AN ALGORITHM TO PROVE HOLONOMIC DIFFERENTIAL
EQUATIONS FOR MODULAR FORMS

PETER PAULE AND CRISTIAN-SILVIU RADU

ABSTRACT. Express a modular form ¢ of positive weight locally in terms of
a modular function h as y(h), say. Then y(h) as a function in h satisfies a
holonomic differential equation; i.e., one which is linear with coefficients being
polynomials in h. This fact traces back to Gaufl and has been popularized
prominently by Zagier. Using holonomic procedures, computationally it is
often straightforward to derive such differential equations as conjectures. In
the spirit of the “first guess, then prove” paradigm, we present a new algorithm
to prove such conjectures.

1. DESCRIPTION OF CONTENTS

The study of holonomic functions and sequences satisfying linear differential and
difference equations, respectively, with polynomial coefficients has roots tracing
back (at least) to the time of Gaufi.

Besides holonomic functions and sequences, the second major class of objects con-
sidered in this article are modular forms and functions which are non-holonomic:
any modular form satisfies a non-linear third order differential equation with
constant coefficients; see, for instance, [14, Prop. 16].

Neverthess, there is a connection between holonomic functions and modular forms
which also traces back to Gauf. Namely, express a modular form ¢ of positive
weight locally in terms of a modular function h as y(h), say; then y(h) as a
function in h satisfies a holonomic differential equation.

Zagier in his classical exposition [14, Prop. 21] introduces to this fact as follows:
“... it is at the heart of the original discovery of modular forms by Gauss and
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of the later work of Fricke and Klein and others, and appears in modern litera-
ture as the theory of Picard-Fuchs differential equations or of the Gauss-Manin
connection but it is not nearly as well known as it ought to be.”

In [10] we began an algorithmic study of this connection which, on the holonomic
side, utilizes aspects of Zeilberger’s “holonomic systems approach” to special
functions identities [15]. Ibid., on the modular functions and forms side, we
sketched a contribution to theme of differential equations and modular forms,
which follows the “first guess, then prove” paradigm. In this article we present
the full mathematical details and derivations leading up to this new algorithmic
tool. The algorithm, ModFormDE, which provides non-trivial computer support
to prove claims of the following kind: given a modular function A and a modular
form ¢ of positive weight, both for a fixed congruence subgroup, prove with regard
to the local expansion g = y(h) that the function y(h) in h satisfies a differential
equation which is linear and with coefficients being polynomials in h. This article
can be read completely independently from [10]; there are some natural overlaps,
but those are kept to a minimum.

Our article is structured as follows. In Section 2 we present two examples to
introduce in a concrete fashion to the holonomic paradigm in connection with
modular forms and functions. Section 3 contains basic notions and facts about
modular forms and functions needed; readers familiar with these notions will
skip this section. In Section 4 we describe our algorithm ModFormDE which
is based on work of Yifan Yang [13]; an illustrating example traces through its
steps. In Section 5 we present the two main theorems of the paper, Thm. 5.2 and
Thm. 5.3; they specify bounds for the total number of poles of modular functions
which are essential for the ModFormDE algorithm. In Section 6 we introduce
local expansions; they give rise to a notion of orders of modular forms of even
weight, which will be used in a crucial way. The Sections 7, 8, and 9 derive and
prove the bounds given in the main theorems; Section 10 gives a summary of how
these things are related. The Appendix Section 11 contains proofs, computational
aspects, and basic facts of meromorphic functions on Riemann surfaces. All this
material is of relevance, but if presented within the main text, would disturb the
flow of the presentation.

Conventions used throughout this paper: N denotes a positive integer, k is a
fixed non-negative integer (the weight of a modular form),

H:={z e C:Im(z) >0}, C:= CU{oo}, and Q := QU {o0}.

The ring of univariate polynomials with complex coefficients is denoted by C[X],
its quotient field, the field of rational functions, is C(X).

Throughout, I' stands for a congruence subgroup of SLy(Z); see Section 3.
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2. INTRODUCTORY EXAMPLES

Holonomic differential equations are linear with polynomial coefficients. To illus-
trate their fundamental role for this paper, we consider concrete examples.

Ezxample 2.1. Given

(1) G(t) == 2F1(5 2. t) :2Mﬁ _

n N t N 9¢> N 2513 N 1225¢4 N
1 (1), n! 4 64 256 16384
1.

n=0

where (a), :==ala+1)...(a+n—1),n>1, and (a)y =

Problem. Determine coefficients ¢(n) such that

(2) G(t) = 3 c(n)H(t)" where H(t) := 4t(1 —t).

n=0

Using the holonomic tool-box, e.g., the RISC package GeneratingFunctions as
described in more detail in [10], one can solve this problem as follows:!

Step 1: Take as input sufficiently many coefficients in the expansion (1) of G(t).?

Step 2: With this input, compute sufficiently many values of the ¢(n):
1 25 2363152308430225
0)=1,¢(1l)=—,¢c(2) = ——,...,c(l]l) = .
e(0) = 1.el) = 15-¢(2) = 3591+ = {153091504606846976
“Sufficiently many” is meant with regard to the next step.

Step 3: Using a package like GeneratingFunctions, guess a recurrence for the
sequence (c¢(n))n>o:
In[1:= << RISC‘GeneratingFunctions’

Package GeneratingFunctions version 0.8
written by Christian Mallinger (©) RISC-JKU

1 25 2363152308430225
In[2:= cRec = GuessRE[{1, — 1
n2]:= cRec uessRE[{1, 1¢s 70547 ** 1152921504606846976 1 S [[1]]

out2]l= {16(n+1)’c(n+1) — (4n+ 1)%c(n) = 0,¢(0) = 1}

In other words, we have guessed that

(3)  G(t) =Y(H(t)) where Y(t) := > c(n)t" with ¢(n) = %

n=0
Step 4: To prove (3), we derive holonomic differential equations satisfied by G(t),
respectively by Y (H(t)). To derive the differential equation for G(t), we input
the first 12 coefficients of the power series expansion (1):

IThe package, written in the Mathematica system, is available upon password request to the
first-named author.
It turns out that taking the first 12 coefficients is sufficient.
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1 9 25 1225 7775536041
In[3):= GDE = GuessDE[{1, 7, 4 026+ 16384° " ** 274877906944 Gt

Omm:-H@z—ﬂc%w+4@t—nd@%+aw=0&w):Ldm)=%}

This was derived as a guess. But using the power series expansion (1), one can
easily verify that this equation is indeed satisfied by G(t).

To derive the differential equation for Y (H(t)), we first derive a differential equa-
tion for Y (¢) by converting the recurrence for the ¢(n) into a differential equation
for their generating function Y'(t) =) ., c(n)t™:

In[4:= YDE = RE2DE[cRec, Y [t]]

Out[4]= {—16(t* —t) Y'(t) — 8(3t — 2)¥'(t) — Y(t) = 0,Y(0) = 1,Y'(0) = !

16!

Finally the differential equation for Y (H (t)) can be computed by exploiting the
holonomic closure property of algebraic composition; see [7, Thm. 7.2.5]:

In[5]:= ACompose[yDE, y[t] == 4t(1 — t), y[t]]

Out[s]= {4 (t” —t) y"(t) +4(2t — 1)y'(t) +y(t) = 0,y(0) = 1,y'(0) = %}

This differential equation for Y (H(t)) is the same as GDE in Out [3] for G(t);
also the initial values coincide, which proves (3).

Remark 2.2. The identity in (3) is the special case a = b = 1/4 of
2a 2b ab
(4) 2F1< ; t) = 2F1< ; 4t(1 — t)),

a+b+ 3’ a+b+ 3

a classical identity in the theory of hypergeometric series; e.g., [1, (3.1.3)].
Ezxample 2.3. Given
(5) g(7) :=03(7)* = 1 + 4o + 42 + 42* + 82° + 42® + 42° + ... with z = ™",
where 7 € H. In addition to #3(7), we also need another Jacobi function y(7):
(6)  Oy(7) := Z ™7 and 05(7) = Z e = 1 4 Zi e 1 e H.

n€Z+1/2 nez n=1
Problem. Determine coefficients ¢(n) such that for all 7 € H with Im(7) suffi-
ciently big:

(7)  g(r) = Z c(n)h(7)" where h(r) := 1—16)\(7')(1 —MN7)) =2 — 242" + ...

A7) = 50 = 162(1 — 8z + 442® +...) with x =™ and 7 € H.
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As explained in [10, Ex. 2.5], one can verify that for all v € I'(2,4,4), a congru-
ence subgroup defined in (19),

02(y7)? = (c1 4 d) O5(7)?,
and for all v € T'(2,4, 2), another congruence subgroup defined in (19),

03(y7)% = (e 4 d) 05(7)>.

In other words, 63 and 62 are modular forms of weight 1 for I'(2,4,4) C I'(2,4,2);®
consequently, A is a modular function for I'(2,4,4).4

The problem to find an expansion as in (7) is similar to the expansion problem (3).
Differences are: in (3), G(t) is a hypergeometric function, in contrast to a modular
form ¢(7) in (7); in addition, in (3), H(t) is a rational function (actually, a
polynomial) in contrast to a modular function A(7) in (7).

Power series expansion (and, more generally, Puiseux series expansion) of modular
forms in terms of modular functions is the central theme in [10]. Namely, one
has the crucial fact, Prop. 4.3 below, that in expansions like (7) the coefficients
¢(n) constitute a holonomic sequence. As a consequence, holonomic tools as in
the situation of (3) can be applied. More concretely, the holonomic approach to
solve problem (7), can be summarized as follows:

e By Prop. 4.3 we know that there exists a power series,

(5) y(z) = > clm)e,

n=0
with a holonomic coefficient sequence (¢(n)),>o, such that locally
(9) 9(7) = y(h(7)).

e Also by Prop. 4.3, y(h) must satisfy a holonomic differential equation of the
form

(10) P (R)y"™ (h) + Prea (R)y"™ Y (h) + -+ + Po(h)y(h) = 0,
with polynomials P;(X) € C[X] with P,,(X) # 0.

e A fundamental holonomic fact says:® the differential equation (10) can be
converted into a recurrence for (¢(n)),>o, and vice versa.

e Our algorithm ModFormDE, described in Section 4, can be used to prove
conjectured differential equations of the form (10).

Consequently, to solve problem (7), one can proceed as follows:

3For the definition of modular form see Section 3.1.
4For the definition of modular function see Section 3.2.
PE.g., in the given context, used systematically in [10].
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e First use holonomic tools to guess a differential equation of the form (10),
then prove the differential equation using the algorithm ModFormDE.
Finally, to determine the desired coefficient sequence ¢(n), convert the
proven differential equation into a recurrence for the ¢(n).

To put this strategy into action, we begin by holonomic guessing of a recurrence
for the (¢(n))n>o. This way we already can see what is expected as an answer to

problem (7).

In the next step, we convert this recurrence into a differential equation for y, which
we then prove using the algorithm ModFormDE. Finally, the proven holonomic
differential equation is converted back into the recurrence for the ¢(n), which
then gives a valid and proven answer to problem (7).

