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Abstract
Melham conjectures 21 identities, all of which are analogous to Jacobi’s two-square
theorem. A small number of these have already been proved in various ways by
other authors, and in 2013 Toh proved all of them using similar, known identities.
In this paper we offer an alternative and straightforward method to proving all of
them using the theory of modular forms, in particular, Sturm’s bound, which we
explain in detail.

1. Introduction

Define

o0 o0 o0
n(n+1) n(3n—1) n(5n—3)
Gslg):==>_q¢ * , Gi@:= > qa > , Gilg:=> q > ,
n=0

n=—oo n=—oo

the generating functions of the triangular, pentagonal, and heptagonal numbers,
respectively, with ¢ = e?>™7, and 7 in the upper half plane, H. Melham’s 21
identities (all analogous to Jacobi’s two-square theorem) [9] are all of the form

G1(¢*)Gr(¢”) = an explicit g-series

where k = 3,5 or 7, a, 8 € N. For example, using the labeling in his paper, his
Identity (6) is

oo 3n Tn+1 13n+9 17n+12
5\ _ " +q q +4q
G3(0)Gs(q”) = Z [ 1—g2n+5 1 _ g20n+15

n=0

We will frequently refer to the G(q®)Gr(¢?) part as the left-hand side of the
identity, and the explicit g-series as the right-hand side.
The method we shall use relies on the theory of modular forms. We provide a
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brief description here, but for a more thorough reading, the reader should look to
such sources as [2], [8], [10]. A congruence subgroup, I', of SLy(Z) is a subgroup of
SLo(Z) that contains

[(N) := Ker(SLz(Z) — SL, (Z/NZ) ) 1)

where I'(IV) is called the principal congruence subgroup. The smallest such N is the
level of I'. Three such particular congruence subgroups of interest are:

rO(N):z{(CC‘ Z)eSLg(Z):(Z Z)E(S :) (modzv)}, 2)

=(:7)
J=(o 1)

where * represents any number. All three groups have level N. Let A = ( (Cl 2 >,

mod N

~
|

(
(

—_
*

mod N

JC
@

—_

and for a complex function f, define

Fla(z) = (cz +d)*f (Ziz) . (5)

A function f is a modular form of weight k, with k a positive integer, over a con-
gruence subgroup I' if f is holomorphic on H, f|, remains bounded as 3(z) — oo
for any v € SLy(Z), and verifies, for all v € T, f|, = f.

Our method is to show that the left-hand side, or LHS, (raised to an even power)
of each identity is a type of theta function, a modular form over a certain congruence
subgroup. We then show that the right-hand side, or RHS, (raised to the same even
power) is also a modular form for the same weight over this subgroup, by showing
that it can be written in terms of the Weierstrass zeta function. It is then a simple
case of checking a small number of coefficients to show that each identity satisfies
Sturm’s bound, and thus that both sides must be equivalent. Melham mentions in
his paper that a small number of these have already been proved in various ways by
Hirschhorn [5], Sun [12], and Dickson [3] (combined with work from Adiga, Cooper,
and Han [1]). In 2013 Toh [13] proved all of them using similar, known identities.
The method demonstrated in this paper is easily expandable to similar identities,
and a textbook demonstration of how to apply Sturm’s bound.
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2. The LHS as Theta Functions

We begin this section by defining a lattice as in [7, p. 149]. Let V be an n-
dimensional real vector space. A lattice in V' is a subgroup of V of the form

I'=2Zvi +Zvy + - + Zw,, (6)

where {v1,v9, ..., v, } is alinearly independent set of vectors in V. An integral lattice
is a lattice where the inner product of any two elements in the lattice is integral.
An even lattice is an integral lattice where the inner product of an element with
itself (or norm) is always even. The dual lattice, denoted A*, of a lattice A, is the
lattice of vectors having integral inner products with all the elements of A. Define
the discriminant of a lattice to be disc(A) = |[A*/A|. Finally, the level of a lattice
A is the minimum N € N with Nz? even for all z € A* [4, p. 91].

Ebeling [4, p. 86] defines a generalized Theta function for a lattice A C R", a
point z € R™, the variable 7 € H, and a spherical polynomial P of degree r, as

dpar()i= 30 P@T = 3T P®. o
r€z+A zE€2+A

We have no need to discuss spherical polynomials; for our matters it is sufficient
to state that the constant polynomial P(xz) = 1 is spherical, of degree 0. We take
P(z) =1 from here on, and will drop it from our notation.

Lemma 1. Let A C R™ (n even) be an even lattice of level N, p € A*, A =
( Z Z ) € To(N). Then for odd d >0, ¢ # 0,

Dpen(Ar) = (o7 0 (G ) 7 () (®)

with A := (=1)% disc(A), (§) the Jacobi symbol, and for ¢ =0,

Opin(AT) = €79, (7). (9)

Proof. The proof of this is Corollary 3.1 combined with the remarks before Theorem
3.2 of [4, pp. 92-94]. O

Now, as p € A*, p? € Q. Let p? = =, with ged(u,v) = 1. We have

27riabu192v

2v o _ q2v
ﬁerA‘A =€ ap+A — ﬁap+A'

We now take n = 2, and consider lattices in R2.
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2.1. Triangular Numbers, G3(q)

B V2« 0 . . .
Let A = <( 0 \ 2 , with «, B integers. Then A is even, and has dual

{(F (L))

Calculating the level N of A is straightforward, and gives N = 4 - lem(a, 3). Let

