A study on constructions of modular differential equations

ORIy 7RO HERIZ A 2 A28

February, 2023

Shotaro KIMURA
ARF BERER



A study on constructions of modular differential equations

ORIy T RO AR IZ B~ D TS

February, 2023

Waseda University Graduate School of Fundamental Science and
Engineering

Department of Pure and Applied Mathematics, Research on Number Theory
and Automorphic Forms

Shotaro KIMURA
ARF BERER



Acknowledgements

I would like to express my greatest appreciation to Professor Hiro-Aki Narita
for his advice and help. I also thank him for reviewing my thesis as the
principal referee.

Furthermore, I would like to express my sincere thanks to Professor
Masanobu Kaneko, Professor Takeshi Ikeda, and Professor Tsuyoshi Miezaki
for their helpful comments as referees of my thesis.

I would like to thank Shuji Horinaga for his instructive comments about
my research. I would also thank all members of the number theory semi-
nar at Waseda University, particularly, Hiroshi Sakata, Takuya Aoki, Naoki
Kumakawa, and Sosuke Sasaki for their great support and meaningful dis-
cussion.

Finally, I deeply appreciate my family for encouraging and supporting
me.



Contents

1

Introduction 4
1.1 The Kaneko-Zagier equation . . . . . . . .. ... ... .... 4
1.2 The modular differential equation for skew-holomorphic Ja-
cobiforms . . . . . . ... 5
1.3 A general construction of modular differential equations by
Rankin-Cohen brackets . . . . . . . . .. ... ... ... ... 7
Preliminaries 8
2.1  Holomorphic Jacobi forms and skew-holomorphic Jacobi forms 8
2.2 Theta decomposition . . . . . ... .. ... 10
The modular differential equation for skew-holomorphic Ja-

cobi forms 11
3.1 Construction method . . . . . ... ... . ... ... ..... 11
3.2 Properties . . . . ... 14
3.3 Relation between the equation (fx) and () . . . . . .. ... 18
A general construction of modular differential equations by

Rankin-Cohen brackets 18
4.1 Extended Rankin-Cohen brackets . . . . ... ... ... ... 18
4.2  Construction of modular differential equations . . . . . . . .. 22

4.3 Relations between higher order modular differential equations 27

Remarks on the construction of modular differential equa-
tions 28



1 Introduction

In this thesis, we study modular differential equations. In particular, we deal
with two topics as follows:

e The second order modular differential equation for skew-holomorphic
Jacobi forms;

e Constructions of higher order modular differential equations for several
modular forms by Rankin-Cohen brackets.

1.1 The Kaneko-Zagier equation

A modular differential equation is a differential equation whose solution space
is modular invariant. For a function f(7) on the complex upper half-plane
$, we define a slash operator

; {i Z] (1) i=(cr+d)" f (aT + b)

/ ct +d

for k € Z and (CCL € SLy(Z). An elliptic modular form is invariant under

b
d
the action of the slash operator by SLs(Z). If a solution space of a differential
equation is invariant under the action of the slash operator by SLs(Z), we
then say that the solution space is modular invariant. The study of modular
differential equations originates in the study of the polynomials whose roots
are the j-invariants of supersingular elliptic curves by Kaneko-Zagier [12].
Let f' = (2my/—1)71df /dT and E}, be the Eisenstein series of weight k. They
introduced the following modular differential equation for elliptic modular
forms: Ll T

-l nm e+ M gm0 )
We call this equation (fx) the Kaneko-Zagier equation. Kaneko-Koike [9,
Proposition 2] shows that the equation (f;) is a unique second order mod-
ular differential equation. In general, a solution of the equation () is not
necessarily an elliptic modular form. However, several variants of modular
forms appear as the solution of the equation (f;). In the case when k = 4,
the solutions of the equation (f4) are the elliptic modular form E4(7) (cf. |9,
n(r)* _dr

E4(T)2 271'\/—_1

V—1oco
Theorem 1]) and the mixed mock modular form E,(7) /
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(cf. [8, Theorem 1]) , where n(7) is the Dedekind Eta function. In the case
when k = 5, the solution of the equation (f5) is the quasi-modular form of
weight 6, E(7) = (E2(7)E4(1) — E¢(7))/3 (cf. [9, Theorem 2]). The study
of modular differential equations is recognized as an interesting topic in the
field of modular forms. In fact, it has applications in other fields as well. For
example, it plays an important role in the classification of vertex operator

algebras (cf. [10, 11, 13]).

1.2 The modular differential equation for skew-holomorphic
Jacobi forms

We focus on construction methods of modular differential equations. Kaneko-
Zagier [12] introduced the equation () as a formal eigenvalue problem by
the Ramanujan-Serre differential operator. In a similar way, Kiyuna [17]
introduced the modular differential equation for holomorphic Jacobi forms
by the modified heat operator:

FU(r, 2) = 8m AW (1 2) + MEQ(T)JCB] (1,2)
+ 16m2f@ (1, 2) — 4(2]{;—i_Tl)mzEz(T)f’(T, z) (Okm)

¢ o 1)(?“ FOM oy 2y = 0.

Here f™ := (27/=1)""0"f/0r" and fI" = (2n/=1)""0"f/0z". The
study of modular differential equations for holomorphic Jacobi forms has
applications to the elliptic genus of Calabi-Yau manifolds (cf. [1]).

The two cases presented above are of holomorphic modular forms. We
are interested in the case of non-holomorphic modular forms, which has not
been studied. In this thesis, we construct modular differential equations for
skew-holomorphic Jacobi forms, which are non-holomorphic modular forms
of two variables. We begin with a detailed description for the case of order
two given in [15]. In [19], Skoruppa introduced skew-holomorphic Jacobi
forms as automorphic forms on the Jacobi group satisfying the heat equation

(87r\/—_1m6% — 8—2) f(r,2) =0.

