Cohomology of Arithmetic Groups
by

G. Harder.

The following is a first version of Chapter VI (probably the last one) of a book on the cohomology of
arithmetic groups. The intention of the book is to give a fairly elementary introduction into the subject
and to show that it yields interesting applications to number theory. This last chapter VI is really the heart
of the matter. I refer to the previous chapters, which exist in a preliminary version (in german) and are
available at the MPI or my office in Bel.

The main result in Chapter VI is Theorem I. This Theorem is an elementary statement on the structure
of the cohomology as a module for the Hecke-algebra. Its proof in 6.2 and 6.3 is also elementary but rather
long

The really difficult and by no means elementary part of this chapter VI is section 6.1, where I try to
explain how Theorem I yields insight into the structure of cyclotomic fields(the theorem of Herbrand-Ribet).

I also add the introduction to the book, the reader may get some impression of the concept of the whole
book. Any comments will be welcome.



Introduction: This book is meant to be an introduction into the cohomology of arithmetic groups.
This is certainly a subject of interest in its own right, but my main goal will be to illustrate the arithmetical
applications of this theory. I will discuss the application to the theory of special values of L-functions and
the theorem of Herbrand-Ribet (See Chap V, [Ri], Chap VI, Theorem II).

On the other hand the subject is also of interest for differential geometers and topologists, since the
arithmetic groups provide so many interesting examples of Riemannian manifolds.

My intention is to write an elementary introduction. The text should be readable by graduate students.
This is not easy, since the subject requires a considerable background: One has to know some homological
algebra ( cohomology and homology of groups, spectral sequences, cohomology of sheaves), the theory of Lie
groups, the structure theory of semisimple algebraic groups, symmetric spaces, arithmetic groups, reduction
theory for arithmetic groups. At some point the theory of automorphic forms enters the stage, we have to
understand the theory of representations of semi-simple Lie groups and their cohomology. Finally when we
apply all this to number theory (in Chap. V and VI) one has to know a certain amount of algebraic geometry
(¢—adic cohomology, Shimura varieties (in the classical case of elliptic modular functions)) and some number
theory( classfield theory, L—functions and their special values).

I will try to explain as much as possible of the general background. This should be possible, because
already the simplest examples namely the Lie groups Sl3(IR) and Slo(C) and their arithmetic subgroups
Sly(Z) and Sly(ZZ[\/—1]) are very interesting and provide deep applications to number theory. For these
special groups the results needed from the structure theory of semisimple groups, the theory of symmetric
spaces and reduction theory are easy to explain. I will therefore always try to discuss a lot of things for our
special examples and then to refer to the literature for the general case.

I want to some words about the general framework.

Arithmetic groups are subgroups of Lie groups. They are defined by arithmetic data. The classical
example is the group Sly(ZZ) sitting in the real Lie group Slz(IR) or the group Slz(Z[v/—1]) as a subgroup
of Si53(C), which has to be viewed as real Lie group (See ..). Of course we may also consider SI,,7ZZ C SI,IR
as an arithmetic group. We get a slightly more sophisticated example, if we start from a quadratic form, say

flay, @, o wn) = —af + a5+ ),

the orthogonal group O(f) is a linear algebraic group defined over the field Q of rational numbers, the group
of its real points is the group O(n,1) = O(f)(IR) and the group of integral matrices preserving this form is
an arithmetic subgroup I' C O(f)(IR)

The starting point will be an arithmetic group I' C G, where G is a real Lie group. This group is
always the group of real points of an algebraic group over Q or a subgroup of finite index in it. To this group
G one associates a symmetric space X = Goo /Koo, where K, is a maximal compact subgroup of G, this
space is diffeomorphic to IR?. The next datum we give ourselves is a ['-module M from which we construct
a sheaf M on the quotient space I\ X. This sheaf will be what topologists call a local coefficient system, if
T" acts without fixed points on X. We are interested in the cohomology groups

H*(T\X, M).

Under certain conditions we have an action of a big algebra of operators on these cohomology groups, this
is the so called Hecke algebra H, it originates from the structure of the arithmetic group I' (I' has many
subgroups of finite index, which allow the passage to coverings of I'\X and we have maps going back and
forth). Tt is the structure of the cohomology groups H*(I'\ X, M) as a module under this algebra H, which
we want to study, these modules contain relevant arithmetic information.

Now I give an overview on the Chapters of the book.

In chapter I we discuss some basic concepts from homological algebra, especially we introduce to the
homology and cohomology of groups, we recall some facts from the cohomology of sheaves and give a brief
introduction into the theory of spectral sequences.



Chapter II introduces to the theory of linear algebraic groups, to the theory of semi simple algebraic
groups and the corresponding Lie groups of their real points. We give some examples and we say something
about the associated symmetric spaces. We consider the action of arithmetic groups on these symmetric
spaces, and discuss some classical examples in detail. This is the content of reduction theory. As a result
of this we introduce the Borel-Serre compactification I'\ X of T'\ X, which will be discussed in detail for our
examples. After this we take up the considerations of chapter I and define and discuss the cohomology groups
of arithmetic groups with coefficients in some I'-modules M. We shall see that these cohomology groups
are related (and under some conditions even equal) to the cohomology groups of the sheaves M on N\X.
Another topic in this chapter is the discussion of the homology groups, their relation to the cohomology
with compact supports and the Poincaré duality. We will also explain the relations between the cohomology
with compact supports the ordinary cohomology and the cohomology of the boundary of the Borel-Serre
compactification. Finally we introduce the Hecke operators on the cohomology. We discuss these operators
in detail for our special examples, and we prove some classically well known relations for them in our context.
In these classical cases we also compute the cohomology of the boundary as a module over the Hecke algebra
H

At the end of this chapter we give some explicit procedures, which allow an explicit computation of
these cohomology groups in some special cases. It may be of some interest to develop such computational
techniques sinces this allows to carry out numerical experiments (See .. and ... ). We shall also indicate
that this apparently very explicit procedure for the computation of the cohomology does not give any insight
into the structure of the cohomology as a module under the Hecke algebra. This chapter II is still very
elementary.

In Chapter III we develop the analytic tools for the computation of the cohomology. Here we have to
assume that the I'-module M is a C-vector space and is actually obtained from a rational representation of
the underlying algebraic group. In this case one may interprete 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 '\ X is not compact. But we will proceed in a different
way. Instead of doing analysis on T'\X we work on Coo(I'\G). This space is a module under the group
G, which acts by right translations, but we rather consider it as a module under the Lie algebra g of G,
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, K,Coo(I'\Goo) @ M),

this complex computes the so called (g, K)-cohomology. The general principle will be to ”decompose” the
(g, K)-module C into irreducible submodules 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 is not
compact and hence the above decomposition 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 analytical 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 desribes
the cuspidal part of the cohomology in terms of irreducible representations occuring 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 next chapter IV we resume the discussion of the previous chapter but we restrict our attention
to the specific groups Si3(IR) and Si3(C) and their arithmetic subgroups. At first we give a rather detailed
discussion of their representation-theory (i.e. the theory of representations of the corresponding (g, K)-
modules) and we compute also the (g, K)-cohomology of the most important (g, K)-modules, this is the
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second ingredient in the theorem of Eichler -Shimura. But in this special case we give also a complete
solution for the analytical difficulties, so that in this case we get a very precise formulation of the Eichler-
Shimura theorem, together with a rather complete proof.

In the following chapter V we discuss the Eisenstein-cohomology. The theorem of Eichler-Shimura
desribes 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 summation
process, which sometimes does not converge and is made convergent by analytic continuation. We shall
discuss in detail the cases of the special groups Sla2(IR) and Si3(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*(I'\ X, M) which then is a Q-vector space. The Eisenstein
classes are a priori defined by transcendental means, so they define a subspace in H*(g, K ,M)@ . But we
have still the action of the Hecke-algebra H, and this acts on the Q-vector space H*(T'\X ,M), and using
the so called Manin-Drinfeld argument we can characterize the space of Eisenstein-classes as an isotypic
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 ), hence the result is a rational
number. On the other hand we can-using the trancendental 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.

In Chapter VI we discuss the arithmetic properties of the Eisenstein-classes. in the previous chapter we
have seen, that the Eisenstein-classes are rational classes despite of the fact, that they are obtained by an
infinite summation. Now we will discuss the extremely special case where I' = Sl3(Z) and our I'-module is

1
n n = v XYY" ay, € <]}
Mufp My = (Y0 o € ZI])
We also introduce the dual module
1
M., /p M) = Hom(M, Z[é])
We then ask whether the Eisenstein-class is actually an integral class, this means whether it is contained in

HY(T\X), M,,/pM,). The answer is no in general, the Eisenstein-class has a denominator, which is apart
from powers of 2 and 3 exactly the numerator of the number

Bn+2
n+2

(I=(n+2) =+

(See Chap. VI, Theorem I) This result is obtained by testing the Eisenstein-classes on certain homology
classes, the so called modular symbols, which have been introduced in chapter II. This result generalizes
results of Haberland [Hab] and my student [Wg]. I will indicate that this result has arithmetic implications
in the direction of the theorem of Herbrand -Ribet. We cannot prove this theorem here since we need some
other techniques from arithmetic algebraic geometry to complete the proof. We shall also discuss some
congruence relations between Eisenstein classes of different weights, which arise from congruence relations
on the level of sheaves. These congruence relations between the sheaves have also been exploited by Hida
and R. Taylor

Finally I want to discuss some possible generalizations of all this and some open interesting problems.
During the whole book I always tried to keep the door open for such generalizations. 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 Siy(Z) looks to
complicated, but I hope it will pay later on.

Some of these generalisations are discussed in [HS].
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I want to explain a few notations, that have been introduced in earlier chapters and may be not so clear.

H is the usual upper half plane and H is the Borel-Serre completion of it: To each point r € lPl(Q) we
add a line H, ., which we interprete as the set of real Borel-subgroups in opposition to the Borel-subgroup
corresponding to r. The group T is Sls(ZZ), if M is a T’ module, then M we be the corresponding sheaf on
I\H or on T'\H. The inclusion T\ H < T'\H induces an isomorphism on cohomology. The boundary of the
Borel-Serre compactification I'\H is denoted by d(T'\ H)

Chapter VI

The arithmetic properties of Eisenstein classes

6.1: The main result and its arithmetic consequences.

We apply our previous results to a very specific situation. Our arithmetic group will be the group
I' = SL(2,7Z), it acts on the upper half plane H. We put R = Z[%] and we consider the following two
R-modules

My /p M, = {ZZ:O a, X'Y" ¥|a, € R}
and

M) = {Z::o a (Z) XYY"a, € R}.

The group I' acts on these modules and if

D4,y n
e, =Xy ,el\f:<3+y>ey,
we have a I-invariant pairing defined by < e,,eY p = 0up (See 5.6). We study the cohomomology of the

sheaves M,, and /\N/l: on F\f[ . I recall that n should be even, if we want these sheaves to be different from
zero. Of course the two modules become equal if we tensorize by Q, the result is denoted by M,, . For any
finitely generated R-module M we denote by M;,; the quotient of M by its torsion submodule. We consider
the following diagram

HYT\H,M,) - HYO\H),M,)

! ]
HYO\H, My )ine ——  HY(O(TNIT), My, )it -
M M

H'(T\H,M,q) —— H'(OIT\H), Myq)
We have seen in the preceeding Chapter (5.7) that
HY(O(T\H), /\N/IZ) = Rw, & torsion
where for all primes p the Hecke operator T}, acts nilpotently on torsion ® Z,) and satisfies
Tywn = (" + Dwp,.

