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Abstract. In the contour integral
fg(z, 0oy, Ay, ..., %) OXP{Nf(2, 001, g, ..., ) }d2

the functions g( ) and f( ) are analytic functions of their arguments, and N is a
large positive parameter. When N tends to co, asymptotic expansions can usually be
found by the method of steepest descents, which shows that the principal contribu-
tions arise from the saddle-points, i.e. the values of z at which 8f[dz = 0. The position
of the saddle-points varies with the ! parameters, denoted by a = (a,, a,, ..., ), and
it may happen that two or more saddle-points coincide at a certain value of a. The
asymptotic expansions given by the ordinary method of steepest descents are then
non-uniform. The case of a single parameter and two nearly coincident saddle-
points was studied earlier and leads to Airy functions. Here we are concerned with
the case of [ parameters and of m saddle-points which are nearly coincident when «a
is near 0. It is then known that f(z, &) can be transformed locally into a polynomial
of degree m + 1, and accordingly we here restrict f(z, &) to be such a polynomial. The
form of the resulting asymptotic expansion had already been conjectured (correctly
as we now see), and involves certain special functions of m — 1 variables. To establish
the validity of the expansion we must show that the remainder after any number of
terms is of smaller magnitude than the last term retained in the expansion. In other
words, we must establish an inequality between integrals which is to hold for suffi-
ciently small @ and sufficiently large NV, and which involves ! parameters and m
nearly coincident saddle-points. This inequality is given in equation (1-3) below.

In the present paper a proof is given of this inequality, along the following lines.
The inequality is proved if a certain set of m stronger inequalities can be proved.
These latter are conditions of boundedness: |P;(N; a)| < 4, forj = 1,2,...,m. They
are not difficult to prove in regions of a-space where the saddle-points are well sepa-
rated, but difficult to prove elsewhere. Let an additional complex variable 7 be
introduced. This splits the saddle-points when 7 is bounded away from zero, and for
such 7 we can therefore prove the corresponding inequalities | P} (N;a, 7)| < 4 where
the P} are regular functions of 7. It now follows from the maximum-modulus theorem
for the variable 7, that |P;(N;a)| = [Pf(N;a,0)| < 4, which is the desired result.
The region of validity in a-space contains an open domain independent of N. (It is
probable that this property can be used to extend the validity to a still larger region. )
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The calculation is given in detail for two parameters and three saddle-points. (A
fuller outline of the mathematical argument is given at the beginning of section 5.)
The generalization to I parameters and m saddle-points is immediate.

1. Introduction. The present paper is concerned with the asymptotic expansion of
contour integrals of the form

I(N;oy, 009, ...,0) = fg(z, oy, ..., ) exp{Nf(z,ay, ..., )} dz, (1-1)

where N is a large real positive parameter, and g(z, a,, ..., ;) and f(z,«,, ...,a;) are
analytic functions of z and of the parameters a,, ..., o;. The asymptotic expansion can
often be found by the method of steepest descents. The contour of integration is
deformed to pass through saddle-points of f(z), which are the zeros of the derivative
f'(z), and the asymptotic expansion can then be found from the local expansions of
g(z) and f(z) near the saddle-points. The saddle-points in the integral (1-1) depend on
a,, ..., %, and vary when these parameters vary. (For brevity we shall write

o= (0ty,...,0), |a| =]oy|+...+]|a).)

It may happen that at a certain value of a two or more saddle-points coincide; the
steepest-descents expansion then becomes non-uniform. In an earlier paper (2) the
simplest case of a single parameter and of two nearly coincident saddle-points was
treated. In that work a new local variable of integration v(z, oc) was introduced by

means of the relation
flz, @) = §v®—{(a)v+ B(a); (1-2)

the resulting asymptotic series involves Airy functions of the variable N#{(a), and it
was found that successive terms decrease rapidly, like powers of N-1. The region of
validity in the a-plane was found to be independent of N, and it was shown later (5)
that by means of this property the asymptotic series could be continued into a
larger region in which (1-2) need no longer be applicable. These results were much
stronger than earlier ones (for references see (5), section 1), and it was natural to
inquire whether analogous results can be obtained for three or more nearly coincident
saddle-points. For three saddle-points (for m saddle-points) the right-hand side of
the relation (1-2) must be replaced by a quartic polynomial (a polynomial of degree
m+-1), and it was shown by Levinson (3) that locally regular transformations with
this property do indeed exist. The form of the resulting asymptotic expansions was
first studied by Bleistein (1). To prove the validity of the expansion an inequality was
needed for the remainder after » terms, such as the following.

