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ABSTRACT. For a usual local field of mixed characteristic (0,p), we
have the theory of Coleman power series [Co|]. By applying this theory
to the norm compatible system of cyclotomic elements, we obtain
the p-adic Riemann zeta function of Kubota-Leopoldt [KL]. This
application is very important in cyclotomic Iwasawa theory.

In [Ful], the author defined and studied Coleman power series for Ky
for certain class of local fields. The aim of this paper is following the
analogy with the above classical case, to obtain p-adic zeta functions
of various cusp forms (both in one variable attached to cusp forms,
and in two variables attached to ordinary families of cusp forms) by
Amice-Vélu, Vishik, Greenberg-Stevens, and Kitagawa,... by apply-
ing the Ky Coleman power series to the norm compatible system of
Beilinson elements defined by Kato [Ka2] in the projective limit of Ky
of modular curves.
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1. INTRODUCTION

1.1. Let p be any prime number. For a complete discrete valuation field H
of mixed characteristic (0, p), with perfect residue field, we have the theory of
Coleman power series, as reviewed in section 2. One of the important appli-
cations of this theory is the construction of the p-adic Riemann zeta function
of Kubota and Leopoldt [KL], by applying the theory to the norm compatible
system of cyclotomic elements.

In the paper [Ful], we have obtained “Ks-version of Coleman power series” for
a certain class of local fields. Following the analogy with the case of the usual
Coleman power series above, the aim of the present paper is to show that by
applying the theory of K5 Coleman power series to the norm compatible system
of Beilinson elements in the projective limit of Ky of modular curves defined
by Kato [Ka2], we obtain p-adic zeta functions of various cusp forms, both in
one variable attached to cusp forms (cf.Amice-Vélu [AV], Vishik [Vi]), and two
variables attached to universal family of ordinary cusp forms (cf. Greenberg-
Stevens [GS], Kitagawa [Ki]).

1.2. We describe our result briefly reviewing the classical result on the p-adic
Riemann zeta function.

Let denote by (,» € @ a primitive p™-th root of unity and assume (5 i1 = Cpn
for all n > 1. We write Q(Z,[[G]]) for the total quotient ring of the completed
group ring Zp[[Go]] = UmZ,[(Z/p"Z)*] and Goo = Z) is regarded as the

Galois group Gal(Q,((p=)/Q),) associated to the cyclotomic p extension of Q,
via the cyclotomic character.

Iwasawa [Iw] discovered a relationship between the norm compatibles system
of cyclotomic elements (1 — (pn ), € im Qp((pn )™ and the p-adic Riemann zeta

function (padgic € Q(Zp[[Goo]]) of Kubota and Leopoldt [KL]. The relation of
these two appears in the theory of the usual Coleman power series as follows.
The theory of Coleman power series for the multiplicative group induces a map

C and C sends (1 — (pn)pn € ImQy(Gpn) ™ t0 Cpadic € Q(Zp[[Goo])):

w via Coleman power series Q(

C: Liﬂl@p(Cp") Zp[[Gool)),

C((l - Cp")n) = Cp—adic-

The purpose of this paper is, by pursuing the analogy with this work, to obtain
p-adic zeta functions in one variable attached to cusp forms, and in two variables
attached to ordinary families of modular forms, whose existences are already
known (for one-variable zeta functions cf. Amice-Vélu [AV], Vishik [Vi],..., and
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COLEMAN POWER SERIES FOR Ko 389

two-variable zeta functions associated to ordinary families of cusp forms cf.
Greenberg-Stevens [GS], Kitagawa [Ki],...).

Let 1 1
H= (@(Z/p’LZ[[q]][gl))[g],

where ¢ is an indeterminate. This is a complete discrete valuation field of
mixed characteristic (0, p) whose residue field k is an imperfect field satisfying
[k : kP] = p. As reviewed in section 2, for H, we have a theory of K, Coleman
power series [Ful].

Let N be a positive integer which is prime to p. Let us denote by Y (Np™, p™)

the modular curve corresponding to the subgroup I'(Np™,p™) = {(’O; g) €

SLy(Z); a=1(Np™),8=0(Np™),y =0(p"),d = 1(p"™)} whose total constant
field is Q({pn).

In his paper [Ka2], Kato discovered a norm compatible system of Beilinson ele-
ments belonging to 1<iLnK2(Y(Np"7p")). We study the image of this Beilinson-

n
Kato system under a map Cy below which is defined by using our K5 Coleman
power series following the analogy with the classical map C. We call this image
a universal zeta modular form (see section 4).

. n n via K> Coleman power series
Cy : lim Ko (Y (Np", p")) —— - Q(OW[[GY) x GA))

n

Cn (Beilinson-Kato system) = the universal zeta modular form.

(Precisely we will define the universal zeta modular form as an element obtained
from this image with a suitable modification, cf. section 4.) Here G&) &
Gg) > (o, G((,? is a group of diamond operators acting on the space of p-
adic modular forms (refer to sections 3 and 4), and GY = Gal(Q,(Cp=)/Qp).
Further Q(Ox[[GSY x G2)]]) denotes the total quotient ring of the completed
group ring On[[G&) x GL]).

Theorem 6.2 which is one of our two main results will state that the above
universal zeta modular form produces p-adic zeta functions (in one variable) of
eigen cusp forms which are not necessarily ordinary.

Theorem 7.3 which is the other main theorem asserts roughly the following.

THEOREM 1.3 (cf. Theorem 7.3). We assumep > 5. Let h%gm be the ordinary
part of the ring of Hecke operators of level Np™ acting on the space of the p-
adic cusp forms of level Np>= (cf. section 3). The universal zeta modular
form above produces, by the method in section 7, a p-adic zeta function in two

variables 1
Lord,unlv c (b%gm/Z%gm)[[Gg)”[a}

p-adic

which displays property (1.1) below. Here I]c{}“goo C b%gm 18 a certain ideal

(seeld.T in section 3), and a € h%gm [[GS}]] is a certain non-zerodivisor.

DOCUMENTA MATHEMATICA - EXTRA VOLUME KaToO (2003) 387-442



390 TAKAKO FUKAYA

Let f be an ordinary p-stabilized newform of tame conductor N (for the def-
inition of an ordinary p-stabilized newform, see 7.2.1 in section T) of weight
k > 2. Attached to f, we have a ring homomorphism Ky :

K i Do [T oe — Ly 5 T(n) = an(f) (n>1),

with an(f) such that T(n)f = a,(f)f. Suppose ky satisfies some “suitable”
condition. Then ky induces a homomorphism which is also denoted by k¢ :

iy (h%ﬁm/fi‘vrﬁw)[[Goo]][%] — QZIG2N),

. . ord,univ ord,univ , .
and concerning the image Lp_adiC (kg) of Lp_adiC under this homomorphism
kg, we have

Lo (o — poadic zeta function of f € (O [[GP]]) ®0,, M.

p-adic

(1.1)
Here M is the finite extension Qp(an(f);n >1) of Qp.
For the precise statement, see Theorem 7.3 in section 7.

The above Lgfg&'f: V' is essentially the two-variable p-adic zeta function asso-
ciated to ordinary families of cusp forms which has been already given by
Greenberg-Stevens [GS], Kitagawa [Ki],..., by another method. The signifi-
cance of our p-adic zeta function is that the coefficients in the p-adic zeta
function belong to the ring of Hecke operators as above. Hence our L;fggf:iv
is a p-adic zeta function associated with the universal family of ordinary cusp
forms. By another method, Ochiai ([Oc]) has also constructed this kind of
two-variable p-adic zeta function.

The author found that Panchishkin [Pal], [Pa2] gave a new way of the con-
struction of p-adic zeta functions of modular forms by using something similar
to our universal zeta modular form at almost the same time as the author gave
talks in the conferences in the autumn of 2000 as described in the proceedings
[Fu2], [Fu3] in Japanese. Our aim is to obtain p-adic zeta functions of modular
forms by applying Ko Coleman power series to the norm compatible system of

Beilinson elements in K5 of modular curves.

1.4. The organization of this paper is as follows.

In section 2, we review the theory of Coleman power series both in the classical
case and in the case for Ky [Ful].

In section 3, we review the theory of p-adic modular forms (cf. [Hil]).

In section 4, we define and study a “universal zeta modular form” which is
obtained from the image of Beilinson-Kato system under Cy appearing in 1.2.
In our construction, p-adic properties of p-adic zeta functions are deduced from
the p-adic properties of the universal zeta modular form and the relation be-
tween the universal zeta modular form and special values of zeta functions of
modular forms.

In section 5, we review the theory of p-adic zeta functions of modular forms.
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COLEMAN POWER SERIES FOR Ko 391

In section 6, we prove our theorem (Theorem 6.2) on the construction of one-
variable p-adic zeta functions of eigen cusp forms which are not necessarily
ordinary.

In section 7, we prove our theorem (Theorem 7.3) on the construction of p-
adic zeta functions in two variables, which are attached to universal families of
ordinary cusp forms.

The author would like to express her sincere gratitude to Professor Kazuya
Kato for his guidance and constant encouragement. She has learned a great
deal from him throughout her graduate course. She is very happy to dedicate
this paper to his celebrated 50th birthday.

She is very thankful to Professor John Coates who gave her comments and
constant encouragement for this study.

In this paper, for a complete discrete valuation field L, Oy denotes the ring of
integers of L.

For a ring R, Q(R) denotes the total quotient ring of R.

We also fix once and for all an embedding of Q into Q,,.

2. REVIEW OF COLEMAN POWER SERIES FOR K>

In this section we give a brief review of the theory of Coleman power series
both in the usual case (in 2.1 — 2.2) and our Ks-version case (in 2.3 — 2.5).

2.1. We review the classical case of the usual Coleman power series. The ex-
istence of Coleman power series were discovered by Coates and Wiles [CW]
and almost immediately, Coleman [Co| generalized their approach by an al-
ternative method. The theory of Coleman power series has been obtained for
general Lubin-Tate groups, but here we review the theory only for the formal
multiplicative group.

Let H be a complete discrete valuation field of mixed characteristic (0,p) with
perfect residue field k. We assume that H is absolutely unramified, i.e. p is
a prime element of Oy. We denote by Oglle — 1]] = @OH[Eil]/(e -1

the coordinate ring of the formal completion of the multiplicative group over
Og, and by Og((e — 1)) the Laurent series ring Og[[le — 1]][1/(e — 1)]. Let o
denote the Frobenius automorphism of Og. We extend o to an endomorphism
of Op((e — 1)) by putting o(c) = . We define a ring homomorphism

1
ep — 1]

¢:0n((e = 1)) — Oplle — 1]]]
by ¢©(f)(e) = (of)(e?), and
N:Og((e —1))* — O (e —1))*

to be the norm operator induced by the homomorphism . We write (O ((e —
1))*)N=1 for the group of all units f in Og((c — 1)) which satisfy N(f) = f.
Now let (,» denote a primitive p™-th root of unity, and assume (I’: w1 = Gpn
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392 TAKAKO FUKAYA

for all n > 1. Put H, = H(({y»). The aim in this case is to study l{inH,f7

n
where the projective limit is taken with respect to the norm maps in the tower
of fields H, (n=1,2,3,...).

THEOREM 2.2 (Coleman [Col). We have an isomorphism

W (On(( — 1)) 5 lim I

n

gwen by U(f(e)) = (07" [)(Gpr)In=123,...-

2.3. Now we review our case of Ka-version of Theorem 2.2. (See [Ful] for more
details.)

Let H be a complete discrete valuation field of characteristic 0, whose residue
field k is an imperfect field of characteristic p satisfying [k : kP] = p. We
assume that H is absolutely unramified. We fix once and for all a p-base b
of k, and a lifting ¢ of b to H (all of our subsequent constructions depend on
these choices). We define o : Oy — Oy to be the unique ring homomorphism
satisfying o(q) = ¢P, and the action of o on k is given by raising to the p-th
power. For simplicity, let us write

1

§=0ulle 1), 5" =0u((e~1) =5

].

We extend o to an endomorphism of S’ by putting o(e) = e. We then define a
ring homomorphism

Lol
p: S —>S[€p_1}

by ¢(f)(€) = (of)(eP). For any ring A, let K3(A) denote Quillen’s Ky group
of A ([Qu]). Since S[1/(eP —1)] is a free S’-module of rank p? via ¢, we have
the Ko norm map (see [Qu], §4, Transfer maps)

1

!/
K (Sl ) — Ka(S").
The composition of this with
1
K2(8") — Ka(S[5— D)

induced by the inclusion map S” — S[1/(eP —1)], gives rise to a K3 norm map
N: KQ(S/) — KQ(S/)

We consider the following tower of fields above H. We take a p™-th root ¢*/?"

of ¢ in a fixed algebraic closure H of H and assume that (ql/pnﬂ)p = ¢'/?" for
all n > 1. We define

H, = H(Cp"a ql/p").
Moreover, we define a ring homomorphism

9n : OH — OH(ql/p")
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by specifying that 6,(q) = ¢'/?", and that the induced map k — k(b'/?") on
the residue fields is the isomorphism x — z'/?". For n > 1, ,, induces a ring
homomorphism

hpn:S — H,
given by hy, (3 am(e—1)") =3 Op(am)(¢m —1)™. Thus we obtain
a map

U, : K5(S") — K2(Hn,) (n>1)

which is induced by h,,. In order to state our theorem, we need to introduce
certain completions Ky of our Kp-groups (see 2.5 below for the definition).
All of the above homomorphisms give rise to corresponding maps between
the completed Ks-groups, which we can check easily from the definition of
the completions in 2.5 below and which we denote by the same symbol. We
also write K5(S")N=1 for the subgroup of elements f in K(S’) which satisfy
N(f) = f. A

Instead of lim H,', we study the projective limit lim K5(H,) with respect to

n n
the norm maps in the tower of fields H,, (n =1,2,3,...).

THEOREM 2.4 ([Ful], Theorem 1.5). We have an isomorphism

U2 Kp(5)N=" - lim Ko (H,)

n

given by U(f) = (U, (f):n=1,2,3,...).

2.5. We describe the completion§ of the K5 groups appearing in Theorem 2.4.
We introduce the completions Ka(A) in the following two cases by which the
completions in Theorem 2.4 follows.

(i) A=29".

(ii)A is a complete discrete valuation field L.

Let r > 1.

In the case of (i), let U") = 14 (p,(e — 1))"S, a subgroup of S*, where
(p, (e — 1)) is the ideal of S generated by the elements in ().

In the case of (ii), let U(") = Ug), where Ug) is the r-th unit group of L, i.e.
1+ m} C Of for the maximal ideal my, of L.

We define a subgroup U K5 (A) of Ko(A) for a ring A of the type (i) or (ii),
as the one which is generated by {a, A*} for all a € U") ¢ A%, and define

KZ(A) = ILHKQ(A)/U(T)IQ(A)'

3. REVIEW OF p-ADIC MODULAR FORMS

In this section, we briefly review the necessary facts for us on the theory of
p-adic modular forms. We follow Hida [Hil] to which we refer for more details.
(See also Katz [Katzl], [Katz2], etc.)
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3.1. Let L be a finite extension of Q, in Q,, and we take a finite extension Ly
of Q which is dense in L under the p-adic topology. For k£ > 0 and for M > 1,
let My (X1(M); Lo) be the space of modular forms for T'y (M) of weight k with
Fourier coefficients in Ly. We define

My (X1 (M); L) = My(X1(M); Lo) ®r, L.

