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HIGHER WEIGHT HEEGNER POINTS

KIMBERLY HOPKINS

ABSTRACT. In this paper we formulate a conjecture which partially generalizes
the Gross-Kohnen-Zagier theorem to higher weight modular forms. For f €
Sor (V) satisfying certain conditions, we construct a map from the Heegner
points of level N to a complex torus, C/Ly, defined by f. We define higher
weight analogues of Heegner divisors on C/L;. We conjecture they all lie on a
line, and their positions are given by the coefficients of a certain Jacobi form
corresponding to f. In weight 2, our map is the modular parametrization
map (restricted to Heegner points), and our conjectures are implied by Gross-
Kohnen-Zagier. For any weight, we expect that our map is the Abel-Jacobi
map on a certain modular variety, and so our conjectures are consistent with
the conjectures of Beilinson-Bloch. We have verified our map is the Abel-
Jacobi for weight 4. We provide numerical evidence to support our conjecture
for a variety of examples.

1. INTRODUCTION

For integers N,k > 1, let Sox(N) denote the cusp forms of weight 2k on the
congruence group I'o(N). Let Xo(N) be the usual modular curve and Jo(N) its
Jacobian. By D we will always mean a negative fundamental discriminant which
is a square modulo 4N. For each D, one can construct a Heegner divisor yp in
Jo(N) and defined over Q. Suppose f € S3(N) is any normalized newform whose
sign in the functional equation of L(f,s) is —1. Then the celebrated theorem of
Gross, Kohnen, and Zagier [Gross et al. 87, Theorem C] says that, as D varies,
the f-eigencomponents of the Heegner divisors yp all ‘lie on a lind]" in the quotient
Jo(N) . Furthermore it says their positions on this line are given by the coefficients
of a certain Jacobi form. In particular when N is prime, the positions are the
coefficients of a half-integer weight modular form in Shimura correspondence with
f-

Now suppose f € Soi(IN) is a normalized newform of weight 2k and level N.
In addition, assume the coefficients in its Fourier series are rational, and the sign
in the functional equation of L(f,s) is —1. Let Hy/To(N) C Xo(NN) denote the
Heegner points of level N. In this paper we construct a map,

Qo }CN/FQ(N) — (C/Lf,

where C/Ly is a complex torus defined by the periods of f. Let h(D) denote
the class number of the imaginary quadratic field of discriminant D. For each
D and fixed choice of its square root (mod2N), we get precisely h(D) distinct
representatives 71, ..., 7y (py of Hy /To(N). Define (Yp)y = a(r) +--- + a(mh(p))
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IWe will say a subset X of an abelian group J lies on a line if X C Z - z¢ for some zg € J.

1


http://arXiv.org/abs/0904.1141v1

2 KIMBERLY HOPKINS

and define (yp)f = (Yp)s + (Yp)s in C/Ly. When k = 1, «a is the usual modular
parametrization map restricted to Heegner points, and (yp)s is equal to the f-
eigencomponent of yp in Jo(NN) as described in the first paragraph. For k£ > 1 we
formulate conjectures similar to Gross-Kohnen-Zagier. We predict the (yp) all lie
in a line in C/Ly, that is, there exists a point y; € C/Ly such that

(yp)r = mpyy,

up to torsion, with mp € Z. Furthermore we predict the positions mp on the line
are coeflicients of a certain Jacobi form corresponding to f. In the case when N is
prime and & is odd, the mp should be the coefficients of a weight (k+1/2) modular
form in Shimura correspondence with f.

We expect our map is equivalent to the Abel Jacobi map on Kuga-Sato varieties
in the following sense. Let Y = Y* be the Kuga-Sato variety associated to weight
2k forms on T'o(N). (See [Zhang 97, p.117] for details.) This is a smooth projec-
tive variety over Q of dimension 2k — 1. Set Z*(Y )nom to be the nullhomologous
codimension k algebraic cycles, and CH*(Y )pom the group of Z*(Y )pom modulo
rational equivalence. Let ®* be the usual k-th Abel-Jacobi map,

Ok CH* (Y )pom — JE(Y),

where J*(Y') is the k-th intermediate Jacobian of Y. Given any normalized newform
[ = ,51anq" € Sap(N) with rational coefficients, there exists an f-isotypical

component JJ’?(Y) of J¥(Y), and thus an induced map,

k
CHF (Y )hom —— J*(Y)

~N
~N
3 l
kN
LN

JF(Y)

Our expectation is that the image of <I>’; on classes of CM cycles in CH" (Y)hom is
equal (up to a constant) to the image of our map a on Heegner points in Xo(N). If
we assume this is the case, then our conjectures are consistent with the conjectures
of Beilinson and Bloch. In this setting they predict

ranky, CH* (Yr)nom = orde—x Lp(H**~1(Y), s).

