UNIFORM ASYMPTOTIC FORMULAE FOR FUNCTIONS
WITH TRANSITION POINTS

BY
T. M. CHERRY

1. Introduction. Let g(z, w) be an analytic function, regular at 2=0, w=0.
We are to investigate asymptotic formulae for the solutions of the differential
equation

d*y
(1.1) — 4+ y{ v+ gz, v} =0,

dz?
where v is a large parameter. More, precisely, we desire approximations whose
error is O(v™™), uniformly for z in a closed region, independent of v, having the
point 2=0 in its intertor or on its boundary, m being an arbitrarily large integer.

The investigation will cover the solutions, in the neighbourhood of x =0,
of the more general equation

ay ay
(1.2) — + R(x, v2) — + V{—*f(%) + Q(x, ¥} = 0,

dx? dx
in which R(x, w), Q(x, w) are regular at x=0, w=0 and f(x) has a simple
zero at x=0; for (see §2) this may be reduced to the form (1.1) by a change
of variables, regular at x=2z=0. When all the symbols denote real numbers,
the solutions of (1.2) are monotonic or oscillating according as v)f—Q
+47-'R*4+2-1dR/dx is positive or negative; and when » is large, this quantity
changes sign at a point near x =0, on account of the simple zero of f(x) at x =0.
Thus as x passes through 0 the solutions change from monotonic to oscillating,
and we may call x=0 a transition point(). It is this transition which dis-
tinguishes our problem from the simpler one in which the x-region includes no
zero of f(x).

The guiding idea of the investigation is familiar: “approximately identical
differential equations have approximately identical solutions.” A significant
approximation to (1.1) will be an equation having the same features when 2
is near 0. Accordingly the project stated in the first paragraph is crystallized:
the approximations to solutions of (1.1) are to be solutions of a differential equa-
tion of the same form as (1.1).

The simplest equation of this form is the Airy equation

Presented to the Society, February 26, 1949; received by the editors January 13, 1949
and, in revised form, September 13, 1949.

(1) In the nature of the case there is no single point at which a solution changes character,
and there is no definition of “transition point” which is invariant under change of variables.
Our use of the term will be essentially descriptive, to emphasize that such and such a point is
about the centre of the neighbourhood which is of primary interest.
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(1.3) P ey =0,
d¢?
whose general solution is(?)
(1.9) 1 = C Al (02/%) + D Ai (v2/%£27i/%),

It is a significant approximation to (1.1) if we take { =2; and it is on the basis
of this approximation that R. E. Langer [3] has established (under precisely
defined conditions) approximations to solutions of (1.1), in the form(?)

(1.5)  y(z) = C, Al (%) {1 + O} + D, Ai (»23e27i/33) {1 + O(")}.

The Airy functions are not elementary, but they are acceptable as approxima-
tions since their properties are well known and they are tabulated [2].

In the present paper a procedure is given for finding approximations which
resemble (1.5), but in which the error is O(y—2"~1), where # is as large as we
please. The underlying idea is that we must first find a differential equation,
with a known solution, whose discrepancy from (1.1) is of order »~?*y. This is
obtained (see §3) from (1.3) by means of a transformation,

(1.6) § =00 =z+v(x) +vie(x) + -, 1= y@'G)

in which the functions ¢, ¢2, - - - are successively determined by elementary
processes, and all are regular at z=0. By a familiar process we then (§4) com-
pare the solutions of this transform of (1.3) with those of (1.1).

The results may be presented in two forms, (i) and (ii). Examples are:

2 )m 214 AL {»2139(2) )
e s
where z= {(3/2) (arctanh s—s) }?3 and ¢(2) is given by a series (1.6) in which
¢1, b2, - - - are determined by one rule as far as ¢,, and thence onwards by a
different rule (see §3.2). For |arg VI =<w/2 and larg (1—s?)12| <7/2 this gives
uniform approximation to s/2J, except in small neighbourhoods of the zeros
of the function, where a slightly modified formula is required.

SR {u(1 — s)U2) = 2UBsA[AL (213) {1+ g+ - - -
+ g + 0(r22)}
yIBAY (v2/%) {qut + - - -
+ g2 + 0 1],

(?) The notation here used for Airy functions was introduced by H. Jeffreys [1]; the defini-
tion of Ai(x) in terms of Bessel functions of order 1/3 is given in equations (4.8), (4.23) of the
present paper. For tables of the functions, and an account of their properties, see [2]. Numbers
in brackets refer to the references cited at the end of the paper.

(®) Langer's results are here expressed in Airy-function notation.

()
a.7m 3112_],{,,(1 — 32)1/2} — (

{1+ 0061},

(i)
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where ¢q1, gz, - - - are determined by one rule throughout. This is analogous to
familiar elementary asymptotic series; its region of validity includes the zeros
of J,, but s must be so restricted that 2 is bounded.

The general results are reached in §§4.6, 4.7, and the Bessel-function
formulae, from which the preceding have been quoted, are in §§4.8, 4.9.

In §5 are indicated the formulae for approximating to certain hyper-
geometric functions F(a,, b,; v+1; 7) of large order » by means of Bessel
functions of order v. This type of approximation is chosen for reasons of func-
tional similarity, and for both theoretical and practical purposes is as accept-
able as the Airy-function approximation. Here we find a single formula,
(5.11), which covers all large values of » (without restriction on arg ») and all
values of T apart from a neighbourhood of the cut 1=7 <+ «, and small
neighbourhoods of the zeros of F(a,, by; v+1; 7).

The theory has not been carried to the point of evaluating the constants
of the error-terms, so numerical comparigsons of exact against approximate
values are of interest. Such checks are referred to in §4.8; suffice it here to
say that, for the purposes of (1.7), 2 is a “large number,” for the formula
(with n=2) gives Ja(x) from x=0.6 to 20 (the range examined) correct to 1
in 30000. The formulae of §5 are not so spectacular; for |»| 2 8.5 the accuracy
(with n=2) is about 1 in a million.

To economize space it has been necessary to suppress a good deal of
detail: and algebraic detail merges into logical detail; it is hoped however
that no logical point of any substance has been treated too summarily.