022

By following the construction method of the previous studies, we introduce
a differential operator and second order modular differential equation for
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skew-holomorphic Jacobi forms:

fr. ) - 2 B i,y T2 )

B(f(r2)=0. ()

Here f := (=2my/—1)"'df /d7 and 7 denotes the complex conjugate of 7. We
show the fundamental properties of the equation (). More specifically, the
solution space of the equation (f;) is modular invariant and the differential
equation is unique.

Theorem 1.1 (Theorem 3.1). Let k and m be positive integers. If a function

skew
f(r, 2) is a solution of (), then f [CCL Z] (1,2) and f | [\, p] (1, 2) are

k,m

b) € SLy(Z) and (\, ) € Z2.

also solutions of (ty) for all (Z d

Theorem 1.2 (Theorem 3.2). We consider a differential equation on $ x C:

f(r,2)+ A(T)f(r,2) + B(r) f(1,2) = 0. (1.1)

The equation (1.1) coincides with the equation (b ) if it satisfies the following
conditions.

e Holomorphy
The functions A(T), B(T) are holomorphic on T and bounded when
(1) = 0.

e Modularity

skew

If a function f(7, z) is a solution of (1.1), then f [a 2] (1,2) and
k,m

flm [N 1] (7, 2) are also solutions of (1.1) for all (CCL Z) € SLy(Z) and

(A n) € 2%

Moreover, by the theta decomposition (cf. Proposition 2.2), we consider a
relation between the solutions of the modular differential equation for skew-
holomorphic Jacobi forms () and those for elliptic modular forms (f).

Theorem 1.3 (Theorem 3.3). The function f(7,2) = 3, (mod 2m) ftu(=T)0m,u(7 2)
is a solution of the equation (4;) if and only if h,(—T) is a solution of the
equation (ﬁkfé) where the variable T is replaced by —T7 for all p (mod 2m).
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1.3 A general construction of modular differential equa-
tions by Rankin-Cohen brackets

Rankin-Cohen brackets are typical tools in the construction of modular forms
by differential operators. Firstly, Rankin [18] and Cohen [4] introduced the
Rankin-Cohen bracket for elliptic modular forms (cf. Proposition 4.1). More-
over, Choie-Eholzer [3] introduced it for holomorphic Jacobi forms and holo-
morphic Siegel modular forms of degree two (cf. Proposition 5.1, 5.2). By
using them, we construct higher order modular differential equations for sev-
eral modular forms above.

Theorem 1.4 (Theorem 5.1). For a function f on s (resp. $, H x C) and
g € St (resp. My, J}'7%), the equation

(fs @ ran =0 (resp. [f, 9lkin =0,{f, 9)kmytmon = 0)

s the modular differential equation for holomorphic Siegel modular forms of
degree two (resp. elliptic modular forms, holomorphic Jacobi forms).

On the other hand, Gouvéa [7] defines the Rankin-Cohen bracket for el-
liptic modular forms including the Eisenstein series of weight two. Inspired
by the previous studies above, we introduce the extended Rankin-Cohen
brackets for holomorphic or skew-holomorphic Jacobi forms paired with el-
liptic modular forms including E5 in Proposition 4.1. These provide a unified
construction method of higher order modular differential equations for ellip-
tic modular forms, holomorphic Jacobi forms, and skew-holomorphic Jacobi
forms. In particular, with these extended Rankin-Cohen brackets, we can
reproduce the modular differential equations we have seen above.

Theorem 1.5 (Theorem 4.1). For a function f on $) (resp. $x C, $x C),
the equation

[fa EQ]k,2,n =0 (7’68]). [f7 EQ]Z(:?ln,Zn =0, [f> E2];~ck,€21:}n = 0)

is the n + 1(resp. 2(n+ 1), n+ 1)-th order modular differential equation for
elliptic modular forms (resp. holomorphic Jacobi forms, skew-holomorphic
Jacobi forms).

In particular, when n =1, the equation

1/, E2]k,2,1 =0 (resp. [f, E2]Zf1ln,2,1 =0, [f, E2]12k,627f1 =0)
is the modular differential equation (8x) (resp. Okm), (9x))-
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Furthermore, we consider the relations among the solutions of these mod-
ular differential equations. The following theorems are generalizations of [16,
Theorem 5.18] and Theorem 1.3 to the cases of higher order.

Theorem 1.6 (Theorem 4.2). The function f(7,2) =3, (mod 2m) Pu(T)0mu(T, 2)
is a solution of the equation [f, Exiy, 5., = 0 if and only if h,(7) is a solution

of the equation [h,, Eg]k_%’ln =0 for all p (mod 2m).

Theorem 1.7 (Theorem 4.3). The function f(7,2) = >, (mod 2m) Pou(=T)0mu(T, 2)
is a solution of the equation [f, Eao]i's’y = 0 if and only if h,(—7) is a solution

of the equation [h,,, Eg]k_%&n =0 for all p (mod 2m).

These results are discussed based on [14].

We explain the outline of this thesis. In Section 2, we define holomorphic
and skew-holomorphic Jacobi forms and review the notion of their theta
decomposition. In Section 3, we introduce the differential operator for skew-
holomorphic Jacobi forms in Proposition 3.1. By following the method of
Kaneko-Zagier [12], we construct the modular differential equation (fz) for
skew-holomorphic Jacobi forms. In addition, we show the properties of the
equation (f;). In Section 4, we introduce the extended Rankin-Cohen brack-
ets for elliptic modular forms, holomorphic or skew-holomorphic Jacobi forms
paired with elliptic modular forms including Es. By using these extended
Rankin-Cohen brackets, we construct higher order modular differential equa-
tions for the modular forms discussed. In Section 5, by using other Rankin-
Cohen brackets, we construct modular differential equations for holomorphic
Siegel modular forms, elliptic modular forms, and holomorphic Jacobi forms.

