ) 727rayysd?y+floo ZZO C(ﬂf,a)efwrayysdyiy

the second integration is converging for all values of s. To handle the first integral
we observe that h®(—1) = 2"*2h®(z), Hence we can substitute y — % in the

first integral and get
AN (74, 8) =
o0

CclTf,a _1)5+1 e a
Z(ﬁ (JS, )I‘(s,27ra)+ (;ﬂ)ly)bﬁ_s a&_{g_zf(n+2—s,2wa)).

(4.127)

a
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Here I'(, ) is the incomplete I function, which defined by I'(s, 4) = [;° e*yys%y,
it has the virtue that for any given value of s it decays rapidly if A goes to infinity.

Therefore it is clear that the summations in the above formula are converging
very fast, hence it follows that A} (7, s) is holomorphic in the entire s plane
and the functional equation also becomes obvious. O

We included the proof of the above theorem, because the above formula also
gives us a very effective procedure to compute the numerical value of A" (7 #,50)
with high accuracy. We will come back to this issue in section 5.6.

4.1.8 The Periods
Together with the map F; comes the map

F=ldeoFAeld: Homf(oo(A(g/%),W(ﬂ') ® My) =
Homp_ (A(g/8), G12(Q)\Coo (Gla(R) x Gl2(Ay)/Kf) @ M)

The purpose of the following computations is to fix a specific choice of basis
elements wl € Hompg (A'(g/t), DraT@M,) (in case A) wb € Hompg (A12(g/e), D;@
M) (in case B)) These ”canonical” generators serve us to define the periods.

In case A) we have

g/E;QG) _01>@@((1) é) =QHaQV =p (4.128)

Ifweptt P=H+V®i,P=H-V®icg/toQ)
Notation abklaeren V = E, auf S. 123 ?) then

g/t®Q(i) = Q(i)P ® Q(i)P and e(p)Pe(—¢) = e*?P;e(¢p)Pe(—¢) = e **P
(4.129)

Let PV, PV € Hom(g/t, Q(i)) be the dual basis. Then we check easily that

PY(H) = PY(H) = % and PY(V) = _%,ﬁvm _ % (4.130)

The module M, ®Q(i) decomposes under the action of K into eigenspaces
under K,

My 2Q>) =@PQUE)(X +Y ®i)" (X - Y ®i) (4.131)

where
(X +Y )" (X -Y@i)") =™ (X 1Y @i)" V(X - Y @i)".
Then we define the basis elements

W =P @Y @(X-Y@i)"; 0 =PV®1Y_, 2@ (X +Y ®i)" (4.132)
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We still have our involution ¢ € K7 ( See (4.22)) and clearly we have cw! = i"@t
( Remember n =0 mod 2. )

Now we put

1 1
o = Lt e ol = Lt - ) (4133)

then these elements
1 -
wh = S £i"eh) € Homp (A (a/8). Dr ® My)s

and they are generators of these one dimensional spaces. The choice of these
generators seems to be somewhat arbitrary, in [25] we give some motivation for
this choice.

There is an alternative way to select wl. If we evaluate wl on the element

H € g/t =p then

1
WL(H) = (W0 (X —Y @) +i"@!, & (X +Y ®i)") € Dy & My

These are functions on Glz(R) with values in M. We pair these functions
with an M ® C valued function, more precisely we consider the function g —<

W (Ad(9)H)(9), pr(9)X"Y" > .
We restrict these scalar valued functions to the real points of the split torus

<akn((g Dm((y o=

= i(wjﬁ?((é (1)>) ®(X Yo" ii”win_z((é ?)) 2 (X +Y @i)"), XVYn—v > =5+

Now let € be a variable which can take the values +, —, then el = +1, —1. Our
formula (4.8) gives us < (X — €Y ®4)", X*Y" ¥ >= (—ei)" ¥ and combing this

with the explicit formula (?? ) for the values of zp:(n+2)( (8 ?)) we get

t 0 t 0 _ (i) vtz tle 2mty—3HY for t >0
T vy n—v _

<w(H ; XPYynTY >= n " .
wl( )((O 1)) PA((O 1)) {ei””(—t)2+162”t(—t)2+y fort <0

(Here we use that n is even, but with suitable minor modifications we can also
treat the case n odd.) Then a straight forward computation yields

t 0 t 0 dt 1 [HEEEE i (—1)F = sg(e)
t vy n—v - ) @mnrt
<w!(H , XY > — =
/T"“‘(R) ol )(<0 1>) pl\(<0 1>) t 2 {0 else

(4.134)

For each choice of the sign e = £1 one of these equation determines the generator
w:rt. This formula will be of importance when we discuss the special values of
L-functions.
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In case B) we do basically the same, in some sense it is even simpler because
K is maximal compact in this case, i.e. Ko = K . But on the other hand
we need some very explicit information about the theory of irreducible repre-
sentations of K, and also about the decomposition of tensor products of these
representations. We will also use some explicit formulas for Bessel functions.

The quotient g/ t is a three-dimensional vector space over Q the group K,
acts by the adjoint representation and this gives us the standard three dimen-
sional representation of K., = U(2), which in addition is trivial on the center.
(See 4.1.2). This module is given by the highest weight 2v.. We must have
A=n(y+7) + .., if we want (X, w,T') # 0, and then the formulae 4.50 and
4.51 imply that for e = 1,2

dime Hompg_ (A®(g/t), Dy @ Myv) =1 (4.135)

Now we recall that we have defined a structure of a R = Z[%] module on all the
modules on the stage, hence we see that

Hompg_ (A®(g/t), Dy ® Myv) = Hompg_ (A*(g/€)r, Dap ® Myv ) @ C,
(4.136)

here we are a little bit sloppy: The first subscript K, is the compact group and
the second subscript is a smooth groups scheme over R. For both choices of e
the second term in the above equation is a free R module of rank 1. We choose
generators ~ _

wT"' S Home (A.(Q/E)R, D)\R QR M v R)'

These generators w!!, w!? are well defined up to an element in R*.

Of course we may also fix these generators by prescribing values of certain
Mellin transforms. To do this we need a little bit of representation theory. Of
course we may replace Ko, by SU(2) because the action of the center on the
different modules cancels out. The modules g/t ® C, D, and M,v ® C extend
naturally to Sla(C) modules and hence we have to find an explicit generator in

Homgj, () (9/¢ @ C, Dy ® My @ Mos).

We have an explicit basis for g/¢ ® C (See (4.16), our module Mv = Ml;w ®

b
Mn'y -
Our module Dy C J%Agp2, and this last module decomposes into SU(2)
-types (See( 4.28). These SU(2) modules canonically extend to Sly(C)-modules,

we have

®e C is given explicitly to us.

G0z = P Mavy = P IGAri(2v)
v=0 v=0

and
G ARAR(2(n + 1)) = Dy(2(n + 1))

Now it is clear that our problem is to select a specific generator in
Homg, (c) (9/t @ C, DA(2(n + 1)) @ M, @ M}, @ C).

The modules g/t ® (C,./\/IEW,./\/IEﬁ come with an explicit basis (See 777?), if we

want to write down a specific w"* we have to write down a basis of Dy (2(n+1)).
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To get such a basis we start from a basis element @) € SEARpH%(O). We
recall the definition of J§Agp2 as an induced representation, the space of K,
invariant vectors is spanned by the spherical function

o) =w((y 1) (5 D)=k

a

We map the induced representation to its Whittaker model by
I x4y 2miz
F:U={g— [ ¥(w 0 1 g)e“ T dxdy} (4.137)

our basis element will be & = F(T)). A straightforward computation yields

w(g V) =Fo(f D)= [ ey

(oo}

The educated reader knows that this function in the variable ¢ is well known,
we have

7.(.71—‘,-2
‘I’A((é ?)) = ﬁﬁ(n-&-l(sz)

where K, (27t) is the modified Bessel function. Of course @) is a function on
G(R) = Glp(C), it is right invariant under K, and of course

il ) ey )

hence it is defined by its restriction to 7%(R)~.

Starting from this function we construct the desired basis of Dy (2(n + 1)).
The Lie-algebra g acts on JEAgp2, we restrict this action to p and it is clear
that under this action

p© IGARPR(20) = TEARPR (20 + 2) ® TEARPR (20) ® TGARPR (20 — 2)
and if we extend this action to the tensor algebra we get a map

n+1
PE @ 3GAR02(0) = ED IZARPE(20).

v=0

The group K acts on p®”*! by the adjoint action and the above map is of
course a K, homomorphism. On the right hand side we can project to the
highest Koo type JGArp2(2n + 2) = Dr(2(n + 1)), i.e. we get a surjective
homomorphism

osr : p®" 1 @ IGARpR(0) = Da(2(n + 1)).

We have the standard surjective homomorphism p®"*t! — Sym"™**(p), let us
denote its kernel by I,,41. For any f € Jg)\ﬂgpﬁ and X1, X5 € p we have

(X1 X — XoXh)f = [ X1, Xof.
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Since the Lie bracket [X7, X3] € ¢ it follows easily that II,; vanishes on the
kernel I,, 1. Hence our homomorphism II, 7 factors over the quotient, i.e.

IL,.1 : Sym™(p) — Da(2(n + 1)).

We change our notation for the basis of p ® C (see 4.16) and put

(((1) é)"'@(i‘ é>);X°:¢15(<(1) —01>) (4.138)

xa=i(y o) i (G o)

We have the following proposition

X =

N[ =

Proposition 4.1.7. The 2n + 3 elements
(X Xo X7, XM XX g, XY

form a basis of a K invariant subspace of Sym”+1(p) ® C. This subspace is
irreducible, it is isomorphic to Mgy yo. These basis elements are the weight
eigenvectors for the action of T,.

Proof. The representation of the algebraic group K., on p extends to a repre-
sentation of the algebraic group Slo/C on p ® C. As such it is isomorphic to
the symmetric square Sym?(C?) of the tautological representation, i.e. to the
module My of polynomials aU? +bUV + cV?2. We get an isomorphism My —
p ® C by sending U? — X1,UV — X, V? — X;.. Now Sym*"™?(M,) C
Sym™ ! (Sym?(C?)) = Sym™ ™' (p ® C) is an invariant submodule. Tt has the
basis U?"t2=¥V* and clearly

Uty = Xptvxy if v <n+ 1 and X5 XG
and this implies the assertion. O

This implies that the elements

(Tt (X700, 1 (X0 X @), - Tt (X X1 P, T 1 (XG0, T g1 (X X1 @), -

(4.139)

form a basis of Dy (2(n + 1)).

We change our notation slightly. For m < 0 we put X7* := X~7" and for
0<v<2n+2wepuw [v]=vifv<n+land [v|]=2n+2—-vifv>n+1.
Then our above basis can be written as

(o M (XX 8)) Yo, o tas (4.140)
these are the weight vectors of weight 2(n+ 1 — v)y. We introduce the notation
By, =y (XP X770

These functions @, , are Whittaker functions they satisfy

1 xr +'L Tix
(I)/\7u(<0 1 i‘/) g) = e Dy u(9)

M (X700}



146CHAPTER 4. REPRESENTATION THEORY, EICHLER-SHIMURA ISOMORPHISM

But of course they are not K., invariant, we have

eid) 0 n+2—2v)i
N A ()

and more generally @5, (gk) = 3_ , v, (k)@ .(g) where the a, (k) are the
matrix coefficients of Ma, 2. (above proposition).

We express the restriction of these functions @, , to the torus T*4(R)~g in
terms of Bessel functions. It is quite clear that for any Whittaker function & of
K type < k we have

t

Hk+1(X1<I>)(((t) (f)):q)((O ;))eXp(E)il))@((é ?))

We write X; = %((0 2) + (0 22) + <(1) 01> + (? OZ)) the last two

0 0 0 0
matrices are in £ so they preserve the K., type and

o((5 V) esie(y o)+ (5 o) -
wee(y o)+ (o oD (6 D=2y T ) -

e?ﬂ'ﬁf@((é ? ):cb((é (1)))(1+it6))

and hence

This gives us

EOOY,  vmirg gt O},  22HpEnd
@A,O((O 1))—(X1 <I>,\)(<0 1>)_F(n+2) " K, (2mt)  (4.141)

Since this function is of weight 2n 4+ 2 we can forget the projection 11, 1.

Bessel formulas:

G En(0) = —5 (K1 () + Ko (1)

Ko 1(6)+ QTnKn(t) (4.142)

=
+
=
=
Il

We also will need the Mellin transforms of these Bessel functions. Here we quote
[1] .p.331,334

I Ky (2mt)ts 4k = 257 2(2m) T (554 )D(55%)

J§° Fu(2mt) I (2mt)to & = 2079(2m) ST (3422 L (342 (24422 P (25582
(4.143)
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This gives us
t AtV K1 (2mt) = vtV Ky (2mt) — mt? T (K 42(27t) 4+ K, (2t)) =

vtV Ky (20t) — otV L (K, (20t) + CEU K, L (2nt)) = (4.144)

it

(v—n—Dt'K,1(2nt) — mt* TLK, (2t)

We have <I>,\7V(<é (1)>) = Hn+1(X([)”]X{L+1_”<I>>\((é (1)) )). The application
of X" gives us
(Zﬂ.)nJrZJr\nJrlfu\

Hrlntl=vige | (9xt).
T(n+2) nt1(27)

To this we apply X([)V]. The operator Xy is t% then the formula above implies

t 0

Hn+1(X([)U]XfHV‘I’/\((() 1

))) =Ty (- + M2 K, L (27t)  (4.145)

where the dots are a sum of terms at’7" K, (27t) where the m > |n+ 1 — v|.

For consistency reasons the --- map to zero under II, 1, this implies that
t 0 22n+3ﬂ.2n+3 a2 t 0
<I>/\,u((0 1)) = Wt Knp1-0( 01 ) (4.146)

Decompositions of tensor products

If Ay = n17v, A2 = noy are two highest weights and if we consider the highest
weight modules My, @, M, 0 then it is a classical theorem that

Moo ®@ Mys.0 = My tna)r.e @ Mnitn, 27,0 @ - & My —na)vg - -
where we assume ni > no. Our next aim is to give an explicit homomorphism

@ M°

nay

: . b b
Ining ¢ M(n1+n2)'y — M

niy

(4.147)

in other words we want to write explicit tensors for the images of ez,u =
ny + no,ny +ng — 2,...,—ny — na. Of course we send the the highest weight
vector €}, L, ' ei’h ® " 622, this vector is the highest weight vector in the
direct summand M?nﬁm)%Q C My 4n2)7,0 @+ ® My —ny)y.0- In terms of
the explicit realization of these modules we can say

Xmitne X g 1 xne (4.148)

. (1 . . .
Now we apply the matrix ( ¢ (1)> to it, here we may think of ¢ as an in deter-

minant. Then we see

(X + 1Y) o (X ¢ 'Y)" @ (VX +¢"Y)" (4.149)
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We expand on both sides and find

Zn1+n2 (n1+nz)tan1+n27uYM —
pn=0 o

ZZ;B?M tu(z,ul,,uQ:y1+,ug:u (Zi)/anfm/Y/h ® (Zz)//anfﬂz ® //anfuzl/ylw)
(4.150)

We remember the definition of the basis elements ez, the formula above gives
us

. b ) b n b
s i€ Y e, @, (4.151)
Hitpe=p

We apply this to the SU(2) -module
(Q/E)J\F/ ® Mn'y ®F Mn"yv

this module contains a unique copy of M3, ,. We write

g/t = F e, ® F'ef & F°¢’ 5, My, p =P Fe),, My, r =EPFe, (4.152)
K I

where of course p runs from n to —n and g = n mod 2. Then our copy of
Mo, 4o comes with the basis

b _ Z 0 b b
€ = €0 ® € ® €l
po+p1t+pe=p

We have the invariant pairing (4.8) and this tells us that we can choose as our
generator

2n—+2

. b b
whe=3 @y ®( > O, @€ @E,) (4.153)
=0 potpitpe=n+l—p

This generator is only determined up to a scalar, it is fixed once we choose
a generator ®y ,,41.
The ”canonical” choice of the generator

Again we can fix the generator by requiring that certain Mellin transforms have
a prescribed value at certain prescribed arguments.

We do essentially the same as in the case A). We can interpret w’! as a
differential 1- form on G(R) with values in M3 ®C. We can restrict this 1-form to

the torus 724(R) o = {(é ?) |t > 0}. We have the "cycles” e, ®e,, € MY).
We evaluate w’!(X() on these "cycles” and get
. t 0 t 0
< wT» (Xo)v € ® ) > ((O 1)) = (b)\,nltllm((o 1) )tltl-i-uz =
(4.154)

Cntn+2+u1+uan7#r#2 (27t)
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We observe that the first factor in front does not depend on g1, ps So we

modify our generator and for v = —n — 1, —n,...,n+ 1 we now put | Phi
By u(t) = —2 2 ) (4.155)
AT T+ 1) e '

and with this choice of @, , the w’! (8.197) is our canonical generator.
Hence we may just choose p1 = p2 = 0 to nail down w*, it is not clear to
me whether or not it is a "miracle” that the above relation holds for all values

of p1, pa.

The definition of the periods

The inner cohomology with rational coefficients is a semi-simple module under
the action of the Hecke algebra (See Theorem 3.2.1). We find a finite Galois-
extension F/Q such that

HP(D\H, My ® F) = @ Hf (\H, My ® F)(rf) (4.156)

We assume that I' = Gly(Z), hence the 7y are homomorphisms 7y : H — Op.
(See 777) In the case A) such an isotypical piece is a direct sum

HP (T\H, My ® F)(rs) = H} (D\H, M ® F)(ry)+ ® H ([\H, M) ® F)((ﬂ'f)—)
4.157

where both summands are of dimension one over F.
In case B) we get

HP (D\H, My ® F)(rs) = H'(T\H, My ® F)(xf) ® H}(T\H, M) ® F)((wf) |
4.158

and again the summands are one dimensional.

We have defined the module of integral classes H' o C\H, M5 @ R) C
HYT\H, M @ F) (See2.41) and we consider the intersection

HY 1 (D\H, M3 ® Op) (m5)e = HP (T\H, My ® F)(mf)e N H} 1 (C\H, M3 @ Op)

is a locally free Op -module of rank 1, here e = +,0 = 1( resp. e = 1,8 € {1,2})
We assume for simplicity that it is actually free, otherwise the formulation of
the following becomes slightly more complicated. (See below). On the set of 7
which occur in this decomposition we have an action of the Galois group (See
(Theorem 3.2.1)) and the Galois action yields canonical isomorphisms

Bor i HY g (T\H, M3, ® Op) (T p)e = HY 1 (T\H, M3, @ Op) (")
(4.159)

We choose generators 7e? (my) and a simple argument using Hilbert theorem 90
shows that we can assume the consistency condition

Oor(ec(Tmy)) = el (Tmy) (4.160)
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We get isomorphisms

Fr(wh) :W(n) @p C =5 HH(T\H, Myv)(°7s) ®p, C (4.161)
which is defined by
]-"f(wz) thog, [fl(wi ® hor, )], (4.162)

here F; (wi ® hor,) the (closed) My @ C valued differential form corresponding
to Fi(w! ® hor,) under the identification 8.3 and [ ] is its class in cohomology.
Since we assume that 7 is unramified everywhere W(ns) we have the canon-

ical basis element hgco) = Hp hf(f;)p where hg% is defined by the equality 4.134.

Then we have obviously a(hgr(;)) = thQp.
Then we define the periods by the relation

Fiwh(nhD) = 0 (7mp )t (Omy) (4.163)

These periods depend of course on our choice of the ”canonical” generator w].
We see that the numbers Q°(77y, €) are well defined up to an element in Of.

If H? it D\H, M5, @ Op)(7f). is not a free O module, then we can find a
covering by two open subsets Uy, Uz of Spec(Op) such that H? ;, (I'\H, M @
®O0p(U;))(ms)e is free. We can apply the above procedure and we get periods
Q(my,€),Qa(my, €), they are well defined up to an element in O (U1)*, Op(Usz)*
respectively. The ratio of these periods is an element in Op(U; N Us)*. In the
following we always pretend that the respective modules are free, just to simplify
the formulation.

Some little subtleties

)

We should notice that these periods are defined with respect to the ”small”

sheaves /\;lf\ We have M& C M, and therefore the map
H 13 (D\HL, M3, @ Op) (mp)e = HY 1o (T\H, My © Op) (). (4.164)

may not be surjective. (The reader should not be puzzled by the fact that
Mg\ ® F = My ® F.) Therefore, if we would work with M instead and define
the periods Q"#("wf, €) by the same procedure. Then we will get a relation

Q# (7 €) = d(my, €)Q° Ty, €)

where d(7 ,€) is a non zero factor in Op. The primes in these factors are the
divisors of the binomial coefficients.

But we could also with the module H'(F\H,/\;lg\ ® OF) int,1(7¢)e and de-
fine the periods with respect to this module. Again these periods will integral
multiples of the periods Q° (7, €).

In the following Chapter V we will discuss the rationality results (Manin
and Shimura) which relate these periods to special values of the L— function
(see section 5.6). But we also want to discuss this method not only for cuspidal
classes but also for the Eisenstein cohomology classes, therefore we close this
Chapter with a brief account of these Eisenstein classes.
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4.1.9 The Eisenstein cohomology class

In section 3.3.4 we claimed the existence of the specific cohomology class FEis,, €
HY(T\H, M,,). In this section we give s construction of this class on transcen-
dental level, i.e. we construct a cohomology class Eis(w,) € H'(I'\H, M,, ® C)
whose restriction to the boundary H(8(I'\H), M,, ® C) is a given class w,. For
the general theory of Eisenstein cohomology we refer to Chapter 9.

We start from our highest weight module M) and we observe that by defi-
nition we have an inclusion

io : IGAE = Coo TL\GT(R))
where
Iy = {(i; Z) im € Z 5t = %1}
Therefore we get an isomorphism
H' (g, Koo, IGA @ My @ C) =5 HY(TL\My ® C) = H' (O(T\H), M) @ C)

The inclusion iy sends the module ’Jg)\ﬁg” into a space of functions which are
'Y invariant under left translations. Therefore we get a homomorphism

Eis : 3G\ — Coo (T\SL2(R))
if we make it invariant by summation, i.e. for f € IGAR° we define

Eis(f)(@) = Y f(yz) (4.165)

rL\Sk(2)

Of course we have to discuss the convergence of this infinite series. We could
quote H. Jacquet: ”Let us speak about convergence later”, but here is a short
interlude discussing this issue.

Interlude: Here is the point: We twist our module, for any complex number
z € C we consider the induced module

IEAE|PI* C Coo(TLN\SL(R))
and again we write down the Eisenstein series. Now it an elementary exercise

to show that the map
a b
(c d) — (¢, d)

provides a bijection

IE\SL(Z) = {(¢,d) € Z x Z | (c,d) coprime }/{£1} = P(Q).

An element z € Sly(R) can be written as z = ((t) tfﬁ

> k with k € K. Then
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for f € IGAE°|p|?

flyz,z) =
a b t  wu
f((c d) (0 t_1> k?'z) =
242 v —1\2y—1/2 «
f(<( s —Bdt ") (02t2+(cv+dt_1)2)1/2>)f(k(yg)k’z) =

(®t? + (cv+dt=1)?) 722 f(k(v9)k).

Since | f(k(v)k)| is bounded the series

Eis(f, z)(z) = Z f(yz, 2)

& \Sly(z)

is converging if $(z) >> 0 and then it is also holomorphic in z. Selberg and
others showed that it can be extended to a meromorphic function in the entire
complex plane, it is now a special case of a theorem of Langlands [42]. If now
the function x — Eis(f, z)(z) is holomorphic at z = 0 then we do not care
about convergence and we simply define

Eis(f)(x) = > f(yx) = Eis(f,0)(x).
r{\slz(2)

In our special case it is easy to see that the series is convergent at z = provided
we have n > 0 and this is the only case where we will apply this construction.
End interlude

This provides a homomorphism
Eis® : H'(g, Koo, I\ @ My ® C)) — HY(T'\H, M) ® C) (4.166)

In ??? we wrote down a distinguished generator w, € H'(g, Koo, jg)\ﬁgo ®
M) ® C) and we define
Eis, = Eis(wy)

Proposition 4.1.8. The restriction of Fis, to H*(O(I'\H); My @ C) is the
class [Y"]



Chapter 5

Application to Number
Theory

5.1 Modular symbols, L— values and denomina-
tors of Eisenstein classes.

In this chapter we want to restrict to the case I' = Sly(Z) or I' = Sl (O) where O
is the ring of integers of an imaginary quadratic extension. We refer to section
4.1.1 then this means that ' = G(Z). Our coefficient systems will be obtained
from the modules M. We assume that we have d = 0 and hence n = 0 mod 2
in case A), and d; = dy = 0, n; = n; in case B). This has the effect that
AV =

We want to study the pairing

HYD\X, M%) x H\(D\X,d(T'\X),M,) — Z, (5.1)

5.1.1 Modular symbols attached to a torus in Gls.

In a first step we construct ( relative) cycles in C1 (I'\ X, M, ), C1(I'\ X, 9(T'\ X), M, ).
Our starting point is a maximal torus T/Q C G/Q and we assume that it is
split over a real quadratic extension F'/Q. Then the group of real points

T(R) = R* x R*

act on H and H and it has two fixed points r,s € PY(F). There is a unique
geodesic (half) circle ¢ s C H joining these two points. Then T'(R) acts tran-
sitively on C,. s = C. 5 \ {r, s}. We have two cases:

a) The torus 7'/Q is split. Then the two points r, s € P1(Q). Here for instance
we can take r = 0,5 = oo, then the geodesic circle is the line {iy,y > 0} and
the torus is the standard diagonal split torus.

b) Here {r, s} € P}(F)\P!(Q), then r, s are Galois-conjugates of each other.
Our torus T'/Q is given by a suitable embedding

153
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In case a) we can choose any reasonable homeomorphism [0, 1] — [0, co] -
for instance x — x/(1 — x)— and then we get a one chain

0:[0,1] = Cps = RsoU{0} U {0}, 0(0) =7,0(1) = s € O(H),

and for any m € M we can consider the image of ¢ ®@ m € Cy(H) ® M in
Cy(T\H, 9(T\H), M). By definition this is a cycle and hence we get a homology
class

[cr,s & m] € Hl (F\Hv 8(F\H)aM)\)a (52)

it is easy to see that it does not depend on the choice of o.

In case b) we have T(Q) — F*. Then the group T(Q)NT is a subgroup of
finite index in the group of units Of = {ep} x {£1}, where € is a fundamental
unit. Hence

Iy =T(QNT = {er} x pr (5.3)

where ep is an element of infinite order and py is trivial or {£1}. This element
er induces a translation on C, 5. The quotient C, s/I'r is a circle. If we pick
any point x € C, s then [x,erz] C C,, is an interval and as above we can
find a o : [0,1] — [z,erx],0(0) = z,0(1) = erx, As before we can consider
the 1-chain ¢ ® m € Cy(H) ® M. Its boundary boundary is the zero chain
{z} @ m — {epz} @ m. If we look at the images in Cq(I'"\H, M) then

O(c@m)=0(0)® (m—erm)=1r® (m— erm) (5.4)

Hence we see that o ®@m is a 1 -cycle if and only if m = ezm and hence m € M7,
Hence we have constructed homology classes

[Cr.s ®@m] € Hy(T\H, M,) for all m € M7 = ML (5.5)

5.1.2 Evaluation of cuspidal classes on modular symbols

The following issue will also be discussed in greater generality and more sys-
tematically in chapter 8.2.1.

We start from a highest weight A = n+y for simplicity we assume n to be even
and d = 0. Then A = \V, we consider the two modules M and /\/l'j\ Then we
have the pairings

HY(T\H, M3) x H,(T\H, M,) — Z
(5.6)
HYT\H, M%) x Hy(T\H,d(T\H), M,) — Z

These two pairings are non degenerate if we invert 6 and divide by the torsion
on both sides. (See [book]).
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We have the surjective homomorphism H}(I'\H, M%) — H'((T'\H, M5 ) and
over a suitably large finite extension F//Q we have the isotypical decomposition

HY (D\H, M} ® F) = €D H (P\H, M} @ F)(r) (5.7)

where the 7 are absolutely irreducible. (See Theorem 3.2.1, of course here it
does not matter whether we work with My or M%) . We choose an embedding
t: K — C, in section 4.1.8 we constructed the isomorphism

Fi(wl) : W(rg) @p, C = HE (D\H, M3 @ F)(‘ry) (5.8)
The space W(my) is a very explicit space. Since we want to stick to the case
Ky=K ](co) it is of dimension one and is generated by the element
hb0 =T ri° € [[W(r,) where hfi°(e) = 1 (5.9)
P P

Now we want to compute the value
< Fl(w! x b)), Crs @m) > . (5.10)

This expression is not completely unproblematic. The argument C,. 5 on the left
lives in the relative homology group, hence the argument on the right should be
in H}(T'\H, M5 ® C). Of course we can lift the class F} (wi)(hjrf) to a class

—_—

Fl(wl x hk?) € HY(T\H, M}, ® C).

Then

< fll(wz X h;[r’;)), Crs@m >

makes sense, but the result may depend on the lift. We have

Proposition 5.1.1. If9(C,. s@m) gives the trivial class in Ho(d(I'\H), M»&C)

then < fll(wi)(hlr’fo),cr,s ® m > does not depend on the lift, i.e. the value
<Fi (wi)(hirfo)v Crs ®@m > is well defined.

Proof. This is rather clear, we refer to the systematic discussion in 6.3.8. O

Now we compute the value of the pairing. We realized the relative homol-
ogy class by a My valued 1-chain o ® m, the cohomology class Fi (wi)(hirfo)

—~—

is repreigl_t/ed by Fl(wl x hiﬁj?). (See 4.81,8.3). We consider the pullback

o* (FY(w! x hir;))), since F1(w] x hir’fo) is rapidly decaying if x — O or z — 1
this gives us a 1-form with values in M ® C on the closed interval [0, 1].
We claim - under the assumption [9(C,. s ® m)] = 0-that

1
< Flwh(hi?),Crs@m >= /0 < o*(FHw! x hE?),m > . (5.11)

Needs a little argument
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We consider the special case that T is the standard split diagonal torus, this
means that {r, s} = {0,00}. We use the above identification [0, 1] = [0, co] and
our 1- chain is given by the map

O':[0,00]—)H:tH(é ?)i—tiGH, (5.12)
especially 0(0) = 0 and o(c0) = i¢oo. The group T(R) acts transitively on the
open part Cp i. This action can be used to trivialize the tangent bundle The
tangent space at ¢ € H is identified to the subspace p C g (see 4.1.8) and S isa
generator of the tangent space of Cj i at one. Using the translations by T(R)
we get an invariant vector field on Cj ;. If we identify Cp ;oo = R0, an easy
calculation shows that this vector field is t% = D*.
Now an easy calculation (See 8.3) shows that

Fral oy 3 en =iy DFEhaE () 9) e

and our integral in the formula above becomes

/ooo < p*((to1 (;))fl(“’z(;[) X hjr’f)(((t) ?) se),m > %. (5.13)

Our formulas in 4.1.8 give

wi(5)= é(qﬁm BX-Y @)+ 0@ (X+Y )" (5.14)

this is an element in D ® M. We apply F* to wl(%) X hir’?) and evaluate at

((é (1)) ,ef). Applying F! means that we have to sum over a € Q* but since

hj;}?) is the Whittaker function attached to the unramified spherical function
only the terms with a € Z can be non zero. Hence get

Pk () 1) ven =

é ZZ (Pnta( (at ?))@(XY@z‘)”id?_n_z(@t (1)>)®(X+Y®i)”hir’f(a)

(5.15)

We have seen that 12;”_"_2((%{; 2)) = 0 if at <0 and 1/;”+2((_(;1t ?)) =

1/3_,1_2( <aot (1)>) and therefore our Fourier expansion becomes

éi Vnt2 ( )) QX -Y@)"+£i"(X+Y ® i)”)h;rr’fo(a) (5.16)

We have



5.1. MODULAR SYMBOLS, L— VALUES AND DENOMINATORS OF EISENSTEIN CLASSES.157

p)\((tol (1)>)((X Y@+ (X 4Y @) =

. (5.17)
Z <7’L>t72LVXuynV(in+V + Z'fl/),
174
v=0

we remember that n is even, then the last factor is equal to i =*((—1)2 ¥ £ 1).
and this is 97" times 2 or 0 or -2, depending on the choices of signs and the
parity of 3 and v. The elements e, = X"Y"™" form the dual basis to the
basis (nfy) XYYV of Mgﬂ this implies: If we choose in our expression above

m = e,_, then

-1
< p,\((to (1)>)((X -Ye)"+i"(X+Y®i)"),m>= t%’”(z‘””’ +4i7)
(5.18)
and hence we have to compute
,L'nJrl/ +4v oo B at 0 5,10 dt
T/0 2:1¢n+2(<0 L TR ()~ (5.19)
a=

t 0
0 1

integration and after some innocent substitutions we get

Y 4 /OO tn—v+l e—tﬂ i hirf (a)a%
R R o o

We remember 1,42 >) = t3Tle7?™ we exchange summation and

(5.20)

a=1

We refer to the discussion of the L -function attached to my and get

v v /OO tn—v+l 7tﬁ i hirf (a)a%
o (

__ Acoh _
8 QW)n_y-He P =Amn+1-v) (5.21)

aV
a=1

Of course some question concerning convergence has to be dis-
cussed

In the case that v # 0,n we know that 9(Cp o ® X" ¥Y") is a torsion
element in H°(J(I'\H, M) and therefore the value of the integral is also the
evaluation of the cohomology class F} (wj)(h;fr;)) on a integral homology class.
we get

< Coo @ XYY", Fl (W) (hE?) >= A (m,n+1—v) (5.22)
In section 4.1.8 we defined the periods 2f; (7¢), we then know that
1

———F (W) (h?) € HY(T\H,M & Op(U,)) (5.23)
Qp, (my) !
and hence we can conclude for v # 0,n
1
AN mn+1—-v) € Op (5.24)

Q(my)
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This argument fails for v = 0,n because J(Cp.0o ® X™) =00 Q@ (X" —Y™)
is not a torsion class in Hy(I'\H, M) (See section 3.3). We apply the Manin-
Drinfeld principle to show that the rationality statement also holds for v = 0,n
but we will get a denominator.

We pick a prime p then we know that the class [0(Cp,.c®X™)] is an eigenclass
modulo torsion for T, i.e.

T,([0(Co,0 ® X)) = (" +1)[0(Co,00 @ X™)] (5.25)

This implies that 9(T,([Co,co ® X™]) — (p" T +1)[(Co,00 ® X™])) is a torsion
class, hence we can apply proposition 5.1.1 and get that the value of the pairing
is equal to the integral against the modular symbol. If we exploit the adjointness
formula for the Hecke operator then get

< Tp([Coe ® X)) = (" + D)[(Co,00 @ X)), Fi (w] @ ALY) >

= Jo (< Cooo ® X", FH(w] @ Ty(her,)T0) > —(p" T + 1) < Cp 00 © X7, F (w]) ® ((h]2) >))

(5.26)
We have Tp(h;f;;)) = aphj;]? where a, € Op and hence we get

< Ty([Co.0 ® X™]) = (p" ! + 1)[(Co,00 @ X)), F (w! @ h1?) >
(5.27)
= (ap = (P + 1)Ab(my n 4 1)

It is again the Manin-Drinfeld principle that tells us that for almost all primes
p the number a, — (p"*1 + 1) # 0. More precisely we know that the greatest
common divisor of these numbers is the numerator

Z(n) = numerator({(—1 — n)) (5.28)
This gives us a modified rationality-integrality assertion: For v =n+1,...,0
we have
1
——AYm,v) € ——0Fp(U,) (5.29)
Qp, (mf) Z(n)

These rationality results go back to Manin and Shimura, In principle we may
say that also the integrality assertion goes back to these authors, but here we
have to take into account the fine tuning of the periods. (Deligne conjecture?)

5.1.3 Evaluation of Eisenstein classes on capped modular
symbols

We have seen that
HY(T\H, M, ® Q) = H(T\H, M,, ® Q) & QEis, (5.30)
where Eis,, is defined by the two conditions

r(Eis,) = [Y"] and T,(Eis,) = (p" ™ + 1)Eis,, (5.31)

dt
t
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for all Hecke operators T}, in our special situation it suffices to check the second
condition for p = 2. In (???) we raised the question to determine the denomi-
nator of the class Eis,, i.e. we want to determine the smallest integer A(n) > 0
such that A(n)Eis, becomes an integral class.

To achieve this goal we compute the evaluation of Eis, on the first homology
group, i.e we compute the value < ¢, Eis, > for ¢ € H;(I'\H, MY). We have the
exact sequence

Hy (8(T\H), M) L Hy(T\H, M) — Hy(D\H, d(T\H), M) > Ho(d(T\H), M)

(5.32)

It follows from the construction of Eis, that < ¢, Eis, >€ Z for all the elements
the image of j. Therefore we only have to compute the values < ¢,,Eis, >,
where ¢, are lifts of a system of generators {c,} of ker(¢).

In our special case the elements Cp o ® e, where v =0,1...,n form a set
of generators of Hy (I'\H, d(I'\H), MY). (Diploma thesis Gebertz). We observe:

The boundary of the element Cp o ® €,/ (= £Cp o ® €3) is an element of
infinite order in H°(9(T'\H), M),

The boundary of an elements Cp o, ® ¢ with 0 < v < n are torsion elements
in H°(9('\H), M,/), This implies

Proposition 5.1.2. The elements Co oo @ m € Hy(T\H,d(I\H), M) with
0(Co,00 ®m) =0 are of the form

c=Cpoo ®( aye)’); with a, € 7

v=n—1

—

v

Now it seems to be tempting to choose for our our generators above the
Co,00 ® €,, but this is not possible because for 6(Cp o ® €,/) is not necessarily
zero, it is only a torsion element. So we see that it is not clear how to find a
suitable system of generators.

To overcome this difficulty we use the Hecke operators. If we want to de-
termine the denominator A(n) we can localize, i.e. for each prime p we have
to determine the highest power p?™?) which divides A(n). As usual we write
d(n,p) = ordy(A(n)). We replace the ring Z by its localization Z,) and re-
place all our cohomology and homology groups by he localized groups. In
other words we have to check we have to find a set of generators {¢,}, C
H(O(T\H), MY ® Z(py) and compute the denominator < é,, Eis, >€ Z).

It follows from proposition 3.3.1 that for 0 < v < n the torsion element
d(c) = (Co.o0 ® (102" ayeY)) is annihilated by a sufficiently high power of
the Hecke operator 7))* and hence we see that 7" (c) can be lifted to an element

Tr(c) € Hy(0(T\H), MY ® Zy). Now

P

m . _ . o +1 .
<Tm(c), Eis, >=<¢,T,"( Eis,) >= (p""" +1)" < ¢, Eis, > (5.33)

—_~—

and hence ord,(< Ti(c), Eis, >) = ord,(< ¢, Eis, >). Hence we get

Proposition 5.1.3. If v runs from 1 ton —1 and if T;*(Co,oc ® €) is any lift
of T} (e,)) then

—_—~—

d(n,p) = —min(min( ord,(< T (Co,0e ®@ €)), Eisp >)),0)

v
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Proof. This is now obvious. O

5.1.4 The capped modular symbol

Therefore we have to compute < T;"(Co,c ® €)), Eis, >). At this point some
meditation is in order. Our cohomology class Eis, is represented by a closed
differential form FEis(w,) (See (??7)) and this differential form lives on T'\H
a hence provides a cohomology class in I'\H. But we know that the inclusion
provides an isomorphism

HY(T\H, M,,) = H*(T\H, M,,)

and since T} (Co0o ®€)) € Hy (T\H, M,,) we can evaluate the cohomology

—_~—

class Eis,, on the cycle. But we want get this value < T;"(Co, ® €)Y), Eis, >
by integration of the differential form against the cycle. This is a little bit
problematic because the cycle has non trivial support in O(T'\H), and on this
circle at infinity the differential form is not really defined.

There are certainly several ways out of this dilemma. One possibility is to

deform the cycle T;"(Co o @ €)/) and "pull” it into the interior I'\H. The cycle
is the sum of two 1-chains:

T (Co,oe @ €Y) = Co,00 @My, + [00, Too] ® P,
(recall definition of Borel-Serre construction from earlier chapters) where

0(Co,00 @®@my) =00®@ (M, —wm,)+00®(1—-T)P, =0

Recall that Cj  is the continuous extension of ¢ — <é (1)) i from RZ, toH to a

map from [0, oo] — H. We choose a sufficiently large t, € RZ, and restrict Cp o
to [ty ', to] we get the one chain Cy o (tg) ®m,. The boundary of this 1-chain is
9(Co,00(to) ® my) = to ® (M, —wm,,). Now we can do at this level the same as
at infinity we get a 1-cycle

Co,00(to) @ my, = Co oo (to) @ my, + [to, Tto] ® P,

—_~—

This 1-cycle clearly defines the same class as T;"(Co, ® €)) and since it is a
cycle in C1(T'\H, M) we get

—_~—

< T (Cooo @ €y), Eis, >= Eis, (5.34)

/Co,oo (to)®@m., +[to,Tto]@ P,

The value of this integral does not depend on ty and we check easily that for
both summands the limit for {5 — oo exists. We find that

—_~—

<Tm(Como @ €y), Bis, >=

1
IS < T (Coe ®ey), Eisy > 9% + lim < [ito, ity + 2] ® P,, Eis, > dz

to—00 0
(5.35)
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and For the first integral we have

/ < T (Cooo ®e,), Eisy > 7= (1 —|—p”+1)m/ < Co,0 ®e,, Eis, > "
0 0

and (handwritten notes page 49)

> Voo dt _ ¢(—v)¢(v —n)
/0 < CO,oo ® €, ElSn > 7 = W (536)

remember this holds for 0 < v < n.

For the second term we have to observe that it depends on the choice of
P,. We can replace P, by P, +V where V1 = V. (This means of course that
V =aX") Then [V] € H°((I'\H), M) and

1 1
lim < [ito, ito+2x]|®(P,+V), Eis,, > dx = lim < [ito, ito+=x]®P,, Eis, > dz+ < V,w, > .
to—o00 0 to—00 0
Therefore the second term is only defined up to a number in Z,) but this is ok
because we are interested in the p-denominator in (5.35).
We have to evaluate the expression < [itg, ito+ 2| ® (P, +V), Eis, > . Using
the formula (8.3) we find

< [ito,ito —|—x] ® (P, +V), Eis, >=< (tg f) P, Eis(wn)(EJr)((%J f) >

(5.37)

We know that for ¢ty >> 1 the Eisenstein series is approximated by its constant
term, i.e.

Eis(wn) (B4 )( <t§ f)) — 15"V + O(e 1) (5.38)

On the other hand we can write P,(X,Y) = prf’)X”‘“Y” with p,, € Z.
Then

(tg 313) P, =t x4 (5.39)
and
< (%’ 91”> P, Eis(wn)(E+)(<%’ f)) >=p{") + O(e ") (5.40)

and hence we see that the limit exists and we get

1
lim | < [it,ito+ 2] ® (P, + V), Eis, > dr =p{") = P,(1,0)  (5.41)

to—00 0
and hence we have the final formula

= ((=v)¢(v = n)

< T;n(CO,OQ ® 61\,/), Eis,, >= C(—l — ’I’L) + Py(l,O) mod Z(p). (542)
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Therefore we have to compute P,(1,0) mod Z,). Recall that for any v, v #
0,n we have to choose a very large m > 0 such that the zero chain T;”(eg) is
homologous to

Ty (ey) ~ {00} @ Ly = {0} ® (1 - T)Q, (5.43)

with Q, € M,/. Then we find P, = Q, + Qpni1-0-
Hence we have to compute T;”(e,\,/). A straightforward but lengthy compu-
tation yields

0 if(p—1)fv+1
ano-{1 .40
Now we are ready to compute d(n,p) , it is the maximum over all v
—)(v—n
- ordp<“c(_)§<_n)) Q1,00+ Quu(1,0)) mod Zyy).  (5.45)

We have to distinguish cases

I) We have (p—1) fv+1and (p—1)fn+1—wv. In this case Q,(1,0) =
Qn+1-,(1,0) =0 and

((=v)¢(v—n)

i1y ) = () = m)) 4 ordy(C(—1 = n)) (546)

— ord,(

II) The number p — 1 divides exactly on of the numbers v+1 or n+1—v In
this case let us assume that it divides v+1 and let us write v+1 = p® 1y, with
p®~1||v + 1. Then the p-denominator of ((—v) is p® Thenv —n—1=—n—1
mod (p — 1)p®~! and hence it follows from the Kummer congruences that we
can write

C(v—n)=((=n—1)+p*Z(v,n); where Z(v,n) € Z) (5.47)
and then
C(=v)¢(v —n) o Z(v,n)
2= 20 2 =((-v)(1 _— 5.48
A = ()14 ) (5.45)
The theorem of -von Staudt-Clausen tells us that
((—v) = —— +v with v € Zp) (5.49)
=1

and hence the left hand side in the above equation becomes

-1 —p* Z(v,n Z(v,n
LI L /1) B ()

Pp=1 P54 (=1 —n) (—1—n) (5.50)

We have to subtract (Q,(1,0)+@p—_.(1,0)) from this expression. Then @, (1,0)
cancels against the first term in the above expression, and @Q,,—,(1,0) € Z.
Hence we see that in equation (5.45) we have to compute

_pa Z(an) « Z(an)
T e R gy

— ord,(— ) (5.51)
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By definition we have o« > 0 and by definition the factor in front of the first
term is a unit we see that for this v the expression in (5.45 ) is

—ord,(¢(—=1—n)) + ord,(Z(v,n)) = — ord,(((—1 —n)) + ord,(¢(v —n))

IIT) We have p — 1|v + 1 and p — 1|n + 1 — v In this case an elementary
computation shows that expression in (5.45) is Z), i.e. it is a p-integer. To see
this we write v + 1= (p— Dap* tn+1—-v = (p— 1)yp*~! witha > 0,b >0
and x,y prime to p. We assume a < b and compute

C(1—(p—Dap* 1)1 — (p—Dyp*™)
C(1—(p—1)pr=t(z + ypb=*))

For a value ((1 —m) with p — 1|m we write m = (p — 1)apF~! with (z,p) = 1.
We apply again the von Staudt-Clausen theorem

mod Z(p) (5.52)

C1=m)=C¢(1—(p—1axp* ' = fﬁ + Z(x) where Z(z) € Zy)

In our case this gives -let us assume a < b - for our expression above

T Z2@)(— g +2()) (@ +yp" ) (5 + 0" Z(2)) (5 + Z())

— G 2@yt L pt(a +ypt ) Z(x + phoy)
(5.53)

The denominator is a unit, we need to know it modulo p?, the numerator is a
sum of eight terms we can forget all the terms in Z,). Then the above expression
simplifies

1 1 p*~taZ(x)

yp® + Tp° + Y (554)
L+ praZ(x+ypb=*)

1
zp®”

We want this to be equal to y—;b + Hence we have to verify the equality

1 1 p*trZ(z) 1 1 b
— + +————=(—+—)A+p*aZ(x+yp~° 5.55
Sttt (e ez ) (655)

and this comes down to

Z Z b—a
pa_bl' y(x) pa—bx(l‘_';/yp) mod Z(p) (556)

and this means
Z(x) = Z(x +yp®®) mod p*~®

and this congruence is easy to verify.
Basically the same argument works if ¢ = b. Then it can happen that x4y =
0 mod p. Then we have to write « + y = p°z. Then (5.53) changes into

(—gpe + Z@) (= e + Z(y)  2p°(5 + 9" Z(2)) (5 + Z(y))

A = - L . (55T
— o + 2(2)) 1+ potezZ(z) (5:57)
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We ignore the denominator then the only non integral term is

&+ )1 1 1 N 1
€T —_ e
yxyp” xp®  yp®

- This is now essentially the proof of (3.54), i.e.

Theorem 5.1.1. IfT' = Sk(Z) then the denominator of the Eisensteinclass in
HY(T\H, M.,,) is the numerator of ((—1 —n).

The Deligne-Eichler-Shimura theorem

In this section the material is not presented in a satisfactory form. One reason
is that it this point we should start using the language of adeles, but there are
also other drawbacks. So in a final version of these notes this section probably
be removed.

Begin of probably removed section

In this section I try to explain very briefly some results which are specific
for Gly and a few other low dimensional algebraic groups. These results con-
cern representations of the Galois group Gal(Q/Q) which can be attached to
irreducible constituents Il in the cohomology. These results are very deep and
reaching a better understanding and more general versions of these results is
a fundamental task of the subject treated in these notes. The first cases have
been tackled by Eichler and Shimura, then Thara made some contributions and
finally Deligne proved a general result for Gly/Q.

We start from the group G = Gly/Q, this is now only a reductive group
and its centre is isomorphic to G,,/Q. Its group of real points is Gly(R) and
the centre G,,(R) considered as a topological group has two components, the
connected component of the identity is G, (R)(O) = RZ,. Now we enlarge the
maximal compact connected subgroup SO(2) C Gl2(R) to the group Ko =
SO(2) - Gn(R)(®. The resulting symmetric space X = Gly(R)/K, is now a
union of a upper and a lower half plane: We write X =H, U H_.

We choose a positive integer N > 2 and consider the congruence subgroup
I'(N) C Gl2(Q)). We modify our symmetric space: This modification may look
a little bit artificial at this point, it will be justified in the next chapter and is in
fact very natural. (At this point I want to avoid to use the language of adeles.)

We replace the symmetric space by

X = (Hy UH_) x Gly(Z/NZ).

On this space we have an action of I' = Gly3(Z), on the second factor it
acts via the homomorphism Gly(Z) — Gla(Z/NZ) by translations from the left.
Again we look at the quotient of this space by the action of Glz(Z). This quotient
space will have several connected components. The group Glz(Z) contains the
group Sla(Z) as a subgroup of index two, because the determinant of an element

is +1. The element ((1) 01) interchanges the upper and the lower half plane

and hence we see

Gla(Z)\X = Gly(Z)\((H UHL) x Glo(Z/NZ)) = Sla(Z)\(H; x Glo(Z/NZ)),
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the connected components of (H; x Gla(Z/NZ)) are indexed by elements g €
Gl3(Z/NZ). The stabilizer of such a component is the full congruence subgroup

F(N){’y(‘cl Z)|a,d1 mod N,b,c=0 mod N}

this group is torsion free because we assumed N > 2.

The image of the natural homomorphism Slp(Z) — Gl2(Z/NZ) is the sub-
group Sla(Z/NZ) (strong approximation), therefore the quotient is by this sub-
group is (Z/NZ)*.

We choose as system of representatives for the determinant the matrices

to = (8 ?) ,a € (Z/NZ)*. The stabilizer of then we get an isomorphism

Sy = GLy(Z)\(H x Gly(Z/NZ)) = (D(N)\H) x (Z/NZ)*.

To any prime p, which does not divide N we can again attach Hecke opera-
tors. Again we can attach Hecke operators

_ 0
Ty =T (0 1)’“ 0
0 1

to the double cosets and using strong approximation we can prove the recursion
formulae. ~ ~

We consider the cohomology groups H?(Sn, M,,), H*(Sn, M,) and define
H(Sw, Mn) as before. This is a semi simple module for the cohomology.

The theorem 3 extends to this situation without change. We have a small
addendum: If denote by Z(V-*) € Q* the subgroup of those numbers which
are units at the primes dividing N. We have the homomorphism 7 : Z(V:*%) —

(Z/NZ)*

On each absolutely irreducible component 11y the Hecke operators T(z,u,)
act by a scalar w(z) € O and the map z — w(z) factors over r and induces
a character w(Ily) : (Z/NZ)* — (Or)*. This character is called the central
character of Il¢.

The following things will be explained in greater detail in the class

Now we exploit the fact, that the Riemann surface I'(N)\X is in fact the
space of complex points of the moduli scheme My — Spec(Z[1/N]). On this
moduli scheme we have the universal elliptic curve with N level structure

&

iy
My

On & we have the constant l-adic sheaf Zy. For i = 0,1,2 we can consider
the ¢- adic sheaves R'm.(Z¢) on My. We have the spectral sequence

HP(My x Q, R, (Zy)) = H™(€ x Q, Zy).
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We can take the fibered product of the universal elliptic curve
EM =& xpy Ex Xy €75 My
where n is the number of factors. This gives us a more general spectral sequence

HP(My x Q, Riny . (Zy)) = HY(E™ x Q,Zy).

The stalk Ry «(Zs), ) of the sheaf Rimy .(Z;) in a geometric point y of

My is the g-th cohomology H? (&Sn)7Z5) and this can be computed using the
Kuenneth formula

HIUEM, o) = @ H™ (£y,%0) @ H™(Ey, L) - @ H" (£, L),

a1,a2...,0n

where the a; = 0, 1,2 and sum up to g. We have H(E,, Zy) = Z;(0), H*(Ey, Z¢) =
Zy(—1) and the most interesting factor is H'(&,,Z) which is a free Z; module
af rank 2.

This tells us that the sheaf decomposes into a direct sum according to the
type of Kuenneth summands. We also have an action of the symmetric group
S, which is obtained from the permutations of the factors in & (") which also
permutes the types. We are mainly interested in the case ¢ = n and then we have
the special summand where a; = as--- = a,, = 1. This summand is invariant
under S, and contains a summand on which S,, acts by the signature character
o : S, — {£1}. This defines a unique subsheaf R"7m, ,,(Z¢)(0) C R"7sn(Zy)
and hence we get an inclusion

HY (My x Q, R n(Z4)(0) < H"™HE™ x Q,Zy)

and we can do the same thing for the cohomology with compact supports.

Now I will explain:

A) If we extend the scalars from Q to C then then extension of R"m, ,,(Q¢)(0)
is isomorphic to the restriction of M,, ® Q; to the etale topology.

B) The Hecke operators T,, for p fN are coming from algebraic correspon-
dences T, C My x My and induce endomorphisms T}, : H(My®Q, R, ,,(Z¢)(0)) —
HY(My ® Q, R"my n(Z¢)(0)) which commute with the action of Gal(Q/Q) on
the cohomology.

C) This tells us that after extension of the scalars of the coefficient system
we get

HY(My(C), My, @ Qp) = HY (My x Q, "4, (Qy)(0))

and this gives us the structure of a Gal(Q/Q) x Hr on H'(My(C), M,, ® Qy).
D) The operation of the Galois group on H'(My(C), M,, ® Q;) is unram-
ified outside N, therefore we have the conjugacy class @ Lfor all p /N as
endomorphism of H!(My(C), M,, @ Q).
Now we use another fact, which will be explained in Chapter III. We also
can define a Hecke algebra #,, for the primes p|N, and hence we get an action

of a larger Hecke algebra
large !
HA' = Q) Hy
P



5.1. MODULAR SYMBOLS, L— VALUES AND DENOMINATORS OF EISENSTEIN CLASSES.167

and this algebra commutes with the action of the Galois group.

We now apply our theorem 2 to the cohomology H{ (My(C), M,, @ Qy), as
a module under this large Hecke algebra. Then the isotypical summands will
be invariant under the Galois group.

Theorem 4: a) The multiplicity of an irreducible representation

II; € Coh(Mn(C), M, 1,) is two.
b) This gives a product decomposition

H!'(My(C),M,, ® L\) = Hn, ® W(Ily),,

where Hr, is irreducible of type 11y and where W(Ily) is a two dimensional
Gal(Q/Q) module.
The module W (Ily) is unramified outside N and

tr(®, [W (1)) = X(mp), det(@, ' [W (ILy)) = p"w(Il;) (p)

This theorem is much deeper than the previous ones. The assertion a) fol-
lows from the theory of automorphic forms on Gly and b) requires some tools
from algebraic geometry. We have to consider the reduction My x Spec(F,)
and to look at the reduction of the Hecke operator 7}, modulo p. I will resume
this discussion in Chap. V.

I want to discuss some applications.

A) To any isotypical component II; we can attach an ( so called automor-
phic) L function

L(ly,8) = [] Ly, )

where for p /N we define

L(my,s) = !
) T T T N )+ P () (p)p 20

and for p|N we have

if m,, is a Steinberg module

1
L(mp, s) = {1—p”'+1ui(ﬂf)(p)p—s o

This L-function, which is defined as an infinite product is holomorphic for
R(s) >> 0 it can written as the Mellin transform of a holomorphic cusp form
F of weight n 4+ 2 and this implies that

I'(s)
27’

A(IL s) = — < L(Ily, s)

has a holomorphic continuation into the entire complex plane and satisfies a
funtional equation

A(TTy, s) = W (I ) (N(ITy)) ' "2 Ay,n + 2 — s)
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Here W (IIy) is the so called root number, it can be computed from the m,
where p|N, its value is £1, the number N(II;) is the conductor of Il it is a
positive integer, whose prime factors are contained in the set of prime divisors
of N.

B) But we also can interpret an isotypic component as a submotive in
H"1(£(M) x Q,Z), this is the so called Scholl motive.

If we apply the results of Deligne in Weil II, which have been proved in the
winter term 2003/4, we get the estimate

[(A(my))| < 2p D2

for any embedding ¢ of L into C.
End of probably removed section

2.2.5 The /-adic Galois representation in the first non trivial case
Again we consider the module M = M¢[—10]. We choose a prime ¢ and for
some reason let us assume ¢ > 7. Then we can consider the cohomology groups

HY(D\H, M/" M)
and the projective limit

HYT\H, M ® Z;) = lim H* (D\H, M/MM).

Now it is known that the quotient space is the "moduli space” of elliptic
curves, this is an imprecise and even incorrect statement, but it contains a lot
of truth. What is true is that we can define the moduli stack S/ Spec(Z) of
elliptic curves, this is a smooth stack and it has the universal elliptic curve
& -5 S over it.

We can define etale torsion sheaves (M /£"M).; on this stack and we know
that

HYL (S X speez) @, (M/E"M)er) = H'(T\H, M1o/€" Mp).

On these etale cohomology groups we have an action of the Galois group. Using
correspondences we can define Hecke operators T}, for all p # ¢, they induce
endomorphism on the etale cohomology and they commute with the action of
the Galois group.

We denote this action of the Galois group as a representation

Pn : Gal(Q/Q) — Gl(Helt(S X Spec(Z) @7 (M/KWM)et))

This representation is unramified outside ¢, and this means:

The finite extension Kén)/Q for which Gal(@/Kén)) is the kernel of p,, is
unramified outside £.

By transport of structure we have the same projective system of Hecke x Galois
modules on the right hand side.

We recall our fundamental exact sequence, the Galois groups acts on the
individual terms of this sequence, we get projective systems of Galois-modules
and passing to the limit yields
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pr i Gal(Q/Q) — GI(H} (T\H, M & Z;))

and

po : Gal(Q/Q) — Gl(Zgeyo)-

The field K, = |, K}") defines the kernel Gal(Q/K,), the extension K,;/Q
is unramified at all primes p # £. If p is a prime in Ok, which lies above then
the geometric Frobenius @, is the unique element in Gal(K,;/Q) which fixes p
and induces « — 2P on the residue field O, /p. This element defines a unique
conjugacy class ®, in Gal(K,/Q).

Theorem (Deligne) For any prime p # { we have

P&(q);n) = pllld

and

det(Id — p(®,)t|H (T\H, M ® Z;)) = 1 — 7(p)t + p* 't

This is a special case of the general theorem stated in the previous section
and it one of the aims of the subject treated in this book to generalize this
theorem to larger groups.

We conclude by giving a few applications.

A) The function z — A(z) is a function on the upper half plane H =
{#|(2) > 0} and it satisfies

A az+b
cz+d
and this means that it is a modular form of weight 12. Since it goes to zero
if z =14y — oo it is even a modular cusp form.
For such a modular cusp form we can define the Hecke L-function

) = (cz+d)'?A(z)

[ sdy  T(s) = T(n)  T(s) 1
L(A, S) _/0 A(Zy)y ? = (27)s ; ns (2m)* 1;[ 1—7(p)p—* T pii-2s

the product expansion has been discovered by Ramanujan and has been proved
by Mordell and Hecke.
Now it is in any textbook on modular forms that the transformation rule

A(—l) = 212A(2)

z

implies that L(A, s) defines a holomorphic function in the entire s plane and
satisfies the functional equation

L(A,s) = (—1)'¥2L(A,12 — 5) = L(A, 12 — ).

This function L(A,s) is the prototype of an automorphic L-function. The
above theorem shows that it is equal to a "motivic” L-function. We gave some
vague explanations of what this possibly means: We can interpret the projective
system (M /€M) as the /—adic realization of a motive:
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M =Sym'" (R (7 : £ = 9))

(All this is a translation of Deligne‘s reasoning into a more sophisticated
language.)

It is a general hope that “motivic” L-functions L(M, s) have nice properties
as functions in the variable s (meromorphicity, control of the poles, functional
equation). So far the only cases, in which one could prove such nice properties
are cases where one could identify the "motivic” L-function to an automorphic
L function. The greatest success of this strategy is Wiles* proof of the Shimura-
Taniyama-Weil conjecture, but also the Riemann (-function is a motivic L—
function and Riemann‘s proof of the functional equation follows exactly this
strategy.

B) But we also have a flow of information in the opposite direction. In 1973
Deligne proved the Weil conjectures, which in this case say that the two roots
of the quadratic equation

22— r(p)r+p" =0

have absolute value p'/2, i.e. they have the same absolute value. This implies
the famous Ramanujan- conjecture

7(p) < 2p''/?

and for more than 50 years this has been a brain-teaser for mathematicians
working in the field of modular forms.
C) We consider the Galois representation

p: Gal(Q/Q) — GI(HY(D\H, M ® Zy))

and and its sub and quotient representations
pr: Gal(Q/Q) — GI(HNT\H, M ® Zy)), ps : Gal(Q/Q) — Gl(Zgeyo).