Notation. As usual, certain symbols are used generically, namely, 4
(constants), O (Landau’s order symbol), P (power series, convergent when
the arguments are sufficiently small), e (positive number, arbitrarily small).
Certain other symbols have different significations in different transient
contexts. For a given choice of datum-functions the 4’s and O’s are absolute,
except as stated in the context; and except that, throughout, the constant
implied by O(¥»—*"—1) depends on #. |v| is usually supposed, and on key occa-
sions is stated, to be “sufficiently large.” Arguments of functional symbols are
often suppressed, or only the one which is at the moment important may be
shown.

2. The canonic forms of differential equation. Consider a linear differential
equation of the second order, in the normal form (2.1) below. We can make
an arbitrary change of independent variable, and shall preserve the normal
form provided we make also a suitable change of dependent variable:

LemMA 1. The transformation z=¢(u), y=w(p’'(»))'?, applied to the dif-
ferential equation
d*y

dz?
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gives

o s £ _ 3 (87N
(2.2) i w{F(¢(u))(¢ (1)* + 20 w) 4 <¢’(u)>} =0

This result is well known, and its proof is trivial.

If in (1.2) we replace ¥ by y exp (—2~1fRdx) we obtain a similar equation
with R, Q replaced by 0, Q— R%/4—2-'dR/dx; and the latter function has the
form P(x, v—2?) since R, Q have this form. Now put x=¢(x), y=w(¢'(n))"?,
with ¢(%) so chosen that (¢'(u))2f(x) =1, with =0 for x=0. Since, by hy-
pothesis, f(x) =awx+ax?+ - - - with ¢; 0, we obtain

1/2 3/2

2
u =§al x {1+ 2P(x)}.

Thence x =¢(u) is a power series in #2/3, and an easy calculation of the terms
in (2.2) gives the form

d?w
(2.3) —+ w{—v2+ + W(u, ,,_z)} =0,
du?

36u?
with
W(u, v=2) = u23P(u?/3, v=2),
Conversely, the substitution
(2.4 W= 60 = we = gt

converts (2.3) into

2

*

Y

(2.5) =

+ y{ =%+ g(z, vV} =0,

with
g2z, v™2) = W = P(z, v2).

Our problem concerning approximations to the solutions of (1.2) is thus
reduced to a similar problem concerning solutions of (2.3) or (2.5), in the
neighbourhood of the transition-point #=0 or z=0. We describe (2.3) as in
canonic form B and (2.5) as in canonic form A(%). In view of the transforma-
tion (2.4), we can at pleasure work with either. Near the transition-point the
A-form is simpler, and we shall use it in the transformation theory of §3. But
the B-form is simpler when 2, % are not small, and we shall use it for the
asymptotic theory of §4. It appears moreover (Examples 2, 3 below) that for
equations of the hypergeometric family, and others (for example, Mathieu’s

(Y) B=Bessel, cf. (2.6); A=Airy.
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equation), the canonic A-form is further removed from the original dif-
ferential equation than is the B-form, and that the latter is analytically the
simpler. When such equations are in question it may therefore be preferable

to use the B-form throughout; this procedure is illustrated in §5 and in
Cherry [4].
ExaMpLE 1. The Airy equation (1.3) is in canonic form A. The corre-

sponding B-form is
d2w+ ( ) 5 ) 0
TR =0,
du? ’ 36u?

and the general solution of this is
(2.6) w = CL(vu) + DL(vue™?),

where

L(x) = x'2K,,3(x),

K3 being the Bessel function so denoted.

EXAMPLE 2. Bessel's equation of order v and argument N(1—s?)V/2. The re-
duction indicated at the beginning of this section gives the differential equa-
tion

2.7 fz—-v+ w(—v2+ +W>=O,
du® 36u?
where
(2.8) % = arctanh s — s,
2.9) W=(i_1)<_5___1_+)\2_,,2)_ 5
52 454 452 36u
has the general solution
(2.10) w = CsH2,{N(1 = s)172} + Dst2F,{\(1 — s%)'/2}.

So far as concerns approximations to Bessel functions of large order and argu-
ment we can put A =v», but the wider assumption A2 —»?= P(y~2) leads, as will
be seen in §5, to useful generality. By reversing the expansion u=(1/3)s?
-(14-352/5+4 - - - ) for the neighbourhood of #=0 we find

W.—_(>\2_,,z_i>( ! _i+_2_(3u)z/s+...)
35/ \@uw)*® 5 35

(ot g G0+ )
— —_— - ——_— u CEECIEY y
525 25-49-11

and the form (2.3) is verified.
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The Riemann surface for W as a function of % has infinitely many sheets,
of which we need consider only the three which are cyclically connected round
u=0. The fundamental unit (Fig. 1 (iii)) is the sector 0 <arg # <3w/2 with a
cut from =4 to 1%, and by reflections in the boundary rays through =0
we get in all four such units which together form the three sheets. We con-
vert (2.7) into form A by putting » =22%%/3, w=1yz'4, and to the part of the
u-surface for which |arg u| =<3w/2 corresponds a schlicht z-plane with three
cuts (Fig. 1 (iv)); but since g=2zW and W(ue?**!) =W(u), g is regular across
the cut from z=0 to — «, and this cut can be sealed up. In Fig. 1 we see also
that in sealing this cut we seal also a cut in the plane of x=(1—5%)Y2 from
x=1to + «.

B' D G H B (24 &
4 B D
A > c 5 B 4 p 4
o
B D D B

. " " 2/3
(i) x-plane; (ii) s-plane (iii) u-plane; (iv) s-plane; = ( 3 u)
= (1-s)18 u=arctanh s—¢ 2
F1G. 1
Black area: Sealed-up cuts.
Point 4: x=0, s=1, %=-4o, g=-4o,

C: x=1, s=0, u=0, z=0.

D: x=+4w, s=iw, wu=w0ed"? z=—ow,

B: x=—iw, s=4®, u=wxe, z= w0,

C': u=mi, 2= (3w /2)%%~3,

Note: In the u-plane, the reflection in CA has been omitted.

For later reference we note the forms of W, g in the two infinite sectors of
the cut z-plane; these are easily found from the appropriate local approxima-
tions to the su-relation (2.8): For |arg z| <m/3—¢,

.