2 Preliminaries

2.1 Holomorphic Jacobi forms and skew-holomorphic
Jacobi forms

To review the definitions of holomorphic Jacobi forms and skew-holomorphic
Jacobi forms, we introduce the slash operators.



Definition 2.1 (Slash operators). Let k and m be positive integers. For
a b
d
tion f(1,2z) on $H x C:

€ SLy(Z) and (\, i) € Z?, we define the slash operators for a func-

hOl 2
a b —cmz ar +b z
= d)~*
/ k,m|:c d] (7,2) = (er +d) e(c7'+d>f(c7'+d’c7'+d)’
skew 2
a b —cmz at+b z
— — d —k+1 d —1

/ kom [C d] (7,2) := (eT+d) o7+ e(cr+d>f(c7'+d’c7'+d)
and

flom Nl (7,2) == e (N>m7 + 2dmz) f(7,2 + AT + ),
where e(w) := exp(2my/—1w) for a variable w.

Now we define holomorphic Jacobi forms (cf. [6]).

Definition 2.2. A holomorphic Jacobi form of weight k and index m with
respect to SLo(Z) is a complex-valued holomorphic function f on $ x C
satisfying the following conditions:

hol |:a b b

(1) f d} (1,2) = f(r.2) for all @ d) € SLy(Z),

k,m

([I) f ‘m P‘?/L] (T> Z) = f(Tv Z) for all ()‘7 M) S ZQ;
(III) f(7,z) has a Fourier expansion of the form

flr2)= Y enr)g¢,

n,r€’
4mn2r2

where q := e(1) and ¢ := e(z). The space of holomorphic Jacobi forms of
weight k and index m is denoted by J;*, .

Next, we define skew-holomorphic Jacobi forms (cf. [19]).

Definition 2.3. A skew-holomorphic Jacobi form of weight k and index m
with respect to SLo(Z) is a complez-valued real-analytic function f on $ x C
satisfying the following conditions:



skewry b a b
1 7,2) = f(1,2) for all SLy(Z),
()fk’m{ | = s o (2 ) € s
(1) flm [N 0] (7,2) = f(7,2) for all (X, p) € 22,
(111) %f(r, z) = (87r\/—_1m§7_ - %) f(r,z) =0,

(IV) f(1,2) has a Fourier expansion of the form

f<7_7 Z) - Z C(n7T)e (TLT + 7’2_2%\/—_@ + TZ) )

n,r€Z
4mn§r2

where T = x++/—1y. The space of skew-holomorphic Jacobi forms of weight
k and index m is denoted by Ji':.

2.2 Theta decomposition

We review the notion of the theta decomposition of holomorphic or skew-
holomorphic Jacobi forms (cf. [6, Theorem 5.1]).

Proposition 2.1 (Theta decomposition for holomorphic Jacobi forms). Let
f(1,2) = >, ez c(n,1)q"¢" be a holomorphic Jacobi form of weight k and
index m. Then we can decompose f(t,z) into

f(T7 Z) = Z hlj’(7—>9mvu(7—7 Z)’

© (mod 2m)
where N
hu(7) = Z%(N)CJ“"‘,
N>0
e (N) = c <]\f+n:2,r> (N=—r* (mod 4m),r=p (mod 2m))
: 0 (N # —r? (mod 4m))
and

2
‘gm,,u(Ta Z) = Z qmgr

r€Z
r=p (mod 2m)

1s the Jacobi theta function.
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Skew-holomorphic Jacobi forms also have the theta decomposition like
holomorphic Jacobi forms.

Proposition 2.2 (Theta decomposition for skew-holomorphic Jacobi forms).
Let f(1,2) =3, ,cnc(n,r)e (nT + %\/ —ly + rz) be a skew-holomorphic

Jacobi form of weight k and index m. Then we can decompose f(7,z) into

f(Tv Z) = Z h#(_?)em#(ﬂ Z)?

© (mod 2m)
where
hy(—=7) = Y cu(—N)e N
" " dm )’
N>0
and

4

(=) = {c (NTT’;Q,T) if N=—r? (mod 4m) and r = (mod 2m)
0 if N2 —r?  (mod 4m).

3 The modular differential equation for skew-
holomorphic Jacobi forms

We construct the second order modular differential equation for skew-holomorphic
Jacobi forms (cf. [15]). First, we discuss the method for deriving the mod-
ular differential equation (f;). Next, we show the properties of the equation
(). Finally, we consider a relation between the solutions of the modular
differential equation for skew-holomorphic Jacobi forms () and those for
elliptic modular forms (f).

3.1 Construction method

We introduce the differential operator which raises weights by two for skew-
holomorphic Jacobi forms.

Proposition 3.1. Let k and m be positive integers. We define the differential
operators:
— -1 0 2k—1———
O := — — Es(7).
B v S TR
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Here Ey(T) denotes the complex conjugate of Ea(T). Let f(7,2) be a skew-
holomorphic Jacobi form of weight k and index m. We then have that Oy (f)
s of weight k + 2 and index m.

Proof. Let f(r,z) be a skew-holomorphic Jacobi form of weight & and index
m. The function f(7,z) has a Fourier expansion of the form

f(r,z) = Z c(n,r)e (m' + #\/—_m + 7’2) :

n,r€Z
4mn§7‘2

We can verify that O (f(7,2)) is a real-analytic function and satisfies the
conditions (/1) and (IV) of Definition 2.3. Therefore we have to check
that it satisfies the conditions () and (I7). More precisely, we show that
O (f(7,2)) is invariant under the action of the slash operators.