If we assume ord,— L(f,s) = 1, then a refinement of their conjecture predicts the
image of Q)’} on CM divisors in Yy should have rank at most 1 in JJ’?(Y).

We have verified the equivalence of o and @?c in the case of weight 4. For this we
used an explicit description of @% on CM cycles given by Schoen in [Schoen 86]. In
fact, in [Schoen 93] Schoen uses this map to investigate a consequence of Beilinson-
Bloch similar to the one described above. For a specific Y = Y* and f he computes
& on certain CM divisors in Y defined over the quadratic number field Q(¢). From
this he finds numerical evidence that the images lie on a line and their positions
are given by a certain weight 5/2 form corresponding to f.

The sections of this paper are divided as follows. In Section Bl we describe
our map and its lattice of periods. In Section [3 we give explicit statements of our
conjectures. In Section[d we describe the algorithm we created to numerically verify
the conjectures in a variety of examples. Note our algorithm could be applied to
compute coeflicients of half-integer weight modular forms. In sections [5l and [6] we
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compute some examples and use them to verify our conjectures in two different
ways.

2. HIGHER WEIGHT HEEGNER POINTS

Let b denote the upper half-plane. Suppose f is a normalized newform in Soy (V)
having a Fourier expansion of the form,

f(r) =) ang",  q=exp(2mit), TED
n=1

with a, € Q.
Recall the L-function of f is defined by the Dirichlet series,
'S an
L = — R k+1/2
(=350 Rels) > k12

and has an analytic continuation to all of C. Moreover the function A(f,s) =
N#/2(27)~*T'(s) L(f, ) satisfies the functional equation,

A(f,S) = EA(fa 2k — S)a

where ¢ = +1 is the sign of the functional equation of L(f,s).
For each prime divisor p of N, let ¢ = p*, £ € N such that ged(q, N/q) = 1 and

set wy = (]‘{,f;; ;), for some g,y € Z, with qzo — (N/q)yo = 1 . Define I'§(N)

to be the group generated by I'o(/V) and each wy. Let S be a set of generators for
I'§(N). Define the period integrals of f for the set S by,
7(ico)

P= {(27m')]C / f(z)z™dz : me{0,...,2k -2}, v € S} CC.
These are sometimes referred to as Shimura integrals. It is straightforward to see
that every integral of the form,

7(ico)
(2mi)* / f(z)z™dz, vyeTHN),0<m<2k—-2

is in an integral linear combination of elements in P. (See [Shimura 73, Section
8.2], for example). In fact, the Z-module generated by P forms a lattice,

Lemma 2.1. L := Spany(P) is a lattice in C.

Proof. By theorems of Razar [Razar 77, Theorem 4] and Sokurov [Sokurov 80,
Lemma 5.6, the set P is contained in some lattice. Hence L is of rank < 2. To show
its rank is 2, it suffices to show there exist nonzero complex numbers v, u~ € L
with u™ € R and v~ € iR.

Suppose m is a prime not dividing N, and x a primitive Dirichlet character
modulo m. Define (f ® x) := >, <, X(n)ang™, and L(f ® x,s) to be its Dirichlet
series. Let A(f®Y,s) = (2m)*(Nm?)*/?T(s)L(f®Y, s). Then for Re(s) > k+1/2,
we have

.5 2\—s/2 . s dz
(21) )P @) = [T

0
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Let g(x) denote the Gauss sum associated to x. Then an expression for x in
terms of the additive characters is given by,

X(”) _ mflg(x) Z X(_u)ehrinu/m.

u mod m
So
(fox)(r) =mg) > x(-u)f(z+u/m).

w mod m

Substituting this into 21I) gives

PN PAf @ s) = m g0 Y w(—w) / P+ ufm)= L,
0

u mod m
and replacing z by z — u/m and rearranging implies
u/m

o) TN A ) = (DT Y x(ew) [ FE)me - 0

uw mod m

Now let s = 2k — 1 in the above equation, and multiply both sides by (27i)%. In
addition suppose x is a quadratic Dirichlet character modulo m. If m = 3 mod 4,
then g(x) = iy/m, and if m = 1 mod 4 then g(x) = v/m. Hence since A(f®y, 2k—1)
is real-valued and nonzero, the right hand side of this equation is either purely real
or purely imaginary depending on the choice of m. Then this proves the lemma
since the right hand side is in L for any m.