W= — + 41+ N2 = p2)er 4 -

36u?
(2.11) 5
36w
g = sW = 0(z7?).
For ]arg (—z)l <2%/3,
W =»»— 2N+ (6 =N =)y 4 - =2 — N2 4w P (0,
(2.12)

+ e—2u¢P(8—2u’ v—2) ,

g=:W = (?— A)z+ 0(z7?).
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ExaMPLE 3. A hypergeomeltric equation. The equation

d’y 1 B \3dy B 1
2.13 (== 2y (— " )y=
( ) dr? (1‘ 1-— T) dr g (21’(1 -7 412)y 0

has as its general solution
y = Cr"!%F,(r) + Dr~/?F_,(7),
where F,(r) denotes the hypergeometric function
F,(r) = F(a,, b,; 1;7),
(2.14) (r) = F(ay, bsv + 15 7)
a+ b, =v+ 8, ab, = — Bv(y — 1)/2.

This and related functions are of importance in the theory of compressible-
fluid flow, where, when the fluid is air, the value of 8 is about 2.5. When » is
real F,(7) is monotonic for 0 <7 <7, and oscillating for 7,<7 <1, where

Te = 1/(1+ 23).
By putting

1 — 7/7\1? ' -
(2.15) t = (—1—/> y % = arctanh { — 7, e arctanh (t-r:ﬂ),
-T

(2.16) w=(1— 72y = (1 — T)"/ztl/z{Cr”/zF,(r) + Dr“’/zF_,(‘r)},

we convert (2.13) into

a*w ,
@t w(_" T 3w T W‘) =0
(2.17)
1 -2 5 1+ 67, 3 —4r,
Wy =————{—— +
4(1—rp s # # S
1= 2r)(1 — 4r) b — ——;
F -2 =)} -

and this is readily verified to be in canonic form B. Considering W as a fuhc-
tion of %, the fundamental unit of the Riemann surface is the same as for W
(Example 2), except that there is an additional branch point on CD, at
u=2"1r(r,"Y2—1)e**i/2, and the ray thence to u = % ¢3*¥2 must be taken as a
cut. The correspondence between 7, ¢, u, 2 is shown in Fig. 2.

The form-A equation corresponding to (2.17) involves a function g, =zW;
which is regular in the same domain as g (Example 2), except for a new cut
from z=—2t0 — 0, = {(31r/4)(1-."1/2—1) }2/3; at 3= —32;, g1= . Near g4,

(2.18) Wi = — 5/36u? + e P(e72*), g1 = 0(z%);

near g,
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_ (1 - 7'0)2 _ 5 12 1/2

W, = + e2vme P(e2ume )’
47, 36u? (
(2.19)
1 —-r,)?
f1= ————z2+ 0@,
47,
E GH

(i) r-plane (ii) ¢-plane (iii) u-plane (iv) z-plane

Fi1G. 2

Black area: Sealed-up cuts.
Point 4: =0, t=1, u=+wo, z=-+4ow,
C: r=1, =0, u=0, z=0.
E: r=1, t=o0, wu=wuet? z=—(3u/2)¥3; wu=2"x(r,V2~—-1).
B: 1=, t=71,712 y=we, gz= c0¢ils

Note: In the u-plane, the region CABE corresponds to the half-plane Im 7 <0; the reflection
in CA has been omitted.

3. Approximate reduction of a canonic equation to the Airy equation. Let
the transformation

@.1) ¢ =90) =3+ 2 v ¥e.s), 1= (¢ (N2,
1 .
be applied to the Airy equation
d?y
(3.2) : W v =

By Lemma 1, the resulting equation would coincide exactly with the equation
(2.5):

d?y
(3.3 —+ y{ v+ gz D} =0

dz?

provided

1 3 "
3.4 »26(2) [¢'(2) ]2 — 4" (2) 9 [ ¢"'(2)

%) 4¢w]=ﬂ—“r%
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This is a differential equation for ¢(z), for which it is easy (see §3.2) to find a
series-solution in the form (3.1). It appears that this formal series is usually
divergent, so we do not pursue it; but if we curtail it at the term in »=2»
(n arbitrary) we obtain a regular function ¢(2) which makes the two members
of (3.4) coincident up to terms of order »y—2*+2, Moreover, the coincidence to
this order will not be affected if, to the polynomial in »=2 so determined:
2+ D w¢,(z), we add additional terms »~2"2¢,.i(z)+ - - - which are
arbitrary apart from convergence requirements. We shall choose these terms
so as to make the two members of (3.4) as nearly as possible coincident when
lzl is large. Thereby we shall in §4 secure that our asymptotic formulae re-
main uniform up to 2= «, provided g satisfies suitable hypotheses.

3.1. Hypotheses. The following hypotheses are rather more general than
are needed to cover Examples 2, 3 of §2, and at the same time are sufficiently
precise to lead to clear-cut results.

HyrpotHEsIs 1. There is a domain D, in the z-plane, enclosing 2=0, in which
g (equation (3.3)) has an expansion

(3.5 86 v) = 2 g o),

the g.(2) are regular, and

(3.6) | &) | < Mk for |z] =1,
‘gr(z)I_S.MkIZI forjzlgl,

M, k being positive constants.

HvyroTHESIS 2. D, is a (schlicht) star-domain relative to the centre z=0;
it contains sectors of nonzero angles, extending to infinity, centred on the rays
arg 2=0, +2w/3; and it may contain other infinite sectors of nonzero angles.
Thus in Example 2, Fig. 1(iv), D. is the whole plane, less the sector
Iarg z—1r/3[ Se, [z| = (37/2)23—¢€ (e arbitrary, greater than 0) and the con-
jugate sector.

This hypothesis will become of full effect only in §4. In the present section
the essential part of it is “any point z of D, can be joined to the origin by a
path whose length is less than A|z| ,” and this would be sufficient for the
most vital part of §4 provided the exposition were suitably elaborated.

" HypoTHESIS 3. In any sector of D, which extends to infinity,

g(z, v = a3z + B, + 0(z7Y),

3.7 d d
( ) o, = Z ™, B, = Z B2,
0 0

uniformly for arg z belonging to the sector and |v| sufficiently large; the series
for a,, B, being convergent. (There may, of course, be sectors reaching arbitrarily
near to «, in which (3.7) is not satisfied.)
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As an immediate consequence we have, for any finite set of the coefficients
in (3.5)

(3.8) &(2) = az + B + 0(z7),

uniformly for arg z in the sector, and this is consistent with (3.6).. Hence
follows g/(z) =a,+0(z7%), g/'(s) =0(z73), and so on. If (3.8) is uniform in
0. <arg 2=0,, each derived relation is uniform in 6,+e=<arg 2<60;—e. In the
sequel we shall have to perform a finite number of differentiations of poly-
nomial combinations of the g., so one contraction e in the sector will suffice
for all; and we shall reduce the verbiage by supposing that this contraction
has already been made in defining D,: that is, (3.7) is actually valid in sectors
whose angles are somewhat larger than those of D,. In each sector of Examples
2, 3 the right-hand member of (3.7) is a convergent series, and no contraction
of the sector is involved on differentiation.
From these hypotheses we shall deduce (§§3.2-3.4):

THEOREM. A transformation (3.1) may be defined which is in D, regular,
reversible, and arbitrarily near the identity for Iul sufficiently large, whereby
(3.2) is converted into a differential equation (3.9) below, in which G is regular
and satisfies inequalities of the form

|G| = 4a|v| for|z
|G| = du]w|2n| 5] for |
where the constant A, depends only on the arbitrary integer n.