The computational steps are as follows:
Step 1: Take as input sufficiently many coefficients in the expansion (5) of g(7).°

Step 2: With this input, as explained in more detail in [10, Ex. 4.2], compute
sufficiently many values of the ¢(n):

(11)  ¢(0) =1,¢(1) = 4,¢(2) = 100, ¢(3) = 3600, . .., ¢(8) = 924193822500.

“Sufficiently many” is meant with regard to the next step.

Step 3: Using the GeneratingFunctions package, guess a recurrence for the
sequence (c¢(n))n>o:

In[6]:= cList = {1, 4,100, 3600, 152100, 7033104, 344622096, 17582760000, 924193822500} ;
In[7]:= yRec = GuessRE|cList, c[n]][[1]]

out[7]= {{—4(1 + 4n)’c[n] + (1 + n)’c[1 +n] == 0,¢[0] == 1}

In other words, expressing the solution to this recurrence (of order 1) in terms of
rising factorials, we algorithmically derived the following conjecture for ¢(n) such

that (7):
(12) c(n) = %%

Step 4: To prove (12), the first step is to transform the recurrence yRec from
Out [7] into a holonomic differential equation satisfied by y(z) = > c(n)z".
This is done by using the procedure call RE2DE as above:

In[8]:= yDE = RE2DE[{yRec, c[n], y[n]]

STt turns out that taking the first 10 coefficients as given in (5) is sufficient.
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outlg]l= {—4y[z] — (—1 4 962)y'[z] — (—z + 642°)y"[z] = 0, y[0] = 1,y[0] = 4}

In view of (9), this differential equation rewrites into

(13) (6452 — h)%(h) + (96h — 1)%(1@ +ay(h) =0
with
(14) y(0) =cy =1 and Z—Z(O) =c =4

The verification of (14) is straightforward from the z-expansions (5) and (7) of
g and h.

Using these z-expansions, also (13) can be verified up to a desired precision; i.e.,
by checking that the coefficients of " in the z-expansion of the left side are zero
up to a certain power. But, needless to say, this gives no proof!

Step 5. To prove the correctness of (13), which is the conjectured differential
equation of the form (10), we use the algorithm ModFormDE as detailed out in
Section 4.4

Step 6. After having proved that (13), resp. yDE in Out[8], is correct, in view
of (8) we translate it back to a recurrence for the ¢(n). Using the holonomic
tool-box [10, Prop. 3.1] this can be done as follows:

In[9]:= DE2RE[yDE, y[z], c[n]]

Out[9]= —4(1+4n)’c[n] + (1 +n)’c[14+n] =0,c[0] =1,c[1] =4

As expected, this recurrence is nothing but recurrence yRec from Out [7] which
we had guessed. But now it comes as a consequence of a proven differential
equation, consequently we proved that (12) is indeed the answer to problem (12).

Remark 2.4 (Existence of (13)). As explained in Section 4, Prop. 4.1 and Ex. 4.2,
a holonomic differential equation of order 2,

(15 o)L 1)+ pa(W) 22 8) + o)) = 0,

with p;(X) € C[X] is guaranteed to exist.

Remark 2.5. Using holonomic tools has led us to guess that

(16) 05(1)* = 2F1(le; AN(T)(1 — /\(7-))>;

using our algorithm ModFormDE, this relation is proved algorithmically. In
exactly the same manner one can algorithmically derive and prove that
11

(17) 03(r)? = 2F1 (2,75 A7)
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Combining these two facts gives an alternative proof of the special instance a =
b= 1/4 of (4). This alternative proof avoids holonomic algebraic composition, it
only uses the differential equation (13) which relates g(7) and h(r).”

Remark 2.6. We also note the following connection to the complete elliptic inte-
gral K = K (1) of the first kind with modulus k = k(7),

(18)  K(k(r)) /m s Z65(r)* where k(r)? = A(7)
7)) = = —05(7)° where k(7)° = \(7).
0o VI—k(r)Psin(p) 2
This equality involving the theta function is immediate from (17) by series ex-
pansion of the integrand in terms of powers of A\(7) = k(7)?. Besides other

applications, the Borweins in their famous monograph [2] used this identity to-
gether with 11 similar ones [2, Thm. 5.6 and Thm. 5.7] to derive and explain
identities which Ramanujan [12] gave (without too many details) to establish
formulas to approximate 7, respectively 1/7.

3. MobuLAR FuncTIiONS AND FOrRMS: BAsic FAcTs AND NOTIONS

This section contains basic notions and facts about modular forms and functions
needed. Readers familiar with these notions will skip this section, and use it only
as a dictionary concerning the notation used.

The group SLy(Z) = {(2}4) € Z**? : ad — bc = 1} acts on elements 7 € H by
a b\ _ ar+b
c d)T T o +d

As usual, the normal subgroup I'(IV) of SLy(Z), called principal congruence sub-
group, is defined as

r(v) = { (CC‘ Z) € SLy(Z) : (‘2 fl) - (é (1)) (mod N)}.

In this article, a congruence subgroup I is a subgroup of SLy(Z) such that I'(V) C
I" for some N.® Besides I'(IV), important congruence subgroups are

ro(N) = { (i 2) € SLy(Z) - (‘CL Z) = (g :) (mod V) }

"Via the chain rule, dil(:) = 7@(57(7)) = Z—Z(h) (7).

8More generally, a congruence subgroup is a discrete subgroup of SLy (R) such that I' D T'(N)
for some N and, in addition, T" is commensurable with SLy(Z). Le., 'NSLy(Z) has finite index
in ' and SLy(Z). Yang’s setting [13] allows such I'; hence our algorithm ModFormsDE also

extends to this case.
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N = { (‘; Z) € SLy(Z) : (Z Z) = (é ’{) (mod ) }.

There are many refinements, for instance, for positive integers N, M, P such that

M | NP:

and

(19) T(N, M, P) = { (‘2 Z) € SLy(Z) :

a=d=1(modM),b=0(modP),c= O(modN)}.
This congruence subgroup already appeared in Example 2.3.

Throughout this paper, I' stands for a congruence subgroup.

3.1. Modular Forms. For a meromorphic function, f : H — C, andy = (29) e
SLy(Z) the weight-k operator is defined as usual by

(fls))(7) := (cT +d)F f(y7), 7€ H.

Also as usual, we define (e.g., [9, Def. 1.8]): Let f : H — C be meromorphic,
and ' a congruence subgroup. Then f is called a (meromorphic) modular form
of weight k for '} if for all v € T',

(20) (fley)(r) = f(7), T € H,

and if for each vy € SLy(Z) there exist wy = wo(7) € Zso and ng = ng(v) € Z

such that f|ryo admits a Fourier expansion (with coefficients in C) of the form,

(21)  (flxyo)(7) = Z ayy(n)qy,, T € H such that Im(7) sufficiently big,
n>ng

where gy, := ¢>™™/%0 and a.,(ng) # 0. If these conditions hold, one can show
that wo(vy0) = w., ('), where”

. 1 -1 m
(22) wa, (I') == mrgégo{ (o 1) € 7 Ty or ( 0 1) € '701F’Yo}

If vo = (24), then ypoo = a/c.'® Considering an expansion as (21) for any

v € SLy(Z) such that y100 = a/c, the values wy and ny do not change; i.e.,

(23) (fley)(r Z bao (M), i (fle70)(T) = Z o (1) iy -

n>ng n>ng
As consequence, we can define the order (“of vanishing”) of a modular form of
weight k at a/c € Q as follows:

(24) ord, . f := ng, where ng is taken as in the expansion (21).

9See, e.g., [4, Sect. 3.2).
104,/0 := 0.



10 PETER PAULE AND SILVIU RADU

Another invariance of wy and ny occurs when ~y is replaced by vy where v € T
ie.,

(25) (o)) = (Fler0)(m) = D an(n)ai, it (fliro)(7).

n>ng

Given a congruence subgroup I', we define

M(T) :={f :H — C: f a modular form of weight k for T'}.

3.2. Modular Functions. If the modular form f has weight £ = 0, it is called
a modular function; we write f|yo instead of f|o7y0, and define,

M(T) :={f:H— C: f amodular function for I'}.

For algorithmic zero recognition, modular functions f € M(I") are fundamental
objects behaving in this regard like polynomials. Namely, owing to £ = 0, one
has the invariance f(y7) = f(7) for all ¥ € ', and the expansions (21) then allow
to extend f meromorphically to all the points a/c € Q."" To this end, the first
step is to extend the action of SLy(Z) on H to an action on H = HUQ. Notation:
for any congruence subgroup I' the orbit of 7 € H with respect to this action is
written as [7]p := {y7 : v € I'}. We will write [7] instead of [7]p, if the subgroup
I' is clear from the context.

After extending the action, the meromorphic extension of a modular function f
from H to a function on H is done by choosing o = (¢%) € SLy(Z) such that
Y000 = a/c, and one defines

o0 if ng < 0,
flafe) = (flr0)(00) := § a4, (0) if np=0 .
0 if ng >0

Owing to the invariance (23), this definition is independent from the choice of
Y0- The invariance (25) implies f(a/c) = f(v%) for any v € I'. Together with the
invariance (20), this means, a modular function is constant on all the I'-orbits
[7]r. The set of all such orbits, denoted by X(I'), can be equipped with the
structure of a compact Riemann surface.'> Hence a modular function f with
respect to [ can be interpreted as a function f X(T) — C; in fact, such f are
meromorphic functions on X (T).

HRecall a/0 := co.
2Charts are given explicitly in Section 6.1.
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3.3. Cusps. If 7 = a/c € Q the orbits [r]r € X(I') are called cusps. Congruence
subgroups have only a finite index in SLy(Z), hence Q = {yoo : v € SLy(Z)} =
SLy(Z)oo = U, I'yjoo = Uj[y;00]r is a disjoint union of finitely many cusps. In
view of the invariance (25), a Fourier expansion for f € M(I") as in (21) is called
an expansion of f at the cusp [a/c|r, or simply at a/c.

In various contexts, special attention is given to the case a/c = co. Then one can
exploit the fact that each congruence subgroup I' contains a translation matrix
(g™ ) or (4 “) with w € Z-, minimal; notice that wy = w;(I') with 7 = ({ )
n (22). As a consequence of (20), any modular function f € M(I") has minimal
period wy > 1. As a consequence, for f € M(I') we can uniquely define an
expansion at infinity'® by singling out the Fourier expansion (21) with the choice
Y0 :=(§§) = I: in other words, for all 7 € H with Im(7) sufficiently large,

(26) fir) =" ar(n)g™.

n>ng
If 7o = (2 %) then yp00 = a/ec, and an expansion as in (21) is called expansion of
f a the cusp [a/c] or, in short, at a/c.

Owing to (23) and (25), the minimal period wy = w.,(I') is independent from
choice of the representative 900 of the cusp [a/c]r = [y000]r; it called the width
of the cusp [a/c]r.

The order ord,. f, as defined in (24), is also called the order of f at the cusp
la/c]. For the order of f at the cusp [0o] (in short, at infinity) one often uses the
short hand notation,

ord f := ord, f.