O

Let D < 0 be a fundamental discriminant, and assume D is a square modulo
4N. Fix a residue class r mod 2N satisfying D = r? mod 4N. Then

QN(r):={[A,B,C]: A>0,B,C € Z,D = B°>~4AC, A= 0mod N, B = r mod 2N }.

corresponds to a subset of the positive definite binary quadratic forms of discrimi-
nant D. We define HE (r) to be the roots in b of QK (r),

_ -B++D

HY (r) = {T o ;[A,B,C]egg(r),c_w}.

4A

[o(N) preserves HEY(r), and the classes of HE(r)/To(N) are in bijection with
the classes of reduced binary quadratic forms of discriminant D. We will call
HR(r)/To(N) the set of Heegner points of level N, discriminant D, and root r.
Define Hy to be the union of HE(r) over all D,r, and so Hy/I'o(N) are the
Heegner points of level V.

For each 7 = %ﬁ € HE(r), set Q,(z) := A2%2 + Bz + C. We now define a
function oo = oy : Hy — C by

aft) = (2mi)* /T f(2)Qr(2)*dz.

Lemma 2.2. The map « induces a well-defined map (which we will also denote by
a),
(673 }CN/FQ(N) — (C/L
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Proof. For any 7 € Hy of discriminant D and v € T'o(N), we will show

7 (io0)
a(yr) —a(r) = (@) [ F(:)Qu () e
Since Q4-(z) has integer coefficients, this will imply a(y7) — a(7) € L for all
v € T'o(N).
Let v = (2%) € To(N). Then

7(ioco)

a(yr) = i)t [ 1) Qurl2)* 1ds

100

=) [ Q) e

7(ico)

— (2rmi)* / F(r2)@sr(v2)F Nd(2)
= o(r),

where in the last equality we used f(vz) = (cz + d)?*f(2), Qvr(2) = (—cz +
a)?Q.(2), and d(vz) = (cz + d)2dz.
O

3. CONJECTURES

Let {71,...,7h(p)} € HE (r) be any set of distinct class representatives of HE (r) /To(N).
Define
h(D)
Pp,:= Y _ 7 € Div(Xo(N)),
i=1
where Div(Xo(N)) denotes the group of divisors on Xo(N). If D = —3 (resp.
D = —4), scale Pp, by 1/3 (resp. 1/2). Extend a to Pp by linearity and define

(yD,T)f = a(PD7T) + Oé(PD)T) S (C/L.

Here, bar denotes complex conjugation in C. We write yp , or yp for (yp.,)y, and
Pp for Pp, when the context of f, r is clear.
By the actions of complex conjugation and Atkin-Lehner on Hy, we have

a(Pp ) = —ca(Pp,),

where ¢ is the sign of the functional equation of L(f,s). Thus if € = 41, then yp ,
are in L for all D,r. This is, in some sense, the trivial case. Hence we restrict our
attention to the case when ¢ = —1.

Conjectures 3.1l and give a partial generalization of the Gross-Kohnen-Zagier
theorem to higher weights.

Conjecture 3.1. Let f = anl ang" € Sor(N) be a normalized newform with
rational coefficients, and assumee = —1 and L'(f, k) # 0. Then for all fundamental
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discriminants D < 0 and r mod 2N with D = r2 mod 4N, there exist integers mp
such that

tYp,r = MDY in C/L,
where yy € C/L and t € Z are both nonzero and independent of D and r.

Remark 3.2. Equivalently we could say yp,, = mpys up to a t-torsion element in
C/L.