3.2. Definition of the transformation. Consider the transform of the Airy
equation (3.2) by (3.1). With a view to comparing the resulting equation with
(3.3) we write it as

da*y
dz?

(3.9) + y(—v2+¢—G) =0,

where by Lemma 1

(3.10) G =Gz v") = »*(¢¢" — 2) + i g — i”-’--%— E-(d’”>2
. ’ > T 2¢, 4 ¢, .

Substitute here ¢ =2+ D rv~%¢,, so that ¢'=1+ va‘”q&ﬁ, and so on, and
we can develop formally in powers of »—2. The term in »? cancels, and equat-
ing to zero the coefficients of »°, »—2, - - ., we get

224’; + ¢ = — 8o,
(310 261+ b1 = — g1 — 361 — 261 + 1/2,

...................
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which can be successively solved for ¢, ¢, - + -
The general solution for ¢, is

2%, = “f 27 1go(x) 2V 2%dx + C,
0

and since go(x) = P(x) there is one solution ¢;, and only one, which is regular
at z=0, namely, the one for which C=0. We choose this solution; it is regular
in D, since gy is regular there. The right-hand member of (3.11): now becomes
a known function, regular in D,, so for a similar reason there is one solution
¢2 which is regular in D,; and so on.

We suppose that the successive solution of (3.11) is terminated after ¢,
has been found, for some chosen integer n. We then choose dni1, Pnts, + * * SO
that, in the expansion of

V2(¢¢,2 - z) + &

the coefficients of v=2", v=2"2 . . . may vanisk; they are given, therefore, by
equations derived from (3.11) by striking out the terms involving second or
third derivatives of the ¢,.

For formal convenience, let functions gf(z), - - -, gh—,(2) be defined by

(312) g;k(z) = gf(z) + hf(z) (7‘ = 0’ ccrrt, B l)v

where £, is the coefficient of »~%" in the expansion of

111 3 7\ 2
L3,

2¢" 4\ ¢/
Thus k¢=0, and (for r=1, 2, - - -, n—1) h, is a polynomial in derivatives of
é1, * * +, ¢, of the form
(3.13) b= 2 60 'P(o7) + 2 6’0 P(d1);
and the &,, g,* are determinate functions of z, regular in D,, since ¢y, - * * , Pp1

are regular and already determined. In consequence of this definition, the
equations (3.11) for ¢4, « * -, ¢, take the form

g* + [coefficient of »2r in expansion of »2(¢¢'? — )] =0@r=0,---,n—1);

so if we define
(3.18) gr=g (rzn), g¢=2 g
)

the equations determining all the ¢, are comprised in
(3.15) v(¢¢'? — 2) + g*(z,v%) = 0.

This is a differential equation for ¢(2), in which the variables are separable.
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We have to pick the solution which answers to the values of ¢y, - -, ¢a
already determined, to demonstrate that this solution can be convergently
expanded in powers of ¥~2>—which will validate the previous formal develop-
ments—and to determine the character of the solution in the infinite sectors
of D,.

3.3. Properties of the ¢.(2) and of the series z+ Y _v—*¢.(z). We have to
discuss (i) ¢1, * * +, @, (i) By, - - -, Buy and g*, (iii) the solution of the
differential equation (3.15); in this order.

(i) ¢1, + - -, ¢» have already been proved to be regular in D,. Consider
their behaviour in the typical infinite sector. For any z in the sector we have,
by (3.8), go(2) =az+Be+0(z1), so (3.11), gives

1
1(2) = = - aos¥? = Bttt — co + O,

1 0
co = — f (g0 — a0z — Bo)z 12z,
2J

Hence

$1 = — aoz/3 — Bo — coz7V? + O(z7Y), é1 = — ao/3 + cz¥2/2 + 0(z7?),
¢ = 0(z),

and

2"+ 20101 + 6172 = aus/3 + 2a0B0/3 + 0@ ),

where the term in z~V/2 cancels. Since also g1 =aiz+8:1+0(z1), (3.11),; gives
the form ¢o=asz+bs+c2~24+0(z71). An inductive proof that

(3.16) br=az+b+cz2+0EY) (r=1,2---,n)

is easily given; the essential point is that, if ¢i, + + -, ¢,—1 have this form,
then the equation (3.11), for ¢, has its right-hand member of the form
Cz+D+0(z 1) with no term in z~1/2,

(ii) From the form (3.13) for k., along with the form (3.16) just demon-
strated, we have

(3.17) k= O(z77/%),
and thence from (3.12) and (3.8)
(3.18) g* =g +0@E") = az+ B+ O(z).

It follows that, throughout D,, [g:"(z)/z[ is bounded for |z[ =1. Also
2¥(z), being regular in D,, is bounded for |z[ =<1. So for the finite
set g¢, - -+, gi—1, we can assert inequalities of the form



236 T. M. CHERRY [March

| g*| = M*r for |z =1,
(3.19)
|g*| = M*kr| 2] for [z] 2 1

where & is the same constant as in (3.6). And since gf=g, for r=#, and we
can take M*= M, (3.19) are valid for all 7.

