Contemporary Mathematics

Questionable Claims Found in Ramanujan’s Lost Notebook
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1. Introduction

Recall that Ramanujan’s lost notebook [27] was written in the last year of his life. We can
forgive him if, in his insufferable pain, not everything he wrote down was correct. The purpose of
this paper is to examine some of these questionable results. In particular, we concentrate on three
“identities” found on pages 335 and 336 in [27]. At the close of this paper, we briefly mention
some further questionable results from [27]. Recall also that when Ramanujan’s lost notebook
[27] was published in 1988, other fragments and partial manuscripts were also published with the
lost notebook. The aforementioned two pages are, in fact, not from the lost notebook. Possibly,
Ramanujan realized indeed that these results were speculative and had put them aside or among
other papers separate from those comprising what we now call the lost notebook. We are uncertain
if the formula in question on page 335 is true or false, but if the formula is not correct, we are
confident that a corrected version indeed does exist. For the formulas on page 336, Ramanujan
possibly possessed correct identities and used some unknown formal procedure to replace certain
expressions by divergent series in order to make the identities more attractive. Therefore, we
are writing this paper on questionable formulas, because we truly feel that corrected versions do
indeed exist. Since we do not have these correct versions, it is difficult to claim that we have made
progress toward finding them, but we hope that the ideas and partial results gathered here might
provide insights to others.

As we shall see in Section 4, the formula on page 335, when (possibly) corrected, may have
an application to the problem of finding the exact order of magnitude for the “error term” A(x)
in the famous “divisor problem”. If d(n) denotes the number of positive divisors of the positive
integer n, then recall that A(x) is defined for > 0 by

(1.1) Z/d(n) =z (logz + (2v—-1)) + i + A(x),

n<x

where v denotes Euler’s constant and the prime / on the summation sign on the left-hand side
indicates that if z is an integer, then only %d(m) is counted. The questionable formula to which
we allude is actually one of a pair of formulas stated by Ramanujan on page 335 of [27]. The
other formula, which is connected with the famous “circle problem,” is in fact correct and has
been proved by Berndt and Zaharescu [14].

A pair of formulas also comprises page 336 in [27]. These two formulas are invalid, because
each contains divergent series. Ramanujan frequently enjoyed stating identities in an unorthodox
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fashion in order to surprise or puzzle his audience. As indicated above, we timorously conjecture
that Ramanujan had established correct identities in each case.

2. Statements of the Questionable Formulas

We begin by stating the previously established formula of the pair of results written on page
335 of [27]. Recall that the ordinary Bessel function of order v is defined by

& () e
(2.1) Ju(z) = z_%m (5) , 0 < |z| < o0, veC.

To state Ramanujan’s first claim, we also need to define

(2.2) F(z) = {[x]v if z is not an integer,

if z is an integer,
where, as customary, [x] is the greatest integer less than or equal to x.

THEOREM 2.1. If0 <60 <1 and x > 0, then
(2.3) i F (E) sin(2rnb) = mz (5 — 0) — 1 cot(n0)
"y 2 1

L e 4 (mymraz) o (de/min T o))
VLI T e veeiw)

Ramanujan’s formulation of (2.3) is slightly different but easily seen to be equivalent. Berndt
and Zaharescu proved (2.3) with the order of summation on the right-hand side reversed [14].
Note that the series on the left-hand side of (2.3) is finite and discontinuous at integral values of
x . To examine the right-hand side, we recall that [31, p. 199], as © — oo,

9\ 1/2
2.4 Jo(z) ~ | — s (v — dvm — Ln).
(2.4) (x) (Wx> cos (z — gvm — §7)
Hence, as m,n — oo, the terms of the double series on the right-hand side of (2.3) are asymptot-
ically equal to

1 cos (47r\/m(n +0)x — %’/T) cos (47r\/m(n +1-0)xz— %w)
2.5 -
(2:5) 7/ 221/4m3/4 (n+6)3/4 (n+1—6)3/4

Theorem 2.1 is related to the “circle problem.” Let r3(n) denote the number of representations
of the positive integer n as a sum of two squares. Recall that the famous circle problem is to
determine the precise order of magnitude for the “error term” P(z) defined by

(2.6) Z Irg(n) = mx + P(z),

0<n<zx

where the prime / on the summation sign on the left side indicates that if x is an integer, only
iry(z) is counted. In connection with his work on the circle problem, in 1915, Hardy [19], [21,
pp. 243-263] proved that

(2.7) S ) =me+ Y ra(n) (%) 2 ).
0<n<z n=1

Observe that the summands in the series on the right side of (2.7) are similar to those on the right
side of (2.3). Berndt and Zaharescu [14] employed Theorem 2.1 to prove a general representation
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for weighted divisor sums. A corollary of their result is the representation

It is not difficult to show the equivalence of (2.7) and (2.8); this equivalence will be demonstrated
in a paper by Berndt and Zaharescu under preparation.

We now state Ramanujan’s companion to (2.3). Let Y, (z) be the second solution of Bessel’s
differential equation of order v, usually so denoted, and let K, (z) denote the modified Bessel
function of order v, usually so denoted. Following Ramanujan, we introduce the notation

(2.8)

(2.9) 1(2) = Vi)~ 2K (2).

ENTRY 2.2. Let F(x) be defined by (2.2). Forx >0 and 0 <6 <1,
1
(2.10) Z F ( ) cos(2mnf) = i~ x log(2sin(7h))

o o (0 (4my/mln+B)z) L (4m/mln+1-0)z)
i fmZZJ Jrmnr0 o mnri-0)

From standard asymptotic formulas for Bessel functions [31, pp. 199, 202],
2 . mw o m 1
(2.11) Yl,(x)wmsm(x44>+0< 3/2>
[T . _» 1

as ¢ — o0o. Thus, we see that the summands in (2.10) have the same sort of asymptotic behavior
as those in (2.3), as exhibited in (2.5). However, in the summands of (2.3), the pairs of Bessel
functions on the right-hand side are separated by minus signs, while the corresponding pairs of
Bessel functions in (2.10) are separated by plus signs.

After the statement of Theorem 2.1, we remarked that (2.3) was first proved with the order
of summation on the right-hand side reversed. Unfortunately, this method fails when attempting
to prove Entry 2.2. In particular, the required integrals diverge.

The right-hand side of (2.10) is reminiscent of Voronoi’s [30] famous formula

(2.13) S d(n) = @ (logz + (2 — 1)) + +Zd (2)1/211(%/%),

n<x

where © > 0 and I;(z) is defined by (2.9). However, in contrast to our derivation of (2.8) from
(2.3) (with the order of summation reversed), we are unable to derive (2.13) from (2.10), if indeed
(2.10) is true. However, in Section 4, we prove that if (2.10) is true, then a limiting case of it
along with (2.13) establishes another identity for Bessel function series.

In the next section, we provide an attempt to prove (2.10). Although our efforts are unsuc-
cessful, our arguments indicate that possibly (2.10) is incomplete, i.e., there are some missing
expressions in (2.10). However, we are unable to identify these missing terms (if indeed there are
missing terms). In Section 5, we discuss numerical calculations that are inconclusive about the
truth of either Entry 2.2 or its alternative version with minus signs in the summands separating
the Bessel functions on the right-hand side. Moreover, our calculations on the convergence of the
double series do not convince us that the series indeed does converge.

The two formulas on page 335 are clearly motivated by the circle and divisor problems. Note
that Hardy’s two papers [19] and [20] on the circle and divisor problems, respectively, were written
in 1915 and 1916, respectively, years in which Ramanujan resided in Cambridge.
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In [19], Hardy related a beautiful identity of Ramanujan connected with ro(n), namely, for
a,b >0, [19, p. 283)], [21, p. 263],

274/ (n+b)a
Zm Zm o

which is not given elsewhere in any of Ramanujan’s published or unpublished work, and which is

further evidence that Ramanujan and Hardy probably discussed the circle problem and likely the
divisor problem as well. In [19], [21, pp. 243-263], Hardy proved that

(2.15) P(z) = Q((zlogz)'/%),

i.e., for every positive constant A, there exists a sequence (depending on A) {z,}, n > 1, tending
to oo such that |P(z,)| > A(z, logx,)"/4, n > 1. If (2.14) is differentiated with respect to b, and
if we then let a tend to 0, we obtain an identity which was crucial for Hardy’s proof of (2.15), and
which had earlier been proved by Hardy in a paper written in 1908 [18, p. 373], [22, pp. 434-452,
Equation (74), p. 450].