The representation py is the {— adic realization of the Tate-motive Z(—11)
(For a slightly more precise explanation I refer to MixMot.pdf on my home-
page). On Z,(—1) = H?(P! xQ, Z,) the Galois group acts by the Tate-character

Gal(Q/Q) — Gal(Q(¢e=)/Q) -2 Z°

where Q((s=) is the cyclotomic field of all £"-th roots of unity (n — c0). We
identify Gal(Q((e~)/Q) = Z;, the identification is given by the map z — (¢ —
¢®) and then a(x) = x~!. Hence the first assertion in Delignes theorem simply
says:

pPo = o't

We say a few words concerning
pr: Gal(Q/Q) — GI(H} (T\H, M ® Z)).

It is easy to see that the cup product provides a non degenerate alternating
pairing
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<, > HY(D\H, M ® Z) x H'(D\H, M ® Z;) — Z¢(—11)
and clearly for any o € Gal(Q/Q) we must have

< plo)u, plo)v >= a(0) < u,v > .

This means we have det(p(c)) = a''(0) and we can ask what is the image
of Gal(Q/Q) in GI(H}(I'\H, M ® Z;) = Gla(Zs). We ask a seemingly simpler
question and we want to understand the image of

P mod ¢ Gal(Q/Q) — GI(H}(T\H, M @ Fy) = Gly(F,).

This question is discussed in the paper ” On f-adic representations and congru-
ences for coefficients of modular forms,” Springer lecture Notes 350, Modular
Functions of one Variable III by H.P.F. Swinnerton-Dyer.

Here we can say that the image of this homomorphism composed with the
determinant will be (F,;)'* C F/. It is shown in the above paper that for
£ #2,3,5,7,23,691 the image of the Galois group will simply be as large as
possible, namely it will be the inverse image of (F))'!.

We can apply the Manin-Drinfeld principle and conclude that after tensoriza-
tion by Qy the representation p ® Q, splits

p®Qp=p1 ®Qr® Qrero(—11).

In section 2.2.3 we have seen that we have such a splitting also for the integral
cohomology, i.e. for the module H*(I'\H, M® Zy) provided ¢ is not one of the
small primes, which have been inverted and ¢ # 691.

But if £ = 691 then we have seen in 2.2.3 that we have a homomorphism

1 Z/(691)(—11) — HNT\H, Mz, co1)),

this is a homomorphism of Galois-modules. This means that the representation
of the of the Galois group modulo ¢ = 691 is of the form

P modeol @ Gal(Q/Q) — <; :)

P, mod 691(0) (a(%)n “(10))

The field Kéé)l contains the 691— th roots of unity and is an unramified ex-
tension of degree 691, in a sense this extension is now obtained by an explicit
construction.
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Chapter 6

Cohomology in the adelic
language

6.1 The spaces

6.1.1 The (generalized) symmetric spaces

Our basic datum is a connected reductive group G/Q. Let G /Q be its derived
group and let C/Q its centre. Then G(*)/Q is semi simple and C/Q is a torus.
The multiplication provides a canonical map

m:CxGY =@ (6.1)

it is is an isogeny, this means that the kernel pe = CNG™ of this map is a finite
group scheme of multiplicative type. A finite group scheme of multiplicative
type is simply an abelian group together with an action of the Galois group
Gal(Q/Q) on it. If we have such an isogeny as in (6.1) we write G = C - GV,

Let S/Q be the maximal Q -split torus in C/Q. Up to isogeny we have
C = (1 - S where C; is the maximal anisotropic subtorus of C/Q. We also
introduce the group G; = G . C;. We have an exact sequence

15 GW @ le o,
the quotient C” is a torus and the restricted map d¢ : C — C’ is an isogeny.
If é(l)/@ is the simply connected covering of GV, then we get an isogeny
m:G=GY xC; x5 =G (6.2)
Let g, ¢!, ¢, ¢1,3 be the Lie algebras of G/Q,G/Q, C/Q,C1/Q, S/Q, then

the differential of m; induces an isomorphism
Dy ig—gV @ d; (6.3)

On g we have the Killing form B : g x g — Q be the Killing form, it is
defined by the rule

(Th,Tz) — trace(ad(T1) o ad(T3)) (6.4)

173
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(See [chap2] 1.2.2) The Killing form is actually a bilinear form on g™ = g/(c;®3)
and the restriction B : g(*) x g() — Q is nondegenerate (see chap2 and chap4).

An automorphism © : G xgR — GO xq R is called a Cartan involution
if ©2 = Id and if the bilinear form

Be(T1,T2) = B(T1,0(13)) (6.5)

on g ® R is negative definite.
If © is a Cartan involution then it induces an automorphism -also called ©-
on the Lie algebra gr = g ® R and decomposes it into a + and a — eigenspace

and then clearly the + eigenspace ¢ is a Lie subalgebra and [p, p] C €. The Killing
form is negative definite on ¢ and positive definite on p. This explains the above
assertion on Bg.

The topological group of real points G(1)(R) is connected (see ref?). Then
we have the classical theorem

Theorem 6.1.1. The fized group K&l)) = é(l)(R)@ is a mazimal compact sub-
group and it is also connected. The Cartan involutions are conjugate under the
action of G(l)(R), and therefore the maximal compact subgroups of é(l)(R) are
conjugate.

We introduce the space XD of Cartan involutions on G xg R, it is a
homogenous space under the action of G (R) by conjugation and if we choose

a ® or K&l}) then

X0 = aWmy/ /K (6.7)
This is the symmetric space attached to G(V) xqg R.

Proposition 6.1.1. The symmetric space XV = C:'(l)(R)/K&l)) is diffeomor-
phic to RY, where d = dimyp, it carries a Riemannian metric which is G (R)
mvariant.

We have to be aware that it may happen that © is the identity. Then
GO(R) = K and our symmetric space is a point.

We extend © to an involution on G x R it will be simply the identity on the
other two factors. Then it also induces an involution, again called ® on G x R.

We return to our reductive group G/Q. We compare it to G via the homo-
morphism m; in (6.2). Let K be the connected component of the identity
of the maximal compact subgroup in C7(R) and let Z’(R)° be the connected
component of the identity of the group of real points a subtorus Z’ C S. Then
we put

Koo =mi(KQ) x K x Z/(R)%)

This group Ko is connected and if we divide by Z’(R)" it is compact, more
precisely we can say that K., /Z’(R)" is the connected component of a maximal
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compact subgroup in G(R)/Z'(R)°. The choice of the subtorus Z’ is arbitrary
and in a certain sense irrelevant. We could choose Z’ = Z then we call K,
saturated , this choice is very convenient but it certain situations it is better to
make a different choice, for instance we may choose Z’ = 1.

To such a pair (G, K ) we attach the (generalized) symmetric space
X = G(R)/Kw.

Here are a few comments concerning the structure of this space. (see also
Chap II. 1.3) We observe that by construction K., is connected, hence we
have that Ko, C G(R)°. So if as usual mo(G(R)) denotes the set of connected
components, then we see that

mo(X) = mo(G(R)).

The connected component of the identity of G(R) maps under m; to the
connected component of he identity of G(R), i.e.

G(R) = GD(R) x C1(R)? x S(R)® — G(R)°

and if we divide by KL x KS x Z'(R)?, resp. K., we get a diffeomorphism
with the connected component corresponding to the identity

GMO(R)/KL x C1(R)°/KS x S(R)/Z'(R) =5 X, C X.

We want to describe the other connected components of X. It is well known that
we can find a maximal split torus S; ¢ G x R which is invariant under our
given Cartan involution ©. The homomorphism m; maps G (R) — G (R).
The fixed group G(l)(R)@ is a compact subgroup whose connected component

of the identity is the image of K&l)) under my. Our torus S; sits as the first
component in the maximal split torus

S’Q = 51 X C;plit x S

Then it is clear that © induces the involution ¢ t=1 on S;. Let S5 be the
image of So under m;. We have the following proposition
Proposition 6.1.2. a)The group of 2-division points Sa[2] normalizes K.

b) We have an exact sequence

— $5[2] = S5[2] — m(G(R)) — 0

c¢) If KO, is the image of K x K& then KO, - S5[2] is a mazimal compact

subgroup of G(R).

Proof. Rather obvious, the surjectivity of r requires an argument in Galois
cohomology. (Details later) O

Now we can write down all the connected components. We choose a system
E of representatives for S5[2]/52[2] and for any ¢ € Z we get a diffeomorphism

GO(R)/KL x C1(R)Y/KE x S(R)°/Z'(R) — Xe C X
(6.8)
g 9§

We may formulate this differently
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Proposition 6.1.3. The multiplication from the left by S2[2] on G(R) induces
an action of S2[2]/52(2] on X and this action is simple transitive on the set of
connected components.

Let x9p = Ko € X. For any other point x € X we find an element g € X
which translates xg to x. Then the derivative of the translation provides an
isomorphism between the tangent spaces

Dy : Ty =p — Ty

This isomorphism depends of course on the choice of g. ( This will play a role
in section (8.1)). But we apply this to the highest exterior power and get an
isomorphism
Dy s A(p) = AU(T,)

which does not depend on the choice of g because the connected group K, acts
trivially on A?(p). Hence we can say that we can find a consistent orientation
on X : We chose a generator in A%(p) the D, yields a generator in A%(T}).

If our reductive group is an anisotropic torus 7'/Q, then we have for the
connected component of the identity

T(R)® = (R%)* x (51)".

Then our maximal compact subgroup K2 is simply the product of the circles
and
Xr=T(R)/K

is nothing else than as disjoint union of copies of R®. The situation is similar
for a split torus but then we have the freedom, to divide out the connected
component of a subtorus.

As a standard example we can take G/Q = Glp/Q, then the connected
component of the real points of the centre is R, and in this case we can take
Ko = S0(2) - RZ, C Gly(R)). In this case the symmetric space is the union
of an upper and a lower half plane. It we choose for our split torus S;/R the
standard diagonal torus, then Si[2] is the group of diagonal matrices with entries
+1 and this normalizes K.

6.1.2 The locally symmetric spaces

Let A be the ring of adeles, we decompose it into its finite and its infinite
part: A =R x Ay. We have the group of adeles G(A) = G(R) x G(Ay). We
denote elements in the adele group by underlined letters g,h... and so on. If

we decompose an element ¢ into its finite and its infinite part then we denote
this by geo X gy Let Ky be a (variable) open compact subgroup of G(Ay). We
always assume that this group is a product of local groups Ky = Hp K.

To get such subgroups we choose an integral structure (explain at some other
place) G/ Spec(Z). Then we know that we have K, = G(Z,) for almost all p.
Furthermore we know that G x Spec(Z,)/ Spec(Z,) is a reductive group scheme
for almost all primes p.

If G/ Spec(Z) and K are given, then we select a finite set ¥ of finite primes
which contains the primes p where G/Z, is not reductive and those where K,
is not equal to G(Z,). This set ¥ will be called the set of ramified primes.
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The general agreement will be that we use letters G, 7T,U,... for group
schemes over the integers, or over Z, and then their general fiber will be
G,T1T,U,....

Readers who are not so familiar with this language may think of the simple
example where G/Q = GSp,,/Q is the group of symplectic similitudes on V =
Q™ =Qe1 ® - ®Qe, ® Qf1 & --- ® Qf,, with the standard symplectic form
which is given by < e;, f; >= 1 for all ¢ and where all other products zero.
The vector space contains the lattice L = Z?" =Ze, ®--- @ Ze, L[ 1D -
Zf,. This lattice defines a unique integral structure G/Z on G/Q for which
G(Zy) = {9 € G(Qp)|l9g(L ® Zp) = (L @ Zp)}. In this case the group scheme
is reductive over Spec(Z). This integral structure gives us a privileged choice
of an open maximal compact subgroup: Within the ring A, of finite adeles
we have the ring 7 = 1131 Z/mZ of integral finite adeles and we can consider

K](Z = G(Z) = [1,6(Zp). This is a very specific choice. In this case the set
Y =0, we say that Ky = K]? is unramified.

Starting from there we can define new subgroups K; by imposing some
congruence conditions at a finite set % of primes. These congruence conditions
then define congruence subgroups K, C Kg. This set X% of places where we
impose congruence condition will then be the set of ramified primes.(See the
example further down.) Then we define the level subgroup

Kp=]] Kp x [] 9(Zp). (6.9)

pEXS pgx

The space (G(R)/Kx) x (G(Ay)/Ky) can be seen as a product of the sym-
metric space and an infinite discrete set, on this space G(Q) acts properly dis-
continuously (see below) and the quotients

SK, = GQ\ (G(R)/Kx x G(Ay)/Ky)

are the locally symmetric spaces whose topological properties we want to study.
We denote by

m: G(R)/ Koo x G(Ap) /Ky = SF, = G(Q) \ (G(R)/Ku x G(Af)/Ky),

the projection map.
To get an idea of how this space looks like we consider the action of G(Q)
on the discrete space G(Ay)/K. It follows from classical finiteness results that

this quotient is finite, let us pick representatives {g?)}izlum. We look at the

stabilizer of the coset Q?)K #/K¢ in G(Q). This stabilizer is obviously equal to
(4) ) .

rfr = GQ)n Q;Z)Kf (g?))*l which is an arithmetic subgroup of G(Q). This

subgroup acts properly discontinuously on X (See Chap. II, 1.6).

()
Now we call the level subgroup K neat, if all the subgroups I'Ys are torsion
free. It is not hard to see, that for any choice of K¢ we can pass to a subgroup
of finite index K }, which is neat. Then we have

1.2.1 For any subgroup Ky the space Sﬁf s a finite union of quotient spaces

(i) (i)
Y \ X where X = G(R)/Ko and the T; = T2 are varying arithmetic
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congruence subgroups. If K; is neat, these spaces are locally symmetric spaces.
If Ky is not neat then we may pass to a neat subgroup K} which is even normal
in Ky: We get a covering SG} — S[Céf which induces coverings I')\X — T';\ X,
where the I‘; are torsion free and normal in I';. So we see that in general the
quotients are orbifold locally symmetric spaces. For any point y € S[G(f we can
find a neighborhood V,, such that 7=1(V,) is the disjoint union of connected
components Wy, x = (:Eoo,gf) e 1(y), and V, = Fzm\ng, where T'y__ is the

stabilizer of xo intersected with T2s.

We will consider the special case where G/Q is the generic fibre of a split
reductive scheme G/Z. In that case we can choose Ky = Hp G(Zy), this is then
a maximal compact subgroup in G(Ay). Then K is unramified we will also say
that the space ng is unramified. If in addition the derived group G /Q is
simply connected, then it is not difficult to see, that G(Q) acts transitively on
G(Ay)/K; and hence we get

S, = G(Z)\X.

The homomorphism G(Z) — mo(C’(R)) is surjective we can conclude that
G(Z) acts transitively on mo(X) and if T'g is the stabilizer of a connected com-
ponent X© of X then we find

Sg, — To\X?

especially we see that the quotient is connected. We discuss an example.

We start from the group G/ Spec(Z) = Gl,,/ Spec(Z) then we may choose
Ko =80(n) x RS, C Gl,(R). and X = Gl,(R)/K is the disjoint union of
two copies of the space X of positive definite symmetric (n x n) matrices up to
homothetie by a positive scalar (or what amounts to the same with determinant
one). If we choose Ky as above then we find

Si, = SL(Z)\X.

We have another special case. Let us assume that G/Q is semi simple and
simply connected. The group G xR is a product of simple groups over R and we
assume in addition that there is at least one non compact factor. Then we have
the strong approximation theorem ([40],[46])) which says that for any choice of
K the map from G(Q) to G(As)/K is surjective, i.e. any g9, € G(Ay) can be
written as 9, = aky,a € G(Q),k; € Ky. This clearly implies that then

G _
S, =I\G(R)/Kx (6.10)
where I' = Ky N G(Q).
There is a contrasting case, this is the case when G/Q is still semi simple
and simply connected, but where G(R) is compact. In this case our symmetric

space X is simply a point * and

SE, = GQ\(x x G(Ay)/Ky).



6.1. THE SPACES 179

This means that our topological space is simply a discrete set of points, hence
it looks as if this is an entirely uninteresting and trivial case. But this is not so.
To determine the finite set and the stabilizers is a highly non trivial task. Later
we will construct sheaves and discuss the action of the Hecke algebra on the
cohomology of these sheaves. Then it turns out that that it is not only the set
of points and the stabilizers that is of interest but also the ”interaction” among
these points is of interest. Then it turns out that this case is as difficult as the
case where I'\ X becomes an honest space.

In the choice of our group K, a subtorus Z' C S enters. The choice of this
subtorus has very little influence on the structure of our locally symmetric space
SIG(f. Remember that the isogeny m in (6.1) induces an isogeny C' — C’ and
this isogeny yields an isogeny from S to the maximal split subtorus S’ C C’.
This homomorphism induces an isomorphism S(R)? — S’(R)°. If G (R) is the
inverse image of the the group of 2-division points S’[2] then we get from this
isomorphism that G(R) = G1(R) x S(R)°. If we now consider the two spaces
ng and (ng)T, the first one defined with an arbitrary torus Z’ the second one
with Z’ = S then the arguments above imply that

S§, = (S§,)T x (S[R)°/Z'(R)") (6.11)

the second factor on the right hand side is isomorphic to R® and since we are
interested in the cohomology group of this space, ihe second factor is irrelevant.

In certain situations we encounter cases where it is natural to choose a
subgroup K., which is slightly larger and not connected. If this is the case we
denote the connected component K&l;) and we get two locally symmetric spaces
and a finite map

G(@)\ (GR/KD x G(Ag)/Ky) = GQ)\ (GR)/ Koo x GlAg)/K)
(6.12)

This map is a covering if Ky is neat and the space on the right is a quotient
of the space on the left by an action of the finite elementary abelian [2]-group
Koo/ K.

In accordance with the terminology in number theory we call the space ng‘f

narrow if Kéé) = K and in general we call the space on the left the narrow
cover of GR)/Ko x G(Af)/Ky.

6.1.3 The group of connected components, the structure
of o (S[G(f)

If we keep our assumptions that G/Q is reductive and el /Q is simply con-
nected and satisfies strong approximation. We choose a level subgroup K; C
G(As) and we put de (Koo x Kf) = K x K]?'. Then we claim that under

these conditions | conncomp

7T0(S[G{f) ;> 7T0(SC/

o ercer) (6.13)
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To see this we need a theorem of Tate which says that the map C'(Q) —

7o (C’(R) is surjective. This implies that g (SIC;;/ ke = C'(Q)(O)\C’(Af)/Kf/,
w XK

where C'(Q)(® € C’(Q) are the elements whose image lies in C'(R)(®). Now we
need a little argument from Galois cohomology. The map G(Ay) — C'(Ay) is
surjective because for all primes p H'(Q,, GM) consist of the trivial class only.
(Kneser and Bruhat-Tits ([?]). ) This implies the surjectivity: For the injec-
tivity assume z,y € C'(A;) and there is an element a € C(Q)©®) with az = y.
Then we need to find a lift of a to an element b € G(Q). Again we invoke the
standard argument from Galois cohomology. We have the exact sequence

G(Q) = C'(Q) % HY(Q,GY)

the obstruction to find b is an element d(a) € H'(Q, G™). We have the Hasse
principle H'(Q,GM) = HY(R,GM) ([?]) but since a € C'(Q)©® it follows
that the image of d(a) € H'(R,G(") is trivial, hence §(a) is trivial.

We have seen in the previous section that we can choose a consistent orien-
tation on X = G(R)/K provided K is narrow. Then it clear this induces
also a consistent orientation on SIG(f.

BSC

6.1.4 The Borel-Serre compactification

In general the space ng is not compact. Recall that in the definition of this
quotient the choice of a subtorus Z’/Q of S/Q enters. This If Z’ # S then the
quotient will never be compact. But this kind of non compactness is ”uninter-
esting”. In the following we assume that Z’ = S.

In this case we have the criterion of Borel - Harish-Chandra which says

The quotient space ng is compact if and only if the group G/Q has no
proper parabolic subgroup over Q.

If we have a non trivial parabolic subgroup P/Q then we add a boundary
part 8p81§f to ng it will depend only the G(Q)-conjugacy class of P. We will
describe this boundary piece later. We define the Borel-Serre boundary

8(SIG{f) = UaPSIG(f7
P

where P runs over the set of G(Q) conjugacy classes of parabolic subgroups.
We will put a topology on this space and if  C P then 8@81% will be in the

closure of apS]Cif. Then
SR, = Si, UO(SE,)

will be a compact Hausdorff-space.
We describe the construction of this compactification in more detail. In
chap4.pdf 2.7.1 we studied the group Hom(P,G,,) and have seen that

Hom(P,G,,) ® Q = Hom(Sp,G,,) @ Q.
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For any character v € Hom(P,G,,) we get a homomorphism v4 : P(A) —
Gm(A) = Iy, the group of ideles. We have the idele norm | | : 2 — |z| from the
idele group to RZ, and then we get by composing

|v] : P(A) — Réo.

It is obvious that we can extend this definition to characters v € Hom(P,G,,)®
Q, for such a v we find a positive non zero integer m such that my € Hom(P,G,,)
and then we define .
Y[ = (lmr])=
Later we will even extend this to a homomorphism Hom(P,G,,)®C — Hom(P(A),C*)

by the rule
YRz |v|* (6.14)

If we have a parabolic subgroup P/Q and a point (:mgf) € X xG(Ay)/Ky
then we attach to it a (strictly positive) number

PP, (2,9,)) = vole,u(U(Q) N g, Krg; \U(R)). (6.15)

This needs explanation. The group U(Q) N ngfgjjl = FU,gf is a cocompact
discrete lattice in U(R), we can describe it as the group of elements v € U(Q)
which fix g Ky, so it can be viewed as a lattice of integral elements where
integrality is determined by g I The point x defines a positive definite bilinear
form Bg, on the Lie algebra g ® R, and this bilinear form can be restricted
to the Lie-algebra up ® R and this provides a volume form d,u on U(R) the
above number is the volume of the nilmanifold FU,gf\U (R) with respect to this
measure.

If we are in the special case that G = Sly/Q and K; = Sly(Z) then a
parabolic subgroup P is a point r = £ € P}(Q) (or co) and then p(P, (z,1)) is
small if z lies in a small Farey circle, i.e. it is close to 7.

These numbers have some obvious properties
a) They are invariant under conjugation by an element a € G(Q), this means
we have

pla'Pa,(z,9,)) = p(P.a(z.g,)
b) If p € P(A) then we have

p(PaB(‘T,gf)) = p(Pv (T/agf))\PPF

The G(Q) conjugacy classes of parabolic are in one to one correspondence
with the subsets 7’ of the set relative simple roots mg :The minimal parabolic
corresponds to the empty set, the non proper parabolic subgroup G/Q corre-
sponds to g itself. In general 7’ is the set of relative simple roots of the semi
simple part of the reductive quotient of the parabolic subgroup. For a parabolic
subgroup P’ corresponding to 7’ we put d(P’) = #(wg \7’). For any i € ng \ 7’
we have a fundamental character
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We have the Borel-Serre compactification
.. QG ;G
7. SKf — SKf
The compactification is a manifold with corners, the boundary is stratified

a(S%,) =Jor(SE,)
P

where P runs over the G(Q) conjugacy classes of parabolic subgroups. If P C @
then the stratum Jg (ng) C Op (ng).

Locally at a point x € Jp (ng) we find neighborhoods of = in ng which
are of the form

U, =W, x {...,ui,...}ieﬂG\ﬁ/;ogui« (616)

where W, is a neighborhood of z in the orbifold ap(ng). The intersection

o
U,=U,N ng consists of those elements where all the u; > 0.

6.1.5 The easiest but very important example

If we take for instance G/Z = Gly/Z and if we pick an integer N then we can
define the congruence subgroup K;(N) = [[, Kp(N) C G(Z). It is defined by
the condition that at all primes p dividing N the subgroup

K,(N)={y€G(Z)}y=1d mod p"}

where of course p"™» is the exact power of p dividing N. At the other primes we
take the full group of integral points. For the discussion of the example we put
K¢(N)=Ky.

If we consider the action of G(Q) on G(Af)/Ky then the determinant gives
us a map

Gl(Q\Gla(Ap) /Ky — Gm(Ay)/Q Uy
where Yy is the group of unit ideles in Iy y = G,,(As) which satisfy u, =1
mod p™». This map is a bijection as one can easily see from strong approxima-
tion in Sly, and the right hand side is equal to (Z/NZ)*/{£1}. At the infinite
place we have that our symmetric space has two connected components, we have

X = Gl(R)/SO(2) = C\R = H, UH_

where H. are the upper and lower half plane, respectively. We have a complex
structure on X which is invariant under the action of Gla(R). The connected
components of this quotient correspond (one to one)to the elements in

G (A)/Gn(Q)(Gm(R)® x Uy) = Ig/QRE iUy = (Z/NZ)".
We put I'(V) = G(Q) N Ky and then the components are

roon ()i x (Y ) oy
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where t runs through a set of representatives of Ip/Q*R%Un = (Z/NZ)*.
These connected components are Riemann surfaces which are not compact.
They can be compactified by adding a finite number of points, the so called
cusps. These are in one to one correspondence with the orbits of I'(N) on
P1(Q) (see reduction theory).
(Compare to Borel-Serre)

6.2 The sheaves and their cohomology

6.2.1 Basic data and simple properties

Let M be a finite dimensional Q-vector space, let
r:G/Q = GIM)

a rational representation. This representation 7 provides a sheaf M on Sféf
whose sections on an open subset V' C SIG(f are given by

M(V) = {s: 7 1(V) = M]s locally constant and s(yv) = 7(7)s(v),y € G(Q)}.

We call this the right module description of M.
We can describe the stalk of the sheaf in a point y € S§ ;o we choose a point

T = (xoo,gf) in 77! (y) and we choose a neighborhood V,, as in 1.2.1. Then we

can evaluate an element s € /\;l(%) at x and this must be an element in M e |
this means we get an isomorphism

ez My —5 MFeee.

By definition we have ey, = veg.

In our previous example such a representation r is of the following form: We
take the homogeneous polynomials P(X,Y) of degree n in two variables and
with coefficients in Q. This is a Q-vector space of dimension n + 1, we choose
another integer m and now we define an action of Gly/Q on this vector space

(g g) P(X,Y) = P(aX +cY.bX +dY) det((i 2>>m

This Gly module will be called M, [m] and it yields sheaves M,,[m] on our space
59
s

It is sometimes reasonable to start from an absolutely irreducible represen-
tation and therefore we consider representations defined after a base change
r:G xg F — GI(M) where M is a finite dimensional F' vector space and the
action is absolutely irreducible. Since G(Q) acts on M we can define a sheaf
M of F vector spaces.

If our group is a torus T/Q, then we can find a finite normal extension E/Q
such that T' xq F is split and then we denote by

X*(T)= Hom(T x E,Gy,) resp X.(T) = Hom(G,,,T xq E) (6.17)
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the character (resp. ) cocharacter module of T'/Q. Both modules come with
an action of the Galois group Gal(E/Q). In this case an absolutely irreducible
representation is simply a character v € X*(T') and we denote by E[y] a one
dimensional E-vector space on which T/Q acts by 7. Then E[4] is a sheaf of
F-vector spaces on S?;fT

Integral coefficient systems

We assume again that we have a rational representation of our group G/Q, the
following considerations easily generalize to the case of an arbitrary number field
as base field. We want to define a subsheaf /\;lz C M. To do this we embed the
field Q — A, and we consider the resulting sheaf of A ;-modules M Ay. We
consider the diagram

G(R)/ Koo x (G(Af)/ Ky

)
\ ng
o
GQN\G(R)/ Koo x G(Af)

(6.18)

this means that the division by the action by K; on the right and by G(Q)
on the left (this gives II) is divided into two steps: In the lower diagram the
projection II is division by the action of G(Q) and then IIy gives the division
by the action of Ky on the right.

The sheaf M ®g A ¢ can be rewritten. For any open subset V' C Sféf we
consider W = II"1(V) and by definition

Mg Ap(V) = {s T (W) = M &g Asls(v(zec, g,kp)) = 1(5(200,9,)),

where these sections s are locally constant in the variable x.,. For any s €
M@ Ay(V) we define a map §: W — M ® Ay by the formula

§($OO7gf) = g;ls(l‘wvﬂfﬁf)v

this makes sense because M ® Ay is a G(Af)— module. For v € G(Q) we
have §(7(:voo,gf)) = §((xoo,gf)) hence we can view § as a map

§: G(Q)\G(R)/Koo x G(As) = M ®g As.

We consider the projection

I : G(Q\G(R)/ Koo x G(Af) = GQ\G(R)/Keo x G(Af)/Ky = SE,
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and then it becomes clear that M © A ¢ can be described as

M&AHV) = {3: (I7H(V) = M g Ayl
5 locally constant in 2, and §((xoo,gfﬁf)) = E;1§((xoo7gf))}.

Hence we have identified the sheaf M ®q Ay which is defined in terms of the

action of G(Q) on M to the sheaf M@&A ¢ which is defined in terms of the
action of Ky on M ®q Ay.

Now we assume that our group scheme G/Q is the generic fiber of a flat
group scheme G/ Spec(Z) (See 1.2). We choose our maximal compact subgroup
Ky =[], K, such that K, C G(Z,) and with equality for all primes outside a
finite set . We can extend the vector space M to a free Z module My, of the
same rank which provides a representation G/ Spec(Z) — Gl(Mz).

As usual Z will be the ring of integral adeles. Then it is clear that MzQ7Z C
M ®qg Ay is invariant under Ky and hence we can define the sub sheaf

Mz®7 C Mog Ay,

this is the sheave where the sections § have values in Mz ® Z. We put

—_~—

MZ:MZ(X)ZQM,

of course it depends on our choice of My C M. We get two exact sequences
of sheaves

0 - My = M & M®(Q/Z) =0
4 4 1

—_—~— —_~—

0 - MeZ — M%Af - M®(A/Z) =0

The far most vertical arrow to the right is an isomorphism, the inclusions
7 — 7 and Q — Ay are flat. Writing down the resulting long exact sequences
provides a diagram

o HNSE Mo S HNSELM)
Viz 1ig
— HYS{ . M®L) 5 HY(SE , Megh;) -

The above remarks imply that the vertical arrows are injective, the horizontal
arrows in the middle have the same kernel and kokernel. This implies

Proposition 6.2.1. The integral cohomology
H. (ng ) MZ)

P

consists of those elements in H® (ng7/\/l ® Z) which under ja go to an element
in the image under ig or in brief

H*(SF,, Mz) = j; " (im(ig))
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This generalizes to the case where we have a representation r : G x F —
GI(M) where M is a vector space over F. If our group scheme is an extension
of a flat group scheme G/ Spec(OF) then can find a lattice M, which yields a
representation of G — Gl(Mo,.). Then we can define the sheaf M, and define
the cohomology groups 5

(8¢, Mo,)

Sheaves with support conditions

We can extend the sheaves to the Borel-Serre compactification. We have the
inclusion

S QG

i:Sg, = SK;
and we can extend the sheaf by the direct image functor i, (M). It follows easily
from the description of the neighborhood of a point in the boundary (see 6.16)
that R%,(M) = 0 for ¢ = 0 and hence we get that the restriction map

H* (8%, i.(M)) = H*(SF,, M)

is an isomorphism.
We may also extend the sheaf by zero (See [Vol I], 4.7.1), this yields the

sheaf i;(M) whose stalk at « € SIG(f is equal to M, and whose stalk ist zero in
points x € 882}(. Then we have by definition

H?(SE,, M) = H*(SE,,in(M))
this is the cohomology with compact supports.

We are interested in the integral cohomology modules H*® (SIG(f ,Mz), H? (SIG(f ,M3).

We introduced the boundary 88% of the Borel-Serre compactification then we
have a first general theorem, which is due to Raghunathan.

Theorem 6.2.1. (i) The cohomology groups Hi(ng,.A;lZ), Hi(ang,/\;IZ) and
Hé(SICéf,/\;lZ) are finitely generated.

(i) We have the well known fundamental long exact sequence in co-
homology

— Hifl(a&cgf,/\;lz) — Hé(SIG(vaZ) — Hi(SﬁvaZ) — Hi(a‘sfc(:f’MZ) -

We introduce the notation H7(S§f,/\;lz) meaning that for ? = blank we
take the cohomology without support, for 7 = ¢ we take the cohomology with
compact support and for 7 = 9 we take cohomology of the boundary of the
Borel-Serre compactification. Later on we will also allow 7 =! this denotes the
inner cohomology. The above proposition 6.2.1 holds for all choices of ?.

Let ¥ = {Py,..., Ps} be a finite set of parabolic subgroups, we assume that
none of them is a subgroup of another parabolic subgroup in this set. The union
of the closures of the strata

U U 8o(SE,) = 0s(5%,)

i QCP;

is closed . We have the inclusions
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jo o 8§, = 8%, \05(8E,), 57 : SE, \ 0u(SE,) — S&,-

The inclusion % : SIG(f — SIG(f is the composition i = j* o jx we define the

intermediate extension | suppcond

i es(M) = 57 0 s (M), (6.19)

this means that the stalk ix; . 1(M), at a point y € 95 (S%,) is zero. Now we
can define the cohomology with supports H'(S[G(f_,ig*ﬂ(./\;l)). If ¥ = ( then
He (2, %,1(M),) = H'(ng,/\;l) and if ¥ is the set of all maximal parabolic
subgroups then H*(X, x,/(M),) = H’(Cng,./\;l).

For these cohomology groups coefficients in sheaves with intermediate sup-
port conditions we can also formulate assertion like the one in the above theorem.
Hence we get filtrations on the cohomology

WoH*(SE,, M) = Hf (S%,, M) C Wi H*(S§,, M) C --- C H*(SE,, M)
(6.20)

on the cohomology, the bottom of this filtration will be the inner cohomology
and the filtration steps will the images cohomology with intermediate supports.

Functorial properties

The groups have some functorial properties if we vary the level subgroup Kj.
If we pass to a smaller open subgroup K } C Ky then we get a surjective map

7TKf,K’f : SIG(/f — ng,
whose fibers are finite. This induces maps between cohomology groups

TR Ky H3(SE,, Mz) — H;(Sg},/\;lz),

for 7 = ¢ we exploit the fact that the fibers are finite.

We construct homomorphisms in the opposite direction. We exploit the
finiteness a second time and find that the direct image functor (’/TK}7 Ky)« 18
exact and hence

H (Sg,, Mz) = H (SE, (mic 1, ) (M)

We define a trace homomorphism (WK},Kf)*(Mz) — My A section s €
(WK},Kf)*(Mz)(V) is a map §: II"1(V) — M, ® Z such that

5(7(1500,%@})) = (k:'f)_lé((xoo,gf)) for all k} € K.

This is a section of My if and only if the corresponding section s takes values
in M. Then we define
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and this now satisfies
tr(§)('y(xoo7gfkf)) = k;lé((mm,gf)) for all ky € Kjy.

and since the corresponding section tr(s) takes values in M we see that tr(3) €
Mz (V).

Remark: It may happen that this trace map is not the optimal choice, it can
be the integral multiple of another homomorphism between these two sheaves.
This happens the intersection C'(Q) N Ky is non trivial.

Then the homomorphism between the sheaves induces

7TK/

HY(SF,, Mz) = H3(SE, (mic, 1)« (Mz)) = * H3(SE,, (M)

Later on our maps between the spaces will be denoted 7, m,... and the

notation simplifies accordingly. | Heckalg

6.3 The action of the Hecke-algebra

6.3.1 The action on rational cohomology

In this section we assume that our coefficient systems are obtained from rational
representations of a reductive group scheme G /Q hence they are Q vector spaces.
We discuss some further properties of the rational cohomology groups

HZ(SIC?NMQ)’HZ(SIG(J»’MQ)

These cohomology groups are finite dimensional Q-vector spaces and we have
the same exact fundamental sequence. We can also pass to the direct limit

Hi(SY, Mg) = lim Hi(SE ., Mg).
Ky f
GAF

Proposition 6.3.1. On these limits we have an action of the group mo(G(R)) x
(Ay). We recover the cohomology with fized level Ky by taking the invariants
under this action, i.e. we have

Hi(SY, Mo)™ = Hy(SE,, Mq)

To define this action we represent an element in 7o(G(R)) by an element
ks in the in the normalizer of K, in G(R). An element z = (koo,gf) €
G(R)xG(Ay)) defines by multiplication from the right an isomorphism of spaces

ma : GQ\X x G(A)/K; > GQ\X x GlAg) [z} Kpz,.

It is clear from the definition that m, yields a bijection between the fibers
71g),9 € G(Q\X x G(Ay)/K¢ and m~!(m)(g) and since the sheaf is de-
scribed in terms of the left action by G(Q) we get my, (M) = M. Passing to
the limit gives us the action. The second assertion is obvious, but here we need
that our coefficients are QQ vector spaces, we need to take averages.
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We introduce the notation 7mo(G(R)) x (Af) := G(A) and then we denote
this action by

pit,  GIA) x Hy(SE, Mq) — Hi(SE,, Mq).

The interesting component of this representation is of course the action of the
finite component G(Ay), it is simply the action which is induced by the right
translation action of G(As) on S¢.

We introduce the Hecke algebra, it acts on the cohomology with a fixed level.
It consists of the compactly supported Q—valued functions h : G(A;) — Q
which are biinvariant under the action of Ky and is denoted by H = Hg, =
C.(G(Ay)//Ks,Q). An element h € H is simply a finite linear combination of
characteristic functions h = > ¢, XKja,k; With rational coefficients ¢, . The
algebra structure is given by convolution with respect to the Haar measure on
G(Ay) which gives volume 1 to K. This convolution is given by

hy * hg(gf) = /G(A )h1(£f)h2(£f_1gf)d£f~
!

With this choice of the measure it is clear that the characteristic function of Ky
is the identity element of this algebra.

The action of the group G(Ay) induces an action of Hx, on the cohomology
with fixed level Hé(Sﬁf,/\;l),Hi(SfG(f,/\;l), .- For an element v € Hi(S%, M)
we define

Th(v) = /G(A )h(gf)gfvdgf,
s

where the measure is still the one that gives volume 1 to K. Clearly we have
Thyshy = Thy Th,-

(Actually the integral is a finite sum: We find an open subgroup K C Ky
such that v is fixed by K } and then it is clear that

1
Th(v) = / hap)esvde = Gt > X Caige (€S
G(Ay) (K : f] a; & €G(As)/K)

This makes it clear why we need rational coefficients .)
It is clear that T} (v) € H%(Sﬁf ,M) and hence T}, gives us an endomorphism

of H} (S}G;f,./\;l). We will show later that we also get endomorphisms on the co-
homology of the boundary and therefore H also acts on the long exact sequence
(Seq) .

If our function h is the characteristic function of a double coset Kz 1Ky
then we change notation and write T}, = ch(gf). We give another definition
of the Hecke operator ch@f) in terms of sheaf cohomology. We imitate the

(zy)

construction of the Hecke operators in Chap.Il 2.2. We put Kf = KN
ngng?I and consider the diagram
My
SC., —4 s¢
K5 (27 )
! Ky Hopl
N\ 1 v T2

€]
SK,
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where m, . is induced by the multiplication by z; from the right. This yields
in cohomology

H.(ng,,/\;l> l} H.(S}C;(Ef)"/\;l) i}* H.<SZ(5;1>7m£f’*(M)) <H0p2)
s s

Since we described the sheaf by the action of G(Q) and the map m,, by mul-

tiplication from the right we have mgfy*(/\;l) = M, this yields an isomorphism
ig . Since my is finite we have the trace homomorphism

T2.e : H.(Si(if)fhj\;l) — H.(ngv/\;[)
5

and the composition is our Hecke operator

T8 Olg, 0My «om = ch(zy): H'(ng,./\;l) — H'(ng,./\;l).

This is simpler than the construction Chap.IT 2.2. because we do not need
the intermediate homomorphism u,. But we we do not get Hecke operators on
the integral cohomology.

6.3.2 The integral cohomology as a module under the Hecke
algebra

We resume the discussion of the integral Hecke algebra acting on HJ (ng‘ N MZ)
from Chapter II. Inside the Hecke algebra we may also look at the sub algebra
of Z -valued functions. This is in principle the algebra which is generated by the
characteristic functions ch(z;) of double cosets Kyx K. These characteristic
functions act by convolution on the cohomology H '(ng,/\/l) but this does
not induce an action on the integral cohomology. Our next aim is to define
a fractional ideal n(z;) C Q or more generally n(z;) C F such that for any
a € n(z;) we can define an endomorphism

a-ch(zg): H*(SE,, My) = H*(S§,, My )

and if we send this to the rational cohomology then on H®(S% f,/\/l) this will
be the convolution endomorphism induced by ch(z ;) multiplied by a.

This ideal will depend on z; and on A and further down we compute it in
special cases.

(iv) These endomorphisms a-ch(z;) generate an algebra H(ZA) acting on the
integral cohomology and the arrows in our sequence above commute with this
action.

v) Moreover, we have an action of mo(G(R)) on the above sequence and this
action also commutes with the action of the Hecke algebra. Hence we know that

our above sequence is long exact sequence of mo(G(R)) x "H(Z)‘)'

We come to the definition of the ideal.



6.3. THE ACTION OF THE HECKE-ALGEBRA 191

If we are in the special case that our group has strong approximation then
we have

N\X = GQ\X x G(Af)/Ky

(See (6.10)). We pick an element o € G(Q). In Chap. II , 2.2 we defined the
Hecke operator T'(a, u,) where u, : M(®) — M is the canonical choice. Let us
denote the image of o in G(Ay) by ay. We just attached a Hecke operator to
the double coset Kya,.Ky. We have the diagram of spaces

D(a)\X ————————G(Q\G(R)/Kx x G(Af)/K} (6:21)

(o) rlay)

-1

Dla™N\X —————>G(Q)\G(R)/Kx x G(Af)/K{’

Here the horizontal arrows are the isomorphisms provided by strong approxi-
mation, the arrow I(a~!) is the isomorphism induced by left multiplication by
a~! and r(gf) by right multiplication by a ;. These two maps enter in the def-
inition of the Hecke operators T'(a™!,u,-1) and ch(a;) and a straightforward
inspection of the sheaves yields

ch(a;) = T(a ™ ug-1).

Hence we can conclude that under this assumption our newly defined Hecke
operators coincide with the Hecke operators defined in Chap. II. This also
tells us what we have to do if we want to define Hecke operators on integral
cohomology.

To define the action of the Hecke algebra on the integral cohomology without
the assumption of simple connectedness we have to translate their definition into

the right module description. Then our sheaf M ® A is described by the action
of Ky on M ® Ay and this allows us to define the sub sheaf Mz ® 7. We look

at the same diagram. But now the sheaf mgfy*(/\/l ® Ay) is the sheaf described

2.1
by the the KEE07 module (M @ Af) @) This module is M ® As as abelian

f
-1
group, but 9, € Kj(cgf) acts by my — &fg%?lmf. The map m; — z;m;

induces an isomorphism [z ] between the two Kj(cgf ) modules (M ® A f)@f)
and (M ®A ). We now consider the diagram Hopl. and replace in the sequence
of maps the homomorphism i, by the map [@}] induced by the isomorphism
[z f] between the sheaves. Then we can proceed as before and get an operator

P« o [zg]® omy, . op5 = ch(zy).
It is straightforward to check that this operator is an extension a4 0 iy, ©
Mg, x0T to H'(ng,./\;l ®Ay).

Our right module sheaf contains the submodule sheaf M ® Z, we can write
the same diagram but now it can happen that [gf] does not map Mz ® Z into



192 CHAPTER 6. COHOMOLOGY IN THE ADELIC LANGUAGE

itself. This forces us to make the following definition
n(z;) = {a € Q| [az;] : Mz ®ZC MzRL}

Then we can again go back to our above diagram and it becomes clear that
we can define Hecke operators

a-ch(z;): H*(SE,, Mz) = H*(S§,, M) for all a € n(z).

The case of a split group

We want to discuss this in the special case that G/ Spec(Z) is split reductive, we
assume that the derived group G/ Spec(Z) is simply connected, we assume
that the center C/ Spec(Z) is a (split)-torus and that C N G is equal to the
center Z() of G, This center is a finite multiplicative group scheme (See 6.1.1).

Accordingly we get decompositions up to isogeny of the character and cochar-
acter modules of the torus

XHT) = X*(TD) o X*(C) X (TM) @ X,.(C) — X.(T) (6.22)

they become isomorphisms after taking the tensor product by Q. We numerate
the simple positive roots I = {1,2,...,r} = {a1,a2,...,a,} C X*(T) and we
define dominant fundamental weights ~; € X*(7 )@ which restricted to 7() are
the usual fundamental dominant weights and restricted to C are trivial. Then
a dominant weight can be written as

A=) ami+6=2Y 43, (6.23)
el

where § € X*(C) and we must have the congruence condition

AN +6)zW =1 (6.24)

We can construct a highest weight module M, 7. We pick a prime p, we
assume that is unramified (with respect to Ky), this means that K, = G(Zp).
Any element ¢, € T(Q,) defines a double coset K,t,K,. Of course only the
image of t, in T(Q,)/T (Z,) matters and

T(Qp)/T(ZP) = X, (T)

we find x € X, (T) such that x(p) = t,. We take a x in the positive chamber,
i.e. we assume < x,a >> 0 for all a. We can produce the element

x =0...,1,...,x(p),1...,1,...) e T(Ay)

and the Hecke operator
hly): H'(SE, M@ Q) > H(SE,, Mo Q)

We have to look at the ideal of those integers a for which
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ach(x )(Mxrxz ®Zp) C (Myz®Zp).

This is easy: We have the decomposition into weight spaces

Mz =B My z(p)

and on a weight space the torus element ch(xp) acts by

ch(xp)m# =p XHTg,.

We get the smallest exponent if we choose for u, the lowest weight vector.
We denote by wqy the longest element in the Weyl group, which sends all the
positive roots into negative roots. The the element —wg induces an involution
1 — 1’ on the set of simple roots. Then

w=wo(A) =— Z agy; + 0. (6.25)

We say that our weight is (essentially) self dual if we have a; = a;. If our weight
is self dual then g = —\1) +§
Hence we see that our ideal is the principal ideal is given by

(p’<X’w°’\(l)>*<X’5>) or if \ self dual (p<X7)‘(1)>*<X’5>) (6.26)
and therefore, we have the Hecke operator

Cco. — wo M > _ . ~ o -
Tyoe =pm XN TS eh(y ) - HO (SR, Maz) = H (SR, Maz)
(6.27)

The number — < y,woA() > is the relevant contribution in the exponent
(let us call this the semi-simple term), the second term — < x,d > is a correction
term ( the abelian contribution) and it takes care of the central character. We
come back to this in section 7.0.1.

6.3.3 Excursion: Finite dimensional H—modules and rep-
resentations.

We fix a level Ky = Hp K, and drop it in the notations. It follows from the
theorem 6.2.1 that we have a finite Jordan-Hdélder series on our cohomology
groups such that the subquotients are irreducible Hecke-modules. If we take
the tensor product with a suitable finite extension F/Q then we can refine
the Jordan-Holder series such that the quotients become absolutely irreducible
modules for the Hecke algebra, we say a few words concerning the absolutely
irreducible Hecke-modules.
We have a decomposition

H=Q) Ho = Q) C(G(Q,)//Ky).

As the notation indicates we take the tensor product over all finite primes. This
tensor product has to be taken in a restricted sense: for an element of the
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form hy = ®h, the local factor h, is equal to the identity element for almost
all primes p (this is the characteristic function of K,). All other elements are
finite linear combinations of elements of the form above. We have the obvious
embedding H, — H we simply send hp, = 1®---®h, ®1.... The subalgebras
‘H, commute with each other.

We are interested in categories of modules for the Hecke algebra, which
will be finite dimensional Q— vector spaces V together with a homomorphism
H — Endg(V). If Let us call this category Mody,. For any extension L/Q we
may consider the extension H; = H ® L and the resulting category Mody,, .
If we have an extension L — K the tensor product yields a functor Mody,, —
MOdHK .

We briefly recall the theory of modules over a finite dimensional Q-algebra A
more precisely for any extension L/Q we consider the category Mod 4, of finite
dimensional L-vector spaces V together with a homomorphism Ay, — Endp (V).

We say that a finite dimensional Ay module V irreducible, if V' does not
contain a non trivial Ay submodule. We say that V is absolutely irreducible if
V @ L is irreducible. We say that V is indecomposable if it can not be written
as the direct sum of two non zero submodules.

We call such an algebra A semi-simple if it does not contain a non trivial
two sided ideal A consisting of nilpotent elements. It is well known that this
is equivalent to the semi simplicity of the category Mod 4, this means that for
any A-module V (finite dimensional over Q) and any submodule W C V we
can find a A submodule W’ such that V. = W @& W’. It is also well known
that A is semi simple if it has a faithful semi-simple (finite dimensional) module
V € Ob(Mod 4), where faithful means that A — Endg(V) is injective and semi
simple means of course that any A-submodule W C V admits a complement.

It follows from a simple Galois-theoretic argument, that A is semi simple if
and only if A ®q L is semi simple for any extension L/Q.

If we have two modules Vi, V2 in Mod 4, and these modules become iso-
morphic after some extension L — K, then they are already isomorphic over
L. The isomorphism classes of irreducible modules for Ay, form a set which is
called Spec(Apr). It is a standard fact from the theory of semi simple algebras
that this spectrum can be identified to the set of two sided maximal ideals.
We also know that we can write the identity element as a sum of commuting
idempotents

1= Z e¢;e§:e¢;e¢ew:0f0r¢7é¢.
@€ Spec(AL)

Then Apey is simple, i.e. has no non trivial two sided ideal. The maximal ideal
corresponding to ¢ is @y.y-eAey. We have the decomposition

Ap = Z Ar € (6.28)
¢€ Spec(Ar)

Our algebra Ay has a center 31, which is a commutative algebra over L
and since it does not have nilpotent elements it is a direct sum of fields. The
idempotents e € 31, and clearly
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3L = Dpe Spec(Ar)I€s

where 31e,4 is a field. Hence we get an identification Spec(Ar) = Spec(31).
We conclude that a semi-simple algebra Aj; whose center 3 is a field is
actually simple and then the structure theorem of Wedderburn implies

AL — M, (D)

where the right hand side is a matrix algebra of a central division algebra D/3,.
This algebra has only one irreducible non zero module: It acts by multiplication
from the left on itself, any non zero minimal left ideal yields an irreducible
module. These modules (minimal left ideals) are isomorphic to the ideal given
by ¢; where ¢; consists of those matrices which have zero entries outside the i-th
column. In this case Spec(Ap) = (0) is the zero ideal. The unique irreducible
module is not absolutely irreducible if D # 3; We may choose an extension
K/L which splits the division algebra, then Ap = M, 4(K) where [D: L] = d°.
If this is the case we call the algebra Ay absolutely simple. The spectrum does
not change.

This tells us that in general the set of isomorphism classes of irreducible Ay,
is canonically isomorphic to Spec(Ayr) for any irreducible Az module Yy we
have exactly one ¢ such that eY =Y, and for all ¢ # ¢ ey Y = 0. One the
other hand our construction above yields exactly one module irreducible module
Y, for a given ¢. For any Ar -module X we get the isotypical decomposition

X= Y X,
¢€ Spec(A)
The isotypical component where the isotypical component e4 X = Yf (X’¢), and
where m(X, ¢) is the multiplicity of this component. If we extend our ground
field further Y, ®; K may become reducible, but if our extension L/Q is large
enough then Yy will be absolutely irreducible.

Let us start from a semi simple algebra A/Q. Then its center 3 is a direct
sum of fields, 3 = ®3;. We say that a finite extension F/Q is a splitting field for
A if it is normal and if any summand 3; can be embedded into F. Then we get

.AFZ.A@QF: @ A®37LF

1€ Hom(3,F)

Clearly the center A ®3, F' = F' and hence we see that this decomposition is
the same as the above decomposition (6.28), we get

Proposition 6.3.2. If F/Q is a splitting field of A/Q the we get an action
of the Galois group on Spec(Ar). The orbits of this actions are in one to one
correspondence with the elements in Spec(A) in this is the set of summands of
the decomposition of 3q into a direct sum of fields.

A summand Ae,F has only one non zero irreducible module (up to iso-
morphism). This module Y, is not necessarily absolutely irreducible because
Aey — M, (D) where D/F may be non trivial (we have a non trivial Schur
multiplier).
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We say that A/Q has trivial Schur multiplier if for all ¢ € Spec(A) the
division algebra D is trivial, i.e. equal to the center.

We apply these general principles to our Hecke -algebra and its action on
the cohomology H® (S;G(f,./\/b\). We define the ideal I!Kf to be the kernel of this

action, then H/ I!Kf = A is a finite dimensional algebra. It is known- and will

be proved later - that H? (821,7/\;1) is a semi simple module and hence we see
that A is semi simple. Then we define the scheme

COh(H!.(ng,MA)) = Spec(A).

We will denote the set of geometric points of this scheme, or more simple minded
the set of isomorphism classes occurring in this cohomology, by Cohi(G, Ky, \).

More generally we may consider the set of isomorphism classes of absolutely
irreducible Hecke modules occurring in the Jordan-Hélder filtration of any of
our cohomology modules HY (Slcéf , /\;IA)) and denote this set by Coh- (G, K¢, A).
Since we have a fixed level Ky they are all defined over a suitable finite extension

F/Q.

A central subalgebra

We still consider the action of #/I;;, = A on HP(SF , M) = & H{(SF ., M).
For all p outside the finite set ¥ we have K, = G(Z,). In this case the algebra H,
is finitely generated, integral and commutative. We say that H, is unramified
it K, = G(Z,). For an unramified Hecke-algebra H, its maximal spectrum
Homgig (M, C),- i.e. the set of isomorphism classes of absolutely irreducible
modules over C-,is described by a theorem of Satake which we will recall in the
next section.
The subalgebra

1) =R,

pgx

is commutative and its image in H /I lies in the center and hence also in the
center of A. Hence we can conclude that for a splitting field F' for A and any
irreducible module Y; for A the restriction of the action to H ) is given by a
homomorphism

AUNE VIS )

Hence the module Yy is determined by the action of Hs, = Hp@: Hp in Ap.
If we assume that Yy is absolutely irreducible, then it follows from a standard
argument that Yy — ®pexYy, where Y, is an absolutely irreducible H,-
module. For p ¢ ¥ let Vi be the one dimensional F' vector space F' with
canonical basis element 1 € F' and an #H, action given by the homomorphism
¢p : Hp — F. Then we get an isomorphism

/
Yy = XYy, (F1)
p
where we take the restricted tensor product in the usual sense, i.e. at almost
all primes the factor in a tensor is equal to 1. Under our assumptions the ho-
momorphism
Hp — EndF(Y¢p)
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is surjective.

We get a map from the isomorphism classes of irreducible modules [Yy] for
Ap to ¢7 € Hom(H®), F). We say that H>) acts distinctively on Hy? (ng , M
F) if this map is injective, i.e. the isomorphism type [Y3] is determined by its
restriction to H ).

On the cohomology H, (S](?f , M) we still have the action of the group 7o(G(R)),
this action commutes with the action of the Hecke algebra. (See (6.3.6) This
is an elementary abelian 2- group and we may decompose further according to
characters € : mo(G(R)) — {£1}.

We say that the H module H!’(ng,/\;l) has strong multiplicity one (with

respect to ) if H*) acts distinctivly and for any splitting field F' and any
¢> : H®) — F we can find a degree ¢ and an e such that

qu(sfcéfvf\;l)(ﬁ) Que g F

is an absolutely irreducible H— module.
If this is so then the homomorphism

Hs — EndF(Hf(ng,./\;l)(e) O g )

is surjective and the Hecke module Hy (SIG(f , M) has trivial Schur multiplier.

Representations and Hecke modules

For p € ¥ the category of finite dimensional modules is complicated, since the
Hecke algebra will not be commutative in general.

Let F' be a field of characteristic zero, let V be an F-vector space. An
admissible representation of the group G(Q,) is an action of G(Q,) on V which
has the following two properties

i) For any open compact subgroup K, C G(Q,) the space VE» of K
P p P
invariant vectors is finite dimensional.
ii) For any vector v € V' we can find an open compact subgroup K, so that
P
v € VE» in other words V = limg, Vs,

An admissible G(Qp) -module V is irreducible if it does not contain an
invariant proper submodule.
It is clear that the vector spaces VEr are modules for the Hecke algebra

i,

Proposition 6.3.3. If V # (0) is a irreducible G(Q,) modules, and if K, is
an open compact subgroup with Vv £ (0). Then VEr is an irreducible Hrk,-
module.

Proof. To see this we take the identity element ey, in our Hecke algebra, it
induces a projector on V and a decomposition

V=V5aV =ex Ve (l—ek,)V

Let assume we have a proper H, -invariant submodule W C VE» Now we con-

vince ourselves that the G(Q))-invariant subspace W generated by the elements
gw is a proper subspace. We compute the integral
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J.

The first integral gives us the projection to VX», the second integral is the
Hecke operator, hence the result is in W. We conclude that ex, W C W and tis

shows that (0) # W # V. O

kgwdk = / k‘lgkgwdk‘gdlﬁ .
K, xK,

P

Now it is not hard to see, that the assignment
V= VE

from irreducible admissble G(Q,)-modules with VE» =£ (0) to finite dimen-
sional irreducible H g ,-modules induces an bijection between the isomorphism
classes of the respective types of modules. If we start from V57 we can recon-
struct V' by an appropriate form of induction.

The dual module

Let us assume that V' is a finite dimensional F-vector space with an action of
the Hecke algebra H (we fix the level). We have an involution on the Hecke
algebra which is defined by

‘h(zs) = h(z;")

a simple calculation shows that thy * thy =t (hg * hy).
This allows us to introduce a Hecke-module structure on VY = Homp(V, F)
we for ¢ € VVwe simply put

Th(¢)(v) = ¢(Tin(v))

for all v € V.

Unitary and essentially unitary representations

Here it seems to be a good moment to recall the notion of unitary Hecke mod-
ules and unitary representations. In this book we make the convention that a
character is a continuous homomorphism from a topological group H — C*, we
do not require that its values have absolute value one. If this is the case we call
the character unitary. Our ground field will now be F' = C, let V be a C vector
space. We pick a prime p. We call a representation p : G(Q,) — GI(V') unitary
if there is given a positive definite hermitian scalar product <, >V xV — C
which is invariant under the action of G(Q,).

If our representation is irreducible then it has a central character ¢, : C(Q,) —
C*. In this case the scalar product is unique up to a scalar. A necessary con-
dition for the existence of such a scalar product is that |(,| = 1, in other words
Cp is unitary.

If this is not the case then our representation may still be essentially uni-
tary: We have a unique homomorphism (5] : C'(Q,) — RZ, whose restriction
to C(Qp) under dc (see 1.1) is equal to |(,|. Then we may form the twisted
representation p* = p ® \C;|*1. Then the central character of p* is unitary. We
say that o is called essentially unitary if p* is unitary.
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If our representation is not irreducible we still can define the notion of being
essential unitary. This means that there exists a homomorphism |(5| : C'(Q,) —
-1

RZ,, such that the twisted representation p* = p ® |C; is unitary.

The same notions apply to modules for the Hecke algebra. A (finite dimen-
sional) C vector space V' with an action 7, : H, — End(V) is called unitary, if
there is given a positive definite scalar product <, >: V x V — C such that

< Th(w),w >=< v, (Ti(w)). (6.29)

Recall that we always assume that our functions h € H,, take values in QQ, hence
we do not need a complex conjugation bar in the expression on the right.

The restriction of 7, to C(Q,) in induces a homomorphism ¢, : C(Q,) —
C*. We call m, isobaric if this action of the center is semi simple - and therefore
a direct sum of characters (, = > (v, - and if all these characters have the
same absolute values |(} | = |(r,[. This means that we can find |7 | as above.
Then we call 7, essentially unitary if the Hecke module 7 = m, ® \C;‘;p —lis
unitary.

These boring considerations will be needed later, we will see that for an
irreducible coefficient system M the H f(SI%_ , M) ® C is essentially unitary (see
8.1.6).

Satake’s theorem

Noch mal ein wenig iiberarbeiten In the formulation of this theorem I
will use the language of group schemes, the reader not so familiar with this
language may think of Gl,, or the group of symplectic similitudes GSp,,. Since
we assumed that for p ¢ ¥ the integral structure G/Spec(Z,) is reductive it is
also quasisplit. GWe can find a Borel subgroup B/Spec(Z,) C G/Spec(Z,) and
a maximal torus 7 /Spec(Z,) C B/Spec(Z,). Then our torus T /Spec(Z,) splits
over an unramified extension E,/Q, and the Galois group Gal(E,/Q,) acts on
the character module X*(7 x E,) = Hom(T x E,,G,,). Let {a1,a2,..., 0} C
X*(T x Ep) be the set of positive simple roots, it is invariant under the action
of the Galois group. Let W(Z,) be the centralizer of the Galois action in the
absolute Weyl group W. We introduce the module of unramified characters on
the torus this is

Homunram (T(Qp)7 CX) = Hom(T(Qp)/T(ZP)7 CX) = A(T)

Since we have T'(Q,) = B(Q,)/U(Q,) the character w, € A(T) yields a char-
acter wy, : B(Q,) — C*. We write the module structure addiltively, i.e. (w1, +
w2 p) () = wip(T)w2,p(2)

The group of (rational ) characters Hom(T,G,,) = X*(T) G21(F»/Q) ig a
subgroup of A(T) : An element v € X*(7) “(Fr/Q) defines a homomorphism
T(Qp) — Q, and this gives us the following element x + |y(z)|, € A(T) which
we denote by |7],. We can even do this for elements v ® 1 € X*(T) ® Q, then
Y® 5 () = @)l € R,

Our open compact subgroup K, = G(Z,). Since we have the Iwasawa de-
composition G(Q,) = B(Q,)G(Z,) = B(Q,) K, we can attach to any w, € A(T)
a spherical function

Pu, (9) = Pu, (bpkp) = (wp + [plp) (bp) (6.30)
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here p € A(T) ® Q is the half sum of positive roots. This spherical function is
of course an eigenfunction for H, under convolution, i.e. for h, € H,

/ b, () (2 = (), (9) (6.31)
G(Qp)

and s(w,) : hy — hy(w,) is an algebra homomorphism from #, to C. Of course
the measure dx gives volume 1 to G(Z,) = K,,.