The image of the class w,, in H'(9(P\H), M,,q) has a canonical lifting to a class Fis, € H (I'\H, M, q)
which is characterized by the two properties

r(Eisy) = w, and T,(Eis,) = (p" ™' + 1)Eis,,
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If we intersect the subspace Q - Eis,, with the R-module H} ,(I'\H, ./\N/l,\i) we get a primitive submodule

wnt
Q- Ris, N HI(I‘\I:I,/\}(Z)mt = R-eis,,

where eis,, is unique up to an element in R*. My student Wang showed in his dissertation that the Hecke
SRR
operator T}, acts also nilpotently on the torsion of H*(I'\H, M,,) ® 7L p) and therefore we have a canonical

lifting of eis, to a class in Hl(l"\ﬁJ\N/l,vl) which we also call eis,. If we restrict the class eis, to the
cohomology of the boundary, the we find

r(eisy) = a(n) - wp,

where the number a(n) is unique up to an element in R*. This number can be interpreted as the denominator
of the Eisensteinclass Eis,, I am interested in its prime factorisation. For any prime p > 3 we define §,(n)
to be the highest power of p dividing a(n) i.e. in the usual notation we have

p™la(n) or 8,(n) = ordy(a(n)).
Then we have the following
Theorem 1. For p > 3 we have
dp(n) = ordy(¢(1 — (n+2)))
In his dissertation [Wg] my student Wang proved the weaker result
pla(n) < plC(1 = (n+2)),
some of his ideas enter in the proof of the above theorem. The proof will be given in 6.2-6.3.

I want to discuss the arithmetic applications of this theorem. To do this I have to explain the connections
to étale cohomology. The fundamental point is:
For any natural number m the cohomology groups

HY(T\H, M, ® Z/p" )

are not only modules for the Hecke-algebra but we have also an action of the Galois-group Gal(Q/Q) on these
modules, which commutes with the action of the the Hecke-algebra.

This gives us a structure of a Heckex Galois-module on these cohomology groups. We may pass to the
projective limit over all m, then

lim (H' (T\H, M,, ® Z/p" 7))

is also a Heckex Galois—module and the famous theorem of Eichler-Shimura provides us some information
on the structure of this module in terms of automorphic forms (See [De ] and 6.1.1). We shall exploit the
following principle:

The denominator of the Eisenstein-class (i.e. the number 6,(n)) has some influence on the structure of
this Heckex Galois-module and this forces the module to tell us something on the arithmetic of the cyclotomic
field Q(¢p) (The theorem of Herbrand-Ribet)

I will explain in 6.1.2.2 how the denominator influences the structure of the module. First I will try to
give some idea how one gets this action of the Galois-group.

The starting point is that T'\H is actually the set of complex points of a quasiprojective algebraic
variety §/Q and the above sheaves can be interpreted as sheaves for the étale site. This yields the action

of the Galois-group on H'(I'\H ,MZ ® Z,) . This will be explained briefly in the next section, a real
understanding of these things requires considerable knowledge some results in arithmetic algebraic geometry
( étale cohomology , large parts of the article of Deligne-Rapoport on the modular interpretation of the curve
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I'\H and the theory of p-adic representations of the Galois-group in the sense of the theory of Fontaine-
Messing-Faltings.)
6.1.1 The interpretation of MX/N./\}IZ as étale sheaves: To begin we define an action of Glo(ZZ/NZL)

on MZ/N/\N/IZ by the rule o(P(X,Y)) = P(aX +¢Y,bX 4+ dY)det(c)~™. We observe that we may twist this
action by a power of the determinant, we just multiply the result of the above action by det(c)” for some
fixed v the resulting Glo(Z/NZZ)-module is called M,, /NM,/ [v]. T have to explain some algebraic geometry,
especially some implications of the results of Deligne - Rapoport [De-Ra].

The quotient '\ H is actually the Riemann-sphere minus the point at infinity. It has, considered as an
algebraic variety, a canonical model over @, it is the projective line IP* /Q minus the point at infinity, I want
to call this §/Q. We have the canonical embedding

j: S —PL
To any natural number N exists a curve Sy defined over @ and a map
N Sy — S,

which is an étale covering outside the points 0,1 € IP*(Q) and the covering group is Gly(Z/N7Z)/(£Id).
(On the transcendental level this covering is in principle obtained by passing to the congruence subgroup

I'(N) = {y € I'|y = Idmod(N)},

but it is slightly more complicated than that, the quotient I'(N)\ H yields only one connected component of

Sn(C).) Let S’ be the complement of the two points 0,1. By construction our sheaf MZ/NMZ becomes
trivial on Sy (C) if we pull it back by the map mx. Hence we may also consider it as the trivial sheaf for the
étale site on Sy. We restrict it to the open subscheme Sy\771(0,1). The group Glo(Z/NZ) acts on this
sheaf and since this is the fundamental group of the covering, it defines a sheaf on &’. This is a standard
procedure for the construction of sheaves. We have the embedding

i:8—3S8

and the direct image i, (MZ /N MZ ) is an étale sheaf on S which we also denote by /\~/IZ /N MZ (The functor
ix is exact since we assume 6 | N). Now we have the following fundamental facts:
(i) We have an action of the Hecke algebra on the étale cohomology groups

which commutes with the action of the Galois-group Gal(Q/Q)) .
(ii) We have a comparison isomorphism

B 1 HY (S xqQ, MY /NMY) — H'(T\H, MY /NM),

which commutes with the action of the Hecke algebra on both sides.

(Of course we can perform the same construction also with the dual sheaf M,,/p M.,).
We define as usual Z = lim(Z/N7Z) and define k = Z[}] then we have of course

lim(MY/NMY) = MY ® R = MY

and this is again a I'- module, which defines a sheaf /\;ITVL on I’\f{ and since we have no cohomology in degree
two one checks easily that

HY(P\H, MY) = lim(H' (D\H, MY/ /NMY)) = H\(T'\H, M,)) @ R.
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(One has to use the fact that the map Z — R is faithfully flat.) In the context of the étale cohomology we

do not consider the cohomology with coeflicients in the sheaf M,\{, this does not give a good result, instead
we define - -
HY (S % Qu MY) = lim(H}, (S xq QMY /NMY)).

Using the comparison isomorphism and the above assertions concerning the transcendental cohomology we
get a comparison

(I) : Hl(r\f{’MX) - Hét(S XQ QaMX)v
which of course commutes with the action of the Hecke-algebra. This comparison-isomorphism gives us the
~ v
structure of a Galois-module to the transcendental cohomology if we extend the coefficients from M,, to
~ v A
M, ®R.

Now we fix a prime p. It is known that R= Hp_p £2.3 7Z,, and choosing the above prime means that we
project to one component in the product. It also amounts to the following: In the above construction we
tacitly assumed that we took the projective limit with respect to the set of all integers IV and the ordering
was given by divisibility. Now we perform the same constructions as above but we restrict N to the set of

VY VY . . . .
powers of p. Then we put M,, , = M, ® 7, and the above comparison gives us an isomorphism

~ o~V = ~ Vv
(P : Hl(F\Han,p) - Hét(S XQ QaMrL,p)a

where the right hand side is defined by a projective limit. If we restrict to the prime p we have the additional
bonus that the representation of the Galois-group is unramified outside of the prime p. (This is not at all
obvious and depends on the fact, that our scheme S has a smooth model over Spec(ZZ).

We also have the same construction for the cohomology with compact supports. If we want to define it
in the context of étale cohomology we recall that we have the compactification j : S < IP'. We extend the
étale sheaf M) /NM) by zero to a sheaf j;(M,//NM,/) on IP*.([SGA 4 1/2], ) Then we have a comparison
isomorphism R

B+ HED\EL MY INMY) — HY (P xq @, 3i(MY /N M),

and we put R
Hg (P xqQ, ji(My)) := lim(Hg (P xqQ, ji(M,; /NM,)).
We define always H|! to be the image of H} in H', then we have

HY(S xqQ, M) = lim(H!(S xqQ M} /NM)))

and this is again a Heckex Galois-module. Again we restrict N to the powers of our given prime p, we get
an exact sequence

0— HY(S xqQ.M, ) — HL (S xqQ, M, ) — H'(O(\H), M, ,) — 0, (Seq)

so far the last term is only defined in the transcendental context, but since the first two terms have a
Galois-module structure, it inherits also such a structure.

We still may go one step further and tensorize the sheaves (or the cohomology groups) with @, then
we get Q, vector spaces together with an action of the Hecke-algebra and the Galois-group. We apply the
results in V 5.9 and get :

If we go to a suitable finite algebraic extension Ex of Q,, then we get a decomposition in isotypical spaces
under the Hecke-algebra

~ ~V - ~V X
H} (S xqQ.M,,,) ® Eo = @ HL (S xqQ, M,, ) (1) ® Eg, - Eisy,

where the isotypical E- vector spaces Hét (SxqQ, ./\~/l7\i7p)(7r) are two-dimensional Galois -modules and where
E_ - Eisy, is a one dimensional Galois-module .



At this point I can state the famous and fundamental result of Eichler- Shimura and Deligne (See[De]):
The action of the Galois-group Gal(Q/Q) on Hét(S XQQ,/\N/IZJ,)(W) is unramified outside p and for any

prime £ different from p the trace and the determinant of the inverse Frobenius (De_l are given by
tr(®, ") = Ty(r) and det(®,') = ¢!

This determines these modules as modules for the Galois-group. We will determine the structure of E, - Fis,,
as a module for the Galois-group in the next section. Its structure is much simpler.

If O is the ring of integers then (Hét(S XqQ Q,./\}llp) ® Og)int is a free Oy-module, the above de-
composition will in general not introduce a decomposition of this module. But if we choose an ordering of
the summands in the decomposition over E, we get a filtration on (Hét(s Xq Q,/\}lz,p) ® O )int- The

successive quotients of this filtration are lattices in the corresponding vector spaces Hét(S xqQ Q, M,vl’p)(w)
or E - Fis,. They are Heckex Galois-modules.

6.1.2 The Galois-module 7y, - eis,: We want to determine the Galois-module 7, - eis,,. To do this
we have to investigate the Galois-module- structure of HO(G(F\FI),./\N/I,VW) and H1(3(F\ﬁ),/\~/l;/7p). To be
more precise we have to introduce a Galois-module structure on these cohomology-groups which fits into our

diagram, and then we have to compute it.

To state our result we have to introduce the Tate-module 7, (1). The group of p™-th roots of unity

pm = {C€Q | ¢ =1}

is (non canonically) isomorphic to the module ZZ/p™7Z and the Galois-group acts on this module by a
homomorphism

a:Gal(Q/Q) — (Z/p™7L)*,

which is defined by the rule o(¢) = ¢*(?). If we pass to the projective limit over all m we get lim(ppm) ~ 7,
and the Galois-group acts on this limit by this limit of the above a’s, this is a character

a: Gal(Q/Q) — 7,

which is the so called Tate-character. We denote the module 7, with the above action of the Galois-
group on it by Z,(1). We define Z,(v) to be the Galois-module 7, with the action o(z) = a(o)"z for
o€ Gal(Q/Q),x € Z,. 1 assert

Proposition 6.1.2.1: The Galois-module 7, - eis,, is isomorphic to Z,(—n — 1).

This is by no means obvious, I will try to give an outline of the proof, I do not know whether I should
advise the reader to skip it.

