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Preface

Mellin-Barnes integrals are characterised by integrands involving one or more
gamma functions (and possibly simple trigonometric or other functions) with inte-
gration contours that thread their way around sequences of poles of the integrands.
They are a powerful tool in the development of asymptotic expansions of functions
defined by integrals, sums or differential equations and, combined with the closely
related Mellin transform, form an important part of the toolkit of any practising
analyst. The great utility of these integrals resides in the facts that the asymptotic
behaviour near the origin and at infinity of the function being represented is related
to the singularity structure in the complex plane of the resulting integrand and to
the inherent flexibility associated with deformation of the contour of integration
over subsets of these singularities.

It is a principal aim of this book to describe the theory of these integrals and to
illustrate their power and usefulness in asymptotic analysis. Mellin-Barnes inte-
grals have their early history bound up in the study of hypergeometric functions of
the late nineteenth and early twentieth centuries. This association has lent a classi-
cal feel to their use and in the domain of asymptotic analysis, the account of their
utility in other works has largely been restricted to the analysis of special sums
or their role in inversion of Mellin transforms. For their part, Mellin transforms
have appeared in several settings within mathematics, as far back as Riemann’s
memoir on the distribution of primes, and continue to see application through to
the present day.

This work gathers a detailed account of the asymptotic analysis of Mellin-
Barnes integrals and, conversely, the use of Mellin-Barnes integral representations
to problems in asymptotics, from basic results involving their early application to
hypergeometric functions, to work that is still appearing at the beginning of this
new century. Our account differs from earlier work in the latter half of the twen-
tieth century. For example, texts such as those by Sneddon, The Use of Integral

xiii
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Transforms (1972), and by Davies, Integral Transforms and Their Application
(1978), are primarily concerned with Mellin transforms and their use in the con-
struction of solutions to differential equations. The well-known monograph by
Copson, Asymptotic Expansions (1965), barely mentions Mellin-Barnes integrals,
and that by Olver, Asymptotics and Special Functions (1974), makes little use of
them outside of the problem of determining the asymptotics of sums of special
type. Mellin-Barnes integrals are more prominently employed in the accounts of
Bleistein and Handelsman, Asymptotic Expansion of Integrals (1975), of Wong,
Asymptotic Approximation of Integrals (1989) and of Marichev, Handbook of Inte-
gral Transforms and Higher Transcendental Functions: Theory and Algorithmic
Tables (1982), but there the roles are primarily confined to consequences of the
Parseval formula for Mellin transforms. The classic texts on analysis by Whittaker
and Watson, Modern Analysis (1965), and Copson, Theory of Functions of a Com-
plex Variable (1935), and Generalised Hypergeometric Functions by Slater (1960),
include important sections describing the development of asymptotic expansions
of functions represented by Mellin-Barnes integrals. The monograph by Paris and
Wood, Asymptotics of High Order Differential Equations (1986), contains much of
the foundations of the analysis found here, but in more limited scope, and restricted
to solutions of differential equations of a particular type. We believe that this present
volume, then, is to date the most comprehensive account of Mellin-Barnes integrals
and their interactions with asymptotics.

Additionally, this work liberally employs numerical studies to better display
the calibre of the asymptotic approximations obtained, a strategy we feel gives the
non-expert practitioner a good sense of the concept or method being showcased.
A wide-ranging collection of special functions is used to illustrate the ideas under
discussion in the fine tradition of the texts mentioned earlier, from Bessel and
parabolic cylinder functions, to more exotic functions such as the Mittag-Leffler
function and a Riemann-Siegel type of expansion of the zeta function. This book
should be accessible to anyone with a solid undergraduate background in functions
of a single complex variable.

The book begins with a brief foray into general notions common in asymptotic
analysis, and illustrated with the asymptotic behaviour of some classical (and
more recent) special functions. The main tools employed in the asymptotics of
integrals are found here, including Watson’s lemma and the method of steepest
descent. Also present is a description of the notion of optimal truncation, which
plays a significant role later in the discussion of hyperasymptotics. Brief historical
sketches of the namesakes of the type of integrals under examination round out
the introductory chapter.

Basic results pertaining to Mellin-Barnes integrals and Mellin transforms are
detailed in the next three chapters. Since rational functions of the gamma function
are to be found in almost every Mellin-Barnes integral, a thorough account of the
behaviour of these rational functions is provided, along with convergence rules
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for Mellin-Barnes integrals and error estimates for expansions of ratios of gamma
functions that occur throughout the remainder of the monograph. Mellin transforms
and their properties follow, with applications to the evaluation of slowly convergent
sums, number-theoretic sums, and also to differential, integral and difference
equations. While these latter applications are not strictly speaking necessarily
concerned with asymptotics, they add to the value of the volume and, hopefully,
render it more useful as a reference.

The theme of asymptotics comes to the fore in the remaining chapters. In
the fifth chapter, a careful and systematic analysis is undertaken which extracts
both algebraic and exponential behaviours of Mellin-Barnes-type integrals, with
attention paid to the errors committed in the approximation process. These methods
are illustrated in the settings of several classical special functions, and the calibre
of the approximations illuminated with numerical comparisons. An account of the
Stokes phenomenon ensues in the setting of Bessel functions, and the reader is
drawn into a detailed account of the recent theory of hyperasymptotics applied to
the confluent hypergeometric functions (which incorporate many of the commonly
used special functions). An illustration of this theory is made to the exponentially-
improved asymptotics of the gamma function and amplified by a study of the
numerics of this new expansion.

The penultimate chapter illustrates the manner in which Mellin-Barnes-type
integrals may be successfully deployed to extract the algebraic asymptotic
behaviour of multidimensional Laplace-type integrals in a systematic manner, and
further, interpret the results geometrically. The monograph closes with sophisti-
cated applications of the ideas developed in the text to three particular problems: the
determination of the asymptotics of the generalised Euler-Jacobi series, expansions
for the zeta function on the critical line and the Pearcey integral, a two-variable
generalisation of the classical Airy function.

There is much in this book that is encyclopaedic, but much also is of recent
vintage — a good deal of the mathematics present is less than a decade old, and
continues to develop apace. We feel we have captured the most important tools and
techniques surrounding the analysis and asymptotics of Mellin-Barnes integrals,
and by gathering them in a single source, have made the task of their continued
application to both mathematics and physical science a more tractable and, we
hope, interesting affair.

The authors gratefully acknowledge the long-suffering forbearance of their
respective wives, Jocelyne and Laurie, during the lengthy duration of this project.
The authors also acknowledge the support of their institutions, the Universities
of Abertay Dundee and of Lethbridge, and in the case of the second author, the
research funding made available by the Natural Sciences and Engineering Research
Council of Canada, which underwrote some of the investigations reported on in this
volume. We also owe a considerable debt of gratitude to J. Boersma of Eindhoven
University of Technology for the meticulous care with which he studied the text and
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for his many critical comments on all but two of the chapters, which have improved
the calibre of the volume before you. In spite of our best efforts, however, it is
certain that some errors and misprints are bound to have crept into the text, and
we ask for the reader’s forgiveness for those that prove to be vexing.

R. B. Paris and D. Kaminski



1

Introduction

1.1 Introduction to Asymptotics

Before venturing into our examination of Mellin-Barnes integrals, we present an
overview of some of the basic definitions and ideas found in asymptotic analysis.
The treatment provided here is not intended to be comprehensive, and several
high quality references exist which can provide a more complete treatment than is
given here: in particular, we recommend the tracts by Olver (1974), Bleistein &
Handelsman (1975) and Wong (1989) as particularly good treatments of asymptotic
analysis, each with their own strengths.}

1.1.1 Order Relations

Let us begin our survey by defining the Landau symbols O and o and the notion
of asymptotic equality.

Let f and g be two functions defined in a neighbourhood of x,. We say that
f(x) = O(g(x)) as x — xo if there is a constant M for which

|f )] = Mg(x)]

for x sufficiently close to xy. The constant M depends only on how close to xy we
wish the bound to hold. The notation O (g) is read as ‘big-oh of g’, and the constant
M, which is often not explicitly calculated, is termed the implied constant.

In a similar fashion, we define f(x) = 0(g(x)) as x — x( to mean that

|f(x)/g(x)| =0

+ Olver provides a good balance between techniques used in both integrals and differential equa-
tions; Bleistein & Handelsman present a relatively unified treatment of integrals through the use of
Mellin convolutions; and Wong develops the theory and application of (Schwartz) distributions in the
setting of developing expansions of integrals.
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as x — X, subject to the proviso that g(x) be nonzero in a neighbourhood of x.
The expression o(g) is read as ‘little-oh of g’, and from the preceding definition,
it is immediate that f = o(g) implies that f = O(g) (merely take the implied
constant to be any (arbitrarily small) positive number).

The last primitive asymptotic notion required is that of asymptotic equality.
We write

fx) ~g(x)
as x — x( to mean that
A
5= g(x)

provided, of course, that g is nonzero sufficiently close to x(. The tilde here is read
‘is asymptotically equal to’. An equivalent formulation of asymptotic equality is
readily available: for x — x,

Jx)~gkx) iff  f(x) =g){l +o(D)}.

Example 1. The function log x satisfies the order relation logx = O(x — 1) as
x — 00, since the ratio (log x)/(x — 1) is bounded for all large x. In fact, it is also
true that log x = o(x — 1) for large x, and forx — 1,logx ~x — 1.

Example 2. Stirling’s formula is a well-known asymptotic equality. For large n,
we have

nl~ Qm)re " n 1,

This result follows from the asymptotic expansion of the gamma function, a result
carefully developed in §2.1.

Example 3. The celebrated Prime Number Theorem is an asymptotic equality. If
we denote by 7 (x) the number of primes less than or equal to x, then for large
positive x we have the well-known result

T(x) ~

logx’
With the aid of Gauss’ logarithmic integral,f
. * o dt
li(x) = —
2 IOg t

we also have the somewhat more accurate form

w(x) ~ li(x) (x — 00).

¥ We note here that li(x) is also used to denote the same integral, but taken over the interval
(0, x), with x > 1. With this larger interval, the integral is a Cauchy principal value integral.
The notation in this example appears to be in use by some number theorists, and is also sometimes
written Li(x).
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That both forms hold can be seen from a simple integration by parts:

i) X 2 " / T odt
i(x) = - .
logx log2 J, (logr)?
An application of I’Hopital’s rule reveals that the resulting integral on the right-

hand side is o(x/logx), from which the x/logx form of the Prime Number
Theorem follows.

A number of useful relationships exist for manipulating the Landau symbols.
The following selections are all easily obtained from the above definitions, and are
not established here:

(@) 0(0(f) = 0(f) (©) O(f)+0(f)=0(f)

(b) o(o(f)) = o(f) ® o(f) +o(f) = o(f)

(©) O(fe) =0(f)-0(g) (®o(f)+0(f)=0(f)

(A O(f)-o(g) =0o(fg) () O((f)) =0(0(f)) = o(f).

It is easy to deduce linearity of Landau symbols using these properties, and it is

(1.1.1)

a simple matter to establish asymptotic equality as an equivalence relation. In the
transition to calculus, however, some difficulties surface.

A moment’s consideration reveals that differentiation is, in general, often badly
behaved in the sense that if f = O(g), then it does not necessarily follow that
f''= 0(g'), as the example f(x) = x + sine” aptly illustrates: for large, real x,
we have f = O(x), but the derivative of f is not bounded (i.e., not O(1)).

The situation for integration is a good deal better. It is possible to formulate
many results concerning integrals of order estimates, but we content ourselves
with just two.

Example 4. For functions f and g of a real variable x satisfying f = O(g) as
X — Xxo on the real line, we have

/ f@®)dt =0 (/ lg(®)] dt) (x = xp).

A proof can be fashioned along the following lines: for f(#) = O(g(¢)), let M be
the implied constant so that | f(z)| < M |g(¢)| for ¢ sufficiently close to xp, say
[t — xo| < n. (For xo = 00, a suitable interval would be t > N for some large
positive N.) Then

Mgl < f() =M|g@®] (|t —xol =m),

whence the result follows upon integration.

Example 5. If f is an integrable function of a real variable x, and f(x) ~ xV,
Re(v) < —1 as x — oo, then

o0 v+1
/ F(0)dt ~ _:+1 (x = 00).
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A proof of this claim follows from f(x) = x"{1 + ¥ (x)} where ¥ (x) = o(1) as

x — 00, for then
00 xv+l
Hdt = —
/x F® v+1

But ¥ (r) = o(1) implies that for ¢ > 0 arbitrarily small, there is an xo > 0
for which ¢ ()| < € whenever ¢ > xg. Thus, the remaining integral may be

bounded as
o0
/ t" Y (t) dt

Accordingly, we find

o) xv+1 xv+1 varl
t)dt = — = — 1 D},
,/x F® v+1+0<v+1) v+1{ +o)

from which the asymptotic equality is immediate. a

+/wt“w(t) dt.

oo
<e/ ltV1dt  (x > xp).

Itis in the complex plane that we find differentiation of order estimates becomes
better behaved. This is due, in part, to the fact that the Cauchy integral theorem
allows us to represent holomorphic functions as integrals which, as we have noted,
are better behaved in the setting of Landau symbols. A standard result in this
direction is the following:

Lemma 1.1. Let f be holomorphic in a region containing the closed annular
sector § = {z 1 o < arg(z —z0) < B, 1z — 20l = R > 0}, and suppose
() = 0(2") (resp. f(z) = 0(z")) as 7 — o0 in the sector; for fixed real v.
Then f™(z) = 0(z"™") (resp. f™ = 0(z"™)) as z — oo in any closed annular
sector properly interior to S with common vertex z.

The proof of this result follows from the Cauchy integral formula for £, and
is available in Olver (1974, p. 9).

1.1.2 Asymptotic Expansions

Let a sequence of continuous functions {¢,},n =0, 1, 2, ..., be defined on some
domain, and let xo be a (possibly infinite) limit point of this domain. The sequence
{¢,} is termed an asymptotic scale if it happens that ¢,+1(x) = o(¢,(x)) as
X — Xxo, for every n. If f is some continuous function on the common domain of
the asymptotic scale, then by an (infinite) asymptotic expansion of f with respect
to the asymptotic scale {¢, } is meant the formal series Z,i‘;o a, ¢, (x), provided the
coefficients a,, independent of x, are chosen so that for any nonnegative integer N,

N
fx) = Zan¢n(X) + O0@n11(x))  (x = Xo). (1.1.2)

n=0
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In this case we write

fx) ~ Zamn(x) (x = xo).

n=0

Such a formal series is uniquely determined in view of the fact that the coefficients
a, can be computed from

= lim
R N ES)

{f(x) —~ Zanm(x)} (N=0,1,2,...).

The formal series so obtained is also referred to as an asymptotic expansion of
Poincaré type, or an asymptotic expansion in the sense of Poincaré or, more simply,
a Poincaré expansion. Examples of asymptotic scales and asymptotic expansions
built with them are easy to come by. The most commonplace is the asymptotic
power series: an asymptotic power series is a formal series

[e.¢]
D anx — x0)",
n=0

where the appropriate asymptotic scale is the sequence {(x — xp)™}, n =
0,1,2,..., and the v, are constants for which (x — xg)"*' = 0((x — xo)"")
as x — xg. Any convergent Taylor series expansion of an analytic function f
serves as an example of an asymptotic power series, with xq a point in the domain
of analyticity of f, v, = n for any nonnegative integer n, and the coefficients in
the expansion are the familiar Taylor coefficients a, = ™ (xq)/n!.

Asymptotic expansions, however, need not be convergent, as the next two
examples illustrate.

Example 1. WATSON’S LEMMA. A well-known result of Laplace transform theory
is that the Laplace transform of a piecewise continuous function on the interval
[0, +00) is 0(1) as the transform variable grows without bound. By imposing more
structure on the small parameter behaviour of the function being transformed, a
good deal more can be said about the growth at infinity of the transform.

Lemma 1.2. Let g(t) be an integrable function of the variable t > 0 with
asymptotic expansion

o0
g(t) ~ Za,,t("“_“)/” (t = 0+)
n=0
for some constants A > 0, w > 0. Then, provided the integral converges for
all sufficiently large x, the Laplace transform of g, L[g; x], has the asymptotic
behaviour

*° ad n+A a,
C ] — —xt ~
Llg;x] = /0 e Mg(t)dt E_O F(—M )x—<n+k)/u (x — 00).
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Proof. To see this, let us put, for positive integer N and ¢ > 0,

N-1

an(t) =g(t) = ) _ @t
n=0

so that the Laplace transform has a finite expansion with remainder given by

N—-1

n—+Aa a, S

Llg; x]= E F(T>W+/o e th(l)dt. (1.1.3)
n=0

Since gy (1) = O (tN+*=1/1) there are constants Ky and ¢y for which
lgn ()] < Ky t N0 0 < 1 < 1y).

Use of this in the remainder term in our finite expansion (1.1.3) allows us to write

In
/ e Mgn(t)dt
0

IN
< KN/ e XN =1 gy
0

N+ X Ky

By hypothesis, L[g; x] exists for all sufficiently large x, so the Laplace transform
of gy must also exist for all sufficiently large x, by virtue of (1.1.3). Let X be such
that L[gy; x] exists for all x > X, and put

t

G = [ e gnwa.
In

The function G y so defined is a bounded continuous function on [#y, 00), whence

the bound

Ly = sup [Gy()]

[tn,00)

exists. Then for x > X, we have

o0 o0
/ e Mgn(t)dt = f e~ X=Xl o (1) dt
N

Iy

o0
=(x— X)/ e~ C=XIG L) di
N

after one integration by parts. After applying the uniform bound L y to the integral
that remains, we arrive at

o0
/ e gn(t)dt
In

o0
<(x— X)LN/ e WG = Lye 0 (1.1.5)

N

forx > X.
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Together, (1.1.4) and (1.1.5) yield

> N+1r\ K
/ e_MgN(t) dt| < F(;>—N + LNe—(x—X)tN
0 iz

xRk
which, since Lye~*~%) is o(x~") for any positive v, establishes the asymptotic
expansion for L[g; x]. U

As a simple illustration of the use of Watson’s lemma, consider the Laplace
transform of (1 + t)%. From the binomial theorem, we have the convergent
expansion as t — 0

i 1-3.5-.-2n—3
(1+1)2 =14+4r=32 4> ()" @n=3)

2"n!

Since (1 —i—t)% is of algebraic growth, its Laplace transform clearly exists for x > 0,
and Watson’s lemma produces the asymptotic expansion

LI(141)2; x] ~ l +53 +Z( - L2 52xi21n 2
as x — oo. The resulting asymptotic series is divergent, since the ratio of the
(n+1)th to nth terms in absolute value is (2n — 1) /(2x) which, for fixed x, tends to
oo with . The reason for this divergence is a simple consequence of our applying
the binomial expansion for (1 + t)% (valid in 0 < ¢ < 1) in the Laplace integral
beyond its interval of convergence.

Example 2. The confluent hypergeometric functiont U (1; 1; z) (which equals the
exponential integral e* E(z)) has the integral representation

U(l: 1; )—/Ooe_tdt (1.1.6)
ERA Iy "

for z not a negative number or zero. In fact, it is relatively easy to show that this
integral representation converges uniformly in the closed annular sector S, 5 =
{z :]z| = €, |argz| < m — §} for every positive € and every positive § < 7. Such
a demonstration can proceed along the following lines.

Put § = argz for 7 € S, 5 and observe that for any nonnegative ¢, |t + z|> =
12 4 1z)? + 2|z]t cos @ > 1 + |z]> — 2|z]t cos 8 > |z|? sin? 8. Thus, the integrand
of (1.1.6) admits the simple bound

et +z7 < ez  cosec s
whence we have, upon integrating the bound,

|U(1; 1; 2)| < |z|" cosec 8

+ An alternative notation for this function is W(1; 1; z).
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for z € S 5. The uniform convergence of the integral follows, from which we see
that U (1; 1; z) is holomorphic in the z plane cut along the negative real axis.

Through repeated integration by parts, differentiating in each case the factor
(t + z)~ ¥ appearing at each step, we arrive at

n
Ul 12) = ) () k= DIz + Ry (2), (1.17)
k=1
where the remainder term R,,(z) is

e—l

———dt.
(t + Z)n+1
Evidently, each term produced in the series in (1.1.7) is a term from the asymptotic
scale {7/}, j = 1,2, ...,sothatif we can show thatforanyn, R, (z) = O(z™""),
we will have established the asymptotic expansion

R, (z) = (—)"n!/ (1.1.8)
0

Ui 1:2) ~ ) () k=D, (1.1.9)
k=1

for z — oo in the sector |argz| <7 — 6 < 7.

To this end, we observe that the bound used in establishing the uniform con-
vergence of the integral (1.1.6), namely 1/|¢ + z| < 1/|z| sin §, can be brought to
bear on (1.1.8) to yield

n!
R, < —Fr.
Rn@)] = (|z| sin 8)"+1

The expansion (1.1.9) is therefore an asymptotic expansion in the sense of Poincaré.
It is, however, quite clearly a divergent series, as ratios of consecutive terms in
the asymptotic series diverge to oo as (n!/|z["*)/((n — D!/|z|") = n/|z|, as
n — oo, irrespective of the value of z. Nevertheless, the divergent character of
this asymptotic series does not detract from its computational utility. O

In Tablest 1.1 and 1.2, we have gathered together computed and approxi-
mate values of U (1; 1; z), with approximate values derived from the finite series
approximation

Su(2) =Y (=) k= D1z,
k=1
obtained by truncating the asymptotic expansion (1.1.9) after n terms. It is appar-
ent from the tables that the calibre of even modest approximations to U (1; 1; z)
becomes quite good once |z| is of the order of 100, and is good to two or more
significant digits for values of |z| as small as 10. This naturally leads one to

F InTables 1.1 and 1.2 we have adopted the convention of writing x (y) in lieu of the more cumbersome
x x 107,
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Table 1.1. Computed and approximate values of
U (1; 1; z) for real values of z

b4 Ul 1;z2) S5(z) S10(2)

10 0.915633(—1) | 0.916400(—1) | 0.915456(—1)
50 0.196151(—1) | 0.196151(—1) | 0.196151(—1)
100 | 0.990194(—2) | 0.990194(—2) | 0.990194(—-2)

Table 1.2. Computed and approximate values of
U (1; 1; z) for imaginary values of z

z U 1;2)

10i 0.948854(—2) — 0.981910(—1)i
50i 0.399048(—3) — 0.199841(—1)i
100 0.999401(—4) — 0.999800(—2)i

z Ss5(z2)

10i 0.940000(—2) — 0.982400(—1)i
50i 0.399040(—3) — 0.199841(—1)i
100i 0.999400(—4) — 0.999800(—2)i

Z S10(2)

10i 0.950589(—2) — 0.982083(—1)i
50i 0.399048(—3) — 0.199841(—1)i
100i 0.999401(—4) — 0.999800(—2)i

wonder how the best approximation can be obtained, in view of the utility of
these finite approximations and the divergence of the full asymptotic expansion:
how can we select n so that the approximation furnished by S,(z) is the best
possible?

The strategy we detail here, called optimal truncation, is easily stated: for a
fixed z, the successive terms in the asymptotic expansion will reach a minimum
in absolute value, after which the terms must necessarily increase without bound
given the divergent character of the full expansion; see Fig. 1.1. It is readily
shown that the terms in S,(z) attain their smallest absolute value when k ~ |z|
(except when |z| is an integer, in which case there are two equally small terms
corresponding to k = |z| — 1 and k = |z]). If the full series is truncated just before
this minimum modulus term is reached, then the finite series that results is the
optimally truncated series, and will yield the best approximation to the original
function, in the present case, U (1; 1; z).

To see that this is so, observe for U (1; 1; z) that for z > O the remainder in the
approximation after n terms of the asymptotic series,

e 'dt

Ri(2) = U(L: 1:2) = §,(2) = (‘)"”!/o (t+ 2
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k

Fig. 1.1. Magnitude of the terms a; = (—)*~'T"(k)z* in the expansion S, (z) against ordinal
number k£ when z = 10.

is of the sign opposite to that in the last term in S,, (z) and further, is of the same sign
as the first term left in the full asymptotic series after excising S,,(z). In absolute
value, we also have

n! o0 e 'dt n!
IR, (2)| = <
< 0

n+l1 (1 +t/Z)n+l Zn-H’

so the remainder term is numerically smaller in absolute value than the modulus of
the first neglected term. Since the series S, (z) is an alternating series, it follows that
S, (z) is alternately bigger than U (1; 1; z) and less than U (1; 1; z) as n increases.
The sum S, (z) will therefore be closest in value to U (1; 1; z) precisely when we
truncate the full expansion just before the numerically smallest term (in absolute

value) in the full expansion. From the preceding inequality, it is easy to note that
the remainder term will then be bounded by this minimal term.

To see the order of the remainder term at optimal truncation, we substitute n ~ z
(> 1) in the above bound for R, (z), and employ Stirling’s formula to approximate
the factorial, to find

[ —n n+% %
IR.(2)] < Z% ~ 2} % ~ (%”) e 7.
This shows that at optimal truncation the remainder term for U (1; 1; z) is of order
z72e™% as z — 400 and consequently that evaluation of the function by this
scheme will result in an error that is exponentially small in z; these results can be
extended to deal with complex values of z — see Olver (1974, p. 523) for a more
detailed treatment. We remark that this principle is found to apply to a wide range
of asymptotic series yielding in each case an error term at optimal truncation that
is typically exponentially small in the asymptotic variable.

We observe that not all asymptotic series present the regular behaviour of the

coefficients depicted in Fig. 1.1. In certain compound expansions, with coefficients
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containing gamma functions in the numerator, it is possible to find situations
where some of the arguments of the gamma functions approach a nonpositive
integer value. This gives rise to a series of ‘peaks’ superimposed on the basic
structure of Fig. 1.1. A specific example is provided by the compound expansion

L+ D), (1.1.10)

where I, =Y /2, a,((” (r = 1, 2) and, for positive parameters m [, m, and L,

oV = (_)kl_, 1+ pk r my —ma(1 + pk) o~ (uk)/my
k k! mi miu

with a similar expression for a,ﬁz) with m; and m, interchanged. Expansions

of this type arise in the treatment of certain Laplace-type integrals discussed
in Chapter 7. If the parameters m;, my and pu are chosen such that the argu-
ments of the second gamma function in a,El)
negative integer, then the variation of the modulus of the coefficients with ordinal
number k will be similar to that shown in Fig. 1.1. If, however, the parameter
values are chosen so that these arguments become close to a nonpositive inte-
gert for subsets of k values, then we find that the variation of the coefficients
becomes irregular with a sequence of peaks of variable height. Such a situation
for the coefficients a,E]) is shown in Fig. 1.2 for two sets of parameter values. The
truncation of such series has been investigated in Liakhovetski & Paris (1998),
where it is found that even if the series /; is truncated at a peak (provided that
the corresponding peak associated with the coefficients a,(cz) is included) increas-
ingly accurate asymptotic approximations are obtained by steadily increasing the
truncation indices in the series /; and I, until they correspond roughly to the
global minimum of each curve. An inspection of Fig. 1.2, however, would indi-
cate that these optimal points are not as easily distinguished as in the case of
Fig.1.1.

The notion of optimal truncation will surface in a significant way in the subject
matter of the Stokes phenomenon and hyperasymptotics, and so we defer further
discussion of it until Chapter 6, where a detailed analysis of remainder terms
is undertaken. We do mention, however, that apart from optimally truncating an
asymptotic series, one can sometimes obtain dramatic improvements in the numeri-
cal utility of an asymptotic expansion if one is able to extract exponentially small
(measured against the scale being used) terms prior to developing an asymptotic
expansion. This particular situation can be seen in the following example.

2
and a,E ) are not close to zero or a

F If the parameter values are such that the second gamma-function argument equals a nonpositive
integer for a subset of k values, then the expansion (1.1.10) becomes nugatory. In the derivation
of (1.1.10) by a Mellin-Barnes approach this would result in a sequence of double poles and the
formation of logarithmic terms.
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0 10 20 30 40 50 60,
(a)

0 10 20 30 40 50 60
(b)
Fig. 1.2. Magnitude of the coefficients a,f,l) against ordinal number k for u =3, m; = 1.5

when (a) my, = 1.2, z = 3.0 and (b) m, = 1.049, z = 3.6. For clarity the points have been
joined.

Example 3. Let us consider the finite Fourier integral
1
T = / M g
-1

with A large and positive. Introduce the change of variable u = %x3 + x and
observe that over the interval of integration, the change of variable is one-to-one,
fixes the origin and maps +£1 to :t%1 respectively, resulting in

43
J(A):/ e x! (u)du,

4/3

where x(u) is the function inverse to the x — u change of variable. An explicit
formula for x () is available to us from the classical theory of equations, resulting
from the trigonometric solution to the cubic equation, and takes the form

x =2sinh#,  where 36 = arcsinh(3u),
or
—1/3

v= G e ) = Gu [+ )

It is a straightforward matter to deduce that x® (—u) = (=)*"'x® (), where
x™ (u) as usual indicates the nth derivative of the inverse function.
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By repeatedly applying integration by parts, the latter representation for J ()
can be seen to yield a finite asymptotic expansion with remainder,

N

i n —4i n (=)
10y = Y (I () e (-}
n=1
N 3 i (N+1)
+ L /_4/36 X (u) du. (1.1.11)

In view of the Riemann-Lebesgue lemma, the remainder term is seen to be o(A V),
so the finite expansion (1.1.11) leads, after exploiting x©(—3) = (—)¥"'x®(3),
to the large-X expansiont
o ()" o ()"
T~ 2sin (42) 3 o x @ (4) — 2cos (42) 32 a0 (4).
n=0 n=1

If we evaluate the first few derivatives x (‘3—‘) and employ optimal truncation for
modest values of A, say A = 4, 5, 6, 7, we obtain the approximate values shown in
the fourth column of Table 1.3. The columns labelled Ny and N, show respectively,
for each value of A, the number of terms of the sine and cosine series in the
expansion of J(A) retained after optimally truncating each series. As comparison
with the last column of Table 1.3 reveals, the asymptotic approximations obtained
for these modest values of A are of poor calibre.

However, an improvement in the numerical utility of the expansion can be
obtained by rewriting the integral representation of J(A) in the following manner.
Because of the exponential decay in the integrand, we can, by Cauchy’s theorem,
write

i /6

70y = _/ooe
1

The third integral in this sum can be expressed in terms of the Airy function

i /6

00e>7i/0 ooe
. 3
+ / + [ M gy (1.1.12)

1 00e5Ti/6

wi/3

1 ooe s
Ai(z) = — exp(zt” — zt)dt,
(Z) 27Ti ooe—Ti/3 p(3 Z)
namely,
o0e™i/6
27T)\.71/3Ai()\,2/3) — / eik(x3/3+x)dx
00ed7i/6

upon making the substitution x = itA~!/3. From this, and integration by parts
applied to each of the remaining integrals in (1.1.12), we arrive at the same expan-
sion and approximation for J(A) that we found earlier, only now the expansion

T This expansion does not fit the form of a Poincaré-type expansion as we have defined it previously,
but rather is an example (after separating sine and cosine terms) of a compound asymptotic expansion,
discussed in the next section.
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Table 1.3. Comparison of optimally truncated asymptotic approximation,
asymptotic approximation and exponentially decaying correction and
computed values of the Fourier integral J (1)

Optimally truncated | Optimally truncated
A | Ny | N. series series with Airy term J(\)
41 2 2 —0.213739 —0.153525 —0.154260
513 2 0.055788 0.083551 0.083545
6| 6 5 0.164661 0.177709 0.177703
71 6 5 0.022816 0.029031 0.029034

includes the term involving the Airy function:

o n
J(A) ~ %Ai(kw) +2sin (54) ) %x@"*“ (%)
n=0
o n
~2c0s (1) 0 S (3).
n=1

The Airy function of positive argument can be shown to exhibit exponential decay
as the argument increases, so the additional Airy function term in the above expres-
sion is 0(A %) for any nonnegative integer k and can be eliminated entirely from
the asymptotic expansion in view of the definition of asymptotic expansions of
Poincaré type. If it is instead retained, the resulting approximations for the same
modest values of A used in Table 1.3 show dramatic improvement, giving several
significant figures of the computed values of J(A) as a comparison of the last two
columns of Table 1.3 reveals. ]

Another interesting fact concerning asymptotic power series stems from the
observation that given an arbitrary sequence of complex numbers {a, }°,, there is
a function f(z) holomorphic in a region containing a closed annular sector which
has the formal series Y .- a,z " as its asymptotic expansion.

One such construction{ proceeds by taking the closed annular sector to be
S ={z:|argz| <0, |z] = R > 0} — other sectors can be used by translating and
rotating this initial choice. Then set

o0

f =y 2

n=0

where for nonzero a,,

en(z) = 1 —exp(—2°r"/|ay)).

F This account is drawn from Olver (1974, § 1.9). Other examples along this line are also to be
found there.
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for numbers ¢ and r chosen to satisfy 0 < ¢ < 7/(26) and 0 < r < R. Should
an a, vanish, the corresponding e, is taken to be the zero function, so that the
corresponding term in the sum defining f is effectively excised.

With these terms so defined, in the sector of interest we have | arg(z?)| < %n
and

ape,(2)
Zn

<r'z]*" < W(%) : (1.1.13)

since|1—e™%| < || when|arg¢| < %n. The series defining f therefore converges
uniformly on compact subsets of our sector, and so defines a holomorphic function
there.

That f has the desired asymptotic expansion can be seen from

a 2r > ayen(2)
f2) — ——Z < |>+ZL, (1.1.14)

n
n= 0 n=N <

where it bears noting that the infinite series here is uniformly convergent. Because
of the exponential decay of each term in the finite sum on the right, the entire sum
iso(z™") for any n as z — oo in our sector. The remaining series on the right-hand
side is easily bounded using (1.1.13) to give

Z anen () 2] Z( r )" . |¢( )N Iz =0
T |5k ] j2l) Tzl =r '

n=N
Uponreplacing N by N+ | ¢ ]+ 1, we obtain a similar expression to thatin (1.1.14),
for which the right-hand side is O (z~") but for which there are “extra” terms on
the left-hand side. These additional terms, a,z~" forn > N, are also O(z~") and
so can be absorbed into the order estimate that results on the right-hand side.

1.1.3 Other Expansions

Expansions other than Poincaré-type also have currency in asymptotic analysis.
Here, we mention but three types.

To begin, let {¢, } be an asymptotic scale asx — xg. A formal series ) f,,(x)isa
generalised asymptotic expansion of a function f (x) with respect to the asymptotic
scale {¢,} if

N
f) = an(x)+0(¢N(x)) (x = x0, N=0,1,2,...).

n=0

In this event, we write, as we have for Poincaré-type expansions,

f(x) ~ an (x = x0, {$u}),

indicating with the formal series the asymptotic scale used to define the expansion.
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The important difference between Poincaré and generalised asymptotic expan-
sions is that the functions f,, appearing in the formal series expansion for f need
not, themselves, form an asymptotic scale.

Example 1. Define the sequence of functions { f;,}, for nonnegative integer n and
nonzero x, by
cosnx

fn(-x)z .

xn

For x — oo, it is apparent that each f,,(x) = O(x™"), and that {¢,(x)} = {x7"}
is an asymptotic scale. However, the sequence { f,(x)} fails to be an asymptotic
scale, as a ratio of consecutive elements in the sequence gives

Jut1(x)  cos(n + Dx
fn(x) ~ xcosnx

which fails to be o(1) for all x sufficiently large.

Generalised asymptotic expansions are less commonplace than expansions of
Poincar€ type, and are not used in our development of asymptotic expansions of
Mellin-Barnes integrals.

A different mechanism for extending Poincaré-type expansions presents itself
naturally in the setting of the method of stationary phase or steepest descent, and
in the domain of expansions of solutions of differential equations. The idea here
is to replace the series expansion of a function, as in (1.1.2), by several different
series, each with different scales.

Put more precisely, by a compound asymptotic expansion of a function f, we
mean a finite sum of Poincaré-type series expansions

FO) ~ ALX) Y ainin(X) + A2(x) Y a2 on(x)

n=0 n=0

[o.¢]
Fo A A ) GnBia(x) (x> x0),
n=0
where, for 1 < m < k, the sequences {¢,,,} are asymptotic scales, the coefficient
functions A,, (x) are continuous, and for Ny, N», ..., Ny > 0, we have

Ny
fx) = Al(x){zaln¢ln(x) + 0(¢1,N1+1(X))}

n=0

N>
+ Az(x){zamf)zn(x) + 0(¢2,N2+1(x>)}
n=0
Ny

Fo ot Ak(x>{2akn¢kn(x) + 0<¢k,Nk+1(x)>} (x = x0).

n=0
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It is entirely possible that some of the series A;(x) )" a;j,¢;,(x) could, by virtue
of the coefficient function A;(x), or choice of scale {¢;,}, be 0(¢,.,) for some
m # j, and so be absorbed into the error terms implied in other series in the
compound expansion. However, in some numerical work, the retention of such
negligible terms, when measured against the other scales in the expansion, can
add to the numerical accuracy of asymptotic approximations of f, especially for
values of x that are at some distance from x¢. This, in turn, extends the utility of
such expansions.

In some circumstances, it may be possible to embed the scales {¢,,,,} in a larger
scale, say {1, }, and so collapse the sum of Poincaré expansions into a single-series
expansion involving this larger scale {1, }. Success in this direction depends in part
on the coefficient functions A (x).

Example 2. STEEPEST DESCENT METHOD. ~An integral of the form

1) = / g(z)eM @z,
C

is said to be of Laplace type if the functions f and g are holomorphic in a region
containing the contour C, and the integral converges for some A. In the most
common setting, C is an infinite contour, and the parameter X is large in modulus.
Thus, we require that the integral /(A) exist for all A sufficiently large in some
sector.

The idea behind the steepest descent method is deceptively simple: deform the
integration contour C into a sum of contours, Cy, C», ..., Cy, so that along each
of the contours C,, the phase function f(z) has a single point z, — a saddle or
saddle pointi— at which f’(z,) vanishes, and as z varies along the contour C,,
ALf(z) — f(zn)] < 0, with this difference tending to —oo as |z] — oo along the
contour. If this deformation is possible, the contours Cy, C», ..., Cy are termed
steepest descent contours, and the integral can be recast as

k
I(}) = Zekﬂz")/ g(z) M O=FGEnl gy,

n=1 Ca

In the case where f”(z,) # O for all saddle points z,,, each integral in the sum can
be represented as a Gaussian integral, namely

oo
ekf(z,,)/ 2(2) MOl g, :emzn)/ 2G(E)e M7 (1) .
" —00

The transformation z +— ¢ will map one branch of the steepest descent curve from
Z, to 0o into the positive real ¢ axis, and the remainder of the steepest descent curve
will be mapped into the negative real ¢ axis. By splitting the integral into integrals

+ Saddle points of Fourier-type integrals are often referred to as stationary points.
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taken over negative and positive real ¢ axes separately, a further reduction to a sum
of two Laplace transforms can be achieved, to each of which Watson’s lemma can
then be applied.

For a concrete example, we consider the Pearcey integral

P(x,y) = / exp{i(t4 +xt% + yt)} dr,

o0

where, for the purpose of illustration, we will assume |x| and |y| are both large,
with x < 0 and y > 0. We will also replace x by —x and take x > 0. Thus, we
consider

o0
P(—x,y) = x2 / explix?(u* — u® + yx*"*u)} du, (1.1.15)

(o]

where we have applied the simple change of variable t = x 2u. Denoting the phase
function of this integral by

) =u* —u? + yx 7 u,
we have
V() =40 — qu+ 3yx )
=4 — (uy + uz + uz)u® + Uy + gz + upuz)u — uguous),
where the roots of /' (1) = 0 are indicated by uy, u, and u3. Because ¥’ (u) is areal
cubic polynomial, we always have one real zero. If x is sufficiently large compared

to y, we can ensure that the other two zeros of ¥’ (u) are also real, and that all three
are distinct. Additionally, the elementary theory of equations furnishes us with

—-3/2
Zui =0, Zu,-u_,- =—%, u1u2u3=—iyx 3/ s
i<j
from which we deduce that one u#; < 0, and the other two are positive. Let us label
these sothat u; < 0 < up < us.

We mention here that the theory of equations also provides a trigonometric form
for the roots u;, namely,

up = —/2/3 - sin(¢ + 17,
u, = /2/3 - sing, (1.1.16)

uz = /273 -sin(im — ¢),
where the angle ¢ is given by

sin(3¢) = y(2x)** (1.1.17)

which, under the hypothesis of y(%x)‘y 2 < 1, can be guaranteed to be real.

The zeros displayed in (1.1.16) undergo a confluence when the angle ¢ tends
to én. The curve this value of ¢ defines is the so-called caustic in the real
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plane: y = (%x)3/ 2. The saddles u; are therefore, successively, the locations of a
local minimum, a local maximum and a local minimum of ().

For real x and y, we may rotate the contour of integration in (1.1.15) onto the
line from ooe”™/% to ooe™/® through an application of Jordan’s lemma. Since
there are three real saddle points for (—x, y) satisfying ¢ < én, we may further
represent P(—x, y) as a sum of three contour integrals,

3
P(-x,y):x%Z/ VW gy (1.1.18)
j=1"Ti

where the contours I'; are the steepest descent curves: I'(, beginning at ooe’i/8,
ending at coe®™/% and passing through u, < 0; I';, beginning at coe>™ /%, ending
—37i/8 and passing through u, > 0; and I's, beginning at coe3"/% ending
7i/8 and passing through u3 > u,. Along these contours, the phase i/ (i) is
real and decreases to —oo as we move along the I'; away from the saddle points
so that each integral is effectively a Gaussian integral. The general situation is
depicted in Fig. 1.3.
Let us set

at ooe
at coe

di={(=)(1-6ud)}  (j=1273).

In accordance with the steepest descent methodology mentioned previously, we
set ¥ (u) — ¥ (u;) = (=)/*'d7v?, to find at each saddle point u;,

hyw—uy  w—up?|”
wi(u—u; U—u;
v=(u—u)il4+ —J J J
( 2 6u? — 1 6u? — 1
whence reversion yields the expansion, for each j,
u—u; = Zbk,jvk,
k=1
Im ()
IN
Re ()

Fig. 1.3. Steepest descent curves through the saddles u, u, and u3.
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convergent in a neighbourhood of v = 0. We observe that b, ; = 1 for each j =
1,2, 3. Substitution into each term in (1.1.18) followed by termwise integration
will furnish
. 71
/ VW Gy ~ Vs T g
r; .de
where S;(x, ¢) denotes the formal asymptotic sum

i k+ 1 A
Sj(x, ¢) = Y _(2k + Dbay ( 2)((—>f+1i)k(d,-x)—2k.

k=0 rG;)

It then follows that

T 3 eiXZI/I(Ll/)+(_)j+17Ti/4
P(—x, )~ /=) S;(x, 9)
X o dj

for large x. This is evidently a compound asymptotic expansion with each con-
stituent asymptotic series corresponding to a single saddle point of P(—x, y). We
shall meet the Pearcey integral again in Chapter 8, in a less restricted setting. O

There also arise situations in which functions depending on parameters other
than the asymptotic one may possess asymptotic expansions which not only depend
on such auxiliary parameters, but may also undergo discontinuous changes of scale
as these parameters vary. Such a discontinuity in the scale can occur, even if the
function involved is holomorphic in the control parameter. In more specific terms,
let us suppose that a function F(A; ) has asymptotic parameter A and control
parameter p. For A — Ao, and u < wo, say, one might have an asymptotic form

oo o0
FOs @)~ ArGs )Y an(wep, + -+ + AcGs 1) Y a1y,
n=0 n=0
where {q&j_n} (1 < j < k) are asymptotic scales in the variable A, while for & > o,
a different expansion might hold, say

FOs ) ~ Bi0s 1) ) bin(gi, + -+ B0k 1) Y bra (i)

n=0 n=0

for different scales {¢>;§l} (1 < j < r)inA. For the value u = u, a third expansion

may hold, involving yet another scale {¢;,} (1 < j <),

FOus o) ~ Cr0) Y ctndin + -+ CN) Y contben (= Lo).
n=0 n=0

Distinct forms such as these may apply, even if F is analytic in a neighbour-
hood of 1, and the limiting forms of the expansions may not exist as © — /L(j)[,
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compounding the difficulty of using such expansions in a neighbourhood of
n = Ho-

This setting can be dealt with through the use of a uniform asymptotic
expansion, a (usually) compound expansion

o0 oo
FOs ) ~ D1 ) Y dvin + -+ + De(hs 1) Y dinWrin,

n=0 n=0

where the asymptotic scale {y/;,} (1 < j < k) is a sequence of functions of the
asymptotic parameter, which retains its character as an asymptotic scale for all
values of the control parameter in a neighbourhood of u = wo, i.e., ¥j 41 =
o(Yjn) for A — Ao, for every p in some neighbourhood of & = pi.

On first glance, it may appear there is little that is new captured in this account.
The essential difference is that the coefficient functions D; must be continuous in
a neighbourhood of & = p for all A in a neighbourhood of (. Furthermore, for
M # o, each D; must have expansions for A — Ao which, when combined with
the associated Poincaré expansion »_ d in¥ jn, allows the recovery of either the A-
or B-coefficient expansions, and for © = ug, the recovery of the C-coefficient
series. Because the D-series is continuous in ¢ in a neighbourhood of g, the D-
coefficient expansion interpolates continuously from the A-series to the C-series
to the B-series as u varies. This continuous interpolation is possible only through
additional complexity in the form of the coefficients D;.

Example 3. BESSEL FUNCTIONS OF LARGE ORDER. As an illustration, we cite the
asymptotic expansion of the Bessel function J,(vx) for large positive order and
argument in the form

gV (tanho—a) ° cr(coth )
1 k
(2rvtanha)? 155 v
1 00 .
2 2 Cok (l cot ,3)
, N 2 w L COLP) 1.1.19
V(U)C) (nvtanﬁ) {COS kZ:(; p2k ( )
Cok+1(i cot B)
—isin ¥ Z D2kt ’

where in the first expansion 0 < x < 1 with x = sech« and in the second
expansion x > 1 with x = sec 8. The coefficients c;(¢) are polynomials in ¢
of degree 3k, with co(t) = 1, ¢1(t) = 2'4 B3t —5¢%),... and ¥ = v(tan 8 —
B) — TL’ see Abramowitz & Stegun (1965, p. 366). These expansions describe
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the asymptotic structure of J, (vx) on either side of the transition point x = 1.
When 0 < x < 1, J,(vx) decays exponentially away from the point x = 1
while when x > 1, J,(vx) changes to an oscillatory form with an amplitude that
eventually decays like x~% as x — —oo. Both these expansions break down in
the neighbourhood of x = 1 and so cannot describe uniformly the behaviour of
J,(vx) for x > 0.

A uniformly valid expansion which incorporates both the expansions in (1.1.19)
is given by [Abramowitz & Stegun (1965, p. 368)]

A0 \F (AP0 SNl ATBE) S bi(E)
o) PR e ey
k=0 k=0

Jy(vx) ~ (

(1.1.20)

where Ai(z) denotes the Airy function. This expansion holds for v — 400 uni-
formly with respect to x in the sector |argx| < w — €, € > 0. The variable ¢ is
defined by

202 =log {1+ VT=x)/x| = VT= 52

the branches being chosen so that ¢ is real when x > 0. The coefficients a;(¢),
by (¢) are complicated functions of ¢ and are expressed in terms of finite sums of
the coefficients c; ((1 — xz)’%), with

a@) =1, b)) =—3¢2+ ;—%{;—40 e x2>—%}.

Although the coefficient functions a;x(¢) (k > 1) and b (¢) (k > 0) are analytic
in the neighbourhood of the transition point x = 1 ({ = 0), they are, in common
with many uniform expansions, expressed in a form that possesses a removable
singularity at this point.

The asymptotic forms (1.1.19) can be obtained from (1.1.20) by insertion of the
expansion for the Airy function and its derivative; see below for the leading-order
terms. When 0 < x < 1, ¢ is bounded away from zero and the arguments of
the Airy functions in (1.1.20) are large and positive. These functions are therefore
exponential in character and the expansion (1.1.20) reduces to the first form in
(1.1.19). On the other hand, when x > 1, ¢ < 0 and is bounded away from zero,
so that the arguments of the Airy functions are large and negative and consequently
produce oscillatory terms. In this case the expansion (1.1.20) reduces to the second
form in (1.1.19).

At the transition point x = 1 (¢ = 0), we employ the evaluations Ai(0) =
F(%)/(2 .36y, AT'(0) = —31/6F(%)/(2n) together with the limiting value
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{42/(1 — x*)}4 = 23 to find the expansionf

21/3,-1/3 i a;(0) 21/3,=5/3 i b (0)

POr() & IR &

Jy(v) ~

k=0

Example 4. THE PEARCEY INTEGRAL REVISITED.  As a further illustration, let us
again consider the Pearcey integral. Because of the additional complexity involved,
we shall only consider asymptotic behaviour to leading order; the character of the
uniform expansion will still be apparent in our terse account.

To leading order, for y(%x)’y 2 < 1 to ensure that the angle ¢ in (1.1.17)
satisfies ¢ < %Tt’, the Pearcey integral has the asymptotic form

3 i)+ (=)tri/4
e j
P(—x, ux*?) ~ § - /; (1.1.21)
J

j=1

S

where we have set = y/x*2. When u = (2/3)%?, so that ¢ = im, the
saddle points u, and us coalesce into a single saddle of order 2, i.e., a saddle
point at which, additionally, the phase function ¥ (x) has a vanishing second
derivative. A modification of the steepest descent method then allows us to deduce
the approximation [Bleistein & Handelsman (1986, pp. 263-265)]

eile//(Lll)+7Ti/4 -
P(—x,(2/3x*) ~ ———— | =

d X
ix?/12 .F(g)
e | il (3
+ W{F(s) - W} (1.1.22)

for x — o00; observe that ¥ (1) = —% when u = (2/3)%?, and that d, = d3 = 0
of Example 2. For u > (2/3)3/2, the asymptotic behaviour of the Pearcey integral
is dominated by the contribution from the saddle point u, for which we find

ix2y(uy)+mi/4

32 e T

P(—x, ux’*) ~ d— — (x = o00). (1.1.23)
1 X

As u increases from below (2/3)3/2, to (2/3)3/2 and then beyond, we see a
discontinuous change in the asymptotic scales used in (1.1.21) and in (1.1.22),
with the complete disappearance of the last two terms in (1.1.22) as we move
to u > (2/3)%/2. The uniform asymptotic approximation that interpolates con-
tinuously between these disparate forms in a neighbourhood of u = (2/3)%?
results from an application of the cubic transformation introduced by Chester et al.
(1957). This transformation captures the essential features of the circumstance of a

+ We note that the leading term of this expansion yields the well-known approximation due to Cauchy
given by

21/3,-173

Jy(v) ~ 32/31_,(%)

(v > +00).
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Laplace-type integral undergoing a confluence of two neighbouring simple saddle
points. Applied to the Pearcey integral, this method yields an approximation of the
form [Kaminski (1989)]

eilelf(ul)+7ri/4 -
P(—x, px*?) ~ ———— [=
dl X

2l ® {

ro(M)
+ 5

POGUAI(=x*"8) + =57 Al (- 4”;)}
(1.1.24)

where the quantities 7 and ¢ are given by n = 3{¥/(u2) + ¥ (u3)} and ¢*? =
%{w(uz) — ¥ (u3)}. The coefficients po(u) and go(u) are continuous functions
in a neighbourhood of © = (2/3)3/2 and satisfy po((2/3)3/2) = 271/2371/6 and
qo((2/3)3/2) = 273/2375/6_We note that ¢ < 0 for u > (2/3)3/2 and vice versa,
and that ¥ (1) = ¥ (u3) = % when yu = (2/3)3/2, at which point u = uj.

The original asymptotic forms can be recovered from (1.1.24) by applying the
asymptotic forms of the Airy function and its derivative for large |z|, namely
[Abramowitz & Stegun (1965, pp. 448—449)]

,273/7/3
Ai(z) ~ N (largz| < m),
1
Ai(—z) ~ —{sin( w4+ 223?) — 3772 cos(Ln + Z3/2)}
ﬁzl/4 43
(largz] < 37),
y /4223
Ai (Z) ~ —W (|argz| < JT),
/4
Af'(=2) ~ —ﬁ{cos( w4+ 327%) — Fzsin(m + 3277))

(largz| < 2m).

For u < (2/3)%* and bounded away from (2/3)/2, the arguments of Ai and Ai’
in (1.1.24) are negative, so the preceding asymptotic forms for the Airy function
and its derivative produce oscillatory terms, whence the approximation (1.1.24)
reduces to (1.1.21). Conversely, if & > (2/3)%2, we find ¢%/? is pure imaginary, in
which case the exponentially decaying asymptotic forms for the Airy function and
its derivative apply. In this event, the leading term in the asymptotic approximation
of P(—x, ux*?) is the one arising from the saddle u1, evident in (1.1.23).

Finally, at the point of confluence when 1 = (2/3)2, we employ the values
of Ai(0) and Ai’'(0) given earlier along with the values up = uz = 1/ V6 and
Uy = —2/\/6t0 recover (1.1.22) from (1.1.24).
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(@) )

Fig. 1.4. Portraits of (a) R.H. Mellin (1854-1933) and (b) E.W. Barnes (1874-1953)
(reproduced with permission).

1.2 Biographies of Mellin and Barnes

The names of Mellin and Barnes (Fig. 1.4) are intimately linked with, and were the
main exponents of, the asymptotic procedure discussed in this book. We give below
a brief biographical account of these two eponymous mathematicians, together
with a description of their main mathematical contributions. These accounts are
based on Lindel6f (1933) and Elfving (1981) (for Mellin) and Whittaker (1954),
Rawlinson (1954) and the Obituary Notices of The Times in November 1953 (for
Barnes).

Robert Hjalmar Mellin

Robert Hjalmar Mellin, the son of a clergyman, was born in Liminka, northern
Ostrobothnia, in Finland on 19 June 1854. He grew up and received his schooling in
Hémeenlinna (about 100 km north of Helsinki) and undertook his university studies
in Helsinki, where his teacher was the Swedish mathematician G. Mittag-Leffler.
In the autumn of 1881 Mellin defended his doctoral dissertation on algebraic
functions of a single complex variable. He made two sojourns in Berlin in 1881
and 1882 to study under K. Weierstrass and in 1883—-84 he returned to continue
his studies with Mittag-Leffler in Stockholm.

Mellin was appointed as a docent at the University of Stockholm from
1884-91 but never actually gave any lectures. Also in 1884 he was appointed a
senior lecturer in mathematics at the recently founded Polytechnic Institute which
was later (in 1908) to become the Technical University of Finland. In 1901 Mellin
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withdrew his application for the vacant chair of mathematics at the University of
Helsinki in favour of his illustrious (and younger) fellow countryman E. Lindel6f
(1870-1946). During the period 1904—-07 Mellin was Director of the Polytechnic
Institute and in 1908 he became the first professor of mathematics at the new uni-
versity. He remained at the university for a total of 42 years, retiring in 1926 at the
age of 72.

With regard to the ever-burning language question, Mellin was a fervent
fennoman with an apparently fiery temperament. It must be recalled, at this junc-
ture, that Finland had for a long time been part of the kingdom of Sweden and had
consequently been subjected to its language and culture.7 Mellin was one of the
founders of the Finnish Academy of Sciences in 1908 as a purely Finnish alter-
native to the predominantly Swedish-speaking Society of Sciences. From 1908
until his death on 5 April 1933, at the age of 78, he represented his country on the
editorial board of Acta Mathematica.

Mellin’s research work was principally in the area of the theory of functions
which resulted from the influence of his teachers Mittag-Leffler and Weierstrass.
He studied the transform which now bears his named} and established its reci-
procal properties. He applied this technique systematically in a long series of
papers to the study of the gamma function, hypergeometric functions, Dirichlet
series, the Riemann zeta function and related number-theoretic functions. He also
extended his transform to several variables and applied it to the solution of partial
differential equations. The use of the inverse form of the transform, expressed
as an integral along a path parallel to the imaginary axis of the complex plane
of integration, was developed by Mellin as a powerful tool for the generation of
asymptotic expansions. In this theory, he included the possibility of higher-order
poles (thereby leading to the inclusion of logarithmic terms in the expansion) and
to several sequences of poles yielding sums of asymptotic expansions of very
general form.

During the last decade of his life Mellin was, rather curiously for an analyst, pre-
occupied by Einstein’s theory of relativity and he wrote no less than 10 papers on
this topic. In these papers, where he was largely concerned with general philosoph-
ical problems of time and space, he adopted a quixotic standpoint in his attempt
to refute the theory as being logically untenable.

Ernest William Barnes

Ernest William Barnes was born in Birmingham on 1 April 1874, the eldest
of four sons of John Starkie Barnes and Jane Elizabeth Kerry, both elementary

1 After the Napoleonic wars Finland became an autonomous Grand Duchy under Russia, to finally
emerge as an independent republic in the aftermath of the First World War.

+ We point out that similar studies of an incomplete nature had been carried out earlier by Pincherle;
for references, see Watson (1966, p. 190).
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school head-teachers. In 1883 Barnes’ father was appointed Inspector of Schools
in Birmingham, a position that he occupied throughout the rest of his working
life. Barnes was educated at King Edward’s School, Birmingham and in 1893
went up to Cambridge as a Scholar of Trinity College. He was bracketed Second
Wrangler in 1896 and was placed in the first division of the first class in Part IT of
the Mathematical Tripos in 1897. In the following year he was awarded the first
Smith’s Prize and was duly elected to a Trinity Fellowship. He was appointed a
lecturer in mathematics in 1902, junior dean in 1906-08 and a tutor in 1908. He
graduated Sc.D. of the University of Cambridge in 1907 and was elected a Fellow
of the Royal Society in 1909.

In the same year he became a lecturer in mathematics, Barnes was ordained
deacon by the Bishop of London and from 1906 to 1908 was Junior Dean of Trinity.
In 1915, Barnes left Cambridge, and his career as a professional mathematician,
upon his appointment as Master of the Temple in London. This was followed
in 1918 to a Canonry of Westminster and finally, in 1924, to the Bishopric of
Birmingham, an office he held until 1952 when he had to retire on account of
ill-health. He died on 29 November 1953 at his home in Sussex at the age of 79,
survived by his wife and two sons.

Barnes’ episcopate was marked by a series of controversies stemming from
his outspoken views and, rather surprisingly for someone who held such high
office in the Church, often unorthodox religious beliefs. In 1940 he lost a libel
case in which he had attacked the Cement Makers’ Federation for allegedly hold-
ing up the supply of cement, for their own profit, at a time of great national
need in the construction of air-raid shelters. Undaunted by this set-back, Barnes
returned to his accusations on the cement ring in a speech he delivered in the
House of Lords the following year, in which he claimed that powerful business
concerns were using libel and slander action to suppress criticism. As a theological
author, Barnes’ book in 1947, entitled The Rise of Christianity, aroused such fierce
opposition and criticism from more orthodox members of the Church, that it was
strongly suggested he should renounce his episcopal office, a hint which Barnes
did not take.

In all, Barnes wrote 29 mathematical papers during the years 1897-1910. His
early work was concerned with various aspects of the gamma function, including
generalisations of this function given by the so-called Barnes G function, which
satisfies the equation G(z + 1) = I'(z)G(z), and to the double gamma func-
tion. Barnes next turned his attention to the theory of integral functions, where
he investigated their asymptotic structure in a series of papers. He also consid-
ered second-order linear difference equations connected with the hypergeometric
functions. In the last five of his papers dealing with the hypergeometric functions,
Barnes made extensive use of the integrals studied by Mellin in which the integral
involves gamma functions of the variable of integration. It was in these papers
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that he brought to the attention of British mathematicians the power and simplic-
ity associated with these integrals, and which now bear the name Mellin-Barnes
integrals. His last mathematical paper, published in 1910, was a short and elegant
demonstration of a previously known result of Thoma concerning a transformation
of a 3 F, generalised hypergeometric function of unit argument into a more rapidly
convergent function of the same kind.
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Fundamental Results

2.1 The Gamma Function I'(z)

Mellin-Barnes integral representations involve integrands which contain one or
more gamma functions with a path of integration that is typically parallel to the
imaginary axis of the integration variable. The manipulation of these integrals to
produce asymptotic expansions, or the determination of their domains of conver-
gence, requires some basic properties of the gamma function defined by Euler’s
integral

I'(z) = / e 't ldr (Re(z) > 0),
0

where the path of integration is the real axis and #*~! has its principal value.
In this opening section we accordingly collect together some standard results
on the asymptotic expansion of I'(z) and discuss some useful bounds when z
is a complex variable. This collection of results will be exploited in later sec-
tions of the book. Standard texts discussing various properties of I'(z) can be
found in Olver (1974, pp. 31-40), Temme (1996, Ch. 3) and Whittaker & Watson
(1965, Ch. 13).

2.1.1 The Asymptotic Expansion of I'(z)

The well-known representation of the logarithm of I'(z) is given by [Whittaker &
Watson (1965, p. 251)]

logI'(z) = (z — 3) logz — z + 3 log 27 + Q(2), (2.1.1)

where €2(z) is an analytic function of z possessing simple poles at z = —k,
k=0,1,2,....Several different functional forms for €2 (z) are known. Two such



30 2. Fundamental Results

results (the first being due to Binet) are

°° arctan (¢

Qz) =2 / %(/f)dt (Re(z) > 0), (2.1.2)
0 e Tl __

where the arctan takes its principal value, and [Olver (1974, p. 294)]

©A(t)

Q(z :/ ———dt arg z| < ). 2.1.3

(2)  2to? (| arg z| ) ( )

The quantity A, (t) = By — By, (t — [t]), where By, (¢) denotes the Bernoulli

polynomial, B, = B,(0) are the Bernoulli numbers and [7] denotes the

integer part.
Yet another representation (also due to Binet) is the convergent inverse factorial
expansion [Whittaker & Watson (1965, p. 253); see also §4.7]

C1 + (&) + C3 +...
z+1 @+ DE+2) @@+DE+2)(z+3)

valid in Re(z) > 0, where the coefficients ¢, are

Q) = 2.1.4)

1 __ 533 _ 1577

59 29
C1=02=127 c3=mv C4=m, Cs—m, c6_168""’

and generally

1
cn=l/ u(x—3)dx  (n=D,
nJo

with (x), denoting the Pochhammer symbol given by

_ I'(x +n)

xX)ypy=—=xx+Dx+2)---(x+n—-1) (n=0,1,2,...).
I'x)

The convergence of this expansion in Re(z) > 0 can be established from the fact
that ¢, < I'(n) fol x(x — %) dx = T'(n)/12, so that the behaviour of the nth term
in the sum is then controlled by the ratio I'(n)/ T'(n +z+ 1) ~ n~*lasn — oo.

The expansion of the function €2(z) for |z| — ocoin|arg z| < 7 canbe obtained
by repeated integration by parts of (2.1.3) to yield

n—1
-y B
Q(z) = Z 2r(2r — 1)Z2,_1 + R, (2). (2.1.5)

r=1

The first few Bernoulli numberst B,, are

_1 _ 1 _ 1 _ 1 _ 5
By=¢, Bi=-—5, Bo=g. Bs=—3. Bio=4¢,
691 7 3617
B =—55, Bu=g Bis=—%g,-

T The expansion in Whittaker & Watson (1965, p. 252) involves the older notation for the Bernoulli
numbers, where the present Bs, is denoted by (—)" ' B,.
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and the remainder R, (z) is given by [Olver (1974, p. 294)]

R(z)=/OOAL(t)dt (larg z] < )
" o 2n(t +2)> '

When z (= x) is real and positive, we have the well-known bound [Whittaker
& Watson (1965, p. 253)]

BZn ®n

Ril = N o~ 1< A 1
&) = o — Dz

where ®,, is a number in the interval (0, 1). For complex z = xe in the sector
| arg z| < 7, we employ the inequality
It + z|* = 2 4+ 2xt cos O + x> = (t + x)> — 4xt sin® %9 > (t + x)% cos® %0

to find the bound [Olver (1974, p. 294); Riekstins (1986, p. 112)]

|R,(2)| < sec™ (16) /-oo _1Bu®] dt = sec™ (160)|R, (x)|
- 27 o 2n(t +x)* 2

|Baal  sec®(36)
~2n(2n—1) |z|!

(larg z| < m) (2.1.6)

upon using the fact that A,, (#) does not change sign in [0, 00). A different form
of bound for the remaindert can be derived by insertion of the Maclaurin series
expansion for arctan (¢/z) in (2.1.2), but the resulting bound is less sharp than
(2.1.6) and is valid only in | arg z| < %7{; see Whittaker & Watson (1965, p. 252).

From (2.1.5) we then obtain the familiar asymptotic expansion, known as the
Stirling series,

[ee]

BZr

r=1

valid in the Poincaré sense as |z| — oo in |arg z| < m; for an exponentially-
improved version see §6.4. The explicit representation of the first few terms in this
important expansion is

Q@) 1 1 n 1 1 n 1 691 n
¢ 12z 360z> 1260z 168077 = 1188z°  360360z!!

We remark that (2.1.7) involves only negative odd powers of z. Combination of
(2.1.1) and (2.1.7) then yields Stirling’s formula

I'(z) = Qr)ie 7 {1+ 0@E ) (2.1.8)

for |z] — oo in the sector |arg z| < 7.

T See also Spira (1971).
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Exponentiation of (2.1.1) produces the expansion for I"(z), which we write in
the form

M)~ (Ynzt (2l = oo, |arg z| <), 2.1.9)

where T'*(z) = ¢%® denotes the scaled gamma function defined by
I*(2) = (2m) 7327 56T (2) (2.1.10)

and y; are the Stirling coefficients. We note at this point that the expansion for the
reciprocal of the scaled gamma function is given by [Temme (1996, p. 71)]

1 oo
@) § nwz ™ (2l = oo, arg 2| < 7) 2.1.1D
k=0

and involves the same coefficients as (2.1.9) but with different signs of the
coefficients with odd index.

2.1.2 The Stirling Coefficients

There is no known closed-form representation for the Stirling coefficients. Their
values can be generated numerically by means of the following recurrence relation
[Temme (1996, p. 70)]

r(k+ 1)
— (= 2/ ,
Vi = (=2) N ok
n+ d d
d, = § o i) > 1), 2.1.12
"+ <+ 1 (mzD, @112

where dy = 1 and an empty sum is to be interpreted as zero. The values of y; for
1 <k <10 (with y = 1) are presented in Table 2.1 [see also Wrench (1968)].

Table 2.1. The Stirling coefficients yy for 1 <k < 10

with yo = 1)
k Vi k Vi
1 1
1] -5 21 5
139 571
3 51,840 4 2,488,320
5 _ 163,879 6 5,246,819
209,018,880 75,246,796,800
7 534,703,531 8 __4,483,131,259
902,961,561,600 86,684,309,913,600
9 __432,261,921,612,371 10 6,232,523,202,521,089
514,904,800,886,784,000 86,504,006,548,979,712,000
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An interesting identity satisfied by the y4 is given by

DV Yiymj =0 (m=1). (2.1.13)
j=0

This follows from the expansions for ['*(z) and 1/I'*(z) in (2.1.9) and (2.1.11):
the result (2.1.13) is the statement that the coefficient of z7™ in the product of these
expansions must vanish for m > 1. For odd m, we note that (2.1.13) is a simple
identity.

For large &, the form of the asymptotic behaviour of y; is found to depend on
the parity of the index k and is given by [Dingle (1973, p. 159); Boyd (1994)]

%(—)”‘“W% {1+0&™M}  (kodd)
Vi = (2.1.14)
Mk —1

— Lk ) {1+0G(™)} (keven).

(2m)k
From this last result, we can see that the nature of the divergence of the expansions
(2.1.9) and (2.1.11) is controlled by the familiar ‘factorial divided by a power’
dependence given by I'(k)/ (22X, for odd k, and I'(k — 1) / (27 2)k, for even
k. Indeed, the same divergence is present in the expansion for €2(z) in (2.1.5),
since the large-order behaviour of the Bernoulli numbers can be obtained from the
identity involving the Riemann zeta function

2r)!

_ -1
By =20

¢(2r), (2.1.15)

by using the fact that £ (2r) ~ 1 as r — oo.

2.1.3 Bounds for I'(z)

We conclude this section with the derivation of certain bounds satisfied by the
gamma function. Let z = |z|e'? be a complex variable and a, b be real parameters.
Then we have the result expressing the quotient of two gamma functions

1
F(Z + Cl) — 1 / tZ'Hl—l (1 _ t)b_a_ldt
'z+b) TW—a)ly

1 00
— / e—(z+a)r(] _ e—r)b—a—ldT
Th—a)

e*i9 = —|z|lu—aue™"? —ue™®
= — e (1 — €
re—a)l

where b > a > 0 and Re(z) > 0. The last integral is obtained via rotation of the
path of integration to the ray arg T = —6, followed by the substitution T = ue™¢

)bfafldu’



34 2. Fundamental Results

and use of Cauchy’s theorem. Since |1 —e™%| < |¢| when |arg ¢| < %n, we then
obtain the bound when » —a > 1,a > 0 and Re(z) > 0

‘F(Z +a) - 1 /OO ozl +acosu  b—a=1 5,
Fz+b)| ~ I'b—a) )y
< ! < ! (2.1.16)
~ (Izl +acos@)b=a T |g|b-a’ o
When 0 < b —a < 1, use of the result I'(z + 1) = zI"(z) shows that
r r b 1+b
' (z+a) :' (z+a)(z+b) - +b/|z] 2.1.17)
I'(z+b) Fr'z+b+1) |z|b—a

A similar procedure can be used to deal with negative ranges of b — a.
A bound for I'(z) in Re(z) > 0 can be derived from (2.1.1) expressed in the
form

[(2) = (2m)2z 7790,
where, from (2.1.5) and (2.1.6), we have

sec? (36)

Q@) =IRi(2)] = 2]

(Jarg z|] < 7).
When Re(z) > 0 this yields the bound |2(z)| < é|z|“, so that

IF@)| < @r)2 |z 2e  exp {11217} (2.1.18)

valid when | arg z| < %n. Ifz=x+1iy,x > 0and ¢(y) = arctan (]y|/x) we
have

e = |z i IeO)
=22 P lexp {—x — Iy (9 () — 7))
< |Z|X—%e—%ﬂly\,
since
X 1 X
ol +¢(y) —5m = ol arctan (x/[y[) > 0.

Hence we obtain the upper bound given by

IP(2)] < @m)2 |zl 2e = Mexp {11z}, 2.1.19)

z=x+iy, x=>0.
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The reflection formula

rord -z =

. (2.1.20)
SINTTZ

should be used when dealing with situations with Re(z) < 0. The bounds in
(2.1.16)—(2.1.19) are given in Riekstins (1983; 1986, pp. 32-35).

A sharper bound for |I"(z)|, valid when z = x 4 iy with x > 0, can be obtained
from the fact that

|Zz—%e—z| — xx—%e—X(|Z|/x)x—%e—\y|¢()'>

< 2m) T () (2] /x) "t e PP,

where we have used the well-known inequalityf I'(x) > (Zn)%x"_%e_x. This
yields the alternative bound

D) < T@)(zl/x)* 2 e 0 exp {1271} (2.1.21)

valid when | arg z| < i7.

2.2 Expansion of Quotients of Gamma Functions

In this section we give two general lemmas on the expansion of quotients of
gamma functions as inverse factorial expansions. This type of expansion will be
found to play a significant role in the development of asymptotic expansions of
Mellin-Barnes integrals.

Consider the quotient of gamma functions given by

57:1 (ars +a)

P(s) = T T (s +by)

2.2.1)

where p and ¢ are nonnegative integers. The parameters o, (1 < r < p)
and B, (1 < r < gq) are assumed to be positive while a, (1 < r < p) and
b, (1 < r < gq) are arbitrary complex numbers. The function P(s) is a single-
valued meromorphic function of s possessing infinite sequences of poles situated
at the points

s =—(a, +k)/a, k=0,1,2,...;1<r<p

which result from the poles of the gamma functions I" (¢, s + a,). In general there
will be p such sequences of simple poles though, depending upon the values of
o, and B,, it could happen that some of these poles are multiple or that some are
ordinary points if any of the I'(8,s + b,) are singular there.

T See Whittaker & Watson (1965, p. 253).
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We define the following parameters
P q
h=]Te T8
r=1 r=1

14 q
9= a - b+ig-—p+l). ¥=1-9 (2.2.2)
r=1 r=1

q P
K= Z Br — Z o,
r=1 r=1
where, as usual, an empty sum and product are to be interpreted as O or 1, respec-
tively. We remark that, by hypothesis, # > 0 but that ¢ is in general complex. We
shall refer to the coefficients o, and B, as being the multiplicities of the arguments
of the associated gamma functions. The significance of the parameter « is that
it supplies a measure of the ‘imbalance’ between the sum of the multiplicities of
the denominatorial gamma functions and that of the numeratorial gamma func-
tions. We say that « > 0 (resp. « < 0) corresponds to a positive (resp. negative)
imbalance and that when « = 0, the function P (s) is ‘balanced’.

2.2.1 Inverse Factorial Expansions

Use of the expansion in (2.1.1) and (2.1.7) shows that for positive integer M as
|s| — oo uniformly on the sector |arg s| <mw —€,¢ >0

14 q
log P(s) = ) (s +a, — }) log(es) = ) (Bs + b, — 3) log(Bys)
r=1 r=1
M1
+ ks + %(p —q)log2mw + Z Cis/+ 0™
=1
= —kslogs + s(k +log h) + (¥ — 3) logs
M1

+log Ao + Z Cis™/ +0(™™),

j=1

where the coefficients C; are independent of s and
1 L a,—1 1 1p
Ag= @0 [Ta " [T62 7
r=1 r=1

Then P (s) has the asymptotic expansion for |s| — oo in | arg s| < m — € given by

M—1
P(s) = Agh*e*s? =2 1 1 ¢ Z Dis™ + 0™, (2.2.3)

Jj=1
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where the coefficients D; depend on C;. When P(s) is ‘balanced’ (i.e., when
x = 0), we see that

P(s) = hssﬁ*%AO{l +0G™H)  (s| > o0; largs| <m —e€). (224)

When « > 0, we proceed to obtain an expansion of P(s) as a series of inverse
factorials (cf. §4.7). If a (> 0) and b denote constants, so that | arg(as + b)| < m,
then from (2.2.3) and the fact that I"'(as + b) ~ (Zn)%e““ (as)‘”*”‘% for large
|s], we obtain

P()T(as + b) ~ Ag(hi®)* (ics) ™7 =2 k=03 (qg)as+b=3
for |s| - ooin |arg s| < m — €, € > 0, where
= Qn)ier " Ay, (2.2.5)

The choice a = x and b = 1 — ¥ then removes the last three terms in the above
asymptotic expression for P(s)I"(as + b) and we accordingly find the result

Ao(hic*)® =
P(s) = —2"0 7 1 Eis +06™
(s) NCTEED + ; s+ 06

as |s|] — ooin |arg s| < w — €, where the coefficients E; depend on D;, k and
. If we now introduce the coefficients A; (j > 1) by means of the expansion for
large |s|

i Ay A Ay M
A E;js™/ = + +.-F——4+0 )
0 Z: i ks +1v (ks + 1Y) (ks +9)y (=)

we finally obtain the expansion of P (s) when « > 0 as a series of inverse factorials
in the form
M-1 o)

P(s) = (hk*)* ]2; F(Ks : 19/ — S P T (2.2.6)

valid uniformly as |s| — ocoin |arg s| < 7w — €.

To deal with the case when the quotient of gamma functions involves a nega-
tive imbalance between the multiplicities of the denominatorial and numeratorial
gamma functions, we consider the related quotient given by

F(l - br + ﬁrs)

q
_ r=1
0(s) = T e o) 2.2.7)

The parameters &, ¢ and « are as defined in (2.2.2). A negative imbalance in Q(s)
is seen to correspond again to k > 0, where « is defined in (2.2.2). A similar
application of (2.1.1) shows that for |s| — oo in |arg 5| <7 — €

06) Ay

R N CO R
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since | arg(as+b)| < m, where A is defined in (2.2.5). If we now make the choice
a = k, b = v, in order to remove the last three terms of the above expression, we
obtain the expansion of Q(s) in the form

A M-1 )
0(s) = W}g‘iqﬂ(hx“)—fr(;cs +M {1+ Z} Eis™ +0(™)
j=

as |s| — ooin|arg s| < m — €. Then, in a similar manner as for P(s) in (2.2.6),
we obtain the inverse factorial expansion

M—1 /
_ K\—s J -M
0(s) = (hk*)""T (ks + ) ; oo i, T
M—1
= () 1Y (VA T(ks +9 — j) + O (ks + 0 — M)
j=0

2.2.8)

valid uniformly as |s| — oo in |arg s| < m — €. The coefficients A’j are
independent of s and, in particular, A = Ao/ )Pt

To see how the coefficients A’j are related to the A; appearing in (2.2.6), we
use the reflection formula for the gamma function in (2.1.20) to find

[12_, sin 7 (ets + a,)

—s5) = P(s)E(s), E(s)=nm9"7 . 2.2.9
0(—s) (s)E(s) (s) T sin 7 (Bs + by) (2.2.9)
We now let |s| — oo with args = %n and compare the coefficients in the

expansiont of Q(—s) with those on the right-hand side of (2.2.9). Since

B(s) ~i@m)? Pe ™ Bl (|s| > oc0; arg s = im)

and
/
T Aj
sinw(® —«s) T(ks +0' + j)’

(=) AT (—ks + 0 — j) =
where 7 cosec T (9 — k's) ~ 2mie ™ Ile™¥ as |s| — oo with arg s = 17, we
find from (2.2.6) and (2.2.8) that A/j = A_,-/(27'[)”_"Jrl O<j<M-1.

The results of this section can now be stated as two lemmas. For the functions
P(s) and Q(s) defined in (2.2.1) and (2.2.7) and the parameters £, ¥ and « defined

+ This is given by (2.2.8) with s replaced by —s and valid as |s| — oo in |arg(—s)| < 7 — €.
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in (2.2.2), we have the following inverse factorial expansions [Wright (1940);
Braaksma (1963, §3)]:

Lemma 2.1. Let M be a positive integer and suppose that k > 0. Then there exist
numbers A; (0 < j < M — 1) independent of s and M such that P (s) defined by

Hle [(ays + ay)
T T(Bes + D)

possesses the inverse factorial expansion given by

P(s) =

gy o (s)

jZO F(KS—H?’—}—]) Cks +0" + M)

)

P(s) = (h«*)’

where the parameters h, k and ©' are definedin (2.2.2). In particular, the coefficient
Ag has the value

p 1 g 1
Ay = (2m)2P=a+D =7 Har“rﬁ Hﬂrrbr

r=1 r=1

The remainder function oy (s) is analytic in s except at the points s =
—(a, + ko, k =0,1,2,... (1 <r < p), where P(s) has poles, and is
such that

om(s) = 0(1)

for |s| — oo uniformly in largs| <m — €, € > 0.
In the ‘balanced’ case k = 0, the behaviour of P(s) is described by (2.2.4).

Lemma 2.2. Let M be a positive integer and suppose that k > 0. Then, with the
parameters h, ¥ and k defined by (2.2.2), the function Q(s) defined by

3:1 F(l - br + lgrs)
le r'a—a, +as)

Q0(s) =

possesses the inverse factorial expansion given by

h K\—S M-1 X
Q(s)=(2(n§ﬁ S (Y AT Ges + 8 — )+ (s +9 — M) |
=0

where the coefficients A j are those appearing in Lemma 2.1. The remainder func-
tion py (s) is analytic in s except at the points s = (b, —1—k)/B,, k =0,1,2, ...
(1 <r <gq), where Q(s) has poles, and is such that

pu(s) = O(1)

for |s| = oo uniformly in |arg s| <m —€, € > 0.
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The above two lemmas are more in the way of existence theorems: they say
nothing about the values of the coefficients A;, apart from Ag. The actual com-
putation of these coefficients in general turns out to be quite difficult. Riney
(1956, 1958) has elaborated two algorithms for determining the A; when the
parameters o, = B, = 1. Another approach arises from the theory of integral
functions of hypergeometric type (see §2.3), where the Maclaurin coefficients
are given by P(n) (n = 0,1,2,...). The exponential part of the asymptotic
expansion (see §2.3) of such functions is known to involve the coefficients A ;.
If the differential equation satisfied by these functions is known, the exponential
expansion can be substituted into the differential equation to produce a recur-
rence relation for the coefficients A; [Wright (1958) for the case a, = B, = 1;
see also Paris & Wood (1986, §3.4) for an example of a case where «, # 1,
Br = 1].

Yet another method is to exploit the computer algebra in packages such as
Mathematica or Maple. We illustrate this procedure in §2.2.4 for the case of
quotients involving two and three gamma functions when the parameters ¢, # 1.

2.2.2 A Recursion Formula when o, = 8, =1
In the special case o, = B, = 1, a recursion formula for the coefficients in the
inverse factorial expansion of
"’ T(s+a)
T T(s+b)

has been given by Riney (1956). The parameters in (2.2.2) associated with this
quotient have the values

P(s) = (g=p+1) (2.2.10)

h=1, k=q—-pCE1), ﬁ:Za,—Zb,+%(q—p+l),

r=1 r=1

9 =1—10, Ay= (2m):P4tD2=? (2.2.11)
Then, from Lemma 2.1, we have the inverse factorial expansion

M—1

i o1
P(s) = Ap** {3 G b (2.2.12)
= F'ks+9'+j) Tks+9+M)
as|s| - ooin|arg s| <m —e€,where M =1,2,... andc; = A;/Ao denote the

normalised coefficients, with ¢y = 1.

A recursion formula for the coefficients ¢; can be derived from the difference
equation satisfied by P (s). Use of the functional equation for the gamma function
readily shows that

P(s+1)=T(s)P(s), (2.2.13)
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where
P q
T(s) =[] +a)/[]es +b0. (2.2.14)
r=1 r=1

Provided T (s) has only simple poles (that is, b, # by for r # k), then T (s) has
the partial fraction decomposition

. p,
T(s) = 2:1: e (2.2.15)
where
p q ,
Di=[J@-bp/[[r=bp) (1<j=q (2.2.16)
r=1 r=1

and the prime denotes the omission of the term corresponding to r = j.
A recursion formula for ¢; is then given by the following lemma:

Lemma 2.3. Let c; be the normalised coefficients (c; = Aj/Ao) in the inverse
factorial expansion (2.2.12) of the function P(s) defined in (2.2.10). Provided
b, # by forr # k, we have the recursion formula

Jj—1

1 . .
Cjz—jKKZCkE(J,k) (_]21)5

k=0

where co = 1 and

q ’ .
. e’ —«b, +«+j)
e(J,k)=r2]jD, ro T h

The partial fraction coefficients D, are defined in (2.2.16) and the parameters ¥’
and k are given in (2.2.11).

Proof. We now establish this result using Riney’s method of proof. We shall make
use of the following expansion involving a single gamma function. Let 8 > 0
and let a and b denote arbitrary complex parameters. Then the inverse factorial
expansion

1 B > T(-—aB+n)
22.17
» @21

G+al(Bs+b) T(b—ap T(Bs+b+n+1)

is convergent in the right half-plane defined by Re(s + a) > 0. The proof of this
well-known expansion is given in Ford (1936).
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Then, from (2.2.12), (2.2.13) and (2.2.15), we find

M—1

P(s+1)= A" T(s){ Y
j=0

cj o)
F'ks+9"+j) Tws+v'+M)

M-1

c;D,
= Aok"™* Z . —
— (s +b)C(ks + ' + j)

r=1

~.

o)
ks +0" +x+ M)

, (2.2.18)

where we have used the facts that T(s) ~ s and s*I"'(ks + ¢/ + M) =
O[T (ks +% +« + M)) as |s| — oo. Let B = min,Re(b,) and let R denote
the half-plane Re(s + B) > 0. It then follows from (2.2.17) that the double sum
appearing in the above expansion can be written as

P ai et j—kJ) (2.2.19)
= Uﬂrws+ﬁ+j+n+D

provided s € R.
At this point, we note the special values of e(j, k) for j < k given by

0 j<k-—-2
e(j, k) =3k j=k—-1 (2.2.20)
ki j=k.

These values are established at the end of this proof. It follows that in the sum
over n in (2.2.19) we may restrictn > k — 1. If wesetk = n —«x + 1 + j, the
above double sum then becomes

XY e
T T (s +0 +k+k)

—1 oo
Jj=0  k=j

We further note that the sum over k may be restricted to k < M — 1, since the
remainder may be absorbed into the order term in (2.2.18). Then, upon inter-
changing the order of summation, we obtain the expansion of P (s + 1) in the form

M-1

P(s+1) =A™ >
k=0

k

1
etk—1, ]
F(Ks+l9/+x+k)j2:(:)c’e( 7

o(1)
ks +9% +x+ M)

(2.2.21)

as |s| > oo whens € R.
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Application of Lemma 2.1 to P (s + 1) yields the inverse factorial expansion

M—1 o)

]ZOF(KS+Z9’+K+j) Fks+0" +x+ M)

P(s+1) = Agt*

as |s| — ooin|arg s| < w —e. Comparison with the coefficients in (2.2.21) (after
interchange of j and k) then shows that

J—1

J
= che(j -1,k = che(j —1,k) +«c

k=0

Therefore, upon replacing j by j + 1, we find

J
> cce( k) =0,

k=0

whence, since e(j, j) = jk*, the result stated in Lemma 2.3 follows. The case
when two or more of the b, are equal is more complicated. In this case Lemma 2.3
is still applicable but the evaluation of e(j, k) has to be combined with a limiting
procedure; see §2.2.3, Example 2.

To conclude this demonstration it remains to establish (2.2.20). If we compare
the coefficients of the expansion in powers of s~! of T (s) obtained from (2.2.14)
with those obtained from (2.2.15), we readily obtain

q 0 (k<k-=2)
Y Di(=b) =1 k=k—1)
= -1k +1) (k=x).

For positive integer n and arbitrary complex x, let the function F,, (x) be defined by

il I'(x — kb, +n)
Falo) = rZ]:D I'(x —«b,)

q n n q
=2 DY bua(=b)f =) bax ) Di(=b),
r=1 k=0 k=0 r=1

where b, ; are the coefficients in the expansion of I'(x — «b, +n)/I'(x —«b,) in
powers of —b,. Straightforward algebra shows that

buy =k",  byy_1= K”’l{nx + %n(n — 1)},
and hence we find that

0 n<x-2)
Fo(x) = { k<! n=xk-1)
K(x =19 (n=«).
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The statement in (2.2.20) then follows upon lettingn = j —k+«x andx = &' +k
in the definition of e(j, k) in the statement of the Lemma. O

We remark that the associated ‘reciprocal’ quotient

i PA—br +5)
_ r=1
0Gs) = " T —a +) (gzp+1

has, from Lemma 2.2, the inverse factorial expansion given by

M—1

Aok ™ ) )
> () e;Tles +9 — j) + O (ks + 0 — M)
j=0

OO Gy

(2.2.22)

as |s| — ooin|arg s| < m — €. The coefficients c; in this expansion are the same
as those appearing in the expansion of P(s) in (2.2.12).

2.2.3 Examples

We now give two examples to illustrate the application of Lemma 2.3.

Example 1. Consider the quotient

5o F'is—=1)
Ps) = res)r(s—1)°

As it stands this is not in the form (2.2.10). However, application of the duplication
formula for the gamma function

rQ2z) =27 T @l + 1) (2.2.23)

shows that the above quotient can be written as
. I'(s—1
P(s) =212yt | (s—1 .
T(s — 3L (s + 3)

This is now in the required form and corresponds to the parameter values k = 2,
=0 = 3 L with Ag = (27)~ >, Then we find from (2.2.12) that

M-1

o

5) =21 Z + (1)
]0F2s+ +j) T(2s+1+M)

(2.2.24)

as|s| > ooin|arg s| <m — €.
The coefficients D, in the partial fraction expansion (2.2.15) have the values
Dy = —1, D =4 and D3 = —3, whereupon

e(joky=—(k+3), +4(k+1), —3(—1),
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where N = j + 2 — k. The recursion formula in Lemma 2.3 becomes

1S .
cj:—4—jgck e(],k) (J = 1)7

and we find the values of the first few coefficients given by

9 345 9555 1371195
=1 a=g =75 G=in 4= Spgo
_ 60259815 6264182925
€5 = 63144 > €6 = “4104304 1 - (2.2.25)

The associated ‘reciprocal’ quotient

_T@s+DI(s+3) _ e DG+ DI(s +3)
C(s+2) C(s+2)

has the same values of the parameters «, ¥ and Ay and, from (2.2.22), has the

expansion

0(s)

M—1
O@s) =22 Z(—)fcjr(zs +3—J)+OoMI(2s+35—-M)p, (22.26)
j=0

valid as |s| — oo in |arg 5| < w — €. The coefficients c; are those in (2.2.25).

Example 2. We consider an example of P (s) in which two of the b, are equal. Let
F(s + %)

Pt 1)

sothatk = 1,9 = 0and Ag = 1. From (2.2.12) we therefore have

P(s) =

M—1

B ¢; o)
Pe) =2, Te+)) [ TG+M

j=0
as|s| > ocoin|arg s| <m — €.
If we let

T'(s+1)
P(s) = i Z
() = Jimy s+ Dr(s+1+35)

then, for finite §, we now have # = 1 — §, ¥’ = § and the coefficients D, given
by Dy = 1/(48), D, =1 — (1/48). Then

e, 2 reee) )

e(j, k) =}1Ln{

o|T(k=1) " 45 | T(5+k—1)  T(k—1)
- 4+ - v B

where Y denotes the logarithmic derivative of the gamma function.
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The recursion formula in Lemma 2.3 accordingly yields the values

co=1, ¢ =0.0625000, c, =0.0175781, c3 =0.0179443,
cs = 0.0339260, c¢5 =0.0954169, ... .

A closed-form representation for the coefficients c; in this case is given by
cj = [(—i)j]z/j!; see (2.2.39) and (2.2.40).

2.2.4 An Algebraic Method for the Determination of the A ;

In this section we discuss an algebraic method for the determination of the coef-
ficients A; in Lemmas 2.1 and 2.2. We illustrate this approach by considering
two examples of the quotient of gamma functions in (2.2.1) with p = ¢ = 1 and
p=2,q=1.

Example 1. As a first example, let us consider the ratio of two gamma functions
C'(a+bs)/ T +s),

where a is arbitrary and b > 0. When 0 < b < 1, we have from Lemma 2.1 the
expansion

[(a+bs) _ = o (s)

ra+s) F(Ks+19’+j) Cks+0" + M)

. (2.227)
j=0

where oy (s) = O(1) as |s| — oo uniformly in |arg s| < w — €, € > 0. The
parameters are given by

k=1-b(>0), 9=a—13%, ®=32-a h=05

and Ay = (271)%/(%”912’9. When b > 1, we find from Lemma 2.2 the expansion

Tla+bs) ()™ | '
Td+s) 27 g(_)]AjF(KS‘Fﬂ—J)+/0M(S)F(KS+I9—M)

(2.2.28)

with the same parameter ¢ and coefficients A as in (2.2.27) but with ¥ now given
byk =b—1>0and h = bh~>. When b = 1 we have « = 0; this corresponds to
the ‘balanced’ case with expansion given by (2.2.30) in inverse powers of s.

Let us consider the case 0 < b < 1. If we introduce the scaled gamma function
defined in (2.1.10) we find after some routine algebra that

I'(a + bs)'(ks + 1)

I +s) = Ao ()" R(s) Y (5),
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where

e_% (] +a(bs)—1)19+bs (1 + ﬂ/(KS)_l)Ks-‘r%—ﬁ

R(S) = 1 )
(1 —i—s*l)sJri
Tls) — I'(a + bs)I' (ks + )
(5) = T*(1 +5)

Then, with the normalised coefficients ¢; = A;/Ap, the expansion (2.2.27) can
be written in the form

M-1

R(s)Y(s) = Z

j=0

Ccj oy (s)
(ks +0);  Aolks + )y’

(2.2.29)

where ¢y = 1.

The procedure now consists of expanding both sides of (2.2.29) in inverse
powers of ks and making use of the expansions in (2.1.9) and (2.1.11) for the
scaled gamma function. Straightforward algebra shows that

R(s) = 1+ ——[k(a— Da/b— 90" + Ol(ks)2]
2K
T@s)=1- Z—;(b +k/b) + O[(ks)™2],

where the Stirling coefficient y; = —%, so that upon equating coefficients of

(ks)~!in (2.2.29) we obtain
¢ = k(@ —Da/b— 00"} — yi(b+ k/b).

The higher coefficients can be obtained by continuation of this process with the
help of Mathematica to find¥

co=1, ¢ =@Q—12a+ 124> +7b — 12ab + 2b*)/24b,
¢y = (4 — 144a + 480a*> — 480a° 4 144a* + 172b — 984ab
+ 1320a’b — 480a°b + 417b* — 984ab” + 480a>b* + 172b°
— 144ab® + 4b*) /115202,
c3 = (—=1112 — 3600a + 65520a* — 161280a° + 151200a* — 60480a°
+ 8640a° + 9636b — 220320ab + 715680a>b — 816480a’h
+ 378000a*b — 60480a°b + 163734b* — 929700ab* 4 1440180a>h*
— 816480a°b* 4 151200a*b* + 336347b° — 929700ab” + 715680a>b*

+ Itis helpful in this expansion process to write terms such as (14-a(bs)~!')?*+* appearing in R(s) in the
form exp{(? + b(k¢)~ ") log(l + ax¢/b)}, where ¢ = (ks)~'.
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—161280a°h® + 163734b* — 220320ab* + 65520ab* + 9636b°
—3600ab® — 1112b%)/4147200°, ... .

A considerable simplification in the form of these coefficients results when
a = b to yield

co=1, ¢ =Qa—1)(a-2)/24a,

Qa—-D@-2 _,
=" 72 19 2),
e 52a2 2@ T19a+2)
2a—1)(a—-2) 4 3 2
= - ~(556a" — 1628a” — 9093a” — 1628 556), ... .
c3 41472053 (556a a’ —9093a a+ ),

Whena = b = % (ora = b = 2 in (2.2.28)), the quotient of gamma functions
reduces to a single gamma function by virtue of the duplication formula. In these
cases we see that the coefficients correctly reduce to ¢y = 0 (k > 1).

We remark that the inverse factorial expansion of the associated ‘reciprocal’
quotient

I'(s)
'l —a+ bs)

is given by the right-hand side of (2.2.27) when b > 1 and of (2.2.28) when
0 < b < 1. An example of the use of this expansion whena = b, with0 < b < 1,
is given in §8.1.6, where expressions for ¢; for 0 < k < 8 are derived.

Example 2. Consider the quotient of three gamma functions given by

1 /1 1
P(s):—F( +ms)r( +”S),
s! % v

where we suppose that © > m > 0 and v > n > 0. The parameters associated
with this quotient are

n 1 1 m/ n/v
——, O=—4+—-—1, h=m/wW)""*n/v)"",
v n v

Ao = 227" m /)03 ()7

m
Kk=1——
7

In addition, we shall suppose the constants i, v, m and n to be further restricted so
that 0 < ¥k < 1. Then, from Lemma 2.1, we have the inverse factorial expansion

M-1

P(s) = (hc*)' $ >
j=0

oum(s)
F(Ks+z9/+]) C(ks +0' + M)

’

where oy (s) = O(1) as |s| — oo uniformly in |arg s| <7 —€,€ > 0.
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Introduction of the scaled gamma function then leads to the expansion in
(2.2.29) for the normalised coefficients c; = A;/Ag, where now

r(1+s) " v

1 4 9/ c)es—0+% (14ms)/n—3 (I4ns)/v—3
R(S)Z%O_Fﬁ) <1+E) ,
e(1+«z)t2 m n
with ¢ = (ks)~!. The procedure is as described in the previous example and

consists of expanding both sides of (2.2.29) in inverse powers of «s and making
use of the expansion for the scaled gamma function.

Straightforward algebra shows that (with y; = —%)

T(s)—l——{l—lc—i-/c( )}+0[(;<s) 1.
R(s) =1+ % kA +0@ — D} + O[(ks) ],

where A = (1 — u)/(mp) + (1 — v)/(nv). Upon equating coefficients of (xs)~!
in (2.2.29) we then obtain

I 1 mov
C]ZEKA-{-El?(l?—I)—)/]{1—K+K<Z+;)}.

The higher coefficients can be obtained by continuation of this process with the
help of Mathematica. For example, in the case u = 3, v =6, m = landn =2
we find the set of coefficients presented in Table 2.2.

2.2.5 Special Cases

To conclude our discussion on the expansion of quotients of gamma functions we
present cases involving two and three gamma fuctions for which a closed-form
representation for the coefficients can be given.

Table 2.2. The coefficients c; for 1 < j < 10 (with
co=1)whenpu =3, v=6m=1andn =2

J Cj J Cj
5 55
L5 2] %
4675 752,675
3 3456 4 165,888
5 4,365,515 6 1,680,723,275
221,184 15,925,248
7 127,975,072,225 8 30,074,141,972,875
191,102,976 6,115,295,232
9 27,096.801,917,560,375 10 6,075,102,989,917,036,075
660,451,885,056 15,850,845,241,344




50 2. Fundamental Results

(a) A ‘balanced’ quotient when p = g = 1. The situation involving two
gamma functions with «; = B; = 1 corresponds to a ‘balanced’ quotient (since
« = 0) and is more straightforward than that in (2.2.27). In this case, the asymp-
totic expansion is well known and explicit values of the coefficients are given by
[Copson (1965, p. 61); Olver (1974, p. 119); Temme (1996, p. 67)]

I'(s 4+a) N

a—b —Jj
s Ci(a,b)s™ 2.2.30
TGs+b) ; i@ bs ( )

as |s| — ooin|arg s| < m, where the coefficients C; (a, b) are expressed in terms
of the generalised Bernoulli polynomial B}m)(a) by

Ci(a,b) = %(b —a);BY""""V(a).

The explicit representation of the first few coefficients is

Co(a,b)=1, Ci(a,b)y=13@—-b)a+b-1),
Co(a, b) = % (b —a)[3(a +b)* —Ta — 5b+ 2],
Cs(a,b) = (b —a)s(1 —a —b)[(a + b)* — 3a — b],
Cs(a, b) = o5 (b — a)4[15(a” + b*)* — 8 — 18a + 125a° — 904’
+ 185 + 110ab — 210a*b + 60a’b + 5b* — 150ab’
+ 60a*b* — 30b° + 60ab’], . ..,
where («), = (o + 1) --- (¢ +n — 1). An alternative, more efficient expansion,
in inverse even powers of s + %(a + b — 1) (when Re(b — a) > 0) has been given
by Fields (1966) and discussed for complex a, b by Frenzen (1992); see Temme
(1996, p. 68).

The special cases whena =0, b = % anda =
We have the expansions

%, b = 0 are worth mentioning.