The theorem of Satake asserts:

Theorem 6.3.1. The group W(Z,) acts on A(T), we have s(wwp)) = s(wp)
and
AT)/W(Qp) == Homug(H,, C)

is an isomophism.

We will write irreducible modules in this case as 7, = m,(wp) and w, €
A(T)/W(Q,) is the so called Satake parameter of m,.

The Hecke algebra is generated by the characteristic functions of double
cosets K,t, K, where ¢, € T(Q,) and where for all simple roots a € = we have
la(ty)]p <1, 1ie. t, € T4(Qp). Then the evaluation in (6.31) comes down to the
computation the integrals

/ bus, (97)dx = ()61, (9) (6.32)
KptpKp

Spherical representations

Now we assume that Let F' C C be a finite extension of Q and let V/F be
a vector space. We choose K, = G(Z,), i.e. p is unramified. An admissible
representation

7p : G(Qp) — GL(V)

is called spherical if VX7 #£ 0, and this space is a module for the Hecke algebra.
If the representation is absolutely irreducible, then it is well known (Reference)
that dimp V&» = 1, this is a one dimensional module for Hk,, i.e. a homomor-
phism 7, : Hg, — F. Let w, € A(T) the corresponding Satake parameter, it is
well defined modulo the action of the group W(Q,). We introduce the element
Xp = wp + |plp € A(T) we observe that the values x,(z) € Fi where F; is a
finite normal extension of F.

Then our representation 7, ® F; can be realised as a subquotient of the
induced representation

d5e") vy = {f : G(Q,) = F|f(bg) = () f(9)} (6.33)

where f satisfies the (obvious) condition that there exists a finite index subgroup
KZ’, C K, such that f is invariant under right translations by elements k' €
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KZ’). In general the induced representation will be irreducible and then it is
isomorphic to the representation 7, ®p Fi.

If 7?; is the spherical representation attached to the Satake parameter w,, !

then we have a pairing | dualSat

H;Tp X Hﬁg - C
(6.34)
JiX far pr f1(kp) fa(kp)dky

This tells us that the dual module to Hy, = H;i ? has the Satake parameter
-1

w, *. The representations Hz, are called the representations of the unramified

principal series.

We may consider the case that w, is a unitary character, this means that
wp : T(Qp)/T(Zy) — S'. Then we have w,'(t) = w,(t) and our above pairing
defines a positive definite hermitian scalar product

<, >: Hﬁ—p X Hﬁ—p —C (635)

which is given by

< fiofo 5= /K £ (k) Fa (R )y (6.36)

If we allow for f € Hj, all the functions whose restriction to K, lies in L?(K,)
then Hx becomes a Hilbert space and the representation of G(Q,) on Hz, is a
unitary representation.

These representations are called the unitary principal series representations.
It is not the case that these representations are the only unramified principal
series representations which carry an invariant positive definite scalar product.
(See [Sat]).

In the following section we discuss the classical case. | SatakeGl

6.3.4 The case Gls.

In the case of Gly the maximal torus is given by

- {(5 1)}

It is contained in the two Borel subgroups B/Q of upper and B_/Q of lower
triangular matrices. Let U/Q be the unipotent radical of B.

If we represent an element @, € A(T)/W by w, : T(Q,)/T(Z,) — C* then
we get two numbers

wp(

o~ O
N o~ O

wp(
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The local algebra is generated by two operators T, T'(p, p) for which
s(wp)(Tp) = p1/2(a; + 51/7) =ap+Bp )
s(wp)(T'(p, p)) = pa;ﬁz’, = apfp

These two Hecke operators are -up to a normalizing factor - defined as the
characteristic functions of the double cosets

Gly(Zp) < 78 (1) ) Gly(Zy) and Gly(Zy) ( ]5 2 )Glg(zp).

The to numbers ay, + 3y, apf, determine w,. They are called the arithmetic
Satake parameters. We also define the semi-simple component of the Satake

parameter | Satparmss
/
/

(1) _ p 0 > )
)=l § 0 )=5=% (6:87

It is not difficult to prove Satakes theorem for Gly/Q,. We write Glz(Z,) =
K,. It is the theorem for elementary divisors that all the double cosets K,\G(Q),)/ K,
are of the form

K, (% ;b) K, with a > b.

If we want to understand the function h — ﬁ()\) it clearly suffices to compute
its value on the characteristic function ¢,= of the double coset

Ky (["]) K,

For A € A(T) we have to evaluate the integral

[ or@tom(a)da =m0
G(Qyp)

m

We abbreviate [p™] = (p 0

(1)) and write our double coset as a union of right
K, cosets, i.e.

Kp[pm]Kp = U f[pm]Kzr
§EK /KpN[p™]Kp[p™] 1

The volume of such a coset is one hence we get
[ ot @de = 3 on(els™)
G(Qp) ¢

The group

m ml— b m
K, 0 [p™Kp[p™] 1={<Z d)EKp|bEO mod p™},

this is the group of points B_(Z/p™) of lower triangular matrices. Hence the
coset space

GL(Z/p™)/B-(Z/p™) = Kp/ Ky 0 [P K [p™] ™! = PHZ/p™).
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The points in P!(Z/p™) are arrays (a) ,a,b € Z/p™ aorbe (Z/p™Z)*,

b
modulo (Z/p™)*. Then K, acts by multiplication from the left on this coset

1
B(Z/p™) from the left on P!(Z/p™) and the orbits under this action from the
left can be represented by

1 pY _
(0) and (1) forv=0,1,...m

On these orbits (under B(Z/p™) ) the function £ — ¢x(&[p™]) is constant. We
can take the representatives

0 —1 1 pY
=1 o) ma (o %)

oxulp™]) = 57
(g ) D= @ E = ap

The total length of the of the orbits under B(Z/p™Z) is p™ and hence

space and K, N [p™]K,[p™]~! is the stablizer of <O) We still have an action of

and get the values

tym () = o) + By (6.38)

We want to put on record that for an (irreducible) induced representation

IndGlz(@p)x where x/( b0 ) = x1(t1)x2(t2) the arithmetic Satake param-
B(Qp) AP 0 ty
eters are given by
pxi(p) + x2(p) 5 px1(p)x2(p)- (6.39)

6.3.5 Back to cohomology
The case of a torus and the central character

We consider the case that our group G/Q is a torus T/Q. This case is already
discussed in [Ha-Gl2]. Our torus splits over a finite extension F/Q and our
absolutely irreducible representation is simply a character v : T' xg F' = G, it
defines a one dimensional T xg F'— module F[y]. Here F[y] is simply the one
dimensional vector space I over F' with T' xqg F' acting by the character +.

We recall the notion of an algebraic Hecke character of type «. We choose
an embedding ¢ : F' < Q then 7 induces a homomorphisms 7(C) — C*. The
restriction of this homomorphism to T'(R) is called v : T(R) — C*.

A continuos homomorphism

¢ = oo X Hp¢p = oo X ¢f : T(A)/T(Q) — C~

is called an algebraic Hecke character of type 7y if the restrictions to the connected
component of the identity satisfy

PoolT© (R) = Voo lTO (R)-
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The finite part ¢; : T(Af) — QX is trivial on some open compact subgroup
K}F C T(Ay). We also say that a homomorphism ¢; : T(Af)/Kf — Q% is an
algebraic Hecke-character, if it is the finite part of an algebraic Hecke character,
which is then uniquely defined.

In [Ha-Gl2], 2.5.5 we explain that the cohomology vanishes ( for any choice
of KJ? ) if v is not the type of an algebraic Hecke character. In this case we
give the complete description of the cohomology in [Ha-Gl2], 2.6: If we choose
7' = Z (see 1.1) then

HO(Sge, Fhl @r, @Q) = P Q¢y. (6.40)
¢5:C(Af)/KE)—Qx:type(¢s)=n

The property of v to be the type of an algebraic Hecke character does not
depend on the choice of ¢. If we fix the level then it is easy to see that the values
of the characters ¢y lie in a finite extension F; of «(F') so we may replace in our
formula above the algebraic closure Q by Fj.

If we return to our group G/Q and if we start from an absolutely irreducible
representation G xg F — GI(M) then its restriction to the center C/Q is a
character (oq. Our remark above implies that this character must be the type
of an algebraic Hecke character if we want the cohomology H7 (SIG(f,./\;l) to be
non trivial. (Look at a suitable spectral sequence).

In any case we can consider the sub algebra Cx, C H, generated by central
double cosets Kfz Ky = Kyzp. with 24 € C(Ay) This provides an action
of the group C’(Af)/KJ? on the cohomology H;(Sﬁf,/\;l). Then the following
proposition is obvious

Proposition 6.3.4. Let H., be an absolutely irreducible subquotient in the
Jordan Holder series in any of our cohomology groups. Then C’(Af)/K]?v acts
by a character (r, on Hx, and (x, is an algebraic Hecke character of type (.

Note that (u is the restriction of the abelian component 6 in A = A1) +§
to the center.

The cohomology in degree zero

Let us start from an absolutely irreducible representation r : G x F' — Gl(M),

we want to understand H O(SIG(f,M): To do this we have to understand the
connected components of the space and the spaces of invariants in M under the
discrete subgroups I'Ys in 1.2.1. We assume that the groups I'’s N G(l)((@) are
Zariski dense in G(1). Then it is clear that we can have non trivial cohomology
in degree zero if M is one dimensional and GV acts trivially. Hence M is given
by a character § : C' x F — G,, x F.

To simplify the situation we assume that the assumptions in (6.1.3 ) are
fulfilled and we have a bijection

mo(S%,) = mo(SS, (6.41)

K< foC’>
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where K g and K]?' are the images of the chosen compact subgroups respec-

tively. With these data we define Sglc, and we can view M as a sheaf on SIC;/C/,
s s

in our previous notation it is the sheaf F[J].
Then we get for an absolutely irreducible G x F' module M -and under the
assumption that the TZr N G()(Q) are Zariski dense in G- that (See 6.3.5)

0 if dim(M) > 1

. (6.42)
Do, type(os)=s 110 if M= F[0]

HY(SE, Mo Fy) = {

The density assumption is fulfilled if GV)/Q is quasisplit. We also observe
that we have the isogeny do : C — C' (See (1.1). Then it is clear that the
composition d¢ o J is the character (a4 in section 6.3.5.

6.3.6 The Manin-Drinfeld principle

For a moment we assume that our coefficient systems are rational vector spaces.
This means that we start from a rational (preferably absolutely irreducible)
representation p : G xg Fy — Gl1(M) where M is a finite dimensional Fj vector
spaces. We have an action of Hp, on our cohomology groups and we defined
the spectra Coh(Hy (SIG(f,M)) which now will be a finite scheme over Fy. We
will show show that the modules H (ng,./\;l 1) are semi simple and if we pass
to a splitting field F//Fy we can decompose

H{(SE,, M)(I1y) @ F = EBH, (8%, M @eﬂfﬂ, (8%, M) (6.43)

Here we changed our notation slightly, we replaced the ¢ by ;. The isomor-
phism types m; are not necessarily absolutely irreducible, but if we extend our
field further then they decompose in a direct sum of modules of exactly one iso-
morphism type. We call the above decomposition the isotypical decomposition
and under our assumption on F' the summands are absolutely isotypical.

We say that for a cohomology group Hi(SIGQ ,Mp) (resp. H? (S;G(f , Mp) sat-
isfies the Manin-Drinfeld principle, if Coh(H} (ng , ./\/Nlp)ﬂCoh(Hi(B(ng), Mp) =
0 (resp Coh(Hf(SIG(f,/\/NlF) N Coh(Hi_l(a(ng)7 Mpg) = 0.

We have defined Coh(X)(= Spec(H/I(X))) for any Hecke-module X and if

X is a submodule of another Hecke module Y then we say that X satisfies the
Manin-Drinfeld principle with respect to Y if Coh(X) N Coh(Y/X) = 0.

If the Manin-Drinfeld principle is valid we get canonical decompositions

H'(SE,, Mp) = Tm(H'(SF,, M) — H'(3(SE,), Mr)) ® H{(SF,, MF),
(6.44)

HASE, Mp) = Tm(H' ™ (9SE,, Mp) — HASE,, Mp)) © HI(SE,, Mp),

which is invariant under the action of the Hecke algebra and no irreducible rep-
resentation T, X 7y which occurs in HY (ng ,Mp) can occur as a sub quotient

in Im(H"1(SE,, Mp) = Hi(SE , Mp)).
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In the second case we will call the above image of the boundary cohomology
the Eisenstein subspace or compactly supported Eisenstein cohomology and
denote it by

Im(H" 1 (8SE,, Mr) — Hi(SE, . M)) = Hi (S, M).

In the first case we can consider the module Héis(ng ,Mp) C Im(Hi(ng ,Mp) —
Hi(a(&'gf)7 M) as a submodule in H’ (ng , M) and this submodule is called

the Eisenstein cohomology. Under the assumption of the Manin-Drinfeld prin-
ciple we have a canonical section s : Hp, (SF,, Mp) — H'SE , Mr).

If we know the Manin-Drinfeld principle we can ask new questions. We re-
turn to the the integral cohomology H?,(ng , Mo, ) and map it into the rational

cohomology then the image is called H? (S]G(f,/\;l) int C H3 (SIG(f,./\;lp) this is
also the module which we get if we divide HS (S}G;f,./\;loF))) by the torsion.

(This may be not true for ? =!.) 3
Our decompositions above do not induce decomposition on the groups H$ (S% » M) int.

Whenever we have a decomposition Hy (SIG(f,./\;lF) = X @Y we can take the

intersections Xin NH3 (ng , M) int and the same for Y and get a decomposition
up to isogeny R
Xint ® }/int C H;(SfcéfaM) int»

where up to isogeny means that the left hand side is of finite index in the right
hand side.

For instance the Manin-Drinfeld decomposition above yields ( if it exists ) a
decomposition up to isogeny

2, Eis(SlcgfaM) int @ H'Z('Slcéfa/\;l) int C Hﬁ(SgpM) int

it is canonical but the direct sum is only of finite index in the right hand side
module. The primes dividing the order of the index are called Fisenstein primes.

These Eisenstein primes have been studied in the case G = Glz/Q but they
also seem to play a role in more general situation. The general philosophy is
that they are related to the arithmetic of special values of L-functions. (See
[23])

Here general discussion of a decomposition into saturated submod-
ules

The same applies to the decomposition of H} (ng , M) in¢ in isotypical sum-
mands. We put

H'I(ng ? M)(/]Tf) n H'l(ng ) MOF) int = H}(SIG(f ? MOF) int(ﬂ—f)'
Then we get an decomposition up to isogeny
P Hi(SE,  Moy) mi(ms) C HI(SE,, Moy int- (6.45)
T

It is a very interesting question to learn something about the the structure
of the quotient of the right hand side by the left hand side. The structure of
this quotient should be related to the arithmetic of special values of L-functions.

(See [Hi]).
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The action of 7y(G(R))

We have seen that we can choose a maximal torus 7'/Q such that T(R)[2]
normalizes K. We know that T(R)[2] — m(G(R)) is surjective and that
T(R)[2] N GM(R) C K. This allows us to define an action of m(G(R)) on
the various cohomology groups and this action commutes with the action of
the Hecke-algebra. Therefore we can decompose any isotypical subspace in a
cohomology group into eigenspaces under this action

H(SE, Mp)(mp) = QD HISE,, Mp)(ny x exc) (6.46)

€00

and for the integral lattices we get a decomposition up to isogeny

@ H'l(S[C(JWMOF) int(ﬂ-f X 6oo) C Hll(S[((;'WMOF) int (647)

TfX€oo

6.3.7 Some questions and and some simple facts

Of course we can be more modest and we may only ask for the dimension of
the cohomology groups H i(ng,.A;l), this question will be discussed later in
Chapter V and can be answered in some simple cases.

If we are a little bit more modest we can ask for the Euler characteristic

XUH®(SE, M) =Y (=1)' dim(H'(SE,, M))
K3
This question can be answered in a certain sense. If the subgroup Ky is
neat (See 1.1.2.1) , then S§ is a disjoint union of locally symmetric spaces.
On these spaces exists a differential form of highest degree, which is obtained
from differential geometric data, this is the Gauss-Bonnet form w%?. Then the
Gauss-Bonnet theorem yields that

X(H*(SF,, M) =dim(/\/l))/ W&,

SG
Ky

This will be discussed in more detail in Chap V. This implies of course, that for
a covering SIG{} — SIGQ, where K } C Ky and both groups are neat,we get

X8, M) = X(H* (S, M)[K} : K],

a fact which also follows easily from topological considerations.
This leads us-following C.T.C. Wall- to introduce the orbifold Euler charac-
teristic for a not necessarily neat Ky by

1

Xorb (H*(SE,, M)) = K, K]

X(SG} ) M)

where K } C Ky is a neat subgroup of finite index. The orbifold Euler char-
acteristic may differ from the Euler characteristic x(H*® (ngJ\;l) by a sum of
contributions coming from the set of fixed points of the I'; on X (See 1.1.2.1).
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This is perhaps the right moment, to discuss another minor technical point.
When we discuss the action of the Hecke algebra Hy, = C.(G(Ay)//Ky, Q)

on H*® (SI%,/\;() then we chose the same Ky for the space and for the Hecke
algebra. We also normalized the measure on the group so that it gave volume
1 to Ky. But we have of course an inclusion of Hecke algebras Hr, C Hgr.

Therefore H, also acts on H* (SG},/\;l). This contains H*® (S[G(f,./\;l) but then

the inclusion is not compatible with the action of the Hecke algebra. We there-
fore choose a measure independently of the level, if we are in a situation where
we vary the level. In such a case a measure provided by an invariant form wg
on G (See 2.1.3) is a good choice. If we now define the action of the Hecke op-
erators by means of this measure. With this choice of a measure the inclusion
Hi, CH K} is compatible with the inclusion of the cohomology groups.

Then we see the the new Hecke operator T}Ewc), and the old one are related
by the formula

1 (we)
— T\we
voljg (Kf) "

The reader might raise the question, why we work with fixed levels and why
we do not pass to the limit. The reason is that for some questions we need
to work with the integral cohomology, and this does not behave so well under
change of level.

Homology

We may also define homology groups Hi(SIG(f,MA) and Hi(ng,Gng,M/\),
here M is a “cosheaf”. The “costalk” M, . is obtained as follows: We consider
7~ (x) and

@ ng/\’

y=yxg Ks/Ks

and the action of G(Q) on this direct sum. Then M, , is the module of coin-
variants. If we pick a point y =y x ngf/Kf, which maps to = € 8[% then we

get an isomorphism

M, =~ (gf/\/l,\)rigfw
We define the chain complex
Ci(S§,. M,)
and the above homology groups are given by the homology of this complex.

If we assume that ng is oriented (ref. to prop 1.3) then we know (Chap. II
2. 1. 5) that we have isomorphisms which are compatible with the fundamental
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exact sequence

Hil(a§§f7MA) — Hdi(a‘égfa/\/lx)
H;'(Sgt,./\;u) — Hd—i(S;LG(vaA)
Hi(Sﬁt,/\;lA) — Hdi(SIG(f’gSIC(;va)\)
Hi((()S%f,/\;l,\) — Hd—i—1(8ffc<faM,\)

6.3.8 Poincaré duality

We assume that ng is connected. If we denote the dual representation by
MY = Myyn) (we choose the right lattice My C My) we have the canonical
homomorphism @y : My ® MY — Z and the standard pairing between the
homology and the cohomology groups yields pairings

H}:(SIC%YWM)\) X Hl(SICéf7aSIG(faMX) — HO(SIG(faMA®MX) — HO(ng7Z)
1 ) 4 1
H(SE , M) x Hi(SE . My) = HOUSE . MyaMY) — HSE,.Z)

This pairing is of course compatible with the isomorphism between homology
and cohomology and then the pairing becomes the cup product. We get the
diagram

Hé(slc(;vaA) X dei(s%f,MX) - Hcd(SIC(;pM)\@MX) - Hg(ng,Z)
| T ) A
HY(SE,, M) x HEHSE , Myv)  — HUSE, , MaoMY) — HI(SE,.Z)

We know that the manifold with corners &S‘gf "smoothable” it can be ap-
proximated by a C— manifold and therefore we also have a pairing <, >g on the
cohomology of the boundary. This pairing is consistent with the fundamental
long exact sequence (Thm. 6.2.1). We write this sequence twice but the second
time in the opposite direction and the pairing < , > in vertical direction:

- HP(SE M) - HPOSE, M)
X X
— HIP(SE Myv) = HY“PH0SE, M)+ (6.48)
1<, > 1<, >s

HYSG . Z) &~ HIY0SE,.Z)

then we have: For classes € € Hp(Sﬁf,/\;lA), N E Hd*pfl(ang,/\;l,\v) we have
the equality

< &,0(n) >=da(<r(€),n >s) (6.49)
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Non degeneration of the pairing

The spaces ng and 881% are not connected in general. Let us assume that we
have a consistent orientation on ng. Then each connected component M of ng

is an oriented manifold which is natural embedded into its compactification M.
It is obvious that the cohomology groups are the direct sums of the cohomology
groups of the connected components and that we may restrict the pairing to the
components

HP (M, My) x HI"P(M, Myv) — HY(M,Z) = 7Z. (6.50)

We recall the results which are explained in Vol. I 4.8.4. The fundamental
group (M) is an arithmetic subgroup T'p; € G(Q) and My, M v are Ty,
modules. For any commutative ring with identity Z — R the I'j; modules

My ® R, Mv ® R provide local systems M) ® R, M}\@ R, and we have the
extension of the cup product pairing

HP(M, My ® R) x HP(M, Myv ® R) — HY(M,R) = R

Proposition 6.3.5. If R =k is a field then the pairing is non degenerate. .
If R is a Dedekind ring then the pairing then the cohomology may contain
some torsion submodules and

HP(M, My ® R)/Tors x HYP(M, Mxv @ R)/Tors — HY(M,R) = R
is non degenerate.

(See Vol. T 4.8.9)
We want to discuss the consequences of this result for the cohomology of
HS (Sﬁf ,M). Before we do this we want to recall some simple facts concerning

the representations of the algebraic group G/Q. We consider two highest weights
A A1 € X*(T x F) which are dual modulo the center. By this we mean that we
have (See 6.22)

A=A 450 = —we(A\D) + 6, (6.51)

Then ¢ + ¢; is a character on X*(C” x F') and yields a one dimensional module

for G x F, of course the action of G on this module is trivial. Then we get a
G invariant non trivial pairing

My p X My, p = Naox,
which induces a pairing
HU(SF,, M) x H(SE |, Mo, 1) = HI(SE, Naor,);

this only a slight generalization of the previous pairing.
Now we recall that (under certain assumptions) we have the inclusion WO(SI%) —
WO(SIC;O%, foc’) and then we get
Hg(‘slc(yfa-/\/kokl)CHO(Sgg/XK?’vNXOAl): @ FX,
X' type(x’)=XoA
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The character x’ has a restriction to C(A) let us call this restriction x.

The group C(Ay) acts on the cohomology groups and this action has an
open kernel Kfc. Hence we can decompose the cohomology groups on the left
hand side according to characters

Hi(SE, , Mar)= @B  HUASE, Mrr)()  (652)
¢ritype(¢y)=¢
HYY(SE,, My, r) = P HYH(SE, Mo, ) (Crp). (6.53)

C1,5:tyPe(Cr r)=61
With these notations we get another formulation of Poincaré duality.

Proposition 6.3.6. If we have three algebraic Hecke characters Cf7C1,f7X} of
the correct type and if we have the relation (¢ - (1, = X5 then the cup product
induces a non degenerate pairing

H{(SF,, Myr)(Cp) x HHSE,, Mx, #)(Crp) = FX

This is an obvious consequence of our considerations above. Fixing the
central characters has the advantage that the target space of the pairing becomes
one dimensional over F', The field F should contain the values of the characters.

We return to the diagram (6.48) and consider the images Im(r?)(¢s) =

Im(Hg(ng,MA7F)(§f) — Hgl—q—l(asgf,MxF)(cf) and Im(rV»4=971). Then
the following proposition is an obvious consequence of the non degeneration of
the pairing and (6.49)

Proposition 6.3.7. The images Im(rP(Cs)) and Im(rV4=P=1)(¢14) are mu-
tual orthogonal complements of each other with respect to < , > .
The pairing in proposition 6.3.6 induces a non degenerate pairing

H{(SF,, Mor)(Cp) x HPTH(SE,, M, #)(Cip) = FX.

Proof. Let n € H¥"P=1((; ;) Then we know from the exactness of the sequence
that n € Im(rV4 P71 (¢ ;) < 6(n) =0 < < (n), >=0forall ¢ €
HP(SIG(f7M/\)(Cf) — < 77#’(5) >= 0 for a11€ € Hp(SIG(vaA)(Cf) — <
n,& >p=0for all ¢ € Im(r?)((y).
The second assertion is rather obvious. If we have ¢ € HY'(S% , M) (Cp) 6 €
!d_p(ng,/\;lAv)(Cf) then we can lift either of these classes - say ;- to a class
£ € Hf(ng,/\;lA)(Cf) and then < &,& >=< £1,& > . It is clear that the
result does not depend on the choice of class which we lift. It is also obvious
that the pairing is non degenerate. O

Of course we also have a version of proposition 6.3.7 for the integral coho-
mology. Since we fixed the level we have only a finite number of possible central
characters (y, (1,5 of the required type. The values of these characters evaluated
on C(Ay) lie in a finite extension F//Q and of of course they are integral. If we
now invert a few small primes and pass to a quotient ring R = Op[1/N] then we
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get the decomposition (6.52 ) but with coefficient systems which are R-modules:

Hi(SE, Mar)= P  HUASE, Mrr)(p) (6.54)
¢r:type(¢s)=6
Hd_i(SICéf’MM,R) = @ Hd_i(ng’MM,R)(CLf) (6.55)
C1,p:type(Cr, )=61

Then it becomes clear that we get an integral version of proposition 6.3.6 where
replace the F-vector space coefficient systems My r by R -module coefficient
systems. We get a pairing (See [20] 4.8.4 )

Hi(SF,, M r)(Cy)/Tors x HYH(SE,, My, r)(Cr)/Tors = RX' (6.56)

and this pairing is non degenerate. (See [20] Thm. 4.8.9. The finiteness as-
sumptions are easy consequences of reduction theory)

We recall the notion of non degenerate. Our ring R is a Dedekind ring and
all our cohomology groups are finitely generated R modules. If we divide any
finitely generated R-module by the subgroups of torsion elements then the result
is a projective R-module and it is locally free for Zariski topology. An element
e Hé(S[G{f,./\;l,\,R)(g‘f)/Tors is called primitive if the submodule R¢ is -locally
for the Zariski topology- a direct summand or what amounts to the same if
Hé(SIG(f , M r)(Cs)/Tors/RE is torsion free. Then the assertion that the above
pairing is non degenerate means:

For any primitive element n € Hﬁ(ng,/\;lAyR)(Cf)/Tors we find elements

£1,6,...,& € Hd*i(SlG{f,/\;IMVR)(CLJ:)/TorS such that the ideal generated by
<&,m>,<&n>, ..., < E&,n> s equal to R.

We want to formulate an integral version of (6.49. Here the statement is not
quite symmetric. It is clear from 777 that we get a pairing

H{(SF,, Mar)(Cr) e x HTHSE,, My m)(Gy) iniy — RX'. (6.57)
It is also clear from proposition (6.3.5)

Proposition 6.3.8. This pairing is partially non degenerate. For any primitive
element 1 € dei(ng,MAl,R)(Q,f) int,! We find elements

§1,82,...,6 € Hgi(ng,/\;l,\,R)(Cf) int

such that the ideal generated by < 1,61 >,< 0,8 >,...,<n,§ > is equal to
R.

Here we see that the possibility that

HY(SE,, M, 1)(Crp) et/ H (SR, Mar)((f) it # (0)

plays a role.
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Inner Congruences

We choose a highest weight A = \(") 4-dd and the dual weight A = —wq()\) —dd.
Let us also fix a central character (¢ whose type is equal to the restriction of do
to the central torus C.

We look at the pairing in prop. 6.3.7 where we assume in addition that
Cf = (Jfl and we take the action of the Hecke algebra into account, i.e we look
at the decomposition into eigenspaces (see(6.43). Then we get a non degenerate
pairing between isotypical subspaces

H(SE,, My p)(7y) x H(SE, Myv ) (nf) = F

where we assume that the central characters of the summands are (y, C;l.
If we try to extend this to the integral cohomology. In this case the above
decomposition yields decompositions up to isogeny

H{(S§,, Mxg)/Tors > @, H{(SF,, Mx,r)/Tors(my) (6.58)
Hf_l(SIG(f,MAvR)/TorS > D, H;i_Z(SIG(f,M)\v7R)/TOI‘S(7T}/) '
where we should fix the central characters as above. We choose a pair 7y, 77}/.
Then our non degenerate pairing from the above proposition induces a pairing

H{(SF,, My g)/Tors(my) x H{7/(SE,, Myv g)/Tors(r}) = R (6.59)

and this pairing is non degenerate if and only if both modules are direct
summands in the above decomposition up to isogeny.

But it may happen that the values of the pairing generate a proper ideal
A(my) C R, and in this case the above submodules will not be direct summands
and this implies that we will have congruences between the Hecke-module 7y
and some other module in the decomposition up to isogeny. This yields the
inner congruences.

The ideal A(7y) should be expressed in terms of L-values, in the classical
case this has been done by Hida [Hi].
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Chapter 7

The fundamental question

Let ¥ be a finite set. Of course any product V' = ®@H,, of finite dimensional
absolutely irreducible modules for the H,, for which H,, is spherical for all p ¢ ¥
gives us an absolutely irreducible module for the Hecke algebra.

We may ask: Can we formulate non tautological conditions for the irreducible
representation V' or for the collection {Tp }p:prime, Which are necessary or (and)
sufficient for the occurrence of ®;,m, in the cohomology

This question can be formulated in the more general framework of the the-
ory automorphic forms, but in this book we only consider ”cohomological” (or
certain limits of those) automorphic forms. This restricted question is difficult
enough. A speculative answer is outlined in the following section

7.0.1 The Langlands philosophy

Let us start from a product V' = @H . For the primes outside the finite set 3
the module Hy, is determined by its Satake parameter wy,.

The dual group

There is another way of looking at these Satake parameters w,. We explain this
in the case that G/Z,, is a split reductive group. We choose a maximal split torus
T over Z and a Borel subgroup B/Z. For any commutative ring with identity
ring R we have a canonical isomorphism X, (7)® R* — T (R), which is given
by x ® a  x(a). Then T(Q,)/T (Z,) = X.(T) @ QX /Z) = X.(T). We apply
this to the maximal split torus 7 /Z, C G/Z,. Then A(T) = Hom(X,.(T),C) =
X*(T)®C* =TVY(C) where TV is the torus over Q whose cocharacter module
is X*(T). This torus over Q is called the dual torus. There is a canonical
construction of a dual group “G/C, this is a reductive group with maximal torus
TV such that the Weyl group of TV in this dual group is equal to the Weyl group
of T C G (See also (7.0.1)). This dual torus sits in a Borel subgroup *B c G.
Recall that we have a canonical pairing

<, > Xu(T) x X*(T) = Z, yox(x) — x<X77, (7.1)

215
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The positive simple roots in X*(7") in the dual group *G/C are the cocharac-
ters ) € X, (T(™) defined by

< 042/7’}/j >= 6l"j.

Hence we can interpret w, € A(T) = X*(7T) ® C* = TV(C) as a semi
simple conjugacy class in “G(C). Remember that w, is only determined by the
local component 7, up to an element in the Weyl group, hence we only get a
conjugacy class.

We assume that G/Z is a split reductive group scheme. Then the dual group
L@ is also split over Z and the absolutely irreducible highest weight modules M y
for G/Z and the highest weight module attached to x are defined over Q. Let
s € Cohi(G, K¢, A) be absolutely irreducible and defined over a finite extension
E/Q. Hence we see that our absolutely irreducible 7y provides a collection of
conjugacy classes {w(m,) = wp}pgs in the dual group LG(E).

A rather vague but also very bold formulation of the general Langlands
philosophy predicts:

The isotypical components under the action of the Hecke algebra, namely the
Hf(S[G(f,M)(Wf), should correspond to a collection {M(ms,ry )}, of motives
(with coefficients in E). The correspondence should be defined via the equality
of certain automorphic and motivic L-functions.

This formulation is definitely somewhat cryptic, we will try to make it a
little bit more precise in the following sections.

Such a motive could in principle be a "direct summand” the H*(X) of a
smooth projective scheme X/Q, which in a certain sense is cut out by a projec-
tor. In some cases, where the space Sg ”is a Shimura variety”, these motives
have been constructed, we will discuss this issue in Chap. V.

The cyclotomic case

We consider the special case that G = G,,/Q and our coefficient system Q(n)
is given by the character [n] :  +— 2™. We fix a level K; and we consider our
isotypical decomposition over Q

H(SF,,Q(n)) = P Q(2y).

In this case Q(®y) is a field, and the action of the group is simply an irreducible
action of the group of finite ideles G(Af) = Ig, s on the Q-vector space Q(®y).
If we extend our field to Q we get a decomposition

HSE.Qm) = @ Q.
x:type(x)=[n]

and the collection of conjugate characters y are in one to one correspondence
with the ® ;. We can attach two different kinds of L-functions to our isotypical
component ®; namely an automorphic L-function and a motivic L-function.
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Actually we get a collection of such L-functions which are labelled by the
embeddings ¢ : Q(®) — Q C C. Such an embedding yields an algebraic Hecke
character

ngb) =10®;: G(Ay) = Igy — Q"

and
XY =108 : GQ\G(A) = Q\Ig — C*

and to any of these Hecke characters we attach the (the automorphic L-function)
namely
L(x“,s) =[]a - x“(pp~)~"
P

where x ) (p) = x W(1,1...,p,...) and it is zero of the character is ramified.

Now we can attach a motive M(®) to our isotypical component. To do this
we assume first that Q(®) = Q, then we have only one embedding. Then we
have x(z) = a™(z) = | = |* for some integer n. This is an algebraic Hecke
character of type [—n] : © — ™. Then we attach the motive Z(—n) to this
Hecke character. At this moment we do not need to know what a motive is,
the only thing we need to know that it provides a compatible system of ¢ -adic
representations of the Galois group: For any prime ¢ we define a module To this
motive we attach a motivic L function using the compatible system of f-adic
representations. For a prime ¢ and a prime p # ¢ we have the local Euler factor

1 1
"~ det(1— Fy HZg(—n)p—s)  1—prps’

Ly(Z(—n), )

where F), is the Frobenius at p. The ¢-adic representation is unramified outside
¢ and the Frobenius F}, corresponds to p under the reciprocity map r. Hence we
see that the Frobenius Fj, acts by the multiplication by a”(p) = | p [ = p™"
on Z¢(—n). In the general case we start from the representation ®¢ : Iy s —
Q(®y)*, it is unramified outside a finite set ¥ of primes. The reciprocity map
from class field theory provides a homomorphism r : Ig ; — Gals(Q/Q)avetian,
this is the maximal abelian quotient of the Galois group which is unramified
outside X, the image of the reciprocity map is dense. If we fix a prime ¢ then
we get an f-adic representation

p(®) : Gals(Q/Q)avetian — (Q(Pf) @ Q)%

which is determined by the rule p(®)(F},) = ®;(p). If we now choose an embed-
ding ¢ : Q(®;) — Q and an extension [ of £ to a place of Q and we get a one
dimensional [ adic representation

p(b o (b) : GalE(@/Q)abelian — Q[Xu

from which we get a motivic L-function (M(®) o, s), whose local factor at p is

L)) = T

These are the collections of ¢-adic rpresentations of our motives M(®). Then
the relation between the automorphic and the ¢ -adic L functions is:
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The collection of automorphic L-functions attached to ® is equal to the col-
lection of motivic L-functions attached to M(®~1).

We will sometimes modify the notation slightly. If y is an algebraic Hecke
character then this datum corresponds to a pair (®,:) and hence we can attach
to it a character x; : Gal(Q/Q) — Q and then we get the equality of local
L-factors

1 1
Ly(x;s) = = =
’ L=xPp™  1-x;'(F)p~*
(Nochmal ein wenig besser schreiben!!!!!!IIIT

The L-functions

Let us choose a cocharacter x : G,, — T, we assume that it is in the positive
chamber, i.e. we have < y,a; >> 0 for all positive simple roots. It yields an

element x(p) € T(Qp). For w, € A(T) we put | EVTchi

Sxawp =P Y wy(w(x(p)) (7.2)
weW /Wy

then we get a formula

/ ¢wp (ﬂcg)dg = (Sx,wp + Z a(X>X/)Sx’,wP)¢wP($) (73)
ch(x(p))

X' <x

where the x’ are in the positive chamber, x’ < x means that x—x' = > n;x:, n; >
0 and the coefficients a(x,x’) € Z. The expression on the right hand side is
invariant under W and hence only depends on w, modulo W. Let ( Give ref-
erence!)

The number < x, p > is a half integer, hence p<X:*> may not lie in a fixed
number field if p varies. But for those x’ which may occur in the summation we
have < x — x/, p >€ Z.

We consider an unramified prime. The theorem of Satake yields that we can
define a Hecke operator S, € H,, such that Sy x ¢, = Sy v, ¢w, and the formula
( 7.3) tells us that we get another recursion

Sy =ch(x) + D b(x, x')eh(x) (7.4)

X' <x

where again b(x, x') € Z.

Since we assume that our absolutely irreducible module V., 7y = ®@'m, oc-
curs in Coh(G, Ky, A), the Hecke module is a vector space over a finite extension
F/Q. We can conclude that the eigenvalue of the convolution operator ch(y) is
in F' and it follows that

Syw, EF

for any cocharacter x.
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Since we can replace x by nx for any integer n > 1 it follows that the
numbers w(x(p)) lie in a finite extension of F' and the polynomial

[I & -1d-p=>u(x(p))) € F[X].
weW /Wy

Our cocharacter xy € X, (T) can also be interpreted as a character in X*(T"V),
i.e it is a character on the dual torus. Since we assumed it to be in the positive
chamber we can view x as the highest weight of an irreducible representation
ry :F G — GI(&y). (Since we assume that G is split the dual group is also split
over Q and hence r, is defined over Q.) The eigenvalues of the endomorphism
ry(wp) are of the form wy,(w(x'(p)) where x’ < x and this implies that the
polynomial
det(X - Id — p=XP7r (wp)|Ey) € FX].

We attach a local Euler factor to the data m,,w, = w(mp), x:

1
det(Id — p=xr=ry (wp)p~*[Ex)

L;at(wf, Ty, S) = (7.5)

which is a formal power series in the variable p~° with coefficients in F. We
define

1
Lrat 7T JTyy 8 L 7T , Ty S )7 (76)
fHrTx ;g) ' pl;!: det(Id — p<x:r>ry (wp)p~5|Ey)

at the moment we do not say anything about the Euler factors at the bad primes.

At this moment L™ (s, ry,s) is a a product of formal power series in in-
finitely many variables p~° which in some sense encodes the collection of eigen-
values of the different Hecke eigenvalues.

We want to relate this L -function to some other L— functions which are
defined in the theory of automorphic forms.

To define the automorphic L -function we start from an absolutely irreducible
Hecke -module V7, over C, its isomorphism type is still denoted by my. This 7f
will be the first argument (in our notation) in the automorphic L-function. It
has a central character ¢, and we assume that this central character is the finite
component of a character (, : C(Q)\C(A) — C*. (In the back of our mind of
¢ to be the finite component of an automorphic form 7, then this assumption
is automatically fulfilled. But for the definition of the L-functions we do not
need this.)

Then we define the unitary (automorphic) L-function: Here we require that
the central character (;, of 7y is unitary and put

Lunlt L
o= T enter e T o=y

(7.7)

If the central character is not unitary we define the automorphic L-function
essentially by the same formula:

Laut L
(v, 8) = [T Lo(msire s Hdet Id—r W)~ |5))
peEY X

(7.8)
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This L— function is related to an unitary L— function by a shift in the variable
s. The isogeny d¢ induces a homomorphism d' : C(Q)\C(A) — C'(Q)\C'(A)
and it is well known that this map has a compact kernel. We compose (.
with the the norm | | : C* — RZ,, this composition is trivial on the kernel of
d’. Therefore we find a homomorphism |(|* : C'(Af) — RZ, which satisfies
| |oCr = |Cx|* od’. We look at the finite components of these characters and put

as in (6.3.3)
mp = ® (1G] (7.9)

This module has a unitary central character. It is easy to see how the Satake
parameter changes under the twisting. We have the homomorphism T(A) —
C'(A) and therefore (|¢.|*) ™" induces also a homomorphism from T'(Af) to RZ.
Then it is clear that we get for the Satake parameters the equality

w(mp @ (|G l3) ™) = w(mp) (6= l5) ™ (7.10)

Let us assume that 7y occurs as an isotypical subspace in some H '(SIC(: . My ®

C), where A = A1) 4+ 4. The element § is an element in X*(C’) ® Q. To an
element 7 € X*(C’) ® R we have attached an element || and since (;, is of
type d o do we have

(16~ =1al.

We also have the cocharacter x : G,, — T then it is clear that the composition
(|¢x|*) 7! o x induces a homomorphism G,,,(Q)\G,,(A) — RZ, which is of the
form

(16 o x)a s |20 (7.11)
Then we have
Lunit<ﬂ_;ﬂc’rx’ ) = L™ (mp, 1y, 54 < X, 0 >) (7.12)

We now assume that 71'32 is the finite part of a cuspidal unitary representa-
tion (See 8.1.6), then the functions LUt (7}, 7y, 8) are studied in the theory of
automorphic forms. The Euler factors are now meromorphic functions in the
variable s € C. Since 7} is unitary it follows that the Satake parameters satisfy
some bounds and this implies that the infinite product converges if ®(s) >> 0. If
for all p € ¥ the representation 7 is in the unitary principal series, i.e |w;k,p| =1
then it follows from standard arguments that the infinite product over p & %
converges for R(s) > 1.

It is a conjecture (proved in some cases) that L'™(ms 7, ,s) has analytic
continuation into the entire complex plane and that there is a functional equa-
tion relating L"™*(ms, 7y, s) and L™ (n}, 7y, 1 — s).

But of course any theorem proved for the L-functions L“nit(w;‘c, Ty, S) trans-
lates into a theorem for the automorphic L functions L (m¢, 7y, s).

Given a automorphic representation m which occurs in the cuspidal spectrum
then we may twist it by any character £ : C'(Q)\C"(A) — RZ,, this group of
characters is equal to X*(C") ® R. We get a principal homogenous space ( a
torsor) of automorphic representations {r ® ¢ }565.
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For the Euler factors p ¢ ¥ we have

1 1
—7 ) = - —7)
det(Id — ry ((wp) (mp ® &p))p~5[Ex) det(Id — 7y ((wp)(mp ))p~<X4>75(Ey)
(7.13)
and hence we get for our automorphic L-function
L (1 @ &fymy, 8) = LA (mp, 1y, s+ < X, € >) (7.14)

The representation 7* is then the unique cuspidal (in the above sense) rep-
resentation in this principal homogeneous spaces {T®&}eez, i.e. it is the unique
representation which has a unitary central character. In other words 7} provides
a trivialization of the torsor. Then we define for any 7 ® &

L““it(Wf ®&f,ry,8) = L““it(w;‘c, Ty, S) (7.15)
the unitary L-function is constant on the torsor, i.e. invariant under twisting.

We compare the automorphic L— function to the rational L— function. We
start from an absolutely irreducible module 7y which occurs in Coh(G, Ky, A)
and which is defined over some finite extension F'/Q. As usual we write A =
A1) 15, (See(6.22)). We know that the central character Cr, is an algebraic
Hecke character of type d. Our Hecke module 7¢ is an absolutely irreducible
module over F. If we want to compare its L functions to automorphic L-
functions we need to choose an embedding ¢ : F' — C and consider the module
wa ®r,C= erf. The we will see in section 8.1.6 that ¢ o 7y is the finite part
of an automorphic representation occurring in the discrete (or the cuspidal)
spectrum. Hence we have defined iaUt(L oTf,Ty,S)). We can also consider the
”extension” of the rational L-function

1
L L™ (15,7, 8) = L™ (1s,7y, 8)
X Zg P pl;[E det(Id — «(p=XP=ry (wp(mp)) D5 Ex)
Then it is clear that
Lo L™ (g ry,8) = L (Lomp, 7y, 8— < X, p >). (7.16)

The central character of ¢ o7y is of type ¢, it follows from (6.22) that some non
zero multiple 0 € X*(T'). Then we put < x,d >= % < x,rd >, this is a rational
number. Then we get

Lo L™ (mp 1y, 8) = L™ (Lomy,my, s— < X,0 >) (7.17)

We still have another L function which is attached to a Hecke module 7y
which occurs in the cohomology, this is the cohomological L function. Let us
decompose the representation &, into weight spaces

& = EBEX,V = @ EB & ;w(v)
v veX, +(T) weW/W,

then we get with m(v, x) = dim(&, (,)). Such a weight vector space is zero
unless we have v < x.
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det(Id — 7y (wp)p~*|Ey) = H H (1 — wy(w(v))p=)meX)

VEX. 4 (T) weW/W,

For a given v we expand the inner product

[[ G-wpwep™)=1-( > wplw@)p™....

weW /W, weW /W,

Now we recall that

p<x,,\<1>>_<x,6>ch(X) — S)((}\)

is an operator on the integral cohomology (See (6.27)). Then our recursion
formula ( 7.4) implies that

<A > <, 6>
p<x X0>g

is an operator on the integral cohomology, we simply have to observe that <
AL > > < /AW > From this it follows directly that for v € X, 4 (7T)
which occurs as a weight in 7, we have

pXAD +p>—<x.6> Z wp(w(v)) € OF
weW/w,

because < x,A) > > < v, A() > Then the right hand side in the above
formula can be written

1— p<x,)\(1>+p>—<x,6>( Z wp(w(y)))p—s—<x,)\(1)+p>+<x,6> o
weW /W,

We introduce the new variable s’ = s+ < x, A1) 4 p > — < x, 6 > and put

6N =<, \V +p>—<x,6> (7.18)

[T @—p N, (w@)p) =1-p N S wy(w@)p ™ ...
weWw/W, weW/W,
(7.19)

Hence we define the cohomological local Euler factor at p

1
- det(Id — peCeNr (wp)p~s)”

L;Oh(wf, Ty, S) (7.20)

(It seems to be reasonable and very adequate to define for any highest weight
A the modified weight A = A + p.)

We look at this local Euler factor from a slightly different point of view.
Our 7 is an absolutely irreducible module which occurs in the cohomology
H? (Sﬁf , MAr®F), where F/Q is an abstract (normal) finite extension of Q. For
an unramified prime p the local factor is simply a homomorphism 7, : H, — E.
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The previous computations show that the denominator is equal to a polynomial
in the ”variable” p~* and with coefficients in Op, i.e.

det(Id — p XN (wp)p™*) = 1 — A1(p, A, X) ()P~ " + A2(p, A, X)) (mp)p ™2 -+ € Op[p~°]
(7.21)

where the A4;(p, A, x) are certain explicitly computable elements in ”H(Z)‘). (We
showed this only for A;(p, A, x) but the same kind of reasoning gives it for the
other A;(p, A, x).) In the expression of the right hand side the Satake parameter
does not enter.

The cohomological L function is defined as

1
(s A X) ()P~ + Az (p, A, x) (mp)p22 ..
(7.22)

LCOh(ﬂ-f7TX7S) = H L;Oh(ﬂpa’rx’ S) H 1—A
peES pgx !

Again we do not discuss the factors at the primes in X.

In the definition of the automorphic L function the Satake parameter is an
element in “G(C) or in other words wy(v) € C* and La™(7s, 7y, s) is an honest
analytic function in the complex variable s for R(s) >> 0.

If we want to compare the cohomological L-function to the automorphic L
-function we have to pick an element ¢ € I(F,C), then ¢ o 7y is an absolutely
irreducible Hecke module over C. To ¢ o m, belongs a Satake parameter w, and
then

det(IdiTX (wp)pis+0(x’/\)) = 17L(A1(p7 >‘, X))(Trp))pis+L(A2 (pa )‘a X))(T('p)p72s v
and this tells us that we have

LCOh(L OTf, Ty, S) = L (10 T, Ty, S — (X, A)) (7.23)

Invariance under twisting

We remember that we introduced the quotient ' = T/ T and the isogeny
de : C — C'. (See 6.1.1). The map d¢ in 1.1 induces a map from our locally
symmetric space
G der oc
Sk, — S K x K€
We assume that K, is connected and then K< is also connected.
We can modify our system of coefficients if we replace A by A + §; with

d1 € X*(C'). Then §; provides a local coefficient system Z[d;] on Sf{/c, o and
oo XKy

. /. .
since K< is connected we get a canonical class

es, € HO(Sf(/g(: XK?I , Z[(sﬂ)

which generates the rank one submodule of type |§ f\_l in the decomposition
(6.40). We pull this back by d and we get a class in

es, € HO(S%,, Z[51]) (7.24)
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(see section (6.3.5)). We have the isomorphism My 7 ® Z[61] — M4,z and
then the cup product with e;, yields an isomorphism

HY (S, Maz) Ues, — H?(SE,, Mxys, z) (7.25)

This isomorphism is compatible with the action of the integral Hecke algebra
provided we choose the right identification

H(ZA) — H(Z)\+5l)

which is given by a - ch(z;) — peh@p) > ch(z;).

If we extend the coefficients to F’ then this cup product yields an isomorphism

H*(8F,, M p)(mp) = H*(SE,, Mxys, 7)(mr @ (61,471 (7.26)
Then our cohomological L-function has the property
LMy @ |61, 4|7 ry, 8) = L% (g, 7y, 8) (7.27)

This invariance under twists is of course also a consequence of the definition
in terms of the automorphic L-function.

We may interpret this differently. Our ) is a sum of a semi-simple component
A1) plus an abelian part & We can use the isomorphisms in (7.26) to define a
vector space

H*(SE,, My p){ms}, (7.28)

this vector space has a distinguished isomorphism to any of the H*® (ng M Aoy, F) (TF®

|61,7]71), we could say that it the direct limit of all these spaces. By {o} we
understand the array

{O’f} = {...,7Tf ® |517f|717}5leX*(C/).

Using (7.27) we have now defined L ({r;}, 7y, s)

For any pair x € X.(T),\ € X*(T), where y is in the positive chamber and
A a dominant weight we define the weight

w(x, A) =< x, AV 4+ p > (7.29)

Here we observe that x provides a highest weight representation r = r, of e
and A a highest weight representation of G so we could also write

w(x, A) = w(ry, My) = w(r, M). (7.30)

This means that we may consider the weight as a number attached to a pair of
irreducible rational representations of “G and G. It also depends only on the
semi simple part of \.
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A different look

We could look at the previous discussion from another point of view. Given our
coefficient system M where A = A(1) 4§ and an absolutely irreducible module
7y € Cohy(G, A\, Ky). As explained above we get X*(C”) torsor (A+0', my @|[0%])
of such objects. If we choose a ¢ : F' — C then we can think of ¢ o 7y as the
finite part of an automorphic representation w. Then we get a second torsor
for the above group Z = X*(C') ® R. The inclusion X*(C’) < Z yields an
interpolation of the first torsor into the second one. To any element 7 ® & we
defined the automorphic L function L***(vomf @&y, 7y, s). Now the unitary and
the cohomological L-function are defined as the automorphic L function of a
specific point in the torsor, i.e. a specific trivialization.

To define the unitary L function we choose the specific point for which the
central character is unitary, for the cohomological L -function we choose the
"optimal” point m; @ || for which we have

L;Oh(wf ® |5'f\,rx, s)"Le Opp~9). (7.31)

If we are investigating analytic questions concerning automorphic forms the
unitary L is the right object, but if we want to capture the integral structure of
the cohomology we prefer to work with the cohomological L function.

The motives

We consider an isotypical submodule H!'(ng,./\;l »xF)(my) in the inner coho-
mology. The Langlands philosophy predicts the existence of a collection of pure
motives over Q with coefficients in F.

(Mg, 7)oy

which has certain properties. We will not be absolutely precise in the follow-
ing but we list certain properties this motive should have. We should assume
that 7y is not some kind of exceptional Hecke module (for instance it should
not be endoscopic), and I can not give a precise definition what that means. We
will make it more precise later when we discuss the case that our group is Gl,.
This motive should be invariant under twists, i.e. we want that

M(Trf ® |6f|7rx) = M(Trfvrx)

First of all this motive has a Betti-realization M(7, 7, ) g, which is simply an
F vector space of dimension dim(r, ). Such a motive has a de-Rham realization
M(m ¢, 7y )arn, this is another F-vector space of the same dimension. It has a
descending filtration

M7, 7y )arn = FO(M(m g, 7y )de—rn) D F'(M(7f,7y)de—Rn) D - .-

e D FW(FO(M(Wf7TX)dRh) D) Fw+1(FO(M(7Tf7’I“X)dRh) =0.

The number w = w(7y, x) is the weight of the motive it is equal to w(x, \).
Furthermore we have a comparison isomorphism

IB_arn : M(’]Tf,T‘X)B ® C AN M(Wfarx)dRh X (C,
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this yields periods and these periods should be related to 7, this is rather
mysterious.

For any prime ¢ and any prime [|¢ in F' we get a Galois representation

p(ms,x): Gal(Q/Q) = GL(M(ms, ) @ Fy)
which is unramified outside ¥ U {l} and for any such prime we have
det(Id — p(ms, x)(®, " )p~" M(ms,my)p ® Fi) = Ly (mp, e, 8) 71,

or in other words we expect that the semi-simple conjugacy classes

P )(@,1) ~ p O (wy) (7.32)

and hence we want
LMy, 1y, 8) = L(M(rry, 7y), )

The existence of these hypothetical motives has a lot of consequences. Once
we have established such a relation

LCOh(ﬂ—fv x5 5) = L(M(Wfa TX)v 5)

then we can exploit this in both directions. We have a certain chance to prove the
conjectural analytic properties and the conjectural functional equation for the L-
function of the motive M(7 ¢, 7, ), provided we can prove this for L« (7rs, 7y, s).
On the automorphic side we know many cases in which we can prove these
properties of the L-function using the theory of automorphic forms.

In the other direction we have Deligne’s theorem concerning the absolute
values of the Frobenius. This implies Ramanujan (more details later)

We seem to be very far away from proving these conjectures, but there are
many instances where some parts of this program have been established and
there are also some very interesting cases where this correspondence has been
verified experimentally.

The case G = Gl,,
Notations for the dual group “G
We want to verify formula (7.3) in the special case G = Gl,,/Z. In this case t we

have the cocharacters x; which send ¢ to the diagonal matrix ¢t — diag(¢,...,t,1...

where ¢ is placed to the first 7 dots. They satisfy < x;,0; >=6;; for 1 <1 <
n,1 < j < n —1. They are uniquely determined by this condition modulo the
cocharacter x, which identifies G,,, with the center. For 1 < v < n — 1 the
cocharacter x; determines a maximal parabolic subgroup P; D T whose roots
Ap, = {a| < xs,a >> 0}. The parabolic subgroup P,  will be the opposite
parabolic subgroup.

Let n; : G,,, — T be the cocharacter which sends ¢ to t on the i— th spot on
the diagonal and to 1 at all others. If we identify the module of cocharacters
with the character group of the dual torus TV Cc” G = Gl,, then the differences
n; — 1; will be the roots, the simple roots are 7; — 7,41 and the fundamental

dominant weights are the semi simple components (Y ;_; 7).
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Formulas for the Hecke operators

We consider the homomorphism r : K, = Gl,,(Z,) — Gl,(F,) then we check

easily that the intersection K, N x;(p)Kpxi(p)~* = K,(,Xi(p)) is the inverse image
of the parabolic subgroup P; (F,) under r.

We want to evaluate the integral

/ bu, (x)dx
Kpxi(p)Kp

We write choose representatives £ for the cosets of K,/ K,(,Xi(p )

UngZ(,Xi(p)). We observe that ¢, is constant on the cosets §K1(7Xi(p)). Hence we
see that

and write K, =

/pri(p)Kp Gy (2} = ; P, (EXi(P))) (7.33)

The Bruhat decomposition gives us a nice system of representatives for K,/ K I(in(P ) =

Gl,(F,)/ P (Fp). Let Way, be the Weyl group of the standard Levi subgroup
M; = P;,N P, and we choose a system of representatives WP for W /Wy, Then
we get a disjoint decomposition

Gln(Fp): U UB(Fp)wpi_(]Fp)v
weWPi

here Up is the unipotent radical of the standard Borel subgroup. The function
¢w, is constant on the double cosets. If we write a representative in the form
& = uw then the factor w is determined by £ but the factor u is not. This factor
is only unique up to multiplication from the right by a factor u € Ugw’_) (Fp) =
Up(F,) NwP,w™1(F,). Hence we may choose our u in the subgroup

Uy (E,) = I1 Ud(Fy) (7.34)

aeAt|<xi,w—la>>0

and our sum in (7.33) becomes

S Y e wwxi) = D P, (wxpw ) (7.35)

weWPi eyl (F,) weWPi
where [(w) is the cardinality of the set {a € AT| < y;,w™la >> 0}. We recall
the definition of the spherical function and get for our integral
_ _ w)— i,w_l
> Pe(wxipyw )l (wxipyw ) = Y P TIE P  (wxg) (p))

wEW/Way, wEW/ W,
(7.36)

Now one checks easily that p!(®)—<xi:w™'r> — p<xi:r> and hence we get the
desired formula

/pri(p)Kp b, (x)dx = p=XiP=> Z wp((wx:)(p)) (7.37)

wEW/WMi
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This is the formula (7.3) for the group Gl,, and the special choice of the cochar-
acters x = x;. The only cocharacter x' < x; is the trivial cocharacter, in our
situation its contribution to (7.3) is zero.

Let us have a brief look at an arbitrary reductive (split or may be only
quasisplit) group G/Q, let us assume that the center is a connected torus C/Q.
We choose a maximal torus 7'/Q which is contained in a Borel subgroup B/Q.
We have the homomorphism to the adjoint group G — Gaq it maps T to Tpq =
T/C. Again we may also define the fundamental cocharacters x; : G, — T
which satisfy < x;,o;j >= §; ;. They are only well defined modulo cocharacters
X : G, = C but this does not matter so much. Our above method to compute
the eigenvalue of ch(y;) still works if the cocharacter x; is ”minuscule” which
means that < x;,a; >€ {—1,0,1}. In this case the formula (7.37) is still valid,
again there is no contribution from the trivial character.

We return to G = Gl,, and to our speculations about motives. We choose
a weight module My where A = >, a;v; + dd, where the v; are the funda-
mental weights and § is the determinant. The a; are integers and we have the
consistency condition Y ia; = nd mod n. Let us pick an isotypical submodule
H* (SI%,M)\ ® F)(nms). In section 6.3.2 we define the Hecke operators

Tyt HP (S, My) = H3 (S, M))
and these endomorphisms induce endomorphisms
Tyt s HE (SR, Ma® F)(mp) = HE 300 (SE,, M ® F)(7y)

Let 7y = ®m, be an irreducible Hecke module and at an unramified place p
let w, be the Satake parameter. Our Satake parameter is determined by the
n-tuple of numbers

wp(ni(p)) =w;p fori=1,...,n

The cocharacter x,, : G,, — T identifies G,, with the center of Gl,. Our
Hecke-module 7y has a central character and this provides a Hecke character

WfOX,L:Gm(Af) ZIQ,f — F*

The restriction of My to G,, is the character wy : t — t"® and the type of
¢ 0 Xp is of course wy.

Our cocharacters y; define representations of the dual group which is again
Gl,, and in fact y; yields the tautological representation r; : Gl, — GI(V).
Then y; yields the representation r; = A%(ry) : Gl, — GI(AY(V)). For any
subset I C {1,2,...,n} we define

Wip = H Wi,p

iel

and then our formula (7.37) in combination with the formula (6.27 ) in section
6.3.2 and the observation that < x;,d >= 1 yields

T;?h’/\(ﬁp) :p<Xi,>\(1)+P>*id Z wr p (7.38)
I# =i
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and by the same token we get for the cohomological L-function

1
LCOh(ﬂ'f,ry,s) = LCOh(ﬂ'f,ri,s) ( y )

(7.39)

Here we see in a very transparent way the independence of the twist: If we
modify A to XA+ rd then we have to modify 7y to 7y ® |d¢|~". This means that
the wr, get multiplied by ™" and the modifications cancel out.

We assume that 7y € Coh(H (SIGQ,/\;IA)), then we will see in section 8.1.6

that 7/ is essentially unitary. The central character of My is z ~ z"? and
hence we get that 7} =7, ® [d #|? is unitary. Then the Satake parameter of %
is given by

wi, =wipp “fori=1,....n (7.40)

where the factor p=@ = | p\g and we observe that these numbers are also invariant

under twists by a power of |¢].

