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AN EXTENSION OF THE METHOD OF STEEPEST DESCENTS
By C. CHESTER, B. FRIEDMAN and F. URSELL
Received 11 October 1956

ABSTRACT. In the integral
/ g(2) exp (Nf(z, @)} dz

the functions g(z), f(z, &) are analytic functions of their arguments, and N is a large positive para-
meter. When N tends to o0, asymptotic expansions can usually be found by the method of
steepest descents, which shows that the principal contributions arise from the saddle points,
i.e. thevalues of z at which 9f/0z = 0. The position of the saddle points varies with ¢, and if for some
a (say a = 0) two saddle points coincide (say at z = 0) the ordinary method of steepest descents
gives expansions which are not uniformly valid for small . In the present paper we consider this
case of two nearly coincident saddle points and construct uniform expansions as follows. A new
complex variable u is introduced by the implicit relation
. Sz, @) =‘§ua_§(a) u+A4(x),
where the parameters {(a), A(x) are determined explicitly from the condition that the (u, z)
transformation is uniformly regular near z =0, @ = 0 (see § 2 below). We show that with these
values of the parameters there is one branch of the transformation which is uniformly regular.
By taking u on this branch as a new variable of integration we obtain for the integral uniformly
asymptotic expansions of the form
ANE) R afa) AINI) =2 b(o)
—NA L =1,
e -V B £ 50 S £ 5
where Ai and Ai’ are the Airy function and its derivative respectively, and A(a), {(a) are the

parameters in the transformation. The application to Bessel functions of large order is briefly
described. ’

1. Introduction. The method of steepest descents. The present papér is concerned with
the problem of finding the asymptotic expansion of contour integrals of the form

f 9(z) exp {Nf(2)} dz, (11)

where N is a large real positive parameter, and f(z) and g(z) are analytic functions of .
The asymptotic expansion can often be found by the method of steepest descents, as
follows. The contour is deformed to pass through saddle points of f(z), which are the
zeros of the derivatives f'(z). For the sake of simplicity let us suppose that all zeros of
f'(z) are simple; zeros of higher order introduce no serious complication. Let z,
denote a typical saddle point, and for a contour through z;let a new local variable « be
introduced by the equation

— 3 = f(2) — f(20) = $(z—20)2f " (20) + ...,
.\ 0z
whence f(@ =Y
Since f”(z,) + 0, each branch of the transformation is regular and (1, 1) in a domain
about z = 2z, (see (2), Theorem 115). There is therefore an expansion of the form

06 G = ~9(0) i) = Bem ™ (12)
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valid in small circles, |z—2,| < R, and |« | < R,, say. Because f’(z) occurs in the
denominator of (1-2), the radius of convergence in the z-plane is in general not greater
than the distance from z, to the nearest saddle point. The contour of integration in the
u-plane is now chosen to be the real axis near % = 0, and this choice corresponds to
the curve of steepest descent in the z-plane. If 0 < U < R, the segment (- U, U)
corresponds to an arc C(U) in the z-plane passing through z,, and

U dz
exp {~ Nf(z) RCEOTE |~ o5 exp (~ 4w au

U NIU
= J (Zc,, w™)exp(— tNu?)du = Zc,, N —‘5("'+1)f v™exp (— 3v?) dv,
U —-NiU
a convergent expansion in terms of incomplete factorial functions. If the limits of
integration are formally replaced by + oo (since N is large) the expansion

fg(z) exp {Nf(z)}dz ~ exp {Nf(z)} Zc,, N —‘5("“*1)]00 vmexp (—3v?) dv (1-3)

is obtained, which is usually not convergent. Usually only the neighbourhood of saddle
points contributes significantly (see Jeffreys and Jeffreys (2), §17-04; Doetsch(1)). The
complete asymptotic expansion is obtained by adding the contributions (1-3) from
all relevant saddle points; this is the method of steepest descents. For extensions and
details see Doetsch (1).