Similarly we define the space of cusp forms Sy (X1 (M); Lo) and Sk (X1(M); L).
As in [Hil], §1, it has been known that the spaces My (X1(M);L),
Sk(X1(M); L) are independent of the choice of a subfield Lo in the evident
sense.

Now for j > 0 we put

4 J
MI(X,(M); L) = @) Mi(X1(M); L),
k=0

J
57(X1(M); L) = €D Su(X1 (M); L),
k=1
which are embedded in L[[¢]] via the summation of g-expansions, and

M?(X1(M); Or) = M?(X1(M); L) N O [[q]],

S (X1(M); Op) = §7(X1(M); L) N O [[q].

We define M(X;(M);Or) as the closure of Ujs1 MI(X,(M);0r) in
Orllq]] for the p-adic topology, and S(X;(M);Or) to be the closure of
Uj»1 87 (X1(M);Or) in Og[[g]] for the p-adic topology.
For an integer N > 1 which is prime to p, it has been proven that
M(X1(Np');Or) and S(X1(Np');Or) are independent of the choice of ¢ > 1,
as in Hida [Hil], §1, Cor. 1.2 (i), and (1.19a), respectively. For simplicity we
put

My = M(X1(Np'); Zp),  Snp= = S(X1(Np'): Zy)
for any t > 1.
We introduced the above notation in a general situation for our later use,
however in the rest of this section, we always take L = Q,.

3.2. We review the definition of the rings of Hecke operators H npe and hypee
acting on MNpoo and ngoo, respectively.
For t > 1 and j > 1, let H/(X1(Np');Z,) (vesp. B/ (X1(Np');Zy))
be the Z,-subalgebra of Z,-endomorphism ring of M7 (X;(Np');Z,) (resp.
SI(X1(Np); Z,)) generated over Z, by T'(n) (n > 1).
We put

H(X1(Np'); Z,p) = lim H? (X, (Np'); Z,),

Py
J

b(X1(Np'); Zp) = lim b7 (X1(Np'); Zy),
J
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where the inverse limits are taken by natural homomorphisms given by the
restriction of operators.

As in Hida [Hil], §1, (1.15a) and (1.19a), respectively, H(X;(Np');Z,) and
h(X1(Np'); Z,) do not depend on ¢ > 1. For simplicity we put

Hipee = H(X1(ND'); Zp),  bvpe = H(X1(ND');: Zp)

for any ¢ > 1. The rings Hype and hype act on M ype and Sy pe, respectively.
The ring hyp~ is, in fact, a quotient of H yp by the annihilator in Hype of
Snp.

3.3. By the action of Hype on M ype in 3.2, we have a canonical map
i: MNPOO — HOIIIZP (HNpOO;Zp) ) f — (T(n) — al(T(n)f))

(f € Mnp~) where a1(T(n)f) is the coefficient of ¢ in the g-expansion of
T(n)f € Mpype.
This map will play an important role later in the construction of our two-

. . . ord,univ
variable p-adic zeta function L ;.

34.Forj>1letel =lim, _,  T(p)™ in H/(X1(Np'); Zy) or b (X1(Np'); Zy),
and e = lime’. Then e? = e.

—

J
We denote by Horgm the ordinary part e - Hypoe of Hypeo and by h%go@ the
ordinary part e - hpeo of hpeo.
Let PRige C HYoe (resp. pRioe C hR9w) be the annihilator of the old forms
(resp. old cusp forms) of level N'pt for all N’ such that N’|N and N’ < N. For

ord ord

the precise definition of PRjfe (resp. pRiye), see [Hil], §3. In the case N =1,
we have

PR = o, poid = il

On Pj'\,r;},c and p?\fgoo, Hida showed Proposition 3.6 below which is important
for us. Preceding it, we set up notation.

3.5. We define a group G((,? which is endowed with an isomorphism to Z; and
which acts on the space MNPOQ in the following way.

—1 *
Firstly for € (Z/Np'Z)* we denote by (z) the endomorphism <x0 2)
-1
on My (X1(Np'); Q) induced by the action of xo 2) € GLy(Z/Np'Z) on
X(Np',Np'). (The action of GLy(Z/Np'Z) on X (Np', Np') induces an en-
domorphism on M (X;(Np');Q) by the fact that My (X;(Np');Q) may be

regarded as the fixed part of My (X (Np!, Np')) by the group {(Z Y) e

T
GL2(Z/Np'Z) ; uw = 1(Np'),w = 0(Np')}, where My (X (Np', Np')) is the
¢

space of modular forms on X (Np', Np') of weight k as, for example, in [Ka2],
§3 (3.3.1), and §4.)
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We also use the same notation (z) for the endomorphism on M (X1 (Np'); Q,)
induced by the above.

For a € Z;, let g(l) € G((,? denote the element corresponding to a under
the given 1somorphlsm. For f = >, fx € U.Mj(Xl(Npt);Qp) with fr €
M (X1(Np'); Qp) and t > 1, we define the action of gV e G as

gal) f Zak 2 fkv

where a’ € (Z/Np'Z)* is the element such that a’ = a(p') and a’ = 1(N). This

1)

action of G&’' may be extended to M ype

We remark that the relation between this action of Gg) and the action of Z;
in Hida [Hil], §3, (3.1) is

fla=a’g-f,
where f | a denotes the image of f under the action of a in the meaning of
Hida. o
We put A = Zp[[Ggi)H. By the above action of G&) on M npe, we have a ring
homomorphism
A — HNpoo
We see that via this homomorphism hype, H¥oe, and hYoe become also

ord

A-algebras, and Pprm and pRpe are A-modules.

PropPOSITION 3.6 (Hida [Hil] Corollary 3.3). We assume p > 5.
(1) The rings Hordw and bordoo are finitely generated projective modules over

A.

(2) The ideal Pj'\ﬁgm (resp. pfl’\}g ) is a finitely generated projective module over
A. Moreover the intersection of P?\}“SOO (resp. p%ﬁ ) and the nilradical of’Hord
(resp. hord ) is null.

Proof. For the proof, see [Hil]. O
3.7. We define an ideal

TRy C hp
to be the annihilator of po‘rd hord . Then the natural map
PRy @4 Q(A) — (D5 /Iipe) @a Q(A)
is an isomorphism, where the both hands sides are semisimple algebras over
Q(A) (cf. [Hil], §3).
4. UNIVERSAL ZETA MODULAR FORM

In this section, we define and study a“universal zeta modular form” which
is obtained from the norm compatible system of Beilinson elements defined
by Kato [Ka2], via Ky Coleman power series. The p-adic properties of p-
adic zeta functions of modular forms are deduced from the p-adic property of
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the universal zeta modular form and the relations between the universal zeta
modular form and zeta values. In 4.1, we define a map

Cy : lim K (Y (Np",p")) = Q(On[[GY) x GRT))

n

(see 4.1 for the details) by using Ko Coleman power series, and Proposition 4.4
shows that

Cn : Beilinson-Kato system — the universal zeta modular form
(reviewed in 4.2) (defined in 4.3).

In 4.5, we explain the properties of the universal zeta modular form concerning
the relation with special values of zeta functions of cusp forms.
In what follows,

. 1,...1

H = (im(Z/p"Z{[g]][-])[=]-

n qa P
We fix a system ({pn)n>1 of primitive p™-th roots of unity which satisfy Cznﬂ =
¢pn for alln > 1. For ¢ € H and n > 1, we fix p"-th roots ¢*/?" of ¢ in H which
satisfy (ql/pnﬂ)p = ¢'/?" for all n > 1. Let N denote a positive integer such
that (N,p) = 1.

4.1. By using K5 Coleman power series, we define a map

C : lim Ko (Y (Np",p")) — Q(Ou[[GL) x G2,

n

where the left hand side is the inverse limit of K5 of modular curves (cf. 4.1.1)
taken with respect to the norm maps, and on the right hand side, the group
G is as in section 2 (we will review this in 4.3) and the group G% is the

Galois group Gal(Qp((pe)/Qyp).
We put S = Onl[e — 1]] and S" = On[le — 1]][1/(e — 1)]. Let Goo = Z,\. The
map Cy is defined as the following composition:

Cy +1im K (Y (Np™, p"))
& . >
=5 lim Kp(Hn)[[Goc]]

=5 K (SN (Gl

dlog S (41)
— Q(log)[[Goo]] = ——7 - dlog(g) A dlog(e)[[Gec]
S
e—1

= [Gocl]l = QOR[IGY) x GEN)).
We explain each term and each arrow in the composition (4.1).
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4.1.1. For My, My > 1 such that My + My > 5, let Y (M7, Ms) be the modular
curve over Q, which represents the functor

S +—(the set of isomorphism classes of pairs (E, ¢)
where F is an elliptic curve over S and ¢ is
an injective homomorphism
Z/M\Z x Z]M>Z — E of group schemes over S).

For M > 3 such that M;|M and Ms|M, we have
Y (My, My) = G\Y (M, M), (4.2)

where G is the group {(Z Z) € GLy(Z/MZ) 5 w=1(My),v = 0(My),w =

O(Mg),ﬂj = 1(M2)}
We define Y(M17M2) for Ml,Mz >1, My + My < 5, by (42)

4.1.2. We explain A[[G]] for an abelian group A. For a set J, Z[J] denotes a
free Z-module on the set J. We define G,, = (Z/p"7Z)*, A[G,] = A ®z Z|G,],
and A[[Goo]] = lim A[G,].

4.1.3. Let
O5/z(log) = (g2 ® S @z 5 *)/N,

where le /7 is the module of the absolute differential forms and A is the S-
submodule of the direct sum which is generated by elements (—da,a ® a) for
aeSNS . In QIS/Z(log), we denote the class (0,1®a) for a € S'* by dlog(a).
For 7 > 1, let QU ;(log) = Ay Qg (log), and define

QY (log) = lim g, (log) /p" QY 7 (log).
Then we have Q}(log) is a free S-module and
QL (log) = S -dlog(q) ® S - dlog(e — 1), 9Q%(log) = S - dlog(q) A dlog(s — 1),
Q%(log) =0 for r > 3.

4.1.4. We explain the definition of the map &y in (4.1) (cf. [Ful], §6). This
map is induced by the following map for n > 1 satisfying Np™ 4+ p™ > 5

Ko (Y (N ") — KoMa)[Go] 5 22 300 S )
u€Gn weZ/p"7Z

Here () € K2(Hy,) is the pull-back of x under the following composition:

Spec(H,,) — Spec(Hn(q"/N)) — Y (Np™,p"), (4.3)

where ¢'/N € H is a N-th root of ¢.

DOCUMENTA MATHEMATICA - EXTRA VOLUME KaToO (2003) 387-442



COLEMAN POWER SERIES FOR Ko 399

The first map in (4.3) is given by the homomorphism

Hn(ql/N)_>Hn ; Z aql/Np = Z CLqu

1=—00 1=—00

We define the second map of (4.3). Let €, be the elliptic curve over Oy which
is obtained from the Tate curve over Z[[¢]][1/q] with g-invariant ¢q. For each
m > 1, we have ,,&,(O5) = {¢*/™(} mod ¢” ; a,b € Z}, where ,, €, =
Ker(m : ¢, — €&;). Now we define the second map of (4.3) by the open
immersion corresponding to

(€4 ®0y Ha(q"N), ¢"/N*" mod g%, ¢"/?" (n mod ¢”) over H,,(q"/™).
Here u' € (Z/Np™Z)* is the element such that v’ = u(p™) and v’ = 1(N).
4.1.5. The second arrow of (4.1), which is an isomorphism, is by Theorem 2.4
in section 2 on K5 Coleman power series.

4.1.6. We explain the map dlog in (4.1). It is the map induced by the map
dlog : Ky(S') — 9% (log) characterized by {a1,as} — dlog(ar) A dlog(a2)
where oy, as € §'% and {ay,as} € Ko(S') is the symbol. (The group K5(S")
is topologically generated by the symbols. Refer to [Ful], §4, 4.11.)

4.1.7. We explain the last arrow in (4.1). We firstly define a map

SlGu]l — OullGY x Q)] (4.4)

to be the Oy-homomorphism associated to

g s utgMg® i (a,p) =1
Ju 0 if (a,p) # 1,

for a € Z and u € Z,. Here for u € Z, gq(f) € G&) denotes the corresponding
element, and g(2) € Gg) denotes the corresponding element to w via the cyclo-
tomic character Xcyclo : Gg)) = 7. Next for an integer d’ which is prime to p,
let vy : Efl Efl be the Oy-homomorphism given by sending f(¢)/(e — 1)

(f(e) € 8) to f(e¥)/(e¥ —1). Tt follows from the definition that the image
(1— d'ud/)(%) is contained in S. Now the last map in (4.1) is defined as the
composition

S 1—d’ud/

([Gooll

(4.4)

OullGE) < GQ]

SG]]

e—1

(1—d'g)
_

QOR[IGS) x GRD,

where 1 — d'vy is applied only for the coefficient e% of Go. It is easily seen
that the map Cy is independent of the choice of d'.
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4.2. Let ¢ and d be integers satisfying (¢, 6Np) =1 and (d, 6p) = 1. We review

the norm compatible system of Beilinson elements defined by Kato in [Ka2]
(c,d2Npn pn )n € @K2(Y(an7pn))v (4.5)

where the projective limit is taken with respect to the norm maps, in the form

which is enough for us here (the details are found in [Ka2]).

For n > 1 satisfying Np™ + p™ > 5, the element (4.5) is given as

¢,dZNpn,pn = {Cng",Ovng,p"}v

where .gnpno € OY(Np™, 1))™ and 4g0,m € O(Y(1,p"))™ are Siegel units,
and we introduce their properties which are necessary for us here (see, for
example, [Ka2| for the details).

For integers M and ¢ such that M > 3 and (¢,6M) = 1, we have an element
A of O(FE \ E)* which has the following property. Here E is the universal
elliptic curve over Y (M, M), .E = Ker(c: E — E), and O(FE \ .E)* is the
affine ring. For 7 € $ and 2z € C\ ¢ ' (Z1 + Z), the value at z of .0g, on the
elliptic curve C/(Z7 + Z), is

c2— c—c? c? c\—
gD (g2 (e=eh) )ty (40)=1

where ¢ = exp(2mit), t = exp(2miz), and

) =[] - J[a-t).
Jj=0 Jj=1
Now the Siegel unit .gq 5 for (o, 8) = (a/M,b/M) € (((1/M)Z)/Z)? \ {(0,0)}
(a,b € Z) may be defined by

cGa,p = L;ﬂ(ceE) € O(Y(M, ZW))><

Here

la,g =ae1 +bes : Y(M,M) — E\ .E
with the canonical basis (e1,e2) of E over Y (M, M). In the case a« = 0,
cgo,3 € O(Y(1,M))* and in the case =0, cga,0 € O (M, 1))*.)
In [Ka2] (cf. [Sc]), it was shown that .gqznpnpn (n > 1) form a projective
system with respect to the norm maps.

