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1 Introduction

Ever since the work of Sylow [35], Frobenius [12, 13|, and P. Hall [17], the study of
congruences for subgroup numbers and related numerical quantities of groups has played
an important role in group theory.

Divisibility properties of subgroup numbers of (finitely generated) infinite groups may
to some extent be viewed as some kind of analogue to these classical results for finite
groups. To the best of our knowledge, the first significant result in this direction was
obtained by Stothers [34]: the number of index-n-subgroups in the inhomogeneous modular
group PSLy(Z) is odd if, and only if, n is of the form 2% —3 or 2¥*1 —6, for some positive
integer k > 2. A different proof of this result was given by Godsil, Imrich, and Razen
[14].

The systematic study of divisibility properties of subgroup counting functions for infi-
nite groups begins with [27]. There, the parity of subgroup numbers and the number of free
subgroups of given finite index are determined for arbitrary Hecke groups $(q) = Cs * C,
with ¢ > 3. Subsequently, the results of [27] were generalised to larger classes of groups
and arbitrary prime modulus in [3, 20, 25, 26, 28|. A first attempt at obtaining congru-
ences modulo higher prime powers was made in [29], where the behaviour of subgroup
numbers in PSLy(Z) = $(3) is investigated modulo 8 and a congruence modulo 16 is
derived for the number of free subgroups of given index in P.SLy(Z).

A common feature of all the above listed sequences of subgroup numbers is that they
obey recurrences of finite depth with polynomial coefficients. The purpose of this paper is
to present a new method for determining congruences modulo arbitrarily large powers of
2 for sequences described by such recurrences. Our method is inspired by the observation
that many of the aforementioned results say in essence that the generating function for the
subgroup numbers under consideration, when reduced modulo a 2-power, can be expressed
as a polynomial in the basic series

O(z) =Y 2 (1.1)

n>0

with coefficients that are Laurent polynomials in z. What our method affords is an
algorithmic procedure to find such polynomial expressions, provided they exist. By ap-
plying our method to Catalan numbers, to (certain) Fufi—-Catalan numbers, and to various
subgroup counting problems in Hecke groups and their lifts, we obtain far-reaching gener-
alisations and extensions of the previously mentioned results. In order to give a concrete
illustration, the recent result [22, Theorems 6.1-6.6] of Liu and Yeh determining the
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behaviour of Catalan numbers Cat,, modulo 64 can be compactly written in the form

Y Cat, 2" = 322" + 162" + 62” + 13z + 1 + (322 + 322° 4+ 202° + 44z + 40) ®(2)

n=0

12 28
+ (16,23 + 5622 + 30z + 52 + —) 2 (2) + (3223 + 602 + 60 + —) 3 (z2)
z z
3 2 35 4 2 5
+ [ 322° 4+ 162" + 482 + 18 + — | ®*(2) + (3227 + 44) ®°(2)
z
50\ ¢ 4\ -
+ 482484+ — ) P%(2) + | 322+ 32+ — ) D'(2) modulo 64, (1.2)
z z

as may be seen by a straightforward (but rather tedious) computation. Our method can
not only find this result, but it produces as well corresponding formulae modulo any given
power of 2 in a completely automatic fashion, see Theorems 13 and 14 in Section 5.

In a sense, which is made precise in Section 4, our method is very much in the spirit of
Doron Zeilberger’s philosophy that mathematicians should train computers to automati-
cally produce theorems. Indeed, Theorems 13, 19, 21, 33, 36 imply that our algorithm is
able to produce a theorem on the behaviour modulo any given 2-power of the subgroup
counting functions featuring in these theorems, and, if fed with a concrete 2-power, our
implementation will diligently output the corresponding result (provided the input does
not cause the available computer resources to be exceeded ...). Moreover, when dis-
cussing subgroup numbers of lifts of PSLy(Z), (such as the homogeneous modular group
SLy(7Z)), a crucial role is also played by an application of the holonomic functions ap-
proach to finding recurrences for multi-variate hypergeometric sums, pioneered by Wilf
and Zeilberger [37, 39], and further developed in [4, 5, 19].

The rest of this introduction is devoted to a more detailed description of the contents
of this paper. In Section 2 we discuss our main character, the formal power series ®(z2)
defined in (1.1). While ®(z) is transcendental over Q[z] (or, equivalently, over Z[z]),
it is easy to see that it is algebraic modulo powers of 2. The focus in that section is
on polynomial identities for ®(z) modulo a given 2-power which are of minimal degree.
Then, in Section 4, we describe our method of expressing the generating function of a
recursive sequence, when reduced modulo a given 2-power, as a polynomial in ®(z) with
coefficients that are Laurent polynomials in z. The method relies in an essential way on
the polynomial identities from Section 2. The problem how to extract the explicit value
of a concrete coefficient in a polynomial expression in ®(z) (such as (1.2)) modulo a given
2-power is discussed in Section 3, where we present an efficient algorithm performing this
task. This algorithm is of theoretical value (minimal length relations between powers of
®(z) such as the ones in Proposition 2 are established by applying this algorithm to the
powers of ®(z); see also Appendix A) as well as of practical significance, as is demonstrated
by the derivations of Theorems 27 and 31.

As a first illustration of our method, we apply it to Catalan numbers, thereby sig-
nificantly improving numerous earlier results in the literature; see Section 5. This is
contrasted in Section 6 with an example (concerning particular Fufi—-Catalan numbers)
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where our method is bound to fail. The reason is spelled out in Theorem 15, which, at
the same time, also gives a new description for the parity pattern of the numbers of free
subgroups of given index in the Hecke group $(7).

The subsequent sections contain several applications of our method to the problem
of determining congruences modulo a given 2-power for numbers of subgroups of Hecke
groups $(q) and their lifts

Fm(Q) = CQm Cik Cqm = <$,y ’ me = qu = 1, ZL‘2 = yq>’ m > 1. (13)

Ubiquitous in these applications is — explicitly or implicitly — the intimate relation be-
tween subgroup numbers of a group I' and numbers of permutation representations of T',
in the form of identities between the corresponding generating functions. This is directly
visible in the folklore result (11.1) (which is not only used in Sections 11, 12, and 14, but
also lies behind the crucial differential equation (9.1) in Section 9; cf. its derivation in
[14]), and also indirectly in Lemma 17 via the A-invariants A,(9(q)), see [27, Sec. 2.2].
In the cases relevant here, the numbers of permutation representations of I' satisfy linear
recurrences with polynomial coefficients — to make these explicit may require the algo-
rithmic machinery around the “holonomic paradigm” (cf. [4, 5, 19, 23, 31, 37, 39]), see
Sections 11 and 12 for corresponding examples. Via the aforementioned generating func-
tion relation, such a recurrence can be translated into a Riccati-type differential equation
for the generating function of the subgroup numbers that we are interested in. It is here,
where our method comes in: it is tailor-made for being applied to formal power series F'(2)
satisfying this type of differential equation, and it affords an algorithmic procedure to find
a polynomial in ®(z) which agrees, after reduction of the coefficients of F'(z) modulo a
given power of 2, with the power series F'(z).

We start in Section 7 with free subgroup numbers of lifts I',,,(¢), for primes ¢ > 3, where
we prepare the ground for application of our method. More specifically, in Proposition 18
we present a lower bound for the 2-adic valuation of the number of free subgroups of
index n in I',,(q), where ¢ is a Fermat prime. In particular, this result implies that the
sequence of free subgroup numbers under consideration is essentially zero modulo a given
2-power in the case when m is even. In Section 8, we show that our method provides an
algorithm for determining these numbers of free subgroups of I',,,(3) modulo any given
2-power in the case when m is odd. The corresponding results (see Theorems 19 and
20) go far beyond the previous result [29, Theorem 1] on the behaviour of the number
of free subgroups of PSLy(Z) modulo 16. Our method provides as well an algorithm for
determining the number of all subgroups of index n in PSLy(Z) modulo powers of 2, as we
demonstrate in Section 9. Not only are we able to provide a new proof of Stothers’ result
[34] (which was stated in the second paragraph above), but our method leads as well to
refinements modulo arbitrary powers of 2 of Stothers’ result and of the mod-8 results in [29,
Theorem 2| mentioned earlier; see Theorems 21 and 24. For the homogeneous modular
group SLy(7Z) (being isomorphic to the lift T'5(3)) and for the lift '3(3), however, our
method from Section 4 fails already for the modulus 8 = 23. We overcome this obstacle
by instead tuning our computations with the target of obtaining results modulo 16 = 24,
Indeed, this leads to the determination of the number of subgroups of index n in SLy(Z)
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and in I's(3) modulo 8 (see Theorems 26 and 30), but direct application of our method
does not produce corresponding results modulo 16. Only by an enhancement of the
method, which we outline in Appendix D, we are able to produce descriptions of the
subgroup numbers of SLy(Z) modulo 16, see Theorem 28. For the subgroup numbers
of I'3(3) even this enhancement fails, and this shows that the generating function for
these subgroup numbers, when coefficients are reduced modulo 16, cannot be represented
as a polynomial in ®(z) with coefficients that are Laurent polynomials in z. Still, the
results in Theorems 26, 28, and 30 go significantly beyond the earlier parity results |20,
Eq. (6.3) with |H| = 1] for these groups. This is explained in Sections 11 and 12, with
Section 10 preparing the ground by providing formulae for the number of permutation
representations of SLy(Z) as well as other lifts of PSLy(Z). A further example where our
method works for any 2-power is the subject of Section 13: there we apply the method to
a functional equation (see (13.1)) extending the functional equation for Catalan numbers
(producing Fufi—Catalan numbers), and show that it works for any given 2-power; see
Theorem 33. In fact, we apply a variation of the method here, in that the basic series
®(z) gets replaced by a slightly different series, which we denote by ®,(z) (see (13.3)).
If Theorem 33 is combined with results from [27], then it turns out that our method
provides as well an algorithm for determining the number of free subgroups of index n in
a Hecke group $(q) and its lifts, where ¢ is a Fermat prime, modulo any given 2-power;
see Corollary 34. The same assertion holds as well for the problem of determining the
number of subgroups of index n in the Hecke group $(5), again modulo any given 2-power
(see Theorems 36 and 37 in Section 14). We conjecture that the same is true for Hecke
groups $(q), with ¢ a Fermat prime (see Conjecture 38). The results of Sections 13 and 14
discussed above largely generalise the parity results [27, Cor. A’, respectively Theorem B]
for subgroup numbers of Hecke groups, although our results are not independent, in the
sense that we base our analyses on prior results from [27].

Concluding the introduction, we remark that there is no principal obstacle to gen-
eralising our method to other basic series and moduli. For example, one may think of
analysing the behaviour of recursive sequences modulo powers of any prime p in terms
of the obvious generalisation of ®(z), i.e., the series Y _,2#". It is in fact not difficult
to see that our results from Sections 5 and 13 for Fu—~Catalan numbers characterised by
the functional equation (13.1) for their generating function have rather straightforward
analogues for Fufi—Catalan numbers whose generating function satisfies the functional
equation

27 (2) = f(z)+1=0. (1.4)
However we are not aware of any applications of this (or of variants) to congruence
properties of subgroup numbers modulo powers of primes p different from 2. In fact, the
known results (cf. [28] or [29, Theorem 3]) strongly point to the fact that the phenomena
that appear modulo primes different from 2 cannot be captured by series of the type
> n>0 27" So, currently, we do not know of interesting applications in this direction, but
we hope to be able to return to this circle of ideas in future publications.

Note. This paper is accompanied by several Mathematica files and a Mathematica note-
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book so that an interested reader is able to redo (most of) the computations that are pre-
sented in this article. Files and notebook are available at the article’s website
http://www.mat.univie.ac.at/~kratt/artikel/modlifts.html.

2 The 2-power series ¢(z)

Here we consider the formal power series ®(z) defined in (1.1). This series is the principal
character in the method for determining congruences of recursive sequences modulo 2-
powers, which we describe in Section 4. It is well known that this series is transcendental
over Z|z] (this follows for instance from the density argument used in the proof of Lemma 1
below). However, if the coefficients of ®(z) are considered modulo a 2-power 27, then ®(2)
obeys a polynomial relation with coefficients that are polynomials in z. The focus of this
section is on what may be said concerning such polynomial relations, and, in particular,
about those of minimal length.

Here and in the sequel, given power series (or Laurent series) f(z) and g(z), we write
f(2) = g(z) modulo 27

to mean that the coefficients of 2* in f(z) and g(z) agree modulo 27 for all 7.

We say that a polynomial A(z,t) in z and t is minimal for the modulus 27, if it is
monic (as a polynomial in ), has integral coefficients, satisfies A(z, ®(2)) = 0 modulo 27,
and there is no monic polynomial B(z,t) with integral coefficients of ¢-degree less than
that of A(z,t) with B(z, ®(z)) = 0 modulo 2. (Minimal polynomials are not unique; see
Remark 3.) Furthermore, we let ve(a) denote the 2-adic valuation of the integer «, that
is, the maximal exponent e such that 2¢ divides a.

The lemma below provides a lower bound for the degree of a polynomial that is minimal
for the modulus 27.

Lemma 1. If A(z,t) is minimal for the modulus 27, then the degree d of A(z,t) in t
satisfies vy(d!) > 7. In particular, the series ®(z) is transcendental over Z|z].

Proof. We introduce the following density function with respect to a given modulus 27
for a power series f(z) in z:

D(f,2"%n) :=|{e: 2" <e<2"and (z°) f(z) # 0 modulo 27}|, n=12...,

(2.1)

where (z¢) f(z) denotes the coefficient of 2¢ in f(z). Setting
En(z):= Y~ e (2.2)

1> >, >0
simple counting yields that
-1 1

D(E,,,2";n) = (:1 B 1) ~ mnm_17 as n — oo. (2.3)
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(The modulus 27 does not play a role here.) Furthermore, by considering the binary
representations of possible exponents e such that the coefficient of z¢ in ®™(z) does not

vanish, we have
D(®™,2%;n) =0 (n™71), as n — 00. (2.4)

Indeed, by direct expansion, we see that
O™ (2) = m! Ep(2) + R (2), (2.5)

where all monomials z¢ which appear with non-vanishing coefficient in R,,(z) have a binary
expansion with at most m — 1 digits 1. Consequently, again by elementary counting, we

have . ) .
n— n— n—
D(R,,,2";n) < e ,

and hence D(R,,,27;n) = O(n™ %) as n — oo.

Let us, by way of contradiction, suppose that the degree d of A(z,t) satisfies vo(d!) < 7.
Considering (2.5) with m = d, we see that E4(z) appears in ®¢(z) with a non-zero
coefficient modulo 27. Furthermore, the other terms in ®(z) (denoted by Ry4(z) in (2.5))
have a density function modulo 27 which is asymptotically strictly smaller than the density
function of E,(z). Consequently, if we remember (2.3), we have

d!

d 97. ~
D(®%,27;n) (d—l)!n

=1 — gpd-1, as n — 00.

Moreover, by (2.4), all powers ®™(z) with m < d have a density function modulo 27 which
is asymptotically strictly smaller than n?~'. Altogether, it is impossible that a linear
combination of powers ®"(d), m = 0,1,...,d, with coefficients that are polynomials in
z sums up to zero modulo 27, a contradiction to our assumption that d is the degree of
a minimal polynomial A(z,t). The particular statement is an immediate consequence of
the inequality just proven. O]

Proposition 2. Minimal polynomials for the moduli 2,4, 8,16, 32,64, 128 are

2+t +z modulo 2,
(2 4+t +2)? modulo 4,
th+ 6t + (22 + 3)t* + (22 + 6)t + 22 + 527 modulo 8,
(#* +t+2)(t" + 66> + (22 + 3)t* + (22 + 6)t + 22 + 527) modulo 16,
(t* 4+ 6t° + (22 + 3)t2 + (22 + 6)t + 2z + 52%)? modulo 32,
(t* + 61> + (22 + 3)t* 4 (22 + 6)t + 22 + 522)? modulo 64,

t% +124¢" + t°(68z + 18) + t°(1242 + 24) + t* (622 + 642 + 81)
+ 1% (202° + 76z + 28) + ¢* (1162° + 1142 + 122 + 92)
+ ¢ (1162° + 282* + 82 4+ 16) + 92* + 1242° + 122> + 1122 modulo 128.
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Proof. In order to be consistent with Section 3, let us change notation and write
Hl,l ,,,,, 1(2’) = Z Z2”1+2”2+...+2nm
N> >N, >0

(with m occurrences of 1 in Hy 3 1(z)). Note that the above series is identical with the
series which we earlier denoted by F,,(z). Straightforward calculations yield that

D*(2) = ®(2) + 2H1,4(2) — 2, (2.6)
=—2) ¥ 4 3(1— 2)®(2) + 6Hy(2) + 6Hy 1, (2) — 32, (2.7)
n>0
Ha)y=—12) 2% =g Y PR g N 2N (13 - 182)®(2)
n>0 ni>ng2 >0 ni>ng2 >0

+ (30 — 122)Hy 1 (2) + 36 Hy11(2) + 24H, 111(2) +52° — 132, (2.8)

In particular, relation (2.6), together with Lemma 1, immediately implies the claims
about minimal polynomials for the moduli 2 and 4. Moreover, a simple computation
using (2.6)—(2.8) shows that

PY(2) + 6®%(2) + (22 + 3)®%(2) + (22 + 6)®(2) + 22+ 52° =0 modulo 8. (2.9)

Together with Lemma 1, this establishes the claims about minimal polynomials for the
moduli 8, 16, 32, and 64. In order to prove the claim for the modulus 128, one uses the
expressions for ®(z), i = 2,3,...,8, given above and in Appendix A. ]

Remark 3. Minimal polynomials are highly non-unique: for example, the polynomial
(#+t+2)° +2(2 +t+2)

is obviously also a minimal polynomial for the modulus 4.

Based on the observations in Proposition 2 and Lemma 1, we propose the following
conjecture.

Conjecture 4. The degree of a minimal polynomial for the modulus 27, v > 1, is the
least d such that vy(d!) > 7.

Remark 5. (1) Given the binary expansion of d, say
d=do+di-2+dy-4+--+d-2", 0<v <1,
by the well-known formula of Legendre [21, p. 10|, we have
e.9] d oo T i (o9} T i
i) =3 M = {Z 02 J -y Y

=1 (=1 Li=0 (=1 i=¢
r

:ZZMM Zd P 1) =d—s(d), (2.10)

i=1
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where s(d) denotes the sum of digits of d in its binary expansion. Consequently, an
equivalent way of phrasing Conjecture 4 is to say that the degree of a minimal polynomial
for the modulus 27 is the least d with d — s(d) > 7.

(2) We claim that, in order to establish Conjecture 4, it suffices to prove the conjecture
fory=2°—1,6=1,2,.... If we take into account Lemma 1 plus the above remark, this
means that it is sufficient to prove that, for each § > 1, there is a polynomial As(z,t) of
degree 2% such that

As(z,®(2)) =0 modulo 22, (2.11)

For, arguing by induction, let us suppose that we have already constructed A;(z,t),
Ay(z,t), ..., An(z,t) satisfying (2.11). Let

a=a1-2+ay- 44+ F+a,-2" 0o <1,

be the binary expansion of the even positive integer . In this situation, we have

m m

HAgté(Z, (I)(Z)) — 0 modulo H2a5(25,1) — H2a5(2571) — ga—s(a) (2.12>
6=1 6=1 6=0

On the other hand, the degree of the left-hand side of (2.12) as a polynomial in ®(z) is
S a2’ = a.

Let us put these observations together. In view of (2.10), Lemma 1 says that the degree
of a minimal polynomial for the modulus 27 cannot be smaller than the least integer, d)
say, for which d) — s(d®)) > ~. (We remark that d") must be automatically even.) If
we take into account that the quantity o — s(«), as a function in «, is weakly monotone
increasing in a, then (2.12) tells us that, as long as d?) < 24+ 44 ... +2m = 2m+l _ 9
we have found a monic polynomial of degree d), B,(z,t) say, for which B, (2, ®(z)) = 0
modulo 27, namely the left-hand side of (2.12) with a replaced by d, to wit

L)
By(zt) = [[ 45 (2.1,
6=1

where d) = dg”) <24 dé”) A4+ dY 2™ s the binary expansion of d). Hence, it
must necessarily be a minimal polynomial for the modulus 2”.

Since (2™ —2) —s(2m+1 —2) = 2T —2—m_ we have thus found minimal polynomials
for all moduli 27 with v < 2™+ —m — 2. Now we should note that the quantity o — s(«)
makes a jump from 2™ —m—2 to 2™ —1 when we move from o = 2™ —2 to o = 2m*!
(the reader should recall that it suffices to consider even «). If we take A2 (z,t), which
has degree 2 - 2™ = 2™! then, by (2.11), we also have a minimal polynomial for the
modulus (22m_1)2 = 922"""=2 4nd, in view of the preceding remark, as well for all moduli
27 with v between 2"t —m — 1 and 2™+ — 2.

So, indeed, the first modulus for which we do not have a minimal polynomial is the
modulus 22" =1, This is the role which A,,41(z,¢) (see (2.11) with m + 1 in place of §)
would have to play.
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The arguments above show at the same time that, supposing that we have already
constructed A;(z,t), As(2,1),..., An(z,t), the polynomial A% (z,t) is a very close “ap-
proximation” to the polynomial A, 1(z,t) that we are actually looking for next, which is
only “off” by a factor of 2. In practice, one can recursively compute polynomials As(z,t)
satisfying (2.11) by following the procedure outlined in the next-to-last paragraph before
Lemma 6 in the next section. It is these computations (part of which are reported in
Proposition 2) which have led us to believe in the truth of Conjecture 4.

3 Coefficient extraction from powers of ¢(z2)

In the next section we are going to describe a method for expressing formal power series
satisfying certain differential equations, after the coefficients of the series have been re-
duced modulo 2*, as polynomials in the 2-power series ®(z) (which has been discussed
in the previous section; for the definition see (1.1)), the coefficients being Laurent poly-
nomials in z. Such a method would be without value if we could not, at the same time,
provide a procedure for extracting coefficients from powers of ®(z). The description of
such a procedure is the topic of this section.

Clearly, a brute force expansion of a power ®%(z), where K is a given positive integer,

yields
K

K|
Ky !
R (z) =) ———Hara0,0,(2), (3.1)
a1! a2! s CLT!
r=1 ai,..,ar>1
a1+-+ar=K
where
— 271 4922 4. +q,. 27T
Ha, ay,...0,(2) = > FHusTe A
ni>ng>-->n.>0
The expansion (3.1) is not (yet) suited for our purpose, since, when ay,as,...,a, vary

over all possible choices such that their sum is K, the series Hg, 4,...q,(2) are not linearly
independent over the ring Z[z, 27!] of Laurent polynomials in z over the integers', and,
second, coefficient extraction from a series Hg, a,...4,(2) can be a hairy task if some of the
a;’s are even.

However, we shall show (see Corollary 7) that, if we restrict to odd a;’s, then the
corresponding series Hg, 4,...q,(%), together with the (trivial) series 1, are linearly in-
dependent over Z[z,27'], and there is an efficient algorithm to express all other series
Hy, by, ».(2), where we do not make any restriction on the b;’s, as a linear combination
over Z[z,z7!] of 1 and the former series (see Lemma 9). Since coefficient extraction from
a series Hy, 4, 4. (%) with all a;’s odd is straightforward (see Remark 8), this solves the
problem of coefficient extraction from powers of ®(z).

As a side result, the procedure which we described in the previous paragraph, and
which will be substantiated below, provides all the means for determining minimal poly-
nomials in the sense of Section 2: as explained in Item (2) of Remark 5 at the end of that

!The same is true for an arbitrary ring in place of the ring Z of integers.
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section, it suffices to find a minimal polynomial for the modulus 226*1, 0=1,2,.... For
doing this, we would take a minimal polynomial As_1(z, ) for the modulus 22"'~1 oxpand
the square A2 (z,t), and replace each coefficient ¢, g of a monomial 2°t% in A2 |(z,t)
by cap + 225*2%(75, where z, 4 is a variable, thereby obtaining a modified polynomial,
Bs_1(z,t) say. Now we would substitute ®(z) for ¢, so that we obtain Bs_1(z, ®(2)).
Here, we express powers of ®(z) in terms of the series Hg, 4,...q,(2) with all a;’s being
odd, and collect terms. By reading the coefficients of 27Hg, 4, 4.(2) in this expansion
of Bs_1(z, ®(z)) and equating them to zero modulo 2% !, we produce a system of linear
equations modulo 22°=1 in the unknowns Zo3. By the definition of As_(z,t), after di-
vision by 226*2, this system reduces to a system modulo 2, that is, to a linear system of
equations over the field with two elements. A priori, this system need not have a solution,
but experience seems to indicate that it always does; see Conjecture 4.

We start with an auxiliary result pertaining to the uniqueness of representations of
integers as sums of powers of 2 with multiplicities, tailor-made for application to the series

Ha1,a2,---,ar(z)~

Lemma 6. Let d,r, s be positive integers with r > s, ¢ an integer with |c| < d, and let
ai,Qs, . ..,a, respectively by, ba, ... by be two sequences of odd integers, with 1 < a; < d
for1<i<r,and1<b; <d forl1<i<s. If

a122rd + a222(r—1)d 4t ar22d — b12n1 + b22n2 + o4 bSQnS +c (3.2)

for integers ni,ng, ... ,ng with ny >ng > --- >ng >0, thenr =s,c =0, a; = b;, and
n; =2d(r+1—1) fori=1,2,...,r.

Proof. We use induction on 7.
First, let = 1. Then s = 1 as well, and (3.2) becomes

a122d = b12n1 + c. (33)

If ny > 2d, then the above equation, together with the assumption that a; is odd, implies

22d 22d+1

= c¢ modulo
However, by assumption, we have |¢| < d < 22¢) which is absurd.