We next present the two questionable claims on page 336 of [27].

ENTRY 2.3. Let o5(n) =}y, d°, and let ((s) denote the Riemann zeta function. Then

(2.14) n+a)b

¢(1—s) N ((—s)tan ims

I(s+ %) T T
(s— %)18_2 22512
oo O'g.(n) . —s 1 s 1
+ x—in) °72 —(x+in)" "2
o ol i

= (2m)* {Q(l—s) — 2my/mz((—s) tan 37s

(2.16) +\/7?§:0j/(g VI sin (£ +2WF)}

ENTRY 2.4. Let o5(n) and ((s) be as in the preceding entry. If o and [ are positive numbers
such that a8 = 472, then

1 1
s+1)/2
(2.17) st/ {QC(I —-s)+ §C( s)tan 27s + E os(n)sin(na) }

— glst1)/2 {;C(l —8)+ %g( tan £ 5TS + Zas ) sin(n3) }

Both formulas are easily seen to be false in general, because each contains dlvergent series. In
Sections 6 and 7, we examine these two formulas. Formula (2.17) is especially intriguing because
of its beautiful symmetry, because it appears to be a relation between Eisenstein series formally
extended to the real line, and because it appears to be an analogue of the Poisson summation
formula or a special instance of the Voronoi summation formula.

A first examination of (2.17) reminds us of the transformation formulas for Eisenstein series,
when s is a positive odd integer. In [7], Berndt derived modular transformation formulas for a
large class of analytic Eisenstein series. Specializing Theorem 2 of [7] for r; = ro = 0 and the
modular transformation Tz = —1/z, for z € H = {2z : Im z > 0}, we find that, for any complex
number s,

Z—s(l + em'S) 20_571<n)e—27rin/z — (1 + em’s) Z 0571(n>e2ﬂinz
-z° “”(27”) *(1+ ™) (s)¢(s) + (2mi) ~* (1 + ™)L (s)¢(s)

(2.18) —(2m')*5/0u5*1 ! !

et —ler —1

du,
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where ((s) denotes the Riemann zeta function. Here C' is a loop beginning at 400, proceeding
to the left in H, encircling the origin in the positive direction so that u = 0 is the only zero of
(e** —1)(e* — 1) lying “inside” the loop, and then returning to +o0c in the lower half-plane. We
choose the branch of u® with 0 < argu < 2w. Otherwise, outside the integrand, we choose the
branch of log w such that —7 < argw < 7. Replacing s by s+ 1 in (2.18) and slightly simplifying,
we find that

L, Z 0'3(71)6727”-’”/2 — Z Us(n)e27rinz
n=1 n=1
4 275 ™S (2md) T T (s 4 1)C(s + 1) + (2mi) 5T T (s + 1)¢(s + 1)
2mi) 51 1 1
(2.19) _ (2mi) /uS du.
C

1 —emis e —Tlev—1
Next, recall the functional equation of the Riemann zeta function [29, p. 16, Eq. (2.1.8)]
(2.20) C(1—s)=2"""1"%cos (3ms) T(s){(s).
If we replace s by s+ 1 in (2.20), we easily see that

s —Tis)2 (0
(2.21) 2mi) I (s + 1)¢(s + 1) = w
2sin (iws)

Using (2.21) in (2.19), we conclude that

0 ) 0 ) ; 7ris/2<(_8) ie—wis/2<(_s)
Z_S_l o.(n e—27rzn/z _ o.(n e27rznz + Z—s—lze
nz::l () nz::l () 2sin (%71’8) 2sin (%71’8)

9mi) =51 1 1
(2.22) _ (2mi) / u du.
C (&

1_e7rz's zu 1 euw — 1

Omitting n, note that the product of the arguments in the exponentials in the two infinite series
in (2.22) is equal to 472, in accordance with the condition a3 = 472 prescribed by Ramanujan.
The identity (2.22) is the closest true identity to Entry 2.4 that we can find.

3. A Failed Attempt to Prove Entry 2.2

In Section 2 we emphasized that there is numerical evidence that the double series in (2.10)
is possibly divergent and that perhaps Ramanujan made a mistake and that minus signs should
replace the plus signs in the pairs of Bessel functions appearing on the right-hand side of (2.10), so
that the formula is more like that in (2.3). In this section, we present an argument which, although
involving an unjustified interchange of summation and integration, seems to provide evidence that
Ramanujan did not make a mistake in signs.

LEMMA 3.1. As above, let J,(z) denote the ordinary Bessel function of order v, and let Y, (2)
denote the second solution of Bessel’s differential equation of order v, usually so denoted. Then

o 1 [w iz & 3v+1 ¢
2 _ T T I hll
/0 cos(bx?)Y, (cx)dx = 4\/;SGC ( 5 ) (sm <8b 1 7r) Ju)2 (81))

2 v+1 c?
(31) + cos (81} + 477) YV/2 <8b>> 5

where b,c >0 and —1 < Re v < 1.

Lemma 3.1 is given in [17, p. 759, formula 6.686, no. 4]. The next lemma can be found in [24,
p. 360, formula 1.16.15, no. 2]. However, there are three misprints in the formula. We are grateful
to O. I. Marichev for verifying our corrections of the misprints.
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LEMMA 3.2. Let J,(z) and Y, (z) be as in Lemma 3.1, and, as above, let K,(z) denote the
modified Bessel function of order v. Then

oo 2 2
2 T T see (Y _C vl <
/0 cos(bx®) K, (cx)dx = 3 \/;sec( 5 ) (cos < < + 1 7r> Jy)2 <8b>

. 2 v+1 c?
(32) — Sin <_8b + 477) Yl//2 <8b>> .

Combining Lemmas 3.1 and 3.2, we deduce the next lemma.

LEMMA 3.3. For brevity, set

02

(3.3) A=

Then, under the same notation and hypotheses as in Lemmas 3.1 and 3.2,
e 2
/ cos(bz?) {Yy(cx) + Ku(cx)} dx
0 ™
1 3 1 -1
=/ T sec (B) (sin (A - VZ_ 7T> Jyj2(A) + cos (A +Z 1 7r> Y, 2(A)

2
77) J,/2(A) — sin (—A n VZ 177) YV/Q(A)> .

We now want to let v — 17 in (3.4). To do this, we need to examine the integrand in a
neighborhood of the origin when v = 1. First, from [17, p. 971, formula 8.444, no. 2], as z — 0,

v+1

(3.4) + cos (—A -

(35) Vi(z) = 2 i(2) (log(32) +7) — — +0(z),

where v denotes Euler’s constant. Secondly, from [17, p. 971, formula 8.446], as z — 0,

(3.6 2Ki() = 21(2) (1o8(42) +7) + = + O(2),

where I (z) is the modified Bessel function of order 1, usually so denoted. (This notation conflicts
with that in (2.9), but we shall not return to this modified Bessel function after the present

argument.) Since Jq(z) ~ %z ~ I1(z), as z — 0 [17, pp. 970-971, formula 8.441, no. 2, formula

8.445], we conclude from (3.5) and (3.6) that

(log(32) +7) + O(z),

as z tends to 0. Thus, since Y, and K, are continuous functions of v in a neighborhood of v =1,
we can let v tend to 1~ under the integral sign on the left-hand side of (3.4). We now examine
the right-hand side of (3.4). The coefficient of Y, /2(A) on the right side is

-1 1
¢, (A) := cos <A+V4 w)sin (AJrVZ 7r>
v—1 1 . v+1 Cv—1
7| +sinA | cos 1 7 — sin 1 ).