F(S) 1 - 1\ . —j
e~ (0, )5, (2.2.31)
L(s+3) =0 /0:2)
F(s + %) R j 1\ —j
?s) s jgzo(—) C;(, E)s (2.2.32)

for |s| — oo in |arg s| < m, since it is readily established that C.,-(%, 0) =
(=)/C;(0, 3). The values of the coefficients C;(0, 3) for 1 < j < 10 are listed
in Table 2.3, where Cy(0, %) = 1; a more detailed discussion of these coefficients
can be found in McCabe (1983).
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Table 2.3. The coefficients C;(0, %)

forl1 <j <10
. i . i
J C;(,3) J C;(0, 3)
1 1
Lls 2|
5 a1
3 1024 4|~
399 869
5| wm 6 | Tioism
7| 3935 g | _ 337
33,554,432 3.147,483,648
9 28,717,403 10 59,697,183
17,179,869, 184 374,877,506,084

(b) Products of two gamma functions. The product of two gamma functions
I's+a)l'(s+b)

and the associated ‘reciprocal’ product {I'(1 —a + s)I'(1 — b + $)}~! can be
identified with Q(s) in (2.2.7) and P(s) in (2.2.1), respectively The parameters
are accordingly givenby x =2, h = 1and ¢ = a+b— 5. Then, from Lemmas 2.1
and 2.2, we obtain the inverse factorial expansions

M—
PG +als+b) =251 1) (- AT@s +0 — )
j=0

+ou($HT2s +0 — M) (2.2.33)

and

1 M-1

Td—atld—b+s)

ou(s)
1"(2s + 19/ +Jj) r2s+v' +M)

(2.2.34)

s

Jj=0

where o, (s) and pys(s) are O(1) as |s| — ocoin|arg s| < m — €. The coefficients
A are the same in both expansions (2.2.33) and (2.2.34) and, with the normalised
coefﬁc1ents ¢; = A;/Ag, where Ag = (2r)"22'97", we have

—2-J J
¢ = ,-;) [Tl@-02—¢=5 G=0. (22.35)

r=1
To establish the above form of the coefficients we use the fact that
rs+9—-j) (=)

Frs+9) @ —2s);
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where we recall that ' = 1 — ¢, together with the duplication formula for the
gamma function (2.2.23) applied to I'(2s + ¢). This yields the expansion in the
form

I's+a)'(s+b)
T(s+10)0(s + 19 + 1)

M—1 ) \M
R N M ()7 Pu(s) (2.2.36)
S 0=29); =29

T(s) =

Rather than expand Y (s) by Stirling’s formula, as in the preceding example, we
proceed to express it in terms of a Gauss hypergeometric function by means of the
standard summation formula [Abramowitz & Stegun (1965, p. 557)]

2'Frir
il —aipily= 2 LB (2.2.37)
F(ze+3B)0 (3 — 3¢+ 38)
_rpris+ )
F(z¢+38)0(; — 30 + 38)
provided B 7é 0,—1, -2, ... . Then, setting ¢ = %+a —band B = ¥ — 2s
(where v’ = 3 —a b), we find upon use of the reflection formula for the gamma
function
r(io —s)r( + 1o —
T(s) = (3 PG5+ 3 S)H(s)
rM—a—-—s)rd —b—ys)
=s2Fi(3+a—b 5 —a+b; ¥ —2s;5) H(s),
where
Hs) —cosm(2s +a + b) ] cosm(a — b)
s) = =1— )
2sinm(s +a) sinm(s + b) 2sinm(s +a) sinm(s + b)

Since H(s) =1+ O(e ¥y ast = Im (s) — o0, it is easily seen from the
series expansion of the hypergeometric function that when Im(s) — £oo

M-1

(=2)~/ o(1)
YO =2 - z>,n|<" == Gy
Jj= r=1

Comparison of this form with (2.2.36), where py(s) = O(1) as Im(s) — Fo0,
then shows that the coefficients ¢; (1 < j < M — 1) are given by (2.2.35).
We observe that when b = a + %, the product

T(s + @) (s +a+ 1) =2""2"2737Q2s + 20a)

by the duplication formula in (2.2.23). In this case, the coefficients ¢; (j > 1) in
(2.2.35) correctly reduce to zero; a similar result applies whena = b + %
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(c) Quotients of three gamma functions. The quotient of three gamma functions

F'(s+a)l'(s+b)
I'(s+c¢)

is of importance in the construction of exponentially-improved asymptotic solu-

tions of linear differential equations, particularly the confluent hypergeometric
function discussed in Chapter 6. The quotient is identified with Q(s) in (2.2.7)
and we have p = 1, ¢ = 2, withk = h = 1 and ¥ = a + b — c. Then, from
Lemma 2.2, we find the expansiont in the form

Ts+al+b) "~ .
T'(s +¢) = jzz(:)(_)jAjF(S‘f‘ﬁ—])+,0M(S)F(s+19—M),

(2.2.38)

together with the expansion of the associated ‘reciprocal’ quotient from
Lemma 2.1
1

r'd—c+s) B X_: Aj oum(s)
T —a+)T(A—b+s)  Z T+ +)) T+ +M)

=
(2.2.39)

where py(s) and oy (s) are O (1) as |s| — ooin|arg s| < 7 — €. The coefficients
A in both expansions are given by

. (c—a)j(c —b);
J! '
To establish the form of the coefficients in (2.2.40) we follow the method used
by Olver (1995) in the case ¢ = 1; an advantage of this approach is that it
also furnishes an explicit integral representation for the remainder term in the
expansion (2.2.38).
A straightforward application of Barnes’ lemma [see Lemma 3.5 in §3.3.6]
shows that

A; (2.2.40)

Ls+a)l(s+b) L oo
ot~ )., *@dn

where
r —a)l -b)r 9 —1)(—
5(1) = (t+c—a)l(t+c (s + I'(—1) 2.2.41)
I'c—a)'(c —b)
and the path of integration is suitably indented to separate the sequences of poles
att =a—c—kandt =b—c—kfromthoseatt = kandt =5+ 0 + &k

T The expansion (2.2.38) is quoted in Dingle (1973, p. 15) and proved in Paris (1992a) using an
approach similar to that in §2.2.5(b), and Olver (1995) only in the special case ¢ = 1. A different
proof of this expansion when ¢ # 1 has been given by Biihring (2000).
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Im(7)

A s+ 0

“o 1 2 M—1| M  Re(r)

Cu

Fig. 2.1. The path of integration in the t plane and the path C,, given by Re(r) = M — 4,
0 < § < 1. The heavy points denote poles of ¢ (7).

(k=0,1,2,...); see Fig.2.1. This separation requires the temporary restriction
that neither a — ¢ nor b — ¢ equals a nonnegative integer. In addition, we further
suppose that M denotes a positive integer chosen such that M > Re(a —¢)+ 46 and
M > Re(b—c)+68,where0 < § < 1, butsubject to the restriction Re(s +9) > M
as |s| - ooin | arg s| < %rr.

Then the only poles of ¢ (t) located between the path of integration and the
path Cj, defined by the vertical line Re(t) = M — § are those situated at T = j
(j=0,1,..., M — 1) with residue

(_)j*l(c —a)j(c—=b);I'(s+0 —j)/jl

Since the modulus of the integrand is O (| y|Re¢©+9)=2e=27Il) a5 Im(z) = y — o0
by Stirling’s formula (2.1.8), the path can be displaced over the first M poles of
¢ (1) to produce the expansion in | arg s| < %n

Fs+als+b) () .
Tero &= ) (c=a)jc=b);T(s + 0 = j) +ris),
(2.2.42)
where
ne) = — [ @) dr. (2.2.43)
2mi Cu

The remainder integral r;(s) can be shown to be O(I'(s + 9 — M)) as |s| — oo
in accordance with (2.2.38). Analytic continuation with respecttoa —c and b — ¢
removes the restriction that neither @ — ¢ nor b — ¢ equals a nonnegative integer.
This is the desired expansion which shows that the coefficients A; are given by
(2.2.40); extension to the wider sector | arg s| < 7w — € follows from Lemma 2.2.
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2.3 The Asymptotic Expansion of Integral Functions

The determination of the asymptotic expansion for large |z| of the integral function
f (z) defined by the Maclaurin series

f@ =) gmz" (z| <o),
n=0

for suitably defined coefficients g(n), is a problem of considerable interest which
has been discussed by various authors; see the references given in Paris & Wood
(1986, §2.3.1). The important special class of such functions, known as the
generalised hypergeometric function has the Maclaurin coefficients given by

P
¢n) = %271 ?E;" tan),
=1 -n+b,)
where p and g are nonnegative integers; compare (2.2.1). The parameters o,
(1 <r < p)and B, (1 <r < g) are supposed to be real and positivet, while a,
and b, are arbitrary complex numbers. It will be supposed that the «, and a, are
subject to the restriction

2.3.1)

an+a #0,—1,-2,... (n=0,1,2,...;:1<r<p) (2.3.2)

so that no gamma function in the numerator is singular.
From (2.2.2), we have the parameters associated with g(n) given by

14 q
p=TTe 15"
r=1 r=1

q
=) a—Y b+iq-p. ¥=1-0

r=1 r=1

q P
K:l—i—Zﬁ,—Zar.
r=1 r=1

If it is supposed that «, and S, are such that ¥k > 0 then, subject to (2.3.2), the
generalised hypergeometric, or Wright, function defined by

T, Tewn+a) 2 _
pfe@ = Zz(; 7 TGmihy i &7 0= (2.3.3)
is uniformly and absolutely convergent for all finite z. If k = 0, the sum on the
right-hand side of (2.3.3) has a finite radius of convergence equal to 2~', while
for k < 0 the sum is divergent for all nonzero values of z. The parameter « will
be seen to play a critical role in the asymptotic theory of , f, (z) by determining
the sectors in the z plane in which the behaviour of , f, (z) is either exponentially

+ The case of complex «, and B, has been considered in Wright (1940).



56 2. Fundamental Results

large or algebraic in character as |z| — oco. We note that the familiar generalised
hypergeometric function, denoted by , F, (z) [Slater (1966, p. 40)], corresponds
to (2.3.3) with o, = B, = 1, namely

ar, . [, Tn+a) "
”F‘f<b1,... 4 ) CZ _ T(n+b,) n!’
where C = [17_, T(b,)/[17_, T(a,).

An account of the derivation of the asymptotic expansion of , f, (z) for large |z|
is given in Paris & Wood (1986, §2.3); see also Braaksma (1963, §12) where the
function ,, f; () is denoted by , v, (z). A detailed survey of the particular function
corresponding to p = 0, ¢ = 1 has been given in Gerenflo et al. (1999). Here we

content ourselves with a brief statement of the results. The algebraic expansion of
» f4(2) follows from the Mellin-Barnes integral representation (when « > 0)

1 ool )
o) =5 [ PEOTGH Dg@eT s, 234)

where the path of integration is indented near s = 0 to separatef the poles ats = k
from those of I'(1 + s)g(s) situated at

s=—(a, +k)/a,, k=0,1,2,... (1 <r <p). (2.3.5)

In general there will be p such sequences of simple poles though, depending on the
values of o, and a,, some of these poles could be multiple poles or even ordinary
points if any of the I"(8,s + b,) are singular there. Application of the convergence
Rule 1 in §2.4 shows that the above integral defines , f,(z) only in the sector
|arg(—z)| < %n(Z — k). Displacement of the contour to the left over the poles of
I"(1 + 5)g(s) then yields the algebraic expansion of , f, (z) valid in this sector. If
it is assumed that the parameters are such that the poles in (2.3.5) are all simple
we obtain the algebraic expansion given by H (ze¥™'), where

p
HQ) =) a,'z7/*S,  (z:m) (2.3.6)

m=1
and S, ,(z; m) denotes the formal asymptotic sum

i (—)"F(k+am> I.” L@ =kt an)/om) _yya,
k! oy, F(b _ﬂr(k+am)/am)

Spq(z;m) =
k=0
(2.3.7)

with the prime indicating the omission of the term corresponding to r = m in the
product. This expression consists of p expansions each with the leading behaviour
7z /% (1 < m < p) and yields the algebraic expansion of pfq(2) valid as

+ This is always possible when the condition (2.3.2) is satisfied.
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|z] = oo in the sector |arg(—z)| < %n(Z — k). The upper or lower sign in
H(ze™™") is chosen according as arg z > 0 or arg z < 0, respectively. When
the parameters ¢, and a, are such that some of the poles are of higher order,
the expansion (2.3.6) becomes nugatory and the residues must then be evaluated
according to the multiplicity of the poles concerned.

The exponential expansion of , f,(z) is represented in terms of the formal
asymptotic sum

[e¢]
E@=X"eXY AX*  X=kha)'" (2.3.8)
k=0
The coefficients Ay are those appearing in the inverse factorial expansion of g(s)
given byt (see Lemma 2.1)

M—1 o)

JX; l"(/cs—i—z?/—i—]) I'ks +90' + M)

g(s) = k(he*)’
for |s| — oo uniformly in | arg s| < m — €, where
1 1 d a.—1 a 1_p
Ag= Q)20 e 2 [[87- (2.3.9)

These coefficients are independent of s and depend only on the parameters p, ¢,
o, Br, a, and b,. As pointed out in §2.2.1, their actual evaluation turns out to be
the most difficult part of the theory.

Since , f;(z) in (2.3.3) is an integral function of z when « > 0, we need only
consider the asymptotic expansion in | arg z| < m. The asymptotic character of
» J4(z) depends critically upon the value of the parameter «: three different cases
arise according as (i) 0 < x < 2, (ii) k = 2 and (iii) ¥ > 2.

Case (i): 0 < k¥ < 2. The z plane is divided into two sectors, with a common
vertex at z = 0, by the rays (the anti-Stokes lines) arg z = :I:%mc. In the sector
|arg z| < %mc, the asymptotic character of ,, f, (z) is exponentially large while in
the complementary sector | arg(—z)| < %7‘[(2—/(), p fq(2) is algebraic in character.
As |z] = oo we obtain the expansion (in the Poincaré sense)
Friy 1
pfe(@ ~ B@ ¥ e " e <l = 2 (2.3.10)
H(ze™™) in Jarg(—2)| < 372 —«),

where E(z) is defined in (2.3.8) and, in the case when all the poles of g(s) at
the points (2.3.5) are simple, H(z) is given by the p asymptotic sums in (2.3.6).
The upper or lower sign in H (ze¥™") is chosen according as z lies in the upper or
lower half-plane, respectively. It is seen that arg z = 0 is a Stokes line, where the

+ For convenience, a factor « has been extracted from the coefficients A; in Lemma 2.1.
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algebraic expansion is of maximum degree of subdominancy. In the neighbourhood
of this ray, the leading terms of H (ze™™") change by the factor exp(2mia,, /o)
(1 < m < p). This is the Stokes phenomenon where the coefficients of the
subdominant algebraic terms change in the neighbourhood of arg z = 0 in order
to preserve the single-valuedness of |, f;, (z) as z describes a circuit about the origin.

If p =0in (2.3.1) (so that « > 1), then g(s) has no poles in the finite s plane
and H (z) is accordingly identically zero. In this case, the asymptotic expansion
of , fy(z) for 1 < « < 2is described by E(z) as |z] — ooin |arg z| < , and is
therefore exponentially small in the sector | arg(—z)| < %7[(2 —K).

Case (ii): « = 2. The rays arg z = :I:%mc now coincide with the negative real
axis. It follows that ,, f, (z) is exponentially large in character as |z| — oo except
in the neighbourhood of arg z = =+, where it is of the mixed type with the
algebraic expansion becoming asymptotically significant. In this case we have

pfa(@) ~ E@) + E(ze™™) + H(ze™™)  (Jarg 2| < ), (2.3.1D

where again the upper or lower sign is chosen according as arg z > Qorarg z < 0,
respectively. We remark that the expansions E(ze¥>"') only become significant
(in the Poincaré sense) in the neighbourhood of arg z = £

Case (iii): « > 2. In this case the asymptotic behaviour of , f, (z) is exponentially
large for all values of arg z. For |z| — oo we have

P
pfa@ ~ D E@e™)  (larg z| < 7). (2.3.12)

r=—P

where P is chosen such that 2P + 1 is the smallest odd integer satisfying
2P + 1 > 1k.Theexponential sums E (ze>"'") are exponentially large as |z| — oo
for values of arg z satisfying |arg z 4+ 2nr| < %mc and |arg z| < 7.

2.3.1 An Example

As an application of the above theory let us consider the asymptotic expansion of
the double Laplace-type integral

o0 P00
1) = )Ll/uw#l/v/ / xotyﬂef?»f(x.y) dxdy
0 Jo
for A — +o00, where the phase function f(x, y) is given by
fly) =xt —ex™y" +y".

The parameters (, v, m, n, 1 +« and 1+ B are assumed positive with ¢ an arbitrary
complex constant, so that for convergence we require

=20 (2.3.13)
[T
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Integrals of this type (with ¢ < 0) are discussed at length in Chapter 7, where it
is shown that the above condition corresponds to the single internal point (m, n)
lying in front of the back face of the associated Newton diagram; see §7.3.2.

In §7.7 it is shown that /(1) can be expressed as a Mellin-Barnes integral
[cf. (7.7.2)], which in turn can be evaluated as the absolutely convergent series

A—e/u=plv 2 1 k 1 kY (ca<)k
IW="—=-3"r Fratmky  (1EB kY @) 5
wv = % v k!

This series is an integral function of the type in (2.3.3) and is associated with the
parameters

k=1———— h=m/wW""n/v", X=r«rhc)'*
" 1%

and, when o = 8 =0,
I 1 _l_yp 1_1 1_1
bP=—+4+—-—1, Ag=2mk" 2 "(m/u)* 2(n/v)» 2.
JTANY
Since 0 < k < 1, it then follows from (2.3.10) that 7 (A) possesses the
asymptotic expansion (in the Poincaré sense) as A — 400 given by
H() in |arg(—c)| < im(2—«)

N . | (2.3.15)
EQ)+ H@®) in |arg c| < 7k,

I(K)N{

From (2.3.6) (when it is assumed the parameters are such that all poles in (2.3.5)
are simple) the algebraic expansion is H(A) = H, g(A), where

X )k
Hy p(A) = A"/m=B/Y {LZ( ) r (1 +a +Mk>

my k! m
k=0

T (m(l +8) —n(l+a+ ,uk)> (— ey~ (tatu)/m
mv
1 (O (14 B+vk
tm F( " )

(n(l—l—a)—m(l—i—ﬁ—f-vk)
x I’

)(—c,\K)—<1+5+“’<>/" } (2.3.16)
un

The minus sign in the arguments —cA* of these expansions is to be interpreted
as e™™! according as arg(cA“) > 0 or < 0, respectively. When some of the poles
on the left of the contour in (2.3.4) are higher-order poles, then it is necessary to

F The expansion (2.3.15) also holds when A is complex; see Paris & Liakhovetski (2000a) for
details.
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evaluate the residues of the associated integrand accordingly; this will lead to the
generation of terms involving log A in the algebraic expansion.

The exponential expansion E()) can be obtained from (2.3.8) and (2.3.9) in
the form

s Ao
E() = xgy} —xﬁ XZC X, (2.3.17)
j=0

whereT xg, yo are the coordinates of the saddle point defined in (2.3.18) below and
co = 1. The coefficients c¢; are defined as the coefficients in the inverse factorial
expansion of the quotient of gamma functions in the sum on the right-hand side
of (2.3.14) and the procedure for their evaluation has been discussed in §2.2.4. In
the particular case u =3, v=6,m = 1,n =2 and o« = 8 = 0, for example, we
have the exponential expansion

_3
2

EQ) = exp(Ac’/27) Zc,(,\c /27)7

=0

where the corresponding coefficients ¢; for 0 < j < 10 are listed in Table 2.2.
We note that, when ¢ > 0, the phase function f(x,y) has a saddle point,
corresponding to df/dx = df/dy = 0, in the positive quadrant at the point:

xo = (m/) " (he) VO yo = (n/v) (he) /O, (2.3.18)

and that f(xg, yo) = —k (hc)!'/*. The leading term of the exponential expansion
in (2.3.17) is then seen to agree with the standard saddle-point approximation for
double integrals given by [see, for example, Wong (1989, p. 461)]

2
ATV ) ~ T[detf"(xo,yo)] 2xg yf et o,

where the Hessian detf” = fy, f,, — f;, is evaluated at the saddle point. We
remark, however, that the exponential expans1on in (2.3.17) is valid in the sector

larg ¢| < 1wk, where the saddle point (xg, yo) moves into the complex x,y

2
planes when ¢ becomes complex. The algebraic expansion H (1) originates from
the neighbourhood of the origin.

Similar arguments have been given in Paris & Liakhovetski (2000a) to derive

the expansion of the n-dimensional integral for large complex A

o0 e}
I =21 / xyxy? e xpne M Gl Wy dx,, (2.3.19)

+ We remark that to make apparent the factor xg yg we have employed the values of ¢ and A
corresponding toa = 8 = 0.
# There are other saddle points in the complex x, y planes.
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where d = Z?zl (1/p;) and the phase function
n
Fx, o, x,) = Zx;” —exy" Xyt X
j=1

corresponds to a single internal point in the associated Newton diagram; see §7.3.2.
We suppose that the exponents (not necessarily integer values) satisfy pu; > 0,
m; > 0and Re(e;) > —1 (1 < j < n). To secure convergence when Re(c) > 0
we require that

Kk=1-— Z m > 0,
— M
J=
so that the internal point (my, ..., m,) in the Newton diagram is situated in front
of the back face (which is a hyperplane in #n dimensions). When n = 1, we have

o0
I()) = A/ / x“exp{—A(x" —cx™")}dx
0

)\*Otl/lil .
= P Fi(my/p1, (1 + 1) /15 cA),
1

where k = 1 — m;/u; and Fi(a, b; z) denotes Faxén’s integral; see Olver (1974,
p- 332) and §5.5. Accordingly, the integral 7 (}) in (2.3.19) can be regarded as an
n-dimensional extension of Faxén’s integral. Special cases of this integral when
n = 1 and oy = 0 were first studied asymptotically in Brillouin (1916), Burwell
(1924), and more generally in Bakhoom (1933), by the method of steepest descent.
A study of a generalisation of the one-dimensional Faxén integral with more than
one internal point in the phase function f has recently been given in Kaminski &
Paris (1997). In the n-dimensional case, it is found that 7 (1) possesses the asymp-
totic expansion given in (2.3.15) as A — 400, where « is as defined above and
E (A) and H (1) are the n-dimensional analogues of the exponential and algebraic
expansions in (2.3.17) and (2.3.16).
This approach can also be extended to deal with the more general integral

o0 o0
J (k) = A/mriry / / g(x, y)e M dxdy,
0 0

where g(x, y) is a smoothly varying amplitude function chosen such that the
integral converges absolutely. It is found that the expansion of J (1) for A — +00
is again given by (2.3.15), with the algebraic expansion now taking the form

HM =Y ¢ H, ,(0). (2.3.20)
P-q

where g(x,y) = ). ra ggzl)x/’ y? in some disc centred at the origin, p and g
are nonnegative integers and H), ,(1) is defined in (2.3.16). The exponential
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expansion is

R A ad .
E() = 2X"X> " B;x 7, (2.321)
J7a% ,
j=0
where
2j 2j-r
Bj=) ) ()" eilxtyg €}

Il
S
~
Il

0

r k
C;r,k) — (_)p+q r k C;PJ])
p=0 g=0 p 4

and we have put g(x, y) = )", g% (x — x0)”(y — yo)? in the neighbourhood of
the saddle point (xg, yo). To denote the dependence on the integers p and g, we
have written the coefficients in the inverse factorial expansion of the quotient of

gamma functions

r

1 1 1
—F< +p+ms>r< +q+ns> (23.22)
s! uw v

ascj = cﬁ.‘” 9 with cé""’) = 1. The details of these calculations can be found in

Paris & Liakhovetski (2000b).

Higher dimensional Laplace integrals with the phase function f containing
only one internal point in the Newton diagram can also be dealt with in the same
manner by employing the asymptotics of the integral () in (2.3.19) given in Paris
& Liakhovetski (2000a), but the computational effort involved in the calculation of
the coefficients in the exponential expansion rapidly increases with the dimension
of the integral. The same procedure, of course, can also be brought to bear on
one-dimensional integrals of the form

o0
J) = )\”"/ g(x)e M T gy
0

where i > m > 0 so that the parameter x = 1 — m/u satisfies 0 < ¥ < 1. The
analysis of this integral is carried out in terms of the one-dimensional analogue
of 1(A) (which corresponds to Faxén’s integral). It is found that the expansion of
J (1) for A — +o00 is again described by (2.3.15), where the algebraic expansion
is now given by the one-dimensional analogue of that in (2.3.20), namely H() =

>, gg’) H,()), with

A &k (1
H, () = Z (=) r + o+ uk (— ey~ (etuk/m.
m = k! m

The exponential expansion has the same form as (2.3.21), but with the factor
Ao/uv replaced by Ag/un and the parameters now defined by k = 1 — m/pu,
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9 =1/u—L h=(n/w"* and Ag = 2n)7k 77" (m/p)”. The coefficients
Bj in the one-dimensional case are given by

2j
Bj ZZ(_)r (s) rC(V) Cﬁr) Z( )p( ) (P)
r=0

where xo = (cm/u)"/ ) denotes the saddle point of the phase function that is
situated in x > 0 when ¢ > 0 and the coefficients c(p ) appear in the inverse
factorial expansion of the one-dimensional analogue of (2 3.22), namely the ratio
I'((1+4+ p+ms)/u)/s! for large s.

2.4 Convergence of Mellin-Barnes Integrals

In this section we develop convenient rules for determining, at a glance, the conver-
gence of a class of frequently occurring Mellin-Barnes integrals. These integrals
typically have the form

1
— / g(s)z’ds, (2.4.1)
27Tl C

where the contour C is usually either a loop in the complex s plane, a vertical line
indented to avoid certain poles of the integrand, or a curve midway between these
two, in the sense of avoiding certain poles of the integrand and tending to infinity
in certain fixed directions.f For ease of reference, let us label a contour C that
is a loop beginning at +o0, travelling in a clockwise sense and returning to 400
(with suitable indentations to avoid poles) as C, and use the label C; to indicate
a (possibly) indented vertical line; see Fig.2.2.
The integrand g(s) in (2.4.1) is assumed to have the form

H’" re, — ), Td+as—a)
rempt DL+ Brs = b )l_[r —nt1 L@y —ars)

g(s) = (2.4.2)

O<m=<gq, 0<n<p).

The parameters «,, §, are restricted to be positive numbers and it is assumed that
the parameters are such that the path C may be chosen to separate the sequences
of poles resulting from I'(b, — B,5) (1 < r < m) from those of I'(1 + &5 — a,)
(1 < r < n). The coefficients «,, B, of the integration variable in the gamma
functions in (2.4.2) are termed the multiplicities of the associated gamma functions.
For later convenience, we also set

p q
h=[lexT]8": (2.4.3)
r=I1

r=1

T Integrals of this type are known as the Fox H-function; see also Braaksma (1963, p. 239). When
o, = B, = 1, the integral reduces to the Meijer G-function.
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3/

G

Fig. 2.2. The contours of integration C; and C, in the complex s plane. The heavy points
represent poles.

recall (2.2.2). In order to determine convergence of the Mellin-Barnes integral
(2.4.1), we shall need to examine the behaviour of the integrand g (s)z* for |s| — oo
along the contours Cy, k = 1, 2. In the process, we will obtain two ‘rules of thumb’
for determining the domains of convergence by simple inspection.

Let us begin by recalling (2.1.1),

logl'(z) = (z — 3)log z — z+ S log 2 + O(z™")

for |z|] — oo in |arg z| < 7, where the O-estimate is immediate from (2.1.5).
With an application of the reflection formula (2.1.20), this permits us to write, for
B > 0 and arbitrary complex «,

logI'(a + Bs) = (o + Bs — 1) log Bs — Bs + O(1),
logI'(a — Bs) = —log sinm(a — Bs) + (o — Bs — 1) log Bs + Bs + O(1)

for |s|] — ooin | arg(a £ Bs)| < w. Withs = Re'?, the real part of log I' (« & Bs)
as R — oo is therefore given by

log |T'(a + Bs)| ~ BRcosBlog BR — BR(Osinb + cosh)
+ (Re(e) — 1) log BR,

log |[I'(a — Bs)| ~ —BRcosOlog BR + BR(O sin 6 + cos )
+ (Re(e) — 4) log BR — log | sin 7 (e — Bs)|.

(2.4.4)

Note that for s = Re'?, the term log | sin w (o — Bs)| ~ mwBR| sin 8| for sin@ # 0,
and is bounded otherwise.

Along the loop C;, we have 6 — 0 for large R and the estimates (2.4.4)
accordingly simplify considerably to

log|I'(a £ Bs)| = £BR1og R + O(R).
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Thus, the term g(s) in (2.4.1) has the leading behaviour as R — oo given by

14 q
log|g(s)| = {Zar —~ Zﬂr}Rlog R+ O(R),

r=1 r=1

so that, for all finite z # 0, the integrand is seen to decay exponentially provided

q P
k=Y B —> o >0. (2.4.5)
r=1 r=1

It therefore follows that the integral (2.4.1) with C = C; converges absolutely
when this condition is satisfied.

For the situation where k¥ = 0, finer estimates must be made. For this case, we
find that log |g(s)| has the large- R behaviour along C,

P q
> a loga, — Y B log, R+ O(log R) = Rlog i+ O(log R)

r=1 r=1

which, when coupled with the large-R behaviour of z°, yields an integrand for
(2.4.1) with the asymptotic behaviour

log|g(s)z*| = Rlog(hlz]) + O(log R) (R — 00).

In order to ensure an exponentially decaying integrand, we see that z must be
restricted to the domain |z| < A~!. Should it happen that 4 = 1, then convergence
will be possible only inside the unit disc |z| < 1.

A remaining possibility for the case k = 0 is that log(h|z|) vanishes. In this
event, it is the terms of order log R that control convergence of the integral. For
these circumstances, log |g(s)z*| has the large- R behaviour along C;

m n q P
Re {Z(br O+ G—a - Y G-b)- ) @ - %)}bg R
r=1 r=1

r=m+1 r=n+1
= (4 —Re(?)) log R,

where

14 q
r=I1 r=I1

Convergence then depends on the algebraic decay of the integrand, which is
controlled by the behaviour R 30,

Along the path C;, we have 6 = :t%]‘[ as s — 00. From (2.4.4), we then obtain
the dominant behaviour of g(s) given by

n m p q
10g|g(s)|=_%7TR{Zar+Zﬂr_ Z oy — Z lgr}+0(10g R)
r=1 r=1

r=n+1 r=m+1
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When coupled with the large-R behaviour of z*, we find the integrand of (2.4.1)
taken along C, has the asymptotic behaviour

n m p q
10g|g(S)ZS| = —%JTR {ZO[, + ZIBI - Z oy — Z IBr}
r=1 r=1

= r=n+1 r=m+1

F Rarg z + O(log R),

where the upper choice of sign is taken when 6 = %n, and the lower choice of
sign taken when 0 = — %n. For the integral to converge absolutely over the whole
path C; therefore requires that

n m 14 q
|argz|<%7r iZcx,+Zﬂr— Z o — Z ,8,}. (2.4.6)
r=1 r=I1 r=n+1 r=m+1
These convergence results can be encapsulated into two easily applied rules
that, at a glance, can determine the convergence of (2.4.1) taken over C; or Cy;
see Paris & Wood (1986, §2.1.3). The first rule is a reformulation of (2.4.6), whilst
the second is a reformulation of (2.4.5) and special cases following that criterion.

Lemma 2.4. [Rule 1]. The Mellin-Barnes integral (2.4.1) taken along C,, the
vertical line Re(s) = O, suitably indented (if necessary) to avoid poles of the
integrand (2.4.2), converges in the sector defined by

number of number of
1 . . e .
largz| < ;7 | gamma functions in — gamma functions in ¢ ,
the numerator the denominator

where each gamma function in the numerator and denominator of (2.4.2) is
counted according to its multiplicity.

Lemma 2.5. [Rule 2]. The Mellin-Barnes integral (2.4.1) taken along the loop
C\, beginning at +o00o and encircling in the negative sense only the poles of the
integrand located at B,s = b, + k, (1 < r < m) and k a nonnegative integer,
converges for all finite, nonzero values of z provided

number of gamma functions number of gamma functions
with negative multiplicity in with positive multiplicity in
the numerator and with ~ —  the numerator and with > 0,
positive multiplicity in negative multiplicity in
the denominator the denominator

each gamma function being counted according to its multiplicity. When this
quantity vanishes, the integral converges in |z| < h™'.
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A simple mnemonic summarises the content of these two rules. Consider the
following diagram:

1_[ ra+auws—a)
l‘=1p C2
1_[ I'(a, — a,s)

r=n+1
C

[Ire -6
r=1

q
[[ ra+gs-s)

r=m+1

For the integral taken over the loop C;, we use the vertical line to separate com-
ponents of the integrand: gamma functions to the left of the line are balanced
against those appearing on the right of the line, counted in each case according to
their multiplicities. For the integral taken over the vertical contour C, we use the
horizontal line in our deliberations, balancing the gamma functions above the line
against those below it, again counted according to their multiplicities.

We observe that similar convergence rules can be constructed for other choices
of integration contours C. By way of illustration, if loops that began and ended at
—oo were of interest, then a slight modification of the argument leading to (2.4.5)
would yield a rule of the form: the integral

1 0+)

. Sd
2ri J_oo g(s)zds

converges absolutely for all finite, nonzero z when

q P
K:Zﬁ,—Zar<O.
r=1 r=1

A discussion of the convergence of Mellin-Barnes integrals of hypergeometric type
can also be found in Marichev (1982, §4).

Example 1. The exponential function has the Mellin-Barnes integral representa-
tion [see (3.3.2) et seq.]

1 c+o0i

et = — I'(s)z %ds  (c > 0). 2.4.7)
270 J oo
Upon putting s = o +it (witho = ¢ > 0)and 0 = arg z, we see that the integrand
has the controlling behaviour (we omit unimportant factors)

1 1 . 1 1
|Z|—Se(9[e—sss—§ ~ (:Izl')(f—i(e|Z|)—(f—lf|t|0—§ﬁ:l\t\69t—§ﬂ|t|

along the path of integration for r — £o0.
The integral (2.4.7) converges for |6| < %n; compare Rule 1. When 6 = %7{,
the integrand has the large-f controlling behaviour 17 =2 ¢! 08¢/~ a5t — 400,
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the behaviour at the lower limit 1 — —oo being dominated by the factor e~
1; a similar argument applies when
6= ——71’ For the special case o0 = ,however, convergence is still assured, since

the convergence is now determined by that of

/oo ei\zl(rlog 0 dr = / lI y 7 dy
. _1 log 7’

where ¢ = tlog 7 —1, T = t/|z|. This latter integral can be seen to be convergent
by virtue of Dirichlet’s test{ [Bromwich (1926), p. 477].

We conclude, therefore, that (2.4.7) converges for |argz| < %TL’, and when
|argz| = %T[, we further require ¢ < % to ensure convergence. The representation
(2.4.7) occupies a central role in several arguments later in the book.

Convergence is consequently assured ifo <

Example 2. The Gauss hypergeometric function has the Mellin-Barnes integral
representation

I'(@)(b)
I'(c)
where the contour of integration separates the poles of I'(—s) from those of

I's+a)'(s+b), foraand b # 0,—1,—-2,...; see §3.4.2. Rule 1 applied
to this integral shows that it is convergent for

O Eabe: ) = —/ _ F(s?g)i(cs;r D) oy as.

larg(—=2)| < 373 —1) = .
If instead of the vertical integration contour we use a loop C|, then Rule 2 would
reveal convergence only in the open unit disc.
Example 3. Consider the integral

1 T(a—1s)F(s + b (s +0)

_ 5d A >0),
27i e F(Ls+d)T(s+1) s >0

where the parameters a, b, ¢ and A are such that the poles of I'(a — %s) can be
separated from those of I"(As + b)F(%s + ¢). When the contour C is the path C;
parallel to the imaginary axis, this integral defines a holomorphic function of z
only when A > 5 since, by Rule 1, the integral converges in the sector

larg z| < dm (3 42+ 5 —4—1)=ir0— D).
When the path is taken to be the loop C;, the integral converges for all values

szwhen%—}—}t—l-l—k—% > 0 by Rule 2; that is, for A < %.Whenk: %,the

T An infinite integral that oscillates finitely (i.e., undergoes bounded oscillation) becomes convergent
after the insertion of a monotonic factor which tends to zero in the limit.
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integral over the loop defines an analytic functionin |z| < h~!, where, from (2.4.3),

h:«/iﬂ:M
=

2.5 Order Estimates for Remainder Integrals

This section is concerned with the construction of bounds on various types of
remainder integrals that appear in the development of asymptotic expansions by
Mellin-Barnes integrals in subsequent sections of this book. Estimates for these
remainder integrals are essential in the development of the theory as they estab-
lish the asymptotic nature of the various expansions so obtained. In the case when
the only large variable is z, estimates for these remainder integrals are relatively
straightforward; see the examples in §5.1. More difficult cases arise when com-
bining the Mellin-Barnes approach with inverse factorial expansions for products
or quotients of gamma functions. Another generalisation occurs in the discus-
sion of the Stokes phenomenon in Chapter 6 where remainder integrals involving
both a large parameter and the variable z are encountered.

2.5.1 An Example

Before considering these remainder integrals, we discuss a simple example which
contains some of the main features of these more involved cases and which also
helps to establish the subsequent analysis. Let us consider a bound for the modulus
of the integral

1 c+o0i
J(2) = —/ I'(s)z%ds (c>0), (2.5.1)
270 J e—ooi
as |z] - ooin|arg z| < %n. In this case, of course, the answer is simple, since
we know from (2.4.7) that J(z) = e~ and hence that (for all |z|)
|7 ()] = e~ Fleos?, (25.2)

where 6 = arg z. This simple result will provide a basis for comparison with the
method given below that exploits properties of the gamma function. Withs = o +it
(where o = ¢) we then find

IJ(z)lsIZI f IT (o + it)|e” dt.
2 J_

It is clear that the exponential decay of |I"(o +it)| as¢t — oo has to be taken into
accountt in order to secure a bound valid in | arg z| < %7‘[. We note at this point
that the vertical line Re(s) = o can be displaced as far to the right as we please,

F The simple bound |I'(o + it)| < I'(o) (o > 0) is too crude here as the resulting integral would
diverge for all arg z.
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since the integrand is holomorphic in Re(s) > 0: eventually o will be chosen to
scale like |z|.

From Stirling’s formula (2.1.8), we deduce that there exist positive constants
K, and K, independent of s such that if |s| > K and | arg s| < %n then

ID(o +in)| < Kze®|(0 +in)" 3|
< Kre (02 +12)2007 2~V O)
= K>e 7077 3(1 + 1222 exp{—o 7 arctan 7}, (2.5.3)

where ¥ (s) = arg s = arctan (¢/0) (when ¢ > 0) and we have put T = t/o.
Then we find

K o d
1) = S2e 707 2] / ef0 L
2n — (1+12)3
where
f(r) = %log(l +1%) — rarctan 7 + 0. 25.4)

The function f(t) has a saddle point where f'(t) = 6 — arctant = 0, that is
at the point 7y = tan 6. With the values f(7p) = log secf and f"(7p) = — cos? 0,
we can apply the saddle point method for o >> 1 to find the estimate

K
1J@)| = Z—Ze*“a”%|z|*“0((2n/a)%(sec 6)7+?)
JT
= O(B(0) sec? 6), (2.5.5)
where

B(o) =¢?|z| % (0 secH)°.

Thus we have the following lemma (obtained by putting |z| = 1):
Lemma 2.6. Let |6] < %n and the integral I, be defined by

o0
I = / T (o +it)| " dt,

o0

where o > 0. Then, for o — 00, we have the estimate
I = 0(e 707 (sec)°*2).

Also, if I denotes the integral

1 —c+n+o0i

L =— I'(s +a)ds,
2mi —c+n—ooi



2.5. Order Estimates for Remainder Integrals 71

where a and c are fixed constants and n is supposed sufficiently large for the
integration path to lie to the right of the poles of T'(s + &), then, as n — 0o,
we have

|12| — 0(6_”n"+a_c).

The second part of this lemma follows immediately from the first part by putting
f=0ando =Re(s +a)=n—c+a.

The resultin (2.5.5) depends on o = Re(s), that is, on the position of the path of
integration in (2.5.1). The value of this parameter is free to be chosen: for example,
if we let 0 = |z| then we obtain |J(z)| = O (e "/ (sec 9)'Z‘+%). When 6 # 0 this
bound is clearly not very good as |z| — o0. The optimal choice for o corresponds
to the minimum of B(c), given by e~1¥1°*? when o = |z| cos 6. Then we obtain
the estimate

17(2)] = O(sec 0 ¢ 1050 (2.5.6)

as|z| - ooin|arg z| < %n, which compares well with the exact resultin (2.5.2).

We shall find that this process of path displacement to an optimal position will
be employed in the first two of the remainder integrals to be discussed in the next
section.

2.5.2 Lemmas

In this section we assemble a collection of lemmas concerning order estimates for
certain types of remainder integrals. Throughout we shall write s = o +i¢, where o
and ¢ are real, and let & = arg z. In the first three lemmas, the remainder integrals
contain the function py(s), for M = 1,2, ..., which appears as a remainder
in the inverse factorial expansion of Lemma 2.2. An analogous procedure can
be employed to deal with remainder integrals involving the function oy, (s) in
Lemma 2.1.

Lemma 2.7. Let M denote a positive integer and o an arbitrary complex constant.
Let the remainder integral Rﬁ,l,) (z) be defined by

c+o0i

1
Ry (@) = >— / pu ()T (s + @)z~ ds,

c—001
where ¢ > 0 is supposed sufficiently large so that the integration path lies to
the right of all the poles of the integrand. The function py(s) is a remainder
term appearing in the inverse factorial expansion in Lemma 2.2 and is such that
pm(s) = O(1) as |s| — oo uniformly in |arg s| <m —¢€, € > 0. Then

IR}) (2)| = O(z%e™)

. 1
as|z| > ooin |arg z| < 57.
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1
2
pm(s) = O(1) and the gamma function decays like e~ a5t — 400 on the
integration path. By hypothesis the path of integration lies to the right of all poles
of the integrand so that, because of the exponential decay of the integrand as
t — 00, the parameter ¢ can be chosen as large as we please. From Lemma 2.2
and Stirling’s formula (2.1.8), we deduce that there exist positive constants K| and
K5 such that if |s| > K| and | arg s| < %n then

Proof. The integral for RE) (z) converges in the sector |arg z| < 57, since

{|pM(s>| <K, (2.5.7)

IT(s 4 a)| < Ka|s|?TRe@—3 p=0—1¥()
=< K2|S|Re(a)*%e*<fgff exp {a(% log(1 + 2) — 7 arctan r)}’

where ¥ (s) = arctan T with T = t/o; compare (2.5.3).
Then we find

K2 [}
R @I < 32 e o [,
—00

where f (1) is defined in (2.5.4) and we have put y = Re(«) — % The exponential
factor in the integrand has a saddle point at 7y = tan 6 so that, as in (2.5.5), we find

|R1(‘}) )| =0 (B(o)(a sec §)Re@ sec? 9) ,

where B(o) = e ?|z| (0 sec ). The minimum value of B(o) occurs when
o = |z| cos @ and we therefore obtain

1 _
IR} ()] = O(lz[Re@ e e
as |z] — oo in the sector | arg z| < %n, which establishes the lemma. ]

As a corollary, we observe that if
" 1 c+o0i
Ry (2) = =— / pu ()T (ks + )z~ ds,
27i J,

—ooi

where ¥ > 0, then by the obvious change of variable s — s/« we find that
IRy @) = 0"/ e™") (2.5.8)

as |z|] — oo in the sector |arg z| < %7‘[/(. This lemma and its method of proof
were given in Braaksma (1963, §10.1).

Lemma 2.8. Let M denote a positive integer and o an arbitrary complex constant.
Let the remainder integral R;VZI) (z) be defined by

1
R @) =5 fc oy ()T (s + @)z~ ds,
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where C denotes a loop that embraces all the poles of the integrand and has end-
points at infinity in Re(s) < 0. The function py (s) is a remainder term appearing
in the inverse factorial expansion in Lemma 2.2 and is such that py(s) = O(1)
as |s| — oo uniformly in |arg s| <mw — €, € > 0. Then

IR (2)] = O(z%¢ ™)

as|z| - ocin |arg z| < w.

Proof. Since the loop C passes to infinity in the directions £6,, where %n <
|6p] < m, the convergence of the integral as |s| — oo is controlled by the term
exp{|s| cos 6y log |s|} in the behaviour of the gamma function for large |s|. This
results in the above integral for R,(é) (z) being convergent without restriction on
arg z. As in (2.5.7), there exist positive constants K; and K, such that when
|s| > K, and | arg s| < 7 then
lon ()| < Ky, [T(s +a)| < Kals|7T7 e V),

where

arctan (¢ /o) (0 =0

Y(s) =args =
+7 +arctan (t/0) (0 <0, t Z 0)

and y = Re(a) — %, with the upper or lower sign being chosen according as ¢ > 0
or t < 0, respectively. The modulus of the integrand on C is consequently

5Kﬁﬂyaﬁ—o+%omgoﬁ+ﬂy4¢@)—amgm+ﬂ4
< K2)z7 (2% 4 y?) 27 elIF e,
where we have put o = x|z|, = y|z| and
Fx,y)=—x+ %x log(x* 4+ y?) — y¥r(s) + 6y.

As a function of the real variables x and y, F (x, y) has a stationary point when
dF/dx = 0F/dy = 0, where

aF x2 v

— 1 2 2 1 2 2
a_—1+ilog(x +y)+x2+y2—ya—§log(x +y),
dIF Xy oy
—_—= = — —y—+60=0— ;
el (OB ¥(s)

that is, when x> + y> = 1 and y/x = tanf (x > 0) or y/x = tan(d F m)
(x <0,y i 0). Thus the stationary point is given by (xg, yo) = (cos 8, sin 6) and
corresponds to a saddle, sincef Fy, Fy, — F xzy = —1. In the neighbourhood of the
saddle, weletx —xp = u = wcos W and y — yp = v = w sin ¥, where ¥ denotes

T The second derivatives are given by F,, = —Fy, = x/(x*> + y?) and F,, = y/(x* + y?).
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the direction of steepest descent through the saddle and w measures distance from
the saddle. Then we have

F(x,y) = —cosf + %(uzFxx +2uvFyy + szyy) 4.
= —cosf + %[(u2 —v%)cos@ + 2uvsinf] + - - -
= —cosf + Jw?cosQ¥ — ) + - -,

so that the steepest descent directions at the saddle are therefore given by
cosQW —0) = —1,or ¥ = 16 + {7

Provided |f| < 7, the path of steepest descent} from the saddle point (xg, yo)
can be shown to be topologically similar to the contour C and to pass to infinity
in Re(s) < O in the directions parallel to the negative real axis (we omit these
details). On this path, the function F(x, y) decreases monotonically to —oco in
both directions from the saddle. With s’ = x + iy and C’ denoting the path of
steepest descent in the s” plane, we can deform the map of the contour C in the s’
plane into the path C’ to find

K? :
R @1 = 321 [y e as),
C/

Laplace’s method then shows that, for large |z| in | arg z| < 7, this last integral is
approximated by

00
e*|Z‘COSQ\/\ ()C2 + y2)%y€7%|z\w2 dw ~ (xg + yg)%y(zn”zl)%ef\zlcose

oo

= Qr/lzl)ze e,
Hence we find
IRy ()] = O(|z[Re@e )
as |z] — oo in the sector | arg z| < m, which establishes the lemma. ]

The extension of this lemma to the case when
@ 1 -
Ry (@) ==— [ puT (ks +a)z" ds
2]Tl C

with ¥ > 0, then immediately follows by the change of variable s — s/k and we
consequently find the order estimate

IR?(2)] = 0(z<e ") (2.5.9)

as |z| — oo in the sector | arg z| < 7.

T If we set f(s") = s'logs’ — (1 +i6)s’ (s = x +iy), so that F(x, y) = Re(f(s")), then the path of
steepest descent through the saddle s’ = e/ is determined by the condition Im(f (s’)) = — siné.
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Lemma 2.9. Let M and n denote positive integers and o be an arbitrary complex
constant. Let the remainder integral R}(S,) (z) be defined by

1 —c+n+o0i —s

Z
Ry (2) = — Pu ()T (s + @)=
270 ) en—coi sin s

ds O<c<l),

where n is supposed sufficiently large for the integration path to lie to the right
of the poles of ppy(s)I'(s + a) and be a vertical line without any indentations.
The function py(s) is a remainder term appearing in the inverse factorial expan-
sion in Lemma 2.2 and is such that pp(s) = O(1) as |s| — oo uniformly in
|arg s| <m —¢€, € > 0. Then, as n — oo, we havet

o 2l O e em3) (Jarg 2] < )
IRy (2)] = (2.5.10)
[0 ) (Jarg 2] < 7).

If, when |z| is large, n is chosen to be the integer part of |z|, i.e., if n = |z| + B,
where |B| < 1, then we have as |z| — oo

o 0% te iy (Jarg z| < 7)
IRy (@) = (2.5.11)
O(z%e 1) (larg z| < m).

Proof. Although the integral defining Rﬁ) (z) converges in |arg z| < %n, we
consider the bound only in the sector |arg z| < 7. We lets = n — ¢ 4 it, where
0 < ¢ < 1, and deal first with the more straightforward case when | arg z| < 7. We
shall use the inequalities |I'(o 4 it)| < I'(o) (for o > 0) and, for t € (—o00, 00),

th eOt

<
- <
(cosh®rt — cos?mc)z ~ coshmt

cosecrc < 2cosecwc, (2.5.12)

when 0 < ¢ < 1 and |f| < 7, together with the integral

% cosh 9t
/ﬁﬁihmdf=%sec%9 (6] < 7). (2.5.13)
0

As in (2.5.7), there exist positive constants K| and K, such that | oy (s)| < K3
for |s|] > K, and hence

(3) K2 —n+c oo . th
IRy (D) < —|z] IT'(n —c+a+it)] > T dt
27 —o0 (cosh? wt — cos? wc):
K> h Ot

< 2T (- ¢ + Re(@)) / cos
T sinme coshmt
K, sec 16

= Tr sl T - e+ Re(@).

T Note that in the estimates in (2.5.10) |z| is arbitrary.



76 2. Fundamental Results

Use of Stirling’s formula (2.1.8) then enables us to conclude that
IR} ()] = 2] " O (e " Re@ =3 (2.5.14)

asn — oo when |arg z| < 7.

To extend this estimate to the sector | arg z| < m we must retain the modulus of
the gamma function in the integrand. Thus, using the second inequality in (2.5.12),
we find, when | arg z| < 7,

3) K> —n+c = :

IRy, ()| £ ———1z] IT'(n —c+a+it)|dt. (2.5.15)
7 sinmwce oo

By Lemma 2.6 with & = 0 and 0 = n — ¢ + Re(x), the last integral is

O (e "n"Re@=¢) for n — 00. Hence we find the result

IR} (@] = 217" O ("R (25.16)

as n — oo when | arg z| < mr, which establishes the first part of the lemma.

If we now suppose that |z| — oo and choose n to be the integer part of |z|, i.e.,
if n = |z| 4+ B, where | 8] < 1, we immediately obtain from (2.5.14) and (2.5.16)
the bounds+

0@ 2e k) (larg z| < )

IRS) ()] =
O(z% "y (larg z| < m)

as |z] — oo. ]

As a corollary, it is evident that the estimates in (2.5.10) and (2.5.11) also apply
to the remainder integral of the type

—c+n+o0i

1
R(4)(Z) = 2— F(S + Ol) .
Tl J _cqn—ooi sInws

—S

Z

ds O<c<l).
This follows at once from the above by putting oy, (s) = 1.

Lemma 2.10. Let the remainder integral J(z) be defined by

1 —c+n+ooi r r
J(@) = — CHITEHA —spe 0<e<),
270 J_cin—ooi (s +1)sinms

where n is a positive integer supposed sufficiently large for the integration path
to lie to the right of the poles of T'(s + a)I"(s + B). Then, as n — oo, we have
forlarg zl <mandw=a+p —1

[T (@) = lzI7" 0" n" 7).

T We observe that the bound in the sector |arg z| < 7 is sharper than that in the sector |arg z| < &
by the factor 1/4/|z|. This fact will prove to be of significance in the discussion of the Stokes
phenomenon in Chapter 6.
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If |arg z| < %7‘[, this order estimate can be strengthened to
o e
@I = Iz 0 nm o)

asn — Q.

Proof. Withs =n — c+ it and 6 = arg z we have

T < /oo P —cta+inln—c+p+in)
=" ) T(n+1—c+if)
Qtdt
¢ : (2.5.17)
(cosh? rt — cos? c)2
_ Je /oo Fi—ctat+ipln—ct+p+in|
~ mwsinme J_o F'n+1—c+it)

by (2.5.12) when |arg z| < m. For n — o0, the gamma function ratio is from
(2.5.7)

O(e"n"™ (1+72)2e ™),y =Re(w) —c - 3,

where f(t) = 1log(1 + t%) — rarctan 7, with T = #/n, so that
! o Lo
[J(2)| = |zI7" €0 <e—nnn+]/ +1 / (14 72y enf(r)dt)'
—0o0

The exponential factor in the integrand has a saddle point at T = 0 and the integral
is therefore O ((2rw/ n)%) for n — o0o. Hence we find the result

|J(Z)| — |Z|—l’l+C0(e—nnn+w—C)

as n — oo when | arg z| < mr, which establishes the first part of the lemma.
When |arg z| < %n we can obtain a sharper estimate by retaining the term
sech ¢ in the integrand. From (2.5.17) and the first inequality in (2.5.12) we have
I'(n — c+ Re(@))['(n — c + Re(B))
2nsinmel'(n+1—c¢)
© TI'(-9) e’ dt
X /,Oo IT(1— ¢ +i1)| cosh 7t’

|V (2)] < |z 7"

where repeated use has been made of I'(z + 1) = z['(z) to show that, for ¢ €
(_OO, OO),

1 [Tl —c—j+in|™
T+ 1—c+in| IT(I—c+in)]
__Ta-o 1
" T'n+1—-0) T =c+it)]
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Since the last integrand has the behaviour |¢|°~2¢% =27l ast — 00, we see that,
when 0 < ¢ < 1, the integral is bounded when | arg z| < %n. It follows that

I'n — c+ Re(@)I'(n — c + Re(pP))
'h+1—-c)

17(2)] = |z|"’+€0<

. — —c—1
— |Z|—n+c0(e nynte—c 7) (|arg 7] < %7{)

as n — 00, by a straightforward application of Stirling’s formula (2.1.8). |



3

Properties of Mellin Transforms

3.1 Basic Properties

In this introductory section we give the definition of the Mellin transform and
some of its elementary translational and differential properties. We also include
a statement of the important Mellin inversion theorem and the Parseval formula
together with some of its variants.

3.1.1 Definition
The Mellin transform of a locally integrable functiont f(x) on (0, 0o) is defined by

M[f;s]=F(s) = /Dox“_lf(x)dx (3.1.1)

0

when the integral converges. The basic properties of the Mellin transform follow
immediately from those of the Laplace transform since these transforms are inti-
mately connected. This can be seen by making a suitable change of variable in the
two-sided (bilateral) Laplace transform given by

ll[g;s]:/ e Tg(r)dr

oo

which converges absolutely and is holomorphic in the strip a < Re(s) < b, where
a and b are real constants (with a < b) such that

0“9y as T — 400

g(r) =
0?97 as 17— —o0

T Alocally integrable function on (0, c0) is one that is absolutely integrable on all closed subintervals
of (0, 00).
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for every (small) positive €. Then, with the new variable T = —log x and f(x) =
g(—log x), we find

Llg:s]= /ooxs—‘g(— log x)dx = M[f; s], (3.1.2)
0

thereby establishing the connection between these two types of transform.

The integral (3.1.1) defines the Mellin transform in a vertical strip in the s plane
whose boundaries are determined by the analytic structure of f(x) as x — 0+
and x — +oo0. If we suppose that

Ox™% ¢ as x — 0+

3.1.3
O(x7 ") as x — 400, ( )

o]
where € > 0 and a < b, then the integral (3.1.1) converges absolutely and defines
an analytic function in the strip

a < Re(s) < b. 3.1.4)

This strip is known as the strip of analyticity of M| f; s].

The inversion formula for (3.1.1) follows directly from the corresponding inver-
sion formula for the bilateral Laplace transform. Thus, with L[g; s] defined above,
we have for continuous g(7) the inversion

1 c+ooi
8(1) == e Llg; slds,
2mi c—00i
where a < ¢ < b. With the change of variables in (3.1.2) we therefore find the
result

c+o0i

fx) = L x*M[f;s]lds (a <c<Db). (3.1.5)

270 J oo
This is the inversion formula for the Mellin transform which is valid at all points
x > 0 where f(x) is continuous. A proof of this theorem can be found in Sneddon
(1972, pp. 273-275) and McLachlan (1963, pp. 341-343). Although this resultf
was used by Riemann (1859) in his famous paper on prime numbers, and even as
early as 1815 by Poisson (for Fourier integrals), the first rigorous justification of
this formula was supplied by Mellin (1896, 1902).

When the function f(x) has a discontinuity the inversion theorem takes on the
following form [Titchmarsh (1975, p. 46); Wong (1989, p. 151)]. Suppose (3.1.1)
converges absolutely on the line Re(s) = c and let f(y) be of bounded variation
in the neighbourhood of the point y = x. Then

c+iT

%{f(x+0)+f(x—0)}=L, lim x T M[f;s]ds. (3.1.6)
27i T—o0 JoiT

+ For additional historical information, see Bateman (1942).
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3.1.2 Translational and Differential Properties

81

In common with other integral transforms, the Mellin transform possesses a

series of simple translational properties which greatly facilitate the evaluation of

transforms of more involved functions. All these results can be obtained by straight-
forward manipulation of the definition (3.1.1); proofs can be found in Sneddon

(1972, §4.1). We let

MLf(x); 51 = F(s) = /wx“_'f(x)dx,
0

where, for convenience, we have explicitly shown the argument of the function f

appearing in M. Then we have

(@) Mlf(ax);s]=a"F(s) (a>0)

(b)y Mx“f(x);s]=F(s+a)

(©) M[f(xY;sl=a"'F(s/a) (a > 0)

(d) M[f(x);sl=a'F(=s/a) (a>0)

(&) MIx*f(x");s]=pu""F((s+a)/pn) (u>0)
(f) Mx*f(x");s]l=p 'F(—(s+a)/n) (u>0)
(g) MlJ(dog x)”f(x),s]—F(")(s) n=1,2,...).

(3.1.7)

Similarly there exists a corpus of results for the Mellin transform of derivatives
and integrals of f(x). The Mellin transform of f’(x) can be found by integration

by parts to yield

M[f'(x);s] = / chs’lf/(X)dx
0

_ [xs_lf(x)]oo —(s—1) /ooxs_zf(x) dx.
0 0

If f(x) satisfies (3.1.3), we have
m%fo(x) =0 for Re(s) >a+1,
lim x* "' f(x) =0 for Re(s) <b+1,
X—>00
and hence
M[f'(x);s]=—(—1)F(s—1) (a<Re(s—1) <b).

In a similar manner we obtain by induction

M[f(”)(x) s]= (- )" (F( 5) )F( s —n) (a <Re(s —n) <b)

for positive integer n, provided

lim X710 Dxy=0 @¢=0,1,...,n—1).

x—0,00

(3.1.8)

(3.1.9)
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From (3.1.7b) and (3.1.8) we find M[xf’(x); s] = —s F(s), and hence that

M I:(x%) f(x); si| =(=)"F(s) m=1,2,...). (3.1.10)

Further results on the transformation of derivatives and integrals involving f(x)
are detailed in Sneddon (1972, pp. 269-271).

The results in this section have tacitly assumed that the strip of analyticity
exists, i.e., that a < b in (3.1.3). In the examples considered in this book this will
always be found to be the situation. In cases where a > b, the Mellin transform
as defined in (3.1.1) does not exist. For example, if we take the simple function
f(x) = A+ x)” (v > 0) then from (3.1.3) we have a = 0 and b = —v, so
that the strip (3.1.4) is not defined. An extension of the Mellin transform to cover
such situations has been discussed in Bleistein & Handelsman (1975, p. 115); see
also Wong (1989, §3.4). The procedure is to decompose the function f(x) into
two functions fj(x) and f>(x) defined on disjoint intervals [0, 1) and [1, c0), say.
Then, with

fx) x€l0,1) 0 x€[0,1)
H&x) =

fl(x)=! )
0 x €[1, 00) f(x) x e[l 00),

we have f(x) = fi(x) + f>(x). It then follows that
M f;s]= M[f1;s]+ M[f>;s],

where M| fi; s] is holomorphic in Re(s) > a and M| f;; s] is holomorphic in
Re(s) < b. If a < b then, of course, M[f; s] is defined and holomorphic in
the strip (3.1.4). In this manner, by appropriate analytic continuation, it is possi-
ble to extend the definition of the Mellin transform to produce a transform that
exists in the entire s plane. We do not discuss this generalised transform any
further.

3.1.3 The Parseval Formula

A fundamental result in Mellin transform theory is an identity known as the
Parseval formula. Suppose the functions f(x) and g(x) are such that the integral

1=f0 fx)g(x)dx

exists. We assume that the Mellin transforms M[f; 1 — s] and M[g; s] have
a common strip of analyticity (which will be the case when I is absolutely
convergent) and we take the vertical line Re(s) = c¢ to lie in this common strip.
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Then, proceeding formally, we have

1 c+ooi
J=— Mlg;sIM[f;1—slds
2mi c—00i
1 c+ooi

= — M[f;l—s]{/wxslg(x)dx} ds
0

2mi c—00i

oo c+o0i
Z/ g(X){L./ XSIM[f;l—s]ds}dx
0 2ri c—o0i

upon interchanging the order of integration. By the inversion formula (3.1.5) we
consequently find that J = I, which is the desired Parseval formula:

00 1 c+o0i
/ f(x)g(x)dx:r M[f;1—s]Mlg;slds
0 Tl Je—ooi
1 c+o0i
= — F(1—5G(s)ds, (3.1.11)
2mi ¢—00i

where F(s) and G (s) denote the Mellin transforms of f(x) and g(x). This result
is valid provided the above interchange in the order of integration can be justified.
There are several sets of conditions that are sufficient for this purpose, the simplest
being that if M[f; 1 — ¢ —it] € L(—00, 00) and x°~!g(x) € L[0, oo) then the
interchange is justified by absolute convergence.

We mention some convolution integrals which are essentially variants of
Parseval’s formula. From (3.1.7a) we find, fora > 0, 8 > O,

[e%s) c+o0i
/ flax)g(Bx)dx = L/ F(s)G(1 —s)a B ds (3.1.12)
0 2mi c—00i

and, from (3.1.7a) and (3.1.7f),

o) dx 1 c+ooi . . B
/ fu/x)gx)— = -— Mx™ f(x7); 1 —s1G(s)u"ds
0 X 2mi c—ooi
1 c+4-o0i
= — F(s)G(s)u"*ds. (3.1.13)
2mi c—o0i

Application of (3.1.7b) in Parseval’s formula shows that

) 1 c+o0i
/ f)g)xdx = 2mi M f(x); sIM[x* ' g(x); 1 — s]dx
0 c—o0i
c+o0i
=5 F(s)G(z — s)ds. (3.1.14)
U Je—ooi

This last result represents M[ f (x)g(x); z] and reduces to Parseval’s formula when
z = 1. The identities in (3.1.12)—(3.1.14) are established from first principles in
Titchmarsh (1975, pp. 51-54). An application of the Parseval formula for Mellin
transforms in the evaluation of various integrals can be found in Marichev (1982).
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Finally, if we let f(x) = g(x) be areal function and put z = 20, ¢c = o in(3.1.14),
we find

o0 1 o0
f )y x> ldx = —[ |F (o + it)|*dr. (3.1.15)
0 2m —00

To conclude this section, we note that a result closely related to the Mellin
inversion theorem is Ramanujan’s formulaf

T

(—s);  (3.1.16)

sin s

/ ¥ HP0) —xp(1) + x2¢(2) — -+ Jdx =
0

for a discussion of this result see Edwards (1974, pp. 218-225). If we let f(x) =
Zf',io(—)”¢(n)x" and suppose that f(x) = O(x™%), wherea > 0, as x — +o00
then the strip of analyticity for the Mellin transform of f(x)is 0 < Re(s) < a. An
obvious set of conditions for the validity of (3.1.16), established using the Mellin
inversion theorem in Hardy (1920), requires that ¢ (s) be a holomorphic function
of the complex variable s in the sector —a < arg s < o, where %
satisfy the bound |¢ (s)| < Ae*1s! where A is a constant and k < 7 throughout
this sector.

A simple example verifying (3.1.16) is given by taking ¢(s) = 1/I'(s + 1)
which satisfies the above conditions. Then f(x) = e~ and

° T
/ ¥le ™ dy = ————— =T(s).
0 sings (1 — )

Note that the integral is convergent only for Re(s) > 0 and that the right-hand side
of (3.1.16) gives the analytic continuation of the integral into Re(s) < 0. Another
example is given by taking ¢ (s) = {T'(s + DI'(s + v + 1)}7!, so that f(x) =
x7V/2J,(2x'/?), where J, denotes the Bessel function of order v. Ramanujan’s
formula then gives

7 <o <m,and

RO 1 T 1 I'(s)
x* 2”Jv(2x2)dx = — = .
0 sings (1 —s)T'(14+v—s) Td4+v—ys)

Upon replacement of x by ixz and s by %s, this finally yields the result
I'(Ls
M[x7"J,(x); 5] = S ) >
F(l +v— §S)
for 0 < Re(s) < Re(v) + 3.

T An extension of the result (3.1.16) in the form of a Fourier integral is

-/(;oo {¢(0) _ ¢1('1)x + ¢;'2)x2 . }e—ixt dx = Z¢(7n)(7it)nfl.

n=1

The conditions of validity of this formula have been discussed by Hardy (1937).
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It is easily seen, however, that Ramanujan’s formula is not valid when ¢ (s) =
sin 7 s, since the integral is identically zero while the right-hand side equals —.
This case is seen to violate the condition on the growth of ¢ (s) as |s| — oo.

3.2 Analytic Properties

We now discuss the analytic properties of the Mellin transform

M[f;s]=F(s) = /mxs—lf(x)dx (3.2.1)

0

as a function of the complex variable s, where, as usual, we let s = o + it with
o and 7 being real. If the behaviour of f(x) in the limits x — 0+ and x — +o0
is specified by (3.1.3), the above integral is absolutely convergent and defines
M| f; s] as an analytic function of s in the strip a < Re(s) < b. The behaviour of
M| f;s]ast — Fo00 in the strip of analyticity is given by the following lemma:

Lemma 3.1. For a < Re(s) < b, we have
M[f;s]—>0 as t — Foo. (3.2.2)

This result is readily established by application of the Riemann-Lebesgue lemma.

More precise statements about the rate of decay of M[ f; s] in the strip can be
made with additional information on the behaviour of f(x). Such a result is given
in Titchmarsh (1975, p. 47) [see also Bleistein & Handelsman (1975, p. 138 et
seq.)] as follows:

Lemma 3.2. Let f(x) be a holomorphic function of the complex variable x in the
sector —a < arg x < B, where 0 < o, B < m. Let f(x) satisfy (3.1.3) with
a < b, uniformly in any sector interior to the above sector.

Then M[f;s), defined in (3.2.1), is a holomorphic function of s in the strip
a < Re(s) < band

0 (e P=9") as t - o0

0 (e“ ") as t - —o0

M[f;S]z{

for any (small) positive €, uniformly in any strip interior to a < Re(s) < b.

This result enables us to establish the nature of the decay of the Mellin
transform as ¢ — oo in the strip of analyticity. To illustrate the application
of Lemma 3.2 we consider the functions ¢~ and (1 4+ x)~!, which correspond
to simple examples of functions exhibiting exponential and algebraic decay as
x — o0. These functions have the Mellin transforms M[e™*;s] = I'(s) and
M[(1 4+ x)~'; 5] = m/sinms, together with the associated strips of analytic-
ity given by the right half-plane Re(s) > 0 and 0 < Re(s) < 1, respectively [see
(3.2.6)]. Then, for f(x) = e *,wehavea = 8 = %TL’, while for f(x) = (1+x)~!
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(whichhasapoleatx = —1) o = § = n. By Lemma 3.2, the decay of the Mellin
transform of these functions in their respective strips of analyticity is then con-
trolled by O(e~27!"1) and O (e~™1), respectively. The predicted exponential decay
in these examples can be verified by examination of the behaviour of the Mellin
transforms as ¢ — 300, through use of Stirling’s formula given in (2.1.8).

We remark that, for functions with algebraic behaviour as x — oo, the rate of
decay of the Mellin transform in the strip of analyticity depends on the location of
the singularities of f(x). In the above example with f(x) = (1 +x)~!, there is a
simple pole at x = —1, so that « = 8 = 7, which gives a maximal rate of decay.
To demonstrate the dependence of the decay rate on the singularity structure of
f(x), let us consider

fx)=(042xcosy +x3)71,  0<y <m,

which has two simple poles at x = —e®™¥. Inthiscase « = B = m — ¥, so
that Lemma 3.2 yields the controlling behaviour of the Mellin transform given by
O(e~@=¥Iy as t — =00 in the strip of analyticity 0 < Re(s) < 2. Thus, when
¥ = 0 (so that f(x) = (1 4+ x)~2 with a double pole at x = —1) the decay is
controlled by O(e™™"); as Y increases towards the value m, the location of the
two poles moves round the unit circle in the x plane towards the positive axis and
the decay of the Mellin transform accordingly progressively decreases. From the
Appendix, we have

o sin[(1 — s)y]

M[(142xcosy +x>) 71 s] = — .
sin sInTs

when 0 < Re(s) < 2, from which these conclusions may be readily verified.

The results so far presented only apply to the behaviour of the Mellin transform
M| f; s]inside the strip of analyticity a < Re(s) < b. We now discuss the analytic
continuation of M[f; s] outside this strip which will enable us to determine its
analytical structure in the complex s plane. A thorough discussion of this aspect of
the theory has been given in Bleistein & Handelsman (1975, pp. 109-114) which
we summarise below. The analytic continuation of M[ f; s] into the half-planes
Re(s) < a and Re(s) > b is found to depend critically on the structure of f(x) in
the limits x — O+ and x — o0, respectively. We shall assume that f'(x) possesses
the asymptotic forms

exp(—dlx_“l)ZAkx”k (x - 0+)
k=0

F(x) ~ (3.2.3)

o0
exp(—dzx”Z)Zka"’k (x = o0)
k=0
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in these limits, where we suppose thati Re(d; 2) > 0, w12 > 0and that Re(ax, by)
increase monotonically to co as k — oo. There are three cases according as
Re(d;2) > 0, Re(d;2) = 0 and d; » = 0. Then the analytic continuation into the
half-planes Re(s) < a and Re(s) > b is given as follows:

Lemma 3.3. If Re(d;) > 0 then a = —oo in (3.1.3). The strip of analyticity in
this case is the left half-plane Re(s) < b and no analytic continuation to the left
is required. If Re(d;) = 0 with Im(d,) # O, then f(x) is oscillatory as x — 0+
and M[f; s] can be analytically continued into Re(s) < a = —Re(ap) as a
holomorphic function. The continued Mellin transform possesses the growth

M[f;s]=0(t|m®) (- +oo, Re(s) <a),

where m(c) = —(0 —a)/u; — %

Finally, if di = 0 so that f(x) is algebraic as x — 0+, then M[f; s] can
be analytically continued into the left half-plane Re(s) < a as a meromorphic
function with simple poles at the points s = —ay, k =0,1,2,.... ForRe(s) < b
(3.2.2) holds.

Lemma 3.4. If Re(d,) > 0 then b = oo in (3.1.3). The strip of analyticity in this
case is the right half-plane Re(s) > a and no analytic continuation to the right is
required. If Re(d,) = 0 with Im(d,) # O, then f(x) is oscillatory at infinity and
M f; s] can be analytically continued into Re(s) > b = Re(by) as a holomorphic
function. The continued Mellin transform possesses the growth

M[f;s]= 0(t|™) (t - foo, Re(s) > b),

where my(o) = (6 —b) /s — %

Finally, if d, = 0 so that f(x) is algebraic at infinity, then M[f; s] can be
analytically continued into the right half-plane Re(s) > b as a meromorphic
function with simple poles at the points s = by, k = 0,1,2,.... For Re(s) > a
(3.2.2) holds.

The continuation and the growth of M[f; s] in the case Re(d;,) = 0 are
established in Bleistein & Handelsman (1975, pp. 111-112) and these arguments
are not reproduced here. The meromorphic nature of the continuation whend; = 0
is established by putting

n—1

frl) = F(x) =D Aex®.

k=0

F The Mellin transform is not defined if Re(d; ) < 0.
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Then, for a < Re(s) < b we have, upon decomposing the integration path in
(3.2.1) into [0, 1] and [1, 0c0),

Ag
S + ax

1 n—1 ]

M[f;s] = / X de+ )y +/ ) de. (32.4)
0 =0 1
The first integral on the right is analytic in the strip Re(s) > —Re(a,), whereas
the second integral is analytic for Re(s) < b. Then the right-hand side of (3.2.4)
represents the continuation of M|[f; s] to the strip —Re(a,) < Re(s) < b,
with simple poles at s = —ay; of residue A;, k = 0,1,2,...,n — 1. Since
Re(a,) — +o00 as n — oo, this establishes the result. An analogous argument
applies when d, = 0.

Lemmas 3.3 and 3.4, with the asymptotic forms in (3.2.3), enable the analytic
continuation of the Mellin transform M| f; s] to be carried out over the whole
complex s plane as a meromorphic function at worst. The poles that arise in the
continuation process are related to the exponents a; and by in the expansions
(3.2.3). The proof of these results in a more general setting, where f(x) is allowed
to have logarithmic growth as x — 04 and x — oo, is given in Bleistein &
Handelsman (1975, pp. 111-114). There, the more general forms of expansion

oo Ni(k)
exp(—dix ) > " > Ay(log x)"x% (x — 04)
k=0 n=0
fx) ~ (3.2.5)
oo Ny(k)
exp(—drx"2)» > By(log x)"x ™" (x — 00)
k=0 n=0
are assumed, where the integers Ny »(k),k =0, 1,2, ... are all positive and finite.

The above form is very general and allows f(x) to possess almost any behaviour
in these two limits that might reasonably be expected in applications. When loga-
rithmic terms are present, the order of any given pole arising in the meromorphic
extensions is determined solely by the highest power of log x appearing in (3.2.5).

The above basic features of the analytic continuation of M| f; s] can be verified
by considering archetypal examples of the three basic types of limiting behaviour of
f(x), namely (i) exponential decay, (ii) exponential oscillation and (iii) algebraic
decay. Simple examples of such behaviour as x — oo are supplied by (i) e, (ii)
e'* and (iii) (14-x)~! for which, from the Appendix, we have the Mellin transforms

Mle*; s] =T(s) (Re(s) > 0)
Mle™;s]=e3™T(s) (0 <Re(s) < 1) (3.2.6)
b

M[A+x)"ls]= (0 < Re(s) < 1).

sinrms

We note that, although holomorphic in the strip 0 < Re(s) < 1, M[e'*; s] exists
only as a conditionally convergent integral. The analytic continuation of these
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three Mellin transforms is, of course, immediate and supplied by the right-hand
sides of (3.2.6). It will be seen that both M[e™*; s] and M[e™*; s] are holomorphic
in Re(s) > 1, whereas M[(1 + x)~!; s] is meromorphic there possessing simple
poles at s = 1,2, ... . The analytic continuations in Re(s) < 0, however, are
all meromorphic, possessing simple poles at s = 0, —1, —2, ... . This follows
because all three functions possess algebraic behaviour as x — 0+.

In conclusion, we remark that if f(x) has algebraic behaviour in both limits
x — 0+ and x — oo, then poles will arise in the analytic continuation of M| f; s]
on both sides of the strip of analyticity; compare (3.2.6c). However, if f(x) has
exponential behaviour (whether exponential decay or oscillation) in both limits,
the analytic continuation of M[ f; s] will have no singularities in the finite plane.

3.3 Inverse Mellin Transforms

The inversion formula for the Mellin transform is given in (3.1.5). This states that
if a function f(x) is locally integrable on (0, co) and has the Mellin transform
F(s) = M f; s] in the strip of analyticity a < Re(s) < b, then the inverse Mellin
transform is given by

c+ooi
f(x) =M '[F(s); x] = 2%”/ CxTF(s)ds (a<c<b). (331

In this section we discuss some important inverse Mellin transforms, which are
employed extensively in later chapters, together with a collection of useful results.
A short table of Mellin transforms is given in the Appendix; a more complete set of
tables can be found in Erdélyi (1954), Oberhettinger (1974) and Marichev (1982).

3.3.1 Integrals Connected with e~

The most important result in the development of asymptotic expansions by means
of Mellin-Barnes integrals is the integral
1 c+o0i
ei=— T(s)z7ds  (larg z| < im; 2 #0), (3.3.2)
2mi c—o0i
where the path of integration is the vertical line Re(s) = ¢, with ¢ > 0, lying to
the right of all the poles of I'(s). This integral is known as the Cahen-Mellin
integral. A discussion of the convergence of this integral has been given in
§2.4, where it was shown that the modulus of the integrand has the control-

ling behaviour |z| =" O(|t|° ze'@e:=27ll) ag t — +oo, where s = o + it.
Because of this exponential decay, we are free to displace the contour of inte-
gration (when |arg z| < %n) over the poles at s = —k of I'(s), with residue

(—)* k! (k=0,1,2,...), to produce the exponential series. An alternative proof
is to use the Mellin inversion formula applied to the integral representation for the
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\C lm(s)
3 3 Bt 0//

Re(s)

\

Fig. 3.1. The loop C in the complex s plane.

gamma function
&)
F(x):/ t*le7'dt (Re(x) > 0).
0

The above representation has the inconvenience of defining e™* only in the
sector{ | arg z| < %71. The analytic continuation of (3.3.2) is given by

et = L/ [(s)z7%ds  (z #0), (3.3.3)
2ni Jc

where C denotes a loop in the complex s plane that encircles the poles of I'(s)
(in the positive sense) with endpoints at infinity in Re(s) < 0; see Fig.3.1. If C
approaches oo in the directions £6, say, where %71 < 0y < m, then from (2.4.4)
the logarithm of the modulus of the integrand on C (where s = Re'?) behaves
like Rcos6y log R + O(R) — —oo as R — oo. Consequently (3.3.3) defines
e~ % without restriction on arg z and thereby represents the analytic continuation
of (3.3.2).
Straightforward extensions of (3.3.3) are

1
7% = — [ I'(s —a)z ’ds (3.3.4)
2mi C

and

_o [ sin 1 1 s [sin)
z (cos) (z+3ma) = o /; I'(s —a)z (cos) (37s)ds, (3.3.5)

which hold for all arg z and arbitrary « provided the loop C embraces all the poles
of I'(s — ). We note that if C is bent back into the vertical path Re(s) = c,

F The integral (3.3.2) also holds when | arg z| = %n provided 0 < ¢ < %; see §2.4.
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with ¢ > Re(w), (3.3.4) is valid for | arg z| < %n, while from (3.3.5) we have

. 1 c+o0i .
x (sm) (x + jma) = —/ C(s —o)x™ (sm) (37s)ds. (3.3.6)
cos 270 J o ooi cos

In this case, the exponential decay contained in the gamma function, given by
O (1~ Re@=30=37l1l) a5t — o0, is offset by the 27l growth in the trigono-
metric function in the integrand, with the result that the integrals converge only
when x > 0 and Re(x) < ¢ < Re(a) + %

Another straightforward extension of (3.3.3) is given by the integrals

gieos (Sin) (zsinmp) = —— / r(s)z™ <Sm) (1 = B)s)ds, (3.3.7)
cos 27i Jc cos

which are also valid for all arg z and arbitrary g, provided the loop C embraces
all the poles of I'(s).

3.3.2 Some Standard Integrals

Numerous special evaluations of inverse Mellin integrals (or Mellin-Barnes
integrals) can be generated by means of the Mellin inversion theorem in (3.1.5)
and (3.1.6). We collect together here some useful examples for reference.

From the standard formula for the beta function B(x, y) [Abramowitz & Stegun
(1965, p. 258)]

1 o] x—1
_ x—1oq _ _Ny=lg_ _ T
B(x,y) = /0 (1 —1) dr = /0 —(1 n T)Hydr
_F(I'(y)

= TGaty) (Re(x, y) > 0), (3.3.8)

we have

MI(1+x) 5] = —F(S)E((Z)_ 2

when 0 < Re(s) < Re(a). It then follows from (3.1.5) that

1 c+o0i B F(Cl)
— r's)Ca—s)x’ds =

= 3.3.9
270 Jecoi (I 4 x) 339

when 0 < ¢ < Re(a) and, from Rule 1 in §2.4, in the sector | arg x| < .
When a = 1 in (3.3.9) we obtain the formula

c+o0i
! - - il x*ds =
270 Jo—oo; SINTTS 1+x

O<c<l; |arg x| < ). (3.3.10)
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Generalisations of this last result are given by

1 c+o0i ] 1
— OSSP gy = LT XSO (3.3.11)
270 Jo—ooi SINTTS 1+ 2xcos¢ + x2

| et g .
— SNSP s = ——mP (33.12)
271 Jooo; SINTS 1+ 2xcos¢ + x2

where 0 < ¢ < 1 and — < ¢ < 7. These results are easily deduced by writing
cos s¢ and sin s¢ in terms of exponentials and employing (3.3.10).

From the resultf M[(1 — x)~!;s] = mwcotmws for 0 < Re(s) < 1 [see the
Appendix], we find

1 c+o0i T

270 Jo_ooi tanms

1
xds = 1% O<c<l1; x>0). (3.3.13)
—Xx

Similarly, since

T
Mllog(1 + x); s] =

- , Mllog|l —x|;s] =
sSINTs stanmws

for —1 < Re(s) < 0, we consequently find from (3.1.5) (upon replacing the
variable s by —s)

1 c+o0i T

270 Jo—ooi SINTTS

d
xs—s =log(l +x) (|arg x| < m), 3.3.14)
s

1 c+o0i T

270 Jo_ooi tanms

d
8 _logll x| x>0, (3.3.15)
S

where 0 < ¢ < 1. From (3.3.14) and the fact that M [arccot x; s] = (77 /2s) sec %ns
when 0 < Re(s) < 1, we also have

1 c+o01 T _ dS .
— —— X f— =log(14+x77) (0<c<?2), (3.3.16)
278 Jo—ooi SID 37 s

1 c+ooi T _ dS
— ——x '— =2arccotx (0 <c<1) (3.3.17)
270 Jo_ooi COS5TTS N

2

when |arg x| < %n.
Further formulas of this type can be obtained from the results [Erdélyi (1954,
p- 314)]

2
M[—(1 +x)"log x; 5] = ( .n ) COS TS,
sin s
1 T \?
M(x — D~ log x; 5] = ( :
sinss

F This integral is a Cauchy principal value.
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when 0 < Re(s) < 1, so that

1 c+o0i 2 1
— (5=) xds =22 (3.3.18)
270 Jo—oo; \SINTTS x—1
1 c+00i 2 1
— ( ,ﬂ ) cosmsx *ds = —ﬂ, (3.3.19)
270 Jo_ooi \SINTTS 14+x

which are both valid when 0 < ¢ < 1 and | arg x| < 7 [Nielsen (1906, p. 232)].

3.3.3 Discontinuous Integrals

As an example of a discontinuous integral we let f(x) denote the simple step
function given by f(x) = 1for0 < x < 1 and f(x) = 0 for x > 1. The Mellin
transform of this function is easily shown to be M[f; s] = s~' when Re(s) > 0.
Then from (3.1.6) we obtain the result

L 0 O<x<1
LT e | (3.3.20)
_x —_— = - = . .
2mi c—00i s 2 (x )
1 x>1)

provided ¢ > 0. An alternative representation of this well-known result is found
by replacing x by e’ to yield, when ¢ > 0,

) 0 (r<O
1 c+00i o dS | ( )
il e o =15 (=0 (3.3.21)
o 1 (r >0).

An obvious extension of (3.3.20) is given by Titchmarsh (1975, p. 202) in the form

1 c+ooi X )ICa (O =X < 1)
_ ds =11 = 3.3.22
270 Jeooi St a ’ 2 =D ( )
0 x>0,

where ¢ > —a. This last integral is related to the discontinuous integrals involving
products of Bessel functions discussed in Watson (1966, p. 406).

We now examine in more detail the derivation of the discontinuous integral in
(3.3.20). This can be seen directly by application of Cauchy’s theorem since the
integration contour can be completed by a large semi-circle on the right or left
according as 0 < x < 1 or x > 1, respectively. In the special case x = 1 the
integral in (3.3.20) becomes

L (T dr 1 [T e—it
lim — — = lim — ——dt
T—oo 2 J gy c+it To02m J_7c2+12

1 ®  cdt |
=5 i o = 5. (3.3.23)
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An equivalent way of establishing (3.3.20), and which yields as a by-product
an estimate for the integral

1 c+iT Yds
% X T (c > 0), (3.3.24)
c—iT

is described by Edwards (1974, p. 54). Consider a rectangle in the s plane with
vertices at the points ¢ +i7 and M £ iT, where M > ¢ > Oand T > 0. By
Cauchy’s theorem the integral of x* /s round this rectangle is zero and hence

1 c+iT dS M+iT —iT M+iT
2mi c—iT ? 27“{ /+zT / / }

The last integral on the right-hand side is bounded by (27)~!(x™ /M)2T while
the modulus of the first two integrals is bounded by

/ d 1 /M o4 1 xM—xe
— o< x°do = —————.
T Je o2+ T2 27T J, 2rT log x

This then yields the result

1 c+iT ds
— xS —
2mi c—iT N

If we now allow M — oo when 0 < x < 1, we find the bound

1 c+iT R ds
- x5 —
2mi c—iT N

A similar procedure for x > 1 consists of considering the integral of x* /s taken
round a rectangle with vertices at c £iT and —M =+ iT, where again M > 0. In
this case, the integral round the rectangle equals 1 since the simple pole at s = 0
lies inside the contour. Similar reasoning as in the case 0 < x < 1 then shows that

1 c+iT dS c+iT M+iT
il = L Lot L
2mi c—iT S 27Tl M+iT —iT

x¢—xM x—MT

< + .
T log x M

[xM — x€| xMT

<
T |log x|

xC

(c>0;0<x<1). (3.3.25)

<—
7T |log x|

As M — oo, we therefore find that

1 c+iT d c
—/ x° s 45 1 x— (c>0; x>1). (3.3.26)
2ri Jo_ir N 7rT log x

If we now let T — oo in (3.3.25) and (3.3.26) we obtain the limits O and 1 for
the integral (3.3.24) when 0 < x < 1 and x > 1, which, together with (3.3.23),
establishes (3.3.20).

Other discontinuous integrals can be generated by taking, for example,

f)=log"x O<x<1), fx)=0 (x=>1)



3.3. Inverse Mellin Transforms 95

and
fO=0-x) O<x<1, fx)=0 (x=1),

for positive integer n and a > 0. The Mellin transforms of these functions are
M[f;s]=(=)"s" 'nland M[f; s] = ['(a+1)I'(s)/ T (s+a+1) forRe(s) > 0;
see the Appendix. The inversion formula (3.1.6) therefore yields the results, when
c>0,

1 et ds ()" log"x (0<x<1)
— xS =1l (3.3.27)
270 Jo—ooi s 0 (x> 1)
and
1 cto0i T'(s) ( — 0" O<x<1
L o9 e I Tat+) (3.3.28)
271 Je—ooi Fs+a+1) 0 (x> 1.

A useful Mellin-Barnes integral representation for a sum of a finite number of
terms is given by Perron’s formula [Titchmarsh (1939, p. 300); Ivi¢ (1985, p. 485)],
which can be established by means of the result (3.3.20). Given a Dirichlet series
of the form

o0
D(s) = Z an”’,
n=1

with a finite abscissa of absolute convergence Re(s) = oy, say, then we have
the result

c+o0i

/ 1 ds
E ap = =— / D(s)x" —, (3.3.29)
270 J o ooi s

n<x —ooi

where ¢ > oy so that D(s) is absolutely convergent on the integration path Re(s) =
c. Here the prime on the summation sign means that when x is an integer the last
term in the sum is replaced by %ax. Perron’s formula (3.3.29) can be derived by
using the fact that termwise integration of D(s) on Re(s) = c is permissible by
absolute convergence, to obtain

1 c+o0i c+o0i

o0
_ D i - n
| P s =Y | =X
by virtue of (3.3.20).
Another formula of this type (also known by the generic name of Perron’s
formula) is given by
c+o0i

/ B 1 ds
Z anV = — D(s + w)x® —, (3.3.30)
— 2700 J oo N
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where ¢ + Re(w) exceeds the abscissa of absolute convergence of D(s). This can
be established in a similar fashion to (3.3.29); for details, and for other formulas
of this type, see Titchmarsh (1939, p. 300) and Ivi¢ (1987, pp. 486—487).

3.3.4 Gamma-Function Integrals

Some useful evaluations of Mellin-Barnes integrals involving gamma functions
can also be carried out with the aid of Parseval’s formula in (3.1.11) and its
generalisation in (3.1.14).

If we let f(x) = x% ¥ and g(x) = z ?x"~'e™*/%, where z > 0, we have the
Mellin transforms M[ f; s] = I'(s + a) when Re(s 4+ a) > 0 and

00
M[g; s]= Z—b/ xs+b—26—x/z dx = ZS_IF(S +b— 1
0

when Re(1 — s) < Re(b). From (3.1.11), we then find that

1 c+-o0i

o0
— I's+a)(b—s)z%ds = z_h/ x P lexp{—x(1 4+ z7H}dx
0

2mi c—o0i
=70 +2) 7 "T(a +b), (3.3.31)

provided Re(a + b) > 0 and —Re(a) < ¢ < Re(b). This result can be extended
to complex values of z satisfying | arg z| < m by analytic continuation; see also
Rule 1 in §2.4. Special cases of (3.3.31) are found by putting a = 0, which gives
(3.3.9),and z = 1 to yield

1 c+ooi

— T(s4+a)T(b—s)ds =2"°"T(a +b) (3.3.32)
2mi c—o0i

and, witha = b > 0, to yield
o0
/ IT(a +i0)|*dt =27%7T(2a). (3.3.33)
0

If we take f(x) to be defined as in the example above but now let g(x) =
2Px—17be=2/% where 7 > 0, so that
oo
Mlg;s] = Zb/ X2 dx =27 T 4+ b —5)
0
whent Re(1 — s) > —Re(b), we have
1 c+ooi

— C'(s+a)T'(s+b)z " ds :zb/ x”_b_lexp{—x— £]dx
0 X

2mi c—0o0i

= 273930 K, ,(227), (3.3.34)

T This convergence condition originates from the behaviour of the integrand at the upper limit of
integration.
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provided ¢ > max{—Re(a), —Re(b)}. The above integral has been evaluated
in terms of the modified Bessel function of the second kind by means of the
representation in Watson (1966, p. 183)

o0 2
K,(x) = %(%x)u/ exp{—t - z—f} " 'dr (Re(x?) > 0)
0

and use of the fact that K_,(x) = K, (x). When a = b we find the formula

1 c+o0i

— I2(s +a)z%ds = 22°Ko(222), (3.3.35)

2mi ¢—00i
provided ¢ > —Re(a). Analytic continuation enables both results in (3.3.34) and
(3.3.35) to be extended to | arg z| < 7.
A more involved evaluation concerns the integral
1 [ T(s +a)(c —s)

L =— ds. (3.3.36)
270 Ji—ooi T(s+Db)I(d —s)

In this case the integrand decays algebraically like O (J¢|Re@b+e=Dy a5 1 — F00
on the path of integration. Thus /; converges absolutely when

Re(a—b+c—d) < —1. (3.3.37)

To evaluate the integral using Parseval’s formula we let
fE) =x*A—=x)"" 0<x<1), f(x)=0 (x>1),
with g(x) similarly defined with the parameters a and b replaced by ¢ — 1 and
d — 1, respectively. Then, by the first integral in (3.3.8), we have
I's+a)l'(b—a) I's+c—DHI'd —c¢)
M(f:s]= . Mg s]=
I'(s+b) 's+d—-1)

provided Re(s + a) > 0, Re(b — a) > 0 for M[f;s] and Re(l — s) < Re(c),

Re(d —c¢) > O for M[g; s]. Substitution of these expressions in Parseval’s formula
(3.1.11) then produces

I = u+c—l(l _ x)b-‘rd—a—c—Z dx

|
1 / .
'b—-—ayrd--c) Jy

_ F(a—i—c)F(b—i—d—a—c—l)’ (3.3.38)
rb—-—a)l’'d—-—ol’'(b+d—-1)
provided (3.3.37) holds and, in addition, Re(a 4+ ¢) > 0. This last condition, com-
bined with the two conditions above on the parameters, yields Re(d) > Re(c) >
—Re(a) > —Re(b). The path of integration Re(s) = k in I; then lies in the
common strip of analyticity given by —Re(a) < Re(s) < Re(c).
We note that these conditions on the validity of (3.3.38) are unnecessarily restric-
tive and can be removed by analytic continuation in the parameters. The integral
I, can, of course, also be evaluated by completing the integration contour by a




98 3. Properties of Mellin Transforms

circular arc on the right and straightforward evaluation of the residues at the poles
of'(c—s)ats =c+n,n=0,1,2,....Provided the arc is chosen not to pass
through a neighbourhood of a pole, the contribution round the arc will tend to zero
as |s| — oo when (3.3.37) holds, so that

]

()'Ta+c+n)
I =

= nr'b+c+n)l'(d—c—n)

sinn(d—c)il"(a+c+n)l"(l+c—d+n)

T e n'I'b+c+n)

I'la+c¢)
= Fia+c,1+c—d;b+c;1).
Fbtord—o et lte ab
This yields (3.3.38) upon application of Gauss’ summation formula for the
hypergeometric function of unit argument given by

ity —a—p)
Ly —a)l(y = B)’
when y # 0, —1,—-2,... and Re(y — o — B) > 0; see Abramowitz & Stegun
(1965, p. 556). The result (3.3.38) will therefore be valid when (3.3.37) holds pro-
vided the path of integration in (3.3.36) (suitably indented if necessary) separates
the poles of I'(s 4+ @) from those of I'(c — s).

Another result of this type can be obtained by letting

2Fi(e, By 1) = (3.3.39)

fO)=x*A—x)""° 0O<x<1), f)=0 (x>1
and g(x) = x“7!(1 4+ x)™=¢ (x > 0). Then we have the Mellin transforms given
by
's+a)l'(l—>b-—c) 's+c—DI'G+1—5)
= . Mig:sl=
's+a—b—c+1) 'b+c)
provided Re(s + a) > 0, Re(b + ¢) < 1 for M[f; s] and Re(c) > Re(l — s),
Re(1 — s) > —Re(b) for M[g; s]. We therefore find from Parseval’s formula
1 [ D(s+a)l(s +b)(c —s) J
s

M[f;s]

L=—
T 2miJiwi TG+a—b—c+1)
NG !
— & xa+cfl(1 _ x2)7bfcdx
F(l —b—C) 0

_ T'b+o

T 2L(l—=b—2¢) Jo
_ T +or(5a+ 5c)
S 2r(1—-b+4a—1c)’

1
1,1
EaJricfl(l )7bfc /

(3.3.40)

F This will always be possible whena + ¢ # 0, —1, =2, ....
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where Re(a + ¢) > 0 and 0 < Re(b + ¢) < 1. The integration path Re(s) = k in
(3.3.40) lies in the common strip of analyticity

max{—Re(a), —Re(b)} < Re(s) < Re(c),

where the conditions Re(a + ¢) > 0 and 0 < Re(b + ¢) < 1 on the parameters
ensure that this strip is of finite width.

As in the preceding example, these restrictions are unnecessarily restrictive and
can be considerably relaxed. On a circular arc on the right of the path the modulus
of the integrand has the behaviour O (s2072¢=2¢=7Im®)ly 5o that, provided the arc
does not pass through a neighbourhood of a pole, the contribution round this arc
tends to zero as |s| — oo when Re(b + ¢) < % Evaluation of the residues at the
poles of I'(c — s) then yields

(o]

_ (=)'Ta+c+nlTb+c+n)
L= nT(@—b+1+n)

n=0
_Tla+al®+c¢)

F b ca—b+1;—1
Fa—b+D 2Fila+c;b+c;a + )

which reduces to the result in (3.3.40) upon use of the summation formula
[Abramowitz & Stegun (1965, p. 557)]

27T (e — B+ 1)

e Bra = P LD = S e La)

provideda — 8 +1 # 0, —1, =2, ..., and the duplication formula for the gamma
function in (2.2.23). The above result has been established when Re(b + ¢) < 1i;
but, by the theory of analytic continuation, it is true throughout the domain in which
both sides of the equation are analytic functions of the parameters. Hence, (3.3.40)
holds for all values of a, b and ¢ for which none of the poles{ of I'(s +a)I" (s 4+ b)
coincides with any of the poles of I'(c — s).

3.3.5 Ramanujan-Type Integrals

We briefly mention some other integrals involving gamma functions where the
path of integration is no longer parallel to the imaginary axis but along the real
axis. Although these integrals are not of Mellin-Barnes type, they are included here
as they bear some resemblance to those discussed in the preceding section and can
be evaluated in an analogous fashion using the theory of Fourier transforms. The
integrals presented here have been discussed at length in Ramanujan (1920); see
also Titchmarsh (1975, §7.6).

F This will be the case whena + ¢ #0,—1,—-2,... andb+c #0,—1,-2,....
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From the well-known formula

/2 , r b—1
/ (COS t)a+h—2 et(a—b+2x)tdt — U (Cl + ) (3341)
_ap 20+b=2T (g + x)T'(b — x)

valid when Re(a + b) > 1, we have by the Fourier inversion theorem (for real ¢)

(2 cos lt)aerd .

2 si(a—b)t t

Tat+b—1 < (I <m (3340
0 (Jt] = m).

o0 —ixt
f ¢ dx =
oo Ta+x)T'(b — x)

Stirling’s formula in (2.1.8) shows that the behaviour of the integrand in (3.3.42)
is controlled by O (x' =~ sin (b — x)) as x — oo and O(|x|'~“"’sinm(a + x))
as x — —oo. Consequently, the integral converges when Re(a + b) > 1 for all
real ¢ except when + = +m, when we require Re(a + b) > 2 for convergencet
(the convergence in this case being absolute). The particular case r = 0 yields

= dx pa+b—2

when Re(a + b) > 1.
Application of Parseval’s formula for Fourier integrals [Titchmarsh (1975,
p- 50)]

/OO F(x)G(x)dx = /OO fu)g(—u)du,

where F' and G here denote the Fourier transforms of f(x) and g(x), yields the
evaluation

/OO dx

o L@+ )T —x)T'(c+x)I'(d — x)
~ala+b—-DI(c+d—1) )1
B Fa+b+c+d-3)
T Ta+b—DIb+c— DI (c+d— DI d+a—1)

provided either (i) Re(a + b + ¢ +d) > 3 or (ii) 2(a — c) and 2(b — d) are
odd integers and Re(a + b + ¢ + d) > 2. The second of these conditionsi results
from consideration of the large-|x| behaviour of the integrand and noting that

(2 cos u)u+b+c‘+d74el(a7b7£‘+d)u du

T
g

(3.3.44)

F This follows from the fact that, when t = 4, products like sinwx sinw(a 4+ x) contain a non-
oscillatory term.

# The formula fails when a + b 4+ ¢ +d = 3 and 2(a — ¢), 2(b — d) are odd integers. In this case,
one of the gamma functions in the denominator is singular. The limiting value of the expression on
the right of (3.3.44) then has the value £1/27 according as 2(b — d) = F1(mod4), when one of the
first pair of gamma functions is singular, and 2(b — d) = £1(mod4), when one of the second pair
of gamma functions is singular.
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products like sin 7w (a + x) sin 7 (c+ x) and sin 7 (b — x) sin 7w (d — x) will contain
non-oscillatory terms unless cos 7 (a — ¢) and cos w (b — d) vanish.
In a similar manner we find

00 +ixt
/ ¢ dx =0 (3.3.45)
oo Ta+x)T'(b —x)I'(c+x)T'(d — x)

for Re(a + b + ¢ + d) > 2 when |f| > 27 and for Re(a + b + ¢ + d) > 3 when
|t| = 27, and

o] e:tm‘x
d
f_w Ta+0b—0lc+old—0x
eqt%m‘(afb)

" 2r(a+ (et id)r@+d— 1)’

(3.3.46)

ifa+d =>b+4 candRe(a + b + c + d) > 2. Particular cases of these integrals
are given by

f_oo {T'(a+ xflic(b 0P Flff;iib_ 13)) (3.3.47)
when Re(a + b) > %,
/00 dx
o T@+x)T'a—x)['(b+x)I'(b—x)
Aol (3.3.48)

T2TQa—DI@2b—DI2@+b-1)

when either (i) Re(a + b) > % or (ii) 2(a — b) is an odd integer and Re(a +b) > 1,

and
(sm) Ty (sm) %n(a b
o0 cos cos
/ dx (3.3.49)

o C@=00G+0P "~ 2T@+b— Dr(la+ 1b)

when Re(a + b) > 1. Other integrals of this type involving I' (¢ + nx)I'(d — nx)
(n =1,2,...) in the denominator are detailed in Ramanujan (1920).

Integrals involving gamma functions in the numerator can also be evaluated by
means of (3.3.42). Consider the integral

o0
r .
1 :/ (a——i_x)e”” dx
T +x)

for real ¢, where Im(a) # 0O (so that the integrand has no singularity on the path
of integration) and, for convergence, we require either (i) Re(a — b) < 0 when
t # E£2xn (n = 0,1,2,...) or sgn(¢t) = sgn{Im(a)} or (ii) Re(a — b) < —1
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when t = £2nn (n = 0,1, 2,...) with sgn(t) # sgn{lm(a)} or (iii) t # 0
when a — b = —1. If we take Im(a) < 0, the above integral can be written as

[o¢] 1 etxt
I = 71/ - dx
o '+ x)I'(1 —a —x) sinmw(a + x)

lX[

= 27i Zf e*(2m+l)Jri(aJr)r)dx7
ro+x)rd —a—x)

where the integrals inside the summation sign are of the form (3.3.42), with ¢
replaced by 2m + 1)r —t. Hence I = 0 if t < 0 and, when ¢ > 0, the only
non-zero term is that corresponding to m = [¢/27]. A similar procedure applies
when Im(a) > 0 and we obtain the result

0 sgn(t)=sgn{Im(a)}

/Oo Ta+x e dx = >0, Im@) <0 (3.3.50)
—oo I'(b+x) +7J =
t <0, Im(a) >0,

where

2
J= 2 9cos @) explith —a — 1)® — iat),

' —a)
T —t t
e =
2 7 [271}
and [x] denotes the greatest integer not exceeding x. As a particular case we have
the result
©r
/ Ta+x .o (33.51)
—o0o T'(b+x)

if Im(a) # 0 and Re(a — b) < —1.