If d < ny < 2d, then it follows from (3.3) that ¢ must be divisible by 2". Again by
assumption, we have |¢| < d < 2¢ < 2™ so that ¢ = 0. But then (3.3) cannot be satisfied
since b; is assumed to be odd.

If 0 < ny; <d, then we estimate

bi2" +c<d(2+1) < (29 -1)(27+ 1) < 2>,

which is again a contradiction to (3.3).

The only remaining possibility is n; = 2d. If this is substituted in (3.3) and the
resulting equation is combined with |¢| < d < 224, then the conclusion is that the equation
can only be satisfied if ¢ = 0 and a; = by, in accordance with the assertion of the lemma.

THE ELECTRONIC JOURNAL OF COMBINATORICS 18(2) (2012), #P37 11



We now perform the induction step. We assume that the assertion of the lemma is
established for all » < R, and we want to show that this implies its validity for » = R.
Let ¢ be maximal such that n; > 2d. Then reduction of (3.2) modulo 22¢ yields

bt+12nt+1 + bt+22nt+2 +- b82ns +c=0 modulo 22d. (34)

Let us write b-22¢ for the left-hand side in (3.4). Then, by dividing (3.2) (with R instead
of ) by 224 we obtain

@, 220V 4 22D 220 = 52T 2 P 02" 2 b —ag. (3.5)
We have
0<b< 2—2dd (22d71 + 92d—2 RS 92d—s-+t + 1)
< 9—2d (22d _ Q2d—stt | 1) <d.

Consequently, we also have |b — ag| < d. This means that we are in a position to apply
the induction hypothesis to (3.5). The conclusion is that t = R — 1, b —ar =0, a; = b,
and n; = 2d(R+1—1i) fori=1,2,..., R— 1. If this is used in (3.2) with » = R, then we
obtain
ap2?® = ¢
or
a322d = bR2nR + C,

depending on whether s = R — 1 or s = R. The first case is absurd since ¢ < d < 22¢ <
ar2?@. On the other hand, the second case has already been considered in (3.3), and we
have seen there that it follows that ¢ = 0, agr = bgr, and nr = 2d.

This completes the proof of the lemma. n

The announced independence of the series Hy, a,...q,(2) with all a;’s odd is now an
easy consequence.

Corollary 7. The series Hy, 4y, a.(2), with all a;’s odd, together with the series 1 are
linearly independent over (Z/27)[z, 2], and consequently as well over (Z/2'7Z)[z,z7"]
for an arbitrary positive integer v, and over Z[z, z7].

Proof. Let us suppose that

N
po(2) + 2pz’(Z)Hagn’a(;)’m’ag) (z) =0, (3.6)

where the p;(z)’s are non-zero Laurent polynomials in z over Z/27 (respectively over
Z /277 or over Z), the r;’s are positive integers, and ag-i), j=12,....r,1=1,2,...,N,
are odd integers. We may also assume that the tuples (agi), agi), . ,a%)), 1=1,2,...,N,
are pairwise distinct. Choose iy such that r;, is maximal among the 7;’'s. Without loss
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of generality, we may assume that the coefficient of 2° in p;,(2) is non-zero (otherwise we
could multiply both sides of (3.6) by an appropriate power of z). Let d be the maximum of

all agi)’s and the absolute values of exponents of z appearing in monomials with non-zero
coefficient in the Laurent polynomials p;(z), i = 0,1,..., N. Then, according to Lemma 6
(o)

with 7 =1, a; = a;", j =1,2,...,1;, the coeflicient of

Zagio)22rd+agi0)22(r—1)d+m+a£i0)22d

is 1in H o) 6o (z), while it is zero in series 2°H o) (o) (z), where e is a non-
1 2 o 1 3o e

..,aS’ﬂO)

20
._7a£‘i_)(2), 1= 1, c. ,ig — 1,i0 +
1,..., N, where e is a (not necessarily non-zero) integer with |e| < d. This contradiction
to (3.6) establishes the assertion of the corollary. O

(i0)
g

zero integer with |e| < d, and in all other series 2°H o) o)
1 %2

Remark 8. Coefficient extraction from a series Hy, 4, o.(2) with all a;’s odd is straight-
forward: if we want to know whether z™ appears in H,, 4, 4, (2), that is, whether we
can represent M as

M = a12™ + ax2™ + -+ 4,2

for some ny,ng,...,n, with ny > ng > .-+ > n, > 0, then necessarily n, = vy(M),
ny_1 = va(M — a,2™), etc. The term 2™ appears in Hy, a,..4.(2) if, and only if, the
above process terminates after ezactly r steps. This means, that, with n,,n,_,...,n
constructed as above, we have

M — (as2™ + -+ a,_12" ' 4+ a,2") >0
for s > 1, and
M — (&12”1 + -+ ar,12"’“‘1 + GTQnT) = 0.

It should be noted that, given ay, as, . .., a,, this procedure of coefficient extraction needs
at most O(log M) operations, that is, its computational complexity is linear.

Our next goal is to show that a series Hy, 5,,..5,(2) can be expressed as a linear com-
bination over Z[z, z7!] of the series 1 and the series Hy, 4, a,(2), where all a;’s are odd.
In doing this, we are forced to consider the more general series

B1,82,...,8s R b12"1 +-bo2M™2 4.+ b 2Ms
Hbl,bg,...,bs (2) = E z )
n1+p1>n2+B2>-->ns+Hs>0
where, as before, by, bs, ..., by are positive integers, and [y, 5, ..., B, are integers.
Lemma 9. For positive integers by, bo,...,bs and integers (i, [Pa,...,[Bs, the series

H,;Bl 1,})52 zb'f *(2) can be expressed as a linear combination over Z[2'/*°] (for a suitable integer

e) of the series 1 and series of the form Hg, a,....a,(2), where all a;’s are odd. Moreover,
in the above expansion of the series Hy, p, . p.(2) = Hl?l’ b20 ».(2) we have e = 0; that is,

in that case all coefficients are in 7Z[z].
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Proof. We describe an algorithmic procedure for expressing H, B1,82,-.-1Bs (z) in terms of series

bl:b27~"7bs
YL Y2oeenr W ' —
Hy1o2-0(2), where either r < s, or 7 = s and

max{i : a; is even or 7; # 0} < max{i : b; is even or f; # 0}.

In words, in the second case the length of the string of consecutive 0’s at the tail of the
upper parameters respectively the length of the string of consecutive odd numbers at the
tail of the lower parameters has been increased.

Our algorithmic procedure consists of four recurrence relations, (3.7)—(3.10) below.
For the first two of these, let b, = b.2%, where es = v9(bs). By definition, the number ¥/,
is odd. Then we have

Hy' 230 (2)

— 2 : Zb12”1 +b22”2+-~~+bs_12”5*1+b’52"8+es'

n1+p1—Bs+es>>ns_1+Bs—1—Bs+es>ns+es>—PBs+es

In the above sum on the right-hand side, let n!, = ny + e5 be a new summation index.
Then, for e, < 5, one sees that

B1,82,...,8s _ B1—PBs+es,fa—PBs+es,...,Bs—1—Bs+es,0
Hy ', (2) = Hbl,bg,...,bs,hbg (2)

Bs—es
b.2=k rrp1—Bs+est+k—1,82—Ps+es+k—1,....8:—1—Pstes+k—1
+ Z z Hb1,b2,...,b571 (Z) (37)
k=1

On the other hand, for e, > 3, one has

Hﬁlvﬁ%---vﬁs(z) _ H/Bl*ﬁs+35»62*ﬁs+es7~~~:53—1*/BS+€570(2)

b1,b2,...,bs T 7by,bo,.bs—1,b
es—Bs—1
_ Z Zb'SQkHl,il’;fsfbess:lk*17,32*ﬂs+es*kflw-q/ﬁs—l*/3’s+es*k*1(2,)‘ (38)
k=0
Now consider
i (),
where 1 < h < s and all of b,,1,...,bs are odd. Similar to the proceedings above, let

by, = },2°, where e;, = v(by,). Again, by definition, the number ¥} is odd. Then we have

H,Bl,...,,Bh,O,...,O (Z)

b1,--,0h5bp 41,0050

- Z zbl?nl+~~-+bh—12nh_1+b/h2nh+eh+bh+12nh+1 b 2Ms

n1+P1—Bptep>>np_1+Br_1—Brnten>nptep
np+Bp>np41 > >ns>0
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In the above sum on the right-hand side, let n) = nj, + e, be a new summation index.
Then, for e, < (3, one sees that

B1,-.-,81,0,...,0 B1—Br+en,-,Pn—1—Br+en,0,0,...,0
Hy o ) = 1y e (2)

Brn—en—1

—Br+entk,....B8n—1—Bnten+k,k,0,...,.0
+ Z bl, b b b1 4125 b2 (2). (3.9)

On the other hand, for e, > [, one has

Hﬁhmﬁh,O,m,O (Z) _ H/Bl_ﬂh‘f'eha---76h—1_/3h+5h70107---70(Z)

blv"'vbhvbh+17"'7b5 b17~"7bh717b;,(7bh+1""»bS

en—PBn

B Z —Bnten—k,....0n—1—Bnten— kO,O,.‘.,O(Z)_ (310)

b17 ’bh 17b/2 +bh+1vbh+27 7b

It is clear that, if we recursively apply (3.7)—(3.10) to a given series Hbﬁlf;’ J’)ﬁs( ), and

use H 0( ) = 1 as an initial condition, we will eventually arrive at a linear combination of

1 and series H)%0 (2) = Hq, ay,..q,(2) With all a;’s being odd, where the coefficients

are polynomials in zl/ 2 for a suitable e. (Potential fractional exponents come from the
relation (3.7).) This proves the first assertion of the lemma.

Now let us consider the case where all the ;’s are zero. Suppose that we have an
expansion as described in the first part of the lemma for Hy, 4, 5.(2),

Hy, oot Zc @ [, (2), (3.11)

where the sum is taken over all finite tuples a = (ay, as,...) with all a;’s being odd, and
where only finitely many coefficients c¢(a) are non-zero. We also allow the tuple a to be
the empty tuple () and make the convention that H()(z) = 1, so that the series 1 is as
well included in the linear combination on the right-hand side of (3.11).

Let us now consider exponents e(a) that are not integral. Let € be a real number
strictly between 0 and 1, and concentrate on exponents e(a) with fractional part €; in
symbols {e(a)} = e. Then we isolate these exponents e(a) in the relation (3.11), and
since there are no fractional exponents on the left-hand side, we obtain

0= Z c(a)z® Hy(2).
{e(a)}=ec
After dividing both sides through by z¢, an application of Corollary 7 shows that c¢(a) = 0

for all a with {e(a)} = e. Thus, all exponents e(a) actually occurring in (3.11) with
non-zero coefficients c(a) are in fact integral. This completes the proof of the lemma. [

Computer computations suggest that, if we restrict our attention to the series
Hy, by, b, (2), which are the ones that we are actually interested in, there is a strengthening
of Lemma 9 (see also Appendix A).
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Conjecture 10. For any positive integers by, ba, ..., bs, the series Hy, p, 5. (2) can be
expressed as a linear combination over Z[z,z'] of the series 1 and series of the form
He, a0 (2), where all a;’s are odd, v < s, and a; +as + - -+ a, < by +by+---+bs.

To conclude this section, let us provide an illustration of the above discussion. We
set ourselves the task of determining the coefficient of 2099911640192 ip ®5(2). In order
to accomplish this task, we first express ®°(z) in terms of series H,, () with all a;s
being odd. This is done by means of the expansion (3.1) and the algorithm described in
the proof of Lemma 9. The resulting expansion is displayed in Appendix A.

Now we have to answer the question, in which of the series H,, . (z) that appear
in this expansion of ®°(z) do we find the monomial 2109951640192 " [Jsing the algorithm
described in Remark 8, we see that

1099511640192 = 5 - 27 4+ 1099511639552,

=3-218 422 4 27 1 1099511611392,

=210 1 3.212 4 97

= 2%+ 2% 4+ 327 4+ 1099511639040,

=32 427 + 1099511627776,

= 2%+ 3-27 + 1099511639552,

_ %0 4 913 | 912 | oT

=14 3-2° 4+ 1099511640188,

=327 + 1099511639808,

=1+2%+2" +2° 4 1099511640184,

= 2" 4+ 22 4 27 + 1099511627776,

=1+2"+ 2%+ 1099511640188,

=22 4+ 27 + 1099511635968,

=2+ 2" 4+ 1099511640188,

=1+ 2"+ 1099511640190,

=27 4 1099511640064
Here, the third line shows that 209951640192 anpears in Hy 31(2), and the seventh line shows
that it appears in H; 1 11(%) (thereby making it impossible to appear in Hy ;11.1(2)), while
the remaining lines show that it does not appear in any other term in the expansion of
®5(2) displayed in Appendix A. Hence, by taking into account the coefficients with which

the series Hy31(z) and Hy;11(2) appear in this expansion, the coefficient of z!099511640192
in ®°(z) is seen to equal —40 + 240 = 200.

4 The method

We consider a (formal) differential equation

P(z; F(2), F'(2), F"(2),...,F¥(2)) =0, (4.1)
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where P is a polynomial with integer coefficients, which has a power series solution F'(z)
with integer coefficients. In this situation, we propose the following algorithmic approach
to determining the series F(z) modulo a 2-power 232°, for some positive integer . We

make the Ansatz
20+2_1

F(z) = Y a;(2)®(z) modulo 2**", (4.2)
i=0
with ®(z) as given in (1.1), and where the a;(z)’s are (at this point) undetermined Laurent
polynomials in z. Now we substitute (4.2) into (4.1), and we shall gradually determine
approximations a; s(2) to a;(z) such that (4.1) holds modulo 2°, for 8 = 1,2,...,3-2°.
To start the procedure, we consider the differential equation (4.1) modulo 2, with
20+2_1
F(z) = Z a;i1(2)®"(2) modulo 2. (4.3)
i=0
Using the elementary fact that ®'(z) = 1 modulo 2, we see that the left-hand side of
(4.1) is a polynomial in ®(z) with coefficients that are Laurent polynomials in z. We
reduce powers ®*(z) with k > 2°*2 using the relation (which is implied by the minimal
polynomial for the modulus 8 given in Proposition 2) 2

(D4(2) + 60%(2) + (22 + 3)D2(2) + (22 + 6)B(2) + 22 + 52%)° =0 modulo 2", (4.4)

Since, at this point, we are only interested in finding a solution to (4.1) modulo 2, the
above relation simplifies to

O (2) + ¥ (2) + 27 =0 modulo 2. (4.5)
Now we compare coefficients of powers ®*(z), k = 0,1,...,2°%2 — 1 (see Remark 11).
This yields a system of 2972 (differential) equations (modulo 2) for the unknown Laurent
polynomials a;1(z), i = 0,1,...,2%"™ — 1, which may or may not have a solution.
Provided we have already found Laurent polynomials a; s(2), i = 0,1,...,2%72 — 1,
for some g with 1 < < 3-2% — 1, such that
2021
> aip(2)®'(2) (4.6)
i=0

2 Actually, if we would like to obtain an optimal result, we should use the relation implied by a minimal
polynomial for the modulus 232” in the sense of Section 2. But since we have no general formula available
for such a minimal polynomial (cf. Item (2) of Remark 5 in that section), and since we wish to prove
results for arbitrary moduli, choosing instead powers of a minimal polynomial for the modulus 8 is the
best compromise. In principle, it may happen that there exists a polynomial in ®(z) with coefficients
that are Laurent polynomials in z, which is identical with F'(z) after reduction of its coefficients modulo
232" but the Ansatz (4.2) combined with the reduction (4.4) fails because it is too restrictive. We are
not aware of a concrete example where this obstruction occurs. The subgroup numbers of SLy(Z) (which
we treat modulo 8 in Section 11 by the method described here, and modulo 16 by an enhancement of
the method outlined in Appendix D) are a potential candidate when considered modulo 232% for a > 1.
On the other hand, once we are successful using this (potentially problematic) Ansatz, then the result
can easily be converted into an optimal one by further reducing the polynomial thus obtained, using the
relation implied by a minimal polynomial for the modulus 23,
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solves (4.1) modulo 2°, we put
aip1(2) = a;p(2) + 2%bi541(2), i=0,1,...,2°72 —1, (4.7)

where the b; 5.1(2)’s are (at this point) undetermined Laurent polynomials in z. Next we

substitute
2021

St (2)9(2) (45)
i=0
instead of F(z) in (4.1). Using the fact that @'(z) = 327_ 2"22"~! modulo 2°*!, we
expand the left-hand side as a polynomial in ®(z) (with coefficients being Laurent poly-
nomials in z), we apply again the reduction using relation (4.4), we compare coefficients

of powers ®*(2), k =0,1,...,2°"2 —1 (again, see Remark 11), and, as a result, we obtain
a system of 2°*2 (differential) equations (modulo 2°+1) for the unknown Laurent poly-
nomials b; 51(2), ¢ = 0,1,...,2*" — 1, which may or may not have a solution. If we

manage to push this procedure through until § = 3-2% —1, then, setting a;(2) = a; 3.2« (2),
i=0,1,...,2°"2 — 1 the right-hand side of (4.2) is a solution to (4.1) modulo 232" as
required.

Remark 11. As the reader will have noticed, each comparison of coefficients of powers of
®(z) is based on the “hope” that, if a polynomial in ®(z) is zero modulo a 2-power 2° (as
a formal Laurent series), then already all coefficients of powers of ®(z) in this polynomial
vanish modulo 2°. However, this implication is false in general (see Lemma 39 below for
the case of modulus 2% = 16). It may thus happen that the method described in this
section fails to find a solution modulo 27 to a given differential equation in the form of a
polynomial in ®(z) with coefficients that are Laurent polynomials in z over the integers,
while such a solution does in fact exist. As a matter of fact, this situation occurs in the
analysis modulo 16 of the subgroup numbers of SLy(Z), see Theorem 28. In Appendix D,
we outline an enhancement of the method, which (at least in principle; Appendix D treats
only the case of the modulus 16 explicitly) allows us to decide whether or not a solution
modulo a given power in terms of a polynomial in ®(z) with coefficients that are Laurent
polynomials in z over the integers exists, and, if so, to explicitly find such a solution.

It is not difficult to see that performing the iterative step (4.7) amounts to solving
a system of linear differential equations in the unknown functions b; g41(2) modulo 2,
where all of them are Laurent polynomials in z, and where only first derivatives of the
b; s+1(z)’s occur. Solving such a system is equivalent to solving an ordinary system of
linear equations, as is shown by the lemma below.

Given a Laurent polynomial p(z) over the integers, we write p{®(z) for the odd part
1(p(2) — p(—=2)) and p(?)(z) for the even part (p(z) + p(—=2)) of p(z), respectively.

Lemma 12. Let ¢; j(2) and d; j(2), 1 <i,5 < N, and r;(2), 1 <i < N, be given Laurent
polynomials in z with integer coefficients. Then the system of differential equations

N N

S () fi(2) > dij(2)fi(z) =ri(2) modulo2,  1<i<N, (4.9)

j=1 7j=1
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has solutions f;j(z), 1 < j < N, that are Laurent polynomials in z over the integers if,
and only if, the system of linear equations

N
A + D ) () = i) modulo 2

e (2) 1 +Z L (2) 1P (2) = r1?(2)  modulo 2,

1<i<N,
(4.10)

has a solution in Laurent polynomials f}l)(z), fj@)(z) in z over the integers for 1 < j < N.
Proof. We write f;(z) = f](e)(z) + f;o)(z), and observe that
fi(z) = z_lfjgo)(z) modulo 2

If this is used in (4.9), and if we separate the even and odd parts on both sides of the
equations, then (4.10) with f;l)(z) = f;e)( ) and f ( ) = f(o)( ), j=1,2,..., N, results
after little manipulation.

Conversely, suppose that gj(»l)(z), g(?)

i'(2), 7 =1,2,...,N, is a solution to the system
(4.10), that is,

N N
S0 + e +Z =Y (2)gP(2) = (=) modulo 2
j=1 J=1
N N
PICHON O SO +Zz”dw 7(2) =ri7(z) modulo 2,
j=1 J=1
1<i<N.

(4.11)

At this point, the g M) ( )’s need not be even Laurent polynomials, and the g ( )’s need not
be odd Laurent polynomials. We have to prove that there exists a solution f ( ) ( )

j=1,2,..., N, such that all fj ( )’s are even Laurent polynomials and all fj ( ) s are
odd Laurent polynomials.
By separating even and odd parts of the gk ( )’s and the gj(?)(z)’s, we obtain the
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equations

N N

PIEHOICRORDBEHOIU +Zz 40 (2)(0") () =7 (2)

=1 =1

modulo 2, (4.12)
N N
e 1 o o 2 € —
S AV @) ) + Dl () (g5 +Zz ) (2)(g5) 9 (2) = 0
j=1 =1

modulo 2,

N N
PIEHOIG M ORDBLHOL +Z RAOURRORIND

=1

<
I
—

<.

modulo 2, (4.13)

N N N

o )\ (o e e - o 2)\ (e
> )0 O2) + 3 A () (g () + ) 7 (2)(98) O (z) = 0
.

=1

<
Il
—

.

modulo 2,
1 <3< N.

Combining (4.12) and (4.13), we see that (gj(l))(e)(z), (g](?))(o)(z), j=1,2...,N,isasolu-

tion to (4.10), and now the (gj(l))(e)(z)’s are indeed even polynomials while the (gj(?))(o)(z)’s
are indeed odd polynomials. Addition of both sides of (4.12) and (4.13) then yields that

f5(z) = ()= + (@) V(2), 1<j<N,

is a solution to (4.9) in Laurent polynomials in z over the integers. O

In general, it is difficult to characterise when the system (4.10) has a solution. What
one has to do is to solve the system over the field of rational functions in z over Z/2Z,
and then to see whether possibly occurring denominators cancel out or, in the case of a
parametric solution, whether denominators can be made to cancel by a suitable choice
of the parameters. Omne simple case, where a characterisation is possible, is given in
Lemma 22, which is crucial for the proof that the generating function for the number
of subgroups of index n of PSLy(7Z), when these are reduced modulo a given power of
2, can always be expressed as a polynomial in ®(z) with coefficients that are Laurent
polynomials in z.

We remark that the idea of the method that we have described in this section has
certainly further potential. For example, the fact that the series ®(z) remains invariant
under the substitution z — 22 (or, more generally, under the substitution z — zzh, where
h is some positive integer) — up to a simple additive correction — can be exploited
in order to extend the range of applicability of our method to equations where we not
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only allow differentiation but also this kind of substitution. This is actually already used
in a very hidden way in Section 14 (cf. [27, Theorem 12], setting in relation subgroup
numbers of the Hecke group $(¢) with subgroup numbers of C, % C; modulo 2; in terms
of generating functions, the meaning of this theorem is that the generating function for
the former numbers can be expressed in terms of the generating function for the latter
numbers by a relation which involves a substitution z — 2%). Furthermore, as we already
mentioned in the introduction, there is no obstacle to modifying the method presented
here to work for recursive sequences which are reduced modulo powers of p, in connection
with the series > 2", although at present we are not able to offer any interesting
applications in this direction.

5 A sample application: Catalan numbers

The Catalan numbers, defined by Cat,, = #1(2:), n = 0,1,..., are ubiquitous in enu-
merative combinatorics. (Stanley provides a list of 66 sequences of sets enumerated by
Catalan numbers in [32, Ex. 6.19], with many more in the addendum [33].) Recently,
there have been several papers on the congruence properties of Catalan numbers modulo
powers of 2, see [11, 22, 30, 38]. In particular, in [22] the Catalan numbers are determined
modulo 64. As we already mentioned in the introduction, the corresponding result (cf.
[22, Theorems 6.1-6.6]) can be compactly written in the form (1.2). Clearly, once we
know the right-hand side of (1.2), the validity of the congruence (1.2) can be routinely
verified by substituting the right-hand side into the well-known functional equation (cf.
36, (2.3.8)])

20%(2) = C(2)+1=0, (5.1)

where C(z) = > 7 Cat, 2" denotes the generating function for the Catalan numbers,
and reducing powers of ®(z) whose exponent exceeds 7 by means of the relation (4.4)
with @ = 1. We shall now demonstrate that the method from Section 4 allows one not
only to find the congruence (1.2) algorithmically, but also to find analogous congruences
modulo arbitrary powers of 2.3

Theorem 13. Let ®(z) = > ., 2%, and let a be some positive integer. Then the gen-
erating function C(z) for Catalan numbers, reduced modulo 2%, can be expressed as a
polynomial in ®(z) of degree at most 22 —1 with coefficients that are Laurent polynomials
i z over the integers.

Proof. We apply the method from Section 4. We start by substituting the Ansatz (4.3)

3In principle, one could use the generalisations of Lucas’ theorem due to Davis and Webb [8], and to
Granville [15], respectively, to analyse the classical expression ﬁ_l (2:) for the Catalan numbers modulo
a given 2-power, or, more generally, the right-hand side of (13.2). But this approach would be rather
cumbersome in comparison with our method, and it is doubtful that one would be able to derive results

which are of the same level of generality as Theorems 13, 14, or 33.
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in (5.1) and reducing the result modulo 2. In this way, we obtain

2a+2_1 2a+2_1

z Z 2)®%(2) + Z a;1(z )+1=0 modulo 2. (5.2)

We may reduce ®%'(z) further using the relation (4.5). This leads to

2044—171 2¢ -1
a+1 Z 1 7
2 30 (@) + 22 ek (2)) B (2) + 2 D g (972
=0
201 20421
st .