It follows from an application of L’Hospital’s rule that

(3.7) Yi(z) + 2Ka(z) =

2z
T

.V
T — Sin

=cos A (cos

. c(A) .
(38) 31_)11’11 W = sin A.

The coefficient of .J,,/2(A) on the right-hand side of (3.4) is
3 1 1
d,(A) :=sin (A — VZ_ 71') + cos (—A + VZ 7T>

3 1 1 1 3 1
:sinA<cos VZ— 7r+sinyl_ 7r>+cosA<cosVZ T — sin VZ— 7r>.
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Another application of L’Hospital’s rule yields
dy(A)

———— = —cos A.
s cos(mv/2) o8

(3.9)

In conclusion, letting v approach 1~ in (3.4), employing (3.8) and (3.9), and using the well-
known representations [31, p. 64]

2
—sinz and Yi/2(2) = J_1/2(2) = \/E Cos z,

AOO cos(bxz?) {Yl(ca:) + iKl(ca:)} dx = i\/f (Y12(A)sin A — J; j5(A) cos A)

ﬁ

Jl/Q(Z)

we deduce that

1 /|« .

:4\/;( J_12(A)sin A — Jy 5(A) cos A)

1 /= 2 . 2 .

:4\/Z<—\/AcosAsmA—\/ﬂ_AsmAcosA>
iAmAcosA

»Jk\}—‘ l\D\P—‘

\ / sm (24).

We now return to Ramanujan’s notation (2.9), so that (3.10) takes the form given below.

LEMMA 3.4. With I, defined by (2.9),

(3.11) /0 cos(bx?) Iy (cx)dx = %\ / blA sin(24),
where A is defined by (3.3).

We need the value of one further integral. For —1 < Re v < 1 [24 pp. 258, 343],

(o)
/ Y, (z)dx = —tan H, / K, ( - sec il
A 2 2

respectively. Hence, for —1 < Re v < 1,

(3.10)

(3.12) / I, (z)dz = tan T sec ™.
A 2 2

Because I, (x) is a continuous function of v in a neighborhood of v = 1, we can let ¥ — 1 in (3.12),
and, with the use of L’Hospital’s rule, deduce the following lemma.

/OOO I1(z)dz = 0.

We require two well-known Fourier series, which can be found in the tables of Gradshteyn and
Ryzhik [17, p. 45, formula 1.441, no. 1; p. 46, formula 1.441, no. 2].

LEMMA 3.5. We have

LEMMA 3.6. For any real number x,

(3.13) B i sin(2wma) _ {O, if x is an integer,

— ™m x —[x] — 5, if x is not an integer.

LEMMA 3.7. For0 <z <1,

) COS(?]”J@‘) = — log(2sin(nz)).
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As indicated in Section 2, numerical calculations appear to indicate that perhaps an unknown
function, say, G(6), needs to be inserted into (2.10) in order to obtain a valid identity.

We are now ready to state a possibly corrected version of Ramanujan’s second formula, Entry
2.2, which we, at this point, optimistically label a theorem.

THEOREM 3.8. Let F(x) be defined by (2.2), and let I(z) be defined by (2.9). Suppose that
an appropriate function G(0) exists such that
1/2 1
(3.14) G(0) cos(2mnh)dd = -3
0

Then, forx >0 and 0 <0 < 1,
(3.15) Z F ( ) cos(2mnf) = 1 xlog(2sin(nh)) + G(6)
4

) 4m/m(n+ 0)x I (47y/m(n+1—0)x
g o [V (e )
= vm(n+0) vmn+1—26)
PROOF. (incomplete) We calculate the Fourier cosine series of
oo %0 (47r\/m(n + Q)m) L (477\/m(n +1- Q)x)
(3.16) 10) = )t f7;7;) vm(n+6) " vm(n+1-20)

Write

(3.17) f(0) = %ao + Zaj cos(2mj6),

j=1

where, for j > 0,
1/2

a; =4 ; £(0) cos(2m;0)db.

We first calculate ag. To that end, by (3.14) and the assumption that changing the order of
summation and integration below is justified,
1/2 1/2
ap =4 f(0)do =4 G(0)do

0 0

2 o = I (dny/min+0)z) L (4r/mln+1-0)e)
t2e 0 mz_:lnz;) vm(n+0) - vm(n+1-20)

ve [0 (4my/min+ 0)2) I (4ry/m{n+1-0)z)
A YN R B

On the far right side above, write the integral of the sum of the two functions in the integrands as
the sum of the integrals of the functions taken individually. In the first integral, make the change

of variable u = 4wy/m(n + 0)x, and in the second, set u = 4w+/m(n + 1 — 6)z. Hence,
o 0 1 4w/ m(n+1/2)z 4my/m(n+1/2)x
/ Il(u)duf/ I (w)du
4

do

1 1
SR 3P D

apg = —
m=1mn=0 vmnzx 4my/m(n+1)z
1 1 o 0 47y/m(n+1)z
-+ = Z Z / I (u)du
2 2 =™ Jan s
1,1 — 1 [ 1
1 R S
(3.18) 2 0 Z m/ du 2’

upon the use of Lemma 3 5.
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Next, for j > 1, by (3.14), assuming that we can invert the order of integration and summation
below, we find that

1/2 1/2 <>0 <><> I (47n/m(n+9)a:)
a; =4 G(0)do + 2
0 ( i f/ m= ln 0 m(n+9)
I (477\/m(n +1-— 0)33)
+ cos(2mj6)do
m(n+1—20)
1/2 47r m(n+ 0)x )
+2\fmz:17;)/ m(n+ 0)
I (47r\/m(n +1-— 0)9c>
+ Y C " cos(2mj6)db.

As above, we write the integral on the far right side above as a sum of two integrals and make the
same changes of variables as we did in the calculation of ag. For brevity below, set
J

3.19 m = .
( ) @ 8mmax

Accordingly, we find that

1 1 4w/ m(n+1/2)z u?
a; =—-+— E E / Ii(u)cos (27) | —5— —n] |du
2 s 1 e 0 An/mnx 16m*max

4w/ m(n+1/2)x u2
/ I (u) cos (27Tj (n+1—>)du
4

(D 1672ma

1 4my/m(n+1/2)z
5 Z Z / I (u) cos(amu?)du
m=1n= 0 dm/mna

4w/ m(n+1/2)x
/ I (u) cos(apmu?)du

e 1 /477\/m(n+1):r
4m/mnz

I (u) cos(amu?)du

(3.20) = —% + % Z %/0 I () cos(amu?)du.

ove with ¢ = 1 and b = a;y,, as given in (3.19). Recall that A is given

We now apply Lemma 3.4 abo
%. Hence, also using Lemma 3.6, we find that

by (3.3), and so o, A =

1 1 1
;= —— 1+ = — 2mmax /)
; 3T 7 2 /3)
) 0, if — is an integer,
J
=73 + z x 1 LT .
e —— if — is not an integer,
Jolil 2 J
T 1 = T, .
e if — is an integer,
_Jlil 2 g J
. i, if = is not an integer,
J J
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(3.21) —F (j) - ?

At last, putting (3.18) and (3.21) into (3.17) and employing Lemma 3.7, we deduce that

== + ZF ( ) cos(2mj6) — Z cos(2njf)

j=1 J
(3.22) =—- + ZF ( ) cos(2mj0) + x log(2sin(7h)).

A simple rearrangement of (3.22) shows that it is equivalent to (2.10). The justification of the
inversion of double summation and integration at the beginning of the proof is a consequence of
our calculations in (3.20) and (3.21), which yield a boundedly convergent series. Thus, the proof
is complete. O

4. A Connection of (2.10) with Voronoi’s Formula (2.13)

As indicated in Section 2, we now make firm the connection between the two formulas heading
this section in the following theorem.

