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On the modular equations of degree m - a generalization
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Abstract. We give a general Lambert series expansion leading to a modular equation of
degree m, with this we have a general Fourier series expansion for dn z. The Lambert series
are essential for giving modular equations. We also give a simple proof of a consequence of
an identity of Ramanujan leading to a Theorem of Jacobi.
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1. Introduction

There are twelve Jacobian elliptic functions, the complete listing is given in [9, pp.
511-512]. From Ramanujan’s 1t¢;-summation formula we have the following well-
known identity:

i a” — 39/ 01<l’+y,q) (1)
1—tg 2 '0:(z,9)01(y,q)’

n——oo

where a = €2 t = ¥ |q| < 1,|¢?| < |a] < 1 and [t| # 1.

From this identity (1), by suitably choosing z and y, we can easily have the
Fourier series expansion of these twelve Jacobian elliptic functions. For getting
modular equations, Lambert series identities are essential. In his paper Shen [4] gave
a collection of well-known Lambert series identities from which modular identities
can be obtained.

In this paper we consider the Fourier series expansion of the Jacobian elliptic
function dn z and prove a general theorem from which Shen’s identities listed in [4]
come easily as special cases and moreover we get new identities. This method can be
applied to get identities from the Fourier series expansion of other Jacobian elliptic
functions.

For writing the Fourier series expansion for dnz which is given in (5), we recall
by definition

0a(q)03(2/03)
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Taking z = 252 where K = 763, (2) can be written as

. (21@)  04(g)05(2)

T ) 03(q)ba(z)
By specializing the parameter of (1), we have
05(2) 2 grein® q"cos2nz
05(q)04(q) ——= =2 =1 : 4
3(q) 4(61)94(2) 2. 14y T o +4 Z 1+ g (4)

Thus the Fourier series expansion of dnz is

d 2Kz m 2T = ¢"cos2nz
n =—+ = —_.
2K K = 14 ¢

My general approach will, in a way, unify the identities given by Shen in [4].

2. Basic facts

We shall use the following standard g—notations, |¢*| < 1:
(a:¢")n = (1 —a)(1 — ag®)....... (1—ag"™ V) n>1

(a:¢") = J] (1 - ag™),
m=0
(a;¢")o = 1.

The following are Jacobi’s expressions for the theta functions as infinite products [9,
p.469]

01(z,q) = Z’q%efiz H(l _ q2n)(1 _ q2nf2e2iz)(1 q2n672zz)’
n=1
03(z,q) = 2¢% [J (1 = ®")(1 + ¢*"e¥=)(1 + ¢*"e™),
n=1
O3(2,q) = JJ(1 = M)A+ 1e¥)(1 + > te™™),
n=1
and .
04(2,q) = H(l _ q2n)<1 _ q2n—1e2iz)(1 _ q2n—1e—2iz>7
n=1

where ¢ = €™ and I'm(7) > 0. ¢(q) is defined [2, p. 36] as:

71+2Z K )(_(Zgyzi gl < 1.

Ramanujan’s 111- summation formula

(q,b/a,az,q/az;q)so

191(a; b5q,2) = (b,q/a,z,blaz;q)e

|b/al < |z] < 1.
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3. A general theorem for Lambert series

In this section we will prove a theorem which will unify different Lambert series
identities of different modulus which are essential for getting modular equations.
We shall prove the following general theorem and deduce special identities:

Theorem 1.

(q’ q)oo(*qzm; q2m)oo(7qm+2a62ib7r; q2m)oo(7qm72a672ib7r; qu)OO 02(q2m)
(_q; q)oo(q%n, q2m)oo(qm+2a621b7r; q2m)00<qm—2ae—21b7r; q2m)oo 94((])

(6)

2in(amT+bm) + e2in(a7r7'+b7r)>

= mn [ €
:1+22q ( 1+q2mn
n=1

Proof. We make ¢ — ¢" in (4) and then take z = ant + brr, where m,a and b are
rational numbers. First we simplify the left-hand side.
The left-hand side of (4) is equal to

Os(amt + b, q™)
Os(amT + b, q™)

(7)

qme 2i(awT+bT). q )
m

03(q™)04(¢™)
) (_qmeQi(aﬂT+b7r 2m
o] (qm62i(a7r7'+b7r 2m

7

2m 27n)2 ( 2m,

— (q iq 2 : 4m)

(-
( e~ 2i(amT4bm). qu)
m+2a 2ibm. 2m q

m—2a ,—2ibmw )

)oo
)oo
(=
(

_ 2m., 2 ( q 5 q ) € aq
- (q m’q m) ( ’q ) ( m+2a621b7r7q2m) qm 2ae—21b7r iq m)oo
_ (q 7q2m) ( iq 4m) ( Qm)
(=*™ ) oo (¢*™; 7)o
( qm+2a 21b7'r 2m) ( m— 2a672zb7'r q )
(qm+2aeszTr7 ) ( m— 2ae 2¢bm. iq m)oo