We apply the differential operator (—2m/—1)719/07 to the slash opera-
tors, we then get

() = g (ol (2) ()

()

m

and

skew {a b

k+2,m
1 9 skew a b
= m@ (f o [C d] (7'7 Z)) (3-2)

- 27“1/__1 (k — —) clet+d)f

Now we have that

(Of) | [X 1] (7, 2)

()

2k -1

B0 A1 (7,2)

-1 0
- (et )| -
-1 0 2k — 1——
2/]_(\/__1% (7-7 Z) - TE2<T)JC(7-7 Z)

= Ok(f(7,2))

12



for all (\, u) € Z? from (3.1) and that

o skew a b
@n| |t e
k+2,m
B 1 ) skew a b 2% — 1 = skew a b
_ (—% J__l%f) m’m{ d} o) - 2 (B 2) Hm[ d}

e )

2k — 1 _ _9 at +b 6¢ _ 1
-5 ((CT+d) E2<c7_+d)+7r\/__1(07+d) >f(T,z)

_ 1 2 f
Com/—107

-1 0 2k —1——
- < - E
27T\/—_1 8?f(7-’ Z) 24 Z(T)f(Ta Z)
- a_k(f(7—7 Z))
for all (Z z) € SLy(Z) by using (3.2) and the transformation law of Ey(7)
(see Remark 1). Then 0k (f(7, 2)) is a skew-holomorphic Jacobi form of weight
k + 2 and index m. ]

Remark 1. We remark that the Eisenstein series of weight two s

By(r)=1-24) | Y d|e(nr)

n>1 dln
and satisfies the following transformation law

6¢

™ —1

B (“T i b) — (e + d)?Bo(7) +

cT +d (7 +d)

for (Z Z) € SLy(Z). By taking the complex conjugate of the equations

13



above, we obtain

n>1 \ dn

=1-24> > d|e(—n7)
n>1 \ dln

= E5(=T7)

and

ar +b 6¢
E — (7 +d)°Bs(7) — 7
5 <c¢+d) (T 4+ d)°Ex(T) 1(CT—l—d)

for (CCL Z) € SLy(Z).

We shall construct the modular differential equation for skew-holomorphic
Jacobi forms by using the differential operator dy. Let f(7,z) be a skew-

holomorphic Jacobi form of weight k£ and index m. The constant term of
1 — — .. (2k — 1)(2k + 3)
——0 0 1t
Fa(r) k2 © O(f) is equal to 242
term of f. We then consider the formal eigenvalue problem:

1 — = (2 —=1)(2k +3)
mamz 0 Ou(f(7,2)) = 242

multiplied by the constant

f(r,2).

By transforming the equation above, we get the modular differential equation

for) - 2 B w0 + LD RS s —0. )

Here we denote f := (—2x+/—1)"'df /d7.

3.2 Properties

The modular differential equations for elliptic modular forms and holomor-
phic Jacobi forms have the same properties that the solution spaces are mod-
ular invariant and that the equations are unique (cf. [9, Proposition 2], [17,
Proposition 5.3]). We show that the equation (fx) for skew-holomorphic Ja-
cobi forms also satisfies the same properties.

14



Theorem 3.1. Let k and m be positive integers. If a function f(T,z) is a so-
skew

lution of (4x), then f [i d] (1,2) and f | [\, p] (7, 2) are also solutions

k,m

of (bx) for all (CCL Z) € SLy(Z) and (\, ) € Z2.

Theorem 3.2. We consider a differential equation on § x C:

f(r,2)+ A(T)f(1,2) + B(1) f(7,2) = 0. (3.3)

The equation (3.3) coincides with the equation (k) if it satisfies the following
conditions.

e Holomorphy
The functions A(1), B(T) are holomorphic on T and bounded when
(1) = 0.

e Modularity

skew {a b

If a function f(7, z) is a solution of (3.3), then f d] (1,2) and

k,m

flm [N 1] (7, 2) are also solutions of (3.3) for all (CCL Z) € SLy(Z) and
(A n) € 2%

Theorem 3.1 follows from Theorem 3.2. We show the uniqueness of the
modular differential equation (f).

Proof. We define

¢(T7 Z) = (C?—f— d)_k+1|CT +d|_1e <—sz2) f (CLT +0 z > ‘

et +d ct+d er+d

15



Since this is a solution of (3.3) we then get

2
— (= d —k—3 d -1 cmz
0= (cT+4d) leT + d| e(w—i—d

% (9(r,2) + A, 2) + Br)(r,2))

+{(c?+d)2A(r)+2k+1c(cF+d)}f<aT—+b, - )

2my/—1 ct+d ct+d
+ {(CF +d)*B(1) + 2];\_/_5_10(0? +d)PA(T) + (k (_27;\)/&;_ ) (et + d)Q}

« f atr+b =z
ct+d er+d)
By comparing the above equation with
(ar+b 2 at +0b at +b
A
f(cr+d’cr+d) * (m’—l—d) f (CT+Cl C7'+d>

at +b ar+b =z
B 0
N (CT+d)f(CT+d CT+d)

then we have

ar +b _ 9 2k+1
A <c7' n d) = (cT+d)*A(r) + mc(m’ +d) (3.4)
and
at +b _ 4 k — % _ 3
B (07' n d> =(cT+d)*B(1) + 27“/_0(07' + d)°A(T) .
+<k —3) (k+3) (e + d)2.
@n/-1)

By the equation (3.4) and the transformation law of Es(7), we have

at +0b 2k +1 ar +b _ 9 2k +1
= E. .
A (CT + d) * 12 £ (c¢+d) (7 +4d) (A(T) * 12 2(7 ))

16



Since we have assumed the anti-holomorphy of A(7) and an elliptic modular
form of weight two with respect to SLs(Z) is only 0, we conclude

2k+1

Ar) = —==F().