We constructed the étale sheaves M,/

/NM) on S and we have two way to extend it to a sheaf on the
compactification: We discussed already the extension ji(M.) /NM,) whose stalk at infinity is zero, this is
an exact functor. We may also take the direct image j.(M) /NM)) on the compactification IP'. Then we
have to take into account that this direct image functor is not exact, hence we have to consider the derived

functors R*j. (M, /NM,.). We get a spectral sequence
Hg (P! @@, B (M [NM)) = Hg (S x@Q My /NMy),

to state this in modern terms, we may compute the cohomology of our sheaf on the open piece also as the
cohomology of a complex of sheaves on the compactification. This yields us the exact sequence

H (S xQQ, My /NMy) — Hy (8 Q. My, [NM,) — Hi (8 xQQ, R (M, /NM) /(M [NM,) —
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the quotient in the argument of the last term is a complex of sheaves which is concentrated in the point
at infinity. Hence we may consider it as a complex of Z/NZZ- modules on which we have an action of the
Galois-group, simply because an étale sheaf on Spec(®) is simply a module for the Galois-group. Then the
H' of this complex of sheaves is simply the stalk R'j,(M, /NM. ). Under the present conditions we can
pass to the projective limit and we still get an exact sequence

H! (S xqQ M, ® R) — HY (S xqQ, My @ R) — R'j.(M), @ R)w,

we shall see that the last term is actually equal to Hét(a(f‘\ff),/\;l:i ® R) hence we gain an action of the
Galois group on the cohomology of the boundary after we tensorize by R. We also know that the cohomology
of the boundary splits off a canonical direct summand R - Eis,, which is also a Galois-module, this is the
one we want to understand. ( The reader should observe that in the previous chapters the cohomology of
the boundary was computed from the Borel-Serre compactification, this is an object that has nothing to do
with algebraic geometry).

To get the structure of these Galois-modules we remind ourselves of what would we do in the trans-
cendental context. We take a little disc Do, around the point oo in IP*(C), the intersection of D, with
I'\H = S(C) is the punctured disc Do, we may restrict our sheaf MY to D.,. We have the embedding

j5Doo_’Doo

and we want to compute the derived functors R*j.(M.,/). We recall that our sheaves M.’ where defined
through an action of the group I', but it is clear that the restriction of the sheaf to the punctured disc is
obtained from the action of the fundamental group 71 (Duo) = 'og = Z on M. Since we are only interested
in the free part we may replace the sheaf M,\i by M,,. We have an emdedding

Mn/p M, — Mn-&-la

which is given by XY™ — X¥*1Y"~* and which commutes with the action of I's, = m; (Doo) Hence we
have exact sequences
0—>./\~/ln—>./\/tn+1 _)R,Yn+1 —0

of sheaves on Dy.. It is easy to see that the boundary operator of the long exact sequence in cohomology

provides an isomorphism modulo torsion
H(Doo, R- Y™ = HY (Do, M,,).

This gives an alternative method to compute the cohomology of the boundary. The point is that this can
be imitated in the arithmetic context and then we will be able to read off the Galois-module structure. Let
u be the uniformizing element at co we replace the disc by the spectrum of the power series ring

Do = Spec(@[[ul]),

and Do = Do \{o0}.
For any integer N we define D"y = Spec(Q[¢n][[v]]), where (x is a primitive N-th root of unity and

v = wu. We have a map D"y — D’ , which becomes étale if we remove the point co. The Galois group of

this étale covering is isomorphic to the group of matrices

By ={o= (8 l{) la € (Z/NTZ)* b € LN} C Glo(Z/NZZ).
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This group acts on our module M,,/p M, /NM,, /p M,, and by the same procedure that gave us the sheaves
M,, on S we get the restriction of these sheaves toDy." if we restrict the group action to By. Hence we
have the exact sequences of sheaves onDy" as before (remember the twist in the definition of MY /NM, as
Glo(ZL/NZL)-module)

0 — Mp/NMy — Myt /NMyiq — (Z/NZ)Y™ — 0.
This yields a coboundary map -
Jx(R-Y™) — RYj (M, /NM,,)

which becomes an isomorphism modulo torsion if we pass to the projective limit over N. This implies that
the Galois group acts on R - Eis, in the same way as it acts on the left hand side. But it is clear that
the element o € By acts on (R/NR)Y"™*! by multiplication by a~"~!. (This explains the strange twist
we introduced, when we defined the Gly(Z/N7Z), it has the effect that the Galois-group acts trivially on
R%j (M /N M)

If we pass to the limit over N = p*, then we see that
RI(M,) = lim(R* (MY /NMY)) = Z,(—n — 1) + torsion,

and this is the assertion of our proposition.

6.1.2.2: ZZ,,-Hecke modules: At this point I want to explain some very simple principles concerning the
structure of modules under the Hecke algebra:

Here I want to look at the Hecke-algebra H as the polynomial algebra over ZZ generated by the indeter-
minates T, one of them for each prime £. We fix a prime p and we consider finitely generated ZZ,-modules
X on which H acts. I want to make the following assumption

The Hecke-operator T}, acts nilpotently on Xiors

If T want to make I category out of these objects I should require that cokernels of maps have this
property too. I claim that each such module has a canonical decomposition

X = Xnil S Xord;

so that T}, acts topologically nilpotent on Xy (i.e we have T;"(Xpni) C pXyi for some m) and T}, induces
an isomorphism on Xy.q. The module X,,q is called the ordinary part of X it is torsion free. If we apply
this construction to X;,; we get Xint.orda = Xord-

This is indeed very elementary. We consider the vector space X ®Qp and decompose it into generalized
eigenspaces under the Hecke algebra. This means that we have a finite set Spec(X) of homomorphisms

A H— Qp
such that we get a decomposition into generalized eigenspaces

X®Qp: @ Z)n

AESpec(X)

where Zy = (£ € X ®Q,|(Ty — M(T%))N ¢ = 0) for a suitably large number N. Since X is a finitely generated
Z,-module the values A(Ty) will be integers in Q,, we decompose Spec(X) = Spec(X)ipitp U Spec(X)orq
according to whether A(7},) is in the maximal ideal or it is a unit. Then we get a decomposition

X ®Qp = @ Z)\ 2] @ Z)\ = Ztnilp @ Zord-
xeSpec(X)initp AeSpec(X)ora

11



The two summands are invariant under the action of Galyy,, and therefore this decomposition descends to a
decomposition over Q,,:
X ®Qp = }/tnilp ® Yora

and we define
Xint,tnilp = Yrtnilp N Xint Xint,ord = Zord N Xint.

Now one has to prove that

Xint = Xint,tnilp 2 Xint,orda
it is clear that the left hand side contains the direct sum on the right hand side. I leave this as an exercise
to the reader.

This proves the claim for Xj;,;, it follows from our general assumption on the torsion that we have a
section from X,.q in X;,; back to X. The following assertions are now obvious

(1) Xora is a free ZZ,-module, its rank is equal to the sum of the dimensions of the spaces Zy if A runs
over Spec(X)ord

(ii) We get a decomposition
X® Z/p = Xnil ® Z/p@Xord ® Z/p

where the first summand is the generalized eigenspace to the eigenvalue 0 for 7}, and where 7}, induces an

isomorphism on the second summand.

(iii) The functor ord : X — X,,q would be an exact functor if we had made a category out of these
modules in the above sense. (This is not true for int).

We define the Eisenstein-part of the spectrum: Let (7) be the maximal ideal of the ring of intgers in
Qp, we define
Specpis(X) = (A € Spec(X)ora|\(Ty) = £"! + 1mod(7) for all £).

The same reasoning as before yields that the space

(X ©Q,)pis = GB Z

XeSpecpis(X)

descends to a subspace in X,.q ®Q,, and we have a decomposition
Xord ®Q, = (Xord ®Qp)nonkis © (Xord ®Qy) Eis-
Again it is also clear, that intersecting this direct sum decomposition with X,.q gives us
Xord = XordnonEis © Eis X

and alltogether
X = X0i ® Xordnongis ® Eis X.
The following facts are obvious

(iv) Any endomorphism of X, which commutes with the action of the Hecke algebra leaves this decom-

position invariant
(v) Rank(Eis X) equals the sum of the dimensions of the Z, with A € Specg;s(X).
(vi) Eis X ® Z /p is the submodule of X ® Z/p on which all the operators Ty, — (¢"*! +1) act nilpotently.
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We apply this to our exact sequence (Seq) and we restrict it to the Eisenstein-part, this yields

0= H'(S xQQ M, ) mis — H (S xqQ M, p)pis — H'(OC\H), M,,,) =0,
of course the third term is already in the Eisenstein-part.

Now we discuss the influence of the denominator of the Eisenstein-class on the structure of the coho-
mology as Heckex Galois-module. As before we write the denominator as p’»(™, by construction we get an
exact sequence

0 — HS xqQ, M, ) pis ® Zy - €isy — HE (S xqQ, M, ) pis — Z/p™™ — 0.
tensorizing this sequence with 7 /p® (" gives us an exact sequence
H!(S xq Q,./\N/l,vw)Eis @ Z)p% ™ @ (Z/p* ™) - eis, — Hét(S XQ Q,Mxp)Eza @ Z/p> "™ — 7 /p* ™ .
The kernel of the last arrow is H} (S xq @, /\N/lxyp) Eis and hence we get a surjective map
HY(S %qQ, M ) pis ® Z[p" ™) & (Z/p% ")) - eis, — H (S xqQ, My, ) is © Z/p™ ™).
This map is of course of the form (Id, ¥), where ¥ is a map
W (2" ") - eisy — HYS xQQ My mis © Z/p™.

I claim

Lemma: This map is injective and commutes with the action of the Hecke-operators and the Galois-
group.

Proof: The injectivity follows from the fact that 7, - eis,, is a primitive submodule hence it is a direct
summand (as a Z,-module) and therefore 7 /p (™) - eis,, injects into Hét (S xqQ, ./\N/l:’p)Eis ®72/p’ (™). The
rest is clear.

6.1.3. The arithmetic consequences: Now we are ready to discuss the influence of the denominator of the
Eisenstein-class on the arithmetic of cyclotomic fields. I recall the decomposition of the cohomology-groups

into eigenspaces for the Hecke algebra (See 6.1.1). If we use our results from the previous section then we
find that rankH'(S xq Q, /\N/l;/,p)Eis is 2 times the number of 7 € Spec(H!(S xq Q, sz)) which satisfy

7(Ty) = " + 1modp for all ¢

Therefore we know that rank(H{' (S xq Q’M:m)}ais) > 2 if d,(n) > 0. This is a classical assertion on
congruences between Eisenstein- series and cusp forms, statements of this kind occur in the work if Doi,
Hida, Koike and Ribet.

A pair (p,n + 2) is called irregular if §,(n) > 0. I propose to call (p,n + 2) tamely irregular if the rank
of H'(S xq Q, MZ’p)EiS is equal to 2. I call itwildly irregular if it is greater than 2. We shall see in the next
section that the type of irregularity of (p,n + 2) depends only on (n + 2)mod(p — 1).