Suppose next that the function f(z)=f(z,a) contains a parameter «, and that « is
allowed to vary in a domain of the complex a-plane. Then the saddle points vary with
a, and it may happen that for some value of « (say @ = 0) two saddle points coincide,
say atz = 0. If ais kept fixed, either at @ = 0 or at another value, the method of steepest
descents is applicable for sufficiently large NV (depending on ). But if we want expan-
sions uniformly valid in a domain containing o = 0, these cannot be found by steepest
descents since the radius of convergence of (1-2) tends to zero with «. The present paper
is concerned with the extension of the method of steepest descents to two nearly
coincident saddle points.

Many examples are already known of expansions which are uniformly valid near
a = 0. Such expansions can be found for any solution of certain general types of ordinary
linear second-order differential equations, and some of these (e.g. Bessel functions)
can also be expressed as integrals. For an elegant version of this theory, which is
completely rigorous, and for an account of earlier work see Olver (5). The expansions
are in terms of Airy functions and their first derivatives, the typical Airy function being

. 1 [wexp{m)
Ai(f) = 5= exp (§u®— Lu) du, (1-4)
2m J o exp (~47i)
where the integrand is the exponential function of a cubic polynomial. For a short
account of Airy functions see Olver (5), (6); Jeffreys and Jeffreys (2), §17-07; Miller (4).

2. The method of cubic representation. In the present paper similar results are
obtained directly from the integral. The method is applicable whether the integral
satisfies a differential equation or not; conversely, there are differential equations
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which have no known solution of the form (1-1), and so both methods are needed. The
method now to be described expresses f(z) as a cubic in a new variable «, a transforma-
tion suggested by (1-4). The parameters are chosen to give a (1,1) mapping %<z
uniformly valid near o« =0. Only the simplest case will be studied, that of two nearly
coincident saddle points.

Let us try, then, to represent f(z, ) by the cubic

f,0) = WP L@ u+ A(@). (21)
If this is to be a regular (1, 1) transformation we must have dz/du + 0 or co, where

O ()

Now f'(2, «) vanishes at the two saddle points z,(c), 25(), while u2 — {(«) vanishes at
% = +{¥a). If the transformation is to be regular, these points must correspond, and
so we have from (2-1) the equations

flen,0) = —§Ha)+ A(@), floa @) = +5EHo)+A(w),

to determine {(a«) and A(a). It will be shown that with these values the transforma-
tion % « zis indeed uniformly regular and (1, 1) near » = 0. Thus there is an expansion of
the form iz

9(2) - = Ze, (@) u

uniformly valid near = 0, and we have formally
exp {— NA(@)}[gle) exp (32,01} dz ~ [ (So(a) wm)exp (N (u? ~ L)) du
~ Sty (o) [ur exp (N (o - G},

an expansion expressible in terms of Airy functions if the limits of integration are
formally made to tend to infinity. Unfortunately, this cannot be regarded as an
asymptotic expansion since successive terms do not tend to decrease as N — co. So we
write instead

002 5 (o) 0~ O+ ) e~ O™ (22)

The coefficients in this expansion can be found by repeatedly differentiating and putting
z=1z2,u=2_{, and z = z,,u = — ¢ Then

exp{— NA()} () exp (Wf (e, @} dz
~3p, j (u2— Lymexp (N (3u? — Lu)} du (2:3)
+ 2, [uu?— Orexp (N (o~ L} du. (24)

This also is expressible in Airy functions, andjhere successive terms tend to decrease.
Which Airy function is appropriate depends on the contour of integration, e.g. when
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the contour goes from coe—#i to coed the expressions (2:3) and (2:4) can be
rearranged in the form

AR A0 AT (N3 BL) | ATV L G) | ALV o DY)
Nt N2 NE Nz Nt Ne * N% NZ‘J ’

(2-5)

where the first two terms come from (2-3) and the other two from (2-4).