By combining the derivative of (3.4) and (3.5), we have

at +b E—1 at + b k— 1.
B 2 A =(cr+d)* B 2 A :
(c¢+d> - 2 (CT+d> (7 +d) ( () + 2 <T)>

Since we have assumed the anti-holomorphy of B(7), we conclude

(k-3 +3)
12

B(r) = Ez( ) + cEy(T)

with some constant c¢. A direct calculation shows that if f(7,z) is a solution
of

2k +1——
12

R e

fr2) =

o) + cEm) F(r.2) =0,

the function f(r, z)A(T)ﬁ is then a solution of (fx4125), where 3 is a solution
of

L + 1

Hence we can take ¢ = 0 without loss of generality and we conclude that the
equation (fi) is unique. O

B4 c=0.

Remark 2. In terms of comparison with the cases of elliptic modular forms
and holomorphic Jacobi forms, we have two remarks as follows:

1. The equation (fy) is second order ordinary differential equation and
coincides with the equation (ﬂkf%); where the variable T is replaced by
—T.

2. The equation (hx) does not depend on index m. It is different from the
equation (b)) for holomorphic Jacobi forms.

17



3.3 Relation between the equation (4;) and (#x)

Now we show a relation between the solutions of the modular differential
equation for skew-holomorphic Jacobi forms (f;) and those for elliptic mod-
ular forms ().

Theorem 3.3. The function [(7,2) =", (nod 2m) ltu(=T)0mu(T, 2) is a so-
lution of the equation (4) if and only if h,(—7) is a solution of the equation
(jjk_%), where the variable T is replaced by —7 for all ;1 (mod 2m).

Proof. We remark that {6,,,(7, z) for p mod 2m} are holomorphic on the
variable 7 and linearly independent. We substitute f(7,z) by

D (mod 2m) 1u(=T)0m, (7, 2) in the equation (8x), we then get the theorem

above. O

4 A general construction of modular differen-
tial equations by Rankin-Cohen brackets

Some results of Sections 4 and 5 are summarized in [14].

4.1 Extended Rankin-Cohen brackets

Gouvéa [7, p.199] defines the extended Rankin-Cohen bracket for elliptic
modular forms including Fs. Inspired by the previous studies above, we
introduce the extended Rankin-Cohen brackets for holomorphic or skew-
holomorphic Jacobi forms paired with elliptic modular forms including FEs.

Proposition 4.1. Let [ be a function on $ or H x C and g be a function
on §. Forn > —1, we define the extended Rankin-Cohen brackets by

= X o ("TET) (T ooz,

S T
r4+s=n
. n+ (k=3 —1\[n+1—-1
o= X (T !
r4+s=n

x(=4m) Ly, (f (7, 2))D3(g(7)),

18



e Uhgltinns) = 3 (_1)T(n+ (k;%) - 1) <n+i— 1)

r+s=n

x Do (f(7,2))D2-(9(7)),
where the notations are given as follows:

1.0<r<n+1, -1<s<n.

12
2. (p) =—
-1 p+1

3. Dy, = (2my/—1)"d/dw for a variable w.
4. Ly, = 4mD, — D? is the heat operator.

_ _— 0 if g is an elliptic modular form
5. D7'(g(r)) = DZ3(g(7)) := U
1 ifg=FEs.

We have the following results.

(1) If f is an elliptic modular form of weight k and g is either an elliptic
modular form of weight | or Es(l = 2), [f, glkin s an elliptic modular
form of weight k + 1 + 2n.

(1) If f is a holomorphic Jacobi form of weight k and index m and g is
hol

either an elliptic modular form of weight I or Es(l = 2), [f, gl 10 S
a holomorphic Jacobi form of weight k 4+ 1 4+ 2n and index m.

(II1) If f is a skew-holomorphic Jacobi form of weight k and index m and g
skew

is either an elliptic modular form of weight I or Ex(l = 2), [f, gliis, is
a skew-holomorphic Jacobi form of weight k + 1 4+ 2n and index m.

Proof. Firstly, we consider the case of holomorphic Jacobi forms. Since
f(7,2) and g(7) are holomorphic, [f, g];%, ;. (7, z) are also holomorphic. We
have to show the following transformation laws.

1. For any (Z Z) € SLy(Z),

hOl |:a b

ol ] ) = it @

k+14+2n,m
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2. For any (A, u) € Z2,
[f7 g]z(,);n,l,n m [)‘7 M] (T? Z) = [f7 g]lé?;n,l,n<77 Z)‘ (42)

Since Ly, (f |m [N, 1]) = Ly, (f) Im [N, 1], we get the equation (4.2). For f(7,2) €
Jpt we introduce the generating function f(7,z; X) as

; < L7.(f(7,2)) 2 y\n
UGERIEDD nlln + (k — 1/2) — 1)!((27“/__1> X"

n=0

The generating function f(7, z; X) satisfies the following transformation law

. X 2 X %
f <aT L )2) = (cr +d)re (—sz ) e8ﬂﬁm7§df(7', z; X)

cr+d’cr+d;(07+d cr+d
(4.3)
for (CCL Z) € SLy(Z) (for detail, see [2, Lemma 3.2]). For either an elliptic

modular form g of weight [ or Ey(l = 2), we introduce the generating function
g(1; X) as

i) =3 n!DLM))!(%\/—_lX)”.

— (n+1-1
Here we define (—1)! = 1/12. The generating function g(7; X) satisfies the

following transformation law
_(aT+0b X
INer+d (et +d)

2) = (e + d)'eTrg(r; X) (4.4)

for (CCL Z) € SLy(Z) (for detail, see [7, p.198]). From the equations (4.3)

and (4.4), we have that

f(aT—i—b z X )g(aT—i—b_—Sﬂ\/—_lmX)

cr+d er+d (e + d)? cr+d (et +d)?

cm22

= (et +d)* e ( ) f(r: X)g(r; —=8mv/—1mX). (4.5)

Since

. } S L 9 (T 2)
fr 2 X)g(r; —8n/~ImX) = 3 | nt(k—1/2) - Dln+i—1)

n=-—1

((2mV/=1)2X)"
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and the equation (4.5), we get the equation (4.1).
Secondly, we prove the case of skew-holomorphic Jacobi forms in a way
similar to the case of holomorphic Jacobi forms. Since f(7, z) is real-analytic

and g(7) is anti-holomorphic, [f, g]i%, (7, 2) is real-analytic. We have to show
the following transformation laws.

