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ASYMPTOTIC EXPANSION OF A SERIES OF RAMANUJAN

by BRUCE C. BERNDT* and RONALD J. EVANS
(Received 1st May 1990)

An asymptotic expansion is given for the series

il‘(n+s) (a+ny”"
aso n (x+a+n)"T*

as x— oo in the sector |[Argx|<n/2—4. Here 6, Re(a), and Re(s) are positive and r is a positive integer. In the
case a=r=s=1, this yields the nontrivial result

1 & 2 16 56 3712 (1)

C L x0T aetase T

stated by Ramanujan in his notebooks [6].

1980 Mathematics subject classification (1985 Revision). 41A60.

1. Introduction

The primary object of this paper is to prove Theorem 1 below, which gives an
asymptotic expansion as x — oo in the sector |Arg x| £ n/2—6 for the series

T(x):=i I'(n+s) (a+n)""

iso n! o (x+a+n)t?

(1.1)

where here and in the sequel 4>0 is fixed and arbitrarily small, r is a fixed positive
integer, and a and s are fixed complex numbers with positive real parts.

Theorem 1 Let N be an integer with N21. Then as x—o in the sector
|Arg x| £ /23,

e ks xS Cul®)
L D ) B
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where

A = zk: (=1 (s+k) (f) (a+j)*, (1.3)

j=0
and where the functions C,(x) (defined in (2.9)) have the estimate

C,(x) = 0(xtm/21-7), (1.4)

Observe that (1.2) is a genuine asymptotic expansion, in view of (1.4). Note also that
x can be replaced by x+b in (1.2), for any constant b. Thus, e.g., if the sign of a is
reversed in the denominator of (1.1), then C,(x)/(a+x/2)™*! is replaced by
2mHIC (x—2a)/x™* 1.

Theorem 1 was inspired by Ramanujan, who stated the case r=s=1 in the
unorganized pages of his second notebook [6, p. 272, eq. (5)]. Ramanujan found that for
r=s=1, Co(x)=x"" and each C,(x) with m=1 is a polynomial in x such that, for k=1,

Cax-1(x)=0 (1.5)
and
1\ (2k)! ,_ 2k+1
C2k(x)=(_—1‘§) %xk 1—""( 3 )szX—Bzm (1.6)
where By, B;,B,,... are the Bernoulli numbers defined by the generating function
[1, p. 804]
t < B, .
e*—l‘m;,ﬁ’ , |t|<2n. (1.7)

In fact, he computed the first five leading coefficients and the last six trailing coeflicients
of the polynomials C,(x) (m=1, r=s=1); see [6, pp. 272-273], [2]. Ramanujan
[6, p. 271, eq. (2)] also stated (in a different form) the following:

Corollary 2. As x — oo with |Arg x| <m/2—34,

> K1 _x<2 16 56 3712

¢ \E T e

Z m=x +0(x'6)>. (1.8)

Proof. This follows from Theorem 1 with a=r=s=1 and N =8, upon substitution
of the values
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Co=—-, Ca=atos, Com— o — 2 — (1.9)

given, e.g., by (1.6).
Writing the first few terms of the expansion in Theorem 1 in more explicit form, we
obtain the following generalization of Corollary 2:

Corollary 3. As x— oo with |Arg x|<n/2-34,

i M__.I_—L _e_x
a0 (x+a+n)"*! ax

2 (12a+4) (24a*+24a+8) (720a®+1440a% +1200a + 352) i
— — - 0 1.10
x<x2 3x3 + 3x4 45x3 07 ) (110)
In Corollaries 2 and 3, the asymptotic series are expressed explicitly in descending
powers of x. The general asymptotic series in Theorem 1 could also be expressed in this
way if an asymptotic expansion could be given for each C,(x) in descending powers
of x. This is indeed possible and we show how this can be accomplished in Section 6. If
s is a positive integer, we prove the stronger result that C,(x) is a Laurent polynomial
in x.
Ramanujan [6, p. 270, eq. (1)] also found the following interesting exact formula for
the series in Corollary 2:

© k21 ( 1 & iy e (x+k)-f)
=—+e x ——+ kk 2e k . ) (111)
kgl (x+k* x x kgl =1 (k=)

where Re(x)>0. For a proof, see [2].