In the following sections of the paper these statements are discussed in greater detail.
There are two principal results requiring proof. It must be shown that the implicit
relation between «, z and o may be solved to give u as a regular function of z and «
(Theorem 1 below). It must also be shown that the series (2-5) is asymptotic in the
sense that the error in breaking off the series at any stage is of the same order as the
first neglected term (Theorem 2). As an example the application to Bessel functions
of large order will be briefly described.

3. The regularity of the transformation. The transformation is
T.: fa)=3ud—fa)ut+Aa), (3-1)

where by hypothesis f’(z) has two small zeros z, (&), z,(ct) for small a. To each value of z
there correspond three values of w. We have seen in § 2 that the transformation cannot be
uniformly regular unless

A(e) = 3f(@) + 1), 3Hx) = 3f() — 3f(za),
and we shall see that with these values one branch of the transformation is indeed
uniformly regular for small z and «; on this branch z, and z, correspond to {* and — ¢?
respectively. The following case is typical. Suppose that near z=0 and a=0 the
function f(z, ) can be expanded in the form

[z, 2) = ag(e) + a,{a) 2z +ax(ax) 22 +az(a) 23 + ...,

where ay(x), a,(x),... are regular near a=0. By hypothesis al(O) =0, a,(0) =0,
a5(0) += 0. We suppose, without loss of generality, that a,(¢) = 0, as(a) = %, for these
values can be achieved by a change of origin and of orientation of z. If al( )hasa simple
zero at & = 0, we redefine a so as to make a,(¢) = —«, and we then have the expansion

flz,00) = ag(a) —az+ 422 +ay(x) 22 +.... (3-2)

The saddle points are given by
0= %f(z, a) = —a+22+4a,(a)28+ ...,

whencet z,(x) = atp,(ad), zy(ax) = —adp,(—ad). On substituting these forms in (3-2)
it is found that 4(a) = 4f(z;) + 4f(2,) is a regular function of «, and that

$84(@) = f(z) —f(21) = $atp,(a).

a
t The symbol p(z) stands for a power series of the form p(z)=1+ 3, k,z", convergent for
n=1
small z and with leading coefficient 1.
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We choose the branch for which {(«) = ap,(a), a regular function of & vanishing at
a = 0. We now have to study the relation between « and z, and to this end we shall
construct the Riemann surface of (3-1) near z = 0. We shall see that there are two sin-
gular points Z,(a), Z,(«) near z = 0 and that at these there are square-root singularities.
These points are not identical with z;(a), z,(a). The Riemann surface, which consists of
three sheets, has the same two sheets connected at Z,(«) and Z,(«), and the branch
corresponding to the third sheet is therefore uniformly regular near z = 0 for all suffi-
ciently small «. Formal proofs of these results will now be given.

Lemma. There are (small) radii R,, R, with the following properties :
(i) When|e| < R,, each of the equations

f(z’ a) = f(zl, a), f z,0) = f(22, a)
has exactly three roots inside |z | =
(ii) When |z| describes the circumference of the circle|z| = R,, the transformation T,
(for each fized a in|a| < R,) defines three image curves, each of which is described once
without double points.
Proof. To prove the first part of the lemma, consider first the limiting case o = 0 of
the equation f(z, &) = f(z,, ). This is

0 = 323+ 2%a,(0) +...}.
Choose R so that 24{a,(0)+...} < &%° in | z| < RP. When o % 0 the equation can be
written :
128 = —{a,(0) 2+ ...} +az~{(a(a) —ay(0) 2* + ...} ~az; +{ay(@) A + ..} + 32

The modulus of the first term on the right-hand side is less than% | z|>on |z | R®; and,
since z, - 0 as & - 0, the moduli of the other terms are together lessthan ;| z|®if ais
small enough, say |« | < BP. Rouché’s theorem now shows that the equatlon has just
as many roots inside |z| < R as }2%, i.e. there are three roots. A similar argument
applies to the equation f(z, &) = f(2,, @), leading to radii R®, R®. The first part of the
lemma holds for any R, < min (RY, R?), and any R, < min (RY, R®).

