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ABSTRACT. On pages 51-53 of his lost notebook, S. Ramanujan ex-
pressed several integrals of products of Dedekind eta-functions in terms
of incomplete elliptic integrals of the first kind. In this paper, we prove
these identities using only results found in Ramanujan’s notebooks. We
then construct several new elliptic integrals of this type using modular
identities associated with certain “Hauptmoduls.”

1. INTRODUCTION

On pages 51-53 in his lost notebook [17], Ramanujan recorded several
identities involving integrals of theta-functions and incomplete elliptic inte-
grals of the first kind. We offer here one typical example, proved in Theorem
7.5 below. Let (in Ramanujan’s notation) f(—¢) = (¢;¢)eo. (Detailed no-
tation is given in Section 2. The function f is essentially the Dedekind
eta-function; see (2.4).) Let

(1.1) vi=0(q):=gq
Then

2tan~1(1/v/5) d(p

—1{ 1 1—-11v—v2 9 :..2 )
tan (\/g\/ilﬂ,vg ) \/1—5ssin”¢

The reader will immediately realize that these are rather uncommon inte-
grals. Indeed, we have never seen identities like (1.2) in the literature.

In a wonderful paper [13], all of these integral identities were proved by
S. Raghavan and S. S. Rangachari. However, in almost all of their proofs,
they used results with which Ramanujan would have been unfamiliar. In
particular, they relied heavily on results from the theory of modular forms,
evidently not known to Ramanujan. For example, for four identities, in-
cluding (1.2), Raghavan and Rangachari appealed to differential equations

(1.2
1 o 43 _ 45 415 _1
| rensetr=esea = [

1991 Mathematics Subject Classification. Primary: 33E05; Secondary 11F11.
Key words and phrases. Incomplete elliptic integrals, modular equations, Dedekind
eta-function, theta functions, Rogers—Ramanujan continued fraction.
1



2 BRUCE C. BERNDT, HENG HUAT CHAN, AND SEN-SHAN HUANG

satisfied by certain quotients of eta-functions, such as (1.1), which can be
found in R. Fricke’s text [9].

In an effort to discern Ramanujan’s methods and to better understand
the origins of identities like (1.2), the present authors have devised proofs
independent of the theory of modular forms and other ideas with which
Ramanujan would have been unfamiliar. In particular, we have relied exclu-
sively on results found in his ordinary notebooks [15] and his lost notebook
[17]. It should be emphasized that at the time of the publication of Ragha-
van and Rangachari’s paper [13] a decade ago, many of these results had not
yet been proved. Particularly troublesome for us were the aforementioned
four differential equations for quotients of eta-functions. To prove these,
we used identities for Eisenstein series found in Chapter 21 of Ramanujan’s
second notebook and several eta-function identities scattered among the un-
organized pages of his second notebook [2, Chap. 25]. We have also utilized
several results in the lost notebook found on pages in close proximity to the
elliptic integral identities.

The authors owe a huge debt to Raghavan and Rangachari’s paper [13].
In many cases, we have incorporated large portions of their proofs, while
in other instances we have employed different lines of attack. This paper
could have been made shorter by referring to their paper for large portions
of certain proofs, but considerable readability would have been lost in doing
S0.

In Section 3, we prove two identities for integrals of theta-functions of
forms unlike (1.2). The first proof is virtually the same as that given by
Raghavan and Rangachari, while the latter proof is completely different. In
Sections 4-6, we prove several integral identities associated with modular
equations of degree 5. Here some transformations of incomplete elliptic
integrals due to J. Landen and Ramanujan play key roles. In Section 7,
several identities of order 15 are established. Here two of the aforementioned
differential equations are crucial. Differential equations are also central in
Sections 8 and 9, where identities of orders 14 and 35, respectively, are
proved.

Since differential equations for quotients of eta-functions are of such para-
mount importance in proving identities akin to (1.2), we have systematically
derived several new differential equations for eta-function quotients in Sec-
tion 10. We have used two of these new differential equations to derive two
new formulas in the spirit of (1.2). In Section 10, we also point out the
connection of such integrals with elliptic curves. We plan to return to these
matters in a future paper.
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2. PRELIMINARY RESULTS

As usual, set, for each nonnegative integer n,

n—1
(a;q)n = [[(1 —ad®)
k=0
and
(@; @)oo = lim (a;q)n,  [g| <1.
Ramanujan’s general theta-function f(a,b) is defined by
fla,p) = > @nF2pnn=D2 0 gp| < 1

Theta-functions satisfy the very important and useful Jacobi triple product
identity [1, p. 35, Entry 19],

(2.1) fla,b) = (—a; ab)oo (—b; ab) oo (ab; ab)
The most important special cases are given by
7)o (%3 4%) o
2.2 - )
(22) #la) = nz_:ooq —0%¢*)oo (45 4% oo
(4% ¢%)os

2.3 q "tz = 7,
(2.3) P(q) = Z (@ )
and

Fa) =f(~a.~) = Y (~D"¢"* VP = (g:9)
(2.4) = ;e 2/ 2y (), q= e, Im z > 0.

The product representations in (2.2)-(2.4) are instances of the Jacobi
triple product identity (2.1). The function 7n(z), defined in (2.4), is the
Dedekind eta-function. It has the transfomation formula

(2.5) n(=1/z) = /z/in(z).

The functions ¢,®, and f in (2.2)—(2.4) can be expressed in terms of
the modulus k& and the hypergeometric function z := gFl(é, ;, 1;k2). For a
catalogue of formulas of this type, see [1, pp. 122-124]. We will need two
such formulas in the sequel. If o = k% and

2F1(272a1 1- )
q = €xXp )
Fl( 1; Oé)

29 27 )
then

(2.6) )= /4= a1 — a)/g}'/®
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and
(2.7) (=% = vz2 71 {a(1 — a) /g2,

The Eisenstein series P(q), Q(q), and R(q) are defined by

gy "
(2.8) Pg):==1-24) o
n=1
0 n3qn

2. =1+24
(29) Qla) =1+ ogl_qn,
and
(2.10) R(q) =1 — 504§: nq"

. q) := 2o prd

(This is the notation used by Ramanujan in his lost notebook and paper [14],
[16, pp. 136-162], but in his ordinary notebooks, P, @, and R are replaced
by L, M, and N, respectively.)

The Rogers—Ramanujan continued fraction u(q) is defined by

q1/5 q q2 q3

1 1+ 1+ A+
With f(—¢q) defined by (2.4), two of the most important properties of u(q)
are given by [1, p. 267, egs. (11.5), (11.6)]

(2.11) u = u(q) := lg| < 1.

ey - f(=d)
(212) u(q) tule) = a5 f(—q°)
and

1 11— N fG(*Q)
(2.13) ag (@)= af%(—¢°)

A common generalization of (2.12) and (2.13) was recorded by Ramanujan
in his lost notebook and proved by S. H. Son [18]. Lastly, it can be shown
that, with the use of the Rogers—Ramanujan identities [1, p. 79],

) — /5 (607)o0(a": ¢ )oc
. = P )l i )

3. TwO SIMPLER INTEGRALS

Theorem 3.1 (p. 51). Let P(q),Q(q), and R(q) be the Eisenstein series
defined by (2.8)-(2.10). Then

q / _
/% \/@% — log (Q3 2((1) R(Q)) ‘

@Q3/%(q) + R(q)
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Proof. Following Ramanujan’s suggestion, let z = R%(t)/Q>(t). Then

- Lz 24 3dQ

' zdg Rdg Qdg’
Using Ramanujan’s differential equations [14, eq. (30)], [17, p. 142], [1, p.
330]

dR _ PR-Q? and dQ PQ-R
qdq N 2 qdq N 3 7
in (3.1), we find that
d RQ_ 3
(3.2) gd= R - Q7
z dgq RQ

Hence, by (3.2),
d Q*?—-R d 1—/z
log [ —— | =¢—1
tdg <Q3/2+R Tdq °g<1+ﬁ

d1g<1—\/5> dz

% \11 ) 4
__ 1 dz

“ Ve - 1) g
_/0.

