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Introduction. After Hasse and Weil, we can attach a zeta-function to
every algebraic variety defined over an algebraic number field. In contrast
with its importance, our knowledge of the zeta-function of this kind is little.
At present, as far as I know, the zeta-function is determined only in the fol-
lowing two cases.

I) Abelian varieties with sufficiently many complex multiplications [30,

3, 277.
II) Algebraic curves uniformized by modular functions belonging to con-
gruence-subgroups [6, 227.
Here we note that the determination of the zeta-function of a curve is essen-
tially the same as the determination of the zeta-function of its jacobian. Now,
in all these cases, the zeta-functions are meromorphic on the whole complex
plane and satisfy functional equations, as conjectured by Hasse.

The purpose of the present paper is to supply a new class of algebraic
curves, for which Hasse’s conjecture is true, and of which the curves of II)
are particular cases. Our principal result is as follows. Let @ be an indefinite
quaternion algebra over the rational number field @, and b a maximal order
in @. Take a positive integer N which is prime to the discriminant of @ and
denote by I'y the group of units y of o, with positive reduced norm, such
that y =1mod. No. As @ has a faithful representation by real matrices of
degree 2, I'y is considered as a Fuchsian group on the upper half plane $.
If ® has no zero-divisor, I'y)\9 is compact, while if @ is the total matric
algebra of degree 2 over @,y is nothing but the principal congruence-sub-
group of SL(2,Z) of level N. Now, according to Eichler [7], we can develop
the theory of Hecke’s operators for cusp-forms with respect to I'y. We obtain
then Dirichlet-series D(s), meromorphic on the whole plane, having Euler-
products, and sa'isfying functional equations. Let &, be the field of automorphic
functions with respect to I'y. We can find an algebraic curve €, defined
over @, whose function-field is identified with &,. Our main theorem asserts
that the zeta-function of €y is determined by the Dirichlet-series D(s) for
cusp-forms of degree 2.
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We shall now explain our method by giving a summary of the contents.P
§§1.1~1.4 introduce the ring of modular correspondences for the group I'y;
in §1.5, we consider the representations of modular correspondences in the
vector spaces of cusp-forms. FEach representation yields a Dirichlet series
D(s) with an Euler-product. We can express D(s) as a certain integral on the
idéle-group of @; then the Poisson summation formula on the adéle-space lead
to the functional equation for D(s) of §1.6). Now we consider
the one-parameter system {A4,|z € $} of polarized abelian varieties of dimension
2, whose endomorphism-rings are isomorphic to o; such a system has been
constructed in a previous paper (quoted hereafter as [AF]). We have
shown in [AF] that the moduli f;(2) of A, considered as functions of z, gen-
erate the field of automorphic functions &,. We construct a quotient variety
V, of A, by the automorphisms =1, which is called the Kummer variety of
A,, as well as a natural mapping %, of A, onto V, with a suitable property.
Then, ¢, being a point on A, of order N, the coordinates of #%.(¢,), regarded as
functions of z, give automorphic functions g,(z) with respect to I'y; the func-
tions f; and g; generate over C the field &5. These facts are proved in §§ 2.1~
34. The field Q(f;, g;) is a Galois extension of Q(f;); we determine in §4.1 the
Galois group. §§4.2~4.3 concern the relation of modular correspondences and
isogenies of A,. Taking a generic member A, of our system, we consider the
isogenies 2, of A, onto other members A,, whose kernels are isomorphic to 0/q
for a given left o-ideal q. Then the correspondence (fi(2), £/2)) — (fi(z.), £:(2.))
determines an algebraic correspondence X, of the curve €. If o/q is of
order p? for a prime number p, and if p does not divide the discriminant
of @, then, by the reduction modulo p, we obtain from the 2, one purely in-
separable isogeny and p separable isogenies. This fact is the key to the con-
gruence-relations for X,, which are fundamental in our whole theory, and
whose proof is the object of §§5.1~5.5. Our principal result is then easily
derived from those relations. The idea is almost the same as [22], where the
author treated the one-parameter system of elliptic curves. The present situa-
tion is, however, more complicated than [22], since the abelian varieties A,
are not necessarily defined over the field of moduli. We can overcome this
difficulty by the use of “normalized Kummer variety ”.

The present investigation may be thus regarded as a continuation of
and [AF]. It is also considered as an example of a more general theory, which
is definitely non-abelian in character, and which one may expect to be constructed
in future; but as for this, I have only mentioned some related problems at

1) Our results were partly announced in the memoir “ Fonctions automorphes et
correspondances modulaires ?, Proc. Int. Cong. Math. 1958, 330-338. In the last half of
this article, the reader will also find a brief and easy account of the theory.
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the end of the paper.

Notation. We shall use the same notation as in [AF]. In particular, we
denote by ¢(V) the Chow-point of an algebraic variety V. The notation con-
cerning abelian varieties will be the same as Weil [29]; so, if 1 is an isogeny
of an abelian variety A, all being defined over a field £, we denote by v, ()
and y(4) the inseparable and separable factors of the degree of k(x) over A(ix),
respectively, where x is a generic point of A over k.

§1. Analytic theory of moedular correspondences.

1.1. Ring of transformations. We first recall the definition of ring of
transformations introduced in [24, §7]. Let & be a group; two subgroups G
and G’ of & are called commensurable if the intersection G G’ is of finite
index in G and in G’. Fix a subgroup G of @; let G be the set of all ele-
ments « of & such that a~'Ga is commensurable with G. It can be easily
verified that G is a subgroup of & containing G. For every element « of G,
we see easily that

o)) [G:GNnaGal=[aGa™:aGa™ ' NG]
= the number of right cosets GA contained in GaG;

and a similar equality holds for the left cosets in GaG.

LEMMA 1.1. If the number of right cosets in GaG is equal to the number
of left cosets in GaG, then there exists a common system of representatives for
right and left cosets in GaG.

Proor. Let GP and yG be a right coset and a left coset contained in
GaG. As we have GAG = GaG = GrG, the intersection G N\ 7G is not empty.
Taking an element 0 in GAN7G, we get GA=Gd and yG=06G; our lemma
is a consequence of this fact.

Now fix a sub-semi-group S of G containing G; we can take for example
G itself as S. Let ® denote the free Z-module generated by the GaG for
a=S. We shall now define a law of multiplication on the module ®. For
any two elements « and g of S, let {Ge;} and {GA,} be the complete systems
of right cosets contained in GaG and in GAG, respectively. 7 being an ele-
ment of S, we can easily verify that the number of (7, 2) such that Ga,;8,= Gr
depends only on GaG, GG, GrG, and is independent of the choice of {«;}, {5:},
and y. Putting 6 = GaG, r = GAG, p=GrG, we denote this number by u(s - 7; 0).
Define the product o - 7 by

g-r=ul0-7;0)0,

where the sum is extended over all the po=GyG contained in GaGAG.
‘We extend this by linearity to a law of multiplication on ®; the module ®
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then becomes an associative ring; the identity element is the coset G = GIlG.
We denote this ring by ®(G,S) and call it the 7ing of transformations of G
with respect to S. For every o= GaG, we denote by deg (¢) the number given
by (1) and put for ¢,=Ga,G and for ¢, Z,

deg (X c.0.)=2 c. deg (0,).
14 14
By our definition, we see easily, for every &, 7€ R,

deg (§+7) = deg (&)+deg (n),

deg (¢ - )= deg(£) - deg (n);

and, for 0 =GaG =\JGa,;, t=GLRG=\UGB;:, p=GrG,
2) deg(o)ulo - r; p)=the number of (i, k) such that Ga,0,G =GrG.

PROPOSITION 1.2. If there exists an anti-automorvbhism « — «* of the semi-
group S which maps GaG onto GaG itself for every a €S, then the ring R(G,Sy
is commutative.

ProOF. Considering the anti-automorphism on GaG, we see that the num-
ber of left cosets in GaG and the number of right cosets in GaG are the
same. Hence, by Lemma 1.1, for every «, 8 S, we can find sets of elements
{a;} and {B:} such that GaG =\ Ga; =\J «a;G, GAG = \J G, = \UB:G are disjoint
sums. We have then GaG =\JGa¥ and GG = \UGB¥. Put ¢=GaG, r=GG.
By the relation (2), we have, for every po=GrG contained in GaGSG,

deg (o)u(o - 7; p) =the number of (i, k) such that Ga;8:G=GrG,
deg (p)u(r - 0; p)=the number of (%, i) such that GFafG=GrG.

Applying the anti-automorphism a — a* to each double coset, we observe that
these two numbers coincide; so we have u(o - 7, 0)=u(r - 6;p). This proves
our proposition.

1.2. Arithmetic of indefinite quaternion algebras. Let @ be an indefinite
quaternion algebra over Q(cf. [AF, §5, no. 14]). We denote by a — a’ the
canonical involution of @ and put N(a)=aa/, tr(d) =a+a’. Let v be a maxi-
mal order in @ ; put, for any base {#;} of 0o over Z,

d(®) = | det (tr (ee2e,)) | V2.

This number is independent of the choice of o and {u;}; it is a square-free
positive integer. Throughout the present paper, we shall use these notations
always in this sense.

Now we fix once for all a maximal order 0. For every integral right, left,
two-sided o-ideal: a, we denote by N,(a) the number of elements in o/a and put
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NQo) = N,(a)"”?; we can define in a natural manner N{a) and N,(a) for any o-ideal
which is not necessarily integral. N(a) is a positive integer for any integral
p-ideal a; and we have

N(ao) =N@a)=| Na)]|.

The two-sided o-ideals form a commutative group, which is a direct product
of the infinite cyclic groups generated by the prime ideals. Every prime
ideal p divides one and only one rational prime p; and we have

p=p> it ptd®),
pP=po if p|d@).
“Therefore, every integral two-sided o-ideal a is written in the form

3 a=a,P, - Ps,
where @, is a rational integer and the p; are distinct prime ideals dividing
d(®). By Eichler [5], every one-sided o-ideal is principal. For our later use,
we state here a lemma which is a particular case of Eichler [4, Satz 5].
LEMMA 1.3. Let a be an integral two-sided v-ideal ; let B be an element of o
and b an element of Z such that b= N(F)mod.a. Then there exisis an element
Bo of 0 such that

Bo=pFmod.a, N(F,)=5b.

Taking a to be o, we obtain
LEMMA 1.4. For every rational integer b, theve exists an element B of v such
that N(B)=10.

1.3. Ring of modular cerrespendences. We denote by I' the group of all
units 7 of o such that N(y)=1. By [Lemma 1.4, o contains an element ¢ such
that N(e)=—1; for any such element ¢, I'\UI'¢ is the group of all units in
0. Let a=ap be an integral two-sided v-ideal; we denote by I'y =1I", the sub-
group of I' consisting of the elements y such that y =1 mod. a.

PROPOSITION 1.5. Let a be an element of o such that N)=m+0. Then
a~‘I'a contains I,

Proor. If r is an element of I',, we have

ara~'=ara’m™! =1 mod. «ox’ .

This shows that ara™ is contained in 0. As we have N(ara™)=1,ara! is
contained in I, so that y e a~'I'a, Q. E.D.

It follows from Proposition 1.5 that, for every regular element « of O, I
and a™'I'a are commensurable. Let 4 (resp. 4,) be the set of all the elements
« of @ (resp. o) such that N(«a)>0. Now we shall consider the ring R(I", 4).

Our first task is to characterize the double cosets I'al’ by their “ele-
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mentary divisors ”. For every rational prime number p, let @, and Z, denote
respectively the field of p-adic numbers and the ring of p-adic integers; and
put
(4) @p:@®QQp, Dp:D®ZZp.

If p ¥ d(@), ®, is isomorphic to the total matric algebra M,(Q,) over @, of de-
gree 2; and for a suitable choice of isomorphism, o, corresponds to the ring
MLZ,) of matrices with entries in Z,. If p|d(®),®, is a division algebra over
Q,. For each prime factor p of d(®), we fix a prime element =, in o,, which
satisfies N(rz,)=p.

Let « be an element of 4,, We now define the elementary divisors of a.
First consider a prime p which does not divide d(®). Then, regarding « as
an element of M,(Z,), we can find two units ¢, and ¢, of M,(Z,) so that ¢«e,
is of the following form:

£ 0
0,
where ¢, and ¢, are non-negative integers such that ¢, <¢,. When p divides
d(®), vy is a power (0,7,)°. We call then

{ o (5 ), e 7S, -0 )
the elementary divisors of «.

PROPOSITION 1.6. Let a and B be two elements of 4,. Then the following
four conditions are equivalent to each other.

i) 'al'=T'AT.

i) « and B have the same elementary divisors.

iii) o/oa and v/of are isomorphic as o-modules.

iv) There exists an element v of I' such that oay =0p.

Proor. The equivalences i)<>iv), ii)<>iii) and the implication i)=ii) are
obvious. Therefore our proposition is proved if we show ii)=riv). Suppose
the condition ii) holds. Then, for each prime p, we can find two units &?, &
of 0, such that ePac” =p. We may assume, without loss of generality, that
N(EP)y= N()=1; put ¢= N(«); we have clearly N(f)=q. We can find two
elements ¢, and @, of o such that, for every prime factor p of g,

E10LE, = (

a,=&P, a,=¢eP mod. qo, .

This relation holds for any p, since if p does not divide g, we have g¢o,=0,.
Hence we have

N(a,))= N(a,)=1mod.(g).
Now by Lemma 1.3, there exist two elements y, and r, of o such that

NGF)=N(.)=1,
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r=a, r:=da, mod.qo.

We have then 7r,ar,= f mod.qgo. It follows that oay, =08 since both say and
0f contain go. We have thus proved ii)=iv).

We call the elementary divisors of « also the elementary divisors of I'al”
or of the integral left p-ideal pa. It is easy to see that a and «’ have the
same elementary divisors; so by [Proposition 1.6, we have I'al’ =I'a’I"; this
holds not only for « = 4, but also for every a« = 4. Applying Proposition 1.2
to the present case, we obtain

PROPOSITION 1.7. The ring R(I', 4) is commautative.

We shall now determime the structure of ®(I', 4,). It is easy to see that
I'a — cae gives a one-to-one correspondence between the right cosets contained
in 4, and the integral left o-ideals. By [Proposition 1.6, '« and I'3 belongs to
the same double coset I'al' if and only if o/oc and o/03 are isomorphic. Thus
we observe that deg (I"al') is equal to the number of integral left o-ideals ¥
such that o/b is isomorphic to o/ccx. In particular, when N(«)=p is a prime
number, we have

pt+1l if pld@),
if pxd®).

PROPOSITION 18. Put c=Ial',t=IBl',o=IrI'. Then nlo - t; p)is equal
to the number of integral left v-ideals b such that: i) bDor; 1ii) o/b is isomor-
phic to 9/08; 1ii) b/or is isomorphic to o/v.

Proor. Let I'al'=\Ul'a; and '’ =\JI'B, be disjoint sums. Then
u(o + v;p) is the number of (3, &) such that I'a;8, =I'yr. We note that, for each
k, there exists only one or no i such that I'a;8;,=I'y. Now if I'a;8;, = I'r holds,
we have 0204, DoaBr=0or; and o/08; is isomorphic to o/of, and 08;/or is
isomorphic to o/occ; so the integral left o-ideal 08, satisfies the conditions i, ii,
iii). Conversely, suppose that an integral left o-ideal b satisfies i, ii, iii). By
ii), we have =08, for some & Put 7fi!=«,; we have then «, < 4,, and, by
virtue of iii), o/o, is isomorphic to o/cx. We have therefore I'a,=I«a; for
some ¢. It follows that I'a;f, =Ir. This proves our proposition.

ProprosITION 1.9. If N(a) and N(B) arve relatively prime,

deg (I'al)=

TalI'pIN=TafpI.

Proor. Using the same notation as in the preceding proposition, assume
that N(«) and N(B) are relatively prime. Let b, and b, be integral left o-ideals
satisfying the conditions i, ii, iii). By ii), b,+0b,/b, is isomorphic to a submo-
dule of o/oB. On the other hand, b,/6; "\ b, is isomorphic to a submodule of
c/oec. Hence we must have b,+b,=0b,,b, =b, N\ b,, namely, b, =5,. This proves
o - 7;0)=1 by virtue of Proposition 1.8. It is easy to see that, for every
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a,c'al’ and B, e I'PI', the element «,8, have the same elementary divisors
as af. Hence (I'al'XI'SI") has the only component I'afI'; this proves our pro-
position.

Now fix our attention to one prime number p. We observe that the I'arl,
for which N(«) is a power of p, generate a subring of ®(I", 4,), which we denote
by R, Let T(p™) be the sum of I'aI’ such that N(a)=p™ If p is a factor
of d(®), we have T(p™)=T(p)", so that the ring R, is the polynomial ring
Z[T(p)]. Now suppose that p does not divide d(®). Let T(p4 p*) denote the
element I'al’ of &, whose elementary divisors are (p*, p*).

PROPOSITION 1.10. If p + d(D), the following velaiions hold.