To state the second conjecture we will need to use Jacobi forms. (See [Eichler and Zagier 85]
for background). Let Jax, n denote the set of all Jacobi forms of weight 2k and in-
dex N. Then such a ¢ € Joi,n is a function ¢ : h x C — C, which satisfies the
transformation law

at+b z TN ez
¢(cr+d’ cr—l—d) = (e df o, 2),

for all (2%) € SLy(Z), and has a Fourier expansion of the form

(3.1) o(r,2) = > cln,r)g"(", q=eT, (=P
n,rez
r2<4Nn
The coefficient ¢(n,r) depends only on 72 — 4Nn and on the class r mod 2N.
Suppose f € Sax(N) is a normalized newform with e = —1. Then by [Skoruppa and Zagier 8],
there exists a non-zero Jacobi cusp form ¢; € Ji41, n which is unique up to scalar
multiple and has the same eigenvalues as f under the Hecke operators T}, for m, N
coprime. We predict that the coefficients of ¢+ are related to the mp from above
in the following way,

Conjecture 3.3. Let f = anl ang" € Sor(N) be a normalized newform with
rational coefficients, and assume e = —1 and L'(f, k) # 0. Assume Conjecture[F 1.
Then

mp, = c(n,r)

|D|+r2

v and c(n,r) is the (n,r)-th coefficient of the Jacobi form ¢y €

where n =
Jrt1,N-

Remark 3.4. When k = 2, the points (yp,,) s and y; are the same as those defined
in [Gross et al. 87], and both of our conjectures are implied by Theorem C of their
paper. (Actually their theorem is only for D coprime to 2N but they say the
result remains ‘doubtless true’ with this hypothesis removed. See [Hayashi 95] and
[Borcherds 99] for more details.) Particular to weight 2 is the fact that C/L is
defined over Q and so yp is a rational point on the elliptic curve Ef ~ C/L. In
contrast, we should stress that for weight k& > 2, the elliptic curve E ~ C/L is not
expected to be defined over any number field. For instance, the j-invariants for our
examples all appear to be transcendental over Q.

Remark 3.5. For N = 1 or a prime, and k odd we can state Conjecture[3.3in terms
of modular forms of half-integer weight. Specifically, let ¢ € Jx+1(N) be a Jacobi
form with a Fourier expansion as in (3.]), and set
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where ¢(M) is defined by,

c(l\/il}LvrzaT) if M = —r? mod 4N for any r € Z;

(M) :=
0, otherwise.

This function is well-defined because ¢(n,r) depends only on r? —4nN when N = 1
or a prime, and & is odd. Then by [Eichler and Zagier 85, p.69], g is in My /2(4N),
the space of modular forms of weight k + 1/2 and level 4N. In addition, if f €
Sar(IN) is a normalized newform with € = —1, then the form g defined by ¢y is in
Shimura correspondence with f.

4. ALGORITHM

Let f =3, anq" € Soi(N) be a normalized newform with rational Fourier
coefficients. The sign ¢ of the functional equation of L(f,s) can be computed with
the identity,

f(jv—l) — (~1)keNFa2f(2)

given by the action of the Fricke involution of level N on f. We will only consider
f such that e = —1 and L'(f, k) # 0.

The first step is to find a basis of our lattice L, which is the Z-module generated
by the periods P as described above. Suppose pi1,p2,p3 are three periods in P.
Since L has rank 2, these are linearly dependent over Z, that is

a1p1 + aspe + agps =0, for some a; € Z.

We may assume ged(aq,az2,a3) = 1. Let d = ged(aq, az2), then there exist integers
x,y € Z such that za; + yas = d. Similarly ged(d, as) = 1 so there exist integers
u,v € Z such that ud + vag = 1. Define the matrix M by,

—vay/d —vaz/d u

Observe M € GL3(Z) and M -7 (p1,pa,p3) = © (0, —yp1 +xp2, —vaipi /d—vasps/d+
ups). Hence —yp1 +aps and —va1p1/d—vasps/d~+ups are a basis for the Z-module
generated by p1, p2, p3-

We would also like our basis elements to have small norm. Given a basis w1, ws
of a lattice, its norm form is a real bilinear quadratic form defined by the matrix,

B— 2|w1|2 2Re(w1@2)
- 2Re(w1u_)2) 2|(.(J2|2 ’

Thus it is equivalent to a reduced form of the same discriminant, that is, there
exists U € SLy(Z) such that

2a¢ (3
) a? ) 6 R’
3 2y > By

with [8] < a <« and 8 > 0 if either |3| = @ or & = 7. Hence (w},w}) := (w1, w2)U
is a ‘reduced’ basis. For a basis of all of L we simply apply this process iteratively
on the elements of P.