3.4. Zero recognition of modular functions. For zero recognition of a modu-
lar function f, one exploits its extension to a meromorphic function f : X(T) — C
on the compact Riemann surface X(I'). Namely, if such functions are non-
constant they have the property that

(27) number of poles of f = number of zeros of f,

counting multiplicities; for further details see Lemma 11.3 in the Appendix Sec-
tion 11.3.

In practice, there are various ways to bring the fact (27) into action. With regard
to our algorithm ModFormDE, the strategy for zero recognition will be this.

Given a € M(I'), decide whether « = 0. It is important what “given” for a
modular function o € M (I') means in our context; namely,

1L e., at the point co € Q
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(%) it is possible to compute as many coefficients a(n) in its expansion at
infinity,
a(7) = 3 aln)gy, with gy, = ¥/,

n>ng

Here ny = orda = ordy «, and wy is the width of the cusp [oo]; in terms of
charts (61): Gu, = Zoo(T) When v = (3 9).

Now suppose we have a bound on the number of poles of «,
NofPoles(a) < N.

Then, as a consequence of (27), « is proven to be 0, if all the coefficients
a(ng),...,a(N) are 0.

It is important to notice, that “number of poles/zeros” has to be taken in the
interpretation of a as the induced meromorphic function & : X(I') — C; in other
words, NofPoles(«) is the number of poles of &, multiplicities counted.

Remark 3.1. Notions like NofPoles will be used heavily when describing the math-
ematical fundament of the algorithm ModFormDE. They are defined explicitly
in (50) for modular functions, and in (114) for modular forms of even weight.

4. THE ALGORITHM MoDFoOrRMDE

4.1. Existence of Holonomic Differential Equations for Modular Forms.
In Section 2 we showed how holonomic differential equations like (13) can be de-
rived, as a guess, in computer-supported fashion. Modular form theory guarantees
the existence of such differential equations. Zagier [14, Prop. 21] introduces to
this fact as follows: “... it is at the heart of the original discovery of modular
forms by Gauss and of the later work of Fricke and Klein and others, and appears
in modern literature as the theory of Picard-Fuchs differential equations or of the
Gauss-Manin connection — but it is not nearly as well known as it ought to be.
Here is a precise statement:”

Proposition 4.1. Let g(7) be a modular form of weight k > 0 and h(T) a modular
function, both with respect to the congruence subgroup I'. Express g(7) locally as
y(h(T)). Then the function y(h) satisfies a linear differential equation of order
k 4+ 1 with algebraic coefficients, or with polynomial coefficients if the compact
Riemann surface X (I') has genus 0 and ord(h(7)) = 1.

Ezample 4.2. The existence of the differential equation (13) is owing to the fol-
lowing facts: ¢ is a modular form of weight 1 for I'(2, 4, 2), h is a modular function
for I'(2,4,2) with ord(h) = 1", and X (T'(2,4,2)) has genus 0.

1Quch a modular function is called a Hauptmodul.
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An important fact in the light of the holonomic paradigm: if one drops to re-
quire minimality of the order of the differential equation, y(h) always satisfies a
holonomic differential equation:

Proposition 4.3 ([10], Prop. 6.2). In the setting of Prop. 4.1, the function
y(h) satisfies a linear differential equation with rational coefficients also when the

genus of X(I') is non-zero or when ord(h(1)) > 1. — In these cases, the order
of the differential equation in general will be larger than k + 1.

After stating Prop. 4.1, Zagier [14, p. 21] continues: “This proposition is per-
haps the single most important source of applications of modular forms in other
branches of mathematics, so with no apology we sketch three different proofs, ...”

Zagier’s third proof is constructive; i.e., given g and h, it constructs the cor-
responding differential equation. Following the holonomic paradigm, we take a
different approach: we first guess the corresponding holonomic differential equa-
tion algorithmially, and then prove it using our algorithm ModFormDE.

4.2. The Mathematical Fundament of Algorithm ModFormDE. Our al-
gorithm ModFormDE solves the following problem:

GIVEN a modular form g € M(I') with weight £ € Zs, for the congruence
subgroup I', and a modular function h € M(I") such that ordh = 1 where
Gu, = q"/™° with ¢ = €™ is the local expansion variable at infinity. Moreover,
suppose g has a local expansion of the form

g(7) = y(h(1)) where y(z) := Z c(n)z";

n=ord g

y(z) exists with uniquely determined holonomic coefficients according to Prop. 4.1
and Prop. 4.3.

PROVE that y(h) satisfies a holonomic differential equation of the form

(28) P (R)y"™ (h) + Py (R)y™ D (h) + - - + Po(R)y(h) =0,

where the P;(X) are given polynomials in C[X] with P,,(X) # 0.

Note. Notice that y™(h) := 3:}{(2)|z:h.

Our algorithm ModFormDE is based on work of Yifan Yang [13]. So, before
describing the steps of ModFormDE, we recall notation and notions used there.

e Differential operators [13, p. 4]: Let ¢(7) be a function defined on H having
an z-expansion'® ¢(z) = Y- -, a(n)z" with z = ¢/ where q = €™

wy dp w -
(29) Dop = Dyp(r) i= o= - ==(7) = 5= - ¢/(7) = = §(a).

T omi dr T 2mi

5Here we extend the setting in [13] from g = e>™7 to = ¢*/No to adapt to applications.
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Let 1 = 9(2) be a function analytic in a neighborhood of 0, let h = h(7) € M(I'):

Dy = Di(h) = W5 () = b ().

Fundamental functions on H [13, Thm. 1]:

Let T" be a congruence subgroup, and let g € M(T'), k > 1, and h € M(T') be
fixed:

D,h Ny W _Dog _ No ¢
30 G = .~ and Gy = _ 20 4.
(30) ! ho oom h RETRS g 21 g’
. dh(t dg(t
notice that b’ = /(1) = ()andg =d'(r) = “Z(T).
e Fundamental modular functions [13, Thm. 1]:
DGy —2G1Gy/k D,Gy — G3/k

& and py == — &
As proved in [13, Lemma 1], the p; are modular functions in M(I"). Moreover,
they are also algebraic functions in h € M(I'). This means, for fixed j € {1,2},
p; and h satisfy an algebraic relation; see the remark after Thm. 8.1 in [10].

(31) b=

Because of the chain rule we have,

g G
(32) Dy = Duy(h) = hy/(h) = hi; = g
Yang [13, p. 9] also computed that
1 G2 G
33 Diy=(1—=) g=2+(=p1) - g=2 + (—p2) - g,
(33) 1Y ( k) e (pl)gG1 (=p2)- g

and

o o= (10 D) g 50 g oy

2 G
+ (P% - (3 - E>P2 — Dpp1) ‘QG—T + (p1p2 — Dip2) - g

where the p; € M(I") are the fundamental modular functions defined in (31) and
Dyp; = h%. Mathematical induction [13, p. 10] on m > 0 leads to',

m mfl

m—1 .
Jj GY G
35) Dyy=[](1-2) 9% + amm- A RY - )
( ) Y j:O( k Gm 1° 9Gm1 1° gGl 09

with the a,,; being multivariate polynomials from the polynomial ring

dp: dpz dmpl d"ps
dh’ dh’ T A

Notice that here we assume D%y = y(h) = g.

(36) R := (C|:h P1,P2, 7~



Holonomic Relations for Modular Forms 15

Lemma 4.4. Let I' be a congruence subgroup. Let g € My (I') with k > 1, and
h € M(T'). Then the elements of R are modular functions in M ().

Proof. Let p € {p1,p2}. By [13, Lemma 1], p € M(I"). In addition, p is an
algebraic function in h; see, e.g., the remark after Thm. 8.1 in [10]. This means,
there exists a polynomial

RX,)Y) =YY"+ (X)Y" '+ 4, (X)

with rational function coefficients ¢;(X) € C(X) such that R(h,p) = 0. By
the implicit function theorem one has that locally there exists an meromorphic
function r(z) such that R(h,p) =0 iff p = r(h). Moreover,

I _ gy R, O

which, as a rational function in h and p, is in M (I"). Applying the same argument
to p’ and h, etc., completes the proof also for the higher derivatives of p. O

Remark 4.5. In the proof we introduced a new function symbol r» when writing
p as a function in h; i.e., p = r(h). However, in order to keep notation as lean
as possible, whenever things are clear from the context we will follow Yang, and
write p = p(h) instead of p = r(h) when referring to p as a function in h.

By relation (35) we are led to the following fact.

Lemma 4.6. Let I' be a congruence subgroup. Let g € My(T') with k > 1, and
h € M(T). Then: (1) any expression of the form,

(37) Y = Qu(h) D'y 4 Qu—1(R) Dy 'y + - + Qo(h)y,

with polynomials Q;(X) € C[X] can be written into “Yang form” as

Gm m—1 .
(38) Y:ozm~gG—fn+ozm_1~ngn_1+~~+oco~g with a; € R;
1 1

(2) these coefficients o; are uniquely determined.

Proof. Part (1) is immediate from (35). Part (2) is a consequence of the fact that
the g—fn are linearly independent over M (T'); this is proved in Prop. 11.1 in the

Apperlldix Section 11. O
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4.3. Input, Output, and Steps of the Algorithm ModFormDE.

INPUT. (1) g € Mg(I') and h € M(I") such that ordh = 1; both functions
are given in the form of their az-expansions, where x = ¢%/“° with ¢ = *™'7,
7 € Hi, is the local expansion variable at infinity. More precisely, we assume that
sufficiently many coefficients of

g(1) = Z g(n)x", M € 7 fixed,
n=M
and
R(7) = 2(1 4 hiw + hoz* +...)
can be computed.

(2) Polynomials Py(X),..., Pn(X) in C[X] with P,,(X) # 0.
(3) NofPoles(h): the number of poles of h, defined in (50).

(4) If k is even, NofPoles(g): a pole number defined in (114); if & is odd,
NofPoles(g?).

(5) If k is odd, NofCusps(I') and NofElliptic(I'): the number of cusps and of
elliptic points, defined in (48) and (49).

OUTPUT. Bounds for

dip;
(39) NofPoles(p; ), NofPoles(p,), and NofPoles <d}§ ), 1=1,2,5 > 1.

As a consequence of the steps of the algorithm, these bounds as part of the strat-
egy described in Section 3.4, enable a proof of the correctness of the differential
relation,

(40) Py (h)y "™ (h) + Pouca (R)y"™ "V (h) + -+ Ro(h)y(h) = 0.

In case (40) is not valid, the algorithm detects this. The output bounds for (39)
are specified in the Theorems 5.2 and 5.3 in Section 5.

THE STEPS OF THE ALGORITHM “ModFormDE":
Step 0: Rewrite the left side of (40) into the form (37). — This is done by using
the relations hy'(h) = Dy,

th”(h> = D?Ly - Dhy: h3y(3)(h) = D?Ly - SthQLy + (Sh - 1)Dhy7 a.8.0.,

which, for example, can be precomputed.

Step 1: Transform the expression (37) into Yang form (38). — This is done by
using the relations (32), (33), (34), and (35) for m > 4, which, for example, can
be precomputed.
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Step 2: Owing to the uniqueness of the coefficients «; in (38), the proof of (28)
finally is reduced to prove that

(41) Q= 0,01 =0,...,00 =0.