1. For any (i Z) € SLy(7Z),

skew |:a b

1. gl | A= lhatnea. o)

k+l4+2n,m
2. For any (\, pn) € Z2,
s gl lm (A p] (72) = [, gleiin (7, 2). (4.7)

Since D"_(f |m [A 1)) = D"=(f) |m [\, 1], we get the equation (4.7). For
f(r,z) € Jiv we introduce the generating function f(7,z; X) as

k,m

; S Dr-(f(7,2)) n
o3 = T h— 1) —mi oY

The generating function f (1, z; X ) satisfies the following transformation law

~(a7’+b z X

F _ cmz?
cr+d er+d’ (et +d)

=L k-1
2) = (cT+d)" " |eT+d|e (CT+d

) G%f(ﬂ z; X)
(4.8)

for (Z Z) € SLy(Z). For either an elliptic modular form g of weight [ or

Es(1 = 2), the generating function §(7; X) satisfies the following transforma-
tion law

_fat+b X
i )

_ X
cr+d’ (et + d)Q) =l d)lecﬂdg(T; X) (49)

for (OCL Z) € SLy(Z). From the equations (4.8) and (4.9), we have that
7 ar+b =z = =X _fat+b X
cr+d er+d’ (et +d)? g et +d’ (et + d)?

2

d) f(T,z; —X)g(r; X). (4.10)

:@f+@HFWW+ﬂe(mw
cT +
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Since

—— Lf, 9l (T, 2) n
fr, 2 =X)g(m X) = Zl (n+ (k- 1/!]2;“; il +1— 1)!(27“/__1)()

and the equation (4.10), we get the equation (4.6). O

4.2 Construction of modular differential equations
By using extended Rankin-Cohen brackets in Proposition 4.1, we can review

the following modular differential equations.

For a function f on £,

k(k+1)

 Biiaa(r) = oy (700 = S5m0+ M B0 )

This coincides with the left-hand side of (#).

For a function f on $ x C,

hol — 3
S Bolim 21 (T, 2) = _m((k —1/2)+1)
2k +1)m By (1) fB (7, 2) + 16m* P (7, 2)

3
42k + 1)ym? (2k — 1)(§k + 1)m? ) fir z))

(f[fﬂ (1,2) — Smf[z](l)(r, 2)

— TEQ(T)]N(T, z) +

This coincides with the left-hand side of (bg ).

For a function f on $ x C,

1B () = ey ey (P - P B )

(k= 3k + 1)
R )

Ey(1)f (7, 2)

This coincides with the left-hand side of (f).
By generalizing these, we construct higher order modular differential equa-
tions.
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Theorem 4.1. For a function f on $ (resp. H x C, $ x C), the equation

[fa EQ]kQ,n =0 (T@Sp. [f7 EQ]IZ[,):n,Q,n =0, [f7 EQ]SkIC,;J,Jn = 0)

is the n+ 1(resp. 2(n + 1), n+ 1)-th order modular differential equation for
elliptic modular forms (resp. holomorphic Jacobi forms, skew-holomorphic
Jacobi forms).

In particular, when n =1, the equation

[fs Ealkoa =0 (resp. [f, Exliln o =0, [f Ealilsh = 0)
is the modular differential equation (8x) (resp. Okm), (9x))-

Proof. Firstly, we consider the case of holomorphic Jacobi forms. We have
to show that the solution space of the equation [f, Eal}), 5, = 0 is modular
invariant. More precisely, if a function f is a solution of [f, Eal}), 5.,(7, 2) =

0, then

hol b hol
[f [a d} (1, 2), Ba(7) =0 (4.11)
ksm k,m,2n
and
[f I [As 1] (7 2), Ba(7)]y 00 = 0 (4.12)
for all (Z Z) € SLy(Z) and (A, p) € Z2. Since L7, (f |m [N\, 1)) = L7(f) | [N, 1],
L L D ] (72), Bo(T)]i 00 = € (N7 + 20m2) (£, Bo]i 5 (7, 24 AT+11) = 0.

Then the equation (4.12) holds.
Now we calculate

[f hol |:a b

o] o B
Since

hol

ar +b z
ct+d er+d)

and [fa EZ]k,m,Q,n (

ksm k.m,2n

0 {Z 2] (. z)) - zi:(—l)’”‘l%! (<k S 1) %
hol [a b

1 !

X mLfn(f)

k+21,m
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we get

2
d)k+2n+2g cmz
(e7 +d) ct+d s

S (n+ (k _31/2) - 1) (n : 1)(_4m)s§(_1)r_l§_:<(k - 11227 r— 1)

hol

hol a b
f |:C d:| (7-7 Z)aEQ(T)
k,m

r+s=n
(4me)! on—r—1+2 1 ar+b  z
—_— d) R Di(E . (4.13
X (27T\/__1)7,_l (CT+ ) m(f) C7_+d’ C7_+d 7‘( 2(7—)) ( )
The coefficient of L (f) (%, =) (0 <p <n+1) in the equation (4.13)
is
n+1
—-1/2) -1 1 —1/2 — 1\ !
Z(n—l—(k /2) )<n+ )((k‘ /2)+r )T—(—4m)”_p
p— n—r r r—p p!