(B0 (=™ ™) oo (g 22T P ) oo (—g 20T 4P ) o
(_Q§ q)oo(qu7 q2m>oo<qm+2ae2zb7r; q2m)oo(qm—2ae—21b7r; q2m>oo
03(4°™)

X—.
04(q)

The right-hand side of (4) is equal to

e eQin(aﬂT+b7T) 4 e—2in(a7r‘r+b7r)
1492 mn
; ! ( L+ g2 )
e 2na ,2inbmw —2na ,—2inbrw
q e +4q €
=1+2 mn . 9
From (8) and (9), we have our Theorem 1. O

4. Identities leading to modular identity

In this section we deduce two identities and then give a modular identity.
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From (7) and (9), we have

93 (CL’/TT + bﬂ', qm) & q2na62inb7r +q72naef2inbﬂ'
03(q™)04(¢™ =1+2 mn .(10
3(q ) 4(q )94 (GJTT ¥ bﬂ', Q"L) + Z q 1+ qun ( )

Letting ¢ — ¢ in (10) and taking a = 2,b = 0, we get

. I} (mm’ q 0 qun +qmn
03( ™0 () BT ) g 11
3(¢°™)0a(q )94(m7r7',q3m + Z 1+ ¢fmn (11)
We first simplify the left-hand side of (11).
The left hand-side of (11) is equal to
(qﬁm,q6m)2 (_qu,QGm)Q (qu,qﬁm)Q ( 6m) ( )oo
* > > ( ) o (g™ )

_ (. 6m. 6m\2 12my2 (=¢™ ") (g m’q m)oo
(q 5 q )oo(q 34 ) (q ’qu)OO( 5')m.’q6'm)0O

_ ( qm ,q ) ( 3m m)w(q6m§q6m)oo ) (12)
(@™ G%™) oo (=™ q"’m)oo(—q‘"’m;qﬁm)io

Now we show that 93(qm)93(q3m)% is the square of the right-hand side of
(12). Thus

m 3m 92(q3m) _ 2m., 2m m, 2m\2 6m, 6m
03(q™)03(q )W—(q 107" )oo (0™ 07 )5 (@ 0™ ) o

% (_q3m, q6m)2 (qﬁm; q6m)go(q3m; q6m)go
7 F (@™ 6% ™) 0o (@5 42™) %,

(g™ ¢®™)2 (4™ ¢°™) % (¢5™; )24 (13)
(q’m7 qu)go(_qu’ q67n)go(_q67n; q6m>go

Hence by (11), (12) and (13), we have

5mn + qmn

Writing ¢™ and ¢*"™for ¢ in (4) and z = 0, respectively,

mn

m 4
G =1+4) T o
n=1

and
3mn

oo
m 2 : q
n=1
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So
) - o0 qmn qun
63(a™) + 63(q >2+4;<1+q2mn+1+qsmn)
> qmn(l _q2mn+q4mn) +q3mn
=2+4
+ nz_:1< 1+q6mn
e 5mn mn
q +q
=2(1+2 - . 15
(5 (F55) @
Hence by (14) and (15), we have
m m 93 q3m 2 1 " m
alamn(m D] = 5 B+ ). (16)
04(q™) 2

It can also be easily seen

03(g¥™) s (P 25 1) (Ao 0o (75 S g
04(5,a™) (@™ 6% ™)oo(—G*™5 45 )oc (5™ ¢™) %

Hence from (13), (16) and (17), we have

93(%’(1777,)

94(%7(1771)

For different values of m we have different modular identities.

056" )0s (4™ = 5 (™) + 63(a*™). (15)

5. Lambert series as special cases that are essential for modu-
lar equations

Case 1:
Take b =0, a =1 and m = 3 in (6), to get
ei(q?)) & q2n + qn e q3n+1 q3n+2
=1+2 — =142 1" 19
84(q) + g 1+q3n + Z( ) 17q3n+1 + 17q3n+2 ’ ( )

which is (2.2) of Shen [4].
Replacing ¢ by —q in (19), we get

eg(q?)) P i q6n+1 B q6n+2 N q6n+4 B q6n+5 (20)
03 (q) — 14+ q6n+1 1— q6n+2 1— q6n+4 1+ q6n+5 ’

which is (2.3) of Shen [4]. Here we used 04(—q) = 65(q).