Since the «; are modular functions in M(I"), this task, owing to (27), reduces to
determine upper bounds for the number of poles of each «;. Because of a; € R,
by definition (36) it is sufficient to provide such bounds for h and for the 65,27,
7 >0, which is done in the Sections 7, 8, and 9, together with the summary given

in Section 10.

Finally, each zero test, a; = 0, is completed by computing sufficiently many
coefficients in the z-expansion of «;, which is derived from those of g and h1AT In
Section 4.4 we exemplify the steps of the algorithm by proving (13).

4.4. Proving (13) with the ModFormDE Algorithm. To illustrate the Mod-
FormDE algorithm, we prove the validity of (13).

As in (5) and (7), we are given'® g € M (T") and h € M(T") with ord h = 1; here
I' = T'(2,4,2), and we note that X(I'(2,4,2)) has genus gr = 0. Noticing that
ordg = 1, by Prop. 4.1 and Prop. 4.3 we know that g has a local expansion of
the form

g(1) = y(h(1)) where y(z) := Z c(n)z",

where y(z) has uniquely determined holonomic coefficients. In Ex. 2.3(11) we
computed several of these coefficients; in addition, using software we conjectured
the holonomic differential equation (13)

dy

d?y
TY )+ (960 — 1)L (1) + ay(h) = 0

Using ModFormDE; its validity is proved as follows.

(64h* — h)

Concerning the input data (1), the z-expansions, x = ¢™7, are immediate from (6).

The polynomials (2) are read off from the differential equation: Py(X) =4, P(X) =
96X — 1, and Py(X) = X (64X — 1).

Concerning (3): NofPoles(h) = 1, since h is a Hauptmodul.

Concerning (4): Since k = 1, we have to determine NofPoles(g?). The product
expansion of ¢ is classical; it gives,
n(r)*
(42) 9(7)* = —— 5 s
n(7/2)%n(27)°
"Recall 2 = ¢*/™0 with ¢ = ™7,
18Given, in the sense of (%) in Section 3.4
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using the Dedekind eta function n(7) = 1z [12,(1- ¢’), ¢ = €*™7. This repre-
sentation tells that g2 has no pole in H. So we need to inspect the cusps of X (T'),
which are 3 in total; namely [0], [1] and [oc]. To see this, and to find the widths
of each of these cusps, which is 2 in each instance, one can, e.g., run Magma as
described in Section 11.2.1.

Since g* € My(T'), according to Definition 6.12,
NofPoles(g*) = — Z ord F,/.(2)

cusps [a/cleX (T")

ord F‘a/c(z)<0

(43) -— > <0rda/c(92) - 1>,

cusps [a/cle X (T")
orda/c(g2)§0

where Fp(z) is the Laurent series for F' := ¢* defined in Lemma 6.6; the last
equality is by (77). Hence, in view of the three cusps [oo], [0], and [1], we have
to determine the orders of the z-expansions, z = ™7, of

(9)(7), (¢%l270)(7), and (g°[am1)(7),
with 79 := (9 ') and 71 := (] '), such that yp00 = 0 and 300 = 1.
[

At the cusp [o0]:
g(1)? =1+ 8z +242* + O(z*), hence ord,(g*) = 0.

At the cusp [0]:

(9°l270)(7) = (1-7+0)*g(=1/7)* = g(r)*, hence ordo(g*) = 0;
here one applies the classic transformation formula n(—1/7) = (—it)"?n(7).
At the cusp [1]: as explained in Section 11.2.2, one finds that

(o) (7) = u -z + O(x?), hence ord(¢g*) = 1.

Summarizing, using this information in (114), gives,
NofPoles(g?) = —<0rdoo(g2) - 1) - (ordo(g2) - 1> =1+1=2.

Concerning input data (5): Since k is odd, we have to consider this case, and
note that

NofCusps(I') = 3 and NofElliptic(I") = 0;
to obtain this information is routine and can be left to software.

Remark 4.7. We have seen that the non-routine part in providing the required
input data (1) to (5) to algorithm ModFormDE, is to determine NofPoles(g?).
Nevertheless, for certain classes of modular functions and modular forms (e.g.,
those representable by eta quotients), also this step can be turned into algorith-
mics.
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After providing all the required input data (1) to (5), we turn to the steps of
algorithm ModFormDE:

Step 0: The conjectured differential equation rewrites into,

(44) Y = (64h — 1) Dy + 32hDyy + 4h g = 0.

Step 1: Owing to g € M;(T") we have k = 1, and the Yang form of Y becomes
G

(45) Y =019 +a-g,
G

with

(46) = 32h — (64h — 1)p; € M(T) and ag = 4h — (64h — 1)p, € M(T).

Step 2: For this step, since k = 1, we need to use Theorem 5.3. This theorem
requires the notion NofPoles(f) for f € M(I"), defined in (50), and the extended
notion (114) for modular forms f € My, (I") defined in Section 6.

Step 2a. We first prove oy = 0. By (55) of Theorem 5.3,

NofPoles(a;) < NofPoles(h) + NofPoles(h) 4+ NofPoles(p;)
=2 NofPoles(h) + NofPoles(p; )
<2NofPoles(h) + (2k 4 4)(g — 1) + 8 NofPoles(h) + 3 NofPoles(g?)
=10 NofPoles(h) + 3 NofPoles(g*) =10-1+ 3 -2 = 16.

Computing the x-expansion up to the power of z'® shows that a;(7) = 0+ 0z +

022 + -+ + 02'% 4+ ... This implies that a; has at least 17 zeros and 16 poles or
less; so a; has to be 0.

Step 2b. Second, we prove ap = 0. By (56) of Theorem 5.3,

NofPoles(as) <2 NofPoles(h) + NofPoles(ps)
<2 NofPoles(h) + (6k + 4)(g — 1) + 6 NofPoles(h) + 10 NofPoles(g?)
+ 2 NofCusps(I') + 2 NofElliptic(I")
=8 NofPoles(h) + 10 NofPoles(g?) +2-3+2-0= 8+ 20 + 6 = 34.
Computing the z-expansion up to the power of z3* shows that ay(7) = 0+ 0z +

022 + --- + 023" + ... This implies that oy has at least 35 zeros and 34 poles or
less; so aip has to be 0.
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5. MAIN THEOREMS OF EVEN AND ODD WEIGHT

Our algorithm ModFormDE consists of two steps: after Step 1, which transforms
the conjectured differential equation into Yang form (38), in Step 2 one has to
prove (41) for the coefficients a; € R C M(I'). To this end, one invokes bounds
for the number of poles of the elements in R. In this section we state the two
main theorems, one for k£ even and one for k£ odd, which provide such bounds by
determining bounds for the number of poles of the generators of R,

dp dpy 'y 7y
dh’ dh’ 7 dhm dhm
To state the main results of this section, Thm. 5.2 and Thm. 5.3, we need to
make some preparations.

I, p1, p2, a.s.0.

In Section 3.3 we defined cusps. We need to recall another standard notion from
modular group actions.

Definition 5.1. Let P = [p] € X(I") with p € H. Then P is an elliptic point of
X(T), if

(47) {(yeTiw=p Z{(:9). (7 %)}
One also says that p is an elliptic point for I'.

Define

(48) NofCusps(I') := no. of cusps of X (I'),

(49) NofElliptic(I') :== no. of elliptic points of X(I).
In addition, for a modular function f € M(I") define,

(50) NofPoles(f) := number of poles P € X(T') of f.

multiplicities of poles are counted.

To state the following theorem, we need to extend definition (50) to modular
forms with even weight; this is done by the relation (114) in Definition 6.12.
Using these definitions, (50) and (114), the bounds we obtained for even weight
k are as follows.

Theorem 5.2. For a congruence subgroup T let t € M(T") and F' € My(T"). Let
gr be the genus of X (I'). Then, if k is even, one has,

(51)  NofPoles(p;) < 8 NofPoles(t) + 3 NofPoles(F) + (k +4)(gr — 1),

(52)  NofPoles(p2) < 2 NofElliptic(I') + 2 NofCusps(I')
+ 6 NofPoles(t) + 10 NofPoles(F') + (3k + 4)(gr — 1),
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and for the derivatives where j > 1,

djp1
dt

(53) NofPoles < ) < (125 + 6) NofPoles(t) + 3(j + 1) NofPoles(F")

+ (Jk+8j +k+2)(gr — 1),

djpg . <. .
(54) NofPoles <W> < 2(j + 1) NofElliptic(I") 4+ 2(j + 1) NofCusps(I')
+ 2(5j + 2) NofPoles(t) + 10(j + 1) NofPoles(F')
+ (35K + 85 + 3k + 2)(gr — 1).

The bounds we obtained for odd weight £ are as follows.

Theorem 5.3. For a congruence subgroup I let t € M(I') and F € My(I"). Let
gr be the genus of X (I'). Then, if k is odd, one has,

(55) NofPoles(p;) < 8 NofPoles(t) + 3 NofPoles(F?) + (2k + 4)(gr — 1),

(56)  NofPoles(ps) < 2 NofElliptic(I") + 2 NofCusps(I")
+ 6 NofPoles(t) + 10 NofPoles(F?) + (6k + 4)(gr — 1),
and for the derivatives where j > 1,

J
(57) NofPoles (M) < (127 + 6) NofPoles(t) + 3(j + 1) NofPoles( F?)

dts
+ (25K + 8j + 2k + 2)(gr — 1),
djpz . .. .
) = 2U 1pu J usp
(58)  NofPoles ( ) < 2(j + 1) NofElliptic(I") 4+ 2(j + 1) NofCusps(I")

dti
+ 2(5j + 2) NofPoles(t) + 10(j + 1) NofPoles(F?)
+ (65k + 85 + 6k +2)(gr — 1).

The rest of our paper is devoted to the proofs of these statements. Section 6
introduces the mathematical requirements needed. Section 7 proves the bound
for py, Section 8 for p,. The bounds for the derivatives of p; and p, are given in
Section 9. These considerations are completed by a proof summary in Section 10.

6. LOCALS EXPANSIONS AND ORDERS

The rest of this section is devoted to proving these bounds. To this end, we
first consider local expansions which are used in a crucial way, also for defining
NofPoles(F') for modular forms F' with even weight; see Def. 6.12.
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6.1. Local expansions and orders. To bound the possible number of poles of
modular functions we use local series expansions in terms of charts. These charts
zp, as defined below, are homeomorphisms between open subsets of X (I") and of
C. More details on the topology used, in particular, why these charts make X (T")
into a Riemann surface, can be found, for instance, in [4, Sect. 2.2, 2.3 and 2.4].

Given P = [p] € X(I) for some p € H = HU QU {oo}, we consider charts
2y 1 Up — C with z,([7]) == zp( ) defined as usual by
(59) 2,(T) := 7 —p, if p € H is no elliptic point,
or by

T —p\P) : o
(60) 2p(T) = ( _) , if p € H is an elliptic point (cf. Def. 5.1),

T—=Dp
or, by
(61) 2p(7) = €20 T i p = 20 — 00 € QU {00},

Co

where 79 = (%) € SLy(Z) and w = w,,(T'); see (22). Here Up C X(N) is
a neighborhood of P = [p] such that Up = {[r] : 7 € Vy} where V; C H is
suitable open neighborhood of p in the given topology of H. Notice that defining

2,([7]) := 2,(7), we overloaded meaning: besides being a map on open subsets of
X(I'), 2, is also an analytic function on open subsets of H.