A similar procedure can be employed to show that, when Im(a) # 0 and
Im(b) # 0, and either (i) t is not an odd multiple of = and Re(a + b) < 1 or (ii)
t is an odd multiple of # when sgn(¢) = sgn{Im(b)} or sgn(t) = —sgn{Im(a)}
and Re(a + b) < 0 or (iii) ¢ is an odd multiple of 7 when sgn(¢) = sgn{Im(a)},
sgn(t) = —sgn{Im(b)} and Re(a + b) < 1, then

f I'(a+ )T (b —x)e™ dx

o0
2 T b i
mil'(a _tH_b) ti(b—a)t {A(+b)emlll A(—a)e_mlp}, (3.3.52)
|2cos t}
where
T+t
V= (a +b)[ o ]
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and
0 sgn(r —t) = sgn{lm(z)}
A =31 t<m andIm(z) <O

—1 t>m andIm(z) > 0.

A particular case of (3.3.52), when a and b are not real and Re(a + b) < 1, is
given by

N 0 sgn{lm(a)} # sgn{Im(b)}
| ra+nreo-—vix={ zira+p [mas <o
* 2a+b-1 Im(a, b) > 0.
(3.3.53)

Finally, we mention the particular evaluations which can be determined by the
same method
foo '+ x) e et imid—o)
o @+ X)) —x)(c+x) IFa—-dT(3a+ib)T(3c—2d+1)
(3.3.54)

when Im(d) #0, a4+ 1=>b+c+d,Re(a + b + ¢ —d) > 1 with the upper or
lower sign chosen according as Im(d) is positive or negative, respectively, and

0 sgn{Im(c)} = sgn{Im(d)}
f” Fe+x)Fd+x) (3.3.55)
 T@+or+0 X = 1 Im(c) > 0, Im(d) <O .
Im(c) < 0, Im(d) > 0,
when Im(c, d) # 0 and Re(a + b — ¢ — d) > 1, where
7= 22 Fra+b—-—c—d-1)
“sinw(c—d) Tla—c)T(a—d)T(b—c)(b—d)

3.3.6 Barnes’ Lemmas

We now discuss two lemmas due to Barnes (1908, 1910) which concern more
involved evaluations of Mellin-Barnes integrals containing only gamma functions.
The first of these lemmas (which is the integral analogue of Gauss’ theorem in
(3.3.39)) is given by

Lemma 3.5. If the contour of integration is indented (if necessary) to separate the
poles of T'(s + a)T" (s + b) from those of T'(c — s)I'(d — s), then

ool

— F'C+a)ls+b)I'(c—s)I'(d—s)ds
2mi —o0i

_Ta+all@a+d)T'(b+o)l'(b+4d)
h I'a+b+c+d)

(3.3.56)
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This can be established first as in §3.3.4 by choosing the functions

.Xb xc—l
f(x)zm, g(x)zm (x = 0),
for which
MIf:s] = Cs+bI'd-— s)’ Mg: 5] = 's+c— Dl a@+1—s)

C(b+d) I'(a+c)

when Re(s + b) > 0, Re(d — s) > 0 for M[f;s] and Re(l — 5) < Re(c),
Re(1 — s) > —Re(a) for M[g; s]. Then, from Parseval’s formula (3.1.11), we
obtain

1 k—+o00i

I =— I's+a)(s+b)I'(c—s5)I'(d—s)ds
2mi k—ooi

xb+cfl

oo
=F(G+C)F(b+d)/0 de

_Tla+al(b+d)T'(b+ )T (a +d)
- F@+b+c+d)

)

provided the integration path Re(s) = k lies in the common strip of analyticity
max{—Re(a), —Re(b)} < Re(s) < max{Re(c), Re(d)}.

These conditions can be relaxed if the result is established by displacement
of the contour and evaluation of residues, as described in Whittaker & Watson
(1965, p. 289) and Slater (1966, p. 109). If we complete the contour of integration
in (3.3.56) by a circular arc of radius R on the right of the imaginary axis then,
provided the arc does not pass through a neighbourhood of a pole, the modulus of
the integrand on the imaginary axis and on this arc is, by Stirling’s formula (2.1.8),
controlled by O (s¢tb+etd=2,=27llm®)ly a5 R —s 0. The contribution round the
arc therefore tends to zero as R — oo when Re(a + b 4+ ¢ + d) < 1. We then
find, upon evaluation of the residues at the poles of I'(c — s)I"(d — s) situated at
s = c +n and s = d + n for nonnegative integer n, that the integral I is given by

sinm(c —d) n!'I'd+d—c+n)

n=

T {iF(a+d+n)F(b+d+n)

o]

_ZF(a+c+n)F(b+c+n)}
= n'I'l4+c—d+n)

T Fa+dT'®b+d)
= F d,b+d;14+d—c;1
sinn(c—d){ Fitd—c 2H@tdbtdiltd=cl
Fa+ol'(d+c)
— F, , b 01 —d;1
Fltc—a :h@tebtrealte )}
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AT —a—b—c—d) T(a+d)T b+ d)

- {F(l—a—c)F(l—b—c)
I'la+ o' +c)

Tl —-a-adra —b—d)}

I'a+col'(a+d)I'b0+c)I'(b+d)
- T@+b+c+d

X{sinn(a +c)sinw(b+c¢) —sinm(a+d)sinm(b+d) }

sint(c —d)sinm(a+b+c+d)

sin(c —d)

upon use of the Gauss summation formula in (3.3.39). Simple trigonometric
identities show that

sint(a+c)sinw(b+c) —sinnw(a+d)sinm(b +d)
= j{cosm(a+b+2d) — cosm(a+ b+ 2c)}
=sinm(c —d)sinm(a+b+c+d),

whence

_T@a+ol(@a+dT kb +ol'(b+d)

I
C@a+b+c+d)

The above result has been obtained subject to the condition Re(a+b+c+d) < 1;
but by analytic continuation the result will hold in the domain of the parameters for
which both sides of the equation are analytic functions of a, b, ¢ and d. Hence it is
true for all values of the parameters for which none of the poles of I' (s +a)I" (s +b)
coincides with any poles of I' (¢ — s)I"(d — s). In addition, if we write s + k, a — k,
b—k,c+k,d+ kinplace of s, a, b, c, d we see that the result is still true when
the path of integration is Re(s) = k, where k is any real constant.

Barnes’ second lemma states that:

Lemma 3.6. If the contour of integration is indented (if necessary) to separate the
poles of I'(s +a)'(s + b)[' (s + ¢) from those of I'(d — s)['(—s), then

I 1 X (s +a) (s + b)) (s +)(d — s)I'(—s) J
T 2wi —ooi I'e+s) s
_ T@r®r'ra+drkb+dric+d)

I'e—a)'(e—b)['(e —c)

, (3.3.57)

when
a+b+c+d=e.

A proof of this lemma using a more involved extension of the Parseval formula to
double integrals is given in Titchmarsh (1975, p. 195). An alternative approach is
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to observe that use of the Gauss summation formula (3.3.39) shows that I can be
written as

F'© L /001 I's+a)lT(s+b)I(d—s)I'(—s)Fi(e —c,—s;e;1)ds
I'(e) 2mi J_

_TO =0, 1 [~ - B
= e & i, | _resarc+ora-srd-sds

provided Re(s 4 ¢) > O to justify the interchange in the order of integration and
summation. The integral appearing inside the summation can now be evaluated
by Barnes’ first lemma (3.3.56) to yield

[— C'(@T b)) (a+d)T (b +d) i (e — ¢)n(@)n(b),
n C@e)(a+b+d) n!(e),(a+b+d),

F@r®)rea@+dro+d)
- T'@l(a+b+d)

provided Re(c + d) > 0 for convergencef of the generalised hypergeometric
function. If we now take a +b+c+d = e, the 3 F>(1) contracts to a , F; (1) series,
which is then summable by (3.3.39), and we obtain the result stated in (3.3.57).
The restrictions Re(s + ¢) > 0 and Re(c + d) > 0 can be relaxed by analytic
continuation to enable the contour of integration to be indented (if necessary) to
separate the poles of I'(s +a)I" (s +b)I" (s + ¢) from those of I (d — s)I"(—s). This
will be possible provided none of a, b, ¢, a +d, b + d, ¢ 4+ d equals a nonpositive
integer.

Special cases of other integrals involving gamma functions are listed in Slater
(1966, pp. 112—114). All these integrals, including those appearing in Barnes’
lemmas and in (3.3.36) and (3.3.40), are special cases of the more general integral
of the type

n=0

sFh(a,b,e—c;a+b+d,e; 1)

L Tl T+ 9 T T~
2700 J oo [Tj2i T D) +9) 1‘[;’-:1 L(dj =)

which, subject to certain restrictions on the parameters and on the integers m, n, p,

g, can be expressed as sums of generalised hypergeometric functions of argument
equal to £1; for details, see Slater (1966, p. 133).

3.4 Mellin-Barnes Integral Representations

We conclude this chapter with a selection of standard Mellin-Barnes integral rep-
resentations for some of the more familiar special functions. We begin with the
integrals of this type for the confluent and ordinary hypergeometric functions,
which were first given by Barnes (1908).

F The sum 3 F>(a, B, y; 8, €; 1) is absolutely convergent when Re(§ +€ —a — 8 — y) > 0.
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3.4.1 The Confluent Hypergeometric Functions
The confluent hypergeometric function | Fi(a; b; z) is defined by the absolutely

convergent seriest

[e¢]

1Fiaibiz) =)

n=0

(@), 2"
(Bl 1!

(Iz] < 00),

where (a), = I'(a + n)/I'(a) and we suppose that b # 0, —1, —2,.... Let us
consider the integral
1 c+00i C(=s)T
[=— PEITS +a) oy (3.4.1)
270 J oo I'(s+b)

The integration path can pass to infinity parallel to the imaginary axis with any
finite value of ¢ = Re(s), provided the contour can be indented to separate the
poles of I'(—s) at s = n from the poles of I'(s +a) at s = —a —n, for nonnegative
integer n; see Fig. 3.2. From Stirling’s formula in (2.1.8) the modulus of the
integrand is

0 (|t|7a+a7b7%efé)tf%n\t\)

ast — Zoo, where s = o + it and 6 = arg z. It then follows that the above
integral converges absolutely in the sector | arg z| < %n; see also Rule 1 in §2.4.

Now consider the rectangle with vertices atc +i7 and N + % +iT,where T >
[Im(a)| and N is a positive integer which, when Re(a) < 0, exceeds —Re(a) — %;
cf. Fig.3.2(b). Because of the exponential decay of the integrand it is seen that if
N is kept fixed and T — oo, the integrals along the upper and lower sides of the
rectangle both vanish. For the integral Iy, say, taken along the third side we have,

Im(s)

—a—1 —a

(a) (b

Fig. 3.2. Paths of integration when (a) Re(a) > 0 and (b) Re(a) < 0.

T When a equals zero or a negative integer | F; (a; b; z) reduces to a polynomial in z.
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withs:N—i—%—i—it,

o0
1
[Iy] < §|z|N+2/
—00

where we have used the reflection formula for the gamma function. Using the
result in (5.1.3) and the factf that for large N

e sechmt

IT(N + 2 +it)]

F(a+N+5+it)
T(b+ N+ 3 +it)

T(a+N+1+it)

< C|(N +it)*?| < c'NRete=D, ¢ 3.4.2
F(b+N+%+it)_ I( i’ < »(1) ( )

uniformly in ¢t € (—o0, 00), where C, C’ denote positive assignable constants and

2y 1Re(v)
o(t) = { 1+ Re(v) >0 (3.4.3)

1 Re(v) <0,

we find

[In| < dt.

C/|Z|N+% NRe@—b) oo e~ bt
a—b
—00

t e
ZF(N—i- %) )(coshm)%

Since the last integral converges absolutely when |arg z| < %n, we see that
[In] > 0as N — oo.

From Cauchy’s theorem it then follows that I is given by the sum of residues
of the integrand at the poles of I'(—s), so that

I i F@a+n (=2)"
= rb+n) n!

Thus, replacing z by —z, we obtain Barnes’ integral representation

I'(a)

o)

c+ooi

—— 1 Fi(a;b;2) = — / %(_Z)s ds (344
valid when | arg(—z)| < %n. It holds for all finite values of ¢ provided that the
contour of integration can be deformed to separate the two sequences of poles
(which is always the case when a is not a negative integer or zero). We note that
if we make the change of variables s — —s, 7z — —z and seta = b in (3.4.4) we
obtain the representation for e~* given in (3.3.2).

We observe at this point that if we translate the contour of integration in (3.4.4)
to the left over the poles of I'(s + a) we generate the (algebraic) asymptotic
expansion of | Fy(a; b; z) valid as |z| — oo in the sector | arg z| < %n; for details

F In deriving the second of these inequalities, we have employed the fact that for v = o + i, where
o and B arereal, N > 1 and t € (—o0, 00),

I(1+it/N)’| < |1 +it/N|%e2™ 8 < 5, (1)e 7B,
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of this process see Chapter 5. Then, upon evaluation of the residues at the poles

s=—a—k,k=0,1,2,..., N — 1, we find after a little rearrangement
I'(b) s @ ta=by
Fi(a;b;2) = ———(—2)™° - = R ’
Fi(a: bi2) = 5o (=2) ; o (=) + Ry (2)
where the remainder after N terms satisfies |Ry(2)| = O(z™V) as |z| — oo in

|arg z| < %JT. This fact illustrates the power of the Mellin-Barnes approach: the
series expansion and asymptotic structure of a function are contained in the nature
and distribution of the singularities of the integrand. Displacement of the path
of integration in one direction produces the convergent (ascending) power series
expansion, while displacement in the opposite direction yields the (descending)
power series or asymptotic expansion.

We remark that (3.4.4) defines | Fi(a; b; z) only in the sector | arg(—z)| < %n.
As with the function e in (3.3.4), we can analytically continue this definition by
writing (for convenience, we have replaced the variable s by —s)

I'(a) 1 r's)'(a—ys)

T 1Fi(a; b;2) = i . m(—z)_‘ ds, (34.5)

where C denotes a loop encircling the poles of I'(s) (in the positive sense) with
endpoints at infinity in Re(s) < 0; cf. Fig.3.1. This representation takes advan-
tage of the exp{s log s} decay contained in the gamma function (see §2.4) and
accordingly defines | F| (a; b; z) without restriction on arg z.

The second type of confluent hypergeometric function, denoted by U (a; b; z),
is defined by

I'(l —b)

Ua; b; z) = mlﬂ(a; b; z)
MZI‘bIFl(I—ka—b;Z—b; 2). (3.4.6)
I'(a)

The function U (a; b; z), unlike | F (a; b; z), is in general a multi-valued function
of z; we shall take as its principal branch that which lies in the z plane cut along
the negative real axis. This function is analytic in the cut plane for all complex
values of a, b and z (even when b is a negative integer or zero). Let us consider
the integral

1 c+00i
I =— (=T +a)l(s+1+a—bz %ds,
270 J oo
where the path of integration can be indented (if necessary) to separate the poles
of I'(—s) from those of I'(s + a)I'(s + 1 + a — b) (which is always possible
provideda # 0, —1,—-2,... anda — b # —1, -2, ...). Reference to Rule 1 in
§2.4 shows that the above integral is defined for | arg z| < %JT. Translation of the
integration contour to the left over the poles of I'(s + a)I"(s + 1 4+ a — b) then
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produces a convergent expansion in ascending powers of z proportional to z¢ times
the right-hand side of (3.4.6). Thus we find the representation

C@)T'(1+a—b)z"Ula; b;2)
1 c+o0i
= — F(—sT's+a)l'(s+1+a—b)z %ds 347
2mi c—00i
valid for |arg z| < %JT. Again, we observe that displacement of the integration
path to the right over the poles of I'(—s) generates the (algebraic) asymptotic
expansion given by

o0 1 _
Ulasbiz) ~z*y (")k(*];—,“b)’%—z)—k
k=0 :

validas |z] — ocointhesector | arg z| < %n. A representation valid without restric-
tion on arg z can also be obtained by replacement of the rectilinear integration path
in (3.4.7) by an appropriate loop C as in (3.4.5).

3.4.2 The Gauss Hypergeometric Function
The Gauss hypergeometric function , F (a, b; ¢; z) is defined by

['(a)T(b) . aT@+mro+n ,
sza,b,c,z)—; Fermar . (<D

when neither of the parameters a and b is a negative integer or zero. To obtain a
Mellin-Barnes integral representation for this function we consider the integral
1 [T (= +a)(s+b)

= — —2)'ds,
i ) T +0) (=2)"ds

where the integration path is indented (if necessary) to separate the poles of I'(—s)
from those of I'(s 4+ a)I" (s 4+ b) (which is always possible when neither a nor b is
a negative integer or zero). We remark that the integration path can pass to infinity
parallel to the imaginary axis with any finite value of Re(s); we take the limits
Fo0i for convenience.

The procedure for evaluating the above integral closely follows that for
1 F1(a; b; ). Application of Rule 1 in §2.4 shows that the integral converges abso-
lutely provided |arg(—z)| < m. We now apply Cauchy’s theorem to the above
integral taken round the rectangle with vertices at +=i7T, N + % + iT, where
T > max{|Im(a)|, [Im(b)|} and N is a positive integer exceeding —Re(a) — % and
—Re(b) — 3. Since the integrand is O (|¢|Tt=¢~le~"ae(==7l) 45 t — o0 by
Stirling’s formula in (2.1.8), the integrals along the upper and lower sides of the
rectangle both vanish as T — oo. The modulus of the contribution from the third
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side satisfies

efet

s

o0
I <lzN+%/ Mt
In| < 3lzl N ()coshnt

where (compare (3.4.2))

T@+N+3+inT(b+N+ L +i0)
C(c+ N+ 3L +i[(N + 3 +ir)

M) =

< CNRe@rb=e=D)  ()hp_1 (1)

as N — ooand A, (¢) is defined in (3.4.3). The last integral is absolutely convergent
when | arg(—z)| < 7 and hence |Iy| = O(|z|V*2 NRe@+—c=D) If 7] < 1, we
then see that |Iy| — 0 as N — oo.

We therefore obtain Barnes’ integral representation

(—z)* ds.

(@) (b) Fila. b e 7) = 1 [ T(=s)['(s +a)(s + b)
re @ ’C’Z)_%/_wi TG +0)

(3.4.8)

In establishing this result it was necessary to suppose that |z| < 1. By the principle
of analytic continuation the integral (3.4.8) converges and defines an analytic
function of z which is holomorphic in the sector | arg(—z)| < 7. Hence (3.4.8)
defines , Fi (a, b; c; z) not only inside the unit circle but also in the entire z plane
cut along the real z axis from O to oo, provided the parameters are such that the
integration path can be drawn to separate the poles of I'(—s) from the poles of
I's+a)(s+b).

If the path of integration is displaced to the left we can proceed to evaluate
the integral in (3.4.8) in a similar fashion. In this case we encounter the poles of
I'(s +a)I" (s 4+ b) which, provided a — b is not an integer, T will correspond to two
sequences of simple poles with residues

LB —a—nT(a+n)

) n!'I'(c —a —n) (=2)
_I'@r'(b-a) (=) (I+a—-cohw@, _,
T T Te—-a Y d+4a-byn°
at the points s = —a —n; the residues at s = —b —n are obtained by interchanging

a and b. Provided |z| > 1, the integral round the translated path vanishes as the

¥ When a — b is an integer some of the poles become double poles and the residues then involve
terms in log(—z); see Abramowitz & Stegun (1965, p. 560).
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path moves to infinity and we obtain the result

I'e)l'(b —
2Fi(a,b;c;z) = M(—Z)_%Fl (a,1+a—c;1l+a—>b;z7hH
I'e)I'(a —b) b . P
m(—Z) 2Fi(b,1+b—c;14+b—a;z7).

(3.4.9)

Analytic continuation enables us to remove the restriction |z| > 1 to establish that
(3.4.9) holds for |arg(—z)| < @ and a — b not equal to an integer. This result
describes the behaviour of the hypergeometric function for large |z|.

3.4.3 Some Special Functions

The confluent hypergeometric functions include as particular cases many of the
commonly used special functions, such as the incomplete gamma functions, Bessel
and the parabolic cylinder functions. As a consequence, it is possible to write down
Mellin-Barnes integral representations for these functions from the representations
given in (3.4.4) and (3.4.7). For ease of reference, we present in Table 3.1 a short
list of some familiar special functions and their corresponding expressions in terms
of confluent hypergeometric functions.

To illustrate, we take the incomplete gamma functions which are defined when
|arg z| < 7 by

Z o0
y(a,z):/ 1““le'dt (Re(a) > 0), F(a,z):/ 1 te  dt,
0 z

Table 3.1. Some familiar special functions

Special function Confluent hypergeometric representation
Ju(2) e (12)" (A +v) T Fi(v + 3520 + 1; 2i)
1,(2) e (32)" A +v) " Fi(v+ 520 + 13 22)

M (2) Mtiem 2Z1F1(§ +m—k;1+2m;z)

y(a,2) a'z%e = Fi(l;a+ 15 2)

I'(a,z) e*U(l—-a;1—a;z)

erfc(z) T e " U(3:1:2%)

D,(2) 2Py (= Lus L L22)

K,(z) m1e(22)" U(v + 1120 + 1: 22)
H'?(2) b () g U(v+ 3:2v + 15 F2iz)
Wi (2) Z"’J’%e‘%Z U 4+m—k;1+2m;2)
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and which satisfy the relation y (a, z) + I'(a, z) = I'(a). From Table 3.1, (3.4.4)
and (3.4.7) we then find the Mellin-Barnes integral representations

1 c+o0i F(—S) N
,2) = — —z"ds, 3.4.10
y(a, 2) T /C_wi sta’ s ( )
where | arg z| < %71 and the contour separates the pole at s = —a from those of
I'(=s) (@ #0,—-1,-2,...),and
a—1,-z —c+o0i —s
7le™t 1 b/ 94
Na,z) =—————— r 1 —a)— d 3.4.11
@ 2) ' —a)2nxi /_C_ooi (s + @) sin 7Ts y ( )

valid in the sector | arg z| < %n. Provided a is not a positive integer, the path of
integration (which is indented if necessary) has 0 < ¢ < 1 and passes to the left
of the poles situated at s = 0, 1,2, ... but to the right of those of I'(1 — a + s)
andats = —1,-2,....

An alternative integral representation for I'(a, z), valid in the narrower sector
|arg z| < %n, can be obtained from (3.4.10). If we displace the integration path

to the left over the pole at s = —a, we find
1 c+o0i F(—S)
9 = F ~ . - S+ad 9
y(a,z) (a)+2m. /c_w_ sra ’ s

where ¢ < min{0, —Re(a)}. Identifying the second term on the right of this last
expression as —I"(a, z) and making the change of variable u = —a — s, we then
find

b4

du (3.4.12)
u

1 c+o0i
F(a,z)z%/ A I'(a + u)
c—0oQ1

valid for | arg z| < %n. The path of integration is either the vertical line Re(s) = c,
with ¢ > max{0, —Re(a)}, or with ¢ any finite value provided the contour is
indented to lie to the right of all the poles of the integrand.

Mellin-Barnes integral representations for the Bessel function J,(z) and the
Weber function D, (z) are similarly found from Table 3.1 to be

J,(x) = 72 (2x)" Qix)*ds, (3.4.13)

1 /C+°0i (=) (s+v+1)
270 J oo F's+2v+1)

Whenx>0andv+%#0,—1,—2,...,and

D _ e ]fcmr— T2s — )22~ d (3.4.14
”(Z)_F(—v)%c (=)' (2s —v)(2z°) " ds, 4.14)

—ooi

valid when |arg z| < %n, provided v is not equal to a positive integer or zero.
In each of these integrals the path of integration separates the poles of I'(—s)
from those of the other gamma functions. We note that (3.4.13) converges only
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for x > 0. Use of an appropriate loop C, as in (3.4.5), enables a representation for
J, (z) without restriction on arg z to be obtained in the form

L 1 F&r(v+3-—s) ‘
Jy(2) =724 (22)" =— : 2iz)* ds, 3.4.15
@ =m2er2) 2m'/c v tl—s 294 G413
where C is a loop encircling the poles of I' (s) (in the positive sense) with endpoints
at infinity in Re(s) < 0; see the discussion surrounding (3.4.22).
Mellin-Barnes integral representations for the Whittaker functions are given by
[see also Slater (1960, p. 51); Whittaker & Watson (1965, p. 343)]

z"H%e*%ZF(l +2m)

Mk,m(z) =
I'(3+m—k)
1 ctooi () [(s+ L1 +m—k ]
X — (s + 5 )(—z)* ds, (3.4.16)
2700 J oo '(s+2m+41)

for | arg z| < %n and 14+2m #0, -1, -2, ... andk—m—% #0,1,2,...,and
T(3+m—K(—m—k)Wen@)

c+o0i
= zke17 ! / F(—)[(s+3+m—k)(s+3—m—k)z " ds

27 — 000

(3.4.17)

for |arg z| < %n and when neither of the numbers k +=m — % is a positive integer
or zero. The quantity ¢ in (3.4.16) and (3.4.17) can be any finite value provided
the path of integration can be indented to separate the sequences of poles.

It is also possible to represent Bessel functions by integrals in which the expo-
nential factor is not present. From (3.3.34), with a = 0 and b = —v, we obtain
the representation of the modified Bessel function of the second kind

c+ooi

v 1 25
Ko@) = (iz) ?/ T($)T(s —v)(Lz) ™ ds (3.4.18)

—ooi

valid in |arg z|] < m, where the contour can be taken to be the vertical line
Re(s) = ¢ with ¢ > max{0, Re(v)}. Alternatively, ¢ can be any finite value
provided the contour is indented to lie to the right of the poles of I'(s)["(s — v).
From the relation between K, (z) and the Hankel function [Watson (1966, p. 78)]

1.
Ky(z) = 3miex™ H" (iz),

we then find the representations

c+o0i

. 1 V—2is8
wer VT D () = — L(s)T(s —v)( — Liz) ds,  (34.19)

2 c—o0i

) 1 c+o0i e
e 2D H®(z) = _/ T(T (s —v)(3iz) > ds (3.4.20)
270 Jo—ooi
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valid in the sectors | arg(Fiz)| < %71, respectively, where ¢ > max{0, Re(v)} in
both integrals. Representations valid for all arg z can be obtained by bending back
the paths of integration in (3.4.19) and (3.4.20) into a loop C encircling the poles
of I'(s) with endpoints at infinity in Re(s) < 0.

Since

1,2 = 3{H" (@) + H? (2)}.
we find from (3.4.19) and (3.4.20) the result

[ T e
7, _ W (17, 3.4.21
@ =0 | L Tatv—y (32) "ds (3-4.21)

where the path is suitably indented at s = 0 to lie to the right of the poles of
I"(s). As it stands, this representation is rather limited since it defines J, (z) only
for z > 0 and Re(v) > 0. To see this we apply Stirling’s formula (2.1.8) to
show that the modulus of the integrand has the behaviour O (|¢|20 ~Re()—1,207)
as t — =oo, where we have put s = o + it and 6 = arg z. On the path of
integration as s — Zooi, we see that the integral is absolutely convergent{ only
when arg z = 0 and Re(v) > 0, as stated. If, however, we bend back the path of
integration into a loop C that encircles the poles of I'(s) (in the positive sense) with
endpoints at infinity in Re(s) < O (cf. Fig.3.1), these restrictions on the validity
of (3.4.21) can be removed. If C approaches oo in the directions £6, say, where
%n < 6y < m, then the modulus of the logarithm of the integrand on C behaves
like 2|s| cos By log |s| + O(]s|) — —oo as |s| — oo. Consequently, we find that
the integral

1 F(S) 1 _\Vv—2s
h@) = 2mi m(iz) ds (3.4.22)

defines J, (z) without restriction on arg z and v, since on C full advantage is being
taken of the decay of the integrand in Re(s) < 0.

Alternative representations for the Hankel functions which are valid in the wider
sectors | arg(Fiz)| < %n (cf. Rule 1 in §2.4 ) are given in Watson (1966, p. 193)
in the form

Hv(l)(z) — COSS7/TV i(z— rrv)(zz)
T
x/ (T (s —20)T (v + 1 — 5)(=2iz)*ds, (3.4.23)
HP (@) = e 2g)" / PO (s =200 (v + 5 = 5)(2i) ds,

(3.4.24)

T We remark that displacement of the contour to coincide with the vertical line Re(s) = ¢ requires
0 < 2¢ < Re(v) for absolute convergence and Re(v) < 2¢ < Re(v) + 1 for non-absolute
convergence; cf. §2.4 and also Titchmarsh (1975, pp. 197-198).
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where the integration path separates the poles of I'(s)I"(s — 2v) from those of
rov+ % — ), provided 2v is not an odd integer. These formulas can be verified by
displacement of the path of integration and evaluation of the residues of the poles
of '(s)I"'(s — 2v).

It is possible to establish in a similar manner the Mellin-Barnes integral
representation for the product of Bessel functions [Watson (1966, p. 436)]

ooi M(—I'Q2s+p+v+ 1)(1 )M+v+2s

1
J(X)J(x) 27_[ /oo,F(S“‘M“‘1)F(S+V+1)F(S+M+v+l)
(3.4.25)

for x > 0, in which the contour separates the poles of I'(—s) from those of
I'(2s + w4 v+ 1). Other representations of this type are given by [see Titchmarsh
(1975, §7.10); Erdélyi (1954, pp. 332-334)]

4001

1 c+
K,L(Z)KU(Z)Z%/f . 4T (25)

T(s+3p+2v)D(s+ Iu—1v)

xT(s—tpu+v)I(s—ipn—1v )(%z)_zsds (3.4.26)

when | arg z| < %n and 2¢ > |Re(u)| + |Re(v)], together with

ctool F(S)F(ZS - V) v—2s
L (K, (z) = —/ y m( )7 ds (3.4.27)
when |arg z| < er and ¢ > max{0, lRe(v)}, and
c+ooi
LK, (@) = —/ FOPGHIN(E=9) a0y (308
272 ra4+v—s)

when | arg z| < %n and max{0, —Re(v)} < ¢ < 1.

2
Special cases of (3.4.25) are given by

c+ooi =1 r(i—
sinx J,(x) = —— (s +5v+2)0(5 —) xds,  (3.4.29)

270 Jeeooi T(14v—=5(1=3v— 1s)

:
etool VI (Ls + Iv)I(3 — )

— x " ds 3.4.30
270 Jeooi T(L+v—5)(5—3v—1s) ( )

cosx J,(x) =

when x > 0 and —1 — Re(v) < ¢ < 5 for (3.4.29) and —Re(v) < ¢ < % for
(3.4.30).
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Applications of Mellin Transforms

4.1 Transformation of Series

A problem of frequent occurrence is the summation of series which become
very slowly convergent as a parameter or variable approaches a certain limit-
ing value. In many cases, the terms in such series oscillate in sign and decay
in absolute value so slowly that evaluation of the sum from the series as it
stands is impracticable. There are several well-known methods available for
transforming such series into rapidly convergent, or asymptotic, sums. One
well-established approach is to convert the series into a contour integral which
is then evaluated by use of Cauchy’s theorem. Another method makes use
of the Poisson summation formula which involves Fourier cosine transforms —
see §8.1.1 for an example of this procedure. A method equivalent to the
Poisson summation formula is based on the Mellin transform and is described
below.

4.1.1 The Mellin Transform Method
Consider the sum S(x) defined by

S(x) =Y [,
n=1

where we suppose that the function f (x) is locally integrable on (0, 00),1is O (x %)
as x — 0+ and O(x’b), where b > 1, as x — o0. If a < b, the Mellin inversion
theorem (see (3.1.5)) shows that

1 c+o0i
fx) = —/ F(s)x*ds  (a <c<b),
2mi c—00i
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where
F(s) = /ooxs’lf(x)dx
0

denotes the Mellin transform of f(x) defined in the strip a < Re(s) < b. Then

o 1 c+0o0i e
fnx) = —/ F(s) (nx)"%ds
; 270 J oo ;
1 c+o0i
=5 / A F(s)c(s)xF ds, 4.1.1)

where max {1,a} < ¢ < b and ¢(s) denotes the Riemann zeta function. The
inversion of the order of summation and integration is justified by absolute con-
vergence provided max {1, a} < Re(s) < b. Suitable manipulation of the path
of integration, so as to enclose certain poles of the integrand, followed by use
of the properties of ¢(s) and Cauchy’s theorem, can then lead to an alternative
representation involving rapidly convergent (or, in some cases, asymptotic) sums.
This depends on the structure of the singularities of the analytic continuation of
F(s) outside the strip a < Re(s) < b; see §3.2. For example, if f(x) satisfies
the conditions of Lemma 3.3, then the analytic continuation of F(s) in Re(s) < a
possesses a sequence of simple poles, with the first pole satisfying Re(s) = a.

To be more specific, let us suppose that f(x) is bounded at the origin, so that
f(x) = f(O0+) + O(x*), where @ > 0, as x — 0+. In this case, F(s) is regular
in the strip 0 < Re(s) < b and has, in general, a simple pole at s = 0, with residue
f(0+). Then, if it is permissible to displace the contour in (4.1.1) first over the
simple pole of ¢ (s) ats = 1 and then over the pole at s = 0, we find consecutively

1 c+0o0i

- F(1) _
Zf(nx) Sl S A F(s)t(s)xSds O<c<1) (41.2)
= X 270 J oo

1 c+o0i
= —%f(0+) + —/ F(s)t(s)x* ds, (4.1.3)
2mi c—o0i

where —a < ¢ < 0 in the last integral and we have used the result £ (0) = —%.
Further manipulation of the contour now depends on the detailed structure of
the singularities of F(s). In some cases, it may happen that the remaining sim-
ple poles of F(s) coincide with the ‘trivial zeros’ of {(s) ats = =2, —4,...,
with the result that further displacement of the contour will not produce any addi-
tional algebraic contributions. This is usually the signal that the integral in (4.1.3)
yields an exponentially small contribution to the sum S(x). In this case, evaluation
of the integral then proceeds by use of the functional relation for ¢(s) given by

[Whittaker & Watson (1965, p. 269)]

¢(s) =2'7"""¢(1 =9I (1 — s) sin 17, (4.1.4)
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followed by appropriate manipulation of the resulting integrand. We give examples
of this procedure, both in the general case and in the above ‘exponentially small’
case, in the following sections.

If we assume that the function f(x) admits an expansion as x — 0+ of the
form

F)~ FOH) + ) Arx,

k=1

where Re(oy) increase monotonically to oo as k — oo, then it follows from
Lemma 3.3 and the paragraph following (3.2.4) that F(s) has, in addition to the
simple pole at s = 0, simple poles at s = —a; with residue A;. Upon noting that
FQ) = fooo f(x) dx, we then obtain from (4.1.3) the expansion

o0 .l [e%s) o0
> fnx) ~ N /0 fOdx + 304 + Y Al (—a)x™ (4.1.5)
n=0 k=1

as x — 0+, which is a form of the Euler-Maclaurin summation formula.

We remark that further results on the summation of series can be derived from
simple properties of the zeta function. For example, we have the results valid when
Re(s) > 1

DT =1 =20),
n=1

o0

do@n+ 1) =1 =27,

n=0

It then follows from (4.1.1) that
[e%e) 1 c+ooi
> fnx) = —f F(s)(1 = 2'7)¢(s)x"*ds (4.1.6)
el 27'[1 c—00i
and

o 1 c+ooi
Z f(@2n+Dx) = —/ F(s)(1 =27%)¢(s)x*ds, 4.1.7)
n=0 2mi ¢—00i
where in both cases max {1, a} < ¢ < b.
To conclude this introductory section we record two results of general interest.
The first concerns the M6bius inversion formula for the sum S(x) in (4.1.1). Under
modest hypotheses on the functions S(x) and f(x), we have the inversion pair

SW =) fx). @) =) A Shx) (x> 0), (4.1.8)
n=1

n=1
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where [1(n) denotes the Mobius function defined by

1 n=1
fu(n) = { (=) if n has r distinct prime factors (4.1.9)
0 otherwise.

This result can be established by taking the Mellin transform of both sides of the
above relations to obtain (when Re(s) > 1)

MI[S; s]=¢(s)F(s), F(s) = MI[S; S]Z/l(n)n_s,

n=1

where M[S; s] is the Mellin transform of S(x). These last equations are seen to be
equivalent to the statement of the well-known definition [Titchmarsh (1986, p. 3)]

Z“(") (Re(s) > 1). (4.1.10)

n=1

C(S)

The second result is a consequence of (4.1.2). Application of the Mellin
inversion formula to (4.1.2) immediately yields the formula

s(s) = F()/ “{Zf( )——}dx, (4.1.11)

valid when 0 < Re(s) < 1. This is known as Miintz’s formula [Titchmarsh (1986,
p- 29)] and expresses ¢ (s) in the critical strip in terms of an expansion of arbitrary
functions subject to the above restrictions.

4.1.2 The Poisson-Jacobi Formula

The archetypal example of series transformations is the familiar Poisson-Jacobi
formula for the sum

o0
S(a) = Z e o
n=1

The transformation formula is expressed in the form

oo
T T —m°n°/a
S(a) =1 /;_%+ [= 3 e, (4.1.12)
n=1

where the parameter a satisfies Re(a) > 0. It is seen that the convergence of S(a)
as a — 0in Re(a) > 0 becomes very slow, while the sum on the right-hand side
of (4.1.12) is rapidly convergent in this limit. A variety of different proofs of this
well-known result can be found in the literature — see, for example, Whittaker &
Watson (1965, p. 124); Titchmarsh (1975, p. 60). We shall indulge ourselves here
in supplying a proof that relies on Mellin transforms, since it provides a simple
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illustration of the treatment of the ‘exponentially small’ case mentioned above; see
also §8.1 for a generalisation of this transformation.

We have f(x) = e*", which has the Mellin transform F (s) = %F(%s) valid
in the half-plane Re(s) > 0. Thus we obtain from (4.1.1)

1 c+ooi .
S(a) = P F(%s){(s)a’is ds (c > 1); 4.1.13)
Tl J c—ooi
compare (8.1.29). Since [{(s)] < 230:1 n—¢ = O(1) on the path of integration,
the convergence of (4.1.13) is controlled by the factor F(%s). It follows by com-
parison with the integral for e=% in (3.3.2) (or by Rule 1 in §2.4) that (4.1.13)
defines S(a) in the sector | arg a| < %n.

The integrand in (4.1.13) has simple polesats = 1 and s = 0 with the remaining
poles of F(%s) ats = —2, —4, ... being cancelled by the ‘trivial zeros’ of ¢ (2s),
since ¢ (—2n) = 0forn =1, 2, ... . We now consider the integral taken round the
rectangular contour with vertices at c+i7T and —¢’ +iT, where ¢’ > 0 and both c,
¢’ are supposed finite. The contribution from the upper and lower sides, given by
s =0=+iT,—c <o <c,vanishesas T — 00, since the modulus of the integrand
on these paths is O(T2°~274) Jog T ¢=22T), where A = i —larg al < i
This follows from Stirling’s formula in (2.1.8), which shows that for finite o

T +in)=0(t""2e™) (1 - o) (4.1.14)

and from the well-known behaviour of ¢(s) [Titchmarsh (1986, p. 95); Ivi¢
(1985, p. 25)]

lt(o £it)] = O(t" P log"t)  (t > o), (4.1.15)
where
0 (o >1)
p)=1 3-30 O=o=<
% -0 (0 <0)

and A = 1 when 0 < o < 1, A = 0 otherwise.f We may therefore displace the
contour to the left over the poles at s = 1 and s = 0. Upon noting that the residues
are given by (7 /a)% and —1, respectively, we consequently find

c+o0i
S(a) — é\/§+ 1= 2%”/ ['(—s)¢(=2s)a* ds, (4.1.16)

—ooi

T If we could assume the truth of the Lindeldf hypothesis (which is equivalent to the statement that
¢(% +it) = O(t°) for every positive €), we would have yu(0) = § — o foro < 1, (o) = 0 for
o> %

% An alternative way of expressing this is to say that | (o % it)| = O(t*©+€) as t — +o0 for every
positive €.
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where ¢ > 0 and, for convenience, we have made the change of variable s — —2s.
It is seen that the poles of I'(—s) at s = 1,2, ... are cancelled by the ‘trivial
zeros’ of {(—2s). This has the consequence that the integrand is holomorphic in
Re(s) > 0, so that further displacement of the contour can produce no additional
algebraic terms in the expansion of S(a).

The functional relation for ¢ (s) in (4.1.4) can now be employed to convert the
argument of the zeta function (which has negative real part) in the above integral
into one with real part greater than unity. Use of the reflection and duplication
formulas for the gamma function in (2.1.20) and (2.2.23) shows that

(142s)

_ _ _ —2s
[(=$)¢(=2s) = 2m) "¢ (1 + 2s) Fdts)

70 (1 4 29)0 (s + 1),

It follows that the integral on the right-hand side of (4.1.16) can be written as

c+o0i
/ZL_/ t(1 4290 (s + D@?/a) ™ 2ds  (¢>0). (4117
a?2mi Jo_ooi

From the behaviour of the gamma function and the fact that ¢ (1 + 2s) is O(1)
as s — oo in Re(s) > 0, the contour cannot be closed in the right-hand half-
plane; it therefore follows that, as there are no poles to the right of the contour,
the contribution made by the above integral must be exponentially small. If we
now expand ¢ (1 + 2s) and reverse the order of summation and integration (which
is permissible since Re(1 + 2s) > 1 on the path of integration), the integral in
(4.1.17) then becomes

oo

o] 1 c+4-o00i | 29 —s—1 —2n%/a
;%/C_wi F(s+§)(nn/a) ~ds=2e )

n=1

when Re(a) > 0 by (3.3.2), thereby establishing the Poisson-Jacobi formula
(4.1.12).

4.2 Examples

In the next two sections we give some examples of the above Mellin transform
technique for the transformation of slowly convergent series to illustrate the general
procedure. The first set of examples concerns some standard sums while the second
set in §4.3 deals with more arcane number-theoretic functions.

4.2.1 An Infinite Series
Our first example concerns the evaluation of the function S(z) defined by the sum

o a—1

S(Z):Z:—i—z O<a<l

n=1
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as z — ooin |arg z| < . With f(x) = x*~!/(1 + x), the Mellin transform is
given by

00 xs+a—2 T
F(s) = dx=——""-—— (1 R 2
) /0 1+x * sin (s + «) (I <a+Re(s) <2)

by (3.3.8). Then, from (4.1.1), we find

S(z) = 42 - __ el me(s) sta-2, 401
@)=z ;f(n/Z) T 2mi fc,ooi sin 7 (s +oz)Z 5 “2.1)
where | <c <2 —a.

The integrand has simple poles at s = 1 and at integer values of s + «. Let
N > 2 be an integer and let ¢’ = N + « — % We consider the integral taken
round the rectangular contour with vertices at ¢ £ i7T and —¢’ £+ iT, so that the
side in Re(s) < O parallel to the imaginary axis passes midway between the poles
ats =2 —«o — N ands = 1 —a — N. The contribution from the upper and lower
sidess = o £iT, —¢’ < 0 < ¢, vanishes as T — oo provided |arg z| < 7,
since, from (4.1.14) and (4.1.15), the modulus of the integrand is controlled by
O(T™) log T e~2T), where A = m — | arg z|. Displacement of the contour to
the left then yields

nzafl N-1 (_)k
S@ =+ g Tt —a =k + Ry(),

where the remainder integral Ry (z) is given by

—c'+ooi T ; (S)

s+a—2ds
270 ) _p_ooi SINT(s + )

Ry(z) = —

If we sets = —¢’ + it and use (4.1.4), together with the fact that
|$(o +in)] <5(o) (o >1), (4.2.2)

we find

679t

dt,

o0
IRy ()| <202l ™V 7¢(N +a — %)/ ()
oo cosh it

where
gt) = @m) N D(N 4o — L +insin (N + o — 3 +in)]

and § = arg z. Since g(t) = O(|t|N** ") ast — o0, by (4.1.14), it follows that
the above integral is independent of |z| and converges when | arg z| < 7. Hence
IRy ()| = O(|z|™N _%) and we obtain the asymptotic expansion

a—1 o (_)k

SO~ Tt ) e —a =k 4.23)

sin T
k=0

asz — ooin |arg z| < 7.
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We note that the conditions imposed on « are unnecessarily restrictive. Exten-
sion of the expansion (4.2.3) to complex values of « satisfying Re(w) < 1 is
straightforward. In this case, the relation (4.2.1) holds in the strip max{l, 1 —
Re (@)} < ¢ < 2 — Re («). The analysis proceeds as above, with the exception
thatnow adouble pole ats = 1 will arise wheneverae = —m,m =0, 1,2, ....The
residue at this double pole can be evaluated by observing that in the neighbourhood
of s = 1 we have

7EE) e _ (T '
sinw (s — m) 1)

1 +log z
= (™" 1{ +u+---},

(8+7/+ )(1+810gz+--')

52 8

where y = 0.577215... is Euler’s constant and 6 = s — 1. Thus we find that,
provided o does not equal a nonpositive integer, (4.2.3) applies when Re(x) < 1,
and that when o« = —m

S(z) ~ (=)"z" (v +log z)—i-z 1+kg(ler k) (4.2.4)

as z — oo in | arg z| < m, where the prime on the summation sign indicates the
omission of the term corresponding to k = m.
It is worth noting that when o = 0 we have the result

1
Zn( 5 Z{w(z>+y+z b

n=1

where ¥/ (z) is the logarithmic derivative of the gamma function. Use of the values
C(—2k) =0,¢(1 —2k) = —Boi/(2k) (k = 1,2, ...) shows that (4.2.4) correctly
reduces to the expansion

(o]

1 B
~1 _ -\ B
¥ (z) ~log z 2 ;:l K

as z — oo in |arg z| < 7. We also remark that differentiation of both sides of
(4.2.3) with respect to « yields the expansion, when 0 < o < 1,

o ne—1 log n 7% 1 (- )k 1
~ 1 — t l—a—k
n+z sinmx(OgZ reo mx)—i-z ZI+k 4« )

n=1

(4.2.5)

as z — ooin |arg z| < m. This last resultf is obtained in Evgrafov (1961, p. 163)
by the Euler-Maclaurin summation formula.

F There is a misprint in Eq. (11) of this reference.
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4.2.2 A Smoothed Dirichlet Series

We consider the evaluation of the sum

)
§ :n—we—an
n=1

for real values of w > 0 (although the analysis is easily extended to arbitrary
complex w) as a — 0 in the sector | arg a| < %n. With f(x) = x Ve ™™, the
Mellin transform is given by

F(s) = /ooxs_w_le_x dx=T(—-—w) (Re(s) > w)
0

so that, from (4.1.1), we find

& 1 c+ooi
Zn_we_“” = — C'(s —w)(s)a¥ " ds, (4.2.6)
2mi c—00i
where ¢ > max {1, w}.

The integrand possesses simple polesats = lands = w—k(k =0,1,2,...),
except if w equals a positive integer m when the pole at s = 1 is double. As in the
preceding example, we consider the integral taken round the rectangular contour
with vertices at c +iT, —c¢’ £iT, where ¢ > 0. The contribution from the upper
and lower sides s = o +iT, —¢’ < 0 < ¢, vanishes as T — oo provided
|arg a] < %n, since, from (4.1.14) and (4.1.15), the modulus of the integrand
is controlled by O(T?~v+#©)~1 log T ¢=AT), where A = im — |arg a|. Upon
noting that the residue at the double pole at s = 1 (when w = m) is given
by (—a)"'{y —loga + y(m)}/'(m), where y is Euler’s constant and v (m)
denotes the logarithmic derivative of the gamma function, we can then displace
the contour to the left over the poles to obtain

k
Zn_w —an — J(a, w) + Z Q;(w —k)d" + Ry. 4.2.7)
n=1
Here
{1 —w)a?! (w # m)
J(a, w) = ( a)m 1 (428)

— ~—{y —loga+y(m)} (w=m),
I"(m)
N is a positive integer such that N > w + % and the prime on the sum over k
denotes the omission of the term corresponding to k = m — 1 when w = m.
The remainder integral Ry is

Ry = — C(s — w)¢(s)a” " ds, (4.2.9)
2mwi Je,
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where Cy denotes the displaced contour Re(s) = —N + w + % We let s =
—N+w+%+itandputN— % —w=M++6,where M = [N—%—w] denotes
the integer part and § the fractional part (0 <68 < 1). Then, when 0 < w < %
wehave M = N —1with0 <§ < = whllewhenE <w < N—Ewehave
0 <M < N —2.Byrepeated applicatlon of theresult I'(z 4+ 1) = zI'(z) it follows

that

I(N+1-w+ir _ P@) C(l+68+it)
T(N+L+in | rd+in |
where}
M 2 241
b 12}
P(t) = LG+ 0" + ) L )

<
ol =32+ 1)
for —oo < t < oco. Then by use (4.1.4) and (4.2.2) we find

(la|/2m)N =2 /00 . TN+ —w+in
Ry| < ——— N+ 5 —w+it
IRnl < Qm)l-w ml{( 2 ) T(N+ 1 +ir)
1 1 eV’
x |sin Lz (=N Lyt
|51n271( +w+2+l)|cosh7rt
2m)N—3 © IT(1 468 +it)| cosh 1t
e L s S
Qm)t—w —w| I'(3+it) | coshmt

where iy = arg a. The ratio of gamma functions in the above integrand is O (|¢] %”)
as t — =oo, so that the integral is absolutely convergent and is O (1) when
|arg a| < %n.

Then, since (N + % —w) = O0(1) for large N, we see that

IRyl = 0 ((lal/20)"F) (N — o0).

Hence, |Ry| — 0 as N — oo provided |a|/2m < | and |arg a| < %7‘[, and we
therefore obtain the convergent expansions:

o0 k
Y e = J(a, w)—i—Z Q;(w Ka*  (lal <27).  (4.2.10)
n=1

That the sum over k in (4.2.10) is absolutely convergent when |a| < 2 can

also be seen from (4.1.4), since the behaviour of the late terms is controlled by
(la|/2m)kT(k +1 —w)/T(k + 1) ~ k™" (|a|/27)* as k — oo.

F This bound can be sharpened to %/ '(N—-—M+ %).
+ This sum can be expressed alternatively in terms of Lerch’s transcendent ® [Erdélyi (1954, §1.11)]
in the form e “® (e, w, 1).
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The sector of validity | arg a| < %n in (4.2.10) can be extended to | arg a| <
%7‘[, but at the expense of dealing with conditionally convergent integrals. To see
this, we put a = %ix (with x > 0) in (4.2.6) and make the temporary restriction
w > 1, to find

c+o0i

o0
1
Z cosnx _ : T(s — w)z(s)x"~ cos %7‘[(5‘ —w)ds; “4.2.11)
n 2700 Je—ooi

n=1

an analogous expression holds for the sum involving sinnx. Due to the pres-
ence of the cosine term, the integrand now no longer decays exponentially as
Im(s) — o0, with the consequence that the integral (4.2.11) is only conditionally
convergentf for max{l, w} <c < w+ % In general, the integrand in this case has
a simple pole at s = 1 and a sequence of poles ats = w — 2k, (k =0,1,2,...),
except for integer values of w, when the sequence of poles is finite when w is
even (due to ¢(—2m) = 0, m = 1,2, ...), or the pole at s = 1 is double when
w is odd.
We then deduce from (4.2.10) and (4.2.8) that

00 0 Nk
Y ew+ Y O w — 2002, (4.2.12)
— n !

when 0 < x < 27, where

(1 —w)x*!cos %n(l —w) (w#2m+1)

T w) = { (—ymy2m (4.2.13)
——{y —logx+v¢v(QC2m+ 1)} (w=2m+1),
(2m)!

and the prime indicates the omission of the term corresponding to k = m when
w=2m-+1@m =0,1,2,...). We remark that the modulus of the integrand
of the associated remainder integral Ry, taken along the path Re(s) = —2N +
w + 1, is no longer exponentially decaying as |¢| — oo, but is algebraic given by
(x/2m)*N=1O(|]t|7). The remainder integral consequently converges absolutely
when w > 1. The temporary restriction w > 1 can now be replaced by w > 0 by
appeal to analytic continuation, since both sides of (4.2.12) are analytic functions
of w when Re(w) > 0. Continuous extension also shows that the open interval
0 < x < 27 can be replaced by the closed interval 0 < x < 27w when w > 1. See
also the papers by Boersma (1975) and Grossman (1997) for a discussion of sums
of this type.

T We note that the Mellin transform of the associated function x~" cosx is also conditionally
convergent.
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The special cases of (4.2.12) corresponding to w = 1 and w = 2 yield the
standard results [Abramowitz & Stegun (1965, p. 1005)]

s =, 2k
Y =g x Y _;(k L /m = ~log(2sin 1x) 0 <x <2m)
k=1

n=1
and
>, cosnx
> =gy (0 =x<2m),
n=1
where we have used the facts that (1) = —y and that, when w = 2, the sum

over k in (4.2.12) consists of only the terms corresponding to k = 0 and k = 1,
since £ (2 — 2k) = 0 for k > 2.

The situation corresponding to 0 < w < 1 is more interesting7, since the sum
on the left-hand side of (4.2.12) is divergent when x = 0 (and x = 2). Thus, for
example, if w = % we find upon application of (4.1.4) the formula, valid when
0<x<2m,

oo oo
cosnx 1/2 i 2k + x \2k
cosnx _ (X = (2K + 4 (—) 4214
DDE () += Z (zk). () @214
which readily permits the evaluation of the slowly convergent sum on the left-hand
side in the limit x — 0+.

4.2.3 A Finite Sum

Finite sums can also be dealt with by the same procedure. Suppose we have the
sum

(o)

,12—1: nb (v - E)’
where x > 0, o, 8 > 0 and N is the largest integer such that xN < 1. Then as
x — 04, wefind N — oo and direct evaluation of the sum in this limit will involve
alarge number of terms. However, with this example, a complication presents itself
in the form of the resulting expansion (without further manipulation) not being
asymptotic. The particular case « = f = % and v = 1 has been discussed by
Macfarlane (1949) [see also Davies (1978, p. 215)], although this complication
was not correctly identified in these references.

We let

fx)= ! xPA—x)"" (0<x<1)
0 (x> 1),

+ The sums involving sin(x/n)/n and cos(x /n)/n have been evaluated by Boersma (1995); see also
Chapman (1995) and Glasser (1995).
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so that the Mellin transform F'(s) of f(x) is given by
b sepe -4 LY ompramt -1
F(s)= | X P (1—x*)""2dx=— [ y*7 (1 -y 2dy
0

o Jo
r <ﬂ> r(v+1)
=—7 Re(s) > ),
ol (sT v+ %)

where the integral has been evaluated in terms of the beta function in (3.3.8). It
then follows from (4.1.1) that

N - notxa)v—% oo
S U= S e
n=1 n=1

o T () P04

_ 1/ o
2mi c—00i al (S—ﬂ

o

C(s)xP=5 ds,

+v+ %)
4.2.15)

where ¢ > max{1, 8}. The above integrand has, in general, simple poles at s = 1
and s =  — ak for nonnegative integer k, although, according to the values of «,
B and v, it can happen that either s = 1 is a double pole or that some of the poles
of the infinite sequence become ordinary points.

We shall consider two specific cases. First, let « = 2 and g = 0 so that

N | c+o0i 1 1

Z(l —n’x?)' = ZL/ —F(zls)r'(v + 21) L)x*ds (c>1).
= i Joeooi 2T (35 + v+ 3)

From (4.1.14) and (4.1.15), the modulus of the integrand on s = o =% it is
O(t’”’%ﬂ‘(") log t) as t — 00. As a consequence, the contour can be displaced
to the left only up to the vertical line Re(s) = —v, where the displaced integral
ceases to be conditionally convergent. Since the only poles of the integrand are at
s = 0 and s = 1 (the remaining poles of F(%s) are cancelled by the ‘trivial zeros’
of the zeta function), we therefore obtain

N 1 1
F(v+3) 7>
| — n2x2y—3 — 2) 2" 1, 1p D1, 4.2.16
n§=1( n%x?) ToTD 2 T+ 3T(v+3)I(x) ( )

where, with the change of variable s — —s,

c+o00i 1
1oy = L I'(=3)

—= 2 (—8)x*ds 0<c<v).
20 S T(dsgos 0 :
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Use of (4.1.4) and the duplication formula for the gamma function in (2.2.23),
followed by expansion of ¢ (1 + s), then shows that

P e o

I = r(—ls+v+ i) \n

= 1 el T(ds+1 ;
— 2 Zk"—, (12 2) : <i> ds O <c<v)
=1 2mi c—00i F(—§S+U+§) wk
o0
— 2 Vx0T > kTVIQrk/x), (4.2.17)

k=1

where the last integral has been evaluated in terms of the Bessel function J, by
means of the result [cf. (3.4.21); see also Watson (1966, p. 192)]

(L)' ™ 1 (x) = et _T(asts) (1
2 21 Joos M E = 1)
where x > 0and 0 < ¢ < v.

It is seen that the sum of Bessel functions in (4.2.17) does not yield (without
further manipulation) an asymptotic series in the limit x — 0, with the result
that we are unable to obtain an asymptotic expansion from (4.2.16). However, an
estimate for the contribution made by this sum can be found by employing the
asymptotic representation of J,(z) as z — +o0 given by

2
Jy(2) = . {cos(z — %n’v _ iﬂ) + O(Z—l)}'
Then we find
1 1 cos an/x — 5”” _ Z”)| s
|[(x)] <27 27"x""2 ;{ pres, + O(xk™"72)
<22 (v 4 §) {1+ O(0)
so that, when v > %,
N
v+
Z(l — n2x2)v7% — ( ) 2 + O(xV 2) ()C — 0) (4218)

Frwv+1) 2%



4.2. Examples 131

The same complication is thrown into even sharper focus in our second example
where we take @ = 8 = % and v = 1. In this case we have from (4.2.15)

N (1 _ n2/3x2/3)1/2

SW =2

n=1

3z feri r(3s—1 )
= / M () x37%ds (¢ > 1), (4.2.19)
870 Je—oei T(35+3)
where the integrand possesses poles at s = 1 and at s = % — %k for nonnegative
integer values of k, with the values k = 4,7, 10, ... deleted. However, due to

the algebraic growth of the modulus of the integrand given by O(t‘%ﬂ‘(") log t)
ast — oo (when s = o =+ it), the contour can pass to infinity along a vertical
path only when Re(s) > —1. Consequently, without modification, the contour in
(4.2.19) cannot be displaced in the usual manner over an arbitrary number of poles
of the infinite sequence to yield an asymptotic expansion.

To establish that simple evaluation of the residues does not lead to a full descrip-
tion of the asymptotic expansion of S(x), we follow the approach described in
Titchmarsh (1986, p. 315) and first displace the contour in (4.2.19) to the imagi-
nary axis (indented at s = 0). The portion of the path lying between £i T, where
T > 0 is an arbitrary fixed value to be suitably chosen, is then deformed into
the rectangular contour with vertices at +i7T, —c’ &+ iT, where ¢’ = %M -1
for M = 2,3, ..., as depicted in Fig. 4.1. Application of Cauchy’s theorem then
shows that¥

3 1 &S r(k-1) :
S =55 - T ; 220(3 = 2k)x it + Ry(x),  (4.2.20)

where Rj(x) is the integral along the path ABCDEF.

We only give an outline of the order estimate for Ry, (x). It is not difficult
to establish that the contribution to Ry, (x) from the sides ABC and DEF is
O(T~'x3) + O(T3M=2x3M=5) To estimate the contribution from the side CD
we first separate off the interval (—fto, fo), where #y <« T with tp, = O(1), to
find that the contribution from this part of the path is O (x M3 ). Over the interval
(to, T), we use the functional relation in (4.1.4) to express ¢ (s) in terms of { (1 —s)
and Stirling’s formula (2.1.8) to obtain the approximate behaviour of the integrand
in the form (omitting numerical factors)

Wit

XIM=5 32 explit[1 — log(xt /2m) {1 + O (t ")}

+ We observe that the terms corresponding to k = 1 + 3m (m = 1, 2, ...) make no contribution.
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F | Im(s)
A
D . E ir
A
—c -1 -3 0 5 1 Re
B | ir
C
4
A

Fig. 4.1. The deformed path of integration for Ry, (x). The heavy points represent poles and
r__ 2 —
C —§M—1,M—2,3,....

Then, upon defining the new variable t = x7/2m, this part of the integral yields

T
2 1
x3M3{f t
fo

2 2 XT/ZT[ 2 . 2 2 1
— (zn)nglxi\/. T§M72€2T[lf(7.')/xd_’:+ O(TiMfzxiMfg)’

70

Wi

M2 explit[1 = log(xt/2m) 1} dt + o(TiMz)}

where f(t) = v — tlog 7 and 1y = xty/2wr = O(x). For x — 0, the integrand
has a point of stationary phase at t = 1, where f'(tr) = 0. If we now choose
T = 27 /x, so that the upper limit of integration coincides with this point, we find
by the method of stationary phase [see, for example, Olver (1974, p. 97); Wong
(1989, p. 76)] that the modulus of the above integral is O(x%) as x — 0. It then
follows that the contribution from the interval (7o, T') yields the order estimate
x30(x?) + O(x3) = O(x%). A similar result holds for the interval (—T, —to)
and, since the contribution from ABC and DEF is O(x%) when T = O(x71),
we consequently obtain the order estimate

Ru(x) = O (x%) o (x%M—%) (x = 0).

Thus, the contribution from Ry, (x) (when M > 3)is O(x%) as x — 0, and
so (4.2.20) is not an asymptotic expansion. We remark, however, that the constant
implied in the O symbol does depend on M with the result that Ry, (x) — oo as
M — oo. (This fact can also be seen from (4.2.20) since the sum over k is clearly
divergent as M — o00.) To verify the above conclusion, we show in Table 4.1
the numerical values of the error term R, (x) in (4.2.20) for different values of x
when M = 6. The last column indicates that | Rj,(x)| indeed scales approximately
like x¢ as x — 0, as predicted.



Table 4.1. Values of the sum S(x) and the error | Ry (x)| for
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different x when M = 6

x S(x) | Ry (x)] | Ry (x)]/x70
1x107" | 2.6718053586 | 1.1673 x 1072 0.1713
5x 1072 | 3.9772343344 | 5.1747 x 1073 0.1705
1x 1072 | 84997627388 | 7.8858 x 10~* 0.1699
5x 107 | 11.3385038142 | 3.5111 x 107* 0.1698
1 x 107 | 21.1168124272 | 5.3681 x 10~° 0.1697
1 x10™* | 483156257669 | 3.6569 x 10~° 0.1697
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This example is considered in more depth in §5.6.3, where it is shown how
one can circumvent the apparent obstacle of not being able to displace the contour
beyond the vertical line Re(s) = —1. It will be found that the term R, (x) yields an
additional asymptotic expansion consisting of an infinite number of exponentially
oscillatory terms.

4.3 Number-Theoretic Examples

A wide range of number-theoretic sums and combinatorial problems arising in the
analysis of algorithms in computing science has been treated extensively in a series
of papers by Flajolet er al. (1985, 1994, 1995) and Flajolet & Sedgewick (1995);
see also the monograph by Sedgewick & Flajolet (1996). The approach adopted
throughout these papers is that of the Mellin transform, which is ideally suited
for problems of this type. The first example we describe concerns harmonic sums
and the asymptotic evaluation of the nth harmonic number, which is discussed in
more detail in Flajolet e al. (1985, 1995). The next two examples in §§4.3.2-3
have been drawn from a recent article by Ninham et al. (1992) on the application
of number-theoretic functions to mathematical physics. The final section dealing
with some other number-theoretic sums has been taken from Titchmarsh (1986)
and Hardy & Littlewood (1918).

4.3.1 A Harmonic Sum

A harmonic sum is a sum of the type

E) =) S (), (4.3.1)
k

where f(x) is called the base function, with A, u; being known as the amplitudes

and frequencies, respectively. If E(s) and F(s) denote the Mellin transforms of

&(x) and f(x), then we find formally

E() =w@)F(), o)=Y i’ (4.3.2)
k
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and by the Mellin inversion formula (3.1.5)

c+o0i
E(x) = Lf w(S)F(s)x* ds. 4.3.3)
2mi c—00i

The transformed equation (4.3.2) and the above integral representation for &(x)
will be valid provided s lies in the intersection of the strip of analyticity of F(s)
and the domain of absolute convergence of w(s).

As a simple example, consider the nth harmonic number given by

"1
9,, = Z %
k=1
This can be extended to a continuous function of x by introducing

R R N R S S G20
h(x)_z{k x—i—k}_k_lk(l-l—x/k)’

k=1

so that 2(n) = 6,. This is seen to be a harmonic sum with the base function
f(x) =x/(1+x)and Ay = g = k~'. The Mellin transform of f(x) is F(s) =
—m cosecws in —1 < Re(s) < 0 and w(s) = ¢(1 — 5) in Re(s) < 0, so that the
Mellin transform of /1 (x) is given by H (s) = —m cosec s ¢ (1 —s) in the common
strip —1 < Re(s) < 0. Then we obtain

—c+o0i T

1
h(x) = —=—

; - tA—5)x"ds (O<c<l).
270 J _—ooi SINTTS

Since ¢(s) ~ 1/(s—1)+y ass — 1, where y is Euler’s constant, the integrand
has a double pole at s = 0 with residue log x + y, together with a sequence of
simple poles at s = 1, 2, ... on the right of the contour. Displacement of the path
of integration to the right then generates the expansion

)k lBk
hx) =log x +y + 7 +Z Ry

for integer N > 2, where we have used the facts that {(0) = —% and ¢(1 — k) =
— By /k in terms of the Bernoulli numbers By. The remainder Ry is given by the
integral taken along the displaced contour

—c+N+o0i
Ry =i / YO0

Qmx)~"ds,
ctN—_ocoi 2sin ] 3TS

upon use of (4.1.4), to express ¢ (1 —s) in terms of ¢ (s), and the reflection formula
for the gamma function. Then, by means of the bounds |I'(c + it)| < I'(o)
(0 >0),|¢(0 +it)| <¢(o) (0 > 1) and the first inequality in (2.5.12), we find

. * dt
[Ry| < T(N — )¢ (N — ¢)2mx) N *ecosec n'c/ —
oo 2cosh STt
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when 0 < ¢ < 1, where the last integral equals unity by (2.5.13). Hence, Ry =
O(x~N*¢) as x — oo for fixed N; but, since |Ry| — 00 as N — oo (for fixed
x), we conclude that the above expansion for /(x) is asymptotic. Recalling that
the By with odd index k > 3 are zero, we then obtain the well-known expansion

oo

1 By
0, ~1 — Y 43.4
ogn+y+ - ;2]{”% (4.3.4)

asn — oo.

Other interesting examples arising in analysis algorithms in computing science
are discussed in Flajolet et al. (1985, 1995) where, in particular, the asymp-
totic expansion of sums such as Y o, f(2**x) are obtained as x — 0 or
x — 00, respectively. As a typical illustration of this type of sum we mention
the evaluation of

Y (e (x>0
k=0

From (4.3.2) and (4.3.3), with &; = (—)X, ux = 2K and f(x) = ¢, we find that
w(s) =Y o o(—)F27% = (1 +27*)~! (provided Re(s) > 0) and hence that

00 c+o0i
Z(—)kefzkx = L/ ) x%ds (c>0).
k=0 ¢

T2mi St 14278
The integrand has simple poles at s = 0, —1, —2, ... and on the imaginary axis at
s = %y withresidue equal to I' (£ x; ) x T4 / log 2, where y; = (2k+1)7i/log 2
(k = 0,1,2,...). Because of the exponential decay of the gamma function

for large [Im(s)|, we are free to displace the contour to the left to obtain the
(convergent) result

00 00 (_)k xk 2 00
Y (e =3 c+ ——=Re Y T(x)x %,
= = k! 142 log 2 P

from which it is possible to obtain the behaviour as x — 0-+. The second sum on
the right-hand side possesses terms that decay very rapidly with & (cf. §4.3.3) and
represents a fluctuating contribution of magnitude controlled by the leading term
(2/log 2)|T' (i /log 2)| = 2{log 2 sinh(r?/ log 2)}_% ~2.75 x 1073.

A result equivalent to this has been given by Keating & Reade (2000) using the
Poisson summation formula in their analysis of the summability of alternating gap
series. We note that the sum Y -, exp(—2¥x) yields the Mellin-Barnes integral
above with the factor 1 427 in the denominator replaced by 1 —27%. The poles on
the imaginary axis are now situated at s = +2mik/log 2 (k =0, 1,2, ...), with
the result that s = 0 becomes a double pole, thereby producing a term in log x.
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4.3.2 Euler’s Product

Our next number-theoretic example concerns Euler’s product defined by
Fry=Ja -z ©=<z=<),
n=I1

which plays a central role in the theory of partitions and elliptic modular functions
[Ninham et al. (1992, pp. 464—465)]. This function clearly satisfies Fg(0) = 1
and Fg (1) = 0, but the accurate determination of Fg(x) as x — 1— requires the
evaluation of many terms in the product; see also Harsoyo & Temme (1982).

The first step in the process is to obtain a Mellin-Barnes integral representation
for the function #(e™") given by

h(e™) = —log Fr(e™) = = log(l —e™),
n=1

which enables the sum on the right-hand side to be easily evaluated as x — 0+.
We note that, in terms of the variable x, the limiting situation now corresponds to
x — 04. We achieve this by putting f(x) = log(l — e¢™), which possesses the
Mellin transform given by

o0 1 e ¢} xX
F(s) = / x*"Mog(l — e™) dx ——/ dx (Re(s) > 0)
0 S Jo e* —1

—&(s+ DI(s)

upon integration by parts and use of a standard integral representation for the
Riemann zeta function; see Abramowitz & Stegun (1965, p. 807). By the Mellin
inversion formula in (3.1.5) we then find

c+o0i
—log(l —e™) = ﬁ/ . s+ D)x ds (¢ >0).

We remark that f(x) ~ log x as x — 0+ and so does not satisfy the conditions in
(4.1.1). Nevertheless, the weak nature of this divergence does not prevent a similar
process from being employed. If we replace x by nx, where n is a positive integer,
and sum over n, we then obtain

c+o0i

_ = _ 1 _
h(e™) = —Zlog(l —e ™) = Tl Z(s)C(s + DI (s)x* ds,
n=1

c—ooi

(4.3.5)

where ¢ > 1 and the reversal of the order of summation and integration is justified
by absolute convergence.

The integrand in (4.3.5) has simple poles at s = %1 and a double pole at s = 0.
The remaining poles of I'(s) ats = —2, —3, ... are cancelled by the ‘trivial zeros’
of one or other of the zeta functions. We now displace the integration path to the
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left of s = —1. Since, from (4.1.14) and (4.1.15), the modulus of the integrand
(whens = o Lir)is

0([“(0)+M(0+1)+0—%(10g t)Ze—%JTZ) (t - OO),

the contributions from the upper and lower sides of the rectangular contour, formed
by the displacement of the path of integration, vanish. Observing that the residue
at the double pole is ¢'(0) — ¢£(0) log x, we therefore find

2
h(e™) = —£(0)¢(=1)x — ¢(0) log x +¢'(0) + % e,
where
c+o0i
Ig =5~ (=)t =)I(=s)x"ds (¢ >1)
2mi c—ooi

and we have made the change of variable s — —s. Use of (4.1.4) and the reflection
formula for the gamma function shows that

c+ooi

Ig = ZL £ +)0(s)@n’/x)ds (¢ > 1)
U Je—ooi
— h(e /%),

Then with the well-known values of the Riemann zeta function £ (—1) = — &

R
£(0) = —1,¢'(0) = —1log 2w and £ (2) = 172, we deduce that

X T[2

he™) = — 2 4 1og (22) + 2 4 pie*r)
T T 2%y 6x '

Exponentiation of both sides of the above equation finally yields the result

2 x 72
Fp(e™) = ,/7 exp <ﬂ - a) Fp(e /%), (4.3.6)

from which the value of Fg(x) as x — 04 can now be easily computed.
We note that this formula can be rewritten in a different form to reveal a
symmetry under inversion. If we define G(x) = xie ™/12Fp(e~2%), then we

have
G(x) =G(1/x).

4.3.3 Ramanujan’s Function

Our next example concerns the function g(x), defined for x > 0 by the series

o0

gx) = Z {exp(—xe") — exp(—e™)}; 4.3.7)

n=—00

see Ninham et al. (1992, pp. 461-464). This function was considered by
Ramanujan in connection with a fallacious proof of the prime number theorem
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[see Hardy (1940, p. 38)]. The series converges uniformly for all finite closed
subintervals of (0, co), so that g(x) is continuous for x > 0. We note that g(x)
satisfies the same functional equation as log x, namely g(ex) = g(x) + g(e),
with g(1) = 0. This fact suggests that the function g(x) should contain a log x
dependence.

A different way of understanding qualitatively the growth of g(x) as x — 0+
can be seen from the behaviour of the terms in (4.3.7) as a function of n; see
Fig.4.2. As x — 0+, it is found that the terms are approximately equal to unity
for 1 Sn < n*, where n* corresponds to the value of n at which the argument of
the first exponential becomes O (1); that is, roughly speaking, when xe"” ~ 1, or
n* ~ —log x. Since there are O (n*) terms which each contribute approximately
unity to the sum, this means that g(x) will diverge like — log x as x — 04 and we
are again in a situation which will involve the evaluation of many terms in this limit.

Use of the Mellin transform of e, given by I'(s) for Re(s) > 0, enables us to
deduce that

c+o0i

=1
g(x) = Z 2_711/ e xT =D (s)ds (c>0).

n=-—00 —oot

To deal with the inversion of the order of summation and integration, we write
g(x) = g1(x) + ga2(x), where

o 1 c+ooi ) ‘
gi1(x) = ; Tl /ﬁw_ e ™ = DI(s)ds
and
N 1 c+o0i
&(x) = ; T /Cioo[‘ e (x™* — DI(s)ds.

1

0.8

0.6 10-1
an

0.4

0.2

0

5 0 5 10 15 20 25
n

Fig. 4.2. The behaviour of a, = exp(—xe") — exp(—e") as a function of n (regarded as a
continuous variable) for different values of x in the limit x — 0+.
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Then the series defining g; (x) converges uniformly with respect to s on the path
of integration and accordingly we can make the interchange to find

c+ooi -5 __
g1(x) = —/ o DF(S) ————~ds (c>0).

S l—e

This interchange is not permissible in the series defining g, (x) as it stands. Noting
that the integrand has no pole at s = 0 (since the pole of I'(s) is cancelled by the

—S

zero of x~* — 1) and that the modulus of the integrand is controlled by e~ 2711 ag

t = Im(s) — oo, we can displace the contour to the left to obtain

c+0o0i
g (x) = X_: 27”/ P = DI(s)ds (=1 <c<0).
On the new contour the sum converges uniformly so that the interchange can be
carried out to yield
1 [ x* = DI
&) =—-— wds (-1 <c<0).

27T i c—00i 1 —e S
We therefore deduce that

L[ G =DrE)

SR TTl S

where the integration contour C denotes a path that encloses the imaginary axis in
the positive sense; see Fig.4.3. Evaluation of the residues at the enclosed simple
polesats = Oands = +2mni (n = 1, 2, ...), combined with use of the conjugacy
property of the gamma function, then yields the final result

g(x) = —log x +2Re » T'Q2rin)(x~>"" —1). (4.3.8)

n=1

Since |[T'(iy)| = (7 /y sinh(ny))% for y > 0, the absolute value of the coefficients
in this expansion is given by

IT2rin)| = {2n sinh(27%n)) 2.

As a result of this rapid exponential decay in n, computation of g(x) in the limit
x — 0+ can now be readily achieved.

The function g(x) coincides with — log x at isolated points where x 27" — 1 =
0 for all n, that is, when x = €™ (m = 0, =1, +2, ...). In addition to the above
zeros of g(x) 4+ log x, there is also another infinite sequence of zeros. This can be
more readily perceived by putting x = €', so that (4.3.8) becomes

g(e') +1t =2Re Z L Qrin)(e” 2" — 1), 4.3.9)

n=1
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Im(s)

4ri

2mi A

32 - 0 Re(s)

—2mi

—4i

Fig. 4.3. The contour C enclosing the poles on the imaginary s axis.

which shows that g(e’) + 7 is a periodic function of ¢ with unit period{. The
behaviour of the right-hand side of (4.3.9) in the interval 0 < ¢ < 1 is shown in
Fig.4.4. Due to the rapid decay of the coefficients, the additional zero f, in the
interval 0 < ¢t < 1 can be approximated by setting the first term in the sum in
(4.3.9) to zero to find

Re(I'(27i))(cos 2ty — 1) + Im(T' (277i)) sin 27ty ~ 0;

this yields

Im(T"'2wi
o~ A, A= DTCTD)_ 5 ogae8.
Re(I'(2mi))
whence 1y >~ 0.42153.
In Ninham et al. (1992, pp. 461-462) it is shown that the same analysis can

also be applied to the more general sum given by

oo
gx) = Y {h(xe") = h(eM)},
n=—00
where the function % (x) is continuous for 0 < x < oo and satisfies the restrictions
h(x) = h(04+) + O(x*) as x — 0+ and h(x) = O(x™%) as x — oo for some
o > 0. In this case we have the result

g(x) = —h(0+)log x + Z'H(zmn)(x—zm -1, (4.3.10)

n=—0oo

+ This also follows from the functional equation g(ex) = g(x)+g(e) = g(x) — 1 upon putting x = ¢'.
We note that if we put g(e') = —1/y(t), then (4.3.9) yields the recurrence relation y(t + 1) =
y(t)/(1 4+ y(t)). The solution of this nonlinear difference equation is simple for integer values of ¢,
but possesses an irregular structure for noninteger values of ¢.
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G(t)

0 0.2 0.4 0.6 0.8 1
t

Fig. 4.4. The behaviour of G(t) = (g(e') +t) x 10* in the interval 0 < ¢ < 1.

where the prime denotes the omission of the term corresponding ton = 0 and H (s)
denotes the Mellin transform of 4 (x), holomorphic in the strip 0 < Re(s) < «,
with a simple pole at s = 0 of residue 4 (0+).

4.3.4 Some Other Number-Theoretic Sums

The final number-theoretic example we consider in this section concerns the
behaviour as a — 0 of the harmonic sum (see §4.3.1)

for suitably defined coefficients A, when Re(a) > 0. If w(s) = Y oo, A,n~" is

n=1

absolutely convergent for Re(s) > oy, then by (4.3.2) the Mellin transform of the
above sum is w(s)I"(s) in Re(s) > max{0, op}. Then by (4.3.3) we have

< 1 c+o0i
E A = —/ w(s)C(s)a ds,
2mi c—o0i

n=1

where ¢ > max{0, oy}.
If, for example, we let A, = d(n), where d(n) denotes the number of divisors
of n (including 1 and n itself), then [Titchmarsh (1986, p. 4)]

w(s) =Y dmn™ =t*(s) (Re(s) > 1)

n=1

and so we have for the following divisor sum the result, when | arg a| < %rr,

oo c+o0i
> dme " = L/ ()3 (s)a"*ds (¢ > 1). 4.3.11)
2mi c—o0i

n=1
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The integrand has a double pole at s = 1 and simple poles arising from I"(s) at
s=0ands = -2k —1(k =0,1,2,...). To evaluate the residue at the double
pole we observe that in the neighbourhood of s = 1

2
F(s){z(s)aS:é(l—y8+-“)(é+y+“~> (I—-dloga+---)

L y —loga n
as? as
where § = s — 1 and y denotes Euler’s constant. Due to the exponential decay
of the integrand as s — o % io0o, we can displace the contour to the left over the
poles, to yield the result

’

— 3(=2k—1)

1)
kDL a4 Ry,  (4.3.12)

> —an loga !
Y dme o =YL 1

HM_

where N is a positive integer and the remainder integral

1 —2N+o00i

Ry = — T(s)¢*(s)a"*ds  (Jarg a| < im).
270 J N

From (4.1.4) the above integrand may be expressed in the form
T()¢%(s) = @m)*'T' (1 — $)¢*(1 — s) tan $7rs.
If welets = —2N + it, ¢y = arg a and use the facts that | tanh %nt| < 1and

g0 +in)| <t(0) (o >1),

we find
| |2N 00
|IRy| < (Z)T“[ TN +14i)*(2N + 1+ it)| tanh(37]t]) ¥ dt
| |2N 00
< (271)—4N+2;2(2N+1)/ IT2N + 1 +it)| e dt

— |a|2N0(€72N(N/2]T2)2N+1 SeC2N+% ,(//.) (N N OO)

upon application of Lemma 2.6. Hence, |Ry| = O(|a|*") as a — 0 for fixed N
when | arg a| < %n;but, since |[Ry| — ooas N — oo (for fixed |a|), we conclude
that (4.3.12) yields an asymptotic expansion. Thus we obtain [Titchmarsh (1986,
p- 163)]

Zd(n)e*“" ~ ﬂ + 3 = Z 22k 4+ 2)T 2k + 2)(a/4m )%+,
k=1
(4.3.13)

validasa — O in |arg a| < %n.
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We remark that the sum in (4.3.11) for a — 04 can be viewed as an
exponentially-smoothed analogue of the well-known Dirichlet divisor sum given
by [Titchmarsh (1986, p. 312)]

c+ooi 5 st
D(x) = Zd(n) —/ o= (c>1.

n=<x

Since, with s = o % it, the modulus of the integrand is O(t~') when o > 1 and
Ot ?(log 1)?) when 0 < o < 1ast — oo, the contour can be displaced to the
left over the double pole at s = 1, but not over the simple pole at s = 0. Thus,
upon evaluation of the residue at s = 1, we find

D(x)=xlog x4+ 2y — Dx 4+ A(x),

where A(x) denotes the displaced integral taken along the vertical line Re(s) = c,
with 0 < ¢ < 1. By a process of path deformation similar to that employed
in §4.2.3, it is foundt in the limit x — -+oo [Titchmarsh (1986, p. 315)] that
A(x) = O(x57) for every positive .

As a second example, we consider the harmonic sum with A, = j(n)/n
given by

=\ fi(n) o f(n)
1 1 27,2 1 1 27,2
Sa)=azm* D e/ —qigs e T/ ),
(a) ; . ; = )
where a > 0 and [i(n) denotes the Mdbius functionf in (4.1.9). This sum
has been considered in a famous memoir by Hardy & Littlewood (1918, §2.5).
Straightforward evaluation shows that

o]

k 2\k > k
G) =ain: Z( ) (na ) Z:;S?] —aini Z ';“)(2(;: 2l (4.3.14)
k=1 n=1 =1

by (4.1.10). Upon noting that the Mellin transform F(s) = M[e ™ — 1; s] = T'(s)
in —1 < Re(s) < 0 and that

N A
o(s) = ; T ioay  (Re@ <O,
we obtain from (4.3.3) that
—c+o00i .
S(a) = ! &(an%)f*”ds, 4.3.15)

27” —c—00i {(1_25)

where 0 < ¢ < 1, so that the path of integration lies in the intersection of the strip
of analyticity of F(s) and the half-plane of absolute convergence of w(s). Use of

+ More recent estimates have slightly improved on this result; see Titchmarsh (1986, p. 325).
1 We make use of the result X, i(n)/n = 0.
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the functional relation (4.1.4) and the duplication formula for the gamma function
(2.2.23) shows that this last integral can be written as

—c+o0i 1 _
G(Cl) — L F(Z S)

1 25—%
i ) W(n /a) ds O<c<l).

The usual method of displacement of the contour to the right over a set of poles
of the integrand now faces a major problem: namely, the nature of the complex
zeros of the Riemann zeta function (which are known to lie in the critical strip
0 < Re(s) < 1). If we assume that (a) we can displace the path past the vertical
line Re(s) = }1, (b) the complex zeros are all simple and (c) the resulting sum of
the residues is convergent, then we find

11
1 -1 ( ‘/0)
Sa) = -1 w2ja)’ T 22
2 ( ) {/(p)
1 ool (L 1

_f M(ﬂ’%/a)z 2ds,

2mi ¢/—ooi ;(23)
where % < < % and the sum is taken over all the complex zeros s = p of {(s).
With the change of variable u = % — s, the last integral{ can be written as

1 —c+o0i r (l/t) . %7214
%/ﬂiw m(rb/a) du O<c<)

which is seen to equal &(1/a) by (4.3.15). Hence, on the above assumptions, we
obtain the relation

T(L_ 1
S(1/a) = &(a) +§Z(n%/a)"‘2%. (4.3.16)

Now let a — 0; then by (4.3.14) G(a) = O(a%). If we assume the Riemann
hypothesis (i.e., that the complex zeros satisfy Re(p) = %) the right-hand side of

(4.3.16) is O(1) in this limit. This would indicate that S(1/a) = O(1) asa — 0,
and hence that

o A
Z un efﬁtlz/}’l2 — O(af%)
n=I

n

asa — +o00.

F This can also be seen by displacement of the contour to the right over the simple poles at s = k + %,
k=1,2,... and comparison with (4.3.14).



4.3. Number-Theoretic Examples 145

As a third example, we note that if A, = A(n), where A(n) =log pifnisa
prime p, or a power of p, and zero otherwise, then [Titchmarsh (1986, p. 4)]

oo

A ’
wis) =Y rf”) = —i((ss)) (Re(s) > 1).

n=1

Then we have from (4.3.3)

. L
1 c+00i ’ ]
ZA(n)e_‘"‘ = ——_/ F(s)wa_éds
el 270 Je—ooi ¢(s)

provided Re(a) > 0 and ¢ > 1. It is shown in Hardy & Littlewood (1918,
§2.2), by displacement of the contour to the left over the poles of the subject
of integration, that

D (Am) = De " = W(a) = Y T(p)a™,
n=1

where the sum is over the complex zeros of ¢(s) and the function W(a) has
the form W, (a) + a*log(1/a)¥,(a), with W, (a) and W, (a) being power series
convergent in |a| < 2. Then on the assumption of the Riemann hypothesis it
follows that

o0
Y (Am) - De™™ = 0@@™7)
n=1

asa — 0+.

To close this section, we mention an interesting closed-form evaluation of an
inverse Mellin transform involving the Riemann zeta function which has been
given in Flajolet ef al. (1994). In the harmonic sum in (4.3.1), we take f(x) =
1—xin0 <x <1, f(x) = 0inx > 1, with the Mellin transform given by
F(s) = 1/s(s + 1), and put Ay = 1, uy = k, x = n~! (where n is a positive
integer). Then, we find from (4.3.3) the Perron formula (cf. (3.3.29))

k 1 c+o0i s
Z(l——):%(n—l):—, RIOLEN
Norsll n 270 Jo—ooi S(s+ 1)
where ¢ > 1. Displacement of the contour to the left over the simple poles ats = 1
and s = 0 then yields, successively, the astonishing resultsT

1 c+o0i ((S) n®

1
; §$=—3
270 Joeooi S8+ 1)

O<c<,

1 —c+00i ;(S) n’

270 ) e—ooi S(s+ 1)

ds=0 (O<c<l).

+ We note that in the second integral the convergence is absolute only when 0 < ¢ < % —cf. (4.1.15).
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This last result has been exploited by Flajolet e al. (1994) in the derivation of the
asymptotics of the sum—of—digits sum by a Mellin integral approach.

4.4 Solution of Differential Equations

Although the subjects of this and the following sections are not directly connected
with asymptotics, it is felt that a chapter on applications would not be complete
without a mention of the use of the Mellin transform in the solution of certain types
of differential, integral and difference equations. It is not our intention here to give
an exhaustive survey of these important areas of applied mathematics, but merely
to give examples which illustrate clearly the utility of the Mellin transform. For
further information, the interested reader is referred to specialist texts on integral
transforms, such as Sneddon (1972) and Davies (1978).

4.4.1 Potential Problems in Wedge-Shaped Regions
In plane polar r, @ coordinates, the Laplacian operator V? is
Pf 1af 18 1/ 8\, 18
foovaf 1o ( ) PR

VIF(r,0) = —= + ~ ~9J _
Fr. ) arz  ror r290r r2

— 2 \Uor 2962

We let F (s, 0) denote the Mellin transform of f (r, 8) with respect to the variable
r, so that

F(s,0) = foo P, 0) dr.
0

Provided f(r,0) ~ r~@asr — Oand f(r,0) ~ r>asr — oo, F(s,0) is
defined in the strip of analyticity a < Re(s) < b; see §3.1.1. From the differential
properties of the Mellin transform in (3.1.10) combined with (3.1.7b), we then find

that¥
9 2
M[<r—> f;s:| =s52F(s,0)
ar

ina < Re(s) < b. Hence in the strip of analyticity we obtain the simple result
2

M[r?V? fis] = (% + s2> F(s,0). 4.4.1)

Consider the boundary value problem relating to the determination of the steady-
state temperature distribution inside an infinite wedge given by

Viu=0 (0<r<oo, —a<6<a) (4.4.2)

1 It can also be shown that M[(r3/3r)* f; s1 = s2F (s, 0)+[rt1af/dr — sr* f15 by integration by
parts. In the strip a < Re(s) < b the integrated terms vanish.
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(where o < 1) subject to the boundary conditions

u(r, 2o) = go E? i ;; ) (4.43)

If we suppose that u(r, ) is bounded as » — 0 and that u(r, 8) ~ r~? as r — oo,
the Mellin transform, U (s, 6), with respect to r exists in the strip O < Re(s) < b.

From (4.4.1), the differential equation (4.4.2) and boundary conditions (4.4.3)
transform to

CU | 2y—o, UG ta) =T
— +sU =0, s, o) = To—,
d6? s
for which the solution is readily shown to be
a’® cos s
U(s,0) = Th———.
s cosas

Application of the Mellin inversion formula in (3.1.5) then shows that in the
sector |0| < «

ds O<c<p
2mwi

To /”“’i (r/a)~* cos s6

u(r,0) = s—
—o0i s cosas

where § = m/2a. The evaluation of this integral can be carried out either by
displacement of the integration path over the poles of the integrand in the usual
way, or by making use of the resultin (3.3.17). If we express the term cos s6 as a sum
of exponentials, make the change of variable s = Bw and let 7o = (r/a)Pe*P?,
we find

TO ¢'+ooi Z__;,_w + Z:w

u(r,0) = — 1

470 Jor—ooi W COS 3T W

dw O<cd <]

2Ty
= — Re(arccot z,).
T
Use of the standard identities arccot z = arctan (1/z) and arccot z = %J‘[ —arctan z
(Re(z) = 0), together with the result [Abramowitz & Stegun (1965, p. 81)]
2Re(z) )

1 —|z]?

Re(arctanz) = % arctan (

when |z| < 1, then shows that

1 a®f — 2P
u(r,0) =Ty Ly —arctan | ————
’ 2 7 2(ar)® cos B0

valid for 0 < r < 00, —a < 6 < «. From this we see that as »r — oo the solution
u(r,#) = O(r—*), so that the strip of analyticity of the Mellin transform U (s, 6)
corresponds to 0 < Re(s) < . In particular, we have for —a < 6 < « that
u(a,0) = 3Ty and u(r,0) Z 3Ty whenr 2 a.
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We now consider the angular domain 0 < 6 < « and let the boundary 6 = 0
be held at zero temperature while the other boundary at & = « is maintained as in
(4.4.3). The solution for the Mellin transform in this case is

a’® sin sf
U(s,0) =Tp—————,
s sinas
and hence
To [T (r/a)~* sins6
u(r,0) = ~— ————ds (0<c<2pB).
270 Je—ooi s sinas

Evaluation of this integral as described above and use of the result (3.3.16) shows
thatf

u(r,0) = %Im (log[1 + (a/r)*e¥F?])

L1 r*f + a* cos 20
=T 3 — — arctan -
b4 a?f sin280

forO0<r <o00,0<0 <a.
The solution of the above boundary value problem with the more general
boundary conditions

u(r,a) =g(r), u(r,—a)=h(r)
is given by

sins(a + 6) sins(o — 6)

UG,0) =G(s)——F—— +HGS)———F—
sin 2as sin 2as
where G(s) and H (s) denote the Mellin transforms of the boundary functions
g(r) and h(r), respectively. These transforms are assumed to be such that the
strip of analyticity of U (s, 6) is contained in the strips of analyticity of G(s) and
H (s). The inversion of U (s, 6) in this general case can be achieved by employing
the Parseval formula in (3.1.13). If we let J,(x, ¢) = M~ '[sins¢/ sin 2as; s],
it readily follows from (3.3.12) by letting s — s/B, where § = m/2«,
that

E xP sin B¢
T

Ja ’ =
(x.9) 1+ 2xP cos Bop + x2P

(9] < 2).

F This result and that in the previous example were communicated to us by J. Boersma.
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Then we have
o0 du
u(r, 9)=/ g(u)Ja<r/u,a+9)7+/
0 0

pr? /OO gul!
_ P s o d
= S0PV ) 2wy sin o+ 2P

[ee]

du
h(u)Jy(r/u, o — 9)7

f o h(u)uf~!
+ - du
o u% +2(ru)f sin BO + r2p
when —o¢ < 0 < «.
Thus, for example, if weleto = %n (sothat 8 = 1)andtake g(r) = h(r) = e~
as boundary functions, the variation of temperature on axis (6 = 0) is given by

r

2r [ e"du 2 i
u(r,O):; A 1,{2——|—r2:_;1m[e El(lr)],

where E;(x) denotes the exponential integral.

4.4.2 Ordinary Differential Equations

The Mellin transform can be used to solve ordinary differential equations of
the type

Li(y) =x"G(O)yx) — H®)y(x) =0, (4.4.4)

where G and H are polynomials of their argument of degree n and p, respectively,
and ® = xd/dx. The order of the differential equation is max{n, p}. If we make
the transformation z = x™, so that the operator ® = m®’, where ®' = zd/dz, we
find

72Gm®)y(z) — Hm®)y(z) = 0. (4.4.5)

Introduction of the Mellin transform
o0
Y(s) = / 27y (2)dz
0

combined with use of (3.1.10) and (3.1.7b) then shows that the differential equation
(4.4.5) transforms into the simple two-term recurrence relation for Y (s)

G(—ms —m)Y(s+1) = H(—ms)Y (s). (4.4.6)

Since G and H are polynomials, they can be expressed in factored form and a
solution of (4.4.6) is readily obtained in terms of gamma functions. It then follows
that a solution of (4.4.4) is found by inverting the Mellin transform Y (s) to yield

1 c+o0i
yx) = — / Y(s)x™ ds, 4.4.7)
2mi c—00i

where c is chosen so that the integration path lies in the strip of analyticity of Y (s).
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To illustrate this method of solution, let us first consider the Bessel equation

&2y d
22 Y Loy —o. (4.4.8)

dx? dx

This can be rewritten in the form
(©* =)y +x*y =0,
sothat G = 1, H = v> — ®2 and m = 2. From (4.4.6) we obtain the equation
satisfied by the Mellin transform Y (s) given by
Ys+1) = (v2 — 452)Y(s) = 4(%1} + s) (%v — s)Y(s).
The general solution of this recurrence relation is seen to be
[(s +3v)

I(1+3v—ys)
where C is an arbitrary constant and p(s) denotes a periodic function of unit period.
A solution of (4.4.8) is consequently
C c+00i F(S 4 %V)

yx) = % c—00i F(l + %v — s)

Y(s) =C2% p(s),

p(s)(1x) ¥ ds, (4.4.9)

provided p(s) is chosen in such a manner that the integral converges for some ¢
in the strip of analyticity.

Different choices of p(s) subject to the above restriction then produce different
solutions of the differential equation. The simplest choice in this case corresponds
to p(s) = 1, with the result that the integral (4.4.9) then convergest only for x > 0
when 0 < 2¢ < 1, and we find

c+00i F(S + %U) 2
= — ——— (5 ds.
2700 Jemooi T(14 %v —s) (3%) g

Comparison with (3.4.21) shows that, upon replacement of the variable of inte-
gration s by s — %v, this solution corresponds to the Bessel function J, (x) when
Cc=1

If, on the other hand, we choose p(s) = cotm(s — %v) we will generate a
different solution. This function has unit period and does not affect the convergence
properties of (4.4.9), since cot w (s — %v) ~ Fi as Im(s) — Foo. Then a second
solution of Bessel’s equation is given by

c+o0i (s + l\)
y(x) = o M
i Jeooi T(1+3v—15)

y(x)

(%x)izs cotn(s - %v) ds

—1 c+ooi
- nzm_c /Pw I"(s + %v)l"(s — %v)(%x)izs cosn(s — %v) ds,

+ This follows from the fact that the ratio of gamma functions in the integrand is O (|t]** ') ast — Fo0
(where s = o + it); see also the discussion surrounding (3.4.21).
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where |[Re(v)| < 2¢ < 1. From the Appendix, this is seen to be the Bessel function
Y, (x) when C = 1.
In a similar fashion, we can consider the modified Bessel equation

2d%y
dx?

This yields the transformed equation

d
2@y =o. (4.4.10)
dx

Ys+1)= 4(s + %v)(s — %U)Y(S),
for which the solution is given by
Y(s) = C2T(s + $v)T(s — 5v) p(s).

The solutions of (4.4.10) can then be expressed in the form

C c+o0i . . | o
v =5 [+ )G = o))

upon appropriate choice of ¢ and the periodic function p(s).

If we again choose p(s) = 1, with 2¢ > |Re(v)], the resulting integral con-
verges for |arg x| < %7{ by Rule 1 in §2.4. Straightforward displacement of the
contour and evaluation of the residues at the poles s = :t%v — k for nonnegative
integer k (assuming v is not equal to an integer) yields

nC S
yx) = sinnv{zk'r(l—v+k) Zok'r‘(l+v+k)}

{1 v(x) = L, (x)},

S (lx)Zk v l )2k+v

sin T v

where I, (x) is the modified Bessel function of the first kind. Hence we can identify
our solution y(x) as the modified Bessel function of the second kind, K, (x) when
1
Another example is furnished by the Gauss hypergeometric equation

d? d
x(1 —x)—y +c—(a+b+ l)x]—y —aby =0,
dx? dx

where we suppose, for convenience, that @ and b are positive. This equation can
be written in the form (4.4.4) as

x(O*+ (@ +b)®+ab)y — OO +c— 1)y =0,

so that we obtain the Mellin transformed equation given by

y ) — —s(c—1-—y) y
C+D =TT no-1-n’ @
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This last equation has the solution

_ A T®ra—9rd—ys) s
V)= C e (),

where C is an arbitrary constant and p(s) a periodic function with unit period.
If we let p(s) = 1, we find the solution

C [t T()[(a—s)C(b—ys)
y(x) = 2—/
Tl ¢

—ooi I'(c—ys) (=) ds

provided 0 < ¢’ < min{a, b}. By making the change of variable s — —s and
comparison with (3.4.8), we see that this solution is a multiple of the hypergeo-
metric function , Fi(a, b; c; x). This integral representation is readily continued
analytically by suitable indentation of the integration path to deal with general
(nonpositive integer) values of a and b.

4.4.3 Inverse Mellin Transform Solutions

We observe that the solutions in the above examples are expressed as inverse Mellin
transforms. An alternative, but entirely equivalent, procedure is to substitute an
inverse Mellin transform directly in the differential equation (4.4.4) and solve
for the inverse transform. To illustrate this approach, let us consider the Hermite
equation

&Y 2 =0 (4.4.11)
X

and look for a solution in the form
1 ool
y(x) = — / h(s)x* ds. (4.4.12)
27Tl — o000

The function 4 (s) is a meromorphic function of s to be determined and the path
of integration can be suitably indented (if necessary) to separate the poles of A (s).
The choice x?* in the integrand (rather than x~*) has been made for convenience
in the solution of the resulting difference equation defining % (s).

Formal substitution of (4.4.12) into the differential equation (4.4.11) gives

1 ool
— / h(s)x*{2s(2s — Dx~2 —2s + v}ds = 0.
2mi —o0i

If we now replace s by s + 1 in the first part of the above integral, we find

1 —1+o00i 1 )
i) h(s 4+ D2(s + 3)(s + Dx> ds
1 ooi
- — h(s)(s — %v)xzs ds =0.