+z Z (a7 g0t11(2) + a7y 390 1(2)) PFF2 )+ Z a;1(2)®"(2)+1 =0 modulo 2.

i=0 1=0

(5.3)

Now we compare coefficients of ®(z), for i = 0,1,...,2°"2 — 1. For ¢ odd, we see

immediately that this implies that a;;(z) = 0 modulo 2. Proceeding inductively, we now
suppose that ags, 1(2) = 0 modulo 2 for odd u and some positive integer 3, f < «a.
Reading off coefficients of <I>23+1i, where 7 is odd, we then obtain

1 1
Zagﬁm(z) + 227 Hagﬁzwaﬂ 1(2) + 2 +1@§Bz+3 20 1(2)

+ za23i+2a71(z) + zagﬁi+2a+171(z) + ags+1;1(2) =0 modulo 2.

However, due to our inductive assumption, all squared terms on the left-hand side of this
congruence vanish, and we conclude that ags+1;1(2) = 0 modulo 2.

So far, we have found that all coefficient Laurent polynomials a; ;(z) vanish modulo 2
except possibly ag1(2) and age+1 1(2). The corresponding congruences that we obtain from
extracting coefficients of ®°(z) and ®2*" (z), respectively, in (5.3), are

zag 1 (2) + z2a+1+1a§a+171(2) +ap1(z) +1 =0 modulo 2, (5.4)

203011 1(2) + aga+11(2) =0 modulo 2. (5.5)

The only solutions to (5.5) are aga+11(2) = 0 modulo 2, respectively aga+1(z) = 27*

modulo 2. The first option is impossible, since it would imply that, modulo 2, the series
C(z) reduces to a polynomial; a contradiction to the well-known fact (easily derivable
from Legendre’s formula [21, p. 10] for the p-adic valuation of factorials; cf. (2.10)) that
the Catalan number Cat,, is odd if, and only if, n = 2¥ — 1 for some k. Thus,

agat11(2) = 27" modulo 2
Use of this result in (5.4) yields the congruence

gatl_jq

zag,l(z) +ap1(z) + = +1=0 modulo 2 (5.6)
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for ap1(z). We let

Qo1 (Z) = 60,1 (Z) + Z Z2k71
k=0
and substitute this in (5.6). Thereby, we get

253,1(2) + Z ANy aoa(2) + Z 242214 1=0 modulo 2,
k=0 k=0

or, after simplification,
zag1(2) +dp1(2) =0 modulo 2.

Again, either @g1(2) = 0 modulo 2, or @g1(2) = 2~ modulo 2. Here, the second option is

impossible, since it would imply that C'(z) contains a negative z-power, which is absurd.
In summary, we have found that

ap1(2) = 2*""1 modulo 2,

k=0

aga+11(2) = 271 modulo 2,

with all other a; ; (#) vanishing, forms the unique solution modulo 2 in Laurent polynomials
a;1(z) to the system of congruences resulting from (5.3).

After we have completed the “base step,” we now proceed with the iterative steps
described in Section 4. We consider the Ansatz (4.6)—(4.8), where the coefficients a; (=)

20421

are supposed to provide a solution Cg(z) = > . a; 5(2)®(2) to (5.1) modulo 2°. This
Ansatz, substituted in (5.1), produces the congruence

2021

2C3(z) — Cs(2) + 28 Z bigi1(2)®(2) +1=0 modulo 2°7,
i=0

By our assumption on Cj(z), we may divide by 2°. Comparison of powers of ®(z) then
yields a system of congruences of the form

bi,g+1(2) + Poli(2) =0 modulo 2, i=0,1,.... 202 _1,

where Pol;(z), i =0,1,...,2°" — 1, are certain Laurent polynomials with integer coeffi-
cients. This system being trivially uniquely solvable, we have proved that, for an arbitrary
positive integer «, the algorithm of Section 4 will produce a solution Cj.5a(2) to (5.1) mod-
ulo 23" which is a polynomial in ®(z) with coefficients that are Laurent polynomials in
z. O

For example, our computer program needs only about 30 seconds to come up with the
corresponding congruence modulo 232° = 4096.
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Theorem 14. Let ®(2) = Y, ., 2. Then we have

Z Cat,, 2" = 20482 + 30722 + 20482'2 + 35842 + 64020 + 22402 + 3228

n=0

+ 83227 + 24122° 4+ 10422° + 270221 + 532° + 222 + 2 + 1
+ (20482"% + 38402" + 21122° 4 211227 + 5522°
+31282° + 25122 4 40002° + 39042°) ®(2)
+ (20482" + 30722 4 15362'% + 115227 + 10242° + 400027 + 34402°

+37882" + 30962 + 34162" 4 236827 + 2882) ©*(2)

+ (20482 4 20482 + 23042° + 5122° + 275227 + 30722° + 7282°
+35282" + 10322° + 31682% + 34562z + 3904) ©°(2)

+ (20482"% + 30722" + 10242 + 204827 + 11522° + 172827 + 22722° + 24642°

48
434522 + 31542° + 21362% 4 38962 + 1600 + —) dt(2)
z
+ (20482 4 20482° + 17922° + 179227 + 10882° + 15362°
4 3 2 2272 5
+17042" 4 36482° + 328827 + 200z 4 3728 + —— | 9°(2)
¥4
+ (204821110242" + 15362° + 320027 4 28162° + 13122 + 38242*
) ¥
+ (20482" 4 230427 + 23042° + 3520z + 960z* + 24562
) o

+ (204820 + 10242” + 20482° + 51227 4 39682° + 10882° + 18882

2760
z

+14023 + 59222 + 3692z + 488 +

4024
z

4212822 + 29362 + 1784 +

339
+8322° + 14442% + 26462 + 3258 + —) P(2)
z
+ (20482° + 33282° + 15362° 4 3008z*
5 ) 3152\
+3202% + 216827 4 11442 + 3992 + —— | ®%(z)
z
+ (20482" 4 307227 + 5122° 4 14082° + 25602*
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2380

z

+34242% 4 340822 + 1316z + 3608 +

) @10(2,)
+ (204827 + 20482° 4 28162° + 3072z + 18562

3904
+26882% + 12882 + 3880 + —) P (z)

z
+ (20482° + 102427 4 30722° + 20482 + 14082*
3 2 398 12
+2624z° + 14402° + 2242 + 948 + — | &*“(2)
z

2384
+ (204826 +20482° + 33282% + 28162° + 198422 + 3842 + 2488 + —) P13 (2)
z

260
+ (204827 +10242° 4+ 5122* + 24322% + 179227 + 3040z + 336 + —) P (2)
z

2696
z

+ (2048,25 + 7682° + 2562° + 642 + 2752 + ) P (2)

modulo 4096. (5.7)

The reader is reminded that coefficient extraction from an expression such as the one
on the right-hand side of (5.7) is straightforward, via the algorithm described in Section 3
(see (3.1) and the proof of Lemma 9).

6 A non-example

Consider the equation
2F%2) = F(2)+1=0, (6.1)

which has a unique formal power series solution F'(z). We note that the coefficients in
the series are special instances of numbers that are now commonly known as Fuff—-Catalan
numbers, which have numerous combinatorial interpretations; cf. [2, pp. 59-60]. It was
shown in [27, Eq. (36)] that the coefficient of z* in the series F'(z) has the same parity as
the number of free subgroups of index 14 in the Hecke group $(7) = Cy * C.

If we try our method from Section 4, then already at the mod-2 level we fail: let
F(z) = a1(2)®(z) + ag(z) modulo 2, for some Laurent polynomials ay(z) and a;(z). Upon
substitution in (6.1) and simplification using (cf. Proposition 2)

®?(2) + ®(2) + 1 = 0 modulo 2,

we obtain
zad(2) + zag(2)a?(2) + ao(z) + zab(2) + 1

+ ®(2) (zag(z)aj(z) + zaf(z)ai(z) + a1(z)) =0 modulo 2.
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or, equivalently,

zad(2) + zag(2)ai(z) + zal(z) + ap(z) + 1 =0 modulo 2 (6.2)
zag(2)at(z) + zad(2)ai(z) + ay(z) =0 modulo 2. (6.3)

However, this congruence has no solution in Laurent polynomials ag(z) and a;(z). For, the
Laurent polynomials a$(z), ag(z)a?(z), af(z), all of them being squares, contain only even
powers of z when the coefficients are reduced modulo 2. Consequently, the term ay(z) + 1
on the left-hand side of (6.2) can only contain even powers (modulo 2). In particular,
ao(z) must contain the term 1. If we now suppose that ag(z) and/or a;(z) contain negative
powers of z, then we obtain a contradiction regardless whether the orders (the minimal
e such that z¢ appears in a Laurent polynomial) of a¢(z) and a;(z) are the same or not.
This implies that both ay(z) and a;(2) are actually polynomials in z, with ag(z) being of
the form ag(z) = 14 ag(2), where ay(z) is a polynomial without constant term. If we now
multiply both sides of (6.2) by a?(z) and both sides of (6.3) by a2(z), and subsequently

add the two congruences, then we obtain
za$(2) + ao(2)ai(z) + a3(2)ay(z) + a?(z) =0 modulo 2.
Dividing by a;(z) and replacing ag(z) by 1 + ao(z), we obtain the equivalent congruence
za](z) + ag(2)ai(z) +ax(z) + 1 =0 modulo 2.

This congruence has no solution since ag(z) has no constant term modulo 2.

In the next theorem, we reveal the deeper reason why our method must fail for F'(2).
Namely, it shows that exponents e of terms z¢ which survive in F'(z) after reduction of
its coefficients modulo 2 may have an arbitrary number of blocks of consecutive 1’s. In
contrast, a polynomial in ®(z) of degree d with coefficients that are Laurent polynomials
in z can only have terms 2¢, where e contains at most d blocks of consecutive 1’s, apart
from a right-most block of bounded length.*

Theorem 15. Let F(z) be the unique formal power series solution to the functional
equation (6.1). Then the coefficient of z™ in F(z) is odd if, and only if, the sequence
of binary digits of n is built by concatenating (in any order) blocks of 0011 and 01. In
particular, the number of free subgroups of index n in $H(7) = Cy x C7 is odd if, and only
if, the above condition holds.

Proof. By replacing F'(z) by 1+ G(z) in (6.1), we obtain
214 G(2)° = G(z) = 0,

or, equivalently,
G(2)
(14 G(2)"

4The length of this right-most block is in fact bounded by the maximal modulus of an exponent of z
occurring in a Laurent polynomial coefficient.
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so that G(z) is the compositional inverse of the series z/(1+2)°®. By the Lagrange inversion
formula (cf. [32, Theorem 5.4.2 with k£ = 1]), we obtain for n > 1 that

1 1+ z)on

(2" F(2) = () Gz) = = (1) |

n Al

1, .4 6 1/ 6n 1 6n +1
= — (2" 1 "= = .
n<z >( +2) n(n—l) 6n+1( n )

By the well-known theorem of Legendre [21, p. 10] (cf. (2.10)), we see that the coefficient
of 2" in F'(z) is odd if, and only if,

s(bn+1) —s(d5n+1) —s(n) =0, (6.4)

where, as in Section 2, s(m) denotes the binary digit sum of m. Another way to phrase
(6.4) is to say that, whenever we find a 1 in the binary expansion of n, then there must
also be a 1 in the binary expansion of 6n + 1 at the same digit place.

We are now ready to establish the claim of the theorem. In view of the above con-
siderations, it suffices to show that the condition on n in the statement of the theorem is
equivalent to (6.4).

Let n be a positive integer with the property that its binary expansion is formed by
concatenating blocks of the form 0011 and 01. We prove that (6.4) holds in this case by
induction on n. It is routine to check that our assertion holds true for n = 1,2,...,15.
Now, let n = 4ny + 1, with some positive integer n,;. In other words, the right-most
digits in the binary expansion of n are 01 and the binary expansion of n; is formed by
concatenating blocks of the form 0011 and 01. In that case, we have

s(6n+1) — s(bn+1) — s(n)
=s(4(6n1+1)+2+1) —s(4(bny + 1) +2) — s(4ny + 1)
=s6n+1)+2—s0n;+1)—1—s(ny) —1=0, (6.5)

by the induction hypothesis applied to n;. On the other hand, if n = 16n; + 3 for some
positive integer nq, that is, if the right-most digits in the binary expansion of n are 0011
and the binary expansion of n; is formed by concatenating blocks of the form 0011 and
01, then

s(6n+1) —s(bn + 1) — s(n)
=s5(16(6ny +1)+2+1) —s(16(bny + 1)) — s(16ny +2+ 1)
=s(6n;+1)+2—s(bn;+1)—s(ny) —2=0, (6.6)
establishing again the truth of (6.4).

In order to prove the converse, let us suppose that n satisfies (6.4). We start by
showing that the binary expansion of n cannot contain any of the substrings 111, 000,
1011. We call an occurrence of any of these substrings a “violation.”
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Assuming that the right-most violation is a substring of the form 111, we have

n= ...1110...,
o2n = ...1110...0,
An = ...1110...00,
6n+1= ...101 ...1,

since to the right of the substring 111 in n there are only blocks of the form 0011 and 01
according to our assumption, which implies that there cannot be any carries “destroying”
the substring 101 in 6n + 1. However, this means that at the place where we find the
bold-face 1 in (the binary expansion of) n we find a 0 in (the binary expansion of) 6n + 1,
a contradiction to (6.4).

Now we assume that the right-most violation is a substring of the form 000. In that
case, we have

n= ...1000...,
2n = ...1000...0,
4n = ...1000...00,
6n+1= ...10 ...1,

a contradiction to (6.4) for the same reason.
Finally we assume that the right-most violation is a substring of the form 1011. Then
we have

n= ...10110...,
o2n = ...10110...0,
4n = ...10110...00,
6n+1= ...0001 ...1,

since to the right of the substring 1011 in n there are only blocks of the form 0011 and 01
according to our assumption, which implies that there cannot be any carries “destroying”
the substring 0001 in 6n + 1. However, this means that at the place where we find the
bold-face 1 in n we find a 0 in 6n + 1, again a contradiction to (6.4).

Now let us suppose that n = 2%n; 4+ ng, where ng is an a-digit (binary) number formed
by concatenating blocks of the form 0011 and 01. By applying the computations (6.5)
and (6.6) (possibly several times), one sees that n satisfies (6.4) if, and only if, ny does.

We claim that n; cannot be even. For, if it were, say ny = 2°n,, then n; has a 1 at
the digit place § while 6n; + 1 has not, a contradiction to (6.4). But then the already
established fact that n, and hence n;, cannot contain any of the substrings 111, 000, 1011
implies that the right-most digits in the binary expansion of n; form either a block 01
or a block 0011. This provides an inductive argument that the binary expansion of n is
formed by concatenating blocks of the form 0011 and 01, and thus completes the proof of
the theorem. O
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7 Free subgroups in lifts of Hecke groups

For integers m, g with m > 1, ¢ > 3, and ¢ prime, we consider the group I',,(¢) as defined

in (1.3). Denote by fiq)(m) the number of free subgroups of index 2¢gmA in I';,(¢). The

purpose of this section is to estimate the 2-adic valuation of fiq)(m) in the case when ¢ is

a Fermat prime. This estimate is based on a recurrence relation for these numbers, which,
in turn, results from a specialisation of a differential equation in [27, Sec. 2]. Moreover,
this differential equation for the generating function of free subgroup numbers in I';,(q)
will become of crucial importance in Sections 8 and 13.

In order to present the aforementioned differential equation, we first need to compute
several important invariants of I',,(¢). Using notation and definitions from [27, Sec. 2],
we have mr,, ) = 2gm, x(I'n(q)) = —£2, and thus,

2gm?

w(Tm(q)) =1 —=mr,x(Tm(g) =q—1=uH(q))

Moreover, for the family of zeta-invariants {(.(T'n(q)) : & | 2¢gm} of T',,(q), we find that

1, K =m,
Ge(Tm(q)) = 4 =1, r=2qm, (7.1)
0, otherwise.

Our first result in this section compares the A-invariants of T',,(q), as defined in [27,
Eq. (14)], to those of the underlying Hecke group $(¢), and provides an estimate for their
2-adic valuation.

Lemma 16. (i) For an integer m > 1 and a prime q > 3, we have
Au(Ci(g)) = mTA,(9(q), 0<p<qg-1.

(ii) We have
va(Au(H(q)) >, 0<p<g-—1

Proof. (i) In view of (7.1), we have, for 0 < u < ¢ — 1, that

Aﬂ<rm<q>>=%Z(—l)ﬂ—j(j)zqmum [T @amj+k) | (2emGi+1)7"

1<k<2qm
(k,2gm)=m
1 & v
— ey (M) T i)
K- j=0 J 1<k<2qm
(k,2gm)=m
1 & ya ,
== (D" J() [T [m(2a+#)]
K j=0 J 1<k’'<2q
(K',2¢)=1
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— meo@q)i! i(q)ﬂ—f (“) II @w+r)

55 T/ 1<ii<ay
(K ,2q)=1
=m* A,(9(9)),
as claimed.
(ii) This follows from [27, Lemma 1]. O

Our next result is a recurrence relation for the subgroup numbers fﬁq) (m).
Lemma 17. For m,q as in Lemma 16 and X > 1, we have

I

O 5 D SIS > (MM’.‘ | M)(v!@q)”)1mq—”-1AM<sa<q>>

p=1v=1 p1,..., py >0 Alyeeny A, >0
1t =pA A =A—p

Xﬁl[("j_ (A +ﬂ] )]warugm’ (7.2)

with initial value f12(m) = m7 ' Ag(H(q)).

Proof. Setting & = I',,,(¢q) in [27, Eq. (18)], and using Part (i) of Lemma 16 to compute
A, (T).(q)) in terms of A,($(q)), leads to the differential equation

Gm(q; 2) = m*" Ao(H(q))

XY Y (" wea) A I Gnte )™

p=1 v=1 pi,...,u,>0 T Jj=1

AN

(7.3)

for the generating function G,(q;2) = D 550 f) +1( m)z*. Comparing the coefficient of
Ain (7.3) for A > 1 yields (7.2); while, for A = 0, we obtain the required initial value
£ (m). 0

Given these preparations, we can now show the following estimate for the 2-adic val-
uation of f/@ (m) in the case when ¢ is a Fermat prime.

Proposition 18. (i) Let m > 1 be an integer, and let ¢ > 3 be a Fermat prime. Then
we have

va(£7(m)) > va(m)(A+q—2), A>1. (7.4)

In particular, if m is even, then fiq) (m) is zero modulo any given 2-power for all suffi-
ciently large values of X.
(ii) For q = 3, equality occurs in Inequality (7.4) if, and only if, A+ 1 is a 2-power.
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Proof. (i) Since (7.4) is trivially true for m odd, we may suppose that vo(m) > 0. We use
induction on A. For A = 1, we have

va(f17(m)) = va(mT Ag(5(q))) > (g — Dva(m) = (A + q — 2)va(m),

as desired. Now suppose that our claim (7.4) holds for all f§Q)(m) such that v < L, with

some integer L > 2, and consider an arbitrary summand

S:S(”?”v;ulv'-'alul/aAla"'7)\y)

in the recurrence relation (7.2) with A = L — 1. We find that

w(S) > v M — () — v+ (g — v — 1)va(m)
()

v

+a( A, (9() + Y va( A7, (m)

J=1

2112( a )—Ug(v!)—v+(q—1/—1)v2(m)+u
Hi, - y My

+) (N A+ + g — 2)va(m)

> vy (Mh N ,,u,,) —v(W) —v+(qg—v—1)ve(m) +
+ (L = Dwa(m) + (¢ = 2)vva(m)

> (L+ g - 2)ua(m) + <q—3>uv2<m>+v2( ) SR

iy ooy Hy

where we have used Part (ii) of Lemma 16 plus the induction hypothesis in the second

step. Since v < pu, the desired inequality for the 2-adic valuation of f EQ) (m) will follow, if
we can show that

ve(V!) < (g — 3)vve(m) + vy <M1 M #u) (7.5)

Since ¢ is a Fermat prime, we have ¢ — 1 = 2% for some « > 1. Thus, if v < ¢ — 1, then,
by Legendre’s formula for the p-adic valuation of factorials (cf. [21, p. 10]), we get

va(v!) < Z L2°‘2; 1J < ZQa_i =q—2,

i>0 i>1

and (7.5) holds, the left-hand side already being compensated by the term

(g —3)vuva(m)>q—3.

THE ELECTRONIC JOURNAL OF COMBINATORICS 18(2) (2012), #P37 31



On the other hand, for v = ¢ — 1, we have p = v = ¢ —1, 11 = -+ = pg_1 = 1,

ve(V!) = ¢ — 2, and
i
v =0 -1 =q—-2,
(") =l =

and the desired conclusion holds again. We have thus shown that every summand S on
the right-hand side of (7.2) satisfies v2(S) > (L + q¢ — 2)va(m), which implies that

v (FL9(m)) > (L + g — 2)vs(m),

completing the induction.
(ii) For ¢ = 3, the recurrence relation (7.2), with A replaced by A — 1, takes the form

PP m) = 6mARY (m) + 30 [P0 m), A=, (7.6)
v>1
u—:fy:)\—l
with initial value f1(3)(m) = 5m?. In order to establish our second claim, we rewrite

Equation (7.6) as

257, 190 (m), 12, L (m), A=0(2),
25,2 B A ) + (P ), A=10)

for A\ >2, (7.7)

§3) (m) = 6m)\f/(\3_)1 (m) +

and argue again by induction on A. For A = 1, Inequality (7.4) is sharp, as required. Now
suppose that, for A < L with some L > 2, Inequality (7.4) with ¢ = 3 is sharp if, and

only if, A+ 1 is a 2-power, and consider fég) (m) as given by (7.7). Setting m = 2%m’ with
m’ odd, we have

vg(GmLfffl(m)) =1+a+wvy(L)+ vg(ff'_)l(m)) >a(L+1)+ 1.
Consequently, if L is even then, by what we have already shown,
v (P (m)) > a(L + 1) + 1.

For L odd, all terms except possibly ( f& (m))2 are divisible by 2D+ or a higher

2-power, while this exceptional term satisfies
: 2
v (fi ()" > a(L + 1),
with equality occurring (according to our induction hypothesis) if, and only if, %+1 =27

for some v > 1; that is, if, and only if, L + 1 = 27" is a 2-power. This completes the
induction, and the proof. n
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8 Free subgroup numbers for lifts of the inhomoge-
neous modular group

In this section, we investigate the behaviour of the numbers f)(\g) (m) of free subgroups

in lifts of the inhomogeneous modular group PSLy(Z) = $(3) modulo powers of 2. As
mentioned in the introduction, the best previous result available in the literature is [29,
Theorem 1|, which determines the behaviour of fig)(l) modulo 16. The results in this
section solve the problem of determining fA(?’)(m) modulo powers of 2 not only for m =1
and the 2-power 2* = 16, but for all m and modulo any power of 2.

Let Fio(2) =14+, f)(\g) (m) z* be the generating function for these numbers. (In
the notation of the previous section, F,,(z) = 1 + 2G,,(3;2).) By specialising ¢ = 3 in
(7.3), one obtains the differential equation

(1 — (6m —2)2)F(2) — 6mz*F (2) — 2F2(2) — 1 — (1 — 6m + 5m?)z = 0. (8.1)

Theorem 19. Let ®(z) = 3 2%, and let o be some positive integer. Then, for
every positive integer m, the generating function F,,(z), when reduced modulo 2**°, can
be expressed as a polynomial in ®(2) of degree at most 2272 — 1, with coefficients that are

Laurent polynomaials in z over the integers.

Proof. In view of Proposition 18, the assertion is trivially true for even m, the polynomial
in ®(z) being a polynomial of degree zero in this case. We may thus assume from now on
that m is odd.

We apply the method from Section 4. We start by substituting the Ansatz (4.3) in
(8.1) and reducing the result modulo 2. In this way, we obtain

2021 20+2_q
Z a;1(2)®'(2) + 2 Z ail(z)CI)Qi(z) +1=0 modulo 2.
1=0 i=0

This congruence is identical with the congruence (5.2). Hence, we can copy the resulting
solution from there. Namely, the unique solution to (5.2) (and, hence, to the above
congruence) is given by

ap1(z) = Z 2*""' modulo 2,

k=0

aget11(2) = 271 modulo 2,

with all other a;;(2) vanishing.

After we have completed the “base step,” we now proceed with the iterative steps
described in Section 4. We consider the Ansatz (4.6)-(4.8), where the coefficients a; (%)

2l 4,5(2)®(2) to (8.1) modulo 2.

are supposed to provide a solution F, 5(2) = > 7
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This Ansatz, substituted in (8.1), produces the congruence

20+2_1

27 Z bip+1(2)®(2) + (1 — (6m — 2)2) Fn 5(2)

— 6m2*F), 4(2) — 2F 5 3(2) =1 = (1 = 6m+5m*)z=0  modulo 2°"".