Furthermore, the periods h(p) equal either 2 or 3; we also note explicitly that all
these charts are centered at 0; i.e.,

(62) 2,(P) = z,(p) = 0.

We need to describe the behavior of charts under the change of orbit representa-
tives.

Lemma 6.1. Given p € H, let r := vp for v = (ab) € . Then the charts
zp : Vo = C relate to the charts z, : v(Vy) — C as follows:

(i) if p € H is no elliptic point, then r is no elliptic point, and for T € Vj,

1 2,(T)
63 P(yT) =T T = T
(63) a(m) =7 =7 cp+d cr+d
(ii) if p € H is an elliptic point, then r is an elliptic point,' and for 7 € Vj,
T — 1\ ) cp + d\p)
o4 =) - (Gaa) e
(64) 2 m) = (2= P am
(111) if p = Y00 € Q, v € SLo(Z), is a cusp, then r is a cusp, and for T € Vj,
(65) 2r(yr) = T ONN = 2 (7).

BNotice that h(p) = h(r).
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Proof. By straight-forward verifications. O]

Before turning to local series representations, we recall the notion of order (“of
vanishing”) of Laurent series.

Definition 6.2 (order of a Laurent series). Let p(z) = >, ¢(n)z" be a Laurent
series with M € Z and c¢(M) # 0:

ord p(z) := M.

Remark 6.3. In this paper we use several notions of order. When referring to
the order of a Laurent series in powers of z, we always include the argument z
explicitly; i.e., we write ord ¢(z) instead of ord .

The first part of the following lemma is implied by the fact that the z, are local
charts; the second part, the order invariance, from Riemann surface point of
view is by connecting Ord, f with the notion of multiplicity mult, f.?° For an
alternative proof of this invariance one can use the argument from the proof of
Lemma 6.6 when k = 0.

Lemma 6.4. Given a non-zero t € M(T), and P = [p] € X(I), p € H. Then

there exists a Laurent series
o0

(66) ) =3 an)

n="M,
such that
t(r) =1p(z(7)), 7€,
where Vo C H is a suitable neighborhood of p. Moreover, for any v € T,
M, = ordi,(z) = ordi,,(z) = M.,

i.e., the order, ord fp(z), is independent from the choice of p as a representative
of P =p].

The following definition generalizes (24) from cusps P = [a/c], a/c € Q, to
general points (I-orbits) P = [p|] € X (I'):

Definition 6.5 (order of a modular function at at point). For non-zerot € M(I')
and P =[p| € X(I'), p € H:

(67) Ordpt := ordi,(2),

where t,(2) is as in Lemma 6.4.

The next two lemmas generalize Lemma 6.4 to modular forms.

20See the Section 11.3 for further details.
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Lemma 6.6. Given a non-zero F' € My(I') with k even, and P = [p] € X(I),
p € H. Then there exists a Laurent series

(68) ()= 3 by(n)"

n=N,

such that

(69) F(r) = 21’0(7')]“/2 Fp(zp(T)), T €V,

where Vo C H is a suitable netghborhood of p. Moreover, for any v € T,
N, = ord F,(2) = ord E,,(2) = N.;

i.e., the order, ord Fp(z), is independent from the choice of p as a representative
of P =p].

Proof. Take t € M(T) with ,(z) as in (66). Consequently,

o0

(70) t'(r) = 2(r) Y nay(n)z(r)"" € Mp(T),

n=Mp

and applying Lemma 6.4 to the modular function F/(#)*/? € M(T') proves the
first part of the statement. To prove the invariance of the order when choosing
different orbit representatives, assume that r = yp for y = (24) e I'. If p € H is
not an elliptic point, for the expansion with respect to r we have by (63),

Fiom) = #0m)? Ry o)) = B 20,

This, together with the modular transformation property, implies

B 1 - 1 - 1 2p(7)
FO= a0 = G v a)
= Fp(zp(T))7

where the last line is by (69) with z,(7) = 1. Hence by —d/c ¢ H, and observing
that

11 dr—p)
ct+d  ept+d  (cp+d)?

+0((7= 1)) = —g +0l()

we have ord F, = ord F’p. Second, suppose p € H is an elliptic point. Then
by (64),

z(y7) = &(p)zp(7) for &(p) :

<cﬁ+ d)h(P)
cp+d '
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Hence,

Frm) = 20 Blanom) = (E5) " 02 R 60y ()

= () (er + d)kz;(f)k/zﬁr(ﬁ(p)zp(T)).

This implies, similarly to above,

Fr) = e P Om) = 600250 2 (60)2(7)

= Z;;(ﬂk/zﬁp(zp(ﬂ);

which gives ord F. = ord Fp. Finally, suppose p = yp00 € Q, Yo € SLy(Z). Then
applying (65) gives,

F(yr) = ()2 By (47)) = (fgg),)k/zmzp(f))

= (er + d)F z;(r)kﬂﬁ}(zp(ﬂ).

Invoking the modular transformation property as above, we obtain

P = 40 ()

= Z;(ﬂk/zpp(zp(ﬂ);

which implies ord F, = ord Fp, and which completes the proof of the lemma. [J

F(r) =

To state the analogue of Lemma 6.6 for odd k, we need the square root of a
Laurent series, which is a Puiseux series defined as follows.

Definition 6.7. Let G(z) = >~y ¢(n)z" with ord G(z) = N. Then
G2 = VAW 14 ()2 = Va2 S (1 e
=0

where Y (z) = ﬁ Yo e(N+n)z", and where for \/c(N) we choose the principal

branch.

Lemma 6.8. Given a non-zero F € My(T") with k odd, and P = [p] € X(I),
p € H. Then

(71) F(r) = 2 (T)"? Fy(2,(7)), 7€V,
with ) .
Fy(2) == Gy(2)'?;

where ép(z) is the Laurent series such that, according to Lemma 6.0,

(72) G(7) == F(7)? = 2,(1)F Gy(zy(7)) € My (T), 7€V,
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where Vo C H is a suitable neighborhood of p, and where the root ,zjg(z)l/2 18
chosen as the appropriate branch.

Proof. The existence of the Laurent series G2) such that (72) is owing to Lemma 6.6
since G(7) := F(7)* € Myx(T'). The rest follows from Def. 6.7. O

For our analysis of poles it will be convenient to extend Def. 6.5 to modular forms.

Definition 6.9 (order of a modular form at a point). For non-zero F' € M(T")
with k even, and P = [p] € X(T'), p € H:

(73) Ordp F = ord F,(2),
where F), is as in Lemma 6.6.

Remark 6.10. This definition can be extended to k odd, but we do not need it
here.

Remark 6.11. A more important remark concerns the fact that if ' € M(T') (i.e.,
if £k =0), one has,
(74) Ordp F = Ordp F,

where P = [p] € X(I'). Here the order on the right side is the order at P of the

induced meromorphic function F' : X(I') — C defined on the Riemann surface
X = X(I'); see Section 11.3. In this case, one has, according to Lemma 11.3,

(75) > OrdpF =0.
PeXx(T)

We will need the generalization (80) for modular forms F' € M (I") with ord, F;
this is the main motivation to introduce the order as in Def. 6.9

Before stating and proving (80), we conclude this section by extending the notion
NofPoles(F") from modular functions to modular forms.

Definition 6.12. Let F' € Mk(F) with k even.
(76) NofPoles(F Z Ordy, F,

pleX(T)
ord Fp(z)<0

where F,(2) is the Laurent series defined in Lemma 6.6.

Remark 6.13. When k = 0; i.e., if F'is a modular function in M (I"), then this
coincides with the definition (50). This means, then NofPoles(F') is nothing but
the number of poles of the induced function " on X (I').
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We conclude this section by a fact which is useful in applying the algorithm
ModFormDE; see, for example, Section 4.4. Given a modular forms of even
weight, it relates our two different notions of orders taken at cusps.

Lemma 6.14. Let F € My (T) and P = [a/c] € X(T), p=a/c € Q. Then,
(77) Ol"da/c F= Ol"d[a/c] F+k.

Proof. By Lemma 6.6,
(78) F(7) = 24).(7 Z b(n)zase(T)",
(L/C

where N,/ = ordpg/q F # 0. If 79 = (27) € SLy(Z) such that 00 = a/c, then

2ming L Jwo

2,(T) :=¢ where wy = w., ().

Define,

A 211
(79) Guy = Za/c(VOT) - GQMT/wOv and thus? (COT + do)_QZz,z/c(VUT) = w_OQwO'

The weight-2k action applied to F', and using (78) gives,

(Flary0) (1) = (coT + do)i a/c (707) Z b(n qwo

n=Nq/c
21
:<w ) Gy Z b4,
n= Na/c

where the last equality is by (79). Comparing this to the definition (24), proves
the statement. O

Notice that for k = 0, Lemma 6.14 turns into (74) if P is a cusp.

6.2. A bound from the Riemann-Hurwitz formula. A last major ingredient
for our analysis of poles is the following proposition which is an application of
the Riemann-Hurwitz formula.

Proposition 6.15. Let F' € M(T") be non-zero with k even. Then

(80) > Ordp F = k(gr — 1),

Pex(T)

where gr is the genus of the compact Riemann surface X (I').
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Remark 6.16. Notice that the sum on the left side is well-defined. Namely, sup-
pose that ordp F' # 0 for infinitely finitely many P € X (I'). Choosing a bounded
fundamental domain F C H for X (T'), this would imply that F' would have in-
finitely many poles or zeros in F. Let us assume the latter. 2l Then this set has
a limit point in H. Since F is non-zero, this limit point must be in Q. But prop-
erty (21) in the definition of modular forms implies that the poles of F' cannot

cluster at any a/c € Q.22

We will apply Prop. 6.15 in the following form.
Corollary 6.17. Let F' € M(T'), k even, such that for P = [p] € X(I),
F(7) = 2,(1)"? Fy(2(7)),
where ﬁp(z) 15 a Laurent series as in Lemma 6.6. Then
(81) > ord Fy(z) = k(gr — 1),
[ple X (T)

where gr is the genus of the compact Riemann surface X (T').

Convention. When here and in the following the domain of a sum is specified as
“Ip] € X(I')”, then this is understood as follows: For each P = [p] € X(I') take

exactly one representative p € H; the sum then runs over all such p.

Before we prove Prop. 6.15, we prepare with a few facts.

Lemma 6.18. Let ' and G be non-zero modular forms in My(I') with k even.
Then for P € X(T'),

(82) Ol”dPF—OI"dPG: OI‘dp(F/G)

Proof. Apply Lemma 6.6 together with Lemma 6.4. U
Lemma 6.19. Let F' and G be non-zero modular forms in My(I') with k even.
Then

(83) > OrdpF = Z Ordp G

Pex(T) PeX(T

Proof. Inview of F'//G € M(I'), apply Lemma 11.3 together with Lemma 6.18 [

210therwise, consider 1/F.
22Gce, for instance, the remark in [4, Def. 3.2.1].
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As already mentioned, for the proof of Prop. 6.15 we utilize the Riemann-Hurwitz
formula for a non-constant meromorphic function ¢ : X(I') — C which has

exactly n poles in X (T'), counting multiplicities; see, e.g., [8, Thm. 4.16]:*
(84) > (multpp—1) =2 gr+2n—2.
Pex ()

Here gr denotes the genus of X(I'), and multp ¢ is the usual multiplicity of ¢ at
P; we recall its exact definition in Section 11.3.

