Pure and Applied Mathematics Quarterly
Volume 16, Number 3, 371-420, 2020

Generalization of the Weierstrass g function and Maass
lifts of weak Jacobi forms
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Dedicated to Professor Kyoji Saito on the occasion of his 75th birthday

Abstract: Typically, a Maass lift is a map from (holomorphic)
Jacobi forms of index 1 to Siegel modular forms of degree 2 or
other kinds of modular forms. In this paper, we construct Maass
lifts from weak Jacobi forms to (non-holomorphic) Siegel modular
forms of degree 2 with or without levels and characters, as formal
series. By the Koecher principle, the images of our lifts are not
holomorphic at cusps, even if the formal series converge. When the
level is equal or less than 3 and the character is trivial, the image
of our Maass lift is in the space of meromorphic Siegel modular
forms.
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1. Introduction

Three important keywords in this paper are ‘p function’, ‘Maass lifts’ and
‘weak Jacobi forms’. All of these three keywords are closely related to the
theory of Jacobi forms. In 1985, Eichler and Zagier introduced the concept of
Jacobi forms in their book [EZ]. In their book, they gave the relation between
our keywords to Jacobi forms:

(i) The Weierstrass g function can be recognized as a meromorphic Jacobi
form of weight 2 and index 0 with respect to SL(2,Z).
(ii) They constructed a Maass lift. Actually, they gave a map from Jacobi
forms of index 1 to Siegel modular forms of degree 2.
(iii) They introduced the concept of weak Jacobi forms, which is just like
Jacobi forms but do not satisfy the condition on their Fourier coefficients
corresponding to the Koecher principle.
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Nevertheless, in their book, these three topics were treated independently. In
fact, all Siegel modular forms satisfy the Koecher principle, hence we can not
apply this Maass lift to weak Jacobi forms directly in the range of holomorphic
functions.

Ten years later, these three were connected by Borcherds. In 1995,
Borcherds [Bo] constructed modular forms on some orthogonal groups by
using infinite products (so called Borcherds products). In his paper, he men-
tioned not only Borcherds products but also Maass lifts (additive lifts) of
weak Jacobi forms. Actually, he gave maps from weak Jacobi forms of index
1 to modular forms on some orthogonal groups, by using the Weierstrass g
function. His idea seems to be able to apply to a map to Siegel modular forms
of degree 2, however, he did not give a complete proof in this case.

In this paper, first, we construct a Maass lift from weak Jacobi forms
to Siegel modular forms of degree 2, according to the idea of Eichler, Zagier
and Borcherds. After a slight review of basic properties of modular forms and
Jacobi forms in section 2, we construct a Maass lift without levels in section 3.
This part does not contain any new idea. The only thing the author do is to
give a complete proof of their idea, however, to prepare suitable notation is
useful to study the case with levels.

In 2012, Ibukiyama [Ib] constructed Maass lifts from Jacobi forms to
Siegel modular forms of degree 2 with levels and characters. In this paper,
second, we apply his idea to weak Jacobi forms. There are two difficulties in
this process. The first one is to find a meromorphic Jacobi form with levels
and characters corresponding to the p function in the case of without levels.
We construct it in section 4. Another one is on the convergence of our Maass
lifts. We discuss it in section 5. Our discussion in section 5 includes some
complicated calculation. We show the precise process of it in section 6.

2. Preliminaries

In this section we review elliptic modular forms, Siegel modular forms and
Jacobi forms. To prepare suitable notation is useful to study Maass lifts.

2.1. Elliptic modular forms

First, we review elliptic modular forms. We denote the complex upper half
plane by

H:={7€C|Im7>0}.
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The special linear group SL(2,R) acts on H transitively by

M7 gir) = T 0 cp <g—<‘; §>GSL(2,R)>.

T+

For any fixed k € Z, this action induces the SL(2,R)-action on the set of all
holomorphic functions on H by

Hol(H) > f = (fleg)(r) := (y7 +8) " f(g(r)) € Hol(H),

where we denote the set of all holomorphic functions on X by Hol(X).
Let

SL(2,7Z) := SL(2,R) N Mat(2 x 2,7Z)

and I'M be a finite index subgroup of SL(2, Z). Let /() be a character of I'V),
namely, a homomorphism ™) : T — §':= { > € C | |z| = 1 }. Roughly,
an elliptic modular form is a T(M-invariant (with 1)) holomorphic function
on H. However, strictly, we should discuss with their behavior at cusps. Let
f be a TM-invariant holomorphic function on H, namely, we assume that f
satisfies ) (g1) f = flrgs for any g, € M. Then for any g € SL(2,7Z),
flkg is (g_lF(l)g)—invariant (with a character). Since I'") is a finite index
subgroup of SL(2,Z), there exists hy > 0 such that

1t _ 1\ _
{tGR‘ (O 1>€glf(1)g, w(1)<g<0 1>g1>:1}:h9Z.

Therefore, f|rg has a Fourier expansion

(2.1) (fleg)(Z) = Y cqln)e(nr),

nEh;lz

where e(x) := exp(2mix).

Definition 1. For f € Hol(H) and k € Z, we say f is an elliptic modular
form of weight k with character V) with respect to TM 4f f satisfies the
following two conditions:

(1) W (1) f = flrgr for any g1 € TV,
(2) On(2.1), cg(n) =0 for any g € SL(2,Z) and n < 0.

We denote by M,&l)(F(l);w(l)) the space of all elliptic modular forms
of weight k with character ¢/(!) with respect to TW. It is well known that
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M,(Cl)(l“(l); 1) is finite-dimensional and especially
M (M) = {0} (k=0)
except when k = 0 and ¢() is the trivial character:
MY (r®;1) = ¢,
where we denote the trivial character (map to 1) by 1.
2.2. Siegel modular forms of degree 2

Second, we review Siegel modular forms of degree 2. We denote the Siegel
upper half space of degree 2 by

HQ;:{z:tz:C 5)6Mat(2x2,©) ‘ ImZ>O}.

The symplectic group

Sp(2,R) := {M _ (é g) € Mat(4 x 4, R)

t . Oy —E
MJIJM =J = <E2 02>}

acts on Hs transitively by
Hy > Z +— M{(Z) := (AZ + B)(CZ + D)™' € Ha.

For any fixed k € Z, this action induces the Sp(2, R)-action on the set of all
holomorphic functions on Hy by

Hol(Hy) > F — (F|,M)(Z) := det(CZ + D)"*F(M(Z)) € Hol(Hy).

Let
Sp(2,Z) := Sp(2,R) N Mat(4 x 4,7Z)
and T'® be a finite index subgroup of Sp(2, Z). Let 1)(® be a character of T3,

Roughly, a Siegel modular form is a I'®-invariant (with 1/)(2)) holomorphic
function on Hy. Actually, the definition of Siegel modular forms is as follows:

Definition 2. For F' € Hol(Hy) and k € Z, we say F is a Siegel modular
form of weight k with character ) with respect to T'®) if F satisfies the
conditions ® (M) F = F|,M; for any M, € T'?),
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We denote by Mg)(F(?);w@)) the space of all Siegel modular forms of
weight k& with character ¢(® with respect to I'®. Tt is well known that

Mg) (D) )Y is finite-dimensional and especially
M (C5p®) = {0} (k£ 0)
except when k& = 0 and ¥® is the trivial character:
MP(T®:1) = C.

Although this definition of Siegel modular forms does not contain any
condition at their cusps, it is better to discuss with their behavior at cusps
here, because we need to see it carefully later. For (s,t,u) € R3, put

1 0 s ¢t
01 t u

T (s,t,u):= 00 1 0 € Sp(2,R).
0 001

Let F € M® (T®: @), Then for any M € Sp(2,Z), F|xM is (M*1F<Q>M)-
invariant (with a character). Since I'® is a finite index subgroup of Sp(2, Z),
T (s,t,u) € MT@ M, }

Ay = R
y {(s,t,u)é ¥ (MT (s,t,u) M71) =1

is a rank 3 lattice in R®. Therefore, F|;, M has a Fourier expansion

(2.2) (F|lpxM)(Z) = Z cem(n,l,m)e(nt + 1z + mw),

#
(n,l,m)eA,
where

AL, = { (n,1,m) € R® | V(s,t,u) € Ay, ns—i—lt—i—muEZ}

is the dual lattice of Ajs. On (2.2), sometimes we write ¢y ( ) instead

of cpr(n,l,m) and then we have

1 n L T Zz
o= 3 et )o(o((3 (2 2)))
(n,l,m)EAgw 2 2
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For g € GL(2,R), put

and
R (r<2>;M) - { g€GL2,R) | R(g9) e M 'TOM }

Forany g e R (F(2); M), we have

1 n L
;) = v (MR () M™") (det g) " cns (g <% ;) tg) .

Hence, since the series (2.2) converges absolutely on Hy, if cps(n,l,m) # 0,

2 el ) 2)

gER(T);M)
where g runs over R (F(z); M), which is a finite index subgroup of SL(2,7Z),
should converge on Hsy. Consequently we have the following proposition.

o~ 3

N~ 3

)

Proposition 3 (Koecher principle). On (2.2), if n < 0 or if 4nm — [? < 0,
then cpr(n,l,m) = 0.

To study more details of Siegel modular forms, we can refer a lot of good
textbooks.!

At the end of this subsection, we give the definition of meromorphic Siegel
modular forms. We denote the set of all meromorphic functions on X by
Mer(X).