Suppose that G(u, &) is regular in the disc |u| < r when a is near 0. Suppose also that

P (%, &) = () wm =¥

is a polynomial of degree m+ 1, and that £, (0) = 0 for all k. (The term in u™ is absent.)
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Then there is a positive constant A (depending on G) and a positive constant Ny, such that,
for all N > N, and all a in a certain neighbourhood of a = 0, we have

m—1
[ o) exp@ippi | < 4”5
k=0

f W oxp(Npp (e du|,  (13)

where the integration s taken along an arbitrary path (independent of N) which lies in
the disc |u| < r and is such that the contributions from the ends of the range are negligible.
Bleistein proposed an inductive method of proof in which the results for

m=12,....m

were t0 be used to prove the result for m = m’+ 1. Difficulties were found to arise
near those points in a-space which give rise to two or more coincident saddle-points.
These difficulties become more severe as the number of dimensions increases, and
were not fully resolved by Bleistein. Furthermore, Bleistein’s method of proof gives
a region of validity in a-space which contracts to a thin region as N - oo, although the
actual region of validity was expected to contain at least an open domain independent
of N. There is moreover a gap in Bleistein’s argument as he himself points out. (For
a discussion see section 7 below.)

In the present paper a proof is given of the validity of the asymptotic expansion in
an open domain in a-space (i.e. of the inequality (1-3)) by a method which is applicable
to any number of parameters and any number of nearly coincident saddle-points.
This domain is independent of N. The idea of the proof is simple. A certain bound in
a-space is to be obtained, and it is observed that this can be done in those regions
where the saddle-points are well separated. (We are, however, concerned with the
case of nearly coincident saddle-points.) Let an additional complex variable 7 be
introduced. When |7] is bounded away from 0 and |a| is small enough the saddle-
points are well separated and a bound is obtained; the maximum-modulus principle
is then used in the 7-plane to obtain the same bound for 7 = 0 when the saddle-points
are nearly coincident. For reasons of clarity the proof of the theorem is given for the
special case of three nearly coincident saddle-points, and of two independent para-
meters which will henceforth be denoted by « and £. It is not difficult to see, however,
that all the arguments are applicable to any number of parameters and any number
of nearly coincident saddle-points. These arguments are not related to the arguments
given in (1) or in (2).

2. Transformation to standard form. We consider the integral

I, B) = f gz, %, f)exp N f(z, 0, )} d, 1)

where it is supposed that g(z,a, f) and f(z,«, 8) are regular functions for all z in a
region |z| < p,, and for all (a,f) in a region Dy(e,f). (We introduce the convention
that all the regions D, («, f) defined in the present paper are open domains in («, #)-
space and contain the point (0, 0).) It follows that f(z, «, #) has a convergent expansion

flz,a, ) = kgoak(a’ Bz, (2-2)

4-2
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where the coefficients a; («, ) are regular functions of « and . We are concerned with
the case of three nearly coincident saddle-points

a,(0,0) = a,(0,0) = a;(0,0) = 0; a,(0,0) £ 0.

When (a, f) varies near (0, 0) there are always three saddle-points near z = 0. We
are not here concerned with the contributions from distant saddle-points, and we
may therefore confine our attention to the part of the path lying within a fixed disc,
|z| < pq, say, where p, is the radius defined in the statement of Theorem 1 below. It
is now possible to reduce I(N;a, #) to a standard form by means of

THEOREM 1. In the expansion (2-2) let it be supposed that
a,(0,0) = a,(0,0) = a;(0,0) = 0; a,(0,0) + 0.
Then there exists a transformation w = u(z, a, f) (and an inverse transformation
z=2z(u,, f))

uniformly regular and (1, 1) for all z in a domain containing a disc |z| < p, and for all
(o, B) in a domain Dy(a, B), and such that

[z ) = Ala, f) —n(a, f)u—E(a, f)u? + Fus, (23)

an exact quartic polynomial. The functions A(e, B), n(e, B) and &(a, B) are regular in
D, (a, B); also £(0,0) = 9(0,0) = 0. The image domain in the u-plane contains a disc
|| < rfor all («, B) € D;(x, f), and the inverse image of |u| < r contains a disc |z| < p,.

Proof. This follows at once from Levinson’s Theorem ((3), Theorem 1-2) after a
trivial change of origin in the u-plane (to remove the cubic term) and a trivial change
of scale (to normalize the quartic term). This concludes the proof of Theorem 1.

Let the transformation z = z(u, o, #) be applied in the disc |z| < p,. On writing

g(z7 d,ﬂ) Z_Z = G(u’ a’ﬁ)

we obtain, with an exponentially negligible error, the equation

exp(— NA(w f) I(N;0, B) = f G, @, fyexp (Nt — B —qu)} du,  (24)

where the (finite) path of integration in the u-plane is the image of the (finite) path
in the z-plane, and may usually (with an exponentially negligible error) be deformed
into a fixed path in the u-plane when ||+ |#| is small enough;

(a’ﬂ)ED2(a:ﬂ) = ‘Dl(“’ﬂ)’
say. Equation (2-4) gives the standard form of the integral I(N ; «, #) defined by (2-1).

3. The form of the asymptotic expansion. The problem has now been reduced to the
asymptotic expansion of

fG(u, o, ) exp {N(}u* — Eu? —nu)} du, (3-1)
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where the integration may be restricted to a fixed path lying in a disc |u| < r, with
an error that is exponentially negligible provided that («, §) is restricted to a domain
D, (a, ). Let us now, following Bleistein ((1), p. 540), introduce the function sequences

Gp(u, o, B), Hy(u,a,B), B, f), Qplx,p) Byl h).

These functions are regular for all % in the disc |«| < r and all («, £) in D,(«, £), and
are defined by the following equations.