By our assumption on Fy, 5(z2), we may divide by 2°. Comparison of powers of ®(z) then
yields a system of congruences of the form

bigi1(2) + Poli(z) =0 modulo 2,  i=0,1,...,2°7 —1,

where Pol;(z), i = 0,1,...,2%"% — 1, are certain Laurent polynomials with integer co-
efficients. This system being trivially (uniquely) solvable, we have proved that, for an
arbitrary positive integer a, the algorithm of Section 4 will produce a solution F,,, s.2(2)
to (8.1) modulo 232" which is a polynomial in ®(z) with coefficients that are Laurent
polynomials in z. O]

We have implemented this algorithm. As an illustration, the next theorem contains
the result for the modulus 64.°

Theorem 20. Let ®(z) =) ., 22", Then, for all positive odd integers m, we have

1+ 37 AP (m) 2 = 322° + 4827 + 3225 + (16m + 8)2° + (16m + 8)2*

A>1
+ (2m® +34) 2% + (4m® —4m + 24) 2° + (5m? +12) z + 1
+ (482" 4 242" 4+ 122% 4 60z + 40) ©(z)

12
+ <16z5 + (16m + 32)2* + (4m* — 32m + 68)2> + 3627 + 222 + 12 + > P?(2)
5 4 3 2 28 3
+ (322 4+ 322" 4 (16m — 16)2° + 402" + 42 + 52 + — | ¢°(2)
z
+ (32z7 +322° + 322 + (16m + 24)2° + (16m + 40) 2>

35
+(2m® + 16m + 38) z + 24 + —) d4(2)
z
+ (322° + 162 + (16m — 8)z + 44) ®°(2)

50
+ (1623 + 16m2” + (4m® — 16m + 20) z + 44 + —) °(2)
z

5To be precise, our implementation finds an expression for each fixed m. These particular results can
then be put together “manually” into the uniform expression displayed in (8.2).
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4
+ (32z3 + 3222 + (16m + 16)z + 40 + —) ®"(z)  modulo 64. (8.2)
z

9 Subgroup numbers for the inhomogeneous modu-
lar group

For a finitely generated group T, let s, (I") denote the number of subgroups of index n in
[, and write Sp(z) for the (shifted) generating function ), - sn41(I) 2™
In this section, we focus on the sequence (s,(PSLy(Z))), ., and its generating function

S(z) := Spsrz)(2). We shall show that our method solves the problem of determining
these subgroup numbers modulo any given power of 2, thus refining the parity result of
Stothers [34] and the mod-8 result from [29, Theorem 2] mentioned in the introduction.

By the first displayed equation on top of p. 276 in [14] (cf. also [20, Eq. (5.29)] with
H = {1} and a = b= h = 1), the series S(z) obeys the differential equation

(=1 4423 +22% +42° — 227 — 429)5(2) + (27 — 2'9)(5'(2) + S%(2))
1z 4422+ 42° — 2 1 42° - 225 - 2.8 =0. (9.1)

The differential equation (9.1) has a unique solution since comparison of coefficients of 2
fixes the initial values, and yields a recurrence for the sequence (s,(PSLy(Z))) _, which

computes s,1(PSLy(Z)) from terms involving only s;(PSLs(Z)) with i < n.

Theorem 21. Let ®(z) = >, .,2%", and let o be some positive integer. Then the gen-
erating function S(z) = SPSLz(_Z)(z), when reduced modulo 23%" ) can be expressed as a
polynomial in ®(z) of degree at most 2% — 1 with coefficients that are Laurent polyno-
mials in z over the integers.

Proof. We apply the method from Section 4. We start by substituting the Ansatz (4.3)
in (9.1) and reducing the result modulo 2. In this way, we obtain

2a+2_1 2a+2_1 2a+2_1
> ai,l(Z)@i(Z)ﬂL(Z?Jrzm)( Y dai(z)@ N () (2) + aj, (2)®'(2)
=0 =0 1=0

2021

+ Z G?J(Z)(I)%(Z)) +14+2z42*=0 modulo 2.
i=0
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We may reduce ®?'(z) further using Relation (4.5). This leads to

2a+2_1 ( 2a+2_1 2o¢+2_1

Z a1 ()0 (2) + T+ 21 Y daa(2)2(2)@(2) + a1 (2)®(2)

i=0 =0

ga+1l_q 201

+ Z (%2,1(75) - zQaHafﬁaﬂ,l(z)) d¥(2) + Z zQaHa?Jrg,Za,l(z)(I)%(z)
; i=0

+ (a2 15001 1(2) 4 a7 390 1(2)) @2”2&“(2)) +1+2z+2"=0 modulo2. (9.2)
i=0

In the same way as in the proof of Theorem 19, one sees that all coefficients a; ;(z) vanish
modulo 2, except possibly ag1(2) and age+11(2). The corresponding congruences obtained
by extracting coefficients of ®°(z) and ®2*" (2), respectively, in (9.2), are

2o+l 9

ap1(2) + (27 + 2'%) (agyl(z) +ag () + 2 a2a+171(z)) +1+2z+2*=0 modulo2 (9.3)

and
agat11(2) + (27 + 2'%) (ahat11(2) + a3at11(2)) =0 modulo 2. (9.4)

The only solutions to (9.4) are aga+11(2) = 0 modulo 2, respectively aga+1(z) = 27"+ 274
modulo 2. The first option is impossible, since there is no Laurent polynomial ag (%)
solving the equation resulting from (9.3). Thus, we have

gat11(2) = 277+ 2~* modulo 2. (9.5)
Use of this result in (9.3) yields the congruence
a0 () +2"(1+2%) (a1 (2) + aj1(2)) +227 (14222 + 14242 =0 modulo 2. (9.6)

for ap1(z). We let
a0’1(2> = ZL})J(Z) + 2_7 + 2_4 + 2_3 + (]. + 23) Z2k_7
and substitute this in (9.6). Thereby, we get

o1 (2) +2T(1+2%) (@, (2) + @1 (2)) + 2 T+ 24424 (1425 22
k

I
)

Q

+27(1+2%) (Z_S Y A O (1427 22’”1—14)
k=2 k=2
F22 1+ 28 142421 =0 modulo 2,
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or, after simplification,
a1 (2) + 2 (14 2%) (@4 (2) + ag1(2)) =0 modulo 2

Again, either ag;(2) = 0 modulo 2 or dg1(z) = 277 4+ 2~* modulo 2. Here, the second
option is impossible, since it would imply that S(z) contains a negative z-power, which is
absurd.
In summary, we have found that
ap1(2) =2+ 27 423+ (1 +27) 2*"~7 modulo 2,
k=2

aga+11(2) = 277+ 27 modulo 2,

with all other a;;(z) vanishing, forms the unique solution modulo 2 to the system of
congruences resulting from (9.2) in Laurent polynomials a;(z). It should be noted that
all a;1(2)’s, 1 <i <227 — 1, are divisible by 1 — 2 modulo 2, as is ag,(z) — 1.

After we have completed the “base step,” we now proceed with the iterative steps
described in Section 4. The arguments turn out to be slightly more delicate here than in
the proof of Theorem 19. To be more precise, when considering the Ansatz (4.6)—(4.8),
where, inductively, the coefficients a; g(z) are supposed to provide a solution Sz(z) =
Z?igklaw(z)@i(z) to (9.1) modulo 2%, we must also assume that a;5(2), 1 < i <
22" 1, and ag 5(z) — 1 — 222, are all divisible by 1— 2. The reader should note that the
divisibility assumptions do indeed hold for 3 = 1, the term —2z? being negligible, since
for 3 =1 we are computing modulo 2° = 2.

The above Ansatz, substituted in (9.1), produces the congruence

2021

2 3 b (2)¥(2)
i=0
2021 20421
+26(Z7—210)< Z ibi g1 (2) Z b 11(2) ))

i=0
2at2_7

+ (=14 42° + 22% + 420 — 227 — 427) a;p(2)®'(2)

+ (2" — 219 ( Z_ ia; 5(2)®" 1 (2)®'(2)

=0

20421 20+21
3 s (X aon) )
F 14244224425 — 24 4 42° — 225 -2 =0 modulo 2°*. (9.7)
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By our inductive construction, we know that the terms contained in lines 3-7 of (9.7) are
divisible by 2°. Hence, if we were to divide by 27 and compare coefficients of ®(z), for
i=0,1,...,2°"2 — 1, we would obtain the modular differential equations

bipr1(2) + (27 = 2") (b, 541 (2) + (i + 1)bit1,5119'(2)) + Poli(2) =0 modulo 2,
i=0,1,...,2°72 — 1, (9.8)

where Pol;(2), i =0,1,...,2°"2 — 1, are certain Laurent polynomials with integer coeffi-
cients. If ¢ is odd, then the term (i + 1)b; 11 g4+1 in (9.8) vanishes modulo 2. Hence, in this
case, the differential equation (9.8) is of the form appearing in Lemma 22. The lemma
then says that such a differential equation has a solution if, and only if, the Laurent poly-
nomial Pol;(z) satisfies the condition given there. We must therefore verify this condition
for our Laurent polynomials Pol;(z), arising through division of lines 3-7 of (9.7) by 2°.
We shall actually prove (see the following paragraph) that Pol;(z) is divisible by (1 — 23)2,
for all ¢ with 0 < i < 292 — 1. For odd 4, Corollary 23 thus implies not only unique
existence of solutions b; g11(2) but also divisibility of these solutions by 1 — 2. If we now
consider Equation (9.8) for even i, that is,

bipr1(2) + (27 = 20 501(2) + 27(1 — 2°)bis1,5419(2) + Poli(2) =0 modulo 2,
i=2,4,...,2072 2

then we see that divisibility of b;y144+1(2) by 1 — 2® guarantees that we may again apply
Corollary 23 to obtain that there is also a unique solution b; g1 (z) for even i, and that this
solution is divisible by 1 — z3. In summary, we would have proved that, for an arbitrary
positive integer «, the algorithm of Section 4 produces a solution Sys2e(2) to (9.1) modulo
232" which is a polynomial in ®(z) with coefficients that are Laurent polynomials in z.
This would establish the claim of the theorem.

It remains to prove that lines 3-7 of (9.7) are indeed divisible by (1 — 2%)2. In order
to see this conveniently, we write

aip(z) = d;p(2)(1 — 2%)  modulo (1 — z%)?, i=1,2,...,20%2 1,

and
app(z) = —1 =22+ dyp(2)(1 — 2*) modulo (1 — 2*)?,

where the d; 5(z)’s are polynomials of the form py+ p12z + p22?, for some integers po, p1, pa.
(It should be noted that it is at this point where we use our inductive hypothesis on
divisibility of the coefficients a; g(z).) Then, reduction of lines 3-7 of (9.7) modulo (1—23)?
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leads to the remainder
20421
(3+22(1 - 2%) ( —1-2224+(1-2%) ) diﬂ(z)@i(z))

20421
+27(1 — 2%) ( — 4z — 322 Z dip(2)®"(2) + 1+ 42° + 424)

i=0
+ 34622+ 2(1 —2%) modulo (1 —2%)% (9.9)
Using the fact that
2"(1 - 2% =2(1-2*) modulo (1 — z%)?

and similar reductions modulo (1 — 2%)2, one sees that the expression in (9.9) is in fact

divisible by (1 — 2%)?, as claimed. This completes the proof of the theorem. O

Recall that, given a Laurent polynomial p(z) over the integers, we write p(® (z) for the
odd part 1(p(z)—p(—=2)) and p'®(z) for the even part 1(p(z)+p(—=)) of p(z), respectively.

Lemma 22. The differential equation
a(z) + (2" = 2'%d/(2) + Pol(z) =0 modulo 2, (9.10)

where Pol(z) is a given Laurent polynomial in z with integer coefficients, has a solution
that is a Laurent polynomial if, and only if, Pol(o)(z) is divisible by 1+ 2° (modulo 2). In
the latter case, the unique solution is given by

14 2°
1+ 26

14 23+ 26
1—23

a(z) = Pol)(2) + Pol®(z) = Pol(z) + Pol(z) modulo 2.

Proof. Let ag(z) = z™. Then it is obvious that
ap(2) + (2" — 21%a}(2) = ap(z) modulo 2
if m is even, and that
ap(z) + (2" — 2"%ag(2) = (1 + 2%ag(z) + 2%ag(z) modulo 2
if m is odd. The assertion of the lemma follows now immediately. O

Corollary 23. If, in the differential equation (9.10), the Laurent polynomial Pol(z) is
divisible by (1 — 2%)? (modulo 2), then the uniquely determined solution a(z) is divisible
by 1 — 23 (modulo 2).

We have implemented the algorithm described in the proof of Theorem 21. As an
illustration, we present the result for the modulus 64.
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Theorem 24. Let ®(2) =Y, ., 2. Then we have

> S0 (PSLy(Z)) 2"

n>0
= 32250 4 48,M 4 482 + 32236 4+ 3223° 4+ 32233 1+ 48232 4 162% + 40270 + 1622

+ 32224 £ 3227 116222 + 16221 + 52220 + 3221 4+ 402" + 60217

+ 48210 4 421 4+ 32213 4+ 4212 4 3621 + 16210 4+ 6027 + 228 + 1627 + 426
56 36 51 33 52 1

+602° +442* +162° + 5422 4602 +32 4+ — + — + — 4+ — + — +
z 22 3 A s T

+ (32234 + 32226 43222 4 3227 416222 4 32221 + 32220 4+ 32217 4 32,16

+ 4821 + 1621 + 1622 + 1621 + 32210 + 3228 + 4827 + 82° + 82 + 4823 + 242 + 32
20 12 8 36 4 24
=4 = = —> D(z)

z z2+z3+z4+z5+26

+ (32z34 + 32227 + 3222 + 32226 + 32224 + 32221 + 48219 + 32218 4 48217 4 32214

+ 48213 + 32212 4 56210 + 827 + 1628 4+ 4827 + 2425 + 562° + 442* + 1623
60 50 48 8 50 52 52
— + )@2(2)

482 + 40z + 44+ — + — + — + — =+ =
+482% + 40z + +Z+Z2+Z3+Z4+Z5+Z6 o
+ (32z28 + 3222 432221 32220 132219 4 48216 32214 4 32213 + 32212

32 20
+ 322" +162'% + 482" + 82° + 482° + 562" 4 82° + 162" + 482 + 56 + — + =
¥ z

92 4 36 12 36\ .4
+§+;+;+;+?>Cb (Z)

+ (32244 + 3224 432233 432532 4 32231 4 32230 4 32228 432227 4 16226 + 322

43222 4+ 48222 + 16221 + 40220 + 322" + 32218 4+ 24217 + 16216 4 4821° + 3221
+ 162" +82'2 + 3221 + 56210 + 5627 + 4428 + 4027 + 4828 + 162° + 202* + 5623 + 3022

40 34 52 17 26 40 29\ _,
+32Z+28+;+;+;+;+;+;+Z7>® (Z)

+ (32232 +322%0 432226 139224 132223 132222 4 32220 + 48270 + 482" + 32216 4 48214
+ 32213 + 48212 + 482 + 3228 + 1627 + 562° + 4825 + 482* + 4023 + 1622

40
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24 24 20 24 40 20
+32z+56+_+—2+—3+—4+—5+_6)¢5<z>
z z z z z z

+ (32232 + 32231 + 32230 4+ 32227 4 3222 3227 + 48219 + 16218 + 48217

+ 162" + 482" + 32212 + 322 +562° + 4027 + 562° + 162°

8§ 52 60 30 20 20 14
+82% +562° +42° + 562+ 32+ -+ = + =+ — + -+ — +— |P°(2)
z 22zt 5 6 T

+ (32230 + 32226 432221 + 32220 4 48218 432216 + 4821 1+ 32213 + 48210 + 1627 + 826

+322° + 162" + 162" + 822 +482+ 40+ — + — + — + — + —+ — + —
z 22 23 2t 5 26 27

4 4 24
g8 8 0 60 8 60) 7 (2)
modulo 64. (9.11)

10 Counting permutation representations of I',,(3) for
m prime

Let m be a prime and, for a finitely generated group I, let hr(n) := |Hom(I', S,,)|. We want
to determine the function hr,, (3)(n) counting the permutation representations of degree
n of the lift I',,(3) of the inhomogeneous modular group PSLy(Z) = $(3). Suppose first
that m > 5, and classify the representations I',,(3) — S, by the image p € S, of the
central element 22 = y3. The permutation p must be of the form

p:HUi, 0<r<|n/m,
i=1

with pairwise disjoint m-cycles o;.
For fixed r, the symmetric group .S,, contains exactly

! (m’ " )(m = n (10.1)

rl co,myn —mr rl(n —mr)lmr

such elements p.

Next, given such p, the image of the generator x will contain a certain number s of
2m-cycles in its disjoint cycle decomposition, 0 < s < |r/2], each of which breaks into
two m-cycles when squared. Thus, in order to construct a square root of p (i.e., a possible
image of ), we need to

(i) fix s in the range 0 < s < [r/2],
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(ii) select s 2-element subsets from the r m-cycles of p, which can be done in

1(r 2s B r!
s1\2s/\2,...,2) 255! (r —2s)!

(iii) lift each of these s pairs of m-cycles to a 2m-cycle (whose square is the product of
the two given m-cycles), which can be done in m ways,

different ways,

(iv) compute 0¥ for each of the r—2s remaining m-cycles o, where w is the multiplicative
inverse of 2 modulo m, and

(v) select a permutation 7 subject only to the condition that 72 = 1 on the n — mr
letters not involved in any of the r m-cycles of p.

Hence, there are precisely

lr/2] s
m
0

Ss=

distinct square roots for each p involving r m-cycles.
Similarly, the number of cubic roots of such p is given by

lr/3] m2t
t=0

(classify the cubic roots by the number ¢ of 3m-cycles, and use the fact that each product
of three disjoint m-cycles is the cube of precisely 2m? 3m-cycles). Multiplying (10.1)—
(10.3) and summing over 7 = 0,1,..., |n/m], we find that

; | L%J Wf Uf rlhey(n —mr)he,(n — mr) >
=nl! m .
Fm( - c— 2:3tmr =2l (n — mr)! (r — 2s)! (r — 3¢)1 -
(10.4)

The cases where m = 2,3 have to be treated separately. By arguments similar to the ones
above, one finds that

(2r) hey,(n — 4r)he, (n — 4r)
h =nl! 2 3 10.
I2(3 "Zzzw 93571 sl (n — 4r)! (2r — 3s)! (10.5)

and that

(/9] [3r/2]
(3r) hey(n — 97r)hey, (n — 9r)
h =nl : - 10.6
Fa@) =1 Z Z 2532r=spl sl (n — 9r)! (3r — 2s)! (106)

r=0 s=0
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Furthermore, it is well-known that, for a prime p,

Ln/p) nl
he,(n) = ) <
% pF k!l (n — pk)!

which allows us to make Formulae (10.4)—(10.6) completely explicit.

11 Subgroup numbers for the homogeneous modular
group

In this section we consider the problem of determining the behaviour of the number of
index-n-subgroups in the homogeneous modular group SLy(Z) modulo powers of 2. By a
folklore result that goes back at least to Dey [9], these subgroup numbers are in a direct
relation to numbers of permutation representations of SLs(Z). Our starting point is a re-
currence with polynomial coefficients for the latter numbers, which is then translated into
a Riccati-type differential equation for the generating function ) ., s,41(SL2(Z)) 2™ of
the subgroup numbers. (Equation (11.5) displays this equation when reduced modulo 16.)
Our method from Section 4 is then applied to this differential equation. Direct applica-
tion already fails for the modulus 8. Interestingly, if we instead apply our method with
the minimal polynomial for the modulus 16 given in Proposition 2, then our algorithm
produces a result for modulus 8 (see Theorems 26 and 27), but then fails at the level of
modulus 16. By the enhancement of the method outlined in Appendix D, we are neverthe-
less able to treat the subgroup numbers s, (SL2(Z)) modulo 16 as well (see Theorem 28).
In view of the already substantial computational effort involved in the case of modulus 16,
we did not try to push our analysis further to higher powers of 2. In particular, as op-
posed to the case of the subgroup numbers of PSLs(Z), it remains unclear whether it is
possible to express the generating function ) . sn41(SL2(Z)) 2™, when the coefficients
are reduced modulo 27, as a polynomial in ®(z) with coefficients that are Laurent poly-
nomials in z over the integers for all v > 1. We feel, however, that this should be the
case; see Conjecture 29.

Let us start with the aforementioned result (cf. [9, Theorem 6.10], see [10, Prop. 1] for
a conceptual proof, plus generalisations) relating the numbers of subgroups of a finitely
generated group to the numbers of its permutation representations.

Proposition 25. Let I' be a finitely generated group. Then we have

Z|Hom(F,Sn)]Z—T; — exp (Z sn(m%) | (11.1)

We take I' = I'y(3) = SLy(Z) and combine (11.1) with (10.5), the latter giving an
explicit formula for the homomorphism numbers h,, := |Hom(SLy(Z), S,)|. Using the
Guessing package [16], we found a recurrence of order 30 for the sequence (h,,/n!),>0, with
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coefficients that are polynomials in n over Z. The validity of the recurrence was verified
by computing a certificate using Koutschan’s Mathematica package HolonomicFunctions
[19].% However, this recurrence is not suitable for our purpose, for which we require a re-
currence with coefficients that are polynomials in n over Z, and with leading coefficient n.
A recurrence of this form, if it exists, must be a left multiple of the recurrence operator
corresponding to the minimal order recurrence. The construction of such left multiples is
known as desingularisation, and algorithms are known for this purpose [1]. This technique
can be used to eliminate factors from the leading coefficient of the recurrence (whenever
possible), but it cannot be used to ensure that the leading coefficient be a monic poly-
nomial. The recurrence of order 32 mentioned in Footnote 6, with leading coefficient 1,
could indeed be used for our purpose, by simply multiplying it by n. However, since this
recurrence has high-degree polynomials as coefficients, we preferred to work with a differ-
ent recurrence with lower degree polynomials as coefficients. The price to pay is that the
order of such a recurrence will be higher. So, by an indeterminate Ansatz, we computed
a candidate for a recurrence of the desired form of order 50, with polynomial coefficients
of degree at most 5.” To be precise, it is the uniquely determined recurrence of the form

Ly O\ |Hom(SLs(Z), S,
;(;a(lﬂ,z)n>| ((n_(ki! ’“)|=o, n > 50,

where

a(0,0) = a(0,2) = a(0,3) = a(0,4) = a(0,5) = 0,
a(0,1) =1,
a(50,5) = 47323476536606893277939021129424044201294092725261226600745838
993897087202045010603943040012232525,
a(50,4) = —853333370519051585059335896571817612918194491041969759097679\
3078743106989966250706985019403282594096,
a(49,5) = 2507660784286104701612089471873568042396155618028516886 767837\
559764248217845308468763736164634176,
a(49,4) = a(48,5) = a(48,4) = a(47,5) = a(47,4)
= a(46,5) = a(46,4) = a(45,5) = a(45,4) = 0.

Subsequently, we checked that this recurrence is a left-multiple of the certified recurrence
of order 30, thereby establishing validity of this candidate recurrence of order 50. This

6The certificate has 4 megabytes, and, to obtain it, required about 30 hours of computation time. The
coefficients of this recurrence are polynomials in n of degree 34. Interestingly, there is a recurrence of
order 32 with leading coefficient 1. Although we did not try to prove it, it is likely that the recurrence of
order 30 is the recurrence of minimal order.

"We used the function LinSolveQ of the Guessing package [16], which uses modular arithmetic, in
order to solve the arising system of linear equations. Mathematica’s built-in linear system solver is not
capable of solving it on current hardware due to the huge numerators and denominators of rational
numbers which arise during the computation.
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last recurrence was then converted into a linear differential equation with polynomial
coefficients for the series

n

:i i— iHomSLg )Sn)%
n=0

n=0

Finally, this last mentioned differential equation can be translated into a Riccati-type
differential equation for the generating function

S(2) = sn1(SLa(Z)) 2" (11.2)

n>0

for the subgroup numbers of SLy(Z). This is done by differentiating the relation (11.1),
with I' = SLy(Z), several times and by dividing by H(z). This leads to relations of the
form

= P(8(2),5(2),...), k=1,2,..., (11.3)

where Py(S(z),5'(z),...) is a polynomial in S(z) and its derivatives, which can be de-
termined explicitly using the Faa di Bruno formula for derivatives of composite functions
(cf. [6, Sec. 3.4]; but see also [7, 18]). Substituting these relations in the linear differential
equation for H(z), one obtains the announced Riccati-type differential equation for S(z).
It turns out that this differential equation has integral coefficients, so that it is amenable
to our method from Section 4. The differential equation cannot be displayed here since
this would require about ten pages. Its reduction modulo 16 is written out in (11.5). Our
method from Section 4 with o = 0 applied to (11.5) does in fact not produce a result
modulo 8 = 232" (it stops at the level of modulus 4). If, however, we use the method
from Section 4 with the minimal polynomial for the modulus 16 in place of the one for
the modulus 8, then the method goes through up to modulus 8 (but fails for modulus 16).
This yields the following theorem. It refines the parity result [20, Eq. (6.3) with |H| = 1,
q=3,m=2].