2mi — o000
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A solution of (4.4.11) will be obtained provided we choose the function A (s) to
satisfy the first-order difference equation

(s —5v
(

)
h 1=
(s +D 2(s+3)s+ 1D

h(s)
and to be such that
1 —1+o0i ool N
— - h Yds = 0.
2mi {/;l—wi /;ooz} (S)( )x tT
The function /A (s) takes the form

PRSPPI N Gk ) IR P Cleek 1) SN
Ve e+ hre+n P T T ras+n M0

so that (4.4.12) represents a solution provided
1 —14-o00i 00i ) (s — lv +1
— / — / (+)(2x2)s p(s)ds =0 (4.4.13)
2mi —1—o0i ool '2s+1)

upon appropriate choicef of the periodic function p(s).
Let us suppose temporarily that Re(v) < 0. Let p(s) be given by

p(s) = —

sin 27 s

and suppose the path of integration in (4.4.12) to be indented to the leftat s = O to
separate the poles of I'(s — %v) from those of —mr /(I"'(2s + 1) sin 27rs) = ["'(—2s)
ats =0, 1 3 1, ... . Then the condition (4.4.13) becomes

1 14-o00i el
_{/ —/ }F(s — v+ 1)T(=25)2x»)* ds =0 (4.4.14)

2mi —1—o0i —o0i

and we see that in the strip between the indented contours the integrand possesses
no poles. From Stirling’s formula (2.1.8), the integrand in the strip (where s =
o +it)is

0(|t|—n—%ve—%n\t\q:2|z|arg x)

ast — =oo. It follows that, provided |arg x| < %n, the contribution from the
ends of the strip vanishes as |f| — oo and that by Cauchy’s theorem the integral
(4.4.14) vanishes.
A solution of (4.4.11) is consequently given by
n7:C
2mi

y(x) = / l. ['(s — 2v)T(=25)(2x?)" ds

T We remark that the choice p(s) = 1 is not possible in this case since the integrals in (4.4.13) would
then not converge. This can be seen from the fact that, with s = o +it, the ratio of gamma functions
in the integrand is O (|¢t|=°~"/2¢™11/2) as t — Fo0.
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when | arg x| < %71, Re(v) < 0 and where the integration path is indented ats = 0
to lie to the left of the poles of I'(—2s). A simple change of variable s — %v —s
and comparison with (3.4.14) shows that, when C = 27 / I'(—v), the solution

y(x) is given by
Y) = e+ Dy (x) = Hey(v),

where He, (x) is the Hermite function; see Abramowitz & Stegun (1965, p. 780).
If we close the contour to the right and evaluate the residues at the poles of
I'(—2s) we generate the convergent expansion

He,(x) = in~iC Z(k— (Lk = Lv)x?s

k=0
x o0
—1_—3 2\k (k+2 _) 2 k41
- ZC{Z ! R kX_; .
21y s 25V
- ri- %v)lFl(_ 3vigigx’) = r(—1 )xlFl(% —1v; 3 4x7).

The restriction on v may be removed by appeal to analytic continuation. If v is a
positive integer or zero He, (x) is a polynomial of degree v.

This procedure can be extended to obtain solutions of the nth-order differential
equation

p
-y ax"y" =0, (4.4.15)

where n and p are integers satisfying n > p > 0 and a, are constants. This
equation is a generalisation of the Hermite equation (4.4.11) corresponding to
n = 2, p = 1 and has been discussed at length in Paris & Wood (1986, Ch. 3).
Applications with n = 3,4 and p = 1 arise in hydrodynamic stability theory,
while cases with n = 4,6 and p = 2 arise in magnetohydrodynamic stability
theory and also in deficiency index theory [Wood (1971)]. If we make use of the
result

r r—1
e =[Je-b ¢=12..).
k=0
where ® = xd/dx, the differential equation (4.4.15) can be written in the form

p
y® _ l—[(@ +B,)y =0. (4.4.16)

r=I
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The parameters 8, (1 < r < p) are defined in terms of the coefficients a, by

4 r—1 4
ao + Zarklj)(@ ~k) = 11(@ + 8-

r=I1

We now seek a solution in the form
1 el ,
y(x) = —/ h(s)x" ds. (4.4.17)
27Tl — 000

Substitution of y(x) into (4.4.16) yields

ool

1 ns —n 4
i . h(s)x {ns(ns —D...ns —n+DHx™" — l_[(ns + ,B,)} ds =0,

r=1

so that replacement of s by s + 1 in the first part of the integrand gives a
solution if

le(s + B./n)
[T, +r/n)

1 —1+o00i ool p ﬂr
%{/_,_w ‘/_w}’“”l](”z)x ds =0

A solution of the recurrence relation for A(s) is given by

his+1)=n""" h(s)

and

T2, T(s + B,/n) P T(s+ B /n)
_ (p—n)s L 1r=1 _ psllr=1
h) =t T PO T sy P

where p(s) is a periodic function of unit period and we have employed the
multiplication formula for the gamma function

n—1
I'(nz) = (271)%(1_")11”1_% l_[ r (z + i)
n
r=0

with the constant C chosen equal to (2n)%("’1)n’%.

If, for example, we make the choice

nn(_)ns+1

p(s) =

sinmns
and let the integration path in (4.4.17) be suitably indented so as to separate the
poles of I'(s + B,/n) from those of I'(—ns), we see that in the strip between the
indented contours the integrand of
1 —14-o00i ooi P B, ‘
—{/ —/ } [Ir (s + =2+ 1) T(—ns)(—n?""x)" ds
2mi —1—o0i —ooi 1 n

r=
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has no poles. As Im(s) = t+ — =00 in the strip, the integrand is dominated
by O (e~ 2@ FpmliiFnlilae(—x)y o that the contribution from the ends of the strip
vanishes as |t| — oo provided | arg(—x)| < %n(l + p/n). A solution of (4.4.15)
can consequently be found in the form

ool p
y(x) = % /_DOi I'(—ns) E r (S 4 %) (_np/nx)ns ds

ool

P
= % " C(—s) H I (% + %) (—nP/"x)* ds
in |arg(—x)| < %n(l + p/n), where the contour is indented at s = O to lie to the
right of all the poles of I'((s + B,)/n) but to the left of those of I'(—s). Assuming
this separation of poles to be possiblet, we may swing round the contour into
the infinite semi-circle in the right half-plane to find the absolutely convergent
expansion (when p < n)

o b (kB
y(x) = ;TEF (;+ ;) (x| < c0).
The validity of this solution (an integral function of x) for all values of arg x
follows by analytic continuation.

Other choices of p(s) lead to different solutions of (4.4.15). For example, when

the order n of the differential equation is even, the choices

1 1
(_)Ens (_)ins
pGs)=——— and p(s) = —f—
sSin EJTI’lS COS Qn'ns

yield solutions which are respectively even and odd functions of x. These solutions,
together with other solutions possessing certain asymptotic properties as x — 00,
are discussed fully in Paris (1980); see also Paris & Wood (1986, Ch. 3).

4.5 Solution of Integral Equations

The solution of certain integral equations can be conveniently achieved by means of
Mellin transforms. The types of equation we consider to illustrate this application
are the Fredholm equations of the first and second kinds (taken over the semi-
infinite interval 0 < x < o0)

/Ook(x, Hf@)dt = gx) “4.5.1)
0
and

f(x) :g(x)—i—)»/ k(x, 1) f(t) dt. 4.5.2)
0

F This is always possible except when the 8, (1 < r < p) take on negative integer values.
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In these equations the unknown function is f (x), with the function g(x), the kernel
k(x, t) and the parameter A being specified. In what follows, we shall be concerned
only with the particular solution of (4.5.2) where the parameter X is supposed not
to coincide with an eigenvalue of the linear integral operator

Kf:/ook(x,t)f(t)dt.
0

For such values of A a solution of (4.5.2) can be found only if the given function g (x)
is orthogonal to all the eigenfunctions of the adjoint of K. The reader interested
in a more general treatment should consult specialist texts{ on integral equations,
for example Courant & Hilbert (1953, Ch. 3), Tricomi (1957), Pogorzelski (1966)
and Moiseiwitsch (1977).

4.5.1 Kernels of the Form k(xt)

To illustrate the use of the Mellin transform in the solution of integral equations
we shall suppose in this section that the kernel is of the special form k(x¢). We
first consider the equation

/0 k(xt) £(1) dt = g(x),

where g(x) must be in the range of the operator /C to have a solution. If we take
the Mellin transform of both sides, using the Parseval formula (3.1.12), we obtain
formally

Gs)=M [/ook(xt)f(t) d; si| = K(s)F(1 —s), 4.5.3)
0

where F (s), G (s) are the Mellin transforms of f(x), g(x) and K (s) = M[k(x); s].
Itis assumed here that the transforms in (4.5.3) have a common strip of analyticity;
for a discussion of the procedure when there is no common strip, see Morse &
Feshbach (1953, Ch. 8). If we replace s by 1 — s we find

F(s)=G( —s)/K(1 —y3),

so that by the Mellin inversion formula in (3.1.5) the solution is given by

L G-
f(x) = %‘/Ljﬁwi mx ds. (454)

The solution f(x) can also be expressed in the alternative ‘resolvent’ form by
using the Parseval formula (3.1.12) in reverse. Thus, if the inverse Mellin transform

T Other treatments of integral equations are included in Whittaker & Watson (1965, Ch. 11), Morse &
Feshbach (1953, Ch. 8), Titchmarsh (1975, Ch. 11) and Ledermann (1990).
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of 1 /K (1—s)isdenoted by L(x), thatisif L(x) = M~1/K(1—s); x] (assuming
it exists), then we findt

fx) = /OO L(xt)g(t) dt. 4.5.5)
0

In a similar manner, the Fredholm equation of the second kind with kernel k(xt)
(also known as Fox’s equation)

r =g+ [k
yields upon taking the Mellin transform
F(s) =G(s) + AK(s)F(1 —s).
Replacing s by 1 — s to produce
F(l=5)=G1 —=s)+AK( = s)F(s),
we find, upon elimination of F (1 — s), that
(1 =R2K$)K(1 = 9$)}F(s) = G(s) + AK (s)G(1 — 5).
The solution f(x) can then be expressed by the Mellin inversion formula as

()_L/Hw G(s) + 1K (5)G(1 — 5)
F = | TR mKd )

x*ds. (4.5.6)

Conditions for the existence of f(x) as an L? solution are given in Titchmarsh
(1975, p. 333).

Example 1. Consider the integral equation
[o.¢]
f(t) —1 —m/x
/o mdr:x {14+ (m/x)}e (x>0, m=>0).
From the Appendix, we have
k()= (1+x)7%  K(s)=1ir(3s)r(2—1s) (0 <Re(s) <4)
and

G(s) = /OO X7HI + (m/x)}e ™  dx = /Oo u™ (1 + mu)e ™™ du
0 0

=m"'T1—-5)2—5) (Re(s) < 1),

T We remark that the resolvent kernel L(xt) = k(xt) if K(s)K (1 —s) = 1. This is the necessary and
sufficient condition for k(xt) to be a Fourier kernel.
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so that we have a common strip of analyticity given by 0 < Re(s) < 1. Then from
(4.5.4) the solution is given by

f(x)__/””" 2I(s)(s + 1)
"2 e TE= 3P 3)

mx)ds (c>0)

4/7_[ c+o0i . . 4
= — [(s)cos s (mx)"ds = — cosmx
27i J. b4

> —00i

by (3.3.6).

Example 2. Consider the Fredholm equation of the second kind

fx) =g(x)+)»/oo\/gcosxtf(t)dt (x > 0).
0

In this case we have

k(x) = \/gcosx, K(s) = \/gF(s) cos %ns (0 < Re(s) < 1),

so that

2
K(s)K(1—s5)==T(s)I'(1 —s)cos 1ms sin {ms = 1.
T

Then, assuming g (x) is such that its Mellin transform G (s) has a strip of analyticity
that overlaps with the strip 0 < Re(s) < 1, we find from (4.5.6), when A% # 1,
the solution

1 c+o0i 2 | X
fx)=— {G(s) + A,/ —T'(s) cos 37 G —s)}——=ds
T 1 —A2

2mi c—00i

2 N 1 c+4-o00i
_ &) +\/j / T(s)cos 35 G(1 — $)x " ds

1—22 Va1 —222mi o

g(x) A 12
o + m/{) \/;COS)ctg(t)dt

upon use of the Parseval formula (3.1.12). This example may also be dealt with by
Fourier cosine transformation.

Example 3. In the integral equation given in Titchmarsh (1975, p. 334)

fx)=gx)+ % /Oooe”f(t) dt  (x>0)

let

_log(l+x) =
N x

g(x) —Hx - 1),
X



160 4. Applications of Mellin Transforms

where H(x — 1) denotes the Heaviside step function. We have

e—x

k(x) = Nea

1
K(s) = ﬁl"(s) (Re(s) > 0)

and
o0

G(s) = M[g(x);s] = /ooxH log(1 + x)dx —71/ X2 dx
0

1
1 oo L.s—1
= / x dx — il
l—sJo 1+x 1—s

= 0 T (cosecms — 1) (0O <Re(s) <1

upon integrating by parts and using the Mellin transform of (1+x)~!. The common
strip of analyticity in this case is seen to correspond to 0 < Re(s) < 1. Then, since

K(s)K(1 —s) = cosecs,
and
G(s) + K(5)G(1 — 5) = {1% +7al(s — 1)} (cosec7rs — 1),

we find from (4.5.6) that

1 c+ooi T 1 .
fx)=— —m:Ts—1x’ds O<c<l)
270 Jocooi |8 —1
T 1 c+o0i T ] 7'[%
=—— 4 — xPds+—(0—-¢e)  (¢c>1)
x 27 Je_ooi S—1 X

by displacement of the path across the pole at s = 1 in the first part of the inte-
gral and evaluation of the second part by an obvious modification of (3.3.2). The
remaining integral can be evaluated by means of the discontinuous integral in
(3.3.20) to yield the solution

1

fo ="~ THx-1).
X X

4.5.2 Kernels of the Form k(x/t)

We now suppose the kernel k(x, 7) in (4.5.1) and (4.5.2) to be of the form k(x/7)
and consider the integral equation

%0 d
/0 k(x/t)f(t)Tt = o(x). 4.5.7)

Use of the Parseval formula (3.1.13) shows that the Mellin transform of this
equation is given by

K(s)F(s) = G(s),
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provided the Mellin transforms of F(s), G(s) and K (s) have a common strip of
analyticity. The solution f(x) is therefore given formally by

1 c+o0i G(S)

fx)=-—

- x*ds. (4.5.8)
2mi c—00i K(S)

For the Fredholm equation of the second kind with kernel k(x/¢)

o d
Sx) =g(x)+k/0 k(x/t)f(t)Tt, (4.5.9)

we have (assuming a common strip of analyticity) the resulting transformed
equation given by

F(s) =G(s) + AK(s)F (s), (4.5.10)
so that

_ 1 /c'+ooi G(S)
TO= 50 ) TG

Conditions for the solution f(x) to be L? are given in Titchmarsh (1975, p. 304).

= ds. 4.5.11)

Example 4. In the integral equation of the first kind

o dt B
/ ex/’f(t)TzeW (x>0, a=>0),
0

we have
k(x) =e™,  K(s)=T(s) (Re(s)>0)
and
G(s) = M[e™V*: 5] =2a " ¥T'(2s) (Re(s) > 0).

In this example both transforms are analytic in the right half-plane Re(s) > 0.
Then, from (4.5.8), we find the solution

c+o0i
fx) = L/ ) (@*x)*ds (c>0)

Tl Je—ooi 1(S)
1 etooi 1 — X 1.2
=-— nffF(s+%)(%azx) Yds = %a — e
2701 Jo—ooi b4

by (3.3.2).

Example 5. Consider the integral equation

Ut /x

ﬁf(l)df =g(x) O<x<l,
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where the kernel is given by k(x) = x~!/+/1 — x2. This equation can be expressed
in the form (4.5.7) by letting

[f)=fOHA=-x), gk =g&x)HA-x), k'(x)=kx)H-x),

where H (1 — x) is the Heaviside step function, to yield the equivalent form

© d
/O /005 =g,

Now
1 xs—2
K(s) = M[k*(x); s] = ——dx
0 ~/1—x2
(s —1
- %n%—(zsl ) (Rets) = 1),
L(39)

so that from (4.5.8) we have the solution

1 ctooi o F(%S) B

f)=-— G(s)x~* ds.

270 Jo—ooi /T F(%s — %)
We wish to employ the Parseval formula (3.1.13) in reverse to express the
solution f(x) in resolvent form as an integral involving g(x), as was done in
Example 2. However this cannot be done without some rearrangement of the
above integrand, since the inverse Mellin transform of the ratio of gamma functions
F(%s) / F(%s — %) does not existf. To overcome this difficulty, we rearrange the
integrand by introducing the factor %s — % into both the numerator and denominator
to find
c+ooi

_ 1 s—1 F(%S) —s
f(x)—% i I G(s) F(%S+%)x ds.

The inverse of the gamma function ratio now exists and is given by
2

Lx)=M"[T(Ls)/T(is +1);x] = mH(l - x),

since

2 1 s—1 1 1 ls1 r 1
_/’ IR _/ u:  du 1(2S)1
Vo V1 =42 VT Jo (1 =-u)2 F(§S+§)

by (3.3.8). From (3.1.10) the inverse of (s — 1)G(s) is

d d
M '(s — DG(s); x] = — (x—d + 1) gf(x) = ——(xg*(x)),
X dx

F This can be seen from the fact that this ratio is 0(|t|%) ast — Foo (where s = o + it).
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so that by application of (3.1.13) we obtain the solution in the form
1

= - OOL tdt*t di
fx) = %0 (X/)—(g())T

/ J—d (tg(t))dt

In Sneddon (1972, p. 280) this result is generalised by showing that the solution
of the integral equation

' Ta(t/x)
X \/tz — X2

where T, (x) = cos(n arccos x) denotes the Chebyshev polynomial, is given by

n l(t/x)
Nl

Example 6. As a final example let us consider the Fredholm equation of the

second kind
A [ f@
f(x)=e‘“*+—/ —f()dt (x > 0),
T Jo X+t

where we restrict the parameter A to the range 0 < A < 1 and suppose thata > 0.
We have

fdt=gkx) 0<x <1,

2
f@x) =—= (t”g(t))dt
T X

1
o= K()= 51;17 0 < Re(s) < 1),

gx)y=e",  G(s)=a’T(s) (Re(s)>0),
so that, in the common strip of analyticity 0 < Re(s) < 1, we find from (4.5.10)
that
a*T'(s)sinms
F(s) = —————
sinws — A
The solution f(x) is given by (4.5.11) as
1 /C+°°" [(s)sinms

27i —ooi SINTTS — A

fx) = (ax)"ds (0 <c<p), 4.5.12)

where 8 = (1/m) arcsin A.
For 0 < A < 1, the integrand has simple poles at the zeros of sin s — A; that
is, at the points

sp=p—-2n, —p—-2n+1 m@=12...)

on the left of the contour of integration. Displacement of the contour to the left
and evaluation of the residues at the poles at s,, yields the (absolutely convergent)
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solution

2n—p o0 2n—1+48
Flx) = (ax) Z (ax) }’

1
V=22 _Az{; FT@Qn—p+1) 4~ TQn+p)

which can be expressed in terms of two | F, hypergeometric functions. The asymp-
totic behaviour of f(x) can be obtained by displacement of the contour to the right

over the polesat s = 8,1 — B, ... to find as ax — oo
Fy~ - 1 { (@) (ax)”'*F 4. }
J1T=221Td-p8) I'B) '

An alternative representation of this solution can be found by writing (4.5.12)
as

1 feteer AT
fx)=e"+ —/ i (ax)*ds (0 <c<§B).
270 Jo—ooi SINTTS — A

With A = sinwf (where 0 < 8 < %), we have the inverse transform+

. sinf tanwB (x278 — x!*h)
M - - (x| = .
sinws — sin B T 1 —x2

Hence, by Parseval’s formula (3.1.13), the solution can also be written in the form

fx)=e ™+ tan7p / L(x/t)e_‘”ﬂ,
T 0 t

where the resolvent kernel L(x/t) is given by

2-8
1_)62(1 — x21h,

Lx) =

4.6 Solution of Difference Equations

Difference equations have many applications in both pure and applied mathematics
and are associated with an extensive literature. Recurrence relations, for instance,
for which each term of a certain series is obtained from a number of preceding
terms, can be viewed as cases of equations of this type. As in the analogous theory
of ordinary differential equations, the simplest difference equations correspond
to those with constant coefficients. When n = 2, the homogeneous second-order

F This inverse transform can be found either by residue evaluation as above or through use of the
identity sinwg/(sinws — sinzf) = % tan v B{cot %n(s — B +2)—cot %n(s + B+ 1)} combined
with the result M ~'[cot %n(s +a); x] = (2/m)x%/(1 — x?); see the Appendix. There is a misprint
in the corresponding formula given in Titchmarsh (1975, p. 310).
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difference equation with constant coefficients is
ayx +2)+ay(x+1)+apy(x) =0; (4.6.1)

this case is representative since the method of solution when n = 2 applies to
equations of any order. It is then well known that the solution y(x) of (4.6.1) is
given by

AMPp1(x) +A3pa(x) (A # A2)

y(x) =
AMip1(x) +xp2(x)} (A = A2),

where p;(x), p>(x) are periodic functions of unit period and X;, A, are the roots
of the characteristic equation

) +ah+ag=0. (4.6.2)

If x is restricted to nonnegative integer values (as in recurrence relations, for
example) then we can replace the periodic functions p; (x) and p,(x) by constants
A and B. Then when x =0, 1, 2, .. ., the solution of (4.6.1) is

AN+ BXr; (A # A2)

y(x) =
AM(A+ Bx) (A = A).

A classical example of a second-order recurrence relation is produced by the
Fibonacci sequence 0, 1, 1,2,3,5,8, 13,21, ..., in which each term after the
second is the sum of the two preceding terms; that is, for nonnegative integer
values of x the terms in the sequence are defined by the recurrence relation

yx+2)—yx+1)—yx)=0.

In this case the roots of the characteristic equation A2—A—1=0are Alp =
%(1 + /5). Since y(0) = 0, y(1) = 1 it follows that the constants A = —B =
1/.4/5, so that the general term of the Fibonacci sequence is therefore

(5059

a result attributed to Binet.

In this section we shall be concerned with the use of the Mellin transform
in the solution of the homogeneous second-order difference equation with linear
coefficients given by

(axx + by)y(x +2) + (a1x + b)) y(x + 1) + (agpx + by)y(x) =0 (4.6.3)

in which it will be assumed that the roots of the characteristic equation (4.6.2) are
unequal. This equation is called the hypergeometric difference equation because,
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as we shall see, its solutions can be expressed in terms of the hypergeometric
function

o0

2Fi(e Biyvi =)

n=0

—(‘Z;)(i ), Z", (4.6.4)

where (@), = I'(a +n)/ ' (a).

4.6.1 Solution by Mellin Transforms

We shall employ the Mellin transform to determine solutions of the second-order
difference equation (4.6.3) in the form of integrals taken round certain paths in
the complex plane. Before discussing this more general case, we first illustrate
the method by means of the simpler and very well-known first-order difference
equation

yx 4+ 1) =xy(x) (4.6.5)
which is satisfied by the gamma function I"(x). We look for a solution in the form

y(x) = f FF () di, 4.66)
C

where the function f(¢) and the contour of integration C in the complex ¢ plane
are to be determined. We note that when C coincides with the positive real axis
this form is then the usual Mellin transform of f(¢). Substitution of this integral
for y(x) in (4.6.5) yields

f{r‘ —xt* N f()dt =0,
C

or, upon integration by parts of the second term,
/ O+ ffOyde — [t f ()] = 0.
c

A solution is therefore obtained if f(¢) + f'(¢) = 0, that is if f(r) = e, and
if C is chosen such that [t*¢~"]c = 0. When Re(x) > 0, we can take the path from
0 to oo along any ray in the right half-plane, and in particular along the positive
real axis. Then a solution of (4.6.5) is given by

yi(x) = p(x) /Oot"“e" dt  (Re(x) > 0),
0

where p(x) is a periodic function of unit period. If we choose p(x) = 1 then we
have the well-known solution y; (x) = I'(x). By analytic continuation this solution
is then valid throughout the x plane except at the poles on the negative real axis.
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Fig.4.5. The loop C and the deformed contour, with a circular indentation of radius p about
the origin, when Re(x) > 0.

A second solution of (4.6.5), which places no restriction on x, can be found
by choosing C to be a loop starting and ending at +oco which encircles the origin
t = 0 in the positive sense, namely

©O+)
Vo (x) = / e~ dt.

[e.¢]

To evaluate this integral, we introduce a branch cut along the positive real axis
and shrink the loop contour onto the upper and lower sides of the positive real
axis between (p, 00) together with a small circular contour of radius p centred at
t = 0; see Fig.4.5.

We take the branch of +*~! specified by 0 < arg ¢ < 27, so that #*~! is real for
real values of x on the upper side of the cut. Then, with arg # = 0 on the upper side
between oo and p, and arg ¢ = 27 on the lower side between p and oo, we find

(0+) o ) o
/ tx—le—t df — / tx—le—t dt + eme/ tx—le—t dt
o) o) p

2 .
+i (,oeie)"e_pemdQ.
0

Provided Re(x) > 0, the last integral vanishes as p — 0 and accordingly we have

(0+) ‘ o0
/ e dr = (¥ — 1)f e dr
0

oo

= (¥ — DI (x).

We note that the right-hand side of this last expression is of the form p(x)I"(x),
where p(x) = e>™* —1 is a periodic function of unit period. This form is equivalent
to Hankel’s contour integral for I'(x); see Whittaker & Watson (1965, p. 244).

4.6.2 The Hypergeometric Difference Equation

We now apply the Mellin transform method to the solution of the second-order
homogeneous equation in (4.6.3). We note that without loss of generality the
coefficient by can be set to zero to yield

(a2x +b2)y(x +2) + (arx + b)y(x + 1) + apxy(x) = 0. (4.6.7)
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This follows by letting x + bg/ap = x" and y(x’ — by/ag) = g(x'), say; then,
dropping the prime, we see that g(x) satisfies the difference equation of the form
(4.6.3) with by = 0. An important role in the development of the solutions is played
by the roots A and X, of the characteristic equation

azkz +a A+ ag=0.

We shall consider only the general case in which A; and A, are finite, distinct from
each other and different from zero; in terms of the coefficients, this means that
none of the three quantities a,, ay and a12 — 4dagpa, is zero.

In the discussion of the solutions we shall find it more convenient to adopt the
canonical form (4.6.7) (when A; # A;)

(x+Bi+B2+2y(x +2) —[(M +22)(x + D) + Bidz + ol ly(x + 1)
+ Ahaxy(x) =0, (4.6.8)

where the constants 8; and B, are related to the coefficients a, and b, in a
straightforward manner. Then, substitution of the integral

y(x) = L/ T f () dr
27Tl C

into the left hand-side of (4.6.8) yields

1
— r“{x[ﬂ—(xl + 2t 4+ kidal + (Bi + Ba +2)12
27Tl C

—(A1 + A2+ BiAg + ,32)~1)l}f(f) dt.

If we use the integration by parts result

/ xtx-H(—lf(t) dt = [tx+kf(t)]c _ / txi{[kf(t)}dt
C c dt

successively for k = 0, 1 and 2 in the first part of the above integral, we find that
the left hand-side of (4.6.8) becomes

1

d
300 lx{——[(t—Al)(t—)wz)f(l)]+[(ﬂ1 + B+ 2t
Tl Jc dt

— B+ Drr— (B2 + 1))»1]f(t)} dt

1
357 [ = A = 22) f(D]c.
i

A solution of (4.6.8) will consequently be obtained if the integral vanishes
identically and if, in addition, the path of integration C is chosen so that the
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integrated part is zero. Thus we choose the function f (¢) to satisfy the differential
equation

d
E[(t — A= 2) fOI =B+ B2+ 2)t — (B1 + DAz — (B2 + DA} f (D).
After a little simplification this equation reduces to

'@ B n B2
f@ =k =2

with the solution

f) = — 2Pt — 1),

Then a solution of (4.6.8) is given by the integral
1
y(x) = —/ N = AP — )P dre (4.6.9)
2mi C
provided C is chosen so that
[t — AP @ — 1)) . = 0. (4.6.10)

The expression (4.6.10) vanishes at ¢ = 0 if Re(x) > 0, at t = A if
Re(B12) > —1 and atr = oo if Re(x + B; + B2 +2) < 0. Consequently solutions
can be found by taking contours of integration associated with any pair of the
values t = 0, A1, Ay, 00. If Re(x) > 0, we can take the solutions

TG

yix) = — = )P — a)Pdt,
27Tl 0
4.6.11)

1 (R2+)
el A G IS
27i Jo

where the loops start from the origin and encircle the points A; and A, in the
positive sense, respectively, as shown in Fig.4.6(a). These solutions can be shown
to form a fundamental set.

Provided Re(8;) > —1, we can shrink the loop in the solution y;(x) onto the
ray joining the origin to the point A; together with a vanishingly small circular
indentation surrounding the point ¢+ = A;. Then as ¢ describes this deformed loop
in the positive sense starting from ¢ = 0, arg(t — A|) increases from arg A; — 7 to
arg A + 7, while arg r = arg 1| on the line segment. Then we find}

(e—ﬂiﬁl _

eﬂiﬁl) A
T/ [x_l()nl —l‘)ﬂl(l—)»g)ﬂzdl‘
0

yi(x) = 5

T Ifarg A; = arg A, (but [A;| # |X2]) the loops in y; (x) and y, (x) must be deformed so that the points
A, and X, respectively, are not enclosed.

# If B is an integer the loop integral y; (x) vanishes. In this case a solution can be taken as the integral
between 0 and A;.
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A X,

(a) (b)

Fig. 4.6. The loop contours in the ¢ plane for the solutions y, (x) when (a) r = 1, 2 and (b)
r=3,4.

: 1
_ _Sn7hy (—,\2)/32/ (1 = 0P (1 — ko) de,
7 0

where we have made the change of variable t = At and put k = A;/A;.
From Abramowitz & Stegun (1965, p. 558) we identify this last integral as a
hypergeometric function, so that

sinmf
) = —T‘ WP (0P B(x, By + 1DaFi(x, —Boi x + Bi + 1: k),

(4.6.12)

where B(x,y) = I'(x)["(y)/ '(x 4+ y) denotes the beta function; see (3.3.8). The
treatment of the solution y,(x) is similar and can be obtained from (4.6.12) by
interchanging A;, 81 and A,, B, and replacing k by kL

Provided Re(x + B; + B2) < 0, another fundamental set of solutionst is given
by

1 A+)
V3(x) = —./ FU = AP — AP dt,

o0
(4.6.13)
1 A24)
ya(x) = — N = )P — a0 dt,
271 Joo

where the loops start and end at oo exp(i arg A ») and encircle the points t = A1 »
in the positive sense, respectively; see Fig.4.6(b). As for the solution y;(x), the
loop in y3(x) can, when Re(8;) > —1, be shrunk onto the ray arg t+ = arg A
between A; and oo together with a vanishingly small circular contour around the
point = A;. On this path we let arg(r — A;) increase from arg A; to arg A; + 27

T Other solutions can be found by taking loops connecting the points A;, A, and 0, co. We do not
consider these solutions; they can, of course, be expressed as linear combinations of the solutions in
(4.6.11) and (4.6.13).
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and arg ¢t = arg A on the line segment. Then

(EZniﬂl _ 1) o)

yi(x) = N = )P — AP dt

2mi A
2mify 1
_ (e ”21 ; 1)Af+ﬂl+ﬂ2/ PRl b1 — k)P dr,
Tl 0

where we have made the change of variable + = A, /7. Evaluation of the integral
leads to the solution
2rify 1
(e . )/\
2mi
X 2 Fi(=Ba, —x — i — Bo; 1 —x — Bo; k7). (4.6.14)

y3(x) = PB4 1, —x — B — Ba)

The solution y4(x) is obtained from the above by interchanging A, 8; and X, B,,
and replacing k! by k.

If |X1] < |X2| (i.e., k| < 1), the hypergeometric series in y;(x) and ys(x)
converge for all values of x exceptatx = —f;—nandx = —B+n(n =1,2,...),
respectively, whereas the hypergeometric series in y,(x) and y3(x) are divergent.
However, the only points where the solutions y; (x) and y4(x) are not analytic are
x =0,—1,-2,..., where B(x, 81 + 1) and B(x, B8, + 1) have simple poles. If
|k| > 1, then we use the solutions y,(x) and y3(x), where the only points of non-
analyticity are x = —8; — o +n(n =0, 1, 2, ...) corresponding to the simple
poles of B(Bi + 1, —x — B1 — B2) and B(B, + 1, —x — By — B2). For [k| = 1,
k # 1 the hypergeometric series in (4.6.4) converges if Re(y —a — ) > —1 and
diverges if Re(y — « — ) < —1. Hence, if A{, A, are such that |k| = 1 (but not
k = 1, since by hypothesis A; # A,) the solutions y;(x), y>(x), y3(x) and y4(x)
in (4.6.12) and (4.6.14) converge when Re(8; + ;) > —2.

Alternative forms of solution can be obtained by use of the familiar transfor-
mation properties of the hypergeometric function listed in Abramowitz & Stegun
(1965, p. 559). For example, from the result

2Fi(en Bryiz) = (1 —2) % F (oe, y =By Z%) (4.6.15)

we find that the solution y3(x) in (4.6.7) can also be expressed as

(if —1)
y3(x) = Z—MWB‘ (i = 22)” BB + 1, —x — B1 — Ba)
1
x 2 F (.31 +1, =B 1—x— B m)

The solutions of (4.6.3) in the special cases when the roots of the characteristic
equation are equal, or one root is either zero or infinite, require special treatment
and have been discussed at great length in Batchelder (1967).
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4.6.3 Solution of the Inhomogeneous First-Order Equation

We briefly discuss the solution of the inhomogeneous first-order difference
equation

yx + o) —y(x) = wp(x), (4.6.16)

where, for simplicity in presentation, we restrict w to be positive and ¢ (x) is a
given function. A formal solution of this equation, which may be readily verified
by substitution, is given in the form

o0
Y =A-w) ¢x+ k),
k=0
with A denoting a constant independent of x. For example, if ¢ (x) = ¢™* (a > 0)
we obtain the solution

we—ax

1] — a0’

o0
yx)=A— a)Ze_“(”‘”k) =A-
k=0
In general, however, the convergence of the sum cannot be guaranteed. One
way of overcoming this difficulty is to consider the difference equation (4.6.16)
with the function ¢ (x) replaced by another function ¢ (x; ) (with u > 0) and to
write the constant A as

A= /Oofﬁ(t; wdt,

where ¢ > 0 is another constant. Then, assuming that ¢ (x; i) is such that
(1) ¢(x; u) — ¢(x) as w — 0 and (ii) the integral for A and the infinite sum
both converge, we find that the principal solution of the difference equation

yx + ) — y(x) = wp(x; 1) (4.6.17)
is given by
y(X:/L)=f o (1 M)dt—w2¢(X+wk;M)~ (4.6.18)
¢ k=0

If we let © — 0, the difference equation (4.6.17) becomes the difference equation
(4.6.16) with the principal solution

y(x) = lim y(x; w).
u—0

This method depends on the difference of the integral and the infinite series having
alimit as u — 0. Although each separately may diverge when u = 0, the choice
of the function ¢ (x; 1) has to be made so that in this difference the divergent
parts cancel. A convenient choice for ¢ (x; 1) in many cases can be taken as

¢ (x; ) = p(x)e™™.
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To illustrate this method let ¢ (x) = 1 in (4.6.16). Then taking ¢ (x; ) = e™**,
we find

00 oo
=l T — Y eHreb
y(x) ,}EB {/L e Mdt —w e

k=0
. e He we H*
= lim - (4.6.19)
1n—0 ,bL 1 — e~ @
=x—c—to

If we take @ = 1 and set the constant ¢ = 0, we have the principal solution
y(x) =x -3 =Bi(x),

which is the Bernoulli polynomial of order n = 1. It is a well-known result that
the Bernoulli polynomial B, (x) satisfies the difference equation

yx+1) —y@) =nx""" (4.6.20)

see, for example, Abramowitz & Stegun (1965, p. 804). It follows from this fact
that (4.6.16) can be solved in terms of Bernoulli polynomials when ¢ (x) is a
polynomial in x.

By a detailed argument (which we do not reproduce here) using Cauchy’s theo-
rem to express the series in (4.6.18) as a contour integral followed by deformation
of contours, it is shown in Milne-Thomson (1933, pp. 222-230) that the principal
solution of (4.6.16) can be written as the Mellin-type integral

1 —a-+o0i T 2
y(x) = —/ fx + ws) (—) ds, (4.6.21)
2mwi J_ sin s

a—ooi

where 0 < a < 1. Here the function f(x) is defined by

fx) = / ¢ (1) dr,

where c is a constant and it is supposed that (i) ¢ (x) is holomorphic in the half-
plane Re(x) > a, (ii) for Re(x) > a there exist positive constants C and « such
that

lp(x)] < CelrFOl!

for arbitrarily small positive € and (iii) w satisfies the condition 0 < w < 27w /«.The
choice of functions which satisfy these conditions includes all integral functions
of order 1 and, in particular, log x. Then, for example, for the difference equation
(4.6.20) with ¢ (x) = nx"~! and ¢ = 0, we obtain f(x) = x" which leads to the
integral representation for the Bernoulli polynomials

1 —a+o00i T 2
B, (x) = %/ s+ (Sinm) ds O<a<1). (4622
—a—oQl
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For the difference equation (4.6.16) with ¢ (x) = €™* (m > 0), we have k = m
and

fx) = /x e dt = l{e’"" — M.
. m

Then, for 0 < w < 27 /k, a solution of the difference equation is given by
—a+o0i

yx) = L fx + ws) (,L)zds 0<a<1.
2mi sin s

—a—oQi
Displacing the path of integration to the right over the double pole at s = 0 with
residue we™*, followed by the change of variable s — 1 + s, we find

1 —a+1+o0i T 2
y(x) = —we™ + — f(x 4+ ws) ( - ) ds
27 ) _gi1—coi sin s
1 —a-+o0i T 2
= —we™ + — f(x—i—a)s—i—a))(, ) ds.
270 ) _y—ooi sins
Now it is easily seen that
emc
fx+ws+w) =" f(x+ws) — (1 —¢m),

m
so that y(x) can be rewritten as

wemx

emc 1 —a+ooi T 2
y(x) = — — ( ) ds.

eme — 1 m 27wl J_y_ooi \SINTTS

This last integral can be readily integrated directly to yield

1 —a+o0i T 2 1 —a+o0i
— (=) ds=|—— = 1;
278 J_yooi \SINTS e72mis — 1| i
cf. also (3.3.18) in the limit x — 1. Then the solution of (4.6.16) in this case is
mx mc
y(x) = we T~ ¢ 0 < w < 27/m),
emew _

which is equivalent to that in (4.6.19) with u replaced by —m.

Finally, we mention that a discussion of the difference equation (4.6.16) with
¢(x) = log x (for which a solution is y(x) = log I'(x)) based on the integral
(4.6.21) has been given in Lawless (1995).

4.7 Convergent Inverse Factorial Series

An inverse factorial series is an expansion of the type

o0

a,n!
Q(Z)zgz(z+l)-~-(z+n)’ 4.7.1)
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where the coefficients a, are such that the series converges for sufficiently large
Re(z). We give here only a summary discussion of the convergence of such series:
for a detailed treatment see Milne-Thomson (1933, Ch. 10). In general the series
in (4.7.1) converges in a right half-planef. We have the results that if the series
converges for z = zg, then it converges for all z satisfying Re(z) > Re(zp) and
converges absolutely for Re(z) > Re(zp) + 1. If the series for Q2(z) converges
absolutely for z = zg, then it converges absolutely when Re(z) > Re(zg). We
mention that absolutely convergent inverse factorial expansions for the Bessel
functions of the form (4.7.1) have been considered in Dunster & Lutz (1991).

The domains of convergence and absolute convergence are half-planes which,
in general, do not coincide. We denote the abscissa of convergence by Re(z) = A
and that of absolute convergence by Re(z) = w. Then the series for €2 (z) converges
when Re(z) > A and converges absolutely when Re(z) > . It can be established
that

O<u—-—xr<l1

and that in the strip A < Re(z) < u the series converges, but not absolutely. Thus,
if A = 400 the series (4.7.1) is divergent for all z; if . = —oo the series converges
in the whole z plane. A result due to Landau enables the abscissa of convergence
to be determined as follows: if

lo N n lo 007 n
o = lim sup M ,B = lim sup g | Zn_N a |

: , 4.7.2)
N—o0 log N N—oo log N

then the abscissa of convergence A of (4.7.1) is given by «if A > Oand Bif A < 0.
It can also be established that if the series for €2 (z) is convergent at the point z = z,
then the series is uniformly convergent in the sector —%Tt’ + € < arg(z — z0) <
%n — €, where € is an arbitrarily small positive quantity. This domain of uniform
convergence can be extended further to the half-plane Re(z) > Re(zp) + €. In
addition we note that the expansion of a function as an inverse factorial series
is unique and that, as a consequence, an inverse factorial series cannot vanish
identically unless all the coefficients a, vanish.

The function €2(z) can be written in the form

Q@) = r(z)Z# - ZanB(z n+ 1),

where B(x, y) is the beta function given in (3.3.8), which shows that the poles of
Q(z) are those of I'(z) at the points z = 0, —1, —2, ... . If we replace the beta

T It is of interest to note that the main convergence properties of the associated factorial series
fo:o(f)”a,,z(z —1)---(z —n)/n! are the same as those of (4.7.1).
+ A proof of this result is given in Milne-Thomson (1933, pp. 279-283).
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function by its well-known integral representation in (3.3.8)

1
B(x,y>=f =0 dE Re(r, y) > 0),
0

we have, when Re(z) > 0,

e 1
Q(z):Zan/ 271 = )" dt. (4.7.3)

n=0 0

The generating function f(t) defined by

[o.¢]
O =) arT A =n" 0<t=D, (4.7.4)
n=0
converges uniformly in the interval 0 < ¢t < 1, provided Re(z) > max{1, A + 2},
where A is the abscissa of convergence of €2 (z). To show this, let Re(z) = x, where
x satisfies this last condition. Then it follows that the series for €2(z) converges
when z = x — 2 and hence that the nth term of the series tends to zero as n — o0;
that is

. la,| n! . x+n-—2
lim = lim |a,|/ =
nsoo (x —x---(x+n-—2) n— 00 n

Thus, given an € > 0, we can find an n = ng such that

-2
| <e<x+: ) (n = ny).

We therefore have that

o0
Z at* ' — 1)

n=ng

<gx12<””_2) (1—1)"
n

n=ng
<et 1= =0]""=¢,

which proves the uniform convergence of (4.7.4).
Then, provided Re(z) > max{l, A + 2}, we can interchange the order of
summation and integration in (4.7.3) to obtain the representation

1
Q(z) = / 7 f () dt, 4.7.5)
0

which we recognise as a finite Mellin transform. When the function 2 (z) is given,
the generating function f(¢) can be obtained by Mellin inversion to yield

c+ooi
f@t) = L / 175Q(s) ds, (4.7.6)
2mi c—00i

where the constant ¢ > u, the abscissa of absolute convergence of the inverse
factorial series for Q(z).
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The following examples are taken from Milne-Thomson (1933, pp. 290-291).

Example 1. The function

(o]

B (n—1)!
Q(Z)_Zz(z+1)--~(z+n>

n=I1

is associated with the coefficients @, = n~'. Since 3., n~' ~ y 4 log N for
large N, we find from (4.7.2) that the abscissa of convergence A is given by

) log(y +1log N)
A=limsup ———F =
N—o00 10g N
To determine the abscissa of absolute convergence we consider the ratio of the
(n 4 1)th to the nth terms of the series given by
n 1 z+1
z+n+1

and employ Weierstrass’ test}. This shows that the series for €2(z) is absolutely
convergent when Re(z) > 0; hence in this case we have u = A = 0.

0.

+0n%  (n— o0,

The generating function f () is given by

oo

1=
f(f)=z( nt) =—log t.

n=1

Hence, from (4.7.5) when Re(z) > 0, we find
1 1
Q) = —/ t“log tdr = 77! / e =772,
0 0

Example 2. The function Q(z) = (z — a)~! is associated with the generating
function

c+o0i l_s

f@) = L dt =t™ (¢ > Re(a)).
2mi a

c—ooi S

Application of the binomial theorem shows that

z“:nf41—n]”=1+§:(a+z_1>a—ty

n=1
Hence, the coefficients a, in the inverse factorial series expansion of (z — a)~!
are givenbyag = 1,a, =a(a+1)---(a+n—1)/n! (n > 1), and so we obtain
Waring’s formula

1 1 a ala+1) ala+ 1)(a+2)

a2 4D a4 De+2 Terhe+e+y T

+ Weierstrass’ test states that if u,y;/u, = 1 — An~' + O(n~8), where A is independent of n and
B > 1, the series Y _ u, is absolutely convergent if, and only if, Re(A4) > 1; see, for example, Knopp
(1956, p. 133).
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By Weierstrass’ test, the abscissa of absolute convergence is easily seen to be
u = Re(a); since (z — a)~! has a pole at z = a, it follows that the abscissa of
convergence is also A = Re(a). We remark that the series on the right-hand side
can be written alternatively as z ', F1 (1, a; z + 1; 1), whereupon the sum on the
left-hand side can be recovered using Gauss’ summation theorem in (3.3.39).
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Asymptotic Expansions

5.1 Algebraic Asymptotic Expansions

The standard Mellin-Barnes integral representation of a function f(z) in some
sector S, with vertex at z = 0, is given by

1 c+o0i
@) =5= / g(s)z " ds, (5.1.1)
2mi c—00i

where g (s) usually consists of gamma functions and possibly trigonometric func-
tions. The path of integration, which may be indented if necessary, is taken parallel
to the imaginary s axis; in some cases, however, it is found expedient to take as
integration contour a loop C with endpoints at infinity in an appropriate half-plane.

The method of determination of the asymptotic expansion of f(z) for large
|z| from the above integral is a well-known and powerful technique. Suitable
displacement of the path parallel to the imaginary axis over a subset of the poles
of g(s) then produces expansions in either ascending or descending powers of the
variable z. The expansion in descending powers corresponds to the asymptotic
expansion of f(z) valid as |z] — oo in S in the Poincaré sense. The form of this
expansion must, by the nature of the integral (5.1.1), be of algebraic type.{ Another
powerful feature of this approach is that the remainder term which results when
the path is displaced over a finite number of poles is simply given by the integral
(5.1.1) taken over the displaced path. It is then usually a relatively straightforward
matter to obtain a bound for the remainder to establish the nature of the expansion.

We consider four examples of this well-known procedure which illustrate the
most important and peculiarly useful features of the Mellin transform.

+ The terms algebraic and exponential expansions refer to expansions in which the controlling
behaviour is either an algebraic power of the variable z or contains an exponential function of z.
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5.1.1 The Exponential Integral E;(z)

The exponential integral E(z) is defined for | arg z| < & by
o] e—f
eE(2) = eZ/ —dt,
Z t

where the path of integration excludes the origin t+ = 0 and does not cross the
negative real axis, and elsewhere by analytic continuation. In the sector | arg z| <
%n, this definition is equivalent to

oo e—Zt
*FE = dr,
e E(2) /0 172 T

where the integration path is the positive real axis. From Parseval’s formula in
(3.1.11) and the fact that the Mellin transforms of e=* and (1 + x)~! are I'(s) and
7/ sin s, it then follows that

. 1 c+o0i JTZ_S
e E(z) = 5— F(S)Sinm

2 c—00i

ds O<c<l). (5.1.2)

With s = o + it, Stirling’s formula in (2.1.8) shows that the modulus of the
integrand has the behaviour

2707 2e A, A =3 Fargz

ast — %00, so that (5.1.2) defines e* E(z) in the sector | arg z| < %n; cf. also
Rule 11in §2.4. Because of this exponential decay as ¢t — =00, we can displace the
path of integration either to the right or left over the two subsets of poles situated
ats = k + 1 (simple) and s = —k (double), where k is a nonnegative integer.
The residues at the double poles can be determined as the coefficient of §~! in the
expansion of

iz & 7 (—=élogz+---)
(1 —s)sinfns kl'sinfns (1 =8k +1)+---)
Z

——k{i+1[ (k+1) —log z] + }
Tl R

where § = s + k and ¢ denotes the logarithmic derivative of the gamma function.
Hence, upon displacement of the path to the left over the first M poles, we obtain

M-1 i
CE@) =Y~k +1) —log 2} + Ru ().
— Kk
where the remainder Ry (z) is given by

c—M+-o0i nzzﬂ
Ry (z) = — ———ds 0<c<).
m(@) 271 Joep—oei T(1 — s)sin®ms ( )
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For simplicity in the estimation of the remainder term, we choose ¢ = % and
lets = —M + % + it. Then, with 6 = arg z, we have

1 691‘

o0
Ru(z)| < imlz Mﬁ%/ dt
| Ry (2)] 7 |z = |F(M—|—%+it)|COSh2nt

7T|Z|M_% 00 th
S 1 / 3 dts
2T'(M + 5) J- (coshmt)>2

since, by repeated use of I'(z + 1) = zI['(z) and the fact that |F(% +it)| =
(7t / cosh nt)%,

0=

1 w3 1 (coshrt)
N T = : (5.1.3)
ITM + 3 +in)| ~ T(M+3)I0(3 +ir)l  T'(M+3)

for M > 1landt € (—o0, 00). This last integral is independent of |z| and converges
when |arg z| < %71, so that
1 |
IRy ()| = ——0(Iz1"72).
r(M+3) ( )
Hence |Ry(z)] — 0 as M — oo for fixed |z| and we consequently obtain the
convergent series expansion

e E(z) = nX:(:) i—,:{lﬂ(n + 1) —log z},
whence
Ei(z) +log z :e*zzz—n'w(nﬂ). (5.1.4)

n=0 "
This result holds for all arg z by analytic continuation when an appropriate branch
is chosen for log z.
If the path in (5.1.2) is displaced a finite distance to the right to coincide with
the vertical line Re(s) = M + %, say, we find (remembering that a multiplicative
factor of —1 arises since we are closing the contour in the negative direction)

M-1

: (—)*k!
CE@ =)+ Ru(@), (5.1.5)
k=0

where the modulus of the remainder in this case is given by

1 .
1 M+ 5 +o0i JTZ_S
P I'(s) — ds
2mi M+1—coi sin s

|Rm(2)| =

ot

IA

%|z|‘M—%/ ID(M + 1 +ir)| dr, (5.1.6)
—0oQ

coshmt
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where 6 = arg z. Since [T'(M + § +it)| = O(|t|Me=27I"y as t — oo and the
last integral is absolutely convergent when |0 < %n, we consequently find that
IRy (2)| = 0(|z|’M’%) in the sector | arg z| < %n. The constant implied in the
O symbol, however, depends on M and results in the divergence of |Ry,(z)| as
M — 00; see §5.2. We therefore find the asymptotic expansion

0 \k
Ei(z) ~ e*zzﬂ (5.1.7)

k+1
k=0 <

. . 3
valid as |z| — oo in |arg z| < 57.

5.1.2 The Parabolic Cylinder Function D, (z)

The Weber parabolic cylinder function D, (z) has, forv # 0, 1, 2, ..., the Mellin-
Barnes integral representation

1.2

ZVe™3t
Du(@) = £ 1 @), (5.18)
where
I(z) = L /w I(—s)T'(2s —v)(2z5) " ds (5.1.9)
27'[1 —o0i

and the path of integration is indented to separate the poles of I'(—s) from those
of '(2s — v); see (3.4.14). Application of Rule 1 in §2.4 shows that 7 (z) is defined
by (5.1.9) in the sector | arg z| < %n. Because the integrand decays exponentially
like

2|72 O(Jr]7 ReW=1e=2A1h - A = 37 ¥ |arg z (5.1.10)
ast — oo, where s = o +it, the integration path may be displaced either to the
right or left over the subsets of poles of the integrand at s = k and s = —u - —k
(k=0,1,2,...).

Closing the contour to the left, which is permissible on account of the asymptotic
form of the integrand, we obtain the convergent (ascending) series expansion

1 o (—)" |
I(z) =272""1z7 — T(3n — Lv)@2z%)2"
n=0 '
i l"(n—lv)
_2——11 1 V2 2 1.2\
i gn!l—‘(l’l-ﬁ-%)(zz)
iy TR o) oy
= n'F(n+ )

upon separating the sum into even and odd k and using the duplication formula
for the gamma function in (2.2.23). After a little rearrangement, this yields the
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standard definition in terms of the confluent hypergeometric function [Whittaker
& Watson (1965, p. 347)]

12 1 22V
Dy(z) = e+ x2 :F(% - %v)lFl( = 3V 51 32°)
2%v+%z
e LI | IR

The algebraic asymptotic expansion (the descending series) of I(z) can be
determined by displacing the contour of integration to the right over the first M
poles of the sequence s = 0, 1, 2, ... to coincidef with the vertical line Re(s) =
M — % Noting that the residue of I'(—s) at s = k is (—)*~!/k!, we therefore find

M—1 Nk
I(z) = Z %F(zk -2+ Ry(2), (5.1.12)
= K
where the remainder term is given by

1 M—1+ooi
Ru(2) = — I(—s)I'(2s — v)(22) " ds.
2mi M—1—o0i
If we suppose that M is chosen such that 2M — 1 > Re(v) we can take the path
in this integral to be the vertical line s = M — % + it (without any indentation) to
find, with 6 = arg z,
o0

FrQeM —1—v+2it)| &
T(M+1+it) cosh s

IRu(2)| < L2z ~+ f

—00

The modulus of the last integrand is O (|¢|M~ReM=3¢=2411l) a5t — +00, where
A is defined in (5.1.10), so that the integral converges in the sector | arg z| < Z’Tn.
Hence | Ry (z)| = O(|z|7*"*1) in this sector, where the constant implied in the O
symbol is independent of |z| but divergesf as M — oo.

We therefore obtain the well-known asymptotic expansion given by [Whittaker
& Watson (1965, p. 347)]

Du(2) ~ et i O r ok — vy (5.1.13)
Y F(-v) = k! o

as |z| — oo in the sector | arg z| < %n.

+ The choice Re(s) = M — % is made for convenience; we are, in fact, free to choose Re(s) = M — ¢
with0 < ¢ < 1.

# This automatically follows from the fact that the sum on the right-hand side of (5.1.12) diverges
as M — oo.
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5.1.3 A Bessel Function Integral

Consider the behaviour of the integral

R A
F‘,()c)_/0 T dt v>-1

in the limits x — O+ and x — +00, where J,(¢) is the Bessel function of the
first kind of order v; a generalisation of this integral has been discussed in Watson
(1966, §13.6). From the Appendix, we have the Mellin transforms

F(%v+%s)

T(1+3v—3s)

M[J,(1); 5] =2 (—v <Re(s) < 3),

M[1+h1—5]= (0 < Re(s) < 1).

sin s

Use of Parseval’s formula in (3.1.11) then shows that F, (x) can be expressed as
the Mellin-Barnes integral

1 c+ooi , r ll) ls —s
Fy(x) = — 25! (30 +39) s, (5.1.14)
1 1
270 J oo I(1+ 3v—3s) sinmws

where max{0, —v} < ¢ < 1.

From Stirling’s formula (2.1.8), the modulus of the integrand is seen to possess
the controlling behaviour x O (|¢t|°~'e ™) as t — o0, where s = o + it, so
that we are free to displace the integration contour in (5.1.14) both to the right and
to the left. Provided v # 0, 1, 2, ..., the integrand has two infinite sequences of
simple poles on the left of the contourats = —kands = —v—-2k(k =0,1,2,...).
Displacement of the integration path to the left over these poles then yields the
convergent expansion

> T (v — 1k) b/ = (- lx2)k
_ 1 1 \k 2 2 _ 1.\V 4
Fv(x)_ 2k:0( z-x) F(1+%U+%k) SiIIJTU(z ) gk'F(l+v+k)
= Sinm{JU(x) - L} (5.1.15)

upon identification of the first series in terms of the Anger function J, (x) [Watson
(1966, p. 309)] and the second series as a Bessel function of the first kind.

When v is a nonnegative integer, the poles of the integrand in (5.1.14) on the
left of the integration contour are no longer all simple. We consider only the case
v = 0 in detail; the situation when v equals a positive integer can be dealt with
in a similar manner. When v = 0, we have simple poles at s = —1, —3, ... and
double poles at s = 0, —2, —4, ... . The residues at the double poles are given by
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the coefficient of 6~ in the expansion of

2s—lx—s 7.[2
1

F2(1 — %s) sinzrs sin 37s

()" n’

_ 1.2k
( a* ) Fz(k—i—l— %8) sin$ sin %né

o=

:ﬂ{i_é[log(%x)_W(k_’_l)]_F...}’

(k1?2 82

where s = —2k + § and ¢ denotes the logarithmic derivative of the gamma
function. Then we find the convergent expansion

Fo(x) = | i(_‘l_‘xz)k i(_‘l‘xz)k{l (3%) = vk + D}
X) = ;7X —_— = ————1log(5x) —
0 4 — Fz(k + %) — (k!)2 g\2
= Sm{Hy(x) — Yo (x)} (5.1.16)

upon identification of the first series as a Struve function Hy(x) and the second as
a Bessel function of the second kind.

The behaviour of F, (x) for large x is obtained by displacement of the integration
path to the right over the simple polesats = 1,2, ..., M —1, where M is a positive
integer, to yield the expansion

ML (k= lr(2v+ %)
T

Fy(x) =3 vy

(3 ) + Ru(x),
k=1

where the remainder term R (x) is

1 —c+M+o0i ] l" lU—'—lS —s
Ru(x) = 5 l/ o1 LG 2? " s

; .
M —ooi 1+ 3v—3s) sinms

with 0 < ¢ < 1. The last integral is absolutely convergent by virtue of (2.1.8)
and has the order estimate O (x~*¢). Thus we find the asymptotic expansion as
x — 400 given by

= (=T (Sv + 1K) i,
Fy(x) ~ 1 1y (5.1.17)
2; I(143v—3k) (34)

valid for v > —1. The leading behaviour of F, (x) as x — 0+ and x — +oo then
follows from (5.1.15)—(5.1.17).
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5.1.4 The Mittag-Leffler Function &£,(z)

The final example we consider in this section is the Mittag-Leffler function &,(z)
defined by the Maclaurin series, for a > 0,

o0

Z’l
Ez) = ;m (z] < 00). (5.1.18)

This function is an integral function of z (of order a~') which reduces to e* when
a = 1. The determination of the asymptotics of £, (z) inthe sector —m < arg z < 7
is considerably more subtle than the preceding examples of this section and is well
worth careful study. The analysis we shall present is partly based on Barnes (1906,
pp. 285-289).

Since the residue of cot s at any integer n is 1 /7, we have

1 4
D)= | =5——= tsds, 5.1.19
&) o /c T Za) " LTS ds ( )

where C denotes a loop described in the positive sense enclosing the poles at
s =0, —1, —2, ... and with endpoints at infinity in Re(s) < 0; see Fig.5.1. From
Stirling’s formula (2.1.8), the logarithm of the modulus of the integrand for large
|s] is

aRcosf log(aR) + AR + O(log R),

where A = sin6 arg z + a|sin@|(w — |6]) — (a + log |z]) cos @, with s = Re'?.
Hence, if C approaches infinity in the directions £6, say, where %n < 6y < m,the
logarithm of the integrand is controlled by a R cos 6y log(aR) — —oo as R — 00
independently of the value of arg z. Consequently (5.1.19) defines &,(z) without
restriction on arg z. Note, however, that it is not possible at this stage to straighten
C into the vertical line Re(s) = ¢, 0 < ¢ < 1, since the logarithm of the modulus
of the integrand would then have the controlling behaviour (%na 4 |arg z|)R as

Im(s) —> Fo0.
\C Im(s)

Fig. 5.1. The contour of integration for the Mittag-Leffler function &,(z).
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In order to extract the exponential dependence from &,(z) we shall make use
of the trigonometric identity for arbitrary v

sin s

sinwt(v —2N)s

sin s

N—1
=2 Zcos(u —2r—Dms +
r=0

(5.1.20)

sin s

where N = 1,2, ... . Then, we write (5.1.19) as
1
E.(2) = —/ z°T'(as) sinwas cotws ds,
27i Jc

where, withv = a—1, the trigonometric functions appearing in the above integrand
can be rearranged in the form
. sinmt(a — 1)s
sinwTascotmws =cosmwas + ————
sinrws
N
=cosmas + 2 Z cos(a — 2r)ms +

r=1

sinfa — 2N — D)7s
sin s '

We consequently find that

N
E(2) = L z“‘F(as){cos was +2 Zcos(a - 2r)ns}ds + J(2)

2mi C =
X

=— > exp{ce™} 4+ I (2), (5.1.21)
a r=—N

where
1 s sin(a — 2N — D)7s
J(@) =z | z°T'(as) - ds. (5.1.22)
2ri Jc sinrs

The integrals in (5.1.21) have been evaluated by writing the cosines in terms of
exponentials and use of the result given in (3.3.3).
To determine the asymptotics of the integral J (z), we now straighten the contour
C into the vertical line Re(s) = ¢, so that
ctool sin(a — 2N — 1)m
J(2) = 5= 7 'T'(as) (@ i ds, (5.1.23)

2700 J oo sin s

where 0 < ¢ < 1. The controlling behaviour of the integrand is given by

O <|t|(107% eXp{(|a —_ 2N — 1| — %a — 1)7T|t| +t arg Z})

T This expansion follows from the recursion relation 7,(s) = 2cos(v — 1)ws 4+ T,_»(s), where
T,(s) = sinmvs/sinzs and v is an arbitrary parameter; see also Gradshteyn & Rhyzhik (1980,
p- 29, Eq. 1.341(3)).
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ast — oo, with s = o + it. Thus, the sectors of convergence of (5.1.23) are
given by

(2N+2—%a)7r (a>2N+1)

5.1.24
(%a — 2N)77 (a <2N +1). ( )

|arg z| < {
Because of the exponential decay of the integrand, we can displace the path in
(5.1.23) to the right, over the poles at s = 1, 2, ..., to coincide with the vertical
line Re(s) = M — %, where M is a positive integer. We therefore find

—_—

J(@)=—= Z( 2) T (ak)sinw(a — Dk + 0(|Z|—M+%)
k=1

:l

—1

Z F(l 4 Ol M) (5.1.25)
as |z| — oo in (5.1.24). Note that for integer a the above sum vanishes and we
have J(z) = 0(|z|’M+%) for arbitrary M; see below.

We now choose N = [2a — 2] where the square brackets denote the nearest
integer part.t It is then not difficult to see that, with this choice of N, the integral
J(z) converges in (at least) the whole plane (i.e., the sector —m < arg z < m)
for a > 1, while for 0 < a < 1 (when N = 0) it converges only in the sector
|arg z| < %na. Hence, for a > 1, we have the expansion

1 N e Z_k
ga(z) ~ _ exp{zl/anHir/a} _ s
a r=Z—N ; I'(l —ak)

as|z] > ooin—m <arg z <.

To deal withthecase 0 < a < 1 and z not contained in the sector | arg z| < %rra,
we consider the representation for £,(—z) given by the integral

1 c+o0i JTzis dS
Ei(=2) = —— (O<c< ).
27i c—ooi L'(1 —as)sinms

This integrand has the controlling behaviour O (Jt|%~2e(Ga—Drlilgtare 2y ag 1 —
400, so that the sector of convergence is | arg z| < %n(Z — a). Displacement of
the path of integration to the right then yields

M—1

E(—7) = — Z ﬂ + 0(|z|7M+%)
“ ~ T'(1 - ak) '

Changing z into —z, we have, when 0 < a < 2, the asymptotic expansion given

in (5.1.25) valid as |z| — oo in the sector %na <arg 7 <2m — %na.

T The nearest integer part is defined by [x] = N when x is in the interval (N — %, N + %]. Thus
[{a—11=Nwhen2N <a <2N +2.
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Collecting together these results we therefore find that, when 0 < a < 2,

o0 —k

1 :
Ea2) ~ “ e:op{Zl/a} i Z m (larg 2| < 37a) e
; I'(1 — ak) (larg(=2)| < 37 (2 —a))
and, when a > 2,
N o0 _
g(z)wézexp{l/azm/a Zr(lz—_kak) (—m <argz <m)
o ) (5.1.27)

where N = [2a — 2]
For integer values of a we have eithera = 2N 42 ora = 2N + 1. In this case
the integral J (z) can be evaluated exactly to find from (5.1.22) and (3.3.3) that

l _/a .
J(2) = aexp{ 7/ (@a=2N+2)
0 (@=2N+1).

Thus, when a is an integer, we obtain the exact result

_ 1 u 1/a 2mir/a
£ald) =~ > exp{!etmir/el, (5.1.28)

r=—N

where N’ = N + 1 or N according as a is even or odd, respectively. For example,
whena = 1, 2, 3, 4 we have the sums

£1(z) =€,  &(z) =coshz?,

1

&(2) = %ezm + 2e =27 cos (“/—Z%>
&) = 5 coshz4 + 1 cosz4

It should be remarked that the expansion (5.1.26) is valid in the Poincaré sense.
In the sector | arg z| < %na, &.(z) is exponentially large as |z| — oo while in the
common sectors %na < |arg z| < %na, the exponential term is recessive. More
detailed analysis shows that the rays arg z = +ma are Stokes lines, where the
exponential term is maximally subdominant with respect to the algebraic expan-
sion. In the neighbourhood of these rays the exponential term is multiplied by a
factor (the Stokes multiplier) which undergoes a smooth but rapid change from
unity to zero as one crosses arg z = *ma in the sense of increasing | arg z|. This is
the Stokes phenomenon which is discussed in detail in Chapter 6. Taking account
of the exponentially small contribution in 17a < |arg z| < ma, the expansion

2
of £,(z) when 0 < a < 2 is then given in the complete sense by the composite
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expansion (5.1.26a) in the sector |arg z| < ma and by the algebraic expansion
(5.1.26b) in the sector | arg(—z)| < 7w (1 — %a).

When a = 2, £,(z) = coshz? is exponentially large for all arg z except in
the neighbourhood of the negative real axis where it is oscillatory. Finally, for
a > 2, the expansion of &,(z) is exponentially large throughout the z plane. In the
expansion (5.1.27) we note that exponentially small contributions are included:
these correspond to values of r satisfying |(arg z) &+ 27r| > %rm. The dominant
terms in the expansions (5.1.26) and (5.1.27) can also be deduced from (2.3.10)—
(2.3.12), where the parameters k = a, h =a~“ and ¥ = 0.

We note that the generalisation of the Mittag-Leffler function given by

o0 Z”
Ean(@) = Z; Fanspy =00
where a > 0 and b is such that an + b # 0, —1, —2, ..., can be handled in a
similar manner. The dominant expansion of &, ;(z) follows from §2.3; see also
Erdélyi (1953, Vol. 3, p. 210).

5.2 Remainder Integrals

In this section we show how to obtain estimates for the remainder terms in the
expansions that are generated in the process of path displacement in Mellin-Barnes
integrals. We shall illustrate this procedure by means of the exponential integral
E|(z) and the confluent hypergeometric function. The analysis of the remainder
integrals in these cases relies heavily on certain bounds for the gamma function
which are given in §2.1.3. We also discuss the numerical computation of the
remainder integral (for the particular case of E|(z)) and consider the variation of
its rate of convergence as a function of the truncation index M.

5.2.1 Error Bounds

Let us take as our first example the exponential integral E;(z) discussed in §5.1.1.
From (5.1.5) and (5.1.6) we have

= (k!
e E(z) = Z T + Ry (2), (5.2.1)
k=0

where M denotes a positive integer and the remainder is given by

M+5+oci

1
Ru(@) = 5— I'(s)—
2mi M+1—ooi sinms

—S

TZ

ds. (5.2.2)

As we saw in §5.1, | Ry (2)| = O(IZI’M’%) in the sector | arg z| < %n, which is
sufficient to establish the asymptotic nature of the expansion (5.2.1) in this sector.
We now determine estimates for the constant implied in the O symbol.
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In the sector | arg z| < 7, we can use the inequality |[I'(x +iy)| < I'(x) (x > 0)
to find (with 6 = arg 7)

o o1
R <1 —M‘%f T(M+ L +ir)| ——ar 523
| M(Z)|_2|Z| ,oo| ( +2+l)|coshﬂt ( )
o0 h ot
Mt (g ] / cos P
slIMr(My) | o d (er<m
_ %|Z|—M—%F(M+ 1) sec 16 (5.2.4)

by (2.5.13). This shows that the error bound for | Ry, (z)| in | arg z| < 7 possesses
the same structure as the terms in the asymptotic expansion and diverges factorially
as M — oo like I'(M + %) in this sector.

In the adjacent sectors 7 < |arg z| < %n, we can no longer use the above
simple inequality for the gamma function and instead we resort to the bound given
in (2.1.21), namely

ID)| < TE)(wl/x) 2”0 exp {Hw| ™"}, (5.2.5)

where w = x 4 it (with x > 0) and ¢ (¢) = arctan (|¢|/x). Then, since sech ¢ <
2e7 "I for t € (—o0, 00), we find from (5.2.3), upon letting x = M + %,

IRy ()| < |2I™720 (M + 3) exp { s M~} Hy (6) (5.2.6)
valid in | arg z| < %n, where
M/2

0
Hy(0) = M:_ T / PN {1 + (t/(M—{— %))2} dt
5 J—o0

o0
= / (e ™7 + e‘A*T)e(M+%)¢(T)(1 + M2z, (5.2.7)
0

Here we have defined the new variable t = ¢/(M + %), used the relation arctan 7 =
%7‘[ — arctan (1/7), and defined the quantities Ay = (%n + )M + %) and
¥ (r) = rarctan (1/1).

A crude bound for Hj, () can be derived by using the fact that 0 < ¢ () < 1
for T € [0, 00), where the limit 1 is approached as T — oo. Then

Hy(0) < M2 / (e 4 e 2T (1 + tHM 24
0
< MK (0), (5.2.8)

where

Kx)y=JAy+x)+J(A_+x)
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with

eX
In deriving this result we have made use of the estimate

o0 o0
/ e (1 +1tH*%dr < f e (1 4+ 1)%dt
0 0

X

MFNae+1,x) >0, a=>0) 5.2.9)
on—l
in terms of the incomplete gamma function; see, for example, Abramowitz &
Stegun (1965, p. 260). A sharper bound can be obtained if we use the inequality

VD <14e'l—e*) (a>0)

in (5.2.7) for suitable A > A(a). The values of A (a), obtained by direct computation,
for differenta = M + % are summarised in Table 5.1; see Fig. 5.2 for the particular
case M = 5. This then yields the improved bound

Hu(0) < K(0) + ™ 2{K(0) — K(A)}. (5.2.10)

Numerical results illustrating the accuracy of the bounds in (5.2.4) and (5.2.6)
are shown in Table 5.2. The modulus of the remainder | Ry, (z)| is computed from
(5.2.2) for M = 5 and M = 10 when |z] = 20 and different values of the
phase 6. The values of the error bound when 6§ < m and 6 = 7 are obtained
from (5.2.4) and (5.2.6), respectively, where H),;(6) has been computed from
(5.2.7). Tt will be observed that these bounds are quite sharp but, of course,
(5.2.4) becomes useless as # — =£m. The bound for the integral Hy (0) in
(5.2.8) is, however, considerably less realistic (approximately out by two or three
orders of magnitude for the values used in Table 5.2). This loss of sharpness
stems from the use of the simple bound (t) < 1 in the integral (5.2.7). The
bound in (5.2.10) is found to yield an order of magnitude improvement over that
in (5.2.8).

Table 5.1. Values of A(a)
for differenta = M + %

M | A(a) M | Aa)
1 10705 | 6 | 0.532
2 10725 | 7 | 0495
3 10684 | 8 | 0.464
4 10629 | 9 | 0438
5 | 0576 | 10 | 0.416
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Fig. 5.2. Comparison of (¢*¥® — 1)e~ (solid curve) with 1 — ¢=** (dashed curve) when
a =M+ % for M =5and ) = 0.576.

Table 5.2. Comparison of | Ry (2)| with

the error bounds when 7 = 20e'?

2] =20 M=5
0/m [Ru(2)] Bound

0 1.45450 x 107% | 1.82878 x 10~°
0.25 | 1.52885 x 107¢ | 1.97946 x 10~
0.50 | 1.77739 x 107° | 2.58629 x 10~
0.75 | 2.26548 x 107° | 4.77884 x 10~°
1.00 | 2.79526 x 10=¢ | 1.17184 x 107

lzl =20 M =10

0/n Ry (2)] Bound

0 1.15585 x 108 | 1.23735 x 10~8
0.25 | 1.23668 x 1078 | 1.33930 x 108
0.50 | 1.53695 x 1078 | 1.74987 x 1078
0.75 | 2.33743 x 1078 | 3.23334 x 1078
1.00 | 4.71485 x 1078 | 1.06200 x 1077

As a second example, we consider the confluent hypergeometric function of

the first kind which has the integral representation [see (3.4.4)]

I'(a)
'(b)

1Fi(aibi—2) =Y

o I'(a+n) (—2)"
C(b+n) n!
n=0
L R b
270 J oo r'od—ys)

(Iz] < o0)

T We remark that the exponential integral can also be expressed in terms of a confluent hypergeometric
function by ¢*E (z) = U(1; 1; 2).
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valid in the sector | arg z| < %n, providedf a, b # 0, —1, =2, ... . The path of
integration is indented to separate the poles of I' (s) from those of I"(a — s) (which
is always possible when a is not a negative integer or zero). Let us consider only
real values of a (< 1) and b. Choose the positive integer M > max{1, b — a} and
shift the integration contour to the right (which is permissible on account of the
exponential decay of the integrand) to find

ra@ . . ZM (- Tk+a) .,
where
Ry (2) = / I"(a s) '
Mz — F(b )z s

and C); denotes the vertical line Re(s) = a + M + % Then

—a-M-1 00
Ry < H f

2 00

Fla+M+2L1+i)D(-M—1—ir)

ot
d ’
r(b—a—M-1—ir) .

where we have again put § = arg z.
Now, for t € (—o0, 00), we have

T 1 el

rN(—M-1—it) =
‘ ( 2 lt)’ coshnt|l"(M+%+it)| = |F(M+%+it)|’

from (2.1.16) and (2.1.17)

T(a+ M+ 5 +it)
T(M+ 3 +ir)

N(a)
-~ (M+3)

l—a’

where N(a) = 1 whena < 0and N(a) =1+ 1/(M + 1) when 0 < a < 1, and

1 n|t|
W@—a—M—%—nﬂ_

T(a—b+M+3+it)).

Substitution of these bounds in the integral for | R (z)| then yields

o0
%/ AT (a—b+M+3+ir)dr.
—o0

IRy (2)| < |z M3
JT(M + %

T If a is a negative integer | F (a; b; —z) reduces to a polynomial.
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Use of (5.2.5), with x =a — b+ M + 1 > 1, finally leads to the bound

N(a) 1 1.1
—— T(x+3 L
7t(M+%)1_“ (x 2)eXp{6X }

5 /oo 6917|z|¢(z){1 + (t/(X + %))Z}X/zdt

o0

g M1 N(a) _
|ma—M~3 mF(X + %) exp{éx 1} H, (), (5.2.11)

2

—a—M—1
|Ru(2)| < |z|74 M2

:|Z

where ¢ () is now given by arctan (|¢|/(x + %)) and H, (0) is defined in (5.2.7)
with Ay = QA £0)(x + ).

A result equivalent to this has been given by Riekstins (1983), who employed a
simpler bound for H, (¢) based on the estimatef for the integral in (5.2.9) (when
%a is a positive integer)

/OOE’”(I e gr < LOED
0

U

5.2.2 Numerical Evaluation

We now consider direct numerical evaluation of the remainder integrals and, in
particular, investigate their rate of convergence as a function of the truncation index
M . We return to the simple exponential integral e E|(z) with the expansion given
by [see (5.2.1)]

M—1

(—)k!
CE@R) =) o Ru@. (5.2.12)
k=0

The remainder Ry, (z) in (5.2.2) takes the form
—it

[e.¢]
2
Ry(z) = $(—)Mz 72 / (M + 5 +it) —
—00

dt, (5.2.13)

where we have sets = M + % +it.
From Stirling’s formula (2.1.8), the modulus of the integrand possesses the

. i
behaviour |¢|M e 27111+

ast — *oo. The decay of the integrand is consequently
exponential, although when 6 = arg z — :I:%n this decay becomes prohibitively

slow as t — +o00, respectively. In Fig. 5.3 we show the behaviour of
Re(I'(M + % +ir))
(M +3)
as a function of ¢ for different values of M; the behaviour of the imaginary part is
similar. It is found that the real and imaginary parts of I'(M + % +it) decay more

f@ =

+ This estimate is obtained by expanding the factor (1 + 72)%? by the binomial theorem and
integrating term by term.
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f0)
0.5

0 2 4 6 8
Fig. 5.3. Graph of f(t) for different M.

Table 5.3. Computation of e*E(z) whenz =5

M| Su@ Ry (2) Su(@) + Ru(@) | 1
0 0 0.17042 21763 | 0.1704221763 | 3.27
1 | 0.20000 00000 | —0.02957 78237 | 0.17042 21763 | 3.54
2 | 0.16000 00000 0.01042 21763 | 0.1704221763 | 3.86
3 | 0.17600 00000 | —0.00557 78237 | 0.1704221763 | 4.24
4 | 0.16640 00000 0.00402 21763 | 0.1704221763 | 4.67
5 | 0.17408 00000 | —0.00365 78237 | 0.1704221763 | 5.14
6 | 0.16640 00000 0.00402 21763 | 0.1704221763 | 5.67
7 | 0.17561 60000 | —0.00519 38237 | 0.17042 21763 | 6.23
& | 0.16271 36000 0.00770 85763 | 0.17042 21763 | 6.82
9 | 0.1833574400 | —0.01293 52637 | 0.17042 21763 | 7.45
10 | 0.14619 85280 0.02422 36483 | 0.1704221763 | 8.10

slowly and oscillate more rapidly with increasing M. The remainder integral in
(5.2.13) has been computed numerically using Mathematica for different values of
M and z. We show in Table 5.3 the results of such computations for the particular
case when z = 5. The second and third columns show the values of the finite sum
on the right-hand side of (5.2.12) (which we denote by S3/(z)) and Ry, (z). In each
case, the sum of these two quantities equals the value of ¢ E{(5) to ten decimal
places. Optimal truncation is given by the value of M which corresponds to the least
value of |Ry/(z)| and is seen to be M = 5. It is immediately apparent that it does
not matter what particular value of M — whether sub- or post-optimal — is chosen
to compute the right-hand side of (5.2.12). This is, of course, as it must be and is
a consequence of our using ‘exact’ numerical evaluation of the remainder Ry, (z).

To give a measure of the rate of convergence of the integral in (5.2.13), we
also show in the last column of Table 5.3 the value of ¢* for which |T'(M + % +
it)|/ coshmt < 107% when |f| > ¢*. It is seen that ¢* increases as the truncation
index M increases. Thus, we conclude that there is no special significance with
regard to the convergence of the remainder integral Ry () at optimal truncation.
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Table 5.4. Values of t* for different M, 6 and o
M=2 M=4
0/ 0/m
o/ 0 0.5 1.0 1.5 0 0.5 1.0 1.5

0.5 | 3.86 | 6.07 | 13.10 00 4.67 | 7.54 | 17.07 00
0.6 | 3.68 | 535 | 9.14 | 22.68 | 432 | 640 | 11.19 | 28.11
0.7 | 395|539 | 805 | 14.01 | 451 | 6.27 9.54 | 16.76

0/ /7
o/ 0 0.5 1.0 1.5 0 0.5 1.0 1.5

0.5 | 5.67 | 928 | 21.61 00 6.82 | 11.26 | 26.61 )
0.6 | 511 | 7.63 | 13.47 | 33.79 | 6.03 | 9.01 | 1594 | 39.64
0.7 | 521 | 7.28 | 11.17 | 19.63 | 6.03 | 841 | 1291 | 22.60

Finally, we briefly consider complex z when the phase 0 < 6 < %71; negative
values of the phase can be dealt with in an analogous fashion. In this case, the
remainder term becomes

[ed] ot

Ru(z) = ()M M-z / T(M+ 1+ it)|z|*”coshm
—00

dt.  (5.2.14)

The integral along [0, c0) now decays more slowly due to the presence of the
factor ¢?'; the decay along (—o0, 0], of course, is accelerated by the presence of
this factor. The convergence of the integral over the upper half of the path can be
ameliorated by allowing this part of the path to be inclined at an obtuse angle c,
say, to the positive real axis (i.e., so thats = M + % +1e'“, t > 0) to make use of
the exp{Re(s) log |s|} decayt in Re(s) < O contained in I'(s).

In Table 5.4 we show, for different truncation index M and inclination angle «,
the values of +* for which the quantity

) 0t sina
N(M+4+ te”")m <107°

when ¢ > ¢*. This gives an indication of the rate of convergence of the modified
integral in (5.2.14) taken over the part of the path situated in Im(s) > 0.

5.3 Saddle-Point Approximation of Integrals

The procedure outlined in §5.1 for the determination of algebraic expansions is
standard. In the following sections, we show how the Mellin-Barnes approach can
be extended to functions whose expansion is exponential or oscillatory in character.

+ This would also enable us to extend the sector of validity beyond 6 = %7{.



198 5. Asymptotic Expansions

We begin this extension of the theory by first considering an approximation to such
integrals. In some applications it is sufficient to have only an estimate for the leading
behaviour of a function as a variable or parameter becomes large. One of the most
commonly used techniques for the asymptotic evaluation of Laplace-type integrals
is the saddle point method; see, for example, Copson (1965, Ch. 7); Olver (1974,
p- 121); Wong (1989, p. 84). In this section we show, by means of examples, how
the saddle point method can be applied to certain types of Mellin-Barnes integrals.

5.3.1 An Integral Due to Heading and Whipple

The first example we consider is an integral investigated by Heading & Whipple
(1952) that arose in a study of the oblique reflection of long wavelength radio
waves from the ionosphere. Let 7 (z) denote the integral

4
1) = 21? Cz_sjljlr‘(s—i-aj)ds, (5.3.1)
where the a; are arbitrary constants. The contour of integration C passes to the
right (in the positive sense) of all the poles of the integrand situated ats = —a; —k,
k=20,1,2,... (I < j < 4), with endpoints at infinity in the third and fourth
quadrants of the s plane as shown in Fig.5.4(a). From Rule 2 in §2.4, it is seen
that the above integral defines the function / (z) for all complex values of z, since
we are taking advantage of the exp{Re(s) log |s|} decay in Re(s) < O contained
in the gamma functions. We remark in passing that, if the path in (5.3.1) were
taken parallel to the imaginary s axis with Re(s) > max;<;<4{—Re (a;)}, Rule 1
in §2.4 shows that the resulting integral would then define / (z) only in the sector
|arg z| < 2m.

It is required to obtain the behaviour of /(z) for large (complex) values of z.
To apply the saddle point method to (5.3.1) we observe that, since there are no
poles on the right of C, we are free to displace the contour as far to the right as
we please (but with the endpoints at infinity still in Re(s) < 0). Then, on the

Im(s) \ Im@)
\\ =1
0 // Re(s) 0 / Re()

(a) (b)

Fig. 5.4. (a) The path of integration C. (b) The path of steepest descent in the T plane
through the saddle point t = 1 when arg z = 0. The t plane is cut along the negative real
axis and the arrows denote the direction of steepest descent.
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new, displaced contour (which we still call C), we can approximate the gamma
functions in the integrand by means of Stirling’s formula (2.1.8) (since |s| is now
everywhere large on C)

[(s4a) ~ Qn)tes*t"1  (|s| - oo, |args| <), (5.3.2)
to find

1(z) ~ —/(271)2 =2 exp {4s log s — 4s — s log z} ds,

where ¥ = ijl a;. Introduction of the new variable s = zi7 then shows that

1(z) can be cast in the standard form of a generalised Laplace integral

1 1
I(z) ~ (2m)%z#"~3 5 “Zexp{dlz]i f(1)}dr,

C ’
where

f(r)=(rlog T — r)ei¢/4,

¢ = arg z and C’ denotes the map of the loop C in the t plane (which corresponds
to a rotation of C through an angle —¢/4).

As z — 00, the exponential factor in the integrand possesses a saddle point
at T = 1, where f’(r) = 0. The path of steepest descent through the saddle,
described by

Im(f(z) = f(1)) =0,  Re(f(z) - (1)) =0,

is illustrated in Fig. 5.4(b) for arg z = 0. It is readily shown that the directions of
thispathatt = 1 are givenbyarg(t—1) = j:%rr - % arg z. For complex values of z,
the path of steepest descent through v = 1 is found to be the topological equivalent
(rotated through an angle —¢/4) of that for arg z = 0, provided | arg z| < 47, so
that the contour C’ can always be deformed to coincide with the path of steepest
descent for this range of arg z. Straightforward application of the saddle point
approximation then yields

(2m)2z 04 o
1(2) ~ 2 exp {4l f(D) [ ———— G759
i { } \ 42151 £7(D)]

=2:mizi" Texp{ — 4z} (5.3.3)

as |z] = ooin | arg z| < 4, which is the result} obtained by Heading & Whipple
(1952).

T The extension of this result to the situation where the integrand contains the product of p (> 1)
gamma functions is obvious and we find

I1(z) ~ (2n)(p 1)/2p*72(l7+7 711’)/1) CXp{—le/p}

as |z] — ocoin |arg z| < pm, where now ¥ = Zj:] aj
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5.3.2 The Bessel Function J, (nx)

Another example of the saddle point approximation applied to Mellin-Barnes inte-
grals is furnished by the familiar integral representation for the Bessel function
Ju(nx) given by [cf. Watson (1966, p. 192) and (3.4.22)]
1 I'(s n—2s
J(nx) = 5 ) ﬁ(%nx) = ds, (5.3.4)

where, as in the previous example, C denotes a loop that encircles the poles of
["(s) in the positive sense and passes to infinity in the third and fourth quadrants
of the s plane. Although this representation holds for arbitrary complexi x and
n, we shall only consider x > 0 and suppose that the order n (not necessarily an
integer) is positive and large.

Since there are no poles of the integrand in Re(s) > 0 we can expand the
contour C to the right so that |s| is large everywhere on C. With the new variable
s = nt, the integral (5.3.4) can be written as

1
Jy(nx) = E/;g(t)exmnf(r)}dr,

where

1=

g@)={r( -1}
and C now denotes a similar loop in the 7 plane. The function f(7) is given by
I'(nt)
(1-1g@)I'(n —nrt)
~tlogt—(1—1)log(l — 1)+ (1 —2r){1 —i—log(%x)}

f(x)= %log { } + (1 —27)log (%nx)

as n — oo, provided 7 is not in the neighbourhoods of the branch cuts (—oo, 0]
and [1, 4-00) in the T plane where Stirling’s approximation ceases to be valid. To
leading order, the exponential factor in the above integral has saddles at the points
given by

log T +log (1 — t) — log (}Tx2) =0;
that is, at the points
T2 = %(] F vV 1 —xz).

We note that for x > 0, these saddle points are bounded away from t = 0
andt = 1.

The paths of steepest descent associated with the function f(t) are illustrated
in Fig. 5.5. When 0 < x < 1, the saddle points (which we label P; and P»,

+ When C is the path (—ooi, coi) (indented at s = 0), then (5.3.4) defines J, (nx) only for positive
values of x and n, since the integrand on the contour is O (|s|™"~!) as |s| — oo; see the discussion
surrounding (3.4.21).
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—
Py
X Py
0/ 1 0 1
P
/

(a) (b)
Fig. 5.5. The paths of steepest descent and ascent through the saddles P; and P, when (a)
0 < x < 1 and (b) x > 1. The arrows denote the direction of steepest descent. The t plane
is cut along the negative real axis and along the positive real axis from t > 1.

respectively) are situated on the real axis in the interval (0, 1). The path of steepest
descent through P; passes to infinity in the third and fourth quadrants (with the
directions at the saddle given by arg(r — 17) = :I:%n), while that through P,
coincides with the interval (t;, 1) of the real axis. The integration contour C can
therefore be reconciled with the steepest descent path through P;. Upon noting
that g(t1) = 2/x, f"(t1) ~ 4(1 — x2)2 /x* and

’

enf(rl) ~ ( ad )neth/l—)c2
1 ++/1—x2

we find

8(m) @) 2 o3
2ri nlf"(w1)]

1 enx/lfx2 X n
V27n (1 — x2)i (1 +J1= x2))

asn — ocowhen0 < x < 1.

When x > 1, the saddles P; and P, move off the real axis into the complex
plane along the line Re(t) = % The paths of steepest descent through P; and P,
(with the directions at the saddles points given by arg(t — 11) = :t%?‘[ + }171 and

arg(t — ) = :F%n - }171) now both terminate at the branch point T = 1 and pass

J.(nx) ~

(5.3.5)

to infinity in the third and fourth quadrants, respectively; see Fig.5.5(b). In this
case, the contour C can be deformed to pass over both saddles and accordingly we
obtain

nf(n)+ i nf(tz)Jr i
J(nx) ~ —,/ W 8 z)W
el

[enfm)ﬁm + enf(rz)—gni] ’
2nn
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where we have used the values g(t1,) = 2/x and | f”(t12)| =~ 4(x2 — 1)z /x2.
Then, since

n
@) ~ e:Fin\/xz—l < X )
1Fivx2—-1

and log {(1 +i+/x2 — 1)/x} = i arctan 4/x2 — 1, we finally find the result

Jn(nx) ~ ,/ni(xz — 1)~ Fcos {nW(x) - Lx}, (5.3.6)
n
W(x) =+/x2—1—arctany/x2 — 1

asn — oo whenx > 1.

The asymptotic expressions in (5.3.5) and (5.3.6) are the well-known leading
approximations for the Bessel function J,, (nx) [see Watson (1966, pp. 227, 234)].
In the particular case x = 1, the saddles P, and P, form a double saddle at T = %
and an approximation for J, (n) can be derived in an analogous manner. Similarly,
uniform approximations in terms of the Airy function valid in the neighbourhood
of x = 1 can also, if desired, be derived from (5.3.4) by standard techniques; see,
for example, Olver (1974, p. 351) or Wong (1989, p. 366). We do not include these

details here.

5.3.3 A Gauss Hypergeometric Function

The final example we consider concerns the evaluation of the Gauss hypergeomet-
ric function

2Fila+cen,1—b+cnyn+1;x/(1+x)) (5.3.7)

for large positive values of n, where ¢ + ¢’ = 1 and x > 0. A standard transfor-
mation [Abramowitz & Stegun (1965, p. 559, Eq. (15.3.4))] shows that the above
hypergeometric function can be written alternatively as

(14 x)**" yFi(a +cn, b +cn;n+ 1; —x),

which will prove to be a more convenient form when using the Mellin-Barnes
approach. The particular case ¢ = % is of historical interest since it was this
problem, discussed in a fragmentary (posthumous) manuscript by Riemann (1863),
which led to the introduction of the saddle point method in the complex plane.f
A more modern application of (5.3.7), described by Lighthill (1947) and Cherry
(1950), has arisen in aerodynamics where the parameter c = 1 + «, « > 0 and, to

leading order in powers of n~!, @ and b are constants independent of n.

T It should be pointed out that, in an earlier paper, Stokes (1850) also effectively used the saddle point
technique in the complex plane in his asymptotic investigation of a certain integral (now called the
Airy function) arising in the theory of the rainbow. For details, see the review paper Paris (1996).



5.3. Saddle-Point Approximation of Integrals 203

‘We consider the function
G(n; x) = x”/22F1 (a+cn,b+cn;n+1; —x)

for n — oo, where, for simplicity, we shall suppose that ¢ > 0 with a and b
being arbitrary finite parameters. From the representation of the hypergeometric
function as a Mellin-Barnes integral [see (3.4.8)], we obtain

Gn: x) = Az;(:;) /C I'a+cn—s)I'(b+cn—-s)

T(s)x2"Sds, (5.3.8
T+ 1—s) (Wt ds, - 038)

where

_ C(n+1)

" T(a+cn)T'(b+ cn)

and C is again a loop enclosing the poles of I'(s) and with endpoints at infinity
in the third and fourth quadrants of the s plane. By Rule 2 in §2.4, the integral in
(5.3.8) converges when |x| < 1. The integrand has additional sequences of polesT
ats=cn+a+kands=cn+b+k,k=0,1,2,....Thus, as n — oo, we are
free to deform C far to the right, but not over any of these latter poles.

Introduction of the new variable s = nt then enables us to cast (5.3.8) in
the form

A'(n)

A
G(n;x) = %/Cg(r) exp{nf(r)}dr, (5.3.9)

where C now denotes a similar loop in the 7 plane,
(C _ .[)a+b71
td -}

I'nt)I'(a+cn —nt)I'(b+ cn — nt)
27 (1 — t)g(t)['(n — nt)natb-1

g(t) =

1
f(r)=—log{
n

+ (4 =) log x + (2 — 1)(1 — log n)
and
A(n) = 27 A (n)n®+Ho—1+Ce=bn y(1=20m

~ 27n C]—a—b—2c‘n

(n — o0).
Upon application of Stirling’s approximation in (5.3.2), we find that
f@)~tlogt—(1—1)log(l — 1)+ 2(c — 7)log(c — 1) + (% - t)log X

as n — 0o, provided t is not in the neighbourhoods of the branch cuts (—o0, 0],
[1,+00) and the cuts parallel to the positive real axis emanating from the

1 In the case of finite n, these poles would yield the algebraic expansion of G (n; x) as x — 0.
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points ¢ 4 (a/n) and ¢ 4+ (b/n). Then, to leading order, the exponential factor
in (5.3.9) has saddles at the points given by

log{t(l — 1)} —2log(c — 7) —log x = 0;

that is, by the roots of the quadratic (1 — 7)/(c — 7)% = x, whence

1
n2:1+x%x+%¢Jdl—dx+%} (5.3.10)

We consider only Riemann’s problem with ¢ = 1. In this case the saddles are

2
given by

1
“*Zzé(mm)‘

Forx > 0, wehave 0 < 11 < % and % < 15 < 1; hence 1 is bounded away from
the branch cuts, whereas 7, lies on the cut emanating from ¢ = % The path of
steepest descent through t; is similar to that illustrated in Fig.5.4(b) (where the
directions at 7| are given by arg(t — 71) = i%n) and so the contour C can be
deformed to pass through t;. Then, using the values

_ ~2—a—b -1 1-ta-1p ” ~ 3
glr) =27""x 2 (1 4+x) 27727, (1) =41 +x)2 /x

and

V1 -1
f(rl):%log( 22 )

VI4+x+1

we arrive at the approximation

. A(n) nf(ty) 2m Lai
G(n; x) ~ ﬁg(n)e o m€~

n/2
”+x_j (5.3.11)

VI+x+1
as n — oo. This is essentially the result obtained by Riemann, although he
employed an Euler integral representation for the hypergeometric function.

From (5.3.10) it is easily shown that, when O < ¢ < 1, only the saddle point at
71 is significant (as in Riemann’s case), the other saddle at 7, lying on the branch
cut emanating from c. When ¢ > 1, however, both saddles are situated in the
domain where Stirling’s approximation is valid. In particular, the saddles coalesce
when x = x, = 1/{4c(c — 1)} at the point

. cc—1)
T l44dec—1)

~ (1 4 x)T 720720 <

c
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The situation is then similar to that depicted in Fig.5.5. For 0 < x < x,, only the
saddle t; contributes to the leading behaviour of G (n; x), while for x, < x < oo,
the saddles t; and 1, move off the real axis into the complex plane and both
contribute. In the aerodynamic problem mentioned above, the parameter ¢ > 1
and the ranges 0 < x < x. and x, < x < oo correspond to subsonic and
supersonic flows, respectively. We do not discuss the details of this problem any
further: asymptotic expansions for G(n; x) (based on an Euler integral for the
hypergeometric function) are given in Cherry (1950), who also derived uniform
asymptotic expansions in terms of Bessel functions valid in the neighbourhood
of x = x..

A general and detailed treatment of the expansion of the Gauss hypergeo-
metric function for large parameters can be found in Watson (1918); see also
Luke (1969, Ch. 7).

5.4 Exponential Asymptotic Expansions

The standard Mellin-Barnes integral representation defining the function f(z) in
some sector S is given by (5.1.1). As we saw in §5.1, suitable displacement of the
path of integration over a subset of the poles of g(s) then produces an asymptotic
expansion for f(z) valid in the Poincaré sense as |z| — oo in S. This procedure,
however, can only produce algebraic-type expansions: its limitation to the sector
S is, in general, a consequence of the existence of one or more subdominant
exponential expansions which ‘switch’ on across Stokes lines situated in the interior
of §. For large |z| outside this sector, these exponential expansions then form the
dominant asymptotic expansion of f(z).

In this section we consider the situation arising when either the subset of poles is
empty, so that displacement of the path of integration does not produce any useful
asymptotic informationt as |z] — oo in S, or we wish to extend the range of
validity of the expansion of f(z) beyond the algebraic sector S. When confronted
with the determination of the asymptotic expansion of f(z) in these cases it is
usual to turn to alternative methods (e.g., the method of steepest descent or a
differential equation approach). We show: how such exponential expansions can
be obtained by a slight, but very important, modification to the integral (5.1.1),
which consists essentially of contour deformation combined with use of an inverse
factorial expansion of g(s). This is carried out for the exponential integral and the
familiar Bessel and Weber parabolic cylinder functions as illustrative examples.
We also consider the same procedure applied to a function defined by an infinite
sum and, in §5.5, to Faxén’s integral where the construction of the asymptotic
expansion is more elaborate.

T This shows that f(z) tends to zero more rapidly than any algebraic power of z in the sector S.
Generally speaking, f(z) will then possess an exponentially small expansion as |z| — oo in S.
+ This method is also described in Riekstins (1977, pp. 367-371).
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5.4.1 The Exponential Integral E;(z)

In §5.1.1 the behaviour of the exponential integral E|(z) for |z| — oo in the
sector | arg z| < %n was shown in (5.1.7) to be given by an exponential expansion
(containing the factor e~%). To derive this expansion, we considered the function
e*E(z) which, since it has an algebraic character in this sector, is then amenable to
the standard procedure of evaluation of Mellin-Barnes integrals by path displace-
ment over a certain subset of the poles of the integrand. In the present example,
we reconsider the derivation of the expansion of E|(z) without the device of the
inclusion of the factor e°.
The Mellin transform of E;(x) for x > 0 is given by

o0 o0 67XZ o0 o0
/ x* ! {/ dt} dx = / ! {/ x$le™ dx} dt
0 1 t 0

1
=T'(s) /OofH dt = @ (Re(s) > 0),
1

so that by the Mellin inversion formula (3.1.5)
1 c+ooi ds
Ei(2) = —/ z7°T(s)— (¢ > 0). (5.4.1)
270 J oo s

The sector of convergence for this integral is | arg z| < %n (see Rule 1 in §2.4):
we note that this is considerably less than the sector in (5.1.7). The integrand
has a double pole at s = 0 (with residue —y — log z) and a sequence of simple
poles at s = —1,—2,... . Since the integrand has the controlling behaviour
0(|t|"’%e‘)”%”"‘) ast — +oo (withs = o 4 it and 0 = arg 7), we can displace

the integration path to the left to obtain the convergent expansion

(_)nZn .

nn!

o0
Ei(z)+1logz=—y — Z

n=1

This result holds for all values of arg z by analytic continuation and is equivalent
to (5.1.4).

On the right of the path of integration the integrand is holomorphic. Con-
sequently, displacement of the contour into Re(s) > 0 yields no asymptotic
information: this is the signal that the expansion of E|(z) is exponentially small
in|arg z| < %n (a fact we already know, of course, from (5.1.7)). To show how
we can obtain the exponentially small expansion from (5.4.1), we first displace the
path of integration as far to the right as we please so that |s| is everywhere large
on the new path C. Then, writing the integrand as

LTe) L, T
Ty T Ty
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we employ the inverse factorial expansion in (2.2.38)

Fz(s) Mz: ]A'F — 1=+ OIis—1—-M) M=1,2 )
T(s+1) prt TG NEFMOIXC ) =hse)

where py(s) = O(1) as |s] — ooin |arg s| < m — €, € > 0 and, from (2.2.40),
the coefficients A; = j!.

‘We now substitute this expansion into the integrand of (5.4.1) and integrate term
by term, where we suppose that C lies to the right of the point s = M + 1. Then
we obtain

M—-1

Ei(2) = Z( )J]'—/F(S—l—])Z_Ads-l-RM(Z)

=e Z( J! + Ru(2),

Jj+1
j=0

where we have made use of the result [see §3.3.1]
77 %t = —/ I'(s —a)z*ds (5.4.2)

which is valid (i) for | arg z| < %n when C is the vertical line Re(s) = ¢ > Re(a)
and (ii) for all arg z when C is a loop encircling the point s = « (in the positive
sense) with endpoints at infinity in Re(s) < 0. The remainder Ry, (z) is given by

1 )
RM(Z) = ﬁ/;pM(S)F(S —1- 1‘4)2_A ds.

