Can we compute denominators of Eisenstein classes?
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Abstract

We discuss the general conjecture that the denominators of Eisenstein classes should be related
to the prime factorisation of certain special values of L-functions. We propose an experimental
procedure to verify (or falsify) this conjecture in a given special case. We also discuss an
interesting special case, where this experimental approach could be tested.
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1  The general problem

We start from a semi simple (or reductive) group G/Q, an arithmetic subgroup I' C G(R) and a
I' module M which should be finitely generated as Z module. The group I' acts on the symmetric
space X = G(R)/K . The T- module provides a sheaf M on the locally symmetric space I'\ X. If
7w : X — I'\ X is the natural projection, then for any open subset V' C I'\ X

MWV)={f: 77 HV) = M| f locally constant and f(yu) = vf(u)}. (1)

In this note we consider the cohomology groups H*(T'\X ,M) A general theorem by Raghu-
nathan asserts that the cohomology groups are finitely generated Z-modules.

In general the quotient I"\ X is not compact, hence we can define the cohomology with compact
supports H?(I'\X, M). We also can compactify and add the Borel-Serre boundary 9(I'\X) at
infinity and get the fundamental long exact sequence ([10],sec. 1.2.8, Thm. 6.2.1)

— HI7Y(Q(D\X), M) — HYT\X, M) — HYT\X, M) 5 HIOD\X),M) = ...  (2)

In this note we discuss some problems and conjectures, which can be investigated experimentally
(see|l.5). To achieve this goal we have to write an algorithm which does the following

Task A) Compute all the modules in this exact sequence explicitly and compute the arrows
between these modules.

Let us assume that M = M, is a highest weight module over Z. In [10], Chap. 3, and Chap. 6
we define the action of the Hecke algebra on the above cohomology groups. More specifically for any
prime p and any cocharacter y : G,, — T we define endomorphisms Tsz);”\ on all the cohomology

groups H3(I'\ X, M »). These endomorphisms commute with the arrows in the long exact sequence
above.

Task B) Give explicit expressions for the T;gil’* under the assumptions that A) is done.
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In [I0] Chap. 2, Sec. 3 and 4 we discuss a general strategy which allows us to tackle these tasks
(in principle). The cohomology is computed from the Cech complex of an orbiconvex covering [10]
Chap. 2, loc.cit. and then we also can write a procedure which computes Hecke operators. I have
no idea whether this strategy is effective or optimal. In any case it is clear that in principle we can
solve A) and B) in any concrete situation.

One goal of such computation would be to get some data about the denominator of Eisenstein
classes and to verify the conjectural relations to some specific values of L-functions. (See further
down.)

The first ezample

In a joint effort with Herbert Gangl we investigated a "baby” case : The group I' = Sly(Z), the
symmetric space is the upper half plane H = Sl,(R)/SO(2) and M = M,, = {>.)_,a, X*Y"" | a, €
Z} where n > 0 is even, this is the highest weight module with highest weight A = n~y. In this case
the cohomology in degree one is of interest. Task A ) is relatively easy (see [I0] Chap. 2 , 2.1.8).
If we divide by the torsion and observe that H'(8(I'\H), M)/tors = Zw, and break the exact
sequence (2) then we get

0 — HT\H, M) — H'(D\H, M) /tors — Zw, — 0, (3)

here H} (T'\H, M) is simply defined as the kernel of 7. If we tensor by the rationals then H!(T'\H, M®
Q) is the so called inner cohomology, i.e. the image of the compactly supported cohomology in the
cohomology.

We have the Hecke operator T, = T;?;M’ where x(p) = (p 0) , (see [10], Chap. 3) . We know

0 1
that ([10], 3.3.1)
Tow, = (p"+1 + Dwy,.

On the other hand we know that the eigenvalues of T), on H'(I'\H, M) ® C are equal to the
eigenvalues of T}, on the space of holomorphic cusp forms S, 2(I") (Eichler-Shimura isomorphism).

These latter eigenvalues satisfy the famous estimate |a,| < 2pnT+17 hence the they are definitely
smaller than p”*! 4 1, provided p is not too small. But in our concrete situation we may assume
n > 10, because otherwise there are no cusp forms. Hence we get for any prime p that

Tywn = (p"" + 1w, and det((p" + 1)Id = T)| 1 sz i) 7 0-
Since the 7}, commute we get a canonical splitting
H'(T\H,M® Q) = H(T\H,M & Q) & Qi (4)

where 7(&,,) = w, and T,@, = (p"** + 1)@,. (Manin-Drinfeld principle).

The class w, is called the Eisenstein class, We are interested to find the smallest positive integer
A(n) such that A(n)@, € H'(I'\H, M)/tors. This number A(n) is called the Denominator of the
Fisenstein class.
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Any y € H'(T'\H, M) /tors we can be write A(n)y = yi+n(y)A(n)i, with y € H} (T\H, M) /tors.
Then the induced map y — y mod A(n)H}(I'\H, M)/tors yields an inclusion

7./ A(n) w, — HYT\H, M) /tors ® Z/A(n) (5)

This denominator can be computed from any of the Hecke operators. With Gangl we wrote a
program which accomplishes task A) and also task B) for T,. A rough description of the algorithm
is given in [I0], Chapter 3. We could compute the matrix of Ty for a large number of n (I think
n < 150) and we found experimentally

A(n) = Numerator of (((—1 —n)). (6)
This assertion is actually a theorem and is proved in [10] Thm. 5.1.1.

It is well known and very easy to see that we get congruences from the denominator. To be
more precise: The Hecke algebra acts semi-simply on H{' (I'\H, M ® Q), we can find a finite normal
extension F/Q such that we get a decomposition into eigenspaces

H'(T\H,M & F) = @ H'(T\H, M & F)(ry), (7)

where 7 is a homomorphism from the Hecke algebra to the ring of integers O, we write 75(7),) =
ap = ap(my). This implies that for the integral cohomology we can find a filtration

{0}y c F'H' c F?H' ¢ ... H}(T\H, M ® OF)/tors (8)

such the the successive subquotients are locally free and eigenmodules for the Hecke algebra with the
above eigenvalues. This implies: If a prime ¢ divides A(n) then we have the inclusion Op /fw, —
H}(T\H, M ® Op)/tors @ O /¢ then we can find a prime [ C Op which divides ¢, and a 7 such
that

7i(Ty) =p™ +1 mod [ (9)
for all p. For n = 10 we get the the famous Ramanujan congruences 7(p) = p'' +1 mod 691.

Here we have to be aware of the following fact: We have the implication
Non trivial denominator = Non trivial congruences (10)

but it is clear that there is no way to reverse the implication arrow.

(Of course, if V' is a two dimensional vector space over the finite field Fy and if T: V — V' is
an endomorphism with 72 = 0 then we have T # 0 with probability (I> —1)/I?. But this kind of a
dead end we meet very often in number theory.)

This is of importance once we want to verify this kind of assertions experimentally. If we want
to compute the denominator we only have to write an algorithm which achieves task A) and B).
(See later in section 1.5)

If we want to verify only congruences experimentally we can check @D for a finite number of
primes and then we hope that this is not an accident. For this we also refer to the next example.



134 G. Harder

1.1 Interlude: The ¢-expansion denominator

In our special situation we can discuss another notion of the denominator of the Eisenstein class. We
consider the space M,,;2(T") of holomorphic modular forms of weight n+ 2. This space is the direct
sum of the space of cusp forms S, 2(I") and a one dimensional space generated by the Eisenstein
series Ep42(2z). These modular forms have a g-expansion and we can define the space of modular
forms with rational coefficients in their expansion. We get a decomposition

Mp42(T)(Q) = QEn42 @ Spt2(1)(Q) (11)
where the Eisenstein series has the g-expansion

n+2

2 oo
’ m;gnﬂ(’/ﬁf q=e

2miz

Enia(2) =1+ (-1)

and 0,41 (V) = Zd‘yd”“ (See [2I], Chap. VII. ) Now we consider the space M,,4+2(I")(Z), this
is the space of modular forms of weight n 4+ 2 with integral coefficients in the ¢ expansion. Then
we can use the formulas in [2I] , Chap. VII, §3 to show that we can find a modular form f in
M,,+2(T')(Z) which starts f(z) =14 > amq™.

We have the action of the Hecke operators on M, 2(I')(Z), the Eisenstein series satisfies
Ty(Ent2) = (p" + 1)Ep,42. We intersect the decomposition with M, 12(T')(Z) and get a
decomposition up to isogeny

M, 42(T)(Z) D Z((=1 = n)Epi & Sni2(I)(Z). (12)

The finite quotient M,,12(T')(Z)/(Z{(—1 — n)E,+2 & Sn4+2(T)(Z)) is a cyclic group generated by
the modular form f, hence we see that the denominator of E, o is the numerator of {(—1 — n),

We know that for an eigenform f € S,,12(T") the coefficients in the g-expansion are equal to the
eigenvalues of the respective Hecke operator and hence we see that we get essentially the same sort
of congruences as in @[) But it seems to be difficult to relate the (p-adic) integral structure on
the space of modular forms and the (p-adic) integral structure on the Betti cohomology. Hence it
is not clear how to relate the denominator in Betti cohomology to the ¢ -expansion denominator.
The referee suggests that one could try to use the Fontaine-Lafaille functor [7] in the case p > n.

1.2 A second example

The denominator of Eisenstein classes is ubiquitous in the cohomology of arithmetic groups and we
expect that there should be some a strong linkage between primes dividing certain special values
of L-functions and primes dividing the denominator. This presumption has been formulated in [§],
Kapitel III.

We briefly discuss the example, which was the first one, where we found some experimental
evidence for this general expectation.