In the paper [Ka2], Kato always used norm compatible systems (¢ gzappn, M/pn )n
€ lim Ko(Y/(Mp", M'p")) (M, M" > 1, (M + M')p"™ > 5) satisfying the con-

n
dition that M|M’ in application. However clearly the system (cgznpn pn)n €
lim K>(Y (Np",p")) which we use does not satisfy this condition. When Kato

n
used a system, for example, to construct a p-adic zeta function of an eigen
cusp form f, he considered the “f*-component” of the system, where f* is the
dual cusp form of f (see 6.5.1 in section 6 for the definition of the dual cusp
form, and for the meaning of “component”, refer to section 6). But our method
needs to study the “f-component” of the system. So we must slightly modify
his system in application.
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4.3. We define a“universal zeta modular form”
univ AT 1 1
ZNwo6A@wwHGQWKG@H@KC(%MGQ”KGQHGD
which yields special values at s =1 (r € Z,1 < r < k—1) of the zeta functions
of modular forms of weight k& > 2 and level Npt for t+ > 0. Here MNpoo is

as in section 3. Moreover Gg) = Gg;) > Gy = Z;, and Gg) is , as before,

the group acting on the space of p-adic modular forms M yp~ whose action
is characterized by g{" f = ak=2(a’) f for f € Mp(X1(Np');Qp), a € Z, and
a' € (Z/Np'Z)* such that a’ = a(p') and a’ = 1(N). Here (a’) is as in 3.5.
The group G2 is the Galois group Gal(Q,(¢p=)/Qyp).

We define z}{}g;’o as an element of OH[[GQ,) X Gg))]][l/g] and in 4.5.5, we will

prove that it belongs to the subspace M ype [[Gg,) X Gg%)]][l/g].
Firstly we define Fy 1, Fn2 € H[[G]] = @H[Gn] to be

n

Fnia=( Z ZQNU)@i — g—i) + lim( Z C=a(p)(0) - ga),
( iz)l j>1 " ae(Z/pn2)*
i,p)=1

Fya=( > > da— > >4 g9
i>1,4=1(N) j>1 i>1,i=—1(N) j>1
(4,p)=1 (4,p)=1

+ @( Z CEa(Np”)(O) *Ja)-
" ae(Z/Np"Z)*
a=1(N)
Here for a € Z) or a € (Z/p"Z)*, ga represents the corresponding element of
G oo or Gy, respectively. For M,m € Z, M > 1, and a € Z/MZ, (=q(rr)(m) is
the evaluation at s = m of the partial Riemann zeta function

<§a(M)(3) = Z jisa

jz1
j=a mod M
and 3° ¢ z/nprz)x C=a(vpn) (0) - ga belongs to H[G,].
a=1(N)

We define the product Fy1 - Fn2 € H[[Goo X Goo]] naturally (by the rule
Tga - Yy +> TYJa1gp2 With z,y € H, a,b € Z5, where g, 1 (resp, gy 2) means
the corresponding element of the first (resp. the second) Go).

Now we define the universal zeta modular form z}‘\}gé’o to be the image of Fiv 1 -

Fny 2 under the isomorphism of rings over H

H[[Goo % Gool] = HIIGK) x G2T] ; (4.6)

Tga,19b,2 — xglgl)g((j))_l (xeH,a,becZy)

univ )

(Fni1-Fna e 2Np%
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For integers ¢, d’ such that (¢,p) =1 and (d’,p) = 1, we have
(19?1 - d'gi)zRn% € OulIGR) x G, (4.7)
This follows from the fact that
(1 - 0719671) . @ Z gEa(Np")(O) “Ja € OH[[GOO]]

" ae(Z/Np"Z)*
a=1(N)

By (4.7), we obtain that zjii% € OH[[G(()? X Ggi)]][l/g] for a non-zero divisor

g€ zZ[[GY x G2l.
Thus the universal zeta modular form is something like a product of two “A-
adic Eisenstein series” in the sense of Hida in [Hi3|, Chapter 7, §7.1.

The following proposition describes the relation between the norm compatible
system of Beilinson elements and the universal zeta modular form.

PROPOSITION 4.4 . Let ¢ and d be as in 4.2. We further assume that ¢ = 1
mod N. Then we have

1 2 univ
Cx((caznpm g )a) = (& = egPig®) (@ — dg?) - 2%
Proof. Firstly we consider a composition Cjy ; determined by the relation that
(1-— d’gc(l?)) -Cn = (4.6) o Cy 4, where d’ is, as in 4.1.7, an integer which is

prime to p. Namely, Cfv,d’ is as follows:

S
2 [[Ga]

= On[[G]ll[Gl,

where the first arrow is the composition of the first four maps in (4.1), and the
map s is defined by the composition

C;V,d’ @KQ(Y(an7pn)) —

n

S 17d/l/d/
s 1 == [[Gao]] =5

Here the second map is the Oy-homomorphism associated to

S[[G]l = Onl[GoI[Gecll-

eagu —> {UIga,lqu lf (avp) = 1
0 if (a,p) # 1,

fora€Z and u € Z;;.
For the proof of Proposition 4.4, by the definition of zj,%, our task is to show
that under the map Cj\,’ > the norm compatible system of Beilinson elements
(c,aZNpnpn ) is sent to (2 — cgo-19)(d? - dga1)(1—d'ge 1) Fna- Fn 2, where
Fn.1,Fn, are as in the definition of ZNpoe -
We prove the above assertion by showing the result of the computation of the
image of (¢,a2npn pn)n under each step in the composition defining Cy ;.
Step 1. Firstly we compute the image of . gznpn pn = {cgnpn 0, dg0,pn } under
Ko(Y (Np™,p™)) — Ka(H,(¢*/N)) which is given by the pull-back by the latter
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map of (4.3). Directly from the definition, we have that the image is {A;, B1} €
Ko(H,(¢"/N)). Here the element A; € H,,(¢*/N)* is obtained from .0, where
E is the universal elliptic curve over Y (Np™, Np™), by putting ¢ = g /NP
with ' € (Z/Np"Z)* such that v = u(p™) and v’ = 1(N). The element
B, € Hn(ql/N)X is obtained from 40g, where E is the universal elliptic curve
over Y (p™,p") by putting ¢ = qw/pncpn. From this, it is easy to have the
following result:

EN((c,aznpn pn)n)
=({ H q(N/12)(C2*1)(_quil/P")(l/Q)(C*CQ),YqN (q“ln/P")CerqN (qcu;,/p")*l’
Un €(Z/pmZL)*
2 W' Jp™ 2
H q(N/12)(d 1)(_qN /P Cp”)(1/2)(d ds)
wWn €L/P™L
’on 2 ’ _
Yo (@ P G ) g (¢ ) T g
€ lim K5(H,)[G,] = (liﬂlfQ(Hn))[[Goo]]a

—
n n

where for w, € (Z/p"Z)*, u}, is an integer such that u, = 1(N) and u, =

n =
un (p™), and for w, € Z/p"Z, w), is an integer such that w), = w, (p").
Step 2. From the definition, we obtain that under the notation in the compo-
sition (4.1)
Col 0 Ex((c.aznpr pn)n) € K2(S")¥ " [[Go]]

coincides with the image of (Ag, By) with Ay € O [[Gwo]] and By € S™ given
below under the natural map

O [[Gocll x 8™ — Ka(S)[[Gocll  (Tugus ¥) = {Zus v} gu-
The elements As, By are as follows:

patane
" wu,€(Z/pnZ)*

[ a-a>e JI @-d) 9

A2 _ hm( H (7q(_02<zuél(Np")(_1)+Czcu’n(Np")(_1)))gun)

i>1,i=1(N) i>1,i=—1(N)
L=t (i)=1
I a-d) - JI Q-d)"g-es
i>1,i=1(N) i>1,i=—1(N)

(i,p)=1 (i,p)=1
where u/, is as before.
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. — 2 = n — =dn n
By = lim( H (—gN =T Cmwnm (D Hzdun ) (-1))

wy, €L/p"L
. 2 s 2
-H(l—quE)d 'H(l_quE 1)(1
i>1 i>1
. H(l _ qugd)fl . H(l o qusfd)fl
i>1 i>1

(11— E)d2(1 _ Ed)—15(1/2)(d—d2)'
Step 3. By the definition of the map dlog, we find easily that
dlogoCol o En((caznpr pr)n) € 25 (10g)[[Gc]]

coincides with the image of (A3, Bs) with A3 € On[[Go]] and B; € % given
below under the map

S
e—1

On[[Goo]] % — Q§(log)[[G]] 5

(gu,y) = xy - dlog(q) A dlog(e) - gu

for:cGOH,ueZ;,yee%.
The elements As, B3 are as follows:

Az = ( Z qu gcfli)

i>1,i=1(N) j>1
(i,p)=1

+ Y D g g —goey)

i>1 z:fl(N )j=>1
(i,p)=

+1<£1( Z CEa(Np”)(_l)(c2 Ja = Gc-1 )>

"™ a€(Z/Np"Z)*

a=1(N)
DR WLEEDH WY
i>1j>1 121 j>1
S0 9) SUALEES 95 SYALERY
i>1j>1 121 j>1
d
€ € 1
d2 —d—— + =(d— d?).
+ 1—¢ 1—¢d + 2( )

Step 4. By the definition of the map s, we see that
s o dlogoCol 0 Ex((c,aznpr pm)n) € On[[Gooll[[Go]]
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coincides with the image of ((1 — d'gq ) By, A4) with Ay € Oy[[Gs]] and By €
Q(Ou[[Gol]) (1 — d'gar)Bs € On[[Gw]]) given below under the natural On-
homomorphism

On[[G]] X On[[Goo]l — On[[G]][G]]

(29a,yg0) = 2Ygagp2  (a,b € Z)).
The elements Ay, By are as follows:

Ai=( > D dNCE gi—c gey)

i>1,4=1(N) j>1
(i,p)=1

—( > DN gi—cgoey)

i>1,i=—1(N) j>1
(i,p)=1

+1<L( Z CEa(Np")(O)(C2 “Ja —C* ge—1a))-
" ae(Z/Np"Z)*

a=1(N)
Ba=d*(d_ > a"g;=> > d"9y)
i>1 j>1 i>1 j>1
(4,p)=1 (4,p)=1
—dy. > e =D > " Vew)
i>1 j>1 i>1 j>1
(4,p)=1 (4,p)=1

+d? LEI( Z Czan(p")(o) “Yan)

" an€(Z/pmL)*

- dlin( Z CEan(p")(O) ' gdan)~
" an€(Z/pnZ)*
By comparing A4 with F; and B4 with F5, we obtain the assertion of Propo-
sition 4.4. 0

4.5. We prove that z}‘\}g;’o which has been defined as an element of OH[[GQ X
Gg)]][[l/g], in fact, belongs to the subspace Mpr[[Gé? X Gg;)]][l/g]. We

further show the relation between z}{}gl’o and special values of zeta functions of
cusp forms. Preceding this, in 4.5.1 — 4.5.4, we review the zeta modular forms
in [Ka2], which were defined basing on the works of Shimura [Sh], and whose
period integrals yield special values of the zeta functions of cusp forms. In 4.5.5,
we show that z{%, is contained in the subspace M o [[Gg}) X Gg)]} [1/g], and
then in 4.5.6, we describe the relation between z]‘{}gé’c and the zeta modular
forms reviewed in 4.5.1 — 4.5.4.

4.5.1. We review some Eisenstein series appearing, for example, in [Ka2], §3.
For Mj, My > 1 such that M; + My > 5, as before, let M;(X (M, Ms)) be the
space of modular forms on X (M7, M) of weight j > 1.
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Let M > 3, and z,y € ((1/M)Z)/Z. We review the g-expansions of Eisenstein
series

FY) ((owy) # (2,0,0)), BY) (j #2), EY) € Mj(X (M, M)),

following Kato [Ka2], §4. (In the case x = 0, these modular forms are, in fact,
elements of M;(X(1,M)) and in the case y = 0, they are, in fact, elements of
M;(X(M,1)).) For v € Q/Z, we define

((hs)= >, m (v,s) =) exp(2miym) -m .
meQ,m>0 m=1
m mod Z = vy
For (i) F = FY) ((j.2,y) # (2,0,0)), (i) F = EY) (j # 2), or (iii) F = ES),

we write F' = 3 e amq™ (¢ = exp(2miT)).
m>0

In the case of (i), we assume that (j,z,y) # (2,0,0). Then a,, for m > 0 can
be obtained from the equation

> anm ™ = (s =+ 1)C (8) + (~17C(=a,5 = j + ¢~y 8).

meQ
m>0

In the case j # 1, ap = ((x,1 — j).
In the case j =1, ap = ((«,0) if z # 0, and ap = (1/2)(¢*(y,0) — *(—y,0)) if
z = 0.

In the case of (ii), we assume that j # 2. Then a,, for m > 0 can be obtained
from the equation

Y amm ™ = (@) (g, s = j+ 1) + (=1)¢(=2, )¢ (—yy s — G+ 1)

meQ
m>0

In the case j # 1, a0 =0if 2 #0, and a9 = (*(y,1 — j) if c = 0.
In the case j =1, ap = ((«,0) if z # 0, and ap = (1/2)(¢*(y,0) — *(—y,0)) if
xz =0.

In the case of (iii), the a,, for m > 0 can be obtained from the equation

Z amm™° =((z,8)¢"(y,s — 1) + ((—=, )" (—y,s — 1) — 2¢(s)¢(s — 1).

meQ
m>0

If x #0,a0 =0, and if £ =0, ag = (*(y, —1) — ¢(—1).

4.5.2. We review the zeta modular forms in [Ka2], §§4 and 5, which were defined
basing on the works of Shimura [Sh]. These zeta modular forms yield special
values of zeta functions of modular forms by period integrals (concerning this,
refer to [Ka2], §5).

Let k,r,m,n be integers such that £k > 2, 1 <r < k—-1,1 < m < n, and
N(p™ +p™) > 5. Further for an integer M, let prime(M) denote the set of all
of the prime divisors of M.

In the case r # 2, the zeta modular forms are as follows:
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k,r
z](\,pn),an(k, rk—1)

- n\k—r— n\—r k—r T 7 n
= (r= 1) (NN T B o B e € Mi(X(Np™, Np™)),

A0 (k7 = 1,0(1), prim(Np))
= Ty (25 e (B, 7,k — 1,0(1), prim(Np))) € My(X1(Np™); Q(Cwvpr))-

We remark that My (X1 (Np™); Q(Cnpn)) may be regarded as the fixed part

of My(X(Np", Np™)) by the group {(Z: Z € GLy(Z/Np"Z) ; u =

1(Np™),w =0(Np™),ux —vw = 1(Np")}. In the above
Trypm : Mi(X(Np™, Np™)) — Mip(X1(Np™); Q(Cnpn))

denotes the trace map.
Let ¢ and d be integers such that (¢, Np) = 1 and (d,p) = 1. In the case r = 2,
the zeta modular forms are as follows:

cdZ) o (K, 2,k — 1)
:(an)k—él(an)—ZCQdZ
(k—2) 2—k (k—2) (2) -(2)
: (Fl/Np",O —-c Fc/Np",O) : (E0,1/an - E07d/Np">

€ M (X(Np",Np"))),

k, .
cd? i e (B, 2,k — 1,0(1), prim(Np))

= Trnp (c.azypn npe (K 2,k = 1,0(1), prim(Np)))
€ My(X1(Np™); Q(Cnpn ).

The above zeta modular forms provide the value at s = r of the zeta functions
of modular forms of weight k by period integrals.