N

-3
Q

) € A*. We have, with ¢ = ?™7,

wl%‘wm

Dpn(r)= B et

n,me”z
=T g (11)
n,mez
Hence T +8 (n+1) (m+1)
Dpin (5) =¢ = > ¢ Y ¢, (12)
nez meZ
SO )
_atB T o
24 ° Dpn (5) = Gs(q*)Gs(¢"). (13)
Now, it is easy to see that p+ A = ap + A whenever a = 1 (mod 2). Further, as N
is clearly even, for A = ( Z 3 ) € T'o(IV) we can see that a must be odd. Now,
p? = C‘T*ﬁ, hence if a+ (3 is even then 9,4 5 (7)? is a weight 2 modular form for I'o(N),

and if a4 3 is odd then 9,4 (7)?* is a weight 4 modular form for I'g(IN). Therefore

Up4a(5)? is a weight 20 modular form for IV = < (1) (l) > Lo(N) < (1) g ), where
2
v is defined as
1 = 2
_{ a+ =0 (mod 2) (14)

12 a+8=1 (mod?2).

In other words, depending on the values of a and 3, we need to raise ¥, (7) to an
appropriate power (2v), in order to ensure modularity. This turns out to be exactly
analogous in the next two cases.

WeseethatforAEF’andA(Z 3),Wehaveb0(mod2) and ¢ =

0 (mod &). In other words,

I’ = {A ( Z db ) €T, (J;f) : beven} =Ty (J;f) NI%2).  (15)
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Hence we can conclude that

(¢ Gsla)Gs(0)) (16)

is a modular form for I as well.

2.2. Pentagonal Numbers, G5(q)

Let A = << Gor > , ( 0 >>, with «, 8 integers. Then A is even and has dual

0 V60

1

=0 ) (5 ) w
0 VoD
The level of A is N =12 -lem(w, 3). Let p = < _\/E > € A*. We find
Vi

o T

¢ H 0,0 (3) = Gsla")Gs(e”). (18)

Again, it is easy to see that p+ A = ap + A whenever ¢ = 1 (mod 6). When
a = —1 (mod 6) we see ap + A = —(p+ A), but as we are taking the norm of
each shifted lattice point this is also acceptable. Further, as N is clearly even, for

A= ( Z b > € I'g(N) we can see that a must be odd and coprime to 3.

d
Now, p? = 7#, hence 9,4 (7)Y is a weight 2v modular form for the congru-
ence subgroup I" = {A = ( Z 2 ) eTo(N) : a==1(mod 6)} where
1 a+B8=0 (mod6)
6 =+l d 6
o a+p (mod 6) (19)
3 a+pB=+2 (mod6)
2 a+p=3 (mod6).

Therefore 19p+A(%)2v is a weight 2v modular form for I = ( (1) (l) ) r’ < 10 )
2

a

We see for Ae T A= ( c b ),we have b = 0 (mod 2) and ¢ =0 (mod ). In

d

other words,

N
FH:{A:<Z 2)€F0<5> : beven,azil(modﬁ)}
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as 1 = ad — bc = d (mod 6). Hence we can conclude that
ats o 2v
(q 21 Gs(q )G5(qﬁ)) (21)
is a modular form for T as well.

2.3. Heptagonal Numbers, G~(q)

. V10« 0 . . .
Let A = << 0 '\ 103 , with «, 8 integers. Then A is even, and has

() ()

The level of A is N = 20 - lem(a, ). Let p = ( 3 1? > € A*. We find

o 10

ual

_9(a+B) T

0,00 (5) = Ga(a)Grle”). (23)

Once more, we have p+ A = ap + A whenever ¢ = 1 (mod 10). Further, as N is

clearly even, for A = ( Z 2 ) € I'o(IV) we can see that a must be odd.
Now, p? = %, hence ¥4 (7)?" is a weight 2v modular form for the congruence
subgroup I" = {A = ( Z 3 > eTlp(N) : a=1 (mod 10)} where

1 a+8=0 (mod 10)
10 a+pB=+1 (mod 10)
5 a+pf==+2 (mod 10)
10 a+8=+3 (mod 10)
5 a+f=+4 (mod 10)
2 a+p=5 (mod 10).

Therefore 9,44 (%)?” is a weight 2v modular form for I’ = ( (1) (l) ) I ( é (2) >
2

WeseeforAEF”,A:(Z

o
o
I

b ),We have b =0 (mod 2) and ¢ =0 (mod &). In

d

other words,

N
F/:{A:<Z 2)61}(;) : beven,aE:I:I(modIO)}

=Ty (g) NTY%(2) NT(10). (25)
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3. The RHS as the Weierstrass Zeta Function

The Weierstrass zeta function is a function that naturally leads to an Eisenstein
series of weight 1 [2, p. 138]. We write it as Z to avoid confusion and define it as

1 1 1 z

Z = — — T 26
A(2) Z+Z<z—w+w+w2) (26)

weA

w#0

wH#z
for a 2 dimensional lattice A := w1Z @ weZ, and z € C. This function is not quite
periodic, but rather with each step along the lattice increases by a lattice constant,

11 (A) or n2(A), defined by:
m(A) :=Zpx(z4+w1) —Za(z) and  ma(A) = Zp(z + wa) — Za(2). (27)

If we assume without loss of generality that & (g—;) > 0, then these lattice constants

satisfy the Legendre relation
N2 (M)wr — 1 (A)we = 2. (28)

We can thus define a periodic function, Z3 , for u,v € R, and A; 1= Z + 7Z, as
follows,
Z) (ut +v) = Zp, (ur +v) —un(Ar) — vn2(Ar). (29)