Now we are ready to prove the sum estimate (80).

Proof of Prop. 6.15. For k = 0 this is (123). To prove the statement for weight
k = 2, take some t € M(I') and suppose ¢ has exactly n poles in X(I'). For
P e X(I'), notice that

(85) It Lf {_ Ordp L, if Pisa po]e Off
multpt = |

Ordpt' +1, otherwise

The second equality is a consequence of using Def. 6.9 on ¢’ € My(I") together
with (70). In addition, we need that at a pole P € X (I') of £,

OI‘dp t/ - Ol"dpt = —1.
Using these properties and defining,
(86) Poles(t) := {P € X(I') : P is a pole of t},

we obtain by (85),

> (multpt—1)= > (=Ordpt—1)

PcPoles(t) PecPoles(t)
2 ) Ordpt+ > Ordpt'=2n+ »  Ordpt,
PePoles(t) PePoles(t) PePoles(t)

and,

Z (multpt —1) = Z ordpt'.

PeX(I')\Poles(t) PeX(I')\Poles(t)

23 Actually the special case we need, Y = C, was given by Riemann; e.g., [3].
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Combining these two sums we obtain, as a consequence of Lemma 11.3 and
Lemma 6.18,

0= Y Ordp(F/t)= > OrdpF - > Ordpt

PeX(I) Pex(I) Pex(I)
Z Ordp F + 2n — Z (multpt —1)
Pex(I) PeX(I)
Z Ordp F' — 2¢gr + 2.
Pex(I)

This proves (6.15) for F' € My(T"); for the last equality we invoked the Riemann-
Hurwitz formula (84).

To prove (6.15) for F' € My (I') where k > 2 is even, take some g € M(I"). Then
f=F/g"?* ¢ M(F), and one has,

Z Ordpf Z OrdpF—— Z Ordpg

PeX(T pPeX (T PGX
ki
> OrdpF - 5200 —2)),
PeXx(T)

where the last line is by the £ = 2 part already proven. This completes the proof
of Prop. 6.15. U

7. BOUNDS FOR p;

7.1. Rewriting p;. We need to rewrite p; € M (I") in a form which is convenient
for the analysis of poles.

Let P = [p] € X(T') be fixed. For t € M(T") let
(87) t(1) = T,(2,(7)), where T,(z) :=1,(2)

is the Laurent series as defined in (66).

Derivatives of a Laurent series T'(z) = ", a(n)z" are defined as usual by
TU(2) := Z (n);a(n)z", j=0,1,...
n=M
In particular, T(z) = TO(z), T'(z) = TW(z), and T"(z) = T®(z). Hence,
relation (70) turns into,

(35) Dyt(r) = ——t'(7) = —— 2 (1) T (2,(7)).

271
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For D?t one has,
1
e (T @) + (P T ())

where we omitted the argument 7.

2
(89) D2 =

Given the same fixed p € H as above for t € M(T):

Case A: For F' € My(I"), k even, let

(90) F(r) = 2(1)"? fop(2(7)),  where fo,(2) := Fy(2)

is the Laurent series defined as in (68).

Case B: For F' € M(T"), k odd, let

(91) F(7) = 2,(1)*2 fL(%(7)), where fi,(2) == Gy(2)"?

is the square root of the Laurent series G (z) defined as in (72) such that
(92) G(r) = F(7)? = (1) Gy(2(7)) € Mar(T).

Combining both Cases A and B, one has*!

(93)

DqF_L<Z;f5(,?(Zp) k i)
Fooo2mi\ f5,(2) 2 2/

where 0 = 0 if k is even, and 0 = 1 if k is odd.

Lemma 7.1. Givent € M(T), F € M(T'), and P = [p| € X(T'), p € H. Then
there exists a Laurent series,

_ L L (TP 26,()
(94) Pl,p(z) =—1+ TISI)(Z) <TI£1)(Z) L f5,p(2)>

where 0 = 0 if k is even, and 6 = 1 if k 1s odd, such that

(95) pl(T) = Pl,p(zp<7_))> T E %7
Vo being a suitable open neighborhood of p.

Proof. By (31)* and using,

D%t
Dqu - T -

24We again omit the argument 7.
Z5With ¢ instead of h, and with F instead of g.
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one has, applying (88), (88), and (102),
< t >2<DZ75 (Dqt)2> 2 t D,F
pL = - -7

Dt/ \ t 2 k Dyt F
=t g (g ) = e
} (ng;U(zp) +(GPTV @) 2 1 2 () Lk z_g>)
(27TZ')Z£T}§1)<ZP) k2mi\ fsp(2p) 2z
Z/T(z) 2 z, (1)
Sohre ;(()Z?) )<(27r7,)T(E)2p) /i(%j;fai(;))'

0

7.2. Bounds for the poles of p;. To estimate the number of poles of p; €
M(T"), Lemma 7.1 implies,

NofPoles(p;) = — Z Ordpp; = Z ord P ;(z)
PePoles(p1) [p]€Poles(p1)

90 <= ¥ aapdo ¥ aalgl

T(1) T(l)()

plePoles(p) 1P\ P2

(
> ol
[p]ePoles(p1) f6p(z)

with 6 = 0 if k is even, and 6 = 1 if k is odd.

) [p]€Poles(p1)
)

To proceed with our pole estimation, we treat each of the sums in (96) separately.
To this end, it will be convenient to define

x, if <0 x, if x>0
=< d =< :
(@) {0, o> W@ {0, if <0

In addition, the following two facts will be useful.

Lemma 7.2.

Z ordTp(l)(z) = Z (ordT(l) Z ¢( ordT (2)) =2(gr — 1).

[pleX(T) [pleX(T) [pleX(T)

Proof. In view of (88), the statement is proved by applying Corollary 6.17 to
t' e My(T). O

The second lemma we want to list explicitly is trivial, but useful.
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Lemma 7.3. Let f(z) =Y 7, c(n)z" be a Laurent series, then:
ord f(z) < 0= ord f9(2) = ord f(z) —j for j € Zxo.

We begin with bounds for the first two sums on the right side of (96).

Lemma 7.4. For j € Zso, j # 1,1 € {1,2},
79)

- > rdp<) 2F‘2—2Z mlordTp(2)) + (G +1) Y 1.

[p]ePoles(p;) Tp ( ) [plex (T Ojg];p)gz(fio
Proof.
— Z ord T‘TS])@) < — Z ord TIS])(Z)
1 - 1
[p]ePoles(p;) ng )<Z) [pleX () TZS )(Z)

ord TI(,]) (z)/TIgl) (2)<0

_ Z (OrdT(j)(Z)> _ Z (ordT Z (ordT (2))

[pleX(T) (2) [pleX(T) [PleX ()
= — Z (ordT )(2)) +2gr — 2 — Z W(ordegl)(z)),
[plex(T) [pleX (T)

where the last equality is by Lemma 7.2. Now the statement follows by Lemma 7.3
in the version,

07) = Y w(ordTP(2)) =— Y wlordT(2))+j Y L

X(T X(T PleX ()
[pleX (") [pleX (") ot () 20

The following simplification of the upper bound is straightforward.
Corollary 7.5. Forj € Zso, j # 1, 1 € {1,2},
(4)
T,
- Z ord 121)(2) < 2gr — 2+ (5 + 3) NofPoles(t).
Ty (2)

[p]ePoles(p;) p

Proof. Obviously,

Z 1< — Z m(ord T(2))

[pleX(T) X(T
orng(z)<0 [p]e ( )

and, by definition (87),

- Z m(ord T,(z)) = NofPoles(t).
[pleXx ()
This implies the corollary. U
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Next we treat the even case of the third sum in (96).
Lemma 7.6. For j € Z>y, i € {1,2},

B T o CUNCRE o

€Pol ex(r [pleX ()
[p]€Poles(p [plex () ord T p(2)<0

Proof. The proof works analogously to that of Lemma 7.4; the only difference is
that one uses Lemma 7.2 for general even k in the version,

Y7 ordfoulz) = Y wlord fo(2) + D Clord fou(2)) = k(gr — 1).

[Plex (") [PleX () [pleX (I)
O
Corollary 7.7. For j € Z>1, i € {1,2},
f )(2) .
— Z ord < k(gr — 1) + (j + 2) NofPoles(F).
[p]€Poles(p; fOp ( )
Proof. Obviously,
D, 1= > wlord fop(2))
S, W
By Def. (6.12),
— ) m(ord fop(2)) = NofPoles(F).
[PleX ()
This implies the corollary. U

Case (1a), k even (i.e., 0 = 0): Applying Corollary 7.5 and 7.7 to (96) gives,
NofPoles(p;) < 2gr — 2 + 3 NofPoles(t) + 2gr — 2 + 5 NofPoles(t)
+ k(gr — 1) 4+ 3 NofPoles(F)
(98) — (k4 4)(gr — 1) + 8 NofPoles(t) + 3 NofPoles(F).

For Case (1b) we need one more observation. Recalling the definition (91), one
has,

flaz) 169
fip(z) 2 Gyl2)’

with fl(lp)(z) = G,(2)"?, where G,(2) is the Laurent series such that for G :=
F? € Myy(T):

(99)

G(7) = 2(7)* Gy(z(7)).
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Consequently, Cor. 7.7 with 7 = 1 carries over to this situation with 2k instead
of k and G = F? instead of F:

Corollary 7.8. For j € Z>1, i € {1,2},

Z fl(lp) (2) 9
ord 02 < 2k(gr — 1) + 3 NofPoles(F*~).
) P

[p]€Poles(p;

Now we establish the bound estimate for odd k.

Case (1b), k odd (i.e., § = 1): Applying Corollary 7.5 and 7.8 to (96) gives,
NofPoles(p;) < 2gr — 2 + 3 NofPoles(t) 4+ 2gr — 2 + 5 NofPoles(t)
+ 2k(gr — 1) + 3 NofPoles(F?)
(100) = (2k +4)(gr — 1) + 8 NofPoles(t) + 3 NofPoles(F?).

8. BOUNDS FOR p»

8.1. Rewriting py. As with p;, we first need to rewrite po € M(I') in a form
which is convenient for the analysis of poles.

Let P = [p] € X(I") be fixed. We assume the same setting as in Section 7: i.e.,
for ¢ € M(I') the Laurent series T,(z) is defined as in (87) such that

(101) t(1) = T,(2,(7)), where T,(2) :=1,(2);
for F' € My(I"), the Laurent series fs,(z,(7)), 0 € {0,1},
F(1) = (1) f5,(2(7)), where fs,(2) := Fp(2)

are defined as in (90) if & is even, and as in (91) if k£ is odd. In the even case, we
take 6 = 0, in the odd case § = 1.