In Section 2, we discuss confluent hypergeometric functions and introduce further
notation. The goal of Section 3 is to prove the integral representation (3.8) for T'(x). In
Section 4, we prove Lemma 4, which provides bounds for the derivatives with respect to
t of the function f(t,x) defined in (2.8). The proof of Theorem 1 is given in Section 5
and is based on the results of the previous sections. Finally, in Section 6, we show that
C,.(x) possesses an asymptotic expansion in descending powers of x, and that moreover
C,.(x) is a Laurent polynomial in x when s is an integer.

2. Confluent hypergeometric functions

Consider the confluent hypergeometric function

o (S)mz™
Fi(s,s+r; z)=mz=:o &‘iﬁ’ |z| < o0, (2.1
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with the usual notation
$S)m=T(s+m)/T(s), m=0. (2.2)

This function is related to U(s,s+r; z), the confluent hypergeometric function of the
second kind, by

Fi(s,s+T; z)=I"(_s+_r_) e™ U(s,s+r; 2)
I'(r)
+____F§f(-:)r) (=1 e Ulr,s+r;, —2), g<argz<37n; (2.3)

see [5, p. 257, eq. (10.09)], [4, p. 270, eq. (9.12.4)]. In many books (e.g., [4, p. 263]),
U is designated by ¥. As z - oo with Iarg z]§3n/2—5, we have the asymptotic expansion
(5, p. 256]

U(r,s+r; z)~ i — D (0all —s)"'. (2.4)

a0 mizm*r

Since r is a positive integer, U(s,s+r; z) can be expressed as a Laguerre polynomial; see
[3, p. 189, eq. (14)], [3, p. 188, eq. (7)]. Thus

U(s,s+r; 2)= ki: (=D =) 1)k(zi)ﬁ£1 s (2.5)

For brevity, write, for =0,

w=w(t)=t/(1—e™"), (2.6)
so that by (1.7),
w= i 5;' (=™, |f<2n @
m=0 M.
For t =0, Re(x) >0, define
f(t,x)=e** "D (— gy~ wU(r, s +r; wx). (2.8)

Finally, the functions C,(x) in Theorem 1 are defined by
Ca(x)=f(0,x), Re(x)>0, (29)

where the superscript m denotes the mth derivative with respect to ¢.
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We remark that in the case r=1,
ft,x)=x"%e***2T (s, wx) (2.10)

for the incomplete gamma function
I(s,z)={ e~ 'r*"'dt, Res>0. (2.11)

This follows from (2.8) and the formula [3, p. 136, eq. (15)]
I'(s,2)=e ?22U(1,s+1; 2). (2.12)

3. Integral representation of the series T(x)

Define, for each integer m=0,

o I[(m+s+n)

#"'=,,=0 nl(a+n)mtstr (3.1)
From Euler’s integral representation of the gamma function,
(a+n)1”'+”’=l"(m+{s+r) o'f eTmTe et . (3.2)
Thus
- [(m+s) “f p-atgmtstr=1 i [(m+s+n) e dt, (3.3)

“T(m+s+7) 5 o T(m+s)n!

where absolute convergence justifies the interchange of integration and summation. The
sum on n in (3.3) equals (1—e~*)"™7% and so

T(m+s) T _ap-i m+
m= e Iwn T e, 34
C(m+s+7) [‘; (3.4)
where w is defined in (2.6).
Recall that T(x) is defined in (1.1) for Re x>0. Assuming for the moment that |x|<|a],
we find that

T(x)=§ I'(n+5) <1+ x )—.._,

n=o nl(a+n)*’ a+n
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v TI(n+s) & Fm+s+n)( —x\"
TS0 nl(a+nytr ,?éo m!T(n+s) <a+n) : (3-5)

By (3.1) and (3.5),

T(x)= f =i

Homs |x| < |a| (3.6)

where absolute convergence justifies the interchange of summations. Ramanujan
[6, p. 271, eq. (3)] gave the case r=s=1 of (3.6).
Put (3.4) in (3.6) to obtain for |x|

( F(m+s) T —at -1 _.m+s
T(x)= Z=: m, Tmis 47 E|)' e~ lwntsdr
© B B @ _ m r(m+s)
— axtr 1,5 ( XW) 37
Je WL T Tmasen 3.7

where the interchange of integration and summation can be justified by absolute
convergence. By (2.1), (2.2), and (3.7),

r s T —at 4r~
T(x)=r(s(+)r) { et w Fi(s,s+1; —wx)dt, (3.8)

for |x| <|al.