To prove the second part of the lemma, again cons1der first the limiting transforma-
tion 7T, corresponding to o =0. Then }u®+ A(0) = a,(0)+ 423+ a,(0)2*+ ..., where
ao(0) = A(0), whence 4u’® = 423{1+3a,(0)z+...}, and for small z we may take the
cube root of both sides. There are three regular branches u = 2p,(z), u = efmizp,(2),
u = e¥rizp,(2). To fix ideas, consider the first branch. Since |du/dz| =1 at z =0,
there is a radius R, < 3 min (RL, R?) such that this branch of the transformation is
(1,1)in | z| < 2R,. The image of |z| = R, is a curve C§® which does not pass through
% = 0 and which is described just once without double points ((3), Theorem 115).
(The same value of R, can be used on the other two branches.) Take any point Z on
| 2| = R,, and denote its image on the first branch by Uy(Z), where | U | > 0. Then the
image U,(Z) of Z under the transformation 7, is uniquely determined for all sufficiently
small . For the equations defining U, and U, are

FZ,0) = U3+ 4(0), §(2,) = 3U3—{(e) Ui+ A(@),
and so

f(Z,2)—f(Z,0)+ A(0) - A(2) + Uy §(@) = (UG — ) (U, — Up) + Un(U, — L) + 3(U, — T )°.
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The left-hand side is small for small «, and the coefficient of U, — U, on the right-hand
side does not vanish for small «. Thus ((3), Theorem 115, Corollary) there is a unique
image U,(Z) of any point Z on the circumference of the circle | z| = R,, and clearly the
dependence on « is uniformly regular for all small « and for all Z on the circumference.
Denote the image curve by C. For small a the slope, curvature, etc., of C{ clearly
differ little from the slope, curvature, etc., of C{, and the ratio of arc lengths
| dU,(Z)|dZ | is bounded away from zero. Thus for all sufficiently small «, say | « | < d®,
the curve CJ is described just once without double points, and similarly the image
curves on the other two sheets are described just once, if |a| < d®,|a| < d® respec-
tively. Take R, as defined above, and take any R, < min (R, R®?;d®, d®, d®). These
satisfy the conditions of the lemma.

TaroreM 1. Thetransformation (3-1)has just one branch which is uniformly regular for
small z and o, and on this branch the points z = z,, z = 2, correspond to u = £, u = —¢*
respectively. For small a the correspondence u ez is (1,1).

Proof. Consider the equation

3ud—L(a)u+ A(x) = f(z, a).

For any fixed z and « this is a cubic equation for «, and the three values of % can be
represented on a Riemann surface of three sheets. Tofind the branch points, the multiple
points of the left-hand side must be found. They are at + 2. Thus the branch points are
the roots of f(z, ) = —2¢¥(a) + A(x) = f(2,, ) and of f(z, &) = f(2,, @). For small a the
lemma shows that there are exactly three roots of the first equation inside | z| = R,, and
clearly z, is a double root. Let the third root be denoted by Z,. Similarly, the second
equation has three roots 2y, 2,, Z,. Thus the possible branch points inside |z | = R,
are at 2,, Z,; 25, Z,. We have already seen that z; = adp,(a?), 2, = —atp,(—ab), and
it is not difficult to show that Z,(x) = — 2atp,(at), Z,(a) = 2atp,(—ab).
Near 2z, we have

(o) u = f(z, ) — A(a) = f(zy, @) — A(x) + (2 —2)2f (2 &) + ...,

whence Hu—842 (w428 = He—2)2f (2, @) + ...,
where f”(z,,®) = 2atpg(a?) & 0, and so there are two solutions through z = z;, u = ¢
regular near z = z;, and one solution through z = z,, u = — 2¢} regular near z = z,.