(iii) From (3.19) it follows that, in the differential equation (3.15), g*
is an analytic function of the two variables 3, »—2, regular for z in D, and
lv‘[ >k. There is no difficulty in proving that there is just one solution ¢
which is regular in D,, and in establishing the expansibility of this solution
in powers of »—2. The steps are:

(a) In D,, z—v—2g* has just one zero zo=v"2P;(»—2); and

(3.20) 72— v = (z — zo){l + > v ,(z)}, with | f,| < Mk,
1
(b) The only solution ¢ which is regular in D, is given by

2 z
——3—-¢3/2 = f {x — v2g*(w, v2) | 2dx.
20

(c) In D,, ¢ is expansible in the form
3.21) ¢=(— zo){l + Z p2r ,*(z)} with ]f,*(z)] =< Mzkzr;
1

in deducing these inequalities from (3.20) we appeal to hypothesis 2 of §3.1.
(d) By substituting from (3.20), (3.21) in (3.15) we get a development

— 14 e, with |6M()| S Mok
1
An integral of this,
(3.2 b=+ Zret)
must agree with the series obtained from (3.21) by substituting for 2 its value
v—2®,(v—?) and rearranging; and

| @) | <
(3.23) B

| $*(z) |

(e) The series for ¢'’/, ¢’’’ obtained by differentiating (3.22) converge
uniformly in D,, apart from a strip round its boundary (Weierstrass), but it
is not necessary to remove such a strip since the series can be obtained from
derivatives of the differential equation (3.15).

5 for | z|
l

Mk <1
Mk Iz} for] =1
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Substituting this solution ¢ in (3.10), G becomes an analytic function of
zand », regular for zin D, and | u[ sufficiently large. The expansion leading to
the equations (3.11) is justified, and the ¢y, - - - , ¢, thence determined must
agree with ¢y, - - -, ¢r in (3.22) since the solutions which are regular in D,
are unique.

In the typical infinite sector of D, we have, from (3.14), (3.18), and (3.7),

n—1

2=y =z — g4 vt — gf) = 5 — v {as 4+ B+ 0GEY),

1
uniformly as to » and arg z. Substituting in (3.15) we obtain, uniformly,
(3.24), 2¢%2/3 = (2(1 — v~2a,)V/2/3)2%/2 4+ v=26,(1 — v~2a,)"V/251/2
v, + O(v—%711%),
where

(3.24)s v, = lim {2¢3/2/3 — (2(1 — ¥~2,)1/2/3)23% — v=28,(1 — v~2a,)~1/2%31/2} .

Also

2

/2
(3.25) lim ad

z—wo 32

=1—=

Ay

3.4. Inequalities for G. It has been proved that, with ¢(3) determined as
in §3.2, (3.10) gives G regular for z in D, and Ivl sufficiently large; and when
we expand G in powers of »~2, the terms in #°, - - -, »~?*2 vanish on account
of the choice of ¢y, - - -, ¢.. Hence »?*G is regular.

Now if we substitute (3.15) in (3.10) and take note of (3.14), (3.12) we get

¢/n 3 ¢// 2 ©
- - V—Zr r r*
2¢'+ 4<¢') +; & =&

¢//I 3 ¢/l) 2 n—1 .
= - — - 2V h.
2w T (¢’ 2

In the typical infinite sector of D,, (3.17) gives h,=0(z""?%), while (3.24)
gives ¢’ =14+0("2), ¢’ =0(r—22752), ¢’ =0(—227/2). Hence G=0(r"25"7/2)
uniformly as to » and arg z.

Hence for |v| =v, say, and z in D,, there are inequalities of the form

|G| =4, for |z| <1, |G| = 4.]z]7"2 for |z]21;

G =

and since »*"G is regular, the maximum modulus theorem gives

|G| éAnv:n]vf_‘zn for |z

|
(3.26) 1G] < At [ o] ] for | 5|

1,
1.

IV HIA
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This completes the proof of the theorem stated at the end of §3.1.

3.5. On the value of c,, equation (3.24), in a special case. Consider the case
in which (i) the function g(z, »=2) in (3.3) is real when 2, »? are real, and (ii)
one of the infinite sectors of D, encloses the ray arg z=w. From (i), when 2, »?
are real all the ¢, are real, so ¢(2) is real; and on the ray arg z=m, ¢(2) has the
principal part z and so is real negative. It follows that in (3.24)

¢, must be pure-imaginary when v? is real;
more precisely, if ¢¥2, z/2 are to stand for principal values, there are two
forms of (3.24) in the sector:

263/2/3 = (2(1 — v~%a,)1/2/3)3%/2 4 v=28,(1 — v~%a,) 122112 & idw? + O(v~2z112),

one of which must be used for arg 2= and the other for arg 2= —7; and d,
is real when »? is real.

4. Airy-function approximations to the solutions of (3.3). For this part of
the investigation we start from the differential equation (3.3) for the “un-
known” functions and the almost coincident equation (3.9) into which we
have transformed the Airy equation (3.2). For comparing the solutions of
these it is convenient to work with a variable in which the approximation-
functions are as simple as possible, and moreover to work with equations in
canonic form B. We therefore reconvert (3.9) into (3.2) by reversing the .
transformation(®) { =¢(z), and by then putting { = (3v/2)%3, n=w{"V*¢ we get

@.1) d2w+ ( - 5)_0
. w( —v 601)

In applying the same transformations to (3.3) we use for the new dependent
variable a symbol @ distinct from w. The transformation is

¢ = (30/2)*"3, z = ¢71(5) = ¢71[(30/2)%%] = ¥(v),
(4.2) . ) 1 2\* 1
y= SO ¥ = = (5) =
and by Lemma 1 it converts (3.3) into
(4.3) d—zé-l-d’[—lﬂzll/'z'i- g://2+ﬂ—- i(i”—)j = 0.
dv? AN

Now (3.9) is obtained from (3.3) on replacing g by g—G, so the same re-
placement in (4.3) must yield (4.1). Hence (4.3) must be

.
(&9 o[-+ FE| =0

(%) This transformation depends upon #, but it seems unnecessary to show this in the
notation.
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where

s pecr = S(2)"
¢'2\ 3

When || is large, the domain D, is in one-one correspondence with an
almost coincident domain Dy, and this, via { =(3v/2)?3, is in 1:2 correspond-
ence with a part D,,, of a 3-sheeted Riemann surface having the branch point
v=0 in its interior. Thus in Example 2 of §2, D,,, is the whole of the Riemann
surface of v1/3, except for arbitrary sectorial neighbourhoods of four cuts one
of which is C’G in Fig. 1 (iii). The notation D,,, exhibits the dependence of
the boundaries upon », but for almost all purposes their small variation with
v is unimportant; since D, is a star (centre z2=0), D,,, is almost a star (centre
»=0), and we can make it strictly a star by paring away a thin layer (depend-
ing on ») from its boundary.