It follows that

q dt 7 d Q*? - R
/;277 \/ Q(t)T :/627\, % log ( ) dt

Q2+ R

oo [ Q@ = R(@)\ [Q¥(e) = R(e™™T)
~ B Q2+ Rlg) ) B\ Q)+ R(e ) )

But it is well-known that R(e=2™) = 0 [8, p. 88], and so Theorem 3.1 follows.
O

Theorem 3.2 (p. 53). Let u(q) denote the Rogers—Ramanugjan continued
fraction, defined by (2.11), and set v = u(q?). Recall that 1(q) is defined by
(2.3). Then

B3 5 [UOY i)y o (1 (5 2>uv2> |

Y(q°) 1-— (\/5+2)u1)2

Proof. Let k := k(q) := uv®. Then from page 53 of Ramanujan’s lost note-
book [17], or from page 326 of his second notebook [3, pp. 12-13],

1-k\° 1+k
5 _ 5_ 12
(3.4) u _k<1+k> and v =k (1—/<:>'
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(See also S.—Y. Kang’s paper [11].) It follows that

1 1-k
2,3y _ = 8
(3.5) log(u®v?) = 5log <l<: 1+l<:>'

If we set € = (v/5+1)/2, we readily find that ¢ = v/5+2 and ¢ 3 = /5 2.
Then, with the use of (3.5), we see that (3.3) is equivalent to the equality

8 [ °(q)dq 1 14 €3k
69 5[ Tare =5 () Vs (T )

Now from Entry 9(vi) in Chapter 19 of Ramanujan’s second notebook [1,
p. 258],

¥°(q)
¥(g°)
By the Jacobi triple product identity (2.1),
@) _ (=04 6°)x(-0"1 ")
fle,¢Y)  (6:0%)o(—0% ) o
_ (00°)o0(0% 0700 (9" ') 0 (4% 4" o0
(4% 4°) 00 (0% 4°) 00 (475 1) o0 (0% ¢10) o
3.8 - 1/57“(‘1),
(3.8) T

by (2.14). Using (3.8) in (3.7), we find that

v”’ dq /w (A dq+/dq_/ tog (4*/%u/v) d

—40 / (@)*(¢°)dq — 8log(u/v)

2 3
= 352U () + 1 - 5q-% log LT

(8.7) dg "~ flg,q*) "

8 24
) =4 3(¢®)dg + = logk — — log ——
(3.9) O/qw(qw (q)q+5og 5 log 10—

where (3.4) has been employed. Comparing (3.9) with (3.6), we now see
that it suffices to prove that

1—-k 1 1+e3k
(3.10) S/qw(q)¢3(q5)dq =log =+ 75 log <1+—Ee3/<;> '

Upon differentiation of both sides of (3.10) and simplification, we find that
(3.10) is equivalent to

k(@)K (q)
(1= k*(q))(1 — 4k(q) — k*(q))
We now prove (3.11). By (3.4) again,
v 1+k
W@ 1—k

(3.11) (v (q°) =

(3.12)



INCOMPLETE ELLIPTIC INTEGRALS IN RAMANUJAN’S LOST NOTEBOOK 7
Taking the logarithmic derivative of both sides of (3.12), we find that

Hlg) _1v'(e) '(q)
(3.13) 1-k2(q)  2v(g) ulg)’

By the logarithmic differentiation of (2.14),

1

Wi 1 & (@) ng"~
u(q)  5qg N5/ 1-¢"

and

v'(q) B 1 > n nq2n—1
v(q) =2 <5q_7;<5> 1—q2">’

where (%) denotes the Legendre symbol. Using these derivatives in (3.13),
we see that

K L /ny\ ng'
(314 g~ 2 ()

1

n=1

However, from Entry 8(i) in Chapter 19 of Ramanujan’s second notebook
1, p. 249]

n

> <g> % = (0¥ (¢°) = 5V (v° (@),

n=1
so that, by (3.14),
K (q)
1—k*(q)
From page 56 in Ramanujan’s lost notebook [17],
va) _1-K*(q)
q*(q°) k(q)

which has been proved by Kang [11, Thm. 4.2]. Putting (3.16) in (3.15), we
deduce that

/ 1.2
(3.17) 1 f,(ng)(q) = <1 k(kq)(q) - 4) b ()V* ().

It is easily seen that (3.17) is equivalent to (3.11), and so the proof of (3.3)
is complete. ([l

(3.15) =% (Q)(¢°) — 5av(@)v*(¢°).

(3.16)

+1,
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4. ELLIPTIC INTEGRALS OF ORDER 5 (I)

Theorem 4.1 (p. 52). With f(—q),v¥(q), and u(q) defined by (2.4), (2.3),
and (2.11), respectively, and with ¢ = (v/5 +1)/2,

(4.1)
aja (1), [ dp
5 dt =2
0 Vit cos=1((ew)5/2) \/1 — e=55-3/2sin%
( ) Ztan_l(53/4\/§f3(*q5)/f3(*(1)) d(’p
4.2 = /
0 V1 —€e5573/25in? o
2tan—! (51/4/qu(¢%) /4 (q))
(4.3) =V5 / ’ '
0 \/1 — €5~ 1/2sin? p

To prove (4.1), we need the following lemma.
Lemma 4.2. Let u(q) be defined by (2.11). Then

o u(g) fP(=q)
wle) = 5q f(—4°)

Proof. By (2.14) and the Jacobi triple product identity (2.1),

ulg) = g5 2 Poc(@'i )00 _ 175 (=0 =0")
(0% ¢°)o0 (0% ¢°) o f(=a —4)
By logarithmic differentiation and the use of Entry 9(v) in Chapter 19 of
Ramanujan’s second notebook [1, p. 258],

u(g) 1 d o8 f(=¢,—4"
u(g) 5¢ dg  f(—¢* —¢?)
11 (_1 N f5(—q)> _ 1 (-9
5¢  5q f(=®))  5af(=¢®)
which completes the proof. U

Proof of (4.1). Let
(4.4) cos? ¢ = Oud(t).

If t = 0, then ¢ = 7/2; if t = ¢, then ¢ = cos ™! ((eu)5/2) . Upon differentia-
tion and the use of Lemma 4.2,

2 cos p(—sinp) C;—f =56t (t)u'(t)
_ s () fo=1) fo(=t)
(4.5) =€ b)) cos? (ptf(—t5)
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Hence, by (4.5), (2.13), and (4.4),
sia [1 (=0 F2(—19)
5 /O it
cos T () £2(—t) f2(~15) —2tf(~1°) sin
_£3/4
- /ﬂ/z NG 1) cosp™

w/2 3(_45Y o
—9. 53/4/ \/zfg( 3 ) Slng@d
cos—l((eu)S/Q) / (_t) cos ¢

/2 i
:2.53/4/ 1 smgodsO
cos=1((ew)s/2) \/1/ub(t) — 11 — ub(t) cos ¢

/2 i
(4.6)  =2.5%4 / i 4 dp.
cos—1((eu)5/2) V€ —11cos?p — e costp

Since € = (5v/5 +11)/2,

€ —1lcos’p—e€? cos4g0 =’ — 11(1 — sin? ) — €® cos4cp

= O+ 1lsin?p—e® cos? %)

=e (1 — cos? ) (1 + cos? ) + 11sin?
—e?sin? (2 — sin @) + 11sin® ¢
=sin? (2675 + 11 — e °sin? )

=sin’ p(5v/5 — € ?sin? )

=5v/5sin” p(1 — e 5732 sin? ).

Thus, from (4.6),

w/2
53/4/f -t)f )dt_2/ do ,
cos*l((eu)5/2) \/1 — €5573/25in? ©

which is (4.1).

O

To prove (4.2), we need two transformations for incomplete elliptic inte-
grals found in Chapter 17 of Ramanujan’s second notebook [1, pp. 105-106,

Entries 7(ii), (vi)].
Lemma 4.3. Iftany =+/1 —z tanca, then
@ d v d
(4.7) / _dy / _de
0 \/1—zsin?¢ 0 \/1—xzcos?yp
If cota tan(B/2) = /1 — xsin® o, then

(4.8)

2/a dip _/6 di
0 y/1—xsine 0 \/1—xsin2g0.
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Proof of (4.2). In (4.7), replace ¢ by 7/2 — ¢ and combine the result with
(4.8) to deduce that

w/2
—9 __d

/ —\/— ) 4— \/ -

(i) cot o tan(3/2) = /1 — zsin? q,
(ii) tany = /1 — x tana.

Examining (4.1) and (4.2), we see that we want to set x = € 55~
v=72%—cos! ((eu)5/2) . We also see that, to prove (4.2), we will need to
show that (i) and (ii) imply that
(4.10) B =2tan”" (5 /G (~a")/F(~0))

Since € = (5v/5 + 11)/2, a short calculation gives

1— e 5573/2 = H5=3/2,

(4.9)

3/2 and

Thus, from (ii) and elementary trigonometry,

1
tamar =g ot (057! @)%)
V1 — 5573/
(4.11) ——5/253/4 (ew)>/? _ 53/44,5/2 |
Vi—(ewp /1= ()
Thus, by (i),
3/4,,5/2
(4.12) tan(8/2) = V1 — e 55-3/2sin% 5%/ 4u

V1= (eu)d
From (4.11) and elementary trigonometry,
14 edud

Using this in (4.12), we deduce that

/ e—5yd 53/44,5/2
= 1 —
taﬂ(ﬂ/z) 1+ 6_5U5 1_ (6’[,[,)5
53/4U5/2
a V(1 + e 5uP) (1 — eud)
53/44,5/2
Vi —un
53/4

V1/ud =11 — b

=51 Var* (")) £ (),
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by (2.13). Clearly, the last equality is equivalent to (4.10), and so the proof
of (4.2) is complete. O

For the proof of (4.3), we need another transformation for incomplete
elliptic integrals.