Theorem 26. Let ®(2) =Y, ., 2” . Then we have
> S0 (SLy(Z)) 2"
n>0

=422 427 4™ 42" 14210 1427 4628 +42° 4620 422+ 4246
7T 3 6 6 4 1 3 6
—I—§+—+—+ +_+_+E+ﬁ
4 6 6 6 2 4 4 4 6 2
+Gf+w+—+7+7+7+7+—+—+—4~—+—)M@
z 23zt 28 2T 28 29 2
8 4 3 2 4 6
+ (47 +427 + 427+ 62" +4+ -+ 5+
z 22z
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424424424442¢3
HPt St gt Sttt at sttt s 0

modulo 8. (11.4)

Proof. The Riccati-type differential equation for S(z) (as defined in (11.2)) modulo 16 is®

po(2) + p1(2)S(2) + p2(2)S(2)* + ps(2)S(2)” + pa(2)S(2)"* + ps5(2)S(2)” + po(2)S'(2)
+pr(2)8'(2)" + ps(2)S(2)S'(2) + po(2)S(2)°S'(2) + pro(2)S(2)° S (2)
+p11(2)S(2)8'(2)" + pra(2)S"(2) + p13(2)8(2)S" (2) + pua(2)S(2)° 8" (2)
+p15(2)S'(2)S"(2) + p16(2) 8" (2) + p17(2)S(2) 8" (2) + pra(2)S"(2) = 0
modulo 16, (11.5)

with coefficients p;(z), j =0, 1,...,18 as displayed in Appendix B.
The differential equation (11.5) has a unique solution since comparison of coefficients
of zN fixes the initial values, and yields a recurrence for the sequence (s,(SLy(Z))) .
which computes s,11(SL2(Z)) from terms involving only s;(SL2(Z)) with i < n. -
Now we apply the method from Section 4 with the polynomial

(D2(2) + ®(2) + 2)(®*(2) + 6®3(2) + (22 + 3)D?(2) + (22 + 6)P(2) + 22 + 52%)  (11.6)

in place of the polynomial on the left-hand side of (4.4) to the differential equation (11.5)
(that is, in view of Proposition 2 we are aiming at determining the subgroup numbers
of s,(SL2(Z)) modulo 16). This yields the above result by means of a straightforward
computer calculation. O

If we want to know explicitly for which n the subgroup number s,,(SL2(7Z)) is congruent
to a particular value modulo 8, then we should first apply the algorithm from Section 3
(see (3.1) and the proof of Lemma 9) in order to express powers of ®(z) on the right-hand
side of (11.4) in terms of the series H,, . 4, (z). (The corresponding expansions are in fact
listed in (2.6) and (2.7).) The result is

4 4 4 4 4 4
Z Sn+1(SL2(Z)) 2" = (— + = + ﬁ) Hg(Z) + (; + =+ ﬁ) Hl,l,l(z)

24 2T
n>0

.....

, 4 4 6 4 4 6 4 4 4 6
H Pttt gttt ot st ot st s ) Ful)
z z z z

8We display the differential equation modulo 16 in order to prepare for Theorem 28.
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4 6 6 5
+ (42 +42° + 627 + 4+ 48+ -+ S+ =+ =
z 22 23

2 2 1 4 6 4 6 2 5 I
P R L Y Y T L T RS L E 1(2)

44270 44217 4™ 44212 44210 1628 422 + 623 + 422+ 2

6 1 2 6 7T 2 2 5 6

1 3
+;+;+g+;+;+;+;+?+ﬁ+;+ﬁ modulo 8. (11.7)

From this expression, it is a routine (albeit tedious) task to extract an explicit description
of the behaviour of the subgroup numbers of SLy(Z) modulo 8. Since the corresponding
result can be stated within moderate amount of space, we present it in the next theorem.

Theorem 27. The subgroup numbers s,(SLy(Z)) obey the following congruences modulo
8:

(1) sn(SLo(Z)) =1 (mod 8) if, and only if, n = 1,2,4,10, or if n is of the form 2° — 3

for some o > 4;

(7i) $,(SLay(Z)) = 2 (mod 8) if, and only if, n ="7,12,17, or if n is of one of the forms

3:29-3,3-27—-6, 3-27—12, for some o > 4;

(71i) $,(SLo(Z)) =4 (mod 8) if, and only if, n = 3,22,23,27,46,47,51, or if n is of one
of the forms

2946, 2747, 279411, 29 +12, 27 418, 29 +21,  for some o > 5,
(11.8)

20427 -2, 27427 +1, 27427 + 3,
for some o, 7 witho >6 and4 <717 <0 —1, (11.9)

2042742V —12, 29427+ 2V —6, 27+ 27 42V — 3,
for some o,7,v witho >6, 5<v<oc—1, and3 <717 <v—1;
(11.10)

(v) s,(SLa(Z)) =5 (mod 8) if, and only if, n =5, or if n is of one of the forms

2° — 6, 2° —12, for some o > 5;

(v) $,(SLs(Z)) = 6 (mod 8) if, and only if, n = 6,11,14,18,19, 21,33, 34, 35,37, or if
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n is of one of the forms
29 —2, 27 —4,  for some g > 5, (11.11)
2941, 2742, 2743, 2°+4, 2945, 29 +10, 27 + 13,
for some o > 6, (11.12)
20427 -3, 279427 —6, 29 +27 — 12,
for some o, 7 with o > 7 and 5 <7 <0 — 2; (11.13)

(vi) in the cases not covered by items (1)—(v), sn(SL2(Z)) is divisible by 8; in particular,
$n(SLo(Z)) # 3,7 (mod 8) for all n.

As we already said earlier, the method from Section 4 with the polynomial in (11.6) in
place of the polynomial on the left-hand side of (4.4) applied to the differential equation
(11.5) does not actually produce a result modulo 16 (although this is what it would be
designed to). It only produces the result modulo 8 given in Theorem 26 since, at the
mod-16-level, the arising system of equations has no polynomial solutions. Nevertheless,
by applying the enhanced method from Appendix D to this last system of equations, a
solution modulo 16 can still be found, the result being displayed in our next theorem.

Theorem 28. Let ®(2) =Y, ., 2” . Then we have

> S0 (SLy(Z)) 2"

n>0

= 82™ + 82T + 8208 4+ 8207 + 8262 4 8561 4 8557 4+ 8550 4 8254 4 8270 4 8% 4 8247
+ 827 4+ 82M 827 4 82% + 8% 4 8210 + 827 4 827 + 8271 1 827 + 827 1 82
412220 412217 4+ 8210 4 8210 4 421 4+ 4212 4 1229 + 1428 + 827 + 122% + 162°

10 12 3 14 9 4 12 4 3 6
4 3 2
+ 122" +122° + 82 +8+?+;+;+;+;+E+?+;+E+ﬁ
+ (8,273 + 82 + 82" 4 8259 4 8258 4 8207 4 8200 4 8204 4 8263 4 8262 1 8,61

+ 8250 4+ 8299 4+ 827 + 825 4+ 8249 4 8247 4 8241 4+ 8238 4 8230 4 823% 4 8232 4 82
+ 827 + 8228 + 8277 + 822 + 827 + 822 + 8217 + 821 48213 + 8212 + 827 + 828

16 6 12 8 6 4 4 8 14
7 5 4 3
+8Z +8Z +122 +82 +4+;+§+;+;+;+?+?+ﬁ+ﬁ>@(2)

+ (8,272 + 8259 4 8208 4 8200 4 8265 4 8202 4 8201 4 8258 4 8257 48270 4 825°
+ 8293 + 8291 + 8290 4 8249 4 8% 4 8237 4 8236 4823 48228 48220 4 8% 4 827
4 8 10
+8z18+8z”+8z14+8z“+8z1°+8,z8+8z4+12z3+8z2+8+—+—2+—3
A A zZ
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4 1 12 12 2
0 + 8 )éz(z)

+ (8z72 + 8299 + 8257 4 8266 4 8561 1 8,60 4 8,56 4 8295 4 8290 4 8247 4 846

+ 824 4 8242 4 8240 4 8237 4 8233 4+ 8232 4 823 + 8230 4 82% 4 82%° 8220 4821
8 4 4 10
+8217+8216+8z13+8212+8z10+829+828+8z3+1222+82—|———i——2—i——3+—4
VA A VA Z

+;+;+?+;+?+ﬁ+;+ﬁ+ﬁ

12 12 1 12 4 12 1
8 8 8 o)qﬁ(z)

+ (8272 + 82T + 827 4 8207 4 8265 4 8,64 4 8203 4 8200 4 8259 4 8558 4 8557

+ 8256 + 82,54 + 8253 + 8251 + 8Z49 +8Z48 + 8245 + 82,40 +8Z37 + 8236 + 8234 + 8233
+82%2 4 823 4822 1 8228 4+ 8220 + 822 + 82 + 8218 48217 48213 4 821 4827

8 1 9.7 1 8,64 8,5 4 3 6.2 4 10 14 1
+122° + 82" +82° + 82> + 122" +122° + 62 + 82z + 12 + — + + +
z 22 23 A

14 10 5 12 14 12 2 2 1
)@‘%z)

+ (8267 +825% 4 8203 4 8202 4 8258 4 8257 4 8273 4 8252 4 8290 4 8%

+ 8240 4+ 82 4 8243 4 8240 1 8539 4 8237 4+ 823 4 8233 + 8228 4 8226
+ 8223 + 8220 4 8217 48210 4+ 821 + 821 + 827 + 828 + 827 + 82°

§ 14 12 14 4 4 6

4
4 2 5

2 2
modulo 16. (11.14)

We did not attempt to push this analysis further to moduli 32, 64, etc., since the
computational effort seemed immodest. With the (not very substantial) evidence of The-
orems 26 and 28 (but see Remark 32), we still expect the enhanced method to be successful
for any given 2-power.

Conjecture 29. Let ®(2) = ), -, 2" and let vy be a positive integer. Then the generating
function 37 - sn1(SLa(Z)) 2", reduced modulo 27, can be expressed as a polynomial in
O (2) with coefficients that are Laurent polynomials in z over the integers.

12 Subgroup numbers for the lift I'5(3)

Continuing in the spirit of the previous section, we now consider the number of index-n-
subgroups in the lift I'3(3) (of the Hecke group $(3) & PSLy(Z)) modulo powers of 2.
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We shall see that, again, our method from Section 4 already fails for modulus 8. While
this can again be overcome by, instead, designing the computation so that the target is
modulus 16, the method then fails at the level of modulus 16. Moreover, for modulus 16,
even the enhancement of the method described in Appendix D fails (see Remark 32).
This means that a new phenomenon, not covered by our Ansatz, arises in the behaviour
of the subgroup numbers at the level of modulus 16. It would be of great interest to find
an explicit description of the hidden scheme behind the mod-16 behaviour of the number
of subgroups of index n in I'3(3), and, more generally, of the behaviour modulo any power
of 2.

We take I" = I'3(3) in (11.1) and combine the resulting formula with (10.6), the lat-
ter giving an explicit formula for the homomorphism numbers h,, := | Hom(I'3(3), S,)|-
Using the Guessing package [16], we found a recurrence of order 42 for the sequence
(hn/n)n>0, with coefficients that are polynomials in n over Z. The validity of the re-
currence was verified by computing a certificate using Koutschan’s Mathematica package
HolonomicFunctions [19].° However, again, this recurrence is not suitable for our pur-
pose, for which we require a recurrence with coefficients that are polynomials in n over
Z, and with leading coefficient n. By an indeterminate Ansatz, we computed a candidate
for a recurrence of the desired form of order 60, with polynomial coefficients of degree at
most 10.1° To be precise, it is the uniquely determined recurrence of the form

6

Y <Zb(l{;,@')ni) |Hom((71;3_(3;’>;9 D

k=

where

b(0,0) = b(0,2) = b(0,3) = b(0,4) = b(0,5)

b(0,1) = 1,

b(60,8) = 9649124343496238177846526221678676069879148435557456840677\,
68567400990643919180258204664996863270960793634431477\
96875828563496094243333614632539311543926582958877938\
09887854513738722474642524334737161421912431106592005\
22084304410147101964876864298627928130880022459406799\
539461032349694733915047489297372243661012,

b(60, 10) = b(60,9) = b(60, 4)

9The computation took about one week, producing a certificate of 28 megabytes. The coefficients
of this recurrence are polynomials in n of degree up to 105. In this case, we were not able to find a
recurrence with leading coefficient 1. (It may still exist.) The best that we found in this direction was a
recurrence with leading coefficient a 1828-digit number. Again, although we did not try to prove it, it is
likely that the recurrence of order 42 is the recurrence of minimal order.

10Again, we used the function LinSolveQ of the Guessing package [16] in order to solve the arising
system of linear equations.
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= b(59,10) = b(59,9) = b(59,8) = b(59,7) = b(59,6) = b(59, 5)

= b(59,4) = b(59,3) = b(59,2) = b(59, 1) = b(59,0)

= b(58,10) = b(58,9) = b(58,8) = b(58,7) = b(58, 6)

= b(58,5) = b(58, 4)

= b(57,10) = b(57,9) = b(57,8) = b(57,7) = b(57,6) = b(57,5) = b(57,4)
= b(56,10) = b(56,9) = b(56,8) = b(56,7) = b(56, 6) = b(56,5) = b(56, 4)
= b(55,10) = b(55,9) = b(55,8) = b(55,7) = b(55,6) = b(55,5) = b(55, 4)
= b(54,10) = b(54,9) = b(54,8) = b(54,7) = b(54,6) = b(54,5) = b(54, 4)
= b(53,10) = b(53,9) = b(53,8) = b(53,7) = b(53,6) = b(53,5) = b(53, 4)

= b(52,10) = b(52,9) = b(52, 8)

= b(50,7) = b(50, 6)

= b(49,10) = b(49, 9) = b(49,8) = b(49,7) = b(49, 6) = b(49,5) = b(49, 4)
=b(1,7) =

Subsequently, we checked that this recurrence is a left-multiple of the certified recurrence
of order 42, thereby establishing validity of this candidate recurrence of order 60. This
last recurrence was then converted into a linear differential equation with polynomial
coefficients for the series

= " = z

Finally, this last mentioned differential equation can be translated into a Riccati-type
differential equation for the generating function

2) = su1(T'5(3)) 2" (12.1)

n>0

for the subgroup numbers of I'3(3) in the same way as we obtained (11.5) in the previous
section. It turns out that this differential equation has integral coefficients, so that it is
amenable to our method from Section 4. The differential equation cannot be displayed
here since this would require about 100 pages.!! Its reduction modulo 16 is written out
n (12.3). By applying our method from Section 4 with the minimal polynomial for the
modulus 16 (!) in place of the polynomial on the left-hand side of (4.4) to (12.3), we
obtain the following theorem. It refines the parity result [20, Eq. (6.3) with |H| = 1,
q=3,m=3]|.

Theorem 30. Let ®(2) =Y, .2 . Then we have

S s (Ta(3) 2

n>0

1 The integers appearing as coefficients have up to 320 digits.
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:4z62+4z53—|—4z44—|—4z35—|—6z26—|—4220+4zl4+4212—|—4z11+4210

7 7 3 6
+427 4425462+ 427 + 427 + 42+ 6+ — + — + — + —
22 23 25 26

4 6 6 6 2
3 2
+<42 + 4z +Z+;+?+;+?>Cb(z)

4 6 2 5 6 6 )
+ (428 + 42+ 42 + 6P+ A+ -+ S+ S+ S+ =+ =+ = | P(2)
z  Z22 2zt 8 T

4 4 2 4 4 2
+ (422-+-;5 tastat st ;7> D3 (2) modulo 8. (12.2)

Proof. The Riccati-type differential equation for S(z) (as defined in (12.1)) modulo 16

is!?

q0(2) + 01(2)S(2) + ¢2(2)8(2)S'(2) + 43(2)S(2)S'(2)” + @a(2)S(2)S' ()
+45(2)5(2)5'(2)" + 4s(2)S(2)S"(2) + 42(2)S(2)9"(2)" + 4s(2) S (2) 5" (2)
+49(2)5(2)5"(2)" + q10(2)5(2) 5™ (2) + 11 (2)9(2) 5 (2) 5" (2)
+q12(2)S(2)5'(2) 5" (2) + 413(2)S(2)5'(2)° 8" (2) + q14(2) S (2)* + q15(2)5(2)*S(2)
+q16(2)5(2)°S'(2)" + 17(2)8(2)°S'(2)” + @us(2)S(2)°S'(2)" + quo(2)S(2)*S" (2)
+ q20(2)5(2)2S" (2) + q1(2)S(2)°8"(2)" + 22(2)S(2)*S""(2) + 23(2) S(2)S'(2) S (2)
)S(2)2S'(2)"S"(2) + 425(2)S(2)2S'(2)S" (2) + q26(2) S (2)75'(2)° 5" (2)
+qo7(2)S(2)° + qos(2)S(2)° S (2) + g0 (2)S(2)°S'(2)* + gan(2) S (2)°S' (=)
)S(2)35"(2) + g52(2)S(2)°S" (2) + 433(2)S(2)*S'(2)S"(2) + a34(2) S (2)"
+435(2)S(2)"5'(2) + g36(2)S(2)* 5 (2)” + ga7(2)S(2)*'(2)” + gas(2)S(2)* " (2)
+439(2)S(2)"8" (2) + 410(2)S(2)15(2)9"(2) + g (2)S(2)"5'(2) 8" (2) + qa(2) S (2)°
+is(2)S(2)°S'(2) + qua(2)8(2)°S'(2)" + qas(2)S(2)° 8" (2) + qus(2)S(2)° " (2)
+qur(2)S(2)° + qus(2)S(2)°8'(2) + qun(2)S(2)°S'(2)° + gs0(2) S (2)° 8" (2)
+¢51(2)8(2)°8" (2) + ¢52(2)S(2)7 + 453(2)S(2)7S (2) + g4 (2)S(2)° + 455(2) S (2)° 5" (2)
+ q56(2)S(2)” + 457(2) S (2) " + 58(2) S (2) + g50(2) 5" (2) 5" (2) + e0(2)5'(2) 5" (2)
+461(2)5'(2)9"(2)" + 46a(2)S'(2) 5™ (2) + s (2) S'(2)” + g6a(2)5'(2)°S"(2)

12WWe display the differential equation modulo 16 in order to prepare for Remark 32.

+ q24(2)S(2)?

+ q31(2)S
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+q65(2)S'(2)2S"(2) + q66(2) S (2)* + a67(2) ' (2)° 5" (2) + qes(2) S (2) S ()
+ o0 (2)S"(2)" + gro(2)S"(2)” + gr(2)8"(2) + qr2(2)S"(2) 5" (2) + qr3(2) 5" (2)°
+ qra(2) 8" (2) + qr5(2) 5" (2)* + qr6(2)S""(2) + v (2)S""(2) = 0
modulo 16, (12.3)

with coefficients ¢;(2), 7 = 0,1,...,77 as displayed in Appendix C.

The differential equation (12.3) has a unique solution since comparison of coefficients
of 2/ fixes the initial values, and yields a recurrence for the sequence (s,(I'3(3))), ., which
computes sp,1(I'3(3)) from terms involving only s;(I'3(3)) with i < n. -

Now we apply the method from Section 4 with the polynomial in (11.6) in place of the
polynomial on the left-hand side of (4.4) to the differential equation (12.3). This yields
the above result by means of a straightforward computer calculation.'? O

Also here, if we want to know criteria in terms of n when a subgroup number s,,(I'5(3))
is congruent to a particular value modulo 8, then we must first apply the algorithm from
Section 3 to the right-hand side of (12.2). This leads to the identity

3 snii(Ts(3)) 2" = (% + ;) H(2) + (% + ;) Hypa(2)

n>0

6 4 4 6

4 4
2
+<4z +;+;+;+;+E+?)Hl,l(z)

6 ) 6 2 )

4 6
8 4 3 2
+(4Z +4Z +4Z +62 +4+;+;+;+;+;+;+?)Hl(z)

44252 44253 142 4 4230 46270 4 4270 4 421 4 4212 4 420 4 4210
6 1 4 6 1 3
+22' + 22 +42°+2+ -+ S+ —+—+—+— modulo 8, (12.4)
z 22 3 4 5 6

from which we can extract the following explicit description of the behaviour of the sub-
group numbers of I'3(3) modulo 8.

Theorem 31. The subgroup numbers s,(I's(3)) obey the following congruences modulo
8:

(1) 5n(I'3(3))

some o > 4;

1 (mod 8) if, and only if, n = 1,2,10, or if n is of the form 2° — 3 for

(7i) s,(I'3(3)) =2 (mod 8) if, and only if, n =7,9,17,18,27,42, or if n is of one of the
forms
3:-29-3, 3-27—06, for some o >5;

13The calculation being straightforward, it nevertheless required a machine with substantial amount of
memory (we had available 32 gigabytes of memory, of which almost 50% were used).

THE ELECTRONIC JOURNAL OF COMBINATORICS 18(2) (2012), #P37 53



(iii) s,(I'3(3)) = 4 (mod 8) if, and only if, n = 3,12, 22,23, 36, 38, 39, 43, 46, 49, 50, 51, 53,
54,63, or if n is of one of the forms

27 46, 27 +7, 29+ 11, 27 + 14, 29 + 17, 2° + 18, 2° + 19, 27 + 21,

for some o > 6, (12.5)
97 19T 9 99 40T {1, 97 42T 42 97 42T £3 27 42T +5 27427 410,
29427+ 13, for some o, T witho >6 andb5<717<0—1, (12.6)

294+ 2T 4+ 2V —6, 2794+ 2T + 2V — 3,
for some o,7,v witho >7, 6<v<oc-—1, and5<7<v—1; (12.7)

() s,(I'3(3)) =5 (mod 8) if, and only if, n =5, or if n is of the form 27 — 6 for some
o> 9

(v) s,(I'3(3)) = 6 (mod 8) if, and only if, n = 6,11, or if n is of one of the forms

29 —2, 2743, 27 4+4,  for some o > 4, (12.8)
2941, 2942, 2413,  for some o > 5, (12.9)
29 +10,  for some o > 6, (12.10)

9 19T 6, 27 497 — 3,
for some o, 7 with o > 7 and 5 <1 <0 —2; (12.11)

(vi) in the cases not covered by items (1)—~(v), $,(I'3(3)) is divisible by 8; in particular,
sn(T'3(3)) # 3,7 (mod 8) for all n.

Remark 32. In the application of the method from Section 4 in the proof of Theorem 31,
when we arrive at the mod-8-level, we obtain

Z $np1(T3(3)) 2" = 422 + 42°% 4 42M + 42%° 4 6270 + 42%°
n>0

2 4 3 6
+4z% 4422+ 42 4 4Pt S S S o
z z z Z

6 4 6 4 2 4 2
4 3 2
+(4Z +4+;+§+;>®(2)+(42 +;+§+;+;)@(2)
4 4 2 4 4 2
2 3
‘|—(4Z +;+;—I—;+;+;+?)Cb(z)
4 2 6 1 2 2 1
+ (42 + 42t +422 4622+ 12+ -+ S+ —+ S+ =+ —+ — | DU(z)
z 22 3 4 5 6 T

4 6 4 6
+ (422 totatst ?) ®°(z) modulo 8. (12.12)
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However, the system of equations for the next level, the mod-16-level, has no polynomial
solutions.' Even the enhancement of our method described in Appendix D fails. (There
are actually several problems arising. It turns out that, due to the reduction modulo 2,
the variables b;(z) expressed in (D.10) do not solve the system (D.9) unless one puts
further restrictions on a(?(z),a'®(z),...,d”(2),d®(z). But even if we ignore that and
continue to follow the procedure described in Appendix D, then a contradiction arises at
a later point: one of the factors of the polynomial P(z) turns out to be (1 + 2)'°, and
the congruence (D.11) with P[™(z) = (14 2)'° has no solution.) This proves that it is
impossible to find a polynomial in ®(z) with coefficients that are Laurent polynomials in
z over the integers which agrees with the generating function for the subgroup numbers
of T'3(3) modulo 16.

13 A wvariation I: free subgroup numbers for lifts of
Hecke groups

In this section, we consider the functional equation
S (5) = f(2) +1=0, (13.1)

which generalises the functional equation (5.1) for the generating function of Catalan
numbers. It is easy to see that this equation has a unique formal power series solution.
The coefficients of this uniquely determined series can be calculated explicitly by means
of the Lagrange inversion formula, the result being

e =1, (13.2)

n—1

but this will not be relevant here.'”® Again, the numbers in (13.2) are special instances
of numbers that are now commonly known as Fufi—Catalan numbers (cf. the paragraph
containing (6.1)).

Our aim is to determine the coefficients of f(z) modulo powers of 2. Our solution of
this problem is that, again, the series f(z) can be expressed as a polynomial in a “basic”
series. Here, this basic series is

Op(2) = Z 2@, (13.3)

n>0

It will turn out (see Corollary 34) that an adaptation of the proof of the theorem below
will allow us to treat as well the behaviour, modulo powers of 2, of free subgroup numbers
of lifts of Hecke groups $(q), with ¢ a Fermat prime.

4The corresponding computation took almost 5 hours, using 94% of the 32 gigabytes of memory of
the machine on which the computation was performed.
15See Footnote 3.
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The theorem below, in a certain sense, extends Theorem 13. It does not, however,
reduce to it for h = 1, due to the choice that, in the proof below, the reductions in our
algorithm are based on the polynomial relation (13.7) for the basic series ®5(z), which,
for h =1, is “weaker” than the relation (4.4) which is used in the proof of Theorem 13.

Theorem 33. For a positive integer h, let ®u(2) = 3 o, 22N and et o be a

further positive integer. Then the unique solution f(z) to (13.1), reduced modulo 92"
can be expressed as a polynomial in ®,(z) of degree at most 2(@+tVh — 1 with coefficients
that are Laurent polynomials in zY/®"=Y over the integers.

Proof. For ease of notation, we replace z by 221 in (13.1), thereby obtaining the equation
22— f(2) +1=0, (13.4)

with f(z) = f(z%"~!). We now have to prove that, modulo 22" the series f(z) can be

expressed as a polynomial in
[o.¢]

Bp(z) =Y 22" (13.5)

of degree at most 2D — 1 with coefficients that are Laurent polynomials in z.

It is readily verified that

32" (2) + ®p(2) + 2 =0 modulo 2, (13.6)
whence -
(i)ih(z) + &y (2) + z) =0 modulo 2*™. (13.7)
We modify our Ansatz (4.2) to
2(ath_q
f(z) = Z a;(2)®% (z) modulo 22" (13.8)
i=0

where the a;(2)’s are (at this point) undetermined Laurent polynomials in z.