Since the operators T;fi’h”\ operate on the integral cohomology it follows that
the numbers T;?h’)‘(w ) are algebraic integers. We easily check that for alli < n

i(< xu AP 4+ p > —d) >< x5, NV + p > —id

and this implies that the numbers

<x1, XV 4p>—d
DR 1 s

I#I=ivel

are algebraic integers and hence we can conclude
The numbers

~ _o<xadPap>—d o <a AP 4p> x
Qip=p~ P20 p = poXt PPwr, (7.41)

are algebraic integers

Observe that these numbers are invariant under twists by a power of |d|.

We want t make few remarks about the relationship between the automor-
phic and the cohomological L-functions, especially we comment the shift in the
variable s.

For the automorphic L -function we assume that we are over C, we have
chosen an embedding ¢ : F' — C. If our isotypical Hecke module 7 is cuspidal
(see Thm. 8.1.1) then the considerations around this theorem show that 7 is
essentially unitary. The center C = G,,, the quotient C’ = G,,, and the isogeny
do:x— z™.

We come back to the Langlands philosophy. It predicts that for our a
"cuspidal” m¢ and the cocharacter x; we should be able to attach a motive
M(mg,r1) = M(7f, x1) with coefficients in F. This motive provides a compati-
ble system of [- adic Galois representations

pu(mp,x1) : Gal(Q/Q) — G, (Fi) = GI(M(my, x1)st,1) (7.42)
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which are unramified outside {I} U S and for p ¢ S U {l} we should have

1 —s A s s
det(Id — pi(mp, x1)(®, )p~°) = [J(1 —p= " H0> 7w, p=*) - (7.43)

and this means that up to the local factors at the bad primes we should have
LmOt(M(ﬂ-f7X1)7S) = LCOh(Wf7X17S) (744)

The existence of the compatible system of Galois representation has been
shown by Harris - Kai-Wen Lan -Taylor and Thorne and by P. Scholze.

Once we have the motive for the cocharacter x; we easily get it the other x;
we simply have to look at the exterior powers A'(M(my, x1)).

Now we see that that numbers @, , can be interpreted as the eigenvalues of
the Frobenius on Mg ((7¢, x1). Under the assumption that 7 is ”cuspidal” we
expect that the motive M(ms, x1) is pure of weight w(x1, ) we get

- w(x1,2)
|w1/,p| =p 2
and this is the Ramanujan conjecture. We will explain in the section on

analytic aspects, that for cuspidal 7y the Ramanujan conjecture says that for
any embedding ¢ : F' — C we have

lLowy, | =1

This suggests that we call the array @, = {@1,p,...,@n p} the motivic Satake
parameter (with respect to the tautological representation r; .) Of course it can
always be defined, independently of the existence of the motive.

We will see in the next section that the inner cohomology is trivial unless our
highest weight is essentially self dual, this means that AV = —wo(A(D). Let us
assume that this is the case. If 7Y is the dual of the tautological representation
then the eigenvalues of 77 (wj) are by

ry (wp) = {w;;, . ,w;; )
The highest weight of ry is the cocharacter —7,, = Z;:ll 1; — det (This has to
be read in X*(T")) Then

(=1ns A) =< x1, —wo(AD) > +d
and under our assumption that A is essentially self dual we know

A
<, —wo(AY) >=< xa, A >= %

This implies that the motivic Satake parameters with respect to the dual
representation ) are the numbers

<x1 A M >4ds, —1 <x1, A XM >4ds, 1
{p=x* Wy e ey PN Wop (7.45)
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In the following section on Poincaré duality we will see that for any isotypical
module Hf(ng , M)\,F.‘)(’]Tf) the dual module 7} appears in Hldﬂ(Slcéf S Muv p).
Then we get an equality of local Euler factors

LCOh(,]TPaTi/as) = LCOh(T‘—;\;/arlvs) (746)

The concept of motives allows us to define the the dual motive. If our motive
has weight w(M) then Poincaré duality suggests that we define the motive

MY = Hom(M, Z(—w(M)) (7.47)
The [ adic realization as Galoismodule gives us
Mg, = Hom (M1, Zi(—w(M))

If {1, ..., am} are the eigenvalues of ®,! on Mgy, then {a7tpWO) o tpw (M)}
are the eigenvalues of @, on My, .
Therefore we can say: If we find a motive M(ny, x1) for 7y the we also find

the motive for 77}/ and we have

M(7{, x1) = M(ms, x1)"
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Chapter 8

Analytic methods

8.1 The representation theoretic de-Rham com-
plex

8.1.1 Rational representations

We start from a reductive group G/Q for simplicity we assume that the semi
simple component GV /Q is quasisplit. There is a unique finite normal extension
F/Q,F C C such that G xqg F becomes split, if T7(!)/Q is a maximal torus
which is contained in a Borel subgroup B/Q then the Galois group Gal(Q/Q)
acts on X*(T(") xg F) and by permutations on the set of positive roots 7g C
X*(T™ xq F) corresponding to B/Q. This action factors over the quotient
Gal(F/Q). Then it also acts on the set of highest weights. Since our group
is quasi split we find for any highest weight an absolutely irreducible G xg F-
module M.
r:G XQK—> GI(M)\)

whose highest weight is A. Since we assumed that Q C F € Q C C we get the
extension

re: (G xg K) xg C = Gl(M, @F C).

Given such an absolutely irreducible rational representation, we can construct
two new representations. At first we can form the dual My - = Homc(My,C)

and the complex conjugate Mc of our module My. On the dual module we
have the contragredient representation 7V, which is defined by ¢(rc(g)(v)) =

ré(g71)(9)(v). .

To get the rational representation on the conjugate module M ®@p C, we
recall its definition: As abelian groups we have M @z C = M ®p C but the
action of the scalars is conjugated, we write this as z -. m = Zm. Then the
identity gives us an identification

Endc( M ®@p C) = End(c(./\;l,\ ®F C).

Now we define an action 7 on My @ C: For g € G(C) we put

rc(g)m = rc(g) e m.

233
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This defines an action of the abstract group G(C), but this is in fact obtained
from a rational representation. Therefore M and M both are given by a
highest weight.

The highest weight of MY is —wg (). Herewy is the unique element wy € W,
which sends the system of positive roots AT into the system A~ = —AT,

The highest weight of M, ®pC is ¢(\) where ¢c € Gal(C/R) C Gal(F/Q) is
the complex conjugation acting on X*(T xg F). So we may say: Mo = My.

We will call the module M- conjugate-autodual or simply c-autodual if

e(\) = —wo(\) (8.1)

In the following few sections (until 8.1.7 we will always assume that our local
system (resp. the corresponding representation) are local systems in C-vector
spaces (resp. C-vector spaces M ). Therefore we will suppress the factor ®C.

8.1.2 Harish-Chandra modules and (g, K, )-cohomology.

Now we consider the group of real points G(R), it has the Lie algebra g, inside
this Lie algebra we have the Lie algebra £ of the group K.,. We have the notion
of a (g, K») module: This is a C-vector space V together with an action of g
and an action of the group K.,. We have certain assumptions of consistency:

i) The action of K, is differentiable, this means it induces an action of ¢,
the derivative of the group action.

ii) The action of g restricted to £ is the derivative of the action of K.
iii) For k € Ko, X € g and v € V we have

(Ad(E)X)v = k(X (k~v)).

Inside V' we have have the subspace of K, finite vectors, a vector v is called
K finite if the C- subspace generated by all translates kv is finite dimensional,
i.e. v lies in a finite dimensional K, invariant subspace. The K, finite vectors
form a subspace V¥~) and it is obvious that V(5~) is invariant under the
action of g, hence it is a (g, K ) sub module of V. We call a (g, K~ ) module a
Harish-Chandra module if V = V(Fs),

For such a (g, Ko )-module we can write down a complex

Hompg_(A*(g/),V) ={0 =V — Hompg_(A'(g/t),V) — Homg__ (A*(g/€),V) — ...

where the differential is given by

dw(Xo,Xl,...,Xp) = szo(_l)iXiW(XOZ-~-aXi7A~-~aXp)+ (8 2)
ZO§i<j§p(_l)l+Jw([Xi’Xj]’ )(07 e ,XZ', gee ,X]'7 ey

A few comments are in order. We have inclusions

Hompg_ (A®(g/t),V) C Hom(A®*(g/¢),V) C Hom(A®(g),V).
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The above differential defines the structure of a complex for the rightmost
term, we have to verify that the leftmost term is a subcomplex, this is not so
difficult.

We define the (g, K») cohomology as the cohomology of this complex, i.e.

H*(g, Koo, V) = H*( Homg (A*(g/t),V)).
It is clear that the map

H*(9, Koo, VE=)) - H*(9, Koo, V)

is an isomorphism.

If we have two (g, K ) modules V1, V, and form the algebraic tensor product
W = V1 ® V, the we have a natural structure of a (g, K, ) -module on W : The
group K., acts via the diagonal and U € g acts by the Leibniz-rule U(v; ®
vy) = Uvy ® va + v1 @ Uve. If both modules are Harish-Chandra modules,
then the tensor product is also a Harish-Chandra module. Of course any finite
dimensional rational representation of the algebraic group also yields a Harish-
Chandra module.

8.1.3 The representation theoretic de-Rham isomorphism

For us the (g, Ko) module Coo (G(Q)\G(A)/Ky),- this is the space of functions
which are Co, in the variable goo- is one of the most important (g, K, ) -modules.
We may also consider the limit over smaller and smaller levels Ky we get the
space Coo(G(Q)\G(A)), which consists of those functions on G(A), which are
left invariant under G(Q), right invariant under a suitably small open subgroup
Ky C G(Ay) and which are C in the variable go,. On these functions the group
G(A) acts by translations from the right, since our functions are Co, we also get
an action of the Lie algebra g. Hence this is also a (g, K« ) X G(Af)-module.

If we fix the level see that Coo (G(Q)\G(A)/Ky)) is a (g9, Koo) X Hi, , the
Hecke algebra acts by convolution. We choose a highest weight module M and
apply the previous considerations to the Harish-Chandra module

V = Cou(GQ\G(A)/K ) ® M.

Notice that we can evaluate an element f € Coo(G(Q)\G(A)/K;) ® M) in a
point g = (goo,gf) and the result f(g) € My. The Hecke algebra acts via
convolution on the first factor.

Let us assume that our compact subgroup Ky C G(Ay) is neat, ie. for
any g = (gooagf) € G(A) we have g7 (Ko x Ky)g N G(Q) = {e}. In this

case we know that M is a local system and we can form the de-Rham complex
Q'(ng,/\/l A)-
We have an action of the Hecke algebra on this complex and we have the

following fundamental fact:

Proposition 8.1.1. We have a canonical isomorphism of complezes
Hom (A*(8/%), Coo (GIQ\G(A) /K ) © My) = Q*(SE . My @ C),

this isomorphism is compatible with the action of the Hecke algebra on both sides



236 CHAPTER 8. ANALYTIC METHODS

This is rather clear. We have the projection map
q:GR) x G(Af) = GR)/K x G(Af) /Ky = X x G(Af) /Ky

let o € X x G(Ay)/Ky be the image of the identity e € G(R). The differential
D,(e) maps the Lie algebra g = tangent space of G(R) at e to the tangent

space Tx z, at zo X €. This provides the identification Tx ,, — g/t
An element w € Hompg__ (AP(g/t),Coo (G(Q)\G(A)/K ) ® M) can be eval-
uated on a p-tuple (Xo, X1,...,X,—1) and the result

w(Xo,Xl, e 7)(17_1) S COC(G(@>\G(A)/KJ1) ® M.

We want to produce an element & in the de-Rham complex Q2° (ng,/\;l,\).
Pick a point x x g, € X x G(Ay)/Ky, we find an element (goo,gf) € G(R) x

G(Ay) such that goozo = x. Our still to be defined form @ can be evaluated at
a p-tuple (Yp,...,Y,_1) of tangent vectors in = x g, and the result has to be

an element in Mc,. We find a p-tuple (Xo, X1,...,Xp—1) of tangent vectors
at xo which are mapped to (Yo, ...,Y,_1) under the differential Dy_ of the left

translation by D, . We put
OYo,..., Y1) (z X gf) = g (w(Xo, ... 7Xp,l)(goo,gf)). (8.3)
At this point I leave it as an exercise to the reader that this gives the iso-
morphism we want.(Ref 777)

We recall that the de-Rham complex (Reference Book Vol. !) computes the
cohomology and therefore we can rewrite the de-Rham isomorphism | BodeRh

H*(SE,, Mx) — H*( Homg _ (A*(g/8), Coo (G(Q\G(A)/Ky) ® M) (84)

From now on the complex Hompg_ (A*(g/8),Coo(G(Q)\G(A)/K ) @ M)) will
also be called the de-Rham complex.
By the same token we can compute the cohomology with compact supports

H2(SE,, My) = H*( Homg (A*(9/t), Ceno(G(Q\G(A)/Kf) @ My) (8.5)

where C o (G(Q)\G(A)/K ) are the Co function with compact support. These
isomorphisms are also valid if we drop the assumption that K is neat.

The Poincaré duality on the cohomology is induced by the pairing on the

de-Rham complexes:

Proposition 8.1.2. Ifw; € Homg__(A*(g/t),Coo(GIQ\G(A)/K ;)@ M) is a
closed form and wy € Homg_ (A*(g/€), Coo o(G(Q\G(A)/K ;) @ MY) a closed
form with compact support in complementary degree then the value of the cup
product pairing of the classes |wi] € Hp(ng,/\;lA), [wa] € Hg_p(ng,/\;l}f) is
given by
<[W1]U[w2] >:/ < wi ANwg >
Sfjf

(Reference Book Vol. !)



8.1. THE REPRESENTATION THEORETIC DE-RHAM COMPLEX 237

8.1.4 Input from representation theory of real reductive
groups.

Let us consider an arbitrary irreducible (g, K, )- module V. We also assume that
for any ¥ € K., the multiplicity of ¥ in V' is finite (we say that V' is admissible).
Then we can extend the action of the Lie-algebra g to an action of the universal
enveloping algebra $i(g) on V and we can restrict this action to an action of
the centre 3(g). The structure of this centre is well known by a theorem of
Harish-Chandra, it is a polynomial algebra in r = rank(G) variables, here the
rank is the absolute rank, i.e. the dimension of a maximal torus in G/Q. (See
Chap. 4 sect. 4)

Clearly this centre respects the decomposition into K, types, since these
Ko types come with finite multiplicity we can apply the standard argument,
which proves the Lemma of Schur. Hence 3(g) has to act on V' by scalars, we
get a homomorphism yy : 3(g) — C, which is defined by

zv = xv(2)v.

This homomorphism is called the central character of V.

A fundamental theorem of Harish-Chandra asserts that for a given central
character there exist only finitely many isomorphism classes of irreducible, ad-
missible (g, K )-modules with this central character.

Of course for any rational finite dimensional representation r : G/Q —
Gl(M,) we can consider My ® C as (g, K )-module. If My is absolutely
irreducible with highest weight A (See chap. IV) then it also has a central
character x o = X-

Wigner’s lemma: Let V' be an irreducible, admissible (g, K )-module, let
M = My, a finite dimensional, absolutely irreducible rational representation.
Then H*(g, Koo, V ® Mc) = 0 unless we have

xv(2) = xamv (2) = xm,o (2) for all z € 3(g)

Since we also know that the number of isomorphism classes of irreducible,
admissible (g, K )-modules with a given central character is finite, we can con-
clude that for a given absolutely irreducible rational module M) the num-
ber of isomorphism classes of irreducible, admissible (g, K )-modules V' with
H*(g, Koo,V ® Mc) # 0 is finite.

The proof of Wigner’s lemma is very elegant. We have M@V = MY ®V and
hence we have H°(g, Koo, M®V) = Hom(MY,V)(®K=) = Homg (M, V).
In [B-W] , Chap.I 2.4 it is shown, that the category of g, K -modules has
enough injective and projective elements (See [B-W], I. 2.5) . If I is an injective
g, Koo-module then M ® [ is also injective because for any g, K,,-module A we
have Hom(A, M ® I) = Hom(MYV,I). Hence an injective resolution 0 — V —
I9 — I' ... yields an injective resolution 0 -+ M - M ®I° - M®I'... and
from this we get

HY(g, Koo, M@ V) = Ext? o (MY, V).
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Any z € 3(g) induces an endomorphism of M and V. Since Ext® is functo-
rial in both variables, we see that z induces endomorphisms z; (via the action on
M) and z; (via the action on V') on Ext] ;o (MY, V). We show that 21 = 2».
This is clear by definition for Eth,KOQ (MY, V) = Homg g, (MY, V) : For
z € 3(g) and ¢ € Homg g (MY, V),m € My we have z1¢(m) = ¢(zm) =
zo(¢(m)). To prove it for an arbitrary ¢ we use devissage and induction. We
embed V into an injective g, K, module I and get an exact sequence

0=V —>1—-1/V—=0

and from this and Ext] ;. (M, 1) for ¢ > 0 we get

Ext? (g, Koo, My, 1/V) = Ext?(g, Koo, My, V) for ¢ > 0.

Now by induction we know z; = z9 on the left hand side, so it also holds on
the right hand side.

If now xv # Xxmv then we can find a z € 3(g) such that xymv(z) =
0,xv(z) = 1. This implies that z; = 0 and 2z = 1 on all Ext?(g, Koo (M, V).
Since we know that z; = 2o we see that the identity on Ext?(g, Koo (M, V) is
equal to zero and this implies the assertion.

On the universal enveloping algebra $(g) we have an antiautomorphism v +?
u which is induced by the antiautomorphism X +— —X on the Lie algebra g. If
V is an admissible (g, K, )-module, then we can form the dual module V'V and
if we denote the pairing between V, VY by <, >y then

<Uv, ¢ >y=<v,'Up >y forallU € U(g),veV,pc V",
If V is irreducible, then it has a central character and we get
xvv (2) = xv(t2).

This applies to finite dimensional and infinite dimensional (g, K, )-modules.

8.1.5 Representation theoretic Hodge-theory.

We consider irreducible unitary representations G(R) — U(H). We know from
the work of Harish-Chandra:

1) If we fix an isomorphism class ¥ irreducible representations of Ko, then
the isotypical subspace dim¢ H () < dim(99)?, i.e. ¥ occurs at most with mul-
tiplicity dim(d).

2) The direct sum >y H(J) = H) ¢ H is dense in H and it is an
admissible irreducible Harish-Chandra -module.

We call an irreducible (g, K )-module unitary, if it is isomorphic to such an
HU,

For a given G/R and any rational irreducible module M Vogan and Zucker-
man give a finite list of certain irreducible, admissible (g, K. )— modules A4 (),
for which H*(g, Koo, Aq(\) ® M) # 0 they compute these cohomology group.
This list contains all unitary, irreducible (g, Ko )—modules, which have non
trivial cohomology with coefficients in M.

For the following we refer to [B-W] Chap. II ;S 1-2 . We want to apply the
methods of Hodge-theory to compute the cohomology groups H®(g, Koo,V ®
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M) for an unitary (g, Ko )-module V. This means have a positive definite scalar
product <, >y on V, for which the action of K, is unitary and for U € g and
v1,v9 € V we have < Uvy,ve >y + < wvi,Uvy >y = 0.

In the next step we introduce for all p a hermitian form on Hompg__ (AP(g/¢),V®
M.,). To do this we construct a hermitian form on M.

(The following considerations are only true modulo the centre). We consider
the Lie algebra and its complexification gc = g ® C. On this complex vector
space we have the complex conjugation ~ : U +— U. We rediscover g as the
set of fixed points under —. We also have the Cartan involution © which is
the involution which has ¢ as its fixed point set. Then we get the Cartan
decomposition

g =t ® p where p is the -1 eigenspace of ©.

The Killing form is negative definite on ¥ and positive definite on p, we
have for the Lie bracket [p,p] C €. We consider the invariants under ~ o ©,
this is the Lie algebra g. = £ © v/—1 ® p. On this real Lie algebra the Killing
form is negative definite and g, is the Lie algebra of an algebraic group G./R
whose base extension G, ®g C — G @ C and whose group G.(R) of real
points is compact (this is the so called compact form of G). We still have
the representation G./R — Gl(M}) which is irreducible and hence we find a
hermitian form < , >, on My, which is invariant under G.(R) and which is
unique up to a scalar.

This form satisfies the equations

<Umqi,mo >pm + < mq,Umg >,=0 for all m;,mgs € M,,U €t
this is the invariance under K., and
< Umqy,mo >pm=<mq1,Ums >, for all my,mo € M),U €p

this is the invariance under v/—1 ® p.

Now we define a hermitian metric on V ® M, we simply take the tensor
product < , >y ® <, > =<, >yg) . Finally we define the (hermitian)
scalar product on Hompg_ (A®(g/t), V@M., ). We choose and orthonormal (with
respect to the Killing form) basis Ey, Es, ..., E; on p, we identify g/8 — p.
Then a form w € Homg__(AP(g/¢),V @ M,) is given by its values w(E;) € V®
My, where I = {iq,1i2,...,4,} runs through the ordered subsets of {1,2,...,d}
with p elements. For wy,ws € Hompg_ (AP(g/t),V ® M) we put

<wnwy >= Y <wi(Er),w2(Er) >ven (8.6)
I,l[l:p

Now we can define an adjoint operator
§: Hompg_ (AP(g/t),V @ My) — Hompg_ (AP~ 1(g/€),V @ M,), (8.7)

which can be defined by a straightforward calculation. We simply write a for-
mula for ¢: For an element E; we define Ef (v @ m) = —E;v @ m + v @ E;m.
Then we can define § by the following formula:
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We have to evaluate 6(w) on E; = (E;,,...,E;,_,) where J = {i1,... i, 1}.
We put
S(w)(Eg) =Y (~1)PETD Bl
igJ
where p(i, JU{i}) denotes the position of ¢ in the ordered set JU {i}. With this
definition we get for a pair of forms w; € Hompg_ (AP~ 1(g/t),V ® M,) and
we € Hompg (AP(g/t),V @ M) (See [B-W], II, prop. 2.3)

< dwi,ws >=< wy,0ws > (8.8)
We define the Laplacian A = éd + dd. Then we have ([B-W] , II ,Thm.2.5)
< Aw,w >> 0 and we have equality if and only if dw = 0,dw =0 (8.9)

Inside 3(g) we have the the Casimir operator C' (See Chap. 4). An element
z € 3(g) acts on V@ M by z®Id via the action on the first factor and by the
scalar x»(z) via the action on the second factor. Then we have

Kuga’s lemma : The action of the Casimir operator and the Laplace op-
erator on. Homg__(AP(g/%),V ® M) are related by the identity

A=C&Id—x\(C).

If the (g, Ks) module is irreducible, then A acts by multiplication by the
scalar xv (C) — xA(C)

This has the following consequence
If V is an irreducible unitary g, Koo- module and if My is an irreducible
representation with highest weight A\ then

0 ; C) - C)#0
H.(Q,Koo7V®M(C): . ZfXV( ) X)\( )7é )
Homg  (A*(g/8),V @ My)  if xv(C) —xa(C) =0
This only applies for unitary g, K,-modules, but for these it is much stronger:
It says that under the assumption xy (C) = xx(C) we have xy = x\ ( we only
have to test the Casimir operator) and it says that all the differentials in the

complex are zero.

8.1.6 Input from the theory of automorphic forms

We apply this to the spaces of square integrable functions on G(Q)\G(A)/Kjy.
Because of the presence of a non trivial center, we have to consider functions
which transform in a certain way under the action of the center. We may assume
that coefficient system M has a central character and this central character
defines a character () on the maximal Q-split torus S C C. This character can
be evaluated on the connected component of the identity of the real valued
points and induces a (continuous) homomorphism (s, : S°(R) — RZ,,. Then we
define

Coo(G(Q\G(A) /Ky, ¢ (8.10)
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to be the subspace of those C, functions which satisfy f(2009) = (. (200) f(g)
for all zo, € S°(R),€G(A). The isogeny dc : C — C' (see 6.1.1) induces
an isomorphism S°(R) 5 S"0(R), where S’ is the maximal Q split torus
in C'. Therefore we get a character ¢,, : S"%(R) — RZ, and this is also
a character (), : G(R) — RZ, and its restriction to S°(R) is (. If now

7 € Cool GEQNG(A)/ K7, () then
F(9)Ch(9) € Coo(GQ)S°(R)\G(A)/Kyp) (8.11)
We say that f € Coo (G(Q)\G(A)/K, (") is square integrable if

£ ()¢ (g)]Pdg < o0 (8.12)

/(G(Q)SO(R)\G(A)/KH

and this allows us to define the Hilbert space L*(G(Q)\G(A)/K,(L!). Since
the space (G(Q)S°(R)\G(A)/Ky) has finite volume we know that

Cho € L(GQ\G(A)/ Ky, ¢,

The group G(R) acts on Coo (G(Q)\G(A)/K s, (") by right translations and
hence we get by differentiating an action of the universal enveloping algebra

i(g) on it. We define by Cg)(G(Q)\G(A)/Kf, ¢%!) the subspace of functions f
for which U f is square integrable for all U € $l(g).

This allows us to define a sub complex of the de-Rham complex
Hom (A*(g/8), C2 (G(Q\G(A) /Ky, (X! © My). (8.13)

We will not work with this complex because its cohomology may show some bad
behavior. (See remark below).

We do something less sophisticated, we simply define H (’2)(82 f,M A) C
H* (ng,./\;l,\) to be the image of the cohomology of the complex (8.13) in the

cohomology. Hence H ('2) (ng,./\;l ) is the space of cohomology classes which
can be represented by square integrable forms.

Remark: Some authors also define L? de-Rham complexes, using the above
complex (8.13) and then they take suitable completions to get complexes of
Hilbert spaces. These complexes also give cohomology groups which run under
the name of L2-cohomology. These L2-cohomology groups are related but not
necessarily equal to our H ('2) (S[Céf,/\;l A). They can be infinite dimensional.

The Hilbert space L*(G(Q)\G(A)/Ky, (") is a module for G(R) x H, the
group G(R) acts by unitary transformations and the algebra H, is selfadjoint.

Let us assume that H = H__ xr, is an irreducible unitary module for G(R) x
H= ®;’HP and assume that we have an inclusion of this G(R) x H-module

j:H < L*(GQ\G(A)/Kf, ().

It follows from the finiteness results in 8.1.5 that induces an inclusion into the
space of square integrable C,, functions

HE=) o C@(GQ)\G(A) /Ky, (L) E).
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We counsider the (g, K )— cohomology of this module with coeflicients in our
irreducible module My, we assume xy (C) = xx(C). We have H*(g, Koo, H ®
M)) = Homg_, (9, Koo, HF>) @ M) and get

H*(g, Koo, HE=) @ Mc) 5 H*(g, Koo, Coo (GQ\G(A) /K 4, (D) EX) @ M),

This suggests that we try to ”decompose” Coo(G(Q)\G(A)/K, (! Fee)
into irreducibles and then investigate the contributions of the irreducible sum-
mands to the cohomology. Essentially we follow the strategy of [Bo-Ga] and
[Bo-Ca] but instead of working with complexes of Hilbert spaces we work with
complexes of Co, forms and modify the arguments accordingly.

It has been shown by Langlands, that we have a decomposition into a discrete
and a continous spectrum

L*(GQ\G(A)/Kf) = Liiso (GQ\G(Af) /K ) © Leon(GQ\G(Af)/Ky),

where L3, (G(Q)\G(Ay)/Ky) is the closure of the sum of all irreducible closed
subspaces occuring in L?(G(Q)\G(A)/Ky) and where L2 . (G(Q)\G(Ay)/Ky)
is the complement.

The discrete spectrum L3, .(G(Q)\G(Af)/Ky) contains as a subspace the

disc
cuspidal spectrum L2, (G(Q)\G(Ay)/Ky) :
A function f € L*(G(Q)\G(A)/Ky) is called a cusp form if for all proper
parabolic subgroups P/Q C G/Q, with unipotent radical Up/Q the integral

FP()g) =

- / f(ug)du =0,
Up(Q)\Up(A) -

this means that the integral is defined for almost all g and zero for almost all
g. The function F¥(f)(g), which is an almost everywhere defined function on

P(Q)\G(A)/K/ is called the constant Fourier coefficient of f along P/Q. The
cuspidal spectrum the the intersection of all the kernels of the F¥.

If our group is anisotropic, then it does not have any proper parabolic sub-
group and in this case we have L2, (G(Q)\G(Ay)/Ky) = L3, (G(Q)\G(Af)/Ky) =
L2(G(Q)\G(A)/Kr).

For any unitary G(R) x H- module Hy = H, _ ® Hr, we put Wr cusp =
Home (g x# (Hr, L2,sp (G(Q)\G(Af)/Ky)). We can ignore the H-module struc-
ture and define
Wi cusp = HomG(R) (Hﬂ'oo) HTrf ) Lzusp(G(Q)\G(Af)/Kf))
It has been shown by Gelfand-Graev and Langlands that
Meusp(Too) = Zdim(Wmcusp) < 00.
™y

We get a decomposition into isotypical subspaces

Lip(GQNG(Af)/Kp) = D (L2p(GQN\G(Af)/Ky)(moc % ),

7l'oo®ﬂ‘f



8.1. THE REPRESENTATION THEORETIC DE-RHAM COMPLEX 243

where (L2,.,(G(Q\G(Af)/Kf)(me X my) is the image of Wy eusp @ Hy in
L2, (GIONG(A )/ K ).

The cuspidal spectrum has a complement in the discrete spectrum, this is
the residual spectrum L2, ,((G(Q)\G(Af)/Ky). It is called residual spectrum,
because the irreducible subspaces contained in it are obtained by residues of
Eisenstein classes.

Again we define Wy res = Homgw)xu (Hr, Lz (G(Q)\G(Af)/Ky)), (resp.
Wi o res = Homgm) (Hr,, LEHSP(G(Q)\G(Af)/Kf)) and it is a deep theorem of
Langlands that myes(moo) = dim(Wr_ res) < 00. Hence we get a decomposition

L (GQ\G(Af)/Kp) = D (LE(GQ\G(Af)/Ky)(moe X my).

Too T s

If our group G/Q is isotropic, then the one dimensional space of constants
is in the residual (discrete) spectrum but not in the cuspidal spectrum.

Langlands has given a description of the continuos spectrum using the theory

of Eisenstein series, we have a decomposition | decomp-cont

Leont(GQ\G(Af)/Ky) @ (8.14)

b

we briefly explain this decomposition following [Bo-Ga]. The X are so called
cuspidal data, this are pairs (P,7s) where P is a proper parabolic subgroup
and 7y is a representation of M(A) = P(A)/U(A) occurring in the discrete
spectrum Lcubp( (Q@\M(A)).

Let M /Q be the semi simple part of M and recall that C'/@Q was the center
of G/Q. We consider the character module Y*(P) = Hom(C' - M™"),G,,). The
elements Y*(P)®C provide homomorphisms y®z : M(A)/C(A)M(l)(A) — C*.
(See (6.14)). The module Y*(P)®Q comes with a canonical basis Wthh is given
by the dominant fundamental weights «y,, which are trivial on M® . We define

As =Y*(P)®@iR={)_ 7, ®itult, € R}
n

this is a group of unitary characters. For o € Ay, we define the unitarily induced
representation

Indgéﬁgﬂg @ +pp)=ISns®@0
(8.15)

{f: G(A) = LI (M(Q\M(A))(ms)| f(pg) = (0 + lpr|)(p)7s(p) f(9)}

where of course p € P(A),g € G(A) and pp € Y*(P) ® Q is the half sum of
the roots in the unipotent radical of P. This gives us a unitary representation
of G(A). Let dx be the Lebesgue measure on Ay then we can form the direct
integral unitary representations

Hp(’]'('g) :/ Ig’ﬂ'z ® o dxo (816)
As
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The theory of Eisenstein series gives us a homomorphism of G(R) x H -modules
Bisp(ms) : Hp(ms) = Lion (G(Q\G(Ay)/Ky). (8.17)

Let us put

A = {Z Vo @ itylt, = 0}
w

then the restriction

Bisp (ms) : Hif(ms) = / s © 0 dso - Lo (GQ\G(AQ)/K)). (818)

=

is an isometric embedding. The image will be denoted by H}' (my) these spaces
are the elementary subspaces in [B-G]. Two such elementary subspaces Hp (7x), H P (ms,)
are either orthogonal to each other or they are equal. We get the above decom-
position if we sum over a suitable set of representatives of cuspidal data.
Now we are ready to discuss the contribution of the continuous spectrum to
the cohomology. If we have a closed square integrable form

w € Hompg (AP(g/t),C3(G(Q\G(A)/Ky) @ My),

then we can decompose it
W = Wres T Weont

both summands are C2, and closed.

Proposition 8.1.3. The cohomology class [weont] is trivial.

Proof. This now the standard argument in Hodge theory, but this time we apply
it to a continuous spectrum instead of a discrete one. We follow Borel-Casselman
and prove their Lemma 5.5 (See[B-C]) in our context. We may assume that weo
lies in one of the summands, i.e. weons = Eis([f, w"(0)dso) where w¥(0) €
Hompg__ (AP(g/t), ISTs ® 0 ® M,)) is the Fourier transform of w,, in the L2.,
(theorem of Plancherel). As it stands the expression | As wY(c)dso) does not
make sense because the integrand is in L? and not necessarily in L'. If we
choose a symmetric positive definite quadratic form h(o) = ZV’ by ptuty, and
a positive real number 7 then the function

he(o) = (1 +7h(o)™) ™ € L?(Ax)

and then wY(o)h, (o) is in L' and by definition
lim wY(o)h,(0)dgo) = / wY(o)dso (8.19)
7—0 As As

where the convergence is in the L? sense. Since wo, € Hompg__ (AP(g/€), [Sms®
o ® M) we get get that w¥ (o) has the following property
For any polynomial P(c) = >_a,t" in the variables ¢, and with real coeffi-

cients the section | diffmult

w(0)P(0) is square integrable (8.20)



8.1. THE REPRESENTATION THEORETIC DE-RHAM COMPLEX 245

this follows from the well known rules that differentiating a function provides
multiplication by the variables for the Fourier transform.

The Lemma of Kuga implies
AwY(9)) = (xo(C) = xa(C))w" (0)
and if o = ) v, ® it_u the eigenvalue is

Xo(C) = Xa(C) = " avptuty+ Y buty + cay — (8.21)

where cr,, is the eigenvalue of the Casimir operator of M M) on 7y, If the t, €R
then this expression is always < 0 especially we see that the quadratic form
on the right hand side is negative definite. This implies that for ¢ € Ar the
expression x,(C)—x(C) assumes a finite number of maximal values all of them
< 0 and hence

Vs = {ox0 (0) = xa(C) = 0} (8.22)

is a finite set of point. This set has measure zero, since we assumed that P was
a proper parabolic subgroup. The of o for which H®(g, Koo, Hpry(0) @ Mc) # 0
is finite. We choose a Co function hs (o) which is positive, which takes value
1 in a small neighborhood of V5, which takes values < 1 in a slightly larger
neighborhood and which is zero outside this second neighborhood. Then we
write

Woo = Eis(/A+ hs(0)wY (0)dso) + EiS(/A+<1 — hy(0))w"(0)dso)
We have dw" (o) = 0 and hence we get
A((1 = hs(@)w" (@) = d((xe(C) = XA(C)) (1 = hso))dw¥ ()
and this implies that

Bis( /A (1-hs(0))w" (0)dse) = d Eis( / (1—h(0)) (%o (C) —x2(€)) 6w (0)dx0)

+
P2} AE

It is clear that the integrand in the second term- ng(l — hx(0))(x.(C) —

XA (C)) 10wV (o) still satisfies (8.20) and then our well known rules above imply

that ¢ = Bis([,+(1 — hx(0))(xo(C) — xA(C)) " 1ow" (0)dso) is CZ,. Therefore
P

the second term in our above formula is a boundary.

Weont = / hs(o)w(o)dso + dip.
As

This is true for any choice of hy;. Hence the scalar product < w—dy, w—dy >
can be made arbitrarily small. Then we claim that the cohomology class [w] €
H*( Hompg_ (AP(g/),Coo(G(Q)\G(A)/K ) ® M) must be zero. This needs a
tiny final step.

We invoke Poincaré duality: A cohomology class in [w] € HP(S$ f,M ) s
zero if and only the value of the pairing with any class [ws] € Hg’p(SIG(f,/\;lX)
is zero. But the (absolute) value [w] U [ws] of the cup product can be given
by an integral (See Prop.8.1.2). Therefore it can be estimated by the norm
< w —dy,w — dip > (Cauchy-Schwarz inequality) and hence must be zero. [
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As usual we denote by G(R) the unitary spectrum, for us it is simply the
set of unitary irreducible representations of G(R). Given My, we define

Coh(N) = {To0 € G(R)| H*(g, Koo, Hr. ® My) # 0}

The theorem of Harish-Chandra says that this set is finite.
Let

HCoh()\) = @ Lﬁlsc(G(Q)\G(Af)/Kf)(WOO Xﬂ-f) = @ Hﬂ'oo (ﬂ-f)

oo €Coh(X) T oo €Coh(X)

the theorem of Gelfand-Graev and Langlands assert that this is a finite sum of
irreducible modules. This space decomposes again into H, gfhp( N ®HES o

Then we get the following theorem which due to Borel, Garland, Matsushima

and Murakami

Theorem 8.1.1. a)The map

H*(g, Koo, HE=) @My) = H A*(g/e), HE) @ My) — HEy, (8., M
(9, Koo, Coh(>\)® ) omxk . (A*(g/¢), Coh()\)® A) = (2)( Ky )

surjective. Especially the image contains HI'(SI%,J\;!A).

b) (Borel) The homomorphism
(0. K B & M) 75, )
s injective.

[Bo-Ga | Prop.5.6, they do not consider the above space Hf, (ng,/\;b\) we
added an € > 0 to this proposition by claiming that this space is the image.

In general the homomorphism

H.(gvKom ;g:(,\)aKoo) ® M)\) — H.(SIG(faM/\)

is not injective. We come to this issue in the next section.
If we denote by H? (ng , M) the image of the homomorphism in b), then

cusp

we get a filtration of the cohomology by four subspaces
H(:usp(SIG{f7M)\) C H!.(ng7./\;l/\) - H(.Q)(ng,/\;l)\) C H'(ng,/\;l,\). (823)

We want to point out that our space H (°2) (SI% 1 M ) is not the space denoted
by the same symbol in the paper [Bo-Ca]. They define L? cohomology as the
complex of square integrable forms, i.e. w and dw have to be square integrable.
But then a closed form w which is in L? gives the trivial class in their cohomology
if we can write w = di where 1 must also be square integrable. In our definition
we do not have that restriction on .
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A formula for the Poincaré duality pairing

We assume that —wg(A) = ¢(A). We have the positive definite hermitian scalar
product on Homp__ (A'(g/?),Héfﬁ‘(’/)\) ® M) (See(ii8.6)). On the other hand
we have the Poincaré duality pairing

H{(SE, Mx)(wr) x HI (S, Myv)(wig) = C (8.24)

where wy-wy, 5 = 1. To relate these two products we recall the Hodge *-operator.
(See for instance Vol. 1. 4.11) This operator yields an isomorphism

x 1 Hompg _ (AP(g/8), Coo(GQ\G(A)/Ky) @ My) —

Homp , (AP (g/t), Coo (G(Q\G(A) /K ) ® M) (8.25)

We can use the * operator to define the adjoint § = (—1)#®*+1)+1 % dx and hence
the Laplacian A (See (8.7). Especially the % operator yields an identification
between the Cy-functions and the C., differential forms in top degree.

We consider two differential forms

wi,wp € Hompg_ (AP(g/t),C2 (G(Q\G(A)/Kf) @ My)

which are square integrable, then we defined the scalar product (See(8.6) <
w1, ws > of these two forms. By definition this scalar product is an integral over
a function
< W1, Wy >:/ {wl,wg}.

S§

s
If we have two closed forms w; € Hompg__ (AP(g/t),CL(G(Q)\G(A)/Ky) ®
M,), w2 € Hompg (AP (g/t),CE(G(Q)\G(A)/K;)®M,v) and if one of these
forms has compact support -say wo-then they define cohomology classes [w;] €
HP(SE,, My), lwo] € HEP(SE,, Myv) and the cup product [wy Ufws] is defined
and given by an integral (See proposition 8.1.2) over a form in top degree. Now

we check easily - and this is the way how the x operator is designed that for
wi,ws € Hompg_ (AP(g/€),C% (G(Q)\G(A)/Kf) ® M) the integrand

{W1,WQ} =< wy N *wg > .

Now we can formulate the
Proposition 8.1.4. If wy,ws € Homg,_, (Ap(g/E),Héfﬁ‘zi) ® M) and if both
classes [w1], [xw2] are inner classes, i.e. can be represented by compactly sup-
ported forms, then
< wi,wz >= [w1] U [xwo]

Proof. Here we give only a sketch of the proof, for some details we refer to
section 8.1.9. Of course we have to recall that the right hand side is defined
since we have proposition 6.3.7, we need that both classes are inner classes. We
write w; = W1 + dy where w1 has compact support. Then the value of this cup

product is equal to

[wl] U [*OJQ] = /SG (:)1 N *Wwso. (826)

Kr
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We have compact subsets ng (¢), (See ?7) we can choose a ¢ > 0 such that
the support of @ lies in ng (¢). Then we get

J

For ¢ — 0 the left hand side converges to < wi,ws >, hence we have to show
that

Wi A *wy = / (@01 + db) A *we = [wi] U [*ws] —|—/ wy A dy
RO Sg, (@ Sg,

(8.27)

lim wi Ady) = % lim wi A =0 (8.28)
c—0 S[C(:f (C) c—0 8(S}(§f (C))

We know of course that the limit at the right hand side exists. We invoke section
8.1.9 , there we will show that we can take 1 to be square integrable and then
it follows that the limit is zero.

O

This proposition is delicate. If the quotient ng is compact, then it is of
course a consequence of Hodge theory. But if this is not the case we really need
that both classes are inner. In fact we have the standard example which shows
that this assumption is needed. If take w; = wsy to be the form in degree zero
given by the constant function 1. Then the left hand side is non zero but the
class *1 is the volume form which is trivial if ng is not compact, and therefore
the right hand side is not zero.

The proposition has the following nice corollary

Corollary 8.1.1. Ifw € Homg__ (Ap(g/{’,),Hgsﬁ‘a) ® M) is non zero and if
the restriction of *w to the boundary is zero then [w] # 0.

This last Corollary could be useful if we want to understand the kernel of
the map

Homyc (A*(9/8), Hoarny ® M) = HH(SE, M), (8.29)

but a closer look tells us that this may not be so easy, because the restriction
the cohomology to the boundary cohomology is not so easy to understand.

Now we remember that in the previous sections we made the convention
(See end of (8.1.1)) that our coefficient systems M are C vector spaces. We
now revoke this convention and recall that the coefficient systems M should
be replaced by M, ®p C. Then in the above list (8.23) of four subspaces in
the cohomology the second and the fourth subspace have a natural structure of
F-vector spaces and they have a combinatorial definition, whereas the first and
third subspace need some input from analysis in their definition. In other words
if we replace M in (8.23) by My ®; C then the second and the fourth space
can be written as

HY (SE,, My) @p C C H*(SF,, My) @p C

We believe that also the third space has a combinatorial definition, for this
we need the weighted cohomology groups: Weighted cohomology ; G. Harder;
R. MacPherson; M. Goresky Inventiones mathematicae (1994).
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8.1.7 Consequences.
Vanishing theorems

If V is unitary and irreducible, then we have that V' == V'V and this implies
for the central character

xv(z) = xvv(z) for allz € 3(g).

Combining this with Wigner’s lemma we can conclude

If V is an irreducible unitary (g, Koo )-module, My is an irreducible rational
representation, and if

H*(g, Koo, VRO M) #0

then xamy (2) = Xt (') = xt, (2)

In other words: For an unitary irreducible (g, K )-module V' the cohomology
with coefficients in an irreducible rational representation M vanishes, unless we
have MY = My, or in terms of highest weights unless —wo(\) = ¢(A). (See
3.1.1)

If we combine this with the considerations following Wigner’s lemma we get

Corollary If M is an absolutely irreducible rational representation and if
MY is not isomorphic to My then

H(.Q)(SIG(faM)\) =0.

Hence also )
HY(SE,, M) = 0.

We will discuss examples for this in section 8.1.7

The group G/Q = Sl,/Q

Let us consider the group G/Q = Sly/Q. We have tautological representation
Sly < G1(Q?) = GI(V) and we get all irreducible representations of we take the
symmetric powers M,, = Sym" (V') of V. (See 2, these are the M,,[m] restricted
to Sl, then the m drops out.)

In this case the Vogan-Zuckerman list is very short. It is discussed in [Slzwei]
for the groups Sly(R) and Sl (C), where both groups are considered as real Lie-
groups.

In the case Sly(R) we have the trivial module C and for any integer k > 2
we have two irreducible unitarizable (g, K« )-modules Dif (the discrete series
representations) (See [Slzwei], 4.1.5 ). These are the only (g, K )-modules
which have non trivial cohomology with coefficients in a rational representation.
If we now pick one of our rational representation M, then the non vanishing
cohomology groups are

H(g, Koo, M, ® C) =C for  =0,q = 0,2
HY(g, Koo, DE @M, @C)=Cforl=k—2,q=1
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The trivial (g, Ko )-module C occurs with multiplicity one in L?(G(Q)\G(A)/K)
hence we get for the trivial coefficient system a contribution

H*(g, Koo, COM,,®C) = H'(g, Koo, C)BH?(g, Koo, C) = C&C — Hy (SE,, C).

This map is injective in degree 0 and zero in degree 2.

For the modules Dki we have to determine the multiplicities m™ (k) of these
modules in the discrete spectrum of L?*(G(Q)\G(A)/K¢). A simple argument
using complex conjugation tells us m™*(k) = m~™(k). Now we have the fun-
damental observation made by Gelfand and Graev, which links representation
theory to automorphic forms:

We have an isomorphism

Homg k. (D, L3 (GQN\G(A)/Ky) — Sp(G(Q\H x G(Af)/Ky) =

space of holomorphic cusp forms of weight k and level Ky

This is also explained in [Slzwei] on the pages following 23. We explain how
we get starting from a holomorphic cusp form f of weight k£ an inclusion

Cs Dy = Lo (GQ\G(A)/Ey)

and that this map f — @ establishes the above isomorphim. This gives us the
famous Eichler-Shimura isomorphism

Sk(G(Q\H x G(Af)/Ky) @ Su(GQ\H x G(Af)/Ky) — H{'(S§,, My—2).

The group G/Q = Rp,o(Sl2/F).

For any finite extension F/Q we may consider the base restriction G/Q =
Rpq(Slz/F). (See Chap-II. 1.1.1). Here we want to consider the special case
the F/Q is imaginary quadratic. In this case we have G ® C = Sly x Sl /C the
factors correspond to the two embeddings of F' into C. The rational irreducible
representations are tensor products of irreducible representations of the two
factors My = My, ® My, where again M;, = Sym”(C?). These representations
are defined over F'.

In this case we discuss the Vogan-Zuckerman list in [Slzwei], here we want
to discuss a particular aspect. We observe that

MX = My, ® Mkz,/\;l,\ = M, @ My,
and hence our corollary above yields for any choice of Ky

HY (SF,, M) = 0if k1 # ks.

In Chapter II we discuss the special examples in low dimensions. We take
F = Q[i] and ' = Sly[Z]i]] this amounts to taking the standard maximal com-
pact subgroup Ky = Sly [OF]. If now for instance k1 > 0 and ko = 0, then we get
H!‘(ng,MA) = 0. Hence we have by definition H!'(Slcéf,/\/l) = Hﬁis(ng,M)
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and we have complete control over the Eisenstein- cohomology in this case.
Hence we know the cohomology in this case if we apply the analytic methods.
On the other hand in Chapter IT we have written an explicit complex of finite
dimensional vector spaces, which computes the cohomology. It is not clear to
me how we can read off this complex the structure of the cohomology groups.

We get another example where this phenomenon happens, if we consider
the group Sl,,/Q if n > 2. In Chap. IV 1.2 we described the simple roots
Qap,Qs,. .., 0, 1, accordingly we have the fundamental highest weights wy, ..., w,_1.
The element wq (See 8.1.1) has the effect of reversing the order of the weights.
Hence we see that for A = ) n;w; we have

HY (S, My) =0

unless we have —wg(\) = A and this means n; = n,_1_;.

The algebraic K-theory of number fields

I briefly recall the definition of the K-groups of an algebraic number field F/Q.

We consider the group Gl,,(Or), it has a classifying space BG,,. We can pass to

the limit lim Gl,(Op) = GI(Op) = G and let BG its classifying space. Quillen
n—oo

invented a procedure to modify this space to another space BG™, whose funda-
mental group is now abelian, but which has the same homology and cohomology
as BG. Then he defines the algebraic K-groups as

The space is an H-space, this means that we have a multiplication m :
BGT x BGT™ — BG™ which has a two sided identity element. Then we get a
homomorphism m® : H*(BG*,Z) — H*(BG' x BG,Z) and if we tensorize by
Q and apply the Kiinneth-formula then we get the structure of a Hopf algebra
on the Cohomology

m®: H*(BGT,Q) — H*(BGT,Q) ® H*(BG™,Q)
Then a theorem of Milnor asserts that the rational homotopy groups
7(BGY) ® Q= prim(H'(BG,Q),

where prim are the primitive elements, i.e. those elements z € H*(BG, Q) for
which

I sketch a second application. We discuss the group G = Rp/q(Gl,/F),
where F'/Q is an algebraic number field. the coeflicient system My =Cis
trivial. In this case Borel, Garland and Hsiang have shown hat in low degrees
g<n/4

Hq(SIG(fa(C) = HEIQ)SIG(faC)

On the other hand it follows from the Vogan-Zuckerman classification, that
the only irreducible unitary (g, K,) modules V', for which H%(g, Ko,V) #
0 and ¢ < n/4 are one dimensional.

Hence we see that in low degrees
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H(g, Koo, C) — HY(SE,,C)

is an isomorphism (Injectivity requires some additional reasoning.)

On the other hand we have H(g, Ko, C) = Hompg__(A®*(g/t),C) and ob-
viously this last complex is isomorphic to the complex Q*(X)¢®) of G(R)-
invariant forms on the symmetric space G(R)/K . Our field has different em-
beddings 7 : F' — C, the real embeddings factor through R, they form the set
Sreal and the pairs of may conjugate embeddings into C form the set S0P

Then
X= J] S(®R)/SOMm)x [] Sl(C)/SU(n).

= Sreal Comp

Now the complex Q°(X)“®) of invariant differential forms (all differentials are
zero) does not change if we replace the group

H31n XHSI

vE Sreal CDmP
oo

by its compact form G.(R) and then we get the complex of invariant forms on
the compact twin of our symmetric space

Xe= [ SU.®R)/SO(m)x [] (SU(n) x SU(n))/SU(n),

veSreal seomp

but then
Q(X,)9® = g*(X,,C).

The cohomology of the topological spaces like the one on the right hand side
has been computed by Borel in the early days of his career.

If we let n tend to infinity, we can consider the limit of these cohomology
groups, then the limit becomes a Hopf algebra and we can consider the primitive
elements

The semi-simplicity of the inner cohomology

Now we assume again that our representation M is defined over some number
field F' we consider it as a subfield of C. In other word we have a representation
r:Gx F — GI(M,). We have defined H; (ng , M), this is a finite dimensional
F-vector space and Theorem 2 in Chapter II asserts that this is a semi simple
module under the Hecke algebra. This is now an easy consequence of our results
above.

The module H; C L3 .(G(Q)\G(Af)/Ky) can also be decomposed into a
finite direct sum of irreducible G(R) x Hx, modules

Hl = @ (Hrroo ®Hﬂf)ml(7roo><wf)7
7'roo®7rf€f{1

this module is clearly semi-simple. Of course it is not a (g, K )-module, but
we can restrict to the K -finite vectors and get

H* (guKoo,H °°)®M ®(C) @ ( HomKoo(A.(g/E)7HWOC®MC)®H7rf)m1(7rDCX7Tf)
7Too®7Tf€I:Il
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This is a decomposition of the left hand side into irreducible H x, modules. Now
we have the surjective map

H* (g, Kooy i) @ My, © €) = Hpy (SR, My © C)

hence it follows that H('Q)(ng,/\;u ® C)) is a semi simple H, module and

hence also H!'(SIG(f,/\;l)\) is a semi simple H g, module.
At this point we encounter an interesting problem. We have the three sub-
spaces (See end of 3.2)

H2\oo (SR, MA®C) C HY (SE,, MA)&C C HY (SR, MA®C) C H*(S,, M»)&C,

note the positions of the tensor symbol ®. The first and the third space are only
defined after we tensorize the coefficient system by C, whereas the second and
the fourth cohomology groups by definition F' vector spaces tensorized by C.

Now the question is whether the first and the third space also have a natural
F' -vector space structure. Of course we get a positive answer, if the Manin-
Drinfeld principle holds. All the vector spaces are of course modules under the
Hecke algebra and we and we can look at their spectra

z(I—Ic.usp(SIG(f7'/\;l/\ ® (C)) = ZCUSP E(H’.(SIC%Y]NM)\ ® (C)) = Zl
S(Hy (S, MA®C) =8 B(H(SE My®C)) =3

If now for instance Yeysp N (21 \ Eeusp = 0 then we can define He,, (ng , M) C

H? (ng M ) as the subspace which is the sum of the isotypical components in
cusp-
If this is the case we say that the cuspidal cohomology is intrinsically defin-
able and we get a canonical decomposition

Hu.(ng,M,\) = H;usp(SIG(fﬂM)\) D H!.,noncusp(slc(:f7/\;l>\)‘

The classical Manin-Drinfeld principle refers to the two spectra ¥y C X, if it
is true in this case we get a decomposition

H*(SE,, My) = H' (S§,, M») ® Hyo(SE,, M)
the canonical complement is called the Eisenstein cohomology. (See Chap. II
2.2.3 and Chap IIT 5.)
8.1.8 Growth of cohomology classes
The fundamental exact sequence yields a short sequence

0— HP(SE,, M) — H* (S, M) — H*(N(SZ,), M) (8.30)

and we gained some understanding of H?(S$ . M) using analytic methods. We

have seen that classes in [w] € H, (°2()ng,./\;l) can be represented by harmonic
forms w. Of course the condition that w is square integrable implies some
restriction on the growth of w. It is our goal in this section to find criteria which
imply that a closed form w or a class [w] is square integrable.
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To attack this kind of question we study the ”asymptotic behavior” of the
. ~

cohomology at infinity, this means that we have to study HY(N (SIG(]_)7 M). We
apply reduction theory (See section 1.2.3) and start from the covering

NGSE) = U Te\XP(er,r(r)) (8.31)

P:Pproper

Of course we know: The form w is square integrable if and only if its restriction
to the open sets is square integrable.

We start by describing the cohomology of the open sets in the covering, i.e.

we consider the cohomology H®*(X (c,/,r(7")), M) we recall that we have the
spectral sequence (2.26)

HP (P \X ™ (r), HI((Tu, \Up(R)), M)) = H*(Tp\X"(C(2)), M)

and the first step is to get more information on the M- module H*(T'y,, \Up(R), M).

The cohomology of unipotent groups

We drop the subscript p, we know that the group scheme U/Q is a unipotent
group scheme, this means that U/Q has a filtration by subschemes Uy = {e} C
U CUyC...Upn_1 C Uy, such that U;/U;_; —+ G,. The subgroup I'y C
U(Q) is Zariski dense, more precisely we know the following: If I'; = U;(Q) N T
then I‘i/Fi,l = 7ZcC Ul/Ulfl(R) =R

We consider the category of U/Q modules Mody (see sectionl.1.1). Then
it is clear that the functor M — MUY is equal to M — MU, ( Our Z module
M above is now a Q— vector space, i.e. we consider coefficient systems with
rational coefficients.)

We choose the action of U on A by left translations on A. It follows from
Frobenius reciprocity that the U/Q module A is an injective module in Mody.
(See ?77) This implies that we get an injective resolution of the U/Q -module
Q by

0-Q—-A=(A/JQRA— - =0-Q—-1°>T1"— (8.32)
and hence

HIY(U,M) = HI(Ty\U(R), M) = HI(0 — (I' @ M)U > (2@ M)V = ...) =

HI((I* © M)Y)
(8.33)

Since U/Q is the unipotent radical of the parabolic group P/Q, the parabolic
group P/Q acts via the adjoint action on the modules I™. This action respects
the submodules (I™)Y and U/Q acts trivially on ()Y, this implies that the
modules (I"™)Y are M/Q = (P/U)/Q modules. The group M/Q is reductive
and we know that the category of M/Q modules is semi simple (?77). This
implies that we can decompose

(I°)Y =H*(U,M) & ACI(I*)Y (8.34)
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where the first summand is a complex of M/Q -modules in which all the differ-
entials are zero and the second is an acyclic complex of M/Q- modules. Hence

H*(U, M) = H*(Tyy, M) = H*(U, M) (8.35)

We get a ”smaller” resolution from the (algebraic) de-Rham complex of
differential forms. On the smooth affine scheme U/Q we have the sheaves of
differential forms QF, = APQ}; ([21] ,7.5) and we have the de-Rham complex

QU =0—-Q = A—=Q'U) = Q*U) - ... (8.36)

where QP (U) = QF,(U) is the module of global sections and A = Q°(U). These
modules of differentials are free A modules, hence they are injective. Since our
unipotent group scheme U/Q is isomorphic to the affine space A¢ (as affine
scheme) we see easily that this complex is exact, hence it provides an acyclic
resolution. As before we get the cohomology by taking the complex (Q7(U) ®
M)Y of invariants under the action of U/Q. Since an U/Q- invariant differential
form with values in M is determined by its value at the identity e the complex
of invariants under U/Q becomes

0 — M — Hom(u, M) — Hom(A%u, M) — --- =0 — Hom(A®u, M) (8.37)

and the cohomology of this complex is the cohomology H*®(u, M). We still have
the action of P/Q on u by the adjoint action, hence we get an action of P on
Hom(A®u, M) and we have

Theorem 8.1.2. (van Est [?])
H®(u, M) = H*(u, M) = (Hom(A®u, M))Y,
and therefore H®(u, M) is o M/Q module.

Proof. later O

A theorem of Kostant yields a description of the M /Q module (Hom(A®u, M))Y,
it gives us the decomposition into highest modules. Let A € X*(T') be the high-
est weight of M, i.e. we have M = M. The set

WP ={weW|w(a) e AT} (8.38)

is the set of Kostant representatives for WM \W. For any w € W we define the
element

Wo = Apeayw-1a<o U @ e (8.39)

Proposition 8.1.5. This element w,, lies in H®(u, M) and it is a highest weight
vector for the action of M/Q, the weight is w-A = wA+wp—p =w(A+p)—p.

Proof. This is an easy computation. O

This highest weight vector provides an irreducible highest weight module
M. for M/Q and we have the famous theorem of Kostant
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Theorem 8.1.3.

H® (u, M) = @ M A [l(w)]

weWr

where the summand M.y sits in degree l(w) =7.
Proof. Rather clear after the preparation. O
Since the differentials in the complex H®(u, M) are zero, the spectral se-

quence degenerates and we get | cohboundstrat

H"(Tp\X"(C(@), M) = @ H'I(Ta\XM (cp), HI (u, M)[w - N]),
weWw”r

(8.40)

this is the decomposition of the cohomology of the boundary stratum into weight

spaces. R
The cohomology groups H*(I'p\ X (C(&)), M ® C) can be computed as the
cohomology groups of the de-Rham complex

HY(Tp\XT(C(2)),M®C) = HP(Q*(Tp\X"(C(2)),M®C)  (8.41)

here Q* (' p\ X T (C(€) is the complex of those Co, differential forms which extend
to a Co form into a small open neighborhood of X¥(C(g). We want to use
the decomposition of the cohomology into weight spaces to establish a ”"much
smaller” sub-complex

l.og(FP\XP(C(é))zM ® C) — Q.(FP\XP(C(E))VA;I ® (C)

such that the inclusion induces an isomorphism in cohomology. We recall the
map

arar : TAXP (e r(en)) = Da\ XM (r(ep) x [ (0cal  (8.42)

aen’

it provides a map

ahar s QCa\X Y (r(cp)) x T (0,cal) @ H(u, M) = Q*(T\X(C(0)) @ M

(8.43)

This map is defined as follows. Let

W’ @ why € QI \XM (r(cp)) x [] (0, cal) @ H (u, M)

acm’

For a point z € T'p\XF(cp,7(c,/)) we have to give the value of qf,ﬁ&(wp ®

w{r)(x). Hence we to determine the value of q’}’pﬁgl (wP @wf)(x) at a p + ¢- tuple
of tangent vectors. We choose p tangent vectors ¢ ... ,téw arbitrarily, they
map to tangent vectors ¢y, ...,%, under gp . Then we choose ¢ tangent vectors
u1,...,uq which are tangent to the fiber. The fiber is identified to I'y\U(R)

and hence uq,...,u, € u’. With m = (m1, a) = qp,m) we get

qﬁrjgf(wp Q) (@) = WP (tr, ..., tp) (M1, a))wh (u1, . . ., uq) (8.44)
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and (8.40) implies that qp p induces an isomorphism in cohomology.
The image under this map is not yet what we want. Again we can consider
the sub complex

Q*(Ta\XM (r(cp))) @ ([T (0, ca))) € QTa\XM (r(cp) x [ (0,ca])

aemn’ aemn’

this inclusion induces an isomorphism in cohomology. We pick an element w €
WP and consider the complex

Q*(Ca\ XM (r(cp))) © Q*(T] (0, ca])) © B (u, M) [w - A)), (8.45)

acn’

this complex still computes the cohomology H?(I'p\XF (C(2)), MRC)[w-)]. We
look look for a suitable small sub complex of Q* (], (0, ca])) @ H! ™) (u, M) [w
Al). We embed [],c,(0,¢a]) C [1aer RSg = Arr, we have the restriction

Q° (Ap) @ B (u, M) w - A) 25 20 [T (0, cal)) @ B (u, M) - A)).

aecmn’

Then H!™) (u, M)[w- \]) is a A,/- module, the action is given by the restriction
of w- A to Ay .Let a, be the Lie-algebra of A’ then

Q*(Ar) @ H ™ (u, M)[w - A]) = Hom(A®*(ap), Coo(Arr) @ H ) (1, M)[w - A]).