We start from G/Z = Sp,/Z, we realise it as the automorphism group of the lattice £ =
Zey @ Zeg ® Zfa @ Zf1 equipped with the alternating form < ey, f; >=< eg, fo >= 1 and and all



Can we compute denominators of Eisenstein classes? 135

other not yet defined values = 0. (See also 1.3).Let T be the standard maximal torus

t7 0 O 0
o o o0 0
7= {E —lo o0 ' 0 } (13)
0 0 0 ¢t
and B/Z the standard Borel subgroup, it is the stabiliser of the flag {e1} C {e1,e2} C {e1,e2, fo} C

L. The corresponding generic fibers are G,T, B. The drawing shows its system of roots and the
dominant fundamental weights.

M 71 2

a9 >

the character module is X*(T) = Zy1 @ Zya,71(t) = t1,72(t) = tita. Here 71,72 are the two
fundamental weights. The cocharacter module is X.(T) = Zx1 @ Zx2 where < x;,7v; >= 0; ;.
The simple roots are oy, as. We have two maximal parabolic subgroups P, P» D B, the reductive
quotients of these two parabolics are denoted by M7, M>. Our convention is that the root system of
M; is {a;, —a;}. The group Pj is also called the Siegel parabolic and Ps is the Klingen parabolic.
For any root o we denote by U, the corresponding one-parameter subgroup. The two fundamental
weights extend to characters vo : P, — Gy, 71 @ Po — G,,, these extensions are also called the
fundamental weights.

Our arithmetic group will be T' = Sp,(Z), Our coefficient system will be M = M, where

A = n1y1 + noye,ne = 0(2). In this case the cohomology of the boundary becomes much more
complicated. In the description of the boundary cohomology some genus one modular cusp forms f
of weight 2ns +ni +4 enter the stage. These modular forms are eigenforms for the Hecke operators,
the eigenvalues are algebraic integers, which generate a finite extension Q(f)/Q of Q. To such an
eigenform we can attach a Hecke L-function. For these L-functions L(f, s) we can find two carefully
chosen periods Q(f)+ which are real numbers-well defined up to elements in in Q(f)* - such that
forv=1,...,2ns + ny + 3 the numbers

L(f,v)

)y =2V
These numbers v are the so called critical arguments and the values L(f,v) are the critical values
. There is some kind of canonical choice for the periods Q(f)+ such that the values

L(f,1) L(f,3) L(f,5) L(f,2n2+n1 + 1) L(f,2n2 4+ n1 + 3)
Q)+ QN+ N Q)+ Q(f)+

A(n) »A(n)
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as well as

Qf)-"Q)-" Q(f)-
form an array of coprime integers in Q(f). Here we assume that the class number of Q(f), is one. If

this is not the case we need a slightly more sophisticated formulation and define the periods locally
for a covering by Zariski open subsets.

Then we expect that some (large ?) primes |, which divide certain critical values QL(%’T)) should

also divide the denominator A(f) of the Eisenstein class Eis(f).

We want to check this in examples, to do so we assume that our cusp form is defined over Q,
ie. Q(f) = Q. We have exactly one such form f; for each of the weights k = 12,16, 18, 20, 22, 26.

The first case where we see a divisibility by a ”large” prime is the case k = 22, we have 41|L(f672+’14).

In [9] we explain that we have to take A = 4v; + 72, and then we see an Eisenstein class
Eis(fa2) € H3(D\Hz, M, ® Q),

and our expectation is that 41 divides its denominator A(fa3).

Hence the challenge is to carry out task A) and B) in this special case for one Hecke operator
we would get a verification of 41|A(f). To my best knowledge so far we do not yet have an effective
algorithm for this case.

It is also not clear to me whether in this case we are already beyond the limit of capability of
existing computers.

But the the resulting congruence for the Hecke eigenvalues of T[‘jg(hf have been verified by Faber
and van der Geer for p < 37 (See [6] and [9] ). Here
X2 : G,y = T24 is the cocharacter which satisfies < y2, a2 >= 1 and
< x2,01 >=0.

In the meanwhile congruences of this type have been verified in many more cases by many
different people, always for a finite number of operators TS (see for instance [1],[2],[I7]). The
experimental evidence is very convincing. To get the necessary data one has to compute many
traces of Hecke operators T;g?’)‘ for many p and some specific choices of .

T. Ibukiyama proved a half integral version of these congruences in [15].

Chenevier and Lannes proved that the congruences mod 41 holds for all primes p, Lannes
reported on this at the Mini-conference in Oberwolfach. In the meanwhile the proof appeared in
the book [5]. T. Mégarbané extended their method in [I8], und proved many new congruences. If I
understand correctly these authors actually use the denominator argument to prove the congruences,
but they use different groups. They start from semi simple groups G/Z for which G(R) is compact.
Then the symmetric space is simply a point * and the locally symmetric space is replaced by
SIG(f = G(Q)\(*xG(A)/K ;) where Ay is the ring of finite adeles and K = G(Z) where Z = I, Zy.
Then ng is a finite set. They consider the cohomology H° (ng , M) and the action of the Hecke
algebra on it. This is certainly easier than the case above where the locally symmetric space is an
“honest” space. But they have to pay a price, they have to pass to much larger groups, namely
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SO(24) in [5] or to SO(23),S0(25) in [I§]. The cohomology HO(S}G(f,./\;l,\ ® Q) is semi simple and
decomposes into irreducibles. This induces a decomposition up to isogeny

HO(SE,, My) > D H(SE,, My)(ILy) (14)

Iy

here HO(S,, ./\;l,\)/HO(SIG(f , M)(I1;) is torsion free. Then the finite -hopefully non zero- quotient

HO(SI%,/\;IA) > @n HO(ng7M/\)(Hf) yields denominators and hence congruences. Now the
authors use the very deep results of Arthur on the trace formula and show that some of the II; are
endoscopic lifts from fo or from a Siegel modular form and they see the congruences.

In [9] I give a heuristic argument why we should have the denominators. The argument was
based on some speculations about mixed Tate-motives. These speculations become much more
concrete if these mixed Tate-motives are mixed Kummer-motives ( See section |1.6). We get these
mixed Kummer motives, if our coefficient system is trivial, this means if A = 0. But then we have
to allow ramification. We discuss this issue for the rest of this paper.

1.3 Another promising case

During the conference in Oberwolfach some people discussed the case of the subgroup T'g(p) C T =
Sps(Z) where T'g(p) C T’ = Spy(Z) is the inverse image of Po(IF,) C Spy(F,). The symmetric space
is Hs the Siegel upper halfspace. From now on our coefficient system will be trivial.

We are mainly interested in the cohomology in degree 3. We look at our fundamental exact
sequence

— H3(To(p)\Ha, Z) —5 H*(To(p)\Ha, Z) — H*(D(To(p)\Ha), Z) - HX(...). (15)
As usual we denote by HZ(Io(p)\Ha,Z) the image of j which is equal to the kernel of 7.

Now we ask for an algorithm which in this special case -at least for some small values of p, and
a few "small” Hecke operators- solves task A) and B) for all the modules and the arrows in this
sequence.

In the following we collect some information we have about the above cohomology and the action
of the Hecke algebra. To be a little bit more precise, we exhibit some explicit Hecke modules, which
occur in these cohomology groups, and of course the algorithm must see these pieces.

But the main problem will be to check the conjectures about denominators of Eisenstein classes
(see ), which can be verified or falsified by this algorithm.

1.3.1 The Borel-Serre boundary
Our first goal is to understand 9(Ty(p)\Hz). We know that it is the union of strata

I(To(p)\Hz) = 0p,1(L'o(p)\Hz2) U 9p,) (I'o(p)\Hz2) U 91 (Lo (p)\Ha) (16)

where these strata correspond to conjugacy class of the Siegel parabolic P; the Klingen parabolic
P, and the Borel subgroup B. We know that these strata have connected components and we have
an explicit understanding of these connected components.
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The connected components of the boundary strata are in 1-1 correspondence with orbits of
['o(p) acting on the rational points of the flag variety Xp,, Xp,, Xp of parabolic subgroups of type
Py, Py, B respectively. If P any of the three parabolic subgroups then we get for the set of connected
components of Jjp

770((“)[13] (Fo(p)\Hg)) = Fo(p)\r/rp where I'p = P(Z) = P(Q) NT.

Since 'y (p) contains the full congruence subgroup mod p (the kernel of I' = Sp,(F,)) this double
coset is also equal to

Py(Fp)\Spy(Fp)/ P(Fy) = Wp,\W/Wp :
where Wp= Weyl group of Mp, the reductive quotient of P.
The Weyl group W is generated by the reflections s5, s1. The quotient

Wp,\W = whe = {e, 51,8182, 518281} = set of Kostant representatives. . (17)

We have to compute the orbits of Wp on {e, s1, $152, 518281 }
i) If P = B then Wp = {e} and we have four orbits.

ii) If P = P, then Wp, = {e, s2} and {e, s1, $152, s15281}/{e, s2} =
{e,{s1,5182}, 818251} i.e. we have three orbits, two of length one and one of length 2.

iii) If P = Py then Wp, = {e,s1} and {{e}, s1, 5152, {s1s251}}/{e,s1} =
{{e, 51}, {s18281,5182}} we have two orbits of length two.