THEOREM 4.1. Recall that I(z) is defined by (2.9). Then, for x >0,

(4.1) lim (; 3 (%)” * [ (4 v/maf) — xlog(2sin(7r9))> —z(logz +27— 1),

0—0% m=0
where v denotes Fuler’s constant.
PROOF. First observe that, by writing n = mk, we can rewrite (2.13) in the form

(4.2) Z din)=z(logz+ (2y—1)) + - + i i (%)1/2 I (drvVmkx).

n<z m=1 k=1

o~ =

From the right-hand side of (2.10),

1 oo oo
lim [ —zlog(2sin(r)) + = +
L og(2sin(nd)) Qﬁmz::“;) m(n +0) m(n+1—26)

o 1y (4nv/mbz) = I (4nvmbz)

= i —xlog(2 = N 7/
g | T loaein(md)) + 3 WZ N RN Dy ey

1 o X (4W\/m) I (47T\/’I7M)
BVEL2N T here T e

o I (4mv/mbx
:0£H(r)l+ —xlog(2sin(nd)) + = \le<\/7m;nx) Jrfzzh (4my/mnz)

m=1n=1

_ 1 o I; (4nvVmbx
= lim | -z log(2sin(76)) + =z Z (\/nTH)

6—0t 2

m=1

(4.3)
+Zd )—z(logz+ (2y—1)) — 111’

n<lx
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by (4.2). On the other hand, from the left-hand side of (2.10), upon the use of an elementary
formula for 3, _ ‘d(n) [25, p. 101],

n<zx

elir(r)lJr Z F ( ) cos(2mnf) = Z F (%)

n<z
Z [E} - ld(x) if x is an integer
- 3 , ger,

E {—}, if « is not an integer,
n

S d(n)

n<z

(4.4)

Combining (4.3) with (4.4), substituting the results in (2.10), and simplifying, we deduce (4.1) to
complete the proof. O

5. Evidence for Divergence

We begin our investigation into the behavior of (2.10) by carrying out numerical computations
to check for both convergence of the double series as well as for agreement of the left- and right-
hand sides. Define

L(z,0) := —i + zlog(2sin(w0)) + Z F (%) cos(2nm0)

n=1

and

Li(dry/mn+0)x) L(dry/m(n+1—0)x)
R(z,0, M,N) : fZZ( NoCET) + N CE )

The computations were done on Pari-GP version 2.3.1, computed with a real-precision of 19 digits
and checked at a precision of 28 digits. Our results are summarized in Tables 1 and 2. Table 1
shows that although the values of R(x,6, M, N) are somewhat close to the value of L(x,#) (to
one significant digit), they do not seem to stabilize as we increase the upper limits on the partial
sums, even after summing tens of thousands of terms. These results cast doubt on whether the
right-hand side of (2.10) is indeed correct, or even converges.

Our next plan of attack, given the evidence from the Fourier analysis, is to try to determine
the behavior of the missing function of 8, if it exists. To that end, we computed the partial sums
at several values of 6, M, and N, and noted the differences between the two sides of (2.10) (see
Table 2). The data suggest that the difference L — R is not necessarily stable as we increase the
number of summands, and that if such a function of  exists, it has a singularity at § = 0. It may
be possible to obtain more insightful results if we carried the calculations further, but evaluations
of sums of Bessel functions are computationally expensive, especially for two-dimensional sums.

We now examine the convergence properties of (2.10). The asymptotic formulas (2.11) and
(2.12) allow us to reduce our analysis to a double sum involving the sine function, given by the
following easily proved theorem.

m=1n=0

THEOREM 5.1. For 0 < 6 <1 and x > 0, the sum

(5.1) 3 (11 (4m/mln + 0)z) wwm))

vm(n+6) vmn+1-20)

m=1n=0

converges if and only if the sum

(5.2) Z Z <Sm (4m/m(n + 0)x — §) . sin(4ry/m(n + 1 — 0)z — i)ﬂ)

m3/4(n + 0)3/4 m3/4(n + 1 — 0)3/4

m=1n=0

CONVETGES.
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TABLE 1
x 0 M N | L(z,0) | R(x,0, M,N)
200 0.10563
0.5 | 0.5 20 500 | 0.09657 0.10237
1000 0.11033
200 0.09394
0.5 | 0.5 50 500 | 0.09657 0.09140
1000 0.09834
200 0.13265
0.5 | 0.5 | 500 20 | 0.09657 0.14249
1000 0.11553
200 0.11492
0.5 | 0.5 | 500 50 | 0.09657 0.12499
1000 0.09840
200 0.35218
1.75 1 0.25 | 20 500 | 0.35650 0.35655
1000 0.35055
200 0.39195
1.75 1 0.25 | 50 500 | 0.35650 0.39685
1000 0.39056
200 0.34695
1.75 |1 0.25 | 500 20 | 0.35650 0.36495
1000 0.34645
200 0.32983
1.75 |1 0.25 | 500 50 | 0.35650 0.34832
1000 0.32934

Suppose that minus signs separated the Bessel functions on the right-hand side of (2.10). The
same analysis shows that

(5.3) Z Z <11 (47/m(n + 0)x) 11(4W\/M)>

vm(n+0) vm(n+1—0)

m=1n=0
converges if and only if the sum

ZZ(“ (47 y/m{n+ 0)x — 3m)  sin(dny/m(n+1— )z —zm)

(5.4)

m3/4(n + 0)3/4 - m3/4(n + 1 — 0)3/4
m=1n=0
converges. Analogous theorems are easily proved for the corresponding sums with the reverse
order of summation, as well as for the right-hand side of (2.3), with sine replaced by cosine. Since
trigonometric functions can be evaluated much more efficiently than Bessel functions, we can

compute the sums (5.2) and (5.4) to many more terms than we could for R(x, 0, M, N). Define

Se(z,0, M, N) Z Z (sm (4my/m(n + 0)z — 37) N sin(4my/m(n + 0)x — i”)) |

m3/4(n + 0)3/4 m3/4(n + 0)3/4

m=1n=0

and

C 0N =3y ( (dr/m(n 00 = §7) _ cos(imy/mln T O)a —f;ﬂ>>.

m3/4(n + 6)3/4 N m3/4(n + 0)3/4

m=1n=0

When 6 = %7 both S_ and C_ trivially converge as M, N — oo because all the terms are
identically equal to 0. Therefore, in order to compare the behavior with that of S, we carried
out computations for § = 1 (Table 3). Recall that Berndt and Zaharescu [14] proved that C_
converges if we let M — oo first. Table 3 shows that in all three cases, for fixed M, increasing
N does not significantly change the value of the sum. On the other hand, when N is fixed and
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TABLE 2
x 6 |M| N | R(x,0, M,N)— L(x,0) M | N | R(x,0, M,N)— L(x,0)
200 0.40135 200 0.21536
0.5 | 0.05 | 20 | 500 0.39818 500 | 20 —0.03815
800 0.40067 800 —0.14057
200 —0.12100 200 0.11169
0.5 | 0.10 | 20 | 500 —0.12419 500 | 20 —0.03952
800 —0.12171 800 0.00101
200 0.06303 200 —0.00907
0.5]0.15 | 20 | 500 0.05983 500 | 20 0.05608
800 0.06231 800 0.04562
200 —0.08595 200 —0.03302
0.5 0.20 | 20 | 500 —0.08917 500 | 20 0.03098
800 —0.08668 800 —0.01444
200 0.04009 200 0.01474
0.5]0.25 | 20 | 500 0.03686 500 | 20 0.01102
800 0.03935 800 0.00430
200 0.05794 200 —0.00284
0.5 ] 0.30 | 20 | 500 0.05470 500 | 20 0.05013
800 0.05719 800 0.01133
200 —0.02133 200 0.01033
0.5 0.35| 20 | 500 —0.02458 500 | 20 0.02078
800 —0.02209 800 0.03522
200 —0.03525 200 0.02988
0.5 | 0.40 | 20 | 500 —0.03851 500 | 20 0.02096
800 —0.03601 800 0.03072
200 —0.00540 200 0.02512
0.5 | 0.45 | 20 | 500 —0.00866 500 | 20 0.04543
800 —0.00617 800 0.01503
200 0.00906 200 0.03608
0.5 | 0.50 | 20 | 500 0.00580 500 | 20 0.04592
800 0.00829 800 0.03912

M increases, we see that the value of the sum fluctuates, although S_ appears to be more stable
than S;. In fact, aside from the strange evaluation at M = 1000, S_ seems to be convergent as
M and N become large.