In our method, modular forms whose g-expansions belong to Z)[[q]] or Q[[q]]
are important. So we analyze zeta modular forms from this viewpoint. Firstly
for j € Z,j>1,and a € ((1/M)Z)/Z satistying (j,a) # (2,0), directly from
the definition we have

> FY)e My(Xy(M);Q).
zE((l/M)Z)/Z

LEMMA 4.5.3 . We assume that r # 2.
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(1) In Mu(X1(Np™); Q(Cnpn)), we have

Zﬁclj\;;",Np“ (kv T, k - ]-a 0(1)7 prlm(Np))

_ -1 n\k—r—2 ny—r (k—r) (r)
= (=D (NP)ETTEN) T Y Fyamh B e
z€((1/Npn)Z)/Z

= (r=DU - (NN
O 0 Fpa B ) G
a€Z/Np"Z z,ye((1/Np™)Z)/Z
(2) Let
Trnpe npm + Mi(X1(Np™); Q(Cnpn)) — Mi(X2(Np™); Q(Cnpr))
be the trace map. In My(X1(Np™); Q(Cnpn)), we have

A0 e (ks — 1,0(1), prim(Np))

= Tenpn vy (2 5 ey (B 7,k — 1,0(1), prim(Np)))
= (r =) (N2 ()

(Y TE"

a€Z/Np"Z

(k—r) (r) a
( Z Z (Fl/Npm,x ’ Fa/an’y)) : CNp")'

xz€((1/Np™)Z)/Zye((1/Np™)Z)/Z
Here T'(p) = U(p) is the Hecke operator on the space My (X1(Np™); Q).
(3) Let

trnpm pr + My (X1 (Np™); Q(Cnpn)) — Mi(X1(Np™); Q(Gpr))
be the trace map. In My(X1(Np™); Q(¢pn)), we have
g (21 e e (7, K = 1,0(1), prim(Np)))
=(r—1I"" - (Np™) (NP 2N
1] a-irrw-)

l:prime
IIN
n—m 4.8
(Y 10 9
a€Z/p™ L
(k—r) (r) a
( Z Z (Fl/Npm,x : FNa/Np",y)) ’ Cpn)’

ze((1/Np™)Z)/Zye((1/Np™)Z)/Z

where for x € (Z/p™Z)*, vy is the corresponding element of Gal(Q((pn)/Q) via
the cyclotomic character.
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Proof. (1) The first equality is direct from the definition. The equality (r # 2)
(r) _ n\r—2 (r) a
EO,I/N;D” = (Np") ’ Z Z Fa/Np"»y ' CNP"
a€Z/Np"Zye((1/Npm)Z)/Z
which can be obtained by computation, shows the second equality.

(2) (3) The results are immediate from the definitions.

O
The following Lemma 4.5.4 describes the case r = 2.
LEMMA 4.5.4 . We use the same notation as in Lemma 4.5.3.
(1) In Mi(X1(Np™); Q(¢npn)), we have
c.d? i (K, 2,k —1,0(1), prim(Np))
_ (an)k74 (an)f202d2
(k—2) 2—k  p(k—2)
Z Z (Fl/Np",x - ¢ 'Fc/Np",x)
a€Z/Np"Zxz,ye((1/Npn)Z)/Z
a#0
(2) a (2) da
' (Fa/Np",y . CNp" - Fa/Np'n7y : CNp")
(2) In Mi(X1(Np™); Q(¢npn)), we have
e Koy (K 2,k — 1,0(1), prim(Np))
—_ (Npm)k—4(an)—202d2
T Y > >
GGZ/%P"Z z€((1/Np™)Z)/Zye((1/Np™)Z)/Z
(k—2) 2—k  p(k—2) (2) (2) d
(<F1/Np’",a; —C ’ Fc/Npm,m) : (Fa/Np",y ’ CJG(]P"’ - Fa/Np"7y : CNGP")))
(3) In Mi(X1(Np™); Q(¢pn)), we have
6 pn e (e.d s g wvpe (2, K — 1,0(1), prim(Np)))
_ (Npm)k74(an)7262d2 N
[T a—irTw-)
l:prime
IIN
nem 4.9
@@ Y (49)
aEZ;%"ZwE((l/Npm)Z)/Z y€((1/Npn)Z)/Z

((F(k—Q) _ 2k F(k—Q) ) - (F(Q)

a (2) da
1/Np™,x ¢/Np™,x Na/Np™y o — FNa/Np",y G )))-
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Proof. (1) The equality follows from the equality

=(2) (2) (2) a (2)
Eo,l/Np Eo ,d/Npn Z Z (Fa/Np"vy'CNP" Fa/Np Y C ")
aEZ/;Z)p"Zye((l/Np")Z)/Z

which can be obtained by computation.

(2) (3) The results are immediate from the definitions.

4.5.5. We prove that zRh¥, € MNpoo[[Gg,) X Gg)]][l/g].
For any j € Z, we define an isomorphism of rings

¥ ZylGocl] 2 ZollCecll 5 9a = dlgn (a € Z),

and for ay,as € Z, we define an isomorphism of rings over Oy

OulGY x @) LX), 01160 x G2
gy, gy = abibS - gpy) - i

for x € On, b1,b2 € Z;;.
Let ¢ and d’ be integers which are prime to p. We put

ez = (1= 'gMg®) (1 - d'gg))zR € OullGY) < GR.

Let a; and as be integers such that 0 < as < a;. We regard ((1 —
cP2—a1— 1g(l) g£2))(1 — datl (2)))*1 . Cd/z}{f;" (x*,x) as an element of
H[[G X G(2 ]| and write z{% (x**, x*2) for it. Then directly from the defini-

univ

tions, 2% (x**, x*?) comades with the image of the product

( Z Ziaquij)(giJ —(=1)"g-i1) + @( Z C=a(pr)(—a2) " ga,1))

(,12)1 1721 a€(z/p"2)*

v,P)=

()0 iR gip = (FD)M T Yy Y it T )
i>1,i=1(N) j>1 i>1 1271(N )i>1

(i,p)=1 (i,p)=

+Hlm( Y Ceavpm (—a1 + a2) - ga2))

n ae(Z/Np"Z)X
a=1(N)

under the map (4.6). Hence concerning the image z“m" (X", x*)|n,ny of

zj‘i};" (x*, x*2) under the projection H[[Gg};) X Goi)]] — H[G%l) elS) ], w
find that
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2N (X, X)) = (W) 72T IN T (p) 227!

al;—a 1 a 1 1 2
Z Z ( Z Fb(l/le?L»J; : ’ FI(VbQQJ;]\/?P"JI) ) gl(ll) . gl(f)le
b1€(Z/Np™Z)* b2€(Z/p"Z)* z,y((1/Np™)Z)/Z (4.10)
b1=1(N)

with Fy}y et and PG00 in 4.5.1. From this, we obtain that

2L (X X)) € May+2(X1(Np™); Q)G x GP)(c HIGY x GP)))

and hence

univ

a
C,d/ZNpoo (X !

7Xa2)|(n,n)

€ May+2(X1(Np"): Z) )G x GP)(C OR[GY x GP)).
Here Mo, 12(X1(Np"); Zpy) = Ma, +2(X1(Np"); Q) N Zpy [[g]]. The latter fact
implies that 2j7% € M ypee [[G((i)) X Gg)]][l/g}.

4.5.6. We see the relation between z}{,n;;’o and special values of zeta functions
of cusp forms. This relation is described by the relation between the universal
zeta modular form z}{}gé’c and the zeta modular forms reviewed in 4.5.2 — 4.5.4.
This relation will play an important role in sections 6 and 7.

Let

G = QG — QGm) (4.11)
be the Q-linear map given by the action of G;,Z) on (pn such that g((lz) = Con
(a € (Z/p"Z)*). We consider the image of 23)% (X', X*?)|(n,n) under the map

G+ May 42 (X1 (Np™); Q)[GY) x GRP] = Moy 42(X1(Np™); Q(Gpm ) (G
(4.12)

induced by the map (4.11). By the caluculation until now, we see that the
above image is

(an)al—ag—lN—l(pn)ag—l

2 D

b1 €(Z/Np™Z)* b2€(Z/p"Z)*
b1=1(N)

(a1—az+1)  2(az+1) by 'h (1)

( Z Fbl/lej,JU 'Fszz/an,y) “ Gpn ’ "G, -
z,ye((1/Np™)Z)/Z

We assume az # 1. Putting a1 = k— 2, ag =r —1in (4.13), m = n in (4.8)

in Lemma 4.5.3 (3), and comparing (4.13) with (4.8), we see that the element

(4.13) is closely related to the element (4.8) in Lemma 4.5.3 (3). Roughly speak-

ing, for an eigen cusp form f, “f-component” of ZxE(Z/p"Z)X Y(x)v, - (4.8),

with a character ¢ : (Z/p"Z)* — Q" (n > 0), yields Linp) (f,0,7) by

period integrals. Here Ly, (f,%,s) denotes the function obtained from

(4.13)
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L(f,,s) = >0y ai(f)w(i)i™®, where a;(f) is given by T(i)f = a;(f)f,
by removing prime(Np) factors of L(f,¢,s). We will see in section 6 that
Y ve(@jprzyx V(@)Ve - (4.13) yields L, (f, ¥, 7). For the details, see section 6.

In the case as = 1, the above statements must be modified as follows.

The image of (1—c““g£1,)1 g£2))(1 —gc(lz))z}{};é; (X", X)|(n,n) under the map (4.12)

is closely related to the element in Lemma 4.5.4 (3).

5. REVIEW OF p-ADIC ZETA FUNCTIONS OF MODULAR FORMS

In this section, we review the result of Amice-Vélu [AV] and Vishik [Vi] (The-
orem 5.5) which concerns the existence and the characterizing properties of
p-adic zeta functions of modular forms.

As referred above, in the rest of this paper, N denotes a positive integer which
is prime to p.

5.1. Let
F=an(f)q" € My(X(1,Np")) @ C

n>1

be a normalized eigen cusp form of weight k > 2 of level Np? for some t > 0.
We assume that the conductor of f is divisible by N. We further assume
that ¢ is the smallest integer > 0 such that f € My(X(1,Np')) ® C. Set
K = Q(an(f);n > 1). We take a prime A of K which is above p, and let K
be the completion of K by A.

Suppose that there exists an element o € KX satisfying v, (o) < k —1 for the
additive valuation v, of K normalized by v,(p) = 1, and

1—ap™® | (p-factor of L(f,s))" in Q,[p~*),

where L(f,s) =, an(f)n™* is the complex zeta function of f. Then the p-
adic zeta function of f may be defined for each «a satisfying the above conditions.
We fix such « and suppress « in the notation of p-adic zeta functions. We will
review the characterizing properties of a p-adic zeta function in 5.5.

5.2. We give a review of the space Hg, x—1 to which the p-adic zeta function
of f belongs. We first set up the notation. For the natural decomposition
L) =TF) x (1+pZ,) in the case p # 2 (vesp. Zy = {£1} x (1+4Zy)), let u be
a topological generator of the second component 1+4pZ,, (resp. 1+4Zs). We de-
note )¢ (resp. {£}) by A. As before G is the Galois group Gal(Qy(Cpe)/Qp)
which is endowed with an isomorphism to Z via the cyclotomic character. Now
for a finite extension L of Q, and for a positive integer d, we define

Hpa={Y cna 0 (¢? —1)" € L[A][[gP — 1)) ;
VeR

lim |eyqlpn™@ =0 for all a € A}.
n—=o0
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Here | |, is the multiplicative valuation of L normalized by |p|, = 1/p. The
space Hy, 4 is independent of the choice of u in the evident sense.
We have

OGP @0, L cHL1, and Hp, CHp; for1<i<j.
Here the first inclusion is given by the natural map.
We put

Hp oo = U Hr, 4,
d>1
then Hy, o is a ring.
For any positive integer d and for any subset U of Z, we define a map

iy Hp g — H LIGY))) = H @L[G@]
jeU jeu n

D a0 (@ =1 (Y ena gl - (g — 1)M);
n>0 n>0
a€A a€EA

It is known that for any d > 1, the map iz is injective. Moreover for any
different d integers ry,...,rq, the map iy, . .,y is already injective:
itrray Hoa = [ LUGRN(C [T LUGRD.
jE{Tl ..... T‘d} JEZL

Concerning the above injection, we have a proposition (cf. [AV]).

PROPOSITION 5.3 . Let

HeaC J] lmZiGP1= ][] ZIGY)
j€(ld) ™ j€{1rmnd)

be the subspace consisting of elements
n= )y = n)n)y € I 1mZIGE)

je{l,....d} ™

satisfying conditions (i) and (ii) below. Then the map

i1,...ay - Hog = H L[[GD)]]
je{1,...,d}
induces a bijection from Hp 4 onto Hy 4.
(i) Forany j=1,...,d,

lim pd"uj’n =0.
n—roo

(ii) Forn > 1, let ¢n : (Z/p"Z)* — Z,) be a lifting, namely it is a map such
that the composition (Z/p"7Z)* RN /s PO (Zp"Z) % coincides with the
identity map. For j € Z, let X;n : L[GS)] — L[G%Q)] be the L-homomorphism
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induced by g((LQ) — qﬁn(a)jgéz) for any a € (Z/p"Z)*. Now for 1 <i < d and
for any ¢, satisfying the above condition,

i1
- i) i—jo1 (=1 —j
i - S () () =0
n—oo =0 J

Here /JJj,n(X(;j) € L[GE?)] is the image of ji;n under X(;J
Proof. For the proof, see [AV]. 0

In section 6, we will construct the p-adic zeta function of f as an element of
[licjcr KA(a)[[Gé?]], and we will prove that it is contained in Hg, () x—1
by using Proposition 5.3.

5.4. In this subsection we give a preliminary discussion to introduce Theorem
5.5 concerning the existence and the characterizing properties of p-adic zeta
functions.

In the rest of this section, we assume that a,(f) # 0.

5.4.1. As in [Ka2], §6, we define S(f) to be
S(f) = (Mp(X1(Np"); Q) @ K)/(T(n) @ 1 = 1@ an(f) s n > 1),

which is the quotient of M (X;(Np'); Q) ®g K by the K-subspace generated
by T(n) ® 1 — 1 ® ay(f) for n > 1. This S(f) is a one dimensional K-vector
space.

5.4.2. We define Vi (f) to be the quotient of H'(Y (1, Npt)(C), Symki ?(R'\,
(Z)) ®z K) by the K-subspace generated by the images of T(n)®1—1® a,(f)
for m > 1. Here A\ : E — Y (1, Np') is the universal elliptic curve. This Vi (f)
is a two dimensional K-vector space.

5.4.3. We put Ve(f) = Vk(f) @k C, and let
pery : S(f) — Ve(f)
be the one induced by the period map (cf. for example, [Ka2], §5, 5.4)
pery npe : My(X(1,Np')) @ C — H'(Y(1,Np')(C),Sym} *(R'\.(Z)) ®7 C).

5.4.4. For the C-linear map

v Ve(f) — Velf)
induced by the complex conjugation on Y (1, Np*)(C) and E(C), and for z €
Ve(f), we define
T = %(1 —u)(x).

Now we take an element v € Vi (f) such that v # 0, v~ # 0. For w € S(f)
and for the above v € Vi (f), we define Q(w, )+, Q(w,v)- € C as

rt = %(1 +u)(z), =z

pery(w) = Qw, 7)1 -7+ QUw,v)- -7
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5.4.5. For z € (Z/Np'Z)*, let (z) be as in 3.5 in section 3.
Let

e : (Z/NP'Z) — Q"
be the character defined by (z)f = ef(z) - f for x € (Z/Np'Z)*.