Estimates for remainder integrals of this type are discussed in §2.5, where, from
Lemma 2.7 and the assumption that Re(s) > M + 1 on C, it follows that

IRy (2)| = O(z| M e™)

as |z| — oo in the sector | arg z| < %n.
Hence, we again obtain the asymptotic expansion

Efx)~e™) ore (5.4.3)

part Zk+1
valid as |z| — oo in |arg z|] < %n. We remark that the sector of validity of this
result is considerably less than that in (5.1.7). It is possible to show that (5.4.3)
holds in a wider sector through use of a path in (5.4.1) which, instead of being the
vertical line Re(s) = c, is a contour bent backwards to have endpoints at infinity
in Re(s) < 0; we do not discuss this modification here.
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5.4.2 The Bessel Function J,(z)

The second example we consider of the determination of the exponential expansion
from a Mellin-Barnes integral is the Bessel function J,(z) for finite v as |z| — oo
in|arg z| < %n. From (3.4.22) we have the Mellin-Barnes integral representation
1 I'(s) | \v—2s
J(z) = rrll BT ar—" (32)" “ds, (5.4.4)
where C is a loop that encircles the poles of I'(s) (in the positive sense) with
endpoints at infinity in Re(s) < O (cf. Fig.3.1). This integral definest J, (z) without
restriction on arg z and v. Since there are no poles of the integrand in Re(s) > O,
displacement of the loop to the right yields no useful asymptotic information.
To proceed with the asymptotic expansion of (5.4.4) for large | z|, we firstemploy
the reflection formula for the gamma function and write

1 . .
h@ =5 L@ - o),
2mi
where
1 Lri\v—2s
I.(z) = i /; res)res — V)(%Zeqzim) 2 ds.

Since there are no poles of the integrand to the right of C, we may expand the loop
as far to the right as we please such that |s| is everywhere large on C. In particular,
we shall suppose that C encloses the point

s=iv+i+iM (5.4.5)

for positive integer M. On the expanded loop, we now employ the inverse factorial
expansion, given in (2.2.33), for the product of gamma functions appearing in the
integrand

M-1

P —v) = Q02272 S (—)e;r(2s —v = L =)
j=0

+omOF (25 —v =L - M)}

where pp(s) = O(1) as |s| — ocoin |arg s| < 7w — €, € > 0 and, from (2.2.35),
the coefficients ¢; are given by

—\J
(,'éj [[{4* - @ -1}

i
c; =
J

J 1

r

T We observe that if we straighten the contour C to coincide with the imaginary axis (indented at
s = 0), as in (3.4.21), the resulting integral then defines J,(z) only for z > 0 and Re(v) > 0.
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Substitution of this expansion into the integrand of /. (z), followed by term-by-
term integration, then enables us to write

B D= .
I.(z) =Q2m)2 {2 ;(_)Jqﬁfcr(zs —v— % —J)

x (F177) P ds + RE() | (5.4.6)

M-1

—ont Y e

+iz +
—e "+ Ry (2) ¢,
= (Fiz)i s @

where we have made use of the result (5.4.2) to evaluate the integrals appearing in
the sum over ;.
The remainder integrals Rj; (z) are given by

1 j\V—4S§
Ry (2) = / pu ()T (2s — v — L — M) (ze¥27) " ¥ ds.
i
From Lemma 2.8 and (5.4.5), it follows that
IRE @) = 0127~ 2e*7)

as |z| — oo in the sectors |arg(e]F%’” 7)| < m, respectively. Since the common
sector of validity for these boundsis | arg z| < %71 , we finally obtain the asymptotic
expansion

L)~ = i(_)jcf cos (z + 4mj — dmv — 1m) (5.4.7)
' mz 7/ 2 2 4 o

valid as |z] — oo in|arg z| < 3.
We can write this expansion in its more familiar form [Abramowitz & Stegun
(1965, p. 364)], by separating the above sum into sums over even and odd j, to find

Jv(@) =/ n% {P(v,z)cos x — Q(v, z)sinx},

17 and

wherex:z—%nv—4

k
P2 ~ ZEZk)), >2k1_[{4u—<2r D2,

2k+1

0. 2) ~ 2(2,;)1),( 80721 [T 4® — @r — D2,

r=I1
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The expansion (5.4.7) is limited to the sector |arg z| < %n because of the pres-
ence of Stokes lines on the rays arg z = :I:%n, where the absolute value of the
coefficients multiplying the exponential factors exp{=iz}, respectively undergo a
smooth but rapid decrease to zero (see Chapter 6). In the usual Poincaré sense,
however, (5.4.7) holds in the extended sector | arg z| < 7.

5.4.3 The Parabolic Cylinder Function D, (z)

To illustrate how asymptotic information can be obtained from an integral of type
(5.1.1) when arg 7 lies outside the algebraic sector S, we return to consideration
of the Weber parabolic cylinder function D, (z) discussed in §5.1.2. We recall that,

forv #0, 1,2, ..., this function has the Mellin-Barnes integral representation
ve—zz/4
D,(z) = 1(2), 5.4.8
@ =57 1@ (54.8)
where
1 ool
1(z) = —/ r'—sres-— v)(ZZZ)*J ds 549
27 —o0i

and the path of integration is indented to separate the poles of I'(—s) from those
of I'(2s — v). Application of Rule 1 in §2.4 shows that /(z) is defined by (5.4.9)
in the sector S given by | arg z| < %n. Displacement of the contour in (5.4.9) to
the right over the first M poles of I'(—s) then yields the algebraic expansion

M-1

_\k
I(z) = Z %F(M — )2+ Ry (2), (5.4.10)
k=0 k!
where it was shown at (5.1.12) that |Ry (z)| = O(|z]7*"*!) as |z] — oo in S.

The expansion of /(z) in (5.4.10) is limited to the sector | arg z| < %rr because of
the appearance of a single subdominant exponential expansion across the Stokes
lines on arg z = :I:%n. This latter expansion becomes the dominant expansion in
the complementary sector | arg(—z)| < }Tn.

To determine the behaviour of 7 (z) outside the sector S, we first bend back the
contour of integration into a loop C, with endpoints at infinity in the directions %6,
where %n < 0y < m; see Fig. 5.6. From Stirling’s formula (2.1.8) with s = Re?,
the modulus of the logarithm of the integrand on C behaves like R cos 6y log R +
O(R) - —oo as R — 00. Accordingly, we find that

1(z) = %/ [(—)T2s — v)(2z22) " ds (5.4.11)
C

without restriction on arg z; see also Rule 2 in §2.4. It is clear that since (5.4.11)
defines 7 (z) completely, it must contain the asymptotic information we seek.
Then we substitute the identity

1 = ™25 (1 £ 2ie™ sin 7s)
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— |
v/2
A 4
0 1 2 o 1 2

7

(a) (b)

Fig. 5.6. (a) The path of integration in (5.4.9) when Re(v) > 0 and (b) the contour C
indented to separate poles of I'(—s) and I'(2s — v).

into (5.4.11) to find

1 2\—s  F2mis . tmis
IZ)=— | T(—=)T'Q2s —v)2z7) ™™ {1 £ 2ie™™ sinms}ds
2mi C

(ZZZeiﬂi)—s ds.

R r@2s —v)
=Tze ):ch T+ 1)

If we define the function E(z) by
r2s—v) 5 _,
E(z =[ —(2z9) P ds, 5.4.12
() CTG1D) (2z%) ( )
where C embraces the poles of the integrand, we obtain the connection formulas
in the form

1(2) = 1(ze*™) F E(ze*2™). (5.4.13)

We remark that the above decomposition of 7(z) has resulted in an integral
E(z) whose integrand has no poles to the right of the contour C. It then follows
that we can expand the contour C (with endpoints still in Re(s) < 0) in (5.4.12)
so that |s| is everywhere large and such that C encloses the point

s=v+i4+M (5.4.14)

for positive integer M. On the expanded contour, we now employ the inverse
factorial expansion in (2.2.38)

I@2s—v) 2271 T(s—5v)(s — 5v+3)

F's+1) 7 (s +1)

22s—v—1 M-1

== D (=) AT(s—v—1-))
j=0

+pM(s)l"(s —v— % —M) ,
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where py(s) = O(1) as |s]| - ooin |arg s| < m — €, € > 0 and, from (2.2.40),

(I+7v),(G+3v);, 275+ 1)y
]! j!

Aj =
with (a@); = T'(a + j)/ T (a).

Substitution of this expansion into the integrand of E(z), followed by term-by-
term integration and use of (5.4.2) in conjunction with the assumption (5.4.14),
then yields

2—v— 1 M s
E() = Z( YA, / L)) ds + Ru(2)

= Q)i e Z(—)J’A S22 + Ru ).

The remainder Ry (z) is given by
—v—1
T

where, from (5.4.14), the contour C encloses all the poles of the integrand.
Application of Lemma 2.8 shows that

Ru@) = P (s —v = 3 = M)(52%) " ds,
C

Ru ()] = 0|z R0 em37)

as |z] > ooin |arg z| < .
Consequently we obtain the exponential asymptotic expansion given by

E(x) ~ Qu)iz 7 1e 37 3 (—) A, (422~ (5.4.15)

valid as |z] — ooin | arg z| < 7. We can now construct the asymptotic expansion
of 1(z) from (5.4.13) and the algebraic and exponential expansions in (5.4.10) and
(5.4.15), respectively. It can be seen that in | arg z| < %7‘[, the expansion of 7(z)
is algebraic, while in | arg (—z)| < %n, 1(z) is the sum of an exponential and an
algebraic expansion with the positive and negative imaginary axes being Stokes
lines. In the sector %n < |arg z|] < %n, the exponential expansion is recessive so
that, in the Poincaré sense, I (z) is algebraic in the wider sector | arg z| < %n.
The expansion of D, (z) now follows from (5.4.8) and (5.4.13) in the form

Ve ? 2/4

+imi
o) E(ze™2™). (5.4.16)

D (Z) _ eq:va (Zeim) ¥
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This then yields the standard asymptotic expansion of D, (z) given by

z"e—%zle () (|arg 7] < %n)

D,(z) ~ 1 (5 pFriy—v—1
et (o) + 22 f(e_v))

e%ZZSz(z) (%n < |arg z| < n),

(5.4.17)

where S;(z) and S,(z) denote the formal asymptotic sums

[o¢] _ [o¢] 1
Si@ =) %(—2#)—& $H@) =) (”k%@zz)—k
k=0 k=0

and the upper or lower sign is chosen according as z lies in the second or third
quadrants, respectively. These expansions are valid in the complete sense of Olver
(1964), where the sectors of validity are less than those customarily given in
the literature [Whittaker & Watson (1965, pp. 347-348); Erdélyi (1953, Vol. 2,
p. 123)] for expansions fulfilling the Poincaré condition. The rays arg z = :t%n
and arg z = 7 are Stokes lines for D, (z), where the above expansions exhibit the
Stokes phenomenon.

Finally, we note that the standard connection formula [Whittaker & Watson
(1965, p. 348)]

i2m
r'(—v)

Dv(Z) :e—niva(Zeni) _ e_%ﬂivav,I(Ze%Ni),

and (5.4.16) enable us to conclude that

. ) ve—2t/4 )
l'e_%vafvfl(Zeém) _ ze E(Zeim)-

V2r

This yields the alternative Mellin-Barnes integral representation of D, (z), with
the exponential factor exp(z?/4) instead of exp(—z2/4) in (5.4.8), given by
12 1 F(Z.S +v+ 1)

D,(z) = )2z Vet — | 2T 0.y g, 5.4.18
(z) = 2m)2z e4 i) TGTD) 2z7) ' ds ( )

which holds without restriction on arg z and v. This result can be easily verified by
direct evaluation of the residues of the poles enclosed by C and use of Kummer’s
theorem for the confluent hypergeometric function.

5.4.4 An Infinite Sum

We consider the sum
> 1

S =)

1
n=1 ”2(’12 + 22)7
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as z — oo in |arg z| < %n. The function S(z) is seen to possess an infinite
sequence of branch points situated on the imaginary z axis at the points z = +ki
(k=1,2,...), where S(z) becomes infinite.

If we let f(x) = x~2(1 + x2)~2, the Mellin transform F (s) is given by

o 453 00 y%s—z
F(s):/ —ldx:%/ ——dy
0o (14+x2)2 0 (1+y):2

= —nr(%s —1)Ir(3—1s) (2 <Re(s) <3)

upon evaluation of the integral as a beta function in (3.3.8). From (4.1.1) we then
find that

S(z) =

c+00i
o /C I(3s — I)F(% - %s)é‘(s)z“3 ds (2 <c<3).

—ooi

This integral defines S(z) in the sector |arg z| < ;rr since on the path of inte-
gratlon s = c¢ + it, the integrand is |z|°~ %0(|t|_’ —Althy a5 t — 400, where
A= 577 — | arg z|. The integrand has simple poles at s = 0, 1 and 2, with the
remaining poles of F(%s — 1) being cancelled by the ‘trivial zeros’ of ¢(s). In
addition, there is an infinite sequence of poles at s = 3 + 2k (k = 0,1,2,...)
resulting from F(% - %s); see Fig. 5.7. Before proceeding with the determination
of the asymptotic expansion of S(z) for large z, we note that if we complete the
contour by an infinite semi-circle on the right we obtain the expansion, valid for
lz] <1,

4+ 1
S(z) = Z( >" 2);“(3 +2002%* (lzl < D).

This provides an alternative representation of S(z) inside the unit circle that yields
a more efficient means of computation for small values of z.

Since the integrand is exponentially decaying as Im(s) — 400 when | arg z| <
%rr, we can displace the contour to the left over the poles at s = 0, 1, 2 to find

2

so=2 -1+ L1 g
YT T2 4 2gnn
Im(s)

o 1 2|3 5 7 Re(s)

Fig. 5.7. The path of integration for S(z). The heavy points denote poles.
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where, provided |arg z| < %n,

1 c+ooi . . 3 N
1(z2) = —— F(—ES—I)F(Es—i—E){(—s)z Sds
270 J o—ooi
1ot I'(s+ DT (35 + 2
- (45" 1) (s +3) Qr)ds (c>0) (54.19)
270 J oo I'(3s+2)

and, for convenience, we have made the change of variable s — —s and employed
the functional relation for ¢ (s) in (4.1.4). The above integrand for 7 (z) has no poles
to the right of the path of integration and, due to the growth of I'(s + 1) as s — oo,
cannot be completed by a semi-circular contour on the right. Accordingly, we
anticipate that 7 (z) will be exponentially small as z — oo in | arg z| < %n.

To evaluate I (z) we first move the path far to the right so that |s| is everywhere
large on the new path C (this is permissible on account of the exponential decay
of the integrand as Im(s) — =o00). Then we make use of the inverse factorial
expansion given in Lemma 2.2 in the form

T'(s+ DI(§s+ 2
I'(3s+2)

=2 Z( YeiT(s+ 1 =)+ pu@)D(s + L — M),

(5.4.20)

where M is a positive integer, co = 1 and py(s) = O(1) as |s| — ocoin|arg s| <
m — €, € > 0. The coefficients c; can be determined by the method described in
§2.2.4 (or in §2.2.2 after use of the duplication formula for the gamma function)
and the first few are thus found to be

345 _ 9555 _ 1371195 _ 60259815
128 3= To2a» “4 = 32768 © 5 T 262144 0t ¢

[e=]N=]

=3, €=

Substitution of (5.4.20) into (5.4.19), where it is supposed that on C the
condition Re(s) > M — % is satisfied, and expansion of the zeta function then
yields

T'(s+ DI(3s+2)
I(z) = k2m / % ) QRmrkz)ds

“amat Sa Y Lfr(s+1_j)
k=1 oo Qrkz) 2mi Jc 2

x(anz)_‘YH_% ds + Ry (kz)

00 M—1 i
— 1 -1 —2mkz ﬂ
=20 Zk ° Jgo (2mkz)/ + Ry (k2)
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upon use of (5.4.2). The remainder Ry (kz) is given by
1
Ry(kz) = — f /OM(S)F(S + % — M)(znkz)fs—%ds’
27i Je

where, from the above assumption that Re(s) > M — %, the path C lies to the right
of the poles of the integrand. Then, by Lemma 2.7, it follows that

IRy (k2)| = O (e ™ (kz)™™)

as |z] - ooin |arg z| < %n.
We therefore finally obtain the asymptotic expansion
—2mwkz (—)jCj

= kg Quky)

72 1 1 s €
SO~ St (5.4.21)

Z

valid as |z| — ocoin |arg z| < %7‘[. We note that this expansion involves a double
sum: the outer sum over k is convergent in | arg z| < %n, while the inner sum
over j is a divergent asymptotic series. We remark that there is an infinite number
of exponentially small terms of the type exp(—2mkz): these terms result from
the infinite sequence of branch points on the imaginary z axis. An alternative
expression for the double sum in (5.4.21) is

i (9685
< JX:;: Qrz)i

where we have defined the sums
Si@ =Y ke (jarg 2| < dm).
k=1

The expansion (5.4.21) with just the first exponential (k = 1) has been stated
by Olver (1974, p. 306), where a closed-form representation for the coefficients
cj is given as

_ PO+ 3) N ke -
c,_(—VT;(—)z axl| 2 )

5.5 Faxén’s Integral

In §5.4 we saw how an exponential asymptotic expansion could be obtained from a
Mellin-Barnes integral representation when either the subset of poles on the right of
the contour in (5.1.1) is empty or when it is required to extend the range of validity
of the asymptotic expansion beyond its algebraic sector. Here we consider a more
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elaborate situation given by Faxén’s integral [Faxén (1921)], which is defined for
0<a<landbd > 0by

o0 a
Fi(a, b; 2) :/ e it gy
0
o0
'(an+b
=> %z” (Iz] < 00). (5.5.1)
=0 :

At this point, it is convenient to introduce the parameters «, /&, ¥ associated with
the expansion of Fi(a, b; z) by (see §2.3)

k=1—a, h=a", 9=b—j, (55.2)
and the variable
X = «(hz)'/x. (5.5.3)

The Mellin-Barnes integral representation for Fi(a, b; z) can be derived by
replacing the exponential factor exp(zz“) in (5.5.1), by means of (3.3.2) and reversal
of the order of integration, to obtain

1 c+ooi ) 00
Fi(a, b; z) = —/ [(s)(zeT™)™* {/ e Tt dt} ds
270 Je—coi 0

1 c+o0i )
= / LT —as)(ze™™ ) ds, (5.5.4)
2ri c—0o0i

where 0 < ¢ < b/a so that the path of integration separates the poles of I'(s)
from those of I'(b — as). From Rule 1 in §2.4, it is seen that the integral in (5.5.4)
converges in the sector | arg(—z)| < %n(l +a) =m — %mc. Straightforward
displacement of the path to the right over the poles of I'(b — as) situated at

s=((b+k)/a,k=0,1,2,...,then generates the algebraic expansion

Fi(a, b; z) ~ H(ze™") (5.5.5)
valid as |z] — oo in |arg(—2)| < 7w — %mc, where H(z) denotes the formal
asymptotic sum

1 () (k+b
H(z)=—z""%" r (L> zhe, (5.5.6)
a = k! a

The upper or lower sign in (5.5.4) and H (ze¥™") is chosen according as arg z > 0
or arg z < 0, respectively.

To determine the exponential expansion associated with Fi(a, b; z), we
first bend back the path of integration in (5.5.4) to have endpoints at infinity
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in Re(s) < 0 and denote this new contour of integration by C; cf. Fig.5.6. The
resulting representation

Fi(a, b; z) = 2—71”/ C(s)T(b — as)(zeT™H) " ds 5.5.7
c

then defines Fi(a, b; z) without restriction on arg z. This follows from the fact that
on C the modulus of the logarithm of the integrand is controlled by « R cos 6y log R
as R = |s| — oo, where +6, denote the directions in which C passes to infinity
with %71 < 0y < m; cf. also Rule 2 in §2.4. If we now substitute the identity

1 = ™91 £ 2ie™sin rw), w=as—b
in the integral in (5.5.7) we obtain
Fi(a, b; 7) = eiZJTibFi(a, b; ZeiZﬂia)

+ Lei”iﬂ / C(s)T(b — as) sin 7w (zeT7*) ™ ds.
T c

Use of the reflection formula for the gamma function then yields the connection
formulas in the form

Fi(a, b; 2) = e**""Fi(a, b; z¢**™) + E1(2), (5.5.8)
where
etriv 2T (s) .
Fo(z) — FiKy=s g 5.5.9
&= /CF(I—b—i—as)(Ze ) 69

for all arg z, provided 0 < a < 1.

As for the Weber function in the preceding section, there are now no poles of
the integrand in £ (z) to the right of the contour of integration C, so that we are
free to expand C to make |s| everywhere large on the contour. From Lemma 2.2

we have, for M = 1, 2, ..., the inverse factorial expansionf
[ m—=1
I'(s) Kk (hi*)~s i .
= —) AT D —
T —btas 7 ;( ) AT (ks + J)

+ou (ks +90 — M) ¢,

where pp(s) = O(1) as |s| — ocoin |arg s| < m — €, € > 0 and the parameters
k, h and ¥ are defined in (5.5.2). The first few coefficients A; = c¢;A,, where
Ag = (271)%/(%’1761’5 , can be obtained from §2.2.4. Substitution of this expansion

+ The factor « has been extracted for convenience.
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in (5.5.9), together with use of (5.4.2) when it is supposed that C is expanded
sufficiently to enclose the point s = (M — ¢)/k, then yields

M—1
‘ S
E+(z) =ke™™" Y (=) A;— F(Ks + 0 — j)(XeTT) ™ ds + RE (2)
— 2mi

M—1
=X"eX Y A; X7+ Ry (2), (5.5.10)
j=0

where X is defined in (5.5.3). The remainder Rij(z) is given by

i

2mi

Ry (2) = / Py (T (ks + 9 — M)(Xe™) ™ ds.
C

From Lemma 2.8, we find that

IRy ()] = O(X"~MeX)

as |z] — ooin |arg(z!/¥e™™)| < 7.

A special case of the connection formula (5.5.8) can be verified directly when

a=b =1 (sothatk = } and & = 0). With the aid of the duplication formula for
the gamma function in (2.2.23), we find

1 2T (s)

E+(@) = 2mi cT(3s+13)

(Fiz) " ds

by (3.3.3), so that the connection formula (5.5.8) becomes

Fl(z’zaZ)-i-Fl(% % im)=2n%eﬁzz,

This is easily seen to be satisfied since, from (5.5.1),
Fi(3.3:2) = 2/ e dr = wredt (1 + erf(L2)),
0
where erf denotes the error function and we note that erf(xe™?) = —erf(x).

The connection formulaf (5.5.8), combined with the algebraic and exponential
expansions in (5.5.5) and (5.5.10), enables us to construct the dominant asymptotic

f Note that with the form of the algebraic expansion H(z) in (5.5.6) it follows that
exp{X2mib}H (zexp{X2ria}) = H(2).
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expansion of Fi(a, b; z) in the form

o0
X”eXZAjX’j + H(ze™) (larg z| < imk)
Fi(a, b; z) ~ j=0

H (ze™) (larg(—2)| < 7 — k),
(5.5.11)

where the upper and lower signs are to be chosen according as arg z > 0 or
arg z < 0, respectively. This expansion can be seen to agree with the standard
resultin (2.3.10) applied to the Maclaurin series definition of Fi(a, b; z) in (5.5.1).
The function Fi(a, b; z) is consequently exponentially large as |z| — oo in the
sector |arg z| < %mc, while in the sector |arg (—z)| < @ — %mc, Fi(a, b; 7) is
dominated by an algebraic expansion. On the rays arg z = :i:%mc, the exponential
X is oscillatory, so that these rays are anti-Stokes lines, and the ray arg z = 0
is a Stokes line for the algebraic expansion.

We remark, however, that the expansion in (5.5.11) is valid only in the sense of
Poincaré and does not reveal the presence of possible recessive exponential terms
between or beyond the rays arg z = :I:%mc. To illustrate this point, we note that
repeated application of (5.5.8) yields the result, fork = 1,2, ...,

term e

k—1
Fi(d, b; 7) = e:i:erikai(a’ b; Ze:i:Zm'ka) + Ze:l:ZJrirbEi(Zezl:Zniru) (5512)
r=0

which connects Fi(a, b; z) with Fi(a, b; ze*27*4)_If we choose a = b = , so
that 9 = —%, and select k = 3 in (5.5.12), we obtain the identity

Fi(L, L) +Fi(L, 1 —2) = E4 (@) + 5™ Eq(ze5™) + €57 Ey (ze5™).
(5.5.13)

In this case, use of the standard expansion in (5.5.11) would indicate the presence
of only two exponential expansions for the left-hand side of (5.5.13), with the
algebraic expansions cancelling exactly. The form given in (5.5.13), however,
reveals the presence (in a certain sector) of three exponential expansions, thereby
contradicting the prediction of (5.5.11). This example confirms the existence of
other recessive exponential terms which are missing from the expansionin (5.5.11).
We consider the expansion of a specific case of Fi(a, b; z) in more detail in §6.2.5.

5.6 Integrals with a ‘Contour Barrier’
In the asymptotic evaluation of the Mellin-Barnes integral representation
c+o0i

_ =S ds,
i) g(s)z " ds



5.6. Integrals with a ‘Contour Barrier’ 221

one is sometimes confronted with the impossibility of being able to displace the
integration path Re(s) = ¢ beyond a certain point. This will arise, for example,
when |g(s)| has algebraic growth like O (|¢|*“~?)) as Im(s) = t — o0, where
a > 0 and b is real, so that the integral is no longer convergent along a vertical
line with ¢ > b. In the process of path displacement, such a situation represents a
‘contour barrier’ across which it is apparently impossible to penetrate.

An example of this type has already been encountered in the evaluation of a
finite sumin §4.2.3. In such cases, one is tempted to abandon the Mellin description
and to resort to alternative methods of asymptotic evaluation. Rather than present
a general theory, we select three examples which illustrate how this apparent
obstacle can be circumvented to extract asymptotic information from the above
integral in this special case. In each example we shall find that, in addition to the
algebraic expansion that results if we could simply displace the contour over the
poles in Re(s) > b, there is an oscillatory contribution to the integral. This is a
rather surprising result as on cursory inspection there seems to be nothing in the
integrand that might suggest this behaviour.

5.6.1 An Illustrative Example

As a simple example to illustrate the method of dealing with a Mellin-Barnes
integral with a contour barrier, we consider

I( ) 1 /CJrOOi T COSGC%T[S =4 (5 6 1)
4) = JEEEEE—— S, e
i J e 20(3 —5)

where x > 0 andt 0 < ¢ < % From Stirling’s formula (5.3.2) with s = o + it,
the modulus of the integrand is seen to have the controlling behaviour O (|#|7)
as t — =00, so that we cannot displace the contour of integration to the right
of the imaginary axis. Straightforward displacement of the contour to the left
over the poles on the negative axis, however, is permitted and generates the
convergent expansion

s )k 2k
I(x) = Z ey (0 < x < 00). (5.6.2)

We recognise that I (x) is in fact a generalisation of the Mittag-Leffler function in
§5.1.4 so that its asymptotics could also be obtained by application of the theory
presented in §2.3.

To show how the asymptotic expansion of 7 (x) can be obtained from the Mellin-
Barnes integral representation in (5.6.1), we need to gain access to the poles situated
ats = 0,2,4,...; but, as this integral stands, such access is denied by virtue of

+ This choice is quite arbitrary; the modification required in the development of the expansion of the
integral for other paths of integration is easily carried out.
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the algebraic growth of the integrand to the right of Re(s) = 0. To overcome this
difficulty, we write  (x) in the form

1 —ctool (s 4+ 1) cos s
I(x) = — %xﬂ ds
270 J oo 2sin 37
! _cmr( +1){ ! in 1 } —d (5.6.3)
= — S 5 —— — SIN 57TS ¢ X N .0.
2mi J_ i > 2sin s ?

upon a straightforward rearrangement of the ratio of trigonometric functions. With
this decomposition we see that 7 (x) has been split up into the difference of two
parts, which we shall call /;(x) and I;(x). The first part /;(x) has an integrand
with the controlling behaviour O (|¢|°e~"!") as t — 400, together with an infinite
sequence of poles at s = 0, 2,4, ... on the right of the contour. The second part
I (x) has an integrand with the controlling behaviour O (|¢|”), but has no poles on
the right of the contour. Because of the exponential decay in || of the integrand of
11 (x), we can displace its contour to the right over the first N poles in the manner
described in §5.1 to produce the expansion

—ctooi T 1
hx) = if Flo+s) gy

271 J_e—ooi 2sin %ns
1 N-1
= DT 2k + ) o).
k=0

The second integral in (5.6.3) can be evaluated exactly by application of (3.3.6)
to find
—c+ooi 1
Lx) = — I(s+3)sinimsx™ds = x2 sin (x — {7).
2mi —c—o0i

Hence we obtain the asymptotic expansion of 7 (x) in the form

1)~ L > ()T (2K + L)a — xsin (x — 1) (5.6.4)
gy

for x — +o00. We remark that a cavalier displacement of the contour in (5.6.1)
over the poles in Re(s) > 0, without due regard to the growth of the integrand as
t — Fo00, would have correctly generated the algebraic expansion in (5.6.4), but
would have completely failed to detect the oscillatory contribution. In Table 5.5
we show the results of numerical calculations to demonstrate the accuracy of the
expansion (5.6.4). For different values of x, the second column shows the value
of the difference D(x) between I (x) (computed from the convergent expansion
(5.6.2)) and the optimally truncated algebraic expansion on the right-hand side of
(5.6.4) compared with the oscillatory contribution 7 (x) = —x3 sin(x — j—‘rr).



5.6. Integrals with a ‘Contour Barrier’ 223

Table 5.5. Values of D(x) and T (x) for the
expansion (5.6.4)

X D(x) T(x)

5 +1.96715295262 | 4+1.96470170184
10 | —0.65973480449 | —0.65975279186
15 | —3.86137774526 | —3.86137762731
20 | —1.59651758456 | —1.59651758374
25 | 43.97236524898 | +3.97236524898

This example can be extended by including in the denominator of (5.6.1) the
factor s — a for example, where (for convenience) we shall restrict @ such that
0 < Re(a) < 1. Then we have the integral

—ct+ooi g cosecims

1
J(x) = — Z —Sds, 5.6.5
=i ) W—ar(i=g) " ¥ 002

where x > 0 and we again take 0 < ¢ < % The asymptotic behaviour of the
integrand is now controlled by 0(|t|°~ " as t — o0, so that the contour cannot
be displaced to the right of the line Re(s) = 1. It is readily shown that J(x) has
the convergent expansion

o) _
(_)k 1X2k

J =
) k; Kk + )l (2k + 1)

0 <x <o00).

The procedure for determining the asymptotic expansion of J (x) is essentially
the same as that for (5.6.1). We first displace the contour over the poles at s = 0
and s = at and decompose the resulting displaced integral as above to find

1 ¢'+o0i s+ 1 1
J(x) :h(x)—i——,/ ( 2){ ——— —sin %ns}x‘sds,
270 Jo—ooi S —a 2sin 57s
where Re(a) < ¢’ < 1 and
1 x~%cosma F(a + %)
- — (a #0)
aym 2sin 57a
h(x) =
1
W(IOg 4x +y) (@a=0)

with y denoting Euler’s constant. The integrands of the first and second parts of
the above integral have the controlling behaviour O(|¢|° e~y and O(|¢t|°1),
respectively, as + — F00. In addition, we observe that while the integrand of the
first part has retained the pole structure of the integrand of J (x) in Re(s) > ¢, the
integrand of the second part has no poles on the right of the contour. Accordingly,

+ When a = 0 the pole at s = 0 is double with residue 2 (log 4x 4+ y).
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we can displace the contour in the first part over the poles situated ats = 2,4, ...
in the usual manner, while in the second part we can replace the rectilinear path
Re(s) = ¢’ by an expanded loop C with endpoints at infinity in Re(s) < 0 (cf.
Fig. 3.1) and on which the minimum value of |s| can be made as large as we please.
This is permissible since the decay of the integrand of this part of the displaced
integral is controlled by |s*| = exp{Re(s) log |s|} as |s| — oo. Then we obtain

1—‘(Zk—i_Z) —2k+0( —2N)

J(x) =h(x)+ = Z( )
1 r 5)sin 5
_f (s +3)sinims s
2mi s—a
To deal with the loop integral (which we call 1) we now write
(s +1 I'(s+ s —a
s—a F's—a+1)
and, since |s| is everywhere large on C, we can employ the inverse factorial
expansion in (2.2.38) given by
F(s—i—%)r‘(s—a) M-l .
= VA T(s+9—j)+ 's+0-M
Fo—ai D ;0( ) AT (s N+ pu()T(s )

(5.6.7)

for M =1,2,...,where py(s) = O(1) as |s| > ooin|arg s| <7 —€,€ > 0.
From (2.2.40) the coefficients A; satisfy A; = (} —a); and & = —3. Then we
obtain

Ic = Z( )’AJ2 = ( %—j) sin %nsx_sds—i—RM(x)

M—1
_ Z(_)J’ij*%’j sin (x + %n + %JT]) + Ru(x)
j=0

by (3.3.5), where the remainder integral
1 1 1 —s —Mm-1
Ry(x) = — ,oM(s)F(s—E—M) sinsmwsxds = 0(x 2)
27i C
as x — 400, upon expressing sin %ns in terms of exponentials and using Lemma

2.8. Hence we obtain the asymptotic expansion

I'(2k+3)

J(x) ~h k—1 —2k

(x) ~ h(x) + = Z( ) 2k_a ——2x

+ Z(—)j_lij_%_j sin (x + 37 + 17j)
j=0
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valid as x — 4-o0o. The additional asymptotic contribution to the integral now
corresponds to an oscillatory expansion.

An identical procedure can be applied when the cosec %ns in the integrands in
(5.6.1) and (5.6.5) is replaced by sec %ns. Furthermore, we point out that integrals
of this type with additional factors in the denominator (or numerator) can be dealt
with in the same manner. An example with the factor s — a replaced by s(s — 1)
in the denominator of (5.6.5) has arisen in a problem in the hydrodynamics of a
uniformly accelerating plate and has been considered using a different approach by
King & Needham (1994) and Forehand & Olde Daalhuis (2000). For this integral
the associated quotient of gamma functions in (5.6.6) is replaced by

F(s + %) _ F(s + %)I‘(s -1
ss—1) T(s+1)
with its inverse factorial expansion given by (5.6.7) with ¥ = —% and the coeffi-

cients A; = (j + 1)(%) j- Consequently, upon displacement of the contour over
the poles at s = 0 and s = 1, we find that the integral

s

1 —etooi  gcosecims

2 —s
— x’ds
20 Joecooi 25(s = DI (L — )

when0 < ¢ < %, has the asymptotic expansion for x — +o0 given by

-1 k—1 2k + ) —2k

77 2(l—y log4x)—|——~|— Z( ) k(2k )x

o0

+ Z(—)j_lij_%_j sin (x + 37 + 17j).
j=0
We note that if the last integral contained a denominatorial factor of the form

s(s —1)(s —2)-- -, the resulting quotient in (5.6.6) would still involve a quotient
of three gamma functions, with consequently a simple expression for the coeffi-
cients A ;. However, a factor of the form s(s — a), for example, would involve a
quotient of five gamma functions in (5.6.6), with the result that the coefficients A ;
in its associated inverse factorial expansion would then have to be determined by
the procedure discussed in §2.2.4. This is the situation encountered in the more
difficult examples of the next two subsections.

5.6.2 An Integral Involving a Bessel Function
The expansion of the integral (a one-sided Hilbert transform) as x — 400
I(x) = ][oo M dt, (5.6.8)
where Jy, denotes the Bessel function of zero order and the bar indicates that
the integral is a Cauchy principal value, has been discussed in a problem on
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water waves in Ursell (1983). The closed-form evaluation of integrals of this type
arising in a telecommunication problem has also been considered by Boersma &
de Doelder (1979).

By means of the Parseval formula in (3.1.11) it is easily established that

c+o0i

I(x)= ! x T M[Jgs]meotn(l —s)ds  (0O<c<1), (569)

27” c—00i

where, from the Appendix, the Mellin transform

T =5 (35)
r3(1 - 3s)
With s = o +it, Stirling’s formula (5.3.2) shows that the modulus of the integrand
ast — oo has the controlling behaviour O (|¢|°~ 5) The integration path Re(s) =
¢ cannot therefore be shifted in the usual way to the right of Re(s) = 2, thereby
denying access to all but the first of the poles of the integrand situated to the right of
the path of integration. We shall show below how this difficulty can be surmounted
by suitable decomposition of the integral (5.6.9), combined with the use of inverse
factorial expansions for quotients of gamma functions. We remark that displace-
ment of the contour to the left yields the (convergent) expansion [Ursell (1983)]

M[J5;s] =2° (0 < Re(s) < 1).

n!
I N/ Y, 2 n . 2n+1
(x) = 3w S () Yo(x) + 57 HEO( ) —(n—i— )

which is suitable for computation when x > 0 is small.
Observing that

28 F4( s) sin* is

M[J2; s]mcotm(l —s) = 2~ cotms
[/o3s] ( ) 4w T(s) cos ;ns
25 T4(Ls
= — (2 )(SCC2 %ns — 2) sin %ns,
8t T'(s)
we write
1
I(x) = —{L(x) — L(x)}, (5.6.10)
81
where
1 petooi T4 (L) sindxs s
Ii(x) = (2 )2—2] (%x) ds
270 Jeooi T(s) cos ims
and
1 et T4 (ds s
L(x) = (2 )2sin %ns (%x) ds.

2 i Jeeooi T(s)
For the integral I;(x), the modulus of the integrand is exponentially small with
the controlling behaviour O(|¢|°~2e~"!") as t — oo, while that of I»(x), like
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that of / (x), is controlled by 0(|t|"_%). As a consequence of this decomposition,
the path of integration in /;(x) can now be displaced to the right over the poles
of the integrand in the usual manner and the integrand in /,(x) has no poles in
Re(s) > 0.

Let us deal with the integral I, (x) first. This is a straightforward application of
the process described in §5.1, where the integrand has a sequence of double poles
ats = 1,3,5,....The residue at the double poles can be evaluated by observing
that in the neighbourhood of s =2k + 1 (k =0, 1,2, ...) we have

1"4(15) sin i7rs

L= TG 5 | y-2k-1 (D 1
1 2727l 1—8log Lx 4.
(%) T(s) cos? yms ) (Ar5) ( e )

M+ 3 (1 + Loy (k+ 1) +--)*
Q0! (A+6yCk+ 1D +--)

4 kr4(k+%)l -1 1 1 1

+2w(k+%)—w(2k+1)]+~--},

where we have put § = s — 2k — 1 and ' denotes the logarithmic derivative of the
gamma function. Then routine displacement of the integration path over the first
N poles yields the asymptotic expansion

= k+ L Y
hi(x) = ZZ( ) EZk)' )(%x) #

x {log 2x =2y (k+ 1)+ vk + D} + 0x*Y) (5.6.11)

as x — +o0.

Now we turn to consideration of the integral I,(x). Since there are no poles of
the integrand in Re(s) > 0 we can deform the path of integration into a loop C, on
which |s| is everywhere large, with endpointst at infinity in Re(s) < O; cf. §5.6.1.

From Lemma 2.2 we obtain, for M = 1, 2, ..., the inverse factorial expansion
F4(%S) 2-25_2 = j .
roy S ;H AT —1= )+ pu@T(s—1—M) ¢,
(5.6.12)
where py(s) = O(l) as |s| — ooin |args| < m —€, € > 0 and Ay =

2 /7. Application of the method described in §2.2.4 (or in §2.2.2, after use of the

T Alternatively, we could take C to be an expanded contour with endpoints still at infinity in the strip
0 < Re(s) < %
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duplication formula for the gamma function) shows that the normalised coefficients
cj = Aj/Ag are given by

21 __ 507 __ 4035

5
co=1 ca=3 a=35 =% =735 =%
oo — 80145 956025 . __ 106388755
6= 7024 7= 2048 > 8= T32768 -

Substitution of (5.6.12) into the integrand of I;(x), where we suppose that C is
sufficiently expanded to enclose the point s = M + 1, then yields

M—1

L(x) =167 Z( )’cjz—[ ['(s—1—j)2x)*sin >7sds + Ry (x)
j=0

M—1 (_)J
= 167 Z o )J+1 cos (2x + JTJ) + Ry (x),

where we have used the result (3.3.5). The remainder Ry, (x) is given by
87'[2 .1 _
Ry(x) = — | pm()(s —1— M)sinzms (2x) " ds.
27 c

By Lemma 2.8, we readily find that | Ry, (x)| = O(x™™~!) as x — 400, so that

mZXZ( ey | (5.6.13)

I(x) ~ — {cos2x Z (2x)2i 1

(2 )21

Combining the expansions (5.6.11) and (5.6.13) in (5.6.10), we then obtain the
desired asymptotic expansion of 7 (x) in the form

> I (k +
I(x) ~ Z( ) (2k)! )(%x

)—2k—1

x {log $x — 2y (k + 1) + ¥ 2k + )}

o8 2x = (=) ey sin2x o= (=) " lerj
+ X Z (2x)% + X Z (2x)2i+1 (5.6.14)

valid as x — +o00.
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Use of the standard properties of the ¥ function [Abramowitz & Stegun (1965,
p- 258)] shows that the leading terms of this expansion are given by

1
I(x) ~—(Iog x +y +3log 2) — (log x +y +3log 2 — 3)
X

83
cos2x  sin2x  5cos2x

x  4x2 + 32x3
where y is Euler’s constant. This result has been obtained by use of Hilbert
transform theory by Ursell (1983) and Wong (1989, p. 321).

)

5.6.3 Example in §4.2.3 Revisited

In §4.2.3 we investigated the asymptotic expansion for the finite sum

N (1 _ n2/3x2/3)1/2

n=1
as x — 04, where N denotes the largest integer such that x N < 1. From (4.2.19)
together with use of the reflection formula for the gamma function, we find that

1 c+ooi 1 3
Say = - / (= a8) ts)xi P cotdnsds (¢ > 1), (5.6.15)
71 Jooi TG 39) :

where the integrand possesses poles at s = 1 and at s = % — %k for nonnegative
integer values of k, with the values k = 4, 7, 10, ... deleted. Due to the algebraic
growth of the modulus of the integrand given by O(t‘%*'“(") log t) ast — o0,
where s = o + it and (o) is defined at (4.1.15), the path of integration cannot
be shifted to the left beyond the vertical line Re(s) = —1. Thus we are again
confronted with the problem of a Mellin-Barnes integral representation for which
the usual method of displacement of the contour over an arbitrary number of poles
of the infinite sequence is inapplicable.

To deal with this case, we first displace the contour over the poles at s = 1, %
and 0 to obtain

1

_ 3 1 F(k_%) 2 _ 2,2 3/n
S0 =115~ 3 ; TG = T+ ), (5616)

where

(S]]

ct+ooi 0 1
J(x) = ! G s) {(s)x%ﬂcot%nsds (_g <c<0).

270 Jooi T(2— 1) ’
We now wish to decompose the integral J(x) into two parts with the following
properties: (i) one part which has a sufficiently rapidly decaying integrand as
t — oo to permit displacement of the contour of integration over the sequence
of poles in Re(s) < 0, and (ii) another part which has an integrand holomorphic
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in Re(s) < O (but for which path displacement to the left of Re(s) = —1 is not
possible).
We achieve this by employing the identity

2sin iz
3. _ 1 2
cotsms =cotyms (1 — ——=—].

S ETL’S

This yields the decomposition

J(x) = 1(x) — L(x), (5.6.17)
where
c+00i 1 3 1
I(x) = L (5 - ES)éu(s)xz 52008 37$ s
270 Je—ooi T(2— %s) sin %ns '
etooi (L _ 3¢
L(x) = 2; %; (s)x%_scot%nsds,
7S

with —% < c¢ < 0in I1(x) and —1 < ¢ < 0 in I(x). Due to the presence
of the ratio of trigonometric functions, the modulus of the integrand in /;(x) in
Re(s) < 0is now seen to be O(|t|’%+“(")e’”|’|) as t — +o0, while that in 7, (x)
is still 0(|t|_%+"(")). However, it is most important to observe that the integrand
in I;(x) has no poles in Re(s) < 0, since the poles of cot %ns ats = —2,—4, ...
are cancelled by the ‘trivial zeros’ of ¢ (s).

Let us consider the integral /;(x). The integrand has poles in Re(s) < O at
s =% — —k (k =2,3,...), with the values k = 4,7, 10, ... deleted. Because of
the exponentlal decay of the integrand as t — oo, we are free to displace the
path of integration to the left over these poles to find the asymptotic expansionf
as x —> 0+

2 AT(k—1) 2
he) ~ =+ > ng(g — 2k)x3k, (5.6.18)

We now consider the integral ;(x). Upon use of the functional relation for ¢ (s)
in (4.1.4), we have

(x3/7)

2mwi

c+ooi X \S
L(x) = / (E> t(1+9)Y(s)cosdmsds (0 <c< 1),

*— 001

where we have defined

T'(s+ DI(3s+ 1)
F(%s + 2)

Y(s) =

T We note that, when k = 4,7,10, ..., the sum in (5.6.18) receives no contribution since these
values correspond to the ‘trivial zeros’ of ¢ (s).
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Im(s) Im(s)

U

0 1 Re(s) 0 ) Re(s)
( )

(a) (b)

Fig. 5.8. (a) The path of integration in /,(x) with 0 < ¢ < 1 and () the contour C* with
endpoints at infinity in the strip 0 < Re(s) < 1.

and, for convenience, we have replaced the variable s by —s. Since the integrand
is holomorphic in Re(s) > 0, we can expand the path of integration to the right,
so that |s| is everywhere large, but with endpointss still at infinity in the strip
0 < Re(s) < 1. This expanded contour will be denoted by C* and is illustrated in
Fig.5.8. Lemma 2.2 then shows that Y (s) has the inverse factorial expansion

M—1

T(s) =Y (VAT(s—3—j)+ou@®T(s—5—M) (M=12,..),
=0

where py(s) = O(l) as |s| = ocoin |arg s| < —€,€ > 0and Ay = (2/3)%.
From §2.2.4, the normalised coefficients ¢; = A; /A are found to have the values

00:1, Clzg —2785 —m

g 2= T1:2 3= 916
— 28075705 .. _ 1159199965
4= 7884736 * ©5 = 77077888 " *

We now substitute the above expansion for Y (s) into I, (x), where it is supposed
that C* encloses the point s = M + %, and expand the zeta function (since
Re(s) > 0 on C*). This yields the result

x3 & el 1 X \*
o =30 a3 (Ve | (=) -4
2() T Zn 0 ]2:(;( y'ej 2mi /c 2nn (S 2 ])

n=1

1
X COS %ns ds + (2;—”) ! Ry (x/n) (5.6.19)

+ Note that it is not possible in this case to deform C* into a loop with endpoints at infinity in Re(s) < 0,
since, from Stirling’s formula in (2.1.8), the modulus of the integrand is O(1) as |s] — oo in
Re(s) < 0.
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+Ru(x/n) ¢,
where

Ry (x/m) = —— (i)?_i pu (T (s — L — M) cos Lrs ds.
27i Jeo \2mn 2 2

The integrals appearing in the sum over j in (5.6.19) have been evaluated by means
of (3.3.6) (when arg x = 0) to find

1 X \5 1 2rn
— (—) [(s —a)cos swsds =cos | — + 57a
27wi Jox \21n X

where o = j + %, since the rectilinear path in (3.3.6) can be reconciled with the
contour C* with endpoints at infinity in the strip 0 < Re(s) < 1. By writing
cos %ns as the sum of two exponentials and bending back the contour C* into the
loop in Lemma 2.8, we have by Lemma 2.8 that |Ry (x/n)| = O((x/n)") as
x — 0+ forn =1,2,.... We therefore obtain the expansion

7

2X6 — XN e . 2rn
L(x) ~ Z <_E> ¢ Znﬂ*% cos (T + %7‘[] + %7‘[) . (5.6.20)

3
Gm): i n=1

Collecting together the results (5.6.18) and (5.6.20) in (5.6.17), we finally obtain
from (5.6.16) the asymptotic expansion

3 1 & T(k—3) ,
S(x) ~ — 22¢0(2 = 2k)x3t
4x1/3 2\/77 k2=0: k! (3 3 )
xi o X\ e 3 2mn
BETNE E (—Z) cj E n~’'72 cos (T—l—%nj-l—%n)
j=0 n=1

(5.6.21)

valid as x — 0+. Comparison of this result with that obtained in (4.2.20) shows
that the additional contribution to the expansion of S(x), represented by the double
sum on the right-hand side of (5.6.21), consists of an infinite number of oscillatory
terms. Since the sum over n is absolutely convergent and bounded by ¢(j + %),
it follows that this contribution is O(x%) as x — 0+, as predicted in §4.2.3.
The presence of this additional contribution was not accounted for in Macfarlane
(1949) and Davies (1978, p. 215).

To verify the accuracy of the expansion (5.6.21) we let x~! = N + 7, where
0 <t < 1 and N is the integer appearing in the definition of S(x). We truncate
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the expansion /;(x) in (5.6.18) after M terms and define the quantities

M—1 1
3 1 T(k—3) :
R =S(x) — —¢ 22¢0(% = 2k)x 3k,
W) = S@) = =+ 5 k§=0 ot (5 -5k
x6 a X \J it
—j=3 1., 1
T (x) = BTG j2=0 (_E> cj ,,Ezl n~/72cos (2mnt + 37j + 7).
The results of numerical calculations for the case N = 10° and M = 10 (a

sub-optimal value of the truncation index) are presented in Tables 5.6 and 5.7.
The values of Ry (x) and T, (x) are shown for different » when x = 1073 and
x = (10 4+ 7)71 (0 < t < 1), respectively. We note that the expression for T} (x)
simplifies when x~! is an integer (so that 7 = 0), since the sum over n can then
be evaluated in terms of the zeta function to yield

x% - X \J . .
T,(x):—mg(—g) Cjé‘(‘]—i—%)COS(%T[_]—F‘]—‘T[) (xN =1).

!increases between

It can be seen that the fine structure contained in R, (x) as x~
two consecutive integer values is very accurately described by the expansion

(5.6.21).

Table 5.6. Values of T, (x) and Ro(x)
when x = 1073 (z = 0)

r T.(x)

0 —5.36759 92482 8815 x 1077

1 —5.36809 27671 0062 x10~°

2 —5.36809 26253 3242 x 107

3 —5.36809 26252 6576 x 107
Rio(x) | —5.36809 26252 6580 x 107>

Table 5.7. The variation of R9(x) and T, (x) forr =0, 1

whenx 1 =100 +17,0<7<1

T Rio(x) To(x) Ti(x)

0 —5.36809x 107> | —5.36760x 1073 —5.36809x 107
0.02 | —=2.09705x107° —2.09650x 107 —2.09706x 107
0.05 | —0.55814x107° —0.55755x 1073 —0.55816x 107
0.10 | +0.82911x107? 40.82969x 1075 +0.82910%x 107
0.20 | +2.08634x107° +2.08675%x 1073 +2.08633%x 107
0.40 | +2.18653x107° +2.18643x 1073 +2.18653%x107?
0.60 | +0.64609x 107> 40.64565%x 1073 +0.64609% 107
0.80 | —1.95151x107° —1.95183x107° —1.95151x107°
1.00 | —5.36184x1073 —5.36134x107? —5.36184x107°




6

The Stokes Phenomenon and

Hyperasymptotics

6.1 The Stokes Phenomenon

The Stokes phenomenon plays a central role in the asymptotic description of the
special functions of analysis and in the important class of asymptotic phenomena
in mathematical physics known as ‘discontinuities’. Such discontinuities, along
with those of a different origin arising in boundary layer theory and shocks in gas
dynamics, are not true discontinuities in the mathematical sense but are found to
depend on the scale on which the phenomenon in question is considered. When
viewed under an appropriate magnification these discontinuities appear as a smooth
albeit rapid transition from one form of description to another. An interesting
discussion of such asymptotic phenomena is given in Friedrichs (1955).

A typical example related to the Stokes phenomenon is the boundary of the
shadow which appears when a light wave passes an object. As a first approximation
the shadow boundary is a sharp discontinuity, but on a smaller scale there is a
transition from light to darkness which takes place in a narrow region along the
shadow boundary. This corresponds to the asymptotic expansion of the solution of
the wave equation taking on different forms across this boundary. Another example
is the change in asymptotic form of a wave function at a caustic surface where the
eikonal in the WKBJ description of the wave equation develops a singularity.
Indeed, the first account of this phenomenon by Stokes in 1857 arose in this last
connection in the theory of the rainbow and the formation of supernumerary arcs.

6.1.1 A Qualitative Description

The Stokes phenomenon concerns the abrupt change across certain rays in the
complex plane, known as Stokes lines, exhibited by the coefficients multiply-
ing exponentially subdominant terms in compound asymptotic expansions. The
pervasive nature of this phenomenon suggests that its occurrence should have a
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fundamental origin. The root cause appears to be a consequence of asymptotically
approximating a given function, possessing a certain multivalued structure, in
terms of approximants of a different multivalued structure. The simplest illustra-
tion of this for solutions of linear differential equations is Airy’s equation (which
was also one of the examples considered by Stokes)

d>y

d_Z2 =2y, (6.1.1)

for which the solutions y(z) are entire functions of z. For large |z|, the asymptotic
solutions to leading order are given by

up(z) =z 7 exp (£ %z%),

which are multivalued functions with a branch point at z = 0. Consequently, any
linear combination Cu,(z) + Du_(z) of these approximants, where C and D
are arbitrary constants, cannot approximate a solution of (6.1.1) uniformly as one
describes a complete circuit about z = 0, since y(ze?™') = y(z) but u+(ze*') #
14 (z). There must therefore be a change in the values of the constants C and D as
arg z is increased by 2.

In his review paper on the Stokes phenomenon, Meyer (1989) gives a forcible
argument, particularly in the context of wave problems, for the use of the natural
metric T = %13/ 2 in the discussion of equations of type (6.1.1). If we make the
transformation y(z) = t~"/W(z), the differential equation (6.1.1) takes the form
aw %
—-{i-5lw=o (6.1.2)
with u = 35—6. The asymptotic approximants to leading order are now given by e**
while the solution W(7) is associated with indicial exponents é and g att =0.In
this case the situation is reversed: the approximants are entire functions of t but
the solution W (7) possesses a branch point at t = 0, thereby again giving rise to
a Stokes phenomenon.

A similar argument applies to the modified Bessel equation

2d%y dy

—=+z

— @+ 1)y =0; 6.1.3
a2 T (= +v9)y (6.1.3)

+ This argument can be extended to the equation y” = z”y (p > 0), which is often cited as an example
contradicting the above explanation when p = 4, 8, ..., since the solutions y(z) are entire and the
approximants are to leading order given by

2
us(z) =z "*ex {:I:i
+(2) p P2

Z(p+2)/ 2} .

In terms of the metric T = 2z**?/2/(p 4 2) and the transformation y(z) = 7~ ?/CP+YW(r), this
equation reduces to the form (6.1.2) with u = p(p-+4)/{4(p-+2)?*}. The leading-order approximants
are again e** but the solution W(t) is associated with the indicial exponents p/(2p + 4) and
(p+4)/(2p +4), giving rise to a branch-point structure at 7 = 0 for all p > 0.
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the details in this section are taken from the review paper by Paris & Wood (1995).
For non-integer v, two linearly independent solutions of this equation are given
by the modified Bessel functions I.,(z), which are associated with the indicial
exponents v at the branch point z = 0. The (formal) asymptotic solutions of
(6.1.3) for large |z| and fixed real or complex values of v are given by

U (z) = (%) e Y A WEF22) T, (6.1.4)
r=0

where Ag(v) = 1 and
4?2 — 1) (42 =32 .. (@2 — 2r — 1)?
r!2%
cosmv I'(r+v+ %)F(V —v+ %)
b4 r!

Ar(v) =

=y

r>1. (6.1.5)

Again (provided 2v is not an odd integer), a Stokes phenomenon has to occur
whenever a solution of (6.1.3) in the form y(z) = Al,(z) + B1-,(z), where A and
B are arbitrary constants, is expressed in terms of the linear combination Cu (z) +
Du_(z) for large |z|, since y(z) and its asymptotic approximants u4(z) have
a different multivalued structure. This qualitative argument that the asymptotic
approximation must be domain-dependent was first given by Stokes (1857);T see
also Meyer (1989). Stokes went on to argue that the change in the constants C and
D must take place where the terms of the associated expansions u (z) come to be
regularly positive: this is equivalent to the raysi where 14 (z) assumes maximal
dominance over u(z) for large |z|. Thus the values of § = arg z across which
C and D are able to change are given by 6 = (2n 4+ 1)w and 6 = 2nmw (n =
0, %1, £2,...), respectively.

6.1.2 The Modified Bessel Function K, (z)

To be more specific we now focus our attention on the modified Bessel function
K, (2). This is defined to be the combination of I,(z) (corresponding to —A =
B = %n cosec rv) that yields C = 0, D = 1 in the sector —7 < 6 < m,
that is

Ky(2)~u_(z) (z] >00, —m<6<m). (6.1.6)

T It is of historical interest to note that this phenomenon (in the context of Bessel functions) had also
been noticed independently by Hankel (1868) who gave essentially the same explanation for its
origin.

# As pointed out by Olver (1974, p. 518) there is confusion in the naming of these lines and the so-
called anti-Stokes lines. We shall define the rays where maximal subdominance and rapid transition in
coefficients occur as Stokes lines, and the rays where expansions are of the same order of magnitude
as anti-Stokes lines. This convention is the converse of that adopted by, for example, Bender &
Orzsag (1978, p. 115).
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The Stokes lines for K, (z) are consequently situated at@ = +m, 27, . ... In what
follows we shall consider only the Stokes line 6 = 7 across which C must change;
the treatment of the other rays is similar. In the adjacent sector 7 < 6 < 2m the
value of C can be computed from the connection formula [Abramowitz & Stegun
(1965, p. 376)]

. . sinmmv
K,(ze"™) = e """ K, (2) — wi— 1,(z) (6.1.7)
sinmv
for integer values of m. Use of this relation with m = —1 and m = —2 then shows

that
K,(z) =2cos v K,(ze ™) — K, (ze ™).

On replacing z in (6.1.6) by ze~™ and ze~>"" in turn and noting from (6.1.4) that
u_(ze™™) =iuy(z), u_(ze >"") = —u_(z), we obtain the compound asymptotic
expansion

K,(2) ~u_(z2) +2icosmvuy(z) (|z] = 00, w <6 <2m). (6.1.8)

Thus, on crossing & = 7 in the positive sense with |z| fixed, the constant C
multiplying the subdominant asymptotic solution u (z) changes from zero to the
value 2i cos wv.

In the literature the above asymptotic expansions for K, (z) are normally stated
in the less stringent sense of Poincaré, namely

u_(z) (16| <37 —9)

(6.1.9)
u_(z) +2icosmvuy(z) (3w +8<6<3mr—39),

K, (z) ~ i
where § denotes an arbitrarily small positive constant. These expansions hold
uniformly as |z| — oo with respect to & = arg z in their respective sectors of
validity. When 2v is not an odd integer, the expansions (6.1.9) have the common
sector of validity, %n +8§ <6 < %n — &, where they differ by the inclusion
of the series u (z). The resulting contradiction, however, is only apparent, since
u4(z) is uniformly exponentially small for large |z| in this common sector and
so is asymptotically smaller than any term in the dominant series u_(z). In the
Poincaré sense, therefore, the additional term in (6.1.9b) is negligible.

Since the discovery of this phenomenon, the conventional view had been that
of a discontinuous change in the constants (called Stokes multipliers) associated
with subdominant asymptotic expansions. The fact that an analytic function could
possess such a discontinuous representation in the neighbourhood of an irregu-
lar singular point had always been problematic. This ‘hide-and-seek’ nature of the
multipliers, combined with the inherent vagueness associated with the precise loca-
tion of these jumps in the complex plane, had resulted in the Stokes phenomenon
being enshrouded in a certain element of mystery. Indeed, in a review paper deal-
ing with well-constructed error bounds for asymptotic expansions, Olver (1980)
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re-examined the question of which expansion in (6.1.9) to adopt for K, (z) in the
common sector of validity. By detailed analysis of the associated error bounds, he
concluded that apart from a region of uncertainty R surrounding the negative real
z axis, the expansion (6.1.9a) is more accurate when 6 < 7 while the expansion
(6.1.9b) is more accurate when 6 > m. Although his error bounds were insuffi-
ciently precise to resolve the details of the transition from one expansion to the
other inside the region R, it was possible to deduce that the Stokes line should be
6 = m, since this was the only ray completely contained in R.

This picture changed dramatically when Berry (1989) argued that the coefficient
of the subdominant expansion should be regarded not as a discontinuous constant
but, for fixed |z|, as a continuous function of 6. Berry’s theory, which was an
extension of the earlier interpretative theory of asymptotic expansions by Dingle
(1973), demonstrated that, when viewed on an appropriately magnified scale, the
change in the subdominant multiplier near a Stokes line is in fact continuous. For
a wide class of functions, the functional form of this rapid but smooth transition
is found to possess a universal structure represented to leading order by an error
function, whose argument is an appropriate variable describing the transition across
a Stokes line.

To detect the “birth’ of such exponentially small terms it is necessary to compute
the dominant series to at least a comparable accuracy. Berry achieved this by
optimal truncation of the dominant asymptotic expansion after N terms¥ (that is,
truncation just before the least term of the expansion — see §1.1.2) followed by
an estimate of the associated remainder term. For the function K, (z), we find
from (6.1.5) that optimal truncation corresponds to N =~ [2|z]], square brackets
denoting the integer part. The Stokes multiplier Sy is then defined by the equation

Lo !
K, (2) = (212) e Y A()(22) " + 2icos v (2%) e Sy (6.1.10)
r=0

which, for fixed |z| (and hence fixed N) is a continuous function of 6. Since the
term containing Sy is proportional to the leading term of the expansion of u, (z),
we see from (6.1.6) and (6.1.8) that as we traverse the Stokes line 8 = 7 (with
fixed large |z|) the value of Sy must change from O to 1.

Berry was able to show that the second term on the right-hand side of (6.1.10)
originates from a correct interpretation by Borel summation of the tail of the diver-
gent expansion for #_(z) in (6.1.6). The details of his arguments are summarised
in Paris & Wood (1995); see also Olver (1990). An alternative discussion of the
Stokes phenomenon based on matched asymptotic expansions (a boundary-layer
approach) is given in Olde Daalhuis ef al. (1995) and an illuminating discussion
from a physical viewpoint can be found in Berry & Howls (1993a) and Boyd (1999).

1 Such optimally truncated asymptotic series are known as ‘superasymptotic’ [Berry (1991c)].
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It is found that in the neighbourhood of the Stokes line & = m, when |z] is large,
the approximate functional form of the Stokes multiplier for K, (z) is described by

1

i ))zsin(H—n), 6.1.11)

~ 1 1 5 5 o—
SN_E—’—ECI'f(T, U_<(:()s(0——7t

where erf denotes the error function defined by

2 X
erfx = —/ e du.
v Jo

The change is expressed in terms of the variable & which provides a local measure
of the angular transition across 6 = m. We note that the error function for real
argument lies between the values 1 and these limiting values are approached
rapidly: for example, |erf(£2)| > 0.995. As aconsequence, Sy increases smoothly
but rapidly from the value 0 when & is moderately large and negative (i.e., when
6 is somewhat less than 77) to the value 1 when & is moderately large and positive
(i.e., when 0 is somewhat greater than 7). On the Stokes line we find Sy ~ % to
leading order.

Berry developed his theory for a wide class of functions for which the coeffi-
cients in the tail of the optimally truncated expansion possess a ‘factorial divided
by a power of 7z’ dependence. The estimation of Sy in this case is analogous to
that for K, (z) and is expressed in terms of the singulant F(z). This quantity was
defined by Dingle (1973) as the difference between the exponents of the domi-
nant and subdominant exponentials — in the case of K, (z) we have e™* and €%, so
that F'(z) = —2z. The behaviour of Sy near a Stokes line for this more general
class of function is similarly found to possess to leading order the error function
dependence in (6.1.11), but with the variable 6 now given locally by

Im(F)

_— (6.1.12)
(2Re(F)):

o=

A remark is in order at this point concerning the fundamental difference in
philosophy between adopting an exact definition of a function f(z) and working
directly with the tail of a divergent asymptotic series for f(z). The mathematician
adopts the former viewpoint: by starting from an integral representation, or from
the differential equation satisfied by f(z), it is possible to develop the whole
theory of the Stokes phenomenon in a rigorous fashion. This is the procedure
adopted in this chapter. The physicist, on the other hand, generally approaches the
problem form the other end and starts with a divergent Poincaré-type asymptotic
representation for f(z). This might be obtained, for example, by a perturbation
expansion procedure and an exact definition of f(z) is consequently not available.
A central theme in Dingle (1973) is that the tail of a divergent asymptotic series
> ¢,z7" contains information which, if correctly interpreted, can be ‘decoded’ to
yield the form of the dominant expansion in an adjacent sector. Indeed, in their
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review paper Berry & Howls (1993a) write: “[Dingle] regarded the divergent tail
of a formal expansion not as indicating lack of precision but rather as a source of
information to be decoded to reveal the remainder. Dingle traced the divergences
of asymptotic series to singularities [ ... ]. This led him to the result that whole
classes of singularities arising in physics determine the form of the high-order
(late) terms in a universal and simple way.”

This astonishing behaviour of the high-order coefficients c,, which is exhibited
by a wide range of functions, is characterised by the ‘factorial divided by a power
of 7z’ dependence given by

L'(r+p)

o >, (6.1.13)

r

where f is a constant which depends on the nature of the origin of the dominant
and subdominant exponential terms [Dingle (1973, pp. 111, 145, 299)] and F(z)
is the singulant. For example, for the Bessel function K ,(z) we find from (6.1.5)
and Stirling’s formula in (2.1.8) that § = 0 and F(z) = —2z. By replacement
of the above factorial by a well-known integral representation followed by Borel
summation, it is then possible for a convergent representation to be extracted from
the tail of the divergent series, from which the structure of the Stokes multiplier
in the vicinity of a Stokes line can be obtained. Heuristic arguments for the uni-
versality of the error-function smoothing of the Stokes phenomenon for functions
satisfying (6.1.13) have been given by Berry (1991b) (who also considered exam-
ples of functions where the divergence of the coefficients ¢, is stronger than that in
(6.1.13) —termed ‘superfactorial’ divergence) and by Nikishov & Ritus (1992). We
point out that an example of the non-universality of the error function smoothing
has been found by Chapman (1996) in the solution of an inhomogeneous delay
equation (with delay parameter 1/k) as k — oo.

6.2 Mellin-Barnes Theory

Since the appearance of Berry’s seminal paper, several authors have placed this
valuable theory on arigorous foundation and have established more refined approx-
imations to Sy. Olver (1990, 1991b) was the first to construct new uniformly
exponentially-improved asymptotic expansions for functions defined by Laplace
integrals. Such generalised expansions have the merit of possessing greater accu-
racy and a larger domain of validity than conventional Poincaré-type expansions.
Independently of Olver, Jones (1990) considered the asymptotic behaviour of
a certain type of Stieltjes integral and, although the question of the Stokes phe-
nomenon was not addressed, he established that the optimal remainder has an error
function dependence near the Stokes lines. Subsequently, Boyd (1990) developed
an exponentially-improved asymptotic theory for functions defined by a Stieltjes
transform, choosing as an example to illustrate his theory the modified Bessel
function K, (z); for a summary of these theories, see Paris & Wood (1995).



6.2. Mellin-Barnes Theory 241

In this section we show how the theory can be developed from a Mellin-Barnes
integral description. An advantage of this approach is that integrals of this type
possess a relatively wide sector of definition which generally includes a pair of
Stokes lines. This obviates the need to employ analytic continuation arguments
necessary in the treatment using Laplace and Stieltjes integrals (since their sectors
of definition generally do not include a Stokes line). As in Olver (1990, 1991b),
the theory will be developed for the confluent hypergeometric functions which
include many of the commonly used special functions, such as Bessel functions,
Airy functions and the parabolic cylinder functions. The theory presented here is
based on Paris (1992a).

6.2.1 Exponentially-Improved Expansion

Let us consider the confluent hypergeometric function U (a; a — b+ 1; z) in which
the parameters a and b are real or complex constants and z is a large complex
variable. The asymptotic expansion for |z| — oo is given by the Poincaré-type
expansion [Abramowitz & Stegun (1965, p. 508)]

Ua;a—b+1;2)

$1(2) (larg 2| < 57 — )
~ 2mie T . s (6.2.1)
Sl(Z)imsz(Z) (37 +68 < larg z| < 37 =),
where the upper or lower signs are taken according as arg z > 0 or arg z < 0,
respectively, and throughout this chapter § denotes a small positive quantity. The

formal asymptotic sums S;(z) and S,(z) are defined by

51 = 3Dk gy 2 e S L 2D 5 )
k=0 k=0

k! zk k! z¥ ’

where, for convenience, we have put ¥ = a + b — 1. The compound expansion
in (6.2.1b) follows from use of the connection formula for U(a;a — b + 1; 2)
given in Slater (1960, Eq. (2.2.18)); compare the procedure used to derive the
compound expansion of K, (z) in (6.1.8). In the common sectors of validity %n +
8 < |arg z|] < %n — &, these two expansions differ because of the presence of
the exponentially small series S, (z). This series is maximally subdominant on the
rays arg z = =, which are consequently Stokes lines.

From (3.4.7), the Mellin-Barnes integral representation for U (a; a — b + 1; z)
is given by

Z—a 1 o)) .
U@,a—b+1;z2) = mﬁ /:001_ F'(—s)I'(s +a)T'(s +b)z ¥ ds,

(6.2.3)

T We note that Stokes lines occur on the rays arg z = +kw, k=1,2,....
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where the integration path separates the poles of I'(—s) from those of I'(s + a)
and " (s + b). This separation of the poles is always possible provided a and b are
not equal to zero or a negative integer (in which case z°U (a; a — b+ 1; z) reduces
to a polynomial in z~!). We note from Rule 1 in §2.4 that the sector of validity of
(6.2.3)is |arg z| < %71 which includes the first two Stokes lines on arg z = +.
From Stirling’s formula (2.1.8), the modulus of the integrand as t — 00, when
s = o +it, is |z]7 O(|t]7TRe@HDI=3 oAl A = 27  arg z. Then, provided
|arg z| < %7‘[, the contour may be displaced to the right over the first n poles of
" (—s) in the usual manner to find

(@i (b)k

k! zk

n—1
2Ua;a—b+1;2) = Z(—)k
k=0

+ Ry (2), (6.2.4)

where the remainder

T 1 /‘C“‘*oo" Fs+a)l(s+b) _,
7z 'ds

Ru@) = .
@ = ot 2 )y s TG+ Dsings

(6.2.5)
when 0 < ¢ < 1. Equation (6.2.5) provides a simple representation, valid in the
sector | arg z| < %n, for the remainder R, (z) in the asymptotic expansion (6.2.1a)
truncated after n terms. For the moment # is an arbitrary positive integer but will
subsequently be chosen to be the optimal truncation value n = N =~ |z|, when
|z| is large. For fixed n, it is easily seen that |R,(z)| = O(z™""°) as |z]| — oo in
|arg z| < %r{, so that (6.2.4) generates the asymptotic expansion (6.2.1a).

The change in structure of R,(z) across the Stokes lines arg z = +m is
expressed in terms of the so-called ferminant function T,(z) [cf. Dingle (1973,
Chapter 23)], which is a multiplef of the incomplete gamma function I'(1 — v, z)
given by

T,(z) = wr(l —v,2)
v T he (6.2.6)
T,(z) =—ie™T,(2).

The Mellin-Barnes integral representation of 7),(z) follows immediately from that
of I'(a, z) in (3.4.11) and is given by

-V ,—Z —c+o0i r
T,(2) = ——— / LE+Y) g, 6.2.7)
dwi  J_._o; SINTTS
where |arg z| < %n, 0 < ¢ < 1 and, provided v # 0, —1, =2, ..., the path

of integration (suitably indented whenever Re(v) < c) lies to the right of all the
poles of I"(s 4 v). In particular, we shall require the representation of the function

F In Olver (1991a,b) the terminant function 7, (z) is called F,(z).
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T+v(2), where m is an arbitrary positive integer. This is expressed in terms of the
integral (6.2.7) with a displaced contour, since (when 0 < ¢ < 1)

Z—ve—z /-choo: F(s—l—m—{—v) _Y "

ds
dmi

Ti(2) =
ool sinms

—v —c+m+o0i r
e / TV gy (6.2.8)

— (_)m+1 <
4ri cim—ocoi  SINTs

upon replacement of the variable s by s + m. A discussion of the main asymptotic
properties of 7,,(z) is deferred until §6.2.6.

To express R,(z) in (6.2.5) in terms of terminant functions, we employ the
inverse factorial expansion given in (2.2.38)

Fs+a)l(s+b) ‘= . .
=) (VAT +9 —j)+pu@)Ts +0 — M),
Cs+1) ]2:; J

(6.2.9)

where M is a positive integer, ¥ is defined at (6.2.2) and, from (2.2.40), the
coefficients A; are given by

1—a);(1-0>0);
A= %. (6.2.10)
J!
The remainder function py,(s) is O(1) as |s| — oo uniformly in | arg s| < 7w —§,
8 > 0. Substitution of this expansion in (6.2.5) then yields the desired result

M—1

Ri(D) =~ 3 (-) A,
F@r ) &

1 —ctn+ooi o s+ —
i ki deb 2" ds 4 Ry u(2)
270 J e n—ooi sinms
27-”6—71119 j
T T@ro® e Z Ajz  Tuvo—j (@) + Rym(2), (6.2.11)

upon identifying the integral in the finite sum in terms of (6.2.8) (with v = ¥ — j)
and use of the scaled terminant 7,,(z) in (6.2.6b). The remainder term R, j/(2) is
given by

g ~
RI‘L e RV! b
M (2) OO M (2)
where
R —c+n+o0i F(S‘i‘l? M) B
Rym(@) = i om(s)——— =z %ds. (6.2.12)
i ) cin—ooi sin s

The result in (6.2.11) expresses the remainder R,(z) in (6.2.4), where n is an
arbitrary positive integer, as a sum of terminant functions. It has been obtained
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for all real or complex values of the parameters a and b (with the exception of
nonpositive integer values) and for all z in the sector |arg z| < %n. We now
suppose that the series in (6.2.4) is truncated at the optimal value of n (which we
denote by N); that is, when |z| is large, the value of n corresponding to the term
preceding the numerically smallest term. We therefore set

N+a+b—1=lz]+a, (6.2.13)

where |«| is bounded; this corresponds to the superasymptotic level of expansion.
It is clear that, with N chosen in this manner, Ry (z) is a piecewise continuous
function of |z| and a continuous function of arg z. To demonstrate that (6.2.11)
constitutes an exponentially-improved expansion for R,(z) when n = N, it is
necessary to derive suitable estimates for the remainder Ry »(z). This is carried
out in the next section.

6.2.2 Estimates for | Ry, (z)|
By Lemma 2.9, we find when N = |z| + O(1) and M is finite that

O(x"M=2¢7) (Jarg z| <7 —8)

6.2.14
O(z"Me i) (larg z| < ) ( )

[Rn.m(2)| = {

as |z] — oo. An estimate for IQN,M(z) in the sector m < |arg z| < 27w — §, can be
obtained from its connection formula derived from the integral (6.2.12). Insertion
of the identity

) eIm’s
cosecTs = e””{ _ +2i }
sins
where either the upper or lower signs are chosen, in (6.2.12) immediately yields
the connection formula

Ry (@) = Ry (ze™) + 1 (ze™™), (6.2.15)

with

—c+N+o00i
I1(z) = —/ puT(s +9 — M)z ds  (Jarg z| < 1m).
T J—c+N—ooi

The integral / (ze="') no longer contains a sin 775 in the denominator and conse-
quently, provided | arg(ze*™)| < %JT, the contour of integration can be replaced by
any path parallel to the imaginary s axis which is situated to the right of all the poles
of the integrand. Application of Lemma 2.7 then shows that | I (z)| = O(z” Me™)
as |z] — ooin |arg z| < %n — §. This estimate may be extended to the sector
| arg z| < m — & by the device of bending back the path of integration in / (z) into
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a loop with endpoints at infinity in Re(s) < 0 and use of Lemma 2.8. With the
choice of the lower signs in (6.2.15), we then find

|1%N,M(Z)| =< |I%N,M(Z€_2m)| + O(Zﬁ—MeZ)

in the sector ¥ < arg z < 2w — §. For this range of arg z, we have —7 <
arg(ze >"") < —§. Then, from (6.2.14b), it follows that |Ry j(ze >"%)| =
O (z"~M¢~121) in this sector. Hence we obtain

Ry = 0" Me ™) + 0" Me)
=0@E"™Me*) in 7 <argz<2mw—34. (6.2.16)
A similar result using (6.2.15) with the upper signs holds for the conjugate sector,
or we can appeal to symmetry.
Collecting together the results in (6.2.14) and (6.2.16) we have the asymptotic
estimates for the remainder Ry _y(z) as |z] — oo when N = |z] + O (1) given by
0" Mzl (Jargz| <7 — )
IRy m(@)| = 0" My (Jarg 2| < 7) (6.2.17)
0" Me?) (r < |arg z| <27 —9).
This shows that at optimal truncation the remainder in the expansion (6.2.11) is
uniformly exponentially small (controlled by e~I*!) throughout the sector | arg z| <
7. Outside this sector, however, this exponential improvement is seen to steadily

deteriorate until | arg z| = %n, where |e?| = O(1). We thus obtain from (6.2.11)
the exponentially-improved asymptotic expansion in the form

N—-1
“U@a—b+1;2) = ;(_)k (a,)jif)k + Ry (2)
2rie ™ N (1 —a);(1 —b); -
Ry() = mz”e- 2; #TM_,@ + Rym(2),

(6.2.18)

valid for large |z| in the sector | arg z| < 2w — §, where N is given by (6.2.13).
This expansion agrees with that obtained by Olver (1990, 1991b) and Boyd
(1990) for the particular case of the modified Bessel function K, (z). Itis of interest
to note that, by means of the connection formula for U(a;a — b + 1; z), Olver
(1991b, §5) showed that the estimate (6.2.17¢) is valid in the wider sectors w <
|arg z| < %71 — & which are maximal. From the estimates for 7, (z) in (6.2.59) and
(6.2.6b), the expansion (6.2.18) is then seen to incorporate the three Poincaré-type
expansions in (6.2.1) and, moreover, to provide a smooth transition between these
expansions. However, in normal circumstances we would not need to compute
the exponentially-improved expansion of U(a; a — b + 1; z) outside the sector
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| arg z| < m, since standard connection formulas are available for the construction
of exponentially-improved expansions in other sectors.

6.2.3 The Stokes Multiplier
Comparison of (6.2.1) with (6.2.18) shows that the Stokes multiplier Sy is given by

o0
Sn o~ Y AT T (@); (6.2.19)
j=0
compare (6.1.10). To examine the nature of the transition across the Stokes line
arg z = m, we truncate (6.2.19) at its first term and consider fixed large |z| and
vary the phase 6 = arg z. Then, we find for large |z|

Sy = Sn(0) = Tyis(@) + 0.
When v = |z| + «, where |«¢| is bounded, the expansion of f‘v(z) as |z] - oo
uniformly in the sector —7 4+ § < arg z < 3w — § is, from (6.2.56),
je— 1zl @) 2

(), b6, 0 (312)
/27T|Z| kXZO: 27k 2

with a conjugate expansion in the sector —37 +§ < arg z < m —§; the coefficients
b (0, a0) are specified in (6.2.61) and (6.2.62). The quantity c(0) is defined by

T, ~ 1+ %erf{c(e)(%lzl)%} -

1O =1+i@@ —n)— €™

and corresponds to the branch that behaves near 6 = 7 like c(0) ~ 0 — m; see
(6.2.52). Hence we find that

Sn(@) =1+ %erf{c(@)(%lzl)%} + e @O O (1773, (6.2.20)

In the neighbourhood of the Stokes line arg z = 7, we have c(0) ~ 6 — x
and the transition of the multiplier across arg z = m is consequently smooth:
Sn(6) changes from approximately zero when 8 < m to approximately 1 when
® > m within a zone centred on 8 = 7 of angular width O (|z|’%). A similar result
is obtained for the Stokes line arg z = —m. Berry’s approximation for Sy (6) in
(6.1.11)is associated with the variable ¢ defined in (6.1.12), where for the confluent
hypergeometric function U (a; a — b + 1; z) the singulant F (z) = |z|e/®~™). Thus
we have

2] 1/2
N Y in© — ),
? <200$(9 - n)) sin(® =)

and to leading order in powers of & — 7 the approximate representation Sy (0) =
% + %erf o agrees with the result in (6.2.20).

We draw attention to three important remarks. First, Berry’s approximation
in (6.1.11) is valid only in the vicinity of a Stokes line. The result in (6.2.18) is
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valid in a much wider sector, extending the standard Poincaré expansion (6.2.4),
and incorporates the smooth but rapid transition of the Stokes multiplier across a
Stokes line through the behaviour of the approximant T,(2). Secondly, Sy (6) has
an imaginary component since c(6) is a complex function of 6. It is of interest to
note that this imaginary component becomes of comparable significance to the real
component of Sy (6) when the truncation index » is non-optimal. A discussion of
the behaviour of the Stokes multiplier for non-optimal truncation is given in Berry
(1989) and Middleton (1994). And thirdly, on the Stokes line arg z = & we have
c(m) =0, sothat Sy () = % + 0(|z|‘%); that is, the multiplier on the Stokes line
equals % to leading order.

The above analysis can also be applied to other solutions of the differential
equation satisfied by U (a; a — b + 1; 7). The first of these is the function | Fi (a;
a — b + 1; z), where it will again be supposed that a and b are real or complex
constants and that z is a large complex variable, which may be restricted to the
half-plane |arg z| < %n on account of Kummer’s first transformation

1Fi(a; b; 2) = e*1Fi(b—a; b; —2).

An important difference between this function and U (a; a — b + 1; 7) is the fact
that | Fy(a; a — b+ 1; z) is an entire function of z and is consequently completely
described in —m < arg z < 7.

From Slater (1960, p. 21), we have the relation expressing ; F (a; c; z) in terms
of the U hypergeometric function with argument rotated by £ given by

' —al(c)e . 4
1Fi(a;c;2) = %W”U(C —a;c;ze™)
Tl

—e U (c —a: c; ze ™)),

Application of (6.2.4) and (6.2.18) then shows that

\Fi(a;a—b+1;z) =71 + Ry (2),

T(a—b+1) Ai‘ (1 —a)(1 — b,
I'(a) = k!zk
6.2.21)

where

r b+1 b
RN(z>~—(;’(1_+ ) 2y “Z( )f(“) i)

X {’foﬁfj(Zem') - ezmbTNfﬁfj(Zefm)}

in the sector |arg z| < %n, where ¢ is defined at (6.2.2). This result is valid for
all values of the parameters a and b except when b is a positive integer, in which
case | Fi(a; a — b + 1; z) reduces to a polynomial in z of degree b — 1 multiplied
by €%, and when a — b + 1 is zero or a negative integer, in which case the function
is not defined.
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If we use the connection formula relating 7, (ze=™) in (6.2.45), we finally
obtain the result

r b+1 b
R~ e o

X { “Tia 4 disinma Ty_g-— J(ze”’)} (6.2.22)

for [z] — oo in |arg z] < 571; for details, see Paris (1992a). Truncation
of the expansion (6.2.22) at its first term shows that the Stokes multiplier for
1Fi(a; a — b+ 1; z), associated with transition across the Stokes line arg z = 0,
is given by

Sy(0) = e ™ 4+ 2isinwa YA"N,,y(ze”i) +0@™hH
=coswa +isinma erf{c(@ + n)(%lzl)i}

b IR0 o (11 ), (6.2.23)

where ¢(0) is given in (6.2.52). In the neighbourhood of arg z = 0, we see that
c(@ + m) ~ 6 so that, for fixed |z|, the Stokes multiplier changes smoothly in a
zone of angular width O(|z|~2) from the value €™ for 6 > 0 to the value e~
for & < 0. On the Stokes line, we have ¢(;t) = 0 and so

S(0) = cosma + 0(|Z|_%).

As a final remark we note a property of the coefficients in the exponentially-
improved expansions for the above two hypergeometric functions. If we denote
the coefficients appearing in the remainders (6.2.18) and (6.2.22) by

(1 —a)i(1 — D)k (a)k(b)k

M= MAE T

then we see that the coefficients A}( in the Poincaré expansion of U(a;a — b +
1; z) in (6.2.18) reappear in the exponentially-improved expansion of | F(a; a —
b + 1; z) in (6.2.22). Similarly, the coefficients Ay in the Poincaré expansion of
1Fi(a; a—b+1; z) in (6.2.21) reappear in the exponentially-improved expansion
of U(a;a — b+ 1; z) in (6.2.18). This phenomenon is an example of resurgence,
which is known to arise for Poincaré asymptotic expansions of integrals with
saddles; see Berry & Howls (1991).

A similar situation occurs if one examines as a second solution the function
V(a; a—b+1; z). This function is recessive at infinity in the sector | arg(—z)| < %n
and is defined by

(6.2.24)

Via;c;2) =e*U(c —a;c; —2);

see Olver (1974, p. 256). The resurgence property is again exhibited by the
coefficients in the exponentially-improved expansions of U(a; a — b + 1; z) and
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V(a; a — b+ 1; z); this fact became clear from the papers of Olver(1991b, 1993,
1994) where the coefficients in the re-expansion of the remainder term for the
asymptotic expansion of one solution of the confluent hypergeometric differential
equation are the same as the coefficients in the other solution. In Olde Daalhuis &
Olver (1994) this phenomenon was shown to extend to the solutions of the general
second-order differential equation at a singularity of rank one.

6.2.4 The Stokes Multiplier for a High-Order Differential Equation

Specific examples of functions exhibiting the error-function smoothing have so
far been confined to functions satisfying second-order linear differential equa-
tions. These functions possess compound expansions necessarily consisting of
only one dominant and one subdominant asymptotic series. Here we briefly con-
sider the application of the Mellin transform approach described in §6.2.1 to
functions satisfying a class of differential equations of arbitrary order n. Such
solutions will, in general, involve compound expansions consisting of more than
one subdominant asymptotic series. The results of this section are taken from
Paris (1992b).
The nth-order differential equation considered is

P
u® — (=" au” =0 (m>p=0), (6.2.25)

r=0
where z is the independent variable and the coefficients a, (r =0,1,..., p — 1)
are arbitrary constants with a, = 1 and a9 # 0. Whenn = 2, p = 1 this

is a transformation of Weber’s equation for the parabolic cylinder function. The
special feature of (6.2.25) is that the coefficients of the lower-order derivatives
involve a power of z equal to the order of the derivative. Such a structure (when
n > p) results in the coefficients of the formal power series solutions about z = 0
satisfying a two-term recurrence relation, with solutions consequently related to
the generalised hypergeometric function. Associated with the above equation is
the polynomial of degree p given by

r r—1 r
a+Y a]ac-—k=]]c+8). (6.2.26)
r=1 k=0 r=1

The zeros —f, play a fundamental role in the asymptotic structure of solutions
of (6.2.25). It will supposed, for simplicity, that none of the 8, equals a negative
integer.

Different classes of solution of (6.2.25), exhibiting different types of asymp-
totic behaviour in certain sectors about the irregular singular point at infinity,
have been discussed in detail in Paris & Wood (1985, 1986 Chapter 3). We shall

+ We note that 8, # 0 since, by hypothesis, ay # 0.
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be concerned here only with the solution{ denoted by U, ,(z). This solution
is chosen here as it possesses a relatively simple asymptotic structure for large
|z|. Although straightforward dominant balance arguments for large |z| reveal
that (6.2.25) has p algebraic-type solutions (with controlling behaviour z =%,
r = 1,2,..., p) together with n — p exponential-type solutions, the particu-
lar solution U, ,(z) involves all the p algebraic-type solutions but only a single
exponential-type solution. Other solutions of (6.2.25) which possess either an
exponentially small or a single algebraic behaviour as |z|] — oo in certain sec-
tors, and even and odd solutions (when #n is even), are discussed fully in Paris
& Wood (1985, 1986), where it is shown that they can be expressed as lin-
ear combinations of the fundamental system U, ,(R2;z), 2; = exp(2nij/n),
j=0,1,...,n— 1. These solutions will therefore, in general, involve more than
one exponential-type solution, each associated with its own pair of Stokes lines,
and consequently possess a more complicated asymptotic structure than that of the
basic solution U, ,(z).

From Paris & Wood (1985, 1986), the solution U, ,(z) has the series expansion

X . p/nk P

Uip@ =Y % [1r (HT'B) , (6.2.27)
k=0 r=1

where the §, are defined in (6.2.26). Provided the 8, satisfy the above restriction

and n > p > 0, the right-hand side of (6.2.27) defines U, ,(z) as a uniformly and

absolutely convergent series for all finite |z|. The asymptotic expansion of U, ,(z)

for large |z| may be stated as follows. We define the parameters «, ¥ by

P
n—p 1
e=— =) s
r=1

n

and introduce the formal asymptotic series

o0
E(Z)=X19€X2ij_j, XZKZI/K,
, (6.2.28)
H@)y=nY 0"y 5, ,(B: 2),
r=1
where, provided no two of the §, either coincide or differ by an integer multiple
of n,
o0

. _ (_)k L ,3_,' — B p/n _\—nk
SupBri = Y Tk + g [T (22— k) o,
! e

k=0

+ We remark that in the notation of Paris & Wood (1986), this solution would be called U, ,(—z). The
minus sign in the argument results from the factor (—)" in (6.2.25) which s introduced for convenience
in the location of the Stokes lines. In addition, to ease the notation we omit the dependence on the
parameters f,.
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with the prime denoting the omission of the term corresponding to j = r in the
product. The coefficients A in E(z) are independent of z with

Ao = (2m)2Pk"2 7,

The normalised coefficients c; = A;/ Ao are defined by a complicated recurrence
relation given in Paris & Wood (1986, §3.4) and the first few are found to be
1

co=1, cl:E{a(a—n—l)+%(n2+%n+l)},

1
=3 —da)er+ 3] — @(a —D@-D{En* - @n—-1a},

(6.2.29)
Then, from §2.3, we have the asymptotic expansiont as |z|] — oo given by
H(z) in |arg z| < %n(l—i—g)
Un,p(2) ~ " (6.2.30)

H()+ Ee™) in |arg(=2)] <7 (1- ).

where the upper or lower sign is chosen according as arg z > 0 or arg z < 0,
respectively.

The solution U, ,(z) is therefore exponentially large as [z| — oo in the
sector |arg(—z)| < %n(l — p/n), described by the single exponential expan-
sion E(zeT™"), while in the sector |arg z| < %7[(1 + p/n) the dominant
asymptotic behaviour comprises p algebraic expansions, each with the con-
trolling behaviour z7Por=1,2,..., p. In the common sectors of validity,
np/n < |arg z|] < %n(l + p/n), the expansions in (6.2.30) differ only through
the presence of the exponentially small subdominant series E(ze¥™"). The rays
arg z = xmp/n and arg z = 7 are Stokes lines where the exponential expan-
sion E(zeT™') and the algebraic expansion H(z), respectively, are maximally
subdominant. The rays arg z = :I:%rr( 1 + p/n) are anti-Stokes lines where the
exchange of dominance between the algebraic and exponential expansions takes
place; see Fig. 6.1.

The Mellin-Barnes integral representation of U, ,(z) is given by [Paris & Wood
(1986, Eq. (3.2.4))]

Un,,,(z):%/ I"(ns)l_[ <—s+ )(np/"z)"”ds (6.2.31)

valid in the sector |arg z| < %n(l + p/n); see Rule 1 in §2.4. Provided none
of the B, equals a negative integer, the path can always be chosen to separate the
poles of I'(—s + B,/n) (1 < r < p) from those of I"(ns). To illustrate the main

T We remark that the expansion (6.2.30b) was given in Paris & Wood (1986) only in the narrower
sector | arg(—z)| < %7‘[(1 — p/n) where the exponential expansion E(ze¥*') is dominant.
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argz = (l4p/n)m/2 Stokes line argz =mp/n
Exponentially large Algebraic
Expansion Expansion

argz =—(l4p/n)n/2 Stokes line argz =—mp/n

Fig. 6.1. The algebraic and exponentially large sectors for U, ,(z) in the complex z plane.
The algebraic sector is | arg z| < %r:(l + p/n).

features, we present only the details for the case p = 1 (so that 8; = ayp = a) and
consider the Stokes line arg z = 7 /n in the algebraic sector where the subdominant
exponential series ‘switches on’; the treatment of the Stokes line on arg z =
—m/n is similar. Displacement of the contour to the right in the usual manner
then yields

k
Upi1(z) =n Z Qr(nk +a)(n""z) " 4 Ry (2), (6.2.32)

where

—c+N+o0i F
Ry(2) = ——— (ns—Jr.Q)(n‘/"z)*"H ds (6.2.33)
270 J _ciN—o0oi T'(s+ 1) sinms

in |arg z| < %rr(l 4+ 1/n)and0 < ¢ < 1.

We observe that (6.2.33) provides us with a representation, valid in a sector
enclosing the Stokes lines arg z = £ /n in the algebraic sector, of the remain-
der term Ry(z) in the asymptotic expansion (6.2.30a) truncated after N terms.
Although (6.2.32) holds for arbitrary positive integer N, we shall take N to corre-
spond to the optimal truncation of the dominant algebraic series at its least term
k = N, given by

TN I'(nk+a+n) k!
(n"z)" ~
I'(nk 4+ a) (k+ 1!
(nk)”

L+k ' (a+in—3)+ 0%
We accordingly set
-1
(n—DN+a+in—34a="""pg/oD,
n

where || is bounded.
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Proceeding along the same lines as in §6.2.1, we now use the inverse factorial
expansion in Lemma 2.2

I'(ns +1) 1 B M-1 . |
W=E(K /n) ;(—)/Ajr‘(n/cs—l—a—%_”

+ pM(s)F(nKs +a— % — M) ,

where A = (Znn)% (n/(n — 1))“~!, M is a positive integer and the coefficients
A’j = c;Aj, with ¢; given in (6.2.29). The remainder term py(s) = O(1) for
|s| — oo uniformly in | arg s| <& —§,§ > 0. Since for optimal truncation N =
O(|z]'/*) as |z] — oo, we may suppose N to be sufficiently large for the path of
integration in (6.2.33) to lie to the right of all the poles of the integrand. Substitution
of the above inverse factorial expansion into (6.2.33) followed by use of the reflec-
tion formula for the gamma function and replacement of the variable s by s + N in
the integrals appearing in the finite sum, then leads to the result, valid in | arg z| <
(1 +1/n),

nAL(n\/ngy=—a p-ctN+ooi M1 _
RN<z>=—°(—.)/ Y (=Y eiT(nks +a—1% - j)
4rmi —c+N —oci =0
. (KZI/K)ans
+om)l(es +a—5—M)  ———ds
sinms

Nl Vens M-1 1 —c+o00i
— (= N+ KO —p VA — r -]
()" (2" ,-X:(;( VAigmi | Tlws+u=)

1/k\—nks
KZ
ez

- ds + Ry m(2),
sinms

where the coefficients A; are those in (6.2.28),
,u:nKN—i—a—%, k=m—-—1)/n

and the remainder term Ry 3/(z) is defined in an obvious manner as an integral
involving py(s); see (6.2.37).
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The integrals appearing inside the sum over j can be expressed in terms of the
generalised terminant function T™ (x) defined for positive integer m by

—c+00i F(ms +l))
— X

—ms ds
e—ooi sinzs

7 (m) —mi/my—v —mi/m 1
T, (x) = m(xe ) Vexp(xe )—
4 J_

(6.2.34)
1 2 .
(|argx|<§n(1+a), O<c<l1l; v#0,—-1,-2,...).

When m = 1 it is seen by comparison with (6.2.7) and (6.2.6b) that 7.V (x) =
f‘v (x). In Paris (1992b), it is shown that f"lfm)(x) can be expressed as a linear
combination of m ‘basic’ scaled terminant functions f"v (x) with rotated argument,
given by

m—1

T (x) = e * ije“"fxfu(wj)(), (6.2.35)
=0
w; = 672nij/m’ X — xeTim=D/m_

The asymptotic expansion of f‘v(m)(x) can then be constructed from that of fv (x)
given in (6.2.56).
After a little algebraic reduction we find the final result in the form

M—1
RyG)=2"¢* Y A,z TP (kz) + Ry (2), (6.2.36)
j=0
where}
7 — K(Ze—ni)l//c — —K(ze_”i/")l/K.

The remainder Ry i (z) in the truncation of Ry(z) after M terms involves the
integral

1 —c+M+o0i (Kzl/,()fm(s

— schs—}—a—l—M,—
270 J e M —coi Pu(S) ( 2 ) sin s

ds. (6.2.37)
This integral can be treated in a similar manner to that arising in §6.2.2 to show
that
0(Z°Me=12ly in |argz| <m/n
[Rv.m(2)| = Mz ,
oz e”) in w/n<argz<m

as |z] — oo.

T We note that on the Stokes line arg z = 7/n, Z is negative real.
# The sector of validity of the second of these estimates was given in a narrower sector in Paris (1992b,
Eq. (3.14)).
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From (6.2.30) and (6.2.36), the Stokes multiplier Sy (9) for theray arg z = 7w /n
is then given by (for fixed |z])

oo
SN (9) ~ Z CIZ_] f;l?n—_jl)(lczl/lc)v
j=0

where the ¢; are the normalised coefficients in (6.2.29). If we use only leading-
order terms it can be shown that, as |z| — oo in the neighbourhood of the Stokes
line arg z = 7 /n, we have from (6.2.35) and (6.2.56)

SN(Q) ~ f;n—l)(KZl/K) ~ fu(K(Ze_ﬂi/n)l/Keﬂi)
~ 3+ dert {e@) (121) ),
where ¢ = 7w + k(6 — m/n) and, from (6.2.52),
_ -1 T 13- 1 T\ 1 - T\?
oo T bl D D

The transition of the multiplier in the vicinity of arg z = 7 /n is therefore smooth
and described by the approximate functional form (when n > 2)

T |Z|1/K 1/2
Sw() ~ 1+ %erf{ (9 - —) ( ) } (6.2.38)

n 2K

Thus when |z| is large and fixed, Sy (0) changes smoothly as 6 crosses the ray
arg z = mr/n from approximately O to 1 over a @ range of scale |z|~'/?¢. A similar
treatment can be given for the Stokes line on arg z = —m/n.

The situation for the solution U, ,(z) when p > 1 is dealt with in essentially
the same manner. However, two complications arise which make the analysis in
the neighbourhood of the Stokes lines arg z = 4w p/n more involved than in
the case when p = 1. These are the necessity of optimally truncating p different
algebraic expansions and the analogue of the remainder integral in (6.2.33) now
involving a product of p sines in the denominator. This product can be expressed
in terms of a partial fraction representation to find that the remainder integral
can be decomposed into a sum of p separate integrals each containing only a
single sine term in the denominator. The interested reader may find details of these
calculations, together with a brief discussion of an exponentially-small solution
of (6.2.25) when n = 4, p = 2, in Paris (1992b). The final result is that the
Stokes multipliers in the neighbourhood of the rays arg z = £ p/n possess the
approximate form as |z|] — o0

1 1 Tp |z| /% 12
L derf (05 2F) (S : (6.2.39)

respectively, as |z| — oo where now k = (n — p)/n.
To conclude this section we comment on the new features introduced into the
analysis of the Stokes multipliers for the nth-order differential equation (6.2.25)
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compared to that in §6.2.1. First, as the large |z| behaviour of U, ,(z) consists
of p algebraic expansions, each generally requires a different optimal trunca-
tion in order to control the magnitude of the dominant algebraic expansions to
within exponential accuracy to detect the multiplier of the subdominant exponen-
tial series. Remarkably, the cumulative effect of all these different truncations
is still to yield the simple error-function smoothing law given by (6.2.39). Sec-
ondly, the late terms in each algebraic expansion can be shown to correspond
to divergence controlled essentially by (k!)"~7/(n*z)"**#. The validity of the
error-function smoothing law for this type of ‘superfactorial’ divergence of the late
terms is verified by considering (6.2.25) of order n > 3. And thirdly, the deter-
mination of the change of the multipliers across the Stokes lines arg z = £7p/n
when n > 3 requires the introduction of a more general terminant function
than f“v (x). This generalised terminant for the differential equation (6.2.25)
involves a sum of n — p ‘basic’ terminant functions T,(x) with suitably rotated
arguments.

We remark that the exponentially-improved asymptotics and the smooth-
ing of the Stokes phenomenon for the generalised Bessel function, defined by
Z/fio X /{k! T (ak + b)}, with —1 < a < oo, b arbitrary, has been studied by
Wong & Zhao (1999a,b). These authors adopted the modification of the method
of steepest descent introduced by Berry & Howls (1991); see also Boyd (1993,
1994).

6.2.5 Numerical Examples

We illustrate the theory developed in the preceding sections by means of two
numerical examples. The first example we consider is the modified Bessel function
K, (z), which is expressed in terms of a confluent hypergeometric function by the
relation

Ko@) =7m2e (20" U(v + 1; 20 + 15 22). (6.2.40)

From (6.1.10), the Stokes multiplier for K, (z) is given by (for fixed |z|)

T % Nl e ¢ T 7%
Sn(0) = {KU(Z) - <Z_Z> e ;A,(U)(Zz) }m (Z) .

where the coefficients A, (v) are defined in (6.1.5). The parameters in the confluent
hypergeometric function correspond to a = v + % and b = % — v, and from
(6.2.13) we have the optimal truncation index N = 2|z| + « with the parameter
v=a+b—-1=0.