The description of the boundary strata: We apply reduction theory. The parabolic subgroup P
has a reductive quotient Mp = P/Up. This reductive quotient is

i) The maximal torus T/Z if P = B.

ii) If P = P, then

t7 0 0 O
0 a b O a b
e (I ’det((c d>):1}
0 0 0 ;!
iii) If P = P; then
a b 0 0
_ ~|lc d 0 0] ar b\ a b\\_1({a b
Mli{MPli 0 0 al bl ’ where <Cl d1>det((c d>) <—C d>}
0 0 C1 dl

We see that Jp)(I"\X) = UfeWPQ\W/Wp Ope(T\X), here P¢ = ¢P¢1 and Ope(I'\X) is the
connected component of the stratum corresponding to P*. We describe dpe (I'\ X ). We start from

the well known fact that
PS(R) x Ko — G(R)
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is surjective. If P D B is maximal then we have the fundamental weight character v¢ : P¢ — G,,,. If
P = B then v = (’yf, 75 ) : B — G2, is the pair of dominant fundamental weights. Now ~¢ induces
a surjective homomorphism

el = PE(R) = (RZo)™".

This homomorphism |v¢| is trivial on To(p) N P*(R) = I'pe and therefore we can pick any
to € (RZ,)? and then we know (geodesic action [10])

Ope(P\X) = Tpe\g ' (to)
Let P9 (R) be the kernel of v¢. This kernel acts transitively on Ve (t9) hence we can say

271 (1) = PAOR)/KE where KE = PE(R) 1 Ko,

We have the projection wa : P§ — P¢/Upe = Mpe, the fundamental dominant weights 7, are
trivial on Upe hence they are characters on Mpe¢ The image of KX under the projection is KM
it is of finite index in a maximal compact subgroup of M8 (R). Then we put

XMpe = MEO(R) /KA

and 7p induces a map
PLOR)/Kp — XMre,

This is a fibration with fiber Upe(R). Let Iar,e be the image of I'pe under mp then we get a
fibration

Ope(T\X) = To(p) NI pe \ng(to) 2, Do \X M (18)

where the fiber is T'yy \Upe (R).

1.3.2 The cohomology of the boundary strata:
This fibration provides a spectral sequence with E1-term

HP(Ta, \X Mot Ha(Dyy \Upe(R), Z)) = HP 9 (9pe (T\X), Z)

here HY(I'y, . \Up¢(R),Z) is a module for I'ys . and the sheaf in the above formula is obtained by
the usual process module to sheaf).

We compute these FE; terms for our three cases of parabolic subgroups.

i) P = B. In this case M = T the split maximal torus. In this case T(Z) = B(R) N K., = KZ.
Hence we see that X7 = {pt}. Clearly Lan,e = T(Z), we have to compute

HO(T(Z)\{pt}, HY(Ty, \Up (R), Z)).
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The cohomology H*(I'y . \Up¢(R),Z) is a module for the torus 7' and we know its structure by
the theorem of Kostant (perhaps it is better to invert p in the coefficients)

H*(Cu, \Upe®),Z[3]) = @) Z[]e(w0

weWw

where e(w - 0) is a generator sitting in degree I(w) and w -0 = p* — p. Here p = v; + 72 and this is
the half sum of positive roots.

Then ~
H(T(Z)\{pt}, Z[%] e(w-0))) =27 E} < w0 is trivial on T(Z)
and otherwise it is zero. Therefore
TOmC@\ )2 )= @ z[]ew-0.

&,wiw-0 trivial on T'(Z)

Now we consider a maximal parabolic subgroup P. We replace Z by the larger ring Zg where
we we have inverted p and the denominators of Eisenstein classes for the occurring congruence
subgroups of Gly(Z). Then have a decomposition into the inner part and the Eisenstein part

HP (g, \XMre, HA(Upe (Z )\UPE(R)v Ls) =
HY (Dar, \XMee, HI(Upe (Z )\ ¢(R), Zs)® (19)
HEpis(F]\/fpg\XMpgqu(Upg( )\UPﬁ(]R)?ZS)

On the summands H(T'as,, \XMepe Hq(Upg( )\Ups (R)) all differentials d , and also the higher
differentials vanish and hence the direct sum over the H, terms inject into the cohomology of the
boundary. We get

H*(9(To(p)\Hz), Zs) = H (0(Lo(p)\Hz), Zs) & Hgys(0(Lo(p)\Hz), Zs). (20)

We look at the y summand first. We compute

H!q+1 (8(FO (p)\HQ)a ZS) = @ I{!1 (FMP§ \XMpg ) Hq(FUP£ \UPg (R)’ ZS) (21)
P=P1,P,{,q

ii) We consider the case P = P;. Then M(R) = Sl;(R) x R* hence M) (R) = Sly(R) x {1}
and MW(R) N Ko, = SO(2) x {£1}. Therefore
MW (R)/KL = SL(R)/SO(2) =
Hence we have to compute

HN(Tr, \H, HY(Ty, \Upe (R), Zs)).



Can we compute denominators of Eisenstein classes? 141

In this case £ € {e, {s1,5182}, 818251}, if £ = e or & = 518281 then L = Sly(Z) and if £ = s
then

Tar,e = {<‘CL Z) € SL(Z)b=0 mod p}. (22)

The coefficients are obtained from a My = Sly X G,,— module these are the modules of highest
weight

{oo w0, Ywewr: = {0, =71 + F2, =371 + F2, —4m1 } (23)

where 79 is the fundamental weight of the group Mz (see [10] 9.1.3). These modules contribute to
cohomology in degree 1,2,3,4. Since —Id € I'ys,. the contributions in degree 2 and 3 vanish, we get

H{'9p,|(To(p)\Ha), Zs) = @ H (Tar, \Xr¢, Zsw(e - 0))
H(9p,)(To(p)\Ha), Zs) = @ H{ (Tar, \Xr¢, Zsw(s15953 - 0)),

where the w(w-0) are generators of the rank one modules H'(*) (T'v,\Upe(R),Z [ﬂ )), here [(w) =
0,3.

For £ = e or £ = 515251 the cohomology Hll(FMpg \XMPi,Z[ﬂ) = 0 (There are no cusp forms
of weight 2 for I'ys,, = Sl2(Z) ). But for § = s1 the cohomology

H (Tar, N\XMrs Zsw(e - 0)) @ H! (Tar, \XYr¢, Zgw(s15253 - 0))) (24)

is not necessarily zero, In both degrees we get two copies of a Hecke module, which is isomorphic
to the space of cusp forms of weight 2 for I'y/ ..

iii) We consider the case P = P;. Under our present assumptions this is the most interesting
case. In this case Mp = Gly and M(D(R) = GIF'(R) = {g € Gly(R)|det(g) = +1}. The group
KM = (O(2) and hence we get again

XM = QI (R)/0(2) = SI5(R)/SO(2) = H.
For both values of £ the group

Can,e = {(Ccl Z) € Glo(Z)[b=0 mod p or ( depending on §) c=0 mod p}.

This group contains the group FS&[)PE = I'm, NSl2(Z) as a subgroup of index 2. The coefficients
are highest weight modules of weight

{0 w-0,.. Ywewr = {0, =72 + 271, =272 + 271, =372} (25)

For w = s9 or w = sgs1 the module Zgw - 0 is the Mpe module of rank 3 with highest weight
w - 0 (here it suffices that 2 € S.)
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On H}! (FS\?P& \ XM Z/S-ZJ/-O) we have the action of mo(Gla(R)) = O(2)/SO(2) and this cohomol-
ogy decomposes into a + and a — eigenspace. Then we get

H (Tar, \XMre, Zgw - 0) = HUTE) \XMre, Zgw - 0)(+). (26)

The tensor product of this module by C is -as a Hecke module- isomorphic to the space of
cusp forms for FE\ZE7 of weight 2,4, 4, 2 respectively the cohomology groups sit in degrees 1,2,3,4
respectively.

We rewrite (21)

H} (9(To(p) \Ha), Z) = D HM(Tar \XMes, Z(w - 0)) (27)
Pe{P,P},6, weWP

To compute the contribution of the Borel stratum we have to compute the differentials or in
other words we have to compute the F3’*. This means we have to compute the extremal terms in
the exact sequence

0 — By = Hk (91p,)(To(p)\Hz), Q) & Hy (9p,) (To(p)\Ha), Q) —
Hg, (95(To(p)\H2), Q) — Ey4—0
and then we get
0— Ey9" — HE (0(To(p)\Ha), Q) — E3* — 0.
A somewhat tedious computation gives us
EY'=Q; E;° =QY EY' =Q; EY®? =Q; Ex* =Q% Ey* =Q and all others =0,  (28)

the exponent 4 in Q* comes from the four connected components of (9] (Lo(p)\Hz)).

We summarize: We have complete understanding of the cohomology of the boundary as Hecke
module in terms of elliptic modular forms of low weight. Hence we can ask the next question: What
is the image Im(r) ¢

To achieve this goal we need some information on local intertwining operators between Hecke-
Iwahori modules.

1.3.3 Interlude: Iwahori -Hecke modules.

We consider G/Z = GSp,/Z as a Chevalley scheme over Z, then KI(,O) = GSp,(Z,)) C GSp,(Qy)) is
a maximal compact subgroup. We have the standard reduction map G(Z,) — G(F,), let Z C KZ(,O)
be the Iwahori subgroup, it is the inverse image of the standard Borel B(F,) C G(F,). We define
the Iwahori-Hecke algebra

Hpz = Ce(I\G(Qp) /T, Z)) = {f : G(Qp) = Z |

f has compact support and is biinvariant under Z}. (29)
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This algebra of functions is an algebra under convolution, the elements f € Hz act upon the
cohomology H*(T'oo(p)\Hz, Z) where T'oo(p) is the inverse image of B(F,).