The relevant properties of F in (4.4) are that it is regular in D, ,,, except at
v=0, and that

(4.6) |F(v,v2) | < 4. |v|2n| |23 for |v| =1,

| F(a, )| < Ao | »|-2n] o]0 for o] = 1

these follow from (4.5) and (3.26), if we bear in mind that {=(3v/2)%? and
¢’ =14+0(@"?), uniformly.

The comparison of solutions of (4.1) and (4.4) rests upon the following
simple lemma:

LEMMA 2. Let wi(v), wa(v) be linearly independent solutions of (4.1), let
w(v) be any solution, and let &(v) be a function satisfying

1 v
@.7) é@=w@+xf{m®m@—wwwwmwwa

where
A= wl(v)wé(v) — wg(v)'w;(v) #= 0;

the integral may be improper at vo provided that it converges there. Then o(v) is a
solution of (4.4).

Starting with given wy, ws, w we prove in §4.2 the existence of a solution
& of the integral equation (4.7), and deduce the asymptotic formula &/w
=14+0(@—?"1), provided v is suitably restricted. The transformation (4.2)
then (§4.3) gives a similar asymptotic formula for a certain solution y of
(3.3). To deduce asymptotic formulae for standard solutions of (3.3) we must
express ¥ in terms of such solutions (§4.4), and it is because this is most easily
done by choosing in (4.7) vp=+  or «et*i that we have taken trouble in
§3 to make Fintegrable to infinity, according to (4.6).. The final step (§4.5)
is to find the largest domains of validity of the asymptotic formulae; the ones
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first found are unnecessarily restricted.

In §§4.2-4.5 we restrict v to be real positive. In §4.6 the restriction is re-
laxed.

4.1. Properties of the approximation-function L(x). The equation (4.1) is a
well known transform of Bessel’s equation of order 1/3. We shall use the
following facts regarding its solutions:

(i) The general solution is

w = CL(vv) + DL(vvet~i),
where
(4.8) L(x) = x'2Ky3(x) = x'/5P1(#?) + x5/5P,y(x?),

the power series P;, P: being everywhere convergent. The multiple-valued
L(x) is made determinate on a 6-sheeted Riemann surface by taking arg x/,
arg x%8 to vanish when arg x=0.

(ii) L(x) and L(xe~*%) are linearly independent, their Wronskian being

(4.9) L(x) iL(xe"”') — L(xe™™%) —d—L(x) =
dx dx

(iii) For |x|~w,
(4.10) L(x) ~ (x/2)V2-¢7%,

uniformly for larg xI S3r/2—e.

(iv) L(x) has strings of zeros on the rays arg x= +3n/2, the smallest
being at about |x| =2.3; for |arg x| <37/2 it is nonzero.

From these, along with the corresponding properties of L(xe~"¢), we easily
prove that there are inequalities of the form

L(xe )

< 4,] e,
L(x)

(4.11) |L(x)| < 41] =], |L(xe™i)| S 41] e*], }

valid for —w/2+e=<arg x <37/2 —e¢, without restriction upon ] xI .

4.2. Solution of the integral equation (4.7). Let us take w(v) =w;(v) = L(w),
w,y(v) = L(vve—~%), and vo= + . Inserting in (4.7) the value of the Wronskian,
A=vym, from (4.9), we write the integral equation in the form

@(v) L(we‘"')} F@)o(t) i

@.12) L(w) L(w) L)

1 pte
=14 — {L(vt)L(vte‘” — L*(wn)
vrd o,

Taking » to be real positive, we can use the inequalities (4.11) with x=w»¢ or
vy, provided we restrict v and all points ¢ on the path of integration thence to
+ « by the condition

(4.13) —7/2+ eS argv,argt < 3r/2 — e
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Then in the integrand of (4.12)

) L(vve~%) 2 2
(4.14)  |LGt)L(vte ™) — Li(vt) ————| S A1 + A1dz| e |,
L(w)
and to make this less than 434424, we impose the further restriction
(4.15) —7/2 S arg (t —v) < 7/2,

for all points ¢ of the path from v to 4 . It is clear that this will be satisfied
provided the slope of the path (away from v) is everywhere between +/2,
inclusive.

Boundary of Region I « ,f
Shadow Zones 5 ;)b
Y
&

Paths of Integration ~——

arg v=—x/2 +e¢

Fi1G. 3

Region I, showing shadow-zones and typical paths of integration.

We call Region I the part of D,,, for which these two restrictions are satis-
fied. Since D,,, can be taken as a star (centre v=0), the condition (4.15) is of
no effect where Re v<0, but we must exclude any zone in the quadrant
0 <arg v<w/2 which, on account of an intervening boundary of D,,,, cannot
be “seen” from v=.—%; and similarly for the conjugate quadrant. These
excluded zones are called shadow-zones; see Fig. 3, which shows also suitable
paths of integration.

The integral equation (4.12) is now solved by iteration. Write @(v)/L(vv)
=f(v), and define

f<1(®) =0,  fo») =1,

(vve—™%)

1 +o0 . L
(416) o) = 14— f {L(vt)L(vte‘") — L(vf) ————=

Zov) }F(t) f-(t)dt.
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Then for r=0,1, 2, - - -

fra(v) — f+(v)
R
= L(vt)L(vte ™) — L*(vt)

L( m }F(t){fr(t) — fra(t) }dt

and from (4.14), (4.15)

0

| for1®) = £:0) | £ 6m) 7420 + 42)- | 1) = fra®) lmax: f | F()de|.
Here, by (4.6), the integral is less than an absolute multiple of [ul"z" for
any v in Region I, so | fra(®) —f,(v)l <A,.v‘2"“| fr(8) —f,_l(t)lm.,

It follows that fr1(v) —f,(v)—0 as r— o, uniformly for v in Region I,
provided ¥> (4,4 €)Y+ D; and f.(v) tends uniformly to a limit f(v), and f(v)
is bounded in Region I. By letting r—» in (4.16) we prove that &(v),
=f(v)L(vv) = &n(v), say, is a solution of (4.12); and by inserting the upper
bound of |5)1(t)/L(vt)| on the right of (4.12) we prove (i) that

4.17) ) =14 O@1)
) L(w) '

uniformly in Region I; and, (ii), using (4.6)s, that
(:)1(‘1))

(4.18) =14 0@ 12 forv~ + o,
L(w)

From (4.8) follows the identity
(4.19) L(xe~*%) = L(xe™®) — iL(x),

and by use of this (4.12) is converted into the conjugate equation, which is
therefore satisfied by @ (v). But for the conjugate equation the condition
permitting iterative solution is —3w/2+e=<arg v <7/2—¢, in place of (4.13).
Hence we can redefine Region I with |arg v] <3mw/2—¢in place of (4.13), and
(4.17), (4.18) are valid in the enlarged region.