Thus z = 2z, is not a branch point of the Riemann surface.
Near Z, we have

10— L) = f(z),a) — A(@2) + (2= Z,) f'(Zy, ) + ...,
whence Hu—8H2(u+28) = (2= Z)f(Zp, ) +...,

where f'(Z,, ) + 0, and so there are two solutions through z = Z,, u = {? with square-
root branch points near z = Z,, and one solution through z = Z,, u = — 2¢* regular
near z = Z,. Corresponding results hold for z,, Z,; we see that the only branch points
are at Z,, Z,.

Let us now consider the arrangement of cuts on the Riemann surface. The second
part of the lemma shows that no cut crosses | z| = R,, and it is then clear that the only
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possible arrangement is the one where the square-root branches through Z, and Z, lie
on the same two sheets. (This also follows because in the limit ¢« = 0 the Riemann
surface degenerates into three separate sheets.) The branch on the third sheet is
therefore uniformly regular in |z| < R,. Apply the second part of the lemma to this
branch. Asz describes |z| = R,, » on the regular sheet describes a curve once. Inside
the circle % is a regular function of z (only on the regular sheet). Thus, by a known
theorem ((3), Theorem 117), the relation « «—zis (1, 1). Since we have already seen that
on the regular branch (z = Z,) (v = —2¢}) we cannot have (z = z;) < (u = —2¢}),
and so we must have (z = z,) & (4 = {?). Similarly, (z = 2,) = (¥ = —&?) on the regular
branch. On the regular branch there is an expansion in powers of z,

w=U/(Z) = ZC,(a)z when |z|< R,

10 L@y,

By Taylor’s theorem, C,(a) = il

2m )z | =R,

but U,(Z) is a regular function of 2 on | Z | = R,, and so C,,(«) is a regular function of «.
Also, since the (z, «) relation is (1, 1), the series can be inverted uniformly. This con-
cludes the proof of Theorem 1.

A more analytic proof of Theorem 1 may be preferred by some readers. If the

equation 3 —f(a)u+ A(a) = f(z, )

is transformed to the neighbourhood of the branch point by making the substitutions
2 =z—z and u’' = u—{?, then, after a few trivial rotations and changes of scale it

takes the form w3+ 30w’ = b2 + c2¥p(2'), (3-3)

where a, b, and ¢ are functions of « such that, as « goes to zero, a and b go to zero,
whereas ¢ is bounded away from zero. Also, since the non-zero double point of the
left-hand side, i.e. w = — 2a (henceforth we omit the primes on % and z), must corre-
spond to the double point of the right-hand side (callit z = £), we must have the relation

40% = bE?+ of3p(E). (3-4)
Since z = £ is a double point of the right-hand side it follows that
20 + 3cEp(£) +cE2%p’(€) = 0. (3-5)

These two relations combined give

%f +cp(€) +ckp’(§) = 0. (3-6)

Note that £ goes to zero with a but that a/£ is continuous and bounded away from zero
for all values of  in some neighbourhood of zero, say for || < «,.

Pat U= —2az£ 14+ w
in (3-3) which with the help of (3-4) becomes

120%£—22w(z — £) + 3af~2w?(£ — 22) + w? = 8aBE~32%(z — £) + c22{zp(2) — Ep(£)}.  (3°7)



606 C. CHESTER, B. FrRiEDMAN AND F. URSELL
By Taylor’s theorem

z2p(2) —£p(§) = (2= &) (P(E) + Ep'(E)} + (2 — £)* Fo(2. §),

where P,(z, £) is an analytic function of z for | ¢ | < «,; therefore with the help of (3-6)
the right-hand side of (3-7) becomes

c2*(z—£)* Fy(2, £)-

Put w=2z§~-2)v

in (3-7) which then reduces to
— 1202820 4+ 3af1(E - 22) v2 +2(E — 2) v = cFy(z, §).

Since a?£~2 is bounded away from zero for | a | < a,, while the coefficients of »* and +*
tend to zero as z and « tend to zero, this equation defines v and consequently also u
as a power series in z for |z| < z, say, with coefficients which are continuous in «
for | | < ay. This concludes the alternative proof of Theorem 1.