Of course we can also define the parahoric subgroups Z;,Zs which are the inverse images of the
groups P;(F,), P»(F,) respectively. The Iwahori subgroup corresponds to a fundamental simplex ¥

in the Bruhat-Tits building, our maximal compact subgroup K, 1(,0) is one of the vertices, the parahoric
subgroups Z;,Z; are the two faces of ¥, which meet in KZ(,O). The other vertices of —term resp. Zo

correspond to maximal compact subgroups K (1)( resp. Kp (2) .) The subgroup Kjp (1) i conjugate to

KISO) by an element of G(Q,) ( these are the hyper special maximal compact subgroups) and K (2)

is not conjugate to K(O)

It K, is one of these open compact subgroups then we can define the open compact subgroup
Ky(p) =11y, G(Ze)x K, C G(Ay), here G(Ay) is the group of finite adeles. We define a congruence
subgroup

I'=G(@Q) N (GR) x Kf(p)) € G(Q).

If K, = K}(f) then I is the so called paramodular subgroup in the symplectic group. If K, = 7,
then I" = T'o(p).

Later we will consider cohomology groups H?(I'\Hs, Z), H*(I'\Hs,Z) ... as modules for the
Hecke algebra Hp, X H®) where the second factor is the commutative unramified Hecke alge-
bra @, Cc(G (Qg)//G(Z[) Z)), where the // means the we consider functions which right and

left invariant under the action of G(Z;). The absolutely irreducible modules for H®) are simply
homomorphisms h(o) : HP) — F, where F/Q is a number field.

In this subsection we are interested in the structure of irreducible (or indecomposable) modules
for the Hecke algebra #, s more precisely we want to study finitely generated free Z -modules
with an action of H, 7z, (For this see also C. Jantzen ”Degenerate principal Series for Symplectic
Groups”, work of Casselman, Borel and P. Garrett.)

For any field L of characteristic zero, we consider the module of unramified characters
Hom(T(Q,)/T(Zy), L*). We have the isomorphism X,.(T) — T(Q,)/T(Z,) which is given by
X — x(p) and since X, (T) and X*(T) are duals of each other we get

Hom(T(Q,)/T (Z,), L*) = X*(T) © L*.

For u = {u1,uz} € L™ x L* we define x,, = 71 ® u1 + v2 ® ug. Since we have the homomorphism
B(Qp) — T(Q,) every character x, extends canonically to a character on B(Q,) — L* which is
also called 4.

We have a standard embedding X*(T") — Hom(T(Q,)/T(Z,), L*) we simply send v to ||, :
t — |y(t)]p. It is clear that this map is trivial on T'(Z,). With respect to the above identification
this means that v — vy ® p~ 1.

We define the induced module

IndZ(2") x, = {f - G(Qy) = L | f(bg) = xu(b)f(9),¥b € B(Qy). g € G(Q,)} (30)



144 G. Harder

the group G(Q,) acts on this L-vector space by Ry(f)(z) = f(xg). It has invariants under the
action of the Iwahori subgroup Z and it is easy to see that

(Ind 37 x)? = C(B(F,)\G(F,)/B(F,), L) = C(W, L), (31)

where C(?,7?7) means functions on ? with values in ?7. This module of invariants under the group
7 is a module for the Hecke algebra Hz.

The theory of induced representations provides intertwining operators between these induced
modules. Let us assume for a moment that u;,us are algebraically independent over Q. For any
element w € W there is an intertwining operator

S G G
T (w, Xu) : IndBEgp)Xu — IndBEgP;w Xus (32)
which is defined by the integral
T (w,xu) : (9= f(9)) = (9= f(w™tvg)dv)). (33)
(@)

Here of course x,, — w-x,, denotes the twisted action of the Weyl group, i.e. w-xu, = w(xu)+w(p)—p
and U™) = [] U, where the product is taken over the positive roots a for which w=' () is negative.
Forming the integral is not problematic, it is an infinite sum, but up to a finite sum it is a sum of
nested geometric series.

This intertwining operator is an isomorphism, remember that we assumed that u;, us are alge-

braically independent. Since under this condition the induced modules are irreducible, the inter-

twining operators are unique up to a scalar. Let ¢, € Ind EQ ; Xu be the spherical function, i.e.

0 .
u(9) = pu(bk) = xu(b),b € B(Qy),k € K" then T (w, xu)(pu) = c(w, Xu)Pu-u Where c(w,u) is
a non zero element in Q(uy,us) C L. We also define the local intertwining operator
1 . G(Qp) G(Qp)
T°%(w, Xu) : Indg ) ) Xu = Indg " w - Xu (34)
by requiring 7%°¢(w, Xu)(¢u) = Puw-u-

We want to understand these intertwining operators. We apply the usual approach and write
them as composition of simpler intertwining operators. If our element w = s; is a reflection at a
simple root «; then it is in the Weylgroup of the group the reductive group M; and we can write
our induced module as a two step induction

Ind{5%) X, = Indp (7 (Ind (77 x). (35)
Now we have the intertwining operator
i,8t (. M;(Qp) M; (Qp) .
T (84, Xu) : Indj’ @ Xu = Ind Bi(gn 5 Xu (36)

and T%%(s;, xu) = Indg(é%’ ))Tl St(si, Xu) is the induced intertwining operator. In this case a well

known and rather elementary calculation gives us (see [3], section 3)

1 —uy
(8i, Xu) = ﬁ (37)
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If now w = s;, 84, ... s;, then the intertwining operator can be given as an iterated integral and
we get

T (w, Xu) = T (s;,, sirwfl “Xu) OO T (s4,, 84, - Xu) © TSt(sil,XE). (38)

this gives us a simple expression for ¢(w, xy). If wo € W is the longest element then c(wp, x.,) is a
meromorphic functions in the variables uq, us. It has a pole-divisor D, and zero divisor Dy, On
the complement {u = (u1,us)|u & Do U Dy} we can evaluate and c(w, x,) # 0, 0o, then T (w, x4,)
is an isomorphism.

At the singular points u, € DwUDg we can regularise T'(w, x,,) : We can find a simple expression

P, (u1,uz) so that

T S G(Qp
T8 (w, Xu) = Py, (u1,u2)T *(w, Xuw) lu=u, IndBEg gxu — IndBEQ YW+ Xug (39)

becomes a non zero intertwining operator. If for instance w = s; then we can define T"°8(s;, xu) =
(1 — puy) T (w, Xu), this operator can be evaluated at any value of u, it is an isomorphism, unless
we have u; = 1 (See below). Then we can define 7% (w, x,,) using .

We want to study its restriction to the Hecke-module

re G(Qp G(Qp
T™%(w, xu) ¢ (Ind3y(5")xu)® = (Ind e w - xu)?, (40)

it is an 8 x 8 matrix with coefficients in L. We need to study this matrix in the neighbourhood of
certain singular points.

We consider the same situation for the two reductive Levi-subgroups M;. Let Z; their standard
Iwahori subgroup. We consider induced representations and the intertwining operator

i,st (o, M;(Qp) M; (Qp) .
T (84, Xu) : Indg Bi(gp) Xu = Ind Bi(oy) 5 Xu (41)
The composition is
(1—w)(1—pu; )
(1—p~tu)(1 = p~tu; )

and this composition vanishes for u; = 1 and u; = p~2. It is easy to see that in case u; = 1 the
kernel of T%5%(s;, x,,) is the one dimensional subspace generated by ¢, . Then T%*(s;, y,) provides

I (Qp ) Xu/Lpu and a submodule St(u;i) C

Ti,st(si7 8" Xu) © Ti’St(Si, Xu) =

an 1bom0rphlbm between the irreducible quotient Ind

nd’ B, (Q )sZ X Which has codimension 1. Remember thlb notatlon means that u; = p~2 and the

value of the other coordinate w;  is arbitrary.

This module St(u;7) is the Steinberg module. We will be mainly interested in the case i = 1
then we define St(1,7) := St(u; 1) where uy =1 and ug = 7.
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We come to the case, which is especially relevant for our problem. We specialise our variable

u to values u = (1,7). We consider the Steinberg module St(1,7) C Ind’ ((@ ) Xu and the induced
modules
Ind${&) St(1,7) € Indg ) xu (42)

If we restrict to the the invariants under the Iwahori subgroup we get a rank four submodule

G 2
(Ind %) St(1, 7)) € (Ind5 %) x)* = €D R b (43)
weWw

This submodule can be described explicity. We numerate the elements in W, we write
W = {1, s2, 8251, 525152, 51, 152, $15251, S1525152 = S2518251} (44)

and we define 6; = d,, if w is at place i. Then it is easy to see ([II], 2.4.1) that

1 1 1 1
(Indﬁ(%))St(l ) = {z1 (61 — ;?55) + x2(d2 — 556) + 23(d3 — ];57) + 24(62 — ];58)}- (45)

We define another intertwining operator

T3 (St(1,7)) : Ind 53 St(1, 7) — Ind &) se(1,p~577) (46)

which again is defined as an integral
T, (St(L,7)) : (9= f(9)) = (9 [f(s2s15009)dv)).
Uy (QIJ)
We can extend this to the operator

T (Xu, S25152) IndG(((@"))Ind]g ((g”) S1° Xu — IndG(((@’)))I d]g((g”) 528182 (81 Xu) (47)

For a moment we drop the assumption that u = (1, 7). We also drop the assumption that the prime
p is the one fixed at the beginning, it may be any prime. We compute the the value of the operator
at the spherical function, applying gives us

1 —pujug 1 — pzulug 1—us

T (Xu, 525152) (P51 ) = Psas1s2-51U (48)

1 —p2ugug 1 — pdusud 1 — puy
We come back to this formula in the next section.