Lemma 4.4. If 0 <p <1 and

1 1—p
(4.13) tan (2 (A— B)> = Tr2p tan B,

then

(1+ 2p)

1+2p 1+2p

/ \/1— 2+p sin? o / \/1_ 2+p Sln2(P

This lemma is Entry 6(iv) in Chapter 19 in Ramanujan’s second notebook
and is a consequence of a Theorem of Jacobi; see [1, pp. 238-241] for a proof.

Proof of (4.3). We apply Lemma 4.4 with

1
p_€2\/57
where € = (v/5 4+ 1)/2. Then
3 3€
4.14 14+2p=— and 24 p=—,
(4.14) P=7 P=z
and so

2+0p e 2+p 3 €

3 5 3/2

— | = 5 and = —.
P <1—|—2p> ¢ p<1+2p> V&

If we substitute these quantities in Lemma 4.4, and if we set

(4.15) A=2tan"! <53/4\/§f3(—q5)/f3(—Q))
and
(4.16) B =2tan""! (51/4\/§w(q5)/¢(q)) :

we shall be finished with the proof of (4.3) if we can prove (4.13).
Using the subtraction formula for the tangent function, (4.15), and (4.16),
we deduce that

(4.17) tan( (A B)) 52Vaf*(=a°)/ 1 (—a) — 5 vav(e) /v (a)

P
fA(=a0)v(q)

It will be convenient to use some results from the lost notebook proved by
Kang [10]. Set

1+ 5¢

_ 6 (=)
(4.18) (A d p(=¢°)’
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where ¢(q) is defined by (2.2). Then

f(=q) s ¥(q) 5
4.19 —_—— = - and —_— = .
1) f—) 1 NTITORE
Employing (4.19) in (4.17), we readily deduce that
14 _ Votds — 1757
Next, a simple calculation shows that
3
4.21 l—-p=——.
(4.21) P=_7
Hence, by (4 14) (4.21), (4.16), and the double angle formula,
Efl/4 P tan B =54 tan B
1+2p

=5"1/4¢ 1 tan <2 tan~' (51/4\/§w(q5)/¢(q)>>

_ 2 v (@) /4 ()

1 =5 q%(¢°)/¢*(q)
_ 2¢ 135
S s2 /516
Comparing (4.20) and (4.22), in view of (4.13), we must prove that

2¢ 135 VB t3s — 1383
2516 sitonib

After considerable simplification, the last equality is seen to be equivalent
to

(4.23) st 45t = §% + 215,
Now, from (4.18) and (2.3), we find that
41/6
=t = L)

P(g) f(—¢"
Replacing ¢ by —¢ and employing (2.6) and (2.7), we find that

B g) = g <w<—q5>f<—q2>>6 _ <ﬁ(1 - B))l/“’
V(=) f(=¢") a(l —a)
where (3 has degree 5 over a. On the other hand, from (4.18),
pla) _
S( Q) - SD(q5> e \/77%
where m is the multiplier of degree 5. Hence, replacing ¢ by —¢ in (4.23),
we see that this equality is equivalent to

a(l — «)

(4.22)
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Using formulas for m and 5/m given in Entry 13(xii) of Chapter 19 in
Ramanujan’s second notebook [1, pp. 281-282], namely,

() (D) - (6E8)

() () -G

we may easily verify that (4.24) does hold to complete the proof. O

and

5. ELLIPTIC INTEGRALS OF ORDER 5 (II)

Theorem 5.1 (p. 52). As before, let € = (v/541)/2, and let u(q) and f(—q)
be defined by (2.11) and (2.4), respectively. Then

(5.1)

5-3/1 /q ey /”/2 dp
0 \/F(—t1/3) f(—t5) t9/10 cos=1 (i) /1 — e 15-1/2sin2

—1(r1/4,1/10 _ g5 —ql/5
(52) :/2tan (5 q f(=a®)/f(—q )) d(p
0 V1—e15-1/2sin?
(5.3)
_ F(=a'/5) 441/ f(—=45) f(=d5)
_ 1/2”“ 1(53/4(11/10(f(—qq1/5>+sqq1/5f<—qq5>) Fal7%) dep
7 b Vimon Pty

Proof of (5.1). Let
(5.4) cos® p = eu(t).

Thus, if t = 0, then ¢ = 7/2; if t = ¢, then ¢ = cos™! (y/eu). Upon
differentiation and the use of Lemma 4.2,

d u(t) f2(=t)

(5.5) 2 cos p(— sin go)d—f =eu/(t) = eﬁf(—t"’)'




14 BRUCE C. BERNDT, HENG HUAT CHAN, AND SEN-SHAN HUANG

Therefore, by (5.5), (2. 12) and ( )

0 Vf( 751/5 (—t5) t9/10
/2 1/5 5
:2'51/4// t/f( t°) sin cosgad
cos_l(\/@) f( t1/5) eu(t)

/2 .
:2'51/4/ 1 Slngodso
cos1(vew) v/17ulf) — L u(h) 05 ¢

w/2 :
(5.6) —2. 51/4/ 4 de.
cos—1(\/eu) Ve—cos? o —eleostp

e—cos’p—eteostp =e— (1 —sin®¢) — e Leostp

=t 4sin?p — e teostp
= (1 — cos? ¢)(1 + cos? ) + sin® p
—e Lsin? p(2 — sin? @) +sin? ¢
=sin? o2t — e Lsin?p + 1)
=sin? p(v/5 — e Lsin? ).

Using this calculation in (5.6), we find that

5—3/4 dt 9. 51/4 /e do
\/f t1/5 (—t°) 9710~ cos~1(/eu) \/\/5 — e~ Lsin? <p7
from which (5.1) is immediate. O

Proof of (5.2). The proof is similar to that of (4.2). We begin with (4.9),
set z = ¢ 15712 and put v = T — cos™! (y/eu) . Thus,

(5.7) tany = cot (cos_1 (Veu)) = . iueu'

As with the proof of (4.2), we want to show that conditions (i) and (ii) imply
that

(58) B =2tan”! (51/4q1/1°\/f(—q5)/f(—q1/5)> .
From condition (ii) and (5.7),

t
(5.9) e tany [ VBu
V1 —e15-1/2 1—eu
and
(5.10) sin?a = ta’a _ Vou

l1+tan?a  1+elu
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Using (5.9) and (5.10) in conjunction with condition (ii), we arrive at

1

tan(5/2) =(tana)V1 — z sin a—\/\/gu\/ <

1—eu 1+elu
_5l/4 5L/441/10
1ju—1—u 1 —u 1/5
Hence, (5.8) follows, and so the proof of (5.2) is finished. O

To prove (5.3), we need another transformation for incomplete elliptic
integrals from Chapter 19 in Ramanujan’s second notebook [1, p. 238, Entry
6(iii)].

Lemma 5.2. If
1
tan (2(a + ﬁ)) = (1+p)tana,
where 0 < p < 1, then

/ \/1— fﬁg’ sin? ¢ \/1— =t2 s1n2<,0

1+2p

(1+2p)

Proof of (5.3). We apply Lemma 5.2 with p = 1/e. Thus, 1+ 2p = /5 and
2 + p = €2. Hence,

p32+p :L and p<2+p>3: 65.
1+2p eV 1+ 2p 5V/5

We abbreviate notation by setting

A= f(—¢"®), B=f(-¢), and C=q""

/CB
—9 —1 1/4 2
« tan <5
_ A+CB |CB
_ 1 [ =3/4
6 = 2tan (5 A515CB \/).

Examining (5.2) and (5.3) in relation to Lemma 5.2, we see that we will be
finished with the proof if we can show that

Put

and

(5.11) tan (;(a + ﬁ)) = etana.
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First, by the addition formula for the tangent function,

tan (;(a —|—ﬂ))
/CB A+CB |CB
_ -1 1/4, [ VY D -1 3/4 v
tan(tan (5 A>+tan (5 A+5CB A))
si/a, [CB | g3 A+ CB OB
A A+5CBV A
B | _CBA+CB
A A+5CB
(5.12) 514 (A+5CB+V6(A+ CB)) VABC
‘ B A2 — 5B2(C? '

On the other hand, by the double angle formula for the tangent function,

1/4
(5.13) etana = etan | 2tan~! 51/4\/E = @
A A—-+5CB

Comparing (5.12) and (5.13), we are required to prove that

2¢ _ A+5CB+V5(A+CB)
A—+\5CB A2 — 5B2(C?
This can be established by elementary algebra, and so the proof is complete.

O

6. ELLIPTIC INTEGRALS OF ORDER 5 (III)

Theorem 6.1 (p. 52). Recall that Ramanujan’s continued fraction u(q) is
defined by (2.11). Then there exists a constant C such that
(6.1)
- 1 f(=q) PA(-t) dt Tt
w ATt = —— C + — +125 Vitdt ) .
24 f3(=4°) g [H=2) 32 o fH-=1)

To prove Theorem 6.1, we need to establish a differential equation for a
certain quotient of eta-functions.