5.4.6. As before, let xcyclo : ij’) = Z; be the cyclotomic character. For j € 7Z,
we regard
Xiydo G — 7y ¢? —=a (ac 7))

also as a character Z; —ZX  aral.

p )
For p = > n>0Cna - g((lz) -(gu —1)™ € Hp 4 and a continuous character ¢ :

acEA
——X
X
Zp — Q," , we define

pW) = ena- (@) (Y(u) —1)"

Let « be as in 5.1.

THEOREM 5.5 ([AV],[Vi]). Let h=min{n € Z ; n > 1,v,(a) < n}(< k —1).
For v € Vi (f) such that v+ # 0, v~ # 0, and for a non-zero w € S(f), we
have a function

Lp-adic(f)wy € Hryn € Hiy k-1,

characterized by the properties (i) and (ii) below. In particular, if v,(a) = 0,
Ly-qdic(f) belongs to the subspace

Ly-adic(f)w € Ox, [[G2)]] R0y, Kx CHgk, 1.

(i) Let ¢ : (Z/p"Z)* — Q" be a character with conductor p™ (n > 1). We put
+ = (=1)*=""Y(=1)es(—1). Then for any integer r such that 1 <r <k —1,
we have

Lp—adic(f)w,’y(xgyclow_l)
1

_ o [P N TN . -1, Ne—r—1 &
(7’ 1) p « G(7/’an ) (27TZ) Q(W,’Y)i L(f,'l/),'f')7
where G(v, (pn) denotes the Gauss sum ZwE(Z/p"Z)X Y(x)(on and L(f,%,r) is

the evaluation at s =r of the function L(f,v,s) =Y ooy a;(f)(i)i™*.

(ii) We put £ = (=1)*="~Le;(=1). For any integer v such that 1 <r <k —1,
we have

Lp-adic(f)w (ngclo)

= (r — - (273 k_’"_l-il
= (r= Dt (2m) Q(w, )+

S(1=p A = ep(p)p" ) L(fo ).
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REMARK 5.5.1 . (1) In fact, both hands sides of the above equality belong to
0.
(2) The function in Theorem 5.5 can be characterized by only property (i).

The function Ly adic(f)w,~ in Theorem 5.5 is called the p-adic zeta function of
f.

5.6. We have a canonical isomorphism
Hiya = Hiey a/ (9% = 1) x Hi, /(6% +1).

For x € Hg, 4, we call its image in HKMd/(g(_zl) — 1) (resp. HKMd/(Q(_zl) +1))
under the above isomorphism the +-part (resp. —-part) of . Moreover we call
HKA,d/(g(fl) — 1) (resp. HKmd/(g(fl) + 1)) the +-part (resp. —part) of Hg, 4.
5.7. As in [Ka2], §6, we define §(f,k — 1,0(1)) € Vk(f) to be the image of
§(k,k—1,0(1)) € HY (Y (1, Np*)(C), SymE2(R'\.(Z)) ®7 Q) in [Ka2], §5, 5.4.
It is known that §(f,k—1,0(1))* =0, and if L(f,k—1) #0, 6(f,k—1,0(1)) =
0(f,k—1,0(1))" # 0. In what follows, in the case L(f,k — 1) # 0, we take
§(f,k —1,0(1)) € Vi(f) as v € Vk(f), we consider (—1)* - e;(—1)-part of
the p-adic zeta function of f, and we suppress « in the notation of p-adic zeta
functions.

6. THE RESULT ON ONE-VARIABLE p-ADIC ZETA FUNCTION

Let the notation and the setting be as in section 5. Suppose f is an eigen cusp
form of weight k > 2 and of level Np' with ¢t > 1 which satisfies the condition

in 5.1. In 6.1, for a certain subspace A of M e [[G((,é) X GS,?]] ®y 16D <@
Q(Zp[[Gé? X G(o%)]]) to which the universal zeta modular form z}{}g& belongs,
we define a map “to take f-component”

Cr ooz A— [ K\GONGH).

The main theorem (Theorem 6.2) of this section is, roughly speaking, that if
L(fk— 1) #0,
Lfik—2},{0,.. . k—2},t ° zﬁgé’o — p-adic zeta function of f

(see Theorem 6.2 for the precise statement).

6.1. We define the subspace A and the map £ (12} f0,....k—2},; in a more gen-

eral forms M[[G(()? X G((,Z)]]Ih[2 (see 6.1.4) and £¢ 1, 1,,: (see 6.1.6), respectively.
(For simplicity we assumed that ¢ > 1 in the above, but in fact, we can treat
also the case t = 0, as seen below.) We begin with some preliminaries. Let f,
K, and the other setting be as in 5.1 in section 5.

6.1.1. As in 5.1, we fix o under the notation there. We first consider the case
that t = 0. We denote the p-factor of L(f, s) by (1—ap=%)~1(1—8p~*)~! with

BeRy".
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Let
fa=1[f—B-¢4(f) € Mp(X(1,Np)) ®C,
where 4 (f) = 3,5 an(f)gP" with f=3" -, an(f)g". We have

T(p)fa =a- fom

L(fars) = (1= Bp~°)L(f, ),

and ef, : (Z/NpZ)* — Q” is the one induced by (Z/NZ)* <Ly Q”. This f.
is an eigen cusp form but is not a newform.

6.1.2. For f in 5.1, we put f = f in the case that ¢ > 1 with ¢ in 5.1, and f = f,
in the case t = 0, where f, is as in 6.1.1. Moreover let Np™ denote the level

of f. (Namely m =t in the case that f = f and m = 1 in the case that § = f,
as above.) Further put

6.1.3. Let j,s € Z, and let M7(X;(Np®);Q) be as in section 3. The space
(Ujz2,651 M7 (X1 (Np*): Q) @ L)/(T(n) © 1= 18 as(f) ; n > 1) is a one
dimensional L-vector space in which the class of f is a base. We define a
map pr; by the following composition

pri: ) MI(Xi(Np*);Q)

§>2 s>1

= (U MXGWND)Q e L)/ (T @1 -1&an(f) s n>1

J>2,5>1 86.1)
— L,

where the first map is the natural projection and the second map is by sending
the class of f to 1.

6.1.4. Let I,I C Z be subsets. We denote by M[[Gg)) X Gg)]]h,]z‘ the
Z,,[[Gg) X Gg)]]—submodule of HNpoo[[Gg) X G((,%)]] defined in the following

way:
M[[Gé})) X Gg)“h,fz
= {2 € Myp=[[G) x GP]] ;

(XX € (| MI(X(ND*);Z,))[GL) x G
j22, 521

for any (a1,a2) € Iy x Iy and n > 1}.
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6.1.5. Let ¢, d’ be integers which are prime to p. By the result in 4.5.5, we find
that for any k& > 2,

univ — 1 2 univ

ca iyt =(1 =g gl (1 = d'gi)

(6.2)
e M[[GY) x Gg)“{k—2},{0,,..,k—2}~

6.1.6. Let ¢ be a positive integer. We define a map “to take f-component”
Srnni MIGY < @@l — I ZIGRNIG"]
(a1,a2)e[1 X Io

as follows:

£f1111127i = H £f,a1,a2,i
(a1,a2)€l x 12
for
Lrarani s MIGE x G211, — LIGRYG!).
The map £5.4,,4,,: is defined as the composition

£farani t MIGY x GOy, 1, XX MG x G20y,

2y MIIGDNG M 0y.10)
2 L[Ie@netM,

where M[[GQ]][GED]{O}){O} denotes the image of M[[G&) X GEE)]]{O},{O} under
the natural projection M ype [[Gg)) X Gg)]] — M npeo [[Gg;)]] [Ggl)], and the last
map is given by pr; (6.1) for each coefficients of Gg) and by taking lim.

For 2 € M[GY x G211, B, (6D XD Q(Z,[[GY x GR))), if there is
a non-zerodivisor g € Zp[[Gg) X Gg))]] such that g(x®', x*2) is invertible in

Qp[[G&) X Gg)]] for all (a1,a2) € Iy x Iy and gz € M[[Gg}) X Gg%)]]h,]w then
we define

i@ =Lrnnilgr) - [ glar,a)”

(a1,a2)€l1 X1z
e Il zie@ne
(a1,a2)€l xI2
6.1.7. By (62)7 we find that Sf,{k—2},{0,...,k—2},m(Z}IVIEXO) c
| | P L[[GQ]][GSL)] can be defined in the sense at the end of 6.1.6.

.....

instead of [], c(0,. k-2 L[[GQ]][G%)]. Furthermore for L[[Gf,%)]]7 we
define + and — parts in the same way as in 5.6, and we define
the spart of [Ty uy LIGLNGW] with + = + or x = — by
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eq, k13 L[[Gg)]]*'(_l)r [G%)], where L[[Gg))]]*‘(_l)r is the * - (—1)"-part
of L[[G)].

We state our main theorem in this section.

In the situation of Theorem 5.5, we take the class of f asw € S(f), and suppress
the w in the notation of p-adic zeta functions appearing below. Since we will

assume L(f, k—1) # 0, we take 6(f, k—1,0(1)) € Vk(f)\ {0} as v, and suppress
v in the notation of p-adic zeta functions, as referred in 5.7.

THEOREM 6.2 . Put £ = (—1)*¢f(=1). Let h=min{n € Z ; n > 1,v,(a) <
n}(< k—1), as in Theorem 5.5. Then we have

2f,{k—2},{0,...,k—2},m(ZR/I;ZO)i € H LIGNGH] (6.3)
re{l,....k—1}
is contained in the subspace

{1, k—1} (Hp ) [GDY].

univ

Here £¢ (1._2y fo,..., k_gjh,,ﬂb(,z]\,pw)i represents the £-part. Moreover if v,(o) =
0, (6.3) belongs to i{1,.,,,k,1}(OLHG((>%)H ®oy, L)[G%)]-

Concerning the relation with p-adic zeta function, we have the following result.
Suppose L(f,k — 1) # 0. In the rest of this theorem, we identify an element of

Hp p with its image under igy,  x—1y :Hon = [Lep pony L[[G(O%)]].
(1) In the case f = f, we have

Ef,{k—2}7{0,‘..7k—2},m(ZR/IEZC)i

=a™ Y Lpaaclf)Fesd -9V e I LIGRTIGH)
a€(Z/pmZ)* re{l,....k—1}
Here o' € (Z/Np™Z)* is the element such that o' = 1(N) and o' = a(p™).
(2) In the case f = f,, we have

2f,{1~;—2},{0,..A,k—z},l(Z?\/I;i‘o’o)jE
=a > Lpaaclfa)*-9Pe [ LIGANGY).

a€(Z/pL)* re{l,....k—1}

(3) In the above, we only considered the (—1)es(—1)-parts of Ly qaic(f), and
we put the assumption that L(f,k — 1) # 0 which always holds in the case
k > 3. However we can obtain by the method in 6.7 below, the whole Ly.qqic(f),
including the (—1)*~1e;(—1)-part, without the assumption that L(f,k —1) # 0.

REMARK 6.2.1 . In Theorem 6.2 (2), we present the p-adic zeta function of
fa instead of the p-adic zeta function of f. By the characterizing property of
p-adic zeta functions in Theorem 5.5, their p-adic zeta functions are a multiple
of the other by a non-zero constant.
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The rest of this section is devoted to the proof of Theorem 6.2. In 6.3, we prove

that €7 (x_o} {0,...k—2),m (2% ) is contained in iy, 1} (Hz,)[G%W]. Then

in 6.4 — 6.7, we prove that £¢ (1.2} 0,.... k—2},m(2Np= ) displays the characteriz-
ing property (i) of the p-adic zeta function in Theorem 5.5. (Cf. Remark 5.5.1
in section 5.)

6.3. We show that Sf,{k_z}7{07___7k_2}7m(szoo)i belongs to igy, . k—13(Hr i)

GV
First, we give a preliminary discussion which will be important also for the
proof on the characterizing properties of p-adic zeta functions.

6.3.1. We define a homomorphism

@g:H—H
by 0q(> e aiq') = >0 aig” (a; € Qp, the valuation of a; is bounded
below, and a; — 0 when ¢ — —o0). Let

Trg:H—H

be the trace map associated to .
We use the same symbol Tr,

HIGL) x GR)] — HIGE x GR)] (a1,a2 2 1)
for the map induced by Tr, on the coefficients.
For an element x of L[[Gg) X Gg)]] and for positive integers a1, as, we denote
by |(4,,a,) the image of x under the natural projection

LGV x GY] — LIGY x GP).

PROPOSITION 6.3.2 . Let ay,as be integers such that 0 < as < ay. Then for
all positive integers n and m such that n > m, we have

Trgim(z}l\fr;i:" (Xal ) XGQ)‘(m,n)) € My, 12 (Xl (Npm)§ Q)[G%) X G’ELQ)L

Tl ™™ (e 23 (X X)) (myn)) € May2(X1(NP™); Z)) G x G,

univ

where zjj,% (X, X*) is as in 4.5.5.

Proof. Clearly *|(;, ) is the image of x|, ) under the projection H[Gg) X
Gg)} — H[G%) X G%Q)}. By (4.10), we know 237% (x**, X*?)|(n,n) Which is

an element of Mg, 12(X1(Np"); Q) [G%l) X Gg)] precisely, and hence we can
calculate Trg_m(z“N‘gZo (X", X*))|(m,n)- By this calculation, we find that the

element, Try ™™ (zRAY% (X**, X**))|(m,n) belongs to Ma1+2(X1(Npm);Q)[G%) X

G'?)]. The assertion for . 4 235, follows from this. 0
univ

In 6.3.3 — 6.3.6, we show that the element £; (2} (0,... k—2},m(2\p%) belongs
00, k1) (Hen®y ooy ZlGRN/a)(GR] =i, k1) (Hinl/a)[GH]
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zerodivisor a € Zp[[G((fo)]] which satisfies that a(x") (r =1,...,k—1) are invert-
ible in Q,[[GL)]]. In 6.3.7 - 6.3.12, we prove that L5 (2}, (0,... k—2}.m (ZR%)*
is, in fact, contained in i{ly___yk_l}(HL’h)[Ggyll)].

6.3.3. We prove that

L5 (h=2},{0,.. h—2}m (et 2N ) € ig1,.. k—1y (HLp)[GH],
(6.4)

univ

which means that Sf,{kf2},{0,...,k72},m(ZNp°c) S i{l’,,,’kfl}(HL,h[1/0‘])[G£7’174)]
with a non-zerodivisor a € Zp[[G((f))]] (which satisfies that a(x") (r=1,...,k—

1) are invertible in Qp[[Gg;)]]). It follows directly from the definition that the
projection My (X1(Np™); Q) — S(f) (n > m) commutes with the Hecke opera-
tor T'(p) = U(p) = Try. By this and by the fact that the action of T'(p) on S(f)
coincides with the multiplication by «, we obtain

L4 (-2} {r—1}.m(e.d 2o ) (m.n)

m—n n—m univ — r— <65)
= 'pI‘f(T‘I‘q (c,d’ZNpoo (Xk 2;X 1)|(m,n)))
Therefore for the proof of (6.4) it is enough to show that
[T tm(e™ pr(Tg ™ (a2l 02 XDl onn))
re{l,...k—1} ™
€ i{1,.“,k—1}(HL,h)[G§rll)}- (6.6)

We denote the r-component (r € {1,...,k — 1}) of the left hand side of (6.6)
by
pr () = (s (D) € lim LIGR[GH)] = LIGRNIG].