In fact it is not hard to see that L is a real lattice, that is, L = L. Thus given a
basis wi,ws of L, we may assume w; € iR, and therefore 7 := wy/wy has real part

TUBU = <
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equal to either 0 or 1/2. This implies Re(L) = Re(ws) which will help simplify our
computations.

To actually compute the elements in P we need to split the path from (ico) to
v(ic0) of integration at some point 7 € h which gives,

7y(ioco) ~(7) -
/ f(2)z"dz = / f(z)2"dz — /f(Z)(az + )™ (cz +d)?F 2z,
fory = (2%) € To(IN). We choose 7 to be a point at which f has good convergence.
To compute integrals of the form,

/T f(z)2"Mdz,

we use repeated integration by parts to get the formula

T m—1 _1)i+1
(4.1) /f(z)zmdz =m!(-1)™ Z %Tﬁlfm_j(ﬂ,

where fy(7) is defined to be the ¢-fold integral of f evaluated at 7 € b, that is,

j=—1

1 n o, .
fo(r) = @m) > v A q = exp(2miT)
n>1

which is well-defined for any 0 < £ < 2k — 1.

The next task is to compute a(7) for 7 € Hy. We could do this using (1), but
it is computationally faster to use the following identity for .. Recall the modular
differential operator,

= -, =z +iy € b,

" 2midz 4wy =iy eh
for any integer m. Define 9!, (f) = nt2(t—1) © *** © Omy2 © Om(f) to be the
composition of the £ operators Opm, Om+2,---,Omi2¢—1)- Then a straightforward

combinatorial argument yields the following identity, whose proof we will omit,

Lemma 4.1. Let 7 be a Heegner point of level N and discriminant D. Then
a(t) =kp - 355;;2 o for—1(7),

where kp = (k—1)! (27mi)*(27\/|D|)*~! is a constant depending only on D and 2k.

A closed formula for 8%, (see [Villegas and Zagier 93] for example) allows us to
write o as

(4.2) a(r) = ﬁD(zwi)(%)k;p(%,ﬁ)anq",

where p(m, x), is the polynomial,

2m—1
B m—1 -1,
p(m,x) = g <2m—1—f>(m—1)!x’ meZ,zeR.

l=m
We compute «(7) using [@.2]). Also notice that Lemmal4.T] perhaps provides further
insight into why the map Hy — C/L inducing « is invariant under To(N). Loosely
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speaking, this is because integrating f (2k — 1)-times lowers its weight by 2(2k — 1)
and 85;,;2 increases its weight by 2(k — 1) to get something morally of weight 0.

Given a set of Heegner point representatives of level N, discriminant D, and
root r, we can use the above to compute yp ,. Verifying the first conjecture for
each D,r then amounts to choosing a complex number y, and an integer ¢, both
non-zero, and showing the linear dependence,

(4.3) Re(yp,r) — mp,r Re(ys) + npr Re(w2)/t =0

for some integers mp,,np,. The second conjecture consists of comparing the
coefficients mp , of yr we get above with the Jacobi form coefficients of the form

bf-

5. EXAMPLES

The Fourier coefficients of the forms in these examples were computed using
SAGE [Stein and Joyner 05]. The rest of the calculations were done in PARI/GP
[PAR_0S].

We will always take a set of generators for I'g(/N) which includes the translation
matrix 7= (} 1) but no other matrix whose (2, 1) entry is 0. The period integrals
for T are always 0 since ico is its fixed fixed point, hence we can exclude it from
our computations of P. In addition the (27)* factor in the definitions of yp and
L is left off from the computations, since it is just a scaling factor and requires
unnecessary extra precision.

For each example below, we list the number of digits of precision and the number
M of terms of f we used. Below that is a set of generators we chose for I'j(V)
and the bases, wi,ws, we got for L from computing P and applying the lattice
reduction algorithm explained in Section @. We then provide a table listing the
mp which satisfy equation (@3)) for ¢, y; of our choosing, and D less than some
bound. Without getting into details, the precision we chose depended on the size
of the M-th term of f and on the a priori knowledge of the size of the coefficients

satisfying (@.3]).