For some scalar m, and writing Z(z | wy,ws) := Zx(2) as is common, we see

1 1 1
Z(mz | mwy, mws) = — + Z < +_+%>

mz mz—w w  w?
wemA
w#0

w#Emz

- %Z@ | wr, wa). (30)

Applying this to Z(z | 1,7) = Za_(z) transformed by a matrix in SLy(Z), we find

ar +b
Z<z | 1’07'—|—d> =(ectr+d)Z(z(ect+d) | er +d,ar +b)

=(ectr+d)Z(z(ect+d) | 1,7) (31)

as < (CI b ) € SLy(Z). We define

fralr) =2 (T 1) (32
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ar+b 1 ar+b at +b
=Z| = _ 1
Trs <m+d> <N (S+T<CT+d>) | ’CT+d>

=(ecr+d)Z (% (s(er +d) +r(at+ b)) | 1,7’)

Hence

= (CT + d) far+cs,br+ds (7') (33)

Diamond and Shurman [2, p. 138] further state that the Weierstrass zeta function
can be expressed as

27r1z n —2miz n

1 _|_ 627'mz e q
ZAT (Z) = ng(AT)Z o ﬂ-lm o T‘-ZZ |: e27rzz n 1— 6727rizqn ! (34)

We consider the holomorphic function of 7,

7 (ar+b) _ 7, (aT—l—b) _am(Ar) +bi(Ar)

i < - (3)

which we call an Eisenstein series of weight 1.

3.1. Esp,n When a Z 0 (mod N)

If we have a # 0(N) we can expand the denominators, so we take 0 < a < N and,
using the fact that 2™ = ¢2™(“F") = 2mi% e2mi% — g~ L (with (y == eF as

always), simplify using the Legendre relation:

N at +b at+b 1+QNCN anl(AT)+b772(AT)
ZA = Q(AT) Z -
\TN N 1—g® et N
S A BT
1—g¥Qq™  1—q ~Pqn

—27ri§:
n=1
N %(TW(AT)—m(A )) — i <1+2qu )

7n(a+nN) m(—a.+nN) _
72m§ § [ . ¢ b’”}

n=1m=1

2ria >
== — i~ 2mi > a¥ e

m=1

o0 o0
a m(—a+nN)
oY Y [ g G

n=1m=1
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. a 1 = — 2 (a+nN) ~bm = n(—a+nN) —bm
:2W2<N—§—ZL g R (atni) b _qu( + )CN

=0 n=1

= 2mi %—%—Zqﬁ[ S Y cﬁ]

r=1 s|r S‘T‘
=a (N) s=—a (N)
s>0 s>0
L= a,b,N(T)~ (36)

Hence we have replaced Z3 with E, p n, to make our choices of a, b, N explicit. Let

M = Z 3 € SLy(Z). Then by our earlier result involving the transformation

of fs(7) (Equation (33)),
EopN|IM = Eaatesbatds,N- (37)

The first two indices can be reduced modulo N, hence we see that E,p y remains
invariant under transformation by T'(NV).

3.2. Egzp,nv When a =0 (mod N)

For the case a =0 (mod N) we start with

ar +b ar +b 1 +q¥ck
75 | ——— ) = A S 7.4
AT( N ) n2( )( N ) ml—qWCf’V
—QWii av " NG | am(A) +ba(A)
1 aV Qa1 R G g N ’
(38)

with a = tN, with ¢t € Z. We consider ¢t = 0, i.e., a = 0, and notice that the result
will hold for any a = 0 (mod N) due to periodicity:

. (DN b—b A+ CRa"” N
& (N) ”Q(A)< N ) B Z L—q‘vqn - 1—@;%]

- ].i—gév o 'LZZ Cmb mmn Cfmb mn]

m=1n=1

= 2mi (—l s CN Z anm CW] CNmb]>

m=1n=1
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(1 1 > bt _bt
227T1(§+g5v_1—zzqt [CA’? _CNS:|>

(1 1 = o [br _br
zgm(ﬁ—%_l-g > aF [
s>0
.= EO,b,N(T)~

3.3. Defining F, . n for a,c Z 0 (mod N)

Now we consider the following linear combination, for 0 < a < N:
1

N-1
1 —bc
%Fa,c,N(T) L= 2_7” Z CNb Ea,b,N(T)
b=0
N—-1
=3 6" (%
b=0 N N 2
N-1 0o br .
S0 9l D IRT S WS
b=0 r=1 s|r s|r
s=a (N) s=—a (N)
s>0 s>0
N-1
a 1 be
(7 3)za
b=0
oo N—-1 b(i—) N—-1
3| IDSIFED SEE RS DD o
r=1 s|r b=0 s|r b=0
s=a (N) s=—a (N)
s>0

r=1 s|r s|r
s=a (N) s=—a (N)
= (V) t=—c (N)
s>0 s>0
a 1\~
— —b st st
(N‘§> N N( PSS w) (40)
b=0 s=a (N) s=—a (N)
t=c (N) t=—c (N)
s,t>0
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So if we pick ¢ such that N t ¢, the sum on the left disappears, and we have

Fa,C,N(T)——2MN< Yoo - Y q‘?v‘>. (41)

s=a (N) s=—a (N)
t=c (N) t=—c (N)
s,t>0 s,t>0

For simplicity we define

* st st 1
a,c,N(T) = Z qrN — Z qN = 7mF0ﬂC7N(T)' (42)

s=a (N) s=—a (N)
t=c (N) t=—c (N)
s,t>0 s,t>0

We write

Ka,c,N = Z q%t (43)
s=a (N)
t=c (N)
s,t>0

so that Fy .y = KaeN — K—q,—c,n. Suppose ged(a, N) = d > 1. If we take the
sum over ¢ = r (mod ) of the Fy; . n for some r, we observe

0<c<N 0<c<N 0<c<N
= (¥ = () =53
—KQ’T’% K a _p N
= F%,r,% : (44)
Of course, if § = —r (mod %) then this is 0.