In order to prove the assertion (6.6), by Proposition 5.3 in section 5, it is
sufficient to show the following two assertions:
One is to show that

lim p" . n(f) =0 forallr e {1,....k—1}. (6.7)
n—roo

The other is to prove that for any d € Z such that h < d < k—1, (ttr(f))r=1,....a
satisfy the condition (ii) in Proposition 5.3.

6.3.4. We check that (g, (f))r=1,... k—1 satisfy (6.7) above.
By Proposition 6.3.2 which shows

Trgim(c,d’ for;;/o (inQa XT71)|(m,n)) € M, (Xl (Npm); Z(p))[GgrlL)] [Gg)]

for all n» > m and by the fact that My(Xi(Np™);Z) is a finitely gen-
erated Z,)-module, we have that the image of My (X1(Np™);Z,)) under
pr; : My (X1(Np™); Q) — L is contained in a - Of, for some a € L*.
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From this, p™ times p,,(f) is contained in p™* . a "a - OL[G%)][G%Z)].
As vy(a) < h, we obtain limy, 00 p™" - @ "a - O, = 0 which implies
lim,, 00 p"hur7n(f) =0 as desired.

6.3.5. We show that (p,-(f))r=1,... 4 satisfy the condition (ii) of Proposition 5.3
for any d € Z such that h < d <k — 1.
We use the notation in Proposition 5.3 (ii). We write

e 2L, (x’“*Q,XjX;fN(m,n) for  (carzii% (x’“*Q,Xj)l(m,n))(id7X;j) c
My (X1 (Np"); Zy) |GG
We can prove that

S0 (7 e 057)

Jj=0

i1
N2 | B B . I

=N (1) 1( . ).a (T (o 2% (02X X5 ()

=0

in Proposition 5.3 coincides with

1—1
—-n n—m i—j— i—1 univ — i v —J
™" pry(Try ™" (Y (~1)" 1( ' >'(C’d“”Np°°(Xk 2 X,7) (6.8)
6.8

Jj=0 J

Moreover we have

i—1 :
S0 (51 s X )
j=0

€ My (X (Np"):p" V) (GG

which follows from the general argument that

i—1

i—j—1 (=1 iy —d n(i—
S (1) X ez e

=0
for any z € Z,)[[Gs]]. Here CU(XJX(;,f)|n represents a:(XJ)|n(X;nJ) for the
image x(x7)|n € Z)[Gr] of 2(x7) € Z,)[[Go]] under the projection. By this,

we find (6.8) is contained in a~"-a-p"=1Oy, [GS#)][G%Q)] with ¢ € L™ in 6.3.4.
As vp(a) < h < d, we obtain

1—1
. —it1)n i—i—1 [t —1 —j
) ( ) >u<f>j+1,n<x¢j>=o,
n—roo j=0 J

which says that (u,(f))r=1,..a (h < d < k — 1) satisfy the condition (ii) of
Proposition 5.3, as desired.

The above arguments conclude our claim (6.4) in 6.3.3.
6.3.6. The argument in 6.3.4 shows that if v,(a) =0,
pr(f) € (OL[IGR] @0, DG
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This and the argument in 6.3.5 show that in this case,

Sf’{k,g},{o’m’kfg},m(Zjuvrg;’o) is contained in i{17,,,,k,1}((OL[[G£)]} Qo
1

L)[1/a))[Gr].

Now we show that ,Sf’{k,g}’{o’m,kfg}’m(Z}{[rgzo)i € i{l,...,k—l}(HL,h)[G%)]- The
main line of the proof is roughly as follows. Let M be an integer > 1 which is
prime to Np. By using ¢ 4 2pm, np Which is similar with the element . g z}{}gl’o
in 4.5.5 and which is defined in 6.3.7 and 6.3.8, we will construct a function
Lo £ {k—2},{0,....k—2},m(c.d Z2M,Np=) € i{l,...,k—l}(HL(qb),h)[G?('rlz)] in 6.3.9. Here ¢
denotes a character (Z/MZ)* — Q. Assertions in 6.3.11 and 6.3.12 say that
Ly ¢ 1k—=2},{0,....k—2},m(e.aZM,Np=) 18, in fact, a function which is a multiple
of our Sf’{k,g}y{ow’k,g},m(z}{};il’.c) by a non-zerodivisor in Zp[[Gg))H which is
prime to a € Z,[[G]] in 6.3.3.

6.3.7. Let M be a positive integer such that (M, Np) = 1. We define an element

1

ZarNpe € M arnpe [[Garpe ) X Garpe (2)]“7]

with a certain non-zerodivisor

J € Z[[GMPQQ(l) X G prpee (2)” - MMN;)OO[[GMPOO(U X Garpoe (2)]]’

univ

which is similar to the universal zeta modular form zy%. In fact, in the case

univ

M =1, we have 21 np= = zj,%. Here
Garpee M) 2 Gppee @ = Gy = (Z/MZ)* x Y,

the group GMpoo(l) is the one acting on the space MMNPQC in the following
way. For a = (a1,a2) € (Z/MZ)* x Z), the action of the corresponding
clement g3 € Grrpe™ on f =3, fx € U; MJ (X1 (MNpt);Q,) with f; €
M (X1 (MNp');Q,) and ¢t > 1 is given as

o) f=)ay Ha) i,
k

where @’ € (Z/MNp'Z)* is the element such that o’ = a(Mp') and o’ = 1(N).
The group Garp~? is the Galois group Gal(Q,(Carp)/Q,) which is endowed
with an isomorphism to (Z/MZ)* x Z, via the cyclotomic character.

The element 2p7 np~ is the image of the product Fy, - Fy, €
H{[Garp=][[Gmpe]] with Fyy y, Fly 5 € H[[G arpe<]] below under the isomorphism
of rings over H

HIGarp [Gipee]] = HI[G g V1N[Grip PN 5 200,180,2 — zgy 055

(x € H,a,b € Z; x (Z/MZ)*), where g, € Gprp is the corresponding element
to a. Here
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lev,1 = ( Z ZQNU)(E!@‘ —g-i) + {El( Z Cza(mpn)(0) - 8a),

>l j>1 " a€(Z/MpnL)x
(i,Mp)=1
Fra=( > > d%-s— > > 4’9
i>1,i=1(N) j>1 i>1,i=—1(N) j>1
(i,Mp)=1 (i,Mp)=1

+ Lim( Z Cza(Nmpn)(0) - ga)-
" a€(Z/NMp"Z)*
a=1(N)

Originally zps, np belongs to H[[GMpoo(l) X Garpoe )], but we can prove that
ZaNpre € Marnp[[Garpe ™) X Garpe P]][1/¢']. This follows from the follow-

ing lemma which can be proven in the same way as for z}{}glo.
For n > 1, we write Gprpn for the group (Z/MZ)* x G,,.
LEMMA 6.3.8 . (1) Let ¢,d’ be integers which are prime to p. Then

cazanpe = (1= g g®@)(1-d'a) 2arnp € Onl[Garpe M x Gy ).

(2) Fori € Z, let us denote by x' : Garpee — Gprpeo the map induced by X'
on the component Z;,(. Let ay,as be integers such that 0 < ay < a;. We define

univ

Za,Npoe (X™, X*?) in the same way as for ZNpw in section 4. Concerning the
image of the natural projection, we have

g, N (X X2 () €My +2(X1 (MND™); Q)G x Gop L]
1 2
(C HIGY, x G57,0)),

e 20N (X X)) €My 42(Xs (MNDP™); Zii) G x i)
1 2
(C On[Giiypn x G-

(3) Let a; and as be as in (2). For any integers n,m such that n > m > 1, we
have

Te ™™ (21,8 (X X)) € Maay12(X1 (MND™); Q)G (G-

T ™™ (. 20,8p% (X X (mm)) € May42(X1(MNP™); Z)) (G | [G ).

6.3.9. Let ¢ : (Z/MZ)* — Q" be a character whose conductor is M. Let fo
be the modular form given by

fo=>_ an(fe(n)g".

n>1

It is an eigen cusp form of level M Np™ with zeta function L(f4, s) = L(f, ¢, s).
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In the same manner as in 6.3.3 (6.5), we can show that
(™o)™ - pry, (Trg ™™ (c.rznrnvp (72X D)) (6.9)
belongs to lim L(¢) [Gg\?pn] [Gg\?pm}, where L(¢) is the field generated over L by

n
the values of ¢. Here remark that a,(fs) = ap(f)¢(p) = ag(p). We consider
the image of the element (6.9) under the L(¢)-homomorphism given by

LG G ] = LOCINGCD] ; 2Py v xqﬁ(ab?)gg?)glé;) .

(:L‘ € L((b),g* S GMpoo,g* S Goo). We write £¢,f,{k—2},{r—1},m(c,d’ZM,NpOC) €
L(qb)[[Gg;)]][Ggl)] for this image, and we put
Lo s {k—2},{0,...k—2},m(e,d 20 Np=) =
Il  Zorp—opp—tpmleazunp)e  J[  LOIGDNGY.

re{l,....k—1} re{l,... k—1}
Concerning Ly 5 (k—2} 40,....k—2},m (c,d 201, Np>= ), We have the following proposi-
tions, which are crucial to our purpose.
PROPOSITION 6.3.10 . The element Ly ¢ (2} {0,....k—2},m (c,d’ 20, Np=) 15 con-
tained in the subspace igq .. k,l}(HL(¢)7h)[G5,1L)].

Proof. We can prove Proposition 6.3.10 in the same manner as in 6.3.1 — 6.3.6.
O

In the rest of 6.3, we identify an element of Hyp 4, and its image under
. 2
i1y Hin = Theqxon LG

PROPOSITION 6.3.11 . Assume L(fy,k—1) = L(f, ¢, k—1) # 0 and ¢(—1) = 1.
Then we have

Lt {h=2} {0 e—2p et AT Np=)
—r (2 —1-2r (2
—z-( JI (] @-a®irme® + 022

re{l,...,k—1} l:prime
M

(1= (e ol g (1~ do(d)gl)))
Q™ L5 (he2} (0, k=2 m (ZNe ) E
€ HL((b),h[Ggrll)]

for some x € L(¢)*, where = = (—1)%¢;(—1).
Proof. An element of Hy ) n[1/€](C Hrg),n By 162 Q(ZP[[G(@H)) can be

characterized by specializations Hp, (g n[1/e] — L induced by 9o x™ : Gg) —

Q" for different h integers r; (i=1,...,h) and all but finitely many Dirichlet
characters ¢. So we can prove Proposition 6.3.11 by comparing the images of
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both hands sides under such specializations. The image of the right hand side
under specializations will be studied in 6.4 — 6.6 below. The image of the left
hand side may be obtained in the same way as for the right hand side, but we
omit the details. |

6.3.12. We finish proving that the elements in Theorem 6.2 are contained in

,,,,,

‘We have

L7520 =21 m e 2 )
= I - Feaehe®)a-drgd)
re{l,....k—1}

: 2f,{k—2},{0,...,k—2},m(ZR;;ZC)

€ HL,}L[Ggrlz)](C HL,h ®Zp[[Gg,)]] Q(ZZ)HGz()Z)]D[G'Erlz)])a

which follows directly from the definition.

Since (1 — al(f)gl(g)l + ef(l)lk_lgl@?) for all of the prime numbers | which are
prime to Np do not have a common divisor, by Propositions 6.3.10 and 6.3.11,
it is sufficient to show the following assertion.

There exist ¢,d’, M, and ¢ which satisfy the above given conditions and the
following condition. For some characters ¥1,v9 : (Z/p"Z)* — @X with con-
ductor divisible by p, ¢(c) = 11(c) # 1 and ¢(d') = ¢2(d') # 1, and ¢(—1) =1
hold. We can take such elements, therefore we obtain the desired result.

6.4. We prove that our elements in Theorem 6.2 (1) and (2) satisfy the charac-
terizing properties of Ly aqic(f) in Theorem 5.5. In fact, the difference between
Theorem 6.2 (1) and (2) comes from the fact that we take pr; instead of “pr”

We treat the cases Theorem 6.2 (1) and (2) together.

We use the notation in Theorem 5.5.

6.4.1. As referred earlier, for L[[Gg)]], we define + and — parts in the same
way as in 5.6, and for x = 4+ or —, we define the *-part of L[[Gg)]][G%)] by
LG (G

In both cases of Theorem 6.2 (1) and (2), we have

2f,{k—2},{0,...,k—2},m(Z}IVI;;ZO)

= I ;@™ pr(T) GRS KT A )
re{l, ..,k—1} ™

e [I wmrc®e®= I re@pepitty
re{l,..k—1} ™ re{l,....,k—1}
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This follows from the equality (6.5). We will prove the assertion that the image
of the coefficient belonging to @L[Gg” = L[[G?)]] of g(l) i

n

(TT @ = aig2) tim(a™ - pry(Trd ™™ (23 (652, X" ™) () E Y
l:prime n
IIN

e lim LIGP)[GY] = LIGPNGY), (6.12)

where + = (—1)%¢;(—1) and ( )* (D" represents the & - (—1)"-part of the
element in ( ), under the map ! : L[[Gg)]] — L coincides with the image of

(T = afg2))  Ly-aae()*

under ngclowﬂ :Hpp — L.
By the following facts, this assertion deduces Theorem 6.2.
Firstly we have the equality (6.11).

Secondly ;:prime(1 — (f)gl( )1) € OL[[Gg)H ®o,, L is a non-zerodivisor of Hy, p.

N
Finally by the results in 4.5.5, we have
(Trg—m(z}lvrzv (Xk_27XT_1)|(m,n)))n _ Z (a'~ >x 95;1)
a€(z/p™Z)*
€ My (X1 (Np™); Q[GV[GR]], (6.13)

where z is the coefficient of g?) in the left hand side, and o’ € (Z/Np™Z)*
is the element such that ' = a(p™) and o’ = 1(N). Hence the coefficient in

l{iLnL[G’Ef)] = L[[GP)]] of g8 in (6.12) is ej(a'~") times the coefficient of 951)

in (6.12). (Remark that in the case of Theorem 6.2 (2), €5(a’) =1 holds.)
Thus we prove the assertion above.

6.4.2. We use the same notation as in Theorem 5.5. We consider the following
composition

Ve LGN 225 LGP - T, (6.14)

where the second map is defined by

> agd e Z v@) S el (a,€l).

ue(Z/pnL)* €(z/pz)* ue(Z/pnL)*
LEMMA 6.4.3 . Let p be an element of L[[Gg)]]. Then we have
P~ = e () - G, )™

Proof. We can prove the lemma by direct computation. O
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6.4.4. We assume 1(—1) = (—1)¥~"¢;(—1). By Lemma 6.4.3, our task is show-
ing that the image of the coeflicient of g%l) in (6.12) under the map (6.14)
is

1

(f,0(F,k —1,1(0)))

(7“ - 1)' : pnr ca (27ri)k_7l_1 : Q ~ . L(Np)(f’ d)a T)'

6.5. In order to prove our claim in 6.4.4, we need to review the result in [Ka2].

6.5.1. As in [Ka2], let
ZNp" (fv T, k — la 0(1)7prim(Np)) € S(f) ® Q(CNP”) (7‘ 7& 2)7

c,dZNpn (f» 2, k— 1,0(1),pr1m(Np)) € S(f) ® Q(CNP”)

. (k,r)
be the images of z; y,m npn

(k,r,k — 1,0(1), prim(Np)) in the case r # 2,
and c,dzglf]’vz;m,]vpn (k,2,k —1,0(1), prim(Np)) in the case r = 2, both of which
are elements of My (X1 (Np™); Q) ®g Q(¢npn), respectively, in 4.5.2 under the

projection
M (X1 (Np™); Q) ®g Q(Cnpr) — S(F) ®q Q(¢npn)- (6.15)

Let * = >, <, @n(f)¢™ denote the dual cusp form of §. Here @,(f) are the
complex conjugates of a,(f). This is also a normalized eigen cusp form. For
n > 1 such that (n, Np) = 1, it is known that

(T(n)(n=")(F") = an(DF"- (6.16)

For © € (Z/Np"Z)*, let us denote by v, the corresponding element to z of
Gal(Q,(¢npn)/Qp) via the cyclotomic character.