Now p will be again our prime fixed at the beginning. We also assume that u = (1,7). Then
s1-u=(p~2,pr) and yields

1—7 1—p?r?
2 §0828182~E (49)

TOxws s29192)(0u) = T 57— 52
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We restrict the intertwining operator to the induced Steinberg module we take invariants under
the Iwahori subgroup and consider

S — G(Qp _ G(Qp 1
T3 (St(1,p727)  Ind 2 (%)) St(1, p~27)F — Ind (&) st(1,p~ 177, (50)

this operator is holomorphic at 7 = 1. The following calculation is done with the help of Mathe-
matica and hopefully correct. We evaluate at 7 = 1 then

s - G(Qp _ G(Q, _
T3 (St(1,p7%) : Ind (%) St(1, p~2)F — Indg () St(1,p7")*

has a kernel, which equal to
1 1 1 1 1 1
sty
ker(TPl) = {13(51 - ];55 - 552 + péﬁ)) + y(52 - 556 — 554 + E(Ss)}

The intersection

G, oz, ) 1.1 1
(Ind i3 ) S6(1,p72) " Nker(T3)) = R(0) — 05— 02+ —506) = Rh. (51)
If we expand around 7 = 1 then we get
1
T3 (St(L mp2) (b)) = 22— (r = DAY + O(( - 1)2). (52)

b p(p® —1)

This formula will become essential. We modify the factor in front slightly. The local Euler
factor attached to the representation St(1,p~2) is

1
L(St(1,p ?),2) = ————
(SH1.7).2) = 15— (5)
Eventually we will put p~* = 7 define the local intertwining operator
_ L(St(1,p72),2 + 3) _
TR°(St(1,p~27)) = 2 2 T3 (St(1,p2 54
Py ( ( » D T)) L(St(l,p*2),z+2) Pl( ( » D T)) ( )
and now our formula above becomes
TS, p 2 (h0) = —— P Oy yo(r -1 ()
' ’ PO (14 p) (A +p+p?)? P
We abbreviate
1 2\2
(1+p°) (56)

c(p) == (

—1+p)(1+p+p?)?

Notice that we have written ¢(p) as a product of almost coprime factors.

This is the end of the interlude, we return to our study of the Eisenstein cohomology and the
image Im(r).
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1.4 Eisenstein cohomology
This image splits accordingly to

Im(r) = Imy(r) ® Imgs(r) (57)

At the Oberwolfach meeting I distributed some handwritten notes where I claimed

—_~—

m(r)c P &b P  H Cu,NXME Z(w-0)) (58)

Pe{Py,Py} ceWP2 /Wp weEWP:l(w)>2
and the left hand side is of finite index in the right hand side.
THIS IS WRONG!
But it is only wrong in the case where we have P = Py and l(w) = 2 i.e. w = $357.

To formulate the correct result we concentrate on this case, we return to our formulas
and tensor by Q. We start from our parabolic subgroup P = P; and the element w = sys; € W
and consider (see 1.3.1 , iii))

H ) G (To(p)\H2), @) = @) H (Dar, \ X7, Qw0 -0)), (59)
Eewhz /Wp,

this is a direct summand and a semi simple module under the action of the Hecke algebra. If
we tensor by a suitable finite extension F/Q we get a decomposition into absolutely irreducible
modules

HY) (91,1 (To(p)\Hz), F) = D@D B (Tar, \XMre, F(w-0)) (o) (60)
or &

where here o is the isomorphism type of an irreducible Hecke module for the Hecke algebra H%ﬁfs of
Mpe. This Hecke algebra contains the Hecke algebra Hz = H,, 7 X H®) as a subalgebra, hence each

—_~—

summand H} (Tarpe \XMre Q(w-0))(cf) is a Hz module. Moreover we know that each summand

—_~—

O @5, (o (p)\ ), F)o7) = €D HY (Pag, \ X7, F(w0)) (o) (61)
3

is an irreducible Hz module, i.e. comes with multiplicity one (see [13], [14]).

We may choose our splitting field F//Q to be a subfield of C, then there is a minimal splitting
field, it is a normal extension of Q. The Galois group Gal(F/Q) acts on the set of oy which occur,
because the cohomology is defined over Q. We denote this action by o +— 7of. We have a 7-semi
linear isomorphism

Uy Y (@) (To(p)\Ha), F)(o5) == H (9p,) (Do(p)\Hz), F) (7o) (62)

which is induced by the action of the Galois group on the coefficient system. Then we define the
field Q(of) C F by Gal(Q/Q(oy)) = {r|ros = o5} We consider the orbit of [of] = {...,704,...}
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and let Q([os]) be the normal closure of Q(of) in F. The direct sum over the isotypical spaces in
the orbit is defined over Q

Y (95, (Do (p)\Ha), Q)[of] @ F = @Huz(w) (0P (To(p)\Hz), F)(Toy) (63)

We look at the corresponding contribution for the element w’ = s5. We get

HYHD @5, (Fop)\Ha), F) = DD HE (Tas, \ X7, Flu-0)) (o) (64)
O‘} 3

and again we know that H'*(“)(9p(To(p)\Ha), F)(0%) is isotypical.

Now it follows from known facts in representation theory of f-adic groups that the two Hz

modules )
H"™) (9p,)(To(p)\Ha), F)(os) and H' ) (9p,)(To(p)\Ha), F) (o)

are isomorphic if and only if 0} = o} ® |y2|3. Here o} is the dual module of o in our special
situation 0 = oy ® |72|* (see [H]).

Our general principle tell us that the image Imy(r) ® F is compatible with this decomposition
into isotypicals and hence our problem to compute the individual terms

Imy(r)(of) ® F C -
65
H'F(9)p (To(p) \Ha), F) (o} @ |72*) & H ) (§yp,)(To(p)\H2), Z) (o).

Now the general expectation is that the image should be just the second summand, but this is
not always the case.

We know that o is the finite part of an automorphic representation
Va = Dk,l/ ® Vaf - Acusp(Ml (Q)\Ml (A))

Here Dy, is a discrete series representation of Mj(R). Recall that Cw - 0 is a finite dimensional
representation of M; of a highest weight from the list , and k — 2 is the coefficient of 71, v
is the coefficient of 5, hence k = 4, v = —2. The parameter 2v is the central character of the
representation, only the parity of v plays a role.

Let m be the Lie algebra of My, then

(W) (01,1 (To(p)\Ha), F)(0f) @ C =

G(R) G(Ay)
(Ar) Vo,

H'(m, K3, Indy 9Dy, ® C(w - 0)) @ Indy, o

Then it is known that H*(m, Koﬂgl,lndgl(ﬁé)l)kw ® C(w - 0)) is one dimensional. (See for instance

[10], Chapter 4., the group K2 is not connected. See also )
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We apply Langlands theory of Eisenstein series and perform the procedure which is outlined in
[10], 9.3. We have the Eisenstein intertwining operator, it maps h € (IndggﬁgV ® |yp|?) to

Bis(z) : {g = h(g) = {g— > h(19)}, (67)

VEPLQ\G@)

this infinite sum converges for $(z) >> 0, and defines a holomorphic function in a suitable half
space. It has meromorphic continuation into the entire complex plane.
We want to evaluate at z = 0, hence we ask whether the Eisenstein intertwining operator
is holomorphic at z = 0. This depends on the constant term (see [I0] Chapter 9). For h €
G(A)
(IndP((A)V ® |yp|?) Ko
FF oEis(z)(h) = h+ L(0,2)T"°(2)(h) €
I dG(A V z I dG(A) 3—z (68)
Ndpp) ® [vp|* ® In P(A) Vov @ |vp|

|37z |17z

We remember that ¢V ® |2 =0Q |7 . Here the local intertwining operator T'°¢(2) is a

restricted tensor product of local operators

T°(2) : Ind 3\ G\ Vo, @ lypl2) = Td 3 GV, @ [yplh ) (69)

the tensor product is taken over all places:

At the unramified finite places v = £ the local operator defined by sending the spherical function
to the spherical function. It does not depend on z.

At the (ramified) place £ = p the representation o, must be a Steinberg module because there
are no unramified cusp forms of weight 2 or 4. In this case o, = St(1,p~2) and we defined the local
operator by the formula . It depends on z and it is holomorphic at z = 0 (this corresponds to
T=1).

At the place v = oo we also have a canonical choice of T¢, we require that induces the identity
on a certain specific K, type.

In the product of the local operators the only local operator depending on z is Tll,oc(z) and this
operator is holomorphic at z = 0.

We come to the factor £(o,z). In [I0] Chapter 7 , 7.1.2 we attach cohomological L-functions
Leoh (m 57, 2) to an irreducible Hecke module H;, which occurs in the cohomology of an arithmetic
group, the datum r is an (irreducible) representation of the dual group. These L-functions are
Euler products of local L-functions, i.e.

LCOh (of,7,2) HLCOh Of,T, %)

We apply this to our oy and put
L(O’f,z) = LCOh(Uf7T17Z) (70)

here 71 is the tautological representation. In this special case the Eichler-Shimura isomorphism
yields a modular cusp form F' of weight 4 to o¢. This modular form has has a ¢ expansion

F(Z) _ e27ri7' + a2627ri27' 4 a362ﬂ'i37‘ L (71)
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and then the above L-function

as as 1 1
L =14+—=4+—=---= || 72
(Uf7 Z) 2z 3z 1— p3—25 it 1 aég—z 63—2z ( )

is the classical Hecke L-function defined by Hecke.

We also define the cohomological Euler factor at infinity, it is given by L¢P (04,2) = (g;z))z
and then the complete cohomological L-function will be
A(0,2) = Loo(0x0,2) - L(0yf, 2). (73)
and find
L(o,2) = A(o,z+2)¢(22+1) (74)

Ao,z +3)¢(22+ 2)

Hence we see that the constant term is holomorphic at z = 0 if the factor £(o, z) is holomorphic
at z = 0. The argument 2z, = 2 is the central point for the functional equation of A" (g, 2) and we
know that A(o, 2) is holomorphic at zp = 2. On the other hand we know that {(2z + 1) has a first
order pole at z = 0 and hence we see that

L(0o, z) has a first order pole at z =0 < A(0,2) #0. (75)
We recall that the cohomological L function satisfies a functional equation
Ao, z) = p*2c(0) - A(0,4 — 2) (76)

where the root number (o) = £1, the point z = 2 is the central point in this functional equation.
Hence we that necessarily A(c,2) = 0 if the root number is (o) = —1. If the root number is +1
we still may have A(o,2) = 0, the zero is a second order zero.