Of course we know that the cohomology of this complex sits in degree zero, our
small sub complex hence our small sub complex must have the same property.

We look at the degree zero, for an element w = f Q@ u € Coo(Ar) ®
H ) (4, M)[w - \] and an element H € a we have

dfou)(H)=Hf@u—dw-AH))®u
and we have dw =0 <= f = cw - A, this means that
HO(Q*(Ar) @ H™ (u, M) [w - A]) = H' ™) (u, M)[w - \]) @ Cw - A
as it should be. We consider the subspace
Piog(Ar) ={f € Coo(A)|f is a polynomial in log(z,), € 7'}

and define

dzq, dz%
log {Z f[ ° v - } (846)

Qp

where I = {a1,...,a,} and fr € Pog(Ax). Observe that dlog(z.) = df—: and
hence it is clear that the inclusion

OF, (Ar) @ H) (u, M) [w - A]) = Q°(Arr) @ H) (u, M) [w - Al

induces an isomorphism in cohomology. If we now define Qf (] e, (0,¢ca])) ®
H®) (u, M)[w - A]) to be the image of Qf, (A/) @ H ™) (u, M)[w - A]) under the

log
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restriction then it is clear that

2 (D \ XM (r(cp))) © Qg ([ (0. cal)) © HOD (1, M) - A])
QT \ XY (1(ep))) © O ([ (0, ca])) @ HO (w, M) - A])  (3.47)

SN Qo+0+l(w)(I‘P\XP(T’(CP),CP)v-A;l Y (C)

induces an isomorphism in cohomology.

We define a global subcomplex Qf (I'\X) ® Mc, it consists of those forms
whose restriction to I'p\ X (r(cp),cp)) lie asymptotically in the log sub com-
plex, this means for a suitable choice ¢» < cp the restriction to I'p\ X' (r(cp), cp))

lies in Qf  (TCp\X7Z, (r(cp),cp))) ® Mc. Then

log

Proposition 8.1.6. The inclusion

he(T\X) @ Mg — Q*(T\X) @ M¢

log
induces an isomorphism in cohomology.

Proof. We pick a closed form w € QP(I'\X) ® Mc¢, we restrict this form to
the sets XZ(rp,cr) where B runs through a set of representatives of Borel
subgroups (or more generally minimal parabolic subgroups) . These sets are
contained in slightly larger subsets X Z(r/z,c.). They are disjoint for different
B. We can find a C function hp € C(T'\X) which is constant equal to one on
XB(rp,cy) and zero outside of the larger set XZ (7, c.). Now we can find a
form p € QP YT \XB(rp,cr)) ® M such that
W x B, ey — A € O (XP(rg, )

The form w; = w—d(hpt)) extends to I'\ X and satisfies the condition for being
asymptotically in €, with respect to the subgroups B.

For a given Borel subgroup B we look at the different parabolic subgroups
P O B whose rank drops by one, i.e. the next to minimal ones. We apply
the same procedure to the restriction of w; to X¥(rp,cp) and we get a form
w2 = w1—Y_ p dipp whose restriction to the X ¥ (rp, cp) is asymptotically in Qf g
We have to be a little bit careful since have modified w; also on the X P (rg,cp)
but it is clear that also wsy restricted to XZ(rp,cp) is asymptotically in Qg
This goes on and stops if we have reached the maximal parabolic subgroup G
and then being in Q,, becomes an empty condition.

This proves at least that the map in proposition 8.1.6 induces a surjective
map in cohomology. O

We introduced this sub complex because now we can say something about
the growth of cohomology classes or the asymptotic behavior. We consider
this behavior on the different sets X ((r(cp),cp)). The restriction of a form
w € Qog(T\X) ® M to Tp\XP((r(cp),cp)) is asymptotically of the form

weWw P Wuw-

Let w = w, € QP(Ca\XM(r(cp))) ® U, ([Toer (0, cal)) @ H (u, M) [w -

log
A]), we study the ”growth” of the value of this form. We evaluate it at points

z = (z1,a) € Ty \XM(r(cp))) X [Taen(0,cal), this means we pick tangent
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,tzj,w at my The tangent bundle on A, is trivialized by translation

invariant vector fields. An i-tuple 4!, ... ,t# € LieA, gives an i-tuple t{',... ¢/
of tangent vectors in the point a. Now we consider the value

vectors t]1, ...

W (T)(x) = wM (x1)(tM, ... ,téw)w;ﬁ(a)(tf, ot e HE (w, M) [w - N]).

We have a hermitian scalar product < , > on H'®) (u, M)[w - A]) and we are
interested in the value

< wo(D)(2),wu(L)(2) >= llwy (@) (A )Pl (@) eI

The variable z7 runs through a compact set, hence value the first factor is
bounded. The term w(a)(t{,...,t#) € C(w - \)Pog(A,/) and this implies

< Wy (T)(2), wy(T)(z) > < C2w - A)(a)a™¢

where € > 0 and a™¢ = [[ e 25
Now we can formulate a criterion to decide whether w,, is square integrable.
We have to evaluate the integral

/ )P (849
Pp\XP(r(cp),cp))

The measure dp is of course the restriction of the invariant measure on I'\ X,
it is of the form 2pp(a)dudadm. The differential form is invariant under left
translations under U(R) and hence we have to evaluate

/ [lw (m)|*[|wis (a)| [ (2p) (a) dinda (8.49)
PANXM (r(ep) % (T e (0:a)

The integral over I3\ X (r(cp)) is finite hence we are left with
/ (@2 p(a)da (8.50)
HQE?\’/ (O,ca]

Of course we assume that w,, # 0 and then we can find a constant C' > 0 and
an € > 0 such that

C2(w(r + p) — p) + 20p)(@)a" < [lwih(@)[IP2pp (@) < C(2w(A+ p) — ) : 2pp)><a>a*6
8.51

Since pla_, = ppla,, we get
CRwA + p))(a)a < [lwy(@)|*2op(a) < C(wA+p)a".  (852)

The relative roots o’ form a basis for X*(S), any character u € X*(S) can be
written as linear combination p =3 rmaozp with 7, € Q. We say that p
is in the positive cone (with respect to the roots) if 7, o > 0 for all o € 7/, we
write 4 >p 0. Then

wA+p)(a) =wA+p){...,2a,... }) = H gt

aecm’

and come to the conclusion
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Proposition 8.1.7. a)The integral (8.50) is finite <= w(A+ p) >p 0.
b) A closed differential form w € QF (T\X) ® M is square integrable if and

log
only if for all parabolic subgroups P and and the resulting decompositions

w|XP(T(cP)7CP) = Z Wy
weW?Fr
the components wy, = 0 if w(A+ p) 2p 0.
We are now able to show

Proposition 8.1.8. If w € QP(I'\X) ® M be a closed square integrable form
and if the class [w] € H(T\X, M) then we can find a square integrable ¢ €
OP~HT\X) ® M such that w — dip has compact support

Proof. We know that we can find a form w; € Qfog(F\X ) ® M which represents

the same class. Our previous arguments show that w; is again square integrable.
O
8.1.9 Franke’s Theorem

The theorem 8.1.1 tells us that we have the very small sub complex
Homc. (A" (a/8), HS) @ My) € Homue (A%(g/8), Coo(T\G(R)) © M})

such that this induces a surjective map in cohomology
L] [o') ‘7 L]
H (gvKooaH((jIO(h(;) ®M>\) ﬁ> H(Q)(F\XaM)\)v

if T\ X is not compact the map j. is not necessarily an isomorphism, the kernel
can be computed in principle by using Proposition 8.1.4.
By definition

HES = {f € L3 (D\G(R))|2f = xa(2)f V= € 3(a}.

A. Borel proposed to replace Hg;j?/)\) by a larger space

AA(T\G(R)) := {f € Coo (T\G(R))| IN such that (z — xx(2))Vf =0} (8.53)

where f also satisfies a growth condition. Borel conjectured the following theo-
rem which was proved by Franke

Theorem 8.1.4. ( Franke [13]) The inclusion Ax(T\G(R)) C Cx(T\G(R))

induces an isomorphism in cohomology
H*(g, Koo, AN(T\G(R)) © My) = H*(SE, M)

The main tool for proving this theorem is again the theory of Eisenstein
series. As in section 4.1.8 we start from certain induced 3% x|pp|* where P runs
over the conjugacy classes of parabolic subgroups, ¢ is a (cuspidal) cohomology
class on locally symmetric space attached to the the reductive quotient M/Q of
P, and z € C" We can write down Eisenstein series which yield an embedding

Eis(,2) : 380 x |pp|* = Coo(G(Q)G(A))
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these series are absolutely and locally uniformly converging if ®(z —4) >> 0. In
[42] Langlands proves that these Eisenstein series have a meromorphic contin-
uation into the entire C". If we now ”evaluate at z = 0” then we get functions
in Ay(I'\G(R)). But now the process of evaluation may become delicate, be-
cause the Eisenstein series may be singular at z = 0. So we may have to take
residues and derivatives of such Eisenstein series which the will give us the space

ANT\G(R)).

8.2 Modular symbols

8.2.1 The general pattern

We start from a flat group scheme G/ Spec(Z) whose generic fiber G/Q =
G x Q is reductive. Let F//Q be a finite normal extension, let O be its ring of
integers. We choose a highest weight, which is defined over F' and consider a
representation py : G x Op — Gl(M,.) which after tensorization by F' becomes
the highest weight representation Mg  In the following we write M = Mg, ,

if we change the ring of scalars we write Mg := M ®p, R. Let K}O) = G(2)
and Ky C KJ(CO) be an open subgroup.

We want to describe a general method to construct homology classes in
Hd(SIG(f,./\;l) resp. relative homology groups Hd(SIG(fﬁS[G(f,./\;l),

which are obtained from (reductive) subgroups H C G, these classes will be
the modular symbols. We want to put the considerations in Chapter 5 into a
general framework.

Let H/Q be a (reductive) subgroup of our ambient group G/Q, we also
consider the flat closure H/Z. We assume that its derived subgroup H M s
simply connected and satisfies strong approximation. The quotient H/H M =

C'" is a torus. Let Kg’(l) be the connected component of the identity of a

maximal compact subgroup of H(R) we put X7 = H(R)/Kohé’(l). We have the

two spaces
8%, = GQ\X x G(Ag)/Ky, Sty = HQNX" x H(A)/Ky.
and it follows from the considerations in section 6.1.3 that

wo(sg;,) = WO(SIC(;C, ). (8.54)

From the inclusion ¢ : H — G we will get maps between these locally sym-
metric spaces
. H G
j(gc,gf) : SK;{ — Sk,

which depend on the choice of ”pin points” (x,gf) € X x G(Ay). These pin
points have to be chosen with some care:
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a) The point € X can be viewed as a Cartan involution 0, on G(R) and
O, should fix H(R). Hence it is also a Cartan involution on H and we require

that it is the identity on our chosen Kg’(l). Let us denote this subset of X by
XHEZD) (2 € X|0,(H(R)) = H(R); O, = identity on K1},
Let N be the subgroup of the normalizer of H/Q which also normalizes K g’(l).

Then N(R) acts on XHKEZ) T think that this action is transitive and the
orbits under the group N(R)™) are the connected components.

b)The element g p has to satisfy a similar condition:
Kf'g K;=g,K; (8.55)
we say that g ; is adapted.

(Recall that we always have make careful choices of the level once we deal

with integral cohomology.) Such a pin point (z, g f) provides a map
i(@.g,) HQ\HR)/ KL x H(Ap)/Kf' — SE, (8.56)
which is defined by

We restrict this representation to H/Q then we can decompose the rational
1)
module M) ® F = ./\/l>\1>71 P MMIf " where the first summand is the direct sum
of irreducible modules of dimension > 1 and the second summand is the module
of HY invariants. We define the module of () coinvariants

M,\7H(1) = M,\/M)\ QMA?I.

This module of coinvariants is now a module for C’ we assume that our field is
large enough so that we can assume that C’ x Op is a split torus. Then we get
that My o) = ®pex*(0'xop) M gy [p]. Then My ya)[p] is a projective
Op module of finite rank on which C’ x O acts by the character u. We assume
for simplicity that My g [1] is actually free, hence we can write it as a direct
sum of modules Ore,, ; where we chose a generator for each summand ( in our
examples this module is always of rank one). Let O, be the Op— module Op
(with canonical generator 1) and with the action of C’ by the character p, then
of course Ope,, ; — O, . Any C’ homomorphism ¢,, : M gy = Oy, provides
a homomorphism of H modules

Gp: My —= Oy (8.57)
we denote it by the same letter. This induces a homomorphism of sheaves
Ot d(2,9,)" (M) = Oy (8.58)

especially any of the e, ; gives us such a homomorphism.
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Then these data provide a homomorphism for the cohomology groups
oo i(w.g,)"  H(SK, M) = H*(Sin, O0,).

We are interested in this homomorphism in degree dgy = dim Sg I
Let us assume for a moment that SII'(IH is compact. We have an orientation
f

on Sg i because we chose the compact subgroup K to be narrow. Therefore

we see that the cohomology group H (S, 0,) is the sum of cohomology

KH>
¥
groups over the connected components, and hence( See8.62)
H (S, 0u) 5 P HY (S (O,) g, (8.59)
Ag
where we sum over characters ji; of type u on C”(A)/chcl (See (6.3.5)). The
eigenspaces are projective - modules of rank one let us assume that they

are free and that we have chosen generators cz,. We will call such generators
modular symbols.

We still have the variable g I’ it has to satisfy the above condition b). We

have to fix the level because we want to work with integral cohomology groups.
But once we tensorize our coefficient systems with F' ( the quotient field of O )
then we can consider the limit

hmH'(SIG( ,MF) = H.(SGaMF)a
K !

and this limit is now a G(A)— module (Section 6.3). Doing this also with Sy
s

we can forget the constraint on g . the condition b) is certainly fulfilled for some
choice of levels.
We recall the definition of an induced representation, we have

G(A) prdy - 5 . =
Indg((A)))Hd (ST, F,) ={®: G(A) » H™ (ST F,))

where @ satisfies ®(hg) = pr, (h)®(g) for all h € H(A)),g € G(A) and where ®
is right invariant under some open compact subgroup K } The map

J(8) € 1, 0.3(2,9,)(€) (8.60)
yields an intertwining operator between G (A) modules

J(6u) : HO (SO, Mp) — T (S, F,) (8.61)
On the right hand side we can decompose further. We have seen that
= G(A SN~ -
a(S" F) = @ Wdfl) BHUS" E))= @ Fliyl
fgtype(fif)=p fiptype(fif)=p

(8.62)

here we have to take into account that we have to enlarge our field F' so that it
contains the values of fif(C'(A)).
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We project to the fif component and get intertwining operators

o) s Hem(SG. A GBA) prdu(SH P \(fs) = IndC® ~
8.63

Again the question arises to compute this intertwining operator. We have
to explain what this means. At this point we only give a first approximation of
what it means to compute this operator, better approximations come later.

Assume we have an absolutely irreducible @(A) ”explicitly given” module
V(e x my)/F, here € x 7y is a isomorphism type of an absolutely irreducible
representation of G(A) on a F-vector space. The infinite component of such a
representation is simply a character € : 7o, (G(R)) — {£1}.

Now we also assume that we have an embedding ®(my) : V(e x mf) —
H (8% Mp), ie. V(rg) is a F-model space (see further down). We also
choose a character iy of type i, we assume that the values of iy are in F. Then
H (SH | F,)[jis] is of rank one and our intertwining operator gives us an G/(A)
-module homomorphism

J(@p, fif) o ®(my) : V(oo X mp) — Indg((i)))ﬂf. (8.64)
Now we will see further down that we encounter situations where the space of
these intertwining operators is of dimension one. Moreover we will be able to

identify an explicit non zero such operator I'°° : V(e x ) — Indfl((i)))ﬂf. (See
(8.162)) Then we get

J(Gus i) 0 @(mp) = L(my, i) I (8.65)

and computing the intertwining operator means to compute the number L£(7y, fif).
Since all our vector spaces on stage are defined over F' we get the rationality
result

L(mg, fuf) € F (8.66)
We will make this more precise later.

The passage to the to the limit has the technical advantage that we are
dealing with representations of G(Ay) instead of Hecke-modules, for the repre-
sentations certain issues are easier to handle. Especially it is easier to compute
dimensions of spaces of intertwining operators.

But now we going back to the case of a fixed level. We want to extend our
considerations to the case that SI}(I g 18 not compact. In this case we study the

extension of j(x,gf) to the compactification

j(a:,gf) : Sgﬁf —>5‘IG{f

We recall the construction of sheaves with intermediate support conditions
(See(6.19)). Let us assume that we can find a ¥ such that the image of d(S{;)
¥
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factors through Ox (S‘gf). Then our homomorphism r together with a choice of
a ¢, yields a homomorphism between sheaves (see ( 6.19))

Ty, 2 3(@,g,) iz (M)) = it(O). (8.67)
and hence we get a homomorphism in cohomology
(rh, oj((x,gf))dﬂ P HY(SEis i (M) — H (SKH i1(O,)) (8.68)

and now the left hand side is again of the form the composition J(¢,,, fif)o® (7).
On the right hand side we can decompose again

HdH(Sg?,iy(@H)) Hin sH ,0,) > P H ( SKH, D.)liis], (8.69)

iy

and the summands are locally free O modules of rank one. If we project to
the iy component we get an operator

J(Spus fog) = Payp 0 (90 ((2,9,)™  HU(SE iz sy (M) — Indf;‘(i))uf
(8.70)

We are in the same situation as before, we have to find absolutely irreducible
modules defined over F' and an embedding

D(ry) s Ve xmg) o H(SE, i) (Mp)).
and then we can try again to investigate the operator J(¢,, fif) o ®(my)

Here we have to discuss a subtle point. Let us consider the case that X
is the set of all maximal parabolic subgroups, then H9# (ng,iz’*’!(MF)) =

Hdn (SIG(f,./\;l r). We have the exact sequence
HdH?l(a(SI(gf)aMF) — HgH(SIG(f7MF) - H!dH(SIG(faMF) — 0.

Sometimes it is easier to construct homomorphisms ® : V(exy) < H" (SIG(f , Mp).
and we would like to form again in a canonical way the composition (rfm )

J((2.g,)" 0.
We have two different instances, when this is possible. We look at the
homology, then we have the boundary map

Hay (Sii> O(Siip), Fi) s H,, - 1(0(SKn), Fy) (8.71)
and from the target we have map

Hay—1(0(Siy) F) = Hay—1(9(SE,), M) (8.72)

Hence we get a map
J0 Oy Hay (St 0(St), ) lfis] = Hay 1(0(SE,), Mp)  (873)

Now we have the following
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Proposition 8.2.1. If the map jod;, = 0 then the homomorphism J (¢, 7y, fif)
vanishes on HdH’l(a(ng),/\;lp) and hence it factors over the quotient

(@ fig) < H (S Mp) = B (S, )]

The second instance that that may be satisfied is the Manin-Drinfeld princi-
ple applies to the exact sequence above, i.e. we have an isotypical decomposition

Hit (S, Mp) © H" (SE,, Mp). (M>)
Then we may restrict J(¢,, fif) to the second summand. We get

[ Y G(Ay) ~
TGy fig) B (SR, Mp) — Tndg(l ") iy,

and this intertwining operator is defined over F.
We used both arguments already in section 5.6 in a very special case.

8.2.2 Model spaces

We want to find the modules V(7o X mp) and operators ®(my). We introduce
some abstract concept of the production of cohomology classes and the eval-
uation of these intertwining operators on these classes. For this purpose we
introduce model spaces.

We assume that we have a family of smooth and admissible representa-
tions {X, } of G(Q,) where v runs over all places. At this moment the X,
are C-vector spaces. For almost all finite places p the representation {Xr }
should be an unramified irreducible principal series representation. We assume
that X, __ is an irreducible Harish-Chandra module with non trivial cohomology
H*(g, Koo, X7, ® Mc) # 0. We denote m = 7o X 7. Furthermore we assume
that we have an intertwining operator of (g, K ) X G(Ay)-modules

V() : Xn, © Q) Xr, — Coo(GQ\G(A)). (8.74)

p

At this point a comment is in order. We should think of the spaces X, as
very specific spaces of C valued functions on G(Q,) on which G(Q,) acts by
right translations. In all cases known to the author the operator W(x) is given
by an infinite summation , i.e if f =[] f, € Xz ® @, Xr, then

V() (f)g): Y flag) (8.75)

acH(Q)

where for instance H/Q is a subgroup or a quotient of a subgroup by another
subgroup. In any case it is clear that the construction of these ¥(w) will be a
transcendental process.

This induces of course an intertwining operator ¥ ()

)

H* (9, Koo, Xne © M) 8 ®, Xn, 3 H (g, Koo, Cou(GQ\G(A)) ® M)

= H'(SGJ\;l(c)
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We introduce a subspace of Coo (G(Q)\G(A)). We consider the subspace of func-
tions of moderate growth and inside this space we consider the space of functions
which are cuspidal along the strata dp(S%) for the parabolic subgroups P € ¥,
i.e. which satisfy

/ f(ug)du =0
Up(Q\Up(A) N

for these parabolic subgroups. Let us call this subspace C& )(G(Q)\G(A)). We
assume that our intertwining operator factors through the subspace of X cusp-
idal functions

U(m): X, ® (X) Xr, — CEGQ\G(A)). (8.76)

p

We have an action of mo(G(R)) on H*(g, Koo, Xr,, @ Mc) let € : mo(G(R)) —
{£1} be a character and let w, be a differential form representing an eigenclass
[we]. In [Ha-Gl2] we explain how a Hecke character iy extends uniquely to a
character [1;1 =exfiy: mo(H(R))H(As) — {£1}. We have the homomorphism
mo(H(R)) = mo(G(R)) and we require that xo, = €.

We get a diagram

Hn (9, Koo, Xry @ Mc)(e) ® ®p X,

1 W (m)dn
Ho (g, Koo, CD(GQ\GA) @ M) T H(S9, MaC)
+ i @ C
IndG(A) ~leC HQwhis)  pran (8%, is (M) @ C

H(A) Ky
Proposition 8.2.2. The image of dRh is contained in the image of i%” ®C

Proof. We do not give the proof of this general assertion here, it is a careful
analysis using reduction theory and the considerations in ?7??. We simply men-
tion the case of a compact SEH then we may choose ¥ = ) to be the set of all

maximal parabolic subgroups bnd zZ ® C is the identity and hence the propo-
sition is obvious in this case. On the other hand if ¥ is the set of all maximal
parabolic subgroups then the image of ¢ ZE ®C is the inner cohomology and since
in this the functions in C (G (G(Q)\G(A)) are cuspidal the assertion follows from

Theorem 8.1.1.
O

We put Hg“{ (8¢, M) = i (H1 (S ix; . 1(M))) and we assume that one of
the conditions above is satisfied, i.e. either we can apply proposition 8.2.1 or we
have Manin-Drinfeld. We have the action of the mo(G(R)) on H*(g, Koo, Xz, ®
M C), we decompose into eigenspaces according to characters e.

We get an arrow

J(¢u,fig)odRhoW?H (exm -
H* (8, Koo X © Me)(6) @ (R X, TP BT gy ndi®7i o C.
p

(8.77)
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We choose an element w. € Hompg,_ (A% (g/t), Xx ® Mc)[e] then this
provides a homomorphism of G(Af)-modules

TGy fig) 0 U (we x 7p)) + (R X, — IndH(A) a;lec (8.78)
p

For an element ¢ € ®p X, this map is given by the formula

TGnitg) o W o m)Wr)lay) = [ 0 @ agg o X )iy gy

KH

5
(8.79)
here dh; is the invariant measure on H(Ay) which has value one one K Jfl .
We still have the problem to compute this operator. But now the situation

has changed, we can be a little bit more precise in formulating what we mean
by computing this operator. The source and the target of the operator

J(¢#,Wf7ﬂf,we) = J(¢#7ﬂf) ° \IldH (wfi X 7Tf)) (880)

are restricted tensor products of local representations. So a necessary condition
for J(¢p, 7, fif,we) # 0 is that for all primes p the vector space

G .~
Home(g,) (X, Indf&) i) # 0. (I,)

Therefore we assume that this condition is fulfilled.
local condition (I,,) is satisfied for all primes p, then there are many inter-
esting special cases where

. G(Qp) ~—
dim Homg(q,)(Xx,, Ind ((Q )),upl) =1 (Ipp)

Therefore we assume that the representations X are somehow given to us
as very concrete representations and (Ip,,) is true for all primes p. Moreover we
assume at each prime p we see some natural choice of a generator

loc

Qp ~—
€ Homgq,)(Xx,, IndH(Q)) pl)

(This will be discussed in our examples.) We can define a local intertwining
operator

G(Qp
Iﬂl,?c = ®Iﬁ1§C € HOIHG(A,~)(® Xr,, Ind ((A )),uf ) (8.81)
P P

and now we can formulate the following basic question:

The operator J(¢u, 7f, iy, we) is a multiple of Iﬂlfocand the problem of com-
puting this intertwining operator comes down to compute a number namely the
proportionality factor in

J (s, fip,we) = L(mg, i) - IOC. bquest

The general philosophy says that this proportionality factor should be ob-
tained from the data 7, jiy for instance it should be essentially a special value
of an L-function attached to 7y = ®p Tp, We will see in the examples in the
section below that this is indeed sometimes the case.under
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8.2.3 Rationality and integrality results

Now go back to the situation where we fix a finite level K, we also assume that
3} is the set of all maximal parabolic subgroups, and we assume that proposition
7?77 applies (this depends on the choice of u. see (??). Hence we have the map

Opoi((x.g )™« " SE  Mp) — H™(Sily. F,)) (8.82)

We assume that our finite extension F/Q is large enough so that we get an
isotypical decomposition

H!dH(SIG(f7MF) = @H!dHSIG(faMF)(Trf)

f

where the m; are isomorphism types of absolutely irreducible modules for the
Hecke algebra. Of course we may also require that F'/Q is normal.

We intersect H{" (SIG(f , M) p(7¢) with the integral cohomology H?# (SIG(f ,Mo,.)

and get the submodule H!dH (ng,/\;lp)(ﬂf) it C HH (ng,/\;l)p) int- We have
seen in 777 that we may alternatively define the submodule

HdH (SIG(vaOF)(Tf) int,! C HdH (SIG(f7 (MOF) int (883)
and we recall that the quotient
HU(SE Moy ) () e/ H™ (SE,, Moy ) (m5) ine = T () (8.84)

is a torsion module which is isomorphic to a sub quotient of the torsion module

of H*(9(8§,), Mo,).

On our isotypical subspace we still have the action of mo(G(R)) which com-
mutes with the action of the Hecke algebra. Since this group of connected
components is an elementary abelian 2 group we get a decomposition

H{'" (SR, Mp)(s) = €D H" SE, Mr)(e x mp)

where e runs over the characters of € : mo(G(R)) — {£1}

We now make the assumption that (e x my) occurs with multiplicity one,
or in other words H;" (Slcéf,./\;lp)(ﬁ,’f(f) #0 (resp. H'™ (ng,./\;lp)(emf) #0)
and it is an irreducible module for the Hecke algebra (resp. for G(Ar). )

We also assume that all the local components of our model space X, are
also defined over F. For a finite place p this means that X, is a vector space over
F with an action of G(Q,) If we choose an open compact subgroup K, C G(Q,)
then Xfr{p" is a finite dimensional F' vector space with an action of the Hecke
algebra M, on it. This action is absolutely irreducible if 7, is absolutely
irreducible. If our underlying flat group scheme G/Z is reductive at the prime
p and K, = G(Z,) (some people say that K, is hyperspecial) then Xfrff’ is of
dimension one (or zero). The Hecke algebra module is given by a homomorphism
h v m,(h) from Hy, — F.

We discuss the concept of rationality for X, . Our group G/Q is defined
over Q we choose the Cartan-involution © which provides K, also defined over
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Q. Hence the Lie algebras g and ¢ are defined over Q, i.e. they are Q-vector
spaces. Our module M is obtained from an absolutely irreducible highest weight
representation py : G X F — Gl(Mp), If we choose a basis {..., f;,...} and
a € G(Q) then px(a)fi = > a; ;f; with a; ; € F. The same applies for the action
of g on X, __, this module has a countable basis {...,g;,...} and for X € g we
get again X f; = > a, ;f;,a;; € F and where the sum is finite, i.e. only finitely
many a; ; 7 0.

Then it is clear that for any 0 € Gal(F/Q) we can define the conjugate
(g, Koo)— module X, and the conjugate G module M. In this sense we can
say that the system (X,_, M) is defined over Q.. We also get the system of
conjugate cohomology groups {... ,H!dH (SE, Mrp)(e x Tf)s o Joe Gal(F/Q)

We assume that F' C C, and assume that we have the intertwining operator

W (w ®X ®C) = H* (S Mp)(e x 1) @ C (8.85)

these are isomorphisms over C between absolutely irreducible G(A ) modules
which are defined over F'. Hence we can find numbers (the periods) Q(e x 7y) €
C* such that

\I/dH we ><7Tf

DU (w, x 7p) = ®X s HI(SY Mp)(e x Tp)  (8.86)

6 X 7Tf
is an isomorphism over F.

But we can do better. We may also assume that after fixing a 1eve1 we have an
integral structure on our model space, i.e we have chosen lattices X PO C X7r .

For almost all p this lattice is of rank one and X OF =Q, X poF is a (locally)
free module of finite rank. We require that our perlods satlsfy

Pdu (ws X 7Tf) K, d a ~

T Qlexny) : (@X%,ols) — H" (S, Mog)(€ X 7f) int (8.87)

d
and that this choice of periods is optimal, i.e. if r € F and T%ﬁ?)((@p XTI;‘?OF) C

HIdH (SIG(f,MOp)(G X ) int then 7 € Op. This pins down the periods up to an

element in OF.

If now proposition 8.2.1 applies we can then we can form the composition

T (we X 7Tf G(A) ~—1
®Xﬂp op = Indg i iy

J((b/u Xf)

6><7Tf

Now we assume that the condition (I,,) is satisfied and we assume that our local
intertwining operators IIIJOC are defined over F.. We define as above I}f}c =I5,
and again we get a formula

Ydu (we X 7Tf)

UG Qe x my)

= L(m @ x, w15 (8.88)

Of course there is still the unknown quantity £(7 ® x, i) but we can say
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Proposition 8.2.3. If proposition 8.2.1 applies or if we have Manin-Drinfeld
then L(m ® x, ft) € F

But we want to do better. On the left hand side we have the integral
structure and if we evaluate at an adapted argument g pleog, satisfies (8.55)

then we get for ¢y € Xfffop

Ydu (we X 7Tf)

Py o (Tc!fm o3((gc’gf))dH ° Qe x )

(b5) = Lz ® x. I (1) (g,)
(8.89)

If we can apply proposition 8.2.1 then the left hand side is an integer in
O hence we know that the right hand side £(7 ® x;, M)I;J?C(l/)f)(gf) is also an

integer. To get information about the denominator of £(7 ® fif, ) we have to
optimize the numerator of 1 ﬁl;)c(z/) 7)(g f)'
We have to choose 1y € ®p Xg;, and we choose 9, such that ngfo =

9,Ky)). The first choice provides an integral cohomology class in H 4 (SE,, Mo, ) (7y).

But this class is not necessarily the image of an integral class under r5, this
will be the case if we multiply it with A(my). Once we have done this we get

that
(o). ) (2 Ar)) = Al £l © ) e
(8.90)

is a number in OFp.

Then we have to optimize the choice of g e this means that we have to keep
the numerator of I ﬂl;)c(wf)(g f) small. Then we get an integrality result for the
L-value.

8.2.4  The special case Gly/Fj

Let Fy/Q be an algebraic number field, we consider the algebraic group G/Q =
Rp, 0(Glz/Fy). We embed G, x Gy, = Tp into Gla/Fy by

t1 O
(tl,tg) — (O tg)

the diagonal G,, C G,, x G,, maps to the center Cy/F. Let By D Ty be
the standard Borel subgroup of upper triangular matrices and Uy its unipotent
radical. Then T/Q = Rp/q(T0), B/Q = Rp/o(Bo)U/Q = Rp/q, (Uo)B/Q =
RF/Q(U()) and C/Q = RF/Q(C())

We want to apply our above considerations to the case H = T and to the
case H = Gly C Gly x Gls, diagonally embedded.
The spaces

Let ¥ be the set of embeddings ¢ : Fy < C, on this set we have the action
of complex conjugation c¢. The set of embeddings ¢ : Fy — R is the set of
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elements the fixed under conjugation, this is also the set of real places. The
other embeddings come in pairs ¢, ct. Let S, be the set of equivalence classes
under this action, then S, is the set of archimedian places of Fy and

FR,oR= H F,=R" x C™
VES s

of course F,, = R resp. C, if v is a real (resp. complex) place, Hence G(R) =
GL(F® R) =[],cq. Gla(Fy). Let

K, = (SO(2)( resp. U(2)) x C(F,)V) C Glao(F,)

be the ess. maximal compact subgroups (See (4.1.2)). Our symmetric space

X= [] GL(K,)/E, = [] X.. (8.91)

VESso VES

Let OF, be the ring of integers in Fp, let @F,o C Ap, be the ring of integral
adeles, we consider the group scheme G/Z = Ro,, ,/z(Glz/

cOFr). We choose an open compact subgroup Ky C G(Op). With these choices
we define again

5%, = GQ)\X x G(Ag)/K; (8.92)

The Lie-algebra g ® R of G' xg R is the direct sum g ® R = @yecs__ gy, our
standard Cartan involution is the product of the involution ©,. (See4.1.2). Then
we get the corresponding Cartan decomposition

g="2t®p where t = Dyes. by, P = Dues Po- (8.93)

The highest weight modules, the sheaves and their cohomology groups.

Let Q the subfield of algebraic numbers of C, then the maps ¢ € ¥ factor through
Q. Let F € Q be the subfield generated by the +(F}), this is of course the normal
closure of Fy. In (4.1.1) we gave a description of the character module of Ty / F :is
an array The character module

X*(I'xQ) = Hom(T x Q,Gp) = [[ X*(To x5.Q) (8.94)
10:F—Q

and hence an element A € X*(T x Q) is an array
A={...,ny+d,det,... }ex. (8.95)

We call A dominant if n, > 0 for all + € ¥. The Galois group Gal(Q/Q) acts
on X*(T x Q,G,,), let Fy C Q the be stabilizer field, i.e. Gal(Q/F)) is the
stabilizer of A. We can obviously extend our constructions in (4.1.1) to this
situation and construct a G module ME\ of highest weight A. This is a free Op,

module,for the extension MK ® Of we have a canonical isomorphism

M, ©05 = ® M, s, det (8.96)

LEX



8.2. MODULAR SYMBOLS 273

The tensor product Mg\ ®F, F. is of course isomorphic to the standard highest
weight module My r. We recall the explicit realization

n,

b n, n,—my m
Mo = (PEY) = 3 (M) X0 0 € 0) (807

m=0

We apply the considerations of section (6.2) to these modules. we get get
sheaves M3 on ng. If the field Fy has at least one real place the sheaves M3 are
zero unless all the coefficients d, are all equal, i.e. d, = d. (See [?]). Therefore
we require that this is always so. The parameter d is actually rather irrelevant
it only serves to fulfill the parity condition. We also require that A is unitary,
this means that for all the complex embeddings we have n, = nco, (See Thm.
4.1.2.). Of course, if F' is totally real ) is always unitary.

We want to investigate the cohomology groups and the fundamental exact
sequence

S HSE,, M) 25 HY (S, My) 5 HYN SE,, M3) — (8.98)

as modules for the Hecke-algebra in this special case. As usual we also introduce
the inner ”cohomology” Hy (Slcéf,/\/lf\) = ker(r) = Im(j.).

We apply theorem 8.1.1. The first step is to determine Coh(\). The Kiinneth-
formula implies that any 7., € Coh()) is a tensor product 7o, = @), ¢ 5. T
where m, € Coh()\,) = Coh(Ay)res U Coh(Ay)cusp- (See section 4.1.4 ). It is
well known that HX> 2 {0} can occur if either all m, € Coh(),).es or all
7y € Coh(Ay)cusp- The first case can only happen if n, = 0 for all « € ¥. Then
we get a decomposition

H!.(SIG(JMM/\ ® C) = HI.,res(SIG(f7M/\ ® (C) & Hc.usp(Sg]MM)\ ® (C)

and the Manin-Drinfeld principle implies that this decomposition is defined over
Fy. (See [17]).

Therefore we get two decompositions

HC.(SIC%Vf’MA ® FA) = H:usp(slcéfw/\;t)\ & FA) @ Hc.,EiS(SICépM)\ ® FA)
] ) ~ (8.99)
H*(SF,, M\ ® F)) = H3o(SE,, My @ Fy) © Hy (SE,, My @ Fy)

Of course this may not give a decomposition over Op, , the reason for this
are the ”denominators of the Eisenstein-classes”. We only have decompositions
up to isogeny

Hg(ng7MbA ® OFA) ) Hc.usp(SgﬁMiz\ ® OFA) 2 Hc.,Eis(SIG(ﬂMg\ ® OFA)

H.(SIG(WM& ® OFA) o Hc.usp<SIG(f’Mg\ ® OFA) S H]:Dis(slc{:f“/\;lg\ ® OFA)
(8.100)

These denominators are actually very interesting, we have studied them in a
special case in chapter V.
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The modular symbols

We apply our consideration in (8.2.1) to this special situation. We have two
cases: In the first case our group G/Q is G/Q = Gly/Q and H/Q = T/Q, the
standard maximal torus. In the second case we choose our group G/Q = Gly x
Glz//Q and H/Q = Glz/Q and we embed Gly/Q diagonally into Gly x Gla/Q.
For the archimedian component of our pin point we choose z = [], K, (resp.
= Hv(KU X KU))

In the next step we compute the restriction of My to H, we do it separately
for the two cases. The action of the torus H/Q = T/Q on M, is semi simple
and it is clear from (8.96) that the restriction to T'/Q decomposes into free rank

one modules

M, =P Ox,e, (8.101)
ﬁ

where p = {...,m,y, +ddet,...} where —n, <m, <n,n, =m, mod 2 and

where
n
=11 ( L)XFL‘WYZ”L
L m,

L
is a generator. The homomorphism ¢, will be the projection to the summand

(’)ebﬁ. The space
SZQ; = T(Q\(T(R)/KL x C(R)V) x T(Ay)/KF,

it has several connected components, each of these components is isomorphic to
(Styrtr2=l x RX, the dimension is dp = 71 + r2. Our data so far provide a
homomorphism

¢}, 0 jeg,): HI2(SE L, MR) — HI (S,Tq, Oryeu) (8.102)

This homomorphism factors over the quotient H,**"?(S% f,/\;lf\) if propo-
sition 8.2.1 applies. If this proposition does not apply, then we have Manin-
Drinfeld instead then we only get a homomorphism

Gy 0d(w.g,) s H' 7 (SK, My ® F) = HI' " (Ser, Faey) (8.103)

o
condition for this to be the case, is that u is pure of weight w(p). This means
that for the real embeddings all the numbers m, = w(u) and for the pairs of

complex embeddings we have m, + m¢, = 2w(p).

Of course we want that the cohomology HZ2 (S @Fu eu) # 0. A necessary

This is now the situation where we can try the strategy outlined in section

8.2.2. The module HJ} (ng , M) is semi simple, we can find a finite (normal

over Q) extension F/F) such that we get an isotypical decomposition

HIE2(SE,, My @ F) = @ Hi2(SE,, My @ F)(e x mp)

cusp
EXT
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where € x 7y is an isomorphism class of a (finite dimensional) F-vector space
with an irreducible action of mo(G(R)) x H on it.
For the integral cohomology we get a decomposition up to isogeny

H2 (G, My @ Op) o @) HIdr= (8%, My, © Op)(e x ).

EXT

We can also decompose the right hand side. We have seen in 77 : We get a
decomposition

HT1+T2 (SKT7F)\6H) — @ Feﬂf

Agtype(fir)=p
and over the integers this gives us

H!7‘1+T2(817;}~,OF>\6M) D @ Opeﬁf
d:type(d)=p

and this gives us the projection map P, : H, ritra (SI:QfT7
Hence we see: If we restrict to the € X 7y component on the left hand side and
project to the jiy component on the right hand side, then we get a homomor-

phism

Prydp o jla,g,)(exmp) s Hod* (8K, M5 ® Op)(e x mp) = Orég, (8.104)

OF)\eM) — Opéﬂf.

Recall that this only works if proposition 8.2.1 applies. But if we tensor our
coefficient system with F' then we can invoke the Manin-Drinfeld principle. We
can change the level and go to the limit over smaller and smaller K¢. We get a
7o(G(R)) x G(Af)— module homomorphism

J(bure x mp, g)  HPV (SR, My @ F)(e x mp) — Tndgfy!)iz' (8.105)

which is defined by
§H{gf»—>P¢o¢uoj(x,gf)(e><7rf)}. (8.106)

This is now the situation where we can try the strategy outlined in section
8.2.2. In the following section we find a model space Xc(my) = [], X(m)
together with an isomorphism ® : X (m;) — H/*™"™ (ng,/\;b\ ® F)(e x 7).
We get the composite

J(bur€ X mpofip 0 ® 2 Xo(mp) = Tndgu’ g (8.107)

Now the G(Af)— modules are product of local G(Fp ,)— modules and we find
some "natural” local operators I)°° : X (m,) < Indg1§g° "))ﬂp Our final goal is

to find an explicit formula for the factor in the comparison

J(Gpex mp,fig)o® = L(exmp, fig) [ [ 1 (8.108)
p
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The Whittaker models

We assume that 7 is a representation which occurs in the decomposition of
HLAr (SI%,/\;I)\ ® OF). Let oo = ®yues., Ty an isomorphism class of Harish-
Chandra modules with 7, € Cohcysp(Ay). Then the isomorphism type 7o, @ 7¢
occurs in L2, (G(Q)\G(A)), we have to find model spaces X, X . We proceed
as in section 4.1.6.

The adele ring A = Ap, is the restricted product

A=FeR) x [[(Fe@) =[] Fox]]F.

VESo p

The trace map trg, g : Fo — Q induces a homomorphism trg, g : AJFy —
Ag/Q which is of course the product [], trg, /q,. We compose trg, ;o with the
character ¢, : Ag/Q — C* in (4.107) and get a character ¢ = ¢y otrp, /g : A —
S*. (See ?7). This character is of course a product [],cqs %y X [, ¥p-

The character 11, : Q, — S* has a trivial "additive” conductor, this means
that 11 ,(Z,) = 1 and @Z)Lp(zl)Zp) # 1, or in other words ¢y, : %Zp — Slis
a non trivial character. For any prime p which lies above p there is a largest
integer dy > 0 such that trg, , /g, (p~%Op, ) C Zp. Then it is clear that dy, is
the largest integer such that v, : p~ OFyp — S1 is the trivial character. The
ideal p% and sometimes also simlply dp is the ”additive ” conductor of 3. Of
course we have d, = 0 for almost all p, the ideal Jp, =[], pdv is the different
of Fy. The character 1 is trivial on Fy C A hence 1 € Hom(A/Fp, S1). It is in
some sense a distinguished element: It is obtained by a canonical construction
fro 11. All other characters in Hom(A/Fp, S') are of the form

Yl = 2 y(az) with some a € Fy,

hence we can say Hom(A/Fy, S!) = Fp.

Now we know that for any place v (finite or archimedian) and any -not one
dimensiional- irreducible representation m, we have a Whittaker model, this
means that we have an unique subspace

Wimie € (F:6u(r) > 1Ay §)a=nf@)  (s109

which invariant under right translations and isomorphic to m,. This Whittaker
model depends of course the choice of 1, which in the following always is the
v-local component of the distinguished 1. At some instances we have to use the

fact that we have an isomorphism
Ra, : Wiy, ) = Wi, i)

v 0

0 1

o) = f(<a (8.110)

9)

At the archimedian places these are the modules Dy,. We can form the tensor
product

W(W»WC = ®W(7rv;¢u)(: (8111)
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and these spaces will be our X, X, __.

Our level subgroup should be a product Ky = Hp K, then

W gl = [ Wi wy)e
p

is a module for the Hecke algebra ”HIG(f.
The Fourier expansion gives us an isomorphism

Fr:W(m, ) = A(Gla(F)\Gl2(A))(7)

@ ={ - fo. -} = Xuerg f(ag)

this will be our intertwining operator in (8.76). We get an isomorphism

(8.112)

Fir o Q) H'(go. Ko, Dy @ My,) @ QW™ ) > HLE (SE,. My ® F)(rp) @ C

VESoo P
(8.113)

A well known consequence is that HZ112(S% My @ F)(e x n7) ® C occurs

cusp

with multiplicity one. Therefore HZ1 3" (S, MA®F)(exmy) is a F- vector space
with an absolutely irreducible G(Af) module structure, hence we can also say

that we realized 77 over F, we abbreviate H(rf) := HA172 (8% MA@ F)(ex7y)

cusp

Rational and integral strutures on the Whittaker model.

Of course we have H(m;) = @' H(m,) At a finite place p we can realize our
local representation 7, as a subspace W@(Wp,wp))Q in the space of Q-valued
functions

Wo(hy) = {f :G(Fy) = Q| f ((é “1") gp) = wp<up>f(gp)} :

We briefly sketch how we get this realisation. We choose a no zero linear
form Lo : H(my) — F and then we define a second linear form L : H(ny) — F
by the integral

p0= [ Goni(y 7 )t

here is a minor issue with convergence, this will be discussed later. Then it is

clear that L((((l) uf))h) — L(h)y(u). and

hi={gp = L(px, (99)(h)} (8.114)

is either zero or a Gla(Fp,p) - isomorphism of this H(m,) with a subspace in

Wag ().
On this space we define an action of the Galois group: The values ¥y (uy)
are p"-th roots of unity, we have the reciprocity homomorphism

o Gal(Q/Q) - Gal(Q(Gpe)/Q) > Z).



278 CHAPTER 8. ANALYTIC METHODS

For f € Wg(¢y)) and o € Gal(Q/Q) we put ([16])

o= (9 5)s))

If we take an element o € Gal(Q/Q) then it conjugates the representation my
into my and we get a map

Walm, b))~ Walag. )

f = f7

This map is a semilinear isomorphism and Q(m,) is the number field for
which Gal(Q/Q(my)) is the stabilizer of Weg(my,1bp). The space Wgl(mp, ¥y))
is the union of finite dimensional Q, modules W@(wé{ ", 1p) where K, runs over
the open compact subgroups. The space of functions in W(wf ", 1) which are
invariant under Gal(Q/Q(m,)) is a Q(,) vector space W(wf“,d)p)) on which
H(G(F,)//K,) acts absolutely irreducibly. Of course W(my, 1)) is the union
of the W(Wf‘“ ,thp) and clearly W(mp, 1)) ®g(r,) Q = We(mp, ¥p)-

Of course Q(m,) C Q(7s), and we define a subring O(ny) C Q(mr). We

coh

have the action of H§®" (See 1.2.1.(ii)) on the cohomology and hence we get
an action of the algebra H(G(Fy)//Ky)z on W(mp,1,) and this gives us a
finitely generated O(m,)- module of endomorphisms. Hence we can find invari-

ant lattices Wo(ﬂp)(wf" s ¥p)o(n,)- If we invert a few more primes then we can
achieve that two such choices just differ by an element a € O(m,). We as-
sume that such a choice of lattices has been made at all primes p. If we are in
the unramified case then we will make a very particular choice later. We put

Wom) (s, 1)) = @, Wor) (ps tp) ( See 2.2.7).

The Newvector
For any integer n > 0 we define the congruence subgroups

Kpap)) = {5 3)1e=0  mod pi)} € G0

Ky (pfm)) = {(Z Z) lc=0 mod p'™)and a=1 mod p’(™)} C Gl(Oy).

Clearty we have Ko o(97)) = Ky ()% (3 & )Jacioyyicny = CON/T),
A theorem of Casselman and Novovorskii([?]) implies that there is smallest

integer f(m,) > 0 such that H(WP)KN("HW)) # 0 and it also says that the

. . . . b
dimension of this space is one. An element v = (Z d) € Ky o(pf(™)) acts by
multiplication the central character ¢,(a) on this one dimensional space. The

ideal p/(™) is the conductor of Tp.

We assume that K, = K, 1(p/(™)) at all finite primes. Then W(Wf",d)p)
is of dimension one over Q(7s), we can choose any non zero element h, a a
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generator of such a lattice. In the following we give a rule to choose a specific
generator. At first we consider

The Principal Series

To see what is going on we consider the special case that 7, is a principal series
representation. This means that

tl *
Xp ( 0 t ) — Xp,1(t1) - Xp,2(t2)

is an unramified character and 7, is the induced representation from x,, i.e. we
consider the space of functions

o = {£:6m el (5 1)) = xmtwafo].

since we want the representation to be admissible the function f must be right
invariant under some open subgroup K, {,.

Let us denote the restriction of x,, to the subtorus 7MW (F,) = { ((t) t01> [t €

1
FX} = FfY by x4,

Proposition 8.2.4. i) The induced representation Indgg‘;;)(p is irreducible
(1)

unless xy '~ = 1( the trivial character) or | |,.

ii) Ifx,gl) =1, the the one dimensional space of functions g — a x1,,(det(g))
form an invariant subspace the quotient by this subspace is irreducible. This
quotient is called the Steinberg module St(xy).

i) If xgl) =||p the integral

F F(k)dk.
Sla(0y)

defines an invariant linear form, the kernel is irreducible and isomorphic to

St(xp)

See [?]

In this case we have an obvious option for an intertwining operator to the
Whittaker model:

G(F,
Rp : IndBEF‘;;XP — W(Wp(Xp)awp)a

it is given by

By )= (1) (o ) mem

-1 . . . . .
where w = (1) 0 , and du is the additively invariant measure that gives

volume one to OF,. After a small substitution the integral becomes

[t[px2,p(2) /U(F )f(w ((1) 7f))wp(mdu (8.115)
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where of course |t|, = N(p)~ °"% ) is the normalised p-adic absolute value.

Our integral can be written as an infinite sum

Lou\ s S 1 wu
/Opo,p flw (0 1>)wp(tU)du+;/wp”Opo,p\wp”“oFO,p flw (0 1>)¢p(tu)du
(8.116)

We choose a local uniformizing element w, and write any element u € F0>fp as
u = wy “e with € a unit and of course v = ordy(u). Then the v-th summand

becomes
v 1 YuN\\T— T
N(p) flw (0 wpl >)wp(twp w)du (8.117)
OFy,p\@p OFg,p

We have to compute the value of the function f, we apply the Iwasawa decom-
position and for u € O, \ @wyOF, we have

" T -1 1 0 _ 1
s (y PP =1(T ) (a1 = @ @

p
(8.118)

Our first concern is the convergence of this integral, we have to show that
almost all summands are zero, the integral is actually a finite sum. We look at
an individual term. We observe that for v large enough we have

1 0 10
f((wlgu—l 1)>_f((0 1>)a
hence we have to study the expression

(@ Xp i) = / X ()~ (e ) . (8.119)

OFo,p\WpoFo,p

We remind the reader of the notion of the ”additive” conductor of 1,. This

is the smallest integer d, = d(t,) for which the character ¢, is trivial on
wp_d" OFr,,p- We also have the multiplicative conductor f(x,) = f(Xél)). This
is the smallest integer fy such that X,(,l) is trivial on the subgroup (’)g{‘)”)p ={ue

Of, plu=1 mod w,ﬁo}. Then the last integral gives

/ Lo E e = Y ) / o n(twy M nu)du
Fg,p neO;O‘p/og;),L OFo»p

(8.120)

We claim that the integral in this expression has value zero if v >> 0. To see
this we look at the case o = 0 first. Then

L.ty = | - [ et

Fg,p @p OFg,p
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For any t; = wy'e € F}fp we know the character Op, , — C*,u — vy (t1u)
is trivial <= d, +m > 0 and therefore

1 ifd >0
/ Wy (tru)du = tdptm =0 (8.121)
Org.» 0 else
Therefore
0 if —v+ ordp(t) < —d, —1
/ Yy (tw, u)du = fﬁ if —v+ ordy(t)=-d,—1
Oro.p\F» Oroe 1 if — v+ ordy(t) > —dy)

(8.122)

and this implies the claim in the case fo = 0. If fo > 0 then we write ¢ = 1+w£°v

with v € Op,p and then vy (tw, "ne) = wp(twp_”n)wp(twp_uﬁonv) and then
v — wp(twp_”HOm)) is a non trivial character on Op, , provided v >> 0 and
hence the integral is zero. This proves the claim and this implies that the sum

over v is finite, hence there is no problem with convergence.

We recall the definition of the Schwartz-spaces S(Fp,)- this are the locally
constant Q valued functions with compact support-, and gSo'(F(fp)7 this is the
space of those functions in S(Fy ) which vanish at 0. This is of course equal to
the locally constant Q valued functions on Fofp with compact support.

a) Covergence: The terms with v >> 0 vanish, hence the sum is finite.

b) If ord,(t) << 0, i.e. t — 0o we get Rp(f)(<t 0

0 1) = 0 this means that

w9 tes in S(E).

c) The space of all restriction Ry(f) to {<t 0

0 1)} = Fy, contains S(Fy',)
and the quotient Im(Ry)/S(Fy',) is of rank 2 or 1. (See further down)
The composition of R, with the restriction to Fofp is injective, the image is
called the Kirillow-model. (See further down).
. . . G(Fyp) Ky (pf(70))
We apply this computation to a generator in fy € (I”dB(Fp)XP)) P .
We go back to equation (8.118) and for the last factor on the right we get

(g D=0((5 2) (2 DG 0 =rane (L 1))

because (1

0 3) € Ky 1(p?™)). Therefore the term on the right in (8.118)

becomes

N @00 ol gy )
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hence we get finally

0

<fo><(0 D) = oxeslt) % o, folw)i ()i
(8.123)

0 - -y

+ZN D@ 1)) L. st e, au)
Fo,p
We need to fix a specific generator f = ( e( Indgg‘“ Xp )Kp,l(Pf("‘F))( resp.
St(xp)KP»l(p“ ») )). We look at the double coset decomposition

GL(Oy) = | BO)EK o0 ™)) = | BOEK, 1 (7)) (3.124)

1 13

It is easy to see that a system of representatives for these double cosets is given

by the matrices
1 0 0 -1
{(w;; 1) Yo=t,. i, U {(1 0 )} (8.125)

G(FP) )val(pf(”p

The space ( Ind B(F)Xp ) is spanned by functions

fe: B(Op)ER, 1 (p70))) = Q

which are supported on B(Op)ngJ(pf(”P)) and satisfy

fe(b1k) = xp(01) f(€) V b1 € B(Oy), k € Kp1(p'™)

This is a very restrictive condition if we want fe # 0, actually it follows from the
definition of f(m,) and the above theorem of Casselmann and Novovorskii( that
there is exactly one double coset &y for which we find a function fe, = fo # 0.
We have several cases.

a) If §(my) = 0 then K, ,(p/™)) = Gly(OF, ) and the character x, is
unramified. In this case we choose for the function fy the spherical function
which has value one at the identity element.

b) We have f(m,) > 0. Assume we have double coset ¢ and a function fg # 0.

Assume this coset is of the form £ = (wl,, ?) For any € € OFO p, we have
p
1 0 1 0 1 0 1 0 1 0
(e D=1y D) (2 V) (0 L) =@tz )
(8.126)

For e =1 mod p/(™)=* the far most left term does not depend on & hence we
can conclude that x2 ,(¢) = 1 or what amounts to the same

f(x2,p) > f(mp) — v
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On the other hand for any v € Op, , we have the equality

fg((ég ?))fg((wlg (1)) <é 7{)) (8.127)
and

(1 0) (1 u)_((1+vwg)—1 * ) L0
wy 1)\0 1 0 (1+vewh) 1+v;g 1

Therefore we get

(g D) =xsa+omse( 2 9)) (5.128)

and this implies d,(x1,p) < v. Hence we see that v must satisfy

fx1,p) = v > f(mp) — fx2,p)

If on the other hand v satisfies this inequality we can write down a non zero
function fe. But since the v is unique we find that actuall

f(mp) = F(x2,p) + F(x1,p) and v = §(x1,p). (8.129)

Therefore we normalise the generator fy so that fo( (wl,,o 0)) =1
p

We still have the double coset £y = w. Then

utw) = ot (5 2D =1l (5 §) ) = xap(e)utw

3

and this implies x1 () = 1. We normalise f,,(w) = 1. We are still in the case
b) i.e. f(xz2,p) = f(mp) > 0.

Now we leave case b), we consider the case that x, is unramified. Here we
have to be alert in the exceptional case that Xgl) = 1(resp. =||p). In this
case Indgg‘;; Xp is not irreducible and has the Steinberg module m, = St(xy)
as quotient (resp. submodule). Then f(m,) = 1 and the Bruhat decomposition
Gl2(0p) = B(Op) U B(Op)wK, o(p) gives us

(Indigi2)xp) 570 %) = Qfe + Qfu, (8.130)

here f. resp. fy, are the characteristic functions of B(O,) resp. B(Op)wK, o(wy).
The element f. + f,, spans the one dimensional kernel of Indggzgxp — St(xp),
hence the image of f. spans St(XP)KPvO(p). If we realise St(x,) as kernel of
Indﬁgﬁ;| |pX;1 - Q| |pX;1 then fo:= fo — %fw can be chosen as generator of

St(Xp)Kp,o(P).

We resume the computation of the R,(fy) after equation (8.123) we start
with the case x, is unramified. Let f be any linear combination of these two
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functions, for v > 1 twe have f( ,,1,1 0 ) = f( 1o ) and (8.123) be-
wyE 1 1
comes

(g )= lloxas(t) x [7(0) o, , FylEwdut

(8.131)

(5 )o@ [

Fg,p

We have our above formulas for the integrals and get: If we write t =

wpord" ® then

B ) = tyxan(@n) o x [1(w) fo,, , GylEaldn

ordy (t)—dp

A= 3)C D N xW(w@y)”) = Np) " Ox W (ay) ot O]

v=1
(8.132)

We consider the special case fy = fe + fi then a simple manipulation gives us

w5 1)

(1= x8" (@) N (p)~ O (32,270 O™ (N (p)x1,p (@) X2, (a0p) O D= =

(1= x5 (@) (N (0) x2,p (@)% (2,055 7% X1 ()Y (N (p) " x2,p () O (D)=l
(8.133)

We look back to section 4.1.6. There p was a rational prime p and we introduced
the spherical Whittaker function hSS) € W(p, 1) 512(Z») we normalised it so it
takes value one at one, its values on the torus 77 (Q,) were encoded in formula
(4.134).

Essentially the same is true in this more general situation. In the above
special case we had d, = 0, here we may hay have d, # 0.

Assume x, is unramified and IndGEF" g Xp is irreducible, we define h(O) by

the equation (recall that Ind ( )Xp irreducible <= M (w,) #1or ||, )

() 9)) = 0= @)W Enap@ () 1) 10

We get the following identity of formal power series

ih(O)(<w;_dp 0> )ql, _ 1 (8135)
= 0 1 (1= x1p(@p)0) (1 = N(p) " x2,p(@p)q)
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If X,(,l) = 1 then Indggizgxp is reducible and R,(fy) = 0, the function
fo generates the kernel of R, The quotient Ind%(Fr) Xp/F fo is the Steinberg
p B(Fy)Xp

module. Now we go back to (8.131) and we evaluate R, at the function f,,. Then

0 1

get

Rp(fw)(<é ?)):N(p)‘“rdp“>x2,p(wp)Ofdp@) / Gp(tu)du  (8.136)

OF(),F

1 ; i
fw(< 0)) = 0 and the terms in the summation over v are zero. Therefore we

We choose as canonical generator

W = N(p)® xa,p (@) " Ry (fu). (8.137)
and again we get an identity for power series

i h(O)( (w:—dp 0)) v 1 (8 138)
x q = = .
A 0 1 1= N(p)~'x2,p(wp)q

Now we consider the case that x, is ramified. We compute the value Ry (f¢),
for £ running through the elements in (8.125). We begin with the case that x1,,
is unramified, we can take £ = w. Then all the terms in the summation over v
are equal to zero (8.123 ) , we normalise f,,(w) =1 and get

Bt 1)) = lnas) [ wplutian (5.139)

OF(JYF

Consequently we define in this case
t 0 t 0
(o )= NemasomE(g 1)

We see that in all cases the support of the restriction of h;‘? to Th(Fp,p) =

Fy, in the set {t | ordy(t) > —d,} and the value of h&? on w;d‘“ is 1 (or at
least a unit).