PROPOSITION 6.5.2 . Assume r # 2. Let ¢ : (Z/Np"Z)* — Q" be a charac-
ter. We put + = (—=1)¥""1ep(—1). Then we have

Yo @) -peri(((z7h) ©@we) (znpn (f,m k = 1,0(1), prim(Np))))*
z€(Z/NpnZ)*

= L(Np)(f*vwvr) ’ (27m.)k77’71 5(f7 k — 170(1))ia

where Lnp) (F*, 9, s) denotes the function obtained from L(f*,1),s) by removing
prime(Np) factors.

Proof. Remark that the definitions of the actions of Galois group
Gal(Q(¢wpn)/Q) are different between in [Ka2] and here: The action of
o, in [Ka2], §6, Theorem 6.6 on S(f) ® Q(Cnpn) is equal to the action of
(r71) ® v, in our notation. By this relation we see that the above equation
is equivalent to 6.6 in [Ka2] which can be deduced from the work of Shimura
[Sh]. O
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In the case r = 2, Proposition 6.5.2 must be modified as

Y v pery(((a7h) @ i) (caznpn (7, 2,k = 1,0(1), prim(Np))))*
z€(Z/NpnZ)*

=d® - (1— 7 P(e) ) (1 — p(d) " es(d))
“Ling (F*,4,2) - (2m0) =% - 8(F, k — 1,0(1))*.

The above proposition induces the following corollary.

COROLLARY 6.5.3 . Assume r # 2. Let ¢ be as in Proposition 6.5.2. We put
+ = (=1)*""1p(=1)e;(—1). Then we have

> (@) perg((1®@vy)(znpe (f, 7,k — 1,0(1), prim(Np))))*
xz€(Z/NpZ)*

= L) (F, 0, 7) - (2mi)* 771 6(F, k — 1,0(1))*.
Proof. By the definition of ¢;, we have the equality
> v(@)
2€(Z/NpnZ)X
pery ({271 @ v) (2w (F, 7, k — 1,0(1), prim(Np)))) D" D
= > Y@

z€(Z/NpnZ)*
-pers (1@ v,) (2w (F, 7, k — 1,0(1), prim(Np))) D" (=D,

By Proposition 6.5.2 and by this, we see that the left hand side of the equation
in Corollary 6.5.3 is equal to

Ling) (F*, % - €5,7) - 2mi)F =1 6(F,k — 1,0(1))*.

By (6.16) and by the fact that €;(n) = - (n™!) for n € Z such that (n, Np) = 1,
we have

L(NP)(f*v (R €fs 3) = L(Np) (fa 1/)7 5)
This shows the result. O

With a suitable modification, we have a similar result with Corollary 6.5.3, in
the case r = 2.

As a corollary to Corollary 6.5.3, we obtain the following Corollary 6.5.4 which
is important for the proof of our Theorem 6.2.

For r # 2, let A(k,r) be the element of My (X1 (Np™); Q) ®g Q(¢n) obtained
from the right hand side of (4.8) in Lemma 4.5.3 (3) in section 4 by replacing
“a € Z/p"7Z” in the right hand side of (4.8) by “a € (Z/p"Z)*”. Namely,
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Alke,r) =(r = )7 (Np™)F " 2(Np") 2 - N
II a-trrr@w-)

l:prime
N
(> T
a€(Z/p™L)*
(k—r) (r)
( Z Z <F1/Np’",m ' FJ\’a/J\’p",.y)> “Cpn)-

z€((1/Np™)Z)/Zye((1/Np™)Z)/Z
We define A(f,r) to be the image of A(k,r) under the projection (6.15).

COROLLARY 6.5.4 . Assume r # 2. Let ¢ : (Z/p"Z)* — Q" be a charac-
ter which does not factor through (Z/p"~'Z)* and which satisfies (—1) =
(=1)*="€;(—1). Then we have

Y. (@) -perg((L@we)(A(f,r)”

w€(Z/pnL)*
= L(Np)(f7 wﬂ“) ’ (27(2-)](7_7,_1 ’ 6(fa k — 170<1))_

Proof. We take 1 as a character which factors through (Z/p"Z)* — @X and
does not factor through (Z/p"~17Z)*, and apply Corollary 6.5.3. Then the part
of the sum }_ ¢ 7/n7)« is equivalent to take the trace map trypn pn in Lemma
4.5.3 (3). Concerning the problem of changing a, since ¢ in Corollary 6.5.4
is primitive, the iterated sum over ZxE(Z/p"Z)X Y(z)(yi for (a,p) > 1 become
Zero. ]

In the case r = 2, Corollary 6.5.4 must be modified as follows. We take
c.dA(k,2) as the element which is obtained from (4.9) by replacing “a €
Z/p"Z,a # 07 in the right hand side of (4.9) by “a € (Z/p"Z)*”. We also
define . 4A(f, 2) to be the image of . 4A(k, 2) under the projection (6.15). Then
we have

Y @) per(1@we)(aAlf 2))”

z€(Z/p"ZL)*
=cd* - (1= Pep(e) Mp(e) ™) (A = 9p(d) ™))
Linp)(F,¢,2) - 2m0)* =2 - 6(5, k — 1,0(1)) .

6.6. Now we prove our claim in 6.4.4.
Since T'(D)f = a;(f)f, (6.12) coincides with

(lim(a ™"
—r (2 — niv - r— (=1)"
pry( [T (=T g2 (T~ R (2 X gy )))) =L
l:prim
N
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So to analyze (6.12), we consider the image of

IT (= 7@i g (T R 62 ) o))

l:prime
N
€ Mi(X:(Np™); QG x G2 (6.17)
under the map
Gor : My(Xa(Np™); Q)G % G2] = Mi(Xa (Np™); Q) (G,
(6.18)

defined in the similar way as (4.12).

In the case r # 2, by comparing (4.8) in Lemma 4.5.3 (3) and equation (4.13)
in 4.5.6 with a; = k—2 and as = r — 1, we see that the coefficient of g%l) S GS})
in the image of (6.17) under the map (6.18) is

(r=1t-p"" - A(k,7)
with A(k,r) in Corollary 6.5.4. Thus under the composition
LGN =5 LGPIGH] 5 GGl
-f :
= (L(Gm) - NG,
the coefficient of g%l) in the element (6.12) is sent to
a " (r=1)-p"" - A(f, 7).

Hence by Corollary 6.5.4 and by comparing the definition of the map (6.14)
and the map in Corollary 6.5.4, we obtain that under the assumption in 6.4.4,
per;(f)~ times the image in question in 6.4.4 equals

a " (7’ - 1)' .pnr : L(Np)(fv'l/}aT) ' (QWi)kiril ! 5(f7 k— 170(1))7

Since L(f,k — 1) # 0, we have 6(f,k — 1,0(1)) = 6(f,k — 1,0(1))~ # 0. As
per;(f)” = Q(f,0(f,k —1,1(0)))- - 6(f,k — 1,0(1))~, we find that the claim in
6.4.4 is true in the case r # 2.

In the case r = 2, in the same way as for r # 2, we can show that the coefficient
of gil) in the image of ¢?d?- (1 — C2_k€f(C_1)g£2))(1 —gc(f)) times element (6.17)
under the map (6.18) is p?" - . 4 A(k, 2) with . 4A(k, 2) just after Corollary 6.5.4.
Hence the image of the coefficient of ggl) in ¢?d?-(1— 02_’“6;(0_1)99))(1 - gfiz))
times (6.12) under the composition (6.19) is o= - p?* - . 4A(f,2). From this,
in the same way as for r # 2, we can show that the claim in 6.4.4 is true for
r=2.

The above arguments conclude our desired result that the left hands sides of
the equations in Theorem 6.2 (1) and (2) satisfy the characterizing property of
the right hands sides of them.

6.7. We explain that by our method, we can obtain the whole p-adic zeta
function L, aqic(f) without assuming that L(f,k — 1) # 0.

DOCUMENTA MATHEMATICA - EXTRA VOLUME KaToO (2003) 387-442



432 TAKAKO FUKAYA

Similar with z}lvr;;’m elements zps,np in 6.3.7 may be obtained via K3 Cole-
man power series from the system of Beilinson elements (cqzanpn mpn)n €

lim Ko (Y (M Np™, Mp")), with ¢,d € Z such that (¢,6M Np) = (d,6Mp) = 1
and ¢ = 1(N). In this case, we take the field H({as) instead of H.

We define £, 1121, (0,...k-2)m (211.89<) € [yequ,..1y LOGL[GH] by
replacing .. zn,npe by za,npe in (6.9) in the construction of the function
Ly ¢ (k—2},{0,....k—2},m (e, 20, Np>= ). Then in the same way as for Theorem 6.2,
one can show that if L(fy,k —1) = L(f, ¢,k — 1) # 0,

Ly ¢ 1k—=2}{0,....k—2},m (ZM,Npo> )i'qﬁ(_l)

=z Y (I CII @—a®rre® +eorE2rg2))

a€(Z/pmZ)* re{l,...,k—1} l:prime
1M

Lpaaie()T V@ eV e [T LOIGRNIGY]
re{l,....,k—1}
with some z € L(¢)*, and & = (—1)*e;(—1).
Moreover by replacing the pair (M, Np) by (N,p), we define a function. Let
¢ : (Z/NZ)* — Q" be a character whose conductor is N. Now we define

Lo g tk-21.00. k-2ym(znp=) € [eqr p1y LOIGLNGR] to be the im-
age of

[T @mom ™ pry, (Teg ™ (2 072X D mm)n
re{l,....,k—1}

e JI L@Gn=NIGN).]
re{l,....k—1}
under an L(¢)-homomorphism given by

LO)[CRNGCNn] — LOICONGCD] ; 2gPgs") > wd(ab?)gP s

m

(l’ € L(¢)7g* € GNpmvg* € GOO)
One can show that if L(f4,k — 1) = L(f, ¢,k — 1) # 0,

(=1
£¢af7{k_2}7{07'“7k_2}am(Zvaoo) ¢( )

=z > IT CIT a=ami—rg?))

a€(Z/pmZ)* re{l,...,k—1} l:prime
N

Lpadic() T g Mg e [ L@OIGDNIGH)]
re{l,....,k—1}

with some x € L(¢)*, and &+ = (—l)kGf(—l)-
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From the above equalities, we find that by taking various ¢ which satisfy
L(f, ¢, k—1) # 0, the whole (i.e. including the (—l)k_lef(—l)-part of) Ly-aaic(f)
can be obtained by our method without assuming L(f, k — 1) # 0.

7. THE RESULT ON TWO-VARIABLE p-ADIC ZETA FUNCTION

For a module A over Zp[[Gg)) X Gg))]L we put Ag = A®, (e <627

Q(Zp[[Gg)) x G((,%)]]) In 7.1, for a certain subspace B of M e [[Gg}) X GS,?}]Q
to which the universal zeta modular form z}{}gé’o belongs, we define a map (in
7.1.3)

Ly : B — (0% /TRp) @4 QUADIGR])e-
The main theorem (Theorem 7.3) of this section is that
Ly : z}l\}g& — a “universal ordinary p-adic zeta function”,

where the universal ordinary p-adic zeta function is a p-adic zeta function in
two variables associated to the universal family of ordinary cusp forms (see
Theorem 7.3 for the details).

7.1. We define the subspace B and the map L.

7.1.1. We put A = Zp[[G&)]] as in 3.5. Let us define a subspace mjy of
M Ny [[Gg)]] in the following way:

ma = {z € Myp= [[Gg}})]] : gil,)l Xpp = Tn,ap forall a,be (Z/p"Z)"}.

Here x, , € M yp~ are defined by z|, = > ae(z/pn ) q:n,ag((ll) € Mypee [Gg)]
with the image z|,, of « under the projection M yp [[Gg))]] — M np [G%l)].
PROPOSITION 7.1.2 . (1) We have
univ = 1 AT
ZNp= € mA[[G@H[Q](C M= [[GS) > GRI[-]),

where g is as before.
(2) Leti: Mpype — Homgz, (Hnpe,Zy) be as in 3.3. We denote by the same
symbol i the map

i+ My ([G)]] — Homgz, (Hnpe, Z,)[[GL]
= Homzp (HNpoo , A)
induced by i in 3.3. Then
i(ﬁ,\) C HomA(HNpoo , A)
Proof. (1)The results in 4.5.5 deduce the assertion.
(2) The result follows directly from the definition. O
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7.1.3. We define a map
M — (DX /IR ) @2 Q(A) (7.1)

which induces

Ly :m[[Gé?]][é] — (h%9 /IR0 ) @ Q(A))HG&?H%]

for a non-zerodivisor g € Zp[[G(o? X Gg?]].
The map (7.1) is defined as the following composition:

mp N Homa (Hnpee, A) prok, HomA(HI\lfrpwvA)
— HomQ(A)(PR;rgoc A Q( )7 Q<A))
— HOmQ(A)(p%gw ®a Q(A), Q(A))
= (Be /IR ) ®a Q(A).

The second arrow is by the natural projection. The third arrow is the evident

one. The fourth arrow is given as follows. By the definition of Pfij. and

p}’\ngO, it follows that the natural map Pj‘\;goo — pONrgoo is surjective. The

(7.2)

fourth arrow is given as the unique section p"l’doo QA Q(A) — P]‘{,TSQQ @A Q(A)
as algebras over Q(A) of the surjective homomorphism between semisimple
algebras P}’\}“gx ®A Q(A) — p‘]’\fgoo ®A Q(A) which is induced by the above
surjective map. Finally the last arrow in (7.2) is defined in the following way.
By Proposition 3.6, p"rdDo @A Q(A) 2 (h Ordoc /I})\fg ) ®A Q(A) are finitely gen-
erated semisimple algebras over Q(A). Hence we have an isomorphism

(h8 e /R p=) @4 Q(A) 2 Homg(a) (05 /ZRp) @2 Q(A), Q(N)) ;(7 )

a— (x— Tr(a-x)),
where Tr is the trace map
Tr 2 575 /TR @4 Q(A) — Q(A).
This map gives the last map of (7.2).

7.1.4. We define a universal ordinary p-adic zeta function

T niv or ()Y 1
Lo e (hd /TR >[[Gé?mh—g},

where h € f)ord is a certain non-zerodivisor and g is as before, as

ord,univ. __ univ
Lp—adlc - LN(ZNp )

From the definition, one can see that universal ordinary p-adic zeta function

Lgr:d‘:énv is an element of (1/h)(HY 9 /LR )[[Gg,)]] [1/g], which is contained in

(b3 /R IGEN1 /)

7.2. We review basic facts and results of Hida about ordinary eigen cusp forms.
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7.2.1. Let k > 2 and m > 1. Let f € Mi(X(1,Np™)) ® C be a normalized
eigen cusp form. We recall that f is called ordinary if the eigenvalue of T'(p)
on f is a p-adic unit. Further f is called an ordinary p-stabilized newform
of tame conductor N when f is ordinary, the conductor of f is divisible by
N, and m > 1 (cf. [GS]). We call Np™ the level of an ordinary p-stabilized
newform f of tame conductor N if m is the smallest (positive) integer such
that f € M(X(1,Np™)) ® C.