®) T(p, YT p)=T(p*", p" ).
®) T(OT(P=TQ, p"H++DT(p, HT(P™) Sfor m=1.

Proor. The first equality is obvious. Let ¢;, be the multiplicity of
T(p%, p") in the product T'(1, p)T(p™). Fix an element «;, of o whose elementary
divisors are (p%,p*). Then, by Proposition 1.8, ¢,, is the number of integral
left o-ideals b such that: i) dbDoa,,; ii) o/b is isomorphic to o/oc,,. If
1=21=u,0a,;, is contained in po; so in this case, the condition i) is a conse-
quence of ii), so that we have ¢;,=p+1. If =0, we have u=m-1; in this
case, oy, is not contained in po; hence we must have b=o«a,,+po. This im-
plies ¢,,=1. The relation (6) follows from these facts.

We can also verify that

(p+DTp,p) (m=1),
deg (T, p"N=p""p+D) (mz=1);

and the ring ®, is the polynomial ring Z[T'(1,p), T(p, p)]. It follows that the
ring ®(I", 4) is an integral domain.
PROPOSITON 1.11. Let T(n) be the sum of I'al' for a € 4, N(w)=wn. Then,

TA,pTA, p™)=TA, p™ )+

the formal Divichiei-series > T'(n)n™ is decomposed into an [uler-product:
n=1

i TG~ = 1L [1=T(pp~1" 1L [1=T(p)p™+ T, p)p ™17

pld D)

PROOF. By Proposition 1.9, we have il TOow=I1(S T(p™p™). If p is
n= VY =
a factor of d(®), we have

5 T(pmp™ = S (T = [1—=T(pp™ 1™

=0

Now suppose that p does not divide d(®); putting X=p"*, we observe
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B TGMX" =1+ 3 T, X"+ T(p HY* £ T(H)X” .

‘Then, by [Proposition 1.10, we can easily verify

[1—TL AX+pT(5, HX?) S T(pMX"=1.

m=

Our proposition is thereby proved.
By [Proposition 1.11, we see easily

Q) deg T(m)=2"4d,

where the sum is extended over all positive divisors d of » which are prime
to d(D).

1.4. Congruence-subgroups of I'. We begin with

PROPOSITION 1.12. Let a and b be integral two-sided v-ideals which are rela-
tively prime. Then we have I' =T ,I.

PROOF. Let a be an element of I'. We can find an element 8 of o such
that #=1mod.band #=a mod.a. We have then N(#)=1mod.ab. By Lemma
1.3, there exists an element y of I’ such that N(z)=1 and y =/ mod.ab. As
r=pFf=1mod. b, r is contained in I'y; and as y =a mod. aq, «y~* is contained in
I',. We have therefore « =ay~'-y eI,[y; this proves our proposition.

Now we fix an integral two-sided o-ideal a.

PROPOSITION 1.13. Let « and B be two elements of 4, whose norms are
prime to a. Then we have I'ia =T, if and only if 'a=1I'F and « =  mod. a.

This is an easy consequence of the definition of I',.

PROPOSITION 1.14. Let « be an element of 4, such that N(&) is prime to a.
Then the following assertions hold.

i) I'okl'=Tal'y=TI«I".

i) Mal'y={p|p<lal',=amod.a}.

i) If 'l = U, is a disjoint sum, then I'al' =\JI'«, is a disjoint
sum. ’ ’

Proor. By Propositions 1.5 and 1.12 we have I' =(I" "« 'I'a)l".. Multiply-
ing by «a™'I'a, we obtain a™'I'al’ = «I'al,, so that I'al’ =I'al',; the relation
I'al’ =T'.aI" is similarly proved. The assertions ii, iii) follow from this and
Proposition 1.13.

Now let 4. be the subset of 4, consisting of the elements whose norms
are prime to a. Assume that a is prime to d(®). Then we have a=ao for a
positive integer «; and o/a is isomorphic to the total matric ring of degree 2
over Z/aZ. ldentifying o/a with the matric ring, let 4% be the set of elements
« in 4, such that
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®) az(é (C)) mod. a.
If the relation (8) holds, we have clearly N(a)= ¢ mod. a.
PROPOSITION 1.15. Notations and assumptions being as above, the corres-
pondence I'ial',— I'all' gives a surjective isomovphism of R(I's, 4F) onto R, 4.)
PROOF. Denote by ¢ the linear mapping of R, 4F) into R, 4) given
by the correspondence. First we prove that ¢ is surjective. Let a be an

element of 4,; put N(a@)=¢. As ¢ is prime to a, there exists an integer &

such that bc =1mod.a. Let # be an element of 0o such that g= (é 2) mod. a.

Then we have N(af)=1mod.a. By Lemma 1.3, there exists an elemet r
of I' such that y =af mod.a. We have then r“laz((l) g) mod. a, so that

7 'a is contained in 4F. This proves that ¢ is surjective. Suppose that
I'al’ =TAI' for two elements «, B of 4¥. Since N(a)is equal to N(B3), we get
« = A mod. a, so that by ii) of Proposition 1.14, we obtain I'yal'e=1.(I"s; this
proves that ¢ is one-to-one. Now let I'sal',=\JI'.«; and I’uﬂFﬂ:k’;}I’uﬁk be

disjoint sums for «, B € 4%¥. We have then I'al' =\UT'a; and I'I' =\JI'B;; and
these are disjoint sums by virtue of iii) of Proposition 1.14. The product
('al’XI'AIN) in the ring R(I', 4,) is a linear combination of the I'a;3,I". Fix
a pair (1,v) and put r=au8,. If we have I'.;8;=1IT.r, then obviously
I'a,f,=I'r. Conversely, suppose that I'a,;f,=I'r. As a; = «, and =, mod. a,
we have «;4,=r mod.a. Hence by Proposition 1.13, we obtain I'ya;8:=14r.
This proves that ¢ is an isomorphism.

The ring ®I", 4) was first introduced by Hecke [12] in the case where @
is the total matric ring M,(Q); this is generalized by Eichler [7] to the case
of quaternion algebra. Recently, Tamagawa [26] has given a theory for arbi-
trary division algebras over Q. The result of §§1.3-4 is essentially contained
in these works. Hecke considered, in the case @ = M,(Q), the representation
of T'(») by modular forms and constructed Dirichlet-series whose coefficients
are those representations of 7'(n); the series have Euler-products and satisfy
functional equations; this work was completed by Petersson [17]. Eichler [7]
and Selberg (unpublished ?) considered a similar problem in the case of qua-
ternion algebras. Tamagawa treated the case of general division algebras;
his work is, however, concerned with automorphic “functions” but not with
“forms”. On the other hand, Godement [10] gave a fairly general theory of
zeta-functions attached to division algebras, which is applicable to both the
cases “functions” and “forms”; but in this work, there remain unexplained
some essential aspects in the case of automorphic forms. Therefore, we shall
now give a treatment in the case of automorphic forms attached to quaternion
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algebras.

REMARK. Prof. Eichler kindly communicated to the author that tr (7'(n))
in the case of division quaternion algebra is a linear combination of similar
traces in the classical case; this would be another way to of §1.6.

1.5. Cusp-forms. Let © denote the upper half-plane. For every matrix

x= (? 2) with real entries and for z < C, we shall put

i(x, 2)=cz+d.

And when detx+#0, we put
_az+b |
2= cz+d”’

we have then, if det x# 0 and det y #0,

7(xy,2) = j(x, yL2zDi(y, 2) -
If det x>0,2— x[ 2] gives an analytic automorphism of .

Fix once for all a faithful representation y of @ by real matrices of de-
gree 2. We identify every element & of @ with the matrix x(€); then the
notation £[z] does not contradict the one introduced in [AF, no. 21].

I'; being as in §1.2, we call as usual a function f(2) on © a cusp-form of
degree & with respect to I's, Where k is a positive integer, if:

i) f(z) is holomorphic on 9 ;

ii) f(ol2D)j(o, 2)*=f(2) for every 6 = Iy,

ii) f(2) vanishes at every cusp of I..

We denote by S,(I',) the set of such f(z). Let Ial'y=\UI',«, be a disjoint
expression of an element of ®R(I's, 4). For every feS.(I",), we define a func-
tion g by

g@)= N@@)* ' Z fla.[z2Di(a., 2)™".
14
It can be easily verified that g is an element of S, (I',) and does not depend
on the choice of {a,}. We denote by (I\al',), the linear mapping f— g of
S.(I's) into itself thus obtained, and write g=f| (I .al's).,. By our definition of
KU, 4) we can conclude that I'al's — (I'.al’,), is a representation of the ring
KR(IT',, 4) in the vector space S.(I',). We shall give another expression for-
(r«al'y).. Put a,=4, for each v. We have then I'«a’'I'.=\UB.I'.; and as
1

a,= N(@)F;', we get fla,[z])=r(F7"[z]) and j(a,, z) = N(«)j(5;', 2). Hence,
C) FlT )= N(a)™ X f(B DB 27"

If b is a positive integer, we see easily

(10) fl (Fabra>IC: bx‘zf‘
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Let {fi,-,fm} be a base of S.(I's) over C and f be the column-vector
‘whose components are fi,---,fn. Then, for every element I'yal', of R(I',, 4),
we obtain a matrix T .(I",al',) with entries in C such that

11) f|(Twal), =% (Ials)f .

Restricting a to I', we observe that a« —» T (I".al',) gives a representation of
I', whose kernel contains I',; we denote ¥ .(I'.al') simly by L{a) for every
acsTl.

Now suppose that a is prime to d(®@). For every integer » which is prime
to a, we can find, by an element 7 of I" such that r = (8«1 2) mod. a;
and L(y) is determined only by &; so we put

(12) Ry(b; ) =L(7).

T(n) and T(p,p) being as in §1.3, let T'(%; a) and T(p, p;a) be the elements of
R(I'y, 4F) corresponding to T'(z) and T'(p, p) by the isomorphism of
1.15. Denote by T .(z;a) and T, (p,p;a) the matrices determined for T'(x;a)

and T(p,p;a) as in (11). If 7 is an element of I" such that r = (*8_1 g) mod. q,

we have p;v:((l) ;3) mod. a, so that T(p,p;a)=T.prI.. Using the relations

and [(12), we obtain T(p,p;a)=p"2R.(p;a). Therefore, by Propositions
.11 and [.I5, we get (formally for the moment)

SV E T «aly) N(a)™® = E)ZI‘IK(n ;)
= pIII(l[l—IK(p; ap~]t pl;da [1-Z.(p;)p*+R(p; a)p ],

where d =d(®@), and the first sum is extended over all I'\al', with a¢ < 4¥. In
order to ekamine the convergence, define, for every fe= S.(I'y), a function f*
on G,=SL (2, R) by f*(u)=sf(w[i])j(u,i)", where i=+/—1 . Then, we can
easily verify f*(ru)=s*) for every r € I's; and if g=f|({al's),, we have

a4d &%) = N 3 /¥ a.u),

the «, being as above. We may consider f* as function on I'.\G,. Since I':\G,
is compact, f* attains its maximum at some point of G,. Hence, using the
relation [(14), we observe that the absolute values of the characteristic roots
of T (I'wal';) do not exceed N(a)*~'deg (I'.al's). As we shall see a little later,
for a suitable base of S (I',), the T, (I';al's) become diagonal matrices. Therefore,
on account of (7), the Dirichlet-series converges absolutely for Re (s) > ¢+1.

For our later use, it is necessary to consider an operator defined by an
element with negative norm. Let ¢ be a unit of o such that N(¢)=—1. For
every fe S[(I'y), define g=1| T(e), by

15 g@)=f(e[2Di(e, 2)7",
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where bars indicate the complex conjugate. It can be easily verified that
T(¢), is an R-linear mapping of S.I'.) onto itself satisfying (af)|T(c).=
a(f1T(),) for a= C. When a is prime to d(@), we can take ¢ so that e=

(0_1 (1)) mod. a. Then we have e*& I, ¢'ae=amod.a for every a< 4.

Therefore, T'(e) =1 and T(¢), commutes with (I'.al,), for every a & 4.
After Petersson [17], we define the inner product of the elements f and
g Of S,E(Fa) by

=] F@g@ImEr | dadz,

where D is a fundamental domain for I's. Then, by Proposition 2 of [24],
T* =TT, is the adjoint of T'=(.al's),.; namely, we have (f| T, 2)=
(f,g| T%). Let a be an element of 4¥; put N(a)=20. Lety be an element of

-1
I' such that y = ((b) g) mod.a. We have then a’y =ya’ = a mod. q, so that

(16) T, Teal)=RAN(); )T Tct/T) =3 (I'a/T )R (N(); ).

If follows that (I".als), commutes with its adjoint. Therefore, the operators
(Iwal), for a = 4F form a commutative ring of normal operators. Therefore,
we can find a base of S,(I':) with respect to which (I".al',), is represented by
a diagonal matrix for every « = 4¥. By [Theorem 3 of [24], the characteristic
roots of (I'.al',), are algebraic integers for every even g and every a & 4,;
they are totally real if a=»o. Furthermore, we can find a base {f, -, fn} of
S,(I') whose members are invariant under 7T'(¢),. With respect to this base,
the (I'vtl'y), are represented by veal matrices for all « < 4¥.

1.6. Functional equations for Dirichlet-series. Our method is the one due
to Iwasawa-Tate; besides we shall use the ideas of Fujisaki [9], Godement
and Tamagawa [26]

We assume, until the end of this §, that @ is a division algebra. Let %A
and & denote respectively the adéle-ring and the idele-group of the quaternion
algebra @ ; we identify, in the usual manner, @ with a subring of 2 and the
multiplicative group @* of ® with a subgroup 6f J. For every x= U, we
denote by x, the p-component of x; in particular, x. will denote the com-
ponent at the infinite prime. Let b, be the different of o, with respect to Z,.
Define a Haar measure dm, of the additive group @, by the condition
mp(np):Nl(bp)*% for each finite prime p, where N,(b,) denotes the number of
elements in 0,/d,; and define a Haar measure dm-. of @.=M,(R) by the
usual Euclidean volume element. Then the product dm(x)= I1,dm,(x) gives
a Haar measure on U satisfying m(/®)=1. For every element a of J, we
define a positive number |« | by

dmlax) = a |2dm(x) .
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|| is also given by |a|=1I,| N(a,) |, where N denotes as before the reduced
norm. Let U, be the group of units of o,; define a Haar measure dmj} of
the multiplicative group @3} by m}(U,)=1. Take and fix any Haar measure
dm¥ on 0t =GL (2, R); then the product dm*(x)=TI,dm}(x,) gives a Haar
measure on 3 and we have dm™*(x) = | x | 2dm(x) for a suitable constant ¢. We
shall write

G=GL( R),
G,={x|x=GL (2, R), det x>0},
K=SO(2,R),

U=U,xG; U= II U,.

p; finite

We want to express the Dirichlet-series by an integral on the idele-
group J. Let a be an integral two-sided o-ideal which is prime to d(@). We
denote by &. the group of regular elements of the ring o/a and by &. the
subgroup of . consisting of the residue-classes of the elements «a such that
N(a)=1mod.a. Let U, be the subgroup of U consisting of the elements #
such that #,=1mod. a,, where a,=0,a. Then, U/U, is canonically isomorphic
to G.; and as a is prime to d(®), G is isomorphic to the group of matrices

with entries in Z/(Z ). Fixing such an isomorphism, let & denote the sub-

group of &, consisting of the elements of the form (6 (1)) Then every ele-

ment x of & is written uniquely in the following form:
an X=x%, %S, xc8.

Fix a unit ¢ of o such that N(¢)=—1 and ez(—(l) (1)> mod. a. Let

{fi, -, fm} be a base of S.(I',) over C whose members are invariant under
T (¢).; and denote by Ff the column-vector with the components fi, -, fu.
Then, as is seen in the preceding section, we obtain a representation L(y) of
I' by f(y[z])i(r,2)"=L(r)f; and L(y)=1 for y €I'.. Now by
I'/T"y is canonically isomorphic to ©.. Hence we can consider L as a repre-
sentation of &,; so, for every element x of & of the form we define

L¥(x) by
L¥(x)=L{x)™*.

Furthermore, using the isomorphism # — x of U/U, onto &., we define
L¥(u)=L*(x).

L*(x) is not necessarily a representation of U; only we have

as) L¥Gru)=L¥w)L( )™

for every yr eI'. Define a column-vector function f, on U by
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LA [ i, 1" if det (x2)>0,
L¥(ewf(eu[i])j(€tho, 1)~ if det (#=)<0.
Then, on account of we have, for every unit r of o,

Fou) =

a9) Foru)=7~yu).
As every right g-ideal is principal, we have
20) JI=0*U.

Therefore, on account of we can define a function F(x) on I by
Flaw)=f(u) for a = ®*, u<sU.