Theorem 1.1. We assume that we are in the exceptional case P = P; and l(w) = 2. If we have
A (g, 2) = 0 then
Imy(r)(oy) @ F = H)(9)p,1(To(p)\Ha), F)(0y)

The situation is different if we are in the case A(c,2) # 0.

The cohomology Hl+l(w)(a[P1](FQ(p)\H2),Z)(O’f) is a module under the Hecke algebra H =
QezpH(G(Qy))//G(Z¢) @ Hz,. More precisely we can say that H1+l(w)(8[pl](ro(p)\H2),Z)(O’f) is
two dimensional F-vector space, the central part ®.., H(G(Qr)//G(Z¢) acts by a homomorphism

hop) : @epM(G(Qe)//G(Ze)) = OF

and on this two dimensional space we have an action of Hz,. This is the module St(1,p~2)%z.
At the same time we have the module H'*!(® >(8[p1] (To(p)\Hz))(cf ®|v2|s)- These two modules
are isomorphic as modules for ®¢2, H(G(Qe)//G(Ze)), i-e. hjog) = h/o%).
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Theorem 1.2. We assume again that we are in the exceptional case P = Pj,w = sg81,w’ = $o.
For a oy which occurs in H 1+w)(9p, ) we consider the map from the inverse image

r(os]: (H*(To(p)\Ha, F) & H?(To(p)\Ha, F)[o] — -
7
H (0p,) (0 @ [aly)) @ H ) (0p, ) (o)

If A(0,2) # 0 then
Im(r[os]) = Im(TE°(St(1,p~2))) @ ker(T°(St(L,p~2))) (78)

Proof. The Lie -algebra cohomology H'*()(m, KMt Dy, @ C(w - 0))) is one dimensional and in
[10] we explain how to choose a canonical generator w,(,) in this vector space. Here e(v) = £1.
This generator provides an identification

A ~ w
B oy ® byl d5(7) Vi, <5 H¥10)(@p, (Do (p)\Ha), 2)(05) © C (79)

We have to understand the behavior Eis(z)(wy ® hy ® |72]%) at z = 0 and hence we have to look at
the constant term

FPioEis(2)(wy @ hy) = wy @ h+ L(0, 2)T"%(2)(wy @ hy) (80)

and evaluate at z = 0. We are in the case where £(o, z) has a first order pole at z = 0. The local
intertwining operator is a product of local intertwining operators at all places and only the factor
T,(z) depends on z and is holomorphic at z = 0.

Now h; = h ® 14z, e where the hy are the spherical function and if 7;,(0)(hy) # O then the
expression in (80) has a ﬁrst order pole at z = 0 and we can take the residue

Res,—oF " o Eis(2)(w ® hy) = Res,—o(L(0, 2))T°°(0)(w @ hy). (81)
Before we continue we say a few words about the intertwining operator

T (2) : Ind () Vo, @ |2l — IdZ () Vo, @ el
This local operator does not depend on z, we evaluate at z = 0. We study the effect of the
intertwining operator on the Lie-algebra complexes

Hom_ (A*(g/t), Ind 5 (D) V,..) — Hompc (A*(g/8), Ind 53 Vo, ® 7))

We apply the formula of Delorme which computes the cohomology of the two above complexes and
finds that

H2(g, Koo, Ind5 () V) = 0 and dimH* (g, Koo, Ind 59 Vo)) = 1, (82)

the generating cohomology class in degree 3 is represented by our form w,. There is an element

we € Hompg _ (A%(g/t, Indfﬁfﬁg)v%)) which is not closed, i. e. dws = 9 # 0 but such that ¥ is in the

kernel of 7"°¢(0). Hence we get a closed form T'°¢(0)(ws) = w_ € H?(g, Koo, Indgl(gg)v ) @ |v2])
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We claim
H?(g, Koo, Vo, @ |72]) is one dimensional and generated by [w_].
Hence we see that taking the residue (assumptions as above)
Res,—oEis(z) (w2 ® hy) (83)
provides a non zero cohomology class in H'* (%) (g ® |7y5|) where now I(w') = 1.
But if we take as local component h, = h](go) then yields
Ty°(hyY) = e(p)(p™" = DAY + O(?) (84)
and hence we see that L(o, z)TlOC(z)(hz(,O)) is holomorphic at z = 0 and we see that
Eis(2)(wt+ ® hy)

is holomorphic at z = 0 and provides a non trivial cohomology class whose restriction to the
boundary gives us back the class [wy ® hy]. Q.E.D.

We summarize:

Theorem 1.3. In the exact sequence
0—- H'(T\X,F)—> H*T\X,F) > Im®*(r) = 0

we have complete understanding of Im®(r) (as module under the Hecke algebra ) in terms of spaces
of cusp forms of level p and of weight 2, 4.

a) We have have a splitting

Im*(r) = Im} (r) ® Imgy(r) and Im} (r) = Im} p (r) © Im} p, ()

b) For the parabolic P» we have only one connected component & for which Do # Gla(Z).
Hence we get

Im} p, (1) = Imﬁp2 (1) = 2 copies of the space of cusp forms of weight two for I'ns ..

(See (@)

¢) The case of the parabolic group Py is the most interesting case.

c1) Here we have in degree 4
Irnﬁp1 (r) = 2 copies of the space of cusp forms of weight two for Porpe -

(For each of the two components we get one copy of the space of cusp forms)



154 G. Harder

c2) In degree q = 2 and degree ¢ = 3 we have to look at the decomposition into eigenspaces

I p, (r) = @@ I} p, (r)(07) € H(0p,) (05 @ hral})) @ HH (05, ) (04)
af

If A(0,2) # 0 then we get one copy of the space of modular cusp forms of weight 4 for Pa,e in
degree 2 and one copy in degree 3.

If A(0,2) = 0 we get two copies of the space of modular cusp forms of weight 4 for Py, in
degree 3 and nothing in degree 2.

d) For the Borel subgroup B we refer the computation of the Fisenstein part of the cohomology
of the boundary (see (@) We get

I (r) = Hi (9(To(p)\Hz), Q) = Q, Imi (1) = i, (9(To(p)\Hz), Q) = Q
I (r) = {(21, 22, 23,24) € Hi,((To(p)\H2), Q) = Q* | Xy =0} = Q

On all these spaces the Hecke operator Ty acts by the eigenvalue £ 4+ 02 + ¢ + 1.

1.5 What can the computer do for us?

In principle we want to extend the computations in [I0] Chapter 3 section 3.3.5 to this situation
here. In the following our coeflicient system will be the ring Zg, where S is a controlled finite set
of primes. At the beginning this set is empty. We have the exact sequence

0 — H(To(p)\Ha, Z) -5 HY(To(p)\Ha, Z) —— HI(O(I\Ha), Z) — HIT'(I\Ha, Z)  (85)

The first challenge is to compute the modules in this exact sequence. We have control of the
torsion and we include all the primes which occur in the torsion into our set S. We are interested
in the degree q = 3 and get the exact sequence

0 — H}(To(p)\Hs, Zs) - H3(To(p)\Ha, Zs) — Tm?(r) — 0
and we get free modules
H}(To(p)\Hz, Zg) = Zsx1 ® Lsxs ® - -+ O Lgxs
Im®(r) = Zgyr ® Zsys @ -+ © Lsi
H?(To(p)\Hz,Zs) = HP (To(p)\Hz, Zs) © Zsiy ® Lsia @ - - - & Ls s

such that r(z;) = 0 and r(g;) = y;.
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Now comes the hardest part, we have to compute an explicit expression for a Hecke operator
(See [10], section 6.3.2)

coh,0
T, (i) = > aijv;
(86)
coh,0/ ~ ~
Tg; (9v) = E,L by up + Zj bu.;Y;

here x : G,, — T is a cocharacter and ¢ a prime. For the following it may be sufficient to take
¢ =2 and for x one of the two fundamental cocharacters. The highest weight is A = 0.

We pass to a splitting field F/Q let Op g its ring of S integers. We pick a component o, with
H1+l(w)(8[Pl](F0(p)\H2), F)(oy) # 0, we assume that A(o,2) # 0. We consider the exact sequence

0 — H}(To(p)\Hz, Or.s) — H*(To(p)\Hz, Or.s)[0s] — Im(r)*(o4) — 0, (87)

here Tm(r)? (o) = Im(r)? N H3(9(T'\Hy), OF.s) then Im*(r)(o;) is a free rank one Op g module.

Under these assumptions the Manin-Drinfeld principle holds, i.e. we have

Homy, (Im? (05), H (To(p)\Hz, F)) = 0.

Remark: In the letter to Goresky and McPherson in [§] I made some very speculative calcula-
tions which give some support to this assumption. These calculation were based on the topological
trace formula and on the fundamental lemma. These calculations also implied that the Manin-
Drinfeld principle can fail if A(c,2) = 0. I will come back to this later. These facts have also been
confirmed in a personal conversation with Jim Arthur in Oberwolfach and follow from his general
results.

End remark

We get a decomposition
H?(To(p)\Ha, F)[o] = H? (To(p)\Ha, F) & Im®(r)(oy) @ F (88)
Now we consider the cohomology with coefficients in O s The decomposition induces a decom-

position up to isogeny

—_~—

H*(To(p)\Hz, Or,s)[05] > H}(To(p)\Hz, O,s) @ Im®(r)(oy) (89)

—_~

where Tm?*(r) (o) = Im*(r) (o) N H?(To(p)\Ha, OF 5).