G(u: d,ﬁ) = Go(u» a,,B) = P0+Q0u+R0u2+ (u3—2gu_77) Ho(u’ d,ﬁ), (3'2)

~(0fou) Hy(u, , B) = Gy (u, @, B) = P+ Qu+ R wP+ (w3~ 28u—n) Hy(u,a, f), (3-3)
— (9fou) Hy(w,a, B) = Gyp1(u, 2, f)

= B+ Qun v+ By w? + (wd—28u—9) Hyy (u,, B).  (3-4)

Explicit expressions for these functions in the form of contour integrals are given by
Bleistein. By repeated integration by parts it is seen that

fGo (u,a, f) exp {N(jut— Eu®—qu)} du, (3-5)
(P +§+ +1]\;n) f exp {V (Jut — £u? —u)} du, (3-6)
(QO+Q‘+ +z%)f uexp {N(}ut — £u? —nu)} du, (3:7)
(R +1§r + +§)f u?exp {N(Jut — fu? ~qu)} du, (38)

- f (48 — 26u—7) H, (u, @, B) exp {N (Jut — £u? —qu)} du

= 1V++1fGn+1 (u, , B) exp {N (}u® — £u? —qu)} du, (3-9)

where integrated terms from the ends of the range of integration have been formally
omitted. The integral (3-9) is seen to be of the same form as the original integral (3-5).
(Finite limits of integration will be discussed in section 6 of the present paper.) The
foregoing calculation suggests the following theorem, cf. ((1), p. 540).

THEOREM 2. There is a positive number Ny and a domain Dj (e, B), such that, for all
real N > N, and for all («, ) € Dy(ex, B) we have

fG(u, o, f)exp{N(jut - Eu? —yu)} du

1 -P ‘x ﬂ) 1 e Q (a’ﬂ)

=3 2a(VEE, ) zOR ALY ’+éﬁn+1 (V; o, ) (310)
where by deﬁnition
= (X, Y) =f(_ Uynexp (U= XU2— YU)AU, (m=0,1,2),  (3-11)
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where £(a, f) and y(, B) are defined by (2-3), where Py, Q,, and R, are defined by (3-4),
where the limits of integration in (3-11) are at oo in the appropriate valleys (the paths
being extended from the finite limits to o along paths of descent), where Dy(at, ) i defined
in Lemma 3 below, and where

Imnﬂ(N; a,ﬂ)l

< ] g o VAL, )|+ 96, V0, V)| + 50 96,78, M| 312)

for some constant M, . (We may, e.g. take M, ., = Amax|Q,,, (u,x,f)|, taken over the
disc |u| < r and Dg(a, B).)

The proof of this theorem will be given in sections 5 and 6, where it will be seen to
follow at once from a much stronger result, stated here as

THEOREM 3. With the same assumptions and the same notation as in Theorem 2 we
have
fG(u, o, B) exp {NV(3ut— Eu? —yu)}du

= Z_\%g{o(zvég, Nip) P(N; «, ﬁ)—%‘lﬁ(Nig, Nip)Q(N; a, )

+ 3 % (VHE, NEy) BN; o, ), (3-13)

where P, @, R, the functions defined in section 4 below, satisfy the inequalities

PW;af)- 5 DD Ty
AN; )~ 3 Q"‘“ A g, 319
R(V; 2, ) k=0Rk§‘7‘kﬂ < Hnsy

The proof of Theorem 3 is given for infinite limits of integration in section 5 below;
and for finite limits in section 6 below.

4. Integrals with infinite limits. Definitions. It is convenient to begin with the case
of infinite limits which avoids certain complications of detail. The case of ﬁm’te limits
will be studied in section 6. It will therefore be assumed that Gy (v, «, f), ..., G yq (%, @, B)
are regular for all finite values of «, and suitably bounded at co so that all the integrals
of Theorem 2 exist. It will be assumed that the path of integration goes from one
valley at oo to another valley at co. (The valleys are the directions

u = coexp (3mi), ooexp(dm), ooexp(dmi), ocoexp(imi) ab o0.)

Let paths C(1), C(2), C(3) between three arbitrary distinct pairs of valleys be chosen
in the u-plane, and let us write

FULN; ap) = f .y Gl f)exp (N (hu — Eut—mu}da, (&1)
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N3mD 9L (1, N¥E, Niy) =f (—uprexp {N(hit— Eut—qu)} du, (m =0,1,2),
ca) .

