CONGRUENCES FOR FOURIER COEFFICIENTS OF
HALF-INTEGRAL WEIGHT MODULAR FORMS
AND SPECIAL VALUES OF L-FUNCTIONS

ANTAL BALOG, HENRI DARMON AND KEN ONO

ABSTRACT. Congruences for Fourier coefficients of integer weight modular forms have been
the focal point of a number of investigations. In this note we shall exhibit congruences for
Fourier coefficients of a slightly different type. Let f(z) = > 72 ;a(n)q"™ be a holomorphic
half integer weight modular form with integer coefficients. If ¢ is prime, then we shall be
interested in congruences of the form

a({N)=0 mod ¢

where N is any quadratic residue (resp. non-residue) modulo ¢. For every prime £ > 3
we exhibit a natural holomorphic weight % + 1 modular form whose coefficients satisfy the
congruence a(¢/N) = 0 mod £ for every N satisfying (#) = 1. This is proved by using
the fact that the Fourier coefficients of these forms are essentially the special values of
real Dirichlet L—series evaluated at s = %ﬁ which are expressed as generalized Bernoulli
numbers whose numerators we show are multiples of £. jFrom the works of Carlitz and
Leopoldt, one can deduce that the Fourier coefficients of these forms are almost always
a multiple of the denominator of a suitable Bernoulli number. Using these examples as
a template, we establish sufficient conditions for which the Fourier coefficients of a half
integer weight modular form are almost always divisible by a given positive integer M. We
also present two examples of half-integer weight forms, whose coefficients are determined by
the special values at the center of the critical strip for the quadratic twists of two modular
L—functions, possess such congruence properties. These congruences are related to the
non-triviality of the {—primary parts of Shafarevich-Tate groups of certain infinite families
of quadratic twists of modular elliptic curves with conductors 11 and 14.

1. CONGRUENCES FOR FOURIER COEFFICIENTS

First we shall fix the following notation. If D = 0,1 mod 4 is the fundamental
discriminant of the quadratic field Q(v/D), then let xp denote the Kronecker character
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with conductor |D|. It turns out that xp, in terms of Jacobi symbols, is given by:

=) (ﬁ) if D=4D;, D; =3 mod 4
)xp,(n) if D=2D;, D; =1 mod 4
)Xap,(n) if D=2D;, D; =3 mod 4.

n—1

-1 2
Here <n> :=(—=1)"7 if n is odd and is zero otherwise, and (n) =(=1)"7® ifnis

odd and is zero otherwise. By xo we shall mean the identity character.

If x is a Dirichlet character modulo N and k is a positive integer or k € Z>o + %,
then let My (N, x) (resp. Sk(N,x)) denote the finite dimensional complex vector space
of holomorphic modular forms (resp. cusp forms) with respect to I'g(IV). Similarly let
My (N) (resp. Si(V)) denote the space of holomorphic modular forms (resp. cusp forms)
with respect to I'y (V). If f(z) is such a modular form, then it has a Fourier expansion

in ¢ := €*™* of the form

For more on the theory of modular forms see [ .

The congruence properties of Fourier coefficients have been investigated by a number
of authors (see [ ]). For example, if A(z) = >">° | 7(n)¢" is the unique normalized cusp
form of weight 12 with respect to SLy(Z), then it is well known that

7(n) =o011(n) mod 691

and

(1) 7(n) =0 mod 23 if (”) =1
23

where 011 (n) := 34, d''. These congruences are explained by the theory of modular
{—adic Galois representations as developed by Deligne, Serre, and Swinnerton Dyer.

Still there are other examples of congruences for Fourier coefficients which have been
the focus of some attention. For example, if p(n) denotes the number of partitions of n,
then it is well known that

p(dn+4) =0 mod 5,

(2) p(Tn+5)=0 mod 7,

and
p(1ln+6) =0 mod 11

for every non-negative integer n. These congruences may be viewed as consequences of
the action of certain Hecke operators. Here we illustrate this fact for (2). To see this
we construct a holomorphic integer weight modular form whose coefficients inherit these
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congruence properties. Recall that Euler’s generating function for p(n) is given by the
infinite product
oo
H 1
1 —

n=1

Also recall that n(z) := g3t [I:2,(1 —g¢"), the Dedekind eta-function, is a weight % cusp

then (1) holds if and only if
a(fn)=0 mod 7

for every positive integer n. However F7(z) is a holomorphic modular form in Ms5(7, x—7)
and may be rewritten as