Lemma 6.2. Let

6(_ .5
(6.2) A= Ag) := qJ;G((_qq))
Then
(6.3) L (\@) = var2(~a) f2(—*)v/12535 + 2202 + A

qdq
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Proof. By logarithmic differentiation,

1dX\ 1 > nq5”_1 > nq”_1
Adqq_3021—q5n+6;1_qn'

We now apply Entry 4(i) in Chapter 21 of Ramanujan’s second notebook
[1, p. 463]. Accordingly,

adh _ /2(=q) +22¢/5(—) fO(=¢°) + 125> 12(—¢°)

A dg f(=a)f(=a°)
1

= Vaf (=a) (=) + 22 +125),
or i

Gy = VA (O () + 222 + 125X,
and the proof is complete. O
Proof of Theorem 6.1. From (2.13), in the notation (6.2),

1 s 1

Considering (6.4) as a quadratic equation in z := u~°, we find upon solving
it that

1
20 =2 =5 (11>\+ 14 V12502 + 22\ + 1) .

The other root of this quadratic equation is easily seen to be

1
20 = 5 (11)\ +1— /12502 + 22x + 1) .

Hence,

1
w Tt = X\/125A2 + 22\ + 1.
Thus,

(6.5) Glq) = VAW +u~5) = 2,/ 1251 + 22 + %

Thus, by (6.5) and (6.3),

dG 125 -1/X* dA

dg 125\ + 22+ 1/A dg
o 125-1/N P9 f(
C VI25A+22+1/X Va
CAA=1/X 5 o s
== (=) f*(—=q¢”)

D) (=9

~IVERCY T i)

upon the use of (6.2) again.

5
c )\/125)\3 12202 + A




18 BRUCE C. BERNDT, HENG HUAT CHAN, AND SEN-SHAN HUANG

Thus, for any ¢g such that 0 < gy < 1,
7 f5(=t%) f3(=t) at
G(q) — G(qo) —dt 125/ Vtdt —/ ,
p o (=1 o [H(=17) 132
or, by (6.5) and (6 2),
u® +u”

_ f(—q) 7 F8(—t°) 7 A(=t) at
= 5P (G(qo)+125/qo e )\fdt /qo e )t3/2>
%) fE(—t

-5

A ) < 7Rt a °)
- 2\/af3(—q5) G(q0)+125/0 f4( ) Vidt 125/O A Vidt
LAt d L fS(—t) dt
- g fH= t5)t?’7_ o fH=t )t3/2)
(=4 ) 7 f5(—t7) fA(=t) at
= s (O [ Vi | o)
where
_ © fE(—t%) V() dt
(6.6) C = G(qo) — 125 NTa Vitdt — e
Thus, we have completed the proof of Theorem 6.1 and have furthermore
shown that the constant C' is given by (6.6). O

Now set go = e~27/?. Ramanujan calculated G(e=2"/%) for three values of
6.

Theorem 6.3 (p. 52). We have

5/2
. —on/VEy _ Vb +1
(i) G 5)—4<2> ,

(ii) G(e™?™) = G(e */%) = 6 - 51/ (3 +V/5).
Ramanujan erroneously claimed that
G(6727r) _ G(6727r/5) — 16 - 571/4(2 + \/5)

Raghavan and Rangachari [13] used a different method to prove Theorem
6.3.

Proof. To prove (i), we need to evaluate

27r\[
(6.7) Ae2VBy = 25 L)
fo(=e2m/V5)
To evaluate L(v/5), we will use [5, Theorem 2.3(i)]. Let G, denote the
Ramanujan—Weber class invariant. Set
Gasn
Gn

=: L(V5).

(6.8) v/ =
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and
_e2mVn
1 _ 2m\/n/6 f( € )
(6.9) A =e e 10nvm)’
Then
2 /
(6.10) AR VIV Ly sy

VA . GV
Let n = 1/5. Tt is well known that G, = G4, and so, from (6.8), V' = 1.
Thus, from (6.10),
A V5
\/5 A2
Hence, A”? = /5, and since, from (6.7) and (6.10), L(v/5) = A’7%, we
conclude that L(v/5) = 5-%/2. Thus, from (6.5),

=0.

G(e™/V5) = 21/125 - 5-3/2 4 22 4 53/2
— 2V2(5%/2 + 11)1/2

5/2
:4<\/5+1> |
2

We now prove (ii). First, by (6.2), (2.4), and (2.5),

2/ _ n5(4) _ 1°(3) _ 1
125X ( ) 125,76(Z'/5) n%(5i)  A(e=?m)’

Hence, by (6.5),

Ge™>"/%) = 24/125X(e=27/5) + 22 4 1/A(e=27/5)
=2/1/\(e=27) + 22 4+ 125\ (e=27) = G(e2™).

Thus, it suffices to evaluate G(e~2™/%), and so we need to determine
6 —27
—2n/5\ _ —2m/5 fP(=e™") _.
(6.11) Ae )=¢€ (e L(5).

Again, we shall employ (6.10).
Set n = 1/25. Then, by (6.8) and the relation G,, = Gy,

(6.12) pro G _ L _ el
Gios  Gos 2

(See, e.g. [3, p. 190] for the value of Ga5). Set € = (/5 + 1)/2. Then from
(6.10) and (6.12),

eA”? V5 4

N A
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from which we easily find that A’”> = e~!. Hence, from (6.9) and (6.11),
L(5) = A'=6 = 3. Lastly, we then conclude from (6.5) that

G(e=2™/%) = 24/125€3 + 22 4 €3

= 21/270 + 1265
=6-57%/14+6V5
=6-54(3+V5),

which completes the proof of (ii).

Ramanujan claimed that

w/2
C =53/ (—w + 4/ \/1 — €5573/25in? pdyp
0

w/2
(6.13) —2/ dy ,
0 V1—¢e5532gin%p

which is quite different from (6.6). Now in Theorem 4.1, let ¢ tend to 1.
Then u tends to €1, and so cos~!((eu)®?) tends to cos™' 1 = 0. Thus, (4.1)

yields
2 2 t5 d
53/4/ Ldt_ 2 L4
\/1—6 55-3/2gin?

Thus, one of the integrals in (6.13) can be identified as an integral of eta-
functions. But this is the only progress we have made in identifying (6.13)
with (6.6).

Numerically, (6.6) and (6.13) do not agree. First, by (6.13),

(6.14) C =54(—m+4-1.56762---—2-1.57398...) = —0.06377....
To calculate C via (6.6), we set gg = e~ 2™ and use Theorem 6.3. Accordingly,
00 8 1 8¢
5
(6.15) C=6-54(3+v5) — 2507r/ 4( ) s — 27?/ T ()
1 nt(i) o n*(5ix)
We used Mathematica to calculate the integrals in (6.15) and found that

C =46.978487 - - - — 2507 - 8.60104 - - - x 1076 — 27 - 5.81407 ...
(6.16)  =10.44085. ...

Thus, (6.14) and (6.16) show that Ramanujan’s claim (6.13) is erroneous.
Nonetheless, we are haunted by the possibility that a corrected version of
(6.13) exists, for Ramanujan very rarely made a serious error.
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7. ELLIPTIC INTEGRALS OF ORDER 15

The entries in this and the following two sections depend upon remarkable
differential equations satisfied by certain quotients of eta-functions. For the
first series of results, that quotient is defined by

3
f(—q)f(—q15)>
7.1 v:zvq::q<
= W= FCo o)
We need three ancillary lemmas. The first and third are found in Ra-
manujan’s notebooks [15].

Lemma 7.1. Let v be defined by (7.1), and let
2
Rl < f(—q)f(—q5))> '

g \ f(=¢3)f(—q"®
Then
9 1
R+5+—===—u.
+ +R " v

For a proof of Lemma 7.1, see Berndt’s book [2, p. 221, Entry 62].

Lemma 7.2. Let R be given above, and let

GEs) QZé(ﬁtﬁDé

Then
125 135 486 729
P+ 2 —R—44+ — 4 4 =0
+ P R + R + 72 + 3

and
125 9
 —R}*4+6R’+15R—4+ —.
Q+ 5 +6R* + + 5

Proof. From Berndt’s book [2, p. 223, Entry 63; p. 226, Entry 64], we have,
respectively,

(7.2) VPQ + 12 _ K+ 4(K —9),

VPQ
and
125
(7.3) \/PQ—ﬁ = (K —4)y/(K —11)(K + 1),
where
(7.4) K:%—u

where v is given by (7.1). (The forms of Entries 63 and 64 in [2] are slightly
different from those in (7.2) and (7.3), respectively, but their equivalences
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are easily demonstrated by elementary algebra.) Multiplying (7.2) by (% +v)
and (7.3) by K in (7.4), we deduce that

125 125

(7.5) P+?+Q+6:(K2+4)(K—9)
and
(7.6) —P—1]235+Q+%E):K(K—4)\/(K—11)(K+1).

From Lemma 7.1, we know that

9
7.7 K=R+5+ —.
(7.7) + +R

Hence, from (7.5), (7.6), and (7.7), we deduce that

125 125 144 486 729
7.8 P+ — T =R346RPF16R -84 — + — + —
(7.8) +P+Q+Q +6R° + t ot T s
and

125 125 126 486 729

7.9 —-P—-— =R} 46R’4+14R—- — — — — —_.
(7.9) 5 QTG +6R? + =~ B~ 13
Solving (7.8) and (7.9) yields Lemma 7.2. O

Lemma 7.3. We have

[e%S) [es)
qu kq5k
1+6 —30 —_—

_ \/ f12(=g) + 2241% (=) f5(—¢°) +125¢*F2(~¢")
(=) f*(—¢) '

For a proof of Lemma 7.3, see Berndt’s book [1, p. 463, Entry 4].

Lemma 7.4. Let v be defined by (7.1). Then

ZZ = [(=) (=" F(=a") F(=¢"*)V/1 — 100 — 1302 + 1003 + v,
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Proof. From the definition (7.1) of v, we find that

3(_ 15 _ 3(_
ldv dlogv dlog{q?’/Q%} L+ dlog{q™'/? L q)}

f3(=4°)
7.10 — = =
( ) v dg dg dq dq
3 & nq3n71 0 nqlEmfl
SN ) P SR G -
2(] ;1_(]371 ;1_(]1571
1 o0 anmfl 0 nqnfl
—— 415 — =3

3 \/ F2(—¢%) + 2263 1 (—¢*) S5 (—q"%) + 125¢° 12 (—")
F2H=a3) f2(—q')
1 \/ F2(=q) + 224f5(=q) O (= %) + 125> ()
2q 2 (=q) 2 (=) ’

by Lemma 7.3. Simplifying (7.10) by using the definitions of P,Q, and R
from Lemmas 7.1 and 7.2, as well as Lemmas 7.2, and 7.1 themselves, we
find that

@—v _ o 3\pe(_  5\yp(_ 15 § 1/2f(—q3)f(—q15)
= oIl A (o) (e DR

125 1 4 f(=9)f(=¢°) 125
X 1/Q+22+6—§q ' Qf(_qm)f(_qg)wpwﬂp)

—of - PO 0 (§ =y Q2 D
—%\/ﬁ P+22+ 1?5’)

=0f(~=a)f(=¢*)f(=¢") f(=¢") <2\/1E R3+6R2+15R + 18 + %
_;\/ﬁ\/R—F 18+%+% + 7;3)

2
—of () f(~) F (—¢") F(—g) (3\/ <R L3t 3)

(-3
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=vf (—=q)f(—=¢*) f(—=¢") f (—4") (‘F_ \/Tz) (er \/§>

—of ) f Ot oot
=f(=0) f(—=¢*) f(—=a°) f(—=a"*)V/1 = 10v — 1302 + 1003 + v

This completes the proof. O

Theorem 7.5 (p. 51). Let v be defined by (7.1), and let ¢ = (/5 +1)/2.
Then

(7.11)
1 [2tan”'(1/V5) d
[ reosednenneta = | ——
5 St (Gt ) (1 - Ssin?e
1 71'/2 d
(712) 9/ 1 1—ve—3 (14+ve)(1—ved) %
2tan <1+v63 (17U€,1)(1+v675>) m
1 tan—1(3—/5) d
(7.13) =< / :
4 Ji

1 _ (1—ve—1)(1—ved) / 15
an <(3 \/5)\/ (1+ve)(1+v575) ) - T6 Sln SO

Proof of (1). Let

—_ v 2
1) tan(p)2) = \/ ENTR)

Clearly,
(7.15)

1 1— 11v(q) — v?
A <\/5) and (o) = 2tan™ \/ 51+ v((qq))— Uz((qq)))'

Differentiating both sides of (7.14) with respect to ¢, we find, after a modest
calculation, that

12(1+0%(t)  dv
5(14v(t) —v2(t)2 dt

(7.16) tan(yp/2) sec2(¢/2)%‘f = -

From (7.14) and elementary trigonometry, with the argument ¢ deleted for
brevity,

6(1 —v—v3)V1—11v — 02

110) /2 sec(o/) = = S
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From (7.16) and (7.17), it follows that

de/dt 2v/5(1 + v?)
dvfdt (1 —v—122)/(1—11v—02)(1 + v — 0?)
2v/5(1 + v?)

(7.18) ——

(1—v—v2)y/1—10v — 1302 4 1003 + v*
From further elementary trigonometry,
5(1 —11v — v?) (1 4+ v — v?)

sin? ¢ = 4sin%(p/2) cos®(p/2) =

9(1 — v —v2)2 ’
and so
9 . 4(1 + v?)?
1 1— —sinfp=———""__.
(7.19) 95 > 5(1 —v —v?)?

From (7.18) and (7.19), we deduce that

do/dt 5,/1 — X sin®
(7.20) p/dt _ =

dv/dt —  /1— 100 — 1302 + 1005 + v*
Using (7.15) and (7.20), we find that, with v = v(q),

/ (=) F(—83) (%) f(~t)t

1-11v—v2
l+v7'u2

2tan~1(1//5)
L / F(=t) F(—£3) F(—E5) f(=£9)
) 2tan—1 <% )

V1 —10v — 1302 + 1003 + v*
X d

dv . e
aw/l— 2%51112go

Invoking Lemma 7.4, we complete the proof of (7.11).

25

O

Lemma 7.6 (First version of Landen’s transformation). If 0 < o, 8 < /2,

0<z<1, andsin(28 — «) = xsina, then

/a d 2 /ﬁ dy
0 V1—2a2sin®¢ 1+2Jo \/1—7(112)251n2cp

Lemma 7.6 can be found as Entry 7(xiii) in Chapter 17 in Ramanujan’s

second notebook [1, p. 113]. If we replace = by (1 —v1 — 2?)/(1+ V1 — 2?)
in Lemma 7.6 and interchange the roles of o and (3, we obtain the following

second version of Landen’s transformation.

Lemma 7.7 (Second version of Landen’s transformation). If 0 < o, <

/2,0 <z <1, andtan(ﬁ—a):\/l—x%ana then

/ \/1—1‘2SH12 1+\/1—$2/ \/ 1_‘/ﬁ>2sin2gp‘
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Proof of (7.12). We apply Lemma 7.7 with = = % Then tan(f — a) =
%tan «. Suppose that

st [ 00— 2@
(7.21) a=2t \/5(1 +v(g) —v2(q))’

If ¢ =0, then @ = 2tan~1(1/+/5). In comparing (7.11) and (7.12), we must
prove that, with the agrument ¢ deleted for brevity,

(1-— 1)63)\/ (1 4+ ve)(1 — ved)

(1+wved) || (1 —ve 1)1 +wve?)’

(7.22) tan(5/2) =
for if ¢ = 0, then g = 7/2.
Set t; = tan(«/2) and ¢y = tan ((6 — a))/2). Then

2t
1—t2

8t1

4
= tan(ﬁ—a) = gtana = m

If we consider the extremal equality as a quadratic equation in ¢o, a routine
calculation gives

1—¢t2) 1 [25(1 —t?)2
(7.23) t2:_5<1)+\/5(1)+4

8t1 2 162 ’

since to > 0. Using (7.21) and the definition of ¢;, we find that

4(1 4 4v — v?)
24 1—ti=—"" -/
(724) L7 51 +v—0?)
and
(7.25) 25(1 — t3)? 4o 9(1 + v?)?
' 16t2 (1+v—22)(1—11lv —0v2)’

after a lengthy calculation. Employing (7.21), (7.24), and (7.25) in (7.23),
we conclude that

V(1 + 4w =) +3(1 4 0%)
2¢/(1+v —v2)(1 - 11v — v?)

_ (e —v) (e —v)
V(1 —ve 1)1+ ve)(1 — ve®) (1 + ve D)

o [ =ve (1 - ve)
(7.26) — 2\/ (1 +ve)(1+ve D)

ty =
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Hence, by (7.21) and (7.26),

tan(3/2) =tan (a/2 + (8 — a)/2) = 1751:;17;22

\/(1 — o) (Lt ue?) 62\/(1 —veHY(1 — véd)

5(1 —ve=1)(1 + ve) (1 + ve)(1 4+ ve?)
)
V5(1 4 ve)
B (1 — ve®) (1 + ve) (14 ve™®) + €2/5(1 —ve™)
VA= ve (1 +ved) V5(1 + ve) — e 2(1 — ved)
:\/ (1—ve¥)(1+ve) (3vB—3)(1—ve?)
(1 —ve ) (1 +ve®) (35— 3)(1+ved)
Thus, (7.22) has been established, and the proof of (7.12) is complete. O

Proof of (7.13). We apply Lemma 7.6 with z = %, and let o be given by
(7.21). Comparing (7.11) and (7.13), we see that it suffices to prove that,

with the argument ¢ deleted for brevity,

B oo [ =ve (1 - ve)
(7.27) t:=tanf = 2e 2\/ (1 + ve)(1 4+ ve®)’

for if ¢ = 0, then t = 2¢72 =3 — /5. )

Now the hypothesis sin(26 — a) = %sina in Lemma 7.6, by the addition
formula for the sine function and the double angle formulas for both the sine
and cosine functions, easily translates to the condition

sin(26)  5tanf
3+ cos(28)  4—tan?p’

Using (7.28), (7.27), and (7.21), we have
5t Ao — 2tan(a/2)
4 — 2 1 — tan?(a/2)
VB —11v —v2)(1+ v —0?)
B 2(1 + 4v — v?) ‘

(7.28) tan o =

(7.29)

Considering (7.29) as a quadratic equation in ¢, we solve it to deduce that

L1 (_ 2V5(1 + 4v — v?)
V(

2 1—11v —v?)(1+v—0?)

. 00 +40—0?)?
(1—-11v —v?)(1 4+ v —v?) ’
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since t > 0. Simplifying, we find that
V5(1 +4v —v?) N 3(1 +v?)
VI =1lv =) (1+v—22) /(1 -1lv—2v2)(1+v—1?)

:262\/(1 —ve (1 —ve)

t=—

(14 ve)(1 —ve D)’

by identically the same calculation that we used in (7.26). Thus, (7.27) has
been proved, and the proof of (7.13) is complete. O

For the remainder of this section, set
2
f(—q3)f(—q15)>
7.30 v=gq ( .
(730 F—a)f (=0
Theorem 7.8 (p. 53). If v is defined by (7.30), then
(7.31

)
q 1 2tan~1(1/v/5) dip
PO F(—8) F(—) f(—t1%)dt = = __dp
/0 Atanl(é@ﬁﬁv)) \/%

)
Proof. Because of the conflict in notation between (7.1) and (7.30), for this
proof only, we set

_ ﬂ—@ﬂ—&%)S
(7:32) G (f(—q3)f(—q5) '
In the notation (7.30) and (7.32), Lemma 7.1 takes the form

1 1
—+5+9%9=——u
v u

By using the previous equality, we can easily verify that

1—31}_ 1—11lu — u?
1+3v 14+u—u2

Thus, (7.31) follows immediately from (7.1). O

8. ELLIPTIC INTEGRALS OF ORDER 14

As in the previous section, the primary theorem in the present section
depends upon a first order differential equation satisfied by a certain quotient
of eta-functions and established through a series of lemmas. Let

f(@f(qM))4

(®.1) UZU@%ZQ(ﬂ—fﬁPﬂU
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Lemma 8.1. If v is defined by (8.1) and

L faf=d)
(8.2) r= q (f(—qZ)f(—qM)) ’

then

(8.3) R+7+%:v+%.

Lemma 8.1 is a reformulation of Entry 19(ix) in Chapter 19 of Ramanu-
jan’s second notebook [1, p. 315]. To see this, replace ¢ by —¢ in the defi-
nitions of (8.1) and (8.2). Then use Entries 12(i), (iii) in Chapter 17 of the
second notebook [1, p. 124] to convert (8.3) into a modular equation, which
is readily seen to be the same as Entry 19(ix).

Lemma 8.2. Let

_;.fvw>4 ; 1(f@f»4
s r=i(feh) e e=g(fEm)
Then

49 48 64
and

49 _ §
(8.6) Q+5_R +6R 1+R.

Proof. In the notation (8.4), Ramanujan discovered the eta-function identity
[2, p. 209, Entry 55]

VPQ + \/4]37@ =3/2 — gul/2 — gy 1/2 4 3/2
(G- 1 )
(8.7) =K (K?—11),
where
(8.8) K = \}5 + V.

Letting ¢ = K(K? — 11) and solving (8.7) for /PQ, we find that

c++vc?—196
e
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where the correct root was found by an examination of v/ P( in a neighbor-
hood of ¢ = 0. A brief calculation now gives

49
vV PQ — \/Tic? =V c? — 196

=V K6 —22K* +121K2 — 196
(8.9) =/ (K2 — 4)(K* — 18K? + 49).

Multiplying (8.7) by K (given by (8.8)) and (8.9) by ﬁ — Vv =VvK?—4,
and using (8.3), we deduce that, respectively,

4 4
P+—9+Q+—9:K2(K2—11)

P Q
8 8
—(R+ 2 29
( + R+9) (R+ R >
1)(R* -2
(510) (B8R V(R 2R +8)
R
and
49 49
_p_= =
TR RS
=(K? — 4)v/K* — 18K2 + 49
C(reSas) J(re L ho) —1s(re L ao) a0
N R R R
R?>+5R+8)(R* -8
s11) = R2)( ).
Solving (8.10) and (8.11), we deduce (8.5) and (8.6). O

Lemma 8.3. We have
o0 qu 0 k:q7k
1+421_qk _QSZl_qm
k=1 k=1
_ {f8<—q> +13¢f4(—q) f1(~q") +49¢* F*(—q") }2/ ’
f(=0)f(=4")
Lemma 8.3 is part of Entry 5(i) in Chapter 21 of Ramanujan’s second
notebook [1, p. 467].

Lemma 8.4. If v is defined by (8.1), then

flz — ) F () (~q") F(~a")V/T — Tdv + 1902 — 1407 + o,
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Proof. From the definition (8.1) of v, Lemma 8.3, (8.4), (8.2), and Lemma
8.2,
(8.12)
4/ 14 B
gdv _ dlogv leg{QQJ;4((_22))} g dlog{q 1]{4( q))}

v dq —1 dq dq dq
2) o ann—l o nq14n—1
=qQ 8y T =56
{q n:ll_qn n:ll_q "

™ > n—1

nq nq

+Q{ _ 7n_421_qn}

= n=1

= <f8(—q2) 136274 (A (") + 49q4f8(—q14)>2/ ’
3

F(=a®) f(—q*)
- <f8<—q> + 13¢f4(—q) f4(—q") + 4942 5 (—g >>2/
f(=a) f(—=q")
oz )

o F ) ) F (T (-
=af (=) f (=) f(=a") f(—q =
19 6\ s SE0f(d) 2/3

X(Q+Q+13> — F—®) f(—q™) <P—|— —|—13>
2 7 2 8\**
=af (—)f (~)f (~a")f (- { o (e or 24 )

R
48 64\ %3
_RY/3 12 4+ —— 4 —
R (R+ +R+R2> }

18t

) f(—q"
)f(=q")

2 <(R+2)6>1/3

=af (~)f (=a*)f(=q")f(=q") {R1/3 2

1/3
Y (<R+4>> / }
R4
8
—af (0f A FaDf =) (R - 3).
Now, by using Lemma 8.1, we can easily verify that

R-2 g R+S 2+14 ReS)vao—1a(rRersd) 17
R) R R R

(rar+ 2 Cu(Rere B) s
- R R
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1\2 1
:<v+> —14<v+>+17
v v

1 — 140 +190? — 140° + 0!

(8.13) -

v

Taking the square roots of both sides of (8.13) and substituting in (8.12),
we complete the proof. O

Theorem 8.5 (p. 51). If v is defined by (8.1) and if

. V13+16v2
=
then
(8.14)
-1
1 COS (& d(,o
/ FEOF (-8 (-t = —— [ .
8v/2 Jeos—1(c1E2) \/1 _ %sz o
Proof. Let
1+ w(t)
1 =
(8.15) cos ¢ Cl—v(t)’

so that at t = 0, ¢ we obtain the upper and lower limits, respectively, in the
integral on the right side of (8.14). Differentiating (8.15), we find that

2c dv
(8.16) —sinap% = Aoz dt
By elementary trigonometry,
(8.17) sinp = v _0)12:22(1 +v)2.
Putting (8.17) in (8.16), we arrive at
de/dt 2¢

(8.18)

dv/dt (1 —v)\/(1-v)2 = (1 +v)?
Next, by (8.17),

- 16v2—13 .,  32V2(1—v)* — (16v2—13) {(1 —v)? — *(1 +v)?}
T2 YT 32v/2(1 — v)?
_(16v2 +13)(1 — v)* + 7(1 + v)?

32v/2(1 —v)?2

(8.19)
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Thus, by (8.18) and (8.19),

dv/dt \/1 16V2 13 s
de/dt 32v/2
SO0 =04 02 (16v2 + 13)(1 — )2 + 7(1 + 0)?
2¢ 2\/8\7@
\/49 1—v)2— (162 + 13)(1 + v)? \/(16\/§—|— 13)(1 —v)2 + 7(1 + v)2

4/16v/2 + 131/8v2
V1= 14v + 1902 — 1403 + 4

8v/2
after a calculation via Mathematica. Thus,
/ F0) () () f ()t
C
w/ 1 1+v f(
COos™ 1 1)
y \/1 — 14v + 1902 — 1403 +v4d
\/1 _ 16v/2-13 2 o

)

—t) f (=) f(—tT) f(=t')

32\/
de
\/ cos—!(cdty) \/1 165?\/%13 sin? ¢
upon the use of Lemma 8.4 (|

9. AN ELLIPTIC INTEGRAL OF ORDER 35

To avoid square roots, we have modestly reformulated Ramanujan’s inte-
gral equality (Theorem 9.5 below). Throughout this section, set

f(=a)f(=a*)
9.1 vi=v(q) == ¢ ———~.
O = R )
(Ramanujan defined v by the square of the right side of (9.1).) Ramanujan’s

theorem depends upon a differential equation for v which we prove through
a series of lemmas.

Lemma 9.1. Let

f(=a)f(=¢°)
R_
P2 f(—q") f(—¢%)
Then 9 1 1
RP—5+ — == —5— -5’1

RZ2 3 T2
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Lemma 9.1 can be found on page 303 of Ramanujan’s second notebook
[15]; a proof is given in [2, pp. 236-242].
Lemma 9.2. Let
f(=d")
75 (~4)

f_
- e Q-

Then
125 1 1 1 1
(PQ)3+ (PQ)3 = <U4_U4> —7<U3+’U3> +7<Q]2_U2)+14 <v+’l}> .

This eta-function identity is not found in Ramanujan’s ordinary note-
books [15], but it is recorded in his lost notebook [17, p. 55]. Berndt’s paper
[4] contains a proof.

Lemma 9.3. We have

e qu © k,q5k
1 = 1
+6;1_qk 30;1_61%

| P(=0) +220f5(=0) fO(=¢°) +125¢* % (—¢°)
f2(=a) f(=4°)
For a proof of this result from Chapter 21 of Ramanujan’s second note-
book, see Berndt’s book [1, p. 463, Entry 4(i)].

Lemma 9.4. If v is defined by (9.1), then

dv
v = af () f(a) S (=) f (=) (L0 2T~ 50— 00% — 507 —15).
Proof. Set

1

2 K==-—w.
02) ~ -
Then Lemma 9.2 can be reformulated as

12

(9.3) (PQ)* + (PQE’)g = (K* - 7TK* + 9K + 7)V K2 + 4.

Considering (9.3) as a quadratic equation in (PQ)3, we solve it. Then after
a tedious, but elementary, calculation, we find that

(9.4) (PQ)? — (;25)3 _ (K —1)(K —4)\/(K + )(K? —5K2 + 3K — 19).
Now multiply both sides of (9.3) by

1

—+0° = (K*+1)VK? +4
v

and both sides of (9.4) by

1 3

— -0 =K(K*+3
1}3 v ( + )7
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and use the observation v = P/Q to deduce that, respectively,

(9.5) PS+ 12—5 +Q°% + 365 =U

and

(9.6) —P5— 125 +Q° + 122? = Uy,

where

(9.7) Up:= (K> +4)(K* +1)(K® = 7TK* + 9K +7)
and

(9.8) Up:= K(K —1)(K —4)(K? +3)/(K +1)(K3 — 5K2 + 3K — 19).

Solving (9.5) and (9.6), we deduce that

and
125 1
(9.10) Q%+ > = 3 (U1 +Uy).

Using the definition of K in (9.2), we can rewrite Lemma 9.1 in the form

49
(9.11) R2+ﬁ = K3 —-5K%2+3K —5.

Considering (9.11) as a quadratic equation in R?, we solve it and find that

(9.12) R2=%(V1+V2) and %I%(Vl_%)y
where

(9.13) Vi=K3-5K>4+3K -5

and

(9.14) Vo = (K —3)/(K + 1)(K3 — 5K2 + 3K — 19).
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Now, by Lemma 9.3, we find that

. 1 _ _
Ldv _dlogv dlog{q”f”%}ﬁlog{q 116 FE8y

9.15 =
( ) v dq dq dq dq
7 TL(] -1 > nq35n71
SNSRI pl
6(] n—ll_qn n:ll_q "
-1 o n—1
nq nq
Losy 5
n= 1 n=1

¢ F2(=4") + 22071 a")f*(—q®) + 1259 F2(~q")
g =) (=)

\/ F12(—q) + 22 f%(—q) fS(=a°) + 125¢% f1(—¢°)
~ 6q f2(— ) F2(—¢°)
=qf(— —q*)

( ,/Q6+g§’+22+ P6++22>.

where we have used the definitions of P, @), and R in Lemmas 9.2 and 9.1.
Squaring both sides of (9.15) and simplifying with the use of (9.12), (9.9),
(9.10), (9.7), (9.8), (9.13), and (9.14), we find that

01 (AT dv)g
:;2{ <Q6 125+22>+R2< +;65+22>

25 125
—14\/(Q6+QG+22> (P6+PG+22>}

36{(‘/1 2‘/2) (U1+U2+22>+(V1+V2) <U1;U2+22)

2 2

2 2
_ 14\/<U1 +22> - [ff}

2 1 U 2 U2
=21 (V1 — UaVa) 4+ 22V — 14\/<21 + 22) _ 72

36 ) 2
= v?(K* —4K3 — 2K? — 16K — 19),

where the last step 1nvolves a considerable amount of algebra. Lastly, by
(9.2), we substitute K = 2 —v into (9.16). Upon simplification, factorization,
and taking the square roots of both sides, we complete the proof. O



INCOMPLETE ELLIPTIC INTEGRALS IN RAMANUJAN’S LOST NOTEBOOK 37

Theorem 9.5 (p. 53). If v is defined by (9.1), then

/%fFWWfVFﬂﬂ%%ﬁ

0
_/” t dt
0 /(1+t—1t2)(1—5t—9t3 — 55 —16)

Proof. Let v(t) be defined by (9.1). Then the limits t = 0, ¢ are transformed
into 0,v = v(q), respectively. Thus,

/thmwﬁﬁ@wﬂ4%w

0
/”(Q) t f(=)f (=) f(—tT) f(=t*)
= dv
0 dU/dt
v(q) v dv
0o 1 +v—v)(1—50— 903 505 —1F)’
upon the employment of Lemma 9.4. Thus, the proof is complete. ([

10. Constructions of new incomplete elliptic integral identities

It is clear from the previous sections that Ramanujan’s incomplete ellip-
tic integrals arise from differential equations satisfied by quotients of eta-
functions. In this section, we first list three differential equations and derive
their corresponding elliptic integrals of order 6. We will then briefly describe
why such differential equations exist and construct several new examples, as
well as their corresponding incomplete elliptic integrals.

Theorem 10.1. Let
oo g EO (=)
A=)

Then

dv _
ikl V2 f(=a) F(=¢*) F(—=a*) F(=¢°) /8103 + 140? + 0.
To prove Theorem 10.1, we need the following lemmas:

Lemma 10.2. Let
— 16 F2(=) — _13 (=%
P ey T Ry
= nd 5 e g6 LD
B= QI and 8= 05 i gy
Then [2, p. 204, Entry 51]
9 1

_ p3 -
(10.1) PQ+ = B+ 1
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and [2, p. 205, Entry 52]

9 5 8

(10.2) PQ—%_S -
Lemma 10.3.

27\%2 /S0 4+4\?
(10.3) <Q3+Q3> =<52> ,

27\% /56 +16\°

3 _

a0 (pr ) - (215"

Lemma 10.3 appears to be new. We will present the proof of this lemma
using ideas illustrated in Sections 7-9 and Lemma 10.2.

Proof. By cubing both sides of (10.1), we deduce that

5, 9 9\ (.. 1)’
(PQ) +(PQ)3+27<PQ+PQ)—<R +R3> .

This implies that

(10.5) (POY + (P9;)3 _ <RB+ }%3)3 _ o7 <R3+ ;3) ,

by (10.1). Similarly, by cubing (10.2) and simplifying, we deduce that
93 8\* 8
10. PQ)? - = (83 - — 2 3_° ).
100 0 g = (=) +27(55)
Multiplying (10.5) by (R® +1/R?) and (10.6) by (R* — 1/R?), we find that
(10.7)

3 3 1 4 1 2
L ipr L <R3+) —27<R3+)

Qb P6 R3 R3
and

(10.8)

93 93 1 8 \3 8
Q6+QG—P6—PG=<R3—R3>{<S3—53> +27<S3—53>}.

Next, from (10.1) and (10.2), we have

1 2
R+ — =PQ+ ) \/(538> + 36.

R3 PQ 53

Therefore,

1\? 64
(10.9) <R3 + R3> = <5 +20.
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From (10.9), we also obtain
1 8
3 _ 3
(10.10) R’ — e S° + o
Substituting (10.9) and (10.10) into (10.7) and (10.8), we find that

(10.11)

93 93 64 2 64
Q6+@+P6+ﬁ: (56+56+20> —27<56+56+20>
and
(10.12)

93 93 8 8 3 8
6 6 3 3 3

Adding (10.11) and (10.12), we have

93 64
6 _ ql2 6
which implies (10.3). Similarly, by subtracting (10.12) from (10.11), we have
93 768 4096
6 6
which implies (10.4). This completes the proof of Lemma 10.3 O

Lemma 10.4. [1, p. 460, Entry 3(i)]

o~ _nd" S ng®(F2(—q) + 2Taf 2 (=) \
H 12; l—q" 02 g @ < =) f3(=¢%) ) '

Proof of Theorem 10.1. By logarithmically differentiating v, we deduce that

ldv 1 = ng" = ng
—— =—1+12 — 36 — 42
qu 3q<+ nz:ll_qn Zl_q3n+

n=1

n=1
) m ) 6n.
ng ng
+24 — =72 — .

By Lemmas 10.2, 10.3, and 10.4, we may rewrite the last equality in the
form

d
L =gl (Ol ) () =)
2/3 2/3
(10.13) X {S <P3+]232> +% <Q3+2;> }

IO CATA ) (84 &)
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Now, it is clear that /v = 1/(PQ) and hence, by (10.2), we deduce that

dv 1
= = 5 f O () f (=) f(—¢") V8L + 1402 + .
q q
O
Now, from (10.1), we observe that if v; = R~% then
1 1

10.14 — +Nv=— .
( ) 7 + 9w o + /1

This implies that
1

1 dv 1 1 dvy
Sl (V) ey ey
v <ﬁ ﬁ) dg v <\/171 m) dq

From (10.14), we find that

The last two equalities imply that

i@— l—i—v — 34 —1 — /v ldv
v dg Vv ! NG ! qu

= I+ - 34

by (10.10) and (10.13). Hence, we deduce the following differential equation.
Theorem 10.5. Let

S 2 (=a) f?(=¢°)
PR (=) (= g3)

o= SN )k - 310k + o,

Recall that /v = 1/(PQ), and define vo = 1/S%. Then (10.2) takes the

form

Then

1 1
ﬁ_gﬁ:ﬁ_8\/@7

which implies that
1 d’L)2

(o) o)
(1

By the previous two equalities, (10.2), and (10.13), we find that
ldv _1ldv -
E —— +8
vadg  vdg ( > ( i \/»>

= 2 f(—g) f(~g®) f(~q )f(—qﬁ)\/z)l?+64vg+20.
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Hence we obtain the following differential equation.

Theorem 10.6. Recall that
FO=a*) f8(—4°)

10-19) TR )

Then

CZ}; = q P f(=a) f(=) () F(=¢°)\/va (4w + 1) (1605 + 1).

Using Theorem 10.6, we now derive an identity associated with an incom-
plete elliptic integral of order 6.

Theorem 10.7. If vy is defined by (10.15), then

71

il . ——

0 Top 71 3sin?
(10.16) e i

2 Jo w/l—zsin %

We remark here that the upper limit of the second integral may be ex-
pressed in terms of v or v; by using (10.1) and (10.10), namely,

1 1 1 1
— = \/+81v+18+\/+81v+14
/U2 2 v v
1 1 1
== — +64v; +20+ 4/ — +64v1 +16 | .
2 U1 U1

This yields incomplete elliptic integrals associated with v or v1. Of course,
these integrals are by no means unique representations of the left hand side
of Theorem 10.7 in terms of v and vy.

Proof of Theorem 10.7. By Theorem 10.6, we find that

(=) F(—8) f (%) f(—t°) dt =

(10.17)
7 q v2(q) dvsy
—= (=) F (=) f (=) f(—t°) dt = -
0 Vit 0 \/va(dvy + 1)(16vg + 1)
Set
1
10.1 in? o = :
(10.18) sin® ¢ o, 11
Then a routine calculation gives
1
dp=—————
YT o 1)

and

B 16v2 + 1
\/1——sin“p=4/—,
4 4(4dva + 1)
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which yield

v2(q) dvg 1 2 de
0 \/v2(4v2 +1)(16v9 + 1) 2 /sinl \/E \/F%T%.

Combining (10.17) and (10.19), we deduce the first equality in (10.16).
The second integral follows from the transformation formula [1, p. 106]

(10.19)

@ dy B 2 dy
/o m‘/ﬁ VI—wsin? o’
where
cotavcot 3 =1 — z.
O

The key to the proof of Theorem 10.7 is the substitution (10.18). We
briefly describe here how we arrive at this substitution. Consider the equa-
tion

y? = x(dx + 1)(16z + 1)
for an elliptic curve E. By substituting x1 = 4x + 1, we may rewrite the

equation in the form

y2 =z(r1 — 1) (21 — %)

Next, by setting yo = yx3 and 23 = 1/z1 [12, pp. 42-43], we obtain the
Legendre form of the elliptic curve F, namely,

yi = (1—a3)(1 - 3a3).
Our substitution (10.18) is obtained by letting

11
x1 Adr+1

2

sin® ¢ = :L‘% =

We now describe how one can construct differential equations analogous
to that of Theorem 10.1. The quotients of eta-products which appear in
Ramanujan’s integrals happen to be Hauptmoduls associated with discrete
groups of genus zero of the form I'o(N) + W), where p|N and W, is an
Atkin-Lehner involution of I'g(N) (see [7] for more details). Suppose v is
the Hauptmodul associated with a discrete group of genus zero I'. Then the
derivative of v with respect to ¢ is a modular form of weight 2 under I'. To
construct a differential equation associated with v, we search for another
modular form of weight 2 under I' for which the quotient w_l% is invariant
under I'. Since every modular function invariant under I' can be expressed
as a rational function of v, we can easily determine the relation between the
two modular forms. Using this method, we derive the following differential
equations.
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Theorem 10.8. Let

v =

qf4(—q2)f4(—q1°)
A=) f4(=¢)
Then p

dq
Theorem 10.9. Let

= ¢ 22 (=) f2(—¢°)Vo(4v + 1)(1602 + 12v + 1).

TR (=)
Then
qu’ — ) [~ (~a) f(~a") /o + (0 + 1)(80% + 5u 1 1).

Theorem 10.10. Let
I Gl O i)
A=) f2(=q') "

v — = qf (=*) 2 (—¢*)\/ (403 + 802 + 4v + 1)(1603 + 1602 + 8v + 1).

Theorem 10.11. Let
o= gf GOV (=)
f=a)f(=a")
Then

2dv_42_3 2/ 33
vdfq—qf( q°) 7 (=q")

x /(302 4+ v + 1) (2705 + 6305 + 84v4 + 59v3 + 2802 + Tv + 1).

We now use two of these differential equations to derive two new identities
for incomplete elliptic integrals.

Theorem 10.12. If

v =

qf4(—q2)f4(—q1°)
fA=a) fA(=d%)

then

(10.20)

in_l 4+/5v
/ "L Ry ar =51 / TV ErRve dyp
0 0

Vi \/_1+\/5-2'
1 25 ST

Proof. We first transform the differential equation in Theorem 10.8 to a
differential equation involving ¢ := 1/v, namely,

= RO+ (o 1204 16).
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Using the method described after the proof of Theorem 10.7, we then derive
the substitution

4/5 B 4v/5v
+(64+2V5)  (6+2V5)w+1

(10.21) sin? p =

It follows that
d(’p 51/4

do (04 6+2V5)\o+6—2V5

Hence,
/ "L pfyd=— / v do
0o Vit s /(0 +4)(0% + 120 + 16)

V5v
1/4/ \/ (6+;L\f)v+1 o+ 6+ Q\f
 o+4

Upon simplification with the use of (10.21), we obtain (10.20).

We next describe how we derive an integral identity from Theorem 10.9.
First, we derive a substitution similar to that of Ramanujan. Our aim is to
convert the differential expression

dx ¢ Rdt
0 )
V(82 +1)(z + 1)(822 + 5z + 1) V(1= 2)(1 - k2t2)
Using the method outlined in [6, pp. 311-312], we use the substitution

1 1+s
2v/21—s
and obtain
dx
V(8z +1)(z + 1)(822 + 5z + 1)
(10.22) = 2v2 ;Zs =,
\/(8+9\/§)(8+5\@) V(1 —ns?)(1+ ms?)
where
—79\/578 and m—LiSﬂ
9vV2+38 8+5V2
Next, we use the substitution [6, p. 316]
?=1- nsQ,
and simplifying, we find that
(10.23)

\/(8 +9V3)(8 4 5v) V(1 —ns?)(1 +ms?) V(A= 12)(1 - k22
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where k2 = %j"ﬁ. Hence, we should use the substitution
2v2x — 1
(10.24) sinffp=t2=1-ns2=1-n 2v2r -1 :
2v2z + 1
or
1—2v2x
10.25 cosp = +/n .
( ) 4 fl +2V/2z
Using (10.22), (10.23), and (10.24), we deduce that
d d
(10.26) * = —2~7/4 Ld

V(Bz 4+ 1)(z+ 1)(822 + 5z + 1) V1—kZsin?p
Using Theorem 10.9, (10.25), and (10.26), we can deduce the following the-
orem with no difficulty.

Theorem 10.13. Let
o= gl GO () 9-4v2
(=) f3(=q") T

Then
/0 D) AT () di

_o-T/4 /CO de '
00571{0%} \/1 . 32_615\@ sin2 o

1+2v2z+1

The integral above is clearly an analogue of (8.14). It is not clear how
one can obtain this integral from (8.14) and vice versa using the modular
equation found in [1, p. Entry 19(ix)] or [7, Entry 3.6].

Dumir, and R. Hans-Gill, editors, Number Theory. Hindustan Book Co., Delhi,
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