(4:2)
for integrals along C(1), with similar expressions for integrals along C(2) and C(3).
The following definitions are suggested by the form of Theorem 2, when it is noted
that the theorem is to hold for any path from oo to co in the u-plane. Actually, if the
functions P(N; «, 8), Q(N; «, B), R(NV; a, f) satisfy the equations

) = 35 %) P- 1 0 () @+ MG R, (= 1,2,3) (43)

for the three paths C(1), C(2), C(3), then by linear combination they satisfy the
corresponding equation for any path from co to co. We therefore introduce the

Definition. P(N; a, ), Q(V; a, ), R(NV; e, B) are the solutions of (4:3), given by the

expressions P =NiAJA, Q= —N¥AJA, R=NIAA,

S A1) Ap(1)
where Ag(N; o, B) = | f(2) A (2) Ay(2)], (4-4)

f3) U (3) A (3)
= [f(1), % (@), L3)] (4°5)
(in an abbreviated notation identifying determinants by their diagonal elements),
and where similarly AW B) = [f(1), (), A(3)], (4-6)
Ap(Ns e, f) =[f(1), p(2), Ay(3)), (47)
and AN, Nip) = [Uo(1), A (2), A (3)] (4-8)

It will be seen later (see Lemma 6) that A can be found explicitly,

A(NEE, Nip) = A(0, 0)exp (— 2N E?).
For brevity, let us write

F(u,a, ) = jut—E(a, B)u*—(x, B) u. (4-9)
Let 7 be an additional complex variable. We define a modified function
Fru, o, 8,7) = Flu,a, f)—Tu
=t —EuP—(+7)u, (4-10)
the asterisk indicating dependence on 7, and simﬂarly we define determinants
AF =N (N; a,8,7), AF and AF

as in (4-4), (4-6) and (4-7), except that the modified function F*(u, «, 8, 7) takes the
place of F(u,a, ) in the integrand. Thus

Ak(N; d,ﬁ)=A]t(N; a:ﬂ’ 0): (k= 0, 1’2): (4-11)

Similarly we define f*(1, N; a, 8,7), A% (1,N; «, B, 7). We shall often write these and
other functions in an abbreviated form, such as f*(1,7), A% (1, 7). Since the limits of
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integration are in fixed valleys at co it follows that f*(1,7) and 2}, (1,7) are regular
functions of 7 for all 7.

5. Integrals with infinite limits. Proofs. The crucial intermediate result at which we
are aiming is

THEEOREM 4. There is a constant A, such that, for all real N > Ny and for all

(¢, B)€ Dy(x, B)
we have |P(N;a,p)| <4, |QN;a,6)| <4, |RWN;ap)|<A4. (5-1)

Evidently this is a weak form of Theorem 3. To establish Theorem 4, a number of
lemmas will be proved. Lemma 1 shows that the variable = causes the saddle-points
to separate when 7 is suitably bounded away from 0, and « and g are sufficiently
small. Lemma 2 is concerned with determinants A§, A¥, A¥ with well-separated saddle-
points. It is shown that such determinants can be rearranged so that each row involves
only a single saddle-point. In Lemma 3 bounds are obtained for Af, AF and A¥; these
bounds are independent of 7 as is shown in Lemmas 4 and 5. We now use the obser-
vation that A¥, A¥ and A} are regular functions of the complex variable 7. In Lemma 7
the maximum-modulus theorem is applied to these determinants, and it is concluded
that the original determinants A,, A, and A, (obtained by setting 7 = 0 in A¥, A¥ and
A¥) have the bounds found in Lemma 3. It now follows that P, @ and R are bounded,
as is asserted by Theorem 4.

Theorem 3 can then be deduced by applying Theorem 4 to the function

Gn+1 (u’ a, :3)

defined in equation (3-4), and Theorem 2 is an immediate consequence of Theorem 3.
These results will now be given in detail.

LEMMA 1. Let 7 be the radius defined in Theorem 1, and let r, by an arbitrary fixed radius
less than r. Then there is an € > 0, and a domain Dy («, B) < D, (e, B), such that the three
zeros uy (7), uiy (1), wiir (1) of w® — 28u—1n — 7 lie inside |u| = L(r,+7) and are separated
by at least 3 r,, whenever T lies in the annulus r3(1—¢) < |7| < 73 (1 +e¢), and (a, B) lies

in Dy (a, B).

Proof of Lemma 1. Suppose first that (a, £) = (0, 0), and that ¢ = 0; then the saddle-
points u¥, ujy, ufy are the zeros of 4*—7 which are separated by 3%, and lie on

lu] =r, < 7.

It is now obvious from continuity that the saddle-points remain near |u| = r, (e.g.
inside |u| = (r, +r)) and that they remain separated (e.g. by at least ;r,), provided
only that e and |a| + | 4| are chosen small enough. This concludes the proof of Lemma, 1.
Saddle-points satisfying the conditions of Lemma 1 will be said to be well separated.
Suppose, then, that the saddle-points uf (7), u3y (1), ufi; (7) are well separated. For a
general value of 7 in the annulus the two paths of steepest descent from any saddle-
point do not pass through a second saddle-point, and we can then define the path
C*(1, 7) composed of the two paths of steepest descent from % (7) to co. Similarly we
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can define C*(I1,7) and C*(III, 7). When 7 varies in the annulus the saddle-points
and the paths of integration also vary. We denote by f*(I, 7) the integral along C*(I, 7);
there is an ambiguity of sign in this definition, let the sign be fixed arbitrarily at a
general value 7 =7, and elsewhere by continuity. Similarly, we define f*(II,7),
f*(IY,7) and AL (T, 7), Ak (AL, 7), A% (II1, 7). Corresponding to the definition of AF
(see equation (5-3) below) we now define

8(? (N: &, ﬂ: T) = [f*(I)’ mf (II)> 2[; (III)]> (5-2)
and similarly the determinants &y, 85 and §*. Note that these are defined only when
the saddle-points are well separated.