156 G. Harder

1.5.1 The main question
What can we say about the structure of the finite Hecke-module

—_~—

H*(To(p)\Hz, Or.s)[o](H? (To(p)\Hz, OFs)[os] @ Im®(r)(04)) = (90)
I (r)ing (o) /T (r) (074)?

The Or module Im®(r)iy; (o) is locally free of rank one and therefore

—_~—

I (r)(of)/Im®(r)(07) = O /(n(oy)) (91)

where (n(oy)) is a non zero integral ideal. This ideal is the denominator of the Eisenstein class
and this denominator can be computed in a given case once we have an effective program for the
computation of the cohomology and the Hecke operator.

We may for instance assume that we find a o which is defined over Q
( There are a few of them in the modular forms data bank). Then we go back to . ) and we can
assume that Im*(r)(c;) = Zsy: and hence the second equation in says

T () = av gy + (o) (T () = 27 + b p) (T ) ).

We want to modify ¢; to 1 + xg such that
T + x0) = ho ) (75 (G + 20))
then Im?’(r)(af) ®Q = Q7 + zo)-
For this we have to solve
(=T + h(o ) (T ) Id)zg = 2. (92)

Now the Manin-Drinfeld principle says that we can find a £ and a y such that TCOh 0 +h(os (T, T O)Id

induces an injection on H? (I'o(p)\Hz, Zs). This implies that we can solve (9 w1th x € HS(I‘O( )\Hs, Q),
the denominator of this element is the denominator of the Eisenstein class.

Now it is shown in [I3],[14] that there is an array of complex numbers
oo rog), - dreGal@on/ae
which is well defined up to a unit in O, g such that

1 A(roy,2)

Q(royf) Aoy, 3) €r

and this expression transforms under Galois in the right way, i.e,

. 1 Aloy,2), 1 A(1oy,2)
Qoy) Aoy, 3)"  Q(roy) A(roy,3)
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This number has a denominator ideal @en(m 2%:2? :2,)3) and my conjectural answer says that

c(p) Aoy,2)

nos) = ey 3 K(oy.3)

) (93)

where ~ means that we have to invert a small number of small primes.

We think that it of great interest to provide experimental data, which confirm (or falsify) this
conjecture. We get these data for a given prime p and oy once we can tackle task A) and B) in the

sequence .

1.6 The motivation

Finally I want to say a few words why I expect that this should be true. The following considerations
are not very precise, we speculate about certain objects namely the mixed motives, for which we
give some kind of a definition in [I1]. Motives and mixed motives are also the topic in the two
volumes [16]. In these two volumes many of the results and even definitions are conditional and
depending on the truth of (accepted) conjectures.

We will see that certain versions of these well accepted conjectures imply half of the conjecture
above: The right hand side divides the left hand side, we get an estimate of the denominator from
below.

We pass to the smaller subgroup I'go(p) (see ([1.3.3) and consider the Borel-Serre compactifi-

cation Tgg(p)\Hz — To(p)\Hz. The number of connected components in the different boundary
strata becomes larger, we have 4 connected components for each of the two maximal maximal
parabolic subgroups Py, P> and 8 connected components for the Borel stratum. We are mainly in-
terested in the connected components of 9p, (I'go(p)\Hz). These connected components correspond
to the right action orbits of {e, s;} on the Weyl group W, we make a list

{61,62,83,84) = {{e, 51}, {52, 251}, {5152, 515251}, { 525152, 52515251 } }
of these orbits. Let Y7,Y5,Y5,Y, be the corresponding boundary strata. We add Y3 and Y to
Too(p)\Hz and get an inclusion
i : Too(p)\Hz < T'oo(p)\Hz U Y3 U Yy,

the set on the right hand side is open in Tgo(p)\Hz. We extend the sheaf Z on Tgo(p)\Hs by
zero to Too(p)\Hs U Y3 U Yy, i.e. we consider the sheaf ig,(Z). Now we have the inclusion i :
Too(p)\Ha U Y3 U Yy < Too(p)\Ha and define the sheaf Z# := i, . 0 1(Z). We recollect that for
the Borel-Serre compactification the direct image functor i . functor is exact.

We get an exact sequence of sheaves 0 — Z# — i,(Z) — i.(Z)/Z* — 0 and hence we get a



158 G. Harder

diagram of cohomology groups

H?(Too(p)\Haz, i1(Z))
p
HQ(Y3UY4,Z) —)HS(Foo(p)\H27Z#) — H3(F00(p)\H2,Z) —>H3(Y3UY4,Z) —

\( 7“#2 \I/ T12 (94)

H3(Y1 UYs,7Z)
N\
H4(F00 (p)\H% 7:! (Z))

We consider the tensor product of this diagram by Q. On this diagram we have an action
of the Hecke algebra H"). We recall that an irreducible isomorphism type oy, which occurs in
the cohomology is defined by its restriction to H). (Strong multiplicity one). We pick a oy, for
simplicity we assume that o is defined over Q. Then we know that H3(Y; UY2, Q) = H3(Y; U
Y2,Q)(os) @ H*, where the first summand is the o isotypical component. Then we have seen that
H3(Y1 UY2,Q)(0f) = Q2 and we also know that the image

Im(rf, ® Q)(0y) = Im(r12 ® Q)(0y) = Q C Q2.

We may replace Q by a ring Zg. The set S contains those primes which yield inner congruences
between oy and other isotypical subspaces. Then H3(Y; U Yz, Zg)(of) will be a direct summand
in the Hecke module H 3(Y1 UY5,Zs). The set S should also contain those primes which divide the
order of the torsion of H2(Too(p)\Hz,i1(Z)).

Then it is clear that Im(r?, ® Zg) = Im(r) ® Zg = Zg is a direct summand in H3(Y; U
Y2, Zs)(0f) = Z%. Under our assumptions n(os) € H3(Y1UY2, Zg) can be lifted to an eigenclass
Eis(n(os)) € H3(Too(p)\Hz,Zs) and the inverse image of this eigenclass in HS(FOO(p)\HQ,Zﬁ)
provides a short exact sequence of Hecke modules

0—Zg — ’C(Uf) — ZsEiS(l‘l(O'f) — 0 (95)

where the Zg on the left is Im(H?(Y3 U Yy, Zg) — H3(Too(p)\Ha, Z?))

The point is that we can interpret K(os) as a mixed Tate motive, more precisely as a mixed
Kummer-Tate motive.

Of course we believe that T'go(p)\Hz is the set of complex points of a scheme Y (p)/ Z[%] and we
consider the embedding into its toroidal compactification

P Y)/ZL] = X)L Voolp) /2L (96)

p p p
where yoo(p)/Z[%] is the complement of the open part y(p)/Z[%]. It is a divisor with normal
crossings. The scheme Y(p) /Z[%] has a stratification, the strata are labelled by the connected
components of the boundary strata dp,, Op,, 0. We are mainly interested in the boundary stratum
attached to P;. It has four connected components )i, ..., Vs. Again we define the sheaf Z# =



Can we compute denominators of Eisenstein classes? 159

tx,00 ©10,1(Z), but now we have to be careful, because i, o is not exact, we have to take the derived
direct image.

We view (X(p), Z?) as a mixed motive (whatever that means), in any case we can consider its
Betti-realisation Hp (X (p),Z%) = H*(X(p)(C),ZE), its de-Rham realisation Hye_ gy (X (p), Q%)
and for all primes / its etale realisations H*(X (p) xg Q, Qf). Furthermore we have the comparison
isomorphism

Is_qrn : Hp(X (p)(C),C¥) = Hye_rn(X(p), Q%) ® C),
(See [I1]). The triple

(Betti realisation, de-Rham realisation, Ig_4rp)) (97)

will be called the Betti-de-Rham realisation.

We assumed that the set S contains all primes which divide the order the torsion of some HZ(...),
then we know that for £ ¢ S and m >> 0

H*(X(p)(C), Z%) @ Z/0" s = HE, (X (p) xq Q Z/¢"2), (98)
the right hand side is a Gal(Q/Q)-module. We can form the projective limit and get
H3(X(p)(C), Z%) ® Zy = H3 (X (p) xq Q, Z) (99)

and we get an action of the Galois group Gal(Q/Q) on the left hand side. This provides a Gal(Q/Q)-
module structure on (o) ® Zy. The results of Pink (See[19]) say that we have an exact sequence
of Galois-modules

0— Zz(—l) — IC(O’f) R Ly — Zg(—Q) — 0. (100)

This Galois-module is unramified outside ¢, p.

If we put all these realisations and the comparison isomorphisms into one object we get a mixed
Kummer-Tate motive

{0 = Z(-1) = K(of) — Z(—-2) — 0}, (101)
which we we simply call K(of). We get the extension class

(o)) € Exthuna,y,, (2(—2), Z(-1)). (102)
We consider the different realisations of this extension class (See [I1], 1.7.1-1.7.2)

[K(of)|B—arn € Extp_4pn(Z(-2),Z(-1)) =R
(103)

[K(05)]et,e € Extly o(Zo(—2), Zo(—1)) = Q)

Now we are confronted with a fundamental problem:
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Since [IC(oy)] is obtained from a global object (a mized motive over Q ) we should have some
relationship between the extension classes in the different realisations.

The only conceivable solution to this problem I can think of is:

All the numbers [KC(of)]et.e are equal to the same rational number
K(op)" € Q%

and moreover
elK(oplB—arn — /C(O'f)T

If this is not the case then we call K(oy) an ezotic mixed Kummer-Tate motive.
I think it would be a disaster if such an object exist.