However, these calculations do not necessarily indicate that S is not convergent. Indeed, we
know that C_ is convergent, and the fluctuations of the values of S; do not seem much different
from those of C_. The apparent behavior of these sums as we increase M and N do provide hints
for attacking the convergence problem. We see that the main contributions for the sums come
from the index m, and increasing the value of N for any fixed M has little effect on the value of
the sums. Therefore, we expect that the sum indexed by n would be small and easier to handle.
Thus, it may be instructive to attempt to prove convergence of (2.10) with the order of summation
reversed, as was done for (2.3) in [14].

6. First Attempts to Find Meanings for Entries 2.4 and 2.3

Our first attempts to prove Entries 2.4 and 2.3 depend upon the Voronoi summation formula.
We only briefly sketch the background and hypotheses needed for the statement of the Voronoi
summation formula. For complete details, see the papers [4], [5], [6], and [15].
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TABLE 3
T 0 M N | S (z,0,M,N)|S_(z,0,M,N) | C_(x,0, M,N)
200 0.45625 1.76337 —2.09380
500 0.48983 1.74244 —2.09078
0.5 | 0.25 20 1000 0.40621 1.75015 —2.09843
5000 0.43785 1.75325 —2.09527
10000 0.40369 1.75295 —2.09536
200 1.21740 2.23086 —1.91890
500 1.24370 2.20498 —1.91799
0.5 ] 0.25 50 1000 1.17060 2.21346 —1.92325
5000 1.19867 2.21571 —1.92084
10000 1.16151 2.21542 —1.92112
200 0.99062 2.30836 —1.63579
500 1.02271 2.28440 —1.62905
0.51]0.25| 200 1000 0.95210 2.29101 —1.63351
5000 0.97957 2.29339 —1.63141
10000 0.94061 2.29306 —1.63199
200 1.03468 2.26829 —1.27184
500 1.06464 2.24093 —1.26746
0.5]0.25| 500 1000 0.99557 2.24744 —1.27037
5000 1.02308 2.24982 —1.26781
10000 0.98523 2.24957 —1.26813
200 0.70896 1.78790 —1.40521
500 0.73881 1.76293 —1.40061
0.5 ] 0.25 | 1000 | 1000 0.66918 1.76867 —1.40406
5000 0.69728 1.77120 —1.40092
10000 0.65960 1.77070 —1.40120
200 0.99062 2.30836 —1.63579
500 1.03468 2.26829 —1.27184
0.5 ] 0.25 | 1000 200 0.70896 1.78790 —1.40521
5000 1.01898 2.13973 —1.49686
10000 0.94203 2.11789 —1.26361
200 1.02271 2.28440 —1.62905
500 1.06464 2.24093 —1.26746
0.5 ] 0.25 | 1000 500 0.73881 1.76293 —1.40061
5000 1.04886 2.11597 —1.49290
10000 0.97231 2.09375 —1.25932
200 0.95210 2.29101 —1.63351
500 0.99557 2.24744 —1.27037
0.5 ] 0.25 | 1000 | 1000 0.66918 1.76867 —1.40406
5000 0.97889 2.12250 —1.49634
10000 0.90268 2.09993 —1.26273

Let s = o + it, with o and t real, and let
é(s) =Y amA,*  and  P(s) =Y b, 0< A, jin — 00,
n=1 n=1

be two Dirichlet series with abscissas of absolute convergence o, and o), respectively. Let r > 0,
and suppose that ¢(s) and ¥(s) satisfy a functional equation of the type

(6.1) T(s)p(s) =T(r — s)v(r — s).
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For such arithmetical functions, K. Chandrasekharan and R. Narasimhan [15] and Berndt [4], [5]
have established theorems providing representations for the Riesz sum

Ay(a) = #1) S a(m) (@ = A,

Pla+ 1)~

where ¢ > 207 —r — %, x > 0, and the prime / indicates that if ¢ = 0 and \,, = x for some positive
integer n, a(n) is to be multiplied by 3. Define also

(6.2) Q,(x) ::/C W(i

, Ns+q+1)
where Cy is a simple closed curve(s) containing the integrand’s poles on its interior. Set Q(x) :=
Qo(l‘)

The Voronoi summation formula in its original form with a(n) = d(n), where d(n) denotes the
number of positive divisors of the positive integer n, was first proved by M. G. Voronoi in 1904
[30]. Since then “Voronoi summation formulas” have been established for a variety of arithmetical
functions under various hypotheses. In particular, Berndt [6] established various versions of the
Voronoi summation formula, including the following theorem from [6, p. 142, Thm. 1], where
several references to the literature on Voronoi summation formulas can be found.

)

THEOREM 6.1. Let f € CM(0,00). Then, if 0 <a <\ <z < 00,

, T oo T ¢ (r—1)/2

63) Y am)f() = / Q' (1) f(t)dt+ Y b(n) / (H) Jo1(2V/an) £ ()t
An<z a n=1 a "

where, as above, the prime ! on the summation sign on the left-hand side indicates that if © = \,,

for some integer n, then only %a(n)f()\n) is counted, and where J,(x) denotes the ordinary Bessel

function of order v.

This is the simplest theorem of this sort. The two applications that we make of Theorem 6.1
are formal in the sense that there are no versions of the Voronoi summation formula that would
ensure the validity of our applications; indeed, as we remarked above, both (2.16) and (2.17)
contain divergent series. We think that Ramanujan likely discovered some version of the Voronoi
summation formula for a(n) = o (n), but he apparently had neither established a precise version
nor conditions for its validity. We next see how Ramanujan might have been led to the two entries
above.

In order to avoid possible confusion, we are going to replace s by k in our attempts to prove
(2.16) and (2.17). It is well-known and easy to prove that, for any real number £,

oo

(6.4) ()5 —k) =S "kn—(") o> sup{1,k + 1}.
n=1

Then with the use of the functional equation (2.20) for ¢(s), it is not difficult to show that [15,
p. 17], if k is an odd integer,

(6.5)  (2m) " L(s)¢(s)¢(k — s) = (=1)*FD/2(2m)=RFI=9ID (| 41 — s)¢(k + 1 — s)¢(1 — s).
Thus, in the settings (6.1) and (6.5), we have
(6.6) a(n) = op(n), b(n) = (—1)*F+V/ 26, (n), k odd,

(6.7) An = iy, = 27, n>1, r=k+1
Furthermore, Q(x) is the sum of the residues of
(2m)~*¢(s)C(s — K)z*
s

taken over all its poles, which are at s =1, s = k+ 1, and s = 0. Since {(s) has a simple pole at
s =1 with residue 1 and [29, p. 19]

(6.8) ¢(0) = —3,
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we find that
1 C1—k)x  ((k+1)akH!
27 @2m)kti(k+1)

It follows that

C(1—k)  ((k+1)zk
27 (2m)k+1

(6.9) Q'(x) =

We first examine (2.17). In our formal application of (6.3), we clearly should set a = 0, x = oo,
and f(t) = sin(at/(27)). In order to apply (6.3), we need to employ the integral evaluation [17,
p. 773, formula 6.728, no. 5]

o v v krm
1 k+1 ; 2 -7 M)
(6.10) /0 a7 Ty (bx) sin(ax®)dx Ba)i cos <4a 5 >

Hence, using (6.10), we find that

/ t*/2 . (2v/27nt) sin (a) dt = 2/ WP T (24T ) sin (O‘“> du

0 2T 0 2w
(27r)3k/2+1nk/2 42n ko
Y = D N

(h1yj2 (2m)3K/2H k2 (4P
=(-1) =) sin | —

- (27)3k/ 2+ k)2
(6.11) = (-n* WQT sin(fn),

since af = 4n2.