Now suppose that 7 varies in the annulus. Then it is well known that the elements of
0¢ change discontinuously across certain curves in the 7-plane (the Stokes lines)
because the (infinite) limits of integration of e.g. f*(I, 7) change discontinuously (see
(5), Table 1). When 7 lies on a Stokes line then at least one of the paths C*(1,7), C*(I1, 1),
C*(I1I, 1) passes through more than one saddle-point. In other words, the integral
f*(, 1) represents different functions of 7 in different parts of the 7-plane. It is not
difficult to see (cf. (5), section 4) that the asymptotic expansions (as N — c0) of these
different functions are analytic continuations of each other across a Stokes line.

Consider now the path C*(I, 7,) for an arbitrarily chosen general value 7, lying on
|| = 3. This path joins two distinct valleys at co. We denote by C(1) any path joining
these same two valleys; this path is to be kept fixed when 7 is varied. Similarly, we
define C(2) and C(3). We define f*(1, 1) as the integral along C(1) (with similar defini-
tions for U} and for other paths) and can then, as in (4-4) above, define

AT (N5 B,7) = [f¥(1), UF(2), AF(3)] (5-3)
where the integrands depend on 7 but the limits of integration of each element are
independent of 7. Evidently Af is a regular function of 7, since each element has this

property. Evidently also AF = d¢ when 7 = 7,, by our construction. Similar equations
hold for A%, A and A*. We shall now prove

LemMMaA 2. Suppose that T varies in the annulus r3(1—¢) < |7| < 3(1+¢€). Then, in
this annulus, we have AR (N; o, B,7) = 82 (N; , B, 7), (5+4)
with a similar result for A¥, AF and A*.

Proof of Lemma 2. We shall prove the result for A*; the proof for the other deter-'
minants is similar since all the integrals have the same Stokes lines. Evidently the
result holds when both A* and §* are regular near 7 = 7,, and it is therefore sufficient
to show that §* remains a regular function of r when 7 crosses a Stokes line. On either
side of a Stokes line the path C*(I, 7) (say) is well defined, and so are its two limits as
7 tends to a point on the Stokes line from one side or the other. Let the two limit
paths be denoted by C*(I, +) and C*(I, —) respectively. C*(I,+) can differ from
C*(I, —) only when the path of steepest descent from uf passes through a lower
saddle-point. Let us (in the present argument only) renumber the saddle-points so
that uf is the highest, «f;; the lowest saddle-point. Then we have

An (IIL, +) = AL (III, —), (5-5)
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AX (IT, +) = AX(IT, —) +¢(IT, TIT) A* (IIL, —), (5-6)

where the coefficients t can take only the values — 1, 0 or + 1. (This last property is
not needed.) Similar equations hold for f*. Thus

1 oI oI ID|| MO —) WI -) W -)
0 1 r(ILII)|| (L, —) (I, —) k(I —)
0 0 1 ||eFamm, —) WAL, —) oI, —)

WE+) WET+) AT +)
s (@I, +) AFAL +) F(II, +)
A (XL, +) UFIIL +)  AF(IIL, +)

and, since the first determinant has the value 1, it follows that
O%(—) = 0%(+). (5-8)

This argument can be applied to a continuous range of values of 7 on the Stokes line.
The two analytic functions 6%(—) and §*(+ ) thus take the same values on the Stokes
line, and are therefore analytic continuations of each other ((4), section 4-51). It; follows
that 8* is regular in the annulus. This concludes the proof of Lemma 2 for A*. The
same argument is applicable to A}, Af and A§.

We next obtain bounds for &5, 6f and 0. We write

Fi(r) = F*uf (7)), S (1) = Ff (1) + F(7)+ i (7),
where all these functions depend also on « and £. Then we have

LrMMA 3. There is a constant A, and a positive number N, such that, for all N > N,
the inequalities

|03 (N; a, B, 7) exp{—NSF («, B, 7)}| . Nt < 4, (59)
0¥ (Vs «, B, 7) exp{— N8F (o, B,7)}| . N < 4, (5-10)
|6% (NV; @, B, 7) exp{—NS¥ («, B, 7)}| . NE < 4 (5-11)

are satisfied for all T on the circle |7} = 13 and for all (a, )€ Dy(a, B).