As x— o0 with |Argx|<7r/2 S, —wx— o with 1/2+d<arg(—wx)<3n/2—9. Thus
by (2.3)«2.5), the integral in (3.8) is convergent and analytic in each variable g, x in the
right half plane. From (1.1), T(x) is also seen to be analytic in each of g, x in the right
half plane. Thus (3.8) holds for all x with Rex>0.

4. Bounds for derivatives of f(z, x)

The proof of Lemma 4 below makes heavy use of Faa di Bruno’s formula
(7, p. 36]; [8],

n!

h(g( )= Z n! hk g(t) <g1:) ‘ <_"> " (4.1)

where the sum is over all integers k,, k,,...,k, for which

n=kl+2k2+"‘+nk,,, kig(), (4.2)
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and where k=k, +--- +k

k i
M= h), and g=g)=1 80 @3)

Lemma 4. Fix N21. As x— oo with |Argx|<n/2—9,

f(N)(t,x)=0<x_'+[N/2] i |xt|j>, (4.9
j=0

J
uniformly for te[0,1].

Proof. Let 0<t<1 and n=0. We will obtain uniform estimates for nth derivatives of
each factor (—t)"~!, w', &1~ %*42 and U(r,s+r; wx) of f(t,x) in (2.8), and then
combine them to deduce (4.4) from Leibniz’s rule.

First, for each n>0,

d" r—1 _
e (=0~ 1=0(1), | (4.5)

since r is a positive integer. Next, by (2.7), we have, for each k=0,

dk
x w=0(1). (4.6)

Consequently, by (4.1) with h(z)=z° and g(t)=w,

dn
T w=0(1). (4.7)

For |Argz|§n/2—5, U(r,s+r; z) is analytic (see [5, p. 257, eq. (10.04)]) and so
by [5, pp. 9, 10, Theorem 4.2] we can differentiate in (2.4) to obtain, for k=0 and
large |z[,

dk L + _1m+k1_ m .
g Urs+n~ ¥ O "(rn!23+,+£ Im_ gz ~4~). (438)

Now apply (4.1) with h(z)=U(r,s+r;z) and g(t) =wx to deduce from (4.6) and (4.8) that
as x — oo with |Argx|<n/2—4,

% U(r,r+s,wx)=0(x""), 4.9)

uniformly for 0<¢<1.
A final application of (4.1) with h(z)=¢** and g(t) =(1+t/2 —w) yields
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% A2 %o VY Bk Lk, )gh L g Xkt (4.10)

where the sum is over integers k; satisfying (4.2), where the coefficients B(k,,...,k,) are
independent of x,t, and where g; is defined by (4.3). By (2.7),

gt)= —él (—%n—';! 2, (4.11)
and so
gi=0(t) forallodd iz=1 (4.12)
and
g;=0(1) forall jx1. (4.13)
Since g(t)<0 for 0=t <1,
e70=0(1). (4.14)
By (4.2),
ky+ky+ke+- <3k, +2ky+ - +nk,)=n/2. (4.15)

Combining {4.10) and (4.12)—(4.15), we see that

n
d_ ex(l+t/2—w)<<zlek‘+kz+-~-+k,. fhrtks kst

dr"

<<Z|xt|k‘+k3+k5+'--|x|k2+k4+k5+~--<<x[n/2] i Ithi' (416)
i=0

The result now follows from (4.5), (4.7), (4.9), (4.16) and Leibniz’s rule.