In general the Galois group Gal(Q, /Q,,) or in our situation Gal(E /Q,) acts on Spec(H{' (S xqQ, Mz’p)),
but if the pair is tame the the single element in the Eisenstein-part of the spectrum is of course defined over

Qp'
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I want to formulate the theorem of Herbrand-Ribet, actually I will state a stronger version of it in case
of a tamely irregular prime. One will see from our arguments how one gets the theorem of Herbrand-Ribet
without this restriction. It seems to me that our result in this special situation is even stronger than the
consequences one gets from the Main-conjecture of Mazur-Wiles. In the following discussion we abbreviate

dp(n) =46

Theorem II: If p°[((1 — (n + 2)) and if the pair (p,n + 2) is tame then the cyclotomic field Q((,»)
of p°-th roots of unity has a cyclic extension L/Q(Cys) of degree p®, which is normal over Q, everywhere
unramified and so that the Galois group Gal(Q((ys /Q) = (Z/p°ZL)* acts on Gal(L/Q((ys)) by multiplication

by z~" L,
If & = 1 this is the part of Ribet in the theorem of Herbrand-Ribet if we drop the assumption of tameness.

Proof: Let us define X = H!'(S xqQ, MZ’P)Eis Since we assume that the pair (p,n + 2) is tame this is
a free Z,- module of rank 2. The Z/p’-module X ® Z/p° is also free of rank 2 and it contains Z/p° - eis,,
as a free, rank one Galois-submodule, we get a short exact sequence

0 — eis, — X @Z/p° — %/p° — 0.

The Galois group Gal(Q/Q) acts by a~ " 'mod(Z/p’) on the submodule and trivially on the quotient,
the first assertion follows from proposition 6.1.2.1 the second from the formula for the determinant of the
Frobenius in the theorem of Eichler-Shimura-Deligne quoted above.( This comes from a simple duality
argument). We restrict the action to the Galois group Gal(Q/Q((,s)), let L* /Q((ps) be the smallest extension
over which this module becomes trivial. Hence we have an action of Gal(L* /Q(,s)) on X ® Z/p°.

I quote a result from the theory of p-adic representations. We choose a prime in Q this provides an
embedding of the local Galois group Galy,, C Gal(Q/Q). We have some information concerning the action
of this local group on a Hecke eigenspace Hét(S xq @, MZ,p)(ﬂ') if 7 is ordinary, i.e. 7(7T},) is a unit in O.
In this case this result asserts, that we have an exact sequence of Gal,,,~-modules

0 — Ew(0) — HL (S xqQ, M, ,)(m) — Ex(—n—1) — 0.

Such a sequence induces on any Galpy, invariant Og-lattice in Hét(S xqQ, Mlﬁ(ﬂ') a filtration, where the
submodule and the quotient have to be replaced by O (0) and O (—n — 1).

We apply this to our element 7w that makes up the Eisenstein-part of the spectrum. Then the local
theorem implies that we have a canonical splitting of the Galp,,- module

XQUL/p® =%/’ (—n — 1) & Z/p(0),

because the local filtration goes in the opposite direction.

Now we proceed along similar lines as Ribet (See [Ri2]). We choose a basis e, f to our lattice X such
that these two basis vectors give this splitting if we reduce modulo p® and of course e should be the one
that reduces to eis,. (This depends of course on the choice of Galp,, C Gal(Q/Q)). Then we have for
o € Gal(Q/Q) that

o(e) = a(o)e + (o) f

o(f) =blo)e+d(o)f

and we have that modulo p? the matrix reduces to



Let us assume that we find an element ¢ in the Galois group for which ¢(o) # Omodp. We know that the
local Galois group Galpyu, gives us all the elements

(0 )

if we reduce modulo p® and therefore we find also an element ¢ in the global Galois group which has the

)

and c¢(o) #Z Omodp. This element generates a cyclic subgroup of order p® in Gal(L* /Q(ps)), which is invariant
under the action of the action of Gal(@Q((,s)/Q). The Galois group Gal(L*/Q((,s)) has exponent p° so it is a
2/ (p°) module and the Galois group Gal(Q((,s)/Q) = (Z/(p°))* acts on this module by multiplication by
7"~ Moreover it is clear that L* /Q((,s) is unramified everywhere, because the p-adic Galois modules are

matrix

certainly unramified outside p and at p we have the above reduction of the action of Galyy,, to the diagonal
group. So we are through if the above assumption is true. But if it is not true then we modify our lattice to
Z,-e®Zy,- (f/p). This new lattice will be invariant under the action of the Galois group and with respect
to this basis we have to make the following changes in our matrix above:

(o) = c(o)/p
d(o) — d(o) - p

To this lattice we can apply the same arguments as before, actually we could now even compute mod p?*?.
So we will eventually construct the desired extension unless we have c¢(o) = 0 for all 0 € Gal(Q/Q). But this
is not possible, because the representation of the Galois-group on X ®Q,, is irreducilble ([Ril], Thm.2.3),
hence the theorem is proved.

Remarks: 6.1.4: If we drop the assumption that the pair is tamely irregular, then we may have several
7 in Spec(H! (S xq Q’Mzm)ms)' If we order them they induce a filtration on our lattice X ® O =
HE (S xqQ, MZ»P)Eis(ng' Let e be the ramification index of E over @, and A = e-§. The same arguments
as before show that we have still an injective map ¥ : O, /(w®) - eis,, — X ® O /(w’). This induces a non
trivial map into one step of this filtration. To this step we can obviously apply the same reasoning as before
(with a little modification). Therefore we see that we can prove the theorem of Herbrand-Ribet without the
assumption that p is tame.

6.1.5: After the discussion of the proof of theorem I we shall see in next section that we give indeed a
modular construction of the minus part of the Hilbert classfield of the field Q((,) under the assumption that
the prime is tamely irregular.

6.1.6: Our method here differs in one point from the methods used by Ribet and Mazur-Wiles. In some
sense they use the de-Rham-realization of the cohomology and exploit informations they get from there to
get results on the p-adic representations. They read off from the g-expansion of the classical Eisenstein-series,
that it has a denominator as a de-Rham cohomology class. From there they get some information on the
Jordan-Holder series of the 7, -integral cusp forms as a module under the Hecke-algebra. Then they invoke
the theorem of Eichler-Shimura and Deligne to get some information on the Galois-module structure of the
steps in the filtration. Here we work directly with the p-adic realization, which to me seems to be more
natural and opens some perspectives for generalisations (See [HS | and 6.4). Our point of view is that of
Haberland in [Hab], but he falls short proving Theorem I because he restricts the weights (See 6.4.1 and
[Hab], 5.2 Satz 3)

15



6.2. Modular Symbols: The patient reader may have forgotten that we still have to prove Theorem I.

The main idea of the proof is quite simple. We construct certain homology classes which generate
H,(T\H, M) and we evaluate the Eisenstein classe on these homology classes. The result of this evaluation

gives us a collection of rational numbers. The smallest common denominator of these rational numbers will
be the denominator of the Eisenstein class. Here we need the theory of singular homology with coefficients
as it is explained in Kapitel E 1(Chapter II in the final version).

6.2.1. The homology classes are the so called modular symbols (with coefficients). At the present
moment I' C SLy(Z) may be an arbitrary congruence subgroup. To any two points 7, s € IP1(Q) we have
the geodesic circle C). s in the upper half plane which joins these two points. We recall the discussion of
the Borel-Serre compactification in V, 5.1. To any point r € IP*(Q) we added the line H, o of real Borel
subgroups in opposition to r and we defined

H=HU |J Hyw.
reP!(Q)

It is clear form the definition that C, s closes up to an intervall in H. It hits H, - in the points s and Hj oo
in the point . Let us denote the point s on H, » by {s},. For m € M,, we introduce the 1-chain

Crs @m € C1(T\H, M)

Its boundary is
I(Crs @m) = {s}r @m — {r}s; @ m.

(We orient the chain by going from r to s.) This chain is actually a relative 1-cycle, i. e. an element of
and one can prove that these cycles generate the first relative homology group

(Diplomarbeit Gebertz, Bonn 198.). From now on we assume that I' = SLy(7Z) and we consider the special
1-chains
Coo,O & ey V=

We compute its boundary, since

interchanges 0 and oo in IP(Q), we obtain
I(Cx0®e€,) = {0} ®e, — {o0}o®e, = {0}oe @ (ey —wey)

(We may visualize these 1-chains on the quotient F\f[ . We have the path from oo to 7 on the imaginary
axis. If we "tensor” it by e, we get a 1-chain [00,i] ® e,. Now we make a turn and go back on the same
path but we ”tensor” by we,. This 1-chain has the boundary

{0}oo ® (e —we,) +{i} ® (e, —wey).
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But since i is a fixed point for w the second term is zero.)
We abbreviate
Z ) = Coo,O ® ey,

and denote by [Z,,(f )] the corresponding relative homology class.

Our Eisenstein classes Fis, are cohomology classes hence they cannot be evaluated on the relative
homology classes [Zy(f)]. But we can try to bound the boundary 02,7 € Co(A(T\H), M) by a 1-chain in
C1(A(T\H), M), i.e. we can try to write

0z =p9z>
with some Z,° € Cy(A(T'\H), My). If we can do this then

2D — 22 € 7,(T\I, M)

would define an absolute homology class. This does not always work, we have to use the Hecke-operators to
modify this construction.
The evaluation of the Eisenstein class on classes of this type will provide us the information on the

denominator.

6.2.2. We want to discuss the problem to find Z°. The group

acts by definition simply transitively on H o. We identify IR = H o by this action and taking the base
point 0 € IP*(R). A point z € IR when viewed as a point on H  is denoted by {z}.

If we want to bound {0} ® e,, we try to write
where P € M,, and this means we have to write

e, =(1-T)P(X,Y)=P(X,Y) - P(X,X +Y),

where T' = <(1) }) as in 5.7. If we pass to rational coefficients, we can find such a P if and only if v # — %,

ie. e, # Y™ Since we want to bound {0}oo(e, —we,) = {0} @ (e, — (—1)31e_,), we always require
v # £%. In this case we know that we may bound by a P € M,, . But we need something better since we
want to get integral homology classes. In this case we only know that {0} ® (e, —we,) defines a torsion
element in Ho(9(I\H), M,,). At this point we have to use the Hecke operators to annihilate these classes.
To be more precise we localize at the prime p (the one for which we want to prove Theorem I), and this means
we tensorize our modules with Z,), the local ring at p. For simplicity we denote the localized modules and
sheaves still by M,,, M,,,.... Then we have seen in 5.7. that for v # £% the zero cycles {0} ® ey, define
classes which will be annihilated by a power T)7* of the Hecke operator at p. Hence we may write

({0} @ (en —wey)) = 027
with 2 € C,(d(T'\H), M,,) and
"z - z

P v
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will be a 1-cycle which defines a homology class in Hy (F\E[ , _/\N/ln) Hence we may evaluate

(Bisn, T)" Z0) — 2°).

The result is a rational number. We also take into account that the 1-chain Z,>° is not unique. It may be
modified by a cycle C' € Z;(8(T\H), M). This changes the evaluation above by

and this is an integer (in Z,) since Eis,, restricted to the boundary is an integral class. Hence we should
consider
(Bisy, T2 — Z22°) € Q) Xy,

We have the following

Lemma 6.2.2.1: The p-part of the denominator of the Fisenstein class Fis, is equal to the mazximal
p-denominator of the numbers
(Bisy, T 21 — 2°).