Proof of Lemma 3. Consider, for example, the determinant 8{,’] (&V; 7). The saddle-
points are well separated, and each element of dg (V; 7) involves only a single saddle-
point. The ordinary method of steepest descents is therefore applicable in its simplest
form. (This was the motive for introducing d5.) We write

rotm = 2 D ey, (512)
it m) = R D ) (513)
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and similar expressions for the other two saddle-points. The factors are chosen so as
to give rise to the steepest-descents expansions

e ~ 3 8T
0

lek
Wr* (L, 7) ~ P2 0 Nk
in inverse integral powers of N, actually with coefficients analytic across Stokes lines
as we have seen. On substituting (5-12) and (5-13) it is seen that

8*(N; 7)exp{— N(Ff + Ff + Ff1)}. Nt
=[f**@), AFAL), WF*IID)], (5-14)
where each element of (5:14) has an asymptotic expansion in inverse powers of N.
It follows that the determinant (5-14) also has an expansion of this form. In particular

itisbounded when N islarge enough, N > N,, say. This concludes the proof of Lemma 2.
We note incidentally that, for N > N,, we have .

|f**(I,7)| < const. max |G(u,a,p)|. (5-15)

(« u;?)\erDs
This follows from the usual steepest-descents argument when it is observed that the
saddle-points lie inside |u| = (ry+7) <1, i.e. at a finite distance from |u| = 7.
Lemma 4. SF¥(a,B,7) = F¥ (1) + Ff1 (1) + Ff1y (1) is independent of 1. (Actually
8§ (e, B,7) = —282)
Proof. (The following method is applicable to polynomials of any degree.)
On evaluating the residues at the poles we have (omitting for convenience the

asterisks) - ” :

S* (1) = 27” § ((Z)) F(u)du, (5-16)
where o F(u) = }u'—fu?— (77'*'7)’“

F'(u) = ud—28u— 17 T, (5:17)

F"(u) = 3u?— 2§,

and where the contour of integration encloses all the zeros of #”(u). On subtracting a
regular integrand which makes a vanishing contribution we obtain

() = 5= f § ((Z)) (F(u) —uF'(u)) du. (518)

1 fA+au®) (1 +bu?)
27n 1+cu2—(p+1)u3"*

Thus Si(r) = Suddu (5-19)

where a,, b, and ¢, are independent of 7. Thus

(1+au?) (1+byu~?) 9 du,

— * =
S (7) 27n (1+cou=2—(p+T1)u38)%*

=0
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since the expansion of the integrand contains no term in «~1. Thus S¥(7) = S¥(0).
This concludes the proof of Lemma 4.

The result S§ (0) = —2£2 can be obtained by evaluating the coefficient of %=1 in
(5-19).

LemmA 5. A*(N3¥E, Ni(y + 1)) is independent of 7.

Proof. This is the usual proof for a Wronskian determinant. By column-by-column
differentiation we have

N4 A% = NED 1903 (1), 9F (2), 92 (3]
= [, U3, U (9, U, o] (5:20)

The terms in (5-20) vanish because each term has two columns identical; the term
(5-21) vanishes because

WS — 26U+ (n+7) AT
- f (4 — 260 — (g + 7)) exp {N (b — £u — (5 +7) )} dus = 0,

whence [AF, A, AT = 28[AT, AT, AT — (7 +7) [UF, UL, AT = 0,

because again two columns are identical. Thus (9/d7) A* = 0; this concludes the proof
of Lemma 5.

LemMmA 6. A(N3E, Ni(n +71)) = exp{NS,(a, )} A0, 0). (5-22)

- Proof. (The following method is applicable to polynomials of any degree.)

It is convenient to introduce the parameters X = N3£, ¥ = Ni(y+7), and the
polynomial FNU,X, Y)= 30— XU~ YU.
Asin (3-11) we write

%, (X, Y) = f(_ Uymexp (U4 — XU — YU)dU.

The zeros of U3—2XU — Y are denoted by U(X, Y), U(X, Y), Ujr(X, Y), and we

write S{(X, ¥) = F{Uy) + F*(Urp) + F'(Uyyy).
It can be shown, as in Lemma, 4, that

SH(X, ¥) = 8U(X, 0); (523)
as in Lemma 2, that X, Y)=AX,7Y) (5-24)
where X, Y) = [Up(X), A, (IL), A, (III)];
and as in Lemma 5 that AX,Y) =AX,0). (5-25)

Let X bekept fixed. As Y —> co, each element of §(X, ¥) can be evaluated asymptotically
by the ordinary method of steepest descents. It is sufficient to take Y real and positive.
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Consider, e.g. Ay(I, X, Y). Put U = Y3y, then

U ([,X,Y) = Y‘}J‘exp{Y’-’f(i»v‘*—(X/Yﬁ)v2—v)}dv

~ exp{FY(U(X, V) a}(, X/ T}) Y}
where it is not difficult to see that

aﬁ(],%)»a{,(l,O):i:O when %—)0.

Similarly Wo(Z,0,Y) ~ exp {FH(U(0, Y))}a}(L,0) Y-1.
On comparing these expressions it is seen that
8(X’ Y) €xp ( —Sf(Xa Y)) ~ 8(0} Y) exp (_ST(O’ Y))

as Y — +oo. From (5-23), (5:24) and (5-25) it is seen that each factor is independent
of Y. It follows that

A(X, Y)exp(—8'(X, ¥)) = A(0, Y)exp (—8%0, ¥))
and since each factor is now defined for all ¥ we can put ¥ = 0. Also §%(0,0) = 0.
It follows that AX, T) = exp (SHX, Y)) A(0, 0).

This is equivalent to (5-22), and concludes the proof of Lemma 6. It follows from
Lemma 2 and 3 that, e.g.