Definition 4. For ' € Mer(Hs) and k € Z, we say F is a meromorphic
Siegel modular form of weight k with character @ with respect to T® if

there exists Fy € M;?)(F(z); 1) such that FFy € Ml(c%zkl (T®; @),
2.3. Jacobi forms

Jacobi forms were first studied by Eichler and Zagier in their book [EZ]. In
this book, they studied Jacobi forms with respect to the full modular group,

"'When the author was a graduate student, my supervisor Professor Kyoji Saito
recommends two textbooks [Fr] and Klingen [KI].



Maass lifts of weak Jacobi forms 377

mainly. Based on their book, we study Jacobi forms for arbitrary finite index
subgroup in this subsection. For details, see [AI] or [Ao4].

Let T := {£7(0,0,u) | u € R}. In the sense of the action of Sp(2,R)
on Hy, T is the set of all parallel transformation with respect to the variable
w. Let Sp(2,R)? and Sp(2,R)N be the centralizer and normalizer of T in
Sp(2,R), respectively. Namely,

Sp(2,R) :={ M € Sp(2,R) | VM, € T, MMM = M, }
and
Sp(2, RN :={ M € Sp(2,R) |VM, € T, M'MM €T }.

To study them, we define elements of Sp(2,R) by

010 0 100 y
|1 0 0 0 |z 1 y O
0010 000 1
and
x/oxt\T 0 \/[f\T 0 a f n
0 VA 0 0 g=\, 5]€CGLT2R)
C(gl) = Y 0 ) 0 v )
Vi VAL
0 0 0 1 /\1:detg1

5

where GLT(2,R) := { g € GL(2,R) | detg > 0 }. The following lemma is

easy to show by direct calculation.

Lemma 5. Any M € Sp(2,R)? (resp. Sp(2, R)N) can be written as

uniquely, where g, € SL(2,R) (resp. GLT(2,R)) and z,y,u € R.

The relations of these matrices in the above lemma are as follows:

C (91) C (92) =C (9192) )
U (.9)C(91) = Clan) U (

L o) )
X
ot g, D Y9 )
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u
T(0,0,u)C (1) = C(90)T (0’07 m) ’

Ul(x1,y1) U (x2,92) = U (21 + 22,91 + y2) T (0,0, x1y2 — 2231) ,
T7(0,0,u) U (z,y) = U (x,y) T (0,0,u)

and

T (0,077,61) T (07 O,Ug) =T (0,0771/1 + UQ) .

By using the decomposition (2.4), we define a group homomorphism \ :
Sp(2, RN - Rt :={ A\; €R| A\ >0} by A\(M) := ;.

Let k € Z. The group action of Sp(2, R)N on Hol(H x C) x R is defined
by

(6,m) kM := (9 M, A(M)m) (M € Sp(2,R)N)

where @i, M is given by
(@lkmM) (7, 2)e(mAM)w) = ($(T, 2)e(mw)) |kM.

We can see @|i,», M € Hol(H x C) by using Lemma 5. Actually, we have

(BlimC (91)) (1 2) == M (y7 + 6) Fe (‘W”*) é (

at+ 08 Mz )
YT+ 6 ’

YT+ T+ 46
(DlemU (z,9)) (1,2) :==e (m($27' + 22z + :Uy)) H(1, 2 + 27 + )

and

(@lkmT (s, t,u)) (1, 2) == e(mu)p(T + s,z + t).

Let
Sp(2,7)? := Sp(2, R)? N Mat (4 x 4, Z)

and T) be a finite index subgroup of Sp(2,Z)”. Let m € R and ) be
a character of I'"). Roughly, a Jacobi form is a T)-invariant (with ¢())
holomorphic function on H x C. However, as the Koecher principle does not
hold on Jacobi forms, we should discuss with their behavior at cusps. Let ¢
be a IT'¥)-invariant holomorphic function on H x C, namely, we assume that ¢
satisfies ) (M) ¢ = &|k,mM; for any M, € I'"). The following proposition
holds (cf. [Ao4, Proposition 6]).
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Proposition 6. Letk € Z, m € R and ") be a character of TV, We assume
that ¢ € Hol(H x C) satisfies 1e) (M) ¢ = @lemMy for any M, € . If
m <0, then ¢ = 0. If m =0, then ¢ does not depend on 7.

Hence we may assume m = 0. For any g € SL(2,Z), ¢|rmC (g) is
(C (g)fl re (g))—invariant (with a character). Since I'") is a finite index
subgroup of Sp(2,7Z)”,

T (s,t,0) € C(g) ' TDC (g), }

AJ = s, ]RQ
g { (s,t) € p (C (9) T (s,t, 0)0(9)71) -1

is a rank 2 lattice in R?. Therefore, ¢|.C (¢g) has a Fourier expansion

(2.5) @C(9)(Z) = >  cylnl)e(nt +1z),

(ne(ag)f
where
(A2) = { (n.)) € B2 | W(s,t) € A}, ms 1t € Z }
g . b ) g?
is the dual lattice of Ag.

Definition 7. For ¢ € Hol(Hx C), k € Z, m € RT U{0}, we say ¢ is a weak
Jacobi form of weight k and index m with character YY) with respect to T'))
if ¢ satisfies the following two conditions:

(1) D (M) ¢ = ¢lkmMy for any My € T,

(2) On (2.5), c4(n,l) =0 for any g € SL(2,Z) and n < 0.

We say a weak Jacobi form ¢ is a Jacobi form if ¢ satisfies one more condition:
(3) On (2.5), cy(n,1) =0 for any g € SL(2,Z) and 4nm — * < 0.

We denote by Jpm(I'; ) (resp. J‘,g:‘“;?bk(F(J); 1)) the space of all Ja-
cobi forms (resp. all weak Jacobi forms) of weight k£ and index m with char-
acter ) with respect to I'). Clearly, Jpum(T'; M) c Jyeak(T();4p(0))
holds.

At the end of this subsection, we give the definition of meromorphic Jacobi
forms.

Definition 8. For ¢ € Mer(HxC), k € Z andm € R, we say ¢ is a meromor-
phic Jacobi form of weight k and index m with character ") with respect to
r if there exists ¢1 € Jk1,m1(F(J); 1) such that ¢y € Jk+k1,m+m1(F(J); z/J(J)).
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2.4. Congruent subgroups

For any natural number N € N:={1,2,3,...}, let

(N = { M = (é g) € Sp(2,7) ] C'=0, (modN) }
and
F(()l)(N) = { g = (3 ?) € SL(2,Z) ’ v=0 (mod N) }
be congruent subgroups of level V. Let
5 () == (P (N) N Sp(2, Z)’.

The Maass lifts (of usual Jacobi forms) with respect to F((f)(N ) were precisely
studied in the paper by Ibukiyama [Ib] and the aim of this paper is to extend
them to weak Jacobi forms. According to the paper by Ibukiyama [Ib], here
we introduce a character induced from a Dirichlet character of modulo N.
Let x be a Dirichlet character modulo N, namely, x : Z — C is a function
satisfying the following three conditions:

(1) x(6) =01if (5§, N) # 1 and x(6) € St if (6, N) = 1.

(2) x(01) = x(02) if 1 = d2 (mod N).

(3) x(0162) = x(61)x(d2) for any 61,02 € Z.

Then
v (9) = x(0) (g = (3 §> S Fél)(N)>
9 (M) := x(det D) (M - (é g) € ré”(zv))
and
v (M) == x(det D) (M = (é g) c ré”(zw)

are characters of Fgl)(N ), F(()Q)(N ) and F(()J)(N ), respectively. For simplicity,
we write

1 1 1 2 2 2
MO (N x) = MO TV e0),  MP (N x) = MP (TP (N); @),
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Jem (N5 x) = Jk,m( (N )@b(‘])) and J}9N(N;x) = Jweak(rgJ)(N);w;J)).

The following two propositions are important to construct Maass lifts (cf.

[AT]).

Lemma 9. Any M € F((]J)(N ) can be written as

(2.6) M=4C (1)U (z,y) T (0,0,u)

uniquely, where g, € Fgl)(N) and x,y,u € 7.

Lemma 10. The group F((]z)(N) is generated by F(()J)(N) and S.
2.5. Fourier-Jacobi expansion

Let kK € Z, N € N and x be a Dirichlet character of modulo N. Let F €
M (N;x). Since T (0,0,1) € T{P(N) and ¢ (T(0,0,1)) = 1, F has a
Fourier expansion with respect to w. By Koecher principle (Proposition 3), it
is

Q7 FZ) = énnems)  (6m € TumVix).

which we usually call Fourier-Jacobi expansion of F'. On the Fourier expansion

Z Z c(n,l,m)e(nt +1z2),

l€Z
(4nm 1220)

since S € F(()Q)( N) and 1/1(2) (S) = x(—1), we have

c(n,1,m) = (=1)*x(=1)e(m, 1, n).

Now we introduce the formal series of Jacobi forms. For k € Z, we define

FM,(N; x) ::{ (m)>°_y € ﬁ Jkm(N; X) ‘ (Sym) }

m=0

and

FMEIG&I{(N;X) ::{ o € H Jweak | (Sym) },
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where (Sym) means the following condition:

On the Fourier expansion ¢,,,(7,2) = >, ¢(n,l,m)e (n7 +1z),

(Sym) : c(n,l,m) = (=1)*x(=1)c(m, 1, n) holds for any n,l,m € Z.