Example 5.1. 2k = 10, N = 3. The space of cuspidal newforms of weight 10 and
level 3 has dimension 2, but only one form has ¢ = —1. The first few terms of it
are

f=q—36¢> —81¢> + 784¢* — 1314¢° + 29164° — 4480¢" — 9792¢% + - - -

Precision 60

Number of terms 100

I';(3) (T.(Z32)ws=(87"))
w1 —17 - 0.00088850361439085 . . .
wo 0.00002189032158611 ...

Yy y-g/2

t 1

The mp in Table[D give, up to scalar multiple, the coefficients of the weight 11/2
level 12 modular form found in [Eichler and Zagier 85, p. 144]. Note we can use
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Dl mp | |[D]  mp

8 2| 104 380
11 -5 1107 -507
20 81116 -40
23 81119 -560
35 42 | 131 235
47  -48 | 143  -376
56 01152 -364
59 -155| 155 -64
68 160 | 164 -1440
71 40 | 167 1528
83 353|179 2635
95 280 | 191 -400

TABLE 1. f € Si9(3). List of D, mp such that yp — mpyy € L
for | D| < 200.

the theorems of Waldspurger to get information about the values L(f, D, k) from
this table. For example, L(f, —56,5) = 0.

Example 5.2. 2k =18, N =1.
The weight 18 level 1 eigenform in Sig(1) has the closed form

_ —E§(2) + Ei(2) B (2)

1z) = 1728 ’

where Fs(2) is the normalized weight 2k Eisenstein series.

Precision 200
Number of terms 100
[5(1) =SLa(Z) (T,S=wi=(77"))

w1 i-0.001831876775870191761 . . .
W 0.000000000519923858624 . . .
Yy y—3/3

t 1

The mp in Table 2] are identical to the coefficients of the weight 19/2 level
4 half-integer weight form in [Eichler and Zagier 85, p.141], which is in Shimura
correspondence with f.

Example 5.3. 2k =4, N =13
The dimension of the new cuspidal subspace is 3 in this case, but only one has
integer coefficients in its g-expansion.

f=q—5¢—7¢ +17¢" —7¢° + 35¢° — 13¢" — 45¢° + 22¢° + - --
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|D| mp | |D| mp
3 1| 51 108102

4 -2 52 -93704
7 -16 | 55 -22000

8 36 | 56 80784
11 99 | 59 -281943

15 -240 | 67 659651
19 -253 | 68 193392
20 -1800| 71  -84816
23 2736 | 79 -109088
24 -1464 | 83  -22455
31 -6816| 84 -484368
35 27270 | 87 1050768
39 -6864 | 88 143176
40 39880 | 91 195910
43 -66013 | 95 -370800

47 44064
TABLE 2. f € Sig(1). List of D, mp such that yp — mpyy; € L
for |D| < 100.
Precision 28

Number of terms 250

I'5(13) (T (5322) (F34).(328) . (53 10) w3 =(37"))

w1 1-0.003124357726009878347400865279 . ..

wo —0.04271662498543992056668379773 . . .
—i-0.001562178863004939178984383052.. . .

ys y-3/3

t 3

Notice this is the first example of a nonsquare lattice. In fact ws/wy = —0.5000 - - -+

i-13.67212999... so Re(ws/w1) = 1/2 as explained earlier. This is also the first
example where the choice of r matters, since £ = 2 is not odd. For each D, we
chose 7 in the interval 0 < r < 13. In addition this is our only example where ¢ > 1.

A closed form expression for the weight 3 index 13 Jacobi form ¢ = ¢ corre-
sponding to f was provided to us by Nils Skoruppa,

¢(7, 2) = 070503/’
Here 7 is the usual Dedekind eta-function, n = ¢'/2* [[,5:(1—¢") with ¢ = e2mit
2 .
and 9, = 3,5 (52) ¢FC% for a = 1,2,3, ¢ = €*™*. (This has a nice product

T
expansion using Jacobi’s triple product identity.)
We verify that the (n,r)-th coefficient ¢(n,r) in the Fourier expansion of ¢ is

identically equal to the mp . in Table Bl for |D| < 200.
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|D| mp.r |D| mp.r

3 1107 4

4 -1 116 -8
23 2 (120 -13
35 -7 | 127 14
40 3| 131 -3
43 -17 | 139 29
o1 9| 152 2
95 -6 | 155 22
56 11159 -6
68 -5 | 168 -21
79 41179 -17
87 -6 | 183 -2
88 10 | 191 -10
95 41199 4
103 -8

TABLE 3. f € S4(13). List of D, mp , such that typ ,—tmp ,ys €
L with ¢t = 3, for |D| < 200.