In the same way, taking w=w,=L(ve "%, we=L(vv) or L(vve2*%), and
o= oe* in (4.7), we find a solution @:(v) of (4.4) for which, uniformly in a
Region II of D,,,,

5)2(‘0)

(420) m =1+ 0(1"2”—1).

And similarly there is a solution as(v) for which, in a Region III,

(4.21) _ﬂ = 1+ O(p—2v).
L(vve™)
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To these correspond formulae like (4.18) for v~ e, xe~* respectively.
For Region II the restriction is —w/2+e=<arg v <5v/2-+¢, with the possible
exclusion of shadow-zones in the half-plane 7/2 <arg v<3w/2; and Region
III is its conjugate.

4.3. Airy-function formulae. By applying the transformation (4.2) we con-
vert (4.17), and so on, into asymptotic formulae for solutions y(2), and so on,
of the differential equation (3.3) which is our primary concern; and to match
this transformation we express the approximation-functions L(»v), and so on,
in terms of Airy functions. If .

(4.22) 9 = 2¢%/2/3, o = exp (2mi/3),
L(vy) = 212gylisclis. Aj (p2/37),
(4.23) L(vve?) = 212mpt/6pt/4. (—4w) Al (v?/%w),

L(vve=™%) = 2U2ppll6g114. 502 Aj (v2/30%),

and the transformation gives

P/ s
(424) ———‘-—-—wvus Al (,,2/3§-) =1 + O(V )!
' 3’2(2)(¢'(.Z)/2)”2 = 14 0@-2m),
(4.25) 1wt/ Al (v?3%w2)
y3(2)(¢'(2)/2)1/2

—_ —2n—1
(—tw)ml/8 Al (»?/3wf) 1+06 )

(4.24) is valid in a Region I of Dy, (or in an almost coincident Region I of
D,), defined by Iarg §‘[ <m—2¢/3, with shadow-zones excluded corresponding
to those excluded from D,,,; the “free” boundaries of these zones in the {-
plane, that is, the ones corresponding to the boundaries Re v =const., are of
course curved. Thus, apart from shadow-zones, (4.24) is valid in the whole of
Dy, except a narrow sector containing the ray arg {= = on which lie the
zeros of Ai(»?3); and for (4.25) similarly the excluded regions are sectors
centred on arg { = Fm/3, respectively.

4.4, Identification of the solutions. Since y,(2) is a solution of (3.3) it is a
linear combination of “standard” solutions of this equation. Now when a
differential equation has singular points, its standard solutions are usually
defined in relation thereto. For {—+ «, Ai (#2/3)—0 and Ai (v23w?)— «, so
since (4.24), (4.25) are uniformly valid for {~+ «, we have y1(2)—0, y2(z)— =
as z—+ ». Hence 2=+ «© must be a singular point of the differential equa-
tion (3.3), and there will be just one standard solution, ¥;:(2), say, which is
zero there. Since ¥,(2)—0 it must be a multiple of Y,i(2), say y1(2) = P,1 Va(2),
where P,;70, and (4.24) becomes

Pvlyvl(z) (¢,(Z)/2)1/2

4.26 = 14 002,
(4.26) m1® Al (21%) 06T
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The value of P,; is to be found by letting z, {—+ « in (4.26), » remaining
fixed. From (4.18) we see that the right-hand member then tends to 1. Re-
garding the limit on the left, we have from (4.10), (4.23),

w8 AT (2%) = (%254 exp (—2712/3) {1+ 065},

and here { =¢(2). Substituting the limiting forms of ¢%2(z) from (3.24), and
of ¢’(2) from (3.25), we obtain therefore

P,y = lim (x/2)V22(1 — »—%a,)}/23/2/3

22—+
(4.27) exp [—»{r28,(1 — v2a,)"1/2%12 + »=%,} |

(1 — v=2a,) 1145147, (z)

The constants a,, 8, are determined solely from the behaviour of g(z, »v—2)
for 2~ =, according to (3.7), but ¢, depends on the transformation { =¢(z),
being defined by (3.24),.
Similarly ¥, 93 are multiples of standard solutions Y., Y5 of (3.3), defined
in relation to singular points at z2=w», w?® respectively, and (4.25) become
PyyY11(2)(9'(2)/2)"?
tw?myl/s Al (v*30%)
P,V 05(2) (¢ (2)/2)Y?
(—iw)mrl/s Al (v*3w()

= 1+ 0p),

(4.28)

=1+ O(V_‘h‘—l)!

where P,q, P,; are given by formulae like (4.27).

4.5. Extension of the regions of validity of (4.26), (4.28). We shall prove
that (4.26) is valid throughout the sector | arg (— §)| =<2¢/3, hitherto omitted
from Region I, except in specified neighbourhoods of the zeros of Ai (v?/3)
where a trivial modification is required.

We observe that, in D,,,, Regions I, II, III all include a sector centred on
the ray arg v=0, so (4.26), (4.28) are all valid in a sector § centred on arg {
=0. Now there is a linear relation

(429) Qvl vl(z) + Qv2yv2(z) + QV3YY3(Z) = Or

where Q,1:Q,2: Q.3 are determinate solely from the definitions of the standard
solutions Y,,. Hence, denoting by the generic symbol O a function which is
uniformly O(y—?"-1) in §, we have
14 i V!
L1 A )1 + 0) + —“’? Ai (%) (1 + 0)

vl »2

(4.30) i

v3

Al (»*3w)(1 4+ 0) = 0.

Also
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(4.31) Al (b2%) + w? Al (02%%) + w Al (12%¢) = 0.

Eliminating(®) Ai (»23w%) and letting {— in §, with » fixed, we obtain
(since Ai (»237)/Ai (v?*B3w?)—0), Qvs/Pre= —(Q,3/P,3)(140). Then let {—0 in
S, so that the Airy functions all approach the same nonzero limit, and we
obtain

Qvl in2 iQr3

= 14+0) = —
Pvl Pv2(+) Pv3

(4.32) 1+ 0).