We take v = % and |z|] = 15 (so that N = 30 and ¢ = 0) and compute the
multiplier Sy (0) for various values of 8 in the neighbourhood of the Stokes line
arg z = m. The computations were carried out using Mathematica, where we
note that the evaluation of Kj,4(z) for arg z > 7 is more easily achieved using



the connection formula in (6.1.7). The results of such computations are shown in
Tables 6.1 and 6.2, where the values of Sy (6) are compared with the approximate
behaviour in (6.1.11) and with the sum of the first two terms in the terminant
expansion (6.2.19). In this last form the terminant functions were computed from
the expansion (6.2.56) with the sum truncated at the first term (so that the expansion

is valid to O (z~!

)-
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As a second example, we consider the Laplace integral

I(z) = /Oo exp{zt — t*}dr.

o]

Table 6.1. Values of the Stokes multiplier Sy (6)
Sfor Ky,4(z) with |z] =15 (N =30 and o = 0)
compared with Berry’s approximation (6.1.11)

6 Sy(0) I+ lerfs
150° | 0.0021296 + 0.0008950i | 0.001626
160° | 0.0287544 — 0.0007020i | 0.026649
165° | 0.0763062 — 0.0084929i | 0.074595
170° | 0.1687651 — 0.0236490i | 0.168926
175° | 0.3141138 — 0.0405536i | 0.316225
180° | 0.4969818 —0.0480308i | 0.500000
185° | 0.6798706 — 0.0400449i | 0.683775
190° | 0.8252815 —0.0226347i | 0.831074
195 | 0.9178438 — 0.0069793i | 0.925405
200° | 0.9655395 +0.0013014i | 0.973351
210° | 0.9925710 + 0.0038370i | 0.998374

Table 6.2. Values of the Stokes multiplier Sy () for
K1/4(z) with |z] = 15 (N = 30 and a = 0) compared with
the first two terms of the terminant expansion (6.2.19)

0 Sn () Asymptotic
150° | 0.0021296 + 0.0008950i | 0.002137 4 0.000889i
160° | 0.0287544 — 0.0007020i | 0.028782 — 0.000787i
165° | 0.0763062 — 0.0084929i | 0.076332 — 0.008687i
170° | 0.1687651 — 0.0236490i | 0.168767 — 0.023994i
175° | 0.3141138 —0.0405536i | 0.314068 — 0.041035i
180° | 0.4969818 — 0.0480308i | 0.496875 — 0.048558i
185° | 0.6798706 — 0.0400449: | 0.679706 — 0.040490i
190° | 0.8252815 — 0.0226347i | 0.825078 — 0.022909i
195° | 0.9178438 — 0.0069793i | 0.917631 — 0.007069i
200° | 0.9655395 4 0.0013014i | 0.965345 + 0.001351i
210° | 0.9925710 + 0.0038370i | 0.992450 + 0.004014i
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This can be expressed in terms of Faxén’s integral Fi(%, }‘; +7z), defined in (5.5.1),
in the form

1(z) =Fi(3, 1;2) + Fi(, 1: —2).

Since 1(z) is an even function of z and 1(z) = m where the bar denotes the
complex conjugate, it is sufficient to confine our attention only to the first quadrant
in the z plane.

The expansion of / (z) can be obtained either from the expansion of Fi(a, b; z) in
(5.5.11), where it will be seen that the algebraic expansions present in Fi(a, b; £-z)
cancel, or from the connection formula (5.5.12) in the form

I(z) = E(z) +1iE(iz2), (6.2.42)

where E(z) (= E;(z)) is defined in (5.5.9). The expansion of E(z) is given in
(5.5.10) as

o0
E(z) ~ 4\/§zé exp {f—‘z%} ch (f—‘z%)fj

as |z| — oo in the sector 0 < arg z < %n. Since I (z) is closely related to the
function defined in (8.1.50), the recurrence formula for the coefficients c; is given
by the 3-term recurrence (8.1.55) in the form

3jcj =Bicj_1+ Bacj 2+ Bscj—3  (j = 1),
withcy =1, c_1 = c_, =0 and
B1:6j2_1_25j+%s

Br=—d(j= 1) =50 - -F0- D+
By=(j=3)(i = )G =20

Alternatively, the above recurrence formula may be obtained by applicationt of
Lemma 2.3 to the ratio of gamma functions I'(s)/ F(is + %) that appears in
the integral representation of E(z) in (5.5.9). We also note that a closed-form
evaluation for the coefficients c¢; is given in a footnote surrounding the discussion
of (8.3.11).

The expansion of /(z) in (6.2.42) thus involves two exponential series with the
controlling exponential behaviours exp{2z*3} and exp{2 (iz)*/?}. Itis easily shown
that in the first quadrant these two exponentials are most unequal in absolute value
when arg 7 = %7{. On this ray the exponential factor exp{%z‘” 3} is then maximally
dominant over the other exponential factor, with the result that arg z = i is

8
a Stokes line. Examination of the saddle points of (6.2.41) and the associated

F The multiplication formula for the gamma function must first be applied to I"(s) to express it in terms
of a product of gamma functions with arguments involving %s; compare Example 1 of §2.2.3.
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0.8 |- %

Re Sy () .
04 |- -

02 .

0 il ‘
0 /8 /4
0

Fig. 6.2. The real part of Sy (0) for I (z) when |z| = 10 showing the smooth transition across
the Stokes line at arg z = én. The dotted curve represents the graph of the approximate

form % + %erf&.

paths of steepest descent connecting —oo to +00 [see Paris (1991)] readily shows
that 7(z) consists of a single exponential series in |arg z| < %rr, whereas in
%n <argz< %n we have a compound expansion consisting of two exponential
series; compare also the discussion surrounding the expansion of the reduced
Pearcey integral in (8.3.10).

To show that (6.2.42) embodies the Stokes transition at 6 = arg z = %n,
we have calculated the variation of the Stokes multiplier Sy (0) (for fixed |z|) as
arg 7 — %n varies from negative values to positive values. This is achieved by

writing the right-hand side of (6.2.42) in the form

N—1
1(z) = 4\'/§z-i exp {%z%} Z c; (f—‘z%)fj

j=

+ SN(9)4\/§Z% exp {gz%e%”f + gm-},

where N is chosen to correspond to the optimal truncation point for a given large
|z|. The results of such computations for |z| = 10 are illustrated in Fig. 6.2, where
it is found that the leading behaviour of Sy (6) is real and varies smoothly from
approximately zero to unity over an interval in 6 of about %7‘[. This variation
agrees well with the approximate behaviour in (6.1.11) and (6.1.12) given by
Sy(0) =~ 1 + 1erfé with & = Im (F)/(2Re (F))2, where the singulant F(z) is

6.2.6 Asymptotics of the Terminant T, (z)

In this section we give a discussion of the main asymptotic properties of the
terminant function T;,(z) that are required to determine the structure of the Stokes
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multiplier in §6.2.3. The function 7;,(z) is defined as a multiple of the incomplete
gamma function by

'(v)
T,(z)=——T0-v,2)
27 (6.2.43)

T,(z) = —ie™"T,(2)

and is a multi-valued function of the variable z, except when v is zero or a negative
integer when 7,,(z) is not defined. We remark that this function can be expressed
alternatively in terms of the exponential integral £\, (z), since

(o] e—t
E,(z) = Zv_l / t_vdt = ZU_IF(I —V,2)
z

provided the integration path does not pass through ¢ = 0.
Since

'l —v,z) =e *U(; v;2), (6.2.44)
we can use the properties of the confluent hypergeometric function U (a; b; z) to
determine the main properties of 7, (z). For example, use of the connection formula

2i
&
'(v)

shows that the corresponding connection formula for the scaled terminant function
T,(z) is given by

VU v: ze) = e VU (v v; 2) +

To(ze™) = 1 + e 7T, (ze™ ™). (6.2.45)

When dealing with the asymptotic properties, it will be found more convenient
to consider the scaled terminant fv (2), rather than T),(z). We first consider |z| — o0
and finite values of v. The asymptotic expansion of T, (z) in this case is found from
(6.2.43), (6.2.44) and (6.2.1a) in the form

A r : >
T,(2) ~ %(ze*’“)*”e*z PRGNS (6.2.46)

k=0

valid as |z| — oo in the sector |arg z| < %n — &8, 8 > 0. The corresponding
expansion in other phase ranges can be obtained from the above expansion and the
connection formula (6.2.45). Thus, for example, we find

I'(v)

T,(z) ~ 1+ %(zeﬂ”)*ve*z g(—)k(v)k 7k, (6.2.47)

valid as |z] — oo in the sector %rr +6 <argz < %n’ — 8. In the common

sector %71 +8 <argz < %T[ — 8, these expansions differ by unity; this term is
exponentially small compared with the main contribution, so that in the Poincaré
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sense there is no discrepancy. The appearance of the term unity across the ray
arg z = 7 is due to the Stokes phenomenon.

When used as an approximant in the exponentially-improved expansion devel-
oped in (6.2.18), the terminant function is associated with v = |z| + O(1) and
large |z|; a discussion of the situation when v is not so restricted is given in Boyd
(1990). Temme (1979) has considered the asymptotic expansion of the incomplete
gamma function I" (a, z) for large values of @ uniformly valid in the variable z. The
domain of validity of this expansion, however, does not correspond to the domain
of a = 1 — v and z required here.

To determine the asymptotic expansion for this range of variables we use the
Laplace integral representation for T,(z). This is obtained from the Euler inte-
gral representation for U (a; b; z) given in Abramowitz & Stegun (1965, p. 505,
Eq. (13.2.5)) and takes the form

R iV 0 Y 1
T,(z) = wz - dt 6.2.48
@ =2¢ /0 R (62.48)
when Re(v) > 0 and |arg z| < %n. Analytic continuation of this integral by
rotation of the path of integration through the angle 6 = arg z, followed by replace-
ment of the variable of integration ¢ by Te~"? and use of Cauchy’s theorem, then
shows that

R e(n 0)iv 00 2] .L,v—l
T,(z) = —t T —drt 6.2.49
v(@) i ¢ /(; ¢ Ttce ¢ )
valid when |0| < &. If we let v = |z| + «, where |«/| is bounded, the asymptotic
behaviour of the above integral as |z| — o0 is characterised by a saddle point at
7 = 1 and a pole of the integrand at T = —e’®. On the Stokes lines 6 = £ these
points become coincident.
For large |z| with v ~ |z|, we can apply Laplace’s method [see, for example,
Olver (1974, p. 127)] in a straightforward manner to find that

R je@—0vi ,—z—lz] 2 .
T,(z) ~— 0, 6.2.50
@~ =1 Neaap Zm( @) |z (6.2.50)

uniformly as |z| — oo in the sector —7 + 8 < 0 < w — §. The values of the first
few coefficients ay; (0, o) are given by [see Olver (1991a)]

ap(@,0) =1, @@, a) =5+ A0, ),

as(0, @) = L A0, @) +2A5(6, a) + 3A4(0, @), .

288 + 12

where

A,.<e,a>=Z<—>f( : ) (1 + e,
=0 T
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It is immediately apparent that this expansion breaks down as 8 — = this is
due to the pole of the integrand coinciding with the saddle point at 6 = £

A uniform expansion for T, (z), which is valid in a sector enclosing the rays
arg z = =+, has been given by Olver (1990, 1991a). Here we present an outline
of his derivation of this important expansion. We first make the standard quadratic
change of variables in the integral (6.2.49)

%w2=t—10gf—1,
so that the saddle point T = 1 corresponds to w = 0. The branch of w is chosen
such that w ~ 7 — 1 as 7 — 1. The pole at T = ¢/®~™ then corresponds to the

point w = wy, where wg = ic(8) and c(0) is defined by
1O =1+i(0 —m) =, (6.2.51)

With the branch for w chosen as above, this corresponds to ¢(8) ~ 6 — m when
0 ~ m. The Taylor series expansion of ¢(9) in the neighbourhood of 6 = 7 is
given by

cO)=0—m+LiO—7) =50 -7+ . (6.2.52)

A plot of the locus of ¢(9) as a function of 0 in the range —m < 6 < 3m is shown
in Fig. 6.3. The significance of the quantity ¢(0) is that it measures the proximity
of the saddle point at T = 1 to the pole at 7 = /™).

The integral (6.2.49) is valid in |0]| < . However, an extension of the analytic
continuation process used to obtain (6.2.49) shows that this integral continues to
be valid in 7 < 6 < 2, provided the integration path is deformed to pass over
the pole at T = ¢/~ In terms of the new variable w, (6.2.49) then becomes

R e(n—&)iv 0 . ;
T,(x) = ———e 1 / e 21 f (w) dw, (6.2.53)
2mi —oo
where
fay= — 4 wr” (6.2.54)
w - : - = . . .
I1+te i dw (t— DA+ 1e?)
and the path is indented to pass above the point w = wy when 8 > m. The

function f(w) has a simple pole at w = wy, and accordingly we separate off this

0=m

—O—

o

0=3n 0=-n

Fig. 6.3. The locus of c(6) as a function of 6. The points ¢ = —n and 6 = 37 correspond
to £2/me¥ i respectively.
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pole by writing}

1
f(w):Ag{ +g(w)},
W —

Wo

where g(w) is analytic at the point w = wg and Ay = limy,_,,, (W — wo) f (w). The
value of Ay can be found by letting T — ¢/~ in (6.2.54) and using I’ Hospital’s
rule to find A4y = —e @™,

Substituting the above expansion for f(w) into (6.2.53), we obtain

R eT=0iv 00 ,—jlzlw? 00 L
T,(z) = - ezzle{/ dw —I—/ g(w) e 2k dw}.
2mi oo W — Wy o
(6.2.55)

The first integral on the right-hand side of the above equation (where we recall that
the path is indented to pass above the pole w = wy when # > ) can be evaluated
in terms of the complementary error function

o0 eiélleZ 112 1
/ — dw = —mie2llc® erfc{ — c(9)(%|z|)5}, wo = ic().
—00 — Wo

In the second integral the path may be taken to be the real axis with no indentation,
since the integrand has no singularity on the path of integration. If we expand g(w)
as a Maclaurin series

gw) =) b O.)w
r=0

and integrate term by term, we find (formally)

o0 00 |
/ g(w) 6_%|z\w2 dw ~ Z F(k + %)bzk(e, (X)(%|Z|)—k—§

o0 k=0
for large |z|.
Collecting together these results in (6.2.55), we finally obtain the desired
expansion valid as |z] — oo (when v = |z| + «) uniformly in the sector

§ < arg z <2m — § in the form

Py~ L] £ {c®) (] l)%} ie*%lz\@(@)i(l) b0, ) (1] |)—k
v(2) ~ 5+ zerf{c@)(51z])° } — —F—=—= 7)i b2k (0, @) (3121)
27T 2 2 Nozarl T 2k 2
(6.2.56)
where, from (6.2.51), we have made use of the identity
exp { — 3lzlc*(0)} = exp {—z — |z| + (= — 0)ilz[} (6.2.57)

F The functions f(w) and g(w) are, of course, also functions of  and «.
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and by (0, «) are coefficients independent of |z|. It can be shown that the expansion
(6.2.56) holds uniformly in the wider sector —m + 8 < arg z < 37 — §; for details,
the reader is referred to Olver (1991a, §4). A conjugate expansion holds in the
sector =37 + 8 <argz <mw —3§.

In the sector |arg z| < m — &, the quantity —c(@) lies in the fourth quadrant
bounded away from the origin (see Fig.6.3). The expansion of the error function
in (6.2.56) can then be obtained from the result given in Abramowitz & Stegun
(1965, p. 298)

2 oo
e
k(1 —2k . 3
D (), 2 (Iz] = o0; |arg z| < 3m).
T k=0

z/

This leads to the expansion as |z| — oo

erfcz ~

ol e—%\z|02(9) = 1 . (_)k 1 —k
T,(2) VR ; (), {lbzk(& o) + W}(§|Z|) (6.2.58)

valid in § < arg z < m — §. From this last result, together with (6.2.57) and the
connection formula (6.2.45), it follows that as |z] — oo (with v = |z| + «) the
(unscaled) terminant function 7),(z) possesses the behaviour

+ieT + ¢ FlO(z|72) in 7w+ <targz <3mw —34,
(6.2.59)

e~ 0 (|z]77) in |argz|<m—3
T.(2) ={ £

where the upper or lower signs are taken according as arg z > O or arg z < O,
respectively. In the region # — § < |arg z| < 7w + § enclosing the Stokes lines,
the smooth transition of the leading behaviour of 7, (z) is described by the error
function.

The coefficients by (0, ) in the above expansion can be expressed in terms of
the coefficients ay (6, o) appearing in (6.2.50). This is achieved by comparison
of the expansions (6.2.50) and (6.2.56) in their common sector of validity § <
arg z < w — . The former expansion can be rearranged, with the aid of (6.2.57),
in the form

jeT@=0iv ,—3lzlc*(0) i
L+e ' 2rlz] &
valid in the sector —m 4+ § < arg z < m — §. Since the uniform expansions in

(6.2.58) and (6.2.60) represent the same function, they must be identical. Upon
equating coefficients, we therefore find that, fork =0, 1,2, ...,

T,(2) ~ a0, a) |z (6.2.60)

T ay (6, @) ()i
T+e ™ 265 (@)

by (0, a) = (6.2.61)
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When 6 = 7, the right-hand side is to be replaced by its limiting value. When
k = 0, we consequently have
(r—0)ix i

bo6,a) =~ 4+ L
0. =1""7= T @

(6.2.62)

which has the limiting value by (m, ) = % —a whenf =m.

6.3 Hyperasymptotics

We saw in §6.2.1 that the confluent hypergeometric function U(a;a — b + 1; 2)
can be written as

n—1

?Ua;a—b+1;7) = Z(_)k (@) (b)k
k=0

k! zk

+ R}’l(z)a

where n is an arbitrary positive integer and R, (z) is the remainder term defined
in (6.2.5). For fixed |z|, the sum over k is divergent and so has to be truncated at
some value of n for this representation to be of use. Either n can be chosen so that
|R,(2)] = O(z™") is negligibly small in | arg z| < %JT, or n can be chosen to cor-
respond to the optimal truncation value N, thereby minimising | R, (z)| for a given
fixed |z|. In this latter case, the remainder term Ry (z) was shown to be uniformly
exponentially small in the sector |arg z| < m. In §6.2.1, this theory was devel-
oped from the Mellin-Barnes integral representation for U (a; a — b + 1; 7). Other
treatments using Laplace and Stieltjes integral definitions have been given in Olver
(1990, 1991a,b) and Boyd (1990). Subsequently, it was shown how to obtain such
exponentially-improved asymptotic series directly from a second-order ordinary
differential equation without prior knowledge of the divergent Poincaré asymptotic
series or an integral representation of the solution. This was done first by Berry
(1990) in a formal manner and shortly afterwards by McLeod (1992), for a special
class of equation, and Olver (1993) for the confluent hypergeometric differential
equation. A discussion of exponential improvement for functions defined by a
series representation has been given in Jones (1994). We also note that exponential
improvement of the remainder term of an integral of Laplace type, to produce a
strong form of Watson’s lemma, has been considered by Ursell (1990).

The idea of re-expanding the optimally-truncated remainder Ry (z) into another
asymptotic series, with a view to enhancing numerical accuracy, goes backf{ to
Stieltjes (1886). This idea has been subsequently developed by several authors,
notably Airey (1937) and Miller (1952), in the context of the theory of converging
factors; for a discussion of the converging factors associated with the confluent
hypergeometric functions, see Slater (1960, pp. 61-65). The use of an appropri-
ate expansion for the converging factor leads to exponential improvement in the

F It should be noted that Stokes in 1857 also considered a resummation of the optimally-truncated
remainder term in the expansion of the Airy function Ai(z); see Paris (1996).
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evaluation of an asymptotic expansion. Such a possibility was also considered
formally by Dingle (1973) through the use of his terminant functions. In Olver
(1974, Chapter 14) the discussion is confined to cases in which rigorous analysis
can be supplied.

If the re-expansion of the remainder Ry (z) is now in its turn also optimally
truncated, the new remainder resulting from this re-expansion process is found to
be exponentially small compared to Ry(z) as |z] — oo in a certain sector. The
process can be repeated to produce a sequence of re-expanded remainder terms,
each of which is exponentially smaller than its predecessor. This procedure of
successive exponential improvement has been termed hyperasymptotics by Berry
& Howls (1990, 1991), who discussed this process in the context of integrals with
saddle points; see also Howls (1992) and Berry & Howls (1993b, 1994) for clusters
of saddles. It is clear from the outset that, although this will yield at each stage
an improved accuracy in the evaluation of a given function, the computation of
the different series of terms in the re-expanded remainders will involve progres-
sively more complicated terminant functions (called hyperterminants). Thus, the
price of this increased accuracy comes at the cost of considerable computational
effort.

The development of the theory of hyperasymptotic expansions has been carried
out for the solutions of general second-order ordinary differential equations with an
irregular singularity at infinity of rank one by Olde Daalhuis & Olver (1994, 1995a)
and for arbitrary integer rank by Murphy & Wood (1997). In these references the
approach used is the Stieltjes transform, initiated by Boyd (1990), which turns out
to be an extremely powerful tool when dealing with the asymptotic solutions of
general differential equations. Further work in this direction can be found in Olde
Daalhuis & Olver (1995b) and Olde Daalhuis (1998) for nth-order differential
equations. Here we shall illustrate the hyperasymptotic procedure by the Mellin-
Barnes integral approach, again applied to the particular case of the confluent
hypergeometric function U (a; a—b+1; z); for adifferent treatment of this function
using Laplace integrals, see Olde Daalhuis (1992) and Jones (1997, Chapter 5).
Another method of hyperasymptotic evaluation based on Hadamard expansions
has been described in Paris (2000b).

6.3.1 Mellin-Barnes Theory of Hyperasymptotics

We begin this section by introducing some changes in notation for convenience
in the presentation of the hyperasymptotic expansion procedure. We denote the
remainder term at the jth stage of the hyperasymptotic process by R;(z) and the
associated truncation indices by n; (j =0, 1, 2, .. .); we shall follow the practice
used in §6.2.2 and denote an optimal truncation index by N;. When it becomes
necessary, we shall indicate the dependence of the remainder R (z) on the optimal
truncation indices up to the jth level by R;(z; Ny, Ny, ..., N;). We define the
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constants A;(a,b) (j =0,1,2,...) by
(sinwa sin wh)//? (j even)

Aj(a,b) = w(sinwa singb)U-V2 (6.3.1)
TTTd—ard—p Yo

and denote by L(n;) the path of integration
L(nj) : Re(s;) = —c; +n;

parallel to the imaginary axis of the integration variable s ;, where the constants c;
satisfy 0 < ¢; < 1.

We shall illustrate the Mellin-Barnes theory of hyperasymptotics by again using
the confluent hypergeometric function U(a; a — b + 1; z) as an example. From
(6.2.4) and (6.2.5) we have the result

}1071

b
“U@a-b+1i=Y (- DOk | g,
k!zk
k=0
where
1 r r b
Ry(z) = —————— / o+ @)l +8) o (6.3.2)

C(@)(b) 27i Jpny T'(so+ 1) sinmsg

valid in the sector | arg z| < %n. This is the zeroth level of the hyperasymptotic
process: for finite values of the truncation index ng, this corresponds to ordinary
Poincaré asymptotics where the remainder |Ry(z)| = O(z™"%%) as |z] — oo in
|arg z| < %n.

Next we use the inverse factorial expansion in (6.2.9)

n—1

= Y (=) AT (50 + 0 — k) + r1(s0), (6.3.3)
k=0

I'(so + a)"(so + b)
C(so+1)

where ¥ = a + b — 1 and the coefficients Ay = (1 — a); (1 — b)/k!. To proceed
with the hyperasymptotic expansion, however, we require an exact representation
of the remainder term r (sg). From (2.2.43) this takes the form

_ 7 b
T —a)l(1 - b) 27

x/ F'si+1—-—a)l'(s;+1-=0>b)
L(ny) I'(sy + 1) sinmws;

ri(so) =

C(so + 9 — s1) ds,

which is an absolutely convergent integral in | arg s;| < 2. Substitution of the
expansion (6.3.3) into Ry(z) and identification of the integrals in terms of the
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terminant functionf 7,(z) in (6.2.8), then yields

T 1

np—1
— - — k —_
Ro(2) = F@T®) 2ni /L(no){kg:( ) AT (so + 0 — k)

—50

+ 7 (So)} .Z

sin 7.5

dS()

I‘111

_ 271( Yo e ey
“T@re)’ Z( YAz Thgi9-1(2) + R1(2). (6.3.4)

The sum on the right-hand side of this last expression is the same as that in
(6.2.11), except that we have now used the unscaled terminant. The remainder
R/ (z) after the first level of the hyperasymptotic expansion is given by

Ri(2) | f () ———d
= ——_— r
e L@ ®) 20 Sy o sinmsg 0

. . ( 1 )2/ T(si+1—a)l(s;+1—b)
=sinma sinth | — -
27i L(ny) I'(sy +1) sinms;

—50

x/ (5o + O — $1)——— dso dsy (6.3.5)
L(ng) S 7w 8o

upon reversal of the order of integration, which is permissible in the sectors of
absolute convergence | arg sg| < %n and | arg 51| < 2m. The inner integral can be
written in terms of a terminant function by means of (6.2.8) to find

27.[(_)110 o R
R = ——7"¢'R , 6.3.6
1(2) F(a)r(b)z e R (2) ( )
where
Ay (a,b) Cei+1—alGi+1-b)
R = — SIT, s ds;.
= 27i Jiy [(s; + 1) sinms rto=2 (2) dS1

(6.3.7)

The above procedure is now repeated. Application of the inverse factorial
expansion in (2.2.42) and (2.2.43) shows that the quotient of gamma functions
appearing in the integrand of R, (z) is

nzl

b
L T =0 )+ e,

k=0

F'si+1—a)(s;+1—
C(sp+1)

+ We shall find it more convenient in this section to use the terminant function 7, (z), rather than the
scaled terminant 7, (z).
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where the coefficients A} = (a)x(b)/k! and

b4 1 / I'(sy +a)(so + b)
C@(b) 27i Jyppy T(s2+1) sinms,

ra(sy) = — [(s; — O —s7)dsy.

Substitution of this expansion into the integral for R 1(2) in (6.3.7) then leads to

« A b
Ri(z) =— l(al ) {Z( ) AT (s1 — l?—k)—i-rz(sl)}
L(ny)

—51

Z

X Ty v0—5,(2) dsy

sin 7T sy

—5

z
k F(Sl - — k) N
2mi L(ny) Sin 7 s

= A(a, b)Z( A

X Tn()Jrl?*S] (Z) dSI + RZ(Z)

The remainder R>(z) is given by

_ Ai(a,b) 7™

- r2(s1) =
2mi L(n) Sin 77§

1\? r r b
— Asa.b) (—) / GO+ 0) [ b _y
Ly D2+ 1) sinmsy Jpw)

Tn0+19751 (Z) dsl

- Thyto—s (2) dsy ds;. (6.3.8)
sin 7 s

This process can clearly be continued since the quotient of gamma functions

['(sy +a)'(sy + b)
Cs,+1)

in Iéz(Z) is of the same form as that in Ry(z) in (6.3.2). Hence re-expansion of
R>(z) leads to the result

n3— 1 2
) 1 L(s +9 —k)
R2(2) = Ay(a, b) E (—)* A (27”) / 2sm—nsz
L(nz)
s

Z N
X / L(sp—0 — Sz)m Thot9—s(2) dsy dsy + R3(2),
L(ny) 1

where

. 1’ D34+ 1—a)l(s3+1—b
Rs(2) = As(a. b) ( ) / (s3 a) (f3 )
2mi L(ns) I'(s3 4+ 1) sinms;

L', +9 —s 7z
X / [tV =) = ) C(sp — 9 —s2)
L(ny) S1n 7T S L(ny) sin TS
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X Tn0+,9731 (Z) dSl dS2 dS3, (639)

and so on.
These results may be expressed more compactly by introducing the sequence
of integrals (the hyperterminants)

To(z: %) = 27" Thyr9—x(2), (6.3.10)
1 I'(si — 0 —x)
Ti(z;x) = —— ———— To(z; s1) dsy,
271 Jiny sin 7 sy
1 (s, +9 —x
Teo=— [ 12X =00 0 )as,
270 Jp(ny) sin 7 s,
and, in general,
1 C(si+ (=) —x
T ) = — GOV =D g isyds;. (6311
271 L) sins;
where j = 1,2, ... . Thus the jth hyperterminant T (z; x) takes the form of a

j-fold iterated Mellin-Barnes integral involving the terminant function 7, (z), with
v = ng + ¥ — x. The above re-expansion procedure is then summarised by the
following theorem, which can be established by straightforward induction.

Theorem 6.1. For j = 0,1,2, ... let the constants Aj(a, b) be given by (6.3.1)
and the hyperterminants T ;(z; x) be as specified in (6.3.10) and (6.3.11). Then the
expansion of the confluent hypergeometric function U (a; a — b+ 1; z) is given by

no—1

SUaia—bt 10 = 30 (o D
k=0

oo R, (6.3.12)

where the remainder Ry(z) in the truncation of the Poincaré series after ng terms
possesses the hyperasymptotic expansion

27 (=)™ Zm—l njyi—1 '
Ro(z) = mzﬁe ;Aj(a,b) ; (—)*APT (2 k) + Ru(z) (6.3.13)

form=1,2,..., with

_ (—ax(—bx

) k (J even)
A= @)
A= (j odd).
The remainder term R, () is defined by
2 (=) .
Ru(2) = Lz”ez R, (2), (6.3.14)

T'(a)T(b)
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where
A Am ,b r m m F m bm
Ry = 2@ D) G + @) Cn +0n) g (0, ds (63.15)
2mi Loy L(sm+1) sinmsy,
and
a b (m even)
m = s bm = 6.3.16
“ {l—a {l—b (m odd). (6.3.16)

The result in the above theorem represents the mth level of the hyperasymptotic
expansion of U(a;a — b + 1; z). It is apparent that the expansion in (6.3.12)
involves a different asymptotic sequence {T,(z; k)} at each level and that these
sequences become progressively more complicated with increasing level. This
expansion is equivalent to that obtained by Olde Daalhuis & Olver (1995a) for the
hyperasymptotic expansion of solutions of general linear second-order differential
equations with a singularity at infinity of rank one (which includes the confluent
hypergeometric functions); in their expansion the hyperterminants were expressed
as iterated Stieltjes integrals. We also note the resurgence phenomenon which takes
place at each level in the expansion: the coefficients A, and A} (cf. (6.2.24)) appear
alternately at successive levels. Finally, we remark that the truncation indices 7 ;
are, for the moment, arbitrary positive integers. Two different optimal truncation
schemes will be discussed in the next section.

6.3.2 Optimal Truncation Schemes

We now derive estimates for the remainders R;(z), j = 0,1,2,... for two
different optimal choices of truncation indices n;. We introduce the integration
variables

sj:nj—c-l—itj, (6.3.17)
where the #; are real and 0 < ¢ < 1, and define the quantities

Fnj—c+a;+ix)I'(n; —c+b; +ix)
F'nj+1—-c+ix)

El

gj(x) =

where a; and b; are defined in (6.3.16). We shall also require the inequalities

1 cosecrme

[cosecms;| = (coshzmj —cos’me)TT < — (6.3.18)
coshrt;
e(’fj
— <2 (—m <6 <m). (6.3.19)
coshrt;

+ We shall suppose that each integration variable s; is associated with the same constant c. This is not
essential but is done merely to ease the presentation.
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From (6.3.2) and the first of the above inequalities, we have

1 ‘/—¢.+no+ooi I'(so +a)'(so + b) 50 g
P —— " Z S
2T@T D) |/ —ciny-oei  T(so+ 1) sinmsy ’

|Z | —no+c 00 e9t0
go(to) ——— dio,

<
“ 2T (@) (b)|sinmc J_o cosh it

where 0 = arg z. For ) — £00, the integrand is

|Ro(2)| = (6.3.20)

0(|t()|n0+19_c_%e_%ﬂ‘t0‘+9[0)

by Stirling’s formula. Hence, provided | arg z| < %rr, the above integral is abso-
lutely convergent and independent of |z| and so, for finite values of n(, we obtain
the estimate as |z| — oo

Ro(z) = O(z™™*) in |arg z| < 3. (6.3.21)

This yields the familiar Poincaré asymptotic expansion, namely

(@) ()i

k! z*

no—1
Ua;a—b+1;z2) = Z(—)k + 0z

k=0
valid for |z| — oo in the sector |arg z| < %n —§,6 >0,where 0 <c < 1.

We shall initially limit the discussion of the estimates of the remainder terms
to the sector | arg z| < m; the extension of these estimates to wider sectors will
be considered at the end of this section. We follow the method introduced in
Olde Daalhuis & Olver (1995a) for the determination of the optimal truncation
at each level by minimisation of the remainder terms, instead of the terms in the
asymptotic series. We suppose n is chosen to scale like |z|, so that as |z] — oo
we have ng — oo. Then, when | arg z| < &, we obtain from (6.3.20) and Lemma
2.8 the estimate

Ro(z) = 270 ("n" "),

where we have again let ¥ = a + b — 1. If we now put ng = By|z| + o9, where By
is a positive constant to be chosen and « is bounded, this estimate then becomes

Ro(z) = O(Zﬁ(e_ﬂoﬂgo)lﬂ).

The minimum value of ¢~ ,8(’)3 ? is easily shown to occur for 8y = 1, so that whent
ng = No = |z] + O(1) we find the result

Ro(z) = 0(z"e™) (6.3.22)

as |z| — ooin|arg z| < m.This again shows that at optimal truncation the remain-
der term at the zeroth level is uniformly exponentially small like e~% throughout

+ As in §6.2.2 we denote optimal values of n; by N;.
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the sector | arg z| < m; compare (6.2.14). As shown in §6.2.2, this exponential
improvement will be found to steadily diminish outside this sector.
To deal with the remainder terms at levels corresponding to j > 1, we let

n; :,Bj|Z| +0lj,

where the B; are to be chosen such that 8; € (0, B;_1) and the «; are bounded.
As |z| — oo, this implies that ng > n; > ny > --- > 1. When j = 1 we have
from (6.3.5), (6.3.18) and (6.3.19)

|Ai(a, b)]

IR ()] / L1+ 1—-a)l(si+1-b)
D= :
! A [D@r B |y T(s; + 1)sinzms,
7%
x/ ['(so 4+ 0 —s1)— dsods;
L(ngp) S w8
|Z|7ng+c /oo
<= '
~ 272sin’ e J oo 81 1)cosh ThH
o0
X/ [T'(ng —ny +9 +1iT)|dT, (6.3.23)
—00

where we have put T = fy — #;. From Lemmas 2.8 and 2.7, the first and second
integrals are

_ —9—c—1 (. _
O(e "py' T ) and 0(e= ™™ (ng — ny)"o~"*7),
respectively. Hence we find

_ . —O—c—1 _
|R1(Z)| — |Z| no+60(en]n']’l c ze (ng n])(no_nl)no n1+19)

=0 ((e_ﬂlﬁ{sl)lz‘(eﬂl—ﬁo(ﬁo _ ﬁl)ﬁo—ﬁl)lz\ld—%) ) (6.3.24)

This estimate is minimised when By — 81 = B; = 1; that is, when By = 2 and
B1 = 1. Thus, with the truncation scheme at level j = 1 given by np = Ny
2|z] + O(1) and ny = N; = |z| + O(1), we find the result

Ri(z) = Oz 7e 21y

as |z] > ooin |arg z| < .

A similar procedure can be brought to bear on the remainder terms at levels
j = 2. For example, when j = 2, we find from (6.3.8), (6.3.14) and (6.2.7) that
when |arg z| < m

Ry(2)] = [Az(a, D)l [ [ (s2 +a)l'(s2 + b) L(sy — 9 —s2)
2 - 82| (@) (b)| Ly L2+ 1) sinmsy Joe) sin 7T sy
7%
x/ I'(so+ 0 —s51)— dsodsy ds,
L(ng) S1N 7T S
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_ 1A2(a, b)) |z| "ot /°° 82(12)
T T ()T ()| \4n2sin’ e ) J_o coshnty

x/ Mdndtz/ IT(no —ny + 0 +iT)|dT
o0 cosht oo

—no+c
_ M@, b)| ( 2] )F(m_nz—Re(ﬁ))

~ IT(@T ()| \4rn2sin’ 7c

[ee) dlz [ee) )
X g(t) [T(ng —ny +9 +iT)|dT, (6.3.25)
P coshmty J_o

where we have made use of the result (since rn; >> n,)

/ DGt — 9 — 52)|— 20 EF(nn—nz—Re(z‘/‘))/ an

. coshmty o COsh Tty
=T'(n1 —ny — Re(?)),

which follows from (2.5.13) and the fact that |[I"(c +it)| < I'(0) foro > 0. The
two integrals in (6.3.25) are the same type as those appearing in | R (z)| in (6.3.23),
and hence we obtain the estimate

[Ro(@)] = [2 0 (e R e Gy gyt
X e—(no—nl)(no _ nl)no—nl-‘rl?)
_ Izl - —B\ 12l
= O((eB) (P (B — By )

X (eﬁl_ﬁo(ﬁo _ ‘31)50_/31)|Z||Z|ﬂ—1). (6326)

This estimate is minimised by the choice fp— 81 = B1 — B2 = B> = 1; thatis, when
Bo =3, B =2 and B, = 1. Thus we find the estimate when Ny = 3|z| + O(1),
N1 =2|z] + O(1) and N, = |z| + O(1) given by

Ry(z) = O(z" e 31

as |z] > ooin |arg z| < 7.
Order estimates for the higher order remainder terms can be obtained by an
induction argument to yield the final result given in the following theorem.

Theorem 6.2. With the truncation scheme
Ni=(m+1-=plzl+01) (0=j<m), (6.3.27)

the order of the remainder at level j of the hyperasymptotic expansion of the
confluent hypergeometric function U(a; a — b + 1; z) in Theorem 6.1 is given by

Rj(x) = Oz 277 UtDiy (0 < j < m) (6.3.28)
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where

5. — 1 (j even)
P70 odd).

This is the result obtained by Olde Daalhuis & Olver (1995a) for the more
general problem of the hyperasymptotic expansion of solutions of second-order
differential equations with a singularity at infinity of rank one. This is a truly
remarkable result for two reasons. First, it shows that with the optimal truncation
scheme in (6.3.27) the remainder at each level is exponentially smallert than its
predecessor by the factor e~1? uniformly throughout the sector |arg z| < 7 and
that the remainder at the mth level contains the factor exp{—(m + 1)|z|}. And
secondly, this level of accuracy is achieved by employing post-optimal trunca-
tion of the re-expanded series in all but the mth level. For example, if we take
m = 2 then Ny = 3|z| + O(1), Ny = 2|z] + O() and N> = |z| + O(1)
so that the Poincaré asymptotic series in (6.3.12) is summed to about [3|z]]
terms, which is three times its optimal truncation value. Similarly the first re-
expanded series in (6.3.13) is summed to about [ 2|z| ] terms with the final series
then being optimally truncated after about [ |z| ] terms. In other words, this trunca-
tion scheme shows that by extracting information contained in the divergent tails
of the lower-order re-expansions it is possible to obtain theoretically an unlimited
accuracy.

In numerical applications with the above truncation scheme, however, a prob-
lem can arise which may result in loss of accuracy. Once the smallest term in
a re-expanded series at any level is passed, succeeding terms begin to grow.
If any of these terms have an absolute value much greater than unity, there
will be loss of accuracy in the evaluation of the series when working with
fixed-decimal arithmetic. This difficulty has been discussed in detail by Olde
Daalhuis & Olver (1995a, §8) where it is shown, by modification of the trun-
cation scheme in (6.3.27), that a numerically stable scheme can be devised which
avoids this difficulty, but at the cost of a slightly reduced overall exponential
improvement.

A different truncation scheme was employed by Berry & Howls (1990, 1991).
This scheme takes Ny = |z| + O(1) at the zeroth level, so that the order of the
remainder Ry(z) is again given by (6.3.22) in | arg z| < m. Then, with Ny fixed at
this optimal value for the zeroth level and Ny = B|z| + O(1), the remainder at
the next level is, from (6.3.24), given by

Ri(2) = 02 F (g1 — gy =P,
This estimate is minimised when S log 8; + (1 — B1) log(1 — B;) is minimum;

that is, when By = 1. Thus, when Ny = |z| + O(1) and Ny = 1[z] + O(1), we

+ We are ignoring here the weaker algebraic scaling given by Z*%./’ +8j0
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find
Ri(z) = O(z te 1127l

Similarly from (6.3.26), with Ny and N, fixed as above and N, = B,|z| + O(1),
the remainder R;(z) now takes the form

Ra(o) = O (2" 271K (80— o))"
This is minimised when 8, = % so that the optimal estimate is given by
Ry(2) = O(Zﬂ_'e_lz‘f%'z‘).
Continuing in this way, we obtain the truncation scheme given by
N; =277zl + 0(1) (6.3.29)

associated with the remainder terms

Rj(z) = O(z~ 297 ¢ llp =kl (6.3.30)
where §; is defined after (6.3.28) and

AM=l+i+i 42 =227 (=1

with Ao = 0. The truncation index at level j is seen to be approximately half that
of the preceding level, so that the Berry-Howls truncation scheme, unlike that of
the Olde Daalhuis-Olver scheme in (6.3.27), comes to a halt. Since A; < 2, the
improvement is bounded by

67|Z|272‘Z| — e*\z|(1+210g 2);

the maximal exponential improvement with the Berry-Howls scheme is therefore
limited to a factor e =71, where § = 1 4+ 2log 2 = 2.386... .

Finally, we remark that the order estimates in (6.3.28) can be extended beyond
the principal sector |arg z| < m to find (not surprisingly) that the exponential
improvement at a given level progressively deteriorates. However, as pointed
out in §6.2.2, it would not normally be necessary to use the hyperasymptotic
expansion (6.3.12) beyond | arg z| < 7, since standard connection formulas for
U(a;a — b+ 1; z) are available for the construction of exponentially-improved
expansions in wider sectors. By means of the device explained in §6.2.2, it can be
established that the order of Ry(z) = Ro(z; No) (where we now display the depen-
dence on the optimal truncation indices) is given by O(z%¢%) in 7w < |arg 7| <
%n—& 8 > Owhen Ny = |z|4O(1). This shows how the exponential improvement
at the zeroth level decreases beyond | arg z| = .

The same procedure can be applied to R;(z) = R;(z; No, Ny, ..., N;) or,
equivalently, we can use the connection formula for the terminant function in



6.3. Hyperasymptotics 277

(6.2.45). Substitution of this latter result into (6.3.14) and (6.3.15) yields the
connection formula

R;(z; No, N1, ..., N;) = Rj(ze™™™'; No, Ny, ..., N;)

+ %(zeﬂ’)”emh(zeﬂi; Ni, Ny, ..., N))
for j > 1, where the prime on Rj_l(zei’”; Ni, N,, ..., N;) signifies that the
parameters a and b are to be replaced by 1 — a and 1 — b, respectively. Use of
this formula successively with j = 1,2, ..., combined with the estimates for
R;(z; Ng, Ni, ..., N;) in (6.3.28), shows that when the N; are chosen according
to the optimal truncation scheme in (6.3.27) we have the general result due to Olde
Daalhuis & Olver (1995a, §10)

O (25 *=D+8;9 ginz=(k=j =Dzl

inkr <largz| < (k+ Dxm

Rj(z; No, Ny, ..., N;j) =
O(Zﬁjﬂeﬁiz)
in(k+ D < |arg z| < (k+ 3)m — 6

for nonnegative integer k as |z| — oo. Thus, for example, when j = 2 we find
0@’ 'e ) in |argz] <7
0(""2e57%y in 7 <|argz| <27
O (z% e 1) in 27 <|arg z| <3m
0(z%e%) in 37 <|argz| < Im -8,

R>(z; No, N1, Nb) =

which reveals how the exponential improvement progressively diminishes as
| arg z| is increased beyond the principal sector | arg z| < 7.

6.3.3 A Numerical Example

We take as example the case a = —%v, b= % — %v so that

U(=4vig:2) = 272" D,(V22),

where D, (x) denotes the Weber parabolic cylinder function; see Abramowitz &
Stegun (1965, p. 510). For illustration, we shall use the values v = % and z = 20;
a similar example involving the modified Bessel function of the second kind of
order zero (obtained by puttinga = b = %; see (6.2.40)) has been discussed in
Olde Daalhuis & Olver (1995a). The absolute value of each term in the expansions
(6.3.12) and (6.3.13) up to level j = 2 in the hyperasymptotic expansion is shown
in Fig. 6.4 as a function of its ordinal number.

At the zeroth level we set Ny = 20, which terminates the Poincaré asymptotic
expansion in (6.3.12) at, or near, its least term. For the first and second levels we
set No = 40, N; = 20 and Ny = 60, N; = 40, N, = 20 following the truncation
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ordinal number of term

A 20 40 60; 80 100 120
-5 [ o
0 | 5
-15
r . H
log, , |term| e C
-20 F
- D
-25
-30
L

Fig. 6.4. Magnitudes of the terms in the three hyperasymptotic expansions.

schemein (6.3.27). These different levels are represented by the sequences of points
labelled AB, ABEF and ABEGH I, respectively in Fig. 6.4. It is seen with this
particular example that at the second level no term in the sequence ABEG rises
above unity in magnitude, thereby avoiding the numerical problem mentioned in
Olde Daalhuis & Olver (1995a); this would not continue to be the case, however,
at the third level (and a fortiori at higher levels) where the continuation of this
sequence would rise well above unity in magnitude. The truncation scheme in
(6.3.29) corresponds to Ng = 20, N; = 10, N, = 5 and is represented by the
sequence of points labelled ABC D. This truncation scheme yields a decreasing
number of terms at successive levels and results in the smallest term of the sequence
being bounded from below; compare (6.3.30).

The computations were carried out using Mathematica, where the terminant
function 7,(z) was evaluated as an incomplete gamma function by means of
(6.2.43). The hyperterminant T, (z; k), which enters at the second level, was com-
puted by numerical evaluation of the Mellin-Barnes integral as discussed in §5.2.2.
The path of integration L(N;) is chosen with ¢; = % for convenience. Then, with
s1 =Ny — % + it, we have from (6.3.11)

Ti(z; k) = o L(s1 =9 — k) Thyr9—s,(2)

o cosh 't

(_)NI—IZ%—NI -/oc Z_it

The above integral can be simplified when z > 0 since the real part of the integrand
is symmetric in ¢, while the imaginary part is antisymmetric. We also remark that
the computation of 7)(z; k) for k = 0, 1, 2, ... can be made more efficient if we
denote the integrand when k = 0 by f(¢), say, so that the integrands for k > 1 are
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Table 6.3. Hyperasymptotic approximations to iU (a;a —b+1;2) for

z=20anda = —i and b = i

Level Asymptotic |Error| No | Ny | N,

0 1.00305609867613428596373755165508 | 1.7x10712 | 20

1 1.00305609867443646903330402810646 | 2.2x107'7 | 20 | 10

2 1.00305609867443640712597748150073 | 1.5x1072 | 20 | 10 | 5

0 1.00305609867613428596373755165508 | 1.7x10712 | 20

1 1.00305609867443640712334593608958 | 2.5x1072! | 40 | 20

2 1.00305609867443640712582553811408 | 2.0x10732 | 60 | 40 | 20
Exact | 1.00305609867443640712582553811406 0

then simply given by (—)* () /(1 — s + 1);. The most expensive part of the eval-
uation of T (z; k) is the repeated computation of f (7). A sequence of these values
can be stored and the integrands for different k values can then be readily computed.
In this way, the sequence of hyperterminants T (z; k) required for the second level
can be generated in an efficient manner, so enabling the computation of the expan-
sion of U(a;a — b + 1; z) at this level to be achieved in a time which becomes
competitive with the direct evaluation of the function to the same level of accuracy.
The results of the calculations using different truncations are displayed in Table 6.3.

6.4 Exponentially-Improved Asymptotics for I'(z)

Not all special functions of interest in applications satisfy a linear differential
equation. A function of fundamental importance belonging to this category is the
gamma function I'(z), which is known to be incapable of satisfying a differential
equation with rational coefficients; see Whittaker & Watson (1965, p. 236). The
standard asymptotic expansion of I'(z) for large |z| is given by the well-known
Stirling expansion in (2.1.9); see also (6.4.2) and (6.4.3) below. The exponentially-
improved asymptotic expansion of I'(z), which is the subject of this section, has
two striking features. The first is the fact that in the neighbourhood of the Stokes
lines arg 7z = j:%n, not one but infinitely many subdominant exponential terms
appear, each associated with its own Stokes multiplier. This peculiarity can be
understood qualitatively from the fact that the gamma function satisfies a simple
first-order difference equation which may be regarded as a differential equation of
infinite order. The second feature is that its hyperasymptotic expansion terminates
at the first level to yield an absolutely convergent expansion of terminant functions.

Interest in the exponentially-improved asymptotics of I'(z) first arose in con-
nection with a simple model describing the leakage of energy from weakly bent
optical fibre waveguides. This took the form of the eigenvalue problem defined by

d*y(x)
dx?

+A+exM)y(x)=0 on (0,00) (¢ — 0+), (6.4.1)
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with
y'(0) +hy(0) =0, h>0

together with the condition that y(x) represents an outgoing wave as x — ©0.
This last requirement renders the problem non-self-adjoint, thereby enabling the
eigenvalue to possess an imaginary part. The real part of A can be found by
straightforward regular perturbation to be Re(A) = —h2+ O(e), but Im(X), which
measures the rate at which energy leaks from the core of the fibre, turns out to
be exponentially small in the parameter €. The case n = 1 was studied by Paris
& Wood (1989) as a model for optical tunnelling arising in the work of Kath &
Kriegsmann (1989). The solution of the eigenvalue problem in this case is soluble
in terms of Airy functions. An extension of this simple model to the parabolic case
n = 2 was considered in Brazel et al. (1992). The solution of the above differen-
tial equation when n = 2 can again be achieved in terms of special functions (the
parabolic cylinder function) to yield the exact eigenvalue relation

F(%—l—%a) Z_Ze%e%”i (1 +ie™ia) 1 1
F(%—i—%a) ho (1 —iemia)’ 2

Use of the standard Poincaré asymptotics for the gamma function for large |a|,
however, leads to an erroneous value of Im(A). In order to obtain the correct
value of this exponentially small quantity, it is necessary to take into account
exponentially small contributions present in the expansion of I'(z) which switch
on near arg z = i%n. For situations with integer n > 3, there are no special
functions available and the method of matched asymptotic expansions must be
employed; see Liu & Wood (1991) for details. The final result is

2h?
Im(}) ~ — o {2072 S(m)e™ ") (e > 0+4),

where

e (n=1) T+ 1/mr(3)
TG +1/n)

6.4.1 Origin of the Exponentially Small Terms
We begin by examining in detail how the infinitely many subdominant exponential
terms in the expansion of I'(z) appear in the neighbourhood of the rays arg z =
:I:%n. From (2.1.1) we have

1

[(z) = Q)27 2e 5720, (6.4.2)
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where as |z| — ocoin |arg z| < %n — 6,8 > 0, Q(z) is given by the well-known
Stirling series [see (2.1.7)]

- B
2r

Q(z) ~ - 7 6.4.3
@ rz_; 2r(2r — 1) z%-1 ( )
in terms of the Bernoulli numbers B,,. We note at this point that, since successive
even-order Bernoulli numbers have opposite signs, all terms in the asymptotic
expansion of €2(z) have the same phase on arg z = :i:%n, with the consequence
that the positive and negative imaginary axes are the Stokes lines for I'(z).

To obtain the expansion in the sectors %71 < |arg z| < m, we employ the
reflection formula in the form

1
zsinmz '(—z)"

I'(z) = —

In these sectors we take —z = zeT"' respectively, so that —%71 <arg(—z) <0
when z is in the second quadrant and 0 < arg(—z) < %n when z is in the third
quadrant. Then use of (6.4.2) shows that €2 (z) must satisfy the relation

. ) S e:thikz
Q(2) + Qze™) = —log(l — e™7%) = Z p
k=1

Thus analytic continuation of €2(z) into the upper and lower left half-plane has
produced an infinite sequence of exponential terms. These terms are subdominant
relative to the expansion in (6.4.3) in the upper and lower half-planes and are
maximally subdominant on the Stokes lines arg 7z = :I:%n, respectively. As the
negative z axis is approached, however, these exponentials increase in magnitude
and eventually combine to generate the poles of I'(z).

Based on the results in §6.2 and Berry (1989), we would expect these small
exponentials to emerge from the optimally truncated divergent series in (6.4.3) ina
smooth manner as one crosses the rays arg z = :I:%n, and this is indeed found to be
the case. The demonstration of the smooth transition of the leading subdominant
exponential (corresponding to k = 1) was first given by Paris & Wood (1992);
see also the account in Wood (1991). The detailed computation of the infinite
sequence of smaller exponentials was carried out by Berry (1991a) who showed
by a different argument, involving a sequence of increasingly delicate subtractions
of optimally-truncated asymptotic series, how they all switch on smoothly across
the Stokes lines according to the error-function law. The theory we present here
is based on a slight modification of the Mellin-Barnes integral approach used in
Paris & Wood (1992).
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6.4.2 The Expansion of 2 (z)

Our starting point is the representation for the logarithm of I'(z) in terms of the
Riemann zeta function ¢ (s) given in Whittaker & Watson (1965, p. 277)

1 —c+00i s

logl'(z+1)=—yz— — -
270 J__ooi S SINTTS

Tz

(—s)ds, (6.4.4)

validin |arg z| < 7 — 4,8 > 0, where 1 < ¢ < 2 and y denotes Euler’s constant.
The integrand is exponentially decaying for large Im(s), so we can displace the
contour to the right over the double poles at s = —1 and s = 0. Straightforward
calculations using the facts that ¢(0) = —%, ’0) = —% log 2 and ¢(s) ~
(s —1)~' 4y near s = 1 yield the residues at these poles given by zlog z —z+yz
and % log(2m z), respectively. It then follows that

c+00i n,Zﬁ

1
log T'(z) = (z— 3)log z — 2+ 3 log 2m — — C(—s)ds,

270 Jo—ooi S SINTTS
where 0 < ¢ < 1. Comparison with (6.4.2) shows that the function €2 (z) possesses
the Mellin-Barnes integral representation given by

c+o0i -5

Tz

Q@) =——

- . C(—s)ds (6.4.5)
270 Jo—ooi S SINTTS

valid when |arg z| <7 —dand0 < ¢ < 1.

We now proceed to manipulate the above integral for €2(z) to extract the
sequence of exponentially small terms. We first employ the functional relation
(4.1.4) for ¢ (s) in the form

mi(=s) = —Qm)sT()¢ (1 +5) sin 37rs

followed by use of the Dirichlet series expansion for ¢ (1 +s) (which is permissible
since 0 < Re(s) < 1 on the path of integration), to obtain the result

1 c+ooi r (S)
Q@) ==
270 Jo—ooi SI

= Gk(Z)
k

2mrz)™°¢(1 + s) sin %ns ds

(6.4.6)
k=1

where

c+o0i r ( ) e

Gr(2) = — (2mkz)™" sin s ds.
ooi sinrms

The reversal of the order of summation and integration is justified when |arg z|<

7 —§ by absolute convergence. Displacement of the path to the right over the simple

poles of the integrand at s = 1, 3, ..., 2n; — 1, where n; is (for the moment) an
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arbitrary positive integer, and use of Cauchy’s theorem then shows that, provided
larg z| <7 — 4,

ni—1 o)
Gi(z) = Z% Re(z: np). (6.4.7)

With m; = 2n; + 1 and c restricted so that 0 < ¢ < 1, the remainder term is given
by

—c+my+o00i r (S)

Ri(z;ng) = — (2mkz) ™ sin %ns ds

278 J_oimy—ooi SINTTS

T (Qmikz) — e KT, (—2mikz), (6.4.8)
in the sector{ |arg z| < mw — §. The last result follows from writing sin %ns in
terms of exponentials and use of the definition of the terminant function ﬁ, (x)
in (6.2.8) and (6.2.43). We observe that the left-hand side of (6.4.8) can also be
written in terms of the generalised terminant in (6.2.35) as 7k fn(i) 2mkz).

From (6.4.6) and (6.4.7) we then obtain the main result of this section

nkl

(=)rent (2r)

where
R(zim) =) —R"(Zk; . (6.4.10)
k=1

The series in (6.4.10) is absolutely convergent, as is readily shown from the large-
argument asymptotics of fv (x) given in (6.2.46). The result in (6.4.9) is exact and
no further expansion process is required: the hyperasymptotic process has termi-
nated at the first level with the remainder term expressed as a convergent sum of
terminant functions. The infinite sequence of exponentials etk (b =1,2,...)
is seen to emerge from the remainder R(z; ny) on account of (6.4.8), with the
terminant function 7}, (£2mikz) respectively as coefficient.

The truncation indices n; are arbitrary positive integers. If, for example, we
choose n; = n for all k, the first sum on the right-hand side of (6.4.9) becomes

1 We note that when sin 1 5 7s is written in terms of exponentials the two resulting integrals appearing in

Ry (z; ng) converge in the sectors | arg(£iz)| < n 8. The combination in Ry (z; ny) has, however,
|arg z| < — & as common sector of validity.
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Stirling’s series in (6.4.3), since

LI O @r=2t 1 gs ()7'er = 2)!
E;%g (2mkz)?r—! —;Z]:W;(Zr)

_ Xn: BZr
o 2r(2r — 1)z2r-v

upon use of the result (2.1.15) connecting ¢(2r) to the even-order Bernoulli
numbers B,,. With this truncation scheme we therefore obtain

n

By,
Q@) =) 2r(2r—21)21 + R(z ), 6.4.11)
r=1

which is the result obtained in Paris & Wood (1992). Optimal truncation of the
finite series in (6.4.11), given by n = N ~ m|z|, then enabled the smooth tran-
sition of the leading subdominant exponential with £ = 1 to be established, but
was not sufficiently precise to describe the transition of the smaller exponentials
corresponding to k > 2.

We remark that the expansion (6.4.9) differs from that in (6.4.11) in two impor-
tant ways. First, the Stirling series has been decomposed into a k-sequence of
component asymptotic series with scale 2w kz, each associated with its own arbi-
trary truncation index n;. Secondly, the order of the terminant functions in R(z; ny)
depends on n;. It is these two features which permit each finite series in the more
refined expansion (6.4.9) to be optimally truncated for large |z| near its least term;
that is, when

ny = Nk ~ 7Tk|Z|. (6412)

This yields the optimally-truncated expansion

00 Nkl

(=) (2n)!
Q) = Z Z ko R(z; Ni), (6.4.13)
where
o0
1 ikz ; —2mikz A .
R(z; Ny) = Z%{ezmk“TmH(kaz) —e? szsz+1(—2mkz)]. (6.4.14)
k=1

It is now apparent that the order and the modulus of the argument of each terminant
function in R(z; Ny) are approximately equal. When v >~ |x| > 1, the function
T,(x) possesses the property of changing very rapidly, but smoothly, from being
exponentially small to being almost a constant as arg x passes continuously through
either +m; see §6.2.6. Use of the asymptotic properties given in (6.2.50) and
(6.2.56) shows that (i) the sum R(z; Ni) converges exponentially fast away from
the negative real z axis and (ii) for fixed |z| in the vicinity of arg z = %n, the
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dominant contribution to R(z; Ny) arises from the terms involving fz Net1(2mikz).
The coefficient (the Stokes multiplier) of each subdominant exponential ¢7 ¥
(6.4.14) then has the leading form given by

fZNk+1(27TikZ) ~ % + %erf{c(é’ + %JT)\/ 7Tk|Z|},

where, from (6.2.52),

in

(04 dm) =0~ b+ L0 = d) = 0= 3m)
and 6 = arg z. The treatment in the neighbourhood of arg z = —%n is similar,
with the functions fz Ne+1(—2mikz) now controlling the dominant behaviour. The
approximate functional form of the Stokes multipliers near arg z = :I:%n is then
found to be

L Jerf{ (0 F dm)Vaklal} k=120, (6.4.15)

respectively. This is the error-function smoothing law found in Paris & Wood
(1992) for k = 1 and Berry (1991a) for general k. The form (6.4.15) approximately
describes the birth of each subdominant exponential — on the increasingly sharp
scale (rrk|z|)% — in the neighbourhood of the positive and negative imaginary
axes.

We have seen that a physical application of the exponentially-improved asymp-
totics of I'(z) arises in the solution of the eigenvalue problem in (6.4.1) when
n = 2. A non-physical application has been given by Paris (1993) in an alternative
derivationf of an expansion for the Riemann zeta function ¢ (s). The representation
chosen for this purpose was the integral

_ erris —c+00i F/(l + Z) N
;(S) = —27[1 /767001' {m — log Z}Z dz (RC(S) > 0),

where 0 < ¢ < 1 and the z plane is cut along the positive real axis, which is
a slightly modified form of an integral given by Kloosterman (1922); see also
Titchmarsh (1986, p. 24). Use of the refined asymptotics of log I'(z) in (6.4.11)
shows that it is the sequence of exponential terms, and not the Stirling series
component of the expansion, that contributes to the delicate structure of ¢ (s). The
resulting absolutely convergent expansion takes the form

M 1—s 0o
c(s) = Zk*s + £ C—ira —s)Z(znk)H{e%””Qa — s, 2mikp)
k=1 s k=1

1. .
—e Q1 — s, —2mikp)) (6.4.16)
T Simpler derivations of (6.4.16) can be obtained by use of the Poisson summation formula applied to

the tail of the Dirichlet series for ¢ (s) [see Berry (1986) and Paris (1994b)] or by use of the exact
representation (2.1.2) for (z) in Kloosterman’s integral.
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valid throughout the s plane (s # 1), where u = M + %, M is an arbitrary non-
negative integer and Q(a, z) = I'(a, z)/ I'(a) denotes the normalised incomplete
gamma function. This result bears some resemblance to that given in (8.2.18) but
contains some significant differences. The asymptotic consequences of (6.4.16)
for the computation of {(s) on the critical line Re(s) = % have been explored in
Paris (1994b).

A different type of expansion for €2(z) in the form of an absolutely conver-
gent Hadamard expansion, which extends a result of Hadamard (1912), has been
examined in Paris (2000c). This expansion can similarly yield hyperasymptotic
accuracy but suffers from the inconvenience that it requires more computational
effort than that in (6.4.13).

6.4.3 A Numerical Example

We now use the optimally-truncated expansion in (6.4.13) and (6.4.14) to display
numerically the smooth appearance of the first two subdominant exponentials
corresponding to k = 1, 2. To achieve this for the pth level it is necessary to “peel
oft” from €2(z) all the exponentials corresponding to k < p and all larger terms
of the asymptotic series in (6.4.13). As described in Berry (1991a), this latter
subtraction requires a straightforward regrouping of the terms in the absolutely
convergent double sum in (6.4.13). With

a, = (=) C2nNYQr) ™, A =a /KT,

this is given by

oo Ni—1 Ni—1 oo No—1 o0 N3;—1 oo
IDILVED I IVIED 3) WIS 3) TR
k=1 r=0 r=0 k=1 r=N; k=2 r=N, k=3
oo N,—1
=Z Z arby (1), (6.4.17)
m=1 r=N,,_;

where Ny = 0 and the coefficients b,, (r) are defined by

by (r) = Z k22,

k=m

These latter coefficients are related to ¢ (2r 4+ 2) and we easily see that
bi(r) =¢Qr+2), b(r)=bi(r) =1, by(r)=b(r) =272, ...

InFig. 6.5 we show the behaviour of the terms in the sumsin (6.4.17)for1 <m <3
against ordinal number when x = 5.

The Stokes multipliers describing the appearance of the first two exponentials
e?P: p =1, 2 (at fixed |z|) in the vicinity of the Stokes line arg z = %T[ are then
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Fig. 6.5. Magnitudes of the terms in the sum (6.4.17) against ordinal number for 1 <m <3
when x = 5 and the truncation indices N; = 15, N, = 30, N3 = 45.

given by

. 1 Ni—1
Sy (6) = e~ {9@) =3 arbl(w}

r=0

and

Ni—1 Np—1
. 1 1
S — —4miz _ _ _ .
N, (0) = 2e {Q(Z) — D ahi)—— ) ab) - R Nl)} :
r=0 r=N,
where, as usual, & = arg z. The procedure for the Stokes multiplier for the pth
exponential ¢?*/P% is then obvious and is given by

“2ripz 1 & A — Ri(z; Ny)
Sw,0) = peTTRQ@ = — 3 Y aba() =Y =

m=1 r=N,_, k=1 k

for p = 1,2, ..., where the optimal truncation indices Ny, are specified in (6.4.12).

In Tables 6.4 and 6.5 we show the results of such computations for z = 5¢'’
for different values of 6 in the neighbourhood of the Stokes line arg z = %n. The
values of the real part of Sy, (¢) for p = 1,2 are compared with the predicted
approximate behaviour from (6.4.15), given by

L lats,,  6,=(0—tn)Vaplal (6.4.18)

In the computation of Sy, (#), the remainder term R;(z; N;) has been evaluated
by means of (6.4.8), where the terminant functions are computed from (6.2.43)
to the same level of accuracy as the other terms. It is seen that the behaviour
of the real part of the multipliers is as predicted by (6.4.18) and, moreover,
that the transition of the second exponential occurs on a sharper scale than the
first. We note that the above process for p = 2 has revealed the presence of an
exponential of magnitude e 2" = O(10~2%) hidden behind a larger exponential
of magnitude =17,
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Table 6.4. Values of the Stokes multiplier
Sy, (0) for the first subdominant exponential
e>™Z when 7 = 5¢'% compared with the
approximation (6.4.18)

0/m Sy, () 1+ lerféy

0.300 | 0.0002818 + 0.0000909i 0.000214
0.350 | 0.0047002 — 0.0010471i 0.004130
0.400 | 0.0387937 — 0.0167382i 0.039131
0.450 | 0.1845516 — 0.0713116i 0.189313
0.475 | 0.3258786 — 0.1016917i 0.329891
0.500 | 0.5000000 — 0.1144236i 0.500000
0.525 | 0.6741214 — 0.1016917i 0.670109
0.550 | 0.8154484 —0.0713116i 0.810687
0.600 | 0.9612063 — 0.0167382i 0.960869
0.650 | 0.9952998 — 0.0010471i 0.995871
0.700 | 0.9997182 + 0.0000909i 0.999786

Table 6.5. Values of the Stokes multiplier
S, (0) for the second subdominant
exponential ¢ when z = 5¢'? compared
with the approximation (6.4.18)

0/m S, (0) 1+ terfo,

0.40 | 0.0067412 + 0.0000860: 0.006383
0.45 | 0.1068719 — 0.0172688i 0.106545
0.46 | 0.1596065 — 0.0256381i 0.159603
0.47 | 0.2272454 — 0.0345741i 0.227511
0.48 | 0.3088606 — 0.0426487i 0.309226
0.49 | 0.4014169 — 0.0483096i 0.401671
0.50 | 0.5000000 — 0.0503487i 0.500000
0.51 | 0.5985831 — 0.0483096i 0.598329
0.52 | 0.6911395 — 0.0426487i 0.690774
0.53 | 0.7727546 — 0.0345741i 0.772489
0.54 | 0.8403935 — 0.0256381i 0.840398
0.55 | 0.8931281 — 0.0172689i 0.893455
0.60 | 0.9932588 + 0.0000860i 0.993617
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Multiple Mellin-Barnes Integrals

The problem of determining the asymptotic behaviour of functions defined by
multiple integrals carries with it additional computational difficulties that occa-
sionally prevent the generalisation of familiar techniques from the one-dimensional
world to that of several dimensions: the method of stationary phase generalises
to n-dimensional integrals, but the method of steepest descent has only recently
been extended to several dimensions and is still in its infancy. Much the same
can be said of the techniques used in earlier chapters for dealing with Mellin-
Barnes integrals, although we shall see that, for a class of multidimensional
Laplace-type integrals, the transition to higher dimensions can be accom-
plished with only small modifications to approaches we have taken in previous
chapters.

7.1 Some Double Integrals

Before unveiling a general strategy for dealing with multiple Laplace-type inte-
grals by means of multiple Mellin-Barnes integrals, it is worthwhile examining
some special multiple integrals. It is occasionally the case that integrals that prove
to be unwieldy or resistant to analysis through more standard tools such as steepest
descents, will be more accommodating if a Mellin-Barnes representation is avail-
able. Perhaps surprisingly, one-dimensional integrals are sometimes more easily
dealt with using a higher-dimensional representation.

Example 1. We begin with an integral from physical science [Davies (1978,
p- 229)] representing a correction to the equation of state of a classical electron
gas. For positive A, put f(x) = e **/x. The integral in question has the form

F()) = /OO (/™ — 14 fx) — L f2(x)) xPdx, (7.1.1)
0
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with the small-A behaviour of F of particular interest. From the Mellin-Barnes
integral representation of the exponential function (3.3.2), we have

c+o0i

O fo P = [ T s,
2mi

c—ooi

where —3 < ¢ < —2. We may therefore recast (7.1.1) in the form

00 1 c+ooi
FQ) = / x2 {— / F(s)x“e’\”ds} dx
0 2700 Je—ooi

1 c+-o0i 00
= — I'(s) {/ x2+se’\“dx} ds
0

2mi c—00i

1 c+00i

= —/ C'(s)(s + 3)(—ks)_3_xds (-3 <c<-=2).
2mi c—0o0i

The interchange in the order of integration that occurs is legitimate as the gamma

function present in the integrand grows as |t|"‘%e_%”|’ I'along the contour s =

¢ + it, and the exponential function e*** undergoes rapid decay in view of the

factc < 0.

The single Mellin-Barnes integral that emerges has double poles at the inte-
gers s = —3, —4, —5, ... . The appropriate residue can be determined by setting
s = —n + & for positive integer # and small § into T'(s)T"(s 4+ 3)(—As) >~ and
observing that

C(s)C(s 4 3)(—as)>~*
_ (An)" 372 (An)~(1 = §/n)r—37°
sint(§d —n)sintn —2—-8)T'(n+1—-8)I'(n—2—3)
e (L=8log(a) +-- ) (1= (n=3=8)§/n+---)
sinfdnl(n—=3)! (1-8y(m+D+--)(1=8¥(n—2)+---)
an)"3 1

=—m8—2{1+5<1”(n+1)+‘ﬂ(n_2)

n—3 2
—log(nA) — —— )|+ O(°) ¢;
n
here, use has been of the reflection formula (2.1.20). We conclude, therefore, that
F has the small-A expansionf

= ()3

-3
F(A)Igm{log(fl}»)-%%—Ip(n—i-l)—W(n—Z)}.

T Davies’ computation of the small-A expansion of F contains some computational errors. These
have been corrected here.
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Example 2. Consider the double integral
oo [e.¢]
d
I(a) = 2"a" ! / e—’/ L2 ar,
0 at xH

where J, (x) is the Bessel function of order v and a (> 0), w, v are real parameters;
the extension to complex parameters presents no difficulty. Let us impose the
temporary restrictions v > 0 and 1 < u — v < 2; these can be subsequently
relaxed by appeal to analytic continuation.
From (3.4.22) we have the representation
1 [ T(- :
B = [ 0y
271 J_ooi T(s +v+ 1)

valid for x > 0 and v > 0, where the path of integration is indented at s = 0 to lie
to the left of the poles of I'(—s). Then we find}

00 d 1 ool (— 00
/ Ju(x)—x = 5= #2_”_25 / xB iy Lds
at xH 2mi —o0i F(S +v+ 1) at

1 ool F(—S) 27v72s (at)2s+v7u+1 J
= - S,
270 J_ i T(s+v+1) 2s4+v—pu+1

provided i — v > 1. Substitution of this result into the integral for I (a), followed
by reversal of the order of integration (when u — v < 2), yields the Mellin-Barnes
integral representation

ool 1.\28 %)
7 — L () [eetanlas
20 ) _ooi TG4+ v+ 1D)2s+v—pu+1 Jy

1 [ T(=s)Q2 - 1 s
=-— sy =it D1y, (7.12)
270 ) _ooi F's+v+1)

Although (7.1.2) has been derived with the above restrictions, this result can be
extended to values of u and v satisfying —% < <v+2andv > 0 (atleast) by
analytic continuation.

The integrand in (7.1.2) has two sequences of poles at s = 0,1,2,... and
2s = u — v — 1 — k, for nonnegative integer k. If 1 < u — v < 2, the first pole
in the second sequence lies on the right of the contour (with s = 0 being a double
pole when i« — v = 1), while when ; — v < 1 all poles of the second sequence lie
in Re(s) < 0. Thus, if we denote by C the path in (7.1.2) that is indented (when
1 < u —v < 2)soas to separate the sequences of poles, we have

1 r—s)r2s+v—-—u+1)
27i Jc F's+v+1)

1) = - (1a)*ds + R, (@),

T A particular case of this result when i = 1, v = 0 is cited in a footnote in Watson (1966, p. 434).
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where
r(l+1Ly—-1 o
L (1) A DRPIL
Ru,u(a) = F(f + EI’L + EU)
0 (w—v <.
The second term R,, , (a) corresponds to the residue at the pole s = % u— %v — %

when this point is situated in Re(s) > 0.

We now use the duplication formula (2.2.23) to express I'(2s + v — u + 1)
in terms of two gamma functions with arguments involving s. This enables us to
identify the integral over C as a hypergeometric function by (3.4.8) to find

Tw—p+1

1@ = =—=077

Fi(v=3ip+i v —Iu+1;
L +v; —a®) + Ry, v (a). (7.1.3)

This last result can be expressed in a more convenient form by making use of the
standard property given in (4.6.15) to transform the hypergeometric function in
(7.1.3) into one with argument equal to a/(1 + a*) < 1, namely

2

)
1+a?/

(1 +az)%’“%”*%zF1<%V — St g st g L4

In the special case © — v = 1, the residue of the double pole at s = 0 is easily
shown to be —{log(%a) — %W(l +v)— %y}/ I'(1+v), where v is the logarithmic
derivative of the gamma function and y denotes Euler’s constant. By displacement

of the contour to the right over the poles at s = 0, 1, 2, ... we therefore find
o0
(TR )
I(a) = — 5 Ritvy(a), 7.1.4
(@) ;k!l“(l+v+k)(2a) + Rijyu(a) (7.1.4)
where

Riyyy(a) = {2log (a) — ¥ (1 +v) —y}.

C2r (1 +v)

We remark that the sum over k corresponds to the hypergeometric function in
(7.1.3) with the first term deleted.

An alternative representation can be derived by displacing the contour to the
left to yield the convergent expansion (when a > 1)

UG AR RE R
KU+ 3iv+1—1k)

Ia)=1 (o)1, (7.1.5)

k=0
where the prime on the summation sign indicates that when 1 < u — v < 2 the
first term corresponding to k = 0 is to be deleted. The convergence of this series is
readily established by noticing that the large-k behaviour of the terms is controlled
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by the factor k~"~2q~*_This form is equivalent to that in (7.1.3) when a > 1 and
is more suitable for computing [ (a) for large values of a.}

A special case of these results is given by © = 1, v = 0. From (7.1.4) and
(7.1.5) we find the behaviour in the limits of small and large a

o e gy [log(Z/a) +0(@? (a—0+)
/ e ’/ Jo(x)— dt = 1
0 x m2/a+ 0@@™?) (a — 00).

at

Other examples of the use of Mellin-Barnes integrals in the evaluation of definite
integrals can be found in Watson (1966, p. 434 et seq.); for a detailed discussion
on the evaluation of integrals using Mellin transforms, see Marichev (1982).

Example 3. DOUBLE MELLIN TRANSFORMS. One can extend the notion of Mellin
transform, discussed in §3.1, in a straightforward fashion to accommodate func-
tions of several variables. We illustrate this here for the case of functions of two
variables.

Following Delavault (1961, Chapter 3), we define the double Mellin transform
of a function f(x, y) by

M[f;s,t]=F(s, 1) = /w/w Fo, yx =y " ldxdy (7.1.6)
0 JO

for suitable classes of functions f for which the integral makes sense. In direct
analogy with the case of the Mellin transform, we also have the inverse transform
given by

1 2 pcdooi pdooi
flx,y) = <2—> / / x 'y F(s,t)dsdt, (7.1.7)
e c—ooi Jd—ooi

—0oQ1

again, provided the integral exists. Convergence criteria, by no means compre-
hensive, can be found in Delavault (1961, pp. 26 and 29) and in Reed (1944).
We will not concern ourselves overmuch with issues of convergence, but we will
remark that generally, if the Mellin transform of a function f(x, y) converges for
a pair of values sg, fo, then it will converge in strips in each of the s and ¢ planes
containing sg and 7y, respectively.

Double Mellin transforms enjoy many of the same properties as their one-
dimensional counterparts: there is a Parseval formula for double Mellin transforms;
double Mellin transforms of differentiated quantities become products of poly-
nomials and Mellin transforms of the underived quantities; premultiplication by
powers of the untransformed variables x and y results in shifted arguments in the
transformed function; and there is a natural choice of convolution product for the

F The forms in (7.1.3) and (7.1.5) are equivalent to the continuation formula for the hypergeometric
function given in (3.4.9).
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double Mellin transform, viz., if

(f*g)(x,y)=/0/0 f(Ex,ny)g&, n)dédn,
then
M[fxg;s, t]=M[f;s, t]M[g; 1 —s,1—1¢].

The inversion of a double Mellin transform, then, presents us with a genuinely
multidimensional Mellin-Barnes integral to analyse. These are in general difficult
to compute exactly, although exact evaluations in some special cases are available.
For example, if ¢ is some function for which

FO,p) =)0 ()" g m, m)x"y"

m=0 n=0

defines an analytic function, then we note that, from Cauchy’s theorem, truncated
forms of the double infinite series have the representation

M N 2
ZZ(—)’"*"«p(m,n)x"’y"—( ) f f LA ICL
m=0 n=0 2mi r, Jr, sinzssinwr

(7.1.8)

where Ty is the positively oriented rectangle in the s plane with vertices at the
points —% —Mi, M+ % —Mi, M+ % + Mi and —% + Mi, and I'; is a similarly
constructed rectilinear path in the ¢ plane with N in lieu of M. Under suitable
restrictions on ¢, principally analyticity in the half-planes Re(s), Re(r) > —% —€
for some small ¢ > 0, and rapid evanescence as |Im(s)|, |Im(#)] — oo, the
summation limits in (7.1.8) can be allowed to tend to infinity, whence we obtain
the evaluation

Mifis, 1] = T2 =D, (7.1.9)

sinzws sin ¢

a generalisation of Ramanujan’s formula given in (3.1.16),
00 s T
/ Y ()" )x" dx = ——¢(—s).
0 ~ sinrs

The derivation of (7.1.9) together with various modifications are to be found in
Reed (1944). We close this section by mentioning just one interesting evaluation
found in Reed’s paper: for the function

ey = {0 +x)(0+y) = rxy}

the coefficients ¢ (m, n) have been shown by Hardy [see Bromwich (1926, p. 193,
Ex. 28)] to be given by

¢p(m,n) = F (—m, —n; 1; 1).
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We then have for 0 < Re(s), Re() < 1 and |A| < 1 the double Mellin transform
_ mhFi(s, 1 1))

M[(A 4000 +3) = ey} s, r| = T
Simnws sinwt

7.2 Residues and Double Integrals

If we begin displacing integration contours in multiple Mellin-Barnes integrals,
we find that, for each displacement, the poles of the integrand that are encoun-
tered will often depend on other integration variables, thereby complicating the
type of computation we performed in earlier chapters to derive asymptotic expan-
sions. Furthermore, each contour displacement results in unevaluated integrals,
and these evaluations will not be complete until all integration contours have been
displaced past poles. Nevertheless, with due care it is still possible to extract
residues from multiple Mellin-Barnes integrals in a straightforward fashion and
obtain asymptotic series.

We point out that the type of computation we typically undertake for multi-
ple integrals of Mellin-Barnes type contrasts sharply with the evaluation of such
integrals by other authors. In several settings where double Mellin-Barnes inte-
grals arise, the pole structure to be used in residue computations does not involve
any linkage between poles in one integration variable and poles in the other, even
though the integrand under investigation may not be a product of functions of a
single variable. This is not so for the Mellin-Barnes integrals we encounter in the
present case, with poles in one variable depending in an essential way on poles in
the other integration variables.

The type of residue computation we encounter in the course of developing
asymptotic expansions of multiple Mellin-Barnes integrals is captured well by the
following example:

2

1 Fool 1 — myt; — mot
1) = <_f ) F(II)F(tz)F(M)A(5"1+‘32’2)dt1dt2
2mi —o0i w
(7.2.1)

with p, m; and m, real parameters satisfying the inequality © > m; > m, > 0,
and where we have set

S, =1—m/u (r=1,2); (7.2.2)

evidently, 0 < 8; < &, < 1. For (7.2.1), we will not only outline the formal
process of extracting its algebraic asymptotic behaviour, but will also examine the
orders of the remainders in the result. Convergence of the integral is assured by
virtue of Rule 1 of § 2.4.

T Here, we direct the reader to Example 3 of the previous section, and to the double Mellin-Barnes
evaluation of Slater (1966, § 8.5) for illustrations.



296 7. Multiple Mellin-Barnes Integrals

The integral (7.2.1) arises in the course of the development of the asymptotic
expansions of the generalised Faxén integral,

o k
I(A;cp ey, cp) = / exp{—k(x“ + Zc,x’"’)} dx, (7.2.3)
0 r=0
where
w>mp>my>-->myg > 0;

this integral is systematically examined in Kaminski & Paris (1997). The Faxén
integral itself can be expressed as

b/(1-a)

Fi(a, b; £y) = 1P £ (y > 0,0 < Re(a) < 1);

see §5.5. To keep the presentation as simple as possible, we shall restrict k = 2
and put the parameters ¢, to unity to arrive at

I 1,1) = / exp{—A(x* + x™ 4+ x"™)} dx. (7.2.4)
0

To each of the factors exp(—Ax™") appearing in the integrand of (7.2.4), apply
the Mellin-Barnes integral representation of the exponential function (3.3.2) to
obtain

oo o0i \ 2
I 1,1 = / e M (L / ) L) ()" x~mh=mb g dpdx.
0 2mi —00i

Because of the absolute convergence of this integral, we can interchange the order
of integration and apply Euler’s integral representation for the gamma function to
obtain, apart from a leading factor of A ln /1, the integral (7.2.1), i.e., I(X) =
uAYHI(x; 1, 1). We shall assume that any poles we encounter in the analysis of
(7.2.1) are simple, but the presence of higher order poles will prove no obstacle to
the overall strategy we detail here.

From the order estimates (2.4.4), each ¢, integral in (7.2.1), r = 1, 2, converges
absolutely in the sector

1+ m,
|arg Al < %n(—‘_s—m/m

(7.2.5)
Because > m| > m, > 0, we see that the integral (7.2.1) converges in a sector
wider than the right half-plane Re(1) > 0.

Let us translate the 7, contour first. If we set f; = pe'?, with p and @ real and
0] < %n, then we find that the logarithm of the modulus of the integrand has the
large-p behaviour

pcosBlogp -8+ O(p)
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which in view of §; > 0 must tend to oo as p — 00. Accordingly, we displace the
t; contour to the right to obtain the large-A asymptotic behaviour. In doing this,
we encounter poles of the integrand at the sequence of #; values given by

1
= 11(0) = — (14 ury = ma), (7.2.6)
1

where r| is a nonnegative integer. Since t, everywhere along its integration contour
has Re(#;) = 0, except for an indentation to the right near the origin where Re(t,)
is positive but arbitrarily small, we find that every choice of nonnegative integral
r1 gives rise to a pole of the #; integrand.

Fix a positive integer N; and a positive number €; satisfying 0 < €; < 1.
We shift the #; contour to the vertical line Re(t;) = {1 + w(N; + €1)}/m; in
conventional fashion by considering the integral (in #;) taken over the rectangular
contour with vertices £i M and {1+ w(N;+¢€1)}/m£iM, M > 0. Itis routine to
show that the contributions to the value of the integral from the segments parallel
to the real axis tend to zero as M — oo. The residue theorem then yields

Ny

—_\
10 =23 O Gy + Ru, 72.7)
mi =0 ryt
where
1 oot ,
hOur) = —— f P @)= Ci 52, (7.2.8)
27Tl —o0i

1] is given in (7.2.6) and the remainder term is defined by

1\? ooi 1 — myt; — mot
R, = <_> / / r(zl)r(tz)r(M>,\51"“mdtz dt,.
2mi Ly J—oci 122

(7.2.9)

In (7.2.9), the contour L; is the vertical line Re(#;) = {1 + w(N; + €1)}/m;.

An order estimate of R is easily obtained. Observe that the 7, integral in (7.2.9)
has Re(#,) = 0 everywhere, except for an indentation near the origin where Re(t,)
is positive but arbitrarily small. The #; variable everywhere along L has Re(t;) =
{1 + w(Ny + €1)}/my, so that

R, = 0(k*51(1+M(N1+61))/m1)

for A — oo. Indeed, in view of the Riemann-Lebesgue lemma and the oscillatory
nature of the integrand in (7.2.9), this can be strengthened to an o-estimate, if so
desired.

Let us now turn to the integrals I;(X; r;) present in the finite series in (7.2.7).
To determine which direction we displace the #, contour, we proceed as before and

+ We write #; = #](1») to emphasise the functional dependence of the #; poles on the integration
variable 7,.
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set, = pe', |8| < 1, from which we see that the logarithm of the modulus of
the integrand has the large-p behaviour

pcos6logp - (u> + O(p).
nj

From m; > m; > 0, we see that this estimate grows to co as p — oo which
indicates that the #, contour must also be displaced to the right to recover the large-
A behaviour of each I;(X; ry). In displacing the #, contour, we encounter poles at
solutions to #{ = —r, for r, a nonnegative integer; i.e., at the points

1
th = m—(l + ury +myr). (7.2.10)
2

Thus, we find

Na(r1)

Y ) S ,
LA r) = a Z &) [ (A~ OH@F020) 1 R (7)) (7.2.11)
my = ro!
where now, since ¢ (t;) = —r, and since
m,-8j—mj8,- =m; —m; (l ;ﬁ]), (7212)

we may also write

(my —my)

8111 (t5) + 8215 = .
2

)

ra+ — (14 ury).
ms

The remainder term R, (r;) is given by

Ry(ry) = L T ()T (1) A~ 4y, (7.2.13)
2ri Jp,
where L; is the vertical line Re(;) = {1 + ur; + mi (N2 + €;)}/m,, for some
0 < €; < 1. The precise nature of the dependence of N, on r; will be detailed
below.
Collecting together the approximations (7.2.7) and (7.2.11), we obtain

m Ny [ Na(r1) (_)rﬁqz

) == "1 T @i L Ry(r) { + Ry,
1751
nyp ri=0 | r=0 ryirp.

with #} given in (7.2.10). From (7.2.13), we find that as A — oo,
Ry(ry) = O(}\'*Re{(slt;(fz)+52t2}) — 0()\*51(1+W1)/m1*(m1*mz)RC(tz)/mz)
— O(A—52(1+Mr1)/m2—(m1—mz)(N2+€2)/m2)

using (7.2.6), (7.2.12) and the fact that on L,, we have Re(t;) = {1l + ur; +
mi(Ny + €1)}/m,. If the combined errors

Ny
ZRz(I’l)

r1=0
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are to be of the same order as the error R; that resulted from the initial displace-
ment of the #; contour, then it suffices to have, for each ry, the order estimate
Ry(ry) = 0()\*51(1+M(N1+€1))/m1).
Then N, = N,(r) can be determined from the requirement
S (1 + w(Ny +€1))/my = 8(1 + pr)/my + (my — ma)(N2 + €2)/ma
which implies that N, (7;) is the largest nonnegative integer strictly less than

1 81m2
ny; —mp

N3 (r1) = (I + u(Ni+€)) =60+ Wl)} - (7214

mi

This determines the upper range of the summation in (7.2.11). One final sim-
plification follows from the identity 1/u + §,/m, = 1/m,, r = 1, 2, whence we
obtain as A — o0

10y = ™ O (i

1.,<1 +pur + mer))L—(p(rl,rz)

r1!r2! my

r|:0 r2=0

4 0()»_8'(1+“(N1+E‘)/m1)

with
ués n (my —my)

@(ri,rn) =—r+————n.
my my

We note that with a reordering of the powers ¢(r;, 7;), the asymptotic series that
we obtained could be put in a form in which it is clear that the expansion is of
Poincaré type.

The process outlined above can readily be extended to deal with more compli-
cated integrands and higher dimensions. This will be readily apparent in the next
section, when we examine the asymptotics of Laplace-type integrals.

7.3 Laplace-Type Double Integrals

It is with Laplace-type integrals that significant benefits from a Mellin-Barnes
integral approach are to be found, as we have seen in earlier chapters. Prior to
considering the cases of two- and three-dimensional Laplace-type integrals, let us
note some strategies for dealing with multiple Laplace-type integrals.

By a double integral of Laplace type we shall mean one of the form

J()»)='/./ e M ENe(x, y)dxdy (7.3.1)
T

where f(x, y) and g(x, y), the phase and amplitude, respectively of J (1), satisfy
some smoothness conditions on the domain X, usually C* or analytic for the
phase f. Of interest to us is the behaviour of J(X) as A — oo.



300 7. Multiple Mellin-Barnes Integrals

Through the use of neutralisers (or partitions of unity) and the tools of vector
analysis, it is known [Bleistein & Handelsman (1975, Chapter 8)] that the sig-
nificant contributions to the asymptotic behaviour of these integrals arise from:
(a) critical points of f in the interior of the domain ¥ or on its boundary, 0%;
(b) points of 39X where the boundary fails to have a continuous tangent vector
field (so-called “corner points”); and (c) points of ¥ where the amplitude g, or its
derivatives, is discontinuous. In this classification scheme for sources of terms in
the asymptotics of Laplace-type integrals, (7.3.1) coincides with cases (a) and (b),
where a critical point of the phase f is found at a corner.

Integrals of the form (7.3.1), and its oscillatory form obtained by replacing —A
by %i A, have been subjected to much study over the years, using a wide variety of
tools and yielding a similarly varied range of outcomes. Laplace- and Fourier-type
single integrals have a rich body of theory one can bring to bear when extracting
their behaviour, but the multidimensional case is considerably more difficult, a
fact reflected in the variety of approaches to the problem found in the literature,
and in the more qualitative types of results obtained.

For very general phase and amplitude, work by Malgrange (1974) produced a
structure theorem for the form of the large-A asymptotic expansion of J (). The
work relied heavily on the use of a “resolution” of the singularity of the phase
function f and was not amenable to computation. Subsequent work by a school of
Russian analysts, led by Arnold ef al. (1988), often for domains restricted to the
positive quadrant, provided some sharper results including estimates of the order
of the leading term based on properties of the Newton diagram of the phase f;
the Newton diagram is described below. However, again because much of their
work relied on algebraic geometric and algebraic topological methods (primarily
concerned with the resolution of singularities), little is said about the problem of
constructing computationally useful expansions of J()). Earlier work by another
member of this school, Vasil’ev (1977), produced the correct leading term and the
correct order, expressed in terms of the Newton diagram of the phase, but did so
in a fashion that was unsuitable for extracting later terms in the full expansion of
(7.3.1).

Other efforts have been mounted in tackling this problem in the setting of infor-
mation carried by the Newton diagram. One novel approach by Denef & Sargos
(1989) used structures “dual” to the faces of the Newton diagram and sidestepped
the use of a resolution of singularities by resorting to a dissection of the integration
domain: each constituent piece of the dissected domain was associated with a par-
ticular change of variables determined by the Newton diagram.{ Denef & Sargos
obtained detailed information about the poles of the distribution f} = max{f*, 0},

T Inasense, Denef & Sargos have introduced the resolution of singularities favoured by the theoretical
work of the Russian and French schools, but in a fashion more accessible than had been done
previously.
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whose action on test functions is given by

¢'_) f-f—(xlvu-,xn)qs(xlvwan)dxl"’d-xn-

R"

The style of argument employed by Denef & Sargos leads the reader to expect that
each face in the Newton diagram ought to play a role in the asymptotics of f7.
Their result can be rendered in the form of a Laplace- or Fourier-type integral
by use of a Mellin transform, after the fashion discussed by Wong & McClure
(1981, p. 518).

A more elementary approach for integrals taken over the positive quadrant, was
developed by Dostal & Gaveau (1987, 1989) where an argument employing a
rescaling of a polynomial phase f, with a different rescaling for each face of the
Newton diagram, resulted in an asymptotic approximation for J(A). The resulting
approximation, however, was incomplete in the sense that the coefficients in the
resulting terms comprised infinite integrals of exponential functions.

Sharper results are available if one is willing to discard the link between the
geometry of the Newton diagram and the phase function under examination. One
efficient approach relies on tools from vector analysis, and is well described in
a number of standard reference works [Bleistein & Handelsman (1975); Wong
(1989)]. In short, the method proceeds by integration by parts using Green’s theo-
rem in the plane for examining asymptotic contributions from boundary points of
the domain, and “splits off” the contribution from interior critical points in the
domain of integration for subsequent analysis by other means.

One efficient approach for dealing with these interior critical points (which
may also lie on the boundary of the integration domain) involves representing the
integral as the Laplace (or Fourier) transform of a lower-dimensional integral, as is
done by Jones & Kline (1958) or Wong & McClure (1981), deduce the asymptotics
of the function defined by this lower-dimensional integral and subsequently apply
a Watson’s-lemma style of argument. This approach has much in its favour, but
it becomes unwieldy when the phase function has something other than a non-
degenerate Hessian matrix at the critical point of interest.

The approach we describe in this chapter has much to commend it: we are able
to retain links to geometric information carried by the Newton diagram; we are able
to develop full asymptotic expansions; the nature of the critical point permitted
to exist at the origin is of little direct consequence, as its singular character is
captured by the Newton diagram; and the computational cost associated with
developing the asymptotic expansions, although moderately high, is entirely bound
up in relatively straightforward residue evaluations of Mellin-Barnes integrals.

+ We do note that Jones & Kline did analyse a few degenerate cases in their seminal paper of 1958. How-
ever, the computational costs associated with increasingly singular critical points quickly diminish
the effectiveness of their approach. Additionally, the process of determining suitable coordinate
transformations to invoke becomes more obscure as the dimensionality of the problem increases.
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However, we do pay a cost for these benefits: the phases to which the method
applies are limited to a class of polynomial-like functions, the phase must be free
of critical points in the positive quadrant, apart from an isolated critical point at
the origin, and the integration domain restricted to the positive quadrant.

The restricted class of double Laplace-type integrals we shall examine are of
the form

[eelyilee]
I\ = f f e M ENe(x, y)dxdy, (7.3.2)
0 JO

where f is a ‘polynomial’

k
fG,y) = x* 4+ Zcrxm"yn" + yu

r=1

where all exponents are positive and all constants ¢, are nonnegative real numbers
(or complex with positive real part). We observe that such a phase function may
possess a highly singular critical point at the origin, and the hypothesis of nonneg-
ative ¢, ensures that no critical points exist in the positive quadrant of the real xy
plane.f

The function g(x, y) is assumed to be analytic and free of singularity in the
positive quadrant, with a large x, y growth rate that is eventually damped out
by the decay of the ‘phase’ term e¢~*/*) for all sufficiently large A. For the
time being, we will simplify matters by taking g(x, y) to be unity; more general
choices for g(x, y) will be discussed later. For a more complete discussion of
two-dimensional Laplace-type integrals with general amplitude functions g(x, y),
see Paris & Liakhovetski (2000b). The integral under examination is therefore

o0 pOO k
I\ = / / exp{—k(x" + Z e x™ oyt 4 y”)} dxdy (7.3.3)
o Jo

r=1

with A large and positive; we will see later that it is often possible to relax this
restriction and allow A to be complex for a certain range of values for its argument.

‘We also mention that an elaborate treatment of the hyperasymptotic expansion of
multidimensional Laplace-type integrals with doubly infinite paths of integration
has recently been considered in Howls (1997), for the case when the critical points
of the phase function f(x, y) lie in the domain of integration, and in Delabaere &
Howls (1999), for the case when the boundary itself gives rise to non-degenerate
critical points.

1 This is easily seen: the partial derivatives f; and f, everywhere have positive real part in the positive
quadrant x > 0, y > 0, so f can have no critical point there. The fact that terms x* and y” are
present in f guarantees that any critical point at the origin must be isolated.
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7.3.1 Mellin-Barnes Integral Representation
Let us define foreachr = 1,2, ...,k

5 =1-"r 1 (7.3.4)
w v
and set
o= (my,my,....mp), L=t t,.. . 1),
m = mmy,omid, =00, 0 (7.3.5)
n=(ng,ny,...,ng, 6 =(51,8,...,8).

Apply the Mellin-Barnes integral representation of the exponential function, given
in (3.3.2) to each factor exp(—Xc,x" y™) in the integrand of (7.3.3) so that we
can recast the integral in (7.3.3), after interchanging the order of integration and
applying the Euler integral representation of the gamma function as we did in §7.2
for (7.2.4), as

A=y /o ik 1—in-f 1—ii-f S
r = LY rr r BT,
v 270 J_ooi M v

where we have set

@) =T@)(t) T, ¢ L =c"e;™ ™ and di = dt, dty - - d.

The ‘dot’ appearing between two vector quantities is just the usual Euclidean dot
product. The integration contours are indented to the right away from the origin,
to avoid the pole of the integrand present there.

By considering each integral in (7.3.6) separately, for example

-

1 1—m -t 1—i-t\ _, ;.
J,=— rae)r r c, "ATrdt,,
270 J _ooi u v

we can determine, reasoning as in §2.4, that part of the complex A plane in which
the integral J, converges. By (2.4.4), we have for 7, = pe’p, 0 — 00,

l—m-t\_(1—n-t\ _, _;,
C(t,)r r et
" 1%

~ §,pcos6logp+ Ap + Blogp, (7.3.7)

log

where

A = —6,(0sinf + cosf) — cosb (5, log |r| + log|c,|) + sin b (8, arg A + argc,)

m, ) m, my [ n, ny/v
— —+ m|sinf| —cosf -log{ | — — ,
1% 2 v

B = Re{—(l— Z)+—(1—ﬁ* z*>}_g;
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here, we temporarily allow ¢, to be complex, and write m*, n* and 7" for those
quantities in (7.3.5) with the rth entry deleted. Since the integral defining J,
is taken over the imaginary axis (except near the origin), we set 6 = :I:%JT to
find the estimate for the logarithm of the dominant real part of the integrand
given by

1 m, n,
—578p— | —+ — |mp £ o6 argh + argc,)
I v

, m, N,
=—srp|l+—+ —)xp(6 argr +argc,)
7 v

for large p. The integrand of J, decays exponentially if this estimate tends to —oo
as p — oo and hence, treating the cases of positive and negative &, separately,
shows that absolute convergence is assured if

(A me /g /v)
2 371 ’
the convergence of the integral J, in the case of §, = 0 (when J, is inde-
pendent of 1) is handled similarly. Evidently, the factor following %71 on the
right-hand side of (7.3.8) is greater than unity, so that each integral J, defines
an analytic function of X in a sector including the imaginary A axis when ¢, is
positive.

<

(7.3.8)

1
arg A + 5 argc,

7.3.2 The Newton Diagram

For an analytic function f with Maclaurin series

fOy) = aux™y",
m,n>0
define the carrier of f to be the set of ordered pairs of nonnegative integers
{(m,n) : ay, # 0}; for a polynomial f, this is just the set of powers of monomials
comprising f.

For each point P in the carrier of f, consider the positive quadrant Ri =
{(x,y) : x > 0,y > 0} translated by P so that the origin is sited at P. Call
this translate of the positive quadrant P + Ri. Form the union of these translated
quadrants, and then its convex hull. The boundary of the convex hull will be
composed of two rays parallel to the coordinate axes, as well as a polygonal
path composed of finitely many line segments. This polygonal path is termed the
Newton diagram or Newton polygon of f.Figure 7.1 displays the two-dimensional
Newton diagram for the polynomial 2x° + x3y? 4 xy? + 3y°; in the notation of
(7.3.2), wehave u = v = 5.

This definition of the Newton diagram, from Brieskorn & Knorrer (1986), can
easily be extended to functions f with arbitrary nonnegative real powers for the
monomials comprising f, an extension which we adopt throughout this chapter.
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V-4
back face m=n
\
T T T Y-
(0] d 2

Fig. 7.1. Newton diagram for 2x> + x3y? 4+ xy? 4 3y> showing the line m = n and the
distance d to the Newton diagram. The back face has also been drawn, connecting the
vertices (i, 0) = (5, 0) and (0, v) = (0, 5).

Extension to functions of three or more variables is also straightforward: one
replaces the use of the positive quadrant in the construction by the use of the
positive orthant of appropriate dimension.

Given a Newton diagram for a function f(x, y), we form the ray issuing from
the origin with direction vector ¢ = (1, 1). Because the Newton diagram meets
both coordinate axes, there is a number, d say, for which dé is a point of the
Newton diagram. The number d is the distance to the Newton diagram, and the
quantity —1/d is termed the remoteness of the Newton diagram. The points (m, n)
used to construct the Newton diagram we term internal points if they do not lie
on coordinate axes. If these points lie on the Newton diagram, they are termed
vertices.