4. The Identities

In this section, we use what we have covered in the previous sections to rearrange
the identities conjectured by Melham to find equivalent identities which can then
be easily proven. We continue to use the labeling from Melham’s paper to refer to
each of the identities.

4.1. Triangular Numbers
4.1.1. Identity (6)
As mentioned before, Melham’s Identity (6) is
q3n +q7n+1 q13n+9 +q17n+12

5\
G3(q)Gs(q°) = Z |: 1 — ¢20n+5 T 1 C q20n+15

n=0
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We expand the denominators in the RHS to give

o0 o0
§ : § : [q3n+(20n+5)m Jrq7n+1+(20n+5)m o q13n+9+(20n+15)m o q17n+12+(20n+15)m:|
n=0m=0
o0 o0
(20n+5)(20m+3) _ 3 (20n+5)(20m+7) _ 3
= q 20 1 4q 20 P
n=0m=0
(20n415)(20m+13) 3 (20n+15)(20m+17) 3
— q*fi — q*fi

Il
Q\
P[]
N
<)
‘Q
olo

— Z q%g + Z q%g — Z q;b)

a,b>0 a,b>0 a,b>0 a,b>0
a=5 (20) a=—5 (20) a=5 (20) a=_5 (20)
b=3 (20) b=—3 (20) b=7 (20) b=—7 (20)
—3 * *
=q 1 (F5,3,20 + F5,7,20) . (45)

There exists a similar result for all the identities, that is, each identity is equivalent
to an identity of the form

Gr(q)Gr(@®) = 5= 3" Fr o 4y (46)

(ai,cq)

with the sum going over a number of pairs (a;, ¢;). We will use these pairs later to
calculate coefficients. Continuing with Identity (6), we recall by our earlier result
that

Z F5*,c,20 = F1*,3,4 =Ki34—K314=0. (47)
0<c<20
c=3 (4)
Hence
F5*,3,20 + F§,7,20 = —F§,11,2o - F§,19,20 (48)
as
F§,15,20 =0. (49)

Noting that 1,4 are quadratic residues modulo 5, where as 2,3 are not, we see the

RHS is equal to, where (%) denotes the Legendre symbol,

q c *
=3 (5) B (50)
0<c<20
c=3 (4)
or equivalently,
g1 c i O ¢ b
5 Z (g) F15,c,2o:—mZE15,b,2o Z (5> 2 - (51)
0<c<20 b=0 0<c<20

c=1 (4) c=1 (4)
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Here we have used the fact that

N—-1
* 1 —bc
Foen =5~ bz; (NEap N (52)

We will encounter sums of the form

5 ()

0<c<N
c=a (8)

frequently. To deal with these we use a small lemma.

Lemma 2. Let o, 3,p € N, a < 3, p an odd prime, (8,p) = 1. Define N = [p,
and let v = 7' modulo p. We have

Z (E) C;[bc ) ;b(v,@—l) %y) \/ﬁ iz 1 (mod 4) (53)

0<c<N p

c=a (8)

Proof. We define S as follows:

=z (e

0<c<N
c=a (8)

LN;C&

_ Z (Oé+k5> (;/b(a-i-kﬁ)
k=0

p
=i LNXB;J G (54)

k=0 p

As o < 8 we have LN[;O‘J = p—1. Letting n = a+ k[ (which is of course a bijection

modulo p), we therefore have k = (n — «)y modulo p, so
p—1
S =y Z (E) Cp—b(n—a)v
n=0 p
p—1
e (D)

n=0

p—1
ey — n —byn
— Nb(’Yﬁ 1) Z (_) NZW ) (55)

n=0 p
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This is a Gauss sum. Gauss proved [6] that

p—1
> (5)em

n=0

(%) VP p=1 (mod 4)

_ (%) iv/p p=3(mod4) (56)

for p an odd prime. We can therefore conclude with the statement of the lemma. [
Now, returning to the RHS of Identity (6), we have
C\ —be b
Z (g) zob = (g) V5. (57)
0<c<20
c=1 (4)

Hence we see the RHS is

N 9
“somid Z <g> (30" Frs,5,20(7). (58)
From before, we have
1 _ats T N

N[ o

withF<< ‘/(f_O‘)( \/g—g >>,andp ( Vi ) € I'*. Hence Identity (6) is

equivalent to
19

Upsr (%) = —2\({72 > (g) (a0 B1s,,20(7).- (60)

b=0

Raising both sides to the power of 2, as o+ 3 = 1+5 = 6 is even, we see the LHS is
a modular form for the congruence subgroup I'g (10) NT%(2), as detailed in Section
2.1. Thus we aim to show that the RHS (ignoring the constant term),