D,F 1 <z; () k z>
2 J

102 - “r
( ) F 211

Z/

f&p(zp) §2

For p; we used the formula (102) for D,F/F. For p, we need,

DXF 1 ()2 f(z) D) k2D k(k—2) ()2
= T T e e )

which, as (102), can be derived by straightforward computation.
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This relation together with (102) gives,

- (06 1) (0 )

w =) (e ()
f(j))(zp) f(;)(z (3 3/{:(21';)2
X (fi,p(zp) —(1+ %) fi,p(zp k& 1)3 - 4(z,) )

We need to consider in more detail the expression,

2 2D(r k2l (T)?
(40 (), 42 (), 47 (7)) = <£>3 - 32;(3))4

p

If [p] € X(I') is an ordinary point, z,(7) = 7 — p and
00 (), 22 (7 ), 28 =0 for all 7€ V).

p

If [p] € X(T') is an elliptic point of order 2, z,(7) = (2=£)?, and one has,

—p
1 (2) 3 3 1
g(’z;[(a )<T>7 Zp (T)a ;(3 )) _ézp(T)Q
If [p] € X(I') is an elliptic point of order 3, z,(7) = <T_§> , and one has,
1

) p

(), 22(r), ) = —5

2
If [p] € X(I") is a cusp; then p = a/c = yoo, v = (¢4) € SLy(Z), and z,(7) :=
2T/ with w = w,(T) as in (22). In this case,

1 1
’21()3)) -

2 2p(7)%

This leads us to summarize in a definition.
Definition 8.1. Define ¢: X(I') — C for P = [p| € X(T') as follows:

0, if P is an ordinary point
—3/8, if P is elliptic of order 2
—4/9, if P is elliptic of order 3
—1/2, if P is a cusp, P =|a/c].

Summarizing, we obtained a Laurent series representation of ps.
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Lemma 8.2. Givent € M(T), F € M(T), and P = [p| € X(T'), p € H. Then
there exists a Laurent series,
— Ty(2)? (fgv)(z) — 1+ l) . fé}?(zﬁ + E . @)

T (22 \ fyp(2) B har T2 2

where ¢ 1s as in Def. 8.1, and where 6 = 0 if k is even, and 6 = 1 if k is odd,
such that

(105) pa(7) = Pop(2p(7)), 7€ Vo,
Vo being a suitable open neighborhood of p.

(104) Py () :

8.2. Bounds for the poles of p,. To estimate the number of poles of py €
M(T"), Lemma 8.2 implies,

NofPoles(psy) = — Z Ordppy = — Z ord P, ,(2)
PecPoles(p2) [p]€Poles(p2)
(2)
T,(z)? <
(106) < — Z ord (Zi)(z) Z ord J;f’p(( ))
plePotos(pa) 12 ( ) e

Z>2 [p]ePoles(p2
)2

fa(;)(z Z
. 2’

_ Z ord +
2
fé,p(z) [p]€Poles(ps)

€Poles
[plePoles(p2) Pl

with 6 = 0 if k is even, and § = 1 if k is odd.
As a consequence, similarly to the Cases (1a) and (1b), we obtain bounds for ps:

Case (2a), k even (i.e., d = 0): Applying Corollary 7.5 and 7.7 to (106) gives,
NofPoles(ps) < 4gr — 4 + 6 NofPoles(t) + k(gr — 1) + 4 NofPoles(F')
+ 2k(gr — 1) + 6 NofPoles(F)
+ 2 NofCusps(I') 4+ 2 NofElliptic(T").
(107) = (3k 4+ 4)(gr — 1) + 6 NofPoles(t) 4+ 10 NofPoles(F')
+ 2 NofCusps(I') + 2 NofElliptic(I").

For Case (2b) we need one more observation. As with (99), we recall the defini-
tion (91) and obtain,

G 160:7 169
(108) Fo®) 4G22 2G(s)

with fl(lp)(z) = G,(2)"?, where G,(2) is the Laurent series such that for G :=
F? € Myy(T): ]
G(r) = 2,(1)" Gy (z(7)).
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Owing to Cor. 7.7, relation (108) implies,

- Y or izé ; < 4k(g — 1) 4+ 2(1 + 2) NofPoles(F?)

[p]€Poles(p2)
+2k(g — 1) + (2 + 2) NofPoles(F?)
(109) = 6k(g — 1) + 10 NofPoles(F?).

Now we are ready to establish the bound estimate for ps for odd k.
Case (2b), k odd (i.e., 6 = 1): Applying (109), Corollary 7.5 and 7.8 to (106)
gives,
NofPoles(ps) < 4gr — 4 + 6 NofPoles(t) + 6k(gr — 1) + 10 NofPoles(F?)
+ 4k(gr — 1) + 6 NofPoles(F?).
+ 2 NofCusps(I') + 2 NofElliptic(T').
(110) = (10k +4)(gr — 1) + 6 NofPoles(t) + 16 NofPoles( F?)
+ 2 NofCusps(I') + 2 NofElliptic(I").

We want to point out that, when setting up such bound estimates, a proper or-
ganization of the terms involved can be important. For example, we can improve
upon (110) as follows.

), (1)
Instead of treating ¢,(z) := flp( ) and ¥, (z) := fi”g 32 separately to obtain,

— > ordgy(e) - Z ord 1, (2) < 10k(gr — 1) + 32 NofPoles(F),

[p]€Poles(p2) [p]€Poles(p2)

one can combine them,
1 (99),(108) 2k + 1 é;,l)(z)Z 1
z)—(1+ —) z = - = 5 = )
6(z) = (147 ) 0l2) e tien
to obtain, using Cor. 7.7 in its version for F'? instead of F,

- Z ord (gbp(z) -1+ %)1/@(2)) < dk(gr — 1) + 2(1 + 2) NofPoles(F?)

[p]cPoles(p2)

+ 2k(gr — 1) + (2 + 2) NofPoles(F?)
= 6k(gr — 1) + 10 NofPoles(F?).
This simple reorganization led us to an improvement of the bound estimate (110).

Case (2b), k odd, improved version:
(111)  NofPoles(ps) < (6k + 4)(gr — 1) + 6 NofPoles(t) + 10 NofPoles( F?)
+ 2 NofCusps(I') + 2 NofElliptic(I").
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9. BOUNDS FOR THE DERIVATIVES OF p; AND Py

To complete the proof of Theorem 5.2 we need to bound the number of poles of
the derivatives ‘gg" € M), i€ {1,2} and j € Z>;. To this end, given H and
t in M(I') where H = r(t) is a function in ¢, we will show that such bounds for
CZT? can be expressed in terms of pole bounds for H and ¢.

We begin with the case j = 1, noting that

dH H'

e r'(t) = - € M(T) owing to H'(t) = r'(¢t(1))t' (7).

To state our first lemma, we need define a number of “different” poles of a modular
form F' with even weight. Via the relation (69), this number is related to the

number of pairwise different poles of I’ contained in a fundamental domain.

(112)

Definition 9.1. Let F' € My (") with k even. Then
(113) NofDiffPoles(F) := Y 1= > 1,

PeX(T) [pPleX ()
Ordp F<0 ord Fip(2)<0

where F,(2) is the Laurent series defined in Lemma 6.6.

Lemma 9.2.

dH
NofPoles <E> < 2gr — 2 + NofPoles(H) + NofPoles(t)
+ NofDiffPoles(H ) + NofDiffPoles(t).

Proof.
dH dH
IR COERD ICER C)
PGPoles(% PeX(T)
(1) _ > w(OrdpH')+ Y ((Ordpt)
PeXx(I) PeXx (D)
© Z 7(Ordp H') +2(gr — 1) — Z 7(Ordpt).
PeX(T) Pex(T)

Observing that, by Lemma 7.3,

— Y w(OrdpH) =~ > w(OrdpH)+ > 1,

PeX(I) PeXx(T) PeX(T)
Ordp H<O

together with the analogous relation for ¢ instead of H, completes the proof of
the lemma. O
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Lemma 9.3. For j € Z>,

JH
NofPoles (%) < 2j(gr — 1) + NofPoles(H) + j NofPoles(t)

m

j—1

H

+ > NofDiffPoles (%) + j NofDiffPoles(t).
m=0

Proof. The case j = 1 is Lemma 9.2. Assuming the statement holds for j — 1, we
show it holds for j. By Lemma 9.2,
d'H d*H
NofPoles (W) < 2gr — 2 + NofPoles ( e ) + NofPoles(t)
j—1

&~ H
+ NofDiffPoles ( e ) + NofDiffPoles(t)

<2gr —2+ (2(]' —1)(gr — 1) + NofPoles(H)

Jj—2
. ) d™H
+ (j — 1) NofPoles(t) + Z NofDiffPoles ( T )

m=0

+(G-1 NofDiffPoles(t)) + NofPoles(t)

j—1

H
+ NofDiffPoles <ddtj—1 ) + NofDiffPoles(t);

for the equality we applied the induction hypothesis. U]

For the next lemma we need the counterpart to Def. (9.1).

Definition 9.4. Let F' € My(T") with k even. Then

(114) NofDiftZeros(F') := Z 1= Z 1,
PeX(I) [pPleX(I)
Ordp F>0 ordp F‘p(z)>0

where F,(2) is the Laurent series defined in Lemma 6.6.

Lemma 9.5. For j € Z>,

d'H
115 NofDiffPoles [ —— | < NofDiffPoles(H) + NofDiffZeros(t').
dt’

Proof. Given P = [p] € X(I), let H(t) = H,(2,(7)) and t(1) = #,(2,(7)) with
Laurent series on the right hand sides as defined in Lemma 6.4. Then H'(7) =
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z;(T)(Hp)’(zp(T)), and owing to % =H'/t,

NofDiffPoles (é—f) = Z 1< Z 1+ Z 1

PeX(T) [pPleX () [pleX(I)
Ordp H'/t/<0 ord(Hp)! (2)<0 ord(tp)/(2)>0

= Z 1 + NofDiffZeros(t") = NofDiffPoles(H) + NofDiffZeros(t').
[PleX(T)
ord(Hp)(z)<0
The general case j > 1 follows by mathematical induction. We omit its (technical)
details; instead we sketch the essential structure underlying the induction step.

Because of ‘%{ € M(I'), for each fixed j € Zs; and [p] € X(I') there is a
representation “(¢(7)) = Ly(2,(7)), where L,(2) is a Laurent series. To obtain

further insight into this representation, we use Faa Di Bruno’s Formula,

HOr) = ) = Y S B ), )

with B; (21, ..., 2;—k41) being the (partial) Bell polynomials. With this formula
one finds that

J
o C.
— . . (@) ; , __ wp
Ly(z) = ;csz(z) (Hp)" (2) with ¢;p(2) = (f);)(z)Qj—l’
where the C;,, are polynomials in (#,)(2), (£,)"(z), ..., such that for each mono-
mial, constant - (,)'(2)* (%,)"(2)*2 ..., occurring as a summand in C;,, one has

l-ay+2-ay+--- <25 —2. This property guarantees that no further poles are
introduced. We give the L, for j = 1,2, 3 explicitly:

Ly(2) = — C(H,)(2), if j=1;

(B,)(2)
(5)(2)°

(Hy)'(2), if j=2;

- e -(ﬁp)”(z)+M-(ﬁp)<3>(z), if j=3.