Since g(z) and dz/du are regular functions, there is also a uniform expansion (which
was assumed in §2)

90 52 = Sp(a) (4= O+ Zg ) s~ E)™,

convergent, for small  and a. The coefficients can be found by repeated differentiation
and use of the correspondences z, & (%, 2z, — ¢}, Now that the existence of these
expansions has been established, the validity of the expansions can probably be
extended by more detailed study of the transformation, but this aspect of the problem
will not be pursued here.

4. The functions F,({, N, C;), G,,(§, N, C;). These are defined by the equations

1
271 Cs

F.(&N,C) = (u? = {mexp {N($u® — {u)} du,

Oulls N, ) = 5] =0y exp (V300 — Q) .
3

The contours of integration are C; from oo e=37¢ to co e}, or C, from oo €¥7* to 0o €™, or C
from oo e™ to oo e, By the change of variable N3u = v we obtain
-Fm(g, N1 07) = N—ﬁm_%Fm(Nig: 1, 0]))

and by the change of variable u = v e¥t we obtain

Fm(ga N’ 02) = exp (%fmm +%—7T1:) Fm(gegﬂi; N> 01)’ (4 1)
G (8, N, Cy) = exp ($mai +4mi) G, (L 87, N, O). (4-2)

The corresponding relations for C, are obtained by changing the sign of . These
equations show that we are actually dealing with a set of functions of the single
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variable N3¢, and with integration along the single contour C,, but it is convenient to
keep the full notation. Clearly also

Fm(gx N: 01) +Fm(€: N: 02)+Fm(€: N: 03) = 0:

and there is a similar result for G,,. Straightforward integration by parts shows that
2
Fm(g:N ) = = (m 1) Gm——2(§ N '):

Gm(gﬂN’Cj) = - N{(M_I)Fm—l+2( m—1)ZF, —2}

whence Fm(g,N,Cj)=1%(m 1) {(2m —5) F,,_s+2(m—3)LF,,_,}, (4-3)

Gl H,0) = o {(@m—1)(m—2) G g+ 2m—1) =) G . (44)

The factor 1/N?2 outside the brackets shows that for bounded ¢ the function F, is of
smaller order than F,, , as N — oo, and that a similar result holds for G,,. Thus the
sequence {F,} tends to decrease in sets of four (which suggests, however, that the
funetions are not quite the best possible). When F,, F,, G,, G, are known, the higher
functions can be found from the recurrence formulae; for example, for the contour C,
the first few functions are

Fo{, N,0) = N YA (NE), Gy, N,Cy) = —N-EAI"(NE),
F(E N,Cy) =0, G,(L, N, Cy) = — N-Ai (NV3)),
Fy¢, N,Cy) = 2N-3AV (N¥), Gy({, NV, Cy) = —2(N-$Ai (N¥(),
Fy({, N,C) = 4N-FAi(N8), G4 N,C) = —10N-% Ai’ (N#).

For the contours C,, C; the functions Ai, Ai’ must be replaced by the appropriate
Airy functions (see equation (4-1)). In the following section we shall be concerned
not so much with the complete integrals F, , G,, as with integrals between finite fixed
limits independent of « and N. For large N these differ from the complete integrals
by negligible exponentially small terms.

5. Proof of the asymptotic expansion. Suppose that the transformation u«z is
regularand (1, 1) for | & | < R, in the closed circle | » | < R, which is assumed to contain
the image of the circle | z| < R,. The contribution to the integral (1-1) from the part of
the contour outside |z| = R, is assumed to be negligibly small; this can usually be
proved by the familiar arguments of the ordinary method of steepest descents. Then
we have from equation (2-2)

exp {— NA(a)}|g(z) exp {Nf(z, )} dz

= %ﬁpmf(u2 — ) exp {N (3w’ — Lu)} du + %quu(uz —mexp{N(u*~ Lu)} du, (5°1)

where the integration with respect to # is over a finite arc lyinginside || = R,, and the
integration with respect to z is over the image of the same arc. The two series on the
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right of (5-1) are absolutely and uniformly convergent. If each integral is formally
replaced by the corresponding infinite integral, as in § 2, we obtain the series