19 2
H(r):= <Z (g) C%ngls,b,20(7)> ; (61)

b=0

is also a modular form for this subgroup. Before we do this, we must transform
the other identities into a similar form. Our method above works perfectly for the
majority of the identities, but there are exceptions to this. The first such identity
is Identity (13), where we must use a slight variation. We detail this method next.
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Table 1: Triangular and Pentagonal Identities
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) R i) eI NGRS [ R P e = o)A QT N =T o T g S NS S-S SIS NE S
N—"1——"1 N~— | g | g N | g | N | NS | NG N | N U | N N
»
allw | 25 ae 0 = & w35 = = &
0 [N Ne) <t e} <t e
o ] ) =) o0 o
z |8 |3 | = S g B o 8= 3 S e 2
L— — NP Y b N N NV Yy N D O NN N N
aﬂglwlwaﬂwlmglﬂnzﬂ1%2%151B1W1N91%2H1%2%
NN || N | N | g O N g | N D | S N7 | S | N | N | NG g | N D | N N>
H = ol A A A A
= = = = - ~ | H [ A - X - A A - -
. = - -~ = & S - - * * - - - * * * - - * *
e} - — <t - - - o N e 0 © b~ o ) o0 =) — N < 0
[} Ne} — — r~ o] (=] — — — — — — N a — — a N a N
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4.1.2. Identity (13)

This identity is slightly resistant to our previous method, and requires a little more
effort. Recalling that K, cn — K_q,—¢cn = 7%%}7&707]\[ = F; . n» we expand the
denominators, and find the identity is equivalent to

2 11 —13
G3(q°)G3(qg ") =q ¢ ( — Ki1588 — K11,37,88 — K11,45,88 — K11,53,88 — K11,60,88

— K77.388 — Kr7,11,88 — Kr7,27.88 — K77.50,88 — K77,67,88 — K77,75.88
+ K33,15,88 + K33,23,88 + K33,31,88 + K33 47,88 + K3371,88

+ K5.1,88 + K55,9.88 + Ks55,25.88 + Ks5,33,88 + K55,49,88 + K55,81,88)~ (62)

Now, noting that we can write —K_, _. ny = F;CN — Kgcn, and also K, N =

Fion+ K q—cn, we find this is equivalent to (multiplying by ¢ < for simplicity)

2 _
g% Gy )G3(q™) = —Ki1588 — K11,37,85 — K11,45.88 — K11,53.88 — K11,60,88
* *
PV 77,88 — Ki1,77,88) + (P11 61,88 — K11,61,88)

(q
(F11 8588 — K11.85.88) +
(Fll 29,88 Kll 29,88
(

+ (
+ )+ (FT1 21,88 — Ki1,21,88) + (F77 13,88 — K11,13,88)
+ (F33,15,88 + Ks5,73,88) + (F33,23,88 + Ks5,65,88) + (F53,31,88 + H55,57,88)
+ (F33.47,88 + Ks5,41,88) + (F33,71,88 + K55,17,88)
+ K55,1,88 + Ks5,9.88 + Ks5.25,88 + Ks5,33,88 + K55,49,88 + K55,81,88
=F1 8588 + Fi177.88 T Fi161.88 T 112088 + F1121.88 T Fi1,13.88
+ I35 1588 + Fa3.03.88 T F33,31.88 + F33.47.88 + Fa3.71.88
— Ki15,88 — K11,13,88 — K11,21,88 — K11,29,88 — K11,37,88 — K11,45,88 — K11,53,88
— Ki1,61,88 — Ki1,60,88 — K11,77,88 — K11,85,88
+ Ks5,1,88 + K55,9,88 + K55,17,88 + K55,25 88 + K55,33,88 + K55,41,88 + K55,49,88
+ K55,57,38 + Ks5,65,88 + K55 73,88 + Ks55.81,88
=F{1 8588 + 17788 + Fi161.88 T 12088 T Fi121.88 T Fi1.13.88 T F33.15.88

10 10
* * * *
+ F3303.88 + F33,31,88 + F3347,88 + F33,71,88 — E K1 518r88 + E Ks5,118r,88
r=0 r=0

_ * * * * * * *
=I11 8588 + F1177.88 T Fi161,88 T F11,20.88 T F11,21,88 + 11,1388 + F531588
* * * *
+ F33.93,88 + F33.31,88 + F3347,88 + F3371,88 — K158 + Ks 1,8

_ % * * * * * *
=IT1 8588 + F1177.88 + Fi161,88 T F11,20.88 T F11,21,88 + F11,13,88 + L5315, 88
* * * *
+ F55 93 88 + F3331.88 T F33.47.88 + F33.71 85- (63)
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Hence Identity (13) is equivalent to (note this is the form we mentioned during
Identity (6), giving us the pairs (a;, ¢;), required for the calculation of coefficients
later)

2 11 -1 * *
G3(q")Gs(q ™) =q~ # (F1*1,13,88 + I 21,88 + Fi1,20,88 + F1161,88 T Fi1,85 88

* * * * *
+ F3515,88 + F5323 88 + F53.31 88 + F33.47.88 T F33,71,88>

1 _ 13 C * c *
:iq 8 Z (E)F:ss,c,ss* Z (1_1)F77,c,88 (64)

0<c<88 0<c<88
c=7 (8) c=3 (8)

as —1 is not a quadratic residue modulo 11. This is therefore the same as

\/ﬁ s 87 b
G3(q2)G3(q11) = Mq s Z (ﬁ) (CSSSbESB,b,SS - ngbEW,b,SS) ) (65)
b=0

which becomes

87

™ VT 3 b

Vptr <_> - 881 (ﬁ) (Cg’ng33,b,8s - Cgsﬂ’EW,bBS) : (66)
b=0

Hence

87 4
H(r) = (Z (l_bl) (33" Ess 8 — ngbEW,b,ss)) . (67)

b=0

4.2. Table of Identities

We find that all identities are equivalent to an identity of the form

e (3) = 3o NZ () > it Eane 6

(kisaq)
with @ =1ifp =1 (mod 4), and Q =i if p = 3 (mod 4). The second sum runs over
the pairs (k;,a;), i = 1,2,.... For our triangular identities, there are either 1 or 2
pairs, for our pentagonal, 2 or 4 pairs. For the single heptagonal identity, there are
8 pairs. Therefore each of Melham’s identities (once transformed) is defined simply
by «, 8 (recall from Sections 2.1 - 2.3 that N is defined by «, ), p, the pairs (k;, a;),
and whether the identity is triangular, pentagonal, or heptagonal. We display this
information in Table 1 and Table 2, with the understanding that these equivalent
identities can be obtained by simply applying the method used for Identity (6) or,
in some cases, Identity (13) (which we mark with an asterisk) to Melham’s original
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identities in his paper.
Each identity has a corresponding H (1), obtained by ignoring the constant term
and raising to a certain even power, of the form