A (V; . f,7)] . NE < A [oxp {NS, (@, £)}] (5-26)
when |7| =73. We can now obtain bounds for Ay(N;e,f) = Af(N;a,p,0), and
similarly for A; and A,

LeMMA 7. |Ag(NV; a, B)| . NE < A |exp {NS,(x, B)}], (5-27)

|8 (N5 . B)| . Nt < A |exp{NS,(a, B)}, (5-28)

|8 @, B)]. V% < A |exp (VS (. A}- (529

Proof of Lemma 7. The determinants AF (1), AF (7), A (7) are regular functions of 7
since all their elements have this property. (Note once again that f*(1,7) is regular
for all finite 7 whereas f*(I,7) is discontinuous across Stokes lines.) Thus, by the
maximum-modulus principle ((4), chapter 5),

|8 (V5 @, B)| = AT (N; , B, 0))
< max |AF(N; a, 8,7)], (5-30)

T|=71

and so (5-27) follows from (5-26). The inequalities (5-28) and (5-29) are proved in the
same way. This concludes the proof of Lemma 7 for integrals with infinite limits.
We are now in a position to proceed to the

Proof of Theorem 4. To show that, e.g. P(N; a,f3) is bounded, combine equation
(5-27) with the result of Lemma 6. Similarly it can be shown that Q(¥; «,#) and
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R(N; a, B) are bounded. This concludes the proof of Theorem 4 for integrals with
infinite limits.

Proof of Theorem 3.

P (e, B)
To prove that P(N;a,p)- _0 kN" N:ﬁ’ (5-31)

consider A (N; o, B). Let the expressions (3-5) to (3-9) be substituted for the elements
of the first column of A,. We obtain

Bo(d; ) = 3 &L o, 1), 90,(2), 2,030, 3¢ (532)
k_OQ" % B ror (1), 9, (2), %, (3)]. N} (5-33)

+ 3 Bl Do, 1), 9,(2), 03188 (5:34)

Nn+1A (N;n+1;a,p), (5-35)

where Ag(N; n+1; a, B) is defined like Ay(N; a, #), except that @,,,, takes the place
of G. We now observe that the determinants in (5-33) and (5-34) vanish since they
have two identical columns. On dividing by A(N3£, Ni7y) we obtain

Fi,p) 1
Nk Nn+1

where P(N;n+1;a,8) = N#Ay(N;n+1; a,B)/A is bounded, by Theorem 4. And
equation (5-15) shows that we may take M, ,, = const. max |G,,|. Similar arguments
are applicable to Q(NV; a, #) and R(N; «, #). This concludes the proof of Theorem 3
for integrals with infinite limits.

Proof of Theorem 2.
Since from equation (4-3), we have

F(LN; &, f) = NHU (1) P(NV; , f) — N3, (1) QN o, f) + N3, (1) R(N; @, B),
and since, from equation (5-1), we have |P| < 4, |@] < 4, |R| < 4, it follows that
|F(D] < A{N3 %o (D] + N3] A, (1)] + N A (1)]}-

Equation (3-12) is obtained in the same way, after replacing G, by @,, ,;. This concludes
the proof of Theorem 2 for integrals with infinite limits.

P(N;a, ,b’)—k=0 PWN;n+1;5a,p5), (6-36)

6. Integrals with finite limits. It has hitherto been supposed that G(u, «, #) is defined
in the whole of the u-plane, and that all the limits of integration are infinite. In general
this will not be the case. Suppose now that G(u,«, ) is defined only when |u| < 7
We shall see that our definitions and arguments can be modified to deal with this case.

The path of integration of f is now restricted to the circle |u| < . We consider a
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specific case which is however typical. Let us take four fixed points (the terminal
points) on the circle || = r, one in each valley, e.g. the points

u = rexp ({mi), rexp($mi), rexp(3m), rexp (Zmi).

The path C(1) defined in section 4 joins the points at co in two of the valleys, let the
path ¢(1’) be defined as a path joining the terminal points in the same two valleys;
let c(2'), ¢(3') be defined similarly. Let f(1', N; «, #) be defined as the integral (4-1)
along the finite path ¢(1’), let f(2’), f(3’) be defined similarly. Let Ag, A,, A, be redefined,
with f(1'), f(2'), f(3') replacing f(1), f(2), f(3) in the first column. (The elements %A,
remain unchanged). Similarly let Aj, A¥, A} be redefined. The identities (4:3) then
remain valid, with f(1'), f(2'), f(3’) replacing f(1), f(2), f(3) on the left-hand side.
Lemma 1 is unaltered. In Lemma 2 the integrals %} continue to be taken along the
paths C*(I,7), C*(11,7), C*(I11, 7), but the integrals f* are now taken along modified
paths ¢*(I,7), ¢*(IL,7), c*(III,7) between the corresponding terminal points. The
paths ¢* evidently cannot be paths of steepest descent along their whole length, since
the terminal points do not in general lie on the paths of steepest descent from the
saddle-points. We must therefore re-examine the role of the paths of steepest descent
in the proof of Lemma 2.