" (ﬁ) (er @D ()

_ g (n + (k —l1/2) — 1) (Zi) ((k: — 1221;:— I - 1> (n— l)!(_4m)n_p

|
=1 P!

g (ﬁ)_ (er +d)" PTED(Ey (7). (4.14)

Here we set | =n — r. On the other hand,

atr+b =z

[f> EQ]k,m,Zn <m? cr + d)
S (n+(k: _31/2)_1) (n;}—l)<_4m>erm(f) (gi;mid)

r4+s=n

. ar +b

x D7(Ep) (CT+d>
- n+(k—1/2) =1\ (n+1 sprpy (L 2
B (I (25

(B0 (o) e varemimon).
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The coefficient of L2 (f) (%, CTid) (0 <p <n+1)in the equation (4.15)
is

] (i [ A e S

I=—1

: (zmc/——l) C(er AR By (). (4.16)

From the direct calculation, we have

n+(k—-=1/2) =1\ (n+1\[((k—=1/2)+n—-1—-1\(n—1)!
D [V G
(n+(k—1/2) = 1)! (n+1)! (k—=1/2)+n—-1-1)!

S+ (k=1/2) =1 - n =D+ 1) (n=1—-p)!((k—1/2) +p—1)!
m=0D'(n—p)!(n—p+1)!
pl (n—pln—-—p+1)!
_ (n+(k—-1/2) 1) (n+1)! n—p+1)! (n—p)
m—pl((k=1/2)+p—-Dlpln—p+ ) (n—p-DIT+1)!

_ (n+( n—_1]/92 — 1) (n+1) (Z:pt;) l!p)!. (4.17)

Since the equation (4.14) and (4.16) are equal by the equation (4.17), we get

hol

f

ct +d

oo [ Cmz? e P
(CT + d)k:+ n-4 e

o] 2Bl

k,m k,m,2n

ar +b z
— E hol — i
L, Q]k’m’z’" (CT +d et + d) 0

Then the equation (4.11) holds.

Secondly, we prove the case of skew-holomorphic Jacobi forms in a way
similar to the case of holomorphic Jacobi forms. We have to show that the
solution space of the equation [f, Eb]is", = 0 is modular invariant. More
precisely, if a function f is a solution of [f, E5;5", (7, 2) = 0, then

K

skew

skew {a b

d} (7,2), Ex(7) =0 (4.18)

k,2n

k,m
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and
[ I [N ] (7, 2), Ba(7)]35, = 0 (4.19)

for all (CCL Z) € SLy(Z) and (A, p) € Z2. Since D" —(f | [\, 11]) = D" (f) |m [N, 1],

[f lmn [X 1] (7, 2), Ba(7)]i55, = @ (N'm7 + 2Amz) [f, BuJiis, (7, 2+ Ar+p) = 0.

Then the equation (4.19) holds.
Now we calculate

et e, mar)

skew

f

at+b z
and [f> EQ]k,Z,n ( ) .

)
ct+d er+d
k,m k.2n

Since

. (s

we get

skew [Z Z} . z)) _ i(_lyﬂl“_!!((k — 11214; r— 1) (%L\/_‘_;)H

k,m 1=0
skew
a b
!

k+2l,m

skew

9
(7 + A2 er + dle ( am= ) f

cT +d

o 2
=

] (o Ealr)

k,m

k.2n

_ 3 (n+ (k —81/2) - 1) (n : 1)(_1)32’":(_1)r_ﬂlﬂ_!!((k — 1{121—;—7“ — 1)

r4+s=n =0

ar +b z —_
D?_(FE .
cr+d’c¢+d> #(Ex(7))

Cr—l

<m0

By comparing the above equations, we then get

skew

skew
a b
1]

2
(7 + )2 o7 + dle ( canz ) d} (. 2), Ea(7)

cT +d

k,m k.2n

at +b z
— E skew — .
[f? 2]k,2,n (CT+d7 CT+d) 0

In the case of elliptic modular forms, we can also show that the solution
space is modular invariant by a similar calculation. ]
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4.3 Relations between higher order modular differen-
tial equations

We show relations between solutions of the modular differential equations for
holomorphic or skew-holomorphic Jacobi forms and those for elliptic modular
forms. The following theorems are generalizations of [16, Theorem 5.18] and
Theorem 3.3 to the cases of higher order.

Theorem 4.2. The function f(7,2) = 3", (nod 2m) Mtu(T)0mu(T, 2) is a solu-
tion of the equation [f, Es)i =0 if and only if h,(7) is a solution of the

k,m,2n

equation [h,, Eg]k%’z,n =0 for all p (mod 2m).
Proof. We remark that

L, Z hu(T)0mu(7, 2) | = (4m)" Z D7 (hyu(7))0rm,u(T, 2)

@ (mod 2m) © (mod 2m)

and {6,,,(7,z) for p mod 2m} are linearly independent. By substituting
f<7—7 Z) by Zu (mod 2m) hH(T)em,H(T7 Z) in [f7 EZ]Z??%,Q,n’

hol

Y ()bl 2), Ex(7) = (4m)" [y, Ealy, 1 5 (T)0m (7, 2).
© (mod 2m) keom.2.m
We then get the theorem above. O]

Theorem 4.3. The function f(7,2) = 3", (mod 2m) lu(=T)0mu(T, 2) is a so-
lution of the equation [f, Eb]ifs’y = 0 if and only if h,(=7) is a solution of
the equation [h,,, Eg}k%’zn =0 for all p (mod 2m).

Proof. We remark that

D’ Z Py (=T)0m, (T, 2) | = Z D72 (hyu(=7)) 0 (7, 2).
© (mod 2m) © (mod 2m)
By substituting f(7, z) by Zu (mod 2m) hy(=7)0m,u (7, 2) in [f, Eg]kkgwn,
skew
Yo h( (2 ()| =y Bl 1 (<) (T, 2).
© o (mod 2m)

k,2mn

We then get the theorem above. O
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5 Remarks on the construction of modular
differential equations

We review the definition of holomorphic Siegel modular forms. Let M, (K)
denote the set of all n xn matrices over a field K. We define the Siegel upper
half-plane of degree n as

O ={Z=X+vV=1Y € M,(C)|X,Y € M,(R),Z ='Z,Y > 0}.