6. MORE EXAMPLES

The coefficients of Jacobi forms are difficult to compute, in particular for the
cases when N is composite or when k is even. We chose the previous examples in
part because the Fourier coefficients for their Jacobi forms already existed, thanks
to the work of Zagier, Eichler, and Skoruppa mentioned above. However, given any
weight and level, we can still provide convincing evidence for our conjecture without
knowing the exact coefficients of its Jacobi form. This is done using a refinement
of Waldspurger [Waldspurger 81] given in [Gross et al. 87, p.527].

Specifically, let f € Sr(N) be a normalized newform with ¢ = —1. Let
¢ = ¢ € Jr+1,nN, with Fourier coefficients denoted by ¢(n,r), be the Jacobi form
corresponding to f as described in Section Bl For a fundamental discriminant D
with ged(D, N) = 1 and square root  modulo 4N, [Gross et al. 87, Corollary 1]
says

|DI*V2L(f, Dy k) = [e(n, )

here L(f, D, s) is L-series of f twisted by D, and n € Z satisfies D = r? — 4Nn.
By = we mean equality up to a nonzero factor depending on N, 2k, f, and ¢,
but independent of D. (Gross-Kohnen-Zagier give this constant explicitly in their
paper, but for us it is unnecessary.)

Thus given two such discriminants D; = r? — 4Nn;, i = 1,2, we have

|Dy[*=1/2L(f, Dy, k)
|Da|k=1/2L(f, Do, k)

c(ni,r)|

c(nz,r2)|

2
5"

Hence by computing central values of twisted L-functions of f, we can test if ratios
of squares of our mp, ,, are equal to those of ¢(n;, ;).
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For the examples below we have the same format as the previous examples along
with a fixed choice of discriminant D; for which we verified explicitly,

|D1|k_1/2L(f7 Dlu k) _ m2D1,r
DFTEL( DR,
for all D coprime to N less than a certain bound.

Example 6.1. 2k =4, N = 21.
The dimension of the new cuspidal subspace of S4(21) is 4. We chose

f=q-3¢ -3¢ +q¢" —18¢° +9¢" +7¢" +---.

Precision 40

Number of terms 500

T5(21) (T, (Z215) (a2 o) - (33 220) > (210 743) (85 Z36) » (Z2007) )
w1 i-0.012130626847574141 . ..

wa —0.03257318919429172. ..

Yy Y-3

t 1

D, -20

For a consistent choice of each r we chose the first positive residue modulo 2V
which satisfies D = r? mod 4N for each D.

|D| mp.r |D| mp.r
3 1111 4
20 -1 119 0
24 -1 131 3
35 01132 8
47 21143 2
56 0| 152 -7
59 11159 0
68 -2 | 164 -2
83 5 | 167 4
84 0] 168 0
87 -4 1195 8
104 -3

TABLE 4. f € S4(21). List of D, mp , such that yp ,—mp,ys € L
for |D| < 200.

Example 6.2. 2k =12, N = 4.
The space of new cuspforms in S12(4) is spanned by one normalized newform
whose Fourier series begins with,

f=q—516¢> — 10530¢° + 49304¢" + 89109¢° — 309420¢'1 + - - - .
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Precision 80

Number of terms 200

rs) (r.(17))

w1 1 -0.000960627675025996 . . .
w9 —0.02998129737318938.. ..
Yr Y7

t 1

Dy -7

Similar to the last example, we chose the first positive residue modulo 2N which
satisfies D = r2 mod 4N for each D.

|D| mp.r |D| mp,r
7 11103 1649
15 5111  -765
23 -3 | 119 -90
31 -50 | 127 2664
39 -35 | 143 -3729
47 186 | 1561  -505
55 215 | 159 -2825
71 -315| 167 3819
79 -10 | 183 2539
87 -497 1191 1830
95 405 | 199 -5755

TABLE 5. f € S12(4). List of D, mp , such that yp ,—mp,ys € L
for |D| < 200.
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