Next, we gradually find approximations a; g(z) to a;(z) such that (13.4) holds modulo
28 for f = 1,2,...,2%" To start the procedure, we consider the differential equation
(13.4) modulo 2, with

o(at+1)h_q

fz)= Y a(2)®)(z) modulo 2. (13.9)

=0

We substitute the Ansatz (13.9) in (13.4), reduce high powers of ®,(z) by using Re-
lation (13.7), reduce the resulting expression modulo 2, thereby taking advantage of
the elementary fact that ®)(z) = 1 modulo 2, and we finally see that the left-hand
side of (13.4) becomes a polynomial in ®,(z) of degree at most 2D — 1 with coeffi-
cients that are Laurent polynomials in z. Now we compare coefficients of powers éﬁ(z),
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k=0,1,...,20+)" _ 1 This yields a system of 2(®*V" equations (modulo 2) for the un-
known Laurent polynomials a;(z), i = 0,1,...,2*Y" — 1. Since we have already done
similar computations several times before, we content ourselves with stating the result:
all Laurent polynomials a;(z) must be zero, except for ag1(z) and agan ;(2), which are
given by

a—1
ao,l(z) _ Z 22kh_1’
k=0
agon 1 (2) = 271 (13.10)

After we have completed the “base step,” we now proceed with the iterative steps
described in Section 4. Our Ansatz here (replacing the corresponding one in (4.6)—(4.8))
is

9(a+1)h_q
fz) = Z a;p41(2)®4(2) modulo 2971, (13.11)
i=0
with
aipi1(2) = a;5(2) + 2°bi g (2), i=0,1,... 2@+ 1 (13.12)

where the coefficients a; g(z) are supposed to provide a solution

o(at+1)h_q

Joz)= Y aip(x)®(2)

i=0
to (13.4) modulo 2°. This Ansatz, substituted in (13.4), produces the congruence

o(at+1)h_q

th_lfgh(z) — fa(z) +2° Z bigs1(2)®%(2) +1=0 modulo 27+, (13.13)
i=0

By our assumption on fg(z), we may divide by 2°. Comparison of powers of éh(z) then
yields a system of congruences of the form

bigi1(2) +Poli(z) =0 modulo 2,  i=0,1,...,20@F0" 1 (13.14)

where Pol;(z), i = 0,1,...,2@+*Y" _ 1 are certain Laurent polynomials with integer
coefficients. This system being trivially uniquely solvable, we have proved that, for an
arbitrary positive integer «, the modified algorithm that we have presented here will
produce a solution foar(z) to (13.4) modulo 22*" which is a polynomial in ®,(z) with
coefficients that are Laurent polynomials in z. O]

It has been shown in [27] that the parity pattern of free subgroup numbers in Hecke
groups $(q), ¢ a Fermat prime, coincides with the parity pattern of (special) Fu—Catalan
numbers. More precisely, let f)(\q) denote the number of free subgroups of index 2¢g\ in
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the Hecke group $(¢). (For indices not divisible by 2¢, no free subgroups exist in $(q).)
Then (see [27, Eq. (37)])

@ _ 1{(g=1)A
i —)\( N1 modulo 2.

The reader should keep in mind that ¢ — 1 is a 2-power. Theorem 33 says that the
generating function for the Fufi—Catalan numbers (13.2), when reduced modulo a given
power of 2, can be expressed as a polynomial in ®(z). We are now going to show that
the same is true for the generating function for free subgroup numbers in the Hecke
group $H(q), although the equation it satisfies is different from the functional equation
(13.1) for the generating function of Fufi-Catalan numbers. In the corollary below, we
present actually a more general result: even the generating function for free subgroup
numbers of the lift I';,(¢), when reduced modulo a given power of 2, can be expressed
as a polynomial in ®,(z) in the case where ¢ is a Fermat prime. In a certain sense, this
extends Theorem 19, although it does not reduce to it for h = 1. Again, the reason lies
in the choice that, in the proof below, the reductions in our algorithm are based on the
polynomial relation (13.7) for the basic series ®y(z), which, for h = 1, is “weaker” than
the relation (4.4) which is used in the proof of Theorem 19. On the other hand, the
corollary does largely extend the parity result [27, Cor. A’].

Corollary 34. Letq = 22" 11 be a Fermat prime, and let v be some positive integer. Then,
for every positive integer m, the generating function F,,(q;2) = 1+ <, fiq)(m)z’\ of free
subgroup numbers of T (q), when reduced modulo 27, can be expressed as a polynomial in
Oy (2) of degree at most 22f’y—1 with coefficients that are Laurent polynomials in z'/(4=2),
where the series ®p(z) is defined as in (13.3).

Proof. In view of Proposition 18, the assertion is trivially true for even m, the polynomial
in ®,7(z) being a polynomial of degree zero in this case. We may thus assume from now
on that m is odd.

Equation (7.3) provides a Riccati-type differential equation for F,(¢;z) = 1 +
2Gm(q; 2). Moreover, this equation, considered modulo 2, is the same for every odd
m. Namely, we have

LFulg2) = 1) =A®(@)+> > > (m’.’f‘ M) (! (20)") " Au($(q)) 2"

X ﬁ (% (Fn(g; 2) — 1)>(Mj_1) modulo 2.

j=1
Moreover, it is shown in [27, Prop. 2] that, modulo 2, this differential equation reduces to

2F9Y(q:2) — F(q:2) +1=0 modulo 2. (13.15)
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The latter statement means that reduction of coefficients modulo 2 and usage of the simple
fact that
F'"(¢;2) =0 modulo 2 (13.16)

leads from the original differential equation (7.3) for F,,(¢;2) = 1+ G,.(¢;2) to the
congruence (13.15). With ¢ — 1 being a power of 2 by assumption, we observe that,
disregarding the restriction to modulus 2, Equation (13.15) is the special case of (13.1)
where h = 2. In particular, if, for the moment, we assume that v = 2°2', for some
positive integer «, then we see that the base step of the Ansatz outlined (and applied)
in the proof of Theorem 33 (with h = 2/) can be successfully performed here: it would
yield exactly the same result as there, namely (13.9) with the Laurent polynomials a; (%)
being given in the paragraph containing (13.10).

However, also the subsequent iterative steps would just work in the same way as in the
preceding proof! Indeed, transform the Riccati-type differential equation (7.3) for F},(q; 2)
by the substitution z — 2972 (in analogy with the substitution leading to (13.4)). This
yields a Riccati-type differential equation for F,,(¢;2972?). A fine point to be observed
here is that, in this equation, the coefficients will not necessarily be integral; due to the
substitution rule for differentials, denominators that are powers of (¢ — 2) may occur. As
in the proof of Theorem 33, we now continue with the Ansatz

2(a+1)2f_1
Fo(q; 277%) = Z aips1(2)®%;(2) modulo 27+, (13.17)
i=0
with
@ip(2) == a;5(2) + 2% g (2), i=0,1,...,20702 —1 (13.18)

(which is analogous to (13.11)-(13.12)), where the coefficients a; g(z) are supposed to

provide a solution
2(a+1)2f_1

Frp(gz) = Z aiﬂ(z)(iéf(z)

i=0
to the differential equation for F,(q; 2¢72) modulo 2°. The fact that reduction modulo 2
and usage of (13.16) leads from the original differential equation for F,,(q;z) to (13.15)
implies that substitution of the Ansatz (13.17)—(13.18) in the differential equation for
F,.(q; 2972) yields an equation completely analogous to (13.13), namely

2a+h_1

Zq*QFﬁigl(q; z) = Fnplq; 2) + 27 Z bi,6+1(2)§)2(2)
=0

+ 14+ T(2,Fnp(g;2)) =0 modulo 271

Here, T'(z, F}, 5(¢; 2)) consists only of terms that may depend on F, 5(¢; 2) but do not
depend on the b;gy1(2)’s. The rest of the procedure is then as in the preceding proof:
we divide by 27, compare powers of ®,(z), and obtain a system of congruences of the

THE ELECTRONIC JOURNAL OF COMBINATORICS 18(2) (2012), #P37 59



form (13.14), which is trivially solvable. The powers of (¢ — 2) that may appear in
the denominators of the coefficients in the polynomials involved here are disposed of by
interpreting them appropriately as elements of Z/277Z.

a2t
Finally, if we are able to express F,(q; z) as a polynomial in ®,s(2) modulo 27 = 22 :
for all o, then the same assertion must hold for every ~. m

In order to illustrate the algorithm described in the last proof, let us consider the case
of the Hecke group $(5), that is, the case of Corollary 34 where f = 1. The Riccati-type

differential equation for the series G, (2) := G (5;2) = > 5y f)(\i)l(m)z)‘ that one obtains
from (7.3) in this special case reads

Gom(2) = 189m* 4 4600m>2G,,(2) + 1430m>2*G2 (2) + 80mz>G2 (2)
+ 240G (2)* + 14300m°22GY (2) + 2400m2 22 G, (2) Gl (2) + 60m2* G2 (2)G! (2)
+300m224 (G, (2))7 4 8000m> 23 G (2) + 400m>24 Gl (2) 1 (2) + 1000m> 24 G (2).
Since G (2) = G (5;2) = L(F,(5;2) — 1), we obtain the differential equation
1+ (189m* — 300m? + 130m* — 20m + 1)z
+ ((300m? — 260m? + 60m — 4)z — 1) F,,(5; 2) + (130m? — 60m + 6)2F2 (5; 2)
+ (20m — 4)2F3 (5, 2) + 2F2 (5; 2) + (4300m* — 1000m? 4 60m)2*E, (5; 2)
+ (1000m? — 120m) 22 F,, (5; 2) F! (5; 2) 4+ 60m22 F,, (5; 2)*F!, (5; 2) + 300m*2° F' (5; 2)?

+ (5000m* — 400m?) 23 F (5; 2) + 400m?2* F,,,(5; 2) F (5; z) + 1000m>2* F (5; 2) = 0
(13.19)

for F,,(5;z). We have implemented the algorithm described in the proof of Theorem 34
for this differential equation. For the modulus 16, it produces the following result. (It
is independent of m because of the high divisibility of the coefficients in the differential
equation (13.19) by powers of 2. The parameter m will show up for 2-powers higher than
21 = 16.)

Theorem 35. Let ®5(2) = 3, - 2A"/3 as before. Then, for all positive odd integers m,

the generating function F,(5;2) = 14 55, fA(S)(m)zA for the free subgroup numbers of
[',.(5) satisfies

F(5;2) = 42 + 14 122230,(2) + 1021202(2) + 1283(2) + (422/3 + 72_1/3) d3(z2)
+ 42 3D5(2) + 405(2) + 1227 PD](2) + 82D (2) + 499 (2)
+ 22713010(2) + 12012(2) + 1227 V3®013(2)  modulo 16. (13.20)

Clearly, coefficient extraction from powers of ®5(2) (and, more generally, from powers
of ®,(2)) can be accomplished by appropriately adapting the results in Section 3.
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14 A variation II: subgroup numbers for Hecke
groups

In Section 9, we proved that the generating function for the subgroup numbers of the
inhomogeneous modular group PSLy(Z) = $(3), when reduced modulo a power of 2, can
always be expressed as a polynomial in the basic series ®(z) with coefficients that are
Laurent polynomials in z. Here, we discuss possible extensions of this result to Hecke
groups $(q), where ¢ is a Fermat prime. Again, we have to modify the original method
from Section 4 by using the series ®5,(z) defined in (13.3) (for suitable h) instead of ®(z).
We conjecture (see Conjecture 38) that this variation of our method will be successful for

arbitrary Fermat primes q. If ¢ = 5, we are actually able to demonstrate this conjecture,
thereby largely refining the ¢ = 5 case of [27, Theorem B].

Theorem 36. With notation from the previous section, let ®o(2) = o, 2*"/3, and let o
be a positive integer. Then the generating function S(z) = Ses)(2) (see the first paragraph
of Section 9 for the definition), reduced modulo 2**, can be expressed as a polynomial in
®y(2) of degree at most 4T — 1 with coefficients that are Laurent polynomials in z'/3
over the integers.

Proof. Let .
() = e, (n)ho, (n)

Using the routine to compute recurrences for the Hadamard product of recur-
sive sequences, implemented in gfun [31] and GeneratingFunctions [23] (cf. [32, Theo-
rem 6.4.12] for the theoretical background), one obtains the recurrence

n(16 — 72n + 174n* — 155n° + 65n* — 13n° + n°)h(n)
— (184 — 620n + 854n* — 555n> + 177n* — 251n° + n°)h(n — 1)
— (856 — 1636n + 1250n* — 479n° + 101n* — 13n° + n®)h(n — 2)
—4(n—6)(n —3)*(=7+3n)h(n —3) +8(n—T7)(n —4)(3n — T)h(n — 4)

— (1136 — 856m + 1292n* — 2930n° + 3115n* — 1718n° + 516n° — 80n" + 5n®)h(n — 5)
— 2(1856 — 5376n + 6828n% — 4868n> + 2174n* — 651n° + 133n° — 170" + n®)h(n — 6)
—4(n—6)(n—5)(n—3)*(n—2)(3n—"T)h(n—T)+8(n—7)(n—6)(n—4)(n—3)(3n—"7)h(n—8)
—16(n —8)(n —7)(n —5)(—=7+ 3n)h(n —9)

—(n—=9)(n—8)(n—6)(n—3)(16 + 12n — 16n> — 5n* + 15n* — Tn° + n®)h(n — 10) = 0
(14.1)

for the sequence (h(n))n>0. Since the leading coefficient (i.e., the coefficient of h(n)) is
not n, this recurrence is not suitable for being translated into a Riccati-type differential
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equation with integral coefficients via (11.1), to which we can apply our method from
Section 4. Using Euclidean division of difference operators, one can see that we also have

nh(n) —h(n — 1) — h(n — 2) — (5n* — 11n — 44) h(n — 5) — 2(n — 4)(n — 2)h(n — 6)
+12h(n — 7) — 4h(n — 8) — (n* — 20n® + 951 + 260n — 2000) h(n — 10)
+4(9n — 85)h(n — 11) — 8 (n® — 19n + 89) h(n — 12)
+4(n — 14)(n — 13)(n — 11)(n — 7)h(n — 15)
— 4(n —15)(n — 14)(n — 12)(n — 9)h(n — 16) = 0. (14.2)

If we now apply the procedure of converting such a recurrence for homomorphism numbers
(divided by n!) into a Riccati-type differential equation for the generating function of the
corresponding subgroup numbers as explained in the paragraph containing (11.2), then
we obtain the differential equation

2242'% — 2562 + 402" — 56210 + 10027 + 427 — 122% + 162" + 262" + 2 + 1

+ (73620 — 8242"° 4 482" — 362" + 2762"0 + 142° 4 442° — 1) S(2)

+ (4482'7 — 48820 4+ 82" + 1622 + 227 + 52°) 5%(2)
+ (802"% — 842'T + 262"7) S%(2) + (42" — 42" + 2%) SU(2)
+ (4482"7 — 4882"° 4+ 82" + 1622" + 227 + 52°) §'(2)
+ (122" — 122" + 32") (9')%(2) + (2402 — 25227 + 782"%) S(2)5'(2)
+ (242" — 242" + 62"7) $%(2)9'(2) + (802" — 842'7 + 262'%) 5”(2)
+ (162" — 162" + 42"%) 5(2)9"(2) + (42" — 42" + 21%) §"(2) = 0. (14.3)

For convenience, we replace z by 2 in (14.3). Writing S(z) = S(z?), the above differential
equation translates into

2242% — 2562% + 402% — 562™ 4 1002*" 4 42° — 122"° + 162" + 262" + 2% + 1
+ (7362 — 8242% + 482%0 — 362% 4 27627 + 142'% + 442" — 1) 5(2)
+ (4482°" — 4882 + 827 + 16227 + 227" + 521%) §%(2)
+ (8027 — 842°" +262%0) S3(2) + (4277 — 42°* + 2%) S4(2)
— 2" (962" — 36882" + 3928270 — 722" + 242" — 131221° — 182% — 45) 5'(2)
+ 2% (421 — 421 4+ 1) (5)2(2) + (80277 — 842" +262*) 5(2)5'(2)
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~ ~ 4 ~
+ (827 — 82" +22°7) 5%(2)5'(2) + 5232 (427" + 142" — 192" + 2° + 6) 5"(2)

1 .
+ 2—7233 (42" — 42" +1) §”(2) = 0. (14.4)
We have to prove that, modulo 24% the series S (z) can be expressed as a polynomial in
®y(2) (as defined in (13.5)) of degree at most 4*™! — 1 with coefficients that are Laurent
polynomials in z.
We make the Ansatz

S(z) = a;i(2)®4(z) modulo 2*", (14.5)

=0

where the a;(z)’s are (at this point) undetermined Laurent polynomials in z.

Next we gradually find approximations a; g(z) to a;(z) such that (14.4) holds modulo
28 for B = 1,2,...,4%. To start the procedure, we consider the differential equation
(14.4) modulo 2, with

qot1l_q

S(z) = Z a;1(2)®%(z) modulo 2. (14.6)

=0

We substitute the Ansatz (14.6) in (14.4), reduce high powers of ®,(z) by using the
relation (13.7) with h = 2, and reduce the resulting expression modulo 2, thereby taking
advantage of the elementary fact that ®,(z) = 1 modulo 2. The powers of 3 that appear
in the denominators of the coefficients in the polynomials involved here are disposed
of by interpreting them appropriately as elements of Z/2"Z. We finally see that the
left-hand side of (14.4) becomes a polynomial in ®,(z) of degree at most 4%t — 1 with
coefficients that are Laurent polynomials in z. Now we compare coefficients of powers
®k(2) for k= 0,1,...,4*t1 —1. This yields a system of 4*t! equations (modulo 2) for the
unknown Laurent polynomials a;1(2), i = 0,1,...,4°™ — 1. Since we have already done
similar computations several times before, we content ourselves with stating the result:
all Laurent polynomials a;1(z) must be zero, except for

a—1 a—1
ap1(z) = 2794 718 Z A + 278 Z 22.4'@’
k=1 k=1
Age 1(2) = 713
g0 1(2) = 275 (14.7)

After we have completed the “base step,” we now proceed with the iterative steps
described in Section 4. Our Ansatz here (replacing the corresponding one in (4.6)—(4.8))

1S
4o+l

S(z) = Z a; p41(2)®P5(2)  modulo 27+, (14.8)

1=0
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with
aiwgﬂ(z) = ai”@’(z) + 2661‘”34_1(2), 1=0,1,... ,4a+1 -1, (149)

where the coefficients a; g(z) are supposed to provide a solution

gt g

Sp(2) = D aip(2)Bh(2)

1=0

to (14.4) modulo 2°. This Ansatz, substituted in (14.4), produces a congruence of the
form

qotl_g

T(Sp(2)) +27 Y (bipar(2) + 2" s (2) + (0 + Dbigr,p01(2)) B(2) + 1= 0
=0
modulo 2°*! (14.10)

where T(S5 (2)) represents terms that only depend on Ss(z). Inductively, we have already
computed Sz(z), and we know that T'(Ss(z)) must be divisible by 2°. Comparison of
powers of ®9(2) then yields a system of congruences that is equivalent to a system of the
form

bigi1(2) + 2'°, 5,1 (2) + Poli(z) =0 modulo 2, i=0,1,...,4°" -1,

where Pol;(z), i = 0,1,...,4°"" — 1, are certain Laurent polynomials with integer coeffi-
cients. By Lemma 12, these equations are solvable for any polynomials Pol;(z). Thus, we
have proved that, for an arbitrary positive integer «, the modified algorithm that we have
presented here will produce a solution S (z) to (14.4) modulo 2** which is a polynomial
in ®y(2) of degree at most 4°*! —1 with coefficients that are Laurent polynomials in z. ]

Again, we have implemented the algorithm described in the above proof. For @ = 1,
that is, for the modulus 16, we obtain the following result.

Theorem 37. Let ®y(z) = ano 2"/3 as before. Then, for the generating function
Se5)(2) = Do Snt1(9H(5))2" for the subgroup numbers of $(5), we have

7
Sa5)(2) = 8212 4429 4827 +82° + 224 + 822 + 42+ 14+ =
z

8 8 12
+ (8220/3 +82%/3 ¢ + + ) Dy(2)

~1/3 1 473 1 ,10/3
12 8 10 8 12
+ (8z19/3 + 8243 4 At st 211/3) P3(z) + (826 +82+—+ ?> P3(z)

6 8 12 7 4
~A4/3 + S7/3 + 510/3 + z13/3> Py(2)

+ <8232/3 + 822073 1 g 1/3 4 8,83 4 825/ 4
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$ 08 8 4, . s 12 4
<+22/3 + 573 + 873 + 211/3) @2(2)4— (82 +8Z+;+;+;> (I)Q(Z)

8 8 12 .
+ <z4/3 + ~7/3 + 213/3> q)Q(Z)
+ (8222/3 + 821973 1 8216/3 4 8210/3 | 12,7/3 4 8,4/3

4 8 D 2

8
+Zz/3 55/3 T ,8/3 + 211/3) D5 (2)

8 4 8 12 2 8
+ (826 + 8z + ; + ; + ?) @g(z) -+ (m + m) CI);O(Z) —+ %(D%l(z)

8 12 12 12
+ (820 +82M +82 48+ -+ — + = + — | D(2)
z 22 3 A ) 2

8 8 12 13 4 8 "
T <z4/3 T s 213/3> ®5°(2) + (W + 211/3) ®5°(2) modulo 16. (14.11)

We conjecture that Theorems 21 and 36 extend to any Hecke group $(q), where ¢ is
a Fermat prime (note that PSLy(Z) = Cy % C3 = $(3)).

Conjecture 38. For a positive integer h, let ®p,(2) = > -, 22"/@ D Let o be a further

positive integer, and let ¢ = 22 4+ 1 be a Fermat prime. Then the generating function
a2f

Ss(q)(2) (see the first paragraph of Section 9 for the definition), reduced modulo 22 * can

be expressed as a polynomial in Py (2) of degree at most 202" _ 1 with coefficients that
are Laurent polynomials in 2Y/9=2) over the integers.

Note that Theorems 21 and 36 are the special cases corresponding to f = 0 and f =1,
respectively. In particular, we conjecture that the obvious extension of the algorithm
described in the proofs of the two theorems would be successful modulo any 2-power.
In more detail, given a Fermat prime ¢, the first step consists in deriving a recurrence
relation for the Hadamard product of the sequences (he,(n)) _, and (he,(n)/n!) . By
the procedure explained in the paragraph containing (11.2) (where we now use (11.1) with
' = $H(q)), this leads to a Riccati-type differential equation for the generating function
Ym0 Snt1(H(q)) 2 for the subgroup numbers of $(g). The open questions are whether it
will be possible to complete the base step, and whether it will always be possible to carry
out the subsequent iterative steps in (the variation of) our method or, if necessary, its
enhancement outlined in Appendix D. Given the description of the parity pattern of the
subgroup numbers proved in [27, Theorem B], it is highly probable that the first question
has a positive answer. What the answer to the second question is, remains entirely open.
(The reader should recall that, in Section 12, we met a case where our method worked
initially, but then stopped to work for modulus 16).
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A Expansions of powers of the 2-power series ¢(z)

Recall the notation

_ E a12"14+a22"2+---+ar2""
Halya2 77777 ar (’Z) - z "

ni>ng>->n.,>0

from Section 3. In this appendix we list the expansions of ®¥(z) for K = 5,6,7,8 in
terms of the series Hy, 4,...4,(2) where all a;’s are odd, obtained by using the algorithm
described in Section 3 (see (3.1) and the proof of Lemma 9). Namely, we have

®°(2) = 16Hs(2) — 40H3 1 1(2) — 40H, 31(2) — 40H, 1 3(2) + 120H, 1111 (2)
—80H;5,1(z) — 80H 3(2) +240H, 111(2) + (202 — 90) H3(2)
— (602 —270)Hy11(2) — (1202 — 190)Hy 1 (2)
+ (252 — 1252 + 75) H,(2) + 502* — 75z,

@6(2) = 96H5,1<Z) + 96H175(Z) + 80H3’3(Z) - 240H3’171,1 (Z) - 24OH173’171(Z)
— 600H37171(2’) — 600H17371(2’) — 600H17173(Z’) + 1800H1,1717171(Z)
+ (1202’ — 840)[’[3’1 (Z) + (1202 — 84O>H173(Z) — (3602 — 2520)]‘[1,17171 (Z)
+ (300 — 764) H3(2) — (9002 — 2340)Hy 11 (2) + (15022 — 1200z + 1470) Hy 1 (2)
+ (3752% — 1020z + 525)H, (2) — 612° + 4952% — 525z,

O7(2) = —272H7(2) + 672H;11(2) + 672H, 5.1 (2) + 672H, 1 5(2)

+ 560H;551(2) + 560Hs. 3(2) + 560Hy 55(2) + 2016 Hs.1(2) + 2016 Hy 5(2) + 1680 Hs 5(z)
—1680H3,11.11(2) — 1680H1 51,11 (2) — 1680H1.15,11(2) — 1680H1 1131 (2) — 1680H1 1 1.15(2)
+5040H1 1.1 1.11.1(2) — 5040Hs 1 11(2) — 5040H, 511(2) — 5040H, 1 51(2) — 5040H, 1 1 5(2)
+15120H 11111 (2) — (3362 — 3360) Hs () + (8402 — 8400) H 1 (2) + (8402 — 8400) H 5 1 ()

+ (8402 — 8400) Hy 1 5(2) — (25202 — 25200)Hy.11.11(2) + (25202 — 9408) Hs 1 (2)
+ (25202 — 9408) Hy 5(2) — (75602 — 28560)Hy 111(2) — (35027 — 4060z + 7434) Hy(2)
+ (105022 — 121802 + 23310)Hy 1.4(2) + (315022 — 13020z + 13230)Hy 1(2)

— (4272% — 50402 + 95552 — 4347)Hy(z) — 12812° + 52082% — 4347z,
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®8(2) = —2176Hy 1 (2) — 2176 H, 7(2) — 1792H; 3(2) — 1792H3 5(z)
+ 5376[’[5717171(2’) + 5376H1,57171(Z) + 5376H171,571(Z) + 5376H1717175(Z) + 4480H3737171(Z)
-+ 4480H37173’1(Z) -+ 4480H3’171’3(2) —+ 4480[’[1’3’371(2) —+ 4480[‘[173,173(2) + 4480H1717373(Z)

7777777777

7777777777

+ 18816[’[571’1(2) + 18816H17571<2) + 18816H17175(2’>
+ 15680[‘[37371(2) + 15680H3’173(Z) -+ 15680[’[1’3’3(2) — 47040]’]371’171’1(2)
— 47040]‘]173’171’1(2) — 47040]‘11’173’171(2’) — 47040]‘[171’173’1(2) — 47040]‘]1,171’173(2)

777777

— (94082 — 47264) H5(2) + (235202 — 119504) Hs 1 1(2) + (235202 — 119504) H, 3, (2)
+ (235202 — 119504) H, 1 3(2) — (705602 — 361200)H; 11.1.1(2)
— (28002” — 44240z + 115304) H3 1 (z) — (28002 — 44240z + 115304) H; 3(2)
+ (840027 — 132720z + 355320) H; 111 (2) — (98002% — 55832z + 80892) H(2)
+(294002% — 1688402 + 260820) Hy 1 1(2) — (34162% — 5502022 + 1549802 — 135982) H; 1(2)
— (119562 — 684742 + 1012062 — 41245) H, () + 13852* — 223582 + 5996122 — 41245.