2v

H(r) = NZ(Q) S (1) E, () (69)
N a;,b,N

=0 \P/ (ke

for some integer v, as discussed in Sections 2.1 - 2.3. This is what we wish to show
is a modular form for the relevant subgroup.

5. Identities Under Transformation by the Congruence Subgroup

For all our identities, we have already shown that the LHS (as a theta function)
raised to some even power is modular for IV, where

I =T, (%) NT%2), (70)

further intersected with T'1(10) for the heptagonal case. As we have also seen, the
RHS of each identity is an Eisenstein series, and is therefore modular with respect
to I'(N), where thankfully the N of the LHS is equal to the N of the RHS. In order
to reduce the amount of coefficients needed to be calculated, we would like to show
that the RHS (raised to the same even power as the LHS) is also modular for I".
As the RHS is already modular for I'(N), we only need to consider elements in
I'" =T"/T'(N). A set of generators for I'” is

12 1 0
=lod) re(h 1)

c 0 c 0
Co = —I, Cl<01 cl—1>7 02<02 02_1)’

where the C; continue to include all ¢; necessary to generate (Z/NZ)" (noticing we
have already included —1).

5.1. Invariance Under Transformation by Matrix A
We begin this section with a lemma we will require.

Lemma 3. Let p be an odd prime, p | N. Let gcd(d, N) =g, andkg=d, Mg =N,
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all integers. Then

N-1 oy 1/ 0 p#FM
S (p)am=X (j)ar=10) 3 p-d=tmedy
b=0 b= _(g) 17\/13 p=M =3 (mod 4)
Proof. Define
p—1 b 1
—k(b+pr
S = (2;) D levasd
b=0 r=0
p—1 31
b —kb X kpr
= — ) SMm Z Cor
b=0 r=0
p=l oy 71
= (—) ST DR (72)
b—0 \P r=0 "
Now,
P71 N
N TN _ N
—0 F ? ]ﬂg = (mod ?)
For some t € Z,
N N N
kgEO(mod;)@kM:?t@kp:Mt@Mhy. (74)

So S = 0 when p # 0 (mod M), and as p an odd prime, p # M. When p =
0 (mod M), i.e., p= M, we have

-1 E\ N _
5= Epz(?) o [(B) 3P p=1(medd) -
Py \P P _ (%) %z\/ﬁ p =3 (mod 4),
which completes the proof. 0

To show that H(7) is invariant under the matrix A, we recall that F,; y is an

Eisenstein series, and make use of the transformation formula in Equation (37). We
also write

Zsj(a,@]\f)q% = FEqop.n(T) (76)

j=0
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so that s;(a, 3, N) is the q% coefficient of E, g n (7). We spot

Ea,b—i—a,N(T) = Ea,b,N(T =+ 1)

r=1 s|r s|r
s=a (N) s=—a (N)
s>0 s>0
= "si(a,b,N)¢Xa¥. (77)
Jj=0
Thus
2v
N—1 3
Hla={>, (‘) —1)" NI Ba, 20, N
B=0 p k:l,al)
2v
N-1 3 N L
= (—> Z l+1CNlﬁZSj(ai757N) Nav
p=o \P >0
2v
. N—1 B k.
- v > (- l+1z< ) 5Psi(as, B,N) | . (78)
jzo (kzvai) p=o \P

By Lemma 3, we have

NZ:( > Ns] (ai, B,N)=0 (79)

unless s;(a;, 3, N) has a CJT(;B term with v := (m + k;, N) = %, hence we need
m = —k; +d;7y (80)

with d; # 0 modulo p. For j > 0,

53(ai, B, N) = 2m[ Z ow- 3 c&s]- (81)

513
s= a1 (N) s=—a; (N)
s>0 5>0

Therefore we have j = +(a; + {N)m for some [ € Z, hence 7 = ta;m (mod N).
We note that for all our identities p | a;, hence j = +a,m = *a;(—k; + diy) =
+a;k; (mod N).

For triangular identities of the form that have just one pair of (a;, k;), we notice
that a;k; = % (mod N). Hence (3 = 41 for all j of nonvanishing terms. These
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identities were raised to the power of 2, hence H|4 = H.

For triangular identities that have two pairs of (a;, k;), we see that a;k; = % or
:t% (mod N). Hence (12\,j = =44 for all j of nonvanishing terms. These identities
were raised to the power of 4, hence H|4 = H.

For pentagonal identities that have two pairs of (a;, k;), we see that a;k; = %
(Identity (17)) o (Identities (20) (23)) modulo N. Hence for Identity (17)

]2\,J =—1,and for the others, C 2 for all j of nonvanishing terms. Identity (17)
was raised to the power of 2, and Identitles (20) and (23) were raised to the power
of 6, hence in both cases H|4 = H.