We look at the case £, = L 0> , we normalise f¢, (§y,) = 1. In the

wp’ 1
p
summation in formula (8.116) the only (possibly) non zero term is v = 1. Hence

the value of the sum is

Rote, (g 1)) = eV @) | 1.0 (0) Dy 1y )

OFo,p\prFo,p

(8.141)

The last integral is essentially a Gaussian sum, we write

G(tmy ™, X1,p,Pp) = N(p)T00») / X)Wty Pu)du (8.142)

Fg,p
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These Gaussian sums are computed in any textbook on algebraic number
theory. we refer to [?]. The Gaussian sum is zero unless the ”additive” conductor
of u = Yy (tw, "u) is equal to the conductor f(x1,p), i.e. the Gaussian sum is
zero unless

ordy(t) +dy =0 (8.143)

where we used (8.129). If this equality holds then a well known computation
yields

G(twp_uoa Xl,p7 ’(/}P)G(twp_lm? Xl,pa 1/’13) = N(p)f(XLP)

Here a short discussion about normalisations of measures is in order. Our mea-

sure du is additively invariant on Fp, and voldu(OFmp) = 1 The measure qu\:

is a multiplicatively invariant measure on Fofp, for the volume of the group of
units we have

1
X _ -
vol‘jlup (Of,p) = (1 (p))'
We define the local Tamagawa measure on T'(Fp ) by (1 — —N%p) )—t ‘f‘f“’p it gives

volume one to (’)IX?O P and we define the Tamagawa measure

1 dt
. = | | 11— — )y 12
demzf . ( N(P)) It]p

Then we have by definition VOldTamsz(@;O,p)) =1

f(Xl,p)
P

Any residue class z + w has volume (ﬁ)f(m,p) for the measure du

and therefore we can say that the Gaussian sum is equal to

G(tw, ", X1,p5%p) = Z X1,p (€)™ by (tomy, YOe). (8.144)
c€(Org.p /(h 1P)))x

if (8.143) holds and zero otherwise. Then it is clear that the Gaussian sum is
an algebraic integer. If we replace ¢t by tn with n € F 1;(0 p then clearly

Gty ™, X105 ¥p) = X1,p (MG (tw0, ™, X1p, Pp) (8.145)

This tells us that in this case hgﬁ?((o 1

t 0), .
> ) is supported on the annulus
vot+dy —fx1,p
wpy°+d“ “hxe O;o,p and again we can normalise by requiring hgr(i) ( (wp 0
1.

Looking at these computation we easily see that the functions ¢t — Ry, (fo)( ¢

0
have a simple asymptotic behaviour. For |t| — 0, the computations yield

Ro((y 9)) ~ altbeas(t) + bxrp(0) (8.146)

We still have the supercuspidal representations 7y, these are the represen-
tations for which the Kirillow-model is S(Fy',), we follow the argumentation in
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[Cas]. Let ng = f(mp,) and let hy be a generator of the one dimensional vector
o
space H(WP)K"vl(pnO)). We consider the element W (p™) = Bl w% ) (the
Atkin-Lehner involution), it conjugates Ky 1(p™°) into Kj ;(p"°) where the con-
ditiona =1 mod p™ isreplaced by d =1 mod p™°. Therefore m, (W (p™°)hi) =
ho will be a generator of H(ﬂp)K;J(pnO). We look at the restriction of h; to the
annuli wpyOp . It is clear that hi(wye) = hi(wy)(p(e). Let us assume that
dy = 0 then it is also clear that h;(wy) = 0 if v < 0. The computations in [Cas]
yield
v —v_—1
no wpe 0V, _ wy, € 0
werm(( V) =cwm(T )

The right hand side is zero if —v < 0 hence we see that the values of hq,ho
on an annulus @, Oléo,p is zero unless v = 0. Hence we we define the generator

hﬁ?ﬁ by the requirement that it assumes the value 1 at the identity element. If
d, >= 0 we use the isomorphism in equation 8.110. It tells us that

—dpt
0 _
g hﬁi“(“'}) 1) 9) € Wiy, o) (8.147)

—dy,
and since ¢[~%//P]) has additive character 0 we conclude that ¢ hgr(? ( (wpo t (1)> t)

0 by requiring

is supported on the annulus O;O »- Therefore we can normalise hgrp

7dp
Oy 0\, _
hﬂg(( ) 1))_1.

For any irreducible 7, we introduce the number e¢(e,), this is the smallest

e(ep)
integer for which the value hSﬁ)( (pr (1)
that this value is actually equal to 1. It does not depend on the choice of the

generator

)) # 0 and the we normalise such

Periods again

Now that we have chosen a generator hgr?,) at all finite places we choose generators

in ®U€Sm HY(g,, Ky, 75,\U ® M., ) and of course these generators will be tensor
product of the generators in the factors.

If v € S« is real, then the maximal compact subgroup K, containing K, is
not connected. As before we denote the Whittaker realisation of Dy, by Dy, .
The module f))\u is a sum of two copies which are switched under the action of
K} /K,. The space

H'(gv, Ky, Dy, ® My,) = Homg, (A'(g/t), Dy, ® M,,)

is the direct sum of a + and a — eigenspace, both of dimension 1. In (4.133) we
wrote down generators of these one dimensional spaces

1 1
wl = 5“ +i"oh); wl = i(wT —i"ah) (8.148)
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The choice of these generators depends on the choice of several specific basis
elements. To justify the selection of these basis elements we can put a Z—
module structures on D,, g/¢, (See [25]). The module M), has a Z -module
structure by definition and the choices become natural.

We do essentially the same for a complex place v, we have seen that for
i = 1,2 the space Homg__(A%(g/8)r, D, ® Myv) is of dimension one. For the
elements e, in (??7) we can choose tensor product of monomials X" "Y" ®
X"=7Y7_ Then we require that our generator w' ' in degree one satisfies

e - ['(2n + 2)
1,1 n n 14
/O (<wi Ho X" @ X" >= mE (8.149)

In degree two we use the isomorphism # : A'(g/€) — A%(g/€) we define
Wt =t nfl(wl’T).

Let v=1or2and e =] €, be a character

VES,real

e:m(GR) = [[ K;/K,—C*

VESoo,real

then
wE”T € Homg_ (A" (g/t), DS ® M)

£

will be the product over the v € S, where the local factor is wlv for a real place

and w®)-T. for a complex place.
Now we have constructed an isomorphism between G(Ay) modules

F @Dy - R Wy, ) ® C — HH72(SE My)(e x mp) ® C),
p

The two vector spaces W(p, ¥y ), H 7772 (8%, My ) (e x74) are Q(r ) vector
spaces , and hence we can define a complex numbers Q(”)(g x 7s) such that

1

(D 4y ~ ritvrs G
ey (ws).@wo(ﬂf)(wf,%)ﬂﬂ (8%, M)(e x 7p),

(8.150)

these numbers are well defined modulo an element in Q(7s)*.

But we can do better. We choose a level subgroup, actually we choose
Ky =1I, Ky 1(p?(™)), this is in a sense the optimal level for 7. Then

HH2(SE M@ Op)(e X 7p)ine C HH2(SE, M@ F)(e x 7y)

is a locally free Or module of rank 1. Hence we can find a covering U,U, =
Spec(OF) by Zariski open subset such that

H" (SR M@ Op(U,))(f) = Op(Uy)e,

is actually free of rank one.
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On the other hand we have chosen specific generators hsr(i) € W(m, ,wp)

and hence h,(rf € W(ﬂ'f ,¥¢). Then we can define periods locally over U, by
requiring

these periods are now well defined up to an element of Op(U,)*. Moreover it
is clear that for two indices u1, o we have

Qé”))(ﬂ'f,,ul) = Qéy))(ﬂ'f,ﬂg)clg s with C12 € OF(Uul N Uuz))x.

For the following we assume for simplicity that Op has class number one, then

we can remove the argument p in the periods and we denote them as Qg’))(ﬂf)

These numbers are the periods attached to the data 7y, €, v

We may also look at the conjugates of ... 77 ... of 7. We can choose these
periods consistently (see [Ha-Mod]) and hence we even get a period vector

Qa(Hf)_l = ( .. Qa(ﬂ'}’v)_l .. ')G:Q(ﬂ'f)HC'

Let us assume that we have an isotopical component H,* 7" (S¢, /\;l(\é(ﬂf))(w )
then we can consider the composition

1
Q(V))(§ X ’]Tf)

G(Ay) 71

J(bpuy exmy, fip)o Fi (we) ® Wong) (mp, ) — Ind g 00 A

Since we will see in the following subsection that the condition (I,,) is satisfied
and since we have some natural choices for the local intertwining operators, this
comes down to the computation of a number and this number is expressible in
terms of L-values, this is our ultimate goal.

The local intertwining operators

Next issue is to investigate the space of intertwining operators, i.e. we have to
check (I,) and (I,, and to study the space

G(Fp) ~—
Homg g,y (W (mp, ¥y) , IndTEFP)) h.

Of course we need to assume that the central character ¢, is equal to the
character fi, restricted to the centre. We restrict the functions in W(my, ) to
T, (F}) the space of these restrictions is the Kirillow model K(7,) this restriction
map is injective ([?]) We introduce the subtorus

={( )

of T(Fy,). Of course a function in K(m,) is determined by its restriction to
T1(Fy), hence we may consider K(my). as a space of functions on T3 (F,) = F,*
The restriction fi, to this subgroup T:(Fy) is also called fi,, since the cen-
tral character is given this restriction determines fi,. For ¢ € F,, we denote

by [t] the matrix [t] = < £0

0 1 > . The space of Schwartz-functions S(Fy*) is
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of codimension 0,1 or 2 in K(m,), The action of T'(F},) on K(m,), is given by
mp([t])(f)(z) = f(tx), hence it is clear that the space S(F,) invariant under
this action. Therefore we have an intertwining operator I, from S(F,*) to F/[fi,]
which given by

L(f) (o)) = / F(ltot)i (1)1,

Ty (Fyp)

this operator is unique up to a scalar. Here d*t is (momentarily ) the multi-
plicatively invariant measure which gives value one to Oy. We apply Frobenius
and see

G(Fy) ~— __
HomG(Fp)(W(ﬂ-pva) ) IndT((Fs)):up 1) = HomT(Fp)(W(ﬂ-pa ¢p) ) :up 1)'
If m, is supercuspidal this is our choice of a local intertwining operator I}JOC

at p up to a normalisation of the measure

If m, is not supercuspidal we have to discuss the question whether this op-

erator has a (unique) extension to KC(mp,1),). Our representation , is either a

induced representation Indgg‘;; Xp or it is a Steinberg representation. In both

cases we can consider the quotient (See (8.146))

K(mp)/S(Fy) —

- {FpltIXQ,p(t)GBFpXLp(t) if my is induced (8.151)

|t] if 7, is Steinberg

We consider the exact sequence

~_ G(F, ~
0 — Homr, () (K(mp) /S(Fy), Flitg 1) = Homy, (o) ( Ind52) Fxp, Fliig ']) =

— Homg, (e (S(EF), Fliig 1) = Bxth, o (K(my) /S (Fy), Fliip 1)
(8.152)
Now it is easy to see that the abelian groups
Hom, () (K(mp) /S(Fyp), Ffiy ") and Bxty, o) (K(m)/S(Fy), iy 1) = 0

are both trivial unless we have

X1,plt] = ﬁ;lor Xg’p|t‘_1 = /1;1. pole

Hence we see that in case that (pole) is not true ( we do not have a pole ) the
map

G(F, -~ -
Homy, IndBEFSXp,F[up 1) = Homy, e (S(F), Fliz, 1)) (8.153)

is an isomorphism, our intertwining operator has a unique extension. We want
a formula for this extension and consider the expression

/ F([tto)ip (] A (8.154)
T1(Fy)
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for all functions in f € K(m,). Of course as it stands it does not always make
sense. But given f we can find an integer Ny > 0 such that

FILIE € Tu(E)lItly < N(p)™Y0} = altlxap () + bxap(t). (8.155)

Let us put co = N(p)~™ and let T1(F},)(< co) be the above neighbourhood of
0. Then our above expression becomes

Sy LD B (DT = [, () (50 [ EOD A ([E])d ™t

+ le(F,,)(gco) f(tto] fup ([t])d ™t

The first term is well defined, the second is equal to

/ (altly X, (8) + bx1.p (0) i ([£]) 4%t (8.156)
T1(Fy)(<Zco)
hence we have to ”compute”

[ s omia (8.157)
T1(Fy)(<Zco)

We identify F, to T1(F},) via the map h. It is clear that the integral over
an annulus

/ (17X (Dip (DAt = 0

EO(t=N(p)N)

if the character x;j ,(t)fip(t)) is ramified. Hence the expression in (8.157) simply
has value zero in this case.

Let 1, : Fy" — F* be any character ( which is the local component of an
algebraic Hecke character). Then at least formally

/ (=3 / () = 1° if 7, is ramified
p = p = . )No . . )
Fy'((5e0) V>N Y B (=N (p)=) % if n, is unramified

(8.158)

We introduce the local Euler factor

1 if n,, is ramified

L(np, s) := {

1 . . .
W if Tp 18 unramified

here s is a complex variable, but we could as well interpret N(p)~* as a formal
variable. Therefore we get

L(mp,0)" / n ()<t (8.159)
F((Lco)

is a finite sum and has a well defined value.
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Let x, be an unramified character and m, = Indgg“z; Xp be an irreducible

induced representation or m, = St(x,). For any n, : T(F,) — E* as above we

define

L( |;* N(p)=*)(L N(p)~®) if mp is induced
L(ﬁpxw):{ (5 xapmip N ()~} (LOxaptizps N(p) ™) if m is induce

L(| 15 X107, N (p) ) if 7, is Steinberg
(8.160)
If xp is ramified but x; , is ramified and 7, = Indgg‘;; Xp then we put
L(my X 1p,8) = L(| [, 'X1,p71., N(p) ™) (8.161)

The above 7, are those irreducible representations for which h&‘? does not have
compact support. For the other representations and especially for the cuspidal
then we put L(m, ® np,s) = 1.

Hence we define the local intertwining operator

oc G(Fy /~
T¢ Ky, pp) — Tndg (i)
(8.162)

FC) = Ly i, )70 [ oy £ ()™t

We remember that we want to study the integral cohomology, therefore a
level subgroup Kér is given to ust, it has to satisfy the condition b) above. In

this case our function f and fi, are invariant under K )T and then we renormalise
our operator and define

[11(Oryp) : Ky']
L(WP X ﬂ%l)

1 (£)(g) = /T . S e, (3.163)

here the measure d*t = dramt. Then the right hand side is actually a finite sum

I2°(f)(g) = L(mp X fip, 1)~ > F(e9)iin () (8.164)

€T (Ory,p)/ Ky !

From this we conclude that the local intertwining operator I loc(wp, Xﬂgl) is

defined over Q(m,, xV) we get
__ G(Qp) ~—
Iloc(ﬂ'p’/lp 1) : W(WWwP)Q(ﬂp,x(l)) — ( IndTEQp;Mp 1)@(7”07)((1))

If the conductur d,(tp) = 0 it transforms the spherical function hgr(l) into the
spherical function in the induced module which also takes value one at the
identity element.

We come to the final computation, for our pin point g = Hp gp and we

have a level subgroup K| =[], K, which satisfies b) with respect to this pin

point. We know that the Manin-Drinfeld principle is valid in this case. Hence
( see also the argument further down)
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< j((‘r’gp)ar)u#)(]:.(i X hSTOf))),ﬂp >=

~ w,
T (O :KTI/ < F( =—— x hO)(tg,), fip > dXtoo X dramt; =
BOR) T [ o =7 Qercmyy " e (00): By R

We -
— X hgrof) (awp)a :U/]J > dTamL

1(Or): K [ (Y g
U I nvn e S e x )

(8.165)

Now we allow ourselves to interchange summation and integration then the last
expression becomes

A w
T (Or ZKTl/ < —=—— x h)[tgp], fip > dramt =
[ ( 0) f] Tl(A)( Q(gXﬂ'f) f)[ P] P
1
exri] ! %ty [] L(mp % fig, DI
Q(EXW]H) /Tl(Fv) <wme#“ > S 1;[ (7Tp Xﬂpv ) ( p )(gp)

(8.166)

VES

For the archimedian places v we denoted the Whittaker model of the repre-
sentation m, by Di, for real places, D), for complex places. We have the local
Euler factor

T'(s)

Ly(my,8) = - and Loo(Too, 8) = H Ly(my,8) (8.167)
(27T) VES
We define the completed L- function
A(7,8) = Loo(Toe, 8)L(7y, 5) (8.168)

Now we see from the definition of the generators w], we get

(1 +w(w)

T Ky

<w), ey, >dty, = ——75- (8.169)
/T1(Fv) " v (271‘)1"!‘“1(#)

and hence we get the final formula

< (g, 0 P (gl n) =
(8.170)

A i 1 Iloc (0)
Q(’]Tf,ﬁ) (7T®/.Lp, ) (hﬂ'f (gp)

This is now exactly the expression we want to see. We have identified the
factor L(m ® x, 1) in (8.89),(8.90) a special values of an L-function. We have to
interpret this formula.

It is clear from our computations above that for all places p where Xy, fip
are unramified and where to, € T1(OF,) we have I'lf’c(hggj) (to,p) = 1. Hence it
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is clear that in the infinite product I'°¢(h_w))([t ;]) = L1, I}JOC(hSSR (to,p) almost
( :

all factors are equal to one, hence there is no issue with convergence.
It is also clear that I°°(hr, ([to,p]) € F(jis), this was the field extension of F
which was generated by the values of jiy. We may evaluate the local intertwining

operator at any function h, = IT hz, where hy, = h&‘? for almost all p we
can find an element b, such that 1< (ha, ([to,p]) # 0,7 for all p. We apply our
formula above to this function then we can conclude

Corollary 8.2.1. The number Q(%MA(W ® fip, 1) € Flfip '], For any element
o€ Gal(F(is)))/Q) we have

Ar® ® fip, 1)) = ———A(r ® (fip)°, 1)

Q) Q7.

Of course we also get an integrality statement. We are stiil working with
our level subgroup Ky = Hp K',{,,l(pf(””))7 but we choose an arbitrary pin point

(x,gf) and a level subgroup K| € T(Ay) such that K?ngf = ngf -this is
our condition b) above. We get the maps

J(@,ty) S};fr = S, (@i ty)* s HPR(SE, MP@OF) — Hch+T2(S}T<Jf7OF®ﬂf),

[ws]

it follows from the definition of the periods that the cohomology class F* (¢ CrRe
hSS)) € Hritrz (Sf?f, M’ ®OFp)(e X 7f)int- Hence we can lift this class to a class

]:.(Q([:;]x) X h&‘}))* in H1Hr2 (ng,./\/lb ® OF) and the restriction

[we]

It P G g

x h$))" € HH(Sfir, OF © fiy)

gives us the number

< (](x7tf).(f.(9([:;] 6) X hgrojc))*veﬂf >

which is the number in the top line in (8.165). But this number may depend on
the lift. We still have proposition 8.2.1 which says that this number does not
depend on the lift if j o d,, = 0.and hence we can say

Theorem 8.2.1. If jod;, = 0. then

< (i, g ) (F*(aizds < h)), oy >i=< (i, g )" (F* (ot x h)" e, >=

w,
<F( =5 x hg,O))(g )eq, > d't =
/Tl(@)\TﬂA) Q(§ X 7Tf) FINLf 1%

A @ fip, 1)1°°(hY)
Q(my,e) (m & fig, DI (e (g )

where d*t; has volume 1 on K?. As far as j o 0y, = 0 is concerned we have

Proposition 8.2.5. The class jod,, = 0 unless A is of parallel weight, i.e. all
the n, are equal to the same number m.
If A is of parallel weight we still have j o Oy, = 0 unless 1 = A, woA.
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Proof. Postponed O

If we are in the exceptional case that jod, . # 0 we use the Manin-Drinfeld
argument. We can find Hecke operators C’ in ( the central subalgebra ) of the
Hecke algebra which annihilate j o d,, # 0 and act by multiplication by a non
zero algebraic integer (1)) € Op on H['*" (‘S‘IG;f,./\/lb ® Op)(m¢) (See [?]).
We consider the ideal generated by all these numbers 7¢(7) € Op and we
assume for simplicity that it is a principal ideal A(7¢, ;). Then we can apply
proposition 8.2.1 and get

. o We 0 . 3 ° We 0)\*
< (](m,gf) (F (Q(M 5 % hgrf)),ThX[“J] Si=< (J(w,gf) (F (% « hgrf)) Tyl >=

w
< F( = x 1 (T3)h? ))(g )y fip > d*t =
/T1<@>\T1<A> Qexmp) 7 Gy)He

7 (Th)

WA(W ® fip, 1)Iloc(h(0))(gf)

(8.171)

This formula is a supplement to the theorem above if the proposition 8.2.1 does
not apply directly. We have used this argument already before in section 5.6.

Corollary 8.2.2. If jod,, =0 then

A(Tf’ ® /3’197 1) Iloc
Q(Wfﬂe)

and if this is not the case then we get the weaker result

(R$))(g,) € Ora,)

A(’/T & llp» 1) Iloc

A(’]Tf,/,L) Q(Trf,€)

(h(o))(gf) € Or(a,

The numbers % are of arithmetic interest, for instance the factori-

sation into primes contains information about the structure of the cohomology

(see further down). For instance we can ask whether they are integers them-

selves, or if not what are the denominators. This amounts to the study of the
0 0

numbers A(my, 1) and Iloc(hﬁf))(gf) =11, Iloc(hgT ))(g ).

P2

The number A(my, p) is of global nature, it should be a denominator of
the Eisenstein class. We determined this denominator in a very special case in
Chapter V Theorem 5.1.1, in this case G/Z = Gly/ Spec(Z) and the level was
Ky = G(Z). 1t is certainly not to difficult to extend this result to the case of
congruence subgroups.

I believe that it is very interesting problem to study the numbers A(wy, p)
if Fy/Q is a non trivial extension of Q, for instance simply a real quadratic
extension.

We look at the numbers Iloc(h )( ) I, Il"c( To )(gp). They are alge-
braic integers, of course our goal must be to arrange the data such that the
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number 1100(/157?)(%) # 0 and to keep the ( the number of) prime divisors
“small” . Given our pin point g, we compute

T(Orp) : K]y (1) P ()90 )it p (] ) dramty =
e 0o (8.172)
1Or) s KV i [ HO(TH ) i Elnme
nez OFOvP

We have the freedom to choose gy, of course we always want condition b).

mo
We start with the choice g, = [to] = wg 1 , since hS}? is the new vector
n+m0 n+m0
we know A% )(< 0 c 0)) = (p(e)h )(< 0 (1)>) and hence the right

hand side in (8.172) becomes

n+mo
Zﬂl,p(Wp)”hSS,)((w”O ?))/@X Co(&)finp(e)d* e (8.173)

nez Fg,p

This is of course only useful if (, i1 p is unramified, i.e. (yfi1 ,(e) = 1. We assume
that this is the case, then our pin point g, does not put any constraint on Kg .
Hence we may assume that K, NTi(Fy,) = Of, . and the integral is simply
equal to 1.
. . . t 0

Again we have to discuss different cases. We have seen that hg?((o 1))
is supported on an annulus if 7, is a principal series representation and xip is
ramified, or if 7, is a discrete series representation. Hence we can choose myg
so that in the summation the only surviving term is the term n = 0 and hence
under these conditions we can achieve

1 (h)(g,) = 1.

If the function h&?( (O (1) ) is not supported on an annulus, then our com-

putations above show that we can find a mg such that
oc w0
e (% V=1

We come to the case where (,fi1,, is ramified, we have to choose a different

pin point. We take
wp® 0\ (1 w,™
Jp =
0 1/ \0 1

where vy > 0. This imposes some restriction on the choice of our level KPT , if
we want condition b) ( for K, = K, 1(p"°)) we must have:

t1 0 T ti: Vo
(O t2>er = t2_1 mod p
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We compute the value

n+mo —v9 —vo+n+mo n+mo
)/ @p e 0\ (1 wm, _ (1 ewmy @, e 0
h’“’(< 0 1> <0 1 ))_h’“’(<o 1 0 1)

n+mo
n( eyt

and hence our expression in (8.172) becomes

10 K51 S5 V) [ s g @mee

nez Fo,p

The integral is a Gaussian sum, the conductor §(¢yfi1,,) > 0 and we know that
the Gaussian sum is zero unless the additive character u — ¥, (c, 0" 0y)
restricted to Op, , has conductor §(¢yf1,,). Hence the Gaussian sum is only non
zero if

—v + 1+ §(Cpfta,p) = —dy.

(0) w0
We have normalised hr, (( P )) = 1 hence we have to choose 1y =

0 1
§(Cpfi1,p) and we find

IXe (M) (g,) = G(Gpfirprtp) (8.174)

P

The Gaussian sum only depends on the restriction of zetayfi1,, to the units
T(OF,p, The values of pfi;, on the units are (N(p) — 1) x N(p)/orire)—
th roots of umity, the values of 9, are also N(p)f€ i) — th roots of unity.
Hence the number G((pfi1,p,%p) is an algebraic integer, it lies in the field
Q[CN(p)—laCN(p)f(Cpgl’p} In factorisation of this integer into prime ideals only

primes lying above p occur. Hence we have control over the numbers I, },OC(hSTO) )( gp).

8.2.5 Poincare duality and modular symbols.

We consider the second example where can apply the strategy which we outlined
in section 8.2.1. We start from an arbitrary quasi split group H/Q. Let T/Q C
B/Q a maximal torus in a Borel sub group B/Q. Let us denote the center of
H/Q by C/Q C T/Q, for any A € X*(T xg Q) the restriction of \ to Cy is
denoted by Acy, .

We take for our ambient group G/Q = H x H/Q and we embed H/Q —
G/Q diagonally. We follow the steps in 8.2.1. We choose a level subgroup
K{' C H(Ay) and put K x K{f = K?. Then we have SIF(I? X SII’{I;, = ng. We
choose the base point eg € H(R)/KXZ = X and x¢ = (eo, €g). From this we get
the map

j(wo,ey) :sgf = HQ\H[R)/KZ x H(Af)/Kf — S . (8.175)

An irreducible representation of G/Q is of the form My = My, @ M,,,
where A1, A2 are dominant weights. We choose a one dimensional representation
w: H/Z — Op. We have to understand the module of H-homomorphisms
Hompg (M, Op). We know
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Proposition 8.2.6. The module Homg(My,Op). is free of rank dy , We have

i MY = —woAP?) and AL, + A8, = pew
H 0 else

Proof. This is obvious from the theory of representations of algebraic groups.
O

We assume now that d , = 1 and choose a generator ry , € Homp(My, Op).
We get a homomorphism (See 8.82)

j(zvefvréyu)dH : HgH(ng’MA) — H (‘SIP{I;I’ Op).

We know that the Manin-Drinfeld principle is valid, this means that we get a
canonical splitting for the Hecke modules

HH(SE, My @ F) = Im(H™ " (9(SE ), My ® F)) ® H™ (SF,, My © F)
here F is the quotient field of O. Hence we can restrict our homomorphism

e, eq,ra,)i s HI (ST, My @ F) — HO (SfLy, Fp).

We want to discuss the integral cohomology. We start from the exact sequence
and get a diagram

HO=YQ(SE ), My = HIn(SE, My = HM(SE, My =0
4 4 4
HI=HD(SE), My = HI(SE M) e — B (S, My) e — 0

int
(8.176)
and the Manin-Drinfeld principle gives us a splitting up to isogeny
HY(SE, My) e D HITHO(SE,), M) @ H (SF My )ine (8.177)

the reader should pay attention to iche difference betweenN the subscripts jnt and jng
we have an inclusion H!dH (SIGQ,,MA)M - H,dH (ng,MA) int the quotient is a
finite module, which may be difficult to understand. There is a non zero number
Ay € O such that AyH" (S, My) ini C H™ (8§, My)ing. Then it is clear

H

that j(z, ey, Q,u)!d induces Hecke invariant homomorphisms

jleep, )™ s H' (SE My)ine — H{™ (S, Op)
(8.178)
Jlasep,ran)i™ H (SF M) e — 2 H™(SE . Op)

Assume that the argument, which I have in my mind, is correct, then we
may even apply proposition 8.2.1 and then we can take Ay = 1.

We can produce classes in H!dH((ng,./\;lA). For any 0 < r < dy we have
the Kiinneth homomorphism

HY (Sthe, Ma,)  H (St M) = HE ((SE,, M)
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and taking the composition with j(z, ey, Q’#)!dy we get

- ~ 1
J(r): H((S%,,MM) X H!dH*’“(SIIg;;,MAQ) — A—H,dH (S,??,Ou) (8.179)
A
It is clear from the definitions that this homomorphism is the cup product.
If necessary we enlarge our field such that we get decompositions ( up to
isogeny) into absolutely irreducible Hecke modules

H'T(S]Igf?'/\;l/h) ) 697"1,.7‘ Hr(sllgf?/\;l/\l)[ﬂl,f]

!dH_T(Sg;u/\;l&) > @ HﬁH_r(ng’MAQ)[m’f}

T2, f

H!dH (82}170/}’) ) @ﬁ:type(ﬁ)zu Ofi.

Hence we have to compute the pairing

- _T - 1 ~
Hr(sg;,,MM)[m,f] x H# (SII;I%MAQ)[@J] — KO“ (8.180)

This pairing is zero unless m , w2 ¢ are essentially dual, i.e. dual up to a twist.
scussion in ?7)

But we still have to go one step further, we to take into account the action
of mo(G(R)) on the different cohomology groups, our pairing becomes

1

HT(SII?;{,MM)[Q X 771,]0] X HdH_T(SIIg?,./\;l,\z)[GQ X 7T2,f] — A

On (8.181)

and the consistency rule €15 = [io, should be satisfied.

Here we described a very general situation, it seems to be a very difficult
problem to compute this pairing, at the end of section 8.2.2 we formulated
the expectation that the value of this pairing should be expressible in terms of
L-functions. attached to m; ¢, I have no idea how to do this in general.

A special example

We stop our general reasoning and consider a very special case, we choose a
finite extension F'/Q and choose H/Q = Rp/q(Glz/F) and G/Q = Rp;o((Gla x
Gly)/F). In this situation we can work with the Whittaker model. In this case
dg = 2ry + 3ry, we pick two isomorphism types 7y ¢, 72y which occur in the
cuspidal cohomology H*® (ng JMy,), H® (SIGQ ,May,).

We want to compute the value of the pairing

- ~ 1 -
H™ 2 ( Sy, Moy ey X ma g < HP P22 (S, M, )lep X 2] — m()u

(8.182)

here €1, €2 and 7 are characters on (Z/2Z)™ = mo(H(R)). Of course this pairing
is zero unless we have W%/,f =,y and € €,m = 1.

We start from the Whittaker model Dy @W(7 s, ) and we choose generators
W™ € Hompg_ (AT+2(g/b),
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tildeD5, Yoo) @ M) and hgj) =TI, h'(f) € [1, W(ip, ¥p), where we even choose

h,(f) = h&??p our previously chosen generators. Then the cup product of the two

integral(!) cohomology classes

1
prommet M AR ]
e \Tf

1

= @02 ¢ @
(we*) x by (8.183)
Qf) (m¢) b !

[

is given by the integral (see section 6.3.8)

1 / 1), (+1 (1) W) (12) o 1(2)
Fi (@D s B A FTP (w2 x h ),
O (w0 (mp,) Jsm, TS o !

f

by construction the expression under the integral is a differential form in top
degree.

We choose a specific invariant volume form dy = dy.. x dy ; on H(A).
We normalize VOldgf (K f[ ) = 1, and we write dyso = dToo X dkso, We require
volak.. (Ks) = 1 and dzs will be the volume form given by the Riemannian
metric. To write down the integral explicitly we choose an orthonormal basis
of p ® R. This basis will consist of basises of the p,. For the p, we choose the
following basis

a) If v is real our basis will be X, ; = (1 0 ) X, _ = (0 1)

+7 o —1) 71 o

b) For v complex we have the basis X, 9, Xy 1, Xy, —1

Hence we get a basis

{. o X4, Xy -y }S(r)gal U { oy X000 X1, Xy =15 - - - }Sggmp (8184)
To evaluate the integral we have to look at the value
witD AP (A2ri+inx,) (8.185)

where the X, run through the above basis. The result is an element in W(D,)®
M. To compute this value we have to divide the above basis into a sub-
set A ={...,X,,...} consisting of r; 4+ 5 elements and a complement B =
{.. X .} consisting of r; + 2ry elements of our basis, we have to multiply

wg’l)(AXl,)wSr’Q)(AX#). Then we have to sum over all these divisions into two
subsets. -

But looking at the definition of our wg’l), wg’Q) we see that only one division
into two disjoint sets can give a non zero contribution. We describe this division.
Recall that € = {...,€y,... Jyegren is an array of signs, and €' is the opposite
array. Then the first 71 elements in A will be the X, ., with v € S and
this will be supplemented by the X7, with v € S{™P, this is the set Aj.
The set B; is the complement, but we also give the explicit description. The
first r; elements will be the X’U,e;} and the second part consists of the elements
{-..,Xv1,Xv—1,... }. Hence we see that

WD (AP (W22 X,)) = WD A X A ) xea )l (A K
(8.186)

)X,eB,))
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To evaluate the above integral we apply a method which goes back to Asai(?).
We write the constant function 1 on H(Q)\H (A) as the residue of an Eisenstein
series. More precisely for any complex number s we define a ”height” function
H,(y) = Hs(bk) = p(b)*** where y € H(A),b € By (A) and k € K x K. This
function is invariant under By (Q) and we define

Eis(s,y) = Ress—o Z H(vy)
Y€Bu (Q\H(Q)
It is well known that this series converges for f(s) >> 0, hence it defines an
analytic function in R(s) >> 0 and it has a meromorphic continuation into the
entire s- plane. It is known that this function in s has a simple pole at s = 0
and

1
Ress—o Eis(s,y) = Ress=om

Cr(s+2)
especially we see that this residue considered as function in y is a constant cp.
Therefore we compute the integral

/ (content) Eis(s,y)dy (8.187)
0

and compute its residue at s = 0.

Let us denote the elements (---A X, A...)x, ea, resp. (- AX,A...)x,eB
by X4, resp. X'p,, then our integral becomes

/ FwD 5 ) (,) (yoor y ) F (D x B (X, ) (9oes y ) Eis(s, y)dy =
H(Q)\H(A)

Jeramarca F@ < B (X4,) (oor y ) F @E < B ) (X8,) (Woos ¥ ) (e sy Ho (19))dy

om@nmm F@E 5 )Y (Xa,) ooy ) F @V 5 BP) (X)) (9o 3 ) Hi(y)dy

We recall the decomposition H(A) = BH(A)KOIZK?’O then our measure dy =
db x (dkoo % dky). Then Hg(bk;)) = Hs(b), the expression under the integral is
invariant under the action of K from the right and hence our integral becomes

F(lPD )R ) (X)) (oo y ) F (@D X (X5, ) (Yoo y )l (H (b))l

/BH<@>\BH (a) JK{O

This integral converges for R(s) >> 0 and the value of the residue at s = 0
is equal to the value of our integral. Now (wg’l)(XAl) X h;l), wET’Q)(XBl) X hE‘Z)
are Whittaker functions (with values in ME\ RC,M\C respéctively) and we
have the Fourier-expansions

Felt ) < 1P = 3wy ) (5 4) (6 )

acFx



302 CHAPTER 8. ANALYTIC METHODS

and
(1,2) (2) (12) @), fa 0 1 u\(t O
F(wer ™ (Xp,) X hy ZF‘” h>(<o 1><0 1>(0 1)
acFX*

Since the functions wg 1)( L) xhy W (T 2)(

Xp,) X h}z) are Whittaker functions
i.e. they satisfy

00 () 4) ) = vt ) x 1

1 u ,
W (Xp,) x h§?><(0 1) y) = vww? (X,) x b (y)

Our volume form is dy = cp|t|~'dux d* tdk where all these measures are product
over local measures, we require volgy, (K,) = 1 and vol,U(Q)\U(A) = 1 the
constant cp is essentially he inverse of the discriminant.

Then

oG < (5 0) (5 4) (5 3) ety (g 1) (5 4) (5 9)mwas
_ w972><x31>xh;1>><(g f) (3 2)>w972><»«31>xh;2>><(g (j) (f) ?)”“) ifatb=0

0 else
(8.188)

and therefore our integral becomes

(+:) Wy [fat 0 (:2) (2)y (—at 0 s X
/T@\T /HOZ Gen) <m0 ) kel P <) (50 D)kl

acFx
(8.189)

and since T(Q) = F* for the value of the integral
WD () x EOY((E ) k0P (s,) < B®) (T8 V) k)1t diepd
r(a) Jro o 1) B )R g q )R AR gaTE
(8.190)

In the variable k; our functions are right invariant under K ]{{ hence the
integral over k; is actually a finite sum. Then for a fixed value of k; our
functions are products of local Whittaker functions, i.e.

0 <5 Q) k=5 DIy 9w

Wl (Xp,) xh(2))<0t 0))kf)_wJ 2)(X31(<0 ?))Hp hf)(((%’ (1)) )
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and hence our integral becomes
vole(KH) S H h“) NV k) n @[t O ko)t |2axe
dk f 1 v )Itp 0 1 v )|ty v
kek[O/K; Y

The local Whittaker functions are explicitly given to us. We look at the different
places. We begin with a finite place p and if 7, i unramified, i.e. K, ;{ is maximal.
We have to compute

0 2 t, O
e (tp >h<> <p )tsdxt
Lo (G D (G 3t

We recall the explicit formulas for the values of hgl) (( <tg (1)) ) and hf) (( (tg (1)> ),

Let w(m,p) be the Satake parameter of 7y, then - as usual- we define

oo o))

W=

ap = N rstm ) (1)) = NG

we introduced the Euler factor in (4.100 )

1
(1= apN(p)=*)(L = BpN(p)~*)

L(ﬂ'l,p, S) =

After expanding we get

L(Wl,p, 72 Z 'g' V/Bp Zh(l) (wp p §]>)N(p)n(15)
n=0 v=0
(8.191)

The for the second factor we have g, = 7y p hence the Satake parameter is
w(ma,p) = w(my,p)~t. If we now define

5 = N kotra) (7 9y = N etm((5 2 )

0 @y

then we have a3 = oy, By = N(p) and hence apay, Bpf;, = N(p)*.
We get

o e i
m— l/ l/ N 0 n(l_s
Krsa) = S oy HNG) " = S 7T )veer -
n=0 v=0 n=0
(8.192)

We express the inner sums in terms of the semi-simple Satake parameters
(See (?? and remark after it), we have

By = (

%)?*V(apﬂpﬁ — WD ()3
p

the same holds for 75 ,. and therefore

(s Dy D)= ety

n__

Y (apBp) %
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Now we have the following identity in power series ring Z[u, 1/ul[[t]] :

1 _tz — & n—2v\2,n
A1 0)2(1—u2t) D u )

n=0 v=0

(According to Jacquet ( [?], 77) the proof is a refreshing exercise.) We put
t=N(p)~'7* and u = w(m,) then this identity gives us

1 N(p)>~ _
(1= w@ (mp) N (p) =) (1 = N(p) —)2(1 — D (mp) T(N(p) 1))

f(ﬂ'p f(ﬂ'p
ZZO:O CI))(JI) ( (WPO ) (1)> )(1)1(32)( (Wpo ) (1)> )N(p)n(—l—s)

(8.193)

The factor in the numerator is the inverse of the local factor of the Dedekind
¢p() function at s + 2, the factor (1 — N(p)~'17*) in the denominator gives us
the local zeta factor (,(1+ s). The remaining expression gives us local factor of
the adjoint L-function, i.e.

1
(1= w®(m)N(p)=1=*)(1 = N(p) = =) (1 — w® (mp) ~H(N (p)~177))

= L(my,Ad, s+ 1)
(8.194)

Therefore we get for an unramified m,,

W (s Dl
(8.195)

+ ) /
S TS o Ad s 4 1) =
Gp(2+5) (my ) T(F,)

In this book we try to avoid the discussions of the subtle phenomena at
ramified 7y, therefore we assume that a similar formula also holds at the finite
number of ramified places, we may take this as definition of the local Euler
factor at these places.

The integral at the archimedian places

We treat the cases of a real and a complex place separately.

A) The place v is real. We have the two generators wlyi (4.133) and the
factor at our place v becomes

/0ij < wl,+(H)(<é (1))),< wl,(v)(<é (1))) S ts?

We recall the definition of the generators and then our integral becomes (up to
some small power of 2 (to be fixed later))

o dt Fn+2+4s)
A\ A\ n+2 —4ntys o A\ A\
< (X-Y®i)", (X+Y®i) >/0 e - =< (X-Y®i)", (X+Y )" > R
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The factor in front is

<X -Y@)),(X+Y i) >=) i (73) (Z) XY XY
i

and by definition we have (See ?7?) < X" *Y" X" Y 1 >= 0 unless we have
v+ pu =n and then

1
< XTTUVYV XYY TR = (") .
14

Hence we see that one of the binomial factor cancels and we find < (X — Y ®
i)"), (X +Y ®i)" >= (2i)". So we finally get

/ooo ) wv,+(H)(<é ‘13>), < wv*(V)((é ?)) > ts% _ (Qi)nm
(8.196)

Let us call this last expression &,(n, s)

B) The place v is a complex place, this case is more difficult (interesting,
amusing ). In this case we have to evaluate

e 1 t 0 +2 t 0 Sdt
<<wv<zwwx( ))W% @XMHX;LJ<( y> el
/0 0 1 0 1 t

We have the explicit formula (8.197) for these these factors for Z = X, o or Z =
(X1,0,X_1,5) we have

wh*(2) = zn: 0@ Y. e, 08, (8.197)

p=—n p1tpe=|pl
Hence we multiply and get a sum
t 0 t 0
ZQW(OJWM«O£»M§:ﬂmMD
Hop! A

where
t o i} t 0 i
Tas) =< a(y 3 e @) o 9ty @ty >

But since our pairing is invariant under the action of G(R) we can ignore the

N ((t) (1)>) and we find that the value

b b b P
< € ® 6#2’6M/1 ®e

1] [ : — _
i;/ = (Hl) (‘N‘_Nl)) if M1 = —Hy, H2 = —[o (8198)
2 0 else

and taking into account the formulas for the pairing we get for the integrand
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iqn,uq’k,_u((é (1)))(Z<M|>< |l ))ts

= )\l =

We have our explicit expressions for the ®, , we have to compute the Mellin
transform

2n o n s
o Jo. Ku(2mt) Koy (2mt)ntatedl =

r2n T 1+p+s/2)0(n4+1— 2)r 2+45/2)2
F(4n+1)2 e ((27:32"'+}ﬂi/ Lintate/8) - (8-199)

2
D T+ L+ p+ 5/2T(n+ 1 — p+5/2)

To get the value of the above integral we have to sum over the u. Hence finally
we get

00 t 0 t 0 R
&,(n, s) ::fo <wl’1(X0,v)(<O 1))7wj}’2(X1,vaX1’v)((0 1>)>t?:

n S 2 =N
T e (T D L4 it s/2)0(n+ 1= it 5/2)(5,,, (#0012, 0))

(8.200)

Eventually we are interested in the value at s = 0, then we have the following
identity, which I checked experimentally

2—: T(n+1+pT(n+1-p)(> <:1|) (Ithim)) =T(2n+2) (8.201)

so that ®,(n,0) = (721)2 (2n + 1)! We put &oo (A, 5) = [[,e5.. B(n0,5)
Then we see that the value our integral in (8.187) eventually is given by

Cr(l+9)

cFmQ5oo()\,s)L(7rf,Ad,s+ 1) (8.202)

We have to take the residue at s = 0, we know that all the factors except
Cr(s+ 1) are holomorphic at s = 0 and hence we get for the cup product of the
two cohomology classes

1 1 1 2 2 1
Qi"l(w,-)]:l( J(wt x h; U ng)l(m)]:l( (W x hgc )=

(8.203)

Ress—oCr(1+s
T et B 0) LTy, Ad, 1)

We know that this number is in iOF‘ Let p be a prime in Op[i].which
divides this number, i.e.

1 Ress—oCr(1 + s)
om0 (xy)  r(2)

p | Goo(X, 0)L(ms, Ad, 1).
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We have the non degenerate pairing

1

1 1
HT1+T2(SHH,M)\1®OF[ ]) int IXHT1+2T2(SKH7M)\2®OF[7]) int,! — OF[i]
)\ AA A)\

and the decomposition into saturated Hecke submodules

Hr1+7‘2 (SI}(I;{,M)\I ® OF[AL)\]) int,! D

Hrtr (311?;“ My, ® Op[2-]) inea(my ) @ H 4T (Sﬁ_?’Mh ® Op[a5]) it (m1,0) "
(8.204)

where - means that we take the saturated direct sum over the w} # mr. We
introduce the quotient

Hritre (ngm/\;lxl ® Or[a5]) it (m1,5) =

Hrtre (S;i-[;u/\;l)\l ® Or[a5]) it /H (S KH7M/\1 ® Or[a5]) it (m1,6) "
(8.205)

and the above pairing induces a non degenerate pairing

1

1
) int, '(7"1 f) X HT1+2T2(SKH7M>\2 ® Op[+— A)\]

A)\]) it (2,7) = OF|
(8.206)

- ~ 1
Hritrz (SI}(I;; s M)\l ® OF[E

We choose a character ¢ then H™1 122 (SHH , ./\;l,\2 ®(9F[i]) int,1 (€' X T2 r) is
F2@® <)),

a free Op |- ~] module of rank one, a generator is yo = [Q(2>(

Let zo be the corresponding generator in H"™1+72( KH,./\/I,\1 ®Op| 2 —]) int,1 (€ X

71.7) We can find an element o € H"™*"2 (SEH,MAI ® OF[KD int,1 (€ X 71, 1)
: .

such that < xg,yo >= 1. Let wp be an uniformizer for p we lift x¢ to an element

x5 € H2(S KH,/\/I,\1 ® Op[x- ~]) int, and we can write ( we localize at p)

s Tot=z - 1 n

5= with z € H™ Z(SKH,./\/l)\1 Q@ Op[-—]) int, ! (m1,7)—.  (8.207)

w{,” Ay
Then
< Xy, >
1 =< G,y >= —2 = (8.208)
@

and this implies m = §(my).
We can slightly modify this argument. Any element & € H™ 72 (ng“ ./\;b\1 ®
¥

OF[ALA]) int,! can be written as above in the form

Tty

wg(ﬂ'f)

[i‘:
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and then the map  — y mod wg(ﬂ’")H’"ﬁ’"2 (Sg;,,/\;hl ® OF[ALA]) int, (71,£)+

yields an inclusion

o ~ 1 o ~ 1
H”JFW(S;I?;{,M,\J int,! (71, ) ® OF[K]/pé(””) — H”+72(SII}IF7MA1) e (1, 0) " ® OF[K]/PMW")
(8.209)

This has consequences for congruences, it is clear how to formulate a theorem
corresponding to Theorem (3.3.2).
At this place references to Urban, Dimitroff and Namikawa will be added.

Fixing the period

The actual of computation the period may be a highly non trivial. Actually
this may even not be so important. But it is indeed of interest to compute the
factorization of the L-values, this means we have to compute the numbers

L(my @ x, 1)

ordy ( (s w0)

(8.210)

for as many p C Op as possible.

Of course we have problems to fix the period if the class number of Op is
not one, but this does not matter for the above question, we have to fix a prime
p and then we have to choose a good period locally at p. This means we solve
the problem alluded to in (8.87) only locally at p.

We discuss this problem in a very special case where our group G = Glg, the
maximal compact subgroup Ky = Hp Gl2(Z,) and our coefficient system M is
the module of homogenous polynomials P(X,Y") of degree n and coefficients in
Z. Hence the Hecke algebra Hy, = ®;H Fk, is unramified at all primes p it is
commutative. Our isotypical component 7y defines an ideal Z(Ily) C Hg, and
the quotient Hy , /Z(Ily) is an order in the field Q(Z(Ily)) = Hx, /Z(1ly) ® Q,
which is finite extension of Q. (I replaced 7y by Iy because the ideal does not
change if we conjugate 7y the ideal Z(Ily) is associated to the Galois orbit of
7y. I prefer to view Q(II;) as an abstract extension of Q.) This ideal Z(II;) de-
fines a submodule H} (ng , M) int(Z(I;)) = Ann(Z(I1;)), this is the submodule
annihilated by Z(II).

We can think of 7 as simply being a modular cusp form f of weight & = n+2.
To get our isotypical module H, !I(SIG(f,/\;lOF) int We have to find a homomor-
phism o : Hg, /Z(Ily) = O and then

H (8%, Moy int(mf) = H (8§, M) ine(Z(I15)) @14, 0 O (8:211)
We have the action of complex conjugation, i.e. of mo(G(R)), on the coho-

mology H! (ng7./\;l) int(Z(I1)) we get the decomposition (up to an isogeny of
degree 2™)

H (SE, M) me(Z(Iy)) D H L (SF,, M) it (T(TLg)) @ H!_(SE,, M) ine(Z(T15))
(8.212)
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and after taking the tensor product by @Q both summands become one dimen-
sional vector spaces over Q(Z(IIy)). But it is by no means clear that the integral
modules are isomorphic.

This becomes a little bit better if tensor by Op then then we have again

H(SE,, Mo, imi(mf) D H' L (SE,, Moy) mi(mp) ® H'_(SE,, Moy) ()
(8.213)

and now the two summands are are O modules of rank one and get their struc-
ture as Hecke-modules from the homomorphism o. ( In a sense 7y = (IIt,0))
But still they are not necessarily isomorphic. If we want to define the periods
we need class number one. But instead of defining a period we define a local
periods. If we tensor the semilocal ring O, = Op ®Z(p) then the class number
problem disappears we can choose a period such that we get an isomorphism

AP () F (W) - Q@ Wor, np) (1. 7) > HLL(SE,, Mo, (y)
P
(8.214)

Recall that we viewed 7; as a modular form f of weight & we change the

notation for the periods slightly and denote them by ng )( f). Our character x
will now be unramified which implies that it is uniquely determined by its type
u. We put v = i+ 1 then we get for v =1,2,...,k — 1 the following integrality
statement

L(f,v)
Q1 (f)

But we can still do a little bit better. Recall that we have to evaluate our
integral cohomology class on a modular symbol ¢,. This modular symbol is a
relative cycle from 0 to ioco (just along the imaginary axis) loaded by an element
e, = X*Y™ " we denote it by [0,i00] x e,. The index g runs from zero to n.
This is a relative cylce and defines a class in H 1(81% , 8(81%_), M). We have the
boundary operator

A(f) €0, (8.215)

0 : Hy(S%,,0(S%,), M) = Ho(9(SE, ), M). (8.216)

We represent the boundary by the circle at ioo then it is clear that

O0(en) = e, —wey, (8.217)

and we see that d(e,,) is a torsion class if i # 0, n. Not only that it is a torsion
class it is annihilated by a power of the Hecke-operator 7}'. This implies that

T ([0, i00] x e,,) can be lifted to a homology class in E, ¢ Hl(SICéf , M). But then
it is clear that the evaluation of our generator {4 in H,li (SIG(f,M(QF,p)(’ITf) on
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this lifted cycle gives an integral value. Since £4 is an eigenvalue for the Hecke
operator we get for y=1,..,n—landv=p+1

- L
<Ei, By >=mp(T,)" <& ey >= 7rf(Tp)”M € Oryp (8.218)

Qe(u) (f)

This means that we do not need the factor A(f) in front.
We choose a prime p in O lying above p. Let us now assume that 7 (T},)
is a unit, i.e. f is ordinary at p then we can conclude that

L(f,v)

and consequently

rdp(M) >0forall2<v<k—2 (8.219)

oP(f)

We also know what we should expect at the argument v = k — 1. In this case
d(en) is not a torsion element, but we know that for all primes ¢ the element
(*=L+1—74(T%))9(en) is annihilated by a power of T),. If by (f) is the minimum
of the numbers ord, (/=1 + 1 — m;(7T})) then we can conclude that

ordp(M) +bp(f)>0for p=1,k—1 (8.220)

o (f)

Hence we can say (still a little bit conjecturally and using Poincare’-duality
and the fact that the modular symbols ¢, generate the relative homology. (H.
Gebertz, Diploma Thesis Bonn .)

If p is ordinary then the numbers ng) (f)are the right periods at p if and only

if one of the non negative numbers in the + or — part of the lists (8.219),(8.220)

L(f,v)
P (f)

Lra=1 Ordp(W) by (f), ordy(EE=2)

yee., ord
ng)(f) ) 0 P(

)i

is zero.

This discussion is interesting in view of the conjectures on congruences in
[23]. In this note we make conjectures about some congruences between Siegel
and elliptic modular forms, these congruences are congruences modulo a ”large”
prime and I do not really say what a large prime should be. Already in [23] I
address the issue that we have to choose the right period, but there the choice
is rather ad hoc.

Now we have a better recipe. The heuristic argument for the existence of
the congruences only works if the prime is ordinary for the modular form f. But
in this case we have now a much more precise rule to compute the period. For
an ordinary prime p we should expect a congruence if for one of the members in
the above lists we find a strictly positive value. Here we should still be a little
bit more careful, my heuristic argument predicts congruences if p occurs in the
denominator of a ratio
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c
ordp(M)<0,V:kz—2,k:—37...,k/2+1

so we should pay attention to possible cancellations.

Checking the list of the list of the modular forms of weight 12,16,18,20,22,26
we find that the only cases of ordinary primes for which we expect congruences
are indeed the cases k = 22,/ = 41 and k = 26,¢ = 29,43,97 and they are
already in [23]. Here is no cancellation.

It will be very interesting to check the case of the two dimensional space of
cusp forms of weight 24. In this case the field FF = Q(1/144169). Again we find
very few instances of ordinary candidates, these are the primes dividing 73, 179
and the congruences have been checked.

But apart from these two cases we have the two divisors of 13, they occur
rather frequently in our list £, and it seems to be interesting to see what
happens.

The modular form f of weight 24 has an expansion with coefficients in Q(w)
where w? = 144169, we write the first few terms

£(q) = g+ 12(45 — w)q? + 36(4715 + 16 - w)q® + 32(395729 — 405 - w)q*+

1410(25911 + 128 - w)q® - - - + 658(3325311035 — 23131008 - w)q™® . ..
(8.221)

and this provides the two modular forms f(+) (resp. f(~)) with real coefficients
which we get if we send w to the positive root /144169 (resp. negative root).
We have the periods Q4 (f1)), Q4 (f(7)) and we know that

L(f*,v) L(fD,v)
Qe(u) (f(+))’ QE(V) (f(_))

Looking at the norms of these numbers we find some factors of 13. The prime
13 decomposes in Z[w] and we see that the two prime factors above thirteen are
given by the homomorphism ¢5 : w — 5 mod 13. and ¢g : w — 8 mod 13 We
check that f(1) is ordinary at ¢s but not at ¢s. But if we look at the prime

)
factor decomposition of % then we see that ¢5 occurs non trivially but

€ Q(V144169) (8.222)

¢g does not. Hence we do not expect the existence of a Siegel modular form
and a congruence modulo ¢5 because ¢5 is not ordinary for f(+). The prime ¢g
is ordinary for f(*) but this prime does not occur in the L-values.

Anton’s Congruence

The issue to fix the period becomes even more delicate once we allow ramifi-
cation. Let us consider the case of the congruence subgroup I'g(p), this means
that our open compact subgroup will be Ko ¢(p) = [1,.,, Gl2(Zq) x Ko(p).
Again we can determine the periods locally at a prime ¢ by evaluating period
integrals against certain modular symbols. The point is that we have more mod-
ular symbols, because we allow ramification. To get control over these modular
symbols we consider the representation Indﬁé R i.e. the induced from the

trivial representation of Ko r(p) to the maximal compact subgroup K. This
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representation can be viewed as a representation of Gla(F)), it is of dimension
p+1 and it has the Steinberg-module St, of dimension p. Then we can consider
the cohomology H!(S§ f,/\/ln ® Stpp), and new forms f for I'g(p) correspond to
eigenclasses in H| (S§,, My, @ St,).

We can construct modular symbols with coefficients in M, ® Stp. The stan-

dard torus T'(FF,) acts on St, and under this action we get a decomposition into
eigenspaces (we invert the divisors of p(p — 1) let R = Z[ﬁ])

St,@ R= P Rey (8.223)

XFp —pp—1

(The trivial character occurs two times)
Hence we can define modular symbols e, ® e, where e, is as above. Then
we get integrality for the values

L(f®x;n)
Qﬁ(mx)(f)

Since we inverted p the Gaussian sum does not play any role. We assume that the
modular symbols e, ® e, generate the relative homology H; (Slcif , 8(81%)7 M, ®
St, @ R). Hence we can fix the periods locally at a prime ¢ which does not divide
p(p—1) and which is ordinary for f. We compute the L-values and then we must
have

G(x,7) (8.224)

L(f ®x, 1)
Qe(u,x)(f)

and for both signs e(u, x) at least one of these numbers has to be zero. Here [
runs over the divisors of £ in Op[(,—_1].

We want to consider the special case of modular forms of weight 4 for I'o(p).
In this case we have only three critical values L(f ® x, ) for p=1,2,3.

We are interested in this case because we want to understand the conjectures
in [23] also in the case of a non regular coefficient system, especially we want
to look at the case of the trivial coeflicient system, i.e. the case where the
representation is one dimensional. Then we find modular forms of weight four
in the boundary cohomology and this forces us to allow ramification. But we
want to keep ithe ramification as small as possible.

We start from the group G = GSp,/Z, we choose as level subgroup the
group Ky = Kgp = Hq:q;ép G(Z4) x Ko(p), where Ko(p) is the group of Z,
valued points of the unique non special maximal parahoric subgroup scheme
P, . (Here 7, is the fundamental weight attached to the short root viewed as a
cocharacter, we have < v1,a1 >=1,< 71,23 >=0. ). This choice Kfp defines
an arithmetic subgroup I', C GSp,(Q) which is called the paramodular group.

We consider the homomorphism

ord( ) >0 (8.225)

H?(S§,, R) — H*(J(SE,), R) (8.226)

The right hand side contains a contribution coming from the cuspidal co-
homology of the stratum of the Siegel parabolic subgroup, this is the contri-

bution H!l(SIZ‘(/[fM,H2(up,R)). The point is that now that K}W = Kos(p) =
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[1,:42p Gl2(Zg) x Ko(p), which we introduced above. The M-module H?(up,R)
is the standard three dimensional representation. Hence this cohomology is de-
scribed by the space of modular forms of weight 4 for the group I'y(p).

Any modular (new) form f of weight 4 for T'y(p), yields a contribution

B (S B up. R)]]

of rank one over R ® Op. Let us consider the inverse image H 3(81%4 R)[f] =

rH(HY (S, H?(up, R)[f])). We consider the restriction
F

HYSE,, R)f) 5 H' (S, H (up, B[] (8.227)

We invoke results from Eisenstein cohomology. Schwermer has shown: This
restriction map is surjective if and only if we have L(f,2) = 0 otherwise we
encounter a pole of an Eisenstein class.

I also discuss an analogous situation in the appendix of [Ha-Eis]. There
I assume that we have no ramification, but I discuss non trivial non regular
coefficient systems. A rather speculative computation using the comparison
between the Lefschetz and the topological trace formula suggests that in this
case

rs has a non trivial kernel H?(ng,R) [f] if and only if the sign of the func-
tional equation for L(f,s) is minus one.

Let us believe that the same is true in this case (and if we do not believe
in the trace formula we could also try to explain this kernel as a Gritsenko lift)
and we get the exact sequence

0= HY(SE, RIS > HY(SE,, R)[f) 5 H' (S, H2(up, R)[f],  (8.228)

where H}? (SIG(f , R)[f] is the Scholl motive attached to f. This yields an extension
class of motives

X(f) € Ext'(R(-2), H} (S, R)[f])- (8.229)

Tony Scholl suggests to attach a number to such an extension. More precisely he
suggests to construct a suitable biextension, this can be done by the Anderson
construction introducing an auxiliary prime pg.) and then this number should
be essentially

(8.230)

Under this assumption the denominator L(f (;; becomes interesting. Since we

fixed the period, we can ask whether ordinary primes [ dividing this number yield
denominators of Eisenstein classes and hence congruences. Such a congruence
has been detected by Anton Mellit in the case p = 61 and ¢ = 43. Checking the

tables of W. Stein we find that for p = 61 the cohomology H} (S%M ,H?(up, R))

is of rank 2 x 15 and decomposes into a 12-dimensional and a 18 dimensional
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piece (over Q). The 6 dimensional piece corresponds to a modular cusp form f
of weight 4 for I'y(61) its coeflicients lie in a field of degree 6 over Q. The sign in
the functional equation is —1 and we should look for the prime decomposition
of the number

(8.231)

over £ = 43. We know that there is a Siegel modular form for I'g; which is
not a Gritsenko lift and satisfies the congruence (Poor-Yuen).The question is
whether a divisor [|¢ occurs in the value above. But then it becomes clear that
we have to obey strict rules to fix the period.

We may also check some other primes p and compute the ratios in (??) and
look whether they are divisible by interesting primes and whether these primes
yield congruences for non Gritsenko lifts.

8.2.6 The L-functions

Again I have to say a few words concerning L-functions.