An ordinary p-stabilized newform of tame conductor IV of level Np™ is either
it is already a newform of level Np™ or it is an ordinary eigen cusp form f,
obtained from a newform f of level N when « is a p-adic unit by the method

in 6.1.1 (cf.[GS]).

ord

7.2.2. We call a ring homomorphism & : hyje — Tp satisfying the following
conditions an N-primitive arithmetic point (cf. [GS]). For an integer ¢ such
that ¢ > 0 and a Dirichlet character ¢ of conductor p™ (n > 0), let B, be the
kernel of the Z,-homomorphism A — Z, induced by 9oy : G(o})) — pr. The
condition for an N-primitive arithmetic point is that it factors through
B — O /(B + TR ) — (7.4)
for some ¢ > 0 and some . Here I}{f;w is the ideal defined in 3.7 in section 3.

7.2.3. In the case p > 5, Hida [Hi2], §1, Corollary 1.3 proved that for an N-
primitive arithmetic point £ which factors as (7.4), we have a unique ordinary
p-stabilized newform f =3 -, a,(f)q" of weight i + 2 of tame conductor N
such that k(T(n)) = an(f).

THEOREM 7.3 . We assume p > 5. The universal ordinary p-adic zeta function
i 1

rd,univ T T
Ly aiic e(h}’vgw/z&gm)[[Gg?}][h—g]

defined in 7.1.4 displays property (7.6) below. Let

K1 DR /IR — Ly

be an N-primitive arithmetic point. We write f, = > <1 an(fx)q" for the
ordinary p-stabilized newform of tame conductor N attached in the sense of
7.2.3 with k. We denote the weight and level of f. by k and Np™ (m > 1),
respectively. We always have that k(g) € Z[[Gg)]] is a non-zero divisor. We
assume that k(h) # 0. Then k induces the following homomorphism which is
also denoted by k :
or! oT! 1 7

K (bNﬁw/Iwﬁw)[[Gg)]}[@] — QZ,[GRN). (7.5)
Now if L(fx,k — 1) # 0, then concerning the image L;ii’dﬁiv(m) of L;fi’d‘;ziv
under (7.5), we have

L™ () E = p™ " (p — 1) k(T(p))™ - Lp-adic(f) = () € On[[G]] @o%?ﬂgj
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Here concerning (one-variable) p-adic zeta function Ly qqic(fx), we take the
class of f. as w € S(fx) in the situation of Theorem 5.5. Moreover + =
(—1)*k((-1)), L;{%ﬁiv(ﬁ)i and Ly agic(fs)T are the £-parts of L;{iﬁc’iv(n)
and Ly_qdic(fx), respectively, and M is the finite extension Qp(an(fs);n > 1)

of Qp.

REMARK 7.3.1 . (1) Recall that as in Theorem 6.2, even for p = 2,3, the

p-adic zeta function Ly qqic(f) of each ordinary p-stabilized newform f was

constructed from zyps.

(2) By the argument in 4.5.5, we obtain de}{}ﬁl’o € Mpyp= [[nglg) X G(oi)]}. From
this and from the fact that x((1 — c’lgﬁl,)lgg))(l - d’g((i?))) € Zi,[[Gg?]] is a
non-zerodivisor for any N -primitive arithmetic point k, we find that x(g) €
Zi,[[Gg?H is a non-zerodivisor for any N-primitive arithmetic point k.

(3) In the above, we put the assumption that L(f.,k —1) # 0. (As referred
before, L(f., k—1) = 0 occurs only in the case k = 2.) Moreover we only consid-
ered the (—1)¥k((—1))-parts of Ly_aaic(fx). However as explained briefly in 7.7
later, by using 2y, Npe, ZN,p, and ¢ in 6.7, with some device, we can construct
a two-variable p-adic zeta function which can provide the (—1)*+1k((—1))-part

of Lp-adic(fx) for k satisfying some conditions (see 7.7 for this condition) even
though L(f.,k—1)=0.

We prove Theorem 7.3 by using Theorem 6.2 and the argument in the proof of
it.
We use the notation in Theorem 7.3 and we assume (h) # 0.

7.4. For integers ¢, d’ which are prime to p, we put

p-adic p-adic

ord,univ — 1 2 ord,univ or or 1
car Ly = (1= 'gMgl) (1 = d'gly) ) LR € (05 /TR ) 7 [Coc])

ord,univ
Lp-adic

One can see that . 4
_ - 2
e.d Lp-adic(fx) = (1 —¢ kefn (c 1)9£2))(1 - 951'))) “ Lp-adic(fx)-
In 7.5 - 7.6, we will prove that under an N-primitive arithmetic point x satis-
fying the condition in Theorem 7.3,

c,d/Lgf:élil:iv(ﬁ) = pm—l(p - 1) . E(T(p))m : c,d’Lp—adic(fn)(X)'

= Ly (c,a2yi%). We also put

(7.7
The result in Theorem 7.3 will follow from this.
7.5. We consider some consequences of Theorem 6.2 for the proof of (7.7).

7.5.1. Since fy is ordinary, Ly aqic(fx) may be characterized by the specializa-

tion property in Theorem 5.5 (i) for only one r among 1,...,k — 1 under the
notation there.
We have that S(fu)m = Mp(Xi(Np™);M)/(T(n) — k(T(n)) ; n >

1) is a one dimensional M-vector space with a base f,. We define
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pry, @ Mgp(X((Np"); M) — M as the composition M (X;(Np"); M) RN
S(fx)m — M, where the second map is the one given by sending the class of
fx to 1. (In the case that f. is a newform, the map pr; coincides with the
map pr; in section 6. In the case f, = fqo for some newform f of conductor N
and « as before, in section 6, we took f as the base of S(f.)ar. So if we use
pry, in Theorem 6.2 instead of pr;, we obtain the p-adic zeta function of f,
which takes the class of f; as w in the notation in Theorem 5.5.) By Theorem
6.2, we obtain

k—2 £(=1)"

(limpry, (e 2% (X% XDl mm)))

n

=a™ iy ed Lpadie(fo)Der, (@ gl € @M[Gﬁf)][G%)ﬂB)
a€(Z/p™L)* "

with + = (—=1)*k((—1)), where a’ € (Z/Np™Z)* is the element such that
a’ =1(N) and o' = a(p™) for each a.
7.5.2. Let ¢, : Gg)) — Z; denote the character such that the restriction of s to
G coincides with €p 0 X" 2. Then ep(gél)) =€y, (a) for any a € (Z/p"Z)*,
and o' € (Z/Np™Z)* is the element such that o’ = a(p™) and o’ = 1(N).
Clearly the image of (7.8) under ¢, : M[[G@]][GS}I)] — M[[G(o?]] is

P p—1) - o™ gy (coar Lp-adic(fr) ™).
As f, is ordinary, by Theorem 6.2, we know Ly aqgic(fx) € OM[[Gg)]] ®oy M,
and hence we have

Z{'r} (c,d’Lp-adic(fm)i) = c,d’Lp—adiC(fn)i(Xr) S OMHGgZ)]] ®OM M.
7.5.3. By the commutative diagram
n 1 p n
Mi(X1(Np™); Zip (G ] —2— My (X1 (ND™); Ziy )
lprfn lprfn
M[Gg ] L) M7
and (7.8), it follows that
pry, (e 2ip% (6 o X" 72 X )T = p" T p = 1) - a™ - Lyadie(fo) F (X7)
€ OM[[Gg))]] ®ou M. (79)
Here we denote by pry (carziyk(€p © P2 ")) E (DT the inverse limit
(l{gn Pry, (c,ar Z?VI;ZO (epOinza Xril)|n))i'(71)r with ¢ g ZR;;XO (%OXIFQ» XT71)|n €

M(X0 (ND"); Zp lep) G
Furthermore by (6.13), we have

e 2 (ep O XX T € Mu(X1(ND"™), €3 Ziy [ [GRP),
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where My (X1(Np™), €p; Zp)lep]) is the sub Z,)[ep]-space of
M (X1 (Np™); Zylep]) on which G acts via €po X2

Lord univ

7.6. Now we study . 4 padic

7.6.1. The following composition of A-homomorphisms
O T — PR @ Q)
N Pordoo @ Q( ) s /Hordoo ®A Q(A)

induces the A-homomorphism

1
HomA(H%goo,A) oy HomA(hordoo/ f{,rﬁoo, X A) (7.10)

with some non-zerodivisor h’ € A. It is easy to see that the composition of
(7.10) and

1
Homa (6378 /T 374) = (e /TR ) € Q(A),
which is given by (7.3), coincides with the composition in (7.2). From this, we
see (R/)~t C (h)~L

The A-homomorphism ﬁA[[G( )]] 5 Homp (Hnpe, A)[[G 2)]] and (7.10) give a
A-homomorphism

1
MAlIGR] — Homy (035 /ZRigee - Al DGR,
and this A-homomorphism induces
A /3 a0, [G2]

1
— HomA/mk,Q,ep(h%gw/(%mz,ep +Iord )s A[y}/mkﬂ,ep)[[Go?]ta?.ll)

where MA/Pu s, denotes the image of my wunder the map

k—2
€pOX

My [[G)]]

as k(h) #£ 0.
We put L = A[1/1]/Br—2,e,. Now the result of Hida [Hi2], Corollary 1.3 affirms

that Homyp /g, , (hordm/(‘ﬁk,g,% —|—I}{,r§m), A[1/1]/Br—2.,) is contained in
SN (X (Np™), €p; L), where SN (X1 (Np™), €5 L) is the sub L-space of
e Mi(X1(Np™),ep; L) with e = @T(p)"!, consisting of cusp forms with

Mype ®z, Zylep]. The map (7.11) is well-defined

conductor divisible by N. Hence (7.11) induces a homomorphism
Mo/, [GR)) = STV (X (ND™), 0 DGR (T12)

7.6.2. We define my[GR]] = mA[IGZ]) 0 MGY x G@ g2 g0, 52y (C
My [[G%) x GE)) with iy in 711 and MG x G2y, (0,..-2) in
6.1.4. We see that d,z}{;;v c mA[[Gé?]].
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We define my o, , [[Gg)]} to be the image of of mA[[G(()i)]] under the map

(Epoxk_2aid) Vi

My [[G) x GR]) ~22X 228 M oo @, Zp [, ] [[G)]]. Then the map (7.12)
induces a map

oMy, [GRN) — SN (X (Np™), s DIGR)):

oo

(7.13)

By definition, the following diagram is commutative for each n > 1:

MA/pe_., [G] —— SN (X1 (Np™), e L)[GY]

lp% lp% (7.14)

M _d M.

We  write Prfn(j(c,dfz}lvrg&(ep o x*72)id))) for the inverse limit
Liin(prfm(j(cyd/z“Nr;Xo(ep o X2 x"")|n)). By the commutative diagram

(7.14), we obtain

pry, (car2ips (6p 0 X*7%,1d)) = pry, ((cazip (ep 0 X 72, 1d))).-
Hence by this and by (7.9), if we prove the assertion in 7.6.3 below, Theorem
7.3 follows.
7.6.3. The assertion in question is as follows.
We have
pry, (e 2y (e 0 X2, 1))) = car Ltaiic™ ().

We prove this assertion. As an element of the right hand side of (7.11),

j(ear 2% (€p 0 X¥72,1d)) is the element
2 Trpe, (e LS ) (1€ B3/ (Prozie, + INke ),

where Trg,, : Homy /g, (h%gm/(‘pk_g,ey +Iﬁ§w),/\/‘]3k_2,€y) is the trace
map as A/Bx_2 ,-modules. By the result of Hida [Hi2], Corollary 1.3, we find

that
Trk,ep = Z fn’v
h/‘/

where f, runs over all ordinary p-stabilized newform € S{™™ (X, (Np™), ep; L)

of tame conductor N attached to &' : f)%gx /I})Vrgoo — Z, satisfying H/|G§’ =
k—2

€pox 2.

By the definition of c7d1L;f;iélf:iv7 we obtain

. ; _9 . d.uni d.uni
(e 2ip (ep o X" 7210) = e Lyudie (D fu) = D carLptadic () s
K’ K/

where in > ,, k' runs as above. This concludes the assertion.

K

Therefore Theorem 7.3 is proven.
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7.7. We briefly explain how to obtain a two-variable p-adic zeta function at-
tached to the universal family of cusp forms which can provide (—1)*+15((—1))-
part of Ly aqic(fx) for k satisfying a certain condition, even though L(fy,k —
1)=0.

We use the notation in 6.3.7 — 6.3.12 and in 6.7. As before, let M be a positive
integer which is prime to Np.

We consider the image of zjs, yp under the M s Npeo-homomorphism which is
similar to (6.10) and which is given as follows

MMNP"O[[GMP‘”(U X GMPQC (2)]] — MMN;D‘X’[[GS;) X G(o?]] )
(7.15)

1:9512)91(71) = x¢(ab2)g(g2)gl§1) (I S MMNp‘X’vg* € GMp‘x’ag* € GOO)

We write zps, npee ¢ for the image of zps npe under the above map.

Now by replacing N by NM in the definition of m,, we define my. Then for
this mp, the following which is similar to the result in Proposition 7.1.2 (1)
holds. Namely we have

N € muag?mgl (€ Maarp [GD) G‘Q)]][g,,})

where ¢” is the image of ¢’ in 6.3.7 under the homomorphism (7.15). We study
the image of zpr,npe,¢ under the map

m[[Gé?]][?] — (B /ZRp<) ®a Q(A))[[Gé?]]%] r.16)

which is defined as L. We denote this image by

T Or 1
Lp adic,M,¢ € (D NMpoc/ NJ(\i4p )[[Gé?ﬂ[h/g/,],

where h' € f)‘j\’,“}v[ « Is a certain non-zerodivisor. This function LT adlc Mo
displays the property (7.17) below. For an N-primitive arithmetic pomt K :
Ordm/I]‘{,rg — Zp, let kg %%pw/l'})vrf\i/, w — Zp be the NM-primitive
arithmetic point characterized by k4 (T(n)) = /Q(T(n))qzﬁ(n) We always have
that r(¢") € Z [[G((X))H is a non-zero divisor. We assume that r4(h') # 0.
Then kg induces the following homomorphism which is also denoted by & :

1

ot (D /T °rdeo)[[G§?H[h,g,,

| — QZ[GL).
Now if L(fx, ¢,k — 1) # 0, we have
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Lgfgdic,M,¢(’f¢)i‘¢(_1)
= (( [T 0= a(g +0FE1g20) - Lpaaic(f) =0 (x)
l:prime
v
(7.17)

€ On) G20 @0,y M (9)

with some z € M(¢)*, and £ = (—1)k¢(—1).

By using the arguments in 6.3.7 — 6.3.12 and 6.7, we can prove the above
assertion in the same way as for Theorem 6.2. Furthermore, by using zy pee,
we can produce another two-variable p-adic zeta function attached to universal
family of ordinary cusp forms in the same manner.

In this way, by taking various ¢, we can construct two-variable p-adic zeta func-
tions which can provide not only (—1)*s(({—1))-part but also (—1)**1x((—1))-
part of Ly aqgic(f) for  satisfying the condition that kg(h') # 0, without
assuming L(f,,k — 1) # 0.
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