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SOME INTEGRALS IN RAMANUJAN’S LOST NOTEBOOK
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ABSTRACT. On page 199 in his lost notebook, Ramanujan recorded three un-
usual integral formulas. T'wo of his assertions are correct, and proofs are given
here. His third claim is incorrect, but it is true in a limiting form. The inte-
grals arise from a claim in Ramanujan’s ordinary notebooks on the equality
of certain integrals and series in which the integrand and the summands are
themselves the same function.

1. INTRODUCTION

In Chapter 13 of his second notebook [9], [3, pp. 226—-227], Ramanujan briefly
examined the problem of finding functions f such that

(1) | t@de= > s,
- n=-—o00
In particular, he incorrectly asserted that

(12) [w F(T—Fl)dm = e’

If (CZ) were correct, then ([2Z) would provide an example of (L), since
1/T'(n + 1) = 0 when n is a negative integer. Authors examining instances of
(1) include R. P. Boas and H. Pollard [4], P. J. Forrester [5], and K. S. Krishnan
[7.

Page 199 in Ramanujan’s lost notebook is devoted to three integral formulas,
which can be considered as attempts to give corrected versions of ([2). Two of
them are correct, but the remaining one is not, although it is true in certain cases.
The purpose of this brief note is to provide proofs of the two correct evaluations and
to discuss the remaining claim, which is quite interesting despite its being incorrect
in general. We now record the three entries on page 199 of the lost notebook [10].

Theorem 1.1. Ifa >0 and k > 0, then

0 a® 0 e—axxk—l 1
(1.3) / ——dr +/ —_— (cos 7wk — —sin 7k 10gx) dzr = e”.
—x Dz +1) o w2 +log°x ™
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Theorem 1.2. Ifa >0 and k > 0, then
(1.4)

fe%e] a;c 1 e o] eiﬂ'(k-‘r’ix) e—iﬂ'(k—’i:c)
. . _ ,a

Entry 1.3. Ifa >0, 0 < X\ <e¢, and 1/e is a positive integer, then
)\Jrne

(1.5) i — et _ E/OO e’“zx*)‘*lsin (A —€) —asin 7r)\dx
1+)\+n6) ™ Jo 2cos e — (l‘e+$_€)

In the next section, we prove Theorems [T and [L2] while in the last section we
discuss Entry [CL3. We demonstrate its incorrectness by showing that as a — oo,
the two sides of (Lh) have different asymptotic expansions. On the other hand, if
we regard the left side of (LX) as a Riemann sum, then the limits of both sides as
€ — 0 are equal.

2. PROOFS OF THEOREMS [[_1] AND

Proof of Theorem [[1l Let f(a,k) denote the left side of (IJ). Then, by straight-
forward differentiation, the reflection formula for I'(k), and the standard integral
representation for T'(k),

0 ak < gmargk—llog gy 1
_4 c & e _ g 1
8kf(a k)= Ta—h) +/O 1 log%s (cos k —sin wk 0g:v> dx

© o—azx k-1
+ ————— (—7sin 7k — cos 7wk log z) dx
/0 72+ logz ( &)
—k . 9]
__a _ sin 7rk/ o—az k=1
F(l — k?) ™ 0
—k

(2.1) — 9 () sin ok — ST
™

a *T(k) = 0.

Hence, f(a, k) is constant with respect to k.
Next, differentiating with respect to a and using the functional equation for the
I’-function, we find that

a oo xamfl oo e—azxk 1
v k) = = dx— - k — ~sin 7k | d
8G,f(a’ ) [k F(x + 1) T /(; 71_2 T 1Og2 - (COS ™ = s 7T 0og 1‘) T

—/oo de—&—/wﬂ (cos m(k+1) — lsin m(k+1)lo Jc)dx
) D +1) o 7 +log’x ™ &
(2.2) =f(a,k+1).
Thus, by ([ZI) and (Z2),
of
k)= k).
o () = fla,)
It follows that, for some constant c,

(2.3) fla, k) = ce®.

It remains to evaluate ¢, and, more precisely, in order to prove ([3)), we must show
that ¢ = 1.
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To prove that ¢ = 1, we evaluate f(a, k) when a = k = 0. From the definition of
f and the substitution u = log z, we see that

° dx < du
2.4 0,0)= [ — &  — L E—
24) 10,0 /0 z(n2 + log® ) /,oo w2 4+ u?
Using (Z4)) in &3), we conclude that ¢ = 1, as desired. O

Proof of Theorem Let f(a,k) denote the left side of (L4). Then,

o a—k iT o] eiﬂ'(k+ix) e—iw(k—ix)
= = 4+ — 7T v) — ————(k—1
2% (a, k) =% + 27r/0 { = (k +ix) e (k w:)} dx
1oga [eS) eiﬂ'(k+ix) . e—iw(k—ix) .
1 oo eiw(k+ix) o e—iﬂ'(k—ix) o
2. — — T ) ——T(k—1 .
(2.5) + o | { ST (k+izx) + T (k zx)}dm
Now by the chain rule,
(2.6) 2F(k:iiﬂc) = igf(kjiix)
' ok ~ o '

Hence, using (Z6) in (Z3) and integrating by parts, we find that

9 a~k i 00 eiﬂ(kJrix) ) efiﬂ'(kfix) )

Ti—%) 2
e
% {7‘3;’?;) Tk + iz) :O - 767::_2”) Tk — i) :O}
_ 2% OOO {%f;mr(k +ix) + %r(ﬁ; - ix)} dz
(2.7) + “;Tgia /OOO { e%‘;i:;ﬁ L(k +iz) + %F(k - zx)} dx.