Case II:
Take m =2, a =1 and b= 1 in (6), to get
3 o0 N q3n+1 q3n+2
a(a0a(*) =1 =23 (" (o + s ). (21)
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which is (2.4) of Shen [4]. Replacing ¢ by —¢ in (21), we get

6n+1 6n+2 6n+4

q q

q6n+5
03(a)0s _1+2Z( 6n+1_1+q6n+2+1+q6n+4_1q6n+5>’(22)

which is (2.5) of Shen [4].
Case III:
Take m =1, a =0, and b=} in (6), to get

(CﬁQ)oo(_q2§q2)oo(_qe%§q2)oo( ge ;4% 03(¢%)
(—¢;9)so (q2‘q2) (qe%;q2 T",q) 04(q)

)oo(qe™
iréﬂ—
=14+2 _ .

The left-hand side of (23) is equal to

(45 9) o0 (0% 4%) 00 (%5 4%) oo (=43 D) o (g*5 ¢*) 30 (0% ¢S
(=4 D)oo (0% 0*) 00 (=% 0) 00 (4 1) 0 (6% @) 0 (4 4*) %6
_ (0o (-06*)(0*1¢%)

(=0% %) 0o (454?) 00 (=435 ¢%) o

93 %
(22 i)’

and the right-hand side of (23) is equal to

N

qcos3
1+4Z o

Taking n = 3n, 3n + 1,3n + 2 in the right-hand side of (25) we get
) N 5 Z 3n+1 B q3n+2 N 2q3n+3
1+ q6n+2 1+ q6n+4 1+ q6n+6 ’

From (24) and (26), we have

) 3
sttt (25 ) B

n=0
qdn+1 B q3n+2 N 2q3n+3
1 + q6n+2 1 + q6n+4 1 + q6n+6

which is (2.7) of Shen [4].

(24)
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6. Specializing Theorem 1

We write our Theorem in a more convenient form. Take a = mTl and b= 0 in (6),
to get

(q;q)m(*qzm;qzm)m(fqm’l;qu) (—=¢; *™) oo 03 (¢°™)
(=4 D)oo (@®™56%™) oo (P71 %) o0 (4: > )00 0a(q)

*© _n(2m-—1) n
q +q
=1+2
+ 7;1 1 + q2mn
e 2mn—+2m—1 2mn—+1
= 14230 (s + Tt ) (28)
6.1. Special cases
(1)
94( 3n+1 q3n+2
9 =1+2 Z < 3n+1 + 1— g3nt+2 )’ (29)
q
(m =3/2in (28), Shen[4, eq.(2.2)]).
(ii)
(q2' q4) 94 4n+1 q4n+3
=1 2
(m =21in (28))
(iii)
(qQ; q5)oo(q3; q5)oo 94< 149 Z 5n+1 N q5n+4 (31)

(m=15/2in (28)).
(iv)

(0%50%) (0% 4%)o0(0" ¢%) e 03(¢%)
(—=4% 450 (—q3'q6) (—¢*;¢5) o0 0a(q)

6n+1 6n+5
q
_1+2Z < gon+1 + 1_q6n+5> ’ (32)

(m =3 in (28)).

7. Consequence of Entry 33(iii) of Ramanujan

We prove a consequence of Entry 33(iii) of Chapter 16 of Ramanujan.
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Theorem 2.
4(_ 2) (14 4i q"cos2nz 4 Z "q"cos2nz (33)
® q)= 1+ ¢2n 1 T g2n
Proof. Writing —q for ¢ in (4), we have

03

O5(~a)0a(~ >94§q—1+42 e (39

Multiplying (4) by (34), we obtain

03(2,9)03(2, —q) _ = "cos2nz
03(q)03(—q)04(q)04(—q) e = 1+4TF1 o

Z q"cos?nz
Since 03(—q) = 04(q), the left-hand side of (35)

2. 2\4
03(9)03(q) = (% ¢*)a (4" —%fi:w“(—f),

which proves Theorem 2. O

Since the result is interesting, I state the proof given by Berndt [2, eq. 33.5, p.
54]:

From the product of the two series on the right-hand side and then integrate both
sides with respect to z, over the interval[—m, 7| . Since the set of functions {cos2nk} ,
0 < n < o is orthogonal on[—m, 7], we have a result of Jacobi

A e n2n
= 36
(g Zj Hq% (36)

Concluding remarks

We have also obtained modular equations in earlier papers. In the earlier papers
we used a different method. In [5], we obtain Hecke type modular series by the
Bailey pair method. In [6], we gave a modular transformation for tenth order mock
theta functions by using modular group generators. In [7], we proved a simple theta
functions identities on base four from which modular equations can be obtained. In
[8], from a theta function identity of McCullough and Shen [3] we obtained Eisenstein
series related to modular equations.

In this paper we have used the Fourier series of the theta functions to obtain
Lambert series identities which are essential for modular equations. This approach
is quite different.
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