The preliminary details have been dispensed, and we are now ready to apply the Voronoi
summation formula (6.3). Using the calculations (6.9) and (6.11) and the parameters defined
above, we formally find that

gakm)sm(an): [ > (4“(12; 0 +<E§:)k1+)fk>sm ( ;ﬁ) }

(6.12) - <2”)k+1 i o7(n) sin(fn).

a n=1
Thus, if we replace s by k in (2.17) and assume that & is an odd integer, then (6.12) is as close
as we can get in our efforts to formally derive (2.17). Note that on the right side of (6.12) a
minus sign appears, in contrast to the right side of (2.17), and that a divergent integral appears
on the right-hand side of (6.12), in place of the expressions involving the Riemann zeta function
appearing in (2.17).

We now turn to (2.16), and once more we make an application of the Voronoi summation
formula. Note that the series on the right-hand side of (2.16) does not converge for any real value
of s, since og4(n) > n®. Also note that for x sufficiently large and for o > %, each expression in
(2.16) tends to 0 as x tends to co, except for —2m\/Tz((—s) tan 3ms, which tends to oc.

To effect our application of Theorem 6.1, we need the integral evaluation [17, p. 709, formula
6.565, no. 2]

o0 byfl
6.13 VJrlJV b 2 2 7u71/2d _ L
(6.13) e et e =

where Re a > 0,b >0, Re v > —%, and J,(z) denotes the ordinary Bessel function of order v.
Apply the Voronoi summation formula (6.3) twice, with a = 0, x = oo, and f(t) =
(z Fit)~*~1/2, under the same conditions (6.6) and (6.7) as in our previous application. When k
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is an odd positive integer, we are thus led to evaluate

/ t*2 T2/ ) (2 — it) Y 24t

0

= 2/ W T (2un /i ) (2 — iu?) TR 2 du
0

o0
= 2(—i)_k_1/2/ R T (2un/Tim ) (u? 4 ix) TR 2
0
(i) R )
2k exp(2y/finz e/ (k + 3)’
where we have used (6.13) with a = /ze™/*, b = 2./, and v = k. Using (6.13) once again, but

now with a = y/ze~™/*, we find by a similar calculation that

0 o 2(_i)—k—1/2ﬁ(2\/l7n)k—1
(6.15) /o 2 T2Vt @ + i) T 2dt = 2k exp(2y/finz e~ ™/NT(k + 3)

Employing (6.14) and (6.15), recalling (6.6) and (6.7), and remembering that & is an odd positive
integer, we find that the right-hand side of (6.3) becomes

(6.14)

(—1)(k+1)/2ﬁi o(n) <6—2\/27mw(1+i)/\/§+i7r(k+1/2)/2
Lk+3)

_e—2x/27rn;t(1—i)/\/ﬁ—iw(k+1/2)/2)

I )
VaL(k+4) &= vn
_6—2\/%(1—1‘)(_i)(_l)(k—l)/2e—m/4)

(e—Q\/m(H—i)i(_1)(k—1)/2€7ri/4

_ i 53 Z ic/(ﬁ) (672\/7W(1+i)e77i/4 _’_672%(171‘)67#2’/4)

i - Uk(n —2\/7rnw ( —2iy/Tnr+7i/4 Qi\/TFTL(IJ—Wi/4>
e +e
\/il_‘(k + %) Zl Vn

n=

= — iv2 Z Of/(f) eIV cos(2y/ T — 1)

3

. 2 (oo}
S T Z:l Gf/(g)eQ‘/msin(Qm—Fiﬂ).

Finally, using the calculation above in (6.3) and employing also (6.9), we conclude that
> on(n) {(x — i) (g m)*’H/?}

_ /0“ (<<12; k) %ﬂf)kﬁl ) (i) =102 — oy ) 112)

Z\/i S Uk(n) —2y/mnx ;
(6.16) Tt Iy Z Jn e~ 2V in(2y/Tnx + im),

which should be compared with (2.16). Observe that the integral on the right-hand side of (6.16)
diverges, although it can be subdivided into two improper integrals, one of which converges and
is elementary, and the other of which diverges.

n=1
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7. Second Attempts to Find Meanings for Entries 2.4 and 2.3

In this section, we use Mellin transforms in our attempts to find meaningful interpretations
for Entries 2.4 and 2.3. We record some preliminary notation and results that are needed. The
residue of a meromorphic function f(z) at a pole z = 2z is denoted by

Rzof = RZO )

where the identification of the function f is deleted if its definition is clear. For —1 < Re z = ¢ < 1,
we need the Mellin transforms [16, p. 317, formula (1)]

(7.1) / sin(at)t* 'dt = T'(z)sin (372) ™%, a >0,
0
ct+ioo
(7.2) sint = oyl [(z)sin (372) t*dz.
For x > 0 and ¢ = Re z > 0 [16, p. 312, formula (1)],
1 c+ioo
7.3 = r “*dz.
(7.3) e o ) (2)x™%dz

When s = o + it, with o and ¢ both real, we need Stirling’s formula for I'(s) in a vertical strip,
namely [17, p. 945, formula 8.328, no. 1],

1
(7.4) |T(o +it)| ~ V2r|t|” 2 exp(f%ﬂt\),

as |t| — oo, uniformly in every vertical strip o1 < o < 0. The Riemann zeta function {(s) has
the Laurent expansion [29, p. 16, Eq. (2.1.16)]

(7.5) g(s):S_LIjWJF...,

where v denotes FEuler’s constant. For the convergence of certain integrals, we need elementary
upper bounds for the growth of ((s) in a vertical strip. Thus, the estimates [29, p. 81]

(7.6) C(o+it)=0(t27%), o<—-56<0; ((lo+it)=0(t>"%), o> -4,

will suffice.
We examine (2.17) first and emphasize that our goal is to replace the divergent series that
appear in this formula by convergent series or integrals. Thus, our procedures will be formal.
Using (7.2) and (6.4), we find that

&) 1 oo c+i00
Z os(n)sin(na) = — as(n)/ ['(z)sin (372) (na)~*dz
— 2mi — c—1i00

n=1 n=1

1 c+ioo ] . . oo o5 (Tl)
= 5= - ['(z)sin (372) o nz::l e dz
1 c+ioco
(7.7 =5 [(z)sin (372) a *C(z — 8)¢(2)dz =: I,

T Jc—ioo

where —1 < ¢c=Rez < land ¢c# 1+ Res. Let u:=1— 2. Then, by the functional equation

(2.20) for {(s) and (7.7),
1—c+ioo
I= L ' I'(1—u)cos ($mu) a* ' ¢(1 — (u+s))¢(1 — u)du

2mi l—c—io0
1 1—c+ioco

=5 (1 — ) cos (Amu) @~ 12(27) % cos (g(u + 5)) I'(u+ s)¢(u+ s)

1—c—io0
(7.8) x 2(2m) " cos (gmu) I'(w)¢(u)du.
Applying the two identities
(7.9) L(u)I(1 — u) cos® (3mu) = T cot (3mu) ,
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(7.10) cot (3mu) cos (2 (u+ s)) = cos (3ms) csc (3mu) — sin (37(u+ s))

in (7.8), we conclude that

(7.11) I=J-K,

where
1 1—c+ioco

(7.12) J = 50 (2m)' 2450  cos (37s) ese (3mu) T(u + $)¢(u + s)¢(u)du
™ 1—c—ioco

and

1 1—c+ioco

K=5m (2m)' 70" sin (§m(u + 5)) Du+ )¢ (u+ 5)¢(u)du
l1—c—ic0
e 1—c+ioco
(7.13) — a*(s+1)/25(s+1)/2 Z as(n)% / sin (%ﬂ(u + S)) F(u + S)(ﬂn)iu*sdu,
l—c—ioco

n=1

since 47% = af3. From (7.4) and (7.6), we see that J converges while K diverges. We consider two
cases.