Let Sp(2n,7Z) be the symplectic group of size 2n over Z. For a holomorphic
function f(Z) on $,, and M € Sp(2n,Z), we define a slash operator

(f M) (Z) :=det(CZ + D) f ((AZ + B)(CZ + D)™"),

A B
C D

Definition 5.1 (holomorphic Siegel modular forms). Forn > 2, a holomor-
phic function f on $, is a holomorphic Siegel modular form of degree n and
weight k if

where Z € §,, and M = ( ) with n x n matrices A, B,C, D.

(fxM) (Z) = f(Z) for all M € Sp(2n,7Z).

The space of holomorphic Siegel modular forms of weight k and degree n is
denoted by St .

Choie-Eholzer [3, Theorem 1.3] introduced the Rankin-Cohen bracket for
holomorphic Jacobi forms.

Proposition 5.1. Forn > 0, we define the Rankin-Cohen bracket (f, §)k.m, 1.ms.n
for holomorphic Jacobi forms as

o D bmitman(T2) = D Crogp(bs DLy (L, (F(72)) Ly (9(7, 2)))
r+s+p=n
The coefficients C, 5 ,(k,1) are given by

n—r)l(n—s)l(n—p)!
rlsip!

y k=3+n\(l-2+n —(k+l)+%—l—n‘
n—r n—s n—mp

If f and g are holomorphic Jacobi forms of weight and index k,my and l,my
respectively, (f, g)k.mi.imam @S @ holomorphic Jacobi form of weight k+1+2n
and index my + ms.

Crsplk,l) = (
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Choie-Eholzer [3, Theorem 1.4] introduced the Rankin-Cohen bracket
for holomorphic Siegel modular forms of degree two by using the Rankin-
Cohen bracket for holomorphic Jacobi forms and the Fourier-Jacobi expan-
sion. We remark that Eholzer-Ibukiyama [5] introduced the same Rankin-
Cohen bracket for holomorphic Siegel modular forms in a different way.

Proposition 5.2. Forn > 0, we define the Rankin-Cohen bracket (f, )k in
for holomorphic Siegel modular forms of degree two as

(fs @ ran( Z Crsp(k, )DP(D"(f(2))D*(9(2)))-
r+s+p=n
o 0 0? :
The differential operator D = 4—— — —, where the variable Z =
011 07y 072

(Tl Z) € 9. If f and g are holomorphic Siegel modular forms of de-

z T9
gree two and weight k and | respectively, (f,g)kin s a holomorphic Siegel
modular form of degree two and weight k + | + 2n.

Rankin-Cohen brackets for elliptic modular forms, holomorphic Jacobi
forms, and holomorphic Siegel modular forms satisfy the transformation laws
stated in the following three lemmas.

Lemma 5.1. Let f and g be holomorphic functions on $ and [f, 9|k be

the Rankin-Cohen bracket for elliptic modular forms defined in Proposition
4.1. For~y € SLy(Z),

Lfs 9lkn rivony = [f k7 5 9 |l’7]k,z,n-

Lemma 5.2. Let f and g be holomorphic functions on SxC and (f, §)k.my 1.ms
be the Rankin-Cohen bracket for holomorphic Jacobi forms defined in Propo-
sition 5.1. For v € SLy(Z) and Y € 72,

<.fa g)k,ml,l,mg,n |k’+l+2n,m1+m27 = <f |k,m17 » g |l,m27>k,m1,l,m2,n'

<f7 g>k,m1,l,m2,n ‘m1+m2Y = <f ‘mIY ) |m2Y>k,m1,l,mg,n-

Lemma 5.3. Let f and g be holomorphic functions on $2 and (f, g)r.n be
the Rankin-Cohen bracket for holomorphic Siegel modular forms of degree
two defined in Proposition 5.2. For M € Sp(4,7),

(f, Din lkrironM = (f kM, g iM )i
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In Section 4, we have constructed modular differential equations by using
the extended Rankin-Cohen brackets. Now we can construct them by using
other Rankin-Cohen brackets from Lemmas 5.1, 5.2, and 5.3.

Theorem 5.1. For a function f on £y (resp. $, H x C) and g € S}? (resp.
My, J}'y.), the equation

<f7 g)k,l,n =0 (T'CSp. [f7 g]k,l,n = 07 <f7 g>k,m1,l,m2,n = O)

s the modular differential equation for holomorphic Siegel modular forms of
degree two (resp. elliptic modular forms, holomorphic Jacobi forms).

Proof. We consider the case of holomorphic Siegel modular forms. The other
cases can be shown in the same way. We have to show that if a function f
is a solution of (f,¢)k.;» = 0, then a function f|,M is an also solution for
M € Sp(4,Z). From g € S? and Lemma 5.3,

(fleM, @ rgm = (M, gliMkyn = (f 9 bgnlkrivon M

Since we have assumed a function f is a solution of (f, ¢)x;» = 0, we then
get (f[xM, g)rpn = 0. O

We give the example of the simplest modular differential equation for
holomorphic Siegel modular forms of degree two.

Example. Let f be a function on $o and g a holomorphic Siegel modular
form of weight | and degree two. Then

(f, i1 = (k’ - %) (l - %) D(fg)
(e D) (D)o (-2 (Dt

and (f,g)k11 = 0 is a modular differential equation for holomorphic Siegel
modular forms of degree two.

We will have to study the fundamental properties of modular differential
equations above as in the previous studies. It is natural to hope that such a
study contributes to the development of the research on modular differential
equations of a wider class of modular forms.
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