As a corollary, the Q,, are, like the P,,, nonzero.
Now (4.29), (4.32) give, at all points,

P,1V,1(2) = iPeViu(2)(1 + 0) — iPy3Y,3(2)(1 4+ O),
and since (4.28) are both valid in the sector Iarg (—¢)| £2¢/3 we have here
PnYu(2)(¢'(2)/ D = — mvtl%? Al (v*/%%)(1 4 0)
— m'/%0 Al (»?3%¢)(1 4 0);
and thence from (4.31)
PV (2)(¢'(2)/2)'?

S { Al (25 (1 + 0) + Ai (#*/%$) -0},
= mUs{Ai (%) (1 + 0) + Ai (»*/%%)-0}.

Surrounding each zero —¢{, of Ai (»?/%) there is a neighbourhood, of radius
Cv—17'2 with C=1, say, in which all three Airy functions are less in absolute
value than »—V84; these neighbourhoods do not overlap and enclose no
zeros of Ai’ (»2/3¢)(7); and outside them, Ai (23w{) /Al (¥¥%) is bounded on one
side of the ray arg {=m, while Ai (»*3w?%)/Ai (v*3{) is bounded on the other
side(8). Hence (4.26) is valid outside the said neighbourhoods, while within them

we have
(4.33) P, V,1(2)(¢'(2)/2)1/2 = w16 Ai (»2/3F) + O(v—2n—1—1/4),

Similarly, (4.28) are valid throughout Dy,,, except in the relevant shadow-zones
and in neighbourhoods of the zeros of the relevant Airy functions, where modifica-
tions like (4.33) are valid.

The relations (4.32) have an additional use. The formulae such as (4.27)
for the P,, involve constants ¢, which may be difficult to calculate; but from
(4.32) we see that the evaluation in this way of one of the P,, will suffice,

(¢) Something more than merely equating coefficients in (4.30), (4.31) is required to get
(4.32), since in (4.30) the O’s are not constants.

(") The fact about Ai’ becomes relevant in §4.7.

(®) These facts follow, by means of (4.22), (4.23), from the simpler facts concerning L-
functions. The zero line of L(») is arg v=237/2; the large zeros are spaced at intervals =/,
approximately; the neighbourhoods corresponding to those defined for the Airy functions are all
of radius 1/» roughly; and therein the three L-functions are less than 2V/2x,
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provided the ratios of the Q,, are known. Inversely, if closed formulae for the
ratios of the Q,, are not known (as for Mathieu’s equation, for example), we
can from (4.32) obtain approximations to them (for large »), using the P,,
as found from (4.27) and similar equations for P,;, P,3.

The real case. Suppose that the differential equation (3.3) has, like all
familiar ones, real coefficients. Then Y,1, Q,1, P,1 will be real and Y,., Q.2, P,2
conjugate imaginary to Y,; Q.3, P,s. From (4.32) it follows then that
arg (Q.,o/P,s) = —arg (Q.3/P.3) = +m/2; so (assuming the ratios of the Q..
known) all the P,, will be known provided we can find |P,2 and the sign of
P,;. This case arises for the hypergeometric functions of Example 3, §2.

The special real case. Suppose, in addition, that a single one of the infinite
sectors of D, includes the three rays arg z=m, +2w/3; this occurs in Example
2 of §2. Then a single formula (3.24) for ¢ is valid in the whole sector (pro-
vided continuations of ¢¥2, z1/2 across arg z== are taken), and in §3.5 it has
been shown that ¢, is pure-imaginary. Hence the analogue of (4.27) will give
| P.2| without our knowing the value of c,, and the explicit determination of
all the P,, is easy.

4.6. Asymptotic formulae when v is unreal. The assumption that » is real
positive has, in the work of §§4.2-4.5, been essential only as regards the con-
ditions defining Regions I-111, for example, (4.13), (4.15), and in the short
cuts just explained for finding the P,,. If we abandon this assumption, and
suppose arg v to rotate through a certain angle, it is clear that we must take
the “free” boundaries of Regions I-III, on the v-surface (that is, those
boundaries which are not also boundaries of D,,,) to rotate through an equal
angle in the opposite sense. The formula (4.26) will therefore remain valid in
some part of D,,, until the sector, centred on the ray arg v=0, into which we
have integrated to prove it, gets engulfed in a shadow-zone; and this cannot
happen until arg » is outside the limits +/2; while in Examples 2, 3, where
the sector extends over |arg v| €m/2—¢, it will not happen until Iarg v[
=T —e.

Moreover (4.27) gives P, as an analytic function of », so long as the said
sector is not engulfed, so values of the P,, found by the short cut when » is
real can be extended analytically to all arg » for which (4.26) is valid.

It is to be noted that, since v is involved in (3.3) only as v2, we can restrict
attention to cases where |arg »| </2, without essential loss. To summarise:

THEOREM. If [arg ul <7w/2, the asymptotic formulae (4.26), (4.28) with
modification such as (4.33) near the zeros of the relevant functions hold uni-
formly in Ds,, apart from certain shadow-zones. For these formulae, the relation
C=0¢(2) has been defined in §3.2, and depends upon the integer n. For (4.26) a
shadow-zone is one which, when mapped by v=28%2/3, cannot be joined to v
=4 o by a path within D, , whose slope (towards + ) is everywhere between
—7m/2—arg v, w/2—arg v inclusive. For (4.28) the shadow-zones are similarly
defined in relation to v= xe™, e " respectively.
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A formula to replace (4.26) in a shadow-zone can be obtained by an evi-
dent modification of the procedure of §4.2. From examples (see §4.9) it appears
that the free boundaries of such zones are effectively genuine boundaries for
(4.26); they can always be pushed back a little, at the expense of increasing
the constant of the error-term; but parallel to them are transition-lines,
on crossing which the asymptotic equality of P, Y,.(2)(¢’'(s)/2)¥? and
w18 Al (v2/3) ceases.

4.7. Asymptotic series formulae. In (4.26) we have {=z+ > ¢ v—¢.(2),
=z+4v"2h, say. Let us expand Ai (#»¥%) in powers of v—2k. Writing Ai (v¥/3z)
=f(2), we have

d
Ai {923z + v 2h)} = f(z + v2h) = f(z) + v2h % + -
—4nh2n J2nt1
(2n) -
+ (2n)! fon@ + 2n + 1)! R,

where |R| is less than the greatest value of IV“"“?f(z"“’(t)I on the segment
from =z to 24+»~%h. We note from (3.23) that z bounded gives % bounded.