For pentagonal identities that have four pairs of (a;, k;), we see that a;k; = 7
or 3 (Identities (18), (19)) or 2%, 11X 1;]1\’, 1N (Identities (21), (22), (24) (25))
modulo N. Hence for Identities (18), (19) ¢3 = —i, and for the others, (¥ = (1,
(i3, or (7, for all j of nonvanishing terms. All of these identities were raised to the
power of 12, hence in both cases H|4 = H.

17N

For the one heptagonal identity we have a;k; = 51 = <5~ (mod N) for all 8

pairs. Thus ( 1 and as the identity is raised to the power of 20, H|4 =

5.2. Invariance Under Transformation by Matrix B

1
To show that H(7) is invariant under the matrix B = < N (1) ) we notice

2

Hlp = H|g-1 |5, (82)

4 (0 1 (1 =& (0 -1
By _<—1 0)’ BQ_(O 1) B=l1 o )

because B = B; 'ByBy. It H | B, remains fixed under transformation by Bs, then
H will be fixed by B. Therefore we just need to check that H | B, is a sum of powers
of q%. We have

with

2v

N—-1 ﬁ 4
Hip, = (—) S () B, (83)
3=0 (

ki,a;)

= 2m‘2(—1)i+1N71 B ko ——7+—Z ¥s (8, ai, N)
- p N 27TZ q T )y Wy

(kl ,ai) B:O

r=1
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with S some constant. Rearranging the RHS, we get

= (s 5 S [ 5 [

(kisaq) r=1

s=B (N)
s>0
N-1 3 - 2%
X T [(Ddar H) (84)
B=0 s|r p
s=—p (N)
s>0
= <S2m' > (=) gF lz [(5> 1"'&8(&“5]
(ki,a;) r=1 s|r p
5>0
2v
=8\ . hg, T
-2 l(7> Ny H)
L
= <S — 2m’Zq% [Z <f> Z (—1)i+! |:C]k\3/:£5ai:
r=1 S‘TO p (ki,ai)
s>

Gi= ) (- [@’% - (71) cN’“”“*]. (85)

(kiyaq)

Define

We aim to show G = 0 whenever r is odd. Suppose first that p = 1 (mod 4), then,
as we always have an even number of pairs of (a;, k;), using a simple trigonometric
identity,

i kis—a;{ —kista; %
Gz<w[N e ]

(kiaq)

=2i 3 (~1)"*'sin [%” (ks — ag)]

(kisaq)

—2 Y (Sin {%ﬂ (ks - ag)] — sin FFW (k15— a#lg)])

odd

=4i Z cos [f1]sin [f2] , (86)
odd i
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with 91

~ (s
Similarly, if

(ki + kiy1) — Z(a; + aip1)) and 02 = T (s(k; — kip1) — Z(a; — ait1)).

p =3 (mod 4) we have

G — Z( 1)Z+1[Cke a,e_i_c—k 9+a“‘|

(kiaq)
2w r
H‘l =° o .
=2 (- [N (]” “sﬂ
(szal)
=—4 Z sin [04] sin [fs] . (87)
odd i

For identities that have p = 1 (mod 4), we note that for odd i, k; — ki1 =
a; — Qi1 = % modulo N. Thus G vanishes when r is odd, as s and < must share
the same parity.

For identities that have p = 3 (mod 4), we are not as restricted, and we can have
either (for odd @) k; — kip1 = a; — a;41 = % or ki + kit1 = a; +a;41 = % modulo
N. For all of these identities we have this requirement, hence G vanishes for odd r,
as required.

5.3. Invariance Under Transformation by Matrices Cj

To show these identities remain fixed under matrices of the form (disregarding
c 0

the subscript for now) C = ( 0 -l

) modulo N, we apply the transformation

formula again:

N_1 ﬂ ‘ 2v
He={ X (2) X 0 Bunean | (58)
B=0 (ki,as)
We let 3/ = ¢~'f3 and find, as we must have (¢, N) =1 and p | N,
2v
gy Cﬂ/ i+1 ~kicB’
He = | X () X 00 B
B'=0 (Kki,ai)
¢ 2v [ N—1 ﬁ/ ‘ st 2v
- (p) 2 (p> > DTN B | (89)

B'=0 (Kiyai)

This will be equal to H if ¢ acts on the pairs (k;, a;), by multiplication modulo N,
by mapping each to £(k;,a;), with j =1,2,... and so on. To see this we consider
the effect of one mapping. We allow for each (k;, a;) to be mapped to either itself,
its negative, a different (k;,a;), or the negative of that. If (k;,a;) is mapped to
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itself or (k;,a;), there are no issues. If it is mapped to the negative of one of these

we notice, using F_, _p v = —Fq N,
N-1 N-1
BY BY
> (8) o == X (2) G5 B
B=0 p B=0 p
N-1
-1 ﬂ) ki
=—|— — ) (N Ea, 8N 90
( p ) 2 <p N Tans (%0)

B=0

If p = 3 (mod 4) then the negatives cancel, and we are done. If however p =
1 (mod 4), we need to have either all the pairs (k;, a;) map to negatives, or for each
pair that maps to a negative match to a pair (k;,a;) where j has a different parity
than 4, which will be accounted for by the (—1)"*! term.