B The coefficients in the differential equation (11.5)

Here we provide explicit expressions for the coefficients in the Riccati-type differential
equation (11.5), when reduced modulo 16:
po(z) = 8247 4+ 8216 4+ 122%° 4 4213 1 122% + 12290 4 4239 112238 8237 4+ 4230 4234 1 2,3
+ 1123 46259 + 1427 + 14228 + 13227 4 6220 4 9225 + 1122 + 4228 4 7222 4 9221 4 2%
+ 7210 415218 4 14217 £ 12210 1 1121° 4 2™ 110218 4+ 5212 4 2211 18210 1929 41528
+ 527 +132° + 42 +142° + 22 + 112 + 15,
p1(z) = 8218 41220 41225 4 4213 1 12292 4 42 1 4210 4 4239 1 8238 4230 413231 46233
410230 4 230 44229 £ 11228 £ 8227 4+ 13225 4 224 £ 8273 4 222 4 221 4+ 4270 4 14219
+ 9218 46217 41426 1821 41321 4 62 + 2212 + 9210 4+ 112° + 627 + 820 +62°

+524 4322 +42 41,
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pa(2) = 12250 + 2249 412278 4 4247 + 4240 + 122 + 102" 4 222 + 42%! 48270 + 14277
+ 5237 42230 4 623% 410234 + 8232 + 10232 4+ 5231 + 7250 412229 + 7228 4+ 4277
+122%5 £ 9225 £ 12271 4+ 2273 + 14222 + 10221 + 12220 4 102" + 3218 + 6216 4 9215
+122M £ 1521 4 14212 + 102 4+ 2210 41229 + 1428 + 1327 + 725 + 825 + 23 + 222,
p3(2) = 62°% 4+ 8270 4+ 122" + 8247 4 14240 + 42%° + 82 + 62%% 4 82%% 4 42! 4 520 4 62%
+ 12238 42237 4+ 2256 1 7234 16233 7231 414250 8229 45278 14227 8276
+142% 4+ 142% + 2222 £ 8271 412270 4 14210 46218 £ 12217 £ 9216 4 4215 4 2218
+ 2212 415219 + 1429,
pa(z) = 4253 4+ 15251 44247 42246 4 245 1 92M £ 15242 4 421 4+ 10290 + 4230 46238 4 4257
+22%0 4627 410234 4+ 11232 + 8232 + 8231 + 10227 4 12220 + 12225 4 2223 4 4222,
ps(2) = 132°% + 1528 4 6247 + 1220 4 32%° 4+ 102 + 42%3 4 122%2 + 10241 + 2259 2238
+ 15230 4+ 1423,
po(2) = 12250 + 2249 412298 4 4287 + 4290 + 122 + 102" 4 222 + 42%! 48270 + 14277
+ 5237 42230 4+ 623% 410234 + 8232 + 10232 4+ 5231 + 7250 412229 + 7228 4+ 4277
+ 12220 4 922° 4+ 1222 + 2273 + 14222 + 10221 4+ 12220 4+ 102" + 3218 46216
+9215 £ 122M 4 15218 4 14212 4102 + 2210 41229 + 1428 + 1327
+ 725 4 82° + 2% + 222,
pr(2) = 12258 +132°1 + 122%7 4 620 + 32%° 4 112% + 1322 + 122 + 14270 4 12239 4 278
+ 12237 46230 4 223° 4 14234 4 233 £ 8232 48231 + 14229 4 4220 4 42%° 1 6223 + 12272,
ps(2) = 22°% 48250 4 42" 1+ 8247 4 10240 4 122%° 4 824 4 2243 4 8242 4 12241 4 15240 4 2239
44238 46237 + 6230 + 523 4+ 2233 4 5231 4+ 102%0 + 8229 4+ 1522 + 10227 + 82
+102% 4+ 1022 + 6222 + 8221 + 4220 + 10219 + 2218 4 4217 £ 11216 412210
+ 621 4+ 622 4+ 1321 + 1027,
po(z) = 8253 410251 4 8217 + 12296 4 6215 + 624 4 1022 + 8241 12240 4 8239 4 4238 4 8237
+ 12230 44235 41223 4+ 2273 412270 4 8220 + 8225 4 12223 4 8272,
pro(2) = 22°% + 6218 4 1227 4+ 8290 4 14275 4 428 82" 1 8212 - 421 1 4239 4 438
+ 6256 412235,
p11(2) = 32°% + 28 110277 4290 4 132" + 62 4 1228 4 4292 4 62 + 1423
414238 4 236 4 2z35,
p12(2) = 6272 +82°0 + 1228 4 8247 4+ 1420 4 425 4 824 4 62 + 822 + 42 + 5240 + 6257 + 12
+ 2237 42250 4 723 16233 + 7230 4 142%0 4 8229 4 5228 4 14277 4 8220 4 1422 4 142
42222 48271 412270 4 1421 + 6218 + 12217 49216 4 4215 4 2213 4 2212 4 15210 4 1429,
p13(z) = 12250 4 8240 4 42" 4 421 1 1222 4 8210 4 8238 4 8230 1 8235 4+ 8231 +12:%
+ 8229 48273,
pra(2) = 22°% + 628 4 1227 4 820 1 1425 4 428 1 8213 18242 4 42 423
+ 4238 46230 1223,
pi5(2) = 22°% + 628 4 12247 4+ 8240 1 1425 4 428 4 82%3 1 8242 4 42 1 423
+42%8 4 62%0 +122%°,
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pr6(z) = 42°% + 15250 + 4247 42240 4 215 1 92M 1 15242 4 42 1020 + 423 +62%° + 4257 4 2276
+623° 410234 + 11233 + 8232 4+ 8231 + 1022 + 12226 4+ 12225 4+ 222 4 4222,

pi7(z) = 2% + 112" + 14247 4+ 1220 4 152% + 22 + 4243 4 122%2 + 22 +102% + 10238
+ 11235 4 6235,

p1g(z) = 1325 4 15278 4+ 6247 + 12270 4+ 3275 4 102% 4+ 42 4+ 122%2 £ 102 42239 + 2238
+ 15230 + 142%.

C The coefficients in the differential equation (12.3)

Here we provide explicit expressions for the coefficients in the Riccati-type differential
equation (12.3), when reduced modulo 16:

qo(2) = 82°0 4 820 4 4247 112296 4 824 1 102%3 + 2242 + 2241 412240 12238 1 7237 411236
+102%° + 11234 4+ 13233 + 13232 + 14231 + 15230 + 1022 + 14228 + 8227 4+ 10226 + 622°
+ 2% 44222 1 8270 11421 112218 + 8217 + 9210 4 4215 62 48218 4 212 4 1421
+9210 4229 4+ 1428 + 1027 4 42 + 1125 + 42* + 42° + 22 + 82 + 15,

q1(2) = 82°1 4+ 82°0 4+ 8219 + 1228 1 427 112290 1 42%° 142" + 10272 + 5290 4 4239 4 4.3
+ 9257 4+ 4256 4+ 14235 4 5234 4 14233 £ 13230 + 5250 + 4229 4+ 142% 4 6277 4 5226
+102%° + 1228 4+ 9222 + 12221 4+ 13220 + 6219 + 218 + 7217 4 15210 4 1121 4 7213
+ 5212 4 21 46219 £ 102% 4228 + 427 +820 4225 4 1124 + 423 + 822 + T2+ 1,

q2(2) = 82°7 4 82°0 4+ 82°° 4+ 82°% + 8253 4+ 122°1 4+ 10250 + 12249 + 8248 + 10247 4 15246 4 42
+ 10243 +Z42 4 11241 +z40 —|—2239 +238 +3237 —‘1-6236 +7Z35 +8234 +z33 +6231 +9229
+ 1422 + 11277 + 5225 + 2224 4622 + 4222 + 6221 + 13220 + 219 4102 4 217 4+ 10215
41228 4 21 10212 192 7210 1429 41228 4327 + 220 4925 + 321 + 923,

g3(2) = 142° + 22°° + 142°% £ 11252 46251 + 10250 4 1124 + 2278 4 15247 + 6246 + 102 + 92
+42% 45242 4 1124 + 5240 4 10237 + 4238 + 12237 4+ 2236 4 5235 4 234 16233 4 5232
+ 13230 £122%0 4+ 3229 + 10228 + 13227 + 14220 4 4275 4 12221 + 822 + 9222 4 627!
+142%0 4 7219 £ 5218 4 4217 4 4216 1 821 415210 41321 4929 4 728 + 26 4 425,

qa(z) = 82%0 415258 4+ 14257 + 12250 4 9254 4 7273 4+ 9252 110251 + 12259 + 29 4 1028 + 14276
+ 62 4 621 4 6213 + 14242 + 112 £ 1320 410239 + 238 + 13257 4 7236 4223
+12233 44232 413231 413250 + 422 4 11228 + 7227 4 8220 4 227 4 6224 4 13223
+ 11221 2220 £ 9219 4 6218 42217 415216 £ 5215 4 3211 4 14213 + 2212 £ 1021
+ 9210 +62° + 1228,

g5(2) = 52°% 4 13258 +122°0 4 25° 4 8251 - 5273 412252 + 152°1 + 8250 + 14249 4 2218 4 477
+ 4240 £ 102% £ 1224 48283 4+ 4241 42240 1823 112257 42236 £ 1223% 4 8234,

g6(2) = 122% + 4248 £ 12246 1 122%° 4122 4+ 4273 £ 12222 + 12240 4+ 12239 4+ 4238 4+ 4237
44230 44232 44230 112277 41222 112222 + 12221 +12220 412219 412218 4+ 421
+ 4218 412212 112210 412210 4 42° 4 428 4 427 4+ 1225 4 425,

qr(2) = 102°% + 625 +102° + 6252 + 6219 + 224 + 14270 4+ 623 + 14257 410236 + 1423
+ 14250 42228 £ 10227 + 14223 + 2221 + 6210 + 10210 + 1421° + 2214 1+ 6210,
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gs(2) = 102°° 4 62°° +102°% + 9252 4 2251 + 14259 4 9219 4 6248 4 5217 2240 4 14275 4 324
41228 4 7242 40240 47240 414239 412238 + 4237 46250 + 723° 411234 4 2238
+ 7252 415230 + 4250 4 229 £ 14278 415227 + 10270 4 1222° 4 4221 4 3222 42,2
+102%0 41321 + 7218 £ 12217 412216 4 5213 4 1521 + 329 4+ 1328 + 1125 + 1225,
qo(2) = 72°9 415258 + 112°5 4+ 7253 + 5251 + 102 4 62" + 142%° + 6240 4 623,
quo(z) = 258 4 725 49253 4 7252 115240 4 5241 4 3240 1 15238 43237 49236 1 3231 4 3,30
+ 5228 4+ 09227 4 3223 45221 4 7219 4 216 1 11215 4+ 1321 4 7210,
qu1(z) = 1225° + 4250 112250 4 4297 412270 4 4275 112273 4 42%2 + 42 + 4278 4 1223
+ 4233 44232 412279 4 4220 £ 1227 + 12222 + 12210 + 1221 421 112213
+122% + 42° 4 425,
q12(2) = 152°8 414257 + 12255 + 9254 4 7253 19252 11025 + 12250 + 249 4 1028 4 14270 4 62%°
+ 62 4+ 627 4+ 14272 4+ 112 + 1320 410237 + 2% + 13257 4 7230 42234 412233 1 4232
+ 13230 413250 44220 4 1127 4+ 7227 4 227 + 622 41327 + 1122 + 2220 49219 + 6218
+ 2217 415210 4521 4 321 4 14213 4 2212 11021 4 9210 + 627 4+ 1228,
q13(2) = 102°° 4+ 102°® + 225° 4 102% + 14271 + 12249 + 428 4 42%° 1 4240 4 4236,
qua(2) = 82°7 + 82°0 4+ 825% 112253 - 8251 + 82°0 48219 1 8218 £ 10277 + 14276 + 102%° 4 821
4928 412242 4224 16240 £ 11237 + 3238 + 12237 + 8236 4 7235 4 2234 4 233 4 232
+ 7230 412230 112220 4 228 4 226 £ 15275 4 9274 4 14228 + 222 4+ 3221 3220 4 4219
+ 7217 47210 46210 4 321 4+ 218 £ 3212 4 221 1429 + 228 4627 4 225 + 1422
+ 623 + 1422,
q15(2) = 122°5 4 122°% + 8250 4 2219 1 14298 1 8217 + 10276 + 102%° + 102 4 142" 4 1022 + 1021
+ 2239 414238 4+ 62°7 4 142%0 4+ 12230 4 14272 4+ 14231 + 4230 + 8228 4+ 10227 4 12225
+ 1022 41227 + 2222 4 2221 + 2270 12219 110218 48217 + 4216 1+ 6215 4- 8214 + 14213
+ 2212 4221 42210 4629 4 142% + 1427 4 220 + 1425 + 1224,
q16(2) = 42%° + 10257 + 62°0 + 925° 4 8253 + 6272 + 11271 + 1325 + 2249 4 1228 4 3247 4 13240
+32% 1102 +132%% 4+ 3292 4 324 492290 4 4239 4 7238 4 4237 46256 46230 + 523
+ 15233 43232 410230 + 14230 4 229 4 2228 4 14227 4+ 11220 4+ 9225 4 2224 4 9222 4 8221
+ 2220 48219 41021 4+ 12217 4+ 9216 4+ 5215 4 1121 4+ 521 4 8212 4 10210 + 29 4 728
+ 627 4+ 725,
qur(z) = 8258 +122%5 4 8251 + 8253 £ 8252 4 4251 + 12250 + 8219 48298 £ 4247 412215 8213
+ 8242 11224 48240 + 12239 1 8238 4 4230 4 4235 4 8234 4 4233 412232 4+ 8231 4 427
+ 8228 4 8220 4 8222 412221 4+ 8218 + 12217 4 8216,
q18(2) = 62°°0 4+ 112%9 + 4257 £ 10250 4+ 112°° 4 225 4 4253,
= 4270 4 122%5 4 425 £ 2257 4 4250 +12250 4 2219 112278 10277 4 4210 4122 + 624
+ 14272 4 224 £ 14210 412239 41223 £ 14235 46231 4 4273 4 14252 + 14231 + 222
+ 12228 414277 4+ 4276 1+ 6222 + 4221 + 4220 £ 102" 4 14218 + 10213 + 14211 4+ 62°
+102% + 62°,
q20(2) = 12255 4 14257 4 2256 4 3255 42252 1 9251 4 15250 4 6249 4 4248 4 247 4 15246 4 240

q19(2)
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4 142 £ 152" 4 202 4 21 46290 £ 12259 413238 412237 42236 £ 223° 4 7231 45,38
+ 232 41423 410250 + 1122 + 6228 + 10277 4+ 9226 + 322 + 6224 + 3222 + 6220
+ 142" 4 4217 4 3210 4 7215 021 7218 14210 11129 41328 + 227 + 1326,
g21(2) = 2250 + 9259 4+ 14256 4 92°° 4 624,
gao(2) = 32°% + 5250 £ 11273 + 5252 + 132 4+ 152 + 9240 11323 4+ 9237 + 11236 - 923
+92%0 415228 4 112%7 + 9223 + 15221 4+ 5219 4 3216 4 215 4 7214 4 5210,
qo3(7) = 142°% 412277 4+ 225 4 14253 + 2257 4 4251 + 2219 1 42" 112270 4 122" 4 122 4 122"
+122%2 4+ 624 + 10290 + 4239 + 2238 110257 + 14236 + 4234 + 10231 + 10230 + 62
+ 14227 +42%° +122%4 41022 + 6221 4+ 42720 + 2219 412218 4 4217 4+ 14216 £ 1021
+ 621 412218 + 4212 4 421 42210 41229,

qoa(2) = 4259 + 4258 4 4255 4 4273 4 12251,

ga5(z) = 12255 4+ 4251 4+ 12250 4+ 4247 4+ 122% + 12241 + 12239 + 4230 4+ 4235 + 4233 4 12232 + 422
+122% 412217,

g26(2) = 12250 4+ 62°9 + 4255 4 62°° + 4254,

qor(2) = 8277 + 8270 +825% 4 827 8258 4 4251 4 14250 4 4249 4 828 4 14277 4 5240 4 122
4 1428 411272 + 9241 4 1120 46239 4 11238 4 257 42236 1 1323% 4 8231 + 11233 + 223
+32% 410228 + 9227 + 7220 4 622 4+ 228 + 12222 + 2221 415220 + 11219 4 14218
+ 11287 4+ 142" 4421 411213 43212 4+ 321 113210 +122% + 428 + 27 4628
+325 424 + 323,

gos(2) = 4255 +122°5 4+ 4250 + 2252 1 4251 £ 12250 4 2219 412278 4+ 10277 + 4276 + 122 4621
+82% 4 14242 4 2241 4 14270 £ 12239 4 823 4+ 8257 4+ 12250 4 14235 4 6234 + 4233
414232 + 14231 + 8230 4+ 2229 + 12228 + 14227 + 4220 + 8225 + 8224 4 6222 + 422!
+ 4220 410210 + 14218 + 8217 4+ 8210 4+ 1022 + 1421 + 627 4+ 1025 + 625 + 825,

g20(2) = 8296 + 15258 4 14257 4 12256 4 925 + 72%3 4+ 9252 4 10251 4 122°0 + 219 4+ 10278 + 14276
+ 62 4 621 4+ 6213 + 142%% 4 112 £ 1320 410239 + 238 + 13257 4 7236 4223
+ 12233 44232 413231 + 13250 4 4220 4 11228 + 7227 4 8220 4 227 4 6224 4 13223
+ 1122 42220 49219 4 6218 4 2217 4 15216 4 5215 4 321 4 14213 4+ 2212 41021
+ 9210 4+ 627 + 1228,

q30(2) = 122°9 412258 4+ 12275 4+ 12258 4 4251 4- 829 4 82%% + 8215 + 8210 1 8236

g31(2) = 42°° £ 12271 4+ 4250 4 12297 4 4290 412275 £ 4213 112217 4+ 12240 412238 4+ 4230 1223
+122%2 44220 412220 4 4225 4 4222 4+ 4210 1 4215 4122 4 4218 4+ 42° 41228 + 1225,

q32(2) = 5278 + 10257 + 4270 3254 413273 4+ 3252 4 14251 4+ 4259 4 11249 4+ 1428 4 10240 4 22%°
+ 22 422 110242 + 9241 + 15240 4+ 1425 +112%8 + 15237 + 13250 4+ 6234 + 42
+122%2 + 15230 4+ 15230 4122 49228 £ 13227 + 6225 4+ 2221 + 15223 + 9221 46220 + 3219
+ 2218 46217 4+ 5210 4 7215 4+ 214 110213 + 6212 4 1421 4+ 3210 4 229 4 428,

q33(2) = 122°9 412278 4 122°° 4 122°3 4 4251,

g34(2) = 22°° + 10254 + 4250 3249 £ 13248 1 4247 £ 7296 £ 7285 £ 1524 £ 524 115242 4 1524
+ 8240 411239 413238 + 237 4 5230 £ 8235 4 2234 £ 5232 4 5231 4 14250 48229 4 4,28
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+ 15227 +102% 4 1522 + 10223 + 11222 4 11221 + 11220 4 3219 + 15218 4 4217 4 14216
+ 28 1221 13218 1122 1121 411210 4 2% 4528 + 1327 + 1125 4 52° + 224,
q35(2) = 12255 4+ 14257 4+ 2250 43255 4 8273 4 2252 1 9251 1 15259 4 6219 + 428 4 247 4 15240
+ 2% 4 142 115273 4 222 4 2 46290 + 12239 413238 412237 4+ 2236 42235 4 7.3
+ 5233 4 232 114230 +102%0 + 1122 + 6228 + 10227 + 9220 4 322° + 6221 4 3222 + 8221
+ 6220 + 8219 4+ 14218 4 4217 4 3216 1 7215 4 9214 4 7213 48212 4 14210 41129 4+ 1328
+227 4+ 1325,
g36(2) = 8287 + 12258 + 1425% 4 4254 + 4258 4 4257 + 2271 46250 4+ 12249 4+ 122 110247 + 62%°
+ 828 4+ 122% 4+ 12212 4+ 621 + 1220 46259 4+ 4278 + 2236 110235 4 12234 4 2233
+ 6232 412230 41022 + 12228 + 12226 8225 4+ 12222 + 14271 4+ 8210 + 4218 4 14217
+ 4216 4 8z15,
q37(2) = 4259 2259 4+ 8257 112250 4 2255 12274 4 8273,
g3e(2) = 5258 +102°7 4 4250 + 3251 £ 13253 4 3257 4 14250 + 4250 4 1127 + 1428 4 10296 + 224°
+ 22 4 221 410292 + 9241 + 15210 4 14239 4+ 11238 4+ 152%7 4+ 13236 4 6234 4 423
+ 12232 415230 +152%0 + 12229 4+ 927 113227 + 622 + 2224 + 1522 4 9221 + 622
+ 3219 42218 4 6217 + 5210 £ 7215 £ 21 41021 + 6212 4+ 1421 + 3210 229 4 428,
q30(2) = 42°% +102°5 4+ 1225 412253 + 12252 4 6271 4 22°0 4+ 4219 1 4298 4 14277 42275 4 4213
4242 422 14290 12239 112238 46250 4 14255 £ 4234 46233 4 2257 14230 4 1427
+ 4278 44225 4 42°2 411022 + 1228 4+ 10217 4+ 12216,
qao(z) = 12257 412258 4 12275 + 12253 4 4251,
Qa1 (2) = 429 2259 112250 2255 1 12274,
qua(2) = 2250 +142°5 + 2250 + 5252 £ 102°1 4 62°0 + 5249 + 1428 4 247 £ 10270 4 6215 + 72
+122% 4 112%2 + 524 + 11240 4+ 6259 4+ 12238 4+ 4237 + 14236 £ 1123° + 15234 + 10233
+ 11232 4+ 3231 44230 413229 + 6228 + 3227 + 2226 4 1222° 4 422 4 822 + 7222 1102
+2220 49219 4 11218 412217 412210 4 8214 4 213 4 321 4 72% 4+ 928 4 1520 + 1225,
qu3(z) = 8256 3258 46257 4 122° 4 5250 4 11273 4 5252 4+ 2251 + 12250 4 13249 4 2248 4 6246
+ 142" + 142 + 142" + 6212 + 1524 + 9240 42239 113238 49237 411236 4+ 10234
+122% 44232 49231 49230 4 4229 115228 4+ 11227 + 8220 + 1022 4 14224 4 9223
+ 1522 +102%° + 5219 4 142" + 10217 + 3210 4+ 215 4+ 721 4 621 + 10212 + 221
+ 5210 41429 4+ 1228,
qua(z) = 2279 2278 18250 110255 4 2253 + 8257 4 6251 + 1229 4 4218 8247 4 820 4 4,15
+ 828 4 821 4 4210 18237 4236 4 8235
q15(2) = 82°1,
Que(2) = 625 +62°% + 14275 + 6253 + 2251 + 4249 £ 12278 1+ 1227 412270 12230,
= 4255 42257 4 14256 £ 13255 4 8253 4 14252 4+ 7251 + 2°0 410240 + 1228 4 15247 4 26
+ 152 4+ 224 4 2% 115242 4152 + 10220 + 4239 4 3238 + 4257 4 14230 + 142%5 4+ 9234
+ 11233 415232 4+ 2231 4623 + 522 41027 + 6227 4 722 + 1322° + 1022* 4 13222 4 822!
+ 10220 + 8219 + 2218 £ 12217 413216 4+ 9210 4 7214 49218 4 8212 4 2210 4 529 4 3,8

qa7(2)
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+ 1427 + 325,

Qus(2) = 8258 +425° 4 825 4 8253 4 8272 4+ 12251 + 4250 4 8249 4 828 4 12247 4 42%° 4 8248 4 8242
+42% + 8210 4+ 4270 + 827 4+ 122°0 + 12270 + 82% 4+ 1227 + 422 4 8271 4 1227 + 8278
48220 18222 1 4271 1+ 8218 1 4217 4 8216

quo(2) = 4259 +102°9 4 82°7 4 12250 4 102°° + 12274 4-82%3,
gs0(2) = 4259 + 4258 4 4255 4 4253 4 1225
gs1(2) = 122°0 4+ 14259 4 4250 1 14255 4 4254