By using this notation, we can regard the Fourier-Jacobi expansion (2.7) as
a map

(2.8) FJ : M (N;x) < FM(N: y)

by identifying (¢, ),._, with their formal sum >°>°_ ¢ (7, 2)e(mw). The map
FJ is injective but may not be surjective. Nevertheless, by Lemma 10, if an
element of FM,(N;x) or FM}®®K(N; ) converges locally uniformly on H,
then it is a Siegel modular form, namely in the image of F.J. In [Aol], the
author proved the following theorem:

Theorem 11. When N =1, the map FJ is surjective. Actually we have
M (1;1) = FM,(1; 1) = FM*¥(1; 1).
The author conjecture that the map (2.8) is surjective even when N > 2,
but we could not give a proof yet.
Conjecture 12. Let N € N and x be a Dirichlet character of modulo N.
Then the map FJ is surjective, namely we have

M (N; x) = FMg(N;x) (2).

We remark that FMy(N;x) = FMYaK(N; x) is not always true when
N = 2. If there exists ¢ € J‘,;Vﬁak(]\f ; X) whose Fourier expansion looks like
Jacobi form at ¢00 but not a Jacobi form by its behavior at another cusps, then
its image by our Maass lift ML(¢), defined in section 5, is in FM**¢(N; x) but
not in FM,(N; x). Nevertheless, for N < 4 we can show a bit weak theorem.
We define

FM (N5 x) :—{ (m ) € ﬁ Jkm (N3 X) | (Sym-+) }
m=0
and

FM*** (N x) 12{ (Dm)m=o € 1T Ti5a(N:x) | (Sym+) }

m=0



Maass lifts of weak Jacobi forms 383

where (Sym+) means the following condition:

(Sym+) :  (2.3) holds for any M € Sp(2,Z)’,
while the condition (Sym) is equivalent to

(Sym) :  (2.3) holds for M = E; € Sp(2,7Z)".

Then the following theorem holds. (cf. [Ao2])
Theorem 13. When N < 4, we have

M (N; x) = FM; (N; X).

Let
FJ; : M,(CQ)(N;X) > F = ¢1 € Jp1(N;x).

The Maass lift (of Jacobi forms) of level NV and character y is a map
ML : Jit(N5x) = M (N x)

such that FJ; o ML = Id. From the next section, we see these Maass lifts
precisely.

3. Maass lifts without levels

The Maass lifts with levels include much more tedious calculations than with-
out levels. Hence, before discussing the lifts with levels precisely, we view the
story of the Maass lift without levels in this section.

Throughout this section, we fix N = 1 and therefore its Dirichlet character

x should be trivial. Hence, for simplicity, we write MS), M,(f), Jkmy - -

instead of M,(Cl)(l; 1), I\\/Jll(f)(l; 1), Jem(1;1),....
3.1. Elliptic modular forms without levels

First of all, we remark that Mg) = {0} when £k is odd, because —F, €

F(()Q)(l) = SL(2,Z). Hence we may assume k is even. To construct the Maass
lift, first we review some special elliptic modular forms.
The Dedekind eta function is defined by

n(r):=e (2—147') ﬁ (1—e(n7)).

n=1
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This function 7 is holomorphic on H, does not have any zero on H and satisfies
1 1

two functional equations
(r+)=e(5;)n() and (1) =e(-5) "
n(r =e 1 n(r an \/Fn = =e 3 n(7),

where we choose 0 < arg (y/7) < §. In this paper we do not give the defini-
tion of elliptic modular forms of fractional weights, however, since SL(2,Z)
is generated by two matrices (§1) and ({ '), roughly, this 5 is an elliptic
modular form of weight % To have an elliptic modular form of integral weight
from it, we raise it to 24th power. The Ramanujan Delta function is defined
by
A(r) = n(r)* = e(r) [] (1 - e(nm))* € MLy
n=1

This A is an elliptic modular form of weight 12 and does not have any zero
in H.

For even k > 4, the Eisenstein series of weight & (with level 1) is a
holomorphic function on H defined by

1

(1)
(yT 4+ 0)F € M7,

(3.1) Gi(T) = Z,

(7,0)€Z?

where Y’ is the summation over all pairs of integers (7, d) except (0,0). More
generally, in this paper we denote by >/ the summation except the zero
vector. The Fourier expansion of Gy, is given by

(3.2) Gi(r) = 2C(k) +

i)k &
(Qk:(2— 1))' > oi—1(n)e(nr),

where 0,1 is a divisor function defined by ox—1(n) = 3, o*~1 and ( is the
Riemann zeta function.

When k = 2, the sum in the equation (3.1) does not converge, however,
we can define G as a holomorphic function on Hy by the equation (3.2):

Go(7) :=2((2) + 2(2i)? Z o1(n)e(nt)

n=1

(3.3) =— <2g> <1 —24 i o1 (n)e(n7)> :
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It is well known that G5 is not an elliptic modular form but a quasi-modular
form of weight 2 with respect to SL(2,Z). Namely, G5 satisfies the functional
equation

GQ(T) = —2m 7 + (’}/’T + 6)72G2 (

aT-i-ﬂ)
YT +0

YT +4
for any (f; ?) € SL(2,7).

We remark that there are several ways to define Eisenstein series. Some-
times we use Gy, or e, defined by

(34)  Gu(r) = (2722;;)); Galr) = %g@ 1)+ 3 o (n)e(nr)
(35)  ex(r) :—%(k)ak(r) _ - %]Z S o1 (n)e(n)

instead of Gy, where we use the functional equation of the Riemann zeta
function and the Bernoulli numbers By, defined by

exp(z) =1
3.2. Jacobi forms and the Weierstrass g function

Second we review some special (weak, meromorphic) Jacobi forms.
The structure of the bigraded ring of all weak Jacobi forms are determined
in the book of Eichler and Zagier [EZ]. This is given by

P ek = (@ M,i”) (621, P01] & b 1.2 <@M§:’> (621, P01],

k,mezZ kez kezZ

where

¢-2,1(7,2) = (e(2) — 2+ e(—2))
+ (—2e(22) + 8e(z) — 12 + 8e(—z) — 2e(—2z)) e(7)
+--- € Jv_wéaf,
$01(T,2) =(e(z) + 10 + e(—2))
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+ (10e(2z) — 64e(z) + 108 — 64e(—z) + 10e(—22)) e(7)
. € Jweak

and

¢-12(7,2) =(e(z) —e
+ (e

(—2))
(3z) + 3e(z) — 3e(—z) — 3e(—3z)) e(T)
4...c Jweak

Especially, we have

(3.6) D Pk = (@M ) [p—2.1, ¢0.1]

ke2Z meZ kEZ

and

(3.7) P Ik = (@ M;&”) 21 @ (@ Mé”) Po,1-

kEZ keZ keZ

We remark that ¢_o1(7,0) = 0 and ¢g1(7,0) = 12. Therefore, from (3.6), if
¢ € Jweak satisfies the conditions ¢(7,0) = 0 and k € 27Z, then there exists
b e J‘,g’iazlfm_l such that ¢ = QEQS,QJ. More precisely, we have

(3.8)

1 2
¢ 21(7,2) = (1-e(2)” (1—e(nt+2))* (1 —e(nr — 2))

e(z) nl;‘[l (1-— e(nT))4

(cf. [Bo)).

If we fix 7 € H and consider ¢_21(7, ) as a holomorphic function with respect
to z on C, the equation (3.8) means that the set of all zeros of ¢p_o ;1 is Z+77Z
and at each zero its order is 2.

The Weierstrass g function is a meromorphic function on H x C defined

p(1,2) = 2_12 + Z/ ((z—mi—y)Q B (xT—li—y)Q).

(z,y)€2?

If we fix 7 € H and consider (7, z) as a meromorphic function with respect
to z on C, the set of all poles of p is Z+7Z and at each pole its order is 2. It is
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well known that the Weierstrass g function satisfies the functional equations

ar+ 5z >

o(1,2) = p(1,2 + 21 +y) = (7 + )2 (77—1—6’77—1—6

for any z,y € Z and ( ) € SL(2,Z). Actually, g is a meromorphic Jacobi
form of weight 2 and index 0 (with level 1):

(2mi)? poa (T, 2)
12 ¢p_o91(7,2)

(3.9) p(r,2) = (cf. [EZ])

The Laurent expansion of p at z =0 is

1 o0
p(r2) =5+ 3 (2K — 1)Gay (1) 222,
k=2

Let
1 0 1
= %a and pl(Z) = 11— e<Z).

Borcherds gave an interesting expression of @ in his paper [Bo|:

ol 2) = (D) () = s Gatr)

(3.10) + ZZ e(nt + az) + e(nt — az)).

n=1 aln

The right hand side converges in {(7,z) € H x C | |Im z| < Im 7}. From this
expression, immediately we have

() (9) 1= (') )
(3.11) JrZZozk !e(n + az) + (~)re(nr —az)) (k> 3).

n=1 a|n
3.3. Maass lift of Jacobi forms

In the case of level 1, the Maass lift was essentially given by Maass to prove
the Saito-Kurokawa conjecture (cf. [EZ, Section 6]).