Proof: It is not difficult to see that the [Zl,(f)] generate the relative homology Hy(I\H,d(T'\H), M)

(Diplomarbeit, A. Geberts or exercise). Since we obviously have Z,,(f ) = :N:Z(_f,j it suffices to look at v > 0.
We recall that we are looking for the p-denominator of the Eisenstein class Eis,, i.e. we want to find
the smallest § > 0 such that p®Eis, becomes integral. It follows from Poincaré-duality that we can find a

homology class ¢ € Hy(I'\H, M) such that

(P’ Fisn, &) =1

and hence 1

(Fisn, &) = —.
We send £ into the relative homology and we may write its image £’ in the form

n
n_q

¢ =2 il e € Zy).
v=0
(The class Z(%f) cannot occur since otherwise the boundary of ¢ in Hy(8(T'\H), M) would not be zero).
We apply T}". We have from our adjunction formula
<Ei5n7T;!:n€> = <T1:n Eisy, &) = (pn+1 + 1) - (Eisn, §)

(pmtt+ 1™ ,
p6

and hence T}"'§ gives us the same denominator.
Now
m ¢! m
T = I 29,

This class lifts back to a class in the absolute homology by our previous construction, and we have that

S e T2 - 22°) and ¢

v
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differ by an element that comes from H; (d(I'\H), M). On this difference the Eisenstein class Eis,, takes

an integral value and now the Lemma is clear.

I propose to call a 1-cycle, which is a sum of chains of the type C). ¢ ® m and chains in the boundary a

modular symbol.
6.2.3 Now we discuss the evaluation of the Eisenstein class on these cycles.

We will represent the Eisenstein class by a suitable 1-form. We will modify our cycle into another
one which is homologous to it, and whose support is in I'\H. Then we may evaluate by integration and
eventually we push the cycle back into its original position.

We have a closer look at the cycle
(T2 - 2 = 2,
We shall see that the chain (T;”)Z,,(f ) will be a combination of chains of the form Coor ® x, with z, € M,,.

In the neighborhood of T'oo\ Heo,co in F\f{. Such a cycle is supported by two (or one) vertical lines, so that

we get the following picture for (T;’L)ZV(Jc ) at infinity

Foo\Hoo,oo

The chain Z° is supported in I'oo\ Hoo,00- It is clear that we get a cycle homologous to T;”Z,,(f) — 2>
if we chop of the cylinder on a finite level far enough out. Then the boundary will be

Ioo\{z [ Im(2) = y}
and our modified cycle will be

2 =T 2P — 2] € Z1(D\H, My),

where Z>°[y] is the chain corresponding to Z,° in T'oo\{2z | Im(2) = y}.

If we represent the class Fis, by a 1-form E‘;n, then we have

(Bisn, 2,) = (Eisn, Z[y]) = / Fisy, = / Fis, — / Fisn.
(v]

(1) 257 1y) Zl)
Proposition 6.2.3.1 :We can choose the representing form Eis, such that
T, Eis, = (p"*! + 1) Eis,,
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and such that the limits

li_)m / E\Z,an and li_)m Eisn
' Oo(T;n)ZJ“[yJ g
exist. Then we get
(Bis,, Z,) = ("' +1)™ / Eis, — lim Eisy,.
20 y_mzs"’[y]

Proof: We recall the construction of the Eisenstein classes. Given n we have the character xo, =
x = (n+ 1,n) to which we attach the (g, K')-module I,,_. The Eisenstein intertwining operator gives us an

embedding
Eis: I, —A(SLy(Z)\SL2(R)).

We have seen that the Hecke operators act by scalars on the module Fis(xs) and using 5.5.4 we see that
they act with eigenvalues {p"*! + 1}, on

HomK(Al(g/E),IXOO My e)-
We have seen in 4.3.3 that
Hompg (A (g/8), I, . ® M, ¢) = Homr (A (a/8" @ u),Cy s @ M)

1 0

T _ T _
where of course & = 0 and K* = {( 0 41

)} We have the generator H = <

EL = <8 (1)> of u and therefore we can define the element

o H —0
"B, 1Y
of Homgr (A'(a & u),Cy 156 ® My ¢) and
Eis, = Eis(w,) € Homg (A (g/€), A(Q(Z)\SLy(R)* @ M, ).

If we restrict the Eisenstein class to a neighvorhood of the boundary Foo\ﬁoo,oo, i.e. to

| {z | Im(z) > yo} cI\H
then it is dominated by its constant term. We have seen in 5.4.5 that this constant term is
@ € Homp (A (g/8), Ino ® My ¢)) C Hompg (A (g/k), Coo (Too\SLa(R)) @ M., ).

But @,, vanisches on the tangent vectors of the chains C » ®m in a neighborhood of FOO\FOQOo and therefore
we see that
Eis, (Tangentvectors of TmeV(f ) of length 1)

goes rapidly to zero, if we approach I'oo\Heo oo Or if y — 00. (Faster than 0(y~) for any N.) This implies
that the limit

lim Fis,

Yy—00

2z
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exists. (Of course this depends on the choice of our form @,,. There are several choices possible which gice
the same cohomology class on I'o o\ H. If we had taken the classical holomorphic Eisenstein series, we would
have some trouble.) But now it is also clear that

converges, and if we want to complete the limit, we can substitute Ez’sn by its constant term. The proposition
is proved.

I want to discuss the computation of the limit. The following considerations are purely technical and
consist of bookkeeping of the definitions.

We recall the construction of the compactification. We have
Lo \H Lo \H
| |
S'xRsg = S x (RsoU{o0}).

A 1-chain in C1(Foo\Hoo,00, M”) is a linear combination of expressions

c=la,b]®P

where P(X,Y) € M,, and where we identified Ho oo >~ IR (see 6.2). If we push the 1-chain to a finite level,
we get
¢yla, b = [a + iy, b+ iy] ® P.

We want a formula for B
lim FEis,,.
cyla,b]
In Kapitel E5 we gave the rule how to compute such integrals. We lift the map
o : [0,]] — H
o t — dy+a+tib—a)

to a map into the group. For simplicity we change the group from SL3(IR) to GL2(IR)™, and we choose
c : [0,1] — GL2(R)

P (%0 a+t(1l)a)>~

Q

Then in the notations of Kapitel E, p. 23 we have

705 =~

+>

and the formula at the bottom of that page yields

1

FEis, = —— [ (Eis,(6())(E.), &(t) " m) dt.
" ; 0/< (G(0)(E.), 5(t) " m)

21



Since the Eisenstein series is dominated by its constant term, we may substitute @,, for Ezsn when we pass
to the limit y — oco. By definition we have

Gn(5(1)(By) =yl on () (By) = y5 ™1 Y™.
We have

() 1P(X Y _U Z(IVXVYn v ZaVyOVXu<_a’_;(b_a)X+Y)n—y.
0

Since we have to pair with Y™ we only have to consider the coefficient of X™ and get for the integral

/ Oy = bfa/Zal, —a—t(b—a))"7Vdt = /Zau )

¢y la,b]

Hence we find the following formula for the integration of the Eisensteinclass against a 1-chain [a,b] ®
P(X,Y) € C1(0(Toc\Hoo,00), Mn). We substitute 1,u for X,V into P(X,Y’) and get

lim Eis, = /P(l,u) du. (%)
y—00

cyla,b] —b

6.2.4 We are now ready to carry out the evaluation. Before starting I will state the result. For any v
with —5 < v < 5 we define the following numbers modZZ,,

0 if p—l*%-f—u-f—l
bn,l/: 1 . n
| if p—1|5+v+1.
p'( p—1 )

Then we shall prove

(B ) (3 - vt )
(- (n+2)

where of course () is the ordinary Riemann-zeta function.

(Bisy, (T,)™ 2 — 22) = (p"t + 1) + b,y + bn,—y mod Zgy),

It is clear that this has to be done in two steps. We will prove that

[ Bioy = U= vt ) <Oyt 1)
" (0—(m+2)

z0

and
/ FEisy = —by,y — byp,—, mod Z;,y.
Zoo

Let us look at the boundary terms first. We consider M,, g as GL2(Q)-module with the action
<Z Z) P(X,Y) = P(aX + ¢Y,bX +dY)

i.e. without any twist by a power of the determinant. Then we have the advantage that My (ZZ) acts on M,,.
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Let us consider the zero-cycle {0} ® e,. For m large enough we have to bound

(Tp)"({0}oc @ en)
by a 1-chain (remember that we localized at the prime p). The general formula for the Hecke operator is
_ Ly Ly p 0
TP({T}N@)m)_‘Z {(O p)r} ®<O p)m+{pr}m®<0 1>m.
jF#modp [eS)
One checks easily that it decomposes into a sum of two operators
U'{r}®m—>z L7, ®1jm
P , 0 p 0 p
Jjmodp (S)
and
p 0
We have L
j J
VpUp{rtc®@m =V, (Z{T}OO@(O p>m> =

= Strtites (g 1) rm=p hom

Hence if we evaluate
(U:D + Vp)m{o}oo ® ey,

and we take into account that
V;? : {O}oo K ey, — p%+y{0}oo X ey,

we find that this is equal to
Ul {0}ee @ €, + c1U" {0} oo @ € + c2U)" {0} e @6y . ...

where N
ci = p2t¥mod p”

ca = pEH’mod pn

(This must be so since only those products of U’s andV’s which have the V’s at their right end can give an

contribution which is non zero mod p.)

Now we have for all m

p—l ; ; : m—1 . .
U} ) = §j{ = }m@@(o p)...(o p)

We put

then the sum becomes



Let us look at the individual terms in the sum. I claim that for large m we can find a P € M,, such that
XEP(X +p"Y): Y =0P =P(X,Y) - P(X,-X +Y).

This is so because the term Y™ does not occur, X™ can be written in that form and all other terms are
highly divisible by p. We substitute X =1 and Y = u. Then we get

(j+p™u)2™" = 0P(1,u) = P(1,u) — P(1,u — 1).

We write
P(l,u)=ap+aiu+...

with a; € Z ), the constant coefficient ag is arbitrary. Now we have written the zero-cycle
{3/P" Yoo @ XEW(GX +p™Y)ETY

a boundary of the 1-cycle
3/p™ 3/ + 1] @ P,
so it yields according to our formula (xx) the contribution
—i/p"
[ PO = Pugm - P-gfom - 1)

_l‘/pm_l

where Py is a primitive polynomial for the polynomial P(1,u). We normalize it to P, (0) = 0, hence

f’l(u):aou—&-%uQ—i—C;iu?’....

The Q1 (u) = Py(u) — Py(u — 1) is a primitive polynomial for
QLu) = (j+p"u) 3"
and therefore we get for our above integral

=i/p™

We do not yet know the constant term of Q; (it is not arbitrary) but in any case we have

Q1(u) = ! (j+p"u) 2+ Q1(0) o
N NI ) P (& —v+p~
and hence
—i/p™ n n
B j§—y+1 B ]E_V-i_l
Pi(u)du = — = =—-P(-1) — =
’ W de =@ = T Y T g e
71 pm—l

Let us consider



Since we have
(G+p"u)?" = Pi(u) — Py(u—1),

we have

Pi(u) = ju+ Py (u),

where the coefficients of Py(u) are highly divisible by p. Hence we see (since p > 2) that —Py(—1) € Z,)
and the contribution of an individual term in the sum giving U;" ({0} ® €,,) is

j%—l/—‘rl
We consider the expression
1 P
Sm(p) = —— j*mod Z )
e

Since j runs over the integers mod p™, we have to consider sums (u =1,2,...)

and look at their value as an element in Q/Z,). One checks that the values become stationary if m is
sufficiently large, and we get the same value if we sum over any system of representatives. I claim that

Sm(p) = 0mod Z,) if p—1)p

and

— if p-1|p

provided that m is sufficiently large. I leave this as an excercise for the reader. Now we have to sum up
the contributions form the p(%J”’)O‘UI’)"‘O‘{O}(><J ® e,. They are zero mod 7, if a > 0 because the factor in
front cancels the deniminator, hence we have proved the desired formula for the contribution of the infinite
part Z°.