Further details of the induction proof are left to the reader. O]

Lemma 9.5 implies for j € Z>q,

de) (115)

j—1
Z NofDiffPoles ( e < (5 — 1)(NofDiffPoles(H) + NofDiffZeros(t')).

m=1
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We use this to simplify the right side of Lemma 9.3,

d’H
NofPoles <W> < 2j(gr — 1) + NofPoles(H) + j NofPoles(t)
(116) + j NofDiffPoles(H) + (j — 1) NofDiffZeros(t')
+ j NofDiffPoles(t).

For further simplification, observe that
NofDiffZeros(t") < Z ¢(Ordpt") 0 2(gr — 1) — Z 7(Ordp t")
Pex(I) Pex(T)
= 2(gr — 1) + NofPoles(t') = 2(gr — 1) + NofDiffPoles(t) + NofPoles(t)
where the last equality is by Lemma 7.3. Using this on (116) one obtains,
d'H
NofPoles <W> <2(2j —1)(gr — 1) + NofPoles(H) + (2j — 1) NofPoles(t)
(117) + j NofDiffPoles(H) + (25 — 1) NofDiffPoles(t).
Finally, as another step of simplification, we apply
NofDiffPoles(H) < NofPoles(H) and NofDiffPoles(t) < NofPoles(t),

which reduces (117) to
Lemma 9.6. For H,t € M(T") and j € Z>1,
J

(118) NofPoles (dd;[) < (2§ —1)(29r — 2)
+ (j + 1) NofPoles(H) + (4 — 2) NofPoles(t).

10. THE PROOF OF THEOREM 5.2 AND THEOREM 5.3 SUMMARIZED
First we collect all the ingredients to prove Theorem 5.2 whose statements are
for the case of even weight k.

The derivations resulting in (98), resp. (107), prove the bounds (51) for p;, resp.

(52) for py, of Theorem 5.2. Applying Lemma 9.6 for even k to H := p; gives,
&7

NofPoles (ﬁ) < (2 — 1)(2gr — 2)

dts
+ (4 + 1) NofPoles(p; ) + (45 — 2) NofPoles(t)
T (2) = 1)(2gr — 2) + (4] — 2) NofPoles()
L+ ((k: +4)(gr — 1) + 8 NofPoles(t) + 3 NofPoles(F))

= (jk+8j+k+2)(gr — 1)
+ 6(2j + 1) NofPoles(t) 4+ 3(j + 1) NofPoles(F');
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which is (53) of Theorem 5.2 For even k, applying Lemma 9.6 to H := ps,
using (107), gives (54) of Theorem 5.2.

Finally, we collect all the ingredients to prove Theorem 5.3 whose statements are
for the case of odd weight k.

The derivations resulting in (100), resp. (111), prove the bounds (55) for p;, resp.
(56) for pg, of Theorem 5.3. Applying Lemma 9.6 for odd k to H := p; gives,

4’
NofPoles <ﬁ> < (25 — 1)(29r — 2)

dti
+ (j + 1) NofPoles(py) + (47 — 2) NofPoles(t)

(100)
< (2§ = 1)(29r — 2) + (4 — 2) NofPoles(t)

+(j+1) (8 NofPoles(t) + 3 NofPoles(F?) + (2k + 4)(gr — 1))
=2(1+4j +k+jk)(gr — 1)
+6(2j + 1) NofPoles(t) + 3(j + 1) NofPoles(F?);

which is (57) of Theorem 5.2 For odd k, applying Lemma 9.6 to H := po, us-
ing (111), gives (58) of Theorem 5.3.

This completes the proofs of Theorem 5.2 and Theorem 5.3.

11. APPENDIX

11.1. Linear independence of Yang functions.

Proposition 11.1. Let I' be a congruence subgroup. Let g € My(I") with k > 1,
and h € M(T'). Then the Yang functions,

{ ] Gy G2 Gy

) G17 G%’ et Gr,l—n )
as functions on H are linearly independent over the field M (I') of modular func-
tions for .

m >0

)

Before proving Prop. 11.1 we prove a lemma.

Lemma 11.2. Let ao(7), ..., a,(7) be functions on H with period r; i.e.,
aj(t+r)=ua(r), TeH, 7=0,...,m.

If for fixed integers c,d € Z, ¢ # 0,

a1(7) az(7) a1(7)

(119) ao(T) + ct+d (et +d)? (et + d)™

=0, T e H,

then
ao(7) = a1 (1) = as(7) = - = ap(7), 7€ H.
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Proof. Consider the Vandermonde matrix

1 % o 1
) c*ri‘,-d (CT-{d) (CT-‘yid)
or+r)+d (c(T+71“)+d)2 o el
A=l o woeorar o @Erorar |
1 1 1 ' 1
c(r+mr)+d  (c(r+mr)+d)2 " (c(t+mr)+d)™

which is invertible since it has a non-zero determinant:

det(4) =[] ( ! - ! )%o.

i c(r+jr)+d c(r+ir)+d

Hence a relation like (119) with a;(7) not all zero cannot exist. O

Proof of Prop. 11.1. Let ao(T),...,a,(7) be modular functions in M(I"). By
induction on m > 0, we will prove the statement in the following form: Suppose
that

(120) ao(T) + a1 (1)

then a; =0 for 0 < j <m.

GQ(T)m
G1 (T)m

+o ot an(7)

=0, T e H,

The statement is true for m = 0. Assuming its truth up to m = N — 1, we prove
it is true also for m = N.

In our argument we use as a crucial fact that there exists an common period
r € Z>y such that a;(1 +r) = a;(7) and G;(7 + 1) = G,(1). For vy = (2b) €T,

Gao(y7)  Gao(T) N cker +d)™!

Gi(yr)  Gi(7) Gi(T)
with ¢ := ¢/(2mi). Now suppose a relation of type (120) holds for m = N i.e.,
Ga(7) Go(1)"
121 Galr) Ga(r)” _ H
( ) a0<7_) + ap (T) Gl (7_) + + aN(T) Gl (T)N O’ TE

Applying v = (2%) € T to this equation yields,
(

Ga(7) | ket +d)~" Go(1)  dk(er +d)"\N
w0 (Gt am ) OEm e ) =0

This can be rewritten into the form,

bi(7) by1(7) (k)N ay(T)
b e =0 H.
ot o rdt T oro T amerar U TE
Here we use the common periodicity r, a;(7 + ) = a;(

T) ndG(T—l—r) =

G,(1), which produces periodic coefficients; i.e., bj(7 + r) = b;(7). Hence, by
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Lemma 11.2, the by, ...,by_1 are all 0, which implies that also ay = 0. This
reduces (121) to

GQ(T)

e . ———— =0, 7€l

ao(T) +a1(r)G1<T> + -+ an_1(7) Gy ()T , T :
which by the induction hypothesis implies ag = - -+ = ay_1 = 0. This completes
the proof of Prop. 11.1. 0

11.2. Computational details for the ModFormDE example in Sect. 4.4.
This section presents computational parts of our exemplification of algorithm
ModFormDE in Section 4.4.

11.2.1. Cusps of the congruence group I'(2,4,2). With the Magma system, the
cusps [0], [1], and [oo] of I' = I'(2,4,2), together with each width, can be com-
puted as follows:

> G:=CongruenceSubgroup([2,4,2]);

> Cusps (@) ;
[

00,

0,

1

]
> Widths(G);
[ 2, 2, 21

11.2.2. Ezpansion of g* at the cusp [1] of X(I'(2,4,2). By Lemma 1.13 in [11]
and because of (CT+d)_1/2?7(Z:—iS) = e(a,b,c,d)n(T), where €(a, b, ¢, d) is a 24-th
root of unity, we have for all A, B,C, D € Z such that AD — BC # 0:

(gcd(A, C)
AD — BC

=€(A/ ged(A, C), —y, C/ ged(A, C), l‘)n(

(CT+ D)) s

ged(A, C)1 + Bx + Dy )
(AD — BC) ged(A,C)-1/°

Here x,y are any integers such that Az + Cy = ged(A, C'). This formula together
with (1) = ¢/ T[>, (1 — ¢") implies that

AT + B) ged(4,0)2 ged(A,0)2

~1/2 — A (AD-BC) D—F
(122) (Ct+ D) n<C7‘—|—D q? A (u+ O(q A0-BC)).
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Now since

2 T — 12 _ o4 (7.—1/277 877—1))20 .
) @) )

we have by (122):

2 (T — 1>2 - (¢"**(ur + O(q)))®
N7 T @V (uy + O(¢72)) (g7 (uz + O(g1/2)))?
_ q20/24_8/48_8/48(u+O(q1/2)) — q1/2(u—|—0(q1/2)),

where u and the u; are non-zero complex numbers.

11.3. Meromorphic Functions on Riemann Surfaces - Basic Notions.
To make this article as much self-contained as possible, in this second appendix
section we recall most of the facts we need about meromorphic functions on
Riemann surfaces. For the terminology we basically follow [6]; other classic texts
are [5] and [8].

Lemma 11.3 states a fundamental fact why implies as an immediate but important
corollary that any analytic function on a compact Riemann surface is constant.
For its proof see, for instance, [8, Prop. 4.12]:

Lemma 11.3. Let f be a non-constant meromorphic function on a compact Rie-
mann surface X. Then

(123) > Ord, f=0.

zeX

Here the order of f at xy € X, Ord,, f, is defined as follows.
Definition 11.4. Suppose

@)= 3 caléla) = ola0))"s e 0,
is the local Laurent expansion of f at xo € X wusing the local coordinate chart
¢ : Uy — C which homeomorphically maps a neighborhood Uy of xqg to an open
set Vo C C. Then,
Ord, f :==m.

In our context, X = X(I') and f = { : X(I') — C where # is induced by the
modular function ¢ € M (I'); moreover, ¢ = z, as described in Section 6.1 serve
as the local charts at xy = P = [p] € X(I).
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Let M(X) denote the field of meromorphic functions f : X — C on a Riemann
surface X.% Let f € M(X) be non-constant and x € X: then for every neigh-
borhood U of x there exist neighborhoods U, C U of z and V' of f(z) such that
the set f~'(v) N U, contains exactly k elements for every v € V' \ {f(z)}. This
number k is called the multiplicity of f at z; notation: k = mult, f.27 If X is
compact, f € M(X) is surjective and each v € C has the same number of preim-
ages, say n, counting multiplicities; i.e., n = erf—l(v) mult, f; see, e.g., [6, Thm.
4.24]. This number n is called the degree of f; notation: n = Degf. One of the
consequences is that non-constant functions on compact Riemann surfaces have
as many (finitely many) zeros as poles counting multiplicities; this is Lemma 11.3.

12. CONCLUSION

In this paper we focused on the mathematics underlying our algorithm ModFor-
mDE. With regard to possible applications, we feel there is quite some potential
waiting for further exploration. There will be also the need to supplement such
investigations by algorithmic developments, in particular, by supporting software.
For instance, in our illustrating example in Section 4.4 we have seen that we still
need software to determine NofPoles(g?) automatically.
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