388 Hiroki Aoki

The Maass lift is constructed by using Hecke operators V,, : Jp1 > ¢ —
&V € Jk.m, defined below. Let

o(t,2) = Z c(n,De(nt +12) € i

(n,l)€Z2

be a Jacobi form of weight k& and index 1. We remark that ¢(n,l) = 0 when
4n — 12 < 0. By (3.7), we may assume k is even. Moreover we may assume

k = 4, because Jj1 # {0} if and only if k is an even integer equal or greater
than 4 (cf. [EZ, Theorem 3.5]).

(i) First, for m € N, let

A(m) ::{ (3 ?) € Mat(2 x 2,7Z) ‘ aé—ﬁ’y:m}

and define
1
(@1Vin) (7,2) := — > (0l£1C (9)) (7, 2).
[g]€SL(2,Z2)\A(m)
Since
a f a,0 €N, ad=m,
(3.12) {(0 5>€Mat(2><2,Z)‘ Gz 0<g<s }

is a complete set of representatives of a coset SL(2,Z)\A(m), the Fourier
expansion of ¢|V;, is given by

(¢|vm) (7—7 Z) = Z (

(n,l)ez?

Z o le (@ é)) e(nt +12)

2 )
of (mlim) @

and therefore ¢|V,,, € Jg m.

(ii) Second, for m = 0, let
(¢IVo) (7) :=¢(0,0)Gi(7)

=¢(0,0) (;C(l —k)+ i Jk_l(n)e(m')> .

Since k 2 4, it is clear that ¢|Vy € Jg .



Maass lifts of weak Jacobi forms 389

Thus the Maass lift of ¢, defined by

(ML) (2) 1= 3 (6lVi) (7 e,
has the Fourier expansion
o) (2) = “CVq - p)
+ (n’%:;Ng é (a(%m) a (nm’ é)) e(nt + 1z + mw),

where Ny := {0} UN. Therefore ML(¢) € FM}. Hence, by Theorem 11, we
have ML(¢) € M,(f).
On of the important example of this lift is for

$101(7, 2) = A(T)p—21(7,2) € J101-

The image of the Maass lift of this ¢19,1 is Igusa’s modular form of weight 10:
A1o(Z) := ML(¢10,1) = Z $10,1|Vim) (7, 2)e(mw).
m=1

As ¢10,1(7,0) = 0, we have (¢10,1|Vin) (7,0) = 0. Hence we have

(¢10,1|Vm)

(3.13) o

€ Jvlvgjvli—l
and therefore A19(Z) has zeros of at least order 2 at the image of { Z €
H | z =0 } by each element of Sp(2,Z).

3.4. Maass lift of weak Jacobi forms

Now we apply the idea of the Maass lift to weak Jacobi forms. The Maass
lifts of weak Jacobi forms was first studied in 1990’s by Borcherds. In his
paper [Bo|, he constructed maps from weak Jacobi forms to modular forms
on orthogonal groups SO(2, n+2) associated with unimodular lattices (hence
n € 8N). Here we consider a lift to Siegel modular forms of degree 2, that
corresponds to the case n = 1 in Borcherds’ paper. He did not give a complete
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proof when n = 1, however, our construction in this subsection is totally based
on his idea, except for the part using Theorem 11.
Let
(1, 2) = Z c(n,l)e(nt +1z2) € J‘;chak

(n,l)ez?
be a weak Jacobi form of weight & and index 1. We remark that ¢(n,l) = 0
when n < 0. By (3.7), we may assume k is even. Here we add the assumption
k > 0. For any = € Z, since ¢l 1U (z,0) = ¢, we have c(n,l) = c(n +
xl + 22,1+ 22). Therefore, from the definition of weak Jacobi forms, we have
¢(0,1) = 0 except for | = —1,0,1. As k is even and ¢|1C (—E2) = ¢, we have
¢(0,—1) = ¢(0,1). For m € N, we don’t change the definition of V,,. Namely,

@Va) (n2) =~ 3 (@liCl9) (7,2)

[91€SL(2,2)\A(m)
l
= Z Z aklc<@,—) e(nt +1z).
(n)ez? \a|(nl,m) ar o

Then we have ¢|V,,, € JXflk. For m = 0, we need to modify the definition of
®|Vh. When k > 2, we define

1
(2mi)?

(¢|Vo) (1, 2) := ¢(0,0)Gx(7) + ¢(0,1) (D2p) (7,2).

By using (3.4) and (3.11), we have

¢(0,0)
2

C(1=k) +¢(0.1) (D" p) (2)

> af e (O, é)) e(nt + 1z).

(¢1Vo) (7, 2) =

(3.14) + (

(n,l)eENXZ \«a|(n,l)

When k = 2, we define

(6lVh) (7, 2) = €0, 1>ﬁm ).

Here we remark that ¢(7,0) is an elliptic modular form of weight 2 with
respect to SL(2,7Z). Hence ¢(7,0) = 0 and therefore 2¢(0, 1) + ¢(0,0) = 0. By
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using (3.3) and (3.10), we have
(81V) (7. 2) =c(0,1) (B p1) (2) + (0, 1) (1 upy z o1(n )

c(0,1) ZZ e(nt + az) + e(nt — az))

n=1 a|n

= ((=1) +¢(0,1) (Dp1) (2)

_ (Zac((),é))e(m--l—lz).

(n,1)ENXZ \a(n,l)

Hence the equation (3.14) holds even for £ = 2. We remark that ¢|V has
poles of order k at each z € Z + 7Z.
The Maass lift of a weak Jacobi form ¢ is defined by

(ML(9)) (Z) := >~ (¢|Vin) (7. 2).
m=0
It has the Fourier expansion

(L) (2) = Y

n Z' Z( Z &klc<z_zl7é>)e(nr+lz+mw)

(n,m)eNZ l€Z \al(n,l,m)

C(1=k)+c(0,1) (D" " p1) (2)

and therefore the Fourier coefficients of ML(¢) has the symmetry under the
exchange of the variables 7 and w. Nevertheless, if ¢ & Jj 1, we have ML(¢) ¢
FMZeak, because ¢|V} is not a holomorphic but a meromorphic Jacobi form.
To identify this ML(¢), we consider the product of two formal series of Jacobi

forms AlO(Z)g and (ML(¢)) (Z). By the equations (3.9) and (3.13), we have

k
2

(A10(2))" (ML(9)) (2)) € FME™.

ISIES

Thus, by Theorem 11, (Alo(Z))

following theorem.

((ML(qﬁ)) (Z)) € Méi). Hence we have the

Theorem 14. For any ¢ € J}’ﬁak, ML(¢) is a meromorphic Siegel modular
form of weight k.
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4. Generalized p function

Hereafter we assume N > 2 and y is a Dirichlet character modulo N. As
N # 1, we have x(0) = 0.

4.1. Eisenstein series with levels

First of all, we remark that M,gl)(N; x) = {0} when x(—1) # (—1)*, because

—Ey € F(()Q)(N). Hence, here we assume y(—1) = (—1)*. There are some
kinds of definitions of Eisenstein series with levels, however, in this paper, we
introduce one appeared in the paper by Ibukiyama [Ib]. The Eisenstein series
of weight k£ and level N with character x is defined by

A1) Go(r) = lL(l—k ) +Zak m)e(nr) € MO (N ),

where L(1 — k, x) is the special value of (analytic continued) Dirichlet L
function and oj_1,y is the divisor function with character x defined by

Oh—1(n) := Z x(8)% L.
dln

The generalized Bernoulli numbers B,, , are defined by the generating
function

(4.2) Dj’vej( ;(((N)ZZ efpl (b2) Z Buxey  (cf [AIK, §4]).

These Bernoulli numbers are closely related to special values of the Dirichlet
L function:

L(1— k) = —%BM (keN)  (cf [AIK, §9)).

Hence we have

Grx(T) = QkBk,ﬁzok 1x(n)e(nr).

n=1

In (4.2), substituting —z for z, we have

Soptr X(b)z exp((V
exp(Nz) — 1 Z Bn ’X
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and therefore

XD Sl x(b)zexp(bz) = yap 2"
exp(Nz) — 1 B nZ:%( D" Bux n!’

Hence, if x(—1) # (—1)", we have B,, , = 0.
Let xo be the principal character module N, namely

[ (em=1)
XO(‘”"{O (GN)#1)

In this case, we have

(4.3) Groo(T) = > 1(8)5* G (67)
S|IN

for any positive even integer k, where p is the Mébius function.

4.2. Jacobi forms with levels

393

As in the case of level 1, the structure of all weak Jacobi forms of level N
are determined by Aoki-Ibukiyama [AI] or more precisely Aoki [Ao4]. As with

(3.7), we have

(4.4) @Jweak LY (@ M(l) ) Go01 @ (@ M(l)

kez keZ keZ
Hence Jweak(N X) = {0} when y(—1) # (—1)*.
4.3. Generalization of the p function

We define a meromorphic function Ry, on C by

N [e%9)
RN,x(Z) — Zb:l X(b)e(bz) _ Z B (271_,52) 1'

1 —e(Nz) n!

n=0

From this definition, we have Ry, (2) = —x(—1)Rn(—2) and

(4.5) Ruale) = 32 5 oris)

)
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where we put

I (x(-1)=-1)

This meromorphic function Ry, has at most a pole of order 1 at each z € %Z.

The residue of Ry, at z = % is given by

N bs
s . s Y1 Xx(b)e (N)
(4.6) Res <RN,X7 N) = Zli}n% <z — N> RN,X(Z) = — miN .