5. Proof of Theorem 1
By (2.3) and (3.8),

T(x)=A(x) — B(x), (5.1)

where
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A(x)_% [ e (=Wl U(s,s+r; —wx)dt (5:2)

and
B(x)=[ e (=t "'we " U(r,s+r; wx)dt, (5.3)
0

with n/2 <arg(—wx)<3n/2. We first examine A(x), which yields the dominant part of
the asymptotic expansion of T(x). Using (2.5) in (5.2), we find that

I'(s) "<

AN=r0).Z

Z (=DMl =1 I e Mt (—wP(—wx) " dt

F(S) Z g—_ll(sj‘_(l_r),i ]? e_‘"t'_"_l(e_'—l)kdt
0

r(r) W= s+k
F(s) _l)J(s)k(l—r)k( ) e~tatir—k-1
—_— avigr dt, 5.4
l"(r) kZO IZO Xt J g G4
where we have expanded (e ~'—1)* by the binomial theorem. It follows easily from (5.4)
that
r—1
AX)=Y Ay xks, (5.5)
k=0

in agreement with (1.2) and (1.3).
Now, (1.4) follows by putting t=0 in (4.4). Thus, by (1.2), (2.8), (5.1) and (5.3), it
remains to show that

@ _ N-1 C (x)
tla+x/2) — m
g ¢ St x)dr ,,.;o (a+x/2)m+!

+0(x~ 17N, (5.6)
By (2.4) and (2.8),
f(t, x) et WD = ys(wx) 7T, (5.7)
and so

e et f(p Xy e WX "W x T3 (5.8)

uniformly for t= 1. Since
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l-w<—1/2 for 121,

it follows from (5.8) that

© ©
-" e—t(a+x/2)f(t’x) dt<<e—x/2x—r j‘ e—lRe(a) tke(s)—l dt<<e—-x/2‘
1 1

In view of (5.6) and (5.10), it remains to show that

1 NS Co(x)
tla+x/2 —_ mv)
e e di= ¥

+0(x 17N,
Integrating by parts N times, we obtain -

) f("')(l x)e_("+"/2)
(@a+x/2)"*!

Ie—t(a+x/2)f(t X)dt = Z Lm0, x

1
H(a+x/2) N[ et LM (1 5y 4y,
0

By Lemma 4,
e—(a+x/2)f(m)(1’ X) <<e—(a +x/2)x3m/2 <<e—x/3.

Thus, to prove (5.11), it remains to prove that
i
5 e"“’”’z’f‘”’(t,x) dt =O(XN/2—-r— 1).
0

Again by Lemma 4,

J‘e—t(a+x/2)f(N)(t X)((XN/Z rj‘e—tke(a+x/2) Z |xt|1dt
j=0

N =<
« xNi2-r Z |x|j I e—xRe(a+x/2)tjdt
j=o0 0
__ JN/2-¢ i xjj!
=X (Re(a+x/2)y "

j=0

«<xN2-r Z |x|111«x1v/2 r-1
i=o
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6. Asymptotic expansion of C,(x)

As promised following Corollary 3, we show here that C,,(x) possesses an asymptotic
expansion in descending powers of x.

As in Section 4, we will estimate C,(x)=f"™(0,x) by combining Leibniz’s rule with
formulas for the nth derivatives of (—¢t)" ™!, w*, !~ **¥2 and U(r,s+r; wx). The nth
derivatives of (—t)""! and w* at t=0 are constants. Since the function g(t) in (4.10)
satisfies g(0) =0, the nth derivative of e***¥2~% at t=0 is, by (4.10), a polynomial in x.
It remains to show that the nth derivative of U(r,s+r; wx) at t=0 has an asymptotic
expansion in descending powers of x. By (4.1) with h(z)=U(r,s+r; z) and g(t) =wx, we
have

n n k
& U(r,s+r; wx)] =5 Ex —d—k U(r,s+r; z) 6.1
dt" t=0 k=0 dz

zZ=X

for some constants E,. Using the asymptotic formula (4.8) in (6.1), we obtain the desired
result.

If 5 is a positive integer, the stronger result holds that C,(x) is a Laurent polynomial.
To see this, note that when s is an integer,

U(r,s+r; z)=si1 (=D =9, (6.2)

k+r
k=0 z

by (2.5) with r and s interchanged. Thus, U(r,s+r; z) and its derivatives with respect to
z are Laurent polynomials in z, and the result follows from (6.1) as before.
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