To get the automorphic L-functions at the unramified places we have to
introduce the dual group GV(C) ( this is Gl3(C) in this case ) and a finite di-
mensional representation r of this group. The definition of the dual group is
designed in such a way that the Satake parameter w, of an unramified represen-
tation at p can be interpreted as a semi simple conjugacy class in GV (C) (see
[La]). Therefore we can form the expression

L(mp, 7, s) = det(Id — r(wp)pfs)*l

and then the global L function L(m,r, s) is defined as the product over all these
unramified L -factors times a product over suitable L-factors at the finite primes.
If we do this for our automorphic forms on Gls and if r = 1 is the tautological
representation of Gla(C) then we get the local L-factors

1

L(mp,71,8) = (1= Ap2(@)p~*) (1 = Apa(p)p~*)

and we see that it differs by a shift by 1/2 from our previous definition. Our
earlier L -function was the motivic L-function, its definition does not require
the additional datum r. Our automorphic form 7 defines a motive M(r). This
motive has the disadvantage that it does not occur in the cohomology of a
variety, it occurs only after we apply a Tate twist to it. The central character
w(w) has type  +— ™ and defines a Tate motive. The automorphic form
7 ®@w(m)~! =7V occurs in the cohomology

HY(SE,. M[=n]) > H'(SE , M[-n])(m @ w(m) ") = H'(SE,, M[-n])(z")

where M,,[—n] is obtained by twisting the original module by the —n-th power
of the determinant. (See [Ha-Eis], IIT). This motive occurs in the cohomology
of a quasiprojective scheme ( See also [Scholl] ) Now we adopt the point of view
that 7y is a pair (IIf,¢) (See 1.2.6) and then M(7) defines a system of l-adic
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representations p(7); which are also labelled by the ¢ : Q(7f) — Q. Then it is
Delignes theorem that for unramified primes

2) = Ly(M(x"), 5) = det(1d — p(Fy), ' M(r )i p ™)

for a suitable choice of £ # p.

L(mp, 71,8 —

Weights and Hodge numbers

We may of course look at the motives M(7) which are attached to an eigenspace
in H,l(ng,/\;l[—k})(ﬂ) in other words we twisted the natural module M,, by
the —k-th power of the determinant. Again we get an [-adic representation py
and the Weil conjectures imply that the eigenvalues of the inverse Frobenius
p((F; ') all have the same absolute value p™ =" The number 2k — n + 1 is
usually called the weight w(p;) of the Galois representation or also the weight
w(M(m)) of the motive M().

The central character w(m) of m has a type and if we make the natural identi-
fication of G, with the centre then the type of w(r) is an integer type(w(w)) € Z

and the formula for the weight is

w(M(m)) = —type(w(m)) + 1.

This weight plays a role if we want to get a first understanding of the analytic
properties of the motivic L-functions. Its abcizza of convergence is the line
R(s) = w(M(r)) + 1.

The special case k = n is special, because in this case our motive occurs in the
cohomology of a variety. The eigenvalues of the Frobenius are algebraic integers
and the non zero Hodge numbers are h" ™19 and A% +1 If k is arbitrary then the
centre acts on M,,[—k| by the character t(k) = n — 2k and the non zero Hodge

n—t(k) _ ntt(k)
2

numbers will be pt—= . We notice that for an isotypic component
H!l(ng,./\/l[—k:})(w) the number ¢(k) is the type of the central character w().

8.2.7 The special values of L-functions

We now observe that the local L factors L(M(7" @ (x(*)~1), s) which we intro-
duced in 2.2.6 are actually the local L-factrs of the motivic L-function, i.e.

LM(mY @ (xV)71),8) = LM(r¥ @ (x) 1), 9)
Theorem 8.2.2. With these notations we can give a formula for the composi-
tion
LMY ® (x")™),1)

JCX,! © Qg(ﬂ-f)71 : ‘Fl(l)(WE) = Q (ﬂ-f) ' Iloc(ﬂ-fa X;l)

Applications
We evaluate this formula at elements 1y € W(ms,T)o(r;,y) and an element

g, € GlAg). We get Qu(mp) ™" - F{V (we) () = 65 € HL(SE, M)o(r, x) and

LM(rY @ (x)™1),1)
Q. (my)

Jeo (05)(g,) = (g xp )W) (g,))
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We have seen that J._, (wf)(gf)d(gf) (Lemma 2.2 ) is an integer and it is obvious
that d(gf) = [I, d(gp)- If we choose for ¢y an element which is also a product

Yy (Qf) = Hp ¥p(gp) then we get

LM(r¥ @ (xV)™1), 1)
Qe (my)

TL e xp M) () ()l 91))

p

ch,z ("/)f)(ﬂf) H d(gp) =

The factors in the products over all primes are equal to one at almost all places.
Then we have to optimize the choices of v, and g,. First of all we can choose
these data such that all local factors are different from zero. Then we conclude
that we have an invariance under Galois for the L-values

LM(mY ® (x)™1),1)

® o _ (1)
SNER )7 =x"(t,)

LM @ (xM) 17, 1)
QE(’IT?)

We may observe that the characters (1) can be written as product of a Dirichlet
character and a power of the Tate character, i.e. x() = ¢-a~" wherev =0, ...n.
Now we can write

M(rY @ (xM)™) =M(r¥ ® 1) @ Z(v)

and
LM(rY @ (xM)™1),1) = LM(" @ ¢7"), 1+ v)

and the arguments 1+4v are exactly the critical arguments for the motive M(7V ®
¢~ 1) in the sense of Deligne.

Of course we are now able to prove also some integrality results, it is clear
that the left hand side is integral, more precisely it is an element in O(7y, x5).
Now we have to work with local representations to find out under which condi-
tions we can force the product of local factors to be a unit or at least to bound
the primes dividing it. Hence we have a tool to show that

LM(r @ (x)™), 1)
Qe (my)

at least if we invert a few more primes.

€ O(my, xy)

The arithmetic interpretation

It is clear that we have some control of the primes that have to be inverted. I
call them small primes. The main reason why I am interested in the integrality
statement for these special values is, that I want to understand what it means
if a large prime divides these values.

I strongly believe that the large primes dividing these L-values are related
to the denominators of Eisenstein classes for the cohomology of the symplectic
group, what this means will be explained in 5.6 and we also refer to the notes
[kolloquium.pdf]. In the following section I want to give some idea how such a
relationship between the arithmetic properties of the L-values and the integral
structure of the cohomology as a Hecke-module should look like.



Chapter 9

Eisenstein cohomology

Our starting point is a smooth group scheme G/ Spec(Z) whose generic fiber
G = Gx7zQ is reductive and quasisplit. We assume the group scheme is reductive
over the largest possible open subset of Spec(Z) and at the remaining places it
is given by a maximal parahoric group scheme structure. If G is split, then we
assume that G is split. We define K = G(Z) = [1,9(Z,) C G(Ay)

We choose a Borel subgroup B/Q and a torus 7/Q C B/Q. We assume that
TA)NKy = T/Z) is maximal compact in T(Ay). Let A € X*(T') be a highest
weight, let M be a highest weight module attached to this weight. It is a
Z-module, the module M ® Q is a highest weight module for the group G/Q.
We consider

9.1 The Borel-Serre compactification
We consider our space
Sk, = G(Q\G(A)/Kuc Ky
and its Borel-Serre compactification
1: Slcéf — ng.

Our highest weight module M provides a sheaf M on these spaces.
We have an isomorphism

H*(SE,, My)-5H*(SZ,, M)

for any coefficient system M, coming from a rational representation M of G (Q).
The boundary 0Sk is a manifold with corners. It is stratified by submanifolds

08k = JorSE,,
P

where P runs over the G(Q) conjugacy classes of proper parabolic subgroups
defined over Q. We identify the set of conjugacy classes of parabolic subgroups

317
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with the set of representatives given by the parabolic subgroups that contain
our standard Borel subgroup B/Q. Then we have

H*(0pSE,, M») = H*(P(Q\G(A) /KooKy, M)

We have a finite coset decomposition

G(Ay) = P(Af)EsKy,
£r

for any & put Kf(éf) =P(A)y ﬂffoéjT-l. Then we have

P(Q\X x G(Ay) /Ky = UP NX x P(Ap)/ K (§5)¢f,

If R,(P) C P is the unipotent radical, then
M = P/R.(P)

is a reductive group. For any open compact subgroup Ky C G(Ay)(resp. for
Ko C Gs) we define K}V[(ff) C M(Ag)(resp. KM C M) to be the image of
KF (&) in M(Ay) (resp. My). We put

Sitrey = MQ\M(A)/KXKN (&)
and get a fibration
wp : P(Q\X x P(Ag)/Kf (&) — M(Q)\M(A)/M(Q\K x K}'(¢f)

where the fibers are of the form I'iy\ R, (P)(R) and where I'yy C U(Z) is of finite
index and defined by some congruence condition dictated by K f (&f). The Lie-
algebra u of R,(P) is a free Z-module and it is clear that we have an integral
version of the van -Est theorem which says:

IfR= Z[%] where a suitable set of primes has been inverted then

H*(Ty\R,(P)(R), Mp) = H*(u, Mg).

More precisely we know that the local coefficient system R.WP*<M) is obtained
from the rational representation of M on H®(u, M).

Hence we get

8PS MR UH. SKM(g ( M)R)’

and
H®*(u,Mpg) = EB H') (u, Mg)(w - N),
weW P

where W is the set of Kostant representatives of W/W™ and where w - A =
(A +p)* — p and p is the half sum of positive roots.
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The primes which we have to be inverted should be those which are smaller
than the coefficients of the dominant weights in the highest weight of M. But
at this point we may have to enlarge the set of small primes.

We conclude

The cohomology of the boundary strata 8pSIG<f with coefficients in M can be
computed in terms of the cohomology of the reductive quotient, where we have
coefficients in the cohomology of the Lie algebra of the unipotent radical with
coefficients in M

In the following considerations we sometimes suppress the subscripts K¢, K ;‘fM
and so on. Then we mean that the considerations are valid for a fixed level or
that we have taken the limit over the K. (See the remarks below concerning

induction)

9.1.1 The two spectral sequences

The covering of the boundary by the strata dpS provides a spectral sequence,
which converges to te cohomology of the boundary. We can introduce the
simplex A of types of parabolic subgroups, the vertices correspond to the
maximal ones and the full simplex corresponds to the minimal parabolic. To
any type of a parabolic P let d(P) its rank, we make the convention that
d(P) — 1 is equal to the dimension of the corresponding face in the simplex.
Let M = Mp = P/R,(P) be the reductive quotient (the Levi quotient). If
Zy/Q is the connected component of the identity of the center of M/Q then
d(P) is also the dimension of the maximal split subtorus of Zj;/Q minus the
dimension of the maximal split subtorus of Z¢/Q. The covering yields a spec-
tral sequence whose E}® term together with the differentials of our spectral
sequence is given by

0 — E(1Lq _ @ HY(8pS, M) dL> RN @ HY(0pS, M) L
P,d(P)=1 P,d(P)=p+1
(9.1)

where the boundary map d}’? is obtained from the restriction maps (See [Gln]).
There is also a homological spectral sequence which converges to the cohomology
of the boundary. It can be written as a spectral sequence for the cohomology
with compact supports. Let d be the dimension of S then we have a complex

- P HITT N opS, M) D HITTPU9pS, M) —
P,d(P)=p+1 P,d(P)=p
(9.2)

and therefore the E},, term is

Ey,= @ HIT'PU0pS, M)

0,9
P,d(P)=p

the (higher) differential go from (p,q) to (p —r, g+ 1 —r).
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9.1.2 Induction

The description of the cohomology of a boundary stratum is a little bit clumsy,
since we are working with the coset decomposition. The reason is that we are
working on a fixed level, if we consider cohomology with integral coefficients. If
we have rational coefficients then we can pass to the limit. Then

H*(0pSE,, M) = lli(r?H.(P(Q)\G(A)/KooKfaM) =

mo(G(R)xG(Af) 1 oM . _ G(A) oM 77e
Indwg(M(R)xP(Aff)%}H (Skars Ho(u, M) = Ind o ) piapy HE (ST HE (u, M),

where the induction is ordinary group theoretic induction. We should keep in
our mind that the mo(M(R)) x P(Ay) -modules are in fact mo(M(R)) x M (Ay)-
modules. We need some simplification in the notation and we will write for any
such mo(M(R)) x M(Ay) module H

nd ey pin H = 15 H
We will use the same notation for an induction from the torus T' to M.

Under certain conditions we also have the notion of induction for Hecke
- modules and we can work with integral coefficient systems. This will be
discussed at another occasion.

But I want to mention that in the case that Ky is a hyperspecial maxi-
mal compact subgroup ( in the cases where we are dealing with a split semi-
simple group scheme over Spec(Z) we can take Ky = [[ G(Z,) (see 1.1)) then
G(Q,) = P(Z,)K, = B(Z,)K, the group theoretic induction followed by taking
Ky invariants gives back the original module. In this case we do not have to
induce!

Of course we have to understand the coefficient systems H*®(u, M), for this
we need the theorem of Kostant which will be discussed in the next section.

9.1.3 A review of Kostants theorem

At this point we can make the assumption that our group G/Q is quasisplit, we
also assume that G(l)/ Q is simply connected. Then we may assume that Mz
is irreducible and of highest weight A. Let B/Q be a Borel subgroup, we choose
a torus T/Q C B/Q. Let X*(T) = Hom(T xqg Q,G,, xg Q be the character
module, it comes with an action of a finite Galois group Gal(F/Q), here F
is the smallest sub field of @ over which G/Q splits. Let T(M/Q C T/Q the
maximal torus in G()/Q, then X*(T()) contains the set A of roots, the subset
AT of positive roots (with respect to B.) The set of simple roots is identified
to a finite index set I = {1,2,...,r}, i.e we write the set of simple roots as
7 ={a1,...,q;,...,a.} C A". We assume that the numeration is somehow
adapted the Dynkin diagram. The finite Galois group Gal(F/Q) acts on I
and 7w by permutations. Attached to the simple roots we have the dominant
fundamental weights {,...,7;,...,7;,...} they are related to the simple roots
by the rule
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2 < ’Yivﬂj > s

5 3 < Y

< B;,B8; >

The dominant fundamental weights form a basis of X*(7'(1)).

Our maximal torus T'/Q is up to isogeny the product of 7\ and the central
torus C/Q, i.e. T =TW .C and the restriction of characters yields an injection

j 1 XH(T) - XH(TW) & X*(C),
this becomes an isomorphism if we tensorize by the rationals

X5(T) = X*(T) ® Q = X3(TW) & X5(0).

This isomorphism gives us canonical lifts of elements in X*(T™M) or X*(C)
to elements in X§(7") which will be denoted by the same letter. Especially the
fundamental weights v1...,7i,... are elements in X¢ (7).

Let A € X*(T') be a dominant weight, our decomposition allows us to write
it as

A=Y ami+ 6= 15
i€l
we have a; € Z,a; > 0 and § € X*(C). To such a dominant weight A we
have an absolutely irreducible G x F' -module M.

We consider maximal parabolic subgroups P/Q D B/Q. These parabolic
subgroups are given by the choice of a Gal(F/Q) orbit i =J I Such an orbit
yields a character v; = 3, ; vi The parabolic subgroup P/Q provided by this
datum is determined by its root system AP = {3 € A| < 3,75 >> 0}. The
choice of the maximal torus T' C P also provides a Levi subgroup M C P but
actually it is better to consider M as the quotient P/Up.

The set of simple roots of M) is the subset 7y = {..., ,... Yicr,,, Where
of course Iy = I'\ J. We also consider the group G NM = M,. It is a reductive
group, it has T() as its maximal torus. We apply our previous considerations
to this group M;. It has a non trivial central torus C7/Q. This torus has a
simple description, we pick a root «;,¢ € J, we know that J is an orbit under

Gal(F/Q). We have the subfield F,,, C F such that Gal(F/F,,) is the stabilizer
of ;. Then it is clear that

Cl ; RFai/Q(an/Fai);

up to isogeny it is a product of an anisotropic torus 01(1) /Q and a copy of Gy,.
The character module X¢(C1) is a direct sum

X5(Ch) = X5(C) @ Qyy. (9.3)

Here X@(Cl(l)) ={v € X5(C1) | <X ey >=0}. The half sum of positive
roots in the unipotent radical is

pu = fpys (9.4)

where 2fp > 0 is an integer.
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We also have the semi simple part 7™M < MM and again we get the
orthogonal decomposition

XH(TW) = X5(THM) @ X5(Ch) = P QueP Qv = P M e P Q.

i€y =y 1€y =y

Here we have to observe that the v i € I, are the dominant fundamental
weights for the group M (), they are the orthogonal projections of the 7; to the
first summand in the above decomposition. We have a relation

v ="+ Y el i)y, for j € Iy
i€i
and we have ¢(j,4) > 0 for all ¢ € J.
Let W be absolute Weylgroup and subgroup Wy, € W the Weyl group of
M. For the quotient Wy, \W we have a canonical system of representatives

WP ={weW |w(ry) C AT}

To any w € W we define w- A = w(A+ p) — p where p us the half sum of positive
roots. If we do this with an element w € W¥ then y = w- X is a highest weight
for M) and w - A defines us a module for M. Then Kostants theorem says

H(up, My) = @ H' ™ (up, M)(w-N),
weWwFr

the summands on the right hand side are the irreducible modules attached to
w - A, they sit in degree

l(w) =#{ac ATlwlac A7} (9.5)
Each isomorphism class occurs only once.
We write
we A= M 45y +6
(9.6)
€ XG(THM) @ X5 (Cr) ®X*(C)
We decompose §; and define the numbers a(w, \) (see (9.3))
51 = 07 + alw, \)yy.
Then we get
wA+p) — p=p*M +a(w, Ny, (9.7)

We also consider the extended Weyl group W, this is the group of automor-
phisms of the root system. Let wg € W be the element sending all positive roots
into negative ones. We have an automorphism ©_ € W inducing t — ¢! on
the torus. Let ©® = wgo©O_. This element induces a permutation on the set 7 of
positive roots, which may be the identity and induces —1 on the determinant.
Then

O\ = Z aeivYi — )

icl
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is a dominant weight and the resulting highest weight module is dual module
to M. Therefore we get a non degenerate pairing

H*(up, My) x H*(up, Mey) = Hr (up, F) = F(=2py),

which respects the decomposition, i.e. we get a bijection w — w’ such that
l(w) + l(w") = dy, and such

H' @ (up, My)(w - A) x H ) (up, Meoy)(w' - OX) = HYr (up, F)  (9.8)

is non degenerate. We conclude

a(w,\) + a(w’,ON) = =2fp. (9.9)
We say that w - A is in the positive chamber if
a(w,\) < —fp (9.10)

The element © conjugates the parabolic subgroup P into the parabolic subgroup
@, which may be equal to P or not. If P = @ resp. P # @ then we say that P
is (resp. not ) conjugate to its opposite parabolic. If ©_ is in the Weyl group
then all parabolic subgroups are conjugate to their opposite. In this case we
have © = 1.

Conjugating by the element © provides an identification 0p o : WE — W
We have two specific Kostant representatives, namely the identity e € WF and
the element wp € WT, this is the element which sends all the roots in Up to
negative roots (the longest element). Its length I(wp) is equal to the dimension
dp = dll’n(Up>

Any element in w € W can be written as product of reflections

W= Sq; ---Sa;, (9.11)

where v = [(w) and the first factor o;, € J. We always can complement this
product to a product giving the longest element

Sauiy - Son, e,y oo S, = Way - Say, = WP, (9.12)
The inverse of the element sq, , ...Sq,, 1is
v ap
I — Q
W= Sag, - Sag,,, € w

~

This defines a second bijection ipg : W -5 W which is defined by the
relation

w=wp ipgw)=wp- -w, l(w)+Il(w)=dp (9.13)
The composition 9;’1Q olpg: WP — WP is the bijection provided by duality.

The element wp conjugates the Levi subgroup M of P into the Levi subgroup
of @ = prwI_Jl. The element wp = Owp conjugates the parabolic subgroup
P into its opposite (which is conjugate to Q) and induces an automorphism on
the subgroup M which is a common Levi-subgroup of P and its opposite.
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If we choose w = e then

Zai%‘ +4= Z any! "‘Z( Z a;c(i, j) +nj)v; + 0.

iel i€ly JEJ i€ly

Since J is the orbit of an element ¢ € I we see that < «y;, a; > is independent
of j and hence we get easily

1

Z( Z aic(t, j) +nj)v; = g(Z( Z a;e(i, j) +ny))vs +0'
jEJ i€ln JEJ i€ln
and hence 1
ale) = 25 (2 aielind) +a)
JjeJ i€l

If we choose O p then as an M-module Mg, .y is dual to Mex(—2f;7v5). We
write OA + p = ), ae;yi — 0 and then

wp(Y ami+6) = > ne = (Y aeic(®i,0)) +ae;)v; — 2f5vs — 6.

iel i€l jeJ ©icly
and especially we find
1 Lo
a(wp, ) = *(g(;(; aeic(04,07) + aej)) +2f7)vs
i€l

In general we have the inequalities

a(Op,\) < a(w,\) < ale, \).

We can write our relation (9.7) slightly differently. We can move the half
sum of positive roots to the right and split into p = p™ + fpv;. We put gt =
pEM) 4 oM and then we write

wA+ p) = 4 + (a(w, \) + fp)vs = Y 4 b(w, M)y, (9.14)
and of course now we have

b(w, \) + b(w', ©ON) = 0. (9.15)

9.1.4 The inverse problem

Later we will encounter the following problem. Our data are as above and we
start from a highest weight for M, we write

p=pt +6 +ay,+6= Z neivi! + 01 + avy + 4.
i€ln

We ask whether we can find a A such that we can solve the equation (Kost).
More precisely: We give ourselves only the semi simple component x(!) of 1 and
we ask for the solutions

w\+p) =M+ ...



9.2. THE GOAL OF EISENSTEIN COHOMOLOGY 325

where w € W¥ and A dominant, i.e. we only care for the semi simple component.
Let us consider the case where J = {ig}, i.e. it is just one simple root. Then
the term 0; disappears and our equation becomes

wA +p) = i + by, + 6,

of course the § is irrelevant, but we want to know the range of the values
b = b(A, w) when M is fixed, but A, w vary. Of course it may be empty. Let us
fix a w and let us assume we have solved w(A 4 p) = (") +.... Then it is clear
that the other solutions are of the form A + p+ v where wv € Qv;,. These v are
of the form v = cyy with ¢ € Z. We write 1y = ) ,; biy; and it is easy to see
that there must be some b; > 0 and some b; < 0. This implies that A + cvp is
dominant if and only if ¢ € [M, N], an interval with integers as boundary point.
This of course implies that -still for a given w - the values b = b(\, w) also have
to lie in a fixed finite interval

b=b(w,\) € [buin(w, A1), amax (w, 7] = I(w, 7).

This will be of importance because these intervals will be related to intervals
of critical values of L-functions.

9.2 The goal of Eisenstein cohomology

The goal of the Eisenstein cohomology is to provide an understanding of the
restriction map r in theorem ( 6.2.1). More precisely we assume that we
understand (can describe) the cohomology H '(GSIG(f,M ») then we want to

understand the image H :Eis(ang,/\;( ) in terms of this description. Under
certain conditions we will construct a section Eis : Hiy, (0S$ f,M AC) —

H (ng , My .c). Tt is clear from the previous considerations that understanding

of H*® (881% , M) requires understanding cohomology of H*(S M H® (u, M)
3

and we have to compute the differentials in the spectral sequence. These dif-

—_~—

ferentials will depend on the Eisenstein cohomology of H ’(S%M,H *(u, M)).
¥

Under certain conditions the spectral sequence degenerates at E5 level and I do

not know whether this is true in general. In a certain sense it would be much

more interesting if this is not the case.

We consider certain submodules in the cohomology of the Borel-Serre com-
pactification for which we can construct a section as above. We start from a
maximal parabolic subgroup P/Q, let M/Q be its reductive quotient. We define

H (0pSR, Ma) = @ H ™ (S, H'™ (up, M)(w - X)) € H*(9pSF, M)
weW?FP
(9.16)

We will abbreviate H'") (up, M)(w - \) = M(w - \) where always keep in mind
that the element w € WP knows what the actual parabolic subgroup is and
that M(w - A) sits in degree I(w).



326 CHAPTER 9. EISENSTEIN COHOMOLOGY

By definition the inner cohomology is the image of the cohomology with
compact supports. This implies that the submodule

@ Hfl(apsgp/\;l,\) - @ Hq(aPSIG(f,M,\) = B}

P:d(P)=1 P:d(P)=1
is annihilated by all differentials d%¢ and hence we get an inclusion
ip: BpewrISH ™ “w>(5KM,M(w ‘\) = H* (0SS, M) (9.17)

Taking the direct sum over the maximal parabolic subgroups yields a sub-
module

H?(0SE,, My) = H*(0SE,, M) (9.18)

The Hecke algebra acts on these two modules. Let us assume that this submod-
ule when tensorized by Q is isotypical in H, (&S}C{;f,./\/l)\ ® Q). Then we get a
decomposition

HP (08§, My @ Q) © HY, (0SF,, My ® Q) = H*(OSF,, MA@ Q). (9.19)

We formulated the goal of the Eisenstein cohomology, we described an isotypical
subspace and we know can ask: What is the intersection of H%;. (0S¥ Ma®Q)

with this subspace, or what amounts to the same, what is Hy’ Eis(f)Sﬁf , MA2Q).

The element © induces an involution on the set of parabolic subgroups con-
taining B (= set of G(Q) conjugacy classes of parabolic subgroups) two parabolic
subgroups P, Q D B are called associate if © P = ). We can decompose the coho-
mology H (881% , M\ ®Q) into summands attached to the classes of associated
parabolic subgroups

HP(0SE, , My@Q) = @ H(0pSE, M) & @ HP(0pSE,, My) © H? (9gSF,, M)
P:P=OP [P.Q]
(9.20)

where in the second sum @ = ©P. Each summand is a sum over the elements
of W and then we can decompose under the action of the Hecke algebra. We
choose a sufficiently large extension F/Q and in the case P = OP we get

H 0pSE, MyoF)= @ PH (S St M(w-N) @ F)(oy)  (9.21)
weW?P oyf

In the case P # ©OP = @ we group the contributions from the two parabolic
subgroups together. To any w € W we have the element ip g(w) = w' € W¢.
We also group the terms corresponding to w and w’ together. To any oy which
occurs in H,'fl(w)(SII‘(/IM,Hl(“’)(up,./\;l)(w ‘A)® F) we find a oy = UfPh@]\f ,

: ¥
which occurs in the second summand.
The decomposition into isotypical pieces becomes

P lw)(SKM,M(w N ® F)(op) @ H ') (sM

oy

./\/l(w’ SA)® F)(J}))

KM
(9.22)

We can define the second step in the filtration ( 6.20) as the inverse image of
He (881%,/\/1,\) under the restriction 7.
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9.2.1 Induction and the local intertwining operator at fi-
nite places

Our modules oy are modules for the Hecke algebras ”HJ\K4 M= ®p7-l]\K4 - Therefore
f D

we can write them as tensor product oy = ®,0,. We consider a prime p where

o¢ is unramified then we get can give a standard model for this isomorphism

class. The module H,, is the rank one O -module O, i.e. it comes with

a distinguished generator 1. The Hecke algebra acts by a homomorphism (See

6.3.2)

h(o,) : H%J’y) — Op (9.23)

and gives us the Hecke-module structure on H,,. We can induce H,, to a

’HIG(G module. This is actually the same Op module but now with an action
P

(G,A) (G,A)

of the algebra HKPG,Z' KS.Z

Mw' A
Hicprs”
It follows easily from the description of the description of the spherical (un-

ramified) Hecke modules via their Satake-parameters that the induced modules
G\
KS.Z
induction the two summands in (9.22) become isomorphic. We choose a local
intertwining operator

We simply observe that we have an inclusion H —

and induction simply means restriction.

H,, and Ho,, are isomorphic as H -modules and hence we get that after

T, : Hy, — Hyy (9.24)

simply the identity.
We postpone the discussion of a local intertwining operator at ramified
places.

9.3 The Eisenstein intertwining operator

We start from an irreducible unitary module H,_, x H,, = H, and assume that
we have an inclusion ® : H, < L2, (M (Q)\M(A)). We assume that o occurs

cusp

in the cohomology H&,(SK, M(w - X)¢) and we assume that w - X is in the

KA/I’
positive chamber. We considjer ® as an element of W(o) and for the moment
we identify H, to its image under ®. We stick to our assumption that o occurs
with multiplicity one in the cuspidal spectrum.

Then we we can consider the induced module, recall that this is the space
of functions

{f:G(A) = Ho|f(pg) = pf(9)} (Ind)

where p is the image of p in M (A). We can define the subspace H. (E-OO) consisting
of those f which satisfy some suitable smoothness conditions and then we can
define a submodule Indggi;Hc(,oo) where the f(g) € HY and the / themselves
also satisfy some smoothness conditions.

We embed this space into the space A(P(Q)\G(A)) by sending

f=A{g— flg)(em)},
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here A denotes some space of automorphic forms. This an embedding of G(A)-
modules or an embedding of Hecke modules if we fix a level.

We have the character yp : M — G,,, for any complex number z this yields
a homomorphism |yp|? : M(A) — R* which is given by |yp| : m — |yp(m)|*.
As usual we denote by C(|yp|*) the one dimensional C vector space on which
M(A) acts by the character |yp|?*. Then we may twist the representation H,
by this character and put H, ® |yp|* = H ® C(|yp|?). An element g € G(A) can
be written as g = pk,p € P(A),k € K} where K§ D K is a suitable maximal
compact subgroup and now we define h(g) = |vp|(p)-

Eisenstein summation yields embeddings a

Eis : Ind(y) H™ ® [yp[* = A(G(Q)\G(A)), (9.25)

where

Eis(f)g)= >,  f(rg)lem)h(rg),
YeP(@\G(Q)

it is well known that this is locally uniformly convergent provided R(z) >> 0
and it has meromorphic continuation into the entire z plane (See [Ha-Ch]).

We assumed that H, is in the cuspidal spectrum. We get important infor-
mation concerning these Eisenstein series, if we compute their constant Fourier
coeflicient with respect to parabolic subgroups: For any parabolic subgroup
P1/Q C G/Q with unipotent radical U; C P; we define (See [Ha-Ch], 4)

Fr(ES(N)) = [ Eis(/) (ug)(ear)du
Ur(@\U1(4)

This essentially only depends on the G(Q)-conjugacy class of P;/Q. It it
also in [Ha-Ch] , 4 that this constant term is zero unless P; is maximal and the
conjugacy class of Pj is equal to the conjugacy class of P/Q or the conjugacy
class of Q/Q. (which may or may not be equal to the conjugacy class of P/Q.)

These constant Fourier coefficients have been computed by Langlands, we
have to distinguish the two cases:

a) The parabolic subgroup P/Q is conjugate to an opposite parabolic Q/Q.

In this case we have a Kostant representative w?” € W which conjugates
Q/Q into P/Q and it induces an automorphism of M/Q. We get a twisted
representation w’ (o) of M(A). In the computation of the the constant term we
have to exploit that ¢ is cuspidal and we get two terms:

P L G(A) z
G(A) e EISG.(A)IndP(A)HU el (9.26)

WdS W H,  bypl* @ IdSE) Hyr (o) © g2 ~% € AP(Q\G(A)).
We can describe the image. It is well known, that we can define a holomorphic
family

G(A z G(A —z
T (2) : Ind 3 Ho @ [yp|* — IndZ0 H, e @ |yol*/"

which is defined in a neighborhood of z = 0 and which is nowhere zero. This
local intertwining operator is unique up to a nowhere vanishing holomorphic
function h(z). It is the tensor product over all places T'°¢(z) = ®,T1°%(z).
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For the unramified finite places the local operator is constant, i.e. does not
depend on z and is equal to Tzl)OC in section (9.2.1) and 7'°¢(0) = ®pT;°° . At
the remaining factors there is a certain arbitrariness for the choice of the local
operator and some fine tuning is appropriate.

We also assume that we have chosen nice model spaces H,_, Hy:_, and an
intertwining operator

T : Hy — Hyr_ (9.27)

which is normalized by the requirement that it induces the ”identity” on a
certain fixed KM type.

Then we get the classical formula of Langlands for the constant term: For
fe Indggﬁ;Hg @ |yp|* we get

FFPo Eis(f) = f + C(0, 2)T°(2)(f), (9.28)

where C(o, A, z) is a product of local factors C(o,,2) and where C(oy, 2) is a
function in z which is holomorphic for R(z) > 0 (here we need that w - A is in
the positive chamber.) This function compares our local intertwining operator
to an intertwining operator which is defined by the integral.

The computation of this factor is carried out in H. Kims paper in [C-K-M],
chap. 6. He expresses the factor in terms of the automorphic L function attached
to oy. To formulate the result of this computation we have to recall the notion
of the dual group (7.0.1). Inside the dual group G we have the dual group
LM which acts by conjugation on the Lie algebra u}. The set of roots A[J;}vj isa

set of cocharacters of T'/Q, a coroot a" € AIJ;P defines a one-dimensional root

subgroup up ,v. The LM -module u}, decomposes into submodules. We recall
that the maximal parabolic subgroup P/Q was obtained from the choice of a
Galois-orbit ¢ C I (9.1.3) and any

aY € AUV, = a(a",i)x; +Zm X (9.29)
i

Here the coefficients are integers > 0 and a(a,7) > 0. For a given integer a > 0
we define

uplal = P wpa (9.30)

aVia(aV,i)=a

it is rather obvious that u}[a] is an invariant submodule under the action of M
and actually it is even irreducible. Let us denote the reprebentatlon of M/Q on

uY[a] by raP In the following 7, will be the highest weight of r5”.

With these notations we get the following formula for the local factor at p
(See[Kim])

aut up _
Cp(0'7 Z) _ H L (O—PVTU« 7CL(Z fP)) Tloc

v 9.31
a1 Laut(apartlllp,a(szp){»]_) p Z)(f) ( )
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We do not discuss the ramified finite places, from now on we assume that
oy is unramified. Then we get

T

Lam(af,rzlg,a(z —fr))
O(O’, Z) = C(Uocn Z) C (U 72) = 0(0'007 Z) W
1;[ e gLaut(UfwaPﬂ(Z—fP)Jrl)

The local factor at infinity depends on the choice of T19¢ in 1.2.4 we gave
some rules how to fix it, if it is not zero on cohomology.

b) The opposite group Q/Q is not conjugate to P/Q, then we have to com-
pute two Fourier coefficients namely F© and F% in this case we get

P Q
F i Indg Hy @ el 7=

mdS %) Hy@lp 7@ dSE) H, 0 o7~ C A(P@)\G(A)SAQQ)\C(A)).

and again we get

Laut o z¥>7 _ oc
Fo Eis(f) = f+C(00e,2) [ | Laut(g(f J;u; a(z(i fpipl)l)Tl (2)(f), (9.32)

where now 7'°¢(z) is a product of local intertwining operators

G(Qy G(Qo
T Ind (S Hy, @ lypl* = TndQ(S") H, e @ (2fp — 2).
It is also due to Langlands that the Eisenstein intertwining operator is holo-
morphic at z = 0 if the factor in front of the second term is holomorphic at z = 0.

Up to here ¢ can be any representation occurring in the cuspidal spectrum of
M.

Now we assume that we have a coefficient system M = M, and a w €

WP such that our of occurs in H,'fl(w)(S%M,./\;l(w -A) ® F). Then we find a
! 2

(m, KM)— module H,_ such that H*(m, KM H, & M(w-\)) # 0. We also
find an embedding

O, : Hy, @ Hy, @r, C = L, (M(Q)\M(A)) (9.33)

cusp

Let us assume that w - A or equivalently o are in the positive chamber. In
case a) we have holomorphicity at z = 0 if the weight A is regular (See [Schw]
) and in case b) the Eisenstein series is always holomorphic at z = 0. In this
section that we assume that the Eisenstein series is holomorphic at z = 0 and
hence we can evaluate at z =0 in (9.179) and get an intertwining operator

Eiso ®, : Ind5) H, — A(G(Q)\G(A)). (9.34)
We get a homomorphism on the de-Rham complexes

Homy (A*(g/8), Ind§ ) H, @, €@ M) — Homy_ (A*(g/8), AGQ\G(4) ® M)
(9.35)



9.3. THE EISENSTEIN INTERTWINING OPERATOR 331

We introduce the abbreviation HLogf = Hgf ®r, C and decompose H,o, =
H,. ® H,os,. We compose (9.35) with the constant term and get

Fo Bis*: Homg (A*(g/t), Ind(E) Hyo ® M) ® Hiog, —

L] G R ) G R
Homy_ (A*(g/t), Tndf(g) Hy, @ My) @ Hyop,) @ Hompe (A*(g/8), Tndgy () Hor @ My) ® Hiop)

(9.36)

where P = @ in case a).

We choose an w € Hompg,_(A®(g/t), Indggﬁg ® M) and consider classes
w® ¢ and map them by the Eisenstein intertwining operator to the cohomology
(or the de-Rham complex) on ng. Then the restriction of of the Eisenstein

cohomology to the boundary is given by the classes

B,(w @y + Q(if)C(aoo, NC(o7, NI (w) @ T%(1y)) (9.37)

Here the factor C(of,A) can be expressed in terms of the cohomological L-
function. Translating the formula (9.31) yields (see 9.14)

LC0h<Ufa r;Pa < naaﬂ(l) > _b<wa )‘> < NasYP >)

C(0f>>‘) = H

i (9.38)
a LM (op,ma”, < gy i) > —b(w, \) < ng,vp > +1)

We may complete the cohomological L-function by the correct factor at infinity
and replace the ratio of L-values by the corresponding ratio of values for the
completed L— function. By definition we have < 1,,7p >= a and then our
formula for the second term in (9.37 ) becomes

1 10 AB (g p, 787 < g, iD > —ab(w, X))

v C* (000, VTR (W) @ TP (7))
Qo) Ao (gp a7 < g, 41 > —ab(w, \) + 1) !

(9.39)

This formula needs some comments. The factor C* (0 )7T,°¢ is a represen-
tation theoretic contribution it is not easy to understand. Experience shows
that becomes very simple at the end. In SecOps.pdf we discuss the special case
of the symplectic group.

The number Q(oy) is a period, it will be discussed later.

We see that the constant term is the sum of two terms. The first term repro-
duces the original class from which we started. We assumed that w or w- X it is
in the positive chamber (see(9.10)). The second term is some kind of scattering
term which is the image of the first term under an intertwining operator. In
case a) the restriction of the second term gives a class in the same stratum, in
case b) the restriction of the second term gives a class in a second stratum.

At this point I formulate a general principle

Under certain circumstances the second term is of fundamental
arithmetic interest, it contains relevant arithmetic information.
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To exploit this information we have to understand several aspects of the
behavior of this second term in the constant term. We have to recall that is
obtained as the evaluation of a meromorphic function C(of, A, 2) at z = 0,
i.e. we have to know whether it has pole at z = 0 or not. We also have to
understand the contribution C(0u, \)T°¢ | and we have to understand the
arithmetic nature of this term, it is a product and some of the factors yield
an algebraic number and the rest will have a motivic interpretation. This is
explained further down and in [Mix-Mot-2013.pdf].

We give some more detailed indications how such arithmetic applications
may look like. We assume that w- A is in the positive chamber and I(w) > I(w’).
Let us also assume that the Eisenstein intertwining operator is holomorphic at
z = 0. Then we have to look at

T,°*: Homp. (A*(g/8), Ind3 (g H,, @ My) — Hompe (A*(g/t), Tndii(s) Hor @ M)

(9.40)

The two complexes can be described by the Delorme isomorphism

Homy_ (A*(g/t), IndGE) Ho, @ My) <= @) Hompeu (A7) (ml) /6M), H, @ M(w - \)
weWP

(9.41)

Our intertwining operator respects this decomposition and we get
T (w) : Homyr (A (m) /6M)), Hy o @ M(w - X)) —

Hom epr (A1) (m&) /€M), Hyr @ M(w' - X))

Now we know that for regular representations M the cohomology H” (m, KM H, ®
M(w - A\)) is non zero only for v in a very narrow interval around the middle
degree (See [Vo-Zu], Thm. 5.5). If the difference |[(w) — l[(w')| is greater than
the length of this interval, then the following condition is fulfilled

In any degree T°%*(w) induces zero on the cohomology. (Tzero)

In this cases (and under the assumption that the Eisenstein series is holo-
morphic at z = 0) the Eisenstein intertwining operator gives us a section for the
Hecke-modules

Eisc : HQ*W)(S[A%M M(w-N) @ C)(of) = HISE,,My®C)  (9.42)

9.4 The special case Gl,

Our group is Gl,/Q and we choose a parabolic subgroup P containing the
standard Borel subgroup and with reductive quotient M = Gl,,; x Gl,,, X -+ %

Gl,,,. We want to construct Eisenstein cohomology classes in H*® (Sf;‘ f,/\;l AC)



9.4. THE SPECIAL CASE GLy 333

starting from cuspidal classes in H'(apng,/\;lA,(c). For an element w € WP
we write

w()‘ + p) = H(l) - bl (’LU, )‘)ryn1 - b2(w> /\)77114'712 +eee = bT(w7 )‘)’Yn1+'“+nr71 + do.
(9.43)

It is the sum of the semi simple part (with respect to M)

Y = (o + by 1V ) + BtV ey D1V 1) -
(9.44)

:M§1)+"'+N7(~1)

(9.45)

and the abelian part ;2.

We assume that b;(w,A) > 0 i.e. w(A+ p) is in the negative chamber and

we also assume that the ugl) are self dual, this is a condition on A, w. We
decompose the strongly inner cohomology

ngsp(apsgf,/\;l,\) = @ @ IndgH&fsi)(w)(S%yava\)(gf) (9.46)

weW?r a;

The Kiinneth-theorem implies that oy = 01,5 ® 02, ® --- ® 0y,. At an
unramified place p then this module has a Satake parameter

wp(og) ={wip, s Wnipr Wnit1,py -+ s Wnybna,py -« -

where the first n; entries are the Satake parameters of o1y and so on.
We choose an + : 2 — C. We take an irreducible submodule H, then we

find an irreducible (g, K!)-module H, and an embedding
®:H, ®Hy ®p,C=Hs = Cousp(M(Q)\M(A)) (9.47)
For z = (z1,22,...,2r-1), 2; € C we define the character
IvPlE = 170 I Y 4na |7 - g dmg g,y |77 1 M(A) = CF
By the usual summation process we get an Eisenstein intertwining operator
Eis(a,z) : [FHy @ [yp[* = A(G(Q)\G(A)) (9.48)

the series is locally uniformly converging in a region where all f(z;) >> 0 and
hence the Eisenstein intertwining operator is holomorphic in this region. We
know that it admits a meromorphic extension into the entire C" 1.

We want to evaluate at z = 0 this is possible if Eis(o, z) is holomorphic at
2z = 0, we have to find out what happens at z = we have to consider the constant
term (constant Fourier coefficient) of Eis(o, z) along parabolic subgroups P;.
(See [H-C] ) These constant Fourier coefficients a given by integrals

FPflg) = flug)du. (9.49)
Up, (Q\Up, ()
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It suffices to compute these constant terms only for parabolic subgroups con-
taining our given maximal torus. It is shown in [H-C] that the constant term
evaluated at Eis(o, z)(f) is zero unless P and P; are associate, this means that
the Levi subgroups M and M are isomorphic. (For this we need the cuspi-
dality condition (See [H-C], )( But then we can find an element in the Weyl
group which conjugates M into M; and hence we may assume that P and P;
both contain our given Levi subgroup M. Of course now P; may not contain
the standard Borel subgroup.)

We may also assume that ny =no = --- =ny, <nj41 =+ =nj44, <

© < NjigoGea4l = 0 = Nj4.qj, = Ny, Then it is easy to see that the

number of conjugacy classes of parabolic subgroups which contain M is equal
to T'/]lljgljs'

We compute FF1 o Eis(a, 2)(f) following [H-C], . By definition (adelic vari-
ables in U(A), P(A), ...are underlined)

o Bisle.2(Ng) = | > flaugdu  (950)
Up, (Q\Up, (A) a€P(Q\G(Q)

Let Wy be the Weyl group of M, the Bruhat decomposition yields G(Q) =

Uwew P(Q\wP(Q), put Pl(w)(Q) = w 'P(Q)w N P;(Q) then our expression
becomes (we pull the summation over W to the front)

FPo Bise ) (N)lg) = Y

WA41 \WJ\I,Ml /WM

> [z (wbug)du

/UP1 (Q\Up, (A) bepl(“’) (Q\P1(Q)

(9.51)

where Wy, is the Weyl group of M. If now for a given w the intersection of
algebraic groups w™'U;w N M = V has dimension > 0, then this intersection is
the unipotent radical of a proper parabolic subgroup of M. Since ¢ is cuspidal
the integral over V(Q)\V (A) is zero, therefore this w contributes by zero. Hence
we can restrict our summation over those w € W which satisfy wMw™! = M.
let us call this set W1 But then

P{"”(Q)\P1(Q) = w™Up(Q)w N Up, (Q)\Up, (Q)

and the above expression becomes

Fi o Bis(e, 2)(/)(9) = Zwanwrrn /way S, @\0r, (4) Zvers @\vp, @ fz(wrng)de =

WA WA W S (10 U, \Upy () f2 (W00
(9.52)

Our parabolic subgroup P contains the standard Borel subgroup, let U, be the
unipotent radical of the opposite group. In the argument of f, we conjugate by

w, then Up NwUp,w™' \wUp,w™" = wUpw " NUp =Up’p .

FP o Eis(a, 2)(f)(g) = > f2(uwg)du (9.53)

—w =
War, \WM:M1 /Wy, Up'p, (A)
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We pick a w, the group M acts by the adjoint action on w*IU;’Pwlw and hence

by a character 55313)31 on the highest exterior power of the Lie-algebra of this
group. Then this operator sends

FPw o Eis(o,2) : IEH, © |ypl2 = I8 H_ 1 @ (p2)" " [600,]  (9.54)

ow

The integral is a product of local integrals over all places, we may assume that
f2= foo.z [ prime fp.z- and then

/W(A) fz(uwg)dU—/yw( Fooz (Moo Wgoo H/,w L (upwg,)

P,P; P (Qp)
(9.55)

and here the local integrals yield intertwining operators

T (0y,2)  ISH,, ® |ypl2 — IG5 H,

w
Dy

-1
@ hely 2@l (9.56)
Proposition 9.4.1. We can find local intertwining operators

T57P1’w7loc(ava ) IPH ® |’7P|7j - IP1H w1 @ |’YP|7J £® |6P Py |U (957)

O'

which have the following properties

a) They are holomorphic and nowhere zero in Rz; > 0 (we are still assuming
that p is in the negative chamber.)

b) They have a certain rationality property ( For the case of finite places see
[Ha-Ra] 7.3.2.1, for the infinite places [Ha-HC ] )

c) At the unramified primes v = p they map the spherical vector to the
spherical vector.

and finally we have

/
]_-Pl,w o Ez's(g, é) _ C(w7P7 Pl,Qy g) TOI;’Pl’w’lOC(Uoo,é) ® ® T;’,Phw,loc(a_p’g)

p:primes

(9.58)

where C(w, P, Py,0,z) is a meromorphic function in the variable z. Therefore
these functions C(w, P, Py, 0, z) decide whether Eis(c, z) is holomorphic at z =
0, the poles of FEis(c,z) at z are the poles of the C(w, P, Py, 0, z).

,W

We compute these factors C(w, P, Py,0,z). By definition the group Up PP,
is a subgroup of U, and as such it it easy to describe. Recall that our our
group M is Gl,, x --- x Gl and this corresponds to a decomposition of Q" =
X186Xo®- - X, into subspaces and for any two indices 1 < i < j < r we define
G;,; to be the subgroup GI(X; & X;) acting trivially on all other summands.
For all pairs 4, j we define the cocharacters x; ; : G,, — T where x; ;(t) is the
diagonal matrix having ¢ as entry at place 4, and t ! at place j and 1 everywhere
else. We define w; j :=< x5, (1) > .

The intersection G ; N U;,’;,Ul is either trivial or it is the full left lower block

unipotent group U, ;4
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This tells us that the above integral can be written as iterated integral over
subgroups of the form U, ,(A). To be more precise: If U;”j;”l # 1 then we find
an index ¢ such that U;;y; is not trivial. In a first step we compute the local

P
unramified. We are basically in the situation, that our parabolic subgroup is

maximal. The group P’ = P N G, 41 contains the standard Borel subgroup,
P| = P; N Gjj,i+1 is the opposite and w = e. Then

integral fU_ 1 (Qp) f,S?Q (upwgp)du, at finite places where our representation o
i, D =

LMoy X 0y T+ bi(w, N+ < X122 > —1)
LCOh(ain X 0-;/+1,p’ W'i,2i+1 + bi(wa )‘)+ < Xii+1, 2 >>
(9.59)

Op(eapl7pllaga§) =

A standard argument (See Langlands, Kim, Shahidi ) tells us that we can
reduce the computation of the iterated integral to situations like the one above
and then we get at unramified places
LM (04 X 0 W55 4 by (w, )+ < Xij,2 > —1)

LCOh(O'i,p x oY w;j + bi,j(w,)\)—i— < Xij, 2>

7,p?
(9.60)

Cp(waP7P1aQ7§) - H

.3

Here the indices 7, j run over those indices for which U; ; C U;”;D‘i, and b; j(w, \) =<
Xijo 17 >

Now we define Cy(w, P, P1,0,z) for all places v by the above expression,
where we express the the cohomological L factor by the automorphic Rankin-
Selberg L factor with the shift in the variable s. We go back to equation (9.58
) and define

O(waP7P1aQ7§):HCU(wapaplagaé)' (961)

We from the above proposition (9.4.1) that the factors C(w, P, Py, 0, z) de-
termine the analytic behavior of Eis(c,z) at z = 0. We have to exploit the
analytic properties of the Rankin-Selberg L-functions. Here we have to use
Shahidi’s theorem which yields -(always remember that p is in the negative
chamber-) B

LCOh(Ui,p X U;’{pﬂ % —+ bi,j(ug >\)+ < Xi,js 2> —1) (962)

is holomorphic at z = 0 unless we are in the following special case:

a) In the product in formula ( 9.60) we have factors (i,7 + 1) where n; =
o) = pD, an b, ) = 1.

b) The pair o; X 0;41 is a segment, this means that o; ® det; = 0441

If these two conditions are fulfilled then C(w, P, Py, o, z) has first order pole
along z; = 0.

The denominator is always holomorphic and never zero at z = 0. (This is a
deep theorem: it is the prime number theorem for Rankin-Selberg L-functions.)



9.5. RESIDUAL CLASSES 337

9.4.1 Resume and questions

We see that we get an abundant supply of cohomology classes: Starting from
any parabolic P and an isotypical subspace Indch'Jsgw)(S%M,Mw. A(ay) we
¥

get the Eisenstein intertwining operator (See equation (9.48)). We analyze what
happens at z = 0. If it is holomorphic we get a Hecke invariant homomorphism

Eis®(0) : H*(g, Koo, Ind0o @ M) ® IndgH,, — H*(SE,, Mc)  (9.63)

We can restrict these cohomology classes to the boundary and even to bound-
ary strata GQ(SI%,M) where ) runs over the parabolic subgroups associate
to P, or more generally those parabolic subgroups which contain an associate
to P. This means that the class ”spreads out” over different boundary strata
These restrictions to these other strata are given by certain linear maps which
are product of ”local intertwining operators” times certain special values of L
functions.

In certain cases this ”spreading out” is highly non trivial. We have to clarify
some local issues. First of all we have to find out whether the local intertwining
operators are non zero and have certain rationality properties. Especially we
have to show that these local operators at the infinite places induce non zero
maps between the cohomology groups of certain induced Harish-Chandra mod-
ules. And we have to show that these maps on the level of cohomology have
rationality properties. ([Ha-HC] , [Ha-Ra], 7.3, )

If these local issues are settled then we can argue: The image of the co-
homology H*(S% f,M) in the cohomology of the boundary is defined over Q
(or some number field depending on our data). Since the L— values enter in
the description of this image we get rationality statements for special values of
L-functions.

This has been exploited in some cases ([Ha-Gl2], [Ha-Gln], [Ha-Mum]) and
the so far most general result in this direction is in [Ha-Ra] (See previous sec-
tion).

But in case we have a pole we may also produce cohomology classes by taking
residues, again starting from one boundary stratum. The restriction of these
classes to the boundary will spread out over other strata in the boundary and
we may play the same game. In this case the non vanishing issue of intertwining
operators on cohomological level comes up again and will be discussed in the
following section. (See Thm. 9.6.1)

We also will encounter situation where a pole along a plane z; = 0 (or
may be even several such planes ) ”fights” with a zero along some other planes
containing zero. Then this influences the structure of the cohomology. But
how? This question has been discussed in [Ha-Gln]. Is the order of vanishing
along this zero visible in the structure of the cohomology? Or is it visible in the
structure of the cohomology of the boundary, or in the spectral sequence?

9.5 Residual classes
We have seen that our Eisenstein classes may be singular at z = 0. In this section

we look at the extremal case that Eis(o,z) has simple poles along the lines
2i =< Xn;ni+1,2 >= 0, In this case we call these Eisenstein classes residual.
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It follows from the work of Moeglin-Waldspurger [M-W] that this can only
happen under some very special conditions.

We start from a factorization n = uv we look the parabolic subgroup P, ,
which contains the standard Borel subgroup and has reductive quotient Gl x
Gl, x --- x Gl,. The standard maximal torus is a product T = Hl 1 T; and

accordingly we have X*(T') = @Z ! X*(T;). We have an obvious identification
T, = GY,.

We choose a highest weight A = 3 a;y; + dd, we assume that it is self dual,
i.e. a; = an—;. We have a restriction on the character u = w-A = w(A+pn)—pn,
we must have

wA+ pn) — pnv =biy) +bed 4 b1y — (u D
+b17f\iu + bQ’}/%_u + -+ bu_lfy%_l — (u+ 1)vyay +

bw(J\f_1)u+1 + b27§/[ +oeet bu—l'}’%—l + dyuw (9.64)
where 7,, = § = det. The highest weight is a sum p = 3 p; where

pi = Y — dydet; and d; — diyq = —1. (9.65)

where the semi simple component pu™ = biyM 4+ boyd? 4 -+ 4 by 1M, =
bw{\iu + bg’yé\iu + o+ by ... is "always the same”. We notice that
of course we have the self duality condition b; = b,_;. Furthermore we have

S d; = —d.

We define
D, = Q) Dy, (9.66)
i=1
and start from our isotypical Hg,, (S IAfM, D, &M .2) (o). The Kiinneth formula

yields that we can write oy = oy ; X 0'2 f X -+ X 0y, 5 where all the o; ¢ occur
in the cuspidal cohomology of Gl,, hence they may be compared. The relation
(9.65) allows us to require that 0,41 5 = 0y y ®16|. If this is satisfied we say that
oy is a segment. We assume v # 1 and hence P # G.

We know that under the assumption that o is a segment (and only under
this assumption) the factor C(o, wp, z) has a simple poles along the lines z; = 0,
and this is the only term in (??) having these poles. The operator 7'°¢(c, 5) is
a product of local operators at all places

TIOC(O', Z) Tloc 0_007 >< H Tloc O'p7

and the local factors are holomorphic as long as R(z;) > 0. We take the residue
at z = 0 i.e. we evaluate

HZ’ )FF o Eis(o ® 8)|,=0 = Hzl (o, wp, 2)| =0T (0, wp, 0)(f) (9.67)
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This tells us that the residue of the Eisenstein class gives us an intertwining
operator
Res.—o Bis(o @ 2) : *Ind (5D, @ Vy, = L3 (GQ\G(A) /Ky, wiif, |s@p)
(9.68)
The image J,, ® J,, is an irreducible module ( this is a Langlands quotient)

and via the constant Fourier coefficient it injects into aIndIGDEg)DH/ @ Voo At
the infinite place we get a diagram

Gy T(D)
IndipD, — — o,
(9.69)
Ind i35 Dy

It is a - not completely trivial - exercise to write down the solutions for the
system of equations (9.64). We start from a highest weight of a special form

A= a1V, + a2y2y + -+ Ay—1Y(v—1)u T dé (970)

which in addition is essentially self dual, i.e. a; = a,_; the number d is uninter-
esting and only serves to satisfy the parity condition.

We choose a specific Kostant representative wy, , € WP whose 7- it is the
permutation in the letters 1,2,...,n given by the following rule: write v =
i+ (j — v with1 < < w then w,,,(v) = j+ (i — 1)v. Then we compute

wy, (A + pn) — py € X*(T x E) and we get

(wi,o(A +pn) — pn) =
(a1 +v—DYM + (ag + v — DY + (a1 +v — DyM,
(al 4+ v - ]-)’Y{\q{u + (a2 + v — 1)’}/%u + (aufl +v— 1)’71])/£1+u

(a1 +v— 1)Vﬁ(v_1)u + (a2 +v — 1)’Vévi(v—1)u + At (@u-1+v— 1)734—1+(v—1)u)+
(9.71)

The length of this Kostant representative is

l(w;wv) =n(u—1)(v—-1)/4.

Let wp be the longest Kostant representative which sends all the roots in Up

to negative roots. Then we define the (reflected) Kostant representative w,, , =

wpw,, . We get

WA+ p) —p=p=(a1+v =1+ + M)+

(@1 +o =Dl + 70l + -+ ’Yqiw—u-(u—l)u)+
_(u + 1)(711 +vou + -+ ’Y(v—l)u) +dé . (972)

Hence we see that we the semi simple component stays the same and the abelian
parts differ by 2(vy +y2u + - + Yw-1)u)) We see that we can solve ( 9.64)
provided b; > v — 1.
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The identification J,  — A44()\))

Of course we expect
H*(g, Koo, Jo. ® M) # 0. (9.73)

In the paper [Vo-Zu] the authors give a list of irreducible (g, K ) modules
A4(X) which have non trivial cohomology H*(g, Koo, Aq(A) @ M) # 0. This list
contains all unitary modules having this property. On the other hand we know
that any such unitary Aq()\) can be written as a Langlands quotient. In the
paper of Vogan and Zuckerman it is explained how we can get a given unitary
Aq4(N) as Langlands quotient, basically this means we construct a diagram of
the form (9.69) but where now we have A4()) in the upper right corner instead
of J,__. In the following section we describe a specific Aq()\) and write it as
a Langlands quotient (i.e. we find its Langlands parameters) this means we
determine the upper left and lower right entries and then check that these entries
are the ones in diagram (9.69). From this we will derive the following

The map

H*(9, Koo, Jo.. @ M) @ Jo, — H*(SF,, M) (9.74)

is mon zero in degree l(w,, ) = n(u —1)(v —1)/4.

See Theorem (9.6.1)

9.6 Detour: (g, K,)— modules with cohomology
for G = Gl,

I want to fix some notations and conventions.
Let 7'/Q be the maximal torus in Gl,, /Q, let T(™) = SI,,N\T. We put r = n—1.
We have the standard basis for the character-module X*(T):

€iZT—>Gm,t|—>ti.

The positive (resp. simple roots) roots are o;; = e; — e;,4 < j, (resp.
a; = e; —e;y1.) We have the determinant 6 = Z? e;.
The fundamental weights are elements in X*(T) ® Q, they are defined by

: i
Y=Y e — =4,
n
v=1

these v; are the fundamental weights if we restrict to Sl,,, the image of ~;
under the restriction map lies in X* (7)),
From now on my natural basis for X*(7T') ® Q will be

{71,"'a7ia"'777“35}'

This basis respects the decomposition of 7" into T™ - G,,, the first factor is
its component in SI,, and the second one is the central torus.
We also have the cocharacters y; € X, (T™)) which are given by
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1 0 0 0
0o .
PR 0 0 t 0 0
Xi : 0 ... 0 ! 0
0 0 0 0 1
and the central cocharacter
t 0 O0.. 0
0 t
C:t— ]
0 0 -
0 0

We have the standard pairing (x,y) —< x,7v > between cocharacters and char-
acters which is defined by o x = {t — ¢<X7>}. We have the relations

< Xijs Vi >= 6ij7 < Xi,Q; >= 2

the character § is trivial on the y; and § o ¢ = {t — ¢"}. It is clear that an
element v = ). a;v; +dé € X*(T) if and only if the a;, nd € Z and we have the
congruence
Ziai =nd mod n.
We identify the center of Gl,, with G, via the cocharacter (, the character
module of G, is Z. Hence the central character w) is an integer and we find
wy = nd.

Actually this central character should be considered as an element in Z mod n
because we can replace d by r + d and then the central character changes by a
multiply of n. If A € XT(T™M) is a dominant weight then we write it as

)\ = Zal’yz

then we have a; > 0.

9.6.1 The tempered representation at infinity

We consider the group Gl,,/R, we choose a essentially selfdual highest weight
A= Z?_l a;y; +do(ie. a; = an—;) . The a; are integers and d is a half integer
which satisfies the parity condition

d e Zif nisodd,

an = nd mod n if n is even

|3

We want to recall the construction of a specific (g, K ) -module Dy such that

H*(g9, Koo, Dy @ M) #0
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and we will also determine the structure of this cohomology. This module is
the only tempered Harish-Chandra module which has non trivial cohomology
with coefficients in M. The center G,, of Gl,, acts on the module M by the
character wy : x +— z"¢. Since we want no zero cohomology the center S(R)
of G1,(R) acts by the central character (wy)gz' on Dy. The module Dy will be
essentially unitary with respect to that character.

We construct our representation Dy by inducing from discrete series repre-
sentations. We consider the parabolic subgroup °P whose simple root system
is described by the diagram

0o—X—0—X—-—0(=xX) (9.75)

i.e. the set of simple roots Io; of the semi simple part of the Levi quotient °M
is consists of those which have an odd index. Let m be the largest odd integer
less or equal to n — 1 then ., is the last root in the system of simple roots in
Tops. Of course m=n —1if nis even and m = n — 2 else.