6:_{0 (x(-1)=1)

For example, we have

—By —p(N) (x=x0)
4.7 Res (Ryy,0) = —2X = 2milN X = Xo
D i O) = 5 {0 (x#x0)
where ¢ is the Euler’s totient function. We remark that if Res (Ry y, ~) =0
then z = % is not a pole of Ry . If we need the explicit residue at each

pole, we can calculate the sum in (4.6) by using the Gauss sum of Dirichlet
characters, however, we do not use it in this paper. From the definition, we
can see that the equation Ry, (2) = Ry (z + 1) holds.

We define a generalized g function by

P (7,2) == Ry (2) + Qny (T, 2),

where

QN (T, 2) i i x(a)e(nat + az)

n=1a=1

In the definition of @)y, the sum in the first line and the second line converge
when max{0, —Imz} < Im7 and max{0,Im z} < Im7, respectively. Hence
this Py is a meromorphic function on { (7,2) € C? | [Imz| < Im7 )}.

For a while we assume 0 < Im z < Im 7. Under this assumption, we have

P (7,2) = Prx(m,2 = 7)

= Ral2) = Bivals = 7) = 3 x(alefos) = 3 n(-ae(ar - o)
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= |Rny(2) — i X(a)e(az)) +x(=1) <RN,X(T —z) — i x(a)e(ar — az))

By using this relation for analytic continuation, we can regard Py, as a
meromorphic function on H x C, satisfying the functional equation

(4.8) Py (T,2) = Pny(T,2 + 1) = Pny (T, 2+ 7).

If we fix 7 € H and consider Py, (7,2) as a meromorphic function with
respect to z on C, it is an elliptic function (doubly periodic meromorphic
function) with two periods 1 and 7. It has at most a pole of order 1 at each
z € %Z + 77.. Moreover, we can show

PN,x(Tv z) = *X(*l)PN,x(Ta —2).

Next we will show that Py, has an automorphic property with respect
to F((]l)(N), the congruent subgroups of level N. For ¢g; = (a ’8) € Fél) (N),

v 6
let
_ +8 oz
P = §) Py [ ) .
(Pyalon) (7.2) 1= Xl + 8 Py (S, —
From (4.8), Py, |M satisfies functional equation
(4.9) (Prnxlgr) (7,2) = (Pnxlgr) (7,2 +1) = (Puxlgr) (7,2 + 7).

Therefore, from (4.8) and (4.9), both Py, and Py,|g1 are meromorphic el-
liptic functions.

Now we fix 7 € H and consider Py (7, z) as a meromorphic function with
respect to z on C. As already mentioned, Py, has at most a pole of order 1
at each z € +Z+ 7Z. By (4.6), the residue of Ry, at z = £ + 7t is given by

S x(be (%)
B 2miN ‘

s
(4.10) Res (RN7X7 N + Tt> =

We compare poles of Py,|g1 with poles of Py,. From the definition of
Pn k|01, it has at most a pole at each z € %”Z + (at+ B)Z = §Z + TZL.

The residue of Py, x|g1 at z = (VLNJ)SI + (ar + P)t' is given by

x(@) S0 (e (%)
2miN

(v +96)s
N

Res (RN,ngl, + (aT + 6)75’) =—
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e (%)

4.11 =
( ) 2miN

From (4.10), the residue of Py i at the same point is given by

. bis’
(4.12) Res (RN,Xa W + (a1 + B)t/) Zb 1 zfm)N( ) ,

Comparing (4.11) with (4.12), two meromorphic elliptic functions Ry, and
Ry y|g1 have completely same poles. Therefore, the difference Py (7,2) —
(Pn,|g1) (7, 2) is a holomorphic elliptic function, that is a constant function
(with respect to z). We will show that it vanishes below. More precisely, we
will show

(4.13) lim {Pyy (7, 2) = (Pualon) (7, 2)} = 0.

(i) First, we consider the case x = xo. In this case, as for Ry, part, from
the equations (4.5) and (4.7), we have

o0
_BQJX 2 i—1 —ap(N) 1
(2 T = -+ 0
Ry (z ]Z;) i Tiz) 5N + O(2),

and therefore

_ z
lim {RNX( ) = (77 +6) "Ry <w+5)} = 0.

As for Qn,, part, because x(—1) = 1, we have

QN7X(T, O) = O

Hence we have (4.13).

(ii) Second, we consider the case € = 0, x # Xo. In this case, from the
equations (4.5) and (4.7), we have

(o]
_BQJ x

Ry (2 Z

j=0

(2miz)* 1 = O(2),

hence Ry, (0) = 0 and therefore we have (4.13).
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(iii) Third, we consider the case € = 1. In this case, from the equations
(4.5), we have

hence Ry (0) = —B1, = L(0, x). Therefore, we have

PN,X(Tv 0) :RNx( ) + QNx(T 0)

=L(0,x) —l—QZZX e(nar)

n=1a=1

=2G1 (7).

Thus, as G,y (1) = X()(y7 + 8)1G1y (425 ), we have (4.13).
From the above, now we have Py, (7,2) = (Pny|g1) (7,2) for any g; €
V().

At the end of this subsection, we give the Laurent expansion of Py, at
z=0. As for Ry, part, by (4.7), from (4.5), we have

(o)
—Bojrex o \2jte1
RN,X(Z) :ZW(QWZZ’) J
BOX S _B2j+2 €X 2j+1—
) ) It j+1—e€
2mi Z+jz:(2]+2—6) (2miz)
Boyl X L(-1-2j+¢€x)
_Ox Z

2mi oz (25 +1—¢)

(2miz) 2 H1=e,

As for Qn,, part, we have

QN (T, 2) ZZX noz7’+az)—ZZX(—a
n=1a=1

e(nat — az)
n=1a=1

= Z Z x(a)e(nt + az) — i Z X(—a

e(nt — az)
n=1 a|n

n=1 aln

=33 x(@)e(nr) (e(az) — x(~1)e(-az))

n=1 a|n

00 . 2j+1—¢
5 Z ZX e(nr Z (2miaz)?

o = (25 +1—¢)
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27” 2j+1—e X

sz 2j+1_6) 21 T2j+1-ex(n)€(n7)z

2j+1—e¢

Hence we have

By 2(2mi)Hti=e . 1
P ’X B S . 25+1 €
Nx(7:2) = 2 2 ]z: (27 +1—¢)! G2]+2 x(7)2
If we use
~  (k=1)!
Grx(7) 1= 2(2mi)k kx(7)
instead of Gy, it is
N1 & )
NS G (x=x0)
, 7 k=t
(27TZ')PN7X(7—7 Z) = Z G2k7X(T)22k71 ( €= 07 X 7é X0 )
> Gaoky1x ()2 (e=1)
k=0

Especially, we have
2 e(N) 1 = 2k—2
(2mi) (DPN,XO)(T»Z)—T; Z (2k — 1)Gak,x (7)™
This is just a generalization of the Weierstrass p function:

p(T Z) -l—GQ Z 2k — 1 ng ) =2,

Since p(N) = 3 gn 1(6)5, by (4.3), we have

(4.14) (2mi)* (D Pn o) ( Z 1(0)6 (p(07,02) + G2(07)) .
SIN

5. Maass lifts with levels
5.1. Maass lifts of Jacobi forms

The Maass lifts of Jacobi forms with levels were studied by several researchers,
and finally Ibukiyama [Ib] gave the explicit formula for arbitrary levels with
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characters. In this subsection, we review his work.
The Maass lifts are constructed by using Hecke operators

Vin e]]k,l(N;X) D¢ ¢’Vm € v]]kJn(N;X)v

defined below. Let

o(r,2) = Z c(n,le(nt +1z) € Jp1(N; x)

(n,0)ez?

be a Jacobi form of weight k& and index 1. We remark that ¢(n,l) = 0 when
4n — 1?2 < 0. By (4.4), we may assume y(—1) = (—1)*. Moreover we may
assume k > 0, because Ji1(N; x) = {0} if £ 0.

(i) First, for m € N, let

A(N;m) :—{ (j f) € Mat(2 x 2,Z) | aé‘féﬁfﬂ&mo(g}\]]\;):l }

and define

1
(@1Vin) (7,2) := — > X ((9)1) (01k1C (9)) (7, 2),
lgETg” (N\A(N;m)
where (¢)11 means the (1,1)-component of the matrix ¢. Since

a f a,0 €N, ad=m, (a,N)=1,
(5 2)emmream | =46 st o= )

is a complete set of representatives of a coset SL(2,Z)\A(N;m), the Fourier
expansion of ¢|V,, is given by

(@1Vin) (,2) = (

(n,0)eZ?

S x(a)ar e (22 V) e(nr +12)
(.2))

2 J
al(n,l,m) o
and therefore ¢|V,, € Jg.m(N; X).

(ii) Second, for m = 0, let

(¢[Vo) (7) :=¢(0,0) G (7)
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1 o0
=c(0,0) <§L(1 —k,x)+ Z akl’x(n)e(n7)> .
n=1
It is clear that ¢[Vo € Jko(IN; X)-
Thus the Maass lift of ¢ defined by

o

(ML(¢)) (Z) = ) (6[Vin) (7,2)

m=0
has the Fourier expansion

o) (2) = L2 -k x)

+ Z/ Z( Z X(Oé)ozk_lc(nm i)) e(nt + 1z + mw).