For a function of two variables f (x, y), let w and v be the lowest positive powers
of x and y respectively for which monomials x™ and y" appear in the Maclaurin
series for f. The back face will be the line segment joining the points (i, 0) and
(0, v). For functions of more than two variables, the back face can similarly be
defined as the hyperplane containing the points of the carrier of f of lowest degree
found on the coordinate axes.

7.4 Asymptotics of 1 (})

We will illustrate the process by which the Mellin-Barnes representation (7.3.6)
for (7.3.3) can be used to extract the asymptotic behaviour of /(). To keep
the discussion to a moderate length, we shall only examine the case k = 2
in detail, and provide a short overview of how the analysis proceeds in the
case k = 3. The simpler case k = 1 has been discussed in §2.3.1. The
reader interested in a more complete account is directed to Kaminski & Paris
(1998a).7

T A treatment of the case k = 1 is included in Example 1 of §7.7.
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A number of expressions appear frequently throughout our analysis for which
a more compact notation will prove convenient:

K=14+uk, L=14pul, R=1+ pur

, (7.4.1)
K =14+vk, L'=1+vl, R =1+vr

These definitions are brought to the attention of the reader when first used.

7.4.1 Two Internal Points

The integral I (A) with k = 2 is, from (7.3.6), given by
2

)L—l/,u—l/u 1 ~+o00i
I} = — (—/ ) L)l ()

wv 270 J _ooi

l—m-t\_(1—n-t\ _§;
x T r A% andn, (7.4.2)
" %

with the vector representations in (7.3.5) in use. The constants ¢; and c; in (7.3.3)
have been set, for ease of discussion, to unity and it is a simple matter to restore
these constants. We assume throughout this section that all poles of the integrand
are simple.

With two internal points present, say Py = (m, ny) and P, = (my, ny), we see
that the Newton diagram can assume a number of forms: we can have (a) both
internal points acting as vertices of the Newton diagram, so that the diagram is
formed from three non-collinear line segments, as depicted in Fig. 7.2(a); (b) both
internal points on the Newton diagram, but with two of the three line segments
collinear, depicted in Fig.7.2(b); (c) one point only on the Newton diagram, with
the other internal point behind any of the line segment “faces” of the Newton
diagram, as in Fig. 7.2(c); or finally, (d) both internal points could lie on or behind
the back face joining (u, 0) to (0, v), so that the Newton diagram is just the back
face, as illustrated in Fig.7.2(d). We shall keep the exposition limited to only
the first instance, the convex case. The interested reader will find the other cases
discussed in Kaminski & Paris (1998a).

Let us impose some structure on our points P; and P,: we shall assume that
W > my > my,n; <np < v,sothatthe quantities M = m; —mpand N = ny—n,
are positive. We shall also find it convenient to introduce the quantity

A= miny, —mpng. (743)

Observe that A is the si gned area of the parallelogram generated by the vectors 131 ,
Pz, in that order, where Pis the posmon vector defined by P. Since the ordering
imposed on P; and P, gives Pl and P2 a positive orientation, the quantity A must
be positive.

Additionally, elementary analytic geometry reveals that the line through P; and
P, cuts the m and n axes at A/N and A /M, respectively. By considering the



7.4. Asymptotics of (L) 307

P,

P, P

(b) ®

(d) ®

Fig. 7.2. Possible arrangements for two internal points and their Newton diagrams (drawn
with heavier lines). In illustration (d), the Newton diagram and the back face coincide.

intersection points of lines through (u,0) and P, and P, and (0, v), with the
coordinate axes, we also find

szN

< A < uN and M < A <VM; (7.4.4)
vV —np M —my
the intersection of the line through (0, v) and P, with the m axis is indicated as
(1,,) in Fig. 7.3; that of the line through P; and P, with the m axis is labelled (2,,),
and so on. The labelled intersection points (1,,), (2,,), (1,) and (2,) correspond to
m=myv/(v —ny),m=A/N,n=pun;/(nu—m;)and n = A /M, respectively.
Let us begin by displacing the #, contour in (7.4.2) first. With t, = pe'®,
0] < %n, we see that the logarithm of the modulus of the integrand of (7.4.2)
exhibits the large-p behaviour

d,pcosblogp + O(p).

Since P; is in front of the back face

"Lt oo, (1.4.5)
n v

the quantity &, must be positive from which it follows that the order estimate
above tends to +00 as p — oo. Thus, we displace the #, contour to the right
to pick up contributions to the asymptotics of /(). Candidate poles arise in two
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()

(1)

m

(L) Q2.

Fig. 7.3. Newton diagram for two internal points in the convex case. The labels (1,,), (2,,),
(1,) and (2,) are described in the text.

sequences (here assumed to share no points in common) determined by the poles
of ['((1 — mify —matr)/p) and T'((1 — nyty — nata) /v).
The poles of the first of these gamma functions are located at

iV = (K —min)/my (k=0,1,2,...), (7.4.6)
while those of the second occur at
1 = (K' —mt)/ny (k=0,1,2,...). (7.4.7)

Poles from the tz(l) sequence give rise to the formal sum

Afl/ufl/v (_)k 1 ool " nit — I’lzt(l) 3 5
I = — reprer( ————=22 gt ,
: MoV Xk: k! 2mi _[ e < v > :

—ooi

(7.4.8)

with § - £ = St + 52t2(1) . Poles from the t2(2) sequence similarly give rise to a
formal series

a1y ko oo 1 — myty — mat}
I, = Z ( ') —/ F(II)F( (2)) ( i = maly ) Stdtl,
uny - k! 2mwi J_oi I

(7.4.9)

Withg f= Sty + 52t2(2).
The integrals in the I, series have integrands which reduce to

K —mqt —n K + At S 7
F(tl)F< mi 1>F<m2 no K + 1>A_6't,
m

2 mav

for which, with #; = pe?, || < 1, the logarithm of the modulus behaves for
large p as

pcosBlogp - (A —vM)/myv + O(p). (7.4.10)
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From (7.4.4), we see that the factor following log p is negative, whence the log-
arithm of the modulus of the integrand tends to —oo as p — o0o. We must therefore
displace the #; contour in each integral in /; to the left. We find that there are
three sequences of candidate poles arising: one each from the gamma functions
appearing in the integrands in /;.

The factor I'(#;) has its poles at tl(l) =-[,1=0,1,2, ..., whereas the second
factor, F(zz(l)) = ['((K —mt;)/m,) would have its poles at points (K +mjl)/m,
| a nonnegative integer. However, it is clear that these points are positive, for all
nonnegative integer values of k£ and /, so no poles of this factor are encountered in
displacing the #; contour to the left. The final sequence of candidate poles arises
from poles of ['((1 — n1t; — nats"”)/v) = T'((my — nyK + Aty)/myv), given by

l’lzK — I/H2Ll

) njp mj
7 =—K——(1 ) = , 7.4.11
1 A( +vl) A ( )

A

for nonnegative integer k and [ satisfying tl(z) < 0. Here, we have set 1 +vi = L';
recall (7.4.1).
The tl(l) sequence of poles in I} gives rise to the formal asymptotic series

Afl/ufl/v (_)k+l 1
Iy = > r(tg”(tf“))r(

ol Y,

mov o k'l v
A= 1n=1/v
==— > fukD, (7.4.12)
mov
k,l
where
(K ! — K — A\ 37
fut, = S _p( Kl (ma A8 (7413)
k!l niy mpv
with
s - 5 A—vM
5= s — eV (V) = — 2k + 22 (7.4.14)

my mov
The t1(2) sequence of poles in I; generates the formal asymptotic series

A V/p=1/v (—)kH o) 1 ,,2) 782
e =—7 ; i L0 (R @ ™)

Afl/ufl/v

=0 Zflz(k, D), (7.4.15)
kI

where

__\k+ K — L’ L — K <=
ko = ror(BELTE ) r(MESME NS qaae)
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with
A —uN A—vM

8- ft=—-511?2 — 5,6 (:?) = K L. 7.4.17
15 26 (1 ) ,LLA + VA ( )

The prime attached to the summation index / appearing in (7.4.15) indicates that
the index is subject to the restriction imposed earlier on (7.4.11), namely that
12 <.

We repeat the analysis for the integrals appearing in the series ;. The integrals
in (7.4.9) have integrands which reduce to

K' —nt —myK' — At $7
F(rl)l“( n 1)1“(”2 my l)r‘”,
np 2245}

which has, with t; = pe’?, |0] < /2, the logarithm of the modulus behaving for
large p as

pcos@logp - (UN — A)/uny + O(p).

From (7.4.4), we see that the factor following log p is positive whence the logarithm
of the modulus of the integrand tends to +00 as p — 00. Accordingly, we must
displace the contour to the right to pick up poles contributing to the asymptotics.
We find that there are two sequences of relevant poles: the first, from poles of
T'((K' — nit))/ny), is given by

1D = (K" +nal)/ny; (7.4.18)
and the second, from poles of I'((n, — my K’ — Aty)/uny), is given by
mzK/ _ nzL - mzK/

A A

where we have set 1 + ul = L; see (7.4.1). In (7.4.18) and (7.4.19), the parameter
! is a nonnegative integer, but in the case of tl(z), ! is subject to the additional

constraint tl(z) > 0.
The tl(l) sequence of poles in (7.4.18) gives rise to the formal asymptotic series

A lu=1/y _\k+ 1 —m P — t(Z) D P
I = ©) F(IZQ)(II(])))F( ity — maty” (1 )>A—8-t

1? = %(1 +oul) — , (7.4.19)

uny o k' m
)L—l/u—l/v
=——> fulkD), (7.4.20)
muny ’
where
_\k+l K’ l _ K — Al P
forlk, 1) = (k')l' r( +r )r("' i )r‘”, (7.4.21)
il ni Muny
with
.- 5 A —uN
5 i=—0V — 5PV = 2Lk =T (7.4.22)
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The tl(z) sequence gives rise to

A—I/u—l/v (_)k+/

_ 6) T YOSC) N
Iy == ; TR GG
)Lfl/ufl/v
=— >l k), (7.4.23)
kI’

where the prime attached to / indicates that it is subject to the restriction tl(z) > 0.
Collecting together the series 11, 112, I; and Iy, we find that

I) ~ A7V =y 4+ Ty + by + 1)

for large A. However, we note that, if we relabel the summation indices in I, by
putting k — [ and/ — k, then the linear restriction 11(2) =nmL/A—mK'/A >0
becomes the constraint n, K /A — myL’ /A > 0, exactly the complement of the
constraint tfz) =n,K/A—my/L'/A < 0 which governs I},. Thus, the two series
11, and I; may be fused into a single series without constraint (save that of k and

[ being nonnegative integers), to give the final asymptotic form

1 1 1
10 NAI/“”“{— k. )+ — kD) + — k,l}
() mzka[:fn( )+AkZZ:f12( o kZme( )
(7.4.24)

for A — oo. Observe that the first series associates in a natural way with the face
of the Newton diagram joining the vertices (0, v) and P, the second with the face
joining P; and P, and the third with that joining (u, 0) with P;.

An outline of the computations leading to (7.4.24) is presented as Fig.7.4.

7.4.2 Three and More Internal Points

The approach of the previous section can be applied to deal with circumstances
where more than two internal points are present to define the Newton diagram. If
k = 3 in (7.3.3), then (7.3.6) becomes a more imposing treble integral. However,
the number of gamma functions present in the integrand remains unchanged, and
the arguments of those gamma functions remain affine functions of the integration
variables.

Rather than detail the residue computations, as we have done in the previous
section and in §7.2, we shall merely provide an overview of the main steps encoun-
tered in such an analysis. What differs in the case of three or more internal points
to that of the previous section is the high degree of cancellation or augmentation of
various formal asymptotic series, a feature that allows us to reduce the complexity
of the final form of the asymptotic expansion of /() for k > 3. We will discuss
this in some detail, but for a fuller account of other computations, we direct the
interested reader to Kaminski & Paris (1998a).
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Initially displace
t, contour to the right
e ~
Poles 7" give Poles 1,” give

rise to [; rise to I,
series of integrals series of integrals
Displace t; contour Displace t, contour

to the left to the right

Poles tl(I> Poles tl(z) <0 Poles tl(]) Poles tfz) >0

! ! ! i

Asymptotic Asymptotic Asymptotic Asymptotic

series series series series
I 1> I I
Fuse into a

single series

Fig. 7.4. Outline of the computations for the convex case with two internal points

Now with £ = 3 in (7.3.3), suppose that the internal points P, = (m;, n;),
i =1,2,3, are labelled so that & > m| > my > m3z and n; < n, < n3 < v. The
points Py, P, and P; then appear as shown in Fig. 7.5. We shall find it convenient to
define analogues of M, N and A from the section dealing with two internal points,
and supply a small set of identities relating these quantities. For the quantities

Mij:mi—mj,Nij:nj—ni,Aij=minj—nimj, (7425)
where i, j = 1,2,3,i < j, itis easily seen that

m,»(Sj—mj(Si:Mij—Aij/v, I’LjSi—l’liSj:Nij—A,’j/M,

(7.4.26)
m3Ap +miAxz =myAgs, n3Ap +n1Axyp =nAp

and

81023 — A1 + 830410 = A — Az + Ags.

With the ordering imposed on the points P, P, and Pz, we have all the M;;, N;;
positive, and the quantities A;; can be seen to be the areas of parallelograms
generated by pairs of position vectors I3i , };j which form positively ordered bases
for the mn plane. Accordingly, each A;; is positive.
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us
I Cw) Gw) Gu) 1z

Fig. 7.5. The Newton diagram for three internal points in the convex case. The values of
the labels (1,,), (2,,), ... are discussed in the text.

The lines constituting the faces in the Newton diagram meet the coordinate axes
in aregular fashion, giving rise to a number of useful inequalities. The intersection
points on the m axis, indicated in Fig. 7.5 by labels (1,,), (2,,), ... yield the chain
of inequalities

ms3v Ay A Ap
< — < — < — <
v—n3 Ny Niz  Np
while those intersection points on the n axis, indicated in the figure by labels (1,,),
2,), ... give
Uy A Az AV]

< < < <. (7.4.27)
w—my  Mp Mz My

Under the simplifying assumptionc¢; = ¢; = ¢3 = 1, (7.3.3) for k = 3 becomes

A= /n=1/v 1 o0i \ 3
IAN)=— (—/ ) C')C () (t3) (7.4.28)

J73Y) 270 J _ooi

l—m-f 1—n-1\._§7
e F( " >F< " ))\._s'tdtl dt, dt;,
m v

where the vector representations in (7.3.5) are being used. If we begin our investi-
gation by displacing the 3 contour first, setting 3 = pe'? with || < %n, then we
find that the logarithm of the modulus of the integrand is dominated by

Szpcosflogp + O(p)

for large p. Since all the points P; in the Newton diagram lie in front of the back
face, the quantity 83 is positive, from which it follows the above estimate must
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tend to 400 as p — 00. The integration contour in turn must be displaced to the
right to develop asymptotic expansions.
Candidate poles arise in two sequences (assumed to share no points):

1V = (K —mity —mat)/my  (k=0,1,2,...)
and
1P = (K' —mt; —mt)/ny  (k=0,1,2,...).

Poles from the t3( b sequence give rise to the series of contributions

= 1/u=1/v k1 2
1= > (5 ) rerera

msv - k' \27i J_oi

L it — ot — gD -
» F( nih nalp nsly ))\s'tdll dlz (7429)

v

with 8 - f = S1t1 + St + 83t§1). Similarly, the t3(2) sequence of poles yields the
series
2

A—1/u=1/v —)k 1 oo
I Z( ) (2_7”/_ ) F([])F(IZ)F(tS(Z))

uns & k! ool

1 —myty —maty — mstl®\ 53
x r( T~ Mok~ ek )x‘“dn dn, (7.4.30)
n
with S . ; =611 + 600 + 83l3(2).

The integrals in the I; series (7.4.29) have integrands reducing to

K —m — m2t2>r<m3 —n3K + Apt + AB&))F-'Z

F(tl)r(tZ)F<

ms ms3v

from which it follows, upon setting #, = pe’® with [§| < 17, the logarithm of the
modulus of the integrand behaves as

pcosBlogp - (Axy — Myv)/msv+ O(p)

for large p. From (7.4.27), we have A3 < Mj3v whence it follows that the above
estimate tends to —oo as p — 00. The next step in determining the asymptotics
arising from (7.4.29) involves displacing the #, contour to the left. Because of the
presence of an additional gamma function in the integrand, there are now three
sequences of poles that must be considered: poles of I'(z;), poles of I'((K —
mit; — moty)/m3) and poles of I'((m3 — n3 K + Aty + Axstpy)/msv). However,
poles of the second gamma function listed, of the form (K + m3l — mt1)/my, [
a nonnegative integer, fail to satisfy the requirement that the real part be negative
(recall that along the integration contour in the #; plane, Re#; = 0, except for
an indentation to the right near the origin where Re(t;) is positive, but arbitrarily
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small). As a result there are only two sequences of poles that can contribute to the
asymptotic series arising from (7.4.29):

=,

N L S L N Qe V) (7.4.31)
where / is a nonnegative integer, and the poles listed in (7.4.31) are subject to the
indicated restrictions. These sequences of poles give rise to formal series /;; and
11>, in a fashion similar to what we saw in the case of two internal points, each of
which contains Mellin-Barnes integrals of the form

1 [ 1 —nit I —n3tP (=1 57
— F(n)F(té”(—l))F( il etk )>x‘“dn
270 J_ooi v
and
R INCRINCRITRN PP
i ) 1 2 3 1

respectively, which in turn have integrands that reduce to

K —mt; + mzl>r<m3 —n3K — Ayl + A13t1>k_ﬁ.i

r(mr(

nms msv

and

3

K —msL' — A3t - K L'+ At 57
F(tl)l"<n3 ms3 131>F( nK +myL" + 121))»““

An3 An3

respectively. Use of the inequalities (7.4.27) allows us to determine straightaway
that the #; contour in the integrals appearing in the series /;; must be displaced to
the left. For the integrals in the series /5, however, we find we must determine the
sign of the quantity A3 — A3 + A, which arises in the course of determining the
asymptotic behaviour of these integrals for large |#;| taken along the semicircular
arct; = pe'?, 0] < im.

The quantity Ays — A3 + Ayp is, in fact, a measure of relative convexity. To
see this, consider the line through P; and Ps,

oy romo o m oy (7.4.32)

If P, lies below this line (i.e., on the same side of the line as the origin), then the

left-hand side of (7.4.32) must be negative, whereas if P lies above the line, the

left-hand side must be positive. (If P, lies on (7.4.32), the Newton diagram has

a pair of collinear faces, a case we have excluded from the present discussion.)

Consequently, the case of three internal points in the convex case requires that
my . ny My n  —Ap+Ax+Ap

Ty 2o o <0,
Mz  Niz Mz Ni M;3N 3
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from which we conclude that the #; contour appearing in the integrals for the I,
series must be translated to the left, as is the case for the integrals in the /;; series.
For the Iy series, we find there are two sequences of poles to consider,

-

A

®) 23

(@ =B 22y
! A13 Az Ap

I’l3K + Az’;l - I’I13R/

= - S ()7
JAE]
giving rise to the expansions
—1/pu—1/v
LI ==———> fink,1Ln), (7.4.33)
k,,r
A 1/n—1/v
hip=="——Y" fink.Lr), (7.4.34)
k1
where
(_)k+1+r K+m1r+mzl
k,l,r)=
St Ly = 2 )
—n3K — Apsr — Al 57
x r<m3 3 El— )A‘S‘t , (7.4.35)
msv
T 1) Ayy — M Az —M
§io B, Bn nv,  Au 13V
ms msv msv
and
_\k+l+r K Ansl — R’
f”z(k,l,r)z( ) 1K+ Asl —m;
k''r! A13
—m K 4+ Aqpl R s 7
F( nm K + Apl+my ))\_5{ (7.436)
A
57— Az — MN13K N Az —Ap — A23l A — M13VR,
nA3 Az VA3 .

In these expressions, we have nonnegative integer indices &, [ and r, and restrictions
apply in those sums with primes on the summation indices. We have also set
R =1+ vr;see (7.4.1).



7.4. Asymptotics of (L) 317

For the integrals that arise in the /), series, we find there are three sequences
of poles to consider,

A
P = BB 0B, (7.4.37)
JAVE! AVE] Az
A
IR SN ) (7.4.38)
AN Ajp Ajp
giving rise to the expansions
)\‘71/#71/11
Iy = ——— Sk, 1, 1),
ey
)\'—l/u—l/v
Iy ===——— > finlk, 1, D), (7.4.39)
B o
)\—l/;/,—l/v
liyy = ——— Sfioa(k, L, r),
Ajp k;,
with
f (k i r) . (_)k+l+r I’l3K — m3L’ + A13r
B KU r! A
—mK L' — A $7
x r( 2 +Zz 12r>x‘” : (7.4.40)
23
- o Arz — N Az —vM Ap— A+ A
j.iBn—n B A 5,0, An 13 e
wA3 VA3 Ay
and
(_)k+l+r I’lzK — mzL/ — A23r
k,l,r)= r
faklor) = =0y A
-mK L' +A $7
x r( i +’Zl + ‘3r)r5", (7.4.41)
12
- S A — uN Ap—M Ap—Ai+ A
5.7 — 12 — MiV12 12 12VL,+ 12 13 23r.
wA VA Aqp

The chain of residue evaluations leading to this point are presented in Fig. 7.6, and
show the order in which we have encountered the various sequences of poles and
the resulting formal asymptotic series thereby generated.

If we repeat our analysis for (7.4.30), then we find that displacement of the
1, integrals in I, must occur to the right, and the poles encountered come in two
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/

Poles 1" give
rise to I,

series of integrals

Displace #, contour
to the left

Displace the

t, contour to the left

\
Poles 1,” < 0 give
rise to I,
series of integrals

Displace ¢, contour
to the left

Poles tfl) Poles lfz) <0 Poles tl(” Poles lfz) <0  Poles lf” <0

| | i i i

Asymptotic Asymptotic ~ Asymptotic Asymptotic Asymptotic
series series series series series
Illl Ill2 II2I Il22 II23

Fig. 7.6. Order of the computations for the determination of the asymptotic series resulting
from the sequence of poles t3(1) (the I; formal asymptotic series)

series,
tz(l) = (K' +n3l — nity)/ny > 0, (7.4.42)
A
P = g B S8y s (7.4.43)
Ay Ay 23

The tz(l) sequence (7.4.42) gives rise to a series of contributions, I by analogy with
the convex case with two internal points, the integrals in which must be displaced
to the right. In doing so, two further sequences of poles,

tl(l) = (K' + ol + n3r)/ny,
@ —m2_, A na
t,” = K ——I+—0+ur)
! AND) AND) AND)
—my K’ — Axsl R
—_ sLAmR (7.4.44)
A

give rise to the asymptotic series

1
Ly =— E ok, r),
s N
1
Ly = — E (r,k, D),
2= A fi23

ki, r'
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where
(=) (K 4 n3l 4 nor
k,l,r)=
PG o) = =0 n
—-mK — Apl—A 87
x r(”l el 13 1”)):5" , (7.4.45)
nng
N b)) Az — uN Ap — uN
_3 t=——1K’+ 13 M131+ 12 /1/12”’
ni ung uny

and where f3 is given in (7.4.41). Here, we have set R = 1 4 ur; recall (7.4.1).

The t2(2) sequence (7.4.43) similarly gives rise to a series of contributions, say
I, the integrals in which must be displaced to the left. Poles that are encountered
in the displacement give rise to three sequences:

{0 =,

@ —m3_, n3 JAVE

! A13 A13 AIS
— A

11(3) — ma2 K + 2[‘ — ﬁr <0. (7.4.47)
Alz A12 A12

These, in turn, generate the asymptotic series

1
In = — Ik, r),
2= k; Sfiar, k, r)
1
Dy = —— Z S, r, k), (7.4.48)
B
1
[ = < lv 1k )
= A k; Sz, 1, k)

where f121, f112 and f3 are given, respectively, in (7.4.40), (7.4.36) and (7.4.41).
This collection of residue evaluations is summarised in the accompanying Fig.7.7,
and displays the families of poles in the order in which they were encountered in
our computations.

The triply-subscripted asymptotic series that we have obtained can be collected
together in a more attractive form. In Table 7.1, we gather together the restrictions
attached to each of the formal asymptotic sums Iy, I112, ..., I23; for ease of
discussion, we have also displayed the denominator that appears in the factor
before the X in each of the definitions of these sums. The origins of the three-term
inequalities present in the table arise from the restrictions in place on the final
sequences of poles resulting from displacement, in order, of #3, #, and #; contours
and recorded in (7.4.37), (7.4.38), (7.4.44), (7.4.46) and (7.4.47). The two-term
inequalities arise at intermediate stages (after the second displacement of #,) from
(7.4.31) and (7.4.43); the t; dependence there does not appear in the table since the
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Displace the
t, contour to the right
e ~
Poles tz(l) > 0 give Poles tz(z) > 0 give
rise to I, rise to I,

series of integrals series of integrals

Displace #, contour Displace #, contour
to the right to the left
Poles tl(l) Poles [1(2) >0 Poles t](” Poles [1(2) <0  Poles 11(3) <0
Asymptotic Asymptotic ~ Asymptotic Asymptotic Asymptotic
series series series series series

by by, I 1435 b3

Fig. 7.7. Order of the computations for the determination of the asymptotic series resulting
from the sequence of poles tf) (the I, formal asymptotic series)

Table 7.1. Linear restrictions imposed on the asymptotic series. The
quantities K, K', L, L', R and R’ are defined in (7.4.1)

Asymptotic series | Denominator | Inequalities
I msv none
112 Ajs (n3K + Al —m3R')/A13 <0
1121 Ans (n3K —m3L')/ Ay <0
112 —Ap (n3K —m3L')/ Ay <0
(n3K —msL' 4+ Ayr)/A3 <0
Iy A (n3K —m3L’)/ Ay <0
(naK —myL" — Aysr) /A1 <0
]211 ANy none
Lo Ay (=my K" — Al +n3R) /A1 > 0
Iy Ax (—=m3K' +n3L) /Ay > 0
%5 —Ap (=m3K' +n3L)/Ay; > 0
(—=m3K' +n3L + Ayr) /A3 <0
b3 A (=m3K' +n3L)/ Ay > 0
(=myK' 4+ nyL — Apzr) /A, <0

inequality must still hold prior to the (final) displacement of the #; contour, when
Re(#;) = 0 everywhere except near the origin in the #; plane where it is positive
but arbitrarily small. We also mention that series in the table sharing a common
denominator for the leading factor (modulo a minus sign) also share a common
summand, albeit with different inequalities applying to the summand’s arguments.
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It is this last feature that permits substantial simplification, which we illustrate in
detail only for one case.

Let us examine the series with denominator A 3. This corresponds to the
entries for 112, I122 and Ip. To effect a comparison, let us make the changes
of summation indices r — I, — rinlipandr — I, — k, k — r in
I, so that all summands in the series appear as fi12(k, [, r); recall (7.4.34),
(7.4.39), (7.4.48) and (7.4.36). These changes of variables also effect changes to
the inequalities governing /2, and Iy, rendering those for 715, as

ﬁK _ ER’ <0,
AV] AV
Ay

Mg 28 M e,
ANE Az Aj3

and those for 1,5, as

LEN e YRy )

Az A A
The second of each of these pairs of inequalities are identical, and the first of each
of these pairs are complementary. As a result, we can combine the series /15, and
Iy, into a single sum, which we continue to denote by /,,, subject to the single
linear inequality

LA e VRN Y

AVE! ASE! ASE!
This inequality, however, is precisely that governing /;,,, and since I;;, and our
‘fused’ 15, are negatives, we see that all the series in Table 7.1 associated with the
factor A3 annihilate.

In similar fashion, we can deduce that the 1123, I12 and I3 series sum into a
single series, which we continue to denote by /53, subject to no linear constraints,
and that the I}, and Iy, series unite in another series, still denoted by /j,, also
free of linear constraint (except, of course, that all indices be nonnegative integers).

Thus, we arrive at the large-A asymptotic expansion of (7.4.28)

1) ~ A7V (L + Ty + Lios + B,

where the sums have no linear constraint, or more explicitly,

1 1
~ y—Upu=1pv) - -
I ~a—k {mw E flu(k,l,r)—FA23 E Sk, 1, r)

k,r k,lr

1 1
+A_lzzf123(k’l»r)+EZfzn(k,l,V)} (7.4.49)

k,d,r kl,r
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as A — oo. The summands in (7.4.49) are given in (7.4.35), (7.4.40), (7.4.41) and
(7.4.45), and the indices range over nonnegative integers k, [ and r. The principle
of one asymptotic series per face of the Newton diagram continues to hold, with the
first series corresponding to the face joining (0, v) to P3, the next corresponding
to the face joining P; to P, and so on.

7.4.3 Other Double Integrals

The detailed analyses of the previous two sections can, of course, be brought to bear
on other Laplace-type integrals, and we shall outline here some straightforward
extensions.

First, if the internal points in the Newton diagram are all vertices of the diagram,
then the setting is precisely that of the previous two sections: the convex case. For
such a setting, one can carry forward the analysis in precisely the fashion we have
here, with little modification in the organisation of the computation but, of course,
with increasing complexity as the number of vertices grows. The annihilation and
fusion of constituent asymptotic series that we saw for two and three internal points
will continue to operate, allowing one to reduce the number of constituent series
in the compound asymptotic series approximating (7.3.3) to a setting with one
component series per face of the Newton diagram.

Such a rule may appear to be unjustified following merely two examples, but
we point out that it is possible to generate the compound asymptotic expansion of
I()) in a more general framework using some elementary linear algebra, without
having to step through the sequence of residue computations as we have done in
the previous two sections. The ansatz for determining this compound expansion is
available in Kaminski & Paris (1998a, p. 612), and the interested reader is directed
there for details.

If the integral (7.3.3) contains terms in the phase function that correspond to
internal points that are not on the Newton diagram, then the method described
above can still be employed, but without any linear-algebraic computational
scheme to bypass the explicit residue computations we have undertaken here.
We still find that the resulting compound expansion has one constituent series per
face of the Newton diagram, but the presence of non-vertex internal points is not
felt until the later terms in each constituent series in the asymptotic expansion.
That is, the leading terms in the compound expansion are still determined solely
by the faces of the Newton diagram, and the contribution of other vertices in the
carrier of the phase do not appear until further along in the asymptotic series for
each face.

If, instead of beginning with an integral (7.3.3), we have an integral of the form

~ 00 0O k
I = / / exp{—k(x" + Zc,,xm”y"” + y”) } x*yPdx dy,
0 Jo

r=I1
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where « > —1, B > —1, then the Mellin-Barnes representation used in this
section still applies. To see this, we observe that /(1) may be transformed
into an integral of the form (7.3.3) upon application of the simple change
of variables x = XP”,y = Y9. The differential x*y?dx dy then becomes
pgXP-terya=1+baqx dy, whence the choice p = 1/(1 +a), g = 1/(1 + B)
removes the powers of X and Y from the differential. The result is an integral of
the type (7.3.3), albeit with different powers appearing in the phase. The ensuing
compound asymptotic expansion is then derived as we have shown.

For more general analytic ‘phases’ f(x, y) and ‘amplitudes’ g(x, y) in (7.3.2),
we can proceed in the following fashion. For a phase f(x, y) with no saddle points
in the positive xy quadrant, we write f (x, y) = fo(x, y)+ fi(x, y), where fo(x, y)
is the polynomial formed from the terms of the Maclaurin expansion of f(x, y)
that correspond to vertices of the Newton diagram of f(x, y). The remainder of
the phase is then incorporated into the amplitude function along with g(x, y), so
that our integral has the form

[e.elydee]
I = / / e’xﬁ‘("’”{e”\f‘(x'y)g(x, y)} dxdy.
0 Jo

We next develop our ‘new’ amplitude e=*/1*:¥) g(x, y) into its Maclaurin series,
say Zm(—k)”(”) Pr.s(A)x"y® and termwise integrate, to produce a formal series
expansion of the type

TO) ~ Y (=1 prs () I s ()

r,s

where each [, (1),

[oolyilee)
I, () = / / e—)afo(xvy)xrys dxdy,
0 Jo

is amenable to analysis through its Mellin-Barnes integral representation after
the fashion employed here. However, easily used formulas, after the fashion of
Kaminski & Paris (1998a, §6(b)), are not available to us in this case, principally
due to difficulties associated with constructing the Maclaurin series expansion of
the amplitude function e ~*/1®:Y g (x y). For a discussion and examples of the case
of general amplitude functions g(x, y), see Paris & Liakhovetski (2000b).

7.5 Geometric Content

One novel consequence of the treatment in the previous section is the robust con-
nection between the geometry of the Newton diagram of the phase function and the
asymptotics of the Laplace-type integral associated with such a phase. There are
(at least) two interesting directions to pursue: one relates the order of the leading
term of the asymptotic expansion of an integral (7.3.3) with the remoteness of the
Newton diagram (recall §7.3.1), and the other describes the powers of the leading
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terms in the expansion of (7.3.3) in terms of a triangular decomposition of the
region bounded by the Newton diagram and its back face.

7.5.1 Remoteness

Let us return to the convex case with two internal points, beginning at (7.4.2). The
leading terms in the three-component series in the asymptotic expansion of (7.4.2)
are, from (7.4.24), (7.4.13), (7.4.16) and (7.4.21),

16y ~a-vemw | L p (Y p M2z m2 s s,
nov mp nov

+ iI‘ ny —my r mp—n A (A=uN)/uA+(A=Mv)/vA
A A A

1 1 ny —nmj —8,/
+—TI(— |r(——— |a2/mt. (7.5.1)
muny ni ung

There are only three possible cases to address: both internal points P; and P,
lie below the m = n line; the points “straddle” the m = n line (i.e., one lies above
the line and one lies below); and both lie above the m = n line. By symmetry
considerations, we can reduce this further by discarding one of the cases where
both points lie on the same side of the diagonal. Let m7, m% and m3 be the abscissas
of the points of intersection of the line m = n with each of the lines L, L, and L3,
defined respectively as the line generated by (0, v) and P,, P> and P, and finally
Py and (i, 0); see Fig.7.8. Elementary analytical geometry gives us

mov A uny
mT = -, m; = . m; =
my+v—n

w—my+n;

M+ N

n

Fig. 7.8. Portion of the Newton diagram for two internal points in the case where P; and
P, both lie below the diagonal m = n.
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After distributing the factor A ~!/#~1/V across all three terms in (7.5.1), we see that
the orders of the leading terms have a particularly elegant expression in terms of
the quantities m7, m3, m3: the first term has order —1/m7, the second has order
—1/m3 and the third has order —1/mj.

Let us suppose, then, that both points P; and P, lie below the m = n line.
Evidently, we have the ordering mj < m3 < mj, whence —1/m3 < —1/mj} <
—1/m7. The dominant leading term is therefore the one of order —1/m7, corre-
sponding to the remoteness of the Newton diagram. For this case, 7 (A) has the
dominant asymptotic behaviour

A 1/mi 1 my — Ny
I(\) ~ r{—|r{——
nov nop nmov

for A — o00. Observe that all arguments of the gamma functions in this leading
term are positive in view of the fact that P, below the m = n line implies m, > n,.

When the points P; and P, straddle the diagonal m = n, as depicted in
Fig. 7.9, we arrive at a different ordering of the abscissas m}. In this case, we
find m} < m} < mj which in turn yields —1/m} < —1/m35 < —1/mj. From
this, it is apparent that the dominant leading term in (7.5.1) is the second one
corresponding to —1/m3, namely

A~ /m; — —
1) ~ p(2 M2 p ()
A A A

The quantity —1/m} is the remoteness of the Newton diagram in this instance.
Since P, lies above the diagonal and P; lies below the diagonal, we must also

P,

L, L

Py
L;

|
. m
* * *
my mj m} U

Fig. 7.9. The Newton diagram for two internal points in the case where P, and P, “straddle”
the diagonal m = n.
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have n, > m, and m; > n; so that the gamma functions in the leading term have
positive arguments.

This type of analysis can be conducted for more general settings, and the result
is the same, in every case: the order of the leading term in the asymptotic expansion
of 1()) given by (7.3.3) is always obtainable through the Newton diagram for the
phase. This is entirely in accord with results reported by both the French and
Russian schools of analysts, described in the preamble to §7.3.

Extensions to higher dimensional Laplace-type integrals are formed in a similar
manner.

7.5.2 Asymptotic Scales
The various asymptotic scales of A (displayed as (7.4.14), (7.4.17) and (7.4.22))
found in the asymptotic sums over k and [/ in (7.4.24), can be given a simple
geometric interpretation based on the Newton diagram. From the result for the
perpendicular distance p from a point (x’, y’) to a given line Ax + By = C
given by
_ C—Ax'— By

(C >0,
SN
we easily see that §; = p;/po (i =1, 2), where
_l=mi/p—n;/v 1

pi = ) Po = —F/—,
/2 +1/v2 V1/u?+ 112
are the perpendicular distances of the vertex P; = (m;, n;) and the origin, respec-
tively, to the back face — presented in Fig.7.10 — as Py Ps, with Py = (u, 0)
and P; = (0, v). If we write py = uv/dy, where dy = Py P; is the length of the
back face, then we find the powers associated with two of these asymptotic scales
given by
S1v _ p1do _ Area APyP3 P,
ni o MUni - AreaAOPoPl

and

82,LL _ p2do _ Area APOP3 P2
my  mav  AreaAOP,P;
To interpret the powers of the remaining scales, we note that the perpendicular
distance from P; to the line segment m is pi1, where

ny +nomy /(W —my) — pny /(e —my) A —puN
JU+ 3/ = moy &
with di = Py P, the length of PyP,. Then

A—MN _ Pl]dl _AreaAP0P2P1
uny - Uny _AreaAOPoPl

P =
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do

P,

P,

o i

Fig. 7.10. Triangular regions in the Newton diagram for the convex case with two internal
points.

and, in a similar fashion,

A—vM . p22d2 _ Area AP3P1P2
myy  mav  AreaAOP,Ps;’

where p,; denotes the perpendicular distance from P, to the line segment P; P;
and d, = P; P;. Finally, since the area of triangle O P, P; is %A, we have

A—MN _ Plldl _ AreaAPOPle
A A ArcaAOP P,

and

A—vM _ AreaAP3P1P2
A AreaAOP P’

Hence the powers associated with the different asymptotic scales of A appearing in
the expansion (7.4.24) can be interpreted as ratios of triangular areas in the Newton
diagram.

For double integrals (7.3.3) with more than two internal points, a similar trian-
gular decomposition of the region bounded by the Newton diagram and the back
face is possible, but the number of triangular sections possible grows dramatically
with the number of vertices of the Newton diagram. We add, too, that for higher
dimensional analogues of (7.3.3), the region bounded by the Newton “diagram”
and the back face will be a polyhedral solid of appropriate dimension, and instead
of using triangles in constructing the decomposition, one would use simplices of
appropriate dimension.
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7.6 Laplace-Type Integrals of Higher Dimension

The methodology of the previous sections carries over in a straightforward fashion
to Laplace-type integrals of dimension three or greater, with little increase in the
computational cost of the technique. There is a subtlety involving the increasingly
important role played by relative convexity of the Newton diagram,{ met in simpler
circumstances in §7.4.3 when dealing with the quantity Ay; — A3 + Ay, in the
discussion surrounding (7.4.32). For three and more dimensions, matters of relative
convexity can be determined via planar sections of the Newton diagram, and is
illustrated in the example involving one and two internal points in the Newton
diagram. Since the leading terms of any expansions are associated with faces of
the Newton diagram, we will not address settings in which points of the carrier
of the phase are to be found behind the Newton diagram. A fuller account of the
use of Mellin-Barnes integrals in developing asymptotic expansions for higher
dimensional integrals is to be found in Kaminski & Paris (1998b).

7.6.1 Representation of Treble Integrals

Let us define, in a fashion analogous to that carried out in §7.3.1 and (7.4.1), the
quantities

=1 T L )
woovooq
and set
'hz(mhme“"mk)sﬁ:(n11n21~-~ank)9Z’:(plap2a~~'»pk)a
;z(tlvt29-~"tk)782(81782""78]()

with the conventions of §7.3.1 holding. As we have done before in §§7.2, 7.3, let
us apply the Mellin-Barnes integral representation of the exponential function in
(3.3.2) to each of the exponential factors exp(—Ac,x™ y" z?r) in the integrand of

00 OO OO k
1)) = / / / exp{—k(x" +y'+7"+ Zc,xm’y”’z"’)} dxdydz
0o Jo Jo p—
(7.6.1)

to arrive, after interchanging the order of integration, at the representation
k

a3 ln=1/v=1/n 1 ooi .
I(A)z—(—./ ) I'(t)
non 270 J i

l—m-f l—n-f 1—p-f\._7 37 -
xr( " )r( " )r( P )e"r‘“dt. (7.6.2)
1" v 0

T We continue to use the term Newton diagram in this setting, even though it would more properly
be termed the Newton polyhedron.
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The Laplace-type treble integral (7.6.1) is clearly an extension to three variables
of the type of integrals under examination in §§7.3, 7.4, with a phase function
that is of the same form as that examined in those earlier sections. The factor
A~V r=1/v=1/n appearing in (7.6.2) recurs throughout this section, so we will rescale
I (A) accordingly and put

(W) = A~ Vr=1v=1m ) (7.6.3)

for notational convenience.

Observe that, asin §7.3, the number of independent variables 71, . . ., #; in (7.6.2)
is governed by the number of terms in the sum in the integrand of (7.6.1), but unlike
the situationin §7.3, the higher dimensionality of (7.6.1) isreflected in the integrand
of (7.6.2) by the presence of an additional gamma function, I'((1 — p 1) /v),
corresponding to the additional spatial variable z. Because of this, we can expect the
asymptotic expansions we develop to contain asymptotic series with an additional
gamma function appearing in the summand of each series.

The representation (7.6.2) can be readily extended to deal with higher-
dimensional Laplace-type integrals. Each additional dimension of such a Laplace
integral manifests itself in the Mellin-Barnes integral (7.6.2) by the appearance
of another factor such as I'((1 — m - ?) /), while the dimensionality of (7.6.2)
is governed by the number of terms in the summation present in the phase, as
presented in (7.6.1). The dimensionality of the associated Newton diagram will
also increase and with it, the accompanying difficulty of geometric analysis in four
or more dimensions.

7.6.2 Asymptotics with One Internal Point
By setting k = 1, we can recast (7.6.1) and (7.6.2) (in rescaled form (7.6.3)) as

- o0 OO OO
TGy =/ ”W"/ / / exp | — A+
0o Jo Jo

+ " +xm1ynlzpl)}dx dy dz

1 1 [~ 1 —mt 1 —ngt 1 — pit
- r(z)r< il )F( il )F( P1 )raﬂdt;
puvn 2mi J oo 7 v n

(7.6.4)

where, for ease of presentation, the value of the constant ¢; in (7.6.1) has been
set to unity. This is a routine one-variable problem in residue computation, and
we restrict attention to just the convex case, where the point P = (m, ny, p1)
lies between the origin and the back face.

The back face of the Newton diagram for our class of phases is simply the plane
generated by (u, 0, 0), (0, v, 0) and (0, 0, ) and given by

m n P
I |
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If P, lies on the same side of the back face as the origin (i.e., in front of the back
face), then P, must satisfy m;/u +n;/v+ p;/n—1 < 0 or equivalently, §; > 0.
Otherwise, the reverse inequalities hold if P; lies behind the back face (if P; lies
on the back face, then (7.6.5) must be satisfied, in which case §; = 0).

In the convex case, §; is positive and the Newton diagram comprises three
triangular faces, each formed by the vertex P; and any two of (i, 0, 0), (0, v, 0)
and (0, 0, n); see Fig. 7.11. Together with the back face, these triangular faces
generate a tetrahedron. The planes generated by each of the faces of the Newton
diagram are easy to obtain. If we denote by I1(Q, Q», Q3) the plane through the
points @1, Q> and Q3, then we find that I1,,, = I1((u, 0, 0), (0, v, 0), P;) has
equation

m R WY my _1,
wov HVDi

M0, = ((k, 0,0), P, (0,0, n)) has equation
momnTmmn T ke Py
:U~ unin n

and I1,,,,, = I1(Py, (0, v, 0), (0, 0, )) has equation

vi—vpi—mn o p
mpvn v n
The asymptotics of (7.6.4) are easily obtained. As in §7.3, we find the dominant
behaviour of the logarithm of the modulus of the integrand, putting t = pe?,

0] < i, tobe
S1pcosflogp + O(p)

which, since P is in front of the back face, tends to +00 as p — 00. Accordingly,
the asymptotics of (7.6.4) can be obtained by displacing the integration contour
to the right. As we do so, we find that poles in three sequences must be con-
sidered. From poles of the factor I'((1 — m;t)/) we obtain the formal series

p
U

o

Fig. 7.11. Newton diagram for the convex case with one internal point.
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of contributions

L, = 1 Z(_)kr £ r m; —n K r m; — p1 K )L_glj(/ml7
v mvn < k! m mpv mn

(7.6.6)

while those of I'((1 — n¢)/v) and I'((1 — p;t)/n) similarly give rise to

I Y Iy (L e
pnyn =~ k! uny n nin

(7.6.7)
1 _\k _ K" _ K" K" ,
Loy = —— 3 ) F(pl ml )r(’” a )r(—)ral’”p',
popr S k! 1P VP pi
(7.6.8)

respectively, provided none of the three sequences of poles shares a common point,
and where we have written

K=14uk,K' =1+vk, K" =1+ nk, (7.6.9)

for notational convenience. Assembling these together and recalling (7.6.3), we
arrive at the asymptotic expansion

T(R) ~ a7 M= e=Un g 4 Ly + L) (7.6.10)

as A — oo. The correspondence we observed in earlier sections between the
number of series constituting the compound asymptotic expansion of / (A) and the
number of faces of the Newton diagram continues to hold here, with the series
L, vy corresponding to the face with vertices Py, (0, v, 0) and (0, 0, n), the series
1,0,y corresponding to the face with vertices Py, (i, 0, 0) and (0, 0, n), and finally
1,.,p, corresponding to the face generated by Py, (u, 0, 0) and (0, v, 0).

Additionally, in the case where the diagonal punctures a face, it is possible to
have double or treble poles in the higher order terms. This will happen whenever
the arguments of the gamma functions in (7.6.6)—(7.6.8) (i.e., expressions such as
(my—nK)/mv, (ny—pK)/nin, (p1 —mK")/up, and so on) is a nonpositive
integer. Only by choosing special values for u, v, n, m, n; and p; can this be
avoided.

If the diagonal meets the Newton diagram in an edge, then two of m;, n; and
p1 must be the same, say m; = n; > pji. In this event, the gamma functions
appearing in I,,,,, and I,,,,, will have k = 0 corresponding to a double pole, so
that the leading term in the asymptotic expansion of 7 (1) will contain a logarithmic
factor. Furthermore, if 1t /v is rational, other double poles will appear and if © = v,
all terms in the series will have double poles. Higher order terms may even have
some treble poles, but these will not be present in the leading behaviour.
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Finally, if the diagonal meets the Newton diagram at the vertex P;, then m; =
ny = pp and the k = 0 terms in each of the expansions will arise from a treble pole.
The possibility of double or treble poles in other terms in the expansion depends
on the rationality of ratios of pairs of u, v and . The completely symmetrical
case of u = v = n produces poles that are all of order three and our three series
(7.6.6)—(7.6.8) collapse into a single series of evaluations of treble poles.

The relationship between symmetry and the relative frequency of higher order
poles appearing in the asymptotics is explored in some detail in §7.7.

7.6.3 Asymptotics with Two Internal Points

Let us suppose that there are now two internal points in front of the back face,
P, = (my,ny, p1) and P, = (my, ny, p»). Because they lie on the same side of
the back face (7.6.5), we must have §; and 8, both positive. With t, = pe’® and
0] < %n in the integrand of (7.6.2) with k = 2, we find the logarithm of the
modulus of the integrand to exhibit the dominant behaviour

S,pcosBlogp+ O(p)

for large p. Since 6, > 0, we see that this tends to 400 as p — oo leading us to
displace the #, integration contour to the right to obtain the asymptotic behaviour
of I(%). Three sequences of poles are encountered in shifting the contour to the
right: one each for the gamma functions present in the integrand, except I'(#;)
and I'(%,).

The functions I'((1 — i - £)/u), T((1 — 7 - £)/v) and T'((1 — p - £)/n) have
their poles occurring at the points

(1) = (K —mt))/mj, (2) = (K'—nit))/na, f2(3) = (K" — pit1)/ p2,
(7.6.11)

respectively, where K, K’ and K" are given in (7.6.9). We assume that these
sequences share no points. In turn, these sequences give rise to formal asymptotic

series
1 _\k 1 ioo 1 fHo— f( )
I = —( ) —/ I'( )F( (1)) <—n1 1~ b )
myvn < k! 2mi J_ i v

1— 1 — t
x F(M>x—3 Lan, (7.6.12)
n

1 A L —mity — moty”
L= Q—/ r(z,)r(zgz))r( T~ e )
pnan = k! 2mi e W

1— fHo— t( ) S,
x r(M) Aty (7.6.13)
n
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1 A 1 —myty — moty”
L= Q—/ F(tl)I“(t2(3))I‘( i~ Teh )
pvpy <= k! 21 )i W

1—mt —matP\ . 53
x F<M>A3'tdn, (7.6.14)

v

with & - 7 equal to 8,1, + 82t2(i), i = 1,2,3, respectively. If we set t; = pe'®,
0] < %JT, in each of the integrands in the series /;, I, and I3, then we find they
have dominant large-p behaviour

pcosBlogp - (Ap/v+ Al /n— Mp)/ma+ O(p),
pcosOlogp - (Aly/n — Ap/i — Niz)/na + O(p), (7.6.15)
pcos@logp - (Al /v —Afy/u— Pin)/p2+ O(p),

respectively; the various subscripted items appearing in these expressions are
defined, fori, j = 1,2,3 (i # j), by

Ap =mny —nma, A =nymz —mn3, Az =noms — mans,

Ay, =nipp—nap1, Ay =nips—n3p;, Ay =nyp3z—n3p,

Ay =mipy —mapy, Ay=mips—m3py, ALy =m3p, —myp3,
(7.6.16)

M[j=mi—mj,N[j=ni—nj,Pij=pi—pj. (7617)

To determine which direction to shift the integration contours in (7.6.12),
(7.6.13) and (7.6.14), we must determine the sign of each of the parenthe-
sised quantities following the factor p cos6 log p. We shall see presently that
the sign of each of these parenthesised quantities in (7.6.15) has a geometric
interpretation.

Let P; P denote the line generated by P; and P,. Elementary geometry reveals
that if P, P, meets the mn, mp and np planes, then it does so in points with co-
ordinates (—AY,/ P12, —A',/ P12, 0), (=A12/Ni2, 0, A}, /N12) and (0, A1/ M),
AY,/ M), respectively. (The possibility of P; P, being parallel to a coordinate
plane is discussed later.) If the parenthesised expressions in (7.6.15) are set to
zero and rescaled by dividing through, respectively, by Mj,, N1, and Pj, then the
following equations result:

Ap /My n AT,/ M,

—1=0,
1% n
—Ap/N A /N
12/Ni2 " /N 1=0, (7.6.18)
m n
—Al, /P n —Ap/P 1=0.
" v

The first equation is equivalent to the statement that the point of intersection of
P, P, with the np plane lies on the line of intersection of the back face of the
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Newton diagram with the np plane. The second and third equations, similarly,
assert the presence on the line of intersection of the back face with either of the
mp or mn planes of the point of intersection of P, P, with each of these coordinate
planes, respectively.

The determination of the sign of the parenthesised quantities in (7.6.15) is
therefore equivalent to deciding on which side of the line of intersection of the
back face with a coordinate plane a point of intersection of P; P, happens to lie.
The difficulty in determining this stems from the fact that the distribution in space
of Py and P, can lead to My,, Ny, and Pj, being of either sign. Let us therefore
fix the sign of these quantities so as to permit further analysis: let us suppose that
P, P, punctures the mn and np planes in the positive octant, and that M, > 0,
P, < 0. This setting is depicted in Fig.7.12, with a view assuming the observer
is behind the back face, looking towards the origin.

Because M1, > 0, Pj; < 0and P; P, meets the mn and np planes in the positive
octant, we may deduce that Aj, > Oand A7, > 0. Consequently, the statement that
the point of intersection of P; P, with the np plane lie below the line of intersection
of the back face with that coordinate plane is equivalent to the inequality

A /My n A,/ My
% n

—-1<0,

and the equivalent statement involving the point of intersection of P; P, and the
mn plane results in

1 <0.

—AlL /P —A, /P
+ —
" v

m YY)
m v

Fig. 7.12. Newton diagram with two internal points.
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Both of these inequalities follow from the assumption of a convex configuration
for the internal points P; and P»: one needs only to form the plane I1(O, Py, P,)
and intersect it with the Newton diagram to see this.

The second equation in (7.6.18) on first glance appears to be redundant, but
in fact captures additional convexity information regarding the Newton diagram.
This second equation is a statement regarding the location on the mp plane of the
point (—A2/Ni2, 0, Al,/Nj2), the point of intersection of the mp plane with the
line P; P,. If N, > 0, then this intersection point lies behind (m < 0) the np
plane and above (p > 0) the mn plane. If Ni, < 0, then the intersection point lies
below (p < 0) the mn plane, but in front (m > 0) of the np plane. Where it lies
relative to the back face (7.6.5) is determined by the sign of the left-hand side of
the second equation of (7.6.18).

Consider the plane [1(O, P;, P,) generated by the origin and the internal points
Py and P,. If (—A2/Ni2, 0, Al,/N12) does not satisfy m /. + p/n—1 < 0, then
(—A12/Ni2,0, Al,/Ni») lies on the back face or in the half-space determined by
the back face not containing the origin. Suppose, for the purpose of illustration, that
(=An/Ni)/m+ (A},/Ni2)/n—1 > 0. Then, in the plane IT1(O, P, P»), we see
that the intersection point (—A2/Ni», 0, A},/Ni2) is positioned in such a way that
P, cannot be a vertex of the Newton diagram. This situation is depicted in Fig. 7.13,
with the line of intersection of I1(O, Py, P») and the mp plane corresponding to
‘O A, the intersection of P; P; and the m p plane labelled as /, the line of intersection
of the back face with the plane T1(O, Py, P,) appearing as AB and the line O B
corresponding to the line of intersection of I1(O, Py, P,) with one of the other
coordinate planes (either the mn or np plane).

Because the convex hull used in the construction of the Newton diagram is
(tautologically) convex (recall §7.3.2) and the half-space defined by the back face

P

1

Fig. 7.13. Planar section I1(O, P;, P,) of the Newton diagram in the case where the inter-
section point I = (—Aj,/Ni2, 0, A},/Ny») lies on the side of the back face not containing
the origin.
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containing the origin is convex, their intersection must be a bounded convex solid.
By intersecting this with the plane IT1(O, P;, P»), a convex planar region must
result. This region is AAB P,, and since we have assumed that the intersection
point 7 lies on the side of the back face not containing the origin, it follows that
P, lies in the interior of AAB P5, a violation of the hypothesis that P; and P, be
vertices of the Newton diagram.

If instead we assume that the intersection point I lies on the back face, i.e.,
m/u+ p/n—1 = 0is satisfied by I, then a planar section through P; and P, will
reveal that P; lies on the line segment ‘AP,. In this circumstance, the hypothesis
that P, and P, both be vertices fails: P; will be a point of the Newton diagram,
but not an extreme point.

If the intersection point I lies on the same side of the back face as the origin,
ie.,m/u+ p/n—1 < 0is satisfied by I, then the geometry of the planar section
of the Newton diagram changes. The result, depicted in Fig.7.14, reveals the
planar section of the bounded convex region formed from the convex hull, used
to construct the Newton diagram, intersected with the half-space defined by the
back face containing the origin; this polygonal region has vertices AB P, Py, in the
notation of the previous paragraphs.

We see, therefore, that regardless of the sign of N, we must have the inter-
section point / and the origin in the same half-space determined by the back face.
Convexity then permits us to assert the following inequalities:

A/ My, n Ay /M,

—1<0,
% n
—An/N AL /N
12/Ni2 n /N 1 <0, (7.6.19)
n n
“Ab/Pa | uPa
2 v '
(0]
1 Py
_B
"A

Fig. 7.14. Planar section I1(O, P;, P,) of the Newton diagram in the case where the inter-
section point I = (—A /N2, 0, A},/Ni2) lies on the side of the back face containing the
origin.
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With these inequalities at hand, we can determine the large-p behaviour of each
of the estimates in (7.6.15), and so determine in which direction the #; integration
contours in (7.6.12)—(7.6.14) must be shifted in order to extract the asymptotic
behaviour of each of the integrals in these formal series. Let us assume that
N1y < 0, so that our assumptions on the distribution of P; and P, in space become

M|2 > 0, N]2 < O, P12 < 0. (7620)

Returning to the order estimates (7.6.15), we can now assert that the first esti-
mate tends to —oo and the second and third to +o00 as p — oo. Accordingly, the
t; contours in the integrals in Iy, I, and /5 of (7.6.12)—(7.6.14) must be shifted left,
right and right, respectively, to determine their asymptotic behaviour.

In displacing the #; contour in (7.6.12) to the left, we encounter poles of the

integrand at tl(l) = —I from the factor I'(#;) in the integrand of (7.6.12) and at

1 = mK —myL) /A <0, 117 = (;K —myL")/A], <0, (7.621)

from the factors I' (1 —n 14 —nztz(l))/v) andT'((1—pit; — pztz(l))/n), respectively.
The parameter / is a nonnegative integer, and we have set

L=1+ul,L'=1+v,L" =1+nl; (7.6.22)

recall (7.6.9). The factor F(tz(l)) encounters no poles as the #; contour is shifted to
the left.

As we displace the #; contour to the left past the poles ¢ —[ and those given
in (7.6.21), we generate, for each sequence of poles, formal asymptotic series
which we will denote by 1}, I}, and 1,3, coinciding with the ordering tl( b , tl(z)
t,m. Because of the restrictions present on the poles in (7.6.21), the corresponding
series /1, and I3 have linear inequalities present governing the ranges of the
summation indices.

For I, in (7.6.13) we must displace the integration contour to the right, and in

so doing, encounter poles of the integrands at

1 _
=

and

@  (=myK'+nyL)
= "->

K' —n,L"
tl(l):(K/+n21)/nl, 3 X u>o
12

3)
0, V=
Al

(7.6.23)

Displacement of the integrals in the I, series to the right past these sequences of
poles gives rise to formal asymptotic series in a manner similar to the situation
arising for the series I;. Let us call these series, corresponding to the sequences of
poles, I»;, I; and I3, and observe that, since the sequences tl(z) and tl(3) in (7.6.23)

are subject to restrictions, so too are the double sums appearing in I, and I»3.
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For I5 in (7.6.14) we shift the integration contour to the right as for /5, and
encounter poles of the integrands at

@ _ (=m2K" + p2L) -

1 = K"+ p)/pr, 1 . 0,
AlZ
_ K// L/
t® = Cmk +pl) (7.6.24)

Al
These in turn spawn formal asymptotic series 131, I3, I33 as the #; contours in the
integrals in I3 are shifted to the right. Since the sequences tfz) and t1(3) are subject
to linear inequalities, so too are the series — I35 and /33, respectively — that arise
from these sequences.

We can now assemble the expansions Iy, I3, 113, Ix1, 12, I3, 131, I3 and
I3 into an expansion of i(A) with k = 2 and ¢; = ¢, = 1. Before doing so, we
observe that some simplification is possible. The reader will find that the series 7},
and I, are of similar form, and through performing a simple change of summation
indices, will further notice that the series can be rendered in precisely the same
form, albeit with different restrictions imposed on the summation indices of each

series. For Iy,, the restriction governing its indices was tl( ) S 0, or

(—mzK/ + nzL)/Alz > 0;

recall (7.6.23). After the change of variables k — [, ! — k, K’ will become L’
and L will become K and the restriction assumes the form

(I’LzK — m2L/)/A12 > 0.
However, from (7.6.21), we see that the inequality governing I, is
(2K —mayL') /A1y <0,

the complement of the inequality governing our transformed I»,. Therefore, 1),
and I, may be fused into a single series, I, say, with no restrictions placed on
the nonnegative summation indices k and /.

In the same way, the reader will find that, apart from a minus sign attached to
I3, the series I3 and I33 are of similar form, and with a simple change of variables
(effectively just a relabelling of summation indices), the two series can be seen to
be additive inverses of each other, governed by a common inequality. Thus, the
series I3 and /33 annihilate each other.

Finally, the two series /13 and I3, governed by inequalities that remain fuse into
a single series with no restriction on the summation indices involved (apart from
the fact that the indices must be nonnegative integers).

Collecting together the series that remain after this exercise is complete
produces the large-A expansion of /(1) [cf. (7.6.3)]

I()") ~ )‘71/“71/”71/W(1m2w] + I,unm + Iuvpl + InAlz + IvA/l’z)a
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where

1 1
Lpyog = —— k’lvlnrz_ k1),
2 mzanfu( )s Lunyy ,unmzfﬂ( )

1 1
iy = 2 > ik, L, = TAS > fulk, D,

1
loaiy = 53 D fisli, D).

The functions in the formal sums are, in turn, of the form
(_ 1 )k+l
Jijk, 1) = ol
with A;;, B;j, C;j and D;; linear functions of k and /, and in particular, D;; is
positive for k,/ > 0. Additional details regarding the functions A;;, B;;, C;; and
D;; are to be found in Kaminski & Paris (1998b, §3).

The correspondence between the series in this compound expansion and the
faces of the Newton diagram is easily seen (as indicated by the subscripts used in
the series on the right-hand side): 1,,,,, corresponds to the face with vertices P,
(0, v,0) and (0, 0, n); 1,,s,, corresponds to the face with vertices (i, 0, 0), P; and
(0,0, n); I,,p, corresponds to the face with vertices (i, 0, 0), (0, v, 0) and Py;
I)a,, corresponds to the face with vertices Pj, P> and (0, 0, n); and finally, 1,7,
corresponds to the face with vertices Py, P, and (0, v, 0). The reader may want to
review the arrangement of faces by referring to Fig.7.12.

T(A;; (k, )T (B (k, )T (Cyj(k, 1))a~Po®D,

7.6.4 Other Considerations for Treble Integrals

Much of the commentary supplied in §7.4.3 applies to treble and higher dimen-
sional integrals and so will not be discussed here. We do point out, though, some
novelties with treble and higher dimensional integrals not present in the case of
double integrals.

First, the “atomic unit” in building up faces in the Newton diagram is, for double
integrals, just a line segment, while that for treble integrals is a triangle. Carrying
this forward to higher dimensional integrals, one realises that for an n-dimensional
integral of Laplace type, the basic building block of the Newton diagram that
emerges from our method is that of an (n — 1)-simplex. Thus, double integrals
have Newton diagrams built from 1-simplices (line segments), treble integrals
have Newton diagrams built from 2-simplices (triangles) and n-fold Laplace-type
integrals will use (n — 1)-dimensional analogues of tetrahedra.

However, for integrals of three or more dimensions, the Newton diagrams can
have faces that are not formed exclusively from simplicial solids. For example, a
treble integral with two internal points can have a quadrilateral face in its Newton
diagram [Kaminski & Paris (1998b, §6)], and with more vertices on the Newton
diagram, more possibilities arise.
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These circumstances are still amenable to analysis by the techniques of this
chapter, and the reader will find that our methods effectively decompose non-
triangular (or non-simplicial, for higher dimensional integrals) faces into unions
of triangular (resp. simplicial) faces. The asymptotic scales for the series corre-
sponding to each face in the simplicial decomposition will coincide with the scales
used in the series for another face in the decomposition of the non-simplicial face
into simplicial components, so such asymptotic series can ultimately be fused into
a series with acommon asymptotic scale. The principle of one series per face of the
Newton diagram thus survives (as long as the poles encountered in the development
of the expansion remain distinct).

The link between remoteness of the Newton diagram and the order of the leading
term of the asymptotic expansion of a multidimensional integral of Laplace type
continues to hold, although a formal study of this relationship is fraught with
greater complexity, owing to the greater variety of possible configurations for the
Newton diagram in higher-dimensional cases. An account of remoteness for treble
integrals with a single internal point serving as a vertex of the Newton diagram is
supplied in Kaminski & Paris (1998b, §2).

A geometric interpretation of the asymptotic scales arising from each face of the
Newton diagram, by analogy with §7.5.2, can also be constructed, with suitable
reformulations of the decomposition of the Newton diagram and the convex solid
formed with the back face. In short, instead of using ratios of areas of various tri-
angles, one uses volumes of simplicial solids of appropriate dimension. However,
the effort one must expend in the visualisation process in three or more dimen-
sions, and the greater variety of possible shapes for the Newton diagram available
to consider, make this extension an exercise of more limited utility.

A linear-algebraic formulation of the computations used to develop the asymp-
totic expansion of treble and higher-dimensional integrals is also available,
paralleling the situation for double integrals of Laplace type. For details, the reader
is directed to Kaminski & Paris (1998b, §5).

In any event, if an asymptotic expansion of a Laplace-type integral with the
phase of the sort we have examined here is required, with no need to capture the
geometry of the Newton diagram, then the application of the method is a much
simpler matter.

7.7 Numerical Examples

We gather together here some computational illustrations of the expansions that we
have obtained in the course of the investigations of this chapter. These examples
showcase the expansions in a variety of settings, including their use in wider
sectors of convergence with the large parameter . — oo in something other than
the direction of the positive real axis, in illustrating how one deals with cases when
the sequences of poles share points and in revealing how increasing symmetry of the
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Newton diagram spawns a higher frequency of logarithmic terms present in the
expansions.

Example 1. We consider the integral with a single internal point, i.e., k = 1 in
(7.3.3), given by

I(}) :/ / exp{—A(x" 4+ x™y" + y")}dxdy, (7.7.1)
0o Jo

where we assume that §; = 1 —m;/u —ny/v > 0, i.e., the vertex P, = (m1, ny)
lies in front of the back face of the Newton diagram joining the points (u, 0) and
(0, v). Without loss of generality we have put the constant ¢; multiplying the term
x™y" equal to unity, since a simple scaling of the variables x, y and the parameter
A enables the general case to be expressed in the above form. From (7.3.6) this has
the Mellin-Barnes integral representation

A=y oo 1 —mqt 1—nyt it
IN)= ——— rer r A e (7.7.2)
ny o 2mi J_o; " v

valid in the sector | arg A| < %n(l +mi/u+ny/v)/8; see (7.3.8).

When all the poles of the integrand in (7.7.2) are simple, the asymptotic expan-
sion of 1(X) is readily developed. In the integrand of (7.7.2) let us set t = pe'?,
0] < %n. By employing the estimates (2.4.4), we find that the dominant real part
of the logarithm of the integrand of (7.7.2) behaves as

m ni

pcosflogp - (1 - — = —> = §1pcosflogp
" v

for large p. This tends to +00 as p — oo, from which we conclude that contribu-
tions to the asymptotic behaviour of (7.7.2) result from poles obtained by displacing
the integration contour to the right. Candidate poles arise in two sequences:
one from poles of I'((1 — m;t)/u), and one from poles of I'((1 — nit)/v).
For the present, we will assume that these two sequences share no points, so
that all such poles are simple.

The poles of I'((1 — m1t)/u) are easily seen to occur at the points

D= A+ pk)/m;  (k=0,1,2,...), (7.7.3)
while poles of I'((1 — n,¢)/v) occur at the points

1@ =0 4+vhk)/n;  (k=0,1,2,...). (7.7.4)
Poles from the ¢V sequence give rise to the formal asymptotic series

I AT n=tpy (—)kr<1 +uk>r<m1 —n(1 +Mk)>k—al<1+uk)/ml’

mv - k! m mpv

(7.7.5)
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whereas poles from the ¢ sequence give rise to the asymptotic series

L= A Vu=1/v (_)k 1_1(1 + Vk)F(YH —mi(1+ Vk)>)L31(1+Vk)/n1;

uny — k! ny uny

(7.7.6)

in each of the formal asymptotic sums constituting /; and I, the index k ranges
over all nonnegative integers.

Upon assembling these two asymptotic series, we obtain the asymptotic
expansion, for A — o0,

I\ ~ A~V + 1), (7.7.7)

where 1 ()), I} and I, are given in (7.7.2), (7.7.5) and (7.7.6), respectively. In the
casepu =v=3andm; = %, ny = 1, (7.7.7) yields the expansion

IR
1)~ 37y %F(% +2k)0 (3 — 2k)a7H3
k=0 ’

00 k
+ 370N %F(l + 30 (=1 — 2k)at2
k=0
associated with the scales A~!/3 and A~!/2, respectively.

In Table 7.2 we present the results of numerical calculations for different
values of the parameters @, v, m; and n;. The second column shows the value
of 1(}) calculated either from (7.7.1) by standard numerical quadrature or from
its equivalent representation as a generalised hypergeometric function.f The
third column shows the asymptotic value of /(1) obtained by optimal truncation
of each asymptotic series, that is, truncation just before the numerically smallest
term.

An example of an integral of type (7.7.1) involving double poles is given by
pw=v=>5and m; =n; =2 for which the expansion (7.7.7) becomes nugatory.
In this case the integrand in (7.7.2) possesses a sequence of double poles at t =
% + %k, k=0,1,2,....The residues at these poles are given by the coefficient
of x~! in the Maclaurin expansion of

D34 3k x) T~ k= B b0

_ ATRZEOP (L4 3k) {1+ 9 (5 +3k)x 4+ {1 —Slog A+ }
(2x/5)2(k!)? [+ 2y +hx+--- )

1 Such a representation follows from (7.7.2) by displacing the integration contour to the left, so as to
obtain the small-A expansion given by

—l/p—1/v X Nk
1= O F(Hm‘k)r(i””‘k)ﬁ'k (. #0).
m v

!
ke k=0 k!
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Table 7.2. Comparison of the asymptotic

values of I (A) with one internal point

,bL=l)=3 m1=%, n1=1 812%

A 1(A) Asymptotic value
1.0x10% | 0.02643 82192 0.01952 49523
1.0x10* | 0.00511 42751 0.00507 50847
5.0x10° | 0.00160 24135 0.00160 24277
1.0x10* | 0.00096 91553 0.00096 91550
5.0x10* | 0.00029 95087 0.00029 95086

u=v=4 m1=%7n1=% 512%

A I(A) Asymptotic value
1.0x10" | 0.07981 13640 0.05396 33427
2.0x10' | 0.03703 09129 0.03707 77826
5.0x10" | 0.01235 59580 0.01235 59563
8.0x10' | 0.00686 99475 0.00686 99466
1.0x10% | 0.00517 85557 0.00517 85557

/L=V=5 m1=n1=2 51:%

A 1(A) Asymptotic value
1.0x10% | 0.11047 54348 0.10919 62332
5.0x10% | 0.05523 15228 0.05520 87617
1.0x10° | 0.04087 48889 0.04087 42206
1.0x10* | 0.01488 32370 0.01488 32334
5.0x10* | 0.00728 03604 0.00728 03598

1,5
— %A—k/Z—l/IOF(E+§k){1+x[w(%+§k)

x2(k!)?

2

343

—blog A=ty + 0]+ |,

where 1 denotes the logarithmic derivative of the gamma function. The asymptotic
expansion of 7 (}) in this case therefore consists of the single expansion

A2 T+ 3k
@) 20 g (k!)?

as A — oo.

It can be observed in the examples chosen that there is a considerable variation
in the asymptotic scales according to the proximity of the vertex P; to the back face.
This results in a rather wide range of A-values necessary to achieve an adequate
description of the behaviour of 7 (1) by the corresponding asymptotic formula.
In the symmetrical case with w = v and m; = ny, all the poles in the integrand

{log A +4y(1+k) =S¥ (5 + 3k} A7?
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in (7.7.2) are double and each term in the expansion involves a term in log A. If we
relax the degree of symmetry of the Newton diagram by taking i # v (but withm,
ny still situated on the 45° line), itis then easily seen (when w /v is rational) that both
single and double poles can arise, with the first pole of the sequence always being
double. This means that, although the leading term again contains log A, the other
logarithmic contributions now appear as higher order terms distributed amongst
the algebraic terms in the expansion. When there is no longer any symmetry in
the Newton diagram (i.e., when u # v and m; # n;), the poles can either be
all simple (as in the first two examples in Table 7.2) or there can be double poles
embedded within the sequence of single poles. In either case, however, the leading
term of the expansion in the unsymmetric case is always algebraic.

Finally, as mentioned in §7.3.1, the expansion (7.7.7) (and the corresponding
expansion involving log A in the case of double poles) is valid for complex A
in a sector enclosing the rays arg A = :I:%n. To illustrate this fact we show in
Table 7.3 the values of /() when u = v =5andm; =1, n| = % computed
from its generalised hypergeometric representation (see the footnote on p. 342)
for varying phase of A with fixed |A|. In this case the sector of validity of the
integral (7.7.2), and hence that of the expansion (7.7.7) (in the sense of Poincaré),
is |arg A| < 137 /14. We remark that arg A = j:%rr corresponds to a Fourier
integral with a single critical point at the origin.

Example 2. As an example of an integral with two internal points, we consider

o0 o0
I\ = / / exp{—A(x" 4+ c1x™y" 4 crx™2y"™ 4+ y")} dxdy,
0 JO

where the parameters will be chosen to correspond to a convex Newton diagram.
From (7.3.6) with k = 2, I (A) has the Mellin-Barnes integral representation

A Un=y o pocin? 1 —mit, —myt 1 —nyt; — not
(_/ ) F(tl)F(tz)F< myty — my 2)F< nity —np 2)
J7aY, 270 J oo nw v

% Cl—n Cz—lz)\f&l]*tsztzdtldtz (7.7.8)

Table 7.3. Comparison of the asymptotic values of I (A) with a single

. . 1 7
internal point for complex > when u = v = S;my=1n=501=1)
and A = 50¢?

0/ I(A) Asymptotic value
0.0 0.0157804781 + 0.0000000000i 0.0157804780 + 0.0000000000:
0.1 0.0148190028 — 0.0055301069i 0.0148190025 — 0.0055301067i

0.2 0.0120210294 — 0.0104467200i 0.0120210301 — 0.0144672144i
0.3 0.0076478949 — 0.0141701485i 0.0076478957 — 0.0141701492i
0.4 0.0021395833 — 0.0161966016i 0.0021395841 — 0.0161965996i
0.5 | —0.0038877161 — 0.0161567121i | —0.0038877151 — 0.0161567144i
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defined in the sector (see (7.3.8))
|arg A| < min {37 (1 +m; /i +ni/v)/8:},

when ¢y, ¢; are assumed to be positive.

When all the poles of the integrand in (7.7.8) are simple, the asymptotic expan-
sion of /(A) consists of three series given by (7.4.24) in the case ¢; = ¢; = 1.
An illustration of such a situation is u = 5 v = 4 with (m,ny) = (%, 1) and
(my, ny) = (1, 2). Inthis case we have §; = 82 lO,A =4and A—uN = —1,
A — vM = -2 so that, from (7.4.4), the a55001ated Newton diagram is convex.
The expansion of / (A) then takes the form

1) ~ A””{i oD+ 1Y fuk D+ falk, 1)} (7.7.9)
k,l k1 k,l

as A — oo, where k,I = 0,1,2,... and, from (7.4.13), (7.4.14), (7.4.16),
(7.4.17), (7.4.21) and (7.4.22),

ket

fute.y =< ) D+ Sk + 3DT (=5 — 3k — Da— /10702,
( )k_H 40—k/4—1/2

fok. D) = — (L4 3k = DU G = Sk STk,
(— )k+1

Sk, 1) = F(l Ak 42D (=35 — 2k — DAk,

When ¢y, ¢; # 1, additional factors involving powers of ¢; and c¢; appear in each
of the expansions in (7.7.9). We can restore the appropriate powers of ¢; and ¢,
in these terms by observing that, from (7.7.9), each term must be accompanied
by factors cl_t' cz_tz. Through the use of (7.4.6), (7.4.7), (7.4.11) and the fact that
tl(l) =-1,1=0,1,... (cf. §7.4.1), the summands in (7.7.9) are then replaced by

firtk, Dekes —(14+5k=+5/2)
Sz (k, l)c;(1/4+5k/2*1)C*(3/875k/4+51/2)’

Fak, Der (1+4k+2[)c17

respectively. In Table 7.4 we present the results of numerical calculations of 7 (A)
whency =c, =1landc; =2, ¢; = 3.

The second case we examine has u = v = 4, ¢y = ¢; = 1 with (m, ny) =
(2, 1) and (m>, np) = (1, 2), so that the internal points are again in front of the back
face but now straddle the 45° line in a symmetrical manner. Not unexpectedly, it
will be found that the high degree of symmetry in the Newton diagram in this case
will involve double poles which generate terms in log A. We follow the procedure
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Table 7.4. Comparison of the asymptotic values of
I (A) with two internal points in the two-dimensional

case
p=5v=4 (m,n)=G1, (myn)=(,2)
= 1, Cy = 1

A 1(A) Asymptotic value
1.0 x 10° | 0.01649 86855 0.01530 34083
5.0 x 10° | 0.00660 18949 0.00662 55882
1.0 x 10* | 0.00442 75336 0.00442 22631
1.0 x 10° | 0.00115 31511 0.00115 33535
5.0 x 10° | 0.00044 41628 0.00044 40313
1.0 x 10° | 0.00029 36705 0.00029 36729
p=5v=4 (m,n)=CG1), (m,n)=(,2)

cl = 2, Cy = 3

A 1()\) Asymptotic value
1.0 x 10* | 0.01078 82133 0.01228 82165
5.0 x 10° | 0.00418 68491 0.00421 90510
1.0 x 10* | 0.00277 62231 0.00278 25077
1.0 x 10° | 0.00070 10746 0.00070 10886
5.0 x 103 | 0.00026 56345 0.00026 56349
1.0 x 10° | 0.00017 45786 0.00017 45787

u=v=4 (m,n)=@2,1), (myn)=(1,2)
Cl=0C = 1

A I (L) Asymptotic value
1.0 x 10* | 0.01185 73873 0.01173 42624
5.0 x 10° | 0.00447 05490 0.00447 33081
1.0 x 10* | 0.00292 42695 0.00292 60266
1.0 x 10° | 0.00070 23219 0.00070 23687
5.0 x 103 | 0.00025 58167 0.00025 58160
1.0 x 10° | 0.00016 51223 0.00016 51222

outlined in §7.4.1 where the #, contour in (7.7.8) is displaced to the right to yield

the result

1) =22 + I,

where, from (7.4.8) and (7.4.9),

_ 1 (_)k
T :

1 ool
—"—‘/4—,/ C(t)C (1 + 4k — 2t))
2mi J_

ool

x (=4 =2k + 20)A"dn,

(7.7.10)
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L=1 (_ k/2—l/8L/DOirt (Y +2k =1t
8 Zk: k! 2ri —ooi (1) (2 + 2 1)
X F(% — %k — %ll)kitl/gdﬁ.

As shown in §7.4.1, the #; contour in each integral in /; must be displaced
to the left. We thus encounter two sequences of poles at tl(l) =0,-1,-2,...
and t(z) = l §k - ‘—‘l I =0,1,2,..., where the latter sequence is subject
to the constralnt 4] > 8k + 1 to ensure that t(z) < 0. When [ = 1 + 2k + 3n,
n=0,1,2,..., the corresponding poles in the t sequence coincide with poles
of the t(l) sequence to form double poles at t = —1 — 4n with residue

4 '3 +4k+8n) s —kn—1/2

3 T2 +4n) (2 + 2k + 3n)

x {{log A — 29 (3 + 4k 4 8n) + ¥ (2 + 4n) + Y (2 + 2k +3n)} .
(7.7.11)

Evaluation of the contribution from the simple poles is as described in §7.4.1 and
we consequently find that for large A

L~ 37N fuk D+ 5770 YN fak. D)

k=0 =0 k=0 =0
I#144n I#1+2k+3n
41=8k+1
oo oo
1,-1/2
+ 57D sk,
k=0 =0

where 7 is a nonnegative integer and, from (7.4.13), (7.4.14), (7.4.16) and (7.4.17)

( )k+l
Suk, ) = T (1 + 4k + 2D (=1 — 2k — 3pa—+114,

k+
Sk, ) = (k')l' F(3 8k_ 4l)F(———k+ BZ)A k/3—1/3
and
gk, 1) = SOl F'G+ 4k +380) 5kt

k! T(2+4)T(2 + 2k + 30)
x {3log A =29 (3 +4k +81) + ¥ (2 +41) + ¥ (2 + 2k +3D)} .

Proceeding in a similar fashion for I, upon displacement of the #; contour
to the right, we encounter two sequences of poles at t(l) = 1+ 4k + 2/ and
(2) = l - —k + 81 [ =0,1,2,..., where the latter sequence is subject to the
constralnt 4k < 8l+1toensure thatt(z) > (0. Double poles ariseatt = 3+4k+8n,
n=0,1,2,..., corresponding to the values of [ in t glven byl =142k + 3n,
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with residues equal to a factor of —2 times the value in (7.7.11). Hence, as . — oo,
we find

00 00 ©
L~ TS fu )+ 5V 3N b

k=0 [=0 k=0 =0
1#14+4n 1#142k+3n
4k <81+1
o0 o0
—1/2
+ 57PN gk, D).
k=0 =0

Collecting together /; and I, according to (7.7.10), we find that the series involving
A~1* and A~'/? are equal while those involving A ~1/¢ yield

%r“ﬁ{ YN fakD+ Y > flza,k)}.

k=0 =0 k=0 =0
1#£142k+3n 1#£142k+3n
41>8k+1 4k <81+1

If we relabel the summation indices by putting k — [ and [ — k in the second
expansion, we see that the constraint4/ > 8k+1 on the first expansion is exactly the
complement of the constraint 4/ < 8k 4- 1 on the second expansion. Consequently,
the two expansions can be expressed as a single expansion subject only to the
constraints k # 1 +2/ +3nand [ # 1 + 2k + 3n.

Hence, we finally obtain the expansion of / (}) in the form (forn =0, 1,2, ...)

IO) ~ 0783 S e D+ 32727 Y3 filk. D)

k=0 =0 k=0 1=0
I#1+4n k#1+21+3n
1#£142k+3n

+ 2 ZZNJ) (7.7.12)

=0 [=0

as A — 00. We note that the restrictions appearing on the first two expansions in
(7.7.12) simply correspond to the deletion from these sums of the singular terms
resulting from the double poles. The numerical values of /(1) in this case are
shown in the last entry in Table 7.4 and are compared with the asymptotic values
computed from (7.7.12).

Example 3. We consider the integral with a single internal point given by

I\ = /// exp{—A(x" 4+ y" + 27+ x"y"zP)}Ydxdydz, (7.7.13)

where we assume that §; = 1 — m;/u — n;/v — p1/n > 0, so that the vertex
P, = (my,ny, p1) lies in front of the back face of the Newton diagram, and
without loss of generality we have put the constant ¢; = 1. From (7.6.4), this has
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the Mellin-Barnes integral representation

)\71//171/1)71/17 1 ool 1— mit
) =—"—""—-— F(t)F< )
uon 270 J oo 2

1 —nyt 1— pyt
x r( s )I‘( P1 )Ml’d:, (7.7.14)
v n

which provides the analytic continuation of / (1) from the half-plane Re(%) > 0 to
a sector including the Fourier case with arg A = :t%n. Although we are primarily
concerned here with positive real A, we remark that, like the integral (7.7.2), the
asymptotic expansions developed for (7.7.14) are valid (in the Poincaré sense) for
A — oo in the sector | arg A| < %n(l +mi/p+ni/v+ pi1/n)/bi; see (7.3.8).
When all the poles of the integrand in (7.7.14) are simple, the expansion of
1 (1) is given by (7.6.10). As an example of this simple-pole structure, we show
in Table 7.5 the results of numerical computations for the particular case u =

v =n =4, withm, = %, n, = 1 and p1 = % The second column shows

the value of 7()A) determined by nurr?erical evaluation of the integral (7.7.13) or
from the representation of (1) as a generalised hypergeometric function; see the
footnote on p. 342. The third column shows the asymptotic value of 7 (1) obtained
by optimally truncating each constituent asymptotic series in the expansion.

As mentioned in §7.6.2, the incidence of higher order poles depends in part
on the degree of symmetry of the Newton diagram. To illustrate this fact, let us
first consider the most symmetrical situation with u = v =nandm, =n; = p;,
so that the back face is an equilateral triangle and the vertex P; lies on the (1,1,1)
line. In this case the Mellin-Barnes integral in (7.7.14) becomes

A3 1 ool 1 — mt
1) = —/ rar( —2E )i %dr, 5 =1-3m/u,
w2 J oo 0

where, for convenience, we have momentarily set m; = m and §; = §. The three
sequences of poles in the right half-plane in the general case have now collapsed
into a single sequence of treble poles situated att = (1+puk)/m, k =0,1,2,....
The residues are given by the coefficient of x~! in the Maclaurin expansion of

r (1 tuk x>1"3 (—k _ ﬂ)k—ax—suwk)/m
m w

AT (x + (14 pk)/m)

— 7_[3(_)](—1)‘4—5(1-}—/1/()/171 X — - :
sin’(wmx /) T3k + 1 +mx/w)

that is, by

3
(=) (l;(/k’:;z r ( 1 ;Mk)k_a(lwk)/m C. ).
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Table 7.5. Comparison of the asymptotic values of I (1) with
one internal point in the three-dimensional case

w=v=n=4 m1=%7n1=%,]71=% 51=%

A 1(A) Asymptotic value
2.0 x 10! 0.02234 75076 0.02155 91346
4.0 x 10! 0.00876 25593 0.00876 06317
5.0 x 10! 0.00639 39397 0.00639 38264
6.0 x 10! 0.00492 03593 0.00492 02589
8.0 x 10! 0.00322 97878 0.00322 97876
u=v=n=4 m=1n=1 p =1 51=£

A 1(}) Asymptotic value
1.0 x 10? 0.01775 29863 0.01729 72404
2.0 x 107 0.01013 84495 0.01005 67565
5.0 x 10? 0.00480 37523 0.00480 91387
1.0 x 10° 0.00271 67652 0.00271 69815
5.0 x 103 0.00071 15152 0.00071 15151

M:v:n:S mlziynlzé,plzé 81:%

A I(A) Asymptotic value
5.0 x 10! 0.00371 27773 0.00370 54488
8.0 x 10! 0.00185 42982 0.00185 45509
1.0 x 10? 0.00132 44252 0.00132 44556
1.5 x 107 0.00071 09237 0.00071 09234
2.0 x 107 0.00045 36285 0.00045 36285

l,[,:\}:)’}:S mlznlzl,pIZ% 812%

A 1(A) Asymptotic value
5.0 x 10! 0.03756 74263 0.03755 80382
8.0 x 10! 0.02537 48359 0.02537 46738
1.0 x 107 0.02099 22663 0.02099 25949
1.5 x 10% 0.01479 77289 0.01479 77269
2.0 x 102 0.01150 23481 0.01150 23481

where
1+ pk 3m
Ci(0) = (8log 1)? — 28 log A{I/I( s )——1//(1+k)}
m 2%
1+ uk 1+ pk
+ ¢<_ﬂ) + wz(_ﬂ)
m m
6m 1+ uk m\>
~ 2 ya+ k)lﬂ( K ) + 3(—) By + k)
123 m w

— YA+ + (am/p)’

and ¢ denotes the logarithmic derivative of the gamma function. When §; > 0,
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the expansion of 7 (1) in this case is therefore given by

AN (D (1 pk
—{(u/m)—3}k
109 ~ = Z G ( )ck(m =3k

as A — o0.

Examples of this highly symmetrical case with u =4, m =1 (§; = }1) and
nw=3m= % 6 = %) are also given in Table 7.5. It will be observed that the
two cases differ mainly in the proximity of the vertex P; to the back face, as can
be seen from the corresponding values of §;. This results in the expansions being
associated with different asymptotic scales, and hence different ranges of A values.

The final example we give shows the type of expansion which arises when the
(1,1,1) line intersects an edge of the Newton diagram. The situation considered
again has a symmetrical back face (u = v = n), but now with m; = n; > py,
so that the edge connecting the vertex P; with (0, 0, ) meets the (1,1,1) line. The
integral (7.7.14) now possesses two sequences of poles in the right half-plane: a
sequence of double poles at + = (1 4+ pk)/m and a sequence of simple poles at
t=0+4+upk)/p, k=0,1,2,....Provided these two sequences have no point in
common, the expansion of /(1) when §; > 0 is then given by

_ o0
- 3/ 3 (—)kr(1 +“k)rz(w>r51“+“k>/m
wrpy = k! P Hp1
o0
A3/ Z (l + uk)r(lm - plk)kal(l+uk)/m1
Mml — (kv)Z pumg

1 k

X {SIIOgX—I/f< e )
mi
— p - k 2
1

as A — oo. An example of the expansion (7.7.15) is shown in Table 7.5 where
u=v=n=5withm =n; =1and p; = % (so that §; = %). This separation
of the poles will certainly exist for integer values of m; and p;, but not necessarily
for noninteger values. In this case the expansion (7.7.15) would be modified by
the formation of a sequence of treble poles which will generate additional terms
involving (log 1)? in the expansion.

As the symmetry of the Newton diagram is reduced the higher order poles
become progressively more sparsely distributed. Even when the (1,1,1) line punc-
tures a face of the Newton diagram (cf. the first example in Table 7.5 where all
poles are simple), it is still possible to select values of the parameters which gen-
erate either double or treble poles, although the leading term of each expansion in
these cases is always algebraic in A.
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Application to Some Special Functions

This final chapter is concerned with the application of the theory of the Mellin-
Barnes integral developed in the earlier chapters. We draw examples from a
selection of asymptotic problems that illustrate the power and usefulness of this
technique.

The first example concerns the asymptotic expansion of the generalised Euler-
Jacobi series given by

Sp(a) =) exp(—an”)  (p>0),
n=0

as the parameter a — 0+4. We shall be particularly interested in the appearance
of exponentially small expansions in this limit as p increases beyond the classical
value p = 2. For this problem we present two approaches: the first uses the
method of steepest descent applied to a certain integral arising in the analogue of
the classical Poisson-Jacobi transformation when p = 2, and the second adopts a
Mellin-Barnes integral description.

The second example concerns a new asymptotic formula for the Riemann zeta
function ¢(s) high up on the so-called critical line Re(s) = % The classical
expansions, known as the Gram and Riemann-Siegel formulas, have been known
for the better part of a century, but recent work has shown that other, more accurate
(although computationally more expensive) expansions exist. One such expansion,
which we establish by means of a Mellin-Barnes integral, involves the terms in the
original Dirichlet series (valid in Re(s) > 1) ‘smoothed’ by the incomplete gamma
function associated with a free parameter. Suitable choice of this parameter then
enables us to establish expansions of different character.

The last example deals with a novel approach to the asymptotics of the well-
known Pearcey integral arising in diffraction theory. This integral is a Fourier
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integral involving three coalescing stationary points and two variables. The stand-
point of our discussion is based on a Mellin-Barnes integral representation of this
integral which involves the Weber parabolic cylinder function. We show how the
large-variable asymptotics of the Pearcey integral can be obtained without recourse
to the stationary points.

8.1 Asymptotics of the Euler-Jacobi Series

8.1.1 Introduction
The generalised Euler-Jacobi series, defined by

oo

Sp@)y=>Y e (Re(a) >0, p>0), (8.1.1)
n=0

has applications in statistical mechanics and, when p = 2, in the theory of Jacobian
theta functions and the Riemann zeta function. We mention that a related problem,
when the parameter a is pure imaginary and p = 2 (with the upper limit in the
sum in (8.1.1) replaced by the finite limit V), gives rise to the study of “curlicues”
and finds application in optical diffraction when N >> 1; see Dekking & Mendes-
France (1981), Berry & Goldberg (1988).7 A detailed discussion of the function
Spy(a)inthelimita — 0+ hasrecently been given in the monograph by Kowalenko
et al. (1995) for the case when p is a rational fraction. Here we shall consider the
sum in (8.1.1) for arbitraryf p > 0. The classical case with p = 2 yields the
remarkable and well-known result

Sy(a) = é\/g +i+ \/gz e (Re(a) > 0) (8.1.2)
n=1

called the Poisson-Jacobi transformation [Whittaker & Watson (1965), p. 124; see
also §4.1.2]. This transformation enables the asymptotic behaviour of S, (a) to be
determined in the limit @ — 0 in Re(a) > 0, since the terms in the infinite sum
then decay very rapidly with increasing 7.

The analogous transformation of S, (a) for p > 1 can be obtained from Pois-
son’s formula [Titchmarsh (1975), p. 61]. This states that if a function f(¢) is of
bounded variation in (0, 00), is continuous§ and belongs to L (0, co), then

ﬁ{%f(0+) +>° f(na)} = JB{%HO) + ZEW}’

n=1 n=1

T A detailed study of this finite sum in a number theoretic context is given in a memoir by Hardy &
Littlewood (1914).

+ When p = 1 we have the trivial result S, (a) = 1/(1 —e™).

§ The formula can also be adapted to deal with functions f(¢) which possess finite discontinuities in
[0, 00); see Titchmarsh [1975, Eq. (2.8.3)].
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where af = 27, o > 0 and F.(w) denotes the Fourier cosine transform given by

Fe(w) = \/g/:of(t) cos wt dt.

We apply this result with f (1) = exp(—t”), @ = a'/? and perform a straightfor-
ward evaluation of the associated Fourier cosine transform. This can be achieved
by expansion of the cosine term followed by reversal of the order of summation
and integration, and use of the duplication formula for the gamma function, to
obtain

,/%/ooe_’ coswt dt = ,/ Z Z)k _”u(ZkH)/”_ldu
7 Jo (2k)! 0
w2k +1 23
-z Z () =2 hw,
(2k)! p p

(8.1.3)

where we have defined

= (R Ga* (2k+ 1)
F = r 1; . 8.14
(2) kg oG D p (p>1; |z <o) (8.1.4)

The function F,(z) is a generalised hypergeometric function and is uniformly and
absolutely convergent for all finite |z| when p > 1 [Braaksma (1963); see also
§2.3].

Poisson’s formula then yields the desired transformation in the form

r'd/p)
pal/[’ pal/[’

Sp(a) =14+ ZF Qrna='?)y (p > 1). (8.1.5)
This relation has been given previously in Paris (1994a) in connection with an
asymptotic expansion for the Riemann zeta function ¢ (s). When p = 2, we have
F>(2) = exp(— %zz) and (8.1.5) reduces to the classical result (8.1.2). The transfor-
mation (8.1.5) is equivalent to that obtained in (2.14) and (2.16) in Kowalenko et al.
(1995), where the function F),(z) has effectively been expressed as a finite sum
of P generalised hypergeometric functions (or Meijer G functions in the case of
(2.16)) of the type o Fp_1, where p = P/Q with P, Q denoting relatively prime
integers. Thus, the equivalent transformation formula developed in Kowalenko
et al. (1995) can only deal with values of p that are rational fractions, whereas the
form (8.1.5) is much more compact and is valid forall p > 1. Thecase0 < p < 1
is dealt with in §8.1.4.

The dominant asymptotics of S,(a) as a — 0in Re(a) > 0 can be deduced
from (8.1.5) by employing the asymptotic expansion of F,(z) as |[z| — oo given
in (2.3.10); see also Paris & Wood (1986, pp. 36-51). This is obtained from (2.3.6)
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(when we replace z in (2.3.10) by (32)%e*™), followed by use of the reflection
and duplication formulas for the gamma function, in the form

!
k!

o0
Fp@)~n"ip Y. T(kp + 1) sin(wkp)z ! (8.1.6)
k=1
valid as |z] — oo in the sector |arg z| < m/2p. We remark that the expansion
of F,(z) is exponentially large in the complementary sector, although we do not
require its precise form here. The expansion (8.1.6) is valid in the sense of Poincaré
only: exponentially subdominant terms present in F,(z) are not included in (8.1.6);
see Kaminski & Paris (1996) and also the discussion surrounding (5.5.13).
Thus the desired asymptotic behaviour of F,(2wna~'/?) appearing in the infi-
nite sum in (8.1.5) is described by the above algebraic expansion with z =

2mna~'/P, since |arg z| = (1/p)larg a| < m/2p. Upon evaluation of the

resulting sum over n in terms of the zeta function, we finally obtain from (8.1.5)
ra/p)

Sp(a) — pall? —3~Hya (p>1), 8.1.7)

where H),(a) denotes the formal expansion

1 O (k-1
Hy(@) = — > ( sz T(kp + 1) sin(Gmkp)t (kp + 1)(a/2m)P)*. (8.1.8)
k=1 )

This result yields the dominant algebraic expansion of S,(a) as a — 0 in
Re(a) > 0 and agrees with the Berndt-Ramanujan result [Berndt (1985)]. We
remark however, as pointed out in Kowalenko et al. (1995), that when p is an even
integer, H,(a) vanishes on account of the term sin(%nkp). This loss of asymptotic
information when p is an even integer is the signal that there exist exponentially
small terms which have not been accounted for when using the Poincaré asymp-
totics of F,(z) in (8.1.6). Such transcendentally small terms, which, until recently,
have largely been neglected in asymptotics, are of vital importance for an accurate
description of the function S, (a), particularly for small but finite values of a.
The method adopted in Kowalenko et al. (1995), which considers a > 0, con-
sists of use of the asymptotic properties of the hypergeometric function p Fp given
in Luke (1969). Elaborate algebraic manipulation then removes the exponentially
large terms present in these functions and enables recursion relations for the coeffi-
cients in the exponentially small expansions to be found. In our presentation here,
we shall also restrict our attention to a > 0, although the methods used can be
adapted to deal with complex a. We shall show how the asymptotics of S, (a) in the
limita — 0+ can be derived by two different methods. The first uses the transfor-
mation formula (8.1.5) combined with a straightforward application of the method
of steepest descent. This approach is included here as it is more familiar and proves
to be instructive in shedding light on certain features of the asymptotic structure of
Sp(a): namely, the appearance of exponentially small expansions (manifested by
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a Stokes phenomenon) as the parameter p increases through certain values, and
the disappearance of the algebraic asymptotic expansion for even integer values of
p. The second approach, in keeping with the main theme of this book, shows how
the asymptotic expansion can be derived more directly from suitable manipulation
of a Mellin-Barnes integral representation involving the Riemann zeta function. It
will be found that the role of the transformation formula (8.1.5) is now played by
the well-known functional relation for ¢ (s).

8.1.2 The Saddle Point Approach
We shall suppose throughout that a > 0 and introduce the notation
X, = k(hx)'*, x =2ana V", Ay = (27[)%1(_%_0[7_0,
k=(p-1/p, h=Qq/p"", ¥ =@2-p)/2p. (8.1.9)

We start with the transformation formula (8.1.5) that generalises the classical
Poisson-Jacobi transformation in (8.1.2). Using (8.1.3), we write the function
F,(x) as the integral{

F,(x) = 777 pRe{l,(x)}, (8.1.10)
where
o0 X o0
I,(x) = f e g = (hxl/P)l/"/ e X IO gr, 8.1.11)
0 0
with f(t) = (¢?/p—it)/k.Forn =1,2,...,weseethatx — +o0o0asa — 0+.

As a consequence, the parameter X, appearing in the exponential in (8.1.11) is
large so that the asymptotics of the integral /,(x) can be obtained by the method
of steepest descent.

Saddle points of f(t) (corresponding to points where f’(r) = 0) are given by

o =exp{@r+ Dri/(p—1} ¢ =0%1,%2,...). (8.1.12)

For integer values of p, there are exactly p — 1 saddles situated on the unit circle
in the 7 plane. When p is noninteger, however, the 7 plane must be cut along the
negative real axis: in this case there will, in general, be saddles situated on the
principal sheet — < arg v < 7, with other saddles situated on adjacent Riemann
sheets. When 1 < p < %, there are no saddles situated on the principal sheet. As
p increases from %, the saddle tj crosses the branch cut arg t = 7 from the upper
adjacent sheet onto the principal sheet and steadily moves round the unit circle,
passing through the point T = i when p = 2. As p continues to increase, a second
saddle t_; moves off the lower adjacent sheet, crossing the branch cutarg 1 = —n

+ If a were complex then we would need to write F,(x) = %ﬂ’% pil,(x) + I,(—x)} and treat the
integrals I, (fx) separately.
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when p = %, and moves round the unit circle in the opposite sense. This pattern of
oppositely-directed rotation of the saddles towards the point T = 1 continues as p
increases further, with a new saddle crossing over (alternately from the upper and
lower adjacent sheets) onto the principal sheet each time p equals a half-integer
value.