Fi(s) = 5B3(2) — g (n(72)

where E3(z) =Y. 035 ,(n)¢" and o3, _,(n) = Zo<d|n X—7(d)%5.
It is easy to verify that

- W 49 T 5, gy
Fi(2) | Tr = 3 al)” = SBa(a) + gu (1)
this implies that a(7n) =0 mod 7 for all n which implies (2).
However there are other congruences that the partition function satisfies. For example

it is known that
p(49n +19) = p(49n + 33) = p(49n +40) =0 mod 49

for every non-negative integer n (see [ ]). In a more convenient form, p(49n+76 —2) =0
mod 49 for all n if § is a quadratic non-residue modulo 7. Following an argument similar
to the one above, this means that the Fourier coefficients of the holomorphic integer
weight modular form

(492 4100 H (1 — g*9m)49 i a(n
n=0

77( 1—qn

satisfies the congruence
a(49n + 70) =0 mod 49

for all n where 0 is a quadratic non-residue modulo 7
We shall be interested in the arithmetic implications of other congruences of this type.
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Definition. Let F(n) be an integer valued arithmetic function, M a positive integer,
and £ a prime. If
FUN)=0 mod M

for every positive integer N that is a quadratic residue (resp. non-residue) modulo £,
then we say that F' has a quadratic congruence modulo M of type (€,+1) (resp. (£,—1)).

Therefore if F'(n) = p(n — 2), then F has a quadratic congruence modulo 49 of type
(7,—1). Moreover by (1) we see that the Fourier coefficients of A(23z) satisfy the qua-
dratic congruence modulo 23 of type (23, —1).

In the following proposition we will give an explicit criterion for determining the truth
of certain congruences of this type that will be used in the sequel.

Proposition 1. Let f(z) =Y.~ ja(n)q" € Mx(N,xo) be a holomorphic integer weight
modular form with rational integer coefficients. If £ is a prime dividing N, then the
coefficients possess a quadratic congruence of type (¢,+1) (resp. (¢,—1)) if and only if

a(fn) =0 mod ¢

for every positive integer n < C' satisfying (%) =1 (resp. (%) = —1) where

(3) C:MI\ZSH<1+;>.

pIN
Proof. In [ ], Sturm proves that if f(z) = > 0~ ja(n)¢", and g(z) = >.°°  b(n)¢" €
M3 (N, x0) have algebraic integer Fourier coefficients, then f(z) = g(z) mod M if a(n) =

b(n) for every n < &N v (1+ %)
Define f1(z) and fa2(2) by
filz) = f(x)|T, = Z a(fn)q™ mod ¢
n=0

and
oo

fo(2) = f(2)|Te = Za(ﬂQn)q" mod £.

n=0
Since the Hecke operators preserve spaces of modular forms, we find that fi(z), f2(z) €
My (N, x0) - If f3(2) = f2(£z) € My (N€, xo) , then fa(2) := fi(z) — f3(2) € My (N€, xo0)

and
oo

fa(z) = Z a(fn)g™ mod £.
n=20
(n,0) =1
Now let f5(z) denote the modular form that is the quadratic twist of f4(z) by (%);
therefore we find that

fs(z) = ;::0 <Z>a(m)q” mod £.
(n,0) =1
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By [] it turns out that f5(z) € My (N3, xo) . Therefore if we define the modular forms
f+(2) and f_(z) by

f+(2) = 5 (fa(2) + f5(2))

N =

and

N |

f-(2) := 5 (fa(2) = f5(2)),

then we will find that fi(z) = 0 mod ¢ (resp. f_(z) = 0 mod ¢) if and only if the
Fourier coefficients of f(z) satisfy a quadratic congruence modulo ¢ of type (¢,+1) (resp.
(¢,-1)).

The claim then follows from Sturm’s theorem if we let g(z) = 0. O

2. SPECIAL VALUES OF L(s,xp)

In this section we present a number of examples of such congruences which involve
special values of real Dirichlet L—functions at negative integers.
If x is a Dirichlet character with conductor f and n is any positive integer, then it

anX

is well known that L(1 —n,x) = — where B, , is the n'"' generalized Bernoulli

number with character x defined by

! x(a)te® > B t"
o S}
a=1 n=0

The properties of these numbers are important in the construction of p—adic L-functions
(see [ ]). These numbers also occur in congruences involving the special values of
L—functions of elliptic curves with complex multiplication and also the class numbers of
real quadratic fields (see [ ]).

In [ ] H. Cohen explicitly constructed holomorphic modular forms of half integer weight
whose Fourier coefficients are explicit expressions involving the special values at negative
integers of Dirichlet L—functions of quadratic characters.