(2) =8

gs2(2) = 8250 + 7258 4 14257 4 12296 4 254 115253 + 252 £ 10250 + 12250 + 9249 4 1028 4 1426
+62% 62 4 624 + 14242 + 328 + 5240 410230 + 9238 + 52%7 4 15250 42234 12233
+ 4232 45230 45230 14229 4+ 3228 £ 15277 4 8270 4 2275 4 6221 + 5223 3221 2220
+ 219 46218 4+ 2217 4 7210 113210 4 1121 4+ 1421 + 2212 41021 + 210 4 62° 4+ 1228,
gs3(2) = 425 + 4258 £ 425° 4 4253 112251 8219 1 828 1 82%° 1 8240 48230,
=4z

g54(2) 67 114258 4+ 8257 +1525% 4 102% + 10273 + 2272 + 250 4 11279 + 142% + 62*° + 5247
+ 8240 13245 4+ 122 4+ 62%3 4+ 6272 + 324 4+ 6220 + 3239 42238 £ 9256 4 5235 6234
+ 9233 4+ 3252 1623 + 82%0 + 13229 + 627 + 6220 4+ 4275 + 822 4 14272 + 1527 + 4210
+ 228 415217 410216 4 4215,

gs5(2) = 6250 + 3259 + 4257 410256 + 325° + 2254 4 4253,

gs6(2) = 5257 +132°% 412256 4 255 £ 825 £ 5253 112252 4+ 15250 4 8250 4 14249 4 2248 4 4277
+42%0 41024 4+ 122 + 824 + 4241 + 2240 4 8238 412237 4 2236 4 12235 4 823,

gs7(2) = 14250 4 15259 + 4257 + 2256 4 15255 + 10251 4 4273,

gss(2) = 82°7 + 82°0 4+ 82°% 412258 4 82°1 + 82°0 4 8249 4 82%8 4+ 10247 + 14246 + 102%° 4 82*
4928 412242 4224 16240 £ 11237 + 3238 + 12237 + 8236 4 7235 4 2234 4 233 4 532
+ 7230 412230 41227 4 228 4 226 £ 15275 4 9274 4 14228 + 222 4 3221 3220 4 4219
+ 727 47210 46210 4 321 4+ 218 £ 3212 4 221 1429 + 228 4627 4 225 + 1422
+62° + 1422,

gs0(2) = 4256 412275 4+ 4254 4+ 2252 4 4251 £ 12250 4+ 2219 4 12248 4+ 10247 + 4296 + 122 4 621
+ 142" + 224 414290 412239 412236 4 1423° 46230 4 4233 + 14232 + 14231 4 2229
+ 1222 414277 + 4225 4 6222 4+ 4221 + 4220 110210 + 14218 + 10213 + 1421 1 62°
+102% + 625,

ge0(2) = 12255 4 14257 + 2256 4 3255 4 2252 19251 4 15250 4 6219 4 428 4 217 £ 15210 4 240
+ 142 £ 152" 4+ 292 4 2 46290 £ 12259 4+ 13238 412237 4 2236 4 223% 4 7234 45,38
+ 232 414231 410250 + 1122 + 6228 + 10277 4 9270 + 3225 + 6221 + 3222 + 6220 + 14218
+ 4217 43210 4 7215 4921 1 7218 414210 41127 + 1328 + 227 + 1325,

go1(2) = 220 + 9279 4 14250 + 92°% 4 6274,

Go2(2) = 32°% + 5274 + 1127 + 5252 413249 + 15241 4 9240 413238 4 9237 4 11256 4 9231 + 9230
+ 15228 + 112727 + 922 4+ 15221 4+ 5219 4 3216 4 215 4 7214 4 5210,

ge3(2) = 62°° + 14251 412250 4 929 4 728 112247 4 5246 4 5245 1 1328 4+ 15213 4 13242
+ 1320 4 8240 4 239 4 7238 43237 4 15230 4 8235 4 6234 4+ 15232 + 15231 + 10230
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+ 8229 412228 4 13227 4 1425 4+ 1322 + 1427 + 222 + 221 + 220 1 9219 113,18
+ 12217 41020 + 3210 4 42M 4+ 7213 4 212 21 4 210 4329 41528 4+ 727 4 26
+152° + 624,

gea(2) = 152°% 4+ 14257 +122%0 4+ 9254 4+ 7253 £ 9252 £ 102°1 4 12250 + 219 £ 1028 4 1426 4 62°
+ 62 £ 6213 4 14212 4+ 1128 4 13210 410279 4 238 + 13237 4 7236 4 223 112233 4 4%
+ 13231 £ 13250 4+ 4229 + 11228 + 7227 4 225 4+ 6224 + 1322 + 11221 + 2220 + 9219 4 6218
+ 2217 415216 4 521% 4 321 4 1421 4 2212 4+ 1021 4+ 9219 4+ 627 4 1228,

gos(2) = 12278 4 1425° + 4250 + 4258 4 4252 4 2251 46250 4+ 12279 + 12278 + 10277 4 6275 4 1223
+122%2 4624 + 12210 46239 + 4238 + 2236 £102% 4+ 1223 + 2238 46232 + 12231 +102%
+ 12228 +122%0 12222 4 14221 + 4218 4+ 14217 4 4216,

o6 (2) = 12255 4+ 14257 4+ 2256 1 3255 4 8253 12252 1 9251 1 15259 4 6249 4 4248 4 247 4 15246 4 %5
+142M 4152 4 212 4 21 16210 412239 413238 412237 42236 4 2235 4 7231 £ 5233
+ 232 414231 +102°0 + 1122 + 6228 + 10277 4 9226 + 3225 + 6221 + 3222 + 822! + 627
+ 821 414218 44217 43216 4 7215 4 921 4 7213 4 8212 414210 41120 + 1328
+ 227 4+ 1325,

ge7(2) = 122°9 4 122°% 4 122°° 4 122°3 4 425

ges(2) = 4250 2259 4+ 1225 2255 12274,

Geo(2) = 4257 +142°% 4+ 8257 4+ 7255 £ 10254 4+ 10253 + 2252 + 9251 + 3250 4+ 14279 + 628 + 13277
+ 8240 1 112% £ 122M £ 627 46272 + 1124 + 6270 + 11239 4+ 2238 4 230 11323 4623
+ 23 4 11232 4+ 6230 + 82%0 + 522 4 6228 + 6270 + 422° + 8271 + 14272 + 7271 4 4219
+ 228 4 7217 110210 4 4215,

gro(z) = 14250 4+ 15259 4 4257 42250 4 1525% 4 102° + 4273,

qr(2) = 4251 $ 14250 + 42" 114247 £ 5290 1 122" + 142" £ 11272 + 921 + 11270 4+ 6239 4- 11238
+ 237 42250 1 132%% £ 11233 + 2230 43270 4+ 102% + 9227 + 7270 4622 + 2273 4+ 12222
+ 222 415220 £ 1121 + 14218 + 11217 + 142" 4+ 42 4 11213 + 3212 4 3211 413210
+122% + 428 + 27 + 625 4+ 325 4+ 2* + 323,

qr2(2) = 5278 + 10257 + 4270 + 3254 4 13273 4+ 3252 4 14250 4+ 112 + 142" + 10240 + 2245 4 224
+ 2% 410242 + 924 4+ 15240 4+ 14239 4+ 1127 4+ 152%7 4+ 13230 4+ 623* + 15231 + 15230
49228 113227 4+ 6220 + 2224 + 15223 + 9221 + 6220 + 3219 4 2218 4 6217 45210 4 7210
+ 2% £ 102" 4+ 6212 4+ 14211 + 3210 4 229 + 428,

qr3(2) = 22°° +62°1 +102°° + 6247 4 10270 + 62%° + 102%° 4 6212 + 621 + 142% + 1023 + 14233
+ 6232 + 2229 4 6220 + 2275 4+ 2272 4 2216 £ 1021° + 621 4+ 10213 4+ 227 + 1428 4 1426,

qra(z) = 22°° £102°% 4+ 4250 4+ 3219 £ 1328 4 4277 4+ 7286 1 7215 £ 1521 4 521 4 15242 4+ 1521
+ 11230 413238 4 237 4 5230 4+ 2230 £ 5252 4 5230 414230 £ 4228 4 15227 41022
+ 1522 +102% + 11222 + 1122 + 11220 + 3219 + 15218 + 4217 4 14216 4 215 4 12214
+ 13218 + 11212 #1128 + 11219 + 2% 4528 + 1327 + 1125 4+ 52° + 227,

qrs(2) = 102°8 4 1325° + 142°% 4 1425% + 6252 4+ 3251 4 250 4+ 10219 + 2298 £ 15247 49275 42213
42242 1924 49240 1 9239 4 6238 4 11230 415235 4 2234 4 11233 4 0232 4 2231 4 722
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+ 222 42226 110222 + 13221 + 6218 + 13217 4 14216,

qre(2) = 5252 + 524 4+ 247 £ 72 £ 1122 4 52 + 11290 4 1123 + 15234 4+ 11232 + 323 +132%°
+ 322 47272 49219 1128 4 213 £ 321 4 729 £ 928 41525,

grr(z) = 132%% 4+ 7250 4 250 4 15247 4 246 1 152 4 2% 115242 4 1524 + 3238 + 9234 41123
+152%2 45229 4 7226 4 13225 4+ 13222 4+ 13216 4 921° 4+ 721 1 9213 4529 4+ 328 + 326,

D The method “reloaded”

As the reader will recall from Section 4 (cf. Remark 11), our method described there is
based on the “hope” that, if a polynomial in ®(2) is zero modulo a 2-power 2° (as a
formal Laurent series), then already all coefficients of powers of ®(z) in this polynomial
vanish modulo 2°. (This is manifest in each comparison of coefficients of powers of ®(z)
in Section 4.) In general, however, this implication does not hold (see Lemma 39 below
for the case of modulus 2* = 16). It may consequently happen that the method from
Section 4 fails to find a solution modulo 2° to a given differential equation in the form of
a polynomial in ®(z) with coefficients that are Laurent polynomials in z over the integers,
while such a solution may in fact exist. As it turns out, this situation occurs when
treating the subgroup numbers of SLy(Z) and of I'3(3) modulo 16, see the paragraph
above Theorem 28 and Remark 32. (In the former case, there is indeed a solution, while
in the latter there is not.)

Our aim here is to explain how the method from Section 4 can be enhanced so that
one can decide whether or not such a solution modulo a given 2-power 27 exists; and, if
it exists, how to find it. In principle, it should be possible to describe such an improved
method for an arbitrary 2-power 2°. Since, in the present paper, we need it only for
the modulus 16, and since we are not able to rigorously establish the validity of the
enhancement we have in mind in general (it would depend on Conjecture 4, which at
present we are not able to prove), we content ourselves with describing the enhanced
method for the modulus 16. From this description, the reader should have no difficulty
to “extrapolate” to arbitrary 2-powers, assuming the truth of Conjecture 4.

We begin by characterising when a polynomial in ®(z) with coefficients that are Lau-

rent polynomials in z over the integers vanishes modulo 16 as a Laurent series in z.

Lemma 39. As before, let $(z) =Y, o 2°". Furthermore, let P(z,®(z)) be a polynomial
in ®(z) with coefficients that are Laurent polynomials in z over the integers. Then, as a

Laurent series in z,
P(z,®(z)) =0 modulo 16

if, and only if, the coefficients of powers of ® in P(z,®(z)) agree modulo 16 with the
corresponding ones in

c1(2) Mig(z, @(2)) + 2(ca(2)®(2) + c3(2)) Ms(z, P(2))
+ 8(ca(2)®(2) + c5(2)) Ma(2, (2)). (D.1)
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Here, My(z,t), Mg(z,t), Mig(z,t) are the minimal polynomials for the moduli 2,8, 16, re-
spectively, given in Proposition 2, and c¢,(z),ca(2), c3(2), cs(2), c5(z) are suitable Laurent
polynomials in z over the integers.

Proof. We assume that P(z, ®(z)) = 0 modulo 16.
Recall that, by definition, Ms(z, ®(2)) is a monic polynomial in ®(z). We use this fact
to perform division of P(z, ®(z)) by Mi4(z, ®(2)) (as polynomials in ®(z)), thus obtaining

P(z,9(z)) = c1(2)Mig(2) + Pi(z, ©(2)), (D.2)
where Py(z,®(2)) is a polynomial in ®(z) of degree at most 5, with coefficients that are
Laurent polynomials in z over the integers, say

Pi(z,®(2)) = ds(2)®°(2) + dy(2)@*(2) + d3(2)P*(2)
+ do(2)®P*(2) + di(2)®(2) + do(2). (D.3)

As Laurent series in z, both P(z,®(z)) and Ms(z, ®(2)) vanish modulo 16. Using this
observation in (D.2), we see that P;(z, ®(z)) vanishes modulo 16 as well. Now recall from
(2.5) and the proof of Lemma 1 that

Pi(z,®(2)) = d5(2) 5! E5(2) + Q1(2)

(with a suitable series @1(z)), where D(Q1(z),16;n) has strictly smaller asymptotic
growth (in n) than D(E5(z),16;n). Since, as we already observed, P;(z, ®(z)) vanishes
modulo 16, it follows that 5!ds(z) must vanish modulo 16, that is, there exists a Laurent
polynomial co(2) over the integers such that ds(z) = 2¢3(z). We use this observation in
(D.3) to see that

P(z,®(2)) = c1(2)Mis(2) 4+ 2¢2(2)P(2) Mg(z, P(2)) + Pa(z, P(2)), (D.4)

where Py(z,®(z)) is a polynomial in ®(z) of degree at most 4, with coefficients that are
Laurent polynomials in z over the integers, say

Py(z,®(2)) = es(2)®*(2) + e3(2)P3(2) + ea(2)P*(2) + e1(2)P(2) + eo(2).
Applying the same kind of argument again, we further deduce that
P(z,®(z)) = c1(2) Mig(z) + 2(c2(2)®(2) + c3(2)) Ms(z, ®(2)) + P3(z, ®(2)),  (D.5)

where ¢3(z) is a Laurent polynomial in z over the integers and P3(z, ®(z)) is a polynomial
in ®(z) of degree at most 3, with coefficients that are Laurent polynomials in z over the
integers, say

Py(z, @(2)) = f3(2)@%(2) + fo(2)P*(2) + f1(2)®(2) + fo(2).

As Laurent series in z, all of P(z, ®(z)), Mis(z, ®(z)), and 2Ms(z, ®(z)) vanish modulo 16.
Using this observation in (D.5), we see that P3(z,®(z)) vanishes modulo 16 as well.
Equation (2.5) and the proof of Lemma 1 give that

Py(z,®(2)) = d3(z) 3! E5(2) + Q3(2)
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(with a suitable series Q3(z)), where D(Q3(2),16;n) has strictly smaller asymptotic
growth (in n) than D(E5(z),16;n). Since, as we already observed, Ps(z, ®(z)) vanishes
modulo 16, it follows that 3!d3(z) must vanish modulo 16, that is, there exists a Laurent
polynomial c4(z) over the integers such that ds(z) = 8c4(z). By another application of
the same kind of argument, this leads to

P(z,®(2)) = c1(2) Mi6(2) + 2(02(2’)@(2’) + 03(2))M8(z, d(z2))
+ 8(ca(2)®(2) + ¢5(2)) Ma(z, (2)) + Pu(z,®(2)), (D.6)

where ¢5(z) is a Laurent polynomial in z over the integers and Py(z, ®(z)) is a polynomial
in ®(z) of degree at most 1, with coefficients that are Laurent polynomials in z over the
integers, say
Pu(z,@(2)) = 91(2)®(2) + go(2)-

Since P(z,®(2)), Mis(z, ®(2)), 2Ms(z,P(z))), 8Ma(z,P(z)) all vanish modulo 16, also
Py(z,®(z)) must have this property; but this means that ¢;(z) and go(z) both vanish
modulo 16.

If we combine (D.2), (D.4), (D.5), (D.6), then we obtain our claim. O

Now we put ourselves in the situation that we want to describe the coefficients of the
formal power series F'(z) modulo 16, where F'(z) solves a Riccati-type differential equation
of the form (4.1), and that we try to solve this problem by expressing F(z) in the form

5
= Zal ' ( modulo 16,

where the a;(z)’s are Laurent polynomials in z over the integers to be determined. Let
us assume that, while following the approach outlined in Section 4 (with Mjg(z, ¢(2)) in
place of the polynomial in (4.4)), we have already reached the level of modulus 8, that
is, that we have found Laurent polynomials ag3(z2), a13(2), as3(2), ass(z),as3(2), as3(2)

such that .
> ais(2)®(2)
i=0

solves the differential equation (4.1) modulo 8. According to the Ansatz (4.6)—(4.8) with

£ = 3, we now substitute
5

D (ais(z) + 8bia(2))2'(2) (D.7)
=0
(where the b; 4(2)’s are at this point undetermined Laurent polynomials in z) instead of
F(z)in (4.1). For the sake of better readability, in the sequel we write by(2) for by 4(z), etc.
After simplification of the left-hand side of (4.1) modulo 16 as described below (4.8), and
after reduction of the resulting expression modulo Mie(z, ®(z)) (which is a polynomial in
®(2) of degree 6), we obtain a polynomial of the form

82( l (2, b(2), b'(z)))qﬂ‘(z), (D.8)
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where the p;(z)’s are certain Laurent polynomials in z over the integers, and the
Gi(z,b(z),b'(z))’s are certain linear forms in

bO('Z)» bl(z)v bQ(Z)v b3(z)v b4(2’), b5(2’) and bE)(Z)» bll(z)7 bIQ(z)v bg(z)v bil(z)a bg(z)’

with coefficients that are (known) Laurent polynomials in z over the integers.

Our goal is to find Laurent polynomials by(2), b1(2), ba(2), b3(2), bs(2), bs(2) such that
the expression (D.8) is zero modulo 16 as Laurent series in z. Lemma 39, combined with
the explicit forms of My(z,t) and Mg(z,t) given in Proposition 2, then says that
po(2) + Go (z b(z), b’(z))) = (42 + 102*)c3(2) + 82¢5(2)  modulo 16,

(42 +102%)ca(2) + (12 + 42)cs3(2) + 8zca(2) + 8es(2)
modulo 16,

(12 + 4z)ca(2) 4 (6 + 42)c3(2) + 8ea(2) + 8es(2)
modulo 16,

S(pg(z) + G3(z,b(z),b'(2 ) 6 + 42)ca(2) 4+ 12¢3(2) + 8c4(2) modulo 16,
> 12¢9(2) 4 2¢3(z) modulo 16,

8(]94(2) + G4 Z Z

8(p5(z) + Gs(z, b(z),b’(z))) = 2¢5(2) modulo 16,

for suitable Laurent polynomials co(2), c3(z), cs(2), c5(2). From the last congruence one
sees that cy(2) is actually zero modulo 4, and then the next-to-last congruence implies that
the same holds for c3(z). Writing 4a(z) = ca(z), 4b(2) = c3(2), c(2) = cu(2), d(z) = c5(2),
we see that the above system of congruences simplifies to

Go(z,b(2),b'(2)) = po(2) + 2°b(2) + zd(z) modulo 2,

Gi(2,b(2),b'(2)) = pi(2) + 2°a(2) + zc(2) + d(z) modulo 2,
Ga(2,b(2),b'(2)) = p2(2) + b(z) + ¢(2) + d(z) modulo 2,
G3(2,b(2),b'(2)) = p3(2) + a(z) + ¢(z) modulo 2,

Gi(z,b(2),b'(2)) = pa(2) + b(z) modulo 2,

Gs(z,b(2),b'(2)) = ps(2) + a(z) modulo 2. (D.9)

This puts us in the situation of Lemma 12, except that on the right-hand sides of the
congruences (denoted by r;(z),7=1,2,..., N, in Lemma 12) there appear the unknown
Laurent polynomials a(z),b(2), c(2),d(z). Still, the idea of the proof of Lemma 12 may
be applied: the system of congruences (D.9) can be solved with respect to the “vari-
ables” by(z),b1(z), ba(2),b3(2), bs(2), b5(2) by separating odd and even parts, and thereby
converting the original system (4.9) of congruences into the system (4.10) of linear con-
gruences for the odd and even parts of the variables. We solve this last system over the
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field of rational functions over Z /27, where odd and even parts of the “auxiliary vari-
ables” a(z),b(2),c(z),d(z) “sit” inside the odd and even parts of the “constants” r;(z).
In the end, if odd and even parts of the variables by(z), b1(2), ba(2), b3(2), bs(2), b5(2) are
put together, then we are able to express these variables in the form

4:(2) + Hi(2,a(2),a'9(2),...,d(z),d)(2))
P(z)

bi(z) = modulo 2, i=0,1,...,5,

(D.10)

where the ¢;(2)’s are (known) Laurent polynomials in z over the integers, P(z) is a (known)
polynomial in z over the integers, and the

H; (z, a(")(z), a(e)(z), . ,d(o)(z), d(e)(z)) ’s

are linear forms in al®(z),al®(2),...,d"”(2),d®(z) with coefficients that are (known)
Laurent polynomials in z over the integers.

The task now is to choose a((2),al®(2),...,d(2),d(z) in such a way that in each
of the fractions on the right-hand sides of (D.10) the denominator P(z) cancels out.

In order to carry out this task, we decompose P(z) into its prime factors (over Z/27),
say

P(z) = H P (z) modulo 2.

Using a standard inductive procedure,'® we find a(?)(z),a'®(2),...,d"?(z),d®(2) (if there
are) such that

qi(2) + Hi(2,a(2),a!9(2), ..., d(2),d")(2)) = 0 (mod P} (z)),
i=0,1,...,5 j=1,2,...,¢, (D.11)

(again, over the field Z/27Z), and then put the particular results for each j together by
means of the Chinese remainder theorem. We only discuss the generic case here, the
discussion for other cases being completely analogous. Namely, generically, having to
solve 6 equations in 8 variables, one will be able to express six of the variables in terms
of two “free” variables. Let us say, b (2),b(2),c9(2),c(2),d(z),d®(z) can be

160ne first solves (D.11) modulo P;(z) (instead of P]mj (2)); this means solving a system of linear
equations over a field. If one has solved (D.11) already modulo Pjh(z:)7 for each variable var(z) one makes
the Ansatz var(z) = varg(z) + varl(z)PJh (z), where varg(z) is the value of var(z) in the solution modulo

Pjh(z). If this is substituted in (D.11), after cancellation, solving (D.11) modulo Pth(z) boils again
down to solving a system of linear equations modulo P;(z), that is, over a field.
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expressed in terms of a(®(z),al® (2),

) + ui(2)a*”(z) + vi(z)a*”(z)  modulo 2,
) + u2(2)a*”(z) + va2(2)a’”(z), modulo 2,
) + us(2)a’”(2) + vs(2)a'”(z), modulo 2,
2) 4 uy(2)a'? (2) + vg(2)a'?(z), modulo 2,
) + us(2)a’” (z) + vs(2)a'”(z), modulo 2,
) (2)a'”(2) (2)a'“(z)  modulo 2, (D.12)

where the s;(2)’s, the w;(z)’s, and the v;(z)’s are certain (known) Laurent polynomials
in z over the integers, and where we are free to choose a(”(z) and a'®(z). If this is
substituted in (D.10), then on the right-hand sides the denominator P(z) cancels out,
and by(2),b1(2), ba(2), b3(z), ba(z), bs(z) will all be equal to Laurent polynomials in z over
the integers.

We are still not finished, though. In the “solution” (D.12) the Laurent polynomi-
als @ (2),0)(2), ¢ (2),d”(z) must be chosen as odd, while the Laurent polynomials
a'®(2),b(2), 9 (2),d®(z) must be chosen as even. In order to achieve this, we must
(again) separate odd and even parts: doing so in (D.12) yields the system

0=s(2) +u”(2)a(2) + v\ (2)a(z)  modulo 2,
0= sgo)(z) + u;e)(z)a(o)(z) + véo)(z)a(e)(z), modulo 2,
0= s7(2) + uf’ (2)a' (2) + vs(e)(2)a®(z), modulo 2,
0= sflo)(z) + uff)(z)a(o)(z) + vio)(z)a(e)(z), modulo 2,
0=50) 4+ ul”(2)a?(z) + v\ (2)a®(z),  modulo 2,
0=5(z) +ul?(2)a?(z) + v (2)a')(z)  modulo 2. (D.13)

This is a system of six linear congruences with two variables, a(”(z) and a(®(z), where
the first of these should be an odd Laurent polynomial and the second an even one.
It is of the type of the system of congruences (4.10). How to solve such a system is
explained in the paragraph below the proof of Lemma 12. (One first solves over the
field of rational functions in z over Z/27Z, and then cancels denominators, if possible.)
Moreover, the argument in the proof of Lemma 12 showing that, if (4.10) has some

solution in Laurent polynomials, then it also has a solution in which all f;l)(z)’s are even

Laurent polynomials and all fJ@)(z)’s are odd Laurent polynomials, also applies to the
system (D.13) to guarantee that, if one is able to find some solution a'®(z),a(®)(z), then
one can also find one in which a()(z) is an odd Laurent polynomial and a(®)(z) is an even
Laurent polynomial.

If one is able to carry through this procedure, then one has found the unknowns b; 4(2),
i=20,1,...,5, so that (D.7) produces the desired description modulo 16 of the solution
F(2) to the Riccati-type differential equation (4.1). Conversely, if one of the systems
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of linear congruences which one has to solve along the way (these are (D.9), (D.11),
and (D.13)) has no solution, then one has proved that it is impossible to describe the
series F'(z) modulo 16 in terms of a polynomial in ®(z) with coefficients that are Laurent
polynomials in z over the integers.
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