To evaluate the finite part we recall that the Eisensteinclass is a form with values in MZ,@ and the
chains take values in M,, ¢. In the previous considerations we let o € GL2(Q) act on M, q by

aP(X,Y)=P(aX 4 ¢Y,bX +dY),
and hence it should act on PV € Mr\i’@ by
aPY(X,Y) = P(aX + cY,bX +dY) det(a) ™.

But it is clear that the value of the integral does not change if we twist both actions by powers of the
determinant which are inverse to each other. Hence we twist the action on M,,q by the factor det(a)~ 2.
This has the effect that the center of GLy acts trivially on M, q and M, . Another effect is that we can
work on the group PGLs instead of SLo, which has some advantages.

We want to compute the integral



and of course we should follow the rules from Chapter E. We lift the chain into the group and define

F o o — PGLI(R)

o : t —><(t)?>,

where we consider Ry C [0, 00] = [0, 1]. Then the support of our chain zh

is given by the map
o:t— a(t)i = ti.

The differential D, of o maps the tangent vector ¢ - % at a point tg to the tangent vector y - 6% at toi = yo
and hence
1 0 0

o Dy (to) - (t@) = 3y li -

L (o)

We have the canonical identification of g/€ to the tangent space /! and under this identification the vector

1 0

corresponds to 8% |;. We have to compute the integral

[ Fisu = [@Bma@)m. ) =
z 0
= i [ GO 0) ()0 Y.

1/y

We want to transform this integral into an integral over an adelic variable. We consider the torus

n-{(3 1)} <o

which is identified to the multiplicative group by the map
A 0
X : 0 1)

XA IQ — Tl(A)
Io/Q" — Ti(A)/Ti(@Q) .

This yields identifications

If we divide T7(A) by the maximal compact subgroup K?lo = [[, Z,, then we get
Ty(A)/T@KT) = R%,.

This identification is induced by the map



We recall the adelic construction of the Eisenstein series in 5.8. To the character

x : B(A) — C"

t u n4l —nt1
o (B8

we have the induced (g, K') x G(Ay)-modul I, which we map by the Eisenstein intertwining operator

FEis : I — Coo(GL2(Q)\GL2(A))

X

Bis : WU(g) — DR 107)
VEB@\GL (@)

into the space of automorphic forms. (It does not make a difference if we work on PGLs or on GLjy.) We
evaluate the Eisenstein operator at the element

Ty =V @ U

where \Il(} is the standard spherical function and where Woo (goo) = @n(h1)(goo) it is an element in 1, @ M, .
Then our integral
dt oo

loo

/ (6 oe (o) Bis(Wo) (3o (00)s €0)

*
IR>O

We can move the element 6o (o) = tao ?) to the other side, since e, is a weight vector for the torus

we get by defintion of the action that this is equal to
dt oo

oo

/ E2 (Bis(U0) (3o (fao). €0)

*
Il—{>0

This is now equal to the integral

/ 1 (Bis (o) (xa (£)). e0) L.

It]
I /Q*

dt . . . .
Here 1z is an invariant measure on Iq. It is the product of local measures dtt—“

the finite places where at the finite place the volume of T (Z,) = ZZ;, is normalized to one.

at infinity and p, = Cplinl at
p

We recall the definition of the Eisenstein class and get for that integral

1 (@l xald)e) L

f.
In/Q* YEB@Q\GL2(R) 18

The torus 71 (Q) acts on B(Q)\GL2(Q) = IP'(Q) with three orbits. We have
cr@-s@us@ (" j)us@() 1)n@.

The first two points corespond to fixed points, on the third the torus 77 (Q) acts simply transitively. We get

Yo (Tolxal®)en) = (Tolxalt)) ev) + (To(w - xaHw ™ w),e,)

YEB@\GL: (@)
10
+ ) <\Ifo<<1 1>a-XA(t)>,eu>.

a€T1(Q)
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The first two terms are zero. For this one has to recall the definition of &,, and one has to take into account
that v # £5. So we are left with

[ (5 9)e )]
T (A)/T1(@)

a€T1(Q) )
1

Of course we want to write this as
_y 1 0 dt
/ |t| <\I’O<(1 1)a’.XA(t)>7el/>t|'
T1(A)

It is clear that we are allowed to do so if we can prove that the integral over T7(A) is absolutely convergent.
But this will be clear from the following computation.

The point is of course that now the integral can be written as a product over local integrals. We have
that the above integral is equal to

. 10 dt,
I/ e ((509)n0) s
' T1@,)

[t

(We will see in the process of the computation that the local integrals are absolutely convergent and that
the infinite product is so too.)

I studied integrals of this kind in my papers [Hal] and [Ha2]. I more or less copy the corresponding
computations here. At a finite place p we have to evaluate

_ 1 0 t, 0O dt _ t 0 dt
/ | P| 0,p ((1 1> (0 1 |tp| ‘ P| 0,p
T1(Q,)

tp—1 1 Itp]
T »

We write t, = p* - €, where ;1 Tuns over the integers and € over the units.

We apply the Iwasawa decomposition and get
proox .
>
< 0 1> ky ifp>0

1 * .
(0 p“)k” if p<0

U et 0 pHERD i >0
0.p ept —1 1 '

prETD i <0

ept 0
et —1 1

and hence we have

(Note that we have unitary induction here).

Since we have normalized the measure to give volume one on the units, we find

v ty 0 daty _ N p(v—5-1) S —pu(v+g+1)
/ 1t %’p<<tp1 1)>|tp|2p 2Ny prlrEt —
Tl(Qp) n=0 pn=1

1 p—%—l—u

L—p
n + n = n n
1 _p7(§+171’) 1 — p7(§+1+’/) (1 _p7(5+171’)) . (1 _p7(§+1+1’))
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These local integrals are certainly absolutely convergent for all finite places. If we multiply them together,
the infinite product is also convergent and gives the value

C(B+1+v)C(5+1—-v)
C(n+2)

Again we made use of the assumption that v # £7%.

I investigate the integral at the infinite place. We have to compute

J e (3 9) (6 1)) i

T1(R)

We have to unravel the definition of @, which is by definition an element in
Homp (A'(g/8), I.. ® My ¢) = Homper (A (t & u),Cy 15,0 ® My )
(see 4.3.3) and for g € PGLy(IR) we have
Dn(h1)(g) = n(ha) (bk) = bX=+0 0 (ha) (k)

and
Gn(h1) (k) = k@a(ad (k)" ha)(1) = k@n(alk)hy + b(k)ES )

and @y, (a(k)hy + b(k)EL)(1) = b(k)Y™ by definition. We write

# *
(D~ oo ) (22
11 0 1 t 1 0 1+¢2 1t+t2 11+t2

and get

st (1 9)) = et -

B¢ . t [tz n
and we get the integral
tzHi-v.e [tz v s vl gt
/ 2\ & +2 <Y k( 2\n+2
(1+1t2)> |t| (141¢2) |t\

R*
This integral vanishes if § +1—v =1mod 2. If § + 1 — v is even, we get the following value
x t’n+2721/ dt
2 ———— —.
/ (14 82)m+2 ¢
0

We substitute 1+ 2 = 1 then ¢t = (177“’)% and % =-1 m, and we get as value for our integral

1
I'(n+ 2)
0
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(By the way, the integral is absolutely convergent!).
If we multiply everything together, we find

o PG Hv+ ) TG —v+1) ((FHrv+10(5-v+1)
" T(n+2) C(n+2) :

z0

If we exploit the functional equation for the Riemann (-function which tells us

22k— 17T2k

F=DR G- 2h),

C(2k) = @1

we find

[ B = Sty (G ov b
" (= +2)

z0

which now together with the formula for the boundary term gives us the formula

G0~ (3 +v+ 1)1~ (5 v +1)
(1= (n+2))

I want to point out that this formula is true for all values v which satisfy —5 < v < &, we do not need a

(Bis,, T 20 — 22°) = (" + 1) + b,y + bp,—p mod Z().

parity condition since the values of the (-function vanish if 1 — (§ £ v + 1) is odd.

Using Lemma 6.2.2.1 we can easily determine the denominator of the Eisenstein class. We look what
happens for the different values of v. We assume p®™||¢(1 — (n + 2)). We have three cases:
L Case: p—1/)(5—v+1)(5+v+1).

In this case the b, +, and ((1 — (§ £ v + 1)) are integral at p. Hence we find the denominator of Eis,,

evaluated at Z, is
pﬁ(n)*orde(lf(%*V+1))-C(1*(%+V+1))_

II. Case: p—1|5—v+landp—1}5+v+1
Let us assume p®~*(p —1)[|4 — v+ 1. Then p* is the demoninator of ((1 — (% — v~ +1)). The Kummer
congruences yield

C1—(n+2) =1~ (g +v+1)) mod p°.

We write
(1 (g+1/+1)) —¢(1— (n+2))+p* Z(v,n)

with Z(v,n) € Z,) and substitute this into the first part of our formula. We get

) n Z(v,n)
Fisp, Z,) =C¢(1 — (= — 1)) (1+p* 7" bny +bn 0.
(Bisa 2 =61 = G5~ v+ 1) (1400 o 2 ) b b,
The classical Clausen-von Standt congruences tell us that
n -1
C(l—(§—y+1>):%771,+1)‘i‘y
p—1
With v € Z,) this gives us and hence
. -1 pa Z(V7n) Z(Van)
<E13n7 Zu> = n_, +v— n_, + Vpa e~ + bn,z/ + bn,w
p(zpirl) p'(zp,fl)C(l_(n+2)) ¢(1—-(n+2)
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The first term cancels against b, _,, in the first factor of the third term the p® cancels. Therfore it is this
term which determines the denominator: it is

pordp(C(l7(n+2))7orde(V,n)
II. Case: p—1|5—v+landp—1|F+v+1.
In this case the numerator of {(1 — (n+2)) is a unit at p and the whole expression is obviously integral.

We are now ready to prove Theorem I in the case n > p. We will discuss the case n < p in the next
section.

Obviously it suffices to prove that
min  ord,(C(1 - (5 —v+1))-(1—-(5+v+1))=0
v

if v runs over the integers v = 0 to § — 1 for which § —v+1=0mod 2 and p — 1[5 £ v+ 1. We reduce

2 _—y+1)modp—1,ie we write

the arguments (5 —

%—I/—i—lzm(—y) modp—1

2<m(-v)<p-1.
If v runs over the given set of numbers, the number m(v) (or m(—v)) runs over the even residue classes
mod (p — 1), and we always have m(v) + m(—v) =n+ 2 mod (p — 1). We have the Kummer congruences

C(l*(ﬁJrl/Jrl))EC(].fm(I/))mOdp.
If now for all even numbers k, k' with k, k' =2,4,...,p—3 and k+ k¥ =n+ 2 mod (p — 1) we had

pl¢(l—k)C(L—K)

then at least [§] of the numbers ((1 —k) for k = 2,...,p— 3 would be divisible by p and this contradicts the
following inequality of Carlitz on the irregularity index:

This inequality asserts that the irregularity index i(p) which is the number of even k’s between 2 and

p — 3 for which p | ((1 — k) is less then

; p+3 p—1
i(p) < P2 o, (2) L
(see [],-..). Hence we have proved Theorem I in the case p > n.