It is well known that the so-called method of steepest descents does not in fact
require paths to be paths of steepest descent. It is sufficient if they are paths of descent
near the dominant relevant saddle-point, if they lie well below the saddle-point
elsewhere (where they may even be paths of ascent locally), and if they satisfy con-
vergence conditions when they extend to co. Paths of steepest descent have, however,
the merit of being defined uniquely (except on Stokes lines). If in the proof of Lemma 2
paths of steepest descent are replaced by more general paths of descent, it is seen
that the change-over from (e.g.) C*(I, +) to C*(I, —) in equations (5-5) to (5:7) need
not take place precisely at a Stokes line. There is usually a whole region, near the
Stokes line in the 7-plane, where both C*(I, +) and C*(I, —) are paths of descent
(though not of steepest descent), and where either C*(I, +) or C*(I, —) is admissible.
Our argument for infinite paths can be modified in this way, and remains valid for
finite paths provided only that, in determinants involving f*, the change-over from
C*(I, + ) to C*(I, —) can be made at the same value of T as the change-over from c*(I, +)
to ¢*(I, —). It is possible to choose the paths c* so that they have this property, for
instance, the path ¢*(I,7) may be chosen to coincide with C*(I, r) inside the circle
|u| = r, and then to continue along the circumference of |u| = 7 to the nearest terminal
point; it is not difficult to show that this has the required property provided that first
7, and then Dj(a, B) are chosen sufficiently small. (With this choice the change-over
can take place at the Stokes line.)

Lemmas 3-7 and Theorem 4 are unchanged, but the proof of Theorem 3 now involves
a finite range of integration in equations (3:5) to (3-9), and also involves integrated
terms from the ends of the range of integration. The differences due to such terms
are evidently exponentially small (of order e—¥4, say, when (a, ) = (0, 0), and therefore
by continuity of order e~3#¥¢ when D, (a, 8) is made small enough). The contribution
to P is therefore also exponentially small, as is shown by the following crude argument.
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The contribution to A, is at most of order exp ( — N d).exp (2N M (a, B)) where M («, B)
is the height of the highest saddle-point. (The second exponential factor comes from
A, and A,.) The contribution to P is therefore at most of order

exp[—-3iNd+2NM(a, B)— NS, (e, B)];

this is exp (—$4Nd) when (e, 8) = (0,0), and therefore remains exponentially small
(by continuity) when |a| + || is small enough. The proof of Theorem 2 is unchanged.
This concludes our discussion of finite paths of integration.

7. Discussion. We have now studied in detail the case of three saddle-points and two
parameters but it will be clear that all our arguments remain applicable to the general
case of arbitrarily many saddle-points and arbitrarily many parameters. The necessary
modifications are obvious and will not be discussed here.

No effort has been made to determine the largest possible domain of validity in
a-space. The domain of validity obtained above is independent of N. In the case of
two nearly coincident saddle-points this property was used (5) to extend the validity
by another method, which may be applicable to the general case. A preliminary
study suggests that it is Theorem 3 rather than Theorem 2 that will then be needed.
This problem is not considered further here.

Bleistein’s earlier treatment (1) of the present problem proceeds differently. We
consider again the case of three saddle points (u,, u,, 43, say) and two parameters («, ).
Bleistein treats u,, u,, %, as the parameters in Theorem 1 (but since they are evidently
not independent it is not clear that Theorem 1 is applicable). The saddle-points are
treated as varying in (u,, u,, 43) space. It is also supposed in Bleistein’s argument that
one of the parameters (u,, say) is always less than ¢(V) = O(N—%). This restricts the
region of validity in (e, 8) space, for, since u2 — 2{u, — 7 = 0, we must have

[9(e, B)] < 2)&(ex, B)uy| + |uy|2~>0 as N -—>oo.

Thus the region of validity shrinks to the two-dimensional surface 7(a,8) = 0 as
N — o0, and this is not likely to be sufficient for analytic continuation; see (5). Bleistein
actually considers the case of an arbitrary number of nearly coincident saddle-points.
The reduction to polynomial form used by Bleistein ((1),eqn. 4-31) rests on an unproved
postulate. It is supposed that in a certain sub-region containing ¢ < m of the m
nearly coincident saddle points the function f(z, a) can be reduced to a polynomial
of degree g+ 1. This postulate is not a consequence of Levinson’s theorem. The
latter asserts the weaker result that the function f(z, @) can be reduced to a poly-
nomial of degree m+1 in a region containing all the m nearly coincident saddle
points.

Our asymptotic expansion (which is related to Bleistein’s) involves the functions
&(a, B), (e, f) and A(a,f) which appear in the transformation (2-3). Levinson’s
existence proof (3) constructs these in principle, in the form of convergent power
series. Thus when

Fle0 ) = agle f) - fr—oz+ 1+ 3. ay(an f) 2
it can be shown that -
£=a—as(0,0)+ 0o +|B|?); 7= B+0(al>+|B]).
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The method is not very practical when more than a few terms are required. The
functions £, 7 and 4 can also be defined without explicit reference to the transformation
(2-3), but this will not be pursued further in the present paper.

In the introduction the functions g( ) and f( ) of equation (1-1) were assumed to
be analytic functions of the parameters; analyticity is actually used only in Levinson’s

proof of Theorem 1. In the remaining theorems continuity is sufficient, as can easily
be seen.
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