2miZp,, Fr(§, N) + 2miZq,, G a(E, N), (5-2)

and each term can be expressed in terms of Ai and Ai’. To fix ideas, suppose that the
contour in the u-plane is C;; then (5-2) becomes after rearrangement

Ai(N3)) 5 4 §)+A1’(N§§)Z By(%)

Nt N?«v N N (&3)
Ai’ (N¥)  G(8) Al(Nié) D, (£)
i Z e Nt 2 N (54)

where the terms (5-3) arise from the functions Z,, and the terms (5-4) from the func-
tions G,,. We wish to show that these formal series are asymptotic. Suppose then that
each of the four series is cut off after the Mth term. We shall show that the error is
of the same order as the first omitted term.

THEOREM 2. When N — co, then for fixed M and for all |a| <R,

exp{—NA (oc)}fg(z) exp {Nf(z, o)} dz

- SO EAL o) SR o)
AR (L)) BEEDO oL

Proof. Consider the formal expansions (5-3) and (5-4) above. Equations (4-3) and
(4-4) show that successive terms tend to decrease. The functions A, ..., 4 ;;; By, ..., By
Cos -.-,Ca; Dy, ..., D,y are therefore completely determined by a finite number of the
coefficients p,, Py, Pas --- ; 9o» 41 43 - - -- Choose a finite number L so that these are included
in the set p,,¢,(0 < 8 < L —1). L depends on M and will be defined more precisely later.
Rewrite (5-1) in the form

exp{— NA(x)}|9(z) exp {Nf(z,a)} dz
L—-1 L-1
— % Do | (2 =)™ exp {NV ($u® — {u)} du — }6‘, qu‘u(u2 —§)mexp {N(3ud— u)} du

= Zo, j (0~ mexp V(G ~ Gudu+ S g, f w(? — )™ exp (N (§u? — Lu)) du
= I/I‘L(C) N) +¢L(€’ N)’ say, (56)

where the integration is along a finite arc and all the series are absolutely and uniformly
convergent. Bounds for ¥, will now be obtained. We can write

UL __f(u2 O)Err(u)exp {N(3ud — {u)}du = N—§L—§f 7)Er (N-3v)exp (403 —pv)dv,
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where 7 = N, and r(u) is regular and bounded in | | < R,. The path of integration
can be deformed into a curve through one or two saddle points + 9%, Thus, when
|argy | < 2m, the path of integration is along an arc of C; passing through the single
saddle point +7%%, and

|y < AN—%L—&L |o—|E{|o—qt [E+ | 7] 15} | exp (30*— o) | do.

For large 7, | 7| > R say, abound can be obtained by use of the ideas of the ordinary
method of steepest descents if we choose as paths of integration the paths of steepest
descent through the saddle point. Thus for | 7| > R

| ¥ < AN-3% | |-t exp (—3ph) | = AN} | L~ | exp (- 39Y)),
while for |5 | < R we have | Y| < AN-3L-%, (5-7)

We also have the expressions (Olver (6), p. 364)
Ai(y) ~ Ay~texp (—37}), Ai'(y) ~ Aytexp(—4nh)
valid for |argn| <%m, || > R. Thus, for | 7| > R and bounded ¢,
[¥rs| < AN-HE3 | EJF| Ai(n)] < AN [ Al ()|
and (5-7) shows that a stronger inequality holds for | 7| < R. Similarly,
|¥z] < AN-H4| A ()]

when |arg7| < 27 and the path of integration is the curve of steepest descent
through #%. More care is required when | arg (—7) | < 27, since Ai () and Ai’ () have
their zeros along argy = n. These zeros cannot coincide, and a simple modification of
the argument gives

|4, < AN-L-3| Ai (N¥) | + AN-LF| Ai" (N30) |.