To get the result in general we have to investigate congruences between coefficient systems. This goes
back to Ash-Stevens. It has been used by Wang in his dissertation and is apparently also related to the work
of Hida and Taylor.

6.3. Congruences between coefficient systems: We only consider the simplest case. Let ng be
even 0 <ng <p—3. We put n =np+ (p—1). We look at our module M,, as a module over R = Z[%]. It
has the basis

{XVYH_V}VZO,...JP

The dual module M,/ is contained in M,, after localizing at p. It has a basis
X" X"y, XPy"nP pxplyn=(e-l) o pxro(e-Dye-l xnopyr o ym
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We have pM,, C M, C M,,, hence we find the submodul
Xn = MX/pMn C Mn/pMny
as a IF,-basis of this module is given by the monomials

X Xy, . XPY"TP XMTPYP Y™

t 0 *
(O 1) teIFp

on X, we find that the monomials are eigenvectors with weights

If we consider the action of the torus

o P TPt L

It is clear that the weights t™ and 1 occur with multiplicity one. The other weights come in pairs

tnl and th—p — gn—1—(p—1)

tP and t

We consider the SLy(IF,) submodule generated by X™. It certainly contains ¥, and we have

n—p
1 u n __ u v nyu
(0 1>X =X —|—Z:1uWy+uX

where W, = a, X" YY" + 3, X" v~ (-Dyv+@-1 with some «,, 5, € IF;. T claim

Proposition 6.3.1: The elements X" Y™ and the W, generate a submodule of M,,/p M, which is
isomorphic to My, /p My, .

Proof: This is rather obvious. One has to observe that the subspace in question is the space generated
by the polynomials
(aX + pY)" a,BelF,

which is certainly invariant. Then it is clear that the map ® sending
X" — XY™ Y
extends to an isomorphism from M,,,/p M, to that subspace. Hence we get the exact sequence
0 — My /p Moy ="My [p My — Yy — 0
of GLy(IF,) and hence I'-modules. This induces an exact sequence in cohomology
— HY(T\H, M, /p My,) — H' (T\H, M,,/pM,) — H'(T\H,Y,,) — .

Proposition 6.3.2: The action of the Hecke-Algebra on H*(T'\H, M,,) induces an action on the
groups H*(T\H, M,,,/p M) and extends to an action on the long exact sequence. The Hecke operator T),
acts nilpotently on H*(T\H,Y,).
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Proof: We have to comment briefly on the functoriality properties of Hecke operators. If M, N are
any two I'-modules and if ¢ : M — A is a -module homomorphism, then we may ask wether this map ¢
induces a map on cohomology which commutes with the action of T, (or Tp).

We recall the discussion in 5.5. To get a Hecke Operator we needed an element @ € G(Q) and an element
Uq € Homp(a) (M(a),./\/l).

Of course it is clear that ¢ induces I'(«r) homomorphisms

o oM @
M — N

so what we need is that the elements
Uy € Homp(a)(/\/l(a),/\/l),va € Homp,) (N N)

give rise to a commutative diagram

M@ v A
Jue Js.
M —

It is clear that such a choice of the uy, v, gives rise to Hecke operators which commute with ¢. If we are in
the case discussed in 5.5.0 it is obvious that the natural choice of u,, v, gives such a diagram, hence we do
not have problems with the operators T, where ¢ # p.

If £ = p, we recall the construction in 5.6. It is clear that the choice of u, there for o = (‘8 ?) does
on

Mno/pMno Mn/pMn
exactly the same thing. It maps all X”~"Y" with v > 0 to zero and map

Ug : X0 — YN on Moy [0 Mo,
Uy : X — Y7 on My /pM,,.

Hence we get indeed such a diagram as above and moreover we see that this operator induces obviously zero
on Y, hence also on the cohomology (So we proved actually something much stronger.).

It is clear that we also get an exact sequence in the opposite direction
0— Yy — My /p My — My, [p My — 0,

where we have of course the same assertions concerning the Hecke operators.

We defined the classes eis,, € H (I'\H, MZO) and eis, € H'(T'\H, /\~/l:1/) If we reduce them mod p, we
get one-dimensional subspaces -
(€isn,) C HYT\H, Mup,/p Mp,)

(eisn) C  H'T\H,M,/pM,).
We prove the following

Theorem III: The map PV sends (€isy) to (€isn,).

33



Before I come to the proof of this theorem, I will show that it has Theorem I for ng < p—1 is a corollary.

We know that we can write ) )
€isn, = a(ng) Eisp,

eis, = a(n) Eis, .

It follows from Kummer’s congruences that p | ((1 — (no +2)) if and only if p | {(1 — (n+2)). Let us assume
that this is the case. We know already that p | a(n). This implies that eis, is zero if we restrict it to the
boundary. But then it is clear that eis,, is also zero after restriction to the boundary and hence we have
p(a(ng). But then our evaluation formula for the Eisenstein class on the modular symbols tells us that there
must be a number v with —=2> <v < %, % + v +1 = 0mod 2 such that

no

P IO (G +v 1) - (5 —v+1)

and the rest is clear.
We now come to the proof of the theorem 6.3.3. We do it by testing the classes on the modular symbols.

We start from the cycles 2o, € H(I'\H, M,,) which generate this homology group. Since we have
ng < p they are rather simple. If we have

no no
— Y3 TV - Vv
cop=X21. Y2

we may write
€0,y —WEey = PO,V(Xa Y) - PO,V(XaX + Y)

with Py, € My, ® Z,). Therefore we do not need to apply the Hecke operator to define Z,. We simply
take
2o, =2) 250 = 2{) —[0,1] © Py,

v

Let Zg,, be the reduction mod p of this 1-cycle. The Map ® sends it to

®(Z0,,) € Zy(D\H, My /p M,,).

All we need to prove is that there exists a constant o # 0 in IF) such that
€isng, Zop) = (@Y (€is), Z0,1),

and since the second term is equal to
(€isn, ®(Z20.,)),

we need to prove
a€isng, Zo.) = (€isn, ®(Z0.1))-

For the term on the left hand side we have our formula. Since it is simply equal to
al€iSny, Zo,p) mod p.

For the second term we can do the same, but there is still a difficulty. We have to interprete ®(Z,) as the
reduction mod p of a modular symbol.

We define
Gy = ‘I)(éo,u) = 51/ éy+% + M éy,PTfl
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and we lift these elements to
9y =& Cypprzt Tl € pts

i.e. we lift the coeflicients. (The numbers &,7, coincide with the «, 8 up to a shift in the indices.) We wrote
€0y —weg, =0P ,(X,)Y) =P, (X,)Y) - P .(X,X+Y)

and of course
6(1)([30,”) = gy - wg,,.

We write

no
P,, = g a, X"THYH,

n=0
and we define
P = a,(a, X" "Y" 4 X" 0 mmypite

where &#,ﬁu are lifts of the «, 8, so we have &, + Bﬂ = 1 mod p and BO =0, i, = 0. We have
OP¥ =g, —wg, +phy.

We can write
XnHtmpy Pl XpolynHor — R,

and it is clear that we v, € Z,) and Q, € M,, ® Z,) such that
phy, =poQy + v, OR.
We modify P¥# into P, = P# —pQ,, then P, is a lifting of ®(P,,) and
0P, =g, —wg, +70R.
Hence it is clear that the cycle ®(Z,) is reduction mod p of the following modular symbol
z2,=6, Zfﬁ; + iy ijf_)% +p7 20, , - 0,1 @ P,

and
(€isn, ®(Z0.,)) = (€isn, Z,) mod p.

We know already that we may choose eis,, as
eisp, = (1 — (n+ 2))Eis,
and we define
eisy, = ((1 = (no+2)) - Eisp,.

Then eis), € Z) eisp,. We prove the congruence

(€isn, Z,) = (eisy,,,

Z0,,) mod p.

The contribution from the finite part of the modular symbols is

1= (G +v+1)-¢(1= (G —v+1)
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for Zy, and

& (A= (FHv+14p—1)-C— (G —v+D)+i (L= (F+r+1)-(1—(F —v+1+p-1)

+ contribution of Z(%f)ﬂfp. The last contribution is zero because % + % +1—p+1is odd and the (-

value vanisches. Then it is clear that the contributions of the finite part are congruent. This follows from
Kummer’s congruences and the fact that g} + 1, =1 mod p.

We have to compare the contribution sof
—0,1]lec ® Py 0 and —[0,1]0o ® P,.
This means we have to compare the values

Ang

ng+ 1

1
((17(n0+2))/0 Pow(u)du:ang%Jr.,.

and )
¢(1— (n+2))/0 P,(u) du

modulo the prime p. We have to recall our requirements on P,. First of all we required that P, is a lifting
of <I>(]30,1,) hence
P,(u) =ag + a1(G1u+ 1uP) + ...+ apu” + p Hy.

We see that for the evaluation of the second integral we need only the coefficients of P, mod p except for
the coefficient of uP~!. Since we assumed ng < p + 1 we write

P,(u) = ag + a1 (G1u + BruP) + ... + ap u” +ypuP~t + p HY

where the coefficient of uP~! in H¥ is zero mod p?.

Now we get for the second integral mod p

a1 - a3 a
o+ a1 <21+61>+a2 <;+%>+...+$+7

We see that there is no problem if d,(no) and d,(n) > 0, since both contributions are zero. So we are left
with the case that p | ((1— (ng+2)) and p | {(1 — (n+2)). (In this case I could refer to the Dissertation of
Xiandong Wang,... .)

The reader should be a little bit puzzled. How can this expression be equal to the first one? We have
to prove that } } 3
62 Any

> ﬂQ Apy _ ﬁl
a161+a22 + ...+ o +’y—a12 —|—a23 +...+n0+1.

We still have the requirement that

aPy =G0 —WG + V- (Xn+17pyp71 - prlyn+1fp)7
if we substitute 1, u for X,Y then
P,(u) — P,(1+u) =au” + BurtPt 4 (=D (au™" + /S’Vu"(’*”) + 9, (uP™ — um™)
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where v of course still runs from —% + 1 to %> — 1. The only thing that counts is that the coefficient of
uP~2 on the right hand side is zero.

We have
OP, =P,(u) — P,(=1+u) = d(ap + ar (&, u+ B, uP) + ... 4 anu™ +ypuP~) +p- 0 HY.
It is clear that the contribution of pd H¥ to the coefficient uP?~2 is zero mod p?. On the other hand

uP~t =Pt = (n—l—u)p*l =uPl = (upfl +(p-— 1)up*2 +..)==(p- 1)up*2

and
QuPTH = yPtH — (uPTH .+ (p+u)up2+...) =...— (p+ﬂ)up2....

w2 o+ 2

One sees that
<p+u) _ o+ (p+1)-(p—1)
p+ 2 (e +2)!
and the value of this mod p? is
1
. S—
(b +1)(n+2)

Hence the vanishing of the coefficient of uP?~2 gives us the relation

al—ﬁl —|—a2—ﬁ2 + ..ot an,

1.9 5.3 +~v=0mod p

ng(ng + 1)

and this is what we wanted.

Since the Zg, generate the homology H; (F\H,Mno/pMno) we have proved that ®V sends eis, to
eis,,,. By construction we have eisilo = u-€isy, with u € Z,). We still have to prove that u is a unit. This
is clear from the exact sequence

— HY(T\H, YY) — HYO\H, My /p M) ZSHN T\, My /p Myy) — .