We have then, for every a = @%,

21 Flax)=F(®).

Define a function ¢(x)=11,¢,(x) on A as follows.
i) For every finite prime p,

. 0
1, if x,=0, and x,= ¢ mod. a,, (c,a,)=1,
@ ul,) = peu and 5=(g ) mod.an oy
0, otherwise.

i) @u(w) =j(w, ) exp {—nr tr (w'w)}, where ‘w denotes the transpose of .
We need furthermore a function ¥ ,(x) on J, for any integer %k, defined by
i) = (xe[LE)"

Now consider the integral
s, 0, k)= [ Floxndae(n) | xdm*(),

‘where y is an element of J such that y,=1 for all finite p and det(y.)>0.
As F(x)=0( x|™**%), we observe that this integral converges absolutely for
large Re(s); first we transform it as follows.

£, £,9, k)= [ F@Wy 2)9(y™a) |y~ [dm*(2)

=>f
{a}Y aU

‘where the sum is extended over the representatives a for @*/(I"\UTIe); we
may take a so that N(«a)>0. By the relation [2I)

{ T { S FCyan)p(yian) |y dm(x)

=B@f +B@f
where * S

B@=TL{ ¢ax)L ) (), B@=IL{, eamLXcndm ().
p
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By our definition of ¢,, B(a) does not vanish only when a0 and a is prime
to a. If thatis so, we can find an element 7y of I" so that ar = (8 g) mod. a..
Therefore, taking «y in place of «, we have only to consider B(a) and
B'(a) for the elements « satisfying a = (8 (l)) mod. a. Then, recalling the
definition of L* and our choice of ¢ we get
B(a)=B"(a) =e(@)Ln,
where e(a) is a positive number depending only on a.
Now the integral on G, is equal to
N(@)y* fuliDiya, wli) (y auliDFx
.'.
exp {—x tr ((yta) vy aw'w)} - det (y *aw)dn*(w) .
We observe that the integrand is invariant under the right multiplication of
the elements of K; so it is considered as a function on G./K. By the cor-
respondence w — w'w, G,/K is identified with the space P of positive symmetric
matrices of degree 2. Let g(Y) be a function on P defined by

gw'w) = fwliDi(y'a, wliD(y'awli])*  for weG,.
Then the above integral is equal to

(22) N(a)™® Pg( VYexp {—rtr (A71Y)} det (A1Y)"2dY,

where A=(a Yv)(a™'y). We have Dg=0 for any invariant differential operator
D on P=G/K, so that by virtue of the result of Selberg [18, pp. 58-597,
is equal to

ey =T (5 )r (S5 ) e

= (-5 )P (55 L )Nt s i, 7,

where ¢, is a constant depending only upon our choice of invariant measure
of P=G/K. The integral on ¢7'G, is transformed by w — ¢ 'w to the integral

@) [ DG e D as il X
exp {—r tr ((yae )y 'ac Vuw'w)} det (v 'w)dm*(w).

We note that det(y*ae™)<0; so take an element # such that z'u=1,
detz=—1. Let g’(Y) be a function on P defined by

g'(ww) = FwliDj(yae™, wli) (v ae wli])* for we G,
Then the integral is equal to
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N(d)—sjpg’(Y) exp {—75 tr (B—l Y)} det (B~1 Y)s/de,

where B=(ea™'yu)(ea™*yu). Then, by the same reason as above, this is equal
to

=T (-g\)r(ig—) N(@)*g"(B)

= e (5 )T (551 )N(@) iy feasl —iD)iCeat, sL—iD s, —i) ™
Put now
ES)=2n)I(s), ¢;=2Vr c,e(n).

For any point z on the upper half plane §, we can find an element y e G,
such that y[i]=z and j(v,i)=1. For such y, the above calculation shows that
(s, F,0, k)

=(s—D) {Z}) N(a)y*{* e [zDjla™, 2) "+ (=) Flea™[2])j(ea™, 2)™"} .
@
Define the matrix T,(I".als) as in [(I1) of §1.5. By our choice of f, the

T (I'yal's) are real matrices for every a = 4¥. Hence, using the relation (9) of
§ 1.5, we obtain

(24) (s, f, @,k y)=cE(s—1) ag *ih(FaaFa)N(a)l‘s Re (*f(2)) .

We shall now consider the functional equation. Let ¢(x)=11,{,(x) be the
Fourier-transform of ¢. We can easily verify that: i) the support of ¢, is
contained in (bya,)™t;  ii) ¢-(w)=i"9.('w). Hence, if det(w)+0, we get
(25) b)) = WliD) p(w),
where w’ denotes as before the transform of w by the canonical involution.
Now by the Poisson summation formula, we get, for every x and y of J,

2 ey lax)=|yx7t [ 2 o(x " ay).
<=0 =X

As we have ¢(0)=¢(0)=0 and as @ is a division algebra,
(26) Z eOTan =]y * B oGay).
By virtue of we have
(s f0,00=f  F@Iy x| 3 ey andm ().

Then, the usual technique decomposing this into two parts for |x|=1 and
| x| <1, together with the formula shows that the function {(s, f, ¢,0,y)
can be holomorphically prolongated on the whole s-plane and is equal to

§ FG x5 paddm* ().
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Now y being such that y,=1 and det (y-) > 0, transform this by the canonical
involution x— x’. By our definition of F, we have
Fx' )=z |"F(x),
and by
Oolay) = (y'2[i]) (' %),
so that

(s, £, 2,0.9)= [ F@) | 2125y |95/ D D),

where ¢,(x) = IT,¢:,(xp) is defined by: i) ¢,,= &, for every finite p; ii) ¢,==
@~ Transform x into y’~*x and observe that

F(y'x)=1y|"F(yx).
We obtain then
Q7) (s, F,0,0,9)=LC+k—s,f,01,£9),

which is the functional equation for the Dirichlet-series
In order to find a more explicit form, we restrict ourselves to the case
a=p. Since the group I' contains —1, the vector space S.(I") reduces to {0}

if £ is odd; so we assume henceforth « is even. Put D(s)= > T.(n;an"
n=1

By
L(s, F,9,0,9)=c.6(s—1)D(s—1) Re (£ (2)) .

As ¢, is a characteristic function of o0, we have
Ny 2 if x,E b3,
if x,& 03!,

¢1p(xp) - @p(xp) -

Hence we obtain
(28) (s, F, @1, £, 3) = co(—1)*2N,(0)2(s— 1) DLl )N(a)'~* Re (£ (2)),
where the sum is extended over all the I'al" such that ¢ =5}, N(a)>0. Let
d be an element of o such that 06 =5 and N(6)> 0. Then,
N@» = N0)=d@y = 11 p*,
pla(d)

(o) = pg@) Tu(p;0).

If p is a prime factor of d(®), we have
T o =T PN =p"1y.
Therefore T (I'6I") is invertible; and is equal to

c{—1)F2N, (D) V2E(s—1)N(O» T LI'0") D(s—1) Re (£(2)) .
Putting
A, = d@YPZT (o)1,
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the functional equation is now written in the following form.
d@YPE(s)D(s) = (—1)*2d(@) ¥~/ (e —5) A, Dk —s) -
‘We state the result as
THEOREM 1. Let a be an integral two-sided v-ideal which is prime to d(D).
Let T (n;a) be the representation of the operators T(m;a) in the vector space
Si(I's) of cusp-forms of degree k with vespect to I's (cf. § 1.5). Then the Dirichlet
serz’es( Z)} 1i,g(n; an~* converges absolutely for Re(s)>k+1 and has an Euler-

product :
i QZ),F'E(” ;m~S = Hz [(I-T(p;0)p~]" p%a [1—-Z(p; a)p~*+Ru(p; a)pF1=>]71,

where d=d(D). Put
Hd(s; a) =d(@y"2r)~T" (S)( > T am™.
n,a)=1

Then, H{s; a) is a holomorphic function on the whole s-plane, and satisfies the
Junctional equation (27). When a=v, the functional equation is written in the
form
H{s;0)=AH(k—s;0),
where
A —_ (__‘1)':/2 1—[ pm/‘l‘li“(p , D) .
p1d()

We note that 42=1. If we transform the T.(x;0) into diagonal matrices,
then the diagonal elements of ;V‘;, Z(n;0m™® are Dirichlet series which belong
n=1

to the type {4, k%, 7} of Hecke for A =d(®)", k=r«.

As in the classical case, we may conjecture that the absolute values of
the characteristic roots of ¥ ,.(p;a) do not exceed 2p*~Y2. We shall show in
§6.2 that, if £ =2, this is true for almost all p.

§2. Kummer varieties.

2.1. Quotient of an abelian variety. Let A be an abelian variety and G
a finite group of automorphisms of A; let £ be a field of definition for A and
for the elements of G. Then, we can construct a couple (V, %) formed by a
projective variety ¥V and a rational mapping % of A onto V, both defined over
k, satisfying the following conditions.

(Ql) £ is everywhere defined on A.

(Q2) A(w)=n(v) if and only if there exists an element y G such that
r(0) =w.

(Q3) If 4’ is a rational mapping of A into a variety V’ satisfying 4’ oy =
#’ for every r € G, then there exists a rational mapping g of V into V' such
that 4/ =gk and g is defined at a point A(x) whenever 4’ is defined at a point
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xe A.

A proof following Serre’s idea is given in (cf. also Matsusaka [15],
Serre [20], Weil [3T]). (V,4) is uniquely determined by these conditions up
to biregular birational mappings; we call (V, %) a quotient of A by G, defined
over k. We note that in the condition (Q3), if 2’ is a field of definition for
V'’ and A’ containing k&, then g is defined over £'.

2.2. Normalized Kummer varieties. Let t be a ring having a finite basis
over Z and @=(A, C §) a polarized abelian variety of type r (cf. [AF, no. 3]).
For the sake of simplicity, we assume always that the ring v has an identity
element 1 and 6(1) is the identity element of _i(A). Let £ denote the group
of automorphisms of @; then £ is a subgroup of the group of automorphisms
of (A,0). Hence by and [31], 2 is a finite group. We can therefore
construct a quotient of A by £. Let K be the field of moduli of . We call
a quotient (V,, &,) of A by 2 a normalized Kummer variety of @ if it satisfies
the following conditions.

(K1) V, is defined over K.

(K2) If k is a field of definition for P containing K, h, is defined over k.

(K3) & being as in (K2), if o is an isomorphism of k into the universal
domain leaving invarviant the elements of K, then we have

hieo E=hy
Jor every isomorphism & of P onto .

Remark that if ¢ is the identity on K, there always exists an isomorphism
of @ onto ¢’ (cf. Proposition 5 of [AF]). We shall now show the existence
of normalized Kummer variety. For this purpose we need a result due to
W. L. Chow [1], which we state as

LEMMA 2.1. Let A and B be two abelian varieties and 2 a homomorphism
of A into B, let k be a field of definition for A and B. Then A is defined over
a separably algebraic extension of k.

PROPOSITION 2.2. Let P=(A, G, 0) and P, =(A,, C1, 0,) be two polarized abelian
varieties of lype t, and 1 an isomorphism of P onto P,. Let K be the field of
moduli of Py, and (V,h) a quotient of A, by the group of automorphisms of P,
such that V is defined over K. Suppose that therve exists a separably genevated
extension M of K satisfying the following conditions:

) A, and h ave defined over M;

i) if o is an isomorphism of M into the universal domain leaving invariant
the elements of K, then we have h° « E=h for every isomorbhism & of P, onto P.°.
Then (V,hen) is a normalized Kummer variety of P; in particular, (V,h) is a
normalized Kummer variety of F,.

ProOOF. Since @ is isomorphic to @, K is also the field of moduli of 2.
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It is easy to verify that (V, % - 7) is a quotient of A by the group of automor-
phisms of @ Let & be a field of definition for % containing K, and = an iso-
morphism of % into the universal domain leaving invariant the elements of
K. By [Lemma 2.1, there exists a separably algebraic extension &, of &M over
which 7 is defined. We take an extension k&, of %, over which &, is defined,
and extend 7 to an isomorphism of %2, which we denote by s. Then, for every
isomorphism & of @ onto &% %° .+ &0 ™! is an isomorphism of ¢, onto %¢J. By
our assumption ii), we have A7 o9’ o o i=h, so that (hon) o &=hoy. If
we assume that ¢ is the identity on k, we have = @’ so that we can take
& to be the identity mapping of @ onto itself. We have then (Ao %) =4h-7.
This shows that % . 7 is defined over k, since % - 7 is defined over a separably
generated extension k; of k. Therefore (V, % - 7) satisfies the conditions (K1,
2, 3.

Let ®=(A,C, 0) be a polarized abelian variety of type t+ and K the field
of moduli of & By the definition of field of moduli, there exists an ample
divisor X in ¢ such that the field of moduli K is the smallest field of defini-
tion for the variety 9(A4, X, 8) (cf. no. 5 of [AF]). By Proposition 4 of [AF],
there exist a regular extension M of K, an abelian variety A, in a projective
space P", a hyperplane section X; of A, and an isomorphism z of A onto A,
satisfying the following conditions :

(A1) #(X) is algebraically equivalent to X, ;

(A’2) A, and 70(r)p~* for r =t are all defined over M, and X, is rational

over M.
Put 6,(0) =700y~ for ret,C,=C(X,), and P, =(A,,C,0;). Then 7 is an iso-
morphism of % onto %,. Denote by £, the group of automorphisms of .
By virtue of [Proposition 2.2, if we construct a quotient (V,%) of A, by £,
satisfying the conditions i) and ii) of the proposition for the present ¢, and
M, then (V,he7) gives a normalized Kummer variety of . Therefore we
shall now proceed in the construction of such a quotient. By Lemma 21, we
can find a finite Galois extension M, of M such that every element of £, is
defined over A ; let ¢ denote the Galois group of M, over M. Take any
quotient (V, %) of A, by &£, defined over M,. We see easily that for every
r € 2, and for every o < G, r? is an automorphism of @, so that y“ = 2,. Hence,
for every o< G, (V? k°) is a quotient of A, by £,, defined over M,. On account
of (Q3), there exist rational mappings g, and g, of Vinto ¥V and of V7 into
V, such that g, k=%, g5 4" =h, and, g, is everywhere defined on V and g/
is everywhere defined on V°. We see then that g, is a birational mapping
of ¥V onto V° which is everywhere biregular on V and g;=(g,)™*. By the
remark of §2.1, g, is defined over M;. Put fr,=g-°(g,)"* for 5,7 g Then
we have
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fr,a Ofa,P :fr,.o .

Morever, if w € ¢, we have
gLog, o h=g8 o h’=(gs o D)’ =" =g ° I,

so that g - g,=g4,; hence we have

frw’aw = 8w ° (gaw)*l =g e gyo (g? ° g t=g% o (gllru)—l :(fr,a)w .
Thus the mappings f:,, satisfy the conditions of of Weil [32]
Therefore, by the result of [32], there exist a projective variety V;, defined
over M, and a birational mapping f of V onto V,, defined over M, such that
f is everywhere biregular and fr,=(f")"t o f’ for r,6 G Puth =f-h; then
we see that 4, is defined over M,. Moreover, for every p < g, we have
Me=fre ' =fofooh'=Ffc(g) e =foh=h;

this shows that %, is defined over M. We can easily verify that (V,, 4,) satisfies
Q1, 2, 3) for A, and £,, so that (V,,4,) is a quotient of A, by £,, defined
over M.

Now let ¢ be a point in an affine space such that M=K(#). As M is a
regular extension of K, ¢ has a locus over K, which we denote by 7. For
every generic point # of T over K, we consider the isomorphism of K(¢) onto
K(u) over K which maps ¢ onto #, and denote by %, Au, 24, Vu, 2, the trans-
form of @, A, 2, V., 4, by the isomorphism. It is clear that 2, is the group
of automorphisms of &, and (V,, 4,) is a quotient of A, by £,, defined over
K(u). Let u# and v be two generic points of 7 over K. As K is the field of
moduli of ¢, we see that, by Proposition 5 of [AF], both ¢, and @, are iso-
morphic to ;. Hence there exists an isomorphism 2 of ¢, onto &,; and so we
can find a birational mapping ¢ of V, onto V,, everywhere biregular on V,,
such that

Qolt,=lyoA.