(nm)eNZ LEZ \ ol (n.l;m)

Therefore ML(¢) € FM(N; x) as a formal series of Jacobi forms. As Con-
jecture 12 has not been proven, we could not show the convergence of ML(¢)
just like as section 3. Nevertheless, we can show that ML(¢) converges on Hy

by direct calculation. Hence we have ML(¢) € I\\/JI,(CQ)(N 1 X)-
5.2. Maass lifts of weak Jacobi forms

Now we apply the idea of Ibukiyama’s Maass lifts to weak Jacobi forms.
Our procedure is just like the case of level 1. In the case of level 1 we use
the Weierstrass o function, which is a meromorphic Jacobi form of index 0
with level 1. In the case of level N, we use the function Py ,, which is a
meromorphic Jacobi form of index 0 with level N and character x.
Let
o(r,z) = > cln,De(nt +1z) € TFH(N; )
(n,)ez?

be a weak Jacobi form of weight k£ and index 1 with level N and character y.
We remark that ¢(n,l) = 0 when n < 0. By (4.4), we may assume x(—1) =
(—1)*. Here we add the assumption k > 0. As in the case without levels, we
have ¢(0,1) = 0 except for | = —1,0,1 and we have ¢(0,—1) = ¢(0,1). For
m € N, we don’t change the definition of V,,,. Namely,

(0|Vin) (7, 2) := % > x(a) (@1 C (9)) (7, 2)

[geTSY (NO\A(N;m)
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l
= > ( > x(a)a* e (T;—TZ, a)) e(nt + 1z).
(n,1)ezZ? \a|(n,l,m)

Then we have ¢|V,, € JV(N;x). For m = 0, we need to modify the defini-

k,m

tion of ¢|Vp. We define

(61V6) (7, 2) = €(0,0) G (7) + ¢(0,1) (D" Pry ) (7, 2).

Then we have

(B1V0) (r, 2) =220

L(1 =k, x) +¢(0,1) (D*" Ry ) (2)

+ ) ( > x(@)ar e (07 é)) e(nt + 1z).

(n,l)eENXZ \«|(n,l)

The Maass lift of a weak Jacobi form ¢ is defined by

(ML) (2) = 3 (6lVin) (7:2)

m=0
It has the Fourier expansion
c(0,0 _
L)) (2) = “E L0~ k) o0, (D By ) (2)

+z’z(

(n,m)eNZ l€Z

S x(@)ab e (nm i)) e(nt + lz + mw)

a?’ «
al(n,l,m)

and therefore the Fourier coefficients of ML(¢) has the symmetry under the
exchange of the variables 7 and w. Nevertheless, if ¢ & Ji1(N;x), we have
ML(¢) & FMgeak(N :X), because ¢|Vp is not a holomorphic but a meromor-
phic Jacobi form. To identify this ML(¢), we consider the product of two

formal series of Jacobi forms Aw(NZ)(g and (ML(¢)) (Z), where [%] means

the least integer greater than or equal to £. Since A1g(NZ) € I\\/JI%)(N : X0)
and Py, has at most a pole of order 1 at each z € +Z + 7Z, we have

T (ML©) (2)) € M L (V).

(5.2) (Aw(NZ))[ 101+
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Therefore, if we could show the convergence of the left hand side of (5.2), we
know ML(¢) is a meromorphic Siegel modular form.

Theorem 15. If the left hand side of (5.2) converges absolutely and locally
uniformly on Hy, then ML(¢) is a meromorphic Siegel modular form.

However, we do not have any good general method to show the conver-
gence as far as the author knows.

6. Convergence of our Mass lifts

In this section, we will show that ML(¢) is a meromorphic Siegel modular
form when N = 2,3 and yx is the principle character.

6.1. Sketch of the proof

Since we assume y(—1) = (—1)¥, k is even when y is the principle charac-
ter xo. Let

k
2

(6.1) (ML*(9)) (2) = (A10(N2))" ((ML(9)) (2)).

In this section, first we show the following proposition.

Proposition 16. If N =2 or N = 3, we have
ML*(¢) € FMZ.(N; x0).

By using this proposition and Theorem 13, we know that ML*(¢) is a
(holomorphic) Siegel modular form when N = 2,3 and y is the principle
character. This means that ML(¢) is a meromorphic Siegel modular form. In
this section we also give a proof of Theorem 13.

6.2. Proof of Proposition 16

Let p be a prime number. In this subsection we write p instead of N, because
our proof holds for any prime N for the most part.

Since ML*(¢) € FME* (p; x0), the only thing we need to show in this sub-
section is that the Fourier coefficients of ML*(¢) at each cusp satisfy the con-
dition of Jacobi forms and (Sym+). From Lemma 9, a complete set of repre-

sentatives of a coset I‘SJ)(N)\Sp(Z, Z)7 is given by {C (g0),C (g1) - - . }, where
{90,91,...} is a complete set of representatives of a coset F((Jl)(N)\SL(Z, 7).
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When N is a prime number p, a complete set of representatives of a coset
Fél)(p)\SL(Q, Z) is given by {go, g1, ..., gp}, where

10 0 -1
0 -1 1 t—-1

Therefore, it is enough to calculate the Fourier coefficients of ML*(¢) at C (go)
and C (g1).

and

(A) As for C'(go), we have nearly finished the calculation. We have

R (F(()l)(p);C(go)) = { 9= (3 ?) € Mat(2 x 2,7Z) ‘ detg € {1,—1} }

easily. Let
(6.2) (ML*(¢)) (2) = Y dm(T, 2)e(mw)
m=0
and
Om(T,2) = Z Z co(n,l,m)e(nt + 1z).
n=0[€Z

We put ¢o(n,l,m) =0 for m < 0 or for n < 0.

Lemma 17. We have

(6.3) co(n,l,m) = co(n, —1l,m)
and
(6.4) co(n,l,m) = co(n + al + x>m, 1 + 2xm, m)

for anyn,l,m,x € Z. Namely, ML*(¢) is C (( 4+ % ))-invariant and U (x,0)-
mvariant.
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Proof. Since ML*(¢) € FMZ™ (p; xo), each ¢, € Jé’,‘ji}fb(p Xo) and therefore
¢m is C' (( 4 V))-invariant and U (z, 0)-invariant. O

Lemma 18. We have
(6.5) co(n,l,m) = co(m, 1, n)

for any n,l;m € Z. Namely, ML*(¢) is S-invariant.
Proof. This is a direct conclusion from ML*(¢) € FMY (p; xo). O
On the Lemmas 17 and 18, we remark that

o5 )+ ) vener(s9)
s )

Since these ('9), (§%) and (9{) generate R(F(l)( ); C(go)) ML*(¢) is
R(Fél)(p); (g )) invariant.

and

(B) As for C' (g1), we need a bit hard calculation. We have

R (T (0):C (1) = { g <j §> € Mat(2 x 2,7) ‘ j‘i%e {1, -1} }

(mod p)
easily. On
((ML*(9)) 6xC (91)) (Z) = i (@mlor.mC (91)) (7, 2)e(mw),
m=0
let

(dmlek,mC (g Z ch (n,l,m)e (— + lz) )

n=01[eZ

We put ¢1(n,l,m) =0 for m < 0 or for n < 0.

Lemma 19. We have

(6.6) c1(n,l,m) = ¢1(n, =1, m)
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and
(6.7) c(n,l,m) = (n + xpl + 2°pm, | + 2xm, m)

for any n,l,m,x € Z. Namely, ML*(¢)|61C (g1) is C (( - % ))-invariant and
U (z,0)-invariant.

Proof. Since ML*(¢) € FMg** (p; xo), each ¢y, € Jg,f%(p; Xo) and there-
fore GumlekmC (g1) is C (g1)~" Fé‘]) (p)C' (g1)-invariant. It is easy to see that
C (¢ %)) € C o)™ TG 0)C (9r) and U (2,0) € € (1) T (0)C (gn) for
any € Z. O

Moreover, the following lemma holds.

Lemma 20. We have
(6.8) c1(n,l,m) = (n7 I+ 2zn,m + zpl + xzpn>

for any n,l,m,x € Z. Namely, ML*(¢)|6xC (1) is R (( s }))-invariant.

However, we need much calculation to show this lemma. Therefore, now
we proceed our story without the proof of this lemma and we will show this
lemma at the end of this subsection. On the Lemmas 19 and 20, since the
group generated by these ('9), (%) and (,,7) coincides with
R (10" (9);C (g0) when p = 2,3, (ML*(9)) [oxC (91) i R (T (9): € (91))-
invariant.

Up to this point we have shown ML*(¢) € FME5F(N; xo). Next we will
show ML*(¢) € FM, (N; x0). We will continue to see the Fourier coefficients
of ML*(¢) at C'(go) and C (g1).

(A) As for C'(go), from the equation (6.1), we have co(n,l,m) = 0 if
min{m,n} < %. From Lemmas 17 and 18, we have the following lemma.

Lemma 21. If (n,l,m) € Z? satisfies co(n,l,m) # 0 and |I] > min{m,n},
then there exists (n',I',m’) € Z3 such that 4Anm—1* = An'm’ =1, co(n,l,m) =
co (', U',m") and || > |U].

This lemma induces the following proposition immediately.