Observe that, by Stirling’s formula for the I'-function on a vertical line [6, p. 945],
the expressions for the integrated terms vanish at co. After considerable cancella-
tion, (Z7) reduces simply to

o a—k 1 eiﬂ'k e—iTrk
o @ =t (a—k B ) L)
a—k 0k
(2.8) = sin(wk)T' (k) — — sin(wk)I'(k) = 0,

upon again using the reflection formula for the I'-function. Thus, f(a, k) is constant
with respect to k.
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Next, differentiating and using the functional equation of the I'-function, we find

that
o oo a® 1 o] eiw(k+1+ix)
- = - — — T 1414
aaf(a’k> /—k—l I'(z+ l)dglj * 27r/0 { ak+1ltiz (k+1+iz)
o—im(k+1—iz) _
(2.9) —f(a,k+1).
Hence, by 23),
0

%f(chk) = f(a7k)7
and so, for some constant c,
(2.10) fla, k) = ce®.
By (4, it remains to show that ¢ = 1.

To determine ¢, we evaluate f(a, k) when a = 1 and k = 0. Recalling that f(a, k)
denotes the left side of (), we see that

(2.11) f(1,0) = /00 _dr + L /Oo {e=™ (D(iz) 4+ I'(—iz))} dw
' " Jo T(x+1) 27/, '
To evaluate the latter integral, examine, for € > 0,
1 oo
(2.12) I = 7 / {e ™ (T(e + iz) + T'(e — ix)) } da.
™ Jo

Inserting the integral representations for I'(e + iz) in (ZI2) and inverting the order
of integration by absolute convergence, we find that

1 oo o—t oo ) o=t o .
Io=— / —dt/ e_”(”_“ogt)da:—i—/ dt/ e~ 2(mtilogt) gy
21 0 tlfe 0 0 tlfe 0
1 /Oo et 1 1
=— - : + - dt
2 Jo tt¢ \w—ilogt w+ilogt
—t

> e
213) = | ——————dt.
(2.13) /o ti=<(72 + log” t)

Since

oo —t
e
/ ——————dt < 00,
o t(m? +log*t)

by the Lebesgue dominated convergence theorem, we may take the limit as € — 0
under the integral sign on the right side of ([ZI3). Thus, from (ZI3)) and (ZIT),

> dt o et
(2.14) £(1,0) :/0 S +/0 7t(7r2+10g2t)dt:e’

by (I3)). Hence, by (2I0), ¢ = 1, as desired. O
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3. DiscussioN oF ENTRY [L.3]

We first observe that the sum on the left side of (LH) is a Riemann sum in which
each subinterval is of length €, and the function a”/T'(1 + z) is evaluated at the
point A + me in the nth subinterval, where n > 0 and 0 < A < e. Thus, as € — 0,
the left side of tends to the first integral on the left side of when k = 0.
For the integral on the right side of (L), we can let € — 0 inside the integral sign
by the dominated convergence theorem. Recalling that 0 < A < €, we will assume
that X is a twice differentiable function of € in applying L’Hospital’s rule. After a
straightforward but not so short calculation, we find that

. e(sin m(A — €) — zsin w\) ™
im = .
e—0  2cos e — (x€ + 7€) 72 +log?z

Thus, letting ¢ — 0 on both sides of (IH), we find that the proposed equality
becomes

[e.¢] a/x [e.¢] e—ax
/ ———dr=¢" — / ——————dz,
o I(z+1) o x(m? +log’x)

which is true, by ([L3) with & = 0, and so Entry [[.3 is valid in the limit as ¢ — 0.
When A = 0 and € = 1, then both sides of (I.5) are equal to e®*. Numerical
calculations also show that for A = %, e = 1, and small a, e.g., a = 1,2, the two
sides of ([L5)) agree to at least 30 decimal places.
We now show that ([f) is not valid in general. For simplicity, we choose A = %
and € = 1 and show asymptotically that as a — oo, the left and right sides of ([.5))
have different asymptotic expansions. Similar arguments are valid for other fixed

values of A and e. Now

1 o0
oSy n<a<r,
Ve(l+az)

and so by a routine application of Watson’s Lemma [8, p. 113], the right side of
(CH) has the asymptotic expansion, as a — oo,

W 1S ()Tt D)
o Ly B,

(3.1) s

On the left side of ([5), we use a result of Ramanujan from Chapter 3 in his
second notebook [9], [2, pp. 57, 58, Entry 10] along with the familiar asymptotic
expansion [I] p. 257, formula 6.147]

JT(@A4a) (a—b)(a+b-1) 1
(3.2) z? Tath) 1+ 5 +0 (;) ;

as x — 00. A complete statement of Entry 10 in Chapter 3 is too long to give here,
but it suffices to say that we are applying Entry 10 to ¢(z) = I'(z +1)/T'(z + 2),
which easily satisfies the theorem’s hypotheses. Accordingly, we find from (B2)
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that, as a — oo,

2, gntl/2 B 2 a"T(n+1)
Lty VAT

n=0 2 n=0

v {ftg <o ()}
—ervalare (1220 (B)) o ()
53 —efi-Zao(H))

A comparison of (33) with (3) shows that the left and right sides of (IH) have
different asymptotic expansions as a — oo, and so (LH) cannot be true in general.
In conclusion, however, we remark that in his notebooks, Ramanujan often wrote
equality signs for asymptotic expansions and approximations; for example, he never
used the symbols ~ or ~. Thus, it is most likely that Ramanujan himself did not
regard ([C5)) as an equality.

The author thanks Jonathan Borwein for a significant simplification in Section

ol
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