If 27 is another isomorphism of ¢, onto ¢, 1’ - 27! is contained in £,; we have
therefore A, =#h, - (1’ - A7) and hence

Qohy=hyod=hyo (X oA DNoed=lhy= 1.
This shows that the mapping ¢ does not depend on the choice of 4; so we
write ¢ = ¢, ,. We shall now prove that ¢,, is defined over K(u,v). As A,
and A, are defined over K(u,v), we can find, on account of [Lemma 2.1, a finite
separably algebraic extension L of K(u,v) over which 1 is defined. Then, by
the remark in §2.1, ¢,, is defined over L. Let o be an isomorphism of L

over K(u,v) into the algebraic closure of K(#,v). Then 2’ is an isomorphism
of ¢, onto &,, so that we have

(gov,u)d ° hu :<¢'v,u ° hu)a :(kv ° z)y = hu o A7 = Do,u ° ku .
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Hence we have ¢,,,° =@, ; this shows that ¢, , is defined over K(#,v). Now,
u, v, w being three generic points of T over K, we have

@ Py © Po,u = Puo,u -

In fact, if 2 is an isomorphism of %, onto &, and z is an isomorphism of @,
onto @, #° A is an isomorphism of @, onto @, sothat ¢, , oy =1lyo o d=
Dy By © A=Quy o Puu° by this proves the relation (1). Applying the result
of to V, and ¢,,, We obtain a projective variety V,, defined over K and.
a birational mapping ¢, of ¥V, onto V,, which is biregular on V¥, and defined
over K(t), such that

) Pou =@y ° (Pu)7?,

where ¢, denotes, for any generic point w of T over K, the transform of ¢,
by the isomorphism of K(¢¥) onto K(w) over K which maps ¢ onto w. In [32],
only independent generic points are considered; but once we obtain the rela-
tion (2) for independent generic points, we have the same formula for any
two generic points by virtue of the relation (1), since (1) holds for any three
generic points. Put now

hy=(®)™" o hy .
We note that @, =&, V.=V, h,=h;. 1t is easy to see that (V,, 4,) is a quotient
of A, by 2,, and 4, is defined over M. Let o be an isomorphism of M into
the universal domain leaving invariant the elements of K, and £ an isomor-
phism of @, onto ®?. Putting #=u, we have @¢= P, hf=hy, ¢ =¢,; and
by the property of ¢,,,, we have ¢, . 2, =1%,° . Hence,
ho E=(pito ) c b=t oo E=@t o @uyoly=07 o hy =, .

Thus we have proved that {@, M, (V,, h,)} satisfies the conditions i), ii) of
Proposition 2.2, Therefore, by that proposition, (Vq,/%,°7) is a normalized
Kummer variety of &

Now we consider about the uniqueness of normalized Kummer variety.

PROPOSITION 2.3. Let P=(A,C 0) be a polarized abelian variety of type 1,
(V, &) and (V4, ) two normalized Kummer vaviety of P, and K the field of moduli
of . Then, there exists a biregular bivational mapping « of V onto V, such
that h, =« o h; the mapping o is defined over a purely inseparable extension of
K. Moreover, if A is defined over a separably generated extension of K, o is
defined over K.

ProOOF. The existence of a biregular birational mapping « such that
h, =« o h follows directly from the property (Q3) of quotient. Let £ be a field
of definition for ¢ containing K. Then, 2 and 4, are defined over %, so that
« is defined over k.. Let ¢ be an isomorphism of k into the universal domain
leaving invariant the elements of K. Then, for any isomorphism & of % onto
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P°, we have h=h"o & hy=h{-& and hence ach=h =l E=a’ - t=a’-h;
so we have a’=a. This proves the first assertion of our proposition. If &
is separably generated over K, the relation a’=«a shows that « is defined
over K ; this proves the last assertion.

2.3. Homomorphisms of polarized abelian varieties. Let 2=(A4, ¢, #) and
P’'=(A’,C,0") be two polarized abelian varieties of type r, of the same dimen-
sion, and 2 a homomorphism of A onto A’. We call 2 a homomorphism of &
onto ¢/ if we have 27 X')e ¢ for every X’ &’ and A0(r)=0'(»)A for every
r<t. The following proposition is an easy consequence of this definition.

PrROPOSITION 2.4. Let =(A, G 0), P, =(A,, Cy, 0,), B =(A,, Cs, 0,) be three po-
larized abelian varieties of typet, of the same dimension ; let X, X, & be respectively
homomorphisms of A onto A,, of A onto A,, of A, onto A, such that p o 2, =2,.
If any two of 2y, A, 1t are homomorphisms of polarized abelian varieties of type t,
then so is the remaining one.

PROPOSITION 2.5. Let P=(A,C,0), P,=(A,, C, 0.), P,=(As, C,, 0,) be three
polarvized abelian varieties of type t, of the same dimension; let A, for i=1,2, be
a sepavable homomorphism of P onto P, and §; the kernel of ;. Then the fol-
Jowing two assertions hold.

) If 6,=0,, them theve exists awn isomorphism 7 of P, onto P, such that
7o Ay =2,

i) Suppose that v(2,) =v(R;) and there exists an element a in v for which we
have, for each i,

B e HA), BQ)=1{0}<=g<btar).

Under these assumptions, if P, is isomorphic to &, then we have ¢, =gq,.

PrOOF. The assertion i) is an immediate consequence of Proposition 2.4;
s0 we shall prove ii). Assumptions being as in ii), let ¢ be an isomorphism
of @, onto @. Since 6(z)g,) = {0}, there exists a homomorphism x« of A, into
A such that # -2, =6(a). As v(2,)l, is contained in 6(ar), we have v(8(a)) # 0,
so that x is an isogeny. We see that g oeo d, & JAA) and u o & o 2,(0,) = {0}.
Hence there exists an element 7 <t such that g < ¢ o 1,=0(ar); we obtain then
Hocody=pnok o0(), so that e 2, =2, ¢ 6(). From this and the assumption
v(2,) =v(A,), it follows that v(8(¥))=1; this shows that 8(#) is an automorphism
of A. As 2, commutes with the operation of r, we have ¢~ 2, =20,() ¢ 4,; this
implies g, =g,, since ¢ and 6,(») are isomorphisms.

2.4. Fields obtained from the points of finite order.

PROPOSITION 2.6. Let P=(A,C, 0) be an abelian variety of type t and (V, h)
a normalized Kummer variety of . Let a be a subset of v such that 0(a) con-
tains a rvegular element of ALA); denote by §(a, A) the set of points t on A such
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that 6(a)t=0 for every a=a. Let K be the field of moduli of P and K. the
Sield generated over K by the points Wt) for t<o(a, A). Then, K. is a normal
algebraic extension of K.

PRrROOF. As 6(a) contains a regular element of .7,(A), the field K, is alge-
braic over K. Let ¢ be an isomorphism of the universal domain into itself,
which leaves invariant the elements of K. Then, there exists an isomorphism
¢ of @ onto ¢’, for which we have 7%’ e¢=#. Denote by g(a, A°) the set of
points # on A’ such that 6%(e)u=0 for every e¢=a. It is easy to see that
t— ¢’ gives an isomorphism of g(a, A) onto g(a, A”) and » — ¢ '» gives an iso-
morphism of g(a, A”) onto a(a, A); hence t— ¢ '#’ gives an automorphism of
g(a, A). By the relation 4% - e =5, we have A(t)" = (e 't"). Therefore, i(t)—
W)’ is a permutation of the points {4(#)]|¢< g(a, A)}. This proves our propo-
sition.

PROPOSITION 2.7. Let ?=(A,C, 0) and ¥’ =(A’, ', 0") be two polarized abelian
varieties of type t, of the same dimension, defined over a field of characteristic
0; let (V,h) be a normalized Kummer variety of ®. Let X be a homomorphism
of P onto P’ and § the kernel of . Suppose that every automorphism of P leaves
invariant § as @ whole. Let K and K’ be respectively the fields of moduli of &
and P'. Then K’ is contained in the field K(h(t)|t < g).

PROOF. Let ¢ be an isomorphism of the universal domain into itself,
which is the identity on K(%(#) | ¢ = ¢). There exists an isomorphism ¢ of ¢ onto
¢, for which we have 4’ o ¢e=/h. For every t € g, we have a(t) = i(t)” = h(c™t°),
so that by the property (Q2) of quotient, there exists an automorphism 7 of
@ such that ¢7#“=%¢. By our assumption, this shows that ¢ '#° is contained
in g. Hence g is the kernel of 17 -¢ By i) of Proposition 2.5, ¢/7 is isomor-
phic to %’; so ¢ must be the identity on K’. This proves that K’ is con-
tained in KW |t < g).

PROPOSITION 2.8. Notations and assumptions being as in Proposition 2.7, let
(V', 1) be a normalized Kummer variety of P ; and put K, = K(h(®) |t =g). Then,
Jor every point u on A, K,(Ww)) contains K'(h'(A(w))).

PRrROOF. Let o be an isomorphism of the universal domain into itself leav-
ing invariant the elements of K,((x)). & being as in the proof of Proposition
2.7, we have /(u)= h(u)’ = h(¢'%”), so that there exists an automorphism & of
@ such that ¢ 'u’=&fu. Put ¢,=¢f. Then ¢, is also an isomorphism of £ onto
¢’. Applying the argument of the proof of Proposition 2.7 to ¢, we observe
that 2% ¢, has the same kernel as A. Hence, by i) of Proposition 2.5, there
exists an isomorphism « of <’ onto ¢’ such that ’-¢,=a 1. We have
then

Q@) = W °Q%u)) = 1A (eu))) = h'(A(w) .
On account of Proposition 2.7, it follows that o is the identity on K'(%'(A(w)));
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this proves our proposition,

§ 3. Automorphic functions attached to an indefinite
quaternion algebra.

We shall now consider the functions obtained from the points of finite
order on the abelian varieties belonging to an analytic system. We shall only
deal with the system attached to an indefinite quaternion algebra ([AF, §5)),
though our method is applicable to a more general case.

3.1. The analytic system S—={P(2)|z< $}. First we recall the results of
LAF, §5] with a few changes of notations. ILet @ be an indefinite quaternion
algebra over @. We fix once for all a faithful representation y of @ by real
matrices of degree 2. Let © denote the upper half complex plane defined by

Im(z)>0. For every z < §, we denote by e(z) the column-vector ( i ) Let o
be an order in @; for every z< §, put

D(z) = x(0)e(2) = {x(a)e(2) | = 0} .
Then, D(z) is a lattice in €? and €?/D(z) has a structure of abelian variety.
This was shown by constructing a Riemann form on C?/D(z) as follows (cf.
[CAF, no. 18]): Let o be an element of @ such that p? is a negative rational
number. Put, for every a« = @,
a*=p'a'p.

Then a— a* gives an involution of @; and we have tr (aa*)>0 for every
a #0 of @. Define an R-bilinear form E(x,y) on C? in such a way that

E(x(a)e(z), x(Be(z))=tr (paf’)

holds for every ¢ = ® and # = ®@. Then, for a suitable integer ¢ # 0, c£ defines
a non-degenerate Riemann form on the complex torus C2/D(z).

Now we can construct (cf. [AF, no. 197) a system of polarized abelian
varieties {P(z)|z< 9} of type o parametrized by an analytic mapping A(x, z)
of C?x % into a projective space P¥. The polarized abelian variety &(z)=
(A(z), C,, 0,) of type o is defined as follows.

i) For every z€ 9, x— A(x, z) is an analytic isomorphism of C2?/D(z) onto
the abelian variety A(z2).

ii) ¢, is the polarization of A(z) determined by the hyperplane sections;
and it corresponds to the Riemann form c£(x,y).

iii) For every a <y, 0, (a) is the endomorphism of A(z) corresponding to
x(@); namely, we have

0 L) A(x, 2) = A(x(@)x, 2) .

We shall denote the system {2(z2)|z< H} by S, *) or simply by S. For
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every z € $, we put

Hz) = FHAz), 6.) -
The definition of F(A,#) is given in [AF, no. 4] or § 3.4 of the present paper.
If we denote by ¢(%#(z)) the Chow-point of the variety #(2), the field Q(c(F(2))y
is the field of moduli of ®(z). Now, there exist a discrete subset 28 of § and
a set of meromorphic functions {f;, --*,fn} on H such that

®3 d(F@) =4, fi(2), -+, ful2))

for every z= H—I8. Denote by I'=TI(0) the group composed of all units y of
o such that N(y)=1. Then, I' is a Fuchsian group on . Let &(c) denote
the field of automorphic functions on $ with respect to I'. Then,
of [AF] asserts that the meromorphic functions f; determined by (3) generate
the function-field £(0); namely, we have

ﬁ(o): C(fl: o :fm) .

Furthermore, (3) implies that, for every z € $—, Q(f.(2), .-+, fu(2)) is the field
of moduli of 2(3).

ProposiTION 3.1. If Q(c(F(2))) is not algebraic over Q, we have ALA(2))=
0.D), J(A(2)) =0,0); and the automorphisms of P(z) are *1,, where 1, denotes
the identity element of ACA(2)).

PRrROOF. Suppose first that A(z) is simple; then 4,(A(z)) is a division
algebra. Since _1,(A(z)) has a rational representation of degree 4, we must
have [ 4,(A(2)): Q] =4; this shows (A(z)=0,D). Now consider the case
where A(z) is not simple; A(z) is then isogenous to a product E, X E, of two
elliptic curves £, and £,. If E, is not isogenous to F,, A,(A(z)) is isomorphic
to the direct sum of 4(E)) and A,(FE,); this is impossible since 4,(A(z)) con-
tains a central simple algebra 6,(®) of degree 2 over Q. Hence A(z) must be
isogenous to the product E,XFE;; and so A,(A(z)) is isomorphic to the total
matrix ring of degree 2 over 4,(FE,). By the same argument as in the proof
of Theorem 6 of [AF], we can show that Q(c(%(z))) is algebraic over Q(j(E))),
where j(E) denotes the birational invariant o° an elliptic curve E. Since
Q(c(F(2))) is not algebraic over Q, 7(£,) can not be algebraic over €, so that
A(EY) is isomorphic to Q. If follows from this that ,(A(z2))=0,®). Recall
that A(z) is isomorphic to C?%/D(z) and D(z)= y(0)e(z). Then the equality
A(A(2)) = 0,(D) implies J(A(2))=0,v). Now let a« be an automorphism of
P(z); since a commutes with every element of 6,(®), « is contained in the
center Q of 6,(®). Hence a must be equal to 1, or —1,. Our proposition is
thereby proved.

3.2. Functions obtained from the points of finite order. We shall now
make use of the mapping ¥(z) attached to the analytic system S, whose de-
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finition is given in [AF, no. 12]. This mapping has the following properties.
1) ¥(z) is an analytic mapping of § into a projective space.
¥2) For every z 9, P(z) is defined over Q¥ (2)).
(¥3) If z, and z, are two points of § and if p is a place of Q¥ (z,)) tak-
ing values in C such that p¥(z,))=¥(z,), then we have

AR = A(z), T )=T(z), WU, z))=Ula, z,),

where T'(z) denotes the graph of the law of composition on A(z), and U(«, z2)
denotes the graph of 6,(a). (For the definition of places and the notation
#(V), see Appendix of [AF] and [25 Chap. 111])

Let ©, be the set of all generic points of §—2B for ¥ over Q. Take and
fix a point z, of 9,. Let (V,,%,) be a normalized Kummer variety of ®(z,).
If z is a point of §,, there exists an isomorphism ¢ of Q¥(z,)) onto Q¥ (2))
such that ¥(z,)’ =¥%(z); we have then @(z,)’ = P(z). Put

Vi)=V§, h.=hi.

(V,, #2,) is obviously a normalized Kummer variety of ®(z). Now let z— u(z)
be an analytic mapping of  into C2. Put

Ou(z) = A(u(2), 2) ,

and consider, for every z e §,, the point %2,(0,(2)) lying on the variety V(z).
As 1, is defined over Q(¥(z)), the quotients of the coordinates of this point
are contained in Q¥ (z), ©.(2)). Let H,(x) be the set of all generic points of
H—-2 for ¥ and O, over Q. Take and fix a point z, of §,(x). Then there
exist elements y,, -, yy of Q¥(z,), B.(z,)) such that

hey(B20)) =, 31, ) -

Let g, ---,g4 be the elements of Q¥,®,) corresponding to y, -+, ¥, by the
canonical isomorphism of Q¥, ©,) onto Q¥ (z,), ©.(z,)). Then g, ---, g3 are mero-
morphic functions on §; and for every z = 9,(»), we have

"l A(u(2), 2)) = (1, 81(2), -+ , &u(2)) -
Now consider the case where u(z) is defined by
u(z) = x(Ee(2),

where £ is an element of @. In this case we denote by g.(¢, 2) the meromor-
phic function g.(z) and put £,(&)=9,(x). Then, for every z = 9,(£), we have

) h{A(x(D)e(2), 2) =1, (€, 2), -+, g€, 2)) .