Proposition 22. If (n,l,m) € Z? satisfies co(n,l,m) # 0, then there exists
(0, I',m') € Z® such that 4nm — 12 = 4n'm/ — 1", co(n,l,m) = co(n/,1',m/)
and |I| < min{m,n}. Hence 4mn — 1> > 0.
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(B) As for C'(¢1), since

ISERSAR

Afo(Z) = (Do(pZ)) kC (91) = p~ g (

z
pw)’

BX From Lemmas 19 and 20, we

we have ci(n,l,m) = 0 if min{m,pn} < &

have the following lemma.

Lemma 23. If (n,l,m) € Z* satisfies c1(n,l,m) # 0 and || > min{m,n},
then there exists (n',l',m') € Z* such that 4nm — pl> = 4n'm’ — pl'?,
ci(n,l,m) = (0, I',m') and || > |I'].

This lemma induces the following proposition immediately.

Proposition 24. If (n,l,m) € Z3 satisfies c1(n,l,m) # 0, then there exists
(n',I',m') € Z3 such that 4nm — pl*> = 4n'm/ —pl?, cr(n,l,m) =cy(n/,I',m')
and || £ min{m,n}. Hence, if p=2 or p =3, we have 4mn — pl*> = 0.

Up to this point we have shown ML*(¢) € FM{, (N; o) except the proof
of Lemma 20. Now we give its proof.

First, we calculate (ML(9)) |xC (g1) explicitly. For ¢ € .,]]‘,ﬁak(p; Xo0), we
put

O(1,2) = (8lr1C (90)) (1.2) = > ao(n,l)e(n7 +1z)

(n,l)ez?

and
nr
(61aC (90) (r,2) = S ailn.D)e (— + zz) |
(n,l)ez? p
Just like Lemmas 17 and 19, the following lemma holds.

Lemma 25. We have

ap(n,l) = ag(n, —1), aop(n,l) = ap (n+xl+x2,l+2x) ,
ai(n,l) = ai(n, 1) and ai(n,l) =a (n +apl +2%p, 1 + 2:1:)
for any n,l,m,x € Z. Hence ag(n,l) only depends on 4n—1? and a1(n,1) only
depends on 4n — pl>.

Hence, hereafter, we write ag (4n — [?) and a; (4n — pl?) instead of ag(n, 1)
and aq(n, 1), respectively.
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(i) First, we discuss the case m € N. By (3.12), a complete set of representa-

tives of a coset F(()l)(p)\A(m) is given by

o B te{0,1,...,p},
gt<0 6>€Mat(2x2,Z)' a,0 €N, ad=m,
0S8<96
_ a p a,0 €N, «ad =m,
(5 2)miznnn | w05, oo )
a f a,0 €N, ad =m,
U{gl<0 5>€Mat(2x2,Z)‘ 0< 5 < po }

Hence a complete set of representatives of a coset Fél) (p)\A(p;m)g; is given

by
Ao(p;m) U Ay (p;m),
where
. o aﬁ OZ,CSGN, aé:m’0§ﬁ<6’
st = { (3 2) evmtaxam | SN o8 029 <)

o a,0 € N, ad =m,
Al(P;m)—{m(O pf)eMat(QxZ,Z)‘ (0,p)=1, 0<B<$ }

Therefore, we have
((0[Vin) [kmC (1)) (1, 2)
> xo((99"),,) @leaC(9)) (7,2)

g€ (p;m)

0 (o)) @haC (0) (r2),

g€ (pym)

1
m

Now we calculate this sum.
(ia) As for the sum of Ag(p;m), it appears only when p|m. Hence we put

m = pm’. Then we have

Loy o ((9) 0haC ) (7 2)

g€ (p;m)
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=mtt ) ZXo (erﬁ z)

ad=m
0=0 (mod p)

pd—1

ot 5 oo (T )

ad=m’ =0

p—146-1

—m ST ST S o(—pi — B)(p8) Fo (‘”“g” ozz)
ab=m’ =0 j=0 p
p—16-1

=S S S (B @8) F Y ag (4n— 1) e (naﬂwﬁ N alz)

as=m' B=07=0 = p(S

-1
=m*! Z pz: XO(—B)p_ch_kH Z ao (45n — l2> e (nm—;— B + ozlz)

ad=m' f=0 n,l€Z

:ZSXO(—ﬁ 1k S (4nm _l2>e<na7+5

ajm/ =0 nleZ

4
= Z of1 Z ao <ﬂ _ 12> e(na7+alz)

alm’ n,l€Z

4 !
__Zak 1 Zao( i —52)6(%—1—(112)
o

a|m’ n,l€EZ

=Y Y oFla <M> e (nr +12)

n,l€Z al(n,l,m’)

1 4 r_ ]2
Y Y e (M e ().
(&%

p n,l€Z al(n,lm’)

+ alz)

(ib) As for the sum of Aq(p;m), we have

% > xo((991)) @lkaC (9)) (7. 2)

EAl(p'm)

mk1 Z ZXO (Mklc( ))(Oﬁj;pﬁ’az)

1 B=0
(%p)m

=m" Y i X087 ay <4n - pl2> e <%Oﬁ g—pﬁ + alz)

ad= m B=0 n,leZ
(6,p)=1
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=m" 1 Y (0T Y (46n —plz) e (% + alz)

ad=m n,l€Z
(6,p)=1

-y ¥ (%) ot lay <4nma4;pl2> e (E + lz) .

n,lE€Z af(n,l,m) p

Hence, on the Fourier expansion

(Vi) [emC (91)) (7,2) = 3 ca(n, 1, m)e (ﬂ m),

n,l€Z p

we have

(6.9)  ca(n,l,m) = ca(n,l,m)+ cg(n,l,m) + cc(n,l,m) + cp(n,l,m),

where
B 4nm — pl?
k—1 =m=
Fnm — pi- =m=0 d
CA(n7l7m) = a(;m/)a ap ( pOéQ ) (n m (mo p)) 5
0 (otherwise)
1 nm — pl?
Loy kg, u (m=0 (mod p))
cp(n,l,m) = P oymtim) b ’
0 (m#0 (mod p))
dnm — pl?
clnim= 3 (m20E)
al(n,l,m)
and
1 dnm — pl? _
. Z o a | ———— (m =0 (mOd p))
cp(n,l,m) = al(ndym?) o
0 (m#0 (mod p))

(ii) Second, we discuss the case m = 0. By the equation (4.14), we have

(270)* (D Pyxo) (1, 2) = ((9(7, 2) + Ga(7)) = p (p(p7, p2) + G2(p7))) .-

Hence we have

(D Ppxo) 120C (91)) (1, 2)
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:W ((@(T, 2) + Go(T) + 27Tz%>

1 1 1
—p (—2p (Z, z) + <G> (Z) + 2m’—>
p p p p pT
1

e (00360 =5 (0 (G2) + ()

(]D)pl +ZZ e(nt + az +e(n7‘—az)))

(e ST (o (o) vo (% -0r)))

Therefore we have

«kl&XMMCm»<>
=DM o) 20C (91)) (7, 2)

(]]]) p1 +ZZO/€ Y nT+a)+e(nT—az))>

p((w )T (o +az)+e(g_w)>).

Furthermore, we have
(ék,xowkgl) (7)
i-36,(3)

( C(1—k) +ZZO/‘“ le( m’)——(— C(1—k) —1—220/“ le(z;)).

n=1aln n=L an

Hence we have

((61%6) [k0C (91)) (7 2)
=a0(0) (Ghxalsgn) () + ao(=1) (D! Pa ) IkoC (91)) (7 2)
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- (1 - 5) (a(’éo) (1= k) +ao(~1) (D' 1) (Z))

+ (Z > o1 (ag(0)e(nT) + ag(—1) (e(nT + az) + e(nr — az))))

n=1 aln

(Eze

n=1 aln

on () et o (5 ) (5 -22)

(Erme () )

n=11€Z aln

Therefore we have

(ML(¢)) IkC(gl))( )

(1_1>< (1 —k)+ao(— 1)(]]))]“711?1) (Z))
4 Z ZCinm ( +lz+mw),

(n,m)eNZ l€Z
where cy(n,l,m) is defined by above (6.9). We put

(ML(9)) [xC (91)) (2) = d(w, 2) + Fy(2),

where

2 = (1= 2) (8200 - 1)+ ao(=1) (01 21) ()

p

+ Z ZCQ(O, l,m)e (mw + 1z)

m=1[€Z
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Z ZZCQ n,l,m)e <—+lz+mw>

n=1m=0 [€Z

As for Fj,, we have

ca(n,l,m) = co (n, I+ 2zn,m + xzpl + x2pn>

directly form the equation (6.9). Namely, Fy,(Z) is R ((, }))-invariant as a
formal power series.
As for ¢(w, z), we have

a(wv Z) =

(1 _ l) (aoéo)g(l — k) +ao(=1) (D" ) (Z))

p

+ (1 - %) i Z Z o tag <;—l22> e (mpw + (2)

m=11eZ a|(m,l)

P33 o (T etm i

m=11€Z a|(m,) .