For example, Identity (7) has RHS

23 4
b
H= (Z (5) (G4 B3 p,24 — ngibEls,b,zzl)) : (91)

b=0

A set of generators for (Z/247Z)" is 5, 7, 23. Of course 23 = —1 is trivial, so we
focus first on 5. We get 5- (k1,a1) =5-(9,3) = (21,15) = (k2, a2) modulo 24, and
5 (ke,a2) =5-(21,15) = (9,3) = (k1,a1) modulo 24. Thus H transforms to

23 4
(Z (g) (1P Eis .00 — C32E3,b,24)> =H. (92)

b=0

Similarly, for 7 we find 7 - (k1,a1) = —(k1,a1), and 7 - (ka,a2) = —(ke, a2) modulo
24. So H transforms to

[

1\ o= (b !
= (— (?> > (§> (9 E3.b,24 — C%ibEw,b,%))
b=0

—1. (93)

w| o

4
) (C274%E73,b,24 - C2421bE15,b,24)>

This is shown in Tables 3 and 4 below. Listed is the identity number, the value
of N, a list of the ¢; required, and the values of the pairs (k;, a;). The table then
shows how the ¢; permute the pairs. All permutations are in fact involutions, and
we denote the fact that ¢; swaps (k;, a;) to (kj,a;) as simply (4, ), whereas if ¢;
takes (k;, a;) to —(kj;,a;) and (kj,a;) to —(ki, a;), we write (¢, —7). If (k;, a;) maps
to itself, or to —(k;, a;), we write (i), or (—%), respectively. Of course, —1 just takes
the pair (k;,a;) to —(ki, a;).
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Table 3: Identities with 2 pairs of (k;,a;)

Id. | N | ¢1,c2,c3 <Zi> <SZ> c1 acts
T o | s | () | () | 02
: () | (1) | 02
9 140 | 311,39 <§> @g) (1,-2)
10 55 (255> (1,-2)
121 gg 3,5,87 zﬁ) @2) (1,-2)
() o

15 1 939 | 35931

()

(i)

: 6
(

)

N N
N—"TN——"
—
-
|
\G]
S~—

145 29
16 ( 29 145) | 72
17 | 60 | 7,13,59 G’g) g (1,-2)

— O i~
W O Ot
\_/v
—

—

[\

~—

L NP N

20 | 156 | 7,11,155

407
23 | 444 | 5,7,443 ( 59)

/‘D
w
o
~ &
N1
—
—
|
]
N—
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For the three Identities (6), (11), (14), that have just a single pair, it is easy to
find a set of generators that, for example, maps the pair to its negative. For the
single heptagonal identity, we need to avoid matrices with first entry congruent to
43 modulo 10. So, as N = 120 we take ¢y = 119, ¢y = 11, ¢co = 19, and c3 = 29.
As before, ¢y is immediate. Next, ¢; takes (k1,a1) to —(k4,a4) and vice versa,
(ko, a2) to —(ks, az) and vice versa, (ks, as) to —(ks, as) and vice versa, and (kg, ag)
to —(kr,ar) and vice versa. The value 19 swaps the pair with index 1 with the
negative of the pair with index 2, 3 with —4, 5 with —6, 7 with —8. Finally, 29
swaps 1 and 4, 2 and 3, 5 and 8, 6 and 7.

6. Equivalence Using Sturm’s Bound

Let f =3 ,cz okq”. We define ord(f) to be the smallest such n that o, # 0. We
first state a simplified version of Sturm’s bound [11].

Theorem 1. Define I' := SLo(Z), and let f, g be modular forms on T 2 T'(N) of

weight k, a positive integer. Suppose ord(f — g) > k[ligl}. Then f = g.

In other words, Sturm’s bound says that given two modular forms over the same
congruence subgroup and of the same weight, then they are equivalent if their ¢-
expansions agree up to the q% coefficient, where k = 2v is the weight, and M is
the index of the congruence subgroup in I'.

Recall that we have defined for the triangular and pentagonal identities

I"=T, (1;7) NT%2), (94)

and for the heptagonal identity,

I'=T, <g) NTY(2) N T4 (10). (95)

We have now shown that each side of our transformed identities are modular of
weight 2v for I = TV/T'(N). We can now apply Sturm’s bound. We have [2, p. 14],
for the triangular and pentagonal cases,

N _ 1
M:[F:F]—[F.FO(N)]—N}_][V(I—&-p) (96)

as, despite the fact that IV # T'g(IN), they have the same index in I'. To see this, we
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simply notice that I" and I'q(N) both share a common subgroup, I'o(N) N T%(2),
and this common subgroup clearly has index 2 in both. For the heptagonal case,
we simply have to double M. We need to check % + 1 coefficients. Starting with
Identity (6), we have M = 36, and we need to check % + 1 = 7 coefficients. We
use the form of s
¢EIGRGH) = Y FL e aea) (97)
(ai,cq)
for ease, which as we mentioned before each identity can be written as. For Identity
(6), this is
Q%GB(Q)G?»(QE)) = F5390+ F5790 (98)

and find both sides start with
1+1-g+0-¢*+1-¢°+0-¢"+1-¢°+2-¢°+0-¢".

As the coefficients of this form agree, the coefficients of H(7) and ¥, (%)21} must
also agree, and we are finished.

Our computations show that both the LHS and RHS have the same coefficients
for all triangular, pentagonal, and heptagonal identities. Notice that while we
always knew both sides were modular forms for I'(N), using that would have made
the number of coefficients required for Sturm’s Bound much larger, hence the efforts
to show both sides were modular forms for the larger congruence subgroups. As an
example, Identity (15) has N = 232, and 2v = 4. With our efforts we only need to
check just 121 coefficients, a relatively easy task. If we had used I'(IV), we would
have utilized the well known formula [2, p. 13],

M=[:T(N)]=N]] (1 - p12) (99)

p|N

and found that we had to check 1,559,041 coefficients, which is somewhat more
daunting. Worse still, when we finally got round to checking Identities (24) and (25),
with V = 696 and 2v = 12, we would have had to check 224,501,761 coefficients.
With what we now know we of course only have to check 1,441.
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