PROPOSITION 3.2. Notations being as above, for every E=® and 7 <I(0),
we have

&llr,z)=g/&rlz) (A=v=M).
PrROOF. Let z be a point of , N\ 77(H,). Putting



Zeta-functions of the algebraic curves 303

2/ =rlz], x(r):(f 2)’ s=cz+d,

we get s e(z)=x(r)e(z). We can find an isomorphism 7 of @(z) onto P(z")
such that #7A(sx, z)= A(x,2’) (cf. the proof of Proposition 15 of [AF]). As z
and z’ are generic for ¥ over Q, there exists an isomorphism ¢ of Q¥ (z)) onto
QW(z)) such that ¥()’=¥(z’); we have then @)’ = P(’). Since F(z) is
isomorphic to 2(z’), s must leave invariant the elements of the field of moduli
of ®(z). Therefore, by the property (K3) of normalized Kummer variety, the
equality /4Z. 7 =h, holds. By our construction of %,, we have A =h,, so that
h(A(sx, 2)) = h(nA(sx, 2)) = h(A(x, 2)) .
Substituting x(&)e(z’) for x, we obtain

h A (E)e(z), 2)) = ke (A(2(£)e2), 7)) -
If we take z sufficiently generic, this proves the relation of our proposition.
PROPOSITION 3.3. Let & and &, be two elements of ©. Then

&, ) =8¢y, 2)
holds for every v if and only if
E=+&  mod.o.
ProOF. If &= =+¢£, mod.o, we have
K&e(z) =t x(Ee(z)  mod. D(z).
This implies A(x(&)e(z), 2) = = A(x(E,)e(2), z). Since h(+x)= h(x), we obtain
®) h{A(x(£)e(2), 2)) = hLA(x(€e(2), 2)) -

This proves the “if” part of our proposition. Conversely, suppose that
g, 2)=g,&,,2) holds for every v. Then, for every z<9,(&)N\H«(&L), the
equality (5) holds. By Proposition 3.1, we have A(y(&)e(z), z) = + A(x(&)e(2), ).
Hence, we must have x(&)e(z)= + y(£,)e(z) mod. D(z), and so &= &, mod.o.
This completes our proof.

3.3. Automorphic functions belonging to congruence-subgroups. Let a be
an integral right o-ideal. We denote by I'¥ the subgroup of I'(v) composed
of the elements y such that y = +1mod.a. Then I'¥ is of finite index in I'(p).
We denote by R(a) the field of automorphic functions on  with respect to I'¥.

PROPOSITION 3.4. Let a=an be an integral vight o-ideal. Then we have

fO; =0, ga™2) | 1=i=m,1=j= M),

where the f; and the g; are the meromorphic functions defined by (3) and (4) of
§3.2.
PrROOF. Let y be an element of I'(o). By Propositions 3.2 and 3.3,



304 G. SHIMURA

gila ™ r[z])=ga™% z) holds for every j if and only if y = *1mod.qa, On the
other hand, we have obviously
0 LAl Ne(2), 2)=0;

hence, by [Proposition 2.6, for every z< 9,(a™'), the coordinates gfa™, z) of
the point 72, (A(x(a™Ve(2), 2)) are algebraic over the field of moduli Q(f3(z)) of
P(z). If follows that the functions g, (a7, z) are algebraic over the function-
field Q(f;). This proves our proposition, since the equality £(o)= C(f;) holds.

REMARK. Suppose that a=ap is an integral two-sided o-ideal. Then, we
see that, for every g <o, g(Ba™, z) is invariant under I'(v;qa) and algebraic
over Q(f;). Hence we can write also

R0;0)=C(fa),gfa ") |1=sisml=j=ML<0).

3.4. Generic members of the system S. In order to make our later dis-
cussion easy, we recall here the definition of the variety %(A4, @) introducing
some new notations. Let ®=(A4,, 6) be a polarized abelian variety of type
r. We assume that A is a variety in a projective space P¥ of dimension N
and C is the polarization determined by the hyperplane sections. Fix a basis
{ry, - ,7s} of v over Z. Let ¢ be a non-degenerate projective transformation
in P¥ and vy, ---,v, be d points on A. Let W, be the graph of the rational
mapping

x = eLO(r)e ™ (x)+v.]
of A into itself. Put

T(P, 03, -+, va) = (PLANX (W)X -+ Xe(Wa)

and M =(N+1»—1. We can regard ¢ as a point in the projective space P¥;
then T defines a rational mapping of PYXAX --- XA into a certain product
of projective spaces. The image T(P¥YXAX --- X A) is nothing but the variety
F(A4,0); we call it the projective family of (A, ) with respect to {r, -, 74}.
Let U be the set of the elements in P¥ which are non-degenerate as projec-
tive transformations of P¥. Then U is an open subset of P¥ in the sense of
Zariski-topology. We observe that T is defined at every point on UXAX--- X A.
Denote by F*(A,0) the set-theoretical image T(UxXAX --- X A). By Lemma
8 of [AF], we have dim F(A4, §) =dim (PyXAX -+ X A), so that F*(4,6) con-
tains an open subset of F(A4, ) in the sense of Zariski-topology.

PROPOSITION 3.5. Lef k be a subfield of C composed of countably infinite
elements. P(2), F(2),V(z) being as in §3.1 and § 3.2, let z, be a generic point for
¥ over k and y an arbitrary point on 9. Then we have dimy, c(F(z,) = dimy, o(F(»)).
Suppose that
(6) dimy, o(F(20)) = dimy «(F (¥~

Then, there exists am isomorbhism o of the universal domain over k such that
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P(z,) is isomorphic to P(y).

ProOF. Take a place p of the field A(¥(z,)) such that, for every function
f in k(¥ (z)) holomorphic at y, p(f(z,)) =f(¥). The existence of such a place p
is shown in the proof of Theorem 1 of [AF]. We have then 5(%(zy)) D F(¥).
Put

Ky =kc(Hz0)), K=k(c(F(p).

Then, the varieties F(z,) and F(y) are respectively defined over K, and K.
We can find a point ¢ on %(z,) and a point » on F(y) such that a«—b ref.p,
and, ¢ is algebraic over K, and b is algebraic over K. Moreover, we can take
« and b so that e € $%(4,,,0,,), b € $%(A4,,0,). Then, by the definition of F*,
there exist non-degenerate projective transformations ¢, and points #,, -, u,
on A(z,), v, - ,vs on A(y) such that

T(@’ull ”'!%d>:a! T(wyvly '”77)d):b'

Put B, = ¢(A(z,)), B, =y (A(y)). As B, is defined over k(e), we can put into B,
a structure of abelian variety defind over an algebraic extension L, of k(a);
we can then define easily a polarized abelian variety @, =(B,, C, 0,) of type o,
defined over L,, such that ¢ defines, up to a constant, an isomorphism of %(z,)
onto . We can find similarly an algebraic extension L, of k(b) and a polar-
ized abelian variety @, =(B,, G, 0,), defined over L,, such that y» defines, up to
a constant, an isomorphism of %(y) onto ¥,. We have clearly

SF(AZ()J ﬁzo) - g(Blﬂ 01)’ g(A'_lp 02/) - (—'—F(BZJ 02) .

It follows that K,cCL,, KC L,. We have therefore dim; ¢ —=dim; K,,dim, b =
dim;K; as b is a specialization of ¢ over k, we have dim; K,=dim; K; this
proves our first assertion. Now the assumption (6) implies

dlmk a—= dlmk b.

Hence b must be a generic specialization of ¢ over %; so there exists an iso-
morphism ¢ of k(@) onto k(b) such that ¢°=05. Extend this isomorphism to an
isomorphism of the universal domain and denote it again by ¢. On account
of the definition of 7,e°=10 implies B¢ =B,. We may assume, without any
loss of generality, that ¢ maps the origin of B, onto the origin of B,. Then,
again by the definition of 7T and by the equality ¢’ =25, we see that ¢¢ =
(BY, 4,67 coincides with @, =(B,, G, 0,). This proves our proposition.

REMARK. Proposition 3.5 holds for a more general system of polarized
abelian varieties constructed in [AF, no. 117; in the above proof, we have
only to substitute o and § for r and 3. We also note that in the present case
of quaternion algebra, we have

dlmk C(g(Z())): 1 s
on account of Theorem 6 of [AF].
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§4. Algebro-geometric theory of modular correspondences.

4.1. Determination of Galois groups. o being as before an order in O,
we assume henceforth that o is maximal. Let a be an integral two-sided o-
ideal ; in this § we denote by G.=G(a) the multiplicative group of regular
elements of the ring o/a and by S:=S(a) the subgroup of G. consisting of the
residue-classes of the elements a such that N(a)=1mod.anZ. It is clear
that S, is a normal subgroup of G,. By the mapping B — N(B)
is an isomorphism of G,/S. onto the multiplicative group of regular elements
of Z/(Za). We note that if a is of the form (3) of §1.2, we have Za=
(a,N(b, --- b,)). As before let I' denote the group of units 7 in o such that
N()=1, and I'f the subgroup of I' consisting of the elements y such that
7=+1mod.a. Applying to the case b=1, we observe that every
element of S, has a representative in I'. It follows that I'/T"¥ is canonically
isomorphic to S./{=£1}.

Let ¢(z) be a member of our system S and K, =K;,, the field of moduli
of #(z). By [Proposition 3.5, we have dimgK,=0 or 1. Let (V, 4) be a nor-
malized Kummer variety of ¢(z). For every integral two-sided o-ideal a, we
put

aa, A)=1{t=s A, 0,()t=0 for every a<a},

and denote by K.= K, , the field generated over K, by the points A(¢) for t &
a(a, A,). By [Proposition 2.3, K. does not depend on the choice of (V,4); and
by [Proposition 2.6, K, is a Galois extension of K;,. Our purpose in this § is
to determine the Galois group of K, over K; in the case dimg K, =1.

PROPOSITION 4.1. Notations being as above, there exists an element t of
ola, A,) satisfying the following conditions:

D o, A)=0(0);

i) dla)=0=>aca.

PROOF. As every o-ideal is a principal ideal, there exists an element «,
such that a=o0a,, We have then also a=«,p, since a is a two-sided o-ideal
and o is maximal. Put #=A(x(azVe(z),z). It is easy to verify this point
satisfies the conditions.

If # is a point of g(a, A,) satisfying the conditions i) and ii), we observe
that the mapping «a — 6,(a)t, gives an isomorphism of o/a onto g¢(a, A). It
follows from this fact that the conditions i) and ii) of the above proposition
are equivalent to each other. We call an element # of g(a, A,) satisfying these
conditions a primitive element of ¢(a, A,).

Now let G, denote the Galois group of K, over K.

PROPOSITION 4.2. Let ¢, be a primitive element of ¢la, A,). Then, for every
element o of Gu, there exists an element «, <0 such that
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ey HO(B),) = h(OBees)ty)

Jor every B<o. If K, is not algebraic over Q, such an element &, is uniquely
determined modulo a up to the factors *+1.

PROOF. Let ¢ be an element of ¢; extend ¢ to an isomorphism of the
universal domain into itself and denote it again by ¢. Since ¢ leaves invari-
ant the elements of K, there exists an isomorphism 7 of ¢ onto ¢?; by the
property (K3) of normalized Kummer variety, we have A°e7=4. We see
easily that ™7 is contained in g(a, A,). Hence, by the property i) of Proposi-
tion 4.1, there exists an element «,<0o such that 7% =0/ (a,t,. We have
then, for every g <o,

O LBt = B (65 (Bt5) = h(n ™62 (B)3) = WO LB~ 15) = WO (B, )t,) .
This proves the first assertion. Suppose that K, is not algebraic over @ and
we have /(t,)” = h(0.(r)t,) for an element y =p; we have then, by Proposition
3.1, 0fa)t,==x£0,(r),. As #, is a primitive element of g(a, A,), we have
«, =ty mod.a; this completes the proof.

If K, is not algebraic over @, we observe that the mapping ¢— «, gives
an isomorphism of & into G./{=*1}; this isomorphism depends on the choice
of a primitive element #, of g(a, A,). If we choose another primitive element
of ¢(a, 4,), the isomorphism is transformed by an inner automorphism of
Go/ {1}

THEOREM 2. Suppose that the field of moduli K, of P(z) is not algebraic
over Q. Then the following assertions hold.

1) The Galois group S of Kai over K, is isomorphic to Ge/{L£1} by the cor-
respondence ¢ — &y defined by the velation (1) of Proposition 4.2.

i) Let a be the smallest positive integer divisible by a and {, a primitive a-
th root of unity. Then, K\({,) is the subfield of K. corresponding to the subgroup
So/{+1} of Go/{£1}.

i) Q) is algebraically closed in K.

iv) If a, is a representative of the element of Gi/{x1} corvesponding to an
element o of Gu, we have {4 =LY,

Proor. By virtue of Proposition 3.5, our theorem is established if we
prove the assertions i-iv) for any one of the points z of & such that
dimg c(F(z)) =1. Therefore, in the course of our proof, we may assume, as occa-
sion demands, the points z to be sufficiently generic. For convenience’ sake,
we use the letter y instead of z for a sufficiently generic point of 9, reserv-
ing the letter z for the variable. Now the f; being as in (3) of §3.1, we have

K, = Q(fl(y>r ’f'm(y» .

Let « be an element of o.such that a=wao0; put # =A(y(a De(y),y). Then ¢,
is a primitive element of g(a, A,); and we have %,(0,(8)¢,) = h,(A(x(Ba~De(y), ¥)),
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so that
Ke=K,(gBa,»|1=j=<MBev),

where the g; are the functions determined by (4) of §3.2. Let 7 be an ele-
ment of S.. By [Lemma 1.3, there exists an element r of o such that N(y)=1

and 7 is the class of y modulo a. If y is sufficiently generic, K, is isomorphic
to the function-field

&) QUf2),gBa )| 1=i=m 1<j< M, A=),
and K, corresponds to Q(fy(z)). As a is a two-sided o-ideal and o is maximal,
we have aoa™'=np, so that ara™ is a unit of 0. Put 7, =ara™'. By proposi-
tion 3.2, we have
gBat, rilz])=g(Bra™, z).

Therefore, the mapping F(z) — F(r,[z]) gives an automorphism of the field (2)
over Q(fi(z)). If we transform this onto K./K,, we observe that £7,(0,(5)¢,)—
h(0,(Br)t,) gives an element of G. In other words, S¢/{Z1} is contained in
the image of the isomorphism ¢ — «,.

Let Y be a divisor contained in the polarization ¢,. Then Y corresponds
to a Riemann form E; on C?/D(y) defined by

E(x(&)e(3), x(e(y)) = tr (0:€7),
‘where p, is an element of @. As E\(«,v) is an integer for every u,v in D(y)=
x(@e(y), tr (0,0) is an ideal of Z. Let g be a positive integer such that
tr (0,0)=¢gZ. Then ¢~'E, is also a Riemann form. Let X be a divisor on A4,
corresponding to g¢~'E,. Then ¢X is algebraically equivalent to Y, so that
Xec¢g, Put g'p,=p,g7'E;=FE. Then there exists an element £,=p such
i that tr (o€,)=1. Now, ¢ being as in ii) of our theorem, consider the symbol
ex,. defined in Weil [29, no. 75]. By the formula (7) of [25, p. 25], we have

ex,q(ts 1) = exp CriaE(x,, %,)),
where #, and 7, are points on A, such that af, =at,=0 and x,,x, are vectors
in C? corresponding to #; and #,. Hence, for every #, and B3, of o we have
3 ex,a(0,(B2)to, 0,(B.)t:) = exp Crial (x(B,a™e(y), x(B.")ey)))

=exp (2riaN(a)™ tr (05:53) -

Let ¢ be an element of G,; extend ¢ to an isomorphism of the universal do-
main into itself and denote it again by o. 7 and «, being as in the proof of
[Proposition 4.2, 7%(X°) is algebraically equivalent to X, so that eys (s, 5,) =
ex,d(77's:, 171s,); we have therefore
@) ex,d04(B2)to, 0,(8:)t6) = ex9,a05(BIEE, OB ) = ex,a(0,(B2a)to, 0,(Brcto)ty) -

Now assume that a=a0 and put {,=ey,.(¢, 0, )t)). By (3), we have {,=
exp (2zia™?), so that {, is a primitive ¢-th root of unity. Substituting &, and
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1 for 8, and B, in (4), we obtain, on account of (3), {9 =¢¥@ ; this proves that
£, is contained in K, and the assertion iv) in the case a=go.
Coming back to the general case, put ¢ =aw, and

uy = A(x(@e(9), ) .

Then a, is an element of o and we have #,=60,(a,)u,. Obviously K, contains
K,. Taking ao in place of a, we obtain an isomorphism ¢ — £, of the Galois
group &, of K, over K, into G,/{=£1} by means of the relation %2,(0,(8)u,)’ =
h(0,(BBu,). By what we have just proved, {, is contained in K, and (§ =
(VB As a, =aa!, we have apai'=o. Put a,8,a;'=7,. We have then,
7, (0,8t = h,(0,(Bra)ty), so that r,=ta,mod.a. Hence an element ¢ of &,
leaves invariant the elements of K, if and only if «,4,«7'= -1 mod. a, namely,

s,==x1mod.a. Now if f,=+1mod.a, we have N(B,)=1mod.aZ, so that
{5=/{_,. This shows that if an element ¢ of ¢, leaves invariant the elements
of K., we have (% ={_,. It follows that {, is contained in K,; and we have,
for every element o of &G, {5 =_¥® =¢¥@ This proves the assertion iv) in
the general case. In particular, ¢ is the identity on K,({,) if and only if the
class of a,mod.a is contained in S.. Let G; denote the image of the isomor-
phism ¢ — «a,. We have proved above Gi:DS./{*+1}. As K({,) corresponds
t0 S./{*1}, we have

LGa:Se/{£1} =K (o) K]

If we denote by ¢(«) the order of the multiplicative group of Z/aZ, we get
[Ga/{£1}:Sa/{£1}T1=[G:a:Sc]I=¢(a). On the other hand, by of
TAF7, @ is algebraically closed in K, so that

LK) K ]=[Q(.): Q1= ¢(a).

Tt follows that Go=G./{*+1}. Thus we have proved the assertions i) and ii).
Now let %, be the set of elements of K, which is algebraic over Q. Then %,
contains Q(,). We have seen above that every element ¢ of & corresponding
to S, is obtained from an isomorphism F(z) — F(r,[z]) of the function-field (2).
Obviously, this isomorphism leaves invariant the elements of %.,. Therefore
k,; must be contained in the subfield of K. corresponding to S:; so we have
k,C K\(£.), and hence k&, =Q({,). Our theorem is thereby completely proved.

In the above proof, we have used an isomorphism between K, and the
function-field (2). Therefore, we may consider as a statement con-
cerning the Galois-group of the function-field (2) over Q(f;). If we extend the
constant field to the complex number field, the function-fields (2) and Q(f,)
yvield &(v;a) and K(v). The relation between the fields and the groups is
illustrated by the following table.
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1
i
Toveorrnrennennaen, /C;KE K05 0)wereeeee I.*
| CK, = R(0)eeereenn I
Saf{F1}eemeee KD
Go/{E1}eeeeene K, Q(ICa)

4.2. Transformations of ¢(z). Let q=o«a be an integral left o-ideal; sup-
pose that N(a)>0; and let {q,, -, 0.} be the set of integral left o-ideais hav-
ing the same elementary divisors as q. {q,,,q,} corresponds to a double
coset I'al’; and if we take elements «; so that q; =oa; and N(«;) >0 for every

i, I'al' = H I'a; is a disjoint sum. Put ¢g= N(q). We have then 0 DqDgo, and

p/q is o-isomorphic to oa’/go. As we have I'al’ =I'a’I’, va’ coincides with one
of the q,. Therefore, /g0 contains exactly m o-submodules isomorphic to o/g.

Now let @(y)=(A4,,¢, 0,) be a member of the system S. By
4.1, 9(q, A,) is isomorphic to p/gp as p-module. Hence g(g, A,) has exactly m
subgroups g; which are o-isomophic to o/q.

PROPOSITION 4.3. Notations being as above, theve exist m members P(y;)
A=Zi=m) of S and a homomorphism A, of P(y) onto P(y;) for each i such that
the kernel of 2; is ;.

Proor. The elements «; being as above, put ;[ v]=y;; then there exists
a complex number g; such that y(a)e(y)=a;e(y;). We have obviously

D(y:) = x(0)e(y:) = ;™ x(a:)e(y) .

Hence the linear mapping x— ga;"'x gives a homomorphism of C?/D(y) onto
C?/D(y;); denote by A; the homomorphism of A(y) onto A(y;) corresponding
to this linear mapping. Since A; commutes with the operation of o,4; is a
homomorphism of @(y) onto P(,) (cf. [AF, no. 20]). Put #,=A(g 'e(y), »); then
¢, is a primitive element of o(q, 4,); and 0,(q,)t, for 1<i<m give the sub-
modules of g(g, A,) which are o-isomorphic to o/q. We see easily that the
kernel of 2; is 6,(u;)t,- This proves our proposition.

Let a be an integral two-sided o-ideal. We shall now consider the fields
K,,, and K,, for the points y; determined in Proposition 4.3. The «; being as
above, suppose that y is generic for ¥(z), ¥(«a,[z]) over @; then there exists
an isomorphism p; of QW (y)) onto Q¥ (v,)) such that ¥(y)*: =¥(y;,). We have
then
©6) P(y)i=2P(y), V)Vi=V(, hyf=hy,.

It is easy to see that p; induces an isomorphisms of K., onto K, and of
K,,, onto K, ,,. Now suppose that ¢ is prime to a. Then, the mapping ¢—
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(2;£)""" gives an o-automorphism of g(a, A,). Hence, if 7, is a primitive element
of g(a, A,), there exists an element y; of o, prime to a, such that

(A:0,(B)t)i™" = 6 (Bt
for every f<o. By [Theorem 2, there exists an automorphism z; of K., over
K,,, such that

"0, (Bte) = Iy (0,Br o)
for every f=o. Put ¢;,=7;0,. We have then

R0, (Bt e)"t = Ry (A0, (B)to) -
‘We have thus proved the following proposition.

PROPOSITION 4.4. Let a be an integral two-sided o-ideal and y a point of O;
define P(y;) and 2; as in Proposition 4.3. Suppose that q and a ave relatively
prime. If y is sufficiently genervic, theve exists, for each i, an isomorphism o; of
K.,y onto K., such that
) (F())t=c(F(3:),

8) () = Iy (Ait)
Jor every t € g(a, A)).

Since K., is generated over @ by the points «(F(¥)) and A¢) for <
o(a, A,), the isomorphism g; is uniquely determined by (7) and (8).

From now on, we assume y to be so generic that we may apply Proposi-
tion 4.4 to P(y) for any pair of ¢ and a. By Propositions 2.7 and 2.8, K, ,, is
contained in K ,; this implies in particular that K, ,, is algebraic over Kj,,.

PROPOSITION 4.5. Notations being as in Proposition 4.4, every conjugate of
o(F(y,) over K,,, is of the form c(F(yy) for 1L <i=<m.

PROOF. Let r be an isomorphism of the universal domain into itself leav-
ing invariant the elements of K, ,. Then, there exists an isomorphism 7 of
P(y) onto P(y)’. We see that ;" - » is a homomorphism of 2(y) onto P(y,)",
and, the kernel of A,"-7% is contained in ¢(g, A4,) and is o-isomorphic to o/q.
Therefore, the kernel of 2," - # coincides with one of the g;. Then, by i) of
Proposition 2.5, ¢(y,)" is isomorphic to one of the ®(y;). 1t follows that F(y,)
coincides with one of the F(y;) on account of Proposition 1 of [AF]; this
proves our proposition.

Now let b be the set of elements A such that focCq. Then b is an in-
tegral two-sided o-ideal; and we have q Db Dgo. As g; is o-isomorphic to o/q,
we have ‘
© 0,(8)3:=1{0} < Bg<b.

We shall use this relation in the proof of the following proposition.
PrROPOSITION 4.6. Let wu=(uy, -+, u) be a set of quantities such that
Koy DQu)D K,y Let oy, ,0n be the isomorphisms of K., onto the K, deter-
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mined by (7) and (8) of Proposition 4.4. Then:

D Qu, (F(3)) contains Q(u®i) for each i;

i)y (™, -, u’™) is the complete set of conjugates of u’* over Q(u).

PROOF. Let ¢ be an isomorphism of the universal domain into itself leav-
ing invariant the elements of Q(c(F(¥)), c(F(y,))). Then there exist an isomor-
phism ¢ of 2(y) onto (y)” and an isomorphism ¢, of ¢(y,) onto @(y,)"; by the
property (K3) of normalized Kummer variety, we have

(10) hyfoe=hy, hy' o, =hy,.

We observe that the kernel of 2,7 o ¢ is p-isomorphic to o/q. We can apply, on
account of (9), [Proposition 2.5 to the homomorphisms & ¢ 4, and 1, o ¢ of P(y)
onto @(y,)"; then by ii) of that proposition, ¢ o 2, and A," - ¢ have the same
kernel; hence by i) of the same proposition, there exists an automorphism 7
of @(v)" such that 7e¢¢ 02, =21,"cc. By [Proposition 3.0, 7 must be %1, so
that

1) Fte el =4"c¢.

Let ¢, be a primitive element of g(a, A,) and «. be an element of o such that
(12 IO, (B)E0)" = Iy (0, (Beto)ts)

for every f 9. Then, by the relation we have

13) e (0, (B)te) = £0,(Baot, .

The relations (8), [(10), (11}, (12}, (I3) yield
hy(ﬁy(ﬂ)to)’ﬂ: hyx(zley(ﬂ)lo)r': fy (A" o €0 5—1(01/(/”1‘0)?) = /Zyxr(elllﬁy(ﬂaf)tu)
= hy (4,0 (Baoty) = (0, (Ba)t) = hy(0,(B)E)7"

On the other hand, we have o(F(»)"" =cd(F(y))=c(F(»)". This combined
with shows o,7=r0,, since K., is generated by c(F(»)) and 7&,(60,(8),).
Therefore, if r leaves invariant the elements of Q(u, c(F(».)), we have #”" =
=y’ ; this proves the assertion i). From i) we obtain

[Qu, u™): Q(u)]=[Q(u, (T () : Q(u)]
=[Q(F (), «(F(30)) : QLeCF ()] -
By [Proposition 4.5, the right hand side of this inequality is not greater than
m. If i+j, the kernel of 1; and 2; are different from each other; hence, by
ii) of [Proposition 2.5 and (9), #(y;) and ¢(y;) are not isomorphic. It follows
that m points ¢(F(y,)) are different from each other. Therefore, our proposi-
tion is completely proved if we show that #” is a conjugate of 2™ over Koy
for every i. Let s be a primitive element of g(ga, A,) and « an element of o
such that a=ao. Put r=0,(a)s. Then r is a primitive element of g(g, A,).
The ideals g; being as in the first part of this §, we may, after reordering if
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necessary, assume that 6,(q;)r is the kernel of A; for each i. Now by iv) of
[Proposition 1.6, there exists a unit 7, of o such that

15) 07ri=0:-

As ¢ is prime to o, and as we have a~'oa =p, there exists an element 7 of o
such that

16) r=a 'r,a mod.qo, y=1 mod.a.
By there exists an automorphism p of K, over K, such that

for every f<o. Obviously gs is a primitive element of g(a, 4,); and by (16)
we have fr = mod.q, so that 0,(87)gs=0,(8)¢gs. Hence we obtain

1, 04(8)gs) = I(0,(B1)gs) = 1(0,(8)gs) -
This shows that p leaves invariant the elements of K.,. Extend p to an iso-

morphism of the universal domain into itself and denote it again by p. As p
is the identity on K, there exists an isomorphism & of ¢(y) onto P(»)’: and

we have 4,° o £ =h,. By and we find
hy(E710,(B))) = h(0.(B))° = h,(O,(Bara)r) = h(0,(Brr),
and hence &71(0,(B)r)’ = =+0,(Br.)r. We have therefore by
10, (a0’ = 0,(q.r Dy =0, (a0 .

This show that the kernel of 1,°+ & coincides with the kernel of 1;, By i) of
[Proposition 2.5, there exists an isomorphism &, of @(y;) onto 2(y,)” such that

18) Erodi=4LeC.

It follows that c(F(v))’=c(F(y;)) by virtue of Proposition 1 of [AF], and
hence

19) A(F ()" = (F(y)) = (F(»))* .
Consider the isomorphisms p; satisfying the relation (6). We have obviously

P(y)’ = P(y)Pi*?, Applying the property (K3) of normalized Kummer variety
to ¥(y:), we have (fy,)"""*** o §; = hy,, namely,

(20) hylo&i=hy.

As p leaves invariant the elements of K,,, we have, for every ¢<g(a, 4y),
h(8) = h,*(t°) = h,(E7¢°), so that

21) ET=*£¢.
By (8), we obtain, for every ¢< g(a, 4,),
Ry = hy (A48) = hy P PEETH) = hy (€ Aut) = hy (A:8) = Iy (£)7% .
This together with shows 0,0 =0;. Hence we have u% =(u")’. It follows
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that #«°% is a conjugate of »™ over K., This completes the proof.

PROPOSITION 4.7. Notations being as in Proposition 4.4, let v, be the auto
morphism of K., corresponding to the element q of Ga. Then there exists as
isomorphism © of the universal domain into itself such that v =0, on K., aw
T=0,"11tq on K y,.

PROOF. As the kernel of 1, is contained in g(g, 4,), there exists a homo
morphism # of A(y,) onto A, such that x-2=g¢l,, where 1, denotes thi
identity of _i(A4,). By Proposition 2.4, # is a homomorphism of 2(y,) ont
P(y). We observe that the kernel of u is o-isomorphic to o/q. Therefore, i
y is sufficiently generic, we can apply Proposition 4.4 to #(y,); we obtain thei
an isomorphism ¢ of K,,, onto K., such that

(22) A(T(3)) =(F(),
23 hy, (@) = h(11),
for every ¢ < g(a, A(y)). Extend o to an isomorphism of the universal domaii
and denote it again by o. By (22), there exists an isomorphism ¢ of P(y) ont
P(y,)°. The isorﬁorphisms 0; being as in (6), we have &(y,) = P(y)*, so tha
by the property (K3) of normalized Kummer variety, we obtain 7%,°c¢e=
h,° - e=h,. Hence, for every t<g(a, 4,), we get, by (23),

hy(8) = hy,"(et) = hy ((et) ™) = hy(u(et)’ ™).
It follows that ¢= = u(ef)’™, namely
(24) 1’ =+t p’et.

Now we observe that u#°ce is a homomorphism of @(y) onto @(»)” whose
kernel is o-isomorphic to o/q. By i) of Proposition 2.5, there exists, for some
i, an isomorphism % of %(y;) onto %(y)” such that

(25) neli=poc.
We have then

(26) (F () =c(F(y:))

As we have P(y) = P(y,)°* %, we obtain, by the property (K3),
@27 hl e ="hy T e p=hy,.

In the proof of Proposition 4.6, we have constructed an isomorphism p of the
universal domain such that p leaves invariant the elements of K., and 0,0 =0,
Put now r=0p"!. Then, by (26), we have

(FYP =Ty =) =c(F (),
and by (24), (25), (27), (8), for every t < o(a, A,),
R YT =k, ()T = k(W) =R, (At) T = By ()T = R ()T = R () .

Hence we have r =0, on K,,. Now, by (22),
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A(F(y)r ™ = F() ™ =c(F(y) = c(F)ae=c(F(y)) e,
and by (8), for every ¢ < g(a, A(y)),
hy(qty*™ = h(qut)’™ = hfqut) = h(ut) ¢ = hy (A ut) "0 =, (g8)" .
‘This shows that r=0,""7, on K, ; our proposition is thereby proved.
# being as in [Proposition 4.6, we have, by [Proposition 4.7, #° =", u®* =
u'. As 74 is contained in the center of the group &, we have Q(x)=Q(«%);

hence r gives an automorphism of Q(ux, #™) and maps Q(x) onto Q(u°). We
have therefore, by [Proposition 4.6,

(28) Q™ u) : Qu)] = [Qu, u™) : Qu”)]=m .

4.3. Modular correspondences. Let L be a subfield of K, , such that
(29) L D Kl,y’ L m Q(Ca) = Q »

where « is the smallest positive integer divisible by a and {, is a primitive
a-th root of unity. By Q is algebraically closed in L. Hence we
can find a complete non-singular curve € =6, defined over @ such that we
have L =@Q(«) for a generic point # of € over @. We call {€,«} a model of
L. We shall now define certain algebraic correspondences on the curve €.

Fix an integral left o-deal q and put N(q)=g¢; suppose that g is prime to
a. Define the isomorphisms {o¢,, -, 0,,} as in [Proposition 4.4 Let X; be the
locus of #xwu” on ExE over Q. We have then, using the notation of Weil
[28],

[G0) X(@)=u"+ - +u'm.
We call X, the modular correspondence on € associated with q.

Let »# be an integer prime to a and t, be the automorphism of K, cor-
responding to the element » of G,. As r, is contained in the center of G, r,
induces an automorphism on L =@Q(u). Let Y, be the locus of #Xu™ on EXE
over @. Obviously, Y, gives a birational correspondence on €. By Proposi-
tion 4.7, we obtain

.X,q/ ° Yq: )(q »
dXy)=d(Xy)=m,
the notations being as in [287].
Now assume that a is prime to d(®@). Then we have a=0oN for a positive
integer N: and o/a is isomorphic to the total matric ring MyZ/NZ). Fix an

isomorphism of o/a onto M,Z/NZ); then G, is identified with the group of
regular elements of My(Z/NZ). Let H be the subgroup of G. consisting of

the matrices <g +(1)) for (¢, N)=1. Let Ly be the subfield of K., corres-

ponding to H. Then we see easily
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Lylw)= Kﬂ,yr LinQUlw=QqQ.
0 1
-1 0
Ka,y =Q(u,{y)= Qu?, L) .
Let Z be the locus of #Xu¢ over Q({y); then Z is a birational correspondence
on .

PROPOSITION 4.8 Let ¢, be an automorphism of Qly) such that &y ="
Then we have

Let {€y, #} be a model of Ly. Put 1/»:( > It is clear that

ZonoY,=2.
As the proof is quite similar to that of Proposition 12 of [22], we omit it.

§ 5. Congruence-relations for modular correspondences.

5.1. In the following treament, we shall make use of the theory of
reduction modulo p of algebraic varieties (cf. [21, 25]). We shall use mainly
the terminology of [25]; and a place (or valuation) will mean a discrete one.
We recall here only one definition: let U be a variety defined over a field
with a place p; U is then called p-simple if the reduction of U modulo p has
only one component and its multiplicity is 1.

Let % be a field with a place p; we denote by p(U) or U the reduction
of any object U modulo p. By [21, Proposition 5 Theorem 15] (see also [14,
Appendix]), we obtain

LEMMA R. Let U be a variety defined over k, which is p-simple. Let x be
a genevic point of U over kB and & a genervic point of U over E. Then, the
specialization-ving [x— &, pl is a discrete valuation ving.

Hence there exists one and only one extension p, of p in k(x) such that
p(x)=¢&; we call p, the place determined by the specialization x— ¢ ref. p.

PROPOSITION 5.1. Let A be a projective abelian variety, defined over k, satis-
fying the following conditions:

i) there is mo hyperplane containing A;

ii) the linear system on A deﬁnéd by hyperplane sections is complete.

Suppose that A is without defect for p in the sense of [25, §1171. Then, A
satisfies the conditions i, ii).

Proor. We can find a prolongation {%,p,} of {k p} and a hyperplane
section X of A, rational over k,, so that X’:p(X) is a hyperplane section of
A. Let L(X; k) and L(X; ) be respectively the set of functions J on A
defined over &, such that (f)> —X and the set of functions g on A defined
over £, such that (g)>—X; denote by #X) and /(X) the dimensions of
L(X; k) over k, and of L()?; E) over .. By our assumption, if we denote
by » the dimension of the ambient space for A4, we have /(X)=#x+1. By the
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result of [25, pp. 86-87], L(X; k,) has a base {f,, -, fs} over k, such that
p(fo), -+, p(fn) are linearly independent over k,. Hence, no hyperplane contains
A. Now by Nishi [16] we have (X)=/X). It follows that A satisfies ii).

Let @=(A, ¢, 6) be a polarized abelian variety of type r, defined over Z.
Suppose that A is without defect for p. Take a divisor X in ¢ which is
rational over k. Then, by [25, §11, Proposition 147, X is non-degenerate
divisor on A; so X determines a polarization on A, which we denote by C.
Let #(a) be the reduction of 6(a) modulo p for every a =tr. In this way, we
obtain a polarized abelian variety @z(ﬁ,aﬁ) of type 1, defined over k.

PROPOSITION 5.2. Let =(A,C,0) be a polarized abelian variety of type t,
defined over k. Suppose that A is a projective vaviety satisfying i, ii) of Propo-
sition 5.1 and that A is without defect for p. Then we have

PLHA, 01D KA, ).
Moreover, if F(A, 0) is p-simple, we have
PLHA, 0)]=HA, 0).

PrOOF. The first assertion is proved in a straightforward way; the argu-
ment is the same as in the proof of [AF, Theorem 1]. Now we note that
[AF, Lemma 8] is valid for any polarized abelian variety of type r whenever
the variety satisfies the conditions i, ii) of Proposition 5.1. Therefore, by the
proposition, F(A, 6) and £F(/Nl, ) are of the same dimension; so C_F(ﬁ, f is a
component of the cycle p[9(A4,60)]. Hence, if 9(A4,6) is p-simple, we must
have the equality of our proposition.

5.2. Fix a sufficiently generic point y on $ and denote &, =(A4,,Cy,0,),
(Vy, ) simply by @=(A4, ¢, 60), (V, k), respectively. Let U be the locus of
c(9(y) over Q. Let &, be a field of definition for &, which is finitely gener-
ated over Q. Fix a set of independent variables (¢, ---, ¢;) in k, such that &, is
algebraic over Q(¢,,:-,%,). For each prime number p, we obtain a place of Q:
a—a mod p. We extend this to a place p, of k, as follows: first define a
place p, of Q(,, - ,¢;) so that p,=p on Q and p,(¢,), -, pi(¢;) are independent
variables over Z/pZ; then extend p, to a place p, of k. Such a place p, is
not necessarily unique. We choose and fix once for all a place p, for each p.
By the result of [25, §127, the following assertions hold for almost all p.

P1) A is without defect for p,. ‘

P2) F=3(A,0) is p,-simple.

P3) U is p,-simple.

P4) p(c(9)) is not algebraic over Z/pZ.

P5) V is p,-simple.

P6) £ is everywhere defined on p,(A).

Here and henceforth, by the terms “for almost all”, we understand “for all



318 G. SHIMURA

except a finite number of ”.

PROPOSITION 5.3. If the conditions Pl, 2, 4) are satisfied and if p is prime
to d(®), we have v pd)=v{pd) = p*, where & is the identity element of J(A).

PROOF. As p is prime to d(®), we can find two integral left o-ideals 0,

and b, such that 0 ="0,40b,, po="0b, "\ b,, N)=N(®,)=p. Take a generic point
x of A over £,. Let K;, for i=1,2, be the composite of the fields £,(6(8)x)
for =9, We have obviously
M h(D=KK,, k(DK Dk(px).
By [25, §7.2, Proposition 10], we have [£,(x): K;]1=2*; and by a well-known
theorem, we have p* =y (pd) = p? so that 1 =v(pd)=p% On the other hand,
we observe that the points of order p on A form an o-module. Since there is
no o-module of order p, we must have v{(pd)=1 or p? so that v, (pd)=p* or p2
Suppose that v (ps)=p'. Then, k(x) is purely inseparable over K; and hence
K, Dk (x"). Putting M=K, K,, we see that MDE, ). If M+ E(x?), we
must have [K,: M]=[K,: M]=<p, so that [K,K,: K;]=<p; but this is a
contradiction in view of (1); so we must have M=~FE(«?"). As Ki:)/?(,(px), we
have M Dk (px); and considering the degrees, we find £ (x?")=E,(px). Hence
there exists an isomorphism ¢ of AP onto A such that er = p, where = denotes
the p>-th power homomorphism of A onto A?. Put §7(a)=68(a)? for every
a<po. We have then 9(4, 5)”’:J(/~11”, G7). We see easily that = is a homo-
morphism of & onto %?*. Then, by Proposition 2.4, ¢ is an isomorphism of &?*
onto @; so we have, by [AF, Proposition 17, 5[(21, &= g(A, #?»*. On account
of Proposition 5.2, this shows that p0<c(9)) is algebraic over Z/pZ; this con-
tradicts the condition P4). Therefore we must have y,(pd) = p?.

5.3. Let p be a prime number which does not divide d(®). There are
exactly p+1 integral left o-ideals q such that N(q)=p?%; we denote them by
Qs =+ »0p. For these q;, we define <(y;), V(y:), &y, and 4; for 0=i=p as in
§4.2; we denote P(y;), V(»), hy;, simply by *=(A4,;0C,60:), Vi, hi. Let g,
denote the kernel of 1,. As g, is contained in ¢(p, A), there exists a homo-
morphism u; of A; onto A such that g; - 1;=p; then x; is a homomorphism
of &; onto @

THEOREM 3. Let p be a prime number which satisfies the conditions P1~6)
and is prime to d(®@). Let k be an extension of k, such that the P; and the 2;
ave defined over k; and let p be an extension of p, in k. Then, reordering the
P, suitably, the following relations hold.

DP(c(F(y0))) = plc(G(Y))

() = ple(T(p))7? (i>0),
PCQt)) = p(h())
P(Aat)) = pU pO) (i>0),
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for every point t of A rational over k.

We prove this theorem in this and the following sections.

PROPOSITION 5.4. There exist an extension {ki, p.} of {k,p} and polarized
abelian varieties &* =(A*, CF, 0,%) of type o, defined over k,, having the following
properties.

1) For each i, there exists an isomorphism n; of P, onto P¥.

ii) 7. =1{(a projective transformation)+const.

iil) A is without defect for p,.

iv) Reordering suitably,

A=A, Op=d0, Aro=X, d0v=4  (i>0).

v) Let © be the p-th power homomorphism of A onto A? and ' the pth

power homomorvphism of AVP onto ;l; then
p(nye o)==, pu;°n)=rn @>0).

Proor. Without loss of generality, we may assume that the points in
a(p, A) are rational over k As A; is isogenous to A, we can find, by [14,
Theorem 4], an abelian variety B; and an isomorphism &; of A; onto B;, both
defined over %, such that B; is without defect for p. Put a;=¢&;-° 4, B;=
dio &1, we have then B;oa;=p. Now the reduction modulo p defines a
homomorphism of g(p, A) onto g(p, A), By Proposition 5.3, the kernel g* of
this homomorphism is of order p?; and we observe that ¢* is an o-module.
Hence ¢* must coincide with one of the g; say g,, Then we have g,= {0}.
As o(p, A)=g,+g; for >0, g; is of order p? for i>0. By [25, §11, Proposition
3], §; is the kernel of &; for every i. It follows that &, is purely inseparable
and &; is separable for i>0. As we have Ei o @; = p, we see, on account of
Proposition 5.3, that g, is separable and f; is purely inseparable for i> 0.
Let x be a generic point of A over 2. We have then 2(x) D E(x?) D E(px). By
Proposition 5.3, £(x?) is the maximal separable extension of Z(px) in E(x). We
have therefore

2 () = (@) ;

a similar consideration shows, for >0,

3) F(x?) = k(Bix)

for a generic point x; of ﬁi over k. Putting x, =&, we obtain
@) E((axy") = k(px) .

Now take a hyperplane section X of A and a hyperplane section X; of A; for
each ¢, all defined over &2 By our construction of A(z), we see that A,7/(X))=
pX, 1,7 (X)=pX;, where=denotes algebraic equivalence. Put Y; =£,(X,); then
we have a7 (Y)=pX, f,"(X)=pY,. By virtue of [25, §11, Proposition 14],
we see that
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) T (Yoy=pX, B (XD=pY..

Let = be the p-th power homomorphism of A onto /le’; by (2), there exists an
isomorphism e of A? onto 50 such that @ =er. We have then, &, '(e(X?))=
n‘l(fp):p)?; hence on account of (5), e()?p)z )70. By [Proposition 5.1, X is
ample ; therefore, X? is ample, and hence ¥, is ample. By the result of [14,
§47, we can find a projective embedding C, of B, by Y,, whose reduction
modulo p is a projective embedding of ﬁo by }70; as Y,=¢(X,), C, is a pro-
jective transform of A,. We can take C, as B,; namely, we may assume that
B, is a projective transform of A,, and &, differs from a projective transforma-
tion only by a translation. Define a polarized abelian variety @/ =(2B,, G/, 0,")
of type o so that &, is an isomorphism of @, onto @,/; then ¢, is determined
by the hyperplane sections. As a,=¢&,° 4, «, is a homomorphism of & onto

%, so that &, is a homomorphism of % onto %,. Since z is a homomorphism
of & onto %? and &, —e¢ o, we see that, by Proposition 2.4, ¢ is an isomor-
phism of %? onto &’. Now by [Proposition 5.1 and by the proof of [AF,
Proposition 1], there exists a projective transformation v+ and a point & on

50 such that V(u)=e(u)+a for u <= A?. We can find a projective transforma-
tion v, rational over k, and a point @ of B, so that (v, a)— (¥, @) ref. p.
Put %k, =k(z) and extend this specialization to a place p, of k. Put AF*=
v U(B,), {,=v¥—a; and define a polarized abelian variety @*=(A,*, C,*, 0,%)
of type o, so that {, is an isomorphism of &* onto @’. Then A,* is without
defect for p, and 1710*:1/7‘1(1}?0):5“1(50):;1?, E(,:E. Hence (,710*, d,*) coincides
with (A%, 7). Moreover, putting Ne=Co"l o &, We have py(7, 0 Ag) =Co ! o @y =
elod,=n. Thus &F* =A% G¥, 0,%) satisfies i-v) of our proposition. Consider
now B; for i>0. Let z;/ be the p-th power homomorphism of B, onto Bp.
Then, by (3), there exists an isomorphism ¢; of B2 onto A such that Bi=
g o my’. By the same argument as above, we get X Eei(ﬁf’); it follows that
¥, is ample. Therefore, by the same reasoning as above, we may assume
that B; is a projective transform of A; and &, =(a projective transformation)-
const. Define a polarized abelian variety &' =(B; G/, 0;’) so that &, is an
isomorphism of &; onto @/. Then, ¢ is an isomorphism of &/? onto & so
that ¢!? is an isomorphism of &’ onto @, In the same way as above, we
can find, taking a suitable extension of {k;,p,}, if necessary, a polarized
abelian variety ®* =(A/*, G*, 6;¥) and an isomorphism {; of @’ onto @* such
that: i) {;=(a projective transformation)-+const.; ii) A;* is without defect
for p, and /Nli*:]l”p, Ei:ei“p. Putting 7;={; - £;, we obtain @* and 7;
having the properties i-v); our proposition is thereby proved.

Now <* being as in the above proposition, by [AF, Proposition 17, we
have
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(6) G(y:) = KA, 0) = F(AX, 0.%).
By [Proposition 5.2, we get
@ PF(A, 0) = H(4, §),
(8) PUT(AX, 0:9) D HA*,0%).
By iv) of [Proposition 5.4 and by (6),
©) F(Ag*, 0,%) = F(A?, 67) = KA, Oy = p(F(»Y
(10) FAF, 0P = F(A*, 0,0) = 9(A, §) = p(3(»)) .
The relations (6), (8), (9) lead to
P(F(30)) D ()P .

As y is sufficiently generic, #(y) and %(y,) have the same dimension and the
same degree. Therefore we must have

11 P(F(yo)) = p(F( ) .
By (6), (8), and a similar consideration, we obtain
(11) P(F(y))? =p(H()) .

The relations and (11”) prove the first two equalities of

5.4. Let the notations be the same as in [Proposition 54 For the sake of
simplicity, we denote k, and p, again by k and p. The ambient space for A
is denoted by P”™ By our construction of (y;), there exists an isomorphism
o; of a field of definition for @ such that %1 =, V=1V, Ak’ =h; Extend
0, to an isomorphism of £ and denote it by p; put M=%kk”. We denote by
K and K; the fields of moduli of ¢ and @, respectively.

Now fix a basis {»,} of o over Z, and consider the mapping T defined in
§3.4; we use the same notation 7" for varieties in P" and in Pr. Let @ be a
projective transformation of P”, generic over M, and v, -+, v, be independent
generic points of A over M(p). Put

B=9¢(4), z2=T(p, v, ,0q).

Then, M()TM(e, vy, -+ ,vq); and F(A, ) is the locus of z over M, and hence
over K. Let w be a generic point of B over M(¢, v,,--+,vs). Put into B a
structure of abelian variety by taking w«w as its origin; then, B is defined
over K(z,w) as abelian variety. We can find an isomorphism € of A onto B
and a point ¢ on B .such that &) =¢(x)+ae for ¥ = A. Define a polarized
abelian variety @’ =(B, 8/, ') of type o so that £ is an isomorphism of ¢ onto
&', then ¢ is defined over K(z,w) (cf. [AF, Proof of Proposition 1]). Now
extend p to an isomorphism of A(¢, v, ---, v4, w), which we denote again by p;
‘we may assume that (¢, v,%, .-+, v,°, w”) and (¢, v, ---, v4, w) are independent over
M, and
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dimM(gop ulpr Tty vdpy wﬂ) = dimk"(?’ﬂ» vlp: "ty vdp; w,ﬂ) .
Let p be an extension of p in M. Let ¢ be a projective transformation of
P”, generic over M and 7,,---,7, be mdependent generlc points of A over

M(go), and let @0 be a generic point of gD(A) over M(go, vy, -+, 0g). Then, we
obtain a specialization

<12) (SD’ Vyy**°» Vg, Z/U)’_’(¢, 51’ tet Z_)d, 1/_(7) ref. p .

Now consider A;* of [Proposition 5.4 By ii) of the proposition, there exists a
projective transformation v, defined over k, and a point b on A,* such that
7. =¥ +0b; we have then A* =y(A4,). Put y=¢” o1, u,=2,(0.")—b+0,%(,)b.
Then, we have B’=y(A,*); x is generic over M, and #,, ---, u, are independent
generic on A,* over M(y). Furthermore, we see easily

M(gop: vlpx Tty Ud‘"):M(Z, Uyt ud):

by the definition of 7" and by our choice of #,, we obtain

(13) T thyy ooy ua) = T(@% 0, -, 0") =2°.
Note that: ¢? is generic over M; #,® - ,5/ 2 are independent generic on
AO*:/NII’ over ]\7[(¢p); @? is generic on @(A) over ]\7!(931’, 2,2, -, 0. We see

easily that the following specialization holds.

ad (s 2y =+, thay W)= (BP, T,P, -+ , P, WP) ref. p.

As M(e, vy, - ,vq w) and My, u,, -+, uq w”) are linearly disjoint over M, the
specialization and are compatible :

A0) (@, vy, =, vay 0, Xy Uy, - Ug, W) — (B, Ty, -, Vg, W, FF, D2, -+, 07, WP) vef. b
Extend this to a place P of M(p,v,, -, va w, x, 16y, -, g, w”). We can easily

verify &£°od,0 =y o, A, ¢ t-+const.,, so that by and v) of Proposi-
tion 5.4,

P(E? e Ay o ETN=@? o o g7 =the p-th power homomorphism of R(B).
Put P(z)=2. We have then

18) T(3, 0y, -+, 00)=2Z.

By the definition of 7, we have Z=c(B(B))x---, so that P(B) is defined over
Q) if we leave the structure of abelian variety out of consideration. Now

by
V) =P(T(x, 2y, -, us)) = T(?, 0,7, -+, 0,7) =2
Hence
19 Bz, w, 2%, w’)= (2, W, 27, wP) .
Put f=c(%(A,0), f=p(f). We have then f*=c(F(A, 6,), p(f)=7? by [AL}
By our assumption P3) and P4), f is a generic point of U over é:Z/pZ. By
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% is generic on 9(A4, 6) over M, and hence over Q(f); and @ is generic
on ¢(z71):‘.}3(B) over [\71(2'), and hence over ( 7,2). Therefore, by Lemma R,
the specialization
(f, z,w)—(f,2,@) ref. p

determines a place 5, of K(z,w). We see then easily that the specialization

(f%, 2% w*)—(F?, 27, ") ref. p
determines a place B, of K°(z°, w®), satisfying P,(a?) = P,(a)* for every a = K(z, w).
Now, by P=P, on K(z,w) and P=", on K’(z°,w"); hence, we have, for
every a < K(z,w),
(20) Pla”) = Pla)" .
Since V is defined over K, we have, by [20),

PV =PI =F(V)F.
Put g=1/4.&"1. By [Proposition 2.2, (V,g) is a normalized Kummer variety of
¢’; and by the property (K2) of normalized Kummer variety, g is defined
over K(z,w) since @’ is defined over K(z,w). By the assumption P6), g is
everywhere defined on (B); and by we have

2D P(g”)=P(g)’.

Therefore, if ¢ is a point on A, rational over k, we have, by and
P(Aot) = P Qo)) = P(2 (E°A,E71ED) = Z((ETY) = B(ETY? = p(h(D))" .

This proves the third equality of Consider now @ for i>0. Fix

an (>0 and put s=p;, By the same argument as above, we extend ¢ to

L=Fkeg,v, - ,vs w) suitably and find an extension Q of p in LL? such that:

i) B and B’ are without defect for Q; ii) (&0 y; 0 (£°))=the p-th power

homomorphism of Q(B7); iii) V(g”)=L(g)"?. Then, for every point ¢# on A,

rational over k&, putting s=£&°A;#, we obtain

r(pt) = h(pndit) = g(EnE7)71s),

so that
P pt)) =2(&(E1iE7)7's)) = V(g ()" = QA (E°)7'8))” = Pl A:))" -
This proves the fourth equality of and completes the proof.

5.5. Congruence-relations. Fix an integral two-sided o-ideal a. We take
a field %, of §5.2 so that the points in g(a, A) are rational over k,. Put

b= c(FNXAE)X =+ X W),

where ¢, -+, t, are the points in g(a, A). Let F be the algebraic closure of
Q in K,,; and let B be the locus of b over F. Then, for almost all p, the
following assertions hold.

P7) B is p,-simple.
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P8 p.(b) is generic on p(B) over p,F).
Now let ¢;, for 0 <i=<p, be the isomorphisms of K,, onto K.y, determined
by [Proposition 4.4 for the ideals q; of §5.3. Let r, be the automorphism of
K., over K, corresponding to the element p of G.. By if p
satisfies P1~6) and is prime to d(®)a, we have

(22) pQ°")=pb), pb7)=p»)"* (i>0).

Let p, be the restriction of p on F. If p satisfies P7, 8), then, by Lemma R,
the specialization

b—p(b) ref. p,
determines a place of F(b)= K., ; and the specializations
b7 —pb)’, b7i—p(bP)''? ref. p,
determine respectively places on K,,, and on K,,, These places are of course
restrictions of the place p. Therefore, we observe that, if p satisfies P1~8)
and is prime to d(®)a,
(23 p@)=pa)y, pla’)=pla»)"” @>0)
hold for every ¢ & Ka,,.
Let L be a subfield of K; satisfying (29) of §4.3 and {6, #} a model of L.
For almost all p, the following assertions hold.
P9) € is p-simple and p(€) has no multiple point.
P10) py(u) is a generic point of p(€) over Z/pZ.
Let p be a prime number which satisfies P1~10) and is prime to d(®). Let
q be an integral left o-ideal such that N(q)=p and X, the modular corre-
spondence on € associated with q (cf. §4.3). Now we want to consider the

reduction of X, modulo p. As € is defined over Q, € is defined over Z/pZ.
Let IT and II’ be respectively the loci of #ix#? and of #*x# on GxG over
Z/pZ. The relation shows
pw’)=pw)’, plu’?)=plu»)? (>0,
so that, by of §4.3 and by [21, Theorem 19], we have
K@) = wP+pY @) = H@)+IT - ¥,(@).
It follows that )?q—(II—HI’ ° 17'13) is of the form e><(§, where ¢ is a divisor on

€. Since IT-+II’ » ¥? has no component of the form ex€, we conclude that
¢>0. On the other hand, we have

A X)=d'(X)=p+1=a'TI+II' - Y,);
so we must have e=0. Thus we have proved:

THEOREM 4. Notations being as above, let p be a prime number which satis-
fies P1~10) and is prime to d(@)a. Then we have
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Xq - H—}‘H/ ° ?p

on the reduction 6 of the curve € modulo p.

Now suppose that a is prime to d(®); let Ly be the subfield of K., given
in §4.3, and {€y, #} a model of L,. Notations being as in [Proposition 4.8,
consider the case n=p. We observe then Z?- ¥,=Z, so that

Z oIl o Z=2 ol o 2P0 Vy=2'0ZcIl' o ¥V, =I"s ¥,.

We obtain thus:

THEOREM 5. Notations being as above, we have

e, -7

on Cy.

5.6. Let Jy be a jacobian variety of €y, and ¢ a canonical mapping of
€,y onto /5. As €, is defined over @, we may assume that J, is defined over
@; ¢ may not be defined over @; but we may assume that ¢’ = ¢-const. for
any isomorphism o over @. Every correspondence X on €, determines an
endomorphism & of Jy by the relations '

X)) =2 x,, &(e)=2>3¢(,)+const.

(cf. [29, no. 437]). We see easily that & is defined over any field of definition
for X. Let &, 7%, { be the endomorphisms of /5 determined by X,, Y,, Z,
respectively. Now Jy is without defect for almost all p, and fN is a jacobian
variety of €; more precisely, as remarked by Igusa, Chow’s construction of
jacobian is compatible with the specialization; so we may assume that [y is
without defect and fN is a jacobian variety of (EN for every prime p satis-
fying P9). Let = be the p-th power endomorphism of Jyand 7 =pr~'. Then,
Theorems 4 and 5 yield the relations

(24) ép:nJrn" ° 7y,

~

(25) ﬂ/oﬁp:E—IOE/OC-

§ 6. The zeta-functions of algebraic curves.

6.1. Transference to the upper half plane. Let a= M be an integral
two-sided po-ideal which is prime to d(®). I'y being as in §1.3, let &, denote
the field of automorphic functions with respect to I'y. Put

Tv=Q(f2), g(N'B,2)|l=i=m, 1=j=M, f<),

where the f; and the g; are the functions determined by (3) of §3.1 and (4)
of §3.2. We have seen that CFy= 8y, and if y is sufficiently generic, the
mapping f(z)—f(y) gives an isomorphism of Fy onto K., Let ¥, be the
subfield of &y corresponding to the subfield Ly of K,,. We have then
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21v(£1v): B CSN =8,

where {y is a primitive N-th root of unity. For every f& %y, define a func-
tion f; on €y by fi(u)=r(y). ldentifying f; with f, ¥y is regarded as the
field of functions on the curve €, defined over @; and then &, is identified
with the field of functions on €y, the universal domain being C.

Let a be an element of o such that N(a)>0; suppose that « is prime to
N. Let the notations be as in Propositions 4.3 and 44 Consider the coordi-
nates of the points ¢(F(y)) and 4,(0(8)) for t = AN 'e(y),y). We see easily
that

T =ra.Ly]), gANT'B,3)=g(N"'Ba), a,[y]),

‘where the «, are representatives for I'y\['yal'y; namely we have

T'NaFN:UT'NCK,,.
y=1

As a/=a’ mod. No, we have g(N7'fa),a[y])=g{N'fa’,a,[y]). By

of §4.1, there exists an automorphism p of &y over &, defined by
gAN™B, 2’ =g {N~pa’,z). Then, for every f< Fu,
@ Y =r"a,ly]).

Now define an isomorphism ¢, of Fy by

S 2)=r"(a.[z]).
Then, (1) shows, for every f< Fw
) =51,

Now fix an isomorphism of o/No onto M(Z/NZ) and define with respect to
this isomorphism the set 4,* of § 1.4 and the field Ly of §4.3. Then, if a e 4%,
the automorphism p is the identity on ¥y ; hence, for every fey,

2= f(a.[2]).
If we denote by the prime the derivation with respect to z, we obtain
(7Y (@) =f"(a.Lz])j(a., 2)*N(«) .
New let gdf be a differential form on €, of the first kind, f and g being
elements of &y ; g(2)f’(z) is then a cusp-form of degree 2 with respect to

I'y, namely, f(2)g’(z) € S(I"y). Conversely, every element of S,(I'y) is obtained
in this manner. If f and g are contained in ¥y, we have

® gf " | (Iyal'y)y = Ny Lg(eL2 )f Lz )j(a, 2)7 = Zg™(f™) .

Let 9,(6y) and 9,(/y) denote the sets of differential forms of the first kind,
of degree 1, on €y and Jy, respectively. Then, ¢ being a canonical mapping
of €y onto Jy, w—wo @ gives an isomorphism of 9(/y) onto D(€y). Put
o ¢ =gdf. Then, by (2), (3) and [25, §2.9, Proposition 9], we observe that
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fe' |(I'yal'y), corresponds to w o & o @, where & denotes the endomorphism of
Jn determined by X, for g=o«. Therefore, if we denote by M%&) the repre-
sentation of £ = J(/y) in 9,(Jy), we have, for a suitable choice of bases,

@ MUAE =T yal'y).

Let 7y be an element of I' such that rz<0—l g) mod. a. Let r, be the auto-
morphism of ¥y over &, defined by

&{NTB,2)?=g,(N"pp, 2).
By [Proposition 3.2 and by the definition of Ly, we see easily

I 22)=f(rz])

for every f=&y. It follows that I'yyI'y corresponds to Y, defined in §4.3;
and hence

®) M (n,)=Z,(LyrT'y)=Ryp;a),
notations being as in § 1.5.

6.2. The zeta-function of €,. Let p be a prime number satisfying P9)

for €=C6,. Denote by {(s,Cy,p) the zeta-function of p(Cy) over Z/pZ; we
have

_ det [1—M(m)p™]
R

where =, is the p-th power endomorphism of p(/y) and A4, is an /[-adic repre-

sentation of JO(]NN). Now the zeta-function of the algebraic curve €, over @
is defined by

{(s, Cy)=11"C(s, By, P,
where the product is extended over all the prime numbers p satisfying P9)
for € =@,. U being an indeterminate, the relations and of §5.6 imply
) 1—ME ) U+ MG )pU* = [1— Mz, )U1[1— M=,/ DU ]
By the same argument as in [22, §5], we obtain
det [1—My(zp)p~*] = det [1—M(Ep)+ MU np)p' ] .
By (4) and (5), the right hand side is equal to

det [1—F,(p; a)p~ +Ry(p; a)p' 1.
Therefore we obtain the following result.

MAIN THEOREM. Let @ be an indefinite quaternion algebra over Q, and v a
maximal orvder in ©. Let N be a positive integer which is prime to the discvimi-
nant of O, and I'y be the group of units v of o, with positive reduced norm,
satisfying y=1 mod. No. Regarding I'y as a Fuchsian group on the upper half
plane, we can find an algebraic cuvve Cy defined over Q, such that: the field of
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Sfunctions on €y is the field of automorphic functions with respect to I'y; and
the zeta-function of Gy over Q is written in the form

{(s, €p) = F(s) (X (s—1)D(s)t,
D(s)=det [( %}ﬂi’z(n ; Noyn™ ],

wheve f(s) is a product of rational functions of p~* for a finite number of primes
D, {(s) is Riemann’s zeta-function, and T ,(n; No) is a representation of a certain
algebraic corvespondence by cusp-forms of degree 2 with respect to I'y, given in
§1.5.

By [Theorem 1, and by Hecke’s theory in the case @ = M,Q), we can
conclude :

COROLLARY. The zeta-function of €y over Q is meromorphic on the whole
s-plane and satisfies a functional equation.

Our theorem is a generalization of the previous results of [6, 227, obtained
in the case where © = M,(Q).

The relation together with the argument of [22, no. 207 gives also in
a general case the following result.?

THEOREM 6. Notations and assumptions being as in Main Theoreni, the
absolute values of the characteristic roots of ZT,(p; No) do not exceed 2V p for
alimost all prime numbers p.

In the case @ = M,(Q), a more precise result is obtained by Igusa [13].

6.3. Concluding remarks. I) We begin with an interpretation of the
congruence-relations. Let / be a prime number and g, the set of points on
J~ whose orders are powers of /; and let &, be the extension of @ generated
by the coordinates of all t=g. We denote by G, the Galois group of k; over
Q. Then, as every element of G, induces an automorphism of g, we obtain a
representation M; of G, by matrices whose coefficients are /-adic integers.
Let p be a prime number different from / and p its extension in k%;; let g, be
a Frobenius substitution for p/p. Then, as is shown in [25, 277, if /4 is
without defect for p, then p is unramified in £,; and we obtain, for a suitable
choice of /-adic coordinates,

Mop) = M(zp),

where 7, is the p-th power endomorphism of p(/y). Hence D(s)=IIdet[1—
M(m,)p~¥]"' gives an analogue of Artin’s L-function for the infinite extension
kE, of Q. By (6) of §6.2, tr M(z,)" is easily obtained from the trace of certain
modular correspondences. Therefore, if we know the trace of Z,(I'yal y), this
determines the characteristic polynomial of M(o;); and the former is obtained
by the trace-formula of Eichler and Selberg. Thus the congruence-relations,

2) In [22, no. 207, the relation was needed. But this is not necessary; only
the relation proves the inequality, in view of the relation y,7, =1.
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or the above main theorem, may be regarded as a reciprocity-law for the
extensions k%, over @, which are not necessarily abelian, even may be non-
solvable.

II) There are many systems of polarized abelian varieties whose moduli are
given by the automorphic functions with respect to some discontinuous groups.
Our method is certainly applicable to those systems. Even in the case of
dimension one, we have more Fuchsian groups, defined arithmetically, than
treated in the present paper. In fact, take an algebraic number field £ whose
conjugates are all real, and take a quaternion algebra U over . which is un-
ramified at exactly one infinite prime spot of 2 The unit-groups obtained
from A in the same way as for @, yield also Fuchsian groups; and we can at-
tach to them certain analytic systems of abelian varieties. Some new difficulties
may arise in treating them; it is sure, however, that we can investigate in
detail the arithmetic of the curves uniformized by the automorphic functions
with respect to those groups, by using modular correspondences.

The theory of modular correspondences, with their congruence-relations,
is the only tool, which we know at present, to calculate the zeta-function of
algebraic curves in a certain degree of generality. This connection does not
seem accidental, though one may find another approach to it. Therefore, it
is important to determine the algebraic curves which are uniformized by
automorphic functions “ defined arithmetically ”. This would be a difficult
problem; but a recent work of Selberg and Weil suggest that one
may anticipate something in this direction.

III) The zeta-function of the curve €, is concerned only with the cusp-
forms of degree 2. Now, in [247], it was shown that, for each even degree &,
we can define an abelian variety by means of the “periods” of certain
integrals attached to cusp-forms of degree k. This abelian variety admit
doubtlessly an algebro-geometric interpretation; and what arithmetic does it
dominate? We can expect from this not only a solution of Ramanujan’s
conjecture but also something more interesting ; and needless to say, a similar
problem in the case of automorphic forms with more than one variables is
no less important.

University of Tokyo.
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Added in proof. of §1 lacks the explicit form of functional
equation in the case a=0; it is given only by which includes terms of
the form Re (¢*f(z)). It is not difficult to make it into the form containing
only holomorphic functions; then a more explicit form can be obtained.
Furthermore, it is better to deal rather with the representations of &, than
with those of &, Thus, in this respect, the view-point of Godement
will be a more appropriate one. The author would like to give a treatment
for this in a more general case on some occasion. Recently, in the case
O = M,(Q), the relation between Hecke’s Euler-product and Artin’s L-function
for the extension ¥n/F:({y) is investigated in the paper : Rangachari, Modulare
Korrespondenzen und L-Reihen, J. Reine Angew. Math., 205 (1961), 119-155.
A similar consideration seems also meaningful in the case of division quater-
nion algebras.
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