Now let us assume that K(oy) is not exotic. In [§], in [11] and [12] we developed a strategy to
compute the Betti-de-Rham extension classes of mixed Anderson-Tate motives. Our K(oy) is an
Anderson-Kummer -Tate motive. We apply this strategy to this case and get

c(p) A(oy,2)
Qo) Aoy, 3)

[K(o5)]B-arn = n(oy) log(p). (104)

The number Q(oy) is a relative period it is well defined up to an element in ZZ. (See further down

section . The log(p) comes from taking the limit lim,_o(p~* — 1){(z + 1) for ¢(p) see (56).

Since we assumed that o is defined over QQ the factor Q(<17f) ﬁgg;g; is a rational number. Then we

get the formula

c(p) Mlof.2)

K(og)t = p 700 20 (105)

Since we know that the exponent must be an integer, we conclude that for a prime ¢ ¢ S for which
£m|®en( c(p) A(Uf’Q)) we must have " |n(oy), and we get half of .

Qoy) Aloy,3)

Therefore we see:
If for a oy the assertion @) turns out to be wrong then K(oy) must be exotic.

If oy is not defined over Q then basically the same reasoning works, but we have to argue with
motives with coefficients.

We get a very precise estimate for the denominator, we have good control over the primes
in S. We just remark that also the denominator of ¢(p) should contribute to the denominator of
the Eisenstein class. This would provide denominators of local origin whereas the denominators
induced by the denominators in ratio of L-values are denominators of global origin. Of course it
might be interesting to see what happens if we have a cancellation, i.e. if a prime ¢ occurs as well
in the numerator of the ratio of L-values and in the denominator of ¢(p).

Finally we remark that we have discussed a similar construction of Anderson-Kummer motives
for certain congruence subgroups I' C Gl3(Z) in [11] Section 2. In this case we can show that the
mixed Anderson-Kummer motives are not exotic and we get estimates for the denominators of the
FEisenstein classes.
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1.7 A(6,2)=0

This section is even more speculative. Our speculation does not provide a result that can be verified
or falsified by a computer. One might argue that this section does not belong into this article. On
the other hand the Saito-Kurokawa lift - or the more general results of Arthur- predict some subtle
assertions concerning the structure of the cohomology, which then may serve as a test for correctness
of the algorithm.

Of course we can also ask what happens if A(oy,2) = 0, We have seen that this must be the
case if the root number e(oy) = —1, but it may also happen in the other case. For the following
we also refer to [8] Kapitel ITI, 3.1. and we hope to explain it in [I1] in greater generality.

The Manin-Drinfeld fails if the root number e(cf) = —1, In this case it follows from Arthur’s
work that HP((Too(p)\Hz,Z)(0¢) # 0 and this is a module of rank two over the Hecke algebra Hz ®
HP). (It is the so called Saito-Kurokawa lift). This tells us that the argument which lead us to
does not apply, the restriction r7, in the diagram( has a kernel A(oy) C H3(Too(p)\Hz, Z#)
and we get a diagram

0 0
{ 1
0 — H2(Y3UYy,Zs) — Aloy) — HP((Too(p)\Ha, Zs)(of) — 0
1 +
H3(Doo(p)\Ha, Z) — B(oy) (106)
{ 1
H?*(Y1UY3,7Zs) H3(Y1 UY3,Zs)
{ 1
0 0

As before this is a diagram of Betti-cohomology groups of a mixed motive, The horizontal exact
sequence and the vertical exact sequence on the right yield extension classes
(o)) € Exthune,,,, (P (X(07).2), Z(~1)?)
(107)
[B(o)] € Exthn,,,, (Z(~2)%, HY(X(0/),2))
and we consider the entire diagram as an enhanced biextension of H3 (X ,7Z)(c¢) by Z(—1)?,Z(—2)?,

the enhancement is the introduction of H3(Tgo(p)\Ha, Z?) in the middle.

If T understand correctly T. Scholl explains in [20] how to attach a bilinear pairing
<, >p Z(-1)* x Z(-2)* = R (108)

to this enhanced biextension. (The subscript z stands for Beilinson.)

We recall that

—_~—

Zs(=2)* = @ecyey o0y H (T, \XMre Zs(w - 0)) (o) (109)

ZS(il)Q - 6966{53,54} Hll(FMpé \XMpssz(w/ ) 0))(Uf ® |72|3)
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At first we define a local pairing <, >,: Zg(—2)% x Zs(—1)? — Q. To do this we refer to section
[L3.3l We have the identification

D H Ta, \XMr¢, Zs(w - 0) = Zs (61 — ~65) © Zs (52 — ~0)
p p
£e{&1,&2} (110)

—_ 1 1
P H Cu, \XMre Zs(w' - 0))(0f @ [92]*) = Zs(63 — ~07) © Zs (64 — —Js).
£e{€s,8a} p p

On the second summand we define the obvious scalar product
1 1
< 6z — 551'—&-475]' — ];6]‘4,_4 >= (51']'.

Now we can define the above local pairing: If h, € Zg(d1 — %65) ® Zs(62 — ]%56) C (St(1,p=2))*
then

4
. _ 1
T3 (St(1,p~2)(hy) € @DZs(0: — ];5”4).
i=1
We project to the second summand then and get an element
st,34 9 1 1
Tp " (St(1,p™7))(hy) € Zs(d3 — 567) @ Zs(04 — ];58).

Now we define

< hp, W) >pi=< T (St(1,p~2) (hy), B, > . (111)
For the element hg)) = —p(6 — %(55) + (02 — %56) our Mathematica computation yields

T3 (St(1,p™2) (hz(,o)) = 0 and therefore h;o) lies in the kernel of the local pairing. We consider the or-
thogonal complement V' of T (St(1,p=2)(Z), in H*(Y3UY},Z), then our pairing becomes a pairing
between the two rank one Zg modules < , >,: H2(Y3 U Yy, Zg)/V x H3(Y3UY,, Zg) /ZshY) — Q.
The Mathematica code also gives that the module of values of the pairing is the fractional ideal
1
(

pP(p+1)(@*+p+1)

) C Z.

Now I claim that we get a ” Gross-Zagier” formula for the value of this pairing:
The value of the height pairing is given by

A(oy,2)

< hp,h; >p=< hp,h; >p W

(112)
I do not state this as a theorem because some computations still have to be checked.
Extensions of the type above have been constructed in [§], 3.1, 3.2 and there I do not say

anything about triviality or non triviality of these extensions. I hope to discuss this issue more
thoroughly in [IT].
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1.8 Computational aspects

If we want to verify we need to compute the relative period Q(oy) and the values A(o, v) for

v = 2,3 up to a very high precision. Of course we are we are happy if we find an algebraic number
a € F which is not to big and which approximates the numerical value ﬁm%) up a very
high precision -very high compared to the "size” (height) of the number «, then we accept that
1 Aoy,2)
Q(o-f) A(Uf ’3) ’ . . . . . . . .
The computation of these relative periods is a little bit delicate. When we discussed the coho-

o =

mology of the Siegel stratum we introduced the group FESI)P& C Sly(Z) and claimed that each o
occurs twice in the cohomology (see (26]))

HHIS) \XM, Opw - 0)(0f) =
HE (D5 XM, Opw - 0) (o) & H}_(Ty) \XM,Opw-0)(y).
Both modules on the right hand side are locally free Or— modules of rank one let us assume that
they are actually free. Then we can find an isomorphism 7% (g ;) between these two O modules

which of course unique up to an element in 0. On the other hand we can use the Eichler-Shimura
isomorphism and construct a canonical isomorphism

Ttrans(o.f) . H!1’+ (Fg\b)pf \XM’ Orw - O)(O‘f) QF,. C—

113
H!lﬁ (FS\}[)PE\XM,OFW'O)(J)”) ®r, C, (113)
these two isomorphisms differ by the relative period
1 .
Ttrans(a_ ) _ Tamth(o_ ) QF C. (114)
Qo) ! !

Of course we have to do this for o¢ and its conjugates 7o¢ und the action of the Galois group.
This is of course a rather theoretical definition, it is not clear how we can these numbers in practice.

We have good control over the set S, of course we should keep it as small as possible. The
primes ¢ € S are essentially determined by the torsion in the cohomology, we do not employ the
Hecke operators to define S, The primes dividing p — 1 should be in S.

We will explain in [I0] Chapter 8 that for a given o can define two periods Q4 (oy),Q_(oy) €
R-0, which are well defined up to a unit in O} such that

A(oy,2) Aoy, 3)

Q4(0r) O (o) <" (115)

then our relative period s given by

Q4 (oy)
Qos) = . (116)
P al (o)
Of course we have to explain how these periods are defined. The following will be explained in
in [10] Chapter 8. If we want to pin them down up to an element in O we have to compute the
values A(oy ® x,v) for v = 2,3 and all characters x : Z/pZ* — C*. Here we use the fact that we
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have rather effective algorithms, which compute the values A(o; ®x,2), A(0;®,3) with a very high
precision. It follows from the theorems of Manin and Shimura that viewed as points in projective
space

{- Moy @x,2),- - Iy € P(F[Gp])

(117)
{0 AMor@x,3),-- - hx € P(FIGp-1])
Then we choose the periods Q4 (o) such that the arrays
A(Uf®Xa2) A(,O’f@X,S)
ey /.. 11
{ ’ Q+(O’) ) }Xﬂ { Q_(O') ) }X ( 8)

form arrays of coprime integers in Op|[(,—1]. (We ignore some classnumber problems.)
g(%{"fg it is a rare event that at the

same time /| 3(%’03 Therefore we have to look at the primes ¢ which divide the numerator 37 (o)

if we want to find primes dividing the denominator of the Eisenstein class.

Then we expect that for the primes ¢ ¢ S which divide
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