The reductive quotient is equal to Gla X Glg X ... Gly(xG,, ), where the last
factor occurs if n is odd. This product decomposition of °M induces a product
decomposition of the standard maximal torus T' = [, ;.4q 75 (XG,,) and for the
character module we get

XH(T) = P X*(T)(@X"(Gm)) (9.76)
i:0dd

The semi simple reductive quotient OM(l)(R) is Ay x A1 x --- x A1, the number
of factors is

n if n is even
‘r=(m+1)/2=<2
r=(m )/ {”gl if nis odd
We also introduce the number
0 if
e(n) = L even (9.77)
1 ifnodd

We have a very specific Kostant representative wy, € WP, The inverse of
this permutation it is given by

wil ={1—1,2n3—24n—1....}.

The length of this element is equal to 1/2 the number of roots in the unipotent
radical of °P, i.e.

n(n—2) if nis even
Hwyn) = (9.78)
(n—1)2 ifn is odd

NS

=

We compute

waA o) —p= Y by M rds= Y b% +ds =D 4+ ds. (9.79)
ix odd i: odd
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(The subscript ., refers to unitary, it refers also to the length being half the
dimension of the unipotent radical. Here we have to observe that w - \ is an
element in X*(7T) but the individual summands may only lie in X*(T) ® Q =
Xo(T). Any element v € X*(T') also defines a quasicharacter yg : T(R) — R*
(by definition). But an element v € X§(T') only defines a quasicharacter |v[g :
T(R) — RZ, which is defined by |v|r(z) = |my(z)[*/™.)

To compute the coefficients b; we use the pairing (See7.1) and observe that
< Xi,V; >= 0;;. Then

bj =< Xj> wan(A +p) = p >=< Wil xj A+ p > — < x50 > - (9.80)

Now the choice of wy,, becomes clear. It is designed in such a way that

~
o
o
jen)

1 0 0
0 0 t
_ 0 0 1 0 0 _ 0 0 1
wunlxl(t) = 0 0 1 0 7wuan3(t) = 0 0
0 0 0
0 0 0 ... 0 ¢t

and for the general odd index j we have wylx;(t) = h(j11)/2 where for all
1 <v < n/2 we denote by h,(t) the diagonal matrix which has a 1 at all entries
different from v,n + 1 — v and which has entry ¢ at v and ¢t =% at n+1 —v. Then
hy, = {t — h,(t)} is a cocharacter. It is clear that

i(hw (1)) =

t ifv<i<n-v
1 else

This yields for j =1,....°r

baj—1 :Z(au+1) <hj, v > =< xjp>=( Z (ay +1)) = 1.

v j<v<n—j
We should keep in mind that we assume a, = a,_,. Then we can rewrite the

expressions for the b, :

2a; +2a;41+---+2an_1+an +n—25 ifniseven
bgjlz{ J I+l 21T 0% J (9.81)

2aj+2aj+1+-~-+2anT_1+n—2j if n is odd
The by;41 will be called the cuspidal parameters and we summarize

The baj_1 have the same parity, this parity is odd if n is odd. If n is even
then by;_1 has parity of az. We have b1 > b3 > -+ > by > 0. They only depend
on the semi simple part \(V).

By Kostants theorem

Wy * A = Wun (A +p) — p

—ooo:
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is the highest weight of an irreducible representation of °M. This irreducible
representation occurs with multiplicity one in H!{®w) (4o p, My).
The highest weight of this representation is

o (1) 3
Wyn * A = Wan (A +p) — p = Z b M+ d6 — (22 + 24+ e+ 2yt + §7m+1)
i:i odd
(9.82)

Digression: Discrete series representations of Gla(R), some conventions

We consider the group Glz/ Spec(Z), the standard torus T and the standard
Borel subgroup B. We have X*(T) = {y = a1 +dd|a € Z,d € 3Z;a+2d =0
mod 2} where

t1 0, _ ,g+d,—%+d _ t1.a d
(s )=t = an)

(Note that the exponents in the expression in the middle term are integers)

A dominant weight A = av; +dd is a character where a > 0. These dominant
weights parameterize the finite dimensional representations of Gls/Q. The dual
representation is given by A = a1 —dd. But these highest weights also parame-
terize the discrete series representations of Gla(R), (or better the discrete series
Harish-Chandra modules). The highest weight A defines a line bundle £_q~ 45
on B\G and

My = HY(B\G, Lo +45)

Then we get an embedding and a resulting exact sequence
0 — My — IS((—ay1 + do)r) — Dav — 0

and D,v is the discrete series representation attached to \V. ( Note the subscript
g can not be pulled inside the bracket!).
A basic argument in representation theory yields a pairing

IS ((—ay1 — dO)r) x IS (((a + 2)y1 + dd)r) — R

(here observe that 21 = 2p € X*(T)).
From this we get another exact sequence which gives the more familiar def-
inition of the discrete series representation

0 — Dy — IS(((a +2)y1 + do)r) — My — 0. (9.83)

The module D, is also a module for the group Ko = SO(2) and it is well
known that it decomposes into K., types

Dy=0C¢y..Cp_4 4 ®CY_4 2D CYyar2DChgry... (9-84)

(End of digression)
We return to our formula (9.82). The group

°M = H M; x (G,)
i:t0dd
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where M; = Gls. If T; is the maximal torus in the i-th factor, then the highest
weight is 'y; MY and let d; be the determinant on that factor. The indices 4
run over the odd numbers 1,3,...,m. If n is odd then let é,, : T' — G,,, be the
character given by the last entry. Then we have for the determinant

0

9.85
5 (9-85)

5:51+53+-~-+5m+{

We want to write the character 2vs + 2v4 + -+ 4+ 29—1 + %'ymﬂ in terms
of the &;. We recall that

Yo =6 — 24
Ya=061 40— 20
5 ) (9.86)
Ym—1=01+03 ++ dp2 — =4
and if n is odd
Vmt1 = 01 +53"'+5m*mT+15
Then the summation over the d-terms on the right hand side yields
1 0 n—1
—@4+8+---+2m—-1)— =— 9.87
— (m —1) {3(m+1) e e BENCR )

and if we take our formula (9.85) into account and also count the number of
times a §; occurs in the summation we get

(5 —1)014+ (5 —=3)03+ -+ (=5 +1)dpp—2 n=0 mod?2
2225y 4o 4 =S, - n2ds, else
(9.88)

3
22+ 2yt 21 F S = {

Let us denote the coefficient of d; in the expressions on the right hand side by
¢(i,m.) We recall that we still have the summand dd in our formula (??. Then

dé

mu=wa- A=Y b MY+ (eli,n) + d)s + { (9.89)
ix odd

We claim that the individual summands are in the character modules X*(T;)
(resp. X*(Gy,)). This means that

n—1

bivs MY 4 (c(i,n) + d)d; € X*(T}), — +dez. (9.90)

We have to verify the parity conditions. If n is odd the the parity condition
for X\ says that d € Z. On the other hand we know that in this case the b; are
odd and since the ¢(i,n) are also odd the parity condition is satisfied for the
individual summands.

If n is even then the parity condition for for A says that faz =nd mod n.
We know that the b; all have the same parity: b; = az mod 2. Hence need that
az =2d mod 2, but this is the parity condition for A.
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For any of the characters u; we have the induced representations ;i.m (i +
2p;) the discrete series representation D,,, and the exact sequence

0= Dy, — I (s +2pi) = My, — 0. (9.91)

The tensor product

= ® Dm ®C(7n

i:iodd

d) (9.92)

is a module for ° M.
Here we have to work with K. = K., N° M. This compact group is not
necessarily connected, its connected component of the identity is

KM e MO(R) = SO(2) x SO(2) x --- x SO(2) = K. MM,

An easy computation shows

KM=

oo

{5(0(2) x O(2) x ---x 0(2)) ifniseven ’ (9.93)

0(2) x O(2) x -+ x O(2) if n is oddE

since Ko, C Sl,(R) we have the determinant condition in the even case, in the
odd case we have the {£1} in the last factor and this relaxes the determinant
condition.

Under the action of Ko M)

we get a decomposition

@ ® @ Coe, (bt 2420,)) (9.94)

e i=1 v,=

occur with multiplicity one. Here ¢ = (..., ¢;,...) is an array of signs +1.
The induced representation (algebraic induction)

IndSp % Dy = Dy (9.95)

is an irreducible essentially unitary (g, Ko,) -module, this is the module we
wanted to construct. (To be more precise: We first construct the induced rep-
resentation of G(R) where G(R) is acting on vectors space V, consisting of a
suitable class of functions from G(R) with values in Dy, and then we take the

K finite vectors in V.) The restriction of this module to Kéé) s given by

(1)
IndKOM(l) @@ @ Ind”™ OM(UC% (bit2+2u1)) (9.96)

e i=1 v;=

(The last induced module is defined in terms of the theory of algebraic groups.

We consider K(%) as the group of real points of an algebraic group, namely the
connected group of the identity of the fixed points under the Cartan involution
©. Then K;OM s the group of real points of a maximal torus. Then

K@
Indchjw(l) CwEi(bi+2+2Vi) -
{f|f regular function f(tk) =TI, e; (1)1 (0it2+2v0) f () for all t € K;M(1)7k € Koo}
(9.97)
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)

We compute the cohomology of this module
HomKoo (A.(Q/E), Dk X M)\) = H.(97 K<>07 D)\ ® M)\),

i.e. the differentials in the complex on the left hand side are all zero. (Reference
to 4.1.4)

We apply Delorme to compute this cohomology. We can decompose °m =°
m® @ a then °¢ c° m™ and

Hom e (A*(g/8), Dy ® My) = Homeon (A*(*m/*t), Dy & My, )

Hom o (A*(*m) /°8), D ® May,,.2) ® A®(a).
9.98)

—~

If we replace K ;M on the right hand side by its connected component of the
identity then we have an obvious decomposition

HOmK;M,(U (A'(Om(l)/ow, DM & Mwun,/\) = ® HomKé’: M, (1) (Ao(om(i,l)/oei)’ Dbi ® ./\/lbl)
i1 odd
(9.99)

the factors on the right hand side are of rank two: We have K MW SO(2)

and under the adjoint action of Ké;: M,(1) the module m(i’l)/"ﬁi ® C decomposes

m(V) /°¢' ® C = CPY, & CPY_

(See [Sltwo.pdf]) Then the two summands are generated by the tensors

wi 4 = PX+ ® Yy, 42 @M_p,, Wi — = Pi\f, R Y_p_2 @ My, (9.100)

where m4 3,y is a highest (resp.) lowest weight vector for Kf;OOM acting on
My-x- On the tensor product on the right we have an action of the maximal
compact subgroup O(2) x O(2) x - - - x O(2) and under this action it decomposes
into eigenspaces of dimension one. These eigenspaces are given by the product
of sign characters € = (€1, €,...).

Then it becomes clear that Hom on (A*(°m®Y) /€), Dy @ My,,,.2) is of
rank one if n is odd and for n even it d::ocomposes into two eigenspaces for the
action of the group O(2) x O(2) x---x0(2)/S(0(2) xO(2) x---x0(2)) = {£1}

Hom o s (A®(°m®) /°8), Dy @ My, 2) =
Hom o (A®*(*m) /°8), Dynyy @ Mupn))+ & Homgeons (A*(Cm) /%8), Dy @ Moy, n)) -
We have to recall that My = HY%w) (4o p, M) is a cohomology group in

degree I(wyn). The classes in the factors of the last tensor product lie in degree
1, hence the multiply up to classes in degree °r. This means that

Hi(g, Koo, Dy ® M) # 0 exactly for g € [[(wun) +° 7, l(wun) +n]  (9.101)

in the minimal degree °r it is of rank 2 or 1 depending on the parity of n.
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9.6.2 The lowest K., type in D,

The maximal compact subgroup K, is the fixed group of the standard Cartan-
involution © : g — tgfl. The subgroup °M is fixed under © and the subgroup
SO(2) xSO(2) x ---xSO(2) = KW = TY is a maximal torus in K. It is the
stabilizer of a direct sum decompositions of R™ into two dimensional oriented
planes V; plus a line Rz if n is odd, we write

R" =P Vi@ (Rz) (9.102)

The Cartan involution is the identity on our torus 77/R. This torus can
be supplemented to a ©®— stable maximal torus by multiplying it by the torus
Ty spiit which is the product of the diagonal tori acting on the V; in (9.102)
times another copy of G, acting on Rz (if necessary). So we get a maximal
torus T = 1Y - T1 spiis. Obviously T is the centralizer of T and the centralizer
of Ty spiit is the group °M.

If we base change to C then 77 splits. We identify

SO(2) = (_“b Z) (9.103)

and then the character group X* (T x C) = @Ze, where on the v-th component
a b

evilp 4 — a+bt = a+by/—1. Then this choice provides a Borel subgroup
B, D T7 x C, for which the simple roots af,as, ..., as, are

€1 — €9,69 — €3,...,€0._1 — €op,Con_1 + €0, for n even

€1 — €3,65 — €3,...,Cop if n is odd

(See [Bou] ). For n even we get the fundamental dominant weights

e1t+e+---+ey, fv<°r—1
Y= 3(ertest - teq—e,) ifv="r-—1 (9.104)
slerteat o teogten) ifv=°r

and for n odd we get

. {61+€2—|—-"+ew ifv<®r (9.105)

v %(el +es+ - +eo.) last weight

An easy calculation shows

i:g‘e, _ {(91 — 92T+ (92 = g3)V5 + -+ (gor—1 — gor)¥er1 + (gor—1 + gor)7é,  n even
1T T

: (9

=1

1= 927 + (92 = 93)7 + - -+ (gor—1 = gor)yor—1 + 2g0r76, n odd
(9.106)
The character Z:ll gie; is dominant (with respect to B, ) if
g1 > 92> ... Gor—1 > Egor if n is even (9.107)
G12922 2 Ggor—1 = gor 20
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Under the action of Kéé) the (g, K((xl)))— module D) decomposes into a direct
sum

Dy = P Dar(O,) (9.108)

where ¢ € X*(T° x C) is a highest weight, ©,c is the resulting irreducible
K-module and Dy (0©,.) is the isotypical component.
We introduce the highest weight (see (9.81))

/1,8()\) = (bl + 2)61 + (bg + 2)62 + -+ (bgor,1 + 2)6or (9109)

and and in terms of our dominant weight A this is

c(\) = {2(@1 + )95+ -4 2(aep—1 + 1), _1 + 2(a0r—1 + aor +3)75,  if nis even
I+
1

Ho 2(ar + 1)AE + -+ + 2(asr + )%, if n is odd
(9.110)
For A = 0 we get an expression (not depending on the parity of n)
ue(0) =295 + - - + 2961 + 675, (9.111)

In the case that n is even the group K, contains the element # which maps
e; — e; for i <°r —1 and eo,, — —eo,. or what amounts to the same exchanges
~v$,._; and 7§, and fixes the other fundamental dominant weights. Then

5(A) = D(§(N) = 295 + -+ + 695,y + 295, + D(X°) (9.112)

Proposition 9.6.1. If n is odd then the Kéé)— type © 5 (x) occurs in Dy with
multiplicity one. All other occurring Kc(i;) types are “larger”, i.e. their highest
weight satisfies p® = pS(N) + > niaf with n; > 0. We have

H*(g, Koo, Dy @ M) = Homy_ (A*(9/€), 0 pc(n) @ M))

If n is even then the (g,Kc(é)) module Dy decomposes into two irreducible
sub modules
_mnt -
Dy =Dy ®Dy.
The K&l,) types O ey resp. Ope(n) occur with multiplicity one (resp. zero ) in

ID);\F( resp. Dy ). They are the lowest K&l)) types respectively. We have
H*(g, K&, Dy @ My) = H* (9. K&, D @ My) @ H*(g, KL, Dy @ M) =

HomKéé) (A*(g/®), @;LS(A) QM) D HomKéé) (A*(g/®), @ﬂ(c)(,\) ® M)
Proof. For two fundamental weights we write p¢ > up¢ if p¢ is "larger” than
1§ in the above sense. We start from ( 9.96 ) and consider a single summand

)

Indii"Mm Cte, (b, +2+2v,)- This induced module decomposes into isotypical mod-
ules

K@ KO

KioM(l) Cwsi(bi+2+2ui) = @ IHdKi"M<1> C¢si(bi+2+2ui)(@uc) (9-113)

e

Ind
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where ;¢ runs over the set of dominant weights, where ©,c is the irreducible
)

module of highest weight ¢ and where Indg‘;"MmCwsi(biﬂﬂm(@“c) is the

isotypical component. If we pick any dominant weight u¢ then Frobenius reci-

procity yields that

. K . e
O, occurs in Indszu(l)C¢5i(bi+2+21’i) with multiplicity k£ < (9.114)
t= 11, e; ()% (biF2+2v4) occurs in O, with multiplicity k&
and if & > 0 this implies p° >t — [, e; (1)1 t242v) (1) Tt it easy to see that

)

we get minimal K. é}; types only if all v; = 0. But

(1,1,...,1,£1) if n even
(1,1,...,1,1) if n odd
(9.115)

o o
I

t— H ei(t)5®+2) is dominant <= {
J

and in the n even case these two characters are exactly u§(A) and G§(\) and in
the n odd case this character is pu§(\).
O

9.6.3 The unitary modules with cohomology, cohomolog-
ical induction.

We start from an essentially self dual highest weight A and the attached highest
weight module M. In their paper [Vo-Zu| Vogan and Zuckerman construct
a finite family of (g, Ko) modules denoted by Aq(X\) which have non trivial
cohomology with coefficients in M., i.e.

H*(g, Koo, Aq(A) @ M) #£0

They also show that all unitary irreducible (g, Ko ) -modules with non trivial
cohomology in with coefficients in M. are of this form. We briefly recall their
construction and translate it into our language and our way of thinking about
these issues.

We introduce the torus S'/R whose group of real points is the unit circle in
C* and we chose once for all an isomorphism

io: S' xg C = G,,,/C (9.116)
We consider the free Z module
Homg (S', T¢) = Homg(S',T1) = X, (T¢ xg C)

where of course the last identification depends on the choice of ig. We have the
standard pairing < , >: X, (Th xg C) x X*(T} xg C) — Z.

The first ingredient in the construction of an A4 () is the choice of a cochar-
acter x : St — T, (defined over R). From this cocharacter we get the centralizer
Zy , this is a reductive subgroup whose set of roots is

Ay ={aeACX*(Ty xgC)| < x,a>=0}.
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We can also define
AT ={a| < x,a > > 0},

this set depends on the choice of iy (see (9.116)). This provides a parabolic
subgroup P, C G xg C whose system of roots is A, UAT. Clearly ©(Py) = Py
hence P, is the ©-stable parabolic subgroup attached to the datum yx. This
parabolic subgroup is only defined over C, if we intersect it with its conjugate
Px then we get the centralizer Z, of x. We relate this to the notations in [Vo-
Zu]: the q in Aq()) is the Lie-algebra of P, the group Z, is the L. Let u,
be the Lie algebra of U,. The datum x determines the q in Aq4(A). We could
introduce the notation Aq(\) = A, (A). Since T} is the centralizer of 7. we can
find a generic cocharacter xgen such that Py, = B. our chosen Borel subgroup
in °M.

To a highest weight A which is trivial on the semi-simple part Z>(<1) Vogan-
Zuckerman attach an irreducible unitary (g, Ko ) module Aq(X) such that

H*(g, Koo, Ag(\) @ M) # 0.

Vogan and Zuckerman show (based on results of many others ) that all the
unitary irreducible (g, K ) modules with non trivial cohomology in M, are
isomorphic to an Aq(X).

Furthermore they give a description of the K. types occurring in Aq(\)
especially they show that Aq()) contains a lowest Ko, type. This lowest K-
type is given by a dominant weight which obtained by the following rule:

We consider the action of the group K., on the unipotent radical U, and
on the Lie algebra u, and the restriction of this action to T7. The torus T} also
acts on u, and under this action we get a decomposition into one dimensional
eigenspaces

= @
acAy

let us choose generators X, in these eigenspaces. We observe that the roots
a,0a € AT induce the same root a, on Tf. The vector V,,. = X, — 00X, € Uy
is a non zero eigenvector for 77 and

uNEeC = € v,
(a,0a)eAf

the sum runs over the unordered pairs. Then
peGA) = Y act A (9.117)
(a,@a)eA;

is a highest weight of a representation ©,, () of K. () and this is the lowest
K(gé) type in Aq(X). We get

H.(gv Kc(x13)7 Aq()‘) & M)\) = HOHIKS) (A. (g/?), Aq()‘) [ M/\) = Hong) (A.(g/é)a @yg(x,)\) & M)\)
(9.118)
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The module is determined by these properties:
1) It has non trivial cohomology with coefficients in My

2) It has p.(x, A) as highest weight of a minimal K, type. (See Thm. 5. 3
in [Vo-Zu].)

Recall that our aim at this moment is to identify the module J,_ to an
Aq(N), and to achieve this goal we exhibit a list of very specific Aq(\)’s.

Comparison of two tori

We need to compute p.(x,A) and to achieve this goal the author of this book
modifies the Cartan involution in order to do the computation in a split group.
Our standard torus 7' is contained in the standard Borel subgroup B of upper
triangular matrices. Let wg be an element in the normalizer of T" which conju-
gates B into its opposite Borel subgroup. If we replace our Cartan involution
by ©1 = woO then O, fixes T" and the Borel subgroup B. This is not a Cartan
involution, but it is easily seen that it is conjugate to © over Gl,(C). and

t 0 0 .. =1 0 0
0 ty ... ... 0t ... ..
©:fo 0o -~ o ...|=]lo o . 0 .. (9.119)
0 tn1 0 ty!
0 tn 0 tt

We can decompose T' up to isogeny into a torus 7. on which ©; acts by the
identity and a torus Tipy¢ where it acts by x x 1

tt 0 0 ti 0 0
0ty 0 to
T.={lo o 0 ... |tresp Tpwe={|0o o . o ..}
0 ty! 0 oty
0 ! 0 t1

It is clear that a suitable permutation matrix conjugates Ti spiix into Typiit.
This permutation matrix maps the centralizer of T gpii¢ (Which is °M) to the
centralizer ° M’ of Ty and the anisotropic torus 77 to an anisotropic torus Tf’
in °M’. Then we can find an element m € °M’(C) which conjugates T¢' x C
into T.,.

The composition of these conjugations provides an identification of the char-
acter modules X* (T} x C) = X*(T) which respects the product decompositions
and hence we get

X*(T¢ x C) = X*(T,). (9.120)

We choose our conjugating element m such that the e; € X*(TF xC) are mapped
to the element ¢t — ¢; (for i =1 to °r ).

Inside X*(T') we have the dominant fundamental weights ~1,...,v,—1, let
7: be the restriction of v; to T¥ then we have 3, = 4,_,. We can interpret the
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7; also as elements in X*(T} x C) ® Q we require that the restriction of ¥; to
T spiit is trivial. Then we can write

P =

Lin. ) ifi£ 2
~. {2(774 + /ynfl) lf ¢ 7é 2 (9121)
Yi else

We can relate the dominant weights ¢ and the #;: If n is even then

. _ o , _ 1_ X 1_
Vo=" for 1 <v <®r—1, 4, 1 =For_1— 57 Vo = 57er (9.122)
For n odd we get
1
75 = /Yl/ for 1 S v <O r, ’Ygr = 5/707‘

The Borel subgroup B is invariant under ©1, the root subgroup U; ;;1 < i <
I < nis conjugated into Uy, 41—jnt1—s- Inside the unipotent radical we have the
half diagonal of spots (°r,° r +1+2¢(n)),...(2,n—1),(1,n) The involution is a
reflection along this half diagonal and the spots on the left of the half diagonal
form a system of representatives for ~ ©;. Of course we have a corresponding
Borel subgroup By D 171 x C of G x C.

Proposition 9.6.2. Under the above identification the restrictions of the vy,
to T, are equal to the e; in X*(Tf x C).

We want to compute p.(x, A). By definition this is an element in X*(T, x C)
using the identification in (9.6.3) we carry out this computation in X*(T¢). A
cocharacter x : G,, — T, is of the form

tme 0 0
0 tm
X:t— 0 0 . 0
0 .o tT2
0 tTm

since we want P, D By we require m; > mg > mo, > 0. (If n is odd then there
is an meo,y1 = 0). Let us start with the regular case, this means that all > signs
are actually strict, i.e. > signs. Then it an easy computation that

ne; + (n—2)eg + -+ 4+ 2e0,. + Ao if nis even

o (9.123)
ne; + (n—2)eg + -+ 3eo,. + A\c  if nis odd

Nc(Xreg; )\) = {

The set A;eg is the set of roots of B modulo the conjugation ©,. Hence we
see that

Nc(Xregv A) = N(C)()‘)'

The interesting contribution is in fact ic(xreg,,0) and this is the number g
in (9.111) We can express fi¢c(Xreg, 0) in terms of the fundamental weights +; (or
the 9;) we use the formulas (9.122). We get

279, n=0 mod 2
fre(Xreg: 0) = 21 + 290 4+ -+ 25er 1+ 4 T (9.124)
6%, m=1 mod 2
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If x is not regular then the relevant information extracted from y is the list
tX = (t17t2a cee 7ts§t0)

(the type of x) where the ¢; are the length of the intervals where the m; > 0
are constant, i.e. m1 = mo = -+ =My, > My 41 = -+ = My 44, > .... The
number ¢g is the length of the interval where m; = 0. The O stable parabolic P,
subgroup only depends on t,,. The types t, have to satisfy the (only) constraint

2> t,+to=n (9.125)

The regular case corresponds to the list (1,1,...,1;0 or 1). In the general case
we get a decorated Dynkin diagram where the crossed out roots are those where
the m; jump.

—X—0—0—0—X—X—-0—:+++—0—X:++X—0—:+-—0

This decorated diagram is symmetric under the reflection ¢ — n — i. We look
at the connected component of o-s. These components come in pairs unless the
component is invariant under the reflection, i.e. it is central. The non central
pairs

e =
XV
’ Qs aju an_ju Qn—i,

(9.126)

v

are labelled by the indices v for which ¢, > 1, and are of length t,—1 = j,—i,+1.
(The meaning of the indices i,,j, is explained in the diagram). The central
connected component is of length ¢y — 1, of course it may be empty. We write
it as

Ty = (9.127)

Qi

where of course i = n—jo. Let 7, be the union of these connected components.
Let A be the set of positive roots which are sums of roots in ,.

To compute 1.(x,0) we have to subtract from fic(Xreg,0) the sum of roots
in A with j, <°r and the sum of roots in Af/{01}.
A simple calculation shows that for v > 0

i=Jju
20" =" i+ i — (b = D) (¥ip—1 + Vi 41) (9-128)

=1,

where we put v_1 = 7, = 0. This means that subtracting 2p) from the sum
which yields fic(Xreg, 0) has the effect that the sum Y70 5 + v,i = 235
cancels out and we have to add (¢, —1)(vi, —1+7i,+1). Observe that i, 1, j,+1 &
. We still have to subtract the contribution from the central component Af.
We have to sum the roots in Aj /{©1} this means that we take half the sum of
all roots and add half the sum of the symmetric roots. This yields

Lo - 1
2% = S ((Go — o + Devig + -+ + (o — o + Dajy) + 5 (aig + -4+ + ) =
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((jO*i0+2)0710+-~+(...)o‘¢or

we see again that the sum Y., o Vi drops out and we have to add a term

to(Vig—1 + Vig+1)-
Hence we get: Let 7§, be the union of the 77, and 75. Then

pe(x,0) = > 2+ (X, 0)7f

igns

where

Ci(X’O):{(tul)Jr(t,ﬁl) if v £ 0 9129)

(ty— — 1) +t,+ if v =0

and where t,— — 1 is the length of connected component directly to the left of
i, —1 and t,+ — 1 is the length of the component directly to the right of 7, — 1.

If we have chosen a highest weight A = > a;7; then we require a; = a,41-; >
0 and we must have a; = 0 for all ¢ € 7. Then

(6 A) = D (24 cilx, 0) + 2a:)75.
€Ty
For us a special case is of interest. We decompose n = uv and take X, ., = X
of type t, = (v,v,...,v). Hence the reductive quotient of the © stable parabolic
subgroup is MV = Gl x Gl, x - - - x Gl,, the number of factors is u. In this case
we get

o — o e — o— X — 00— 0O —--— o— X —O0...
aq Q2 Qy—1 Qy Oyt Q2y—1 Q2

(9.130)

so the indices outside m, are the multiples of v. Let us denote by q the Lie-
algebra of P,

u,v "

fe(Xuys A Z (2420 —1) + e())Vy + Ae (9.131)
vu<

m\:

where e(v) = 0 except in the case that °r € [vv, (v + 1)v] and then it is equal
to 1.

9.6.4 The Ay, ()\) as Langlands quotients

Let n = uv and q = qy,, as above. The parabolic is P, , , To realize 44, ,(A) as
Langlands quotient we apply the procedure described in [Vo-Zu], p.82-83. We
have to find a parabolic subgroup P C Gl,,/R and a tempered representation
0so Of M = P/U such that

a) our A is a character on P,

b) the module *Ind Pg]RgUOO has the right infinitesimal character,



356 CHAPTER 9. EISENSTEIN COHOMOLOGY

¢) the module Indggﬁgam restricted to Koo contains pic(Xu,v, Ac) as minimal
K type.

To get our parabolic subgroup we choose a cocharater 7, , : G, = T, this
cocharacter is defined as

tv 0 0
0 ¢!
0 0 R
tnu(t)=10 tt (9.132)

0 tv
0 t'u—l
0

i.e. we have u copies of the diagonal matrix diag(t”,t*~1,...,t) on the diagonal.

This cocharacter 7 = 7, (t) yields a parabolic subgroup P, which contains
the torus and has as roots A, = {a| < n,a >> 0}. Its reductive quotient is
Gl, x Gl x - - - x Gl,, where the number of factors is v. The embedding into Gl,,
is not the obvious one and P, does not contain the standard Borel subgroup of
upper triangular matrices.

To describe the relation between these two groups we denote by eq,¢2,...,¢,
the standard orthonormal basis of our underlying vector space R™. Then we
group these basis elements

{{21, ey ev}7 {{e'u-&-l, ) 821)}7 RS {e(u—l)v+la ey euv}}

and this grouping yields a direct sum decomposition

R"” = (Rey @ - - ©Reyy) @ (Reyy1 D+ - D Regyy) @ -+ D (Regy—1)v41,- -+ Rewy) =

VieVae- eV,
(9.133)

and then MY = GI(V}) x - -+ x GI(V4,).
We get a second grouping of the basis elements

{{ela Cotlyeens e(ufl)v+1}7 {22a Cyt2y vy e(ufl)v+2}, e }a { .. euv}} (9134)

which yields direct sum decomposition
R™ = (Rey @ Rey1 @ -+ ®Re(u_1yo11) ® (Rea @ Reyyo @ - @ Rey_1ypy2) © ...

WieWed---p W,
(9.135)

and then M = Gl(W7) x GI(W3) x --- x Gl(W,) = Gl, x Gl, x --+ x Gl,. The
groups MY and M are mutual centralizers of each other.

The two groupings define two different Borel subgroups, the first one defines
the standard Borel B of upper triangular matrices and the second Borel B*
fixes the flag {e1}, {e1, e, 41} ... Let us denote by A\*, p*,wy, ,, ... the dominant

weight with respect to B*, the half sum of positive roots and so on. Our highest
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weight X is trivial on the semi simple part of M"Y it must be of the form (9.70)
Now we consider the highest weight for the group M

* * * * s, M *, M *, M
wu,v()‘ +p ) —p = px= (al +v-— 1)( + Vi+u to +’yl+(v71)u)+

(az +v =1 (™ +y5ls +- + 7§’+A(4u71>u)+

(aufl +v— 1)(7u 1 + ’Y; ]v{-‘ru +eee 7; A{-i-('u l)u)
—(u+ 1) (s +93, + -+ m_l)u) +do

(9.136)
We choose 0 = D+ (See (9.66))

We check the lowest K., type in Indg*DN*. To compute this lowest K,
type we write M = [[ M, where of course each M, = Gl,. Accordingly we
write T' = [[7,. The weight u* = > p where the semi simple part is ”always
the same”. We apply the considerations in section 9.6.1 to the factors M,,. We
take v = 1 then

*

pi=(ar+v—17+ (a2 +v—1)v + -+ (au—1 +v — 1)yii_; + d*dety,

Inside M; we have the subgroup °M; which is the reductive Levi factor of °P;
as in section 9.6.1 and we have the Kostant element w; . Then we consider
the character

« oM(l) _x.ab
fif = wiun(p] + p7) — p1 = Z bivy + " (9.137)
ix odd
where again the b} are the cuspidal parameters and they are given by
2a; +2a;41 + -+ 2021 +az if u is even

20+ 241+ + 2000 if u is odd
(9.138)

bEj_lzv(u+1—2j)—l+{

The abelian part ;" " does not play any role in the following ( The A in section
(9.6.1) is now uf and the mu in formula (9.89) is now ff) We renumber our
basis (9.134)

{fhf?a .. 'afu—lafua .. } - {elv ev+17 .. '7e(u71)v+1722a .. } (9139)

and decompose the space R™ into a direct sum of euclidian planes (plus a line
if n is odd)
R™ = (Rf1 @ Rf2) & (Rfs ®Rfa) & - - - & (Rfn).

and this provides a maximal anisotropic torus
T7 =S0(2) x SO(2) x --- x SO(2)
In analogy with section 9.6.2 we write

X*(T: ® C) = ®Lf; (9.140)
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where f; is defined in analogy with the e, in section 9.6.2.
We have

M = GI(Rf; ORf2 @ - ® Rfy) x - -+ X GURf(y—1)us1 © - © Rfuo)

and the intersection T = T* N M is a maximal anisotropic torus in M. It is
equal to T if u is even. If w is odd (and v > 1) then it is a proper sub torus,

if °ry, = “51 then

TrM =S0(2) x --- x SO(2) x{£1}x SO(2) x -+ x SO(2) x{£1}x

°r, factors spot w and u + 1 °r, factors
(9.141)

where the product of signs is one. To get the torus 77 we have to put another
SO(2) at the spots (u,u+1), (2u,2u+1),.... We apply the reasoning of section
(9.6.2) to the factors M,,.

The representation D,: = Ind%;VDﬁ;« contains as lowest K2v type the
representation with highest weight

(01 +2)f1 + (b5 +2)f2+ - + (30,1 +2) for,

where the b3, _; are taken from (9.138). This weight occurs in Dy Hence we see
that as a T, module the representation @D,z contains the weight (depending
on u even or odd)

{((bT +2)fi+ G5 +2)fa+ o+ (b3ep, 1 +2)for,)) + (07 +2) for, 1+ )+

(b7 +2)f1+ 05 +2)fa+ o+ (bhop, 1 +2)for, 1)) + (BT +2) for, 41+ ) + ...

(9.142)

This weight is not dominant, to get a dominant weight we have to reorder the
f, according to the size of the coefficient in front. Then we get a dominant
weight

W+ + i+ D+ o+ + e+ )+ (9.143)

and then formula (9.123) and the formula for the b} give us the following dom-
inant weight expressed in terms of the fundamental dominant weights

> Qu+e() +2a,)5%, (9.144)

. u
vivv< g

This is now the weight ic(Xu,u,A) in (9.123). Hence we see that ©,,_(y, ,.»)

occurs with multiplicity one in Dy,,,) : Indggﬁgﬂ)ﬁ and we get

Theorem 9.6.1. We have a nonzero intertwining operator : T (D) :

Indﬁé%[@ﬁ - [ndg%Dﬁ/ and get a diagram

R T0°9(D,,)
Ind S D — Ag(N)

(9.145)

1
®R)
I”dg(m) D
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The horizontal arrow is surjective, and the vertical arrow is injective. The map
induced by the vertical arrow in cohomology

H(g, Koo; Aq(N) @ My) —> H(g, Koo; "Ind (5D, @ M)

18 a bijection in the lowest degree of nonzero cohomology; this lowest degree is

; [zﬁ] N n(u— 12(11— 1).

4

Proof. We have an inclusion between the two complexes
Hom o (A*(g/8), Aq(A) ® My)) = Hompe (A®(g/8), Tnd3i D © M)

In the complex on the left all differentials are zero. It follows from the work of
Kostant that we have a splitting

Hom(A®*(up), My)) = H*(up, M) @ AC*®

where H® (up, M) is the space of harmonic forms (and this space is isomorphic
to the cohomology H®(up, My). ) and where AC*® is an acyclic complex.

We have Delorme’s formula

Homye (A*(g/t), Ind5{ D,y ® My) = Homye (A*(m/€¥), D,y © Hom(A*(up), M) =

Hom ar (A*(m/eM), D,y @ H* (up, M»)) & Hompr (A*(m/e), D,y ® AC®)
(9.146)

The (m/K2M) has a lowest K2) type 9(u'), which can be computed easily from
3.1.4 and we have

Hom gar (A®* (m/E"), D,y @H® (up, My)) = Hompu (A®(m/€M), Dy (9(1)) QH® (up, M3y)).

Using the formula in [Vo-Zu] for the highest weight of the lowest K-type
O(g,A) in Aq(N\) we see that ©(q, A) is the lowest K type in Indﬁ‘j\'}. This
implies that the map

Homp_ (A*(g/8), Aq(A)(O(a, A) ® My) = Hompen (A®(m/e¥), Dy @ H* (up, My))
(9.147)

is an isomorphism of vector spaces (but not of complexes). But since the complex
on the right is zero in degrees e < ¢ it follows that the classes in the image of
Hompg_ (A9(g/t), Aq(N)(O(q,A)) ® M) survive in cohomology.

O
We got to the global context, we have a diagram
K _
Jow @ Jof! = L (GQN\G(A) /Ky, wiy, |smo)
L FP (9.148)
G(A K
WDy @V = APQUANGA)/Ky)
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This induces maps in cohomology

H(g, Koo, Joy ® M) @ Joy/ —  H*(SE, My
L FF (9.149)
H* (9, Koo, “Ind {0 Dy @ My) @ Viy! < H*(0pSE,, M)

The left vertical arrow is non zero for e = ¢, the horizontal arrow in the bottom

line is injective for all values of e (Borel see ) hence the horizontal arrow in the
top line is non zero in degree o = q.

Of course we also should investigate the horizontal arrow in the to line in
all degrees, this question becomes delicate. To answer it we should invoke the
results in Franke’s paper [ | or we could work with proposition (8.1.4) or its
corollary (8.1.1).

In the extremal case u = n,v = 1 the parabolic subgroup P is all of G
and Aq(A) = Djy. In this case, and only this case, the representation A4(A) is
tempered.

In the other extremal case that v = 1,v = n the representation J,__ is
one dimensional - (basically it is the space of constant functions twisted by a
character on the group of connected components ) - in this case the map in the
top row is understood in terms of the topological model (Franke + Diploma
students).

9.6.5 Congruences

We formulate a condition (NUQuot ) (No unitarizable quotient) for the induced
module:

The induced module Ig(af) as module under the Hecke- algebra does not
have a mon trivial quotient which admits a unitary scalar product (here it may
be necessary to pass to the corresponding representation of G(Ay)).

The negation of this condition (UQuot) says that for all primes p the induced
module I§0, has a unitarizable quotient.

This condition has been discussed in [Ha-Eis] Kap. II, 2.3.

If we have (NUQuot ) then

Homyg (I§ (o), HY (SE,,M®C)) =0 (9.150)

this implies that the Manin-Drinfeld is valid and this implies that our above
section is defined over F, i.e. we get a unique section of Hecke-modules

Eis : Hq‘l(w))(S]J‘éM,M(w N\ ® F)(op) = HY(SE,, Mx® F).  (9.151)

Then is looks as if the second term is completely uninteresting, but in fact
it is not. In the lecture notes volume [Ha-Eis] we raise the question whether
it influences the structure of the integral cohomology HY (S% f,/\/l A®F). In

1
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some cases we have convincing experimental evidence that ”arithmetic” of the
ratio of special values

(9.152)

1 0 A (g 8P < oy 1D > —ab(w, \))
Vof) 41 Aeoh(gp, riP < 10, i > —ab(w, A) + 1)

has influence on the structure integral of the cohomology. Under certain condi-
tions the above expression is a product of an algebraic part and the value of a
motivic extension class. Primes dividing the denominator of the algebraic part
may occur in the denominator of the Eisenstein class and we will have congru-
ences (See (8.2.3),(??). This will be explained in the next section in the special
case of the group GSp,/Z.

Attaching motives to o777

The condition (NUQuot )) will be true if A is sufficiently regular but for non
regular weights it fails. If the weight is not regular then we may have a pole of
the Eisenstein series at z = 0. This possibility has to be discussed, it can only
happen if we have (UQuot). But even if we have (UQuot) we may not have a
pole.

Let us assume that we have (UQuot) and the Eisenstein operator is holomor-
phic at z = 0. Then we may have several copies of J(oy) in H? (ng,./\;h ® C).
This defines again an isotypical submodule H? (ng,M A® F)(dy). We get an
exact sequence

0 — HP (S, . My ® F)(d7) = X(og) = J(0f) = 0 (9.153)

This is a sequence of Hecke-modules over F, the section (9.42) provides a section
over C.

If our locally symmetric space ng the set of complex points of a Shimura
variety then we can interpret this sequence as a mixed motive. This motive has
an extension class in the category of mixed Hodge-structures

[X(07)]B-arn € Extp_apn(J(0y), HY (S, Mx @ F)(d5)) (9.154)

and in some cases we can compute this class (we have to look at a suitable
bi-extension) and express it in terms of the second term in the constant term
(See [MixMot-2013.pdf]. )

We have seen that in many situations the space S%M is not the set of complex
points of a Shimura variety and therefore we do not know how to attach a
motive or an ¢ adic Galois representation to it. (Sometimes we know how to
attach a motive to it but it is simply a Tate motive). But if it happens that the
module J (o) produces a non trivial submodule Hy (81% , MA®F)(67)) then the

situation changes and we can attach a Galois-module H (ng,/\;lA ® F)\) (7))

to it which contains a lot of information about o ;. Again we refer to ( [MixMot-
2013.pdf].) We have seen in [Ha-Eis| (3.1.4.) that this can happen.
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The motivic interpretation of Shahidis theorem

We go back to a general submodule g = 0}1) xa}z) =0y € Coh(H2,, (S, Mur),
‘ i

we drop the assumptions above. We assume that we can attach motives M(a;l), r1), M(O’;Q), 1)
where r; is the tautological representation. (Actually we do not need the mo-

tives it suffices to have the compatible systems of l-adic representations) Then

we can attach the Rankin-Selberg motive to this pair

Mgrs(of, Ad) = M(a}, 1) x M(0%?,71)¥ = Hom(M(0', 1), M(a\", 1)) ® Z(~w(u®,r2))
(9.155)

Under the assumption of the theorem the we have M(O’;l), r) — M(O’;Q),Tl)

and we see that the Galois module Hom(M(o}Q),rl),M(agcl),rl)) contains a
copy of Z((0) and therefore we get an exact sequence of Galois modules

0 — Z(—w(u®,r5)) = Mrs(og, Ad)a,aa — Mise (07, Ad)et,aa — 0
Hence the motivic L function is a product

L(Mrs(07, Ad)er.aa,8) = LZ(—w(n®), ) LMEL (o7, Ad)er,aa )
If we substitute for s the expression

1 1
W(Tla/u‘g )) + W(T27.u(2 ))
2

—b(w,\)+s= w(rg,ugl)) —blw,\) +s
then we find

L(Mgs (07, Ad)etaa, ) = C(—b(w, A) + $) LM (0, Ad)ét.aa; 5)

Then the motivic interpretation of Shahidis theorem is, that L(Mgs)(g 7, Ad)és,ad, W(ra, uél))—
b(w, ) + s) is holomorphic at s = 0 and non zero (this is in a sense the prime
number theorem for this L function) and therefore - if we have b(w,\) = —1-
the pole comes from the first order pole of the Riemann - function. If now

0}1) X 0;2) = oy occurs in the cuspidal cohomology then we have an inclusion

D, x Hy, — AM(Q)\M(A)/K}")

We form the Eisenstein intertwining operator and compose it with constant
Fourier coefficient, then we get

FFPo Eis(s): f s f+C(o,8)T(s)(f) (9.156)
The operator T%°¢(s) = T1%(s) ® @ T3°°(s) is holomorphic at s = 0. Under
our assumptions the function C(o, s) has a first order pole at s = 0 and we get

a residual intertwining operator

Res,—o : IndED, x H,, ® (0) - A (G(Q)\G(A)/Ky) (9.157)
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Rationality results

Finally we want to discuss the case that P # ©(P) = Q. If this happens then
ng is never a Shimura variety. We have isotypical pieces (see (9.22) )

HI'*“W)(sfng  M(w-A) @ F)(oy) @ H;*l<w’>(s§%;,, , M(w' - ) @ F) (o))
(9.158)

and we know that component of the Eisenstein cohomology consists of the classes

{tos & L(of)T;(¥5)} (9.159)

where L(oy) is an element of F' and for all ¢ : F' — C we have

HE@) = 4

————C(0x,\)C(toof, N) (9.160)
(oor)

If the factor at infinity C(0oo, A) # 0 then we get from this rationality results
for the ratios of L-values. (See [Ha-Mum], [Ha-Rag]) These rationality results
will be important when we discuss the arithmetic nature of the numbers in??

Combining the results of Borel-Garland [4] and Mceglin-Waldspurger [44]
we get that the homomorphism

ED EB H*(g, Koo; Ag(\) © M) ® Jop — H) (SE,, M) (9.161)

u|n o f:segment

is surjective. This gives us the decomposition into isotypical spaces of H, ('2) (ng , M.
We separate the cuspidal part (v = 1) from the residual part and get

H(.2)(ng7M)\) = @ HC?USP(SIG{f’M)\)(Wf) ® @ @ H.(gaKOO5Aq(>‘)®M/\)®JUf7
7 y:cuspidal uln o f:segment
u<n

where the bar on top means we have gone to its image via the map in (9.161). It
follows from the theorem of Jacquet—Shalika [36] that there are no intertwining
operators between the summands.

In the extremal case v = n,v = 1 the parabolic subgroup P is all of G
and Aq(A) = Dy. In this case and only this case the representation Aq4(\) is
tempered, and the lowest degree of nonvanishing cohomology is the number bf .
An easy computation shows that in the case v > 1 the number ¢ < bZ. Then
our theorem above implies that in degree ¢

H(y, Koo; Ag(\) © My) ® 5, — HI(SE,, M)

is injective. This has also been proved by Grobner [15]. The above result,
which we announced earlier (??), can be sharpened as in the following theorem.
During the induction argument we use Thm. ?? for the reductive quotients M
of the parabolic subgroups.
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9.7 The example G = Sp,/Z

9.7.1 Some notations and structural data

“ 7 72
(6%))
The maximal torus is
t7 0 O 0
0 t 0 0
T/Z=t={ly b0 |!
0 0 0

the simple roots are

Oél(t) = Ifl/tg,ag(t) = t%

and the fundamental dominant weights are

Y1(t) = t1,72(t) = tate
and finally we have
291" = t1/t
We choose a highest weight A = niv; +n272 let M be a resulting module for

G/ Spec(Z). We get the following list of Kostant representatives for the Siegel
parabolic subgroup P and they provide the following list of weights.

1-A = A= %(an +n1)y2 + nlfyfv[l
Sy A = %(—2—&—711)72—1—(2712—!—711—&-2)7{”1
_1 M
S981 A = 5(—4—n1)72—|—(2+2n2+n1)'71
_ 1 My
525182 - A = 5(—=6—2no —n1)y2 +n1yy

We choose for K, C Spy(R) the standard maximal compact subgroup U(2),
it is the centralizer of the matrix

0 1 0 O
-1 0 0 0
0 0 0 1
0 0 -1 0

which defines a complex structure. With this choice we can define ng =

GQ\GR)/ Koo x G(Af)/Kj.



9.7. THE EXAMPLE G = SP3/Z 365

9.7.2 The cuspidal cohomology of the Siegel-stratum

We consider the cohomology groups H* (Sfcé . M ») and the resulting fundamen-

tal exact sequence. We have the boundary stratum dp (SI%) with respect to the
Siegel parabolic. Let us assume that we are in the unramified case, then we get

H*(0p(SE,), M) = @ H*~ lw)(sM H') (up, My)) (9.162)

weW?P

We look at the case w = s9s87 in this case we know how to describe the cor-
responding summand in terms of automorphic forms on Gly. We introduce the
usual abbreviation H'®) (up, My) = My (w - \).

Our coefficient modules are the modules attached to the highest weight

1
w-A=p=(242n2+n1)y M1+§(—4—n1)'y2

Let us put £ = 4+2ns+n; and m = %nl. We give the usual concrete realization
for these modules as M2+2n2+m [ng —3 — k] = My_a[ng — 3 — k]
Let us look at the space S - The group M/ Spec(Z) is isomorphic to Gls,

it is the Levi-quotient of the Slegel parabolic. The group KM is the image
of P(R) N K under the projection P(R) — M (R). This is the group O(2) it
contains the standard choice K2 (1) = SO(2) as a subgroup of index 2. Hence
we get a covering of degree 2

SM

KM = M(Q)\M(R)/K (1) x M(Af)/K" — SKM (9.163)

We get an inclusion
i:Hl(SIAij,M)\(w-)\)) — H( KM,MA(w A). (9.164)

On the cohomology on the right we have the action of @(2)/SO(2) = Z/2Z
and the cohomology decomposes into a + and a — eigenspace. The inclusion 4
provides an isomorphism of the left hand side and the + eigenspace.

This inclusion is of course compatible with the action of the Hecke algebra.
If we pass to a suitable extension F/Q we get the decompositions into isotypic
subspaces if we tensor our coefficient system by F. An isomorphism type oy
occurs with multiplicity one on the left hand side and with multiplicity two
on the right hand side. Over the ring Op the modules HZ int(SI]‘éw,MA(w

A)r)(oy) are of rank one, hence we can find locally in the base Spec(Op) an
isomorphism
T (oy) : Hi(S KM,MA(w Nr)(of) = HL( KM,MA(w A)r))(of)
(9.165)
The isomorphism given by the fundamental class (see(7.25) interchanges the +

and the — eigenspace, hence we can arrange our arithmetic intertwining operator
such that it satisfies

Tarith(o_f ® |5f‘) _ Tarith(o_f ® |5f|)71 (9166)
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We consider the transcendental description of the cohomology groups

HY(S
of

(9.167)

We consider the standard Borel subgroup B C M the standard split torus
To C B it contains our torus Zy. We define the character

Xp = (k,m +2) s B(R) = CX, x(t) = 7 ()" |2| ™.
It yields the induced Harish-Chandra module I ((H? Xu @ We consider the

functions
[ M(R) = C; f(bg) = x(b) f(9); f|T1 is of finite type .

This is in fact a (m, K2:%) -module, it contains the discrete representation Dy,
We have the decomposition

Dxu = @ Foy
v=0(2),|v|>k

where

by (9) = Py (b <CZ;E((2) 22522)) = x(b)e2mve.

Of course KM = T1(R) = {e(¢) = <_CZISIE((ZS<;) Scl(r)ls(((b(b))} and we can write
€(¢)y — e27r1/i¢.

We have the well known formula for the ((m, K:9) cohomology

H'((m, K)1°), Dy, @ My(w- X)) = Hompao(A' (m/E"), Dy, @ My(w- X)) =
(9.168)

CPY @ ¢py,—k @ Vg—2 + CPY @ ¢y s @ v_g42 = Cwim + Cg,m
(9.169)

Here v, = (X +4Y)*=2 resp. va_p = (X —iY)*~2 are two carefully chosen
highest (resp. lowest) weight vectors with respect to the action of K20, The
elements P are the usual elements in m/€. We choose a model space H,, for
oy ie. a free rank one OF -module on which the Hecke algebra acts by the
homomorphism o : HM KM — Op. We also choose and embedding ¢ : F — C

and an (m, K2:0) x Koj‘g x MLy - invariant embedding
7

®,: Dy, ® Hy, ®p, C— Li(M(Q)\M(A)) (9.170)

this is unique up to a scalar in C* because the representation is irreducible and
occurs with multiplicity one in the right hand side. This yields an isomorphism

@« H'((m, K1), Dy, @M\ (w-A\)®Hy, @ p,C — Hl(SKM,MA(w Ne)(toa )

K]VIaM)\(w Ne @Hl KMvMA(w ANe )(O'f)@Hl( KM,M,\(U) Ne)(oy)
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-1 0

We observe that the element € = ( 0 1

) € KX has the following effect

Ad(€)(Py) = P_ () = b and e(vpo) = (~1)™vayy  (9.171)
Hence we see that

w,(fn)q = wpm + (—1)™Ok,m resp. w,(c_n)i =wpm — (—1)"0km (9.172)

are generators of the 4+ and the — eigenspace in H'(m, K29, D, @ My (w-X)).
Therefore our map ® and the choice of these generators provide isomorphisms

o H,, ®p, C 5 HL(SY,, My (w- Ne)(tooy), (9.173)

K]\/I?

) H,, ®p, C 5 HL(SM,, My(w- N)e)(toay) (9.174)

KM)

The choice of P, P_ and ¢,,_, is canonic, hence we see that the identifications
depend only on @, , which is unique up to a scalar. This means that the
composition

T (0 o) = @) o (B(H) !

cH: (S%M,M)\(w ‘Ac)(toop) = HfSKN“M,\(w “A)c)(tooy)

yields a second (canonical) identification between the + eigenspaces in the co-
homology. Our arithmetic intertwining operator (See (9.165) yields an array of
intertwining operators

T (o) @p, C : Hl( My(w-Np))(op) ®p, C - H: (SM

KIVI bl KM ’

(9.175)

Hence get an array of periods which compare these two arrays of intertwining
operators

Qop, )T (Lo op) = T ™ (o) @p, C (9.176)

Our formula (9.166) tells us that we can arrange the intertwining operators such
that

Qoy @ |05],0) = Qog, )" (9.177)

These periods are uniquely defined up to a unit in OF.

The Eisenstein intertwining

We pick a oy which occurs in H}(S;‘?M,M)\(w -A)F)), we choose a v : F — C
7

and we choose an embedding
®,: Dy, ® Hy, ®p, C— L2, (M(Q)\M(A)) (9.178)
and from this we get the Eisenstein intertwining

Biso ®, : Ind53)(Dy,) ® Hy, @, C — A(G(Q\G(A)) (9.179)

Miy(w-A)p))(o

f) ®F,L C
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(Here we use that Ky = GSp,(Z).) Hence we get an intertwining operator

Eis* : Homg_ (A*(g/t), I5(Dy,) ® My) ® Hy, ®p, C — Hompg_ (A*(g/t), A(G(Q\G(A)) ® M,)
(9.180)

and this induces a homomorphism in cohomology
H(g, Koo, I5(Dy,) ® My) @ Hyy ©p, C) = H*(SF,, Mac)  (9.181)

and we want to compose it with the restriction to the cohomology of the
boundary. We have to compose it with the the constant Fourier coefficient
FP AGQ)\G(A)) — A(P(Q)U(A)\G(A)). We know that FF maps into the
subspace

.
IED,, ® Hyy @5, C 7 IED,, © Hy, @p, CEPIED, , ® Hyvrp,, pre @, C
(9.182)

where p/ = wpw-A =89\ = (24 2ns —&—nl)'yf\/[l + %(—24—7’11)’}/2. More precisely
we know that for h € I§D,, ® H,, ®p, C

FEP(h) = h+C(0,0)T °°(0)(h) (9.183)

where T1°¢(0) = T,°° ® ®,T,'°°. The local intertwining operator at the finite
primes is normalized, it maps the standard spherical function into the standard
spherical function. The operator T.°¢ will be discussed below.
Our general formula for the constant term yields for an h = hoo X Ay
Explain in more detail

L (fony +ng +2) C(ng + 1)
Leob(f,ny +ng + 3) ((n1 + 2)

FP(h) = h + C(000, VT (heo) x T°°(0) (hy)

(9.184)

(For the following compare SecOps.pdf) We analyze the factor C(os, \)T,0¢
more precisely we study the effect of this operator on the cohomology. Let us
look at the map between complexes

T,* : Homg_ (A*(g/t), IEDy, ® My) — Homg (A*(g/t), [FDy,, ® M)
(9.185)

The intertwining operator 7.1°¢ : Ingu — IgDXH, has a kernel D, , this is a
discrete series representation. We know that

Homp (A*(g/#), Dy, ® My) = Homp_ (A%(g/£), Dy, ® My) = (9.186)
H3(97 Koov]D)X“ ® M)\) = (CQQJ @ CQLQ (9187)

We have the surjective homomorphism

H3(g, Koo, Dy, ® My) — H3(A3(g/€), IEDy, @ M) = H' (m, KX Dy, ® H*(up, M) = Cw®
(9.188)
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the differential form Qg 1 4 ¢(A\)Q; 2 maps to a non zero multiple A(\)w®). (The
factor €(\) is a sign depending on A). We can write Q31 — €(A\)$)y 2 = dip where

¢ € Homp_ (A*(g/t),Dy, ® M) (9.189)
and w = T.°%2(¢)) € Hompg (AQ(g/E),DXM, ® M) is a closed form, hence it
provides a cohomology class. Let us denote this cohomology class by r(w®)).

Choosing w®) as a basis element and applying the Eisenstein intertwining
operator (9.180) yields a homomorphism

Eis® 0 @, : H,l(SII‘;/[fN“MA(w Np))(of o) = HYSZ, , My®C)  (9.190)

The local intertwining operator 7.1°° maps w®) to zero and hence it follows
that the composition r o Eis® is the identity, the Eisenstein intertwining op-
erator yields a section on H}! (SII‘@,,MA(w -A)r))(of). (Remember w = sg57).
If we define

H(SF,, My @ F)(og) = v~ (H! (S Ma(w- Np))(og)  (9.191)
(Induction does not play a role since the level is one) then we get the decompo-
sition

H} (SR, My © F) ® H,(SE . My © F)(0y) = H} (SR, Ma®)(0y) (9.192)

The denominator of the Eisenstein class

We restrict this decomposition to the integral cohomology (better the image of
the integral cohomology in the cohomology with rational coefficients)

H3 (SR, My @ F)(0g) D HY 1 (SE,, My @ F)(0f) ® Hiyy, 1o(SK,, M @ F) (o)
(9.193)
The image of H3, Eis(SIG(f , M\ ®F)(oy) under 7 is a submodule of finite index
in H int(S;\?M,MA(w -A)r))(of)) and the quotient is
’ F

HAuu (S8, My @ F) (o) /(Y 100 (SR M @ F) (o) © By, 110 (SE, My @ F)(0)) =
HY (S}, M (w - N ) (o)) /image(r).
(9.194)

The quotient on the right hand side is Or/A(oy) where A(oy) is the denomi-
nator ideal. Tensoring the exact sequence

0— H'?: int(SIGqcvM/\ ® F)(of) ® Hgint, Eis(SIG{va/\ ® F)(oy) — Hlint KM

(9.195)
by Op/A(oy) yields an inclusion

Tore, (Or/A(0f), Or [A(of) = Or/Aloy)) = HY 14(SE,, M ® F)(05) © O /A(oy)
(9.196)

and this explains the congruences.

(SM, Ma(w - N)r))(05)) = Or/A(os) = (
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The secondary class

We choose generators w(® (of)( resp. w® (oF" Ivp,¢|277)) for Hlmt(SIJEIM , M (w-
. 5

Nr))(of)( resp. HY (SM,,, Mx(s2-N))(0f)) (Perhaps we can do this only lo-

int\“ M
¥
cally on Spec(Op).) We may arrange these generators such that T (g ) (W) (0f)) =
w(Q)(U}”P|’yp7f|2fP). The isomorphism

2P : H3(g, Koo, Dy, @ My) ® H,, @, C Hlint(ngM,MA(w “Np))(tooy)
(9.197)
maps
(21 +eN)Q12) @w P (Looy) = Qy(of, )w(oy)

where Q (oy,¢) is a period depending on the choice of ®,. The element
Qo1 — e\ 2) @w® (Loos) =dyp @w® (Looy).

where 1 € Homg_ (A%(g/€),I§D,, ® M,). The operator T °¢(0) in (9.183)
provides a homomorphism (9.185)

T loc,2®Tfloc . Hompg._ (A2(g/{g)7]§Dx“®M,\)®HLWf — Hompg (AQ(g/E),IgDXM, ®M/\)®HLOU}UP|7P

Under this homomorphism the class v is mapped to a multiple of w(® (077 [ve s 1277)).
We can calculate this multiple, during this calculation we see a second period
Q_(oy,t) depending on @, and the ratio of these periods will be our period
Q(cooy) in formula (9.176) .

This period is independent of ®,. To state the final result we denote by f
the modular cusp form attached to o, this is a modular form with coefficients
in F, then ¢ o f is a modular form with coefficients in C. By A(f,s) we denote
the usual completed L -function. We get

C(0,0)T IOC(H(M(3)(L ooy)) =

( 1 A (Lo fong +ng +2) 1
Qog,0))etm) Acob(y o fong +ng +3) ((—1 —ny

The factor inside the large brackets is essentially rational ( it is in F' and

)) </(;n1)w(2) (J;}P |7P’f|2fp))

behaves invariantly under the action of the Galois group) the factor @
should viewed as a generator of a group of extension classes of mixed motives.

For me the most difficult part in the calculation is the treatment of the
intertwining operator at oo, this is carried out in SecOps.pdf. At the end of
SecOps.pdf. I discuss the arithmetic applications and the conjectural relation-
ship between the primes dividing the denominator of the expression in the large
brackets and the denominators of the Eisenstein classes in (77?)
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