Similar bounds can be obtained for ¢, defined by equation (5-6) and for contours other
than C,. By choosing L sufficiently large we can make | ¢, | and |¢, | negligible com-
pared with the terms N-2M-% Aj (NV38), N-2M-% Ai’ (N¥{) retained in (5-5). This com-
pletes the proof of Theorem 2.

6. Bessel functions. Asanillustration let us consider briefly the function (Watson (7),
§6-2, equation (3))
o +mi
J (& sech f) = —2—17-’; exp {N(sech fsinh z —z)} dz, (6-1)
-7
when the parameter g is small. Here f(z, f) = sech f sinh z—z, g(z) = 1. The saddle
points are the zeros of f'(z, ) = sech fcoshz—1, i.e. the points + 8+ 2mmi, where
m =0,1,2,3,.... Therelevant saddle points are at + S (see (7), § 8-31). When § = 0, two
saddle points coincide at z = 0, and the theory of §2 applies, with a multiple of 52
playing the part of «. The cubic transformation is

sech fsinhz—z = %u‘*'— P u, (6-2)

whence (sech B coshz—1) g—i = u? —¢{(B).

38 Camb. Philos. 53, 3
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The points z = + 8, u= + {* must correspond, and so, from (6-2),

—3(¥p) = tanh B, {~278p% (6-3)

The theory of § 3 shows that (6-2) has auniformly regular branch on which zis aregular
function of » and B. On this branch the pointsz = + 8, 4 = + e correspond, and the
coefficients p,,, ¢,, of equation (2-2) can be found by repeated differentiation, as
indicated in §2. It then appears that ¢,, = 0, and so z is an odd function of u,

dz & m )
G = o) 2= (64)

when % and § are small. For the Bessel function (6-1) the appropriate contouris €}, and
we obtain

J (N sech ) ~ 5% fc {Zpn(B) (u?— &)} exp {N (3ud — Lu)} du

= Zp.(B) Fn (6, N, Cy)

N*é /3’) Av' N§§ b(8)
=T N%s N 2y (69

We must now find the coefficients p,, (#) in (6-4). As has just been said, we can do this
in principle by repeatedly differentiating (6-4) and putting z= + 8, w = +{? in the
resulting equations. In fact this is a tedious process which will not be discussed at
length, since the coefficients a,(f) and b(f) are already known from the work of
Olver (6). We shall calculate only the leading coefficient py(f). From (6-4), po(f) is the
value of dz/du at z = £, and from (6-2)

d3z . dz\?
(sech f coshz — I)W +sech fsinh z(%) = 2u.
Put z = f, u = £}, then {py(f)}? tanh f = 28}, and it only remains to fix the sign.
Consider dz/du as z > 0, § - 0. The order of the limit operations is immaterial, since

the regularity is uniform on this branch. Since z= +p8, u = +{} correspond,
dz|du ~ B¢t ~2% and s0 p,y(0) = 28 But py(B) is a regular function of f; thus

2rh \t
Then we can rewrite (6-5) as

44(B) \}AL (V) . 4.8) Al' N§§ (8 .
Jo(I sech ) ~ (tanhz ﬂ){ Gyl 2 st}, (6-6)

where 4y(f#) = 1. This is precisely Olver’s equation (4-24). Olver’s results are more
general than ours. The validity of (6-6) has here been proved only for § sufficiently
small (but independent of N) and for N real, whereas Olver has proved his result for all
fin domains extending to infinity and for complex . He also gives a convenient
method for finding A4(#) and B,(f) ((6), § 6) and studies the behaviour of these functions
for large £ ((5), § 9, Lemma 1). There remains the problem of extending the validity of
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our results to cover the whole region obtained by Olver. The region of small g is
nevertheless the most interesting since elsewhere the ordinary method of steepest
descents is available.
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