The distribution of the saddles and the paths of steepest descent for I, (x) are
illustrated in Fig. 8.1 for 1 < p < 3. The valleys V; (resp. ridges Ry) of f(7),
corresponding to the directions along which f(t) — 400 (resp. —oo) as |t| —
oo, are given by the rays arg T = 27k/p (resp. arg T = (2k + 1)m/p), where
k=0,£1,£2,....For 1 < p < 2, the path of steepest descent from the origin
on the principal sheet does not pass over a saddle, with the result that the path
of integration in (8.1.11) can be reconciled with this contour. As p — 2—, the

p=15 p=18

(a) (b)

© (@)

Fig. 8.1. The paths of steepest descent when 1 < p < 3. The branch cut along the negative
real axis is indicated by the heavy line. Arrows indicate the integration path.
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path Im( f (7)) = 0 becomes progressively deformed in the neighbourhood of the
saddle 7y until, when p = 2, it connects with this saddle. For p > 2, the path
of steepest descent from the origin now passes to infinity down the valley V;. In
this case, the path of integration in (8.1.11) can be deformed to coincide with this
path together with the path that connects V; to the adjacent valley V|, passing over
the saddle 7y. In the usual interpretation of the different contributions resulting
from such composite paths, the contribution to 7, (x) from the path from the origin
(not passing over a saddle) yields an algebraic expansion, while that from the path
passing over the saddle 7 yields an exponential expansion. Most importantly, this
latter contribution is exponentially small since the contributory saddle satisfies
Re(f(t9)) = —cos(m/2k) > 0.

From this discussion we can make two remarks. The first concerns the case
1 < p < 2 where the steepest descent path does not pass over a saddle. In this
case, I,(x) will consist of only an algebraic expansion given by

o0 k
I,(x) ~iz%e%”ikpr(kp+ Dx—krt, (8.1.13)

k=0
The real part of the above expansion, followed by evaluation of the resulting sum
over n in (8.1.5) in terms of the zeta function, then yields the algebraic expan-
sion Hp(a) in (8.1.8). The second remark concerns the case p = 2, where the
steepest descent path connects with the saddle 7y. This situation corresponds to a
Stokes phenomenon in the (real) parameter p. Consequently, we can expect the
subdominant exponential contribution to the integral 7, (x) to switch on smoothly,
described by a complementary error function of an appropriate argument mea-
suring the transition, as p increases through the value p = 2 [Berry (1989); see
§8.1.7]. Note, however, that when p = 2, we are not actually confronted with a
Stokes phenomenon associated with (8.1.10); see below.

The topology of the paths of constant Im( f (7)) for integer values of p is illus-
trated in Fig. 8.2; only the path Im(f(r)) = O from r = 0 which eventually
connects with infinity along the valley Vj is depicted. In each case, the contri-
bution to /,(x) from the path from the origin which does not encounter a saddle
yields the algebraic expansion given by (8.1.13). As p increases, more saddles
move round the unit circle into the right half-plane with each new saddle in the
first quadrant resulting in an additional exponentially small contribution to 7, (x).

We observe that the real part of (8.1.13) vanishes when p is an even integer, so
that there is no algebraic expansion in S, (a) for these values of p; compare (8.1.8).
This disappearance of the algebraic contribution can be understood alternatively

T This expansion can be obtained by taking the path in (8.1.11) along the positive imaginary t axis and
use of the Maclaurin series for exp{—X,7”/(kp)}. An alternative derivation is to note that /,(x) can
also be expressed [see (8.1.49)] in terms of the function U, | (ihx) defined in Paris & Wood [1986,
Eq. (3.10.12)], followed by use of the asymptotic expansion of this latter function in Eq. (3.5.6) of
this reference.
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(a)
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(c)

(e)

v,
p=6
(d
V2 R, Vy
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I‘ 0 \'\
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-t Ta
p=8
®

Fig. 8.2. The paths of steepest descent for integer values of p.
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from the fact that, when p = 2m, we can write

o0
Fzm(x)=n—%m/ NG m=1,2,...). (8.1.14)

—00
The associated path of integration in the t plane therefore passes from —oo to 400
and crosses over all the saddles (which are distributed symmetrically about the pos-
itive imaginary axis) in the upper-half plane; see Fig. 8.3. Since such paths avoid
the neighbourhood of the origin, the asymptotics of F,(x) will consist entirely
of exponentially subdominant contributions for even integer p. We observe fur-
ther that, whenever a saddle coincides with the point T = i, the path of steepest
descent for /,,(x) from the origin connects with this saddle to produce a Stokes phe-
nomenon. From (8.1.12), this arises when p = 2 + 4k, for nonnegative integer k;
inspection of (8.1.13) reveals that the terms in the algebraic expansion then all have
the same phase. For values of p in the neighbourhood of these values, an accurate
determination of the asymptotics of S, (a) would necessitate taking into account

(a) (b)

© @

Fig. 8.3. The paths of steepest descent when p is an even integer.
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(a) (b)

Fig. 8.4. The paths of steepest descent in the neighbourhood of p = 6.

the smooth ‘switching on’ of the additional exponentially small contribution. The
situation arising in the neighbourhood of p = 6 is shown in Fig. 8.4. However, we
note from (8.1.14) that, when p = 2 + 4k, the expansion of F,(x) consists only
of exponentially small terms, so that the asymptotics of S,(a) for these special
values of p can be obtained without reference to the Stokes phenomenon.

8.1.3 The Asymptotics of S, (a)

To determine the contribution to the asymptotics of F),(x) from a saddle z,,
we put

arg f'(t,) = 2r + %)n(p —-2)/(p—1)=2w+27M, (Jo| <m), (8.1.15)

where M, denotes a nonnegative integer. Then, in the neighbourhood of 7, we
have f(t) = f(t,) + 3(t — 5,)?|f(t,)]€*® + - - -, so that the directions of the
paths of steepest descent from the saddle 7, are given by arg (r — 7,) = —w and
7 — w. Straightforward application of the method of steepest descent [Olver (1974,
p. 127); Wong (1989, p. 90)] then shows that as X,, — oo the contribution to
the asymptotic expansion of /,(x) associated with the saddle 7, is given by

1
2 2 i1 Dk +
(hx!/P)1e <—//n > e'e” X"f(")ZCsz ¢ —( D 8116
|f" (Tl — r'3)
= Xffr or ZAkX kX, = Xpertomile 8.1.17)

since routine algebra shows that

l—

L 2
) = —e@rt i/ Rty —ZZ ) = A,X? /p.
f(-[) e s ( X ) (an”(‘l,'r)> 0 nr/p
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The coefficients A, are defined by Ay = AgCy exp{(2r + %)nik/x}(%)k, where
Ay is given in (8.1.9) and Cy = 1. A discussion of the A; is deferred until §8.1.6
where they are shown to be real and independent of X,, (but, of course, dependent
on p).

From the discussion in §8.1.2, the contributory saddles are located in the first
quadrant in the 7 plane; that is, from (8.1.12), those 7, correspondingto0 < r < r/,
where 7’ is the greatest integer satisfying 4" + 2 < p. In this case, it is easily
verified from (8.1.15) that M, = r for a contributory saddle. The contribution
to the asymptotics of F,(x) in (8.1.10) from a contributory saddle 7, then takes
the form

=)

1
T2

oo
X,fex“ cosl@r+3)m/x) Z Aan_k cos {X,, sin(2r + %)71//( + @k(r)},
k=0
(8.1.18)

as a — 0+, where
Or(r) = 2r+ ) — kb /k

and we recall that X, is related to the summation variable n by (8.1.9). Each
contribution in (8.1.18) is seen to be exponentially small, since cos[(2r + %)n /K] <
0 for 0 < r < r’. The transformation formula (8.1.5) then shows that, as a — 0+,
a contributory saddle 7, gives rise to the exponentially small expansion to S,(a)
given by

2(-) w -

- 1

erla; p) = pal/r 2 Xr’feXn cos{2r+ 1)/} ZAkX;k
n=1 k=0

X COS {X,, sin(2r + %)n/x + @k(r)}. (8.1.19)

Each expansion e, (a; p) (0 < r < r’) represents an infinite sum of exponen-
tially small terms, and shows how the classical Poisson-Jacobi result in (8.1.2) is
modified when p # 2.

We can now give the asymptotic expansion of S,(a) as a — 0+ for different
values of p in the form

r'{/p)

Sp(a) — pall?

— 1 ~E (@) + Hy(a), (8.1.20)

where E,(a) and H,(a) denote the formal exponentially small and alge-
braic asymptotic expansions respectively, with H,(a) defined in (8.1.8). When
1 < p < 2, the expansion of S,(a) is algebraic with E,(a) = 0 and

_TU/p
pal/p 2

Sy(a) ~Hya) (A<p<?2). (8.1.21)

We note that as p — 2—, an accurate determination of §,(a) would need to
take into account the Stokes phenomenon to obtain the ‘smooth’ appearance of
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the exponentially small contribution resulting from the saddle tj as it crosses the
imaginary t axis. When p = 2, the algebraic expansion in (8.1.8) vanishes and
the contribution to F,(x) from the saddle 7o = i is given by half the value in
(8.1.18), since in this case we only have the path of steepest descent from the
saddlef in one direction. From (8.1.9), we find when p = 2 the values k = %,
¥ =0, X, = (nn)?/a and the coefficients Ay = 0 for k > 1; see (8.1.57). From
(8.1.19), the exponentially small contribution to S;(a) is then given by %eo (a;?2),

which becomes the (convergent) expansion

[e.e]
T _ 2
Ex@) = [} e
n=1

in accordance with the Poisson-Jacobi result in (8.1.2).

For 2 < p < 6, there is just one contributory saddle 7y and the expansion of
Sp(a) for this range of p is therefore given by (8.1.20), where E,(a) = ey(a; p);
that is,

[ee]

2 i > _ 1 T
E,(a) = allr Z X7 gXncostm/20) Z A X ¥ cos{X, sin 7 + ﬂ(ﬁ — b)),
n=1 k=0

2 < p<6). (8.1.22)
For example, when p = 3, we have k = %, Y = —%. Then, from (8.1.8), (8.1.9)
and (8.1.22), we find

H — _l S l in(l 3yk
3(a) = - Z k'F(3k + D sin(3wk)¢ 3k + 1)(a/(2m)7)", (8.1.23)
k=1""

and

2 Nl ad B
Es(a) = 341 an e Mi/V2 ZAankcos {Xu/y2 = 3wk — §m},

n=1 k=0
(8.1.24)
where X, = 2(%7‘[n)%a—%; we remark that only odd values of k contribute to
H;(a). Similarly, when p = 4, so that k = % and ¥ = —%, the expansion Hy(a)
vanishes and we havei
1 1

E4(a) =

o0 o0
-3 —1X, —k V3 2 1
2al/ ) : X, ‘e 2 kX(;Aan cos {L2X, — 2k — Ln}, (8.1.25)

+ This results from the fact that, although the contribution to the asymptotic sumin (8.1.16) is now given
by % oo Cu X k/2=1/ 2F(%k + %) / F(%), the contribution from the odd coefficients Cy;; vanishes
when the real part is taken in (8.1.10), since Cy; are purely imaginary. This can most readily be
seen from (8.1.14), where the path of integration in F,(x) can be extended from —oo to 400 for
even values of p; see Fig. 8.3.

# There would appear to be a misprint in the equivalent expression given in Kowalenko et al. (1995,
Eq. (6.30)): instead of —%nk in the cosine term in the sum over k, they have —%nk.
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where X,, = 3(%7m)§a‘%.We note that in the neighbourhood of p = 2and p = 6,
an accurate determination of the asymptotics of S,(a) would require the Stokes
phenomenon to be taken into account.

When p = 6, a second saddle 7| crosses the positive imaginary 7 axis with
the consequence that, when 6 < p < 10, there are now two exponentially small
contributions which result from these saddles. In this case, we have E,(a) =
eo(a; p) + Apei(a; p), so that

2 . = —k cos(m/2x T u
Ep(a)ZWZXJfZAan {eX" S )COS{XnSIHZ—FE(l?—k)}
n=1 k=0

. 575
— A eosm/20 cocd X sin 20+ 259 — k)t (6 < p < 10),
2K 2K
(8.1.26)

where A, =1— %86 p»» wWith &g, denoting the Kronecker delta symbol. As with the
case p = 2, the presence of the factor A, results from the saddle | making only
half the contribution to F,(x) when p = 6. Thus, when p = 6 (so that k = g and
9= —%), we find

1 - -1 = cosén .
E¢(a) = 3170 ZX” 3 ZAkX;k{eX” *57 cos{X, sin i — Irk — i1}
n=1 k=0
+ L)X } (8.1.27)
where X, = 5(%7m)§a_é. We remark that the second exponential e~*" is

subdominant with respect to the first exponential exp{ X, cos %n }.

The expansion given in (8.1.20), when the coefficients Ay = Agcy are evaluated
according to (8.1.57), agrees with the results given in Kowalenko ez al. (1995) for
integer values of p. In particular, the expansions in (8.1.23)—(8.1.25) and (8.1.27)
correspond to (6.82), (6.30) and (6.48) of this reference. The cases p = 5 and
p = 7 givenin (6.105) and (6.129), respectively agree with our general expansions
in (8.1.20), (8.1.22) and (8.1.26). The pattern which emerges in the exponentially
small contribution £, (a) continues to hold for higher values of p. Thus, each time
p increases by 4, a new saddle in (8.1.12) crosses over into the first quadrant of
the t plane and results in an additional exponentially small contribution to the
asymptotics of S, (a). The formulation of a general statement of the expansion of
Sp(a) is given at the end of §8.1.5.

The numerical interpretation of the expansion (8.1.20) in the case p = 3 has
been examined in considerable detail in Kowalenko et al. (1995, §7), where an
interesting discussion is given concerning the meaning of the use of such composite
expansions involving algebraic and exponentially small terms. By employing opti-
mal truncation of both the algebraic expansion Hz(a) and the exponentially small



8.1. Asymptotics of the Euler-Jacobi Series 365

expansion E3(a) (for which the coefficients A; in this case can be given explicitly
— see (8.1.53)), these authors studied the accuracy of the resulting expansions. In
addition, Borel resummation of the divergent tails of both expansions was then
considered to verify, for a wide range of values of the parameter a, the validity of
(8.1.20). We do not repeat these calculations here.

8.1.4 Mellin-Barnes Integral Approach

In §8.1.3 the asymptotics of S,(a) when p > 1 were obtained using the analogue
of the Poisson-Jacobi transformation in (8.1.5) combined with an application of
the method of steepest descent. In this section we show how these results can be
obtained using a Mellin-Barnes integral approach, which does not directly make
use of (8.1.5) and which also supplies the expansion when 0 < p < 1. In fact,
it will be seen during the course of the analysis that this relation is effectively
embodied in the well-known functional relation for the Riemann zeta function.

Our starting point is the identity, with ¢ > 0 so that the contour passes to the
right of the origin, %

c+-o0i

1
et = — I(s)z%ds (largz| < im; z#0); (8.1.28)
2mi c—00i

see §3.3.1. Use of this result enables us to recast the sum of exponentials in S, (a)
in the form

o ) 0 1 c+o0i
Splay—1=Y e =>" 2—/ T(s)(an?)~* ds
n=1 n=1 Tt Je—coi
1 c+o0i
= —/ C(s)¢(ps)ya—ds (¢ > 1/p), (8.1.29)
270 J oo

upon reversal of the order of integration and summation, which is justified when
¢ > 1/p, and evaluation of the inner sum in terms of the Riemann zeta function.
The path of integration in the Mellin-Barnes integral representation (8.1.29) is
shown in Fig. 8.5(a).

The domain of convergence of the integral (8.1.29) can be determined by exam-
ining the behaviour of the integrand as |s| — oo in the usual manner. Since
¢ > 1/p, we have on the path of integration |¢(ps)| < Z,fil n—P¢ = 0(1) so
that the convergence is controlled by the factor I"(s). It therefore follows, by com-
parison with (8.1.28), that (8.1.29) defines S,(a) in the sector | arg a| < %rr. We
shall see that it is not possible when p > 1 to bend the contour of integration in
(8.1.29) to pass to infinity along a path with | arg s| # %n in either Re(s) > 0 or

F It has been brought to the authors’ attention that a similar treatment using Mellin-Barnes integrals
had been developed by Boersma and Braaksma in two unpublished notes written in 1992 and 1994.

+ The constant c is used as a generic parameter. Its value can change as the associated Mellin-Barnes
integrals are manipulated. We shall indicate the restriction on ¢ at each occurrence.
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Im(s) Im(s)

t Re(s) 1 Re(s)

[ ]
L

2 -1 0| 1/p 3/p -Up |0 1 2

(@) (®)

Fig. 8.5. Paths of integration in the s plane (a) for the integral in (8.1.30) and () for the
integral in (8.1.34). The heavy points denote poles.

Re(s) < 0. When s = Re'®, R — oo the logarithm of the dominant real part of
the integrand from Stirling’s formula in (2.1.8) is controlled by

RcosOlogR +1log |¢(ps)| + O(R).

Since |¢(ps)| = O(1) to the right of Re(s) = c, this expression tends to +o0o
when cos@ > 0. Use of the functional relation for the zeta function in (4.1.4)
shows that the behaviour of ¢ (ps) in the left-hand half-plane is now dominated by
I'(1 — ps). In this case, the logarithm of the dominant real part of the integrand is
controlled by

RcosflogR — pRcosflogR + O(R) = (1 — p)Rcos6logR + O(R),

which, when cos 6 < 0, tends to +00 according as p > 1 or p < 1, respectively.
Thus, deformation of the contour in (8.1.29) into the right or left-hand half-planes
(when p > 1) is prohibited by the growth of I"(s) and ¢ (ps), respectively, in these
half-planes. However, when 0 < p < 1, the contour in (8.1.29) can be bent back
to enclose the poles of the integrand on the negative real axis to yield the result

I'(1/p)
Sy(a) — allr 1=H,(a) O<p<],

where we recall that H),(a) is defined in (8.1.8). We remark that the sum H,(a) is
convergent when 0 < p < 1 and that consequently the above result is an equality.

To deal with the case p > 1, we shall now suppose, as in §8.1.2, that a > 0.
The integral (8.1.29) has simple poles at s = —k (where k is a nonnegative integer)
together with a simple pole at s = 1/p resulting from ¢(ps). We now displace
the path over the poles at s = 1/p and s = 0, where the residues are given by
I'(1/p)/(pa'/?) and —%, respectively. This yields

B F(l/p) . 1 c+ooi

W 2 = % i F(—s){(—ps)a ds

Sy(@)
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1 et '+ ps)

=i ) TP T

sin %nps 2 \ 7
x| ——— —_— ds, (8.1.30)
sinms al/p

where 0 < ¢ < 1 and, for convenience, we have made the change of variable
s — —s followed by use of the functional relation for ¢ (s) in (4.1.4) in the form

(=)= =277 1¢(1 + 5)I'(1 + s) sin %ns. (8.1.31)
Since Re(1 + ps) > 1 on the path of integration in (8.1.30), we can expand the

zeta function in the integrand to obtain, after interchanging the order of summation
and integration, the result

Spay — P Zna_l/”iG @ (=1 (8.1.32)
! ballr 2 2. ’ 1
where
1 [erira sinizps\ /2 —ps—l
Gn(a)z—./ (L+ ps) (sina7ps ) (2mn ds  (8.133)
270 Joooi (1 +5) sin s al/p

with 0 < ¢ < 1. The integrals G,(a) will form the basis of our investigation
into the asymptotics of S, (a) by the Mellin-Barnes integral approach. In general,
there are two sequences of simple poles of the integrand: one sequence, resulting
from I'(1 + ps) sin(%nps), is given by s = —(2k + 1)/p for nonnegative k,
while the second, resulting from sin 7rs, is given by positive integer values of s;
the path of integration in (8.1.33) is shown in Fig. 8.5(b). For certain values of
p (namely integer values or rational fractions) some of these poles can become
ordinary points. In particular, when p is an even integer, the sequence of poles
from sin s vanishes, due to the term sin %n ps in the numerator, and there are
then no poles to the right of the contour. We shall see below that this corresponds
to the vanishing of the algebraic contribution to S,(a).

We note that G, (a) is related to the generalised hypergeometric function
F,(2wna~"/?) appearing in the analogue of the Poisson-Jacobi transformation
in (8.1.5). If we displace the contour in (8.1.33) to the left over the poles of the
integrand at s = —(2k + 1)/p, and compare (8.1.32) with (8.1.5), we find that

1
T2
Fp(Znna_l/”).
p

Gu(a) =
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8.1.5 The Asymptotic Expansion of S, (a) for a — 0+
We employ the result in (5.1.20)
sin Lzps X
2 )

-1
Zcos (%p —2r — l)ns +
r=0

sin (%p - ZN)JTS

: ) (8.1.34)
sinrws

sin s

where we choosef N = [p/4]. Substitution of (8.1.34) into (8.1.33) then yields
N—1

G,(a) = Z(J,+ +J7)+K, (8.1.35)
r=0

where

c i —ps—1
JE = Lf U T(1 + ps) <2nn> P oG p=2r=ymis g

" 270 Je—oi T(14s) \al/?
= (<) etrthmiv 1 /Hw L
27ip Je—ooi Tk +u/p)
% (e¢(2r+1)nanir)*’(“ (hic*)*du (8.1.36)

upon making the change of variablet u = 1 4 ps, and

1 /c.+ooi (1 + ps) sin(%p —2N)rms (27{}1

—ps—1
n ds, (8137
i Tty sin7s ) s @137

K= al/r

T 2w

where 0 < ¢ < 1. Here, we have put X = X, et +2)7i/c where we recall that
X, is defined in (8.1.9); compare (8.1.17). Note that the restriction on ¢ in (8.1.36)
(but not that in (8.1.37)) can be relaxed to ¢ > 0, since there are no poles of the
integrand in Re(u) > 0.

We now introduce the inverse factorial expansion, obtained from Stirling’s
expansion, for the ratio of gamma functions in (8.1.36). From Lemma 2.2
(for convenience, we have extracted a factor x from the coefficients A; and the
remainder function py;(u)), we find

M-1

_ W ke N )
Feetu/p) 270 {];( AT (ku + 9 — k)
+pM(u)F(K”+ﬁ_M)}v (8.1.38)

validas |u| — oointhe sector | arg u| < m, where the quantities %, «, ¥ are defined
in(8.1.9)and M =1, 2, ... . The function py (1) has polesatu =0, —1, =2, ...

F We use [ ] in this section to denote the nearest integer part; hence, [x] = N when x is in the interval
(N — %, N + %]. Note that when N = 0 (i.e., when 1 < p < 2) the expansion (8.1.34) contains no
information.

+ Inarriving at (8.1.36), it is helpful to note that the factor 2r +1)/p — % appearing in the exponential

has been written both as 2r + % —Q2r+ Dkand 2r + 1) +r.
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and is such that py () = O(1) as |u| — oo in |arg u| < . The coefficients A
are real (see §8.1.6) and will turn out to be the same coefficients in the exponential
expansions in (8.1.19), with Ay given in (8.1.9). Substitution of (8.1.38) into
(8.1.36) then leads to

M—1

J* ('K L ortiymiv k 1 coct
= o e E (=) Ak_2 ; I'(ku + 9 —k)
p k=0 Tl Je—ooi

' e 1 c+o00i
x (eFCr M) dy + 2—/ pu @)L (ku +9 — M)
Tl Je—coi

x (eF@r+mi xE )™ du}. (8.139)

Since there are no poles to the right of # = 0 in (8.1.36), we can choose ¢
sufficiently large and positive so that the path in each integral appearing in the
sum over k in (8.1.39) lies to the right of all the poles of its respective integrand.
The resulting integrals can then be evaluated by employing (8.1.28) in the slightly
modified form

1 c+ooi 1
— T(ku+9 —k)z*"du = —z"" ™ (larg z| < in),
2700 Jo—ooi K
where the contour lies to the right of the poles of the integrand. Identifying z with
exp{FQ2r + l)m'}X,jfr, sothatarg z = £(2r + 1 — %p)n/(p — 1), we note that
the convergence condition | arg z| < %n is satisfied for the integrals in the sum
over k in (8.1.39), since

@r+1=3pm/(p—Dl<3r O=<r<N-1) (8.1.40)

when N > 1. We therefore obtain the expansion as a — 0+

M—1
=) + -
JE= %(xj,)” X 3" A TE+ Ry (8.1.41)
k=0

where the remainders R?f,[ result from the last integral involving p, (1) in (8.1.39).
The order of the remainder term in such expansions is considered in Lemma 2.7,
where it is shown that ij, =0(X ,jfr)’M ); we omit these details here.

The integral K in (8.1.37) involves an integrand which, for general p, possesses
simple poles situated to the right of the contour at s = 1,2, ... . Following the
standard method of asymptotic estimation of Mellin-Barnes integrals [see §5.1],
we displace the path of integration to the right over these poles to obtain the
algebraic expansion

I o (5! kpt1
K~ — I'(kp + D) sin(Lnkp)(a'/? j27n)™"". 8.1.42
- ; X (kp + 1) sin(37kp)(a'/? /27t n) ( )



370 8. Application to Some Special Functions

This last expansion vanishes when p is an even integer. In this case, we observe that

sin (%p—2N)7ts 0 (p/2even)

sin7rs 1 (p/2odd)

when N = [p/4]. Thus, when p/2 is even (i.e., when p = 4N) the integral
K =0, but when p/2 is odd (i.e., when p = 4N + 2), K makes an exponentially
small contribution to G, (a). This is most easily seen by writing the finite Fourier
expansion (8.1.34), when p = 4N + 2, in the form

sin %rr ps N

— =2 Z A, cos2(N —r)ms,

in
sin s =

where A, =1 — 8, ~, with §;; being the Kronecker delta symbol. The analysis
of the integrals Jri can therefore be extended to deal with the term correspond-
ing to r = N in the above sum (since (8.1.40) is also satisfied when r = N).
Consequently, we see that when p/2 is odd, there is an additional exponentially
subdominant contribution to G,(a) given by

X’ >
Lizzzjze—xn§:c—fAkx;k, (8.1.43)
k=0
since X, = X, eTCN*D™i — _X, when p = 4N + 2.

From (8.1.35), (8.1.41) and (8.1.43), the expansion of G,(a) for p > 1 is
therefore given by

[ee]

Gula) ~ Z

k=1

F(kp + Dsin (3kp)(a 1/”/27m)kp+l

ﬁN
n

Z( )reX cos (2r+ )T /K}
r=0

X ZAkX;k cos{X,, sin(2r + %)n//c + @k(r)}
k=0

MWJ‘%Z(“M

where we have put p’ = 4N + 2 and X,,, ©,(r) are defined in (8.1.9) and at
(8.1.18). Evaluation of the sum over n according to (8.1.32) then produces the
expansion for §,(a), which we state in the final form:

Theorem 8.1. With the notation of §8.1.1, we have the asymptotic expansion

S(a)—F(l/p)—l = H,(a) O<p<l (8.1.44)
? pa'/r 2 |~ E,(a)+ Hya) (p>1) w
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as a — 0+, where E,(a) and H,(a) are the exponentially small and algebraic
contributions given by

N-1

Ep@ =Y e@ p)+ten(@ p),y (0 =4N+2)  (8.145)
r=0

and
1o (O

H,,(a) = ; Z X
k=1 )

with N being the nearest integer part of%p. When 0 < p < 1, the sum Hp(a) is
convergent and the first equation in (8.1.44) is an equality; when p > 1 this sum
is divergent. The expansions e.(a; p) (0 <r < N — 1) are defined by

—1

T(kp + 1) sin(3wkp)¢ (kp + D(a/Qm)P)E,  (8.1.46)

o0

2(-)" %
e (a; p) = p(al/)P ZXfeX" cos{2r+1)m/i} ZAkX;k
n=1 k=0

x cos{X,, sin(2r + D /k + Or(r)}, (8.1.47)
where X, is related to the summation variable n through (8.1.9), the angle O (r) =
@r+H® -k /k and

oo

2 o0
en(a; p) = Sall? DoXTe MY (F At (8.1.48)
n=1 k=0

The coefficients Ay are discussed in §8.1.6 and Ay = (ZH)%K’%’ﬂp’ﬂ.

This result agrees with that obtained in §8.1.3 by the method of steepest descent.
We remark that the algebraic expansion can be expressed alternatively in the form

[0}

K
Hya) = 32 S ckp)at
k=1 :

by (4.1.4). The sum of exponential terms e, (a; p) corresponds to the contribution
obtained from all the contributory saddles in (8.1.19), while the presence of the term
involving ey (a; p) is equivalent to the appearance of an additional contributory
saddle on the positive imaginary t axis when p = p’. We remark that the expansion
E,(a) in (8.1.45) does not hold uniformly as p — p’. The treatment of this case
would require taking into account the smooth appearance (a Stokes phenomenon)
of the additional exponentially small expansion ey (a; p) in the neighbourhood of
p = p’. We discuss this problem in §8.1.7.

8.1.6 The Coefficients A

In this section we determine the coefficients A appearing in the exponential expan-
sions e, (a; p) in (8.1.47) and (8.1.48). For convenience, we shall normalise these
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coefficients by writing A; = Aocy, so that cg = 1. For integer values of p we can
proceed by observing that the integral 7, (x) in (8.1.11) is related to the function
U,,1(z) defined in Paris & Wood (1986, §3.2 and Eq. (3.10.12)) by

1 < (ix) _ [(k+1 1 ,
1ﬂm=;g;k!r(7r)=;wﬂmm, (8.1.49)

where £ is defined in (8.1.9). The coefficients ¢ in the exponential expansion of
U,,1(ihx) and those in I,(x) are consequently the same. The p-term recurrence
relation for the ¢y is given by [Paris & Wood (1986, Egs. (3.5.4), (3.4.13))]

p—1

(p—Dkce =Y e jPpj1(j — k), (8.1.50)
j=1

where ¢; = 0 for k < 0. The coefficients P,_;_;(j — k) are

j r
. P _E: (p=1-)) k—1 e (P (pem)
prjfl(J k) = 2 6,,_1_, mEZOK W +j—k) <r B m)S”p "

(8.1.51)

where S and G are the Stirling numbers of the first and second kinds, respectively;
see Temme (1996, §1.3). Since all parameters in (8.1.51) are real, it follows that
the coefficients ¢, are real.

For example, when p = 3, we have the 3-term recurrence relation given by

2kcy = Pi(1 —k)cp—1 + P02 — k) (K= 1), (8.1.52)
with
2

A=) =3k = 3+ (k=) = .

R2—0 = (= BF -0 -8,
This agrees with the coefficients obtained from Kowalenko et al. (1995, Eq. (6.85))
where their coefficients Ny = 27%¢;. Through use of the theory of the gen-
eralised hypergeometric function, Kowalenko et al. were able to show that the

recurrence relation (8.1.52) reduces to a two-term recurrence with the closed-form
solution

_Pk+)T(k+3).

- 8.1.53
“T T (re) (®139

see Eq. (6.89) of this reference. When p = 4, we obtain the 4-term recurrence
relation

3kcy = Py(1 — k)crey + P2 — K)cken + Po(3 — K)ck—s (k> 1), (8.1.54)
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with

Py(1 — k) = 6k* — Bk + 3L,

P-H =4~ 1 - 561 -2~ D+
RoG =8 = (k= 3k~ )k~ 2)(k - 1)

This yields the same coefficients as obtained in Kowalenko et al. (1995,
Eq. (6.31)).

The recurrence relation (8.1.50) was obtained from the pth-order ordinary dif-
ferential equation satisfied by U, 1(z). It is clear that, for noninteger values of
p, this process will no longer be valid. To obtain the coefficients c¢; for general
values of p, we turn to the inverse factorial expansion in (8.1.38) and employ the
approach described in §2.2.4. If we introduce the scaled gamma function I'*(z)
defined in (2.1.10), then we find that

I'(u) _ KA

T T/ TG 9) ~ 2n ) "R@T W,

where
| Kkp\P—ulp 9\ 1 5
R(u):62<1+—> 1+ — 1+ —t0w?),
u Ku 8ku
[ (u) Y1 -
T = =1 < _ [0)
@) (e +u/p)I*(ku + 9) * Ku (p =K+ 0@™)
and y; = —ﬁ. Then (8.1.38) can be rewritten in the form
M—1
Ck ()™ ppr ()
Ru)Y (u) = + M=1,2,...),
@)Y (w) kX:(;(—Ku—ﬁ—i—l)k Ag(—ku — 9 + 1)y ( )

(8.1.55)

where (a); = I'(a + k)/ T'(a). Equating coefficients of u~! in the expansion of
both sides of (8.1.55) we obtain

1
o = m@p— D(p —2) (8.1.56)

valid for general values of p. It is worth noting that (8.1.56) corresponds to the
value of ¢; given in Paris & Wood (1986, p. 74) for integer values of p.

The higher coefficients can be obtained by continuation of this process. If we
define

20— 1)(p—2
ckz%ék k> 1), (8.1.57)
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we find, with the aid of Mathematica, for general values of p > 2

61 =1, &=0Qp*+19p+2),
+(556p* — 1628 p* — 9093 p* — 1628 p + 556),
— (4568 p° + 226668 p> — 465702p* — 2013479p* — 465702 p*

+ 226668 p + 4568),
&5 = 15(2622064 p® — 12598624 p” — 167685080 p° + 302008904 p°
+ 1115235367 p* + 302008904 p* — 167685080 p>
— 12598624 p + 2622064),

86 = 7255 (167898208 p'” + 22774946512 p° — 88280004528 p*

— 611863976472p" + 1041430242126 p°

+ 3446851131657 p> + 1041430242126 p* — 611863976472 p>

— 88280004528 p” + 22774946512 p + 167898208),
34221025984 p'? — 226022948160p"! — 5067505612464 p'°
+ 18868361443936p° + 86215425028308 p°

— 143500920544692p” — 437682618704613 p°

— 143500920544692 p° + 86215425028308 p*

+ 18868361443936 p° — 5067505612464 p>

— 226022948160 p + 34221025984),
573840801152p'* + 156998277198784 p'?

— 898376974770592p'% — 8622589006459984 p'!

+ 32874204024803560p'° + 111492707520083828 p°

— 184768503480287646 p% — 528612016938984183 p’

— 184768503480287646p° + 111492707520083828 p°

+ 32874204024803560 p* — 8622589006459984 p*

— 898376974770592p* + 156998277198784 p + 573840801152).

1= %600(

= 25200(

We remark that these values satisfy the recurrence relations in (8.1.52) and (8.1.54)
when p =3 and p = 4, and that ¢, = 0 (k > 1) when p = 2.

8.1.7 The Stokes Phenomenon for p ~ 2

To conclude this discussion of the Euler-Jacobi series, we consider the exponential
expansion £, (a) in (8.1.45) when p is in the neighbourhood of the classical value
p = 2. As we saw in §8.1.2, such values of p correspond to the first saddle point
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7y of the integrand in (8.1.11) crossing the positive imaginary axis into the first
quadrant (as p increases) to yield the exponentially small expansion ey (a; p). The
detailed structure of the appearance of each of the infinite subdominant exponen-
tials contained in ep(a; p) is controlled by a Stokes phenomenon, and we therefore
expect this structure to exhibit (to leading order) an error function dependence with
an argument measuring the transition proportional to p — 2; see §6.2.

To investigate the birth of the expansion{ eg(a; p) when p ~ 2, we consider
the integral for G, (a) in (8.1.33), where we can take the contour to be the line
(—c—o0i, —c+o00i) with0 < ¢ < 1/p. Such displacement of the path across the
origin is permissible because the integrand is regular at s = 0; cf. Fig. 8.5(b). We
letm, (n = 1, 2, ...)denote arbitrary positive integers and displace the contour of
integration to the right over the first m, — 1 poles of the integrand on the positive
real axis to find

my—1
1~ (0! . kp+1
G,(a) = - ,; l i ['(kp 4 1) sin (%nkp)(al/p/Znn) P R, (a; my),

(8.1.58)

where the remainder R, (a; m,) is given by

Ry(a;my) = —

—c+m,+00i I ( + pS) Sin 2:11 S ! d (8 I 5 9)
N .
2” 4 —c+m, —ooi ( ) g

al/P

with 0 < ¢ < 1/p. The finite sum in (8.1.58) corresponds to the first m, — 1 terms
in the algebraic expansion of G, (a) in (8.1.42).

In order to detect the appearance of eqg(a; p) we shall need to choose the m,,
to correspond to the optimal truncation (see §1.1.2) of the algebraic expansion in
(8.1.58) for each n. This is achieved when the terms in the expansion attain their
numerically smallest value and is given by balancing the approximate magnitudes
of the (k — 1)th and kth terms to yield

(kp—P)' (al/p>(k—l)l’+l (kp)' (al/P>kp+l

(k—=1! \2nn k! \2nn

that is, on the assumption that k >> 1 and use of Stirling’s formula in (2.1.8) to
approximate the factorials, when

22n\' _ (kp)! kp)? 1
(””)~ &) pr &) (14 D =k pr.

a’?) T kp—plk k

F The procedure adopted here is essentially the same as that employed in the discussion of the
exponential improvement of the asymptotics of the gamma function in §6.4.2.
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The optimal truncation index k = M,, for G, (a) is therefore given by

2 1k X
M, :( ”1’/’ ) = A (8.1.60)
pa'l? p—1

where we recall that ¥ and X, are defined in (8.1.9).

We now choose the integers m,, to be the optimal truncation indices M,, (for
n = 1,2,...) and proceed to manipulate the remainder integral (8.1.59) into a
form from which we can extract the so-called terminant function f",, (z) defined in
(6.2.6) and (6.2.7). From §6.2.6, it is seen that the leading asymptotic behaviour
of fv (z) when v ~ |z] — oo and |arg z| >~ 7 incorporates the error function
smoothing that we seek. Since in the limit a — 0+ the optimal truncation indices
M, — oo, it follows that the arguments in the gamma functions in the integrand
of R,(a; M,) are both large on the (displaced) path of integration. Consequently,
we can express the quotient of gamma functions in (8.1.59) to leading order as

F(1+ps) KA() —ps—1 1
Tt | 2x ) (eps +2)

compare (8.1.38). Then we find approximately (when m, = M,,)

A | —c+M,+ooi sin lﬂ— s
Rufas M)~ 0% 5 D(kps + 1) = X7 ds
21 270 J e My —ooi sinms
A 1 —c+o0i
M, 0 0 -,
= (— "_X (I F v
X 277[./7670@. & + v,)
-
sin swTp(s + M,
X MX;W&
sin s
=T | e
4rmip 278 J_o—ooi  SINTE
X {e;ﬂipM,, (e—m‘/ZKXn)—é
CLaipMy  mij2x v v—¢ | SINT(Pp — Ds
— e  2TPHn (M X, )T b ————dE. (8.1.61)
sin7s

In the above integrals the constant ¢ can be chosen to satisfy 0 < ¢ < 1, and we
have let s — s + M,, introduced the new variable & = kps = (p — 1)s and put
v, = kpM, + %

From the discussion in §5.2.2, it can be seen that the dominant contribution
to the integral of type (8.1.61) containing the factor (X,e')7¢ arises from the
vertical contour in the upper half plane when 6 > 0, where sinw(p — 1)s/
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sinms ~ exp{—mi(p — 2)s}, and in the lower half plane when 6 < 0, where
sint(p — 1)s/sinms ~ exp{mi(p — 2)s}. This observation then enables us to
estimate the integral (8.1.61) in the form

A 1 —c+o0i r . i )
Ry(a; M) ~ ()M 20 x=v / DE+ v [ smipm, (. ,i6) -
4mip 270 ) _e—ooi  SINTE
— e‘%m‘pMn (Xneid))—é} dg, (8.1.62)

where we have put

_n o, ap=2 __ , (p-2
¢_2K+ b—1 —7T+27T b1 .

We observe that ¢ >~ 7 in the transition region p =~ 2.

From the definition of the terminant function f",, (z) given in (6.2.6) and (6.2.7)
in the form of a Mellin-Barnes integral, we can immediately identify the integrals
in (8.1.62) in terms of the terminant functions 7, (X,e**) to find

A A o ‘
Ra(a; My) ~ 58X e [ X T, (X,el9)
e fvn (X, ') }

where we have defined w, = ¢v, + (1 — % p)mw M, . Since M, corresponds to the
optimal truncation value in (8.1.60), we require the asymptotics of T}, (X,e*'?)
for X, — oo when v, = kpM, + 3 ~ X, and ¢ =~ 7. From (6.2.56), we then
havet (forn =1,2,...)

T, (X,e'?) ~ 1 4 Lerf (¢ — 1) (1X,)?)
andi
T, (X ) ~ i =y Lart (- $) (3 X0

in the neighbourhood of ¢ = 7.

Let us introduce the variable ¢ = p — 2 to measure transition through the
classical Euler—Jacobi case. Use of the identities w, = v, — 719/(2k) and ¢ =
2n — m/(2k), together with the fact that erf(—z) = —erf(z), then shows that we

1 The quantity c(¢) appearing in the argument of the error function in (6.2.56) satisfies c(¢) ~ ¢ —
in the neighbourhood of ¢ = 7.
% This follows, for example, from the connection formula (6.2.45) and use of the above result for

T,, (X, e'%).
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can define the Stokes multipliers S, (¢) by writing R, (a; M,) in the form

A . .7
Ry(a; M,) = n—;X,?eX“ cos(T/26) cos{ X, sin — +

Y
2k E}Sn(e)

Then in the neighbourhood of p = 2 (i.e., when ¢ ~ m) we have the leading
behaviour of the Stokes multipliers given by

Su(e) = 1 + Lerf{(¢ — m)(1X,)?)

€ 1
~ 14 Lerf { T (%X,,)z} (8.1.63)
as a — 04, where we recall that X,, = K(2nhn/a1/1’)1/".
From (8.1.58) and (8.1.32), we finally arrive at our desired result in the form

ra
Spta) — - 1//],),) — 3 =E,(@) +H,(a), (8.1.64)
where
11 M -
H,(a) = ;Z; Iﬂ(kP-i- D sin(3kp)(a/Q@rn)?)*  (8.1.65)
k=1
and

E,(a) = 7 ZR (a; M)

o0
9
= 3 X2Xre 2 cost X, sin 2+ 21 S,(e). (8.1.66)
2K 2K

n=1

We thus see that each exponential in the infinite sum over z in (8.1.66) is associated
with its own Stokes multiplier, each of which is described by (8.1.63) in the limit
a — 0+ as we pass through the value p = 2.

We can now summarise the principal finding of this section. When the alge-
braic expansion associated with each value of n is optimally truncated according
to (8.1.60), the transition of the Stokes multipliers S,(¢) (n = 1,2,...) in the
neighbourhood of the classical value p = 2 is smooth: S,(¢) changes from
approximately zero when p < 2 (¢ < 0) to approximately 1 when p > 2 (e > 0)
within a region centred on p = 2 of width O((a'/?/n)?/*?~D) as a — 04. We
note that this transition region becomes sharper as n increases. Thus, outside this
transition region, when p < 2 the expansion of S,(a) is given by the algebraic
expansion H,(a) only (which is equivalent to H,(a) in (8.1.46)), while when
p > 2 the expansion in (8.1.66) agrees with the leading exponential terms in the
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expansion ep(a; p) in (8.1.45) (with N = 1). When p = 2 we have S, (0) >~ %
However, in this case we know from §8.1.2 that S,,(0) = = exactly (and not just
to leading order).

Two additional remarks on the nature of the appearance of the expansion
eo(a; p) are in order. First, the transition is characterised by the (dominant) alge-
braic expansion H, (a) actually vanishing when p = 2. And secondly, we remark
that the variation through p = 2 is asymmetric in the transition variable € due to
the presence of the factor € /(1 4-¢€) in the argument of the error function in (8.1.63).
This will result in a skewed distribution of the Stokes multiplier as a function of p.

To verify these conclusions we have carried out numerical calculations for the
transition of the leading exponential term in (8.1.66) with n = 1. We subtract off
the corresponding algebraic expansion (with n = 1) from the left-hand side of
(8.1.64) and compute the value of

rd/p)
Si(e) = {Sp(a) —1//1) - %
1 k—l
- = Z [(kp + 1) sin(37kp)(a/2m)")"
i
k=
. 2A0 D X cos(1/2x) T iy
: pal/PX” cosy X, sm2 +§

as a function of p for a fixed a, where the truncation index M; corresponds to
the optimal truncation scheme in (8.1.60) and X; = « (2w h /al/ Pyl/% The results
are presented in Fig. 8.6 for the particular case a = 0.2. It can be seen that the
error function approximation (8.1.63) agrees reasonably well (for this relatively

0.8
0.6
Si(e)
0.4

0.2

1.8 2 2.2 24 2.6
p

Fig. 8.6. The behaviour of the Stokes multiplier S (¢) (Where € = p — 2) in the neighbour-
hood of p = 2 when a = 0.2. The computed values are shown by the solid curve and the
approximate dependence in (8.1.63) is shown by the dashed curve.
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large value of a) with the calculated Stokes multiplier profile. In particular, the
asymmetric nature of the profile is plainly evident.

8.2 An Asymptotic Formula for ¢ (% +it)

8.2.1 Introduction

The earliest published method of computing the Riemann zeta function ¢(s) as
a function of the complex variable s = o + it is the so-called Gram formula
[Gram (1903)]. This results from an application of the Euler-Maclaurin sum-
mation formula and is an asymptotic expansion valid for all s (% 1) given by
[Haselgrove (1963); Bender & Orszag? (1978, p. 379)]
pl —s = BZm (S)Zm—l
C(s)’v;n + m=1W,

Nl

s —

T+ SNT N7 (8.2.1)
where B,,, are the Bernoulli numbers and («),, = ['(¢+m)/ ' («). The asymptotic
parameter in this expansion is N. Inspection of the terms in the sum over m shows
that for this to possess an asymptotic character (i.e., for the absolute value of the
terms to initially decrease before ultimately diverging), N must be chosen such
that N > |s|/2m. On the critical line o = %, the number of terms in the finite main
sum (over n) in (8.2.1) when ¢ is large is thus of O (|¢|/2m).

A more powerful means of computing ¢ (s) for large ¢ (> 0) on the critical
line is the Riemann-Siegel formula} [Edwards (1974); Haselgrove (1963)]. This
is usually presented for the real, even function Z () = exp{i ¥ (¢)}¢ (% +1it), where
the phase-angle

9 (t) = arg T'( + 1it) — it log 7.

This asymptotic formula is given by

N, 00
Z(t) ~ 2Re{e””’> Zn—%‘”} + (NN /2) 7Y () /2707 (2),
n=1 r=0
(8.2.2)

where N, denotes the integer part of (t/27r)%, z= 2{(t/27r)% — N;} — 1 and the
functions W, (z) are combinations of derivatives of the function
Wy (z) = cos 71(%z2 + %)/ COSTTZ.

For ¢ > 1, this formula is a more efficient means of computing {(% + it), since
the main sum involves N, >~ ./(t/27) terms as compared with O (¢/27) terms in

F There is a misprint in this reference: the n! in Eq. (8.1.23) should be (2n)!.
# This formula, which was discovered by Siegel in the posthumous papers of Riemann dating from
the late 1850s, was finally published in 1932.
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the Gram formula. For a recent investigation of the behaviour of the coefficients
W, (z) for large r, see Berry (1995).

Recently, some new asymptotic formulas for Z (#) have been developed in which
the terms in the original Dirichlet series fo;l n~* (valid in ¢ > 1) are smoothed
by a function which is approximately unity for n < N, and decays to zero for
n Z N,. The first is an expansion derived by Berry & Keating (1992), in which the
leading term is given by the convergent sum

2Re e " nmi T ¢ Lerfe (/(1/2) £, 1) /g (k. 1)) (8.2.3)

n=I

where £(n,t) = logn — 9'(t), ¢*(k,t) = k* — it®"(t) and « is a real free
parameter. For large ¢, &£ (n, t) >~ log (n/N,) and qz(/c, 1) ~k?— %i, so that (8.2.3)
resembles the finite main sum of the Riemann-Siegel formula, but with the sharp
cut-off after N, terms smoothed away by the complementary error function. One
advantage of such a smoothed formula over the Riemann-Siegel formula is the
removal of the discontinuity in the main sum as a function of ¢ resulting from the
discrete upper limit ;. Other expansions for Z(¢), with the normalised incomplete
gamma function

I'a,z) 1

Q@)= ~Tw

o0
/ ule™du (|arg z| < ) (8.2.4)
Z

as the smoothing function, have been developed in Paris (1994b) and Paris & Cang
(1997b). These expansions rely on the uniform asymptotics of Q(a, z) (when the
phase of a and z are close to %n) and also yield an expansion that involves a
main sum smoothed by a complementary error function, although with a different
argument to that in (8.2.3). It is found that in these expansions the smoothing
function is approximately unity for n < N, and decays to zero for n =, N;; the cut-
off therefore occurs after roughly N, terms so that these formulas are all of the
computationally more powerful Riemann-Siegel type.

In this section we derive an expansion which involves the incomplete gamma
function with a free parameter a. Suitable choice of this parameter then enables
us to present expansions of different asymptotic character. When a = O(1), we
obtain a main sum which is smoothed either by a simple exponential factor or a
complementary error function of real argument. In these cases it is found that for
these terms to possess an asymptotic character, it is necessary to take the cut-off
in the smoothed main sum to occur after O(¢/2m) terms, resulting in a formula
of the less powerful Gram-type. On the other hand, when we choose a = %s, we
obtain the Riemann-Siegel-type expansion developed in Paris & Cang (1997b).
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8.2.2 An Expansion for ¢ (s)

Let p be a positive real number and a, K denote arbitrary complex parameters
which will be restricted to satisfy | arg K| < 7/4p and Re(a) > 0. We consider
the sum of normalised incomplete gamma functions given by

S=Y n"*Qa,(n/K)*), (8.2.5)

n=1

where s = o + it and Qf(a, z) is defined in (8.2.4). From the asymptotic
behaviour [Abramowitz & Stegun (1965, p. 263)] I'(a, z) ~ z° ‘e % as |z] — oo
in |arg z| < %n, it can be seen that the late terms in S are controlled by
n?P@=D=% exp{—(n/K)*"} (when n/|K| > 1), so that, provided |arg K| <
7 /4p, the sum S converges absolutely for all @ and s.

We now employ the Mellin-Barnes integral representation of the incomplete
gamma function I'(a, x) given by (3.4.12)

1 c+o0i » du .
I'a,x)=— I'a+ux"— (larg x| < 57),
270 Jo—ooi u
where ¢ > 0. Substitution of this integral into the sum S, followed by reversal of the
order of summation and integration (which is justified by absolute convergence)
and introduction of the new variable z = 2pu, then leads to the Perron-type
formula

s— | /CWF + ks + 0% (8.2.6)
=it ), \“Tg, )Rt -

|arg K| < /4p, c¢ > max{0,1 —o}.

The integrand in (8.2.6) has poles at z = 0 and z = 1 — s, together with (in
general) an infinite sequence of poles in Re (z) < 0 resulting from the gamma
function. As we are primarily interested in s values situated in the critical strip
0 < o < 1, we shall suppose for convenience in presentation that o < 1. This
ensures that the pole at z = 1 —s liesin Re(z) > 0, thereby avoiding the possibility
of the formation of a double pole. Displacement of the path of integration and
evaluation of the residues at the simple poles z = 0 and z = 1 — s then shows that

Fa+1-9)/2p) K"

t(s) =S+ o e 8.2.7)

where, provided |arg K| < 7 /4p,

i —c+o0i

Z z d_z
=omr@ ). Pt )k +a, (8.2.8)

2p
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and 0 < ¢/2p < Re(a). We remark that the restriction on o is easily removed to
include the case o > 1 by suitable indentation (when necessary) of the path of
integration in (8.2.8) to lie to the left of the pole z = 1 — s but to the right of the
poles of the gamma function.

Straightforward displacement of the path of integration in (8.2.8) to the left

over the simple poles of the gamma function at z = —2p(m + a) for nonnegative
integer m, combined with the functional relation (8.1.31) expressed in the form
g(s) = x(s)¢d =), (8.2.9)
where
1 r L. lS
x()=27*""sin{wsT(1 —s5) = 7' —EM, (8.2.10)
I'(5s)
then leads to the result
M—1
X(s) X (5)" K)ot
J = An+ Ry, 8.2.11
I'(a) mX:(:) m! m+a + R ( )
where M = 1,2, ... . The coefficients A,, are defined by
_ sin %n(s —2pm+a)) T —s+2p(m + a))
" sin %ns ra—s)
x (1 —s+2p@m+a)) (8.2.12)
and the remainder Rj;, when |arg K| < m/4p, is given by
i T (g 2 Kiees + 0% (8.2.13)
= a+ — s —, 2.
Mm@ Ly 2p “7

where ¢y = ¢+ 2p(M — 1 +Re(a)) and 0 < ¢ < 2p.
Combination of (8.2.7) and (8.2.11) then gives the desired expansion for ¢ (s)
in the form [Paris & Cang (1997a)]

s — 1—s
((S)ZZnﬂQ(a’(n/K)Zp)_'_ I'a+1-s)/2p) K

= I'(a) s —1
M-1
X(5) R ()" rK)~2rint
An+ Ry 8.2.14
I'(a) mX:;) m! m+a + Ku ( )

This representation is seen to involve the original Dirichlet series smoothed by the
incomplete gamma function. We remark that the coefficients A,, in (8.2.12) enjoy
the unusual property of involving the zeta function itself. The expansion (8.2.14)

T This separation of the poles will not be possible whens =1+ 2p(m +a),m =0, 1,2, ..., due to
the presence of a double pole at z = 1 — s. In this case, the second term on the right-hand side of
(8.2.7) would disappear. Since this situation can only arise for o > 1 we do not consider this further.
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will therefore be of computational use only if Re(a) > o/2p, for then the zeta
functions in (8.2.12) can be computed simply from the convergent Dirichlet series.

8.2.3 An Exponentially-Smoothed Gram-Type Expansion

To simplify the expansion (8.2.14) we now choose a = 1, since Q(1,z7) = e7%,
and let K be a real positive parameter. This choicef results in the main sum (over
n) being smoothed by the real exponential factor exp{—(n/K)>?}. If we further
suppose p to be a positive integer, the coefficients A,, in (8.2.12) then assume the
simpler form

A1 ="M = 8)opm ¢ (L —=s+2pm)  (m = 1).

As an illustration, we take p = 1 to find
o0
s —(n/K)? —
C(s) = Zn Sem/B _Igl=pd — Ly
n=1

(;1)‘ QrK) " Ap_i + Ry. (8.2.15)

M
- XY
m=1

This formula exhibits a simple exponential smoothing in which the terms in the
main sum effectively ‘switch off” for values of n given by n* ~ K, where the
parameter K, as yet, has not been specified. The choice of K, however, is unfortu-
nately not entirely at our disposal. This results from the large-m behaviour of the
terms in the finite sum in (8.2.15) which, since ¢(1 — s +2pm) — 1 asm — oo,
is controlled essentially by the behaviour of

2m
( t ) |(1 = $)om] > 1),

2rK m!¢2m

It is easily shown that, for the terms in this sequence to possess an asymptotic
character, it is necessary to choose K Z t/2m. With K chosen in this manner, the
terms in (8.2.15) will at first decrease to a minimum value at m = M, before
finally diverging in typical asymptotic fashion. The optimal truncation point M, is
given approximately by My ~ (t/21)%, when A = ¢/2m K = O(1). Since the main
sum is then smoothed after n* >~ ¢ /27 terms, the formula (8.2.15) consequently
has the character of a Gram-type formula, rather than that of a more powerful
Riemann-Siegel-type formula.

In (8.2.15) we now choose K = t/2m and confine our attention to the critical
%, where, from (8.2.10), we note that X(% + it) = exp(—2iv(¢)).
A bound on the remainder term R, is discussed in Paris & Cang (1997a), where

line 0 =

1 Another obvious choice is a = %

smoothed by erfc{(n/K)?}.

, since Q(%, 7?) = erfc(z), and the terms in the main sum are then



8.2. An Asymptotic Formula for ;“(% + it) 385

Table 8.1. Values of the coefficient
Gy (t) whent =50 andt = 100

M G (50) G (100)
5 1.09122 1.02230
10 1.79844 1.16447
15 5.99574 1.62045
20 48.5599 2.98869
25 1042.88 7.82060

it is shown that on the critical line (whena = p = 1)

2702M + 3)Cy (1)
aT(M+3)

|Ru| < (8.2.16)

The coefficient Cy, (¢) is given by

Cu@) = Gy (®){e X sinh y + X_NF(N + 1, x) cosh x},
where

Gu() = (50) " |(5 = 3N + 3i1),|

and x = mt/4, N = 2M + 1. We remark that ¢(2M + %) ~ 1 forM > 1and
that for fixed M, Gy (t) — 1 and Cy(t) — 1 ast — o0. The function Gy, (¢)
is determined by direct computation; in Table 8.1 we show values of Gy (t) for
different M when t = 50 and r = 100.

In Table 8.2 we show the real function Z(#) computed from (8.2.15) with M
chosen to guarantee an accuracy of 25 decimals. For the lowest value r = 10, M
was chosen to be the optimal value M, = 24, while for the other ¢ values truncation
of the series in (8.2.15) was highly sub-optimal. The bound for R, in (8.2.16) is
unfortunately not sharp enough to establish the asymptotic nature of the expansion
in (8.2.15). For modest values of M (which would, however, be quite sufficient for
most computational purposes) this bound turns out to be very realistic, but is too
crude for values of M near optimal truncation. To illustrate this, we compare in
Table 8.3 the bound (8.2.16) for different truncations M (when K = ¢/27) with the
actual error incurred in computing Z (¢) for two different values of . Inspection of
this table reveals that the bound is quite realistic until M =~ ¢ /2. For higher values
of M, it is found that the bound begins to deteriorate and at optimal truncation is
quite useless.

8.2.4 A Riemann-Siegel-Type Expansion

We demonstrate how the result in (8.2.6) can yield a different type of expansion
for ¢(s). To see this, we set a = %s with p = 1 and let K denote an arbitrary
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Table 8.2. Computation of Z(t) from (5.2.14)
for different values of t. When t = 10, optimal
truncation yields a value accurate to 5 decimals
only. For the other t values M was chosen to
vield an accuracy of 25 decimals

a=1 p=1 K=t/2n
t Zapprox M
10 —1.54918 98595 24

20 | +1.14784 24121 85197 27763 50341 | 50
30 | +0.59602 85192 39884 95531 85143 | 33
40 | —1.30888 23934 56599 15901 61454 | 29
50 | —0.34073 50059 55024 98275 33166 | 27

Table 8.3. Values of |Ry| for t = 50 and t = 100

a=1 p=1 K=t/2n
t =150 t =100
M | |Z — Zapprox| [Rul |Z — Zapprox| [Ru|
5 1.366 x1073 4.047 x1073 1.250 x1073 3.453 x1073
10 | 4.588 x1073 2.070 x 1077 2.763 x 1078 1.038 x 1077
15 | 3.268 x10~13 2.464 x107'2 | 7.709 x10~'* 3.706 x 10713
20 | 1.217 x107'8 2.330 x10717 | 6.102 x1072° 3.689 x1071°
25 | 3.718 x107 5.198 x1072% | 2.123 x1072¢ 1.654 x107%
30 | 1.188 x107% 6.189 x107%° | 4.290 x 1073 4.605 x10~%

complex parameter satisfying |arg K| < %7‘[. In the derivation of this expansion
we shall find it convenient to restrict our attention to the critical strip 0 < o < 1,
appealing to analytic continuation to establish the result for general values of s
and |arg K| < %n. From (8.2.12), we then obtainf

1

Ao = —3m cosecims/T'(1—s) (8.2.17)

with A,, = 0 (m > 1). The finite sum over m in (8.2.14) now reduces to the single
term withm = 0

QrK)=x(s), _ K~
%SF(%S) SF(%S).
This situation corresponds to the integrand in (8.2.8) possessing only a single
simple pole at z = —s on the left of the path of integration, with the remaining

F This follows from the result that ¢ (1 4 2x) sintx — %rr asx — 0.
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poles of the gamma function being cancelled by the trivial zeros of ¢ (s +z) situated

atz = —s — 2k, k=1,2,....Then the expansion (8.2.14) in this case becomes
o0 1
K™ (n2K 1
= T O@s, K)?) + <———>+R,
£(s) n§=ljn 0Gs. /K + o (=7 =5 ) + R

where, from (8.2.13),

i —c+ooi

dz
= — T35+ 30K +2)—
27T () e (35 + 32 K7¢( )Z

Ry
with |arg K| < in. Since there are no poles of the above integrand to the left of
z = —s, the condition on ¢ can be relaxed to ¢ > o.

Use of the functional relation for ¢ (s) in (8.2.9) then shows that

x (s) 1 /Hw 11 - dz
Ry =—F——— I'GG—55s+5200K)*¢(1—s+2z)—,
talre el AR R

where we have replaced the variable z by —z. This integral is seen to be of the
same form as that defining S on the right-hand side of (8.2.6) (when a = %s and
p = 1), with s replaced by 1 — s and the parameter K by (wK)~!. Hence, we

deduce the result

Ry =x(s) Y n*7'Q(} = s, (nk)?).

n=1

It then follows that in the critical strip

_ K (K 1 S o )
+x() Y n o = bs. (mnk)?) (8.2.18)

n=1

when |arg K| < m/4. Since Q(a, z) ~ z* 'e7?/T'(a) as |z| — oo in |arg z| <
%7‘[, both the above sums converge absolutely for all s when |arg K| < }1”' By
analytic continuation the expansion (8.2.18) therefore holds for all values of s
(# D in |arg K| < %n. The particular case with K = 1/,/m was effectively
embodied in Riemann’s famous 1859 paper [Riemann (1859)], though he did
not explicitly identify the incomplete gamma functions. The result (8.2.18) is the
expansion given by Lavrik (1968) for the Dirichlet L-function specialised to ¢ (s).

If we make the choice K = (m’)’% in (8.2.18) and employ the conjugacy
property Q(a,z) = Q(a, z) and x (3 + it) = e %?®_ then we obtain the elegant
result

T %se%m‘s

T | (8.2.19)

o0
Z(t) = 2Ree'"® :Zn_ Q(Ls, wn?i) —

n=1
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Fig. 8.7. The smoothing function |Q(%s, n?i)| as a function of n when (a) t = 400 and
(b) t = 1000.

valid on the critical line s = % + it. For large values of ¢, use of the uniform
asymptotics of the incomplete gamma function then enables an asymptotic for-
mula to be constructed for Z(t); for details see Paris & Cang (1997b) and Paris
(2000a), where (8.2.19) is derived by an alternative approach involving a slight
modification of one of the original methods used by Riemann. We observe at this
point that the nature of this expansion is already apparent in (8.2.19). For large
variables, the incomplete gamma function Q(a, z) changes its asymptotic charac-
ter in the neighbourhood of its transition point given by z/a = 1. Consequently, the
smoothing function Q(4s, wn%) in (8.2.19) changes its form when 1s ~ 7n?i,
being approximately of unit modulus for n < n* and decaying to zero for n Z n*,
where n* corresponds to the ‘cut-off’ given by n* >~ ,/(t/2m) — see Fig. 8.7. The
asymptotic formula generated by (8.2.19) is thus seen to be of the computationally
more powerful Riemann-Siegel type.

Finally, we mention that a similar procedure can be applied for integer values of
p > l.If wenowseta = s/2p, the coefficients A,, are again given by (8.2.17) with
A,;, = 0(m > 1). The evaluation of the associated remainder term R, is, however,
not so straightforward and is found to involve a sum of ‘generalised’ incomplete
gamma functions. We do not enter into any of the details here but merely content
ourselves with a statement of the generalised expansion in the form

K= (T(1/2p)K —
() = ( L2 —p)+2n-éQ<%,<n/K)2P)
n=1

T'(s/2p) s—1 s
+xY ne, (IZLPS (nnK)zP) (8.2.20)
n=1

valid for all s (# 1) when |arg K| < %n. The function Q,(a, z) denotes the
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generalised incomplete gamma function defined by

I'(; —ap)
plap) ' (1/2p
where F,(z) is defined in (8.1.4), and is normalised so that Q(a, 0) = 1. When
p = 1, we have F2(2u%) = e " sothat Q;(a, z) = Q(a, 2), and (8.2.20) reduces
to (8.2.18). Details are given in Paris (1994a) together with a discussion of the
significance of this result.

Qp(av 7) =

o0
)/ u' " Fy,Qu'?Pydu  (Jarg z| < m),
—da z

8.3 The Asymptotics of Pearcey’s Integral

8.3.1 Introduction

An important problem in the theoretical treatment of many short-wavelength
phenomena, such as wave propagation and optical diffraction, is the uniform
asymptotic evaluation of oscillatory integrals with several nearly coincident sta-
tionary phase (or saddle) points. The uniform approximation of such integrals
can be expressed in terms of certain canonical integrals and their derivatives
[Ursell (1972); Connor (1973)]. The role played by these canonical diffraction inte-
grals in the analysis of caustic wavefields is analogous to that played by complex
exponentials in plane wave theory.

The family of canonical oscillatory integrals is classified according to the hierar-
chy introduced to describe the type of singularity arising in catastrophe theory. For
one-dimensional integrals, the exponents are the polynomial transformations asso-
ciated with the so-called cuspoid catastrophes. The simplest case, corresponding
to the fold catastrophe, involves two coalescing stationary points whose positions
depend on a single real parameter. The canonical integral in this case is the familiar
integral defining the Airy function. The next integral in the hierarchy corresponds
to the cusp catastrophe and involves three coalescing stationary points and two
real parameters X and Y. The canonical form of this integral is Pearcey’s integral,
given by

P(X,Y) = /OO exp{iu* + Xu®> + Yu)} du. (8.3.1)

(o]

The next two integrals in the sequence correspond to the so-called swallowtail and
butterfly integrals and involve, respectively, four and five stationary points.

The integral in (8.3.1) was first evaluated numerically by Pearcey (1946) in
his investigation of the electromagnetic field near a cusp, although it appears to
have been first studied asymptotically by Brillouin (1916). The utility of (8.3.1)
and of the higher integrals in the above hierarchy depends on detailed informa-
tion concerning their numerical values and large-parameter behaviour. Extensive
work concerning the numerical evaluation of the Pearcey and the swallowtail
integrals has been described by Connor and Farrelly (1981a,b), Connor & Curtis
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(1982, 1984) and Connor et al. (1983). Recent asymptotic investigations have been
undertaken by Stamnes & Spjelkavik (1983), Kaminski (1989) and Paris (1991)
for the Pearcey integral (see also §1.1.3), and Kaminski (1992) for the swallow-
tail integral. An asymptotic study of the zeros of P(X, Y) is given in Kaminski
& Paris (1999).

The standard procedure for dealing with the asymptotics of P (X, Y) for large
real values of X and Y depends on the detailed structure of the stationary points of
the phase function f (1) = u* + Xu? 4 Yu. The stationary points are determined
by f’(u) = 0, which yields three real distinct stationary points for (X, Y) situated
inside the cusped caustic (specified by the curve on which f'(u) = f”(u) = 0)

Y2+ (2x)* =0 (8.3.2)

on the caustic (away from the origin) two of these stationary points coalesce to form
a double stationary point. For (X, Y) situated outside the caustic, only one station-
ary point is real with the other two forming a complex conjugate pair. By examining
the topography of the paths of steepest descent for real X and ¥, Wright (1980) has
shown that for (X, Y) lying inside the caustic all three stationary points contribute
to the asymptotics of P (X, Y), while in the interior of the second caustic (the Stokes
set) Y2 — (%X ¥+ 3./3) = 0, centred about the positive X axis, only the real
stationary point makes a contribution. In the domain containing the Y axis between
these two caustics, the asymptotics of P (X, Y) are controlled by the real stationary
point and only one of the complex stationary points. The numbers of contributory
stationary points in the different regions of the XY plane are shown in Fig. 8.8.
In physical applications the cusp diffraction integral involves only real values
of X and Y. A deeper understanding of the rich structure of this integral can
be achieved, however, by considering the analytic continuation of P(X, Y) for

Y
# 5
- 1 real and
1 complex |stationary point
3 real distinct ! oriﬁtal stationary
stationary P
points
; 5 X
u
| 1 real and
; 1 complex|stationary point
caustic caustic
¥2+(2x)3=0 Y2-(1X)3(5+3v3)= 0

Fig. 8.8. The numbers of contributory stationary points in different domains of the XY
plane.
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arbitrary complex values of X and Y. The approach we adopt here consists of
expressing (8.3.1) as a Mellin-Barnes integral involving a Weber parabolic cylinder
function. The asymptotics when either | X| or |Y| — oo can then be determined
without reference to the above-mentioned stationary points.

8.3.2 A Mellin-Barnes Integral Representation

The integral P (X, Y) is defined only for 0 < arg X < & and real values of Y. To
obtain its analytic continuation for complex values of X and Y, we rotate the path
of integration in (8.3.1) through an angle of /8, thereby removing the rapidly
oscillatory term exp(iu*), and define the new variables t = u exp(—%m’ ) and

x=2"1Xe i, y=27iyes, (8.3.3)

Application of Jordan’s lemma [Whittaker & Watson (1965, p. 115)] then shows
that, for real X and Y, the contribution from the arcs from +o00 to 00 exp(%m’)
vanishes, so that (8.3.1) may be written in the form

o.¢]
P(x,y) = 2¢5™ f exp | — 1* —22x1%} cos2iyr) dt. (8.3.4)
0
This last integral is absolutely convergent for all complex values of x and y, and
so represents the analytic continuation of P (X, Y) to arbitrary values of X and Y.
It is easily seen that P (x, y) satisfies the symmetry and conjugacy relations
P(x.y)=P(x.,—y), e 5" P(x,y)=es"P(x, 7). (8.3.5)

where the bar denotes the complex conjugate.
From (8.1.28) and also (3.3.5), we obtain

1 ,
cosz = —/ T(s)zcosins ds (z#0), (8.3.6)
2mi C
where C denotes a loop that starts and finishes at —oo and encircles s = 0 in the
positive sense. This representation is valid for all finite z (% 0) without restrictiont
onarg z. Substitution of this integral into (8.3.4), where we suppose thatRe(s) < 1,
then yields (when y # 0)
A . 1 5\ g
P(x, =2m/8_/r Los(25y)7
(x,y) =2e 5 (s) cos s (24 )

c
o0 1
X {/ exp{ e 27xt2}t_“ dt} ds
0

T Note that when the contour is swung round to be parallel to the imaginary axis, the resulting integral
then defines cos z only in the sector | arg z| < %T[; see §3.3.1.
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upon reversal of the order of integration. The inner integral can be evaluated in
terms of the parabolic cylinder function D, (z), since [Erdélyi (1953, Vol. 2, p. 119)]

—-Z2/4

L'(=v) Jo

1

e 2T lgr (Re(v) < 0).

D, (Z) =
We then find [Paris (1991)]

e A 1
—i/8 p — 01Nl /[‘ r(i—-1
e (x,y) e i ). (s) (2 25)

X COS %ns D%x_% (x)2y)*ds (8.3.7)
] 1
=2 et — / T(s)D,_1(x)y~ > ds, (8.3.8)
2rwi Jc 2

upon use of the properties of the gamma function and replacement of the variable
s by 2s. Since the parabolic cylinder function is an entire function of s and the
integrand in (8.3.8) has no poles in the right half-plane, the restriction Re(s) < 1
imposed in the derivation can be removed by analytic continuation.

From the asymptotic behaviour of D, (z) for fixed z and large |v| (see (8.3.25)),
the convergence of the integral (8.3.8) is seen to be controlled by the ratio of
gamma functions I'(s)/ T’ (% — %s). Application of Rule 2 in §2.4 then shows that
(8.3.8) is valid for all finite x and nonzero values of y. The integral (8.3.1) can also
be viewed as a case of the generalised Faxén integral, discussed in §7.2, which is
therefore expressible as a double Mellin-Barnes integral. The above representation
can be derived from this form upon evaluation of the inner integral in terms of the
parabolic cylinder function.

Before proceeding with the discussion of the asymptotics of P(x, y) for large
|x| or |y|, we note that the special cases x = 0 and y = 0 can be represented
in terms of simpler functions and the corresponding asymptotics obtained. In the
case y = 0 we have

1

P(x,0) =2 5" A8 (L2) ik, (1x2), (8.3.9)

where K, denotes the modified Bessel function of the second kind. When x = 0,
we find, using (8.3.4), (8.1.11) and (8.1.49) when p = 4, that

oo
P, y) = Ze”i/gf e cos(23 yt) dt
0

= %eﬂi/s {U41(2%ly) + U4’1(— Zgly)} .
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From the asymptotics of the function Uy, (z) given in Paris & Wood (1986, §3.5)
—see also (8.1.49) and §2.3 — we obtain the expansion in | arg y| < %n

Ei(0,y)+ E»(0,y) in |arg y| < %7‘[
P, y)~ {E 0,y in 3r <argy<in (8.3.10)
E>(0, ) in —ir<argy<-—inm,

where the formal asymptotic sums E; »(0, y) (r = 1, 2) are given by

—r[z/SE (O y) _2—\/7 ch % %

Xexp{__yse sy Lt L zn} (8.3.11)

with the upper and lower signs corresponding to » = 1 and r = 2, respectively.
The coefficients ¢ satisfy the recurrence relation (8.1.54) and, from (8.1.57) with
p = 4, the first few values are given by

_ _1 _ 385 _ 39655
co=1 ca=g5 ©c=i0 =m0
665665 _ 1375739365
4= 127401984> €5 = T 61152952327 """

The function P (0, y) is exponentially small for large |y| in | arg(+y)| < %n
and exhibits a Stokes phenomenon on the rays arg y = :I:%n (and, by symmetry
from (8.3.5), on the rays arg(—y) = :l:%n). These rays are Stokes lines and are
the asymptotes as |y| — oo of the curve Im(y%e%”" - y%e’%”") = 0 on which
the leading behaviours of E(0, y) and E;(0, y) are most unequal in magnitude.
As one crosses the Stokes line (in the sense of increasing | arg y|), the coefficient
multiplying the exponentially subdominant expansion, namely E, (0, y)inarg y >
0 and E;(0, y) in arg y < 0, changes from unity to become zero in the sectors

%n < |arg y| < %n, respectively.

8.3.3 Asymptotics of ﬁ(x, y) for |[x]| — o0

We first consider the asymptotic expansion of P(x, y) for large |x| when y is
finite. Proceeding formally for the moment, we substitute the expansion for large
|x| of the parabolic cylinder function [Whittaker & Watson (1965, p. 347); see also
§5.1.2 and §5.4.3]

D,(z) ~z"e* /42 X2H™* (agzl <in), (8312

T A closed-form evaluation of the coefficients ¢ in (8.3.11) has been given recently by Senouf (1996) as

T+ (k=L (r+k) (8
IRTEVzS ;)( r+k2>< 2r ><§> ’
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into (8.3.8). When | arg x| < %n, this yields

P(x,y) ~nzem/82 <2x2) A,
k=0

where the coefficients Ay () are defined by

1 I'(s) 1 ~ ,
Ak(X)__27n c—F(% S)F(z—s—f-Zk)X ds, x=y*/x
(2 + %
= —( 2)6‘)‘ 1R (= 2k 35 x);

1
r(3)
see (3.4.5) and Kummer’s transformation in §6.2.3. In the above integral the loop
C encloses the poles of I'(s). From the relation expressing the Hermite polyno-

mials Hj,(x) in terms of the confluent hypergeometric function | F;(—n; %; x%)
[Abramowitz & Stegun (1965, p. 780)], it is seen that Ay (x) = e *ay(x), where

[(2k+3)

_ 1.
ak(X)_—F(z) 1 Fi (= 2k;

_ 1
t3ix) =2""Hay(x2)-
The first few coefficients a; (x) are consequently

as(x) =1, ai(x)=3-3x+x%
112()()_ 105 _ I(Z)SX 4 105 105 2 14X3+X47 .

The expansion of ﬁ(x, y) as |x|] - ocoin |arg x| < %n is then given by

P(x,y) ~ z—iﬁe"f/*‘sl(x, ), (8.3.13)
X

where S (x, y) denotes the formal asymptotic sum

o k

Sitr,y)=e "y (;,) a7, =y?/x (8.3.14)
k=0 ’

To derive the large-x expansion in the remainder of the complex x plane, we
use the connection formula [Whittaker & Watson (1965, p. 348)]

V2w
O
where, in order to apply (8.3.12) when we identify z with x, the signs will be

chosen such that both arguments of the parabolic cylinder functions on the right-
hand side of (8.3.15) lie between :E%JT. This means that we select the upper signs

D (Z) _e:tnlUD ( e$7‘[l)+ :|: JTI(U+1)D_U l(:‘FlZ) (8315)
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in (8.3.15) when %n < arg x < 7 and the lower signs when —7 < arg x < —%71.
Substitution of (8.3.15) into (8.3.8) then yields

Z%n’%e’”im’xz/“ﬁ(x, y) = L/ F(S)yzs{eim'(s;)Ds_l(xemi)
27i Jc 2

V2w

+lgis+1) .
—e2 D 1 (Fix) ¢ds
rd—s -1 (F )}

so that, according to the above ranges of arg x,
P(x,y) = FiP(xe™™, Fiy) + 2 sm2e” /TR Y (8.3.16)
where

| r 4
H = \2me*™/*— / #D_s_l(:Fix)(ye]F”’/“)*zsds.
27i Jc F(E - s) 2

The expansion of the first term on the right-hand side of (8.3.16) in | arg(—x)| <
%n follows from (8.3.13) and (8.3.14) as

Fi P(xe™™ | Fiy) ~ 2—l\/§em’/851(x, y). (8.3.17)

The expansion of the second term can be obtained by formal substitution of (8.3.12)
into the integral for H to find

27 5, o (2x2) 7k
H ~ +i,] =& /4 By (£),
i ,Z:(; 0 (&)

where the coefficients By (§) are defined by

B(s)—i I(s) T(3+s+2k)
T Jer (=) T +y)

(16) Pds. =20y

T2 JeT(b—s -2k

1 r —2s 1
/ © (3€) ®ds = (%S)Zkﬂf—zk_%(r‘?) (8.3.18)
cI( )

upon use of the representation for the Bessel function in (3.4.22).
Then, as |x| — oo in |arg(—x)| < %n, we obtain

. 2 x2/4
H ~ %£i,/—e" "5 (x,y), (8.3.19)
X
where S (x, y) is the formal asymptotic sum
— (O !
S20r,3) = D - (02120 (37€) g (6)

k=0
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219\
= Z o /2x) {p(2k, &) cos & — q(2k, &) sin&}. (8.3.20)

This last result follows from the properties of the spherical Bessel function
[Watson (1966, p. 55)] where

_1 .
oy 1(8) = (=) (378) " {p(2k, &) cos& — q(2k, &) sin &},
with the finite sums p(2k, £) and g (2k, &) being given by the polynomials in £ !

6™,

K (=) 2k + 2n)!
p(Zk’g)zzw

— (2m)!(2k — 2n)!

k—1
(=) 2k + 21+ 1)! .
92k, ) = ; an 1@k — 20— 1) o

From (8.3.16), (8.3.17) and (8.3.19) it follows that ﬁ(x, y) has the asymptotic
expansion for [x| — oo in |arg(—x)| < %n given by

Px,y) ~ z—lﬁe’“’/8 [s100,9) £ iv2e" 28500, 1] 8.3.21)
X

where the upper or lower sign is chosen according as %71 <argx <mor—m <

arg x < —;n respectively.

The expansions (8.3.13) and (8.3.21) have been obtained by a formal process
of appropriate substitution of the asymptotic expansion of the parabolic cylinder
function into (8.3.8). To establish the asymptotic nature of these expansions, it is
necessary to consider truncated versions of S;(x, y) and S»(x, y) and to estimate
the order of their associated remainder terms. To see this for the expansion (8.3.13),
we derive an alternative representation for P(x, y) in which the parameter group
x = y?/x is made apparent. In the process, we shall see that this new form enables
us to show that the sector of validity of (8.3.13) can be extended (in the Poincaré
sense) to |arg x| < %n, thereby dealing with the expansion of P(x, y) on the
imaginary x-axis.

Employing the Mellin-Barnes integral representation for D, (z) in (3.4.14), we
find from (8.3.8), upon reversal of the order of integration and use of (3.4.5),

—7i/8 B E o 24s
e Px,y)=2"% | —>— [(s)(2x7)
X 2mwi J_o;

1 _9g_
y L./‘F(I)F(zl 2s I)X_Zdt "
2 c F(E_t)
1 [~ T (3 —2s)
2mi oo r'(3)

1F1(255 55 x)(2x%)" ds

(8.3.22)
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when |arg x| < %n, where the path of integration is indented at s = 0 to separate
the poles of I'(s) and 1"(% — 2s). From Buchholz (1969, p. 97) or Slater (1960,
p- 70), the behaviour of the confluent hypergeometric function in (8.3.22) for
large |s| on the contour is given by exp(% x) cos[2/ {(}1 —2s) x }] valid for all finite
complex yx . It then follows that on the path, the integral is dominated by the product
of gamma functions F(s)l"(% — 25), whence from Rule 1 in §2.4, (8.3.22) defines
P(x, y) in the sector | arg x| < ?TJT. Displacement of the path of integration to the
left over the polesats =k, k =0, 1,..., N — 1, with residue (—2x%)*qy (x)/ k!,
then yields

e P (x, y) = 2‘]‘\/28)( lf —(_)kak(X) +R
V= X K@x2yk N

k=0

when | arg x| < %n, where Ry is the integral taken along the shifted path Re(s) =
—N + 1. It is then readily shown that [Ry| = O(|x|72"*1) as x| — oo in
|arg x| < %71, thereby establishing the asymptotic nature of the expansion S; (x, y)
in (8.3.13). The treatment of the expansion (8.3.19) in |arg(—x)| < %JT is less
straightforward and will not be given here; for details, see Paris (1991, § 4b).

In conclusion, we may state that the asymptotic expansion of P(x, y) for
|x| — oo and y finite is given by

275 [—emiBS(x, y) (larg x| < 37)
P(x,y)~

-1

IS, y) £ 120 RS ] (arg(-0)] < 4,
(8.3.23)

where S (x, ¥) and S, (x, y) are the formal asymptotic sums defined in (8.3.14) and
(8.3.20). The upper or lower sign is to be chosen according as %rr <argx <7m
or —w < arg x < —%n, respectively. The expansion of P(x,0) can be shown
to agree with the large-x asymptotics of the modified Bessel function in (8.3.9),
when the sum S,(x, 0) is evaluated by a limiting process as y — 0. The above
expansion shows that P(x, y) is exponentially large in the sector | arg(—x)| < %n
and possesses a dominant algebraic behaviour in the remainder of the x plane. The
first expansion in (8.3.23) is valid in the Poincaré sense in | arg x| < %n, since,
in the sectors %n < |arg x| < %n, the exponential contribution is subdominant.
However, this expansion is ‘complete’ only in the sector | arg x| < %n, since it
is associated with a Stokes phenomenon on arg x = j:%n. The ray arg x = 7 is
also a Stokes line where the exponential expansion assumes maximal dominance
over the algebraic expansion.
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8.3.4 Asymptotics of ﬁ(x, y) for |y| — o0

From the symmetry property (8.3.5) it is sufficient to confine our attention to the
sector |arg y| < %n. Using the connection formula (8.3.15) in the form (where
we have taken the upper signs and replaced v by —v — 1 and —iz by z)

ra i i
ﬂ {e%m‘}D—u—l(iZ) + e*%””)D_v_l(—l.Z)} ,
2

Vi

we obtain from (8.3.8)

Dv(z) =

P(x,y) = 2imaes /tmils [e_%niK(x, ye i) + e K (— x, ye“l”i)} :
where
1 )
K(x,y) = —/ 1"(2s)D,S,l(ix)(2y)_ZA ds. (8.3.24)
27'[1 fol 2

As in (8.3.8), C is a loop with endpoints at —oo which encircles the poles of
I"(s). Since the parabolic cylinder function is an entire function of its order there
are no poles of the integrand in (8.3.24) in Re(s) > 0. Accordingly, we now deform
C such that |s| is everywhere large on C; compare §5.6. On the expanded loop we
may employ the asymptotics of the parabolic cylinder function for large order and
finite argument [Paris (1991, Eq. (A.10))]

1 o0
72 exp(—z4/5) e
D_,_1(z) ~ #1\/3 Z(—) As /2, (8.3.25)
’ 22“_41—‘(5‘9 + Z) r=0

valid for |s| — oo in | arg s| < 7, where

3 2 2
Ag=1, A ==, A2:Z—<Z 3)

24 48 \24
In addition, from Lemma 2.2, we have
T(2s) \/7<3i)12s s .
_ = —(— I'(2s —3){1+0OC(s 8.3.26
T(ls+2) pl (3s — I (s7)} ( )

for |[s| — oo in |arg s| < . Substitution of these expansions into (8.3.24) with
the expanded loop shows that

31 4 —3s
K =40 5 [ras-H ()
X e_i"‘/‘f{l — Als_% + O(S_l)}ds.

The above integral can be evaluated asymptotically for large |y| by means of
the following lemma given in Paris (1991):

Lemma 8.1. For arbitrary complex o and |, the integral

1
—f F(s)e“‘/gzﬂs“ds,
2mi C



8.3. The Asymptotics of Pearcey’s Integral 399

where C denotes a loop with endpoints at —oo encircling the poles of T'(s), has
the expansion

o0
7 exp{—z + oz — éaz} Z B,z ",

r=0
for|z| = ooin|arg z| < m, where
Bo=1, By =go{l —4u— a7}, ... .

Application of this lemma with 4 = O and u = —%, followed by some straight-
forward algebra, then yields the leading terms in the expansion of P(x, y) for
|y] = oo (valid in the Poincaré sense) given by

Ei(x,y) + Ex(x,y) in |arg y| < g7

P(x,y) ~ { E\(x, ) in {m<argy<inm (8.3.27)
Ey(x,y) in — %n <argy < —%Tt’,
where
E.(x,y) = 27 /%y_%exz/ﬂm/s exp[—% Fetim :I:lxy*e s7i 4 1 m}
X {1 + %xy 3ei?”’(1 — %xz) + O(y_%)} (8.3.28)
with the upper and lower signs corresponding to r = 1 and r = 2, respec-

tively. When x = 0, the above expressions reduce to those given in (8.3.11). Both

exponential terms E;(x, y) and E,(x, y) vanish as |y| — oo in |arg y| < i,

8
and P (x, y) is consequently exponentially small in the sectors | arg(£y)| < %n.
Outside these sectors IS(x, y) is exponentially large. The method employed here
is not sufficiently precise to determine the domains of validity of the subdominant
terms in the above expansion and their associated Stokes lines. This deficiency
results from the manner of approximation of the ratio of gamma functions in
(8.3.26), which does not correctly take into account the appearance of expo-
nentially small terms in the large-|z| behaviour of I'(z) across its Stokes lines
arg z = :t%rr; see §6.4. By means of alternative arguments using the saddle point
approach, the sectors of validity in (8.3.27) for the asymptotics of P(x, y) in the
‘complete’ sense of Olver (1964) can be shown to correspond to those in (8.3.10);
see Paris (1991, p. 415).

As in the case x = 0 given in (8.3.10), the function ﬁ(x, y) exhibits a
Stokes phenomenon (for fixed x) along curves which ultimately approach the rays
arg y = ﬂ:%n as |y| — oo. Across the Stokes lines arg y = i%n the coefficients
multiplying the exponentially small terms E,(x, y) and E;(x, y), respectively,
change to become zero in the adjacent sectors %7‘[ < |arg y| < %n. The ray
arg y = 0 is an anti-Stokes line where the two sums E|(x, y) and E,(x, y) are
equally significant.
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8.3.5 Asymptotics of P(X, Y) for Real X, Y

From the results of the preceding sections, we can now state the asymptotics of
P(X,Y) in terms of the original (real) variables X and Y. From (8.3.3), it is seen
that X < O corresponds to the anti-Stokes line arg x = %n, which is the upper
boundary of the exponentially large sector (when |x| — 00). Thus, for X — —oo,
P(X,Y) will consist of an algebraic and an exponentially oscillatory expansion,
while for X — 400, P(X,Y) decays algebraically like l/\/}. From (8.3.23)
(with the upper sign), the asymptotic expansion of P (X, Y) for large real X and

finite Y is found to be
T Xeii S (272 Xe i 27 1Y e ) (X — +00)
P(X.Y) ~ | Va/[XJei7 [51(2—%|X|e%7”‘, 2-1yeim)
+i¢2e—%fxzs2(2-%|X|e%”f,2-%Ye%7”')} (X = —o0).
(8.3.29)

Using (8.3.14) and (8.3.20) (with & = Y(% |X|)%), we therefore obtain the leading
behaviour of P (X, Y) given byt

ST Xei (X = +00)
P(X,Y) ~ . . 1
VAfIXle {1 4 i2e 4% cos [y (31X1) ']} (X > —o0).
(8.3.30)

Large positive values of Y correspond to the upper boundary of the exponentially
small sector |arg y| < %n. From (8.3.27) and (8.3.28), we consequently find the
asymptotic behaviour

P(X,Y) ~ E|(272Xe +™ 27 yed™) 4 B, (272 Xe 7 27 iy es™),
so that
T . 4 2
P(X,Y) ~ 26 /EY—ée—é””{exp li (47 =3G7)" +x(4r))]

2
3

x [145X(3Y) 7 (14 5ix) + 0(r 3

Wl
~—
| I

as Y — +oo, with P(X, —-Y) = P(X,Y).

+ The exponential factor exp(—i¥?/4X) appearing in S; has been put equal to unity in the leading
behaviour.
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The leading behaviour for X — =00 in (8.3.30) can be interpreted in terms of
a single (X — +o00) and three (X — —o0) stationary point contributions when
using the method of stationary phase. The first exponential term in (8.3.31) is
oscillatory, while the second exponential term is subdominant for large positive
Y. The behaviour of P(X, Y) for Y — Z00 can be seen to correspond to the two
stationary point contribution discussed in §8.3.1; see Fig. 8.8.

8.3.6 Generalisations of P (X, Y)

The same methods can also be applied to the generalisation of the Pearcey integral
given by
oo
P,(X,Y) = [ exp{i (u*™ 4+ Xu™ + Yu)} du (8.3.32)
—00
for integer m > 2. Introduction of the new variables x = 2-1Xe i™ and y =
2= (mt3)/my gmi/dm (compare (8.3.3)), followed by rotation of the path of integration
through an angle of 7 /4m, yields the analytic continuation

oo

A . 1 1

P,.(x,y) = e”’/4m/ exp{ — 12" — 22xt™ + 20D/ My dt
—00

for all complex values of x and y. The analysis now separates into two distinct

cases, according as m is even or odd, and involves the integrals

_ 1
L F(s)r(1 - S) {Cf’s %’”} Doy (1) 23) " ds.

2wi Je sin 57§

The integral involving cos %ns corresponds to the generalisation of the Pearcey
integral case m = 2 in (8.3.7). The asymptotic analysis of these integrals for large
|x] or |y| then proceeds in the same manner as described in §§8.3.3—4; for details,
see Paris (1994c).

The discussion of P, (X, Y) for large real values of X and Y is considerably
more difficult. The phase function f(u) = u*" + Xu™ + Yu for the integrand
in (8.3.32) possesses 2m — 1 stationary points (given by the roots of f'(u) = 0)
although, as for the Pearcey integral case, no more than three of these stationary
points contribute to the (Poincaré) asymptotics of P, (X, Y). For certain values of
X and Y two of the real roots can coalesce to form a double root. This occurs when
f'(m) = f"(u) = 0 and corresponds to values of X, Y lying on the caustic

e (P20 (XN (8.3.33)
2 2m — 1

For m even the caustic (8.3.33) is cusped and symmetrical about the negative X
axis (and yields (8.3.2) when m = 2), while for m odd the caustic is asymmetrical.
Inside the caustic, the asymptotics of P, (X, Y) are controlled by the sum of three
terms which result from the contributory stationary points when using the method
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of stationary phase. Explicit formulation of these terms, however, is rendered
difficult by the fact that the real roots of the equation f'(u) = 0 for general m do
not seem to be expressible in closed form.

On the caustic (8.3.33), the situation is more tractable since the double root can
then be expressed simply as ug = X*!/™, where X* = (m — 1)|X|/2(2m — 1). In
this case, we have on the caustic (when X < 0)

o0
PuCX ) = [ explixF(D)dr,
—0o0
where
22m —1 2m?
F(r) =1 — (2m )r’"+ n T
m—1 m—1

and we have put t = u/ug. The scaled phase function F(t) possesses a double
stationary point at T = 1 and one negative stationary point at T = —k, k > 0.
Straightforward application of the method of stationary phase [see Olver (1974,
p- 96); Wong (1989, p. 79)] then shows that for large | X | on the caustic

1

P,(X,Y) = Ea(k)X*“""”’” exp {i(im — BlOX?)H1 + 0(X* 1)}
m
437 (m*2m — 1))’% X*C=2mBm oxnli @m — 1) X*?}

x 10(%) - Hom = 3) T()X* 3 4 0(X )¢,
[aam(n — )]

(8.3.34)

where the coefficients « (k) = (F”(—k)/2m2)’% and B(k) = —F(—k) are given
by

k : .
Mk)z(w), Bk) = kQ@m + k>

Apart from the case m = 2 (where k = 2), it is not possible to express k in simple
closed form. Values of k, together with the corresponding values of « (k) and B(k),
are tabulated in Table 8.4 for different m. The behaviour in (8.3.34) when m = 2
agrees with the leading form on the caustic obtained for the Pearcey integral in
(1.1.21).

Finally, we mention a different generalisation given by

f expli u* + XuH)},wY)u"du (-1 <v <),
0

where J, denotes the Bessel function of order v. This integral,T which equals a

multiple of Pearcey’s integral when v = —%, occurs in the problem of image

T Integrals of this type are called Bessoid integrals.
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Table 8.4. Values of k, a(k) and B (k) for
different values of m

m k (k) Bk)
2 | 2.000000 | 0.471405 | 24.000000
3| 0.722120 | 0.776916 | 4.474513
4| 1.308203 | 0.416058 | 19.043922
5 | 0.829336 | 0.836366 8.447287
6 | 1.181562 | 0.403243 | 21.582945
7 | 0.876927 | 0.861572 | 12.436018
8 | 1.128631 | 0.397539 | 24.989666
9 | 0.903778 | 0.875506 | 16.429858

10 | 1.099584 | 0.394313 | 28.668478

formation in high resolution electron microscopes when v = 0. By means of the
Mellin-Barnes integral representation for the Bessel function in (3.4.22), Janssen
(1992) has shown that the above integral, multiplied by the factor e "*1/8 can
be recast in the form

|
2*%V*%y1}€x2/4+7ﬂ/8 ./F(S)D_Y_l_v(x)yfzsds,
2mi ol

where x, y are as defined in (8.3.3) and C is the loop with endpoints at —oo
enclosing the poles of I'(s). The same procedure has also been applied to this
integral to yield the asymptotics for large X and Y, including the case in the
neighbourhood of the caustic in (8.3.2). A numerical investigation of this integral
when v = 0 has been carried out by Kirk et al. (2000).
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A Short Table of Mellin Transforms

We give in this appendix a short table of Mellin transforms for ease of reference.
More extensive tables can be found in Erdélyi (1954), Oberhettinger (1974) and

Marichev (1982).

| F) MIfis1=F(s) = [}~ fx)x'"ds
f(ax) (a>0)|a*F(s)

x4 f(x) F(s+a)

f(1/x) F(—s)

J(x9) (@>0) | a'F(s/a)

f(x™ (@a>0) | a'F(=s/a)

X f(x") (n>0) | u'F((s+a)/n)

xf(x7r) (u>0) | u'"F(=(s+a)/n

(log x)" f (x) n=1,2,...) | F()

1 (x) —(s—DF@E—1)

. 'h+1-—y)

F™(x) (see (3.1.9)) WF(S —n)

(x%) f(x) n=1,2,...) | (—s)"F(s)

Jo fo)dt —sT F(s+ 1)

[ f(rydt sT'F(s+1)
S
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| ) | MUfisl= F(s) = J3° fo)x—ds
R
ga Eg i);)< . (s+a)! Re(s) > —Re(a)
ga Eg i);)< Y ~(s+a)”! Re(s) < —Re(a)
(I+x)"! 7T Cosec TS 0 <Re(s) < 1
(1+x)¢ (Re(a) > 0) % 0 < Re(s) < Re(a)
(14 x>~ 1m cosec is 0 <Re(s) <2
1 _T_ —JT COsec s —1 <Re(s) <0
x
(1—x)"" (Cauchy PV) | & cotms 0 <Re(s) <1
1+ xcos¢ T COS s
1 + 2x cos ¢ + x2 (9] <m) sinms 0 <Rels) <1
X sin¢ T sin ¢s _1<R !
1+ 2xcos¢ + x?2 (191 <m) sinms <Re(s) <
(1+2vcosp+20) (| <m) | U =99 5 _ pes) <2

sing sinms

(1+2xcosp+x2)~2  (|p| <)

Ps_1(cos¢p) 0 <Re(s) <1

s tan s

sinms
1—-x)* O<x<]1 I'(a+ DI(s)
0 (x>1) L's+a+1)
(Re(a) > —1) Re(s) > 0
0 O<x<1 I'a+ DI'(—a —s)
x=D* (x>1 -y
(Re(a) > —1) Re(s) < —Re(a)
R
0 OD<x<1 D)
logx (x> 1) s Re(s) <0
éog”x Eg i?; D (—)"'s==1n! Re(s) < 0
n=1,2,...)
log(1 + x) 7 —1 <Re(s) <0
s sinws
log |1 — x| il —1 <Re(s) <0
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| f) | MUfisl= F(s) = J3° f)x—\ds
log L+ x ztan %ns —1 <Re(s) <1
1—x s
—(1+x)""logx ( .71 )2cos7'rs 0 <Re(s) < 1
sin s

T 2

(x — D~ logx (Cauchy PV) ( : ) 0 < Re(s) < 1
sin s
arctan x —1ns7'secims —1 <Re(s) <0
arccotx ims~'secims 0 <Re(s) <1
e OD<x<1 s
{ 0 x> 1) a*y(s,a) Re(s) > 0
0 O<x<1 s
{ e (x>1 a=l(s, a)
(Re(a) > 0)

e I'(s) Re(s) > 0
e —1 I'(s) —1 < Re(s) <0
et —14x I'(s) —2 < Re(s) < —1
e Irds) Re(s) > 0
(" + 1) (1 = 21T ()¢ (s) Re(s) > 0
(" —1)! T(s)¢(s) Re(s) > 1
(" =12 C(){¢(s —1) —¢(s)}  Re(s) > 2
(1+x)72e VT (Re(@) > 0) | 2772(2a)7 =T (s) Re(s) > 0

xK%ﬂ(a)
e—ax'=bx (Re(a) > 0) | (2a)~3°T'(s)et”/3 Re(s) > 0

xD_(b(2a)72)
e—ax—b/x (Re(a, b) > 0) | 2(b/a)*K(2(ab)?)

e *(logx)" n=1,2,...) | TW() Re(s) > 0
30 e T ST(s)C(25) Re(s) > 1
el 2T (s) 0 < Re(s) < 1
sin ax (a>0) | a*T'(s)sin %ns —1 <Re(s) <1
cos ax (a>0) | a*I'(s)cos %ns 0 <Re(s) <1
€759 cos(x sin @) (lp| < %n) I'(s) cos ¢ps Re(s) > 0
e~ %% sin(x sin ¢) (o] < %n) I'(s) sin ¢s Re(s) > —1
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| ) | MUfisl= F(s) = J3° fo)x—ds
s—lp (L 1
L) ALl 10
L+ 3v—73s)
—Re(v) < Re(s) < %
2s+v—I 1
X" J,(x) #f—i_v)
I —3s)
—2Re(v) < Re(s) < 3 —Re(v)
s—v—1 1
X7V, (x) 2—F(21S)
L +v—3s)
0 < Re(s) < Re(v) + 3
s—1p Ll _
2 22 l"(lzs +ud f)
—2Re(v) < Re(s) < 1
Y, (x) —25 gl cos[%n(s — )]
x T(s + 30 (ds — 1v)
IRe(v)| < Re(s) < 3
v=lp(l 1 Lyl
sinx J,(x) 2 F(2s+2v+2)ll“(2 ,S)
FAd+v—5'd—3v—3s)
—1 —Re(v) < Re(s) < %
v=1pl 1 L
cosx J,(x) 21 T;(zs _i; TG =)
F(E — EU — ES)F(I +v - S)
—Re(v) < Re(s) < 5
H(x) 95—l —1,37mi(s—v=1)
x T(3s + 30 (ds — 1v)
|Re(v)| < Re(s) < 3
K, (x) 27T (s + 30T (3s — 4v)
Re(s) > |Re(v)|
e 1o 1
Kf(x) w2l (5s +1))1F(25l VI(3s)
Re(s) > 2|Re(v)]
_ 1 _
K, () I'(s + v)I‘(:v 1))1"(2 s)
25wz secwv
IRe(v)| < Re(s) < 3
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| f) | MUfisl= F(s) = J3° f)x—\ds
T_
e_xlv(x) F(s 1+ U)F(Z S)
2m2(14+v—y)
—Re(v) < Re(s) < 1
Ai(x) 3‘: Fdsrds+1) Re(s) >0
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