Fix a positive integer r. If N is a positive integer and Dn? = (—1)"N where D is the
fundamental discriminant of a quadratic number field, then define H(r, N) by

@ H(r,N):= L(L —r,xp) Y uld)xp(d)d 02,1 (%) '

d|n

If N =0, then let H(r,0) := {(1 — 2r); otherwise let H(r,N) := 0. In particular, if
D = (—1)"N is the discriminant of a quadratic field, then

BT,XD

(5) H(r,N)=L(1—7r,xp) = — .

If r > 2 and F.(z) := Y..°  H(r,N)q", then F.(z) € M, ;1(4,x0) (see [Th. 3.1,
Cohen]). We shall show that lots of these modular forms have the desired congruence
properties. First we need the following little lemma:
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Lemma 1. Let p > 3 be a prime and suppose that D is a fundamental discriminant of
Q(VD) of the form D = (—l)pTHpN where N is a positive integer satisfying (%) =1.

Then
|D|

Z)(D(a)a%rl =0 mod p|D|.
a=1

Proof of Lemma 1. jFrom (0) and the law of quadratic reciprocity, we may factor xp(n)

ww(m = (2)x(n)

p

where y is a non-trivial real character satisfying x(p) = (%) Therefore the sum, which
we denote T', may be rewritten as

|D| pN

EDRCOTEEDS (“)xm)a"zl.

a=1

We first show that T'= 0 mod N, a fact which does not depend on the condition
that (=X) = 1. We split T into residue classes modulo N, and by the Binomial Theorem
deduce that

Since (%) is a non-trivial Dirichlet character with conductor p and since ged(N, p) = 1,

we find that
p—1 p—1
N
p p

b=0 d=0

Therefore it is easy to see that 7'=0 mod N. Using the same argument, it is also easy
to deduce that T'= 0 mod p. However to complete the proof we need to establish that
T =0 mod p? since p||D]|.

To establish this claim, we split the sum T into residue classes modulo p and from the
Binomial Theorem we find that

cp+ s ptl
(pp >X(cp—|—s)(cp—&—s)p§1 =
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Since x(n) is a non-trivial Dirichlet character with conductor N, and ged(N,p) = 1,
we find that for every integer s

N-1 N—-1
(6) > xlep+s)=> x(D
c=0 d=0
Therefore we find that
L, Nl N-1N-1
2T_22( )slo2 Z x(cp+ s) + Z Z < ) (ecp+s)(p+1)eps 2 mod p
= c=0 c=0 s=1
N-1 p
=(p+1 ZZ( ) cp+scps En mod p
c=0 s=1
Since <$) s =1 mod p, for every integer s Z 0 mod p then
p
N—-1p—1
2T = (p+1) Z Zx(cp +5)ep  mod p2.
c=0 s=1

Finally we show that

N—-1p-—1 N

S = X(ep+ s)e = (1= x(p) Y x(b)b.

c=0 s=1 b=1

This implies that 27" = S =0 mod p? since x(p) = (%) = 1 which would complete the

proof.
Note that this identity holds for arbitrary Dirichlet characters. By (6) we have

1N 1p—1 1p—l N-—-1
x(ep + s cp—&—stZch—Fs
p c=0 s=1 ps:l c=0
1N—1;z;—1
== x(cp +s)(cp + s)
pc:O s=1
1N—1 P 1N 1
== > xlep+s)(ep+s)— = > x(ep+p)(cp+p)
pc:O s=1 p c=0
1 pN N
== x(@a—x(p)Y_ x(r)r
pa*l r=1

We split the first sum again into residue classes modulo N and obtain

1PN p 1 N

];Zx(a) ZZX ) (DN + 1) =
a=1 b 0r=1
p 1 N

SIS o i )

bOrl
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Therefore we find that 27" = S = 0 mod p?; this completes the proof.

O
Although the congruence properties of the denominator of ordinary and generalized
Bernoulli numbers are well known by the Von Staudt-Clausen type theorems (see [ and
Carlitz]), the nature of the prime divisors of the numerators seems to be quite elusive
although some results in this direction are known. In the next Lemma we present cir-
cumstances for which a given prime p > 3 must divide the numerator of the generalized
Bernoulli number Bpy1 _ .

2 XD

Theorem 1. If p > 3 is prime and D is a fundamental discriminant of Q(v/D) of the
form D = (—1)%“pN where N is a positive integer satisfying (%) =1, then

B”T“,XD =0 mod p.