The map cannot send eis,, to zero since the Hecke operator T, acts nilpotently on the term on the left.
6.1.2 The Galois-module 7y, - eis,,: We want to determine the Galois-module 7, - eis,,. To do this

we have to investigate the Galois-module- structure of Ho(a(f‘\ﬁ),/\;l:;p) and H1(6(F\ﬁ),/\~/lz’p). To be

more precise we have to introduce a Galois-module structure on these cohomology-groups which fits into our
diagram, and then we have to compute it.

To state our result we have to introduce the Tate-module Z2,(1). The group of p™-th roots of unity

fpm = {C €Q | ¢ =1}

is (non canonically) isomorphic to the module 7Z/p™7Z and the Galois-group acts on this module by a
homomorphism

a:Gal(Q/Q) — (Z/p™7L)*,

which is defined by the rule o(¢) = ¢*(?). If we pass to the projective limit over all m we get lim(,m ) ~ 7,
and the Galois-group acts on this limit by this limit of the above a’s, this is a character

a: Gal(Q/Q) — %
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which is the so called Tate-character. We denote the module 7, with the above action of the Galois-
group on it by Z,(1). We define Z,(v) to be the Galois-module 7, with the action o(z) = a(o)"z for
o € Gal(Q/Q),x € Z,. 1 assert

Proposition 6.1.2.1: The Galois-module ZZ,, - €is,, is isomorphic to Z,(—n — 1).

This is by no means obvious, I will try to give an outline of the proof, I do not know whether I should
advise the reader to skip it.

We constructed the étale sheaves M,/ /NM,. on S and we have two way to extend it to a sheaf on the
compactification: We discussed already the extension ji(M.), /NM,) whose stalk at infinity is zero, this is
an exact functor. We may also take the direct image j,(M) /NM,') on the compactification IP*. Then we
have to take into account that this direct image functor is not exact, hence we have to consider the derived
functors R*j.(M, /NM,)). We get a spectral sequence

HE (P! xqQ, R*j (M, /NM,))) = Hg (S xqQ, M, /[NM,)),

to state this in modern terms, we may compute the cohomology of our sheaf on the open piece also as the
cohomology of a complex of sheaves on the compactification. This yields us the exact sequence

H (S xQQ, My /NMy) — Hy (S xQQ, My [NM,) — Hiy (8 xQQ, R (M, /NM) /(M [NM,) —

the quotient in the argument of the last term is a complex of sheaves which is concentrated in the point
at infinity. Hence we may consider it as a complex of Z/NZZ- modules on which we have an action of the
Galois-group, simply because an étale sheaf on Spec(®) is simply a module for the Galois-group. Then the
H! of this complex of sheaves is simply the stalk R'j, (M, /NM,))s. Under the present conditions we can
pass to the projective limit and we still get an exact sequence

H! (S xqQ M, ® R) — HL (S xqQ, My @ R) — R'j.(M,/ @ R)w,

we shall see that the last term is actually equal to Hét(a(f‘\ff),/{/l:i ® R) hence we gain an action of the
Galois group on the cohomology of the boundary after we tensorize by R. We also know that the cohomology
of the boundary splits off a canonical direct summand R - Eis,, which is also a Galois-module, this is the
one we want to understand. ( The reader should observe that in the previous chapters the cohomology of
the boundary was computed from the Borel-Serre compactification, this is an object that has nothing to do
with algebraic geometry).

To get the structure of these Galois-modules we remind ourselves of what would we do in the trans-
cendental context. We take a little disc Do, around the point oo in IP*(C), the intersection of D., with
I'\H = S(C) is the punctured disc Do, we may restrict our sheaf MY to D.,. We have the embedding

]Doo‘)Doo

and we want to compute the derived functors R*j.(M,/). We recall that our sheaves M, where defined
through an action of the group I', but it is clear that the restriction of the sheaf to the punctured disc is
obtained from the action of the fundamental group 71 (Duo) = I'og = Z on M. Since we are only interested
in the free part we may replace the sheaf /\N/lz by M,,. We have an emdedding

Mn/pMn — Mn+17

which is given by X*Y"™¥ — X**1Y""* and which commutes with the action of I'sc = m; (Doo) Hence we
have exact sequences
0= My = My — R-Y™H1 =0
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of sheaves on Dno. It is easy to see that the boundary operator of the long exact sequence in cohomology
provides an isomorphism modulo torsion

H°(Doo,R-Y" ') - HY (Do, M,,).

This gives an alternative method to compute the cohomology of the boundary. The point is that this can
be imitated in the arithmetic context and then we will be able to read off the Galois-module structure. Let
u be the uniformizing element at co we replace the disc by the spectrum of the power series ring

D = Spec(Q[[u]]),

and D" = D 5o \{o0}.

For any integer N we define D"y = Spec(Q[¢n][[v]]), where {n is a primitive N-th root of unity and

vN = wu. We have a map D'y — D", , which becomes étale if we remove the point co. The Galois group of

this étale covering is isomorphic to the group of matrices
By ={oc= (O 1) la € (ZZ/NZL)*,b € ZL/N7L} C Glo(ZL/NZ7Z).

This group acts on our module M,,/p M, /NM, /p M,, and by the same procedure that gave us the sheaves
M, on S we get the restriction of these sheaves to D’ if we restrict the group action to By. Hence we
have the exact sequences of sheaves on D5 as before (remember the twist in the definition of M) /N M)
as Gla(ZZ/NZZ)-module)

0— Mn/NMy — Myt /NMyiq — (Z/NZ)Y™ — 0.

This yields a coboundary map
J(R-Y™) — RYj (M, /NM,,)

which becomes an isomorphism modulo torsion if we pass to the projective limit over N. This implies that
the Galois group acts on R - Eis, in the same way as it acts on the left hand side. But it is clear that
the element o € By acts on (R/NR)Y ™! by multiplication by a~"~!. (This explains the strange twist
we introduced, when we defined the Glo(ZZ/NZZ), it has the effect that the Galois-group acts trivially on
R%j. (M)

If we pass to the limit over N = p”, then we see that
R? (M )= hm(Rl(./\/l)) = 7,(—n — 1) + torsion,

and this is the assertion of our proposition.

6.1.2.2: ZZ,,-Hecke modules: At this point I want to explain some very simple principles concerning the
structure of modules under the Hecke algebra:

Here I want to look at the Hecke-algebra H as the polynomial algebra over ZZ generated by the indeter-
minates T, one of them for each prime £. We fix a prime p and we consider finitely generated ZZ,-modules
X on which H acts. I want to make the following assumption

The Hecke-operator T}, acts nilpotently on Xiors

If T want to make I category out of these objects I should require that cokernels of maps have this
property too. I claim that each such module has a canonical decomposition

X = Xnil b Xord7
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so that T}, acts topologically nilpotent on X,; (i.e we have T;" (Xni1) C pXna for some m) and T, induces
an isomorphism on X,.q. The module X,,q is called the ordinary part of X it is torsion free. If we apply
this construction to X;,; we get Xint orda = Xord-

This is indeed very elementary. We consider the vector space X ®Qp and decompose it into generalized
eigenspaces under the Hecke algebra. This means that we have a finite set Spec(X) of homomorphisms

AH—-Q

P

such that we get a decomposition into generalized eigenspaces

XeQ,= P 2,

AeSpec(X)

where Zy = (£ € X ®Q,|(Ty — M(T%))N ¢ = 0) for a suitably large number N. Since X is a finitely generated
ZZ,-module the values A(T;) will be integers in Qp, we decompose Spec(X) = Spec(X)inip U Spec(X)ord
according to whether A(7},) is in the maximal ideal or it is a unit. Then we get a decomposition

X ®QP = @ Zx® @ Zy = Ztnilp ® Zord-
AeSpec(X)tnitp xeSpec(X)ora

The two summands are invariant under the action of Galyy, and therefore this decomposition descends to a
decomposition over Q,,:
X ®Qp = Y;fnilp @ Y:)rd

and we define
Xint,tnilp = Knilp N Xint Xint,ord =ord Z N Xipns.

Now one has to prove that

Xint = Xint,tnilp %) Xint,ord7
it is clear that the left hand side contains the direct sum on the right hand side. I leave this as an exercise
to the reader.

This proves the claim for Xj;,;, it follows from our general assumption on the torsion that we have a
section from ord X in X;,; back to X. The following assertions are now obvious

(i) ord X is a free ZZ,-module, its rank is equal to the sum of the dimensions of the spaces Z if A runs
over Spec(X)ord

(ii) We get a decomposition
X ® Z/p = Xnil ® Z/pEB Xord ® Z/p

where the first summand is the generalized eigenspace to the eigenvalue 0 for 7}, and where 7}, induces an

isomorphism on the second summand.

(iii) The functor ord : X — X,,q would be an exact functor if we had made a category out of these
modules in the above sense. (This is not true for int).

We define the Eisenstein-part of the spectrum: Let (7) be the maximal ideal of the ring of intgers in
Qp, we define
Specpis(X) = (A € Spec(X)oral\(Ty) = £* + 1mod(7) for all £).

40



The same reasoning as before yields that the space

(XoQ)ms= P 24

AESpecr;s(X)

descends to a subspace in X,,q ®Q,, and we have a decomposition
Xord ®Q, = (Xord ®Qp)nonkis ® (Xord ®Qy) Eis-
Again it is also clear, that intersecting this direct sum decomposition with X,.q gives us
Xord = Xordnonbis ®© Eis X

and alltogether
X = Xuil © Xordnonkis © Eis X.

The following facts are obvious

(iv) Any endomorphism of X, which commutes with the action of the Hecke algebra leaves this decom-

position invariant
(v) Rank(Eis X) equals the sum of the dimensions of the Zy with A € Specg;s(X).
(vi) Bis X ® Z /p is the submodule of X ® Z/p on which all the operators T, — (£**! +1) act nilpotently.

We apply this to our exact sequence (Seq) and we restrict it to the Eisenstein-part, this yields

\

0 — H} (S xqQ, M, ) mis — H} (S xq Q. M, ) 5is — H (OI\H), M, ,) — 0,

of course the third term is already in the Eisenstein-part.

Now we discuss the influence of the denominator of the Eisenstein-class on the structure of the coho-
mology as Heckex Galois-module. As before we write the denominator as p®» (™), by construction we get an
exact sequence

0 — H} (S xqQ M, ) pis ® Zy - eisy — HY (S xqQ M, ) pis — Z/p™ — 0.
tensorizing this sequence with 72/ por(Mgives us an exact sequence
H(S xq Q,Mxyp)ms @ 7)p°"™ @ (7 [p° ™) - eis,, — Hy (S xq Q’M:l/,p)EiS ® Z/p’ ™ — 7 /p’r™ 0.
The kernel of the last arrow is H!'(S xq Q, MZJ,) Eis and hence we get a surjective map
H(S xQ QMZ,p)Eis ® Z/p‘sp(n) &) (Z/p‘sp(")) ceis, — H)' (S xq Q/\}lZ,p)EiS ® Z/p%(n)'
This map is of course of the form (Id, ¥), where ¥ is a map
U (Z )y ) - eisy — HU(S xqQ My, ) mis © /p" ™).

I claim
Lemma: This map is injective and commutes with the action of the Hecke-operators and the Galois-

group.
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Proof: The injectivity follows from the fact that 7ZZ, - eis,, is a primitive submodule hence it is a direct
summand (as a Z,-module) and therefore 7 /p% (™ - eis,, injects into Hét (S xqQ, MZTP)EZ'S ®7/p% ™. The

rest is clear.
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