CASE 1: Assume that —1 < ¢ < 0, —1 < Re s < 2, and ¢ < Re s. First, we examine J. Let
—Re s—1 < d < —Re s. If we move the line of integration from v = 1 — ¢ to u = d, then the poles
of the integrand of J lying between these two lines are u = 1, 1 —s, 0, —s. Thus, using (7.4) and
(7.6) to justify shifting the line of integration, we find, from (7.12), that

J=Ri1+Ri_s+Ro+R_s+ Jq,

where
1 d+1i00

(7.14) Jyi= (2m)' 2750 P eos (37s) ese (3mu) D(u + s)¢(u + s)¢(u)du.

d—i00

Since, by (6.8), (2.20), and (7.5),

2mi

(7.15) R, = —%Q(—s) cot (37s) ,

(7.16) Ri_s = (27)" ta™*¢(1 - s),

(7.17) Ry = —a"'¢(1 - ),

(7.18) R_ = %(2 )™ T (=s) cot (3s)

we find from (7.14) that
J = —%C(—s) cot (37ms) + (2m)* 'a ¥ ¢(1—s) —a"'¢(1 —s)

(7.19) + %(27T)1+Sa_5_1C(—s) cot (37s) + Ji.

Using (7.19) and (7.13) in (7.11), multiplying both sides of (7.11) by a*1/2 and once again
using the condition a8 = 472, we conclude that

MESE {jyca — )+ (8ot (3ms) + 3 o) Sin“”“)}

n=1
(7.20) _ glstD/2 {;ga —o+ %C(—s) cot (;ns)} + a0 K,

where K is defined by (7.13).

CASE 2: Now assume that 0 < ¢ <1, —1 <Re s < 1, and Re s < ¢ < Re s + 1. Let by be a real
number with —1 < b; < 0 and —1 < b; < —Re s. Then, the poles of the integrand of J that exist
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between the two lines u = 1 — ¢ and w = b; are u = —s, 0. Thus, shifting the line of integration
with the aid of (7.4) and (7.6), and using (7.17) and (7.18), we find that

J=Ro+R_s+J2
1
(7.21) =—a '¢(1—s)+ 5(2#)1+‘“a_3_1((—s) cot (37s) + Ja,

where
1 b1 +ioco
Jo = — (2m)' 24750  cos (27s) ese (3mu) D(u + s)¢(u + s)¢(u)du.

27 Jp, —ico

Let b; be a real number with 1 < b, < 2 and 1 — Re s < bs < 2. Then, the poles of the integrand
of J that exist between the two lines u = 1 — ¢ and v = by are u = 1,1 — s. Thus, shifting the line
of integration with the aid of (7.4) and (7.6), and using (7.15) and (7.16), we find that

J=— (Rl JrRl_s) + J3
(7.22) = %C( s)cot (3ms) — (2m)* Lo (1 — ) + Js,

where
1 bo+ioco

J3 = 57 (2m)' 24750 cos (37s) ese (3mu) T(u + s)¢(u + s)¢(u)du.
'/T bg—ioo

Combining the two representations (7.21) and (7.22) of J, we deduce that

A T

1
(7.23) + 5((—3) cot (37ms) — (2m)* o C(1 — 8) + Jo + Js.
Since —1 < Re(u + s) < 1, we can use (7.7) in (7.13) to deduce that
(7.24) K =~ 6TD23ER02N " 6 (n) sin(Bn).
n=1

Now return to (7.11), multiply both sides of (7.11) by 2a(**1)/2 and use (7.23) and (7.24) in
(7.11) to conclude that

QlstD)/2 {;C(l —8)— %C(—s) cot (37s) + 2 Z os(n) sin(na)}

n=1

ZB(SH)/Q{—;CO—S)‘F;C( s)cot (37s —2203 sin ﬁn}

(7.25) + a2 (15 + J3).

In summary, we observe that both (7.20) and (7.25) are “very close” to (2.17). Unfortunately,
the signs of the divergent series on the right-hand sides of (7.20) and (7.25) do not agree with that
n (2.17). It is also unfortunate that Mellin transforms appear in both (7.20) and (7.25), although,
on the other hand, the integrals are indeed convergent.

Next, we examine Entry 2.4. By (7.3), (7.2), and (6.4), for ¢ > 0, ¢ — % <Res<c+ %, and
x> 0,

1

P+ ) > 0 i h i)

1
e “'sin(nt)t° 2dt

oo c+zoo 1
= E / / “*dzsin(nt)t’" 2dt
27i c
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1 c+zoo oo 1
os( —/ / sin(nt)t "7 2dtdz
1 2 0

1 c+z<x> 1
—/ (s—z—|— )sin (%w (s—z—l—%))niﬁ%idz

c+ioo

||M8

F(Z).T_ZF (S —z+ §) sin (%7‘[‘ (s —z 4+ %))

I
3

—~
N|—=

—z)C(s—z—i—%)dz

Il
N X §‘>—‘ HM8
[\3

(7.26) =:

Letv::s—z—i—%. Then

1 Re s+%—c+ioo 1
IT=— L(v)[ (s — v+ 1) sin (370) 2"7°72¢(v — )¢ (v)dv.

2mi Re s+%—c—ioo

Next, let w := 1 —v. Then, using (2.20), (7.9), and (7.10) and arguing as we did above in the
“proof” of Entry 2.4, we find that
1 c—Re s-‘r%-&-ioo 1
I=— I(1—w)I (s+w—3)cos ($mw)z™ "2
2mi c—Re s+%7ioo
X (1= (w+ ))¢(1 — w)dw
1 c—Re s+%+ioo
— I(1—w)l (s4w—3)T'(w)I'(w+ s) cos® (3mw)
27” c—Re s+%—ioo

x cos (37 (w + s)) 4(27r)_2“_5x_w_5+%C(w + )¢ (w)dw

(7.27) =J— R,
where
1 c—Re s+5+ico 1
J = m / T (s+w— 1) D(w+s)ese (3mw) a2 (2m)! 20
2m c—Re s+%—ioc
(7.28) X C(w + s)¢(w)dw,
1 c—Re s+%+ioo 1
Ri=5— I'(s+w—32)T(w+s)sin (3r(w+s)) a2
2mi c—Re s+%7ioo
(7.29) x (2m)1 7208 C(w + 5)¢(w)dw.

Generally, we assume that —2 < Re s < 2 and that 0 < ¢ < % Assume also that 0 <

c+ % — Re s. In moving the line of integration twice below, we need to calculate the residues of
the integrand of J at the poles w = % —s, 0, —s, 1 —s, 1. Using the value I‘(%) =/, (6.8),
(2.20), and formally writing ¢ (1) ¢ (3 — s) = > o2, 05(n)/y/n, we find that

(7.30) Ry = \/Z(W (” ta“(z ( ))) ~

73 Ry - —(F(j)*j)lc(l -9
(7.32) R_, = —(2m)*2m\/mx((—s) cot ($ms),
(7.33) Ry, = (2mped =)

N
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I'(s+ 2
(7.34) R, = —(712)«—5) cot (37s) .
2512
Let 71 be a real number with r; < —Re s and —2 < r; < 0. We first move the line of integration
from w=c—Re s — § to w =ry and use (7.31) and (7.32) to find that

J=Ro+R s+ R1 +3.
1

— (F<i;—%)_1§(1 —s) + (2m)*2my/ma((—s) cot (ims)
s$—3) 2
(7.35) + \/5(277)5 <1 + tan <2 ( >>) 2 i/(;:
where
J. = cos( 773 (2m)® Z \/» 2; /T:lt:O(zangg)wSJr%F (s +w — %)

x T'(w + s) cse (37w) dw.