N Z Z oF < Pf) (mpw + 12)

ez a|(m 1) o

+a<nQWng@0

o) (%
I
4 (1 - %) w1 Mmak (e (mpew + az) + e (mpw — a2))
4+ ay(0) gl or1(m)e (mw)
4+ ai(=p) g ;no/“ (e (mw + az) + e (mw — az))
~1(0) 3 (e (mpe)
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Hence, when k > 2, we have

Gle0.2) =a0(0) (1= ) Gutp)
+ao(=1) <1 - 219) (2711')2 (0 ol 2))
+a1(0) (ék(w) - ék(pw))

(2717;)2 (B2 ow,2) = D" plpw. )

(6.10) + ai1(—p)

and when k = 2, we have

3w,2) =ao(0) (1 - ;) Gia )
+ao(-1) (1 ;) (271) (0(pw, 2) + Galpw)
+a1(0) (Gaw) = Ga(pw))
1

(6.11) + ai1(—p) or1)?

(p(w, 2) + Ga(w) — p(pw, 2) — Ga(pw)) -

Therefore, in either case, we have

¢(w> Z) = ¢(wa z —|—pxw),

namely, ¢(w, 2) is R (( 5 J))-invariant as a meromorphic function.

px 1
z
pw

is R (( 7))-invariant both as a formal power series and as a holomorphic

function. Then (A’{O(Z))g Fy(Z) is R((,,7))-invariant as a formal power

Now we recall that

ISERSER

Afo(Z) = (A1(p2)) [kC (91) = p~*Aso (

series and (A}, (Z ))§ ¢(w, 2) is R ((;9))-invariant as a holomorphic function.

Hence, by using the uniqueness of the Fourier expansion, we have

kE o~

(ML) [&C (91)) (2) = (A1p(2))? Fo(2) + (A1(2))? d(w, 2)

[Tk

(A1o(2))

is R ((,, }))-invariant as a formal power series. Here we complete the proof.
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Remark. When p = 2,3, since ML(¢) is a meromorphic Siegel modular

form in actual fact, ¢(w,z) should be not only R ((59))-invariant but also
SC (F[()l) (p)) S-invariant. For k > 2, it is almost trivial form the equation

(6.10). However, for k = 2, it may not be trivial from the equation (6.11).
Here we calculate the equation (6.11) more precisely. By the equation (4.4),
we have

TS5 (s x0) = M (15 X0) 621 ® MY (5 x0) o1

Here ¢—2,1(7—7 O) == 0 and dlmCMgI)(n XO) = 1 When p = 2’3’ namely
Mg”(?% X0) = CGa,y, (7). Since

Ga o (1) = Ga(7) — pGa(pr)

and

(ézxobgl) (7) = Gal7) = 162 (Z> 7

p p
we have

lim éQ’XO (1) = —pTlirinoO (ég,xo|291) (1)

T—100

and therefore

aop(0) + 2a9(—1) = —p(a1(0) + 2a1(—p)) .

Hence we have

which is SC (Fél)(p)) S-invariant.
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6.3. Proof of Theorem 13

The idea of the proof of Theorem 13 is essentially given in [Ao2]. Here we will
show Theorem 13 according to [Ao2|. For k € Z, we define

FW(N; x) = { (fm —0 € H M(l) N;x) ’ (Sym) }

m=0

where (Sym) means the following condition:

On the Fourier expansion f,(7) = > 72 ao(n,m)e (n7),

Sy yn,m) = (=1)x(=1)ag(m, n) holds for any n,m € Z.

Since we have

b

2 (nD . B T
EW,(N: ) = {S EM (N:x)) (symmetric tensor) ((—1)*x(~1) = 1)

X
A? M(l)(N, X)) (alternating tensor) ((—1)Fx(—1) = —1)

we can determine the structure of FW;(N; x). For r € NU {0}, we define a
map D, by

By ¢ EME(N:X) 3 (6n(r )50 — (B ) (. 0) g € ] Hol(EY)

m=0

and then define a space FM; (N; x)[r] by

Ds FF=0
FM (N5 x)[r] ::{FEFMZF(N;X) ‘ forany 0 S s <r }

When r = 0, Dy is a restriction map

Do : FM (N5 x) =0, FW(N; x)
and FM;f (N; x)[0] = FM; (N; x). Easily we have

Dr + FMG (N5 X)[r] — FWiar (N3 x)
and the kernel of this linear map D), is

ker D, = FM (N; x)[r + 1].
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Hence we have
(6.12) dime FM (N5 x) = Y dime (D (FM(N; X)[r])) -
r=0

The idea used in [Ao2] is to estimate the right hand side of (6.12) cleverly.

Since our proof is a slight modification of the method used in [Ao2], here
we give a proof only for the case N = p € {2,3},x = xo and k € 2Z.
Continuing from the previous subsection, we put

1 0 0 -1
gO-_E2_<0 1>7 gl_<1 0)

For r € NU {0}, we define

FWe(p; x)[r] == { (fm)m=o € FWi(p; x) ‘ (FW), }

where (FW), means the following condition:

On the Fourier expansion f,,(7) = >.,2, ao(n,m)e (n7)
(FW), : and (flxC (01)) (7) = XiZgar(n,m)e (27)
ag(n,m) =0 and a;(n,m) = 0 holds if min{n,m} <r.

For r e NU {0} and
F = (¢m) g € FM] (p; X0),

we put
(fm)m=o = D"(F).

We put their Fourier coefficients

Om(7,2) = (Pmle.mC (90)) (1, 2) = Z co(n,l,m)e (nt +1z),

n,l€Z?
(GmlemC (1) (1.2) = 3 ex(n, L m)e (f+zz)7
n,l€Z? p

fm(7_7 Z) = (fm’k-H‘C (gO)) (7—7 Z) = Z G’S(nv m)e (nT) )

(FulisrC (1) (7,2) = 3 af(n, m)e (—) |

nezZ p
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Then we have

(6.13) ap(n,m) = Zco(n, I,m)l"
leZ

and

(6.14) ai(n,m) = Z c1(n,l,m)l"
leZ

where we consider " = 1 when [ = r = 0. The following lemma is immediately
induced from F € FM (p; xo).

Lemma 26. We have

(6.3) co(n,l,m) = co(n, —1l,m),

(6.4) co(n,l,m) = co(n +xl+x m, 1+ 2xm, m),
(6.5) co(n,l,m) = co(m J,n)

(6.6) ci(n,l,m) = c1(n, =1, m),

(6.7) ci(n,l,m) =c (n + xpl + 2%pm, | + 2xm, m)
(6.8) and c1(n,l,m) = ¢ <n,l + 2xn,m + xpl + :EQpn>

for any n,l,m,x € Z.
Hence the following proposition holds.
Proposition 27. When r is odd, we have D, (FM; (p; xo)[r]) = {0}.

Proof. By the equations (6.3) and (6.13), we have afj(n,m) = 0 when r is odd.
By the equations (6.6) and (6.14), we have af(n,m) =0 when r is odd. [

The following lemma is induced from lemma 26 in the same way as we
did in the previous section.

Lemma 28. The following two properties hold.

o If (n,l,m) € Z3 satisfies 4nm — 1> = 0 and || > min{m,n}, then
there exists (n',l',m') € Z*® such that co(n,l,m) = co (n',I',m') and
min{m,n} > min{m’, n’}.

o If (n,l,m) € Z3 satisfies 4nm — pl> = 0 and ||| > min{m,n}, then
there exists (n',lI';m') € Z* such that ci(n,l,m) = ¢ (n',I',m') and
min{m,n} > min{m’,n'}.
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Hence the following proposition holds.

Proposition 29. Letr € NU{0} and F' € FM} (p; x0)[2r]. If min{n,m} < r,
then we have co(n,l,m) = c1(n,l,m) = 0. Hence we have

Dar (FM (p; x0)[27]) € FWyyar(p; x0) 7]

Proof. We will give a proof by induction on . When r = 0, the assertion is
trivial. When r = 1, if n = 0 or if m = 0, first we have cy(n,l,m) = 0 and
c1(n,l,m) = 0 unless | = 0, since F' € FM (p; x0). Then, since the equations
(6.13) and (6.14) holds for r = 0, we have cy(n,0,m) = 0 and ¢;(n,0,m) = 0.
Therefore we assume that the assertion holds for r» and prove that it also holds
for r+ 1. First, by the assumption, we have co(n,l,m) = ¢1(n,l,m) = 0 when
min{n,m} < r. Then, by lemma 28, we have cy(n,l,m) =0 and ¢;(n,l,m) =
0 unless { < r, when min{n,m} = r. Hence, by the equations (6.3), (6.4),
(6.13) and (6.14),

r

Z CO(nv la m)ls =0 CO(n7 l7m) = CO(n7 _l>m)

l=—r

and

Z ci(n,,m)l®* =0 c1(n,l,m) = c1(n, —1,m)

l=—7r

holds for s = 0,2,4,...,2r. Therefore, by Vthe andermonde’s determinant
formula, we have co(n,l,m) = 0 and ¢;(n,l,m) = 0 when min{m,n} =r. O

Up to this point, we have the following estimation

Proposition 30. We have the exact sequence
0 — FM (5 x0)[2(r + 1)] = FM (5 x0)[2r] —2— FW 2 (p; x0) 1]
forr € {0} UN. Hence we have
(6.15) dime FM (p; x0) < Y dime (FWp2,(p3 X0)[]) -
r=0

We can calculate the right hand side of the inequality (6.15) explicitly.
Actually, when p € {2, 3}, by using Maass lifts, we have

3" dime (FWy o, (p; x0)[r]) = dime M (p; xo).
r=0
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Since dimc M,(f)(p; xo) < dime FM (p; x0), we have

dimc FM (p; x0) = dimc M;(f) (P x0)-

that is the goal of this subsection.
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