Moreover the special value L(%, Xp) =0 mod p.

Proof Theorem 1. It is well known that
|D|

a
Bp<2+»1 |D| = ZXD Bp+1 <m)

where B e (z) is the pTHSt Bernoulli polynomial defined by

B
p
By (z) = ( 2 )lepil—l
2
=0 L
Therefore one finds that
|D| i N
ptl e
B =L ol (7 ) BipI 0
a=1 =0

Since p > 3 and © < %, by Von Staudt-Clausen it follows that all of the B; in the
above sum are p—integral (i.e. denominators are prime to p). Therefore since |D| = 0
mod p we find that

|D] o optd )
— prl pP_2
B%»(D = ZXD(CL) <B0D| 172 + T a2 Bl) mod p.
This reduces to
|D] |D|

Bugt o = BolDI ™ o0 + 253> 0@ (7) mod

Since xp(n)(%) is a character modulo |D|, the second sum is identically zero and hence

we find that
| D
+1

Bpa ), = |D|_1B0§:Xp(a)otpT mod p.

The result now follows as a consequence of (5) and Lemma 1.
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Corollary 1. Let £ > 3 be prime. Then the Fourier coefficients H(“‘Tl7 n) of the weight
é + 1 modular form Fe% (2) satisfy a quadratic congruence modulo € of type (¢, (F)).

Proof Corollary 1. By (5) and Lemma 2 we see that if D if a fundamental discriminant
+1

of the form D = (—1) = ¢N where N is a positive integer satisfying (%) =1, then

(+1 2Besr
H(—2N) = — =20 = .
( 2 N ) 1 0 mod /¢

Then by (4) it is easy to deduce that for every integer n that

H (H;,ENTLQ) =0 mod /.

Therefore it follows that 01
H(+,M> =0 mod/

2
for every positive integer M = ¢m where <2n = 1. However this is precisely the
-1
condition that (ZL) = (€> . Therefore the modular form Fei1(2) satisfies a quadratic
2

congruence modulo ¢ of type (¢, (_71))

O
There are various other congruences for H(r, N) which are not of this type which are
also of interest. To illustrate this we now prove the following theorem.

Theorem 2. For every positive integer N =1 mod 5 the function H(5, N) satisfies the
congruence

H(B,N)=0 mod5
for every positive integer N =1 mod 5.

Proof. Let f1(z) := F5(2)©(5z) € Mg(20, x5), its Fourier expansion is given by

> . 1 1 2207(2)n%(4z)  8803(2)n'S(42

) O(5z).

n=0

Since ©(5z) =1+23 7, ¢®"", it is clear that it suffices to check that
b(n) =0 mod 5

for every positive integer n =1 mod 5. Now it is known that
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is a weight 6 modular form with respect to I';(500). Therefore by Sturm’s theorem (see
[]) it suffices to check that b(n) = 0 mod 5 for every n = 1 mod 5 up to 90000. The
congruence has been verified with machine computation.

O

In [Th 4 ] Carlitz proved that if x is a primitive Dirichlet character with conductor

f and p is a prime for which p { f and n is a positive integer for which p¢ | n, then p°©

divides the numerator of B,, . For example if D = —N is the fundamental discriminant

of the quadratic number field Q(v/D) where N =1 mod 5, then this result implies that

the numerator of Bs ,,, is a multiple of 5. However by Theorem 2 we find that even more
is true. We obtain:

Corollary 2. Let D = —N be the fundamental discriminant of Q(v/D) where N = 1
mod 5 is a positive integer. Then the numerator of Bs .., is a multiple of 25.

Proof Corollary 2. By (5) and Theorem 2 it follows that

B
H(5,N) = L(—4,xp) = —% =0 mod 5.

This immediately implies that the numerator of Bs ,,, is a multiple of 25.
O

Now we make some observations regarding the divisibility of the Fourier coefficients
of half-integer weight modular forms. In [ ] Serre proved a remarkable theorem re-
garding the divisibility of the Fourier coefficients of holomorphic integer weight modular
forms. Let f(z) = Y ", a(n)q" be the Fourier expansion of a holomorphic integer weight
holomorphic modular form with respect to some congruence subgroup of SLs(Z) whose
coefficients a(n) are algebraic integers in a fixed number field. Then he proved that given
a positive integer M, the set of non-negative integers n for which a(n) =0 mod M has
arithmetic density one.

Unfortunately much less is known regarding the divisibility properties of the coeffi-
cients of holomorphic half-integer weight forms. Let r be a non-negative integer and let
f(z) =3 ga(n)g" € M, 1 (N, x) with rational integer coefficients. If r = 0, then by
the Serre-Stark basis theorem (see [ ]), it is known that f(z) is a finite linear combina-
tion of theta functions. Moreover these functions are of the form O, y(dz) where d is a
positive integer and

Oum(2) = Z q"z.

n=a mod M

In particular for all but a finite number of square-free positive integers ¢, it is the case
that a(tn?) = 0 for every integer n. Therefore the number of integers n < x for which
a(n) # 0 is O(y/x). However if » > 1, then the situation is very different and is of
significant interest. A thorough understanding of the divisilibity properties of Fourier
coefficients when r = 1 will shed some light on the divisors of class numbers of imaginary
quadratic fields and the Shafarevich-Tate groups of twists of certain modular elliptic
curves. Therefore it is worth examining any analogs of Serre’s divisibility result which
may hold for half-integer weight forms.
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(From the works of Carlitz and Leopoldt we find that the modular forms F,.(z) provide
us with an infinite family of interesting modular forms, which are not trivially zero modulo
an integer M, for which we find obvious analogs of Serre’s divisibility theorem. Both
proved that if x is a Dirichlet character with conductor f that is not a power of a prime p,
then L(1—r,x) is an algebraic integer. However if x is a character with a conductor that
is a power of a prime p, then the prime ideal divisors of the denominator of L(1 — r, )
are prime ideal divisors of p. However if r > 2 fixed, it known that the denominators of
L(1—r,xp) are bounded which implies that there are at most finitely many D for which
L(1 —r,xp) is not an integer. Therefore since the modular form F,.(z) may be written
as

Fi() = =20 Y 0" = — 223 a,(m)a”
n=0 n=0

where the coefficients a,.(n) are rational with denominators bounded by D,., the least
common multiple of all the denominators occuring in the a,.(n), it follows that the nu-

By,
=2 By
Von Staudt-Clausen and the Voronoi congruences (see [15.2.4, Ireland and Rosen]), the

denominator of By, is H(p—1)|2r D.
We have proved:

merator of almost every a,.(n) is a multiple of the denominator of {(1 —2r) =

Proposition 2. Letr > 2 be a positive integer. Then for all but finitely many square-free
integers t we find that
a,-(tn*) =0 mod M

for every integer n where M = H(p71)|2T p. In particular, the number of non-negative
integers n < x for which a,(n) Z0 mod M is O(y/x).

Using this proposition as a template we establish circumstances for which the Fourier
coefficients of a half-integer weight modular form are almost always a multiple of a power
of a prime p. From the discussion above it is clear that we only need to consider those
half-integer weight forms with weight > % First we note that the classical theta function
O(z) = 1+25°°,¢" =1 mod 2. Therefore if f(z) = .°°  a(n)q™ is a holomorphic
half-integer weight modular form with integer coefficients, then f(z)-0(z) = f(z) mod 2
is an integer weight holomorphic modular form for which the Fourier coefficients are
almost always even by Serre’s theorem. Therefore the coefficients a(n) are almost always
even. Therefore we may assume that p is an odd prime.

Let f,(z) be the weight 251 modular form defined by

It is easy to verify that f,(z) € Mp-1 (p,xp) where D := (—1)%1). More importantly
2
if s is a positive integer, then since 1 — X? = (1 — XP) mod p, we find that

(7) f£(z)=1 mod p*T.

Using this notation we observe:
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Proposition 3. Let f(z) = > .2 a(n)q™ € M, ;1 (N,x) with rational integer coeffi-
cients. Let p be an odd prime and let s and k be positive integers for which

2r =kp*(p—1).

If for every cusp § of To(Np)

) Nipstt ged(d, p)?
—) > B
Ord(f, 3) 2 51 ped(d, Np/d)d ( P

where Ord(f, §) is the analytic order of f(z) at the cusp §, then for all but finitely many
square-free positive integers t

a(tn?) =0 mod p*t?

for every integer n. In particular, the set of non-negative integers n < =z for which

a(n) Z0 mod p**! is O(\/x).

. k
Proof. If 2r = kp*(p — 1), then by (7) the weight of (fg‘ (z)) is exactly % more than
4+ %, the weight of f(z). The system of inequalities implies that the modular form

s+1 -k
f(2)- (W) = f(z) mod p**!

is holomorphic at all the cusps of I'g(INp) since the order of f;’s (2) at a cusp § is given

by (see []) Np*+1 ( B ng(W)
24 - ged(d, Np/p) p -

Therefore this form is a holomorphic weight % form, hence is a finite linear combination
of theta functions by the Serre-Stark basis theorem. This completes the proof.

O

3. SPECIAL VALUES OF MODULAR L—FUNCTIONS

In this section we investigate the the congruence properties of special values of qua-
dratic twists of a modular L—function at the center of the critical strip on the real line.
By the work of Kohnen, Shimura, Waldspurger, and Zagier, the Fourier coefficients of
certain special half-integer weight forms are essentially (up to a transcendental factor)
the square-root of these special values. We now present two simple examples for which
congruences exist.

Let L(A, s) denote the modular L—function defined by

L(A,s) := Z T,(:Z)
n=1
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where A(z) = Y07 | 7(n)q™ is the Fourier expansion of Ramanujan’s weight 12 cusp form.
If xp is the Kronecker character where D is a fundamental discriminant of Q(\@), then
let L(A, D, s) denote the twisted L—function defined by

L(A,D,s) := i w.

Let g(z) = > o, a(n)q™ be the weight 1 eigenform defined by

(2) = 0%(2)n(42) B 180°(2)n'5(42) n 320(2)n**(82)
P ) 7 (22) n2(22)

Using the Shimura correspondence, Kohnen and Zagier [ | proved a general theorem
which in this case implies that if D is the fundamental discriminant of a real quadratic
field, then
6

7\ VD < A(z),A(z) > 2
0 @.0.0 = (F) G5 @)
where < A(z),A(z) > and < g(z),9(2) > are the relevant Peterson scalar products.
Therefore we shall refer to (a(D))? as the rational factor of L(A, D, 6). With this notation
we prove the following congruences for the rational factors of L(A, D, 6) :

Theorem 3. If N is a positive integer satisfying (%) =1, then the Fourier coefficient
a(11N) satisfies
a(11N)=0 mod 11.

Proof Theorem 3. Tt suffices to check that the Fourier coefficients a(n) satisfy a quadratic
congruence modulo 11 of type (11, —1). Let T'(z) € M12(44, x0) be defined by

T(z) =Y eln)g" = g(z) - O(112) -

Since the right hand factor is a modular form whose Fourier expansion is =1 mod 11, it
suffices to check that the Fourier expansion of T'(z) has a quadratic congruence modulo
11 of type (11, —1). However by Proposition 1 it suffices to check that

¢(1ln) =0 mod 11

for all n < 95832 that satisfy (7) = —1. This congruence has been verified by machine
computation.

O
Therefore by (8) we obtain:
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Corollary 3. Using the notation above, if D = 11N s the fundamental discriminant
of Q(v/D) where N is a positive integer satisfying (#) =1, then the rational factor of
L(A, D, 6) is a multiple of 121.

Now we present a second example of such congruences. In this second example let
f(z) =307 c(n)g™ = n®(2)n®(22); hence f(z) is the unique normalized weight 8 eigen-

form of level 2. Let L(f, s) denote the modular L—function

L(f,s) = Z %
n=1

As above, let L(f, D, s) be the twisted modular L—function defined by

L(f.D,) = 30 X2

Now let g(z) denote the weight % eigenform

o O 160(2)" ()
he) = D " = =50 (22)

The Shimura lift of h(z) is f(z), hence by [prop??? Wa] it turns out that if Ny = Ny £ 5
mod 8 are two positive square-free integers with corresponding quadratic characters xp,
and xp, where d(Ny) # 0, then

z
2

d?(N2)L(g, D1,4) Ny
i )
d?(N1)N5

9) L(g, D3, 4) =

With this notation we prove:

Theorem 4. If N is a positive integer satisfying (#) =1, then the Fourier coefficient
d(7TN) satisfies the congruence

d(7TN)=0 mod 7.

Proof Theorem 4. Tt suffices to check that the Fourier coefficients d(n) satisfy a quadratic
congruence modulo 7 of type (7, —1). Let S(z) € Mg(28, xo) be the modular form defined
by
5() = Y bm)a” o= h(2) - ©(72) - L1
. n=1 . T](?Z)
Since the right hand factor is a modular form whose Fourier expansion is = 1 mod 7,
by Proposition 1 it suffices to check that

b(Tn) =0 mod 7
for all n < 10976 where (?) = —1. This has been verified by machine computation.

U
By (9) we obtain:

Corollary 4. Let N be a positive square-free integer for which TN % 5 mod 8 and
(#) = 1. If the character of Q(V/TN) is xp, then the rational factor of L(f, D,4) is a
multiple of 49.
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4. AN ELLIPTIC CURVE EXPLANATION

We interpret the congruences of corollaries 3 and 4 in terms of the Bloch-Kato con-
jecture on special values of L-functions associated to arithmetic objects of a very general
type (the “motives” in the sense of Grothendieck and Deligne, as defined for example in
[Delignel).

Motives: It is beyond our scope to give a detailed account of motives. A good reference
for this is [Deligne]. For the purpose of our discussion, a motive M (over Q, with rational
coefficients, of rank r) can be thought of as a piece of the cohomology of an algebraic
variety over QQ, giving rise to:
e For each prime ¢, an f-adic representation M, of Go = Gal(Q/Q), arising from /-
adic étale cohomology. The object M, is an r-dimensional Q-vector space equipped
with an action of Gg. Since Gg acts through a compact quotient, it leaves stable a Z,-
sublattice T; of My, and one can define the mod ¢ representation associated to My to be
the Fy-vector space My = T;/{T,. This space depends on the choice of T in general, but
its semi-simplification does not, by the Brauer-Nesbitt theorem. To obtain a canonical
object we simply define M to be the semi-simplification of T} /¢T).
e The system {M;} should form a compatible system of rational ¢-adic representations
in the sense of [Serre.McGill], §I.11. More precisely, the action of Gg is unramified
outside S U {¢}, where S is a fixed finite set of primes not depending on ¢. Let D, be
a decomposition group at p in Gg and let I, denote an inertia subgroup of D,. Let
Frob, be the canonical (“frobenius”) generator of D, /I, which gives the map z +— 2P on
residue fields. If p # ¢ is a prime, then the characteristic polynomial Z,(M,T) of Frob,
acting on M ZI P

Z,(M, T) = det((1 — Frob,T)|M,")

has integer coefficients and should not depend on the choice of £ # p.

e A rational vector space Mp: the so called “Betti realization”, arising from singular
cohomology.

e A rational vector space Mpgr coming from the algebraic DeRham cohomology, equipped
with its natural Hodge structure.

The structures Mp and Mpgr will not play an explicit role in our discussion, but are
used in defining certain (transcendental) periods associated to M as in [Deligne].

The L-function: One defines the local L function at p by L,(M,s) = Z,(M,p~%)" 1.
By the compatibility axiom, L, (M, s) does not depend in the choice of the prime ¢ used
to define it. One then defines the global L-function as a product over all primes p:

L(M,s) =[] Lp(M, ).

This Euler product converges in a right half plane, by the Weil conjectures. It is conjec-
tured that L(M, s) has an analytic continuation and a functional equation (cf. [Deligne],
§1.2.) We will assume this. (In the special cases that we discuss, this conjecture is known
to be true.)

4

The Bloch-Kato conjectures: Under the asumption that the motive is “critical” (in
the sense of [Deligne], Def. 1.3), Deligne has given a very general conjectural formula for



16 ANTAL BALOG, HENRI DARMON AND KEN ONO

the special value L(M, 0), modulo rational multiples, in terms of a certain period integral
defined in terms of the structures Mp and Mpgr. This conjecture has been refined by
Bloch and Kato , and predicts that the “rational part” L,..(M,0) of L(M,0) (i.e., the
special value L(M,0) divided by the Deligne period) can be interpreted as the order of
a certain Selmer group Sel(M) = @,Sel,(M), where

Selg(M) = ker (Hl(Q, M, ® QZ/ZZ) — EBUH}(QU, M, ® Qg/Zp)) .

The groups H}(Qv, My ® Q¢/Z¢) are certain subgroups of the local Galois cohomology
groups HY(Q,, M; ® Q¢/Zy). When v ¢ S U {¢} then these are exactly the unramified
cohomology classes. When v = /¢, the definition of H } is more subtle and relies on the
crystalline cohomology theory developed by Fontaine and Messing. See [Bloch.Kato] for
details.

Note that in general Sel(M) need not be finite. If it is infinite, one conjectures that
Lrat(Ma 0) =0.

Congruences between motives: We say that two motives M and N are congruent
modulo ¢ if the local L-factors Z,(M,T) and Z,(N,T) are congruent mod ¢ for all
primes p # £. In particular, it follows from the Chebotarev density theorem that the
mod ¢ Galois representations M, and N, associated to M and N are isomorphic. For
example, modular forms whose Fourier coefficients are congruent modulo ¢ give rise to
congruent motives. (See, for example, the discussion in the introduction to [Mazur].)
Generally speaking, motivated by the philosophy expressed in [Mazur], one expects a
mod ¢ congruence between two motives to translate into a congruence modulo ¢ between
the special values of their associated L-functions.

Conjecture C. If two motives M and N are congruent modulo £, then

Lyat (M, 0) = Lrat (N7 O) (Il’lOd f)

The motives associated to L(A, D,6) and L(f,D,4): Let Ma and My denote the
motives associated by Scholl [scholl] to the modular forms A € S12(SLa(Z)) and f €
Ss(T'0(2)) respectively. By definition, we have:

L(Ma,s) = L(A,s), L(Mjy,s)=L(f,s).

Set,
Ma,pe = Ma(=6)® My,,, Mspa=Mp(—4)® M,,.

Here M (n) is the n-th Tate twist of M, as defined in [Deligne|, and M, ,, is the Artin
motive associated to the Dirichlet character xp.
From the definitions it follows immediately that we have

L(MA,D,67O):L(A7D56)7 L(Mf,D,4aO):L(faDa4)'
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A congruence for Ma pge: Suppose that D = 11N, with NV prime to 11. Let E;; be
the elliptic curve Xp(11). It is the (unique) modular elliptic curve of conductor 11, and
its associated eigenform fi; € S2(To(11)) is

f1=n(2)"n(112)* = ¢[J(1 = ¢")? (1 = ¢"'")* =D an(B11)g™
Let MEg,, 1 be the motive satisfying
L(ME'11,X,17O) = L(E117Xa 1)7

where x is the Dirichlet character associated to the imaginary quadratic field Q(v/—N).
Then we have:

Lemma 2. The motives Ma pe and Mg, y,1 are congruent modulo 11.

Proof: We have
A=q]Ja-g*=q]]J0 -0 —-¢"")?*=fi1 (mod 11),
so that 7(n) = a,(F11) (mod 11) for all n. Moreover, we have
xp(P)p™ = x(p) (mod 11),
and the lemma follows directly from this.
lemma 3. If 11 is split in the field Q(v/—N), then
L(Mg,, v1,0) =0.
Proof: This follows from the calculation of the sign in the functional equation for
L(E11, X, s), which can be shown to be —1 when the conductor of E splits in the qua-

dratic field Q(v/—N). (See for example [gross.zagier].) Since 1 is the symmetry point for
the functional equation, it follows that

L(Er, x, 1) = L(Mg,, x,1,0) = 0.

Corollary. Assume conjecture C. Then L(A,D,6) = 0 (mod 11) whenever 11 is split
in Q(v—N).

Proof: Since Ma ,pe and Mg,, 1 are congruent modulo 11 by lemma 2, conjecture C
implies the congruence

L(A, .D7 6) = L(MA,D,G, 0) = L(MEH,XJ’ 0) =0 (mod 11),

where the last equality follows from lemma 3.

A congruence for My p 4: Suppose that D = 7N with 7 not dividing N. Let Eq4 be
the elliptic curve Xo(14). It is the (unique) modular elliptic curve of conductor 14, and
its associated eigenform fi4 € S2(Tp(11)) is

fua = n(2)n2)n(T2)n(142) = ¢ [ [(1 = ¢")(1 = )1 = ¢"™)(1 = g"*™).

Let Mg, , .1 be the motive satisfying L(Mg,, y,1,0) = L(E14, x, 1), where x is the Dirich-
let character corresponding to the quadratic imaginary field Q(v/—N). Then we have:
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Lemma 4. The motives My p 4 and Mg, 1 are congruent modulo 7.

Proof: We have
f=aq]Ja-g* - =q]J0 -0 -)(A—q™)(1=¢"") = fis (mod 14).

The lemma follows directly from this, and from the fact that xp(p)p~2 = x(p) (mod 7).
Lemma 5. If 2 and 7 are both split or both inert in the field Q(+v/—N), then

L(MEM,XJ) 0) =0.

Proof. This follows from the calculation of the sign in the functional equation for
L(F14, X, $), which can be shown to be —1 when x(14) = 1. (See for example [gross.zagier].)
Since 1 is the symmetry point for the functional equation, it follows that

L(E147X7 1) = L(ME14:X,17 0) =0.

Corollary. Assume conjecture C. Then L(f,D,4) = 0 (mod 7) whenever 2 and 7 are
both split or both inert in Q(~/—N).

Proof: By lemma 4, the motives My p 4 and Mg, , 1 are congruent modulo 7. Conjecture
C implies the congruence

L(f,D,4) = L(My,p.4,0) = L(MEg,, +,1,0) =0 (mod 7),
where the last equality is by lemma 5.
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