Secondly, let k1 be a real number with 1 — Re s < k1 and 1 < k1 < 2. If we move the line of
integration of K to w = ky, observe that the residues of the integrand of £ at the polesw =1—s,1
are the same as those of the integrand of J, and use the residues (7.33), (7.30), and (7.34), we
deduce that

R=R — (Ri—s + R1)
-5 Tls+3)
1
2/Tx 2,53

(7.36) =R, — (2n)° ((=s)cot (3ms),

where

k1+ioco 1
Ry 1= Z \/ﬁ 2mi / (4n*na) 2T (s w— §) D(w + s) sin (3 (w + 5)) dw
k1 —100

by (6.4). Finally, using (7.26), (7.27), (7.28), (7.29), (7.35), and (7.36), we conclude that

I (s+1) { ( CUs) L 49 ot (1)

) { (o in et <x+m)—s—%}}

2
= (27)° {C;\ﬁ) — 2my/ma((—s) cot (éws)}

e (3 ()5

Entry 2.3 should now be compared with (7.37). At the beglnmng of our derivation of (7.37),
we imposed conditions on ¢ and Re s. We could impose different restrictions on ¢ and Re s and
derive formulas similar to (7.37), but we refrain from doing so here. For example, if ¢ > % and

0<c+ % — Re s < 1, then we can deduce the same result (7.37) once again.

— A,

8. Further Questionable Claims in the Lost Notebook

Recall the familiar notation from the theory of g-series. Let (a;q)o := 1. If n is a positive
integer, set

1) (@ae=(-a)(1-ag)(1-ag""), (600 = lm (@ay o <1.
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On page 4 in his lost notebook [27], Ramanujan offers three formulas containing divergent g-series.
We record two of them.

ENTRY 8.1. Ifa # 0,

oo

82 3 CO"@)d™ g5 CD@e) , (@e)xe(a)

—(—ag%¢?)n(—a*/a;6*)n = (—aq; Dn(=a/a;Q)n  2(—0ag; Q)oo(—a/a5 @)

Since the first series on the right-hand side of (8.2) is divergent, the proposed identity has no
meaning at present. However, as was noted in [1, p. 37,

; = (—1)"(aq;q)n(q;q2)n ”—M © (1+1/a>(1+a)qn(n+1)/2
83) M ) Caagan(—oa/ad A P 2 (Lt a1+ a7/a)

1-
o n=0

which follows from Watson’s g-analogue of Whipple’s theorem [2, p. 266]. With the replacement
of the aforementioned divergent series by the right-hand side of (8.3), then (8.2) becomes a valid
identity [2, Entry 12.3.4, p. 267]; see [2, pp. 267-268] for a proof.
Appearlng in the last entry on page 4 of Ramanujan’s lost notebook is Ramanujan’s sixth
order mock theta function
i (@471

el —-¢ Q)zn 1

ENTRY 8.2. We have

o0 n 6) 2(—(])
(84) (5D gy gy = 7
; a*) 20(g?)
where N N
olg) = > ¢  and  U(g) =) "I,
n=-—o0 n=0

Since the series on the left-hand side of (8.4) does not converge, at present, this claim is also
meaningless. We provide a similar meaningful interpretation of this questionable entry.
Putting @ = 1 and replacing ¢ by ¢ in (8.3), we can show that

o~ (S0 N (D" (06’ 6)n(d% 6%)n o q
B3 D T T ) Car Z

3n(n+1)/2

1+ g3

)

thus allowing (8.4) to be expressed in a correct form. Complete details may be found in the paper
by Berndt and S. H. Chan [13].

Certainly, Ramanujan was aware that the divergent series in (8.1) and (8.4) are indeed di-
vergent. We cannot ascertain if our interpretations of his divergent series are what Ramanujan
had in mind, but since our versions do yield correct identities, we think that our interpretations
are those intended by Ramanujan. Furthermore, as noted in [2], the corrected version of (8.1)
resembles another identity on page 8 in Ramanujan’s lost notebook. Also, the proof of (8.5) is
relatively simple. We are unaware of a statement of Watson’s g-analogue of Whipple’s theorem
in Ramanujan’s writings. However, he doubtless knew of it or, at least, of several corollaries or
special cases of it. See, for example, Entry 7 of Chapter 15 in Ramanujan’s second notebook [26],
[9, p. 16], where a four-parameter corollary of Watson’s theorem is stated.

We lastly consider an entry, where, indeed, Ramanujan did make a mistake. Published with
Ramanujan’s lost notebook [27, pp. 318-321] is a four-page, handwritten fragment on infinite
series. Partial fraction expansions, the Riemann zeta-function ((s), divisor sums, Bernoulli num-
bers, and Euler numbers are featured in the formulas in this four-page manuscript. On page 318,
prior to the incorrect entry, Ramanujan writes, “By the theory of residues it can be shown that”.
We think that Ramanujan implied that he used the calculus of residues to calculate the partial
fraction decomposition that followed. Indeed, a formal application of the residue theorem would
give the partial fraction decomposition that he claimed. However, for his deduction to be correct,
he would need to apply the Mittag—Leffler Theorem, which unfortunately cannot be applied in
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this situation! We first state the incorrect expansion and then offer a correct version. Ramanujan
used n to denote a complex variable; we replace it with a more natural notation w.

ENTRY 8.3 (p. 318, formula (21)). If a and 3 are positive numbers such that o3 = 7%, then

(8.6) gcot(r) coth(y/wh) = — —+ Z {ma coth(ma) n mf3 coth(mf3) } _

w+ m2a w —m2

ENTRY 8.4 (Corrected Version of (21)). Under the hypotheses of Entry 8.3,

(8.7) gcot(\/@) coth(y/wB) = — + i og _|_ Z {ma coth(ma) N mf3 coth(mp3) } .

2w w+ mia w—m203

Thus, Ramanujan’s claim (21) was correct except for the missing term $ log g

After his claim (21), Ramanujan recorded several corollaries arising from his (incorrect) partial
fraction decomposition. All of the corollaries are indeed correct, but two of them do not follow
from his partial fraction expansion; they do follow from the corrected version (8.7). Ramanujan
undoubtedly had been familiar with these corollaries and almost certainly had derived them by
other methods. Realizing that these results should be easy deductions of his expansion, he incor-
rectly assumed that they could be so derived and evidently did not work out the details. It is
interesting that the same incorrect partial fraction expansion occurs in Entry 19(i) of Chapter 14
of his second notebook [26], [8, p. 271], where it was derived by a different method, namely a gen-
eral elementary theorem, Entry 18 of Chapter 14 [26], [8, pp. 267-268]. For a detailed discussion
of this four-page manuscript, see [10].

We have concentrated on some questionable formulas for which the corrections (if possible) or
the proper interpretations have yet to be made. Furthermore, some formulas in the lost notebook
contain errors that are a bit more serious than mere misprints, but which we have been able to
correct. For example, on page 56, S.—Y. Kang [23, pp. 103-104, Theorem 4.4], [2, p. 37, Entry
1.8.4] discovered that a factor of {(1 — k)/(1 + k)}'/'° is missing from one formula. On pages
210 and 212, Ramanujan recorded tables of values of the Rogers-Ramanujan continued fraction
[12], [2, Chapter 2] and a cubic analogue of the classical Ramanujan-Weber class invariant [11],
[3, Chapter 9], respectively. Most of the values in each table are missing, but it is clear that
Ramanujan could have completed the tables; he was just running out of time, and there were
other theorems to record and establish before he died. Ramanujan’s widow, Janaki, told one of
the present authors (BCB) in 1987 that her husband worked on mathematics, or in her words,
he was “doing his sums,” up until four days before he died, when “the pain was too great.”
With increasing pain and diminishing strength, Ramanujan can be forgiven for leaving us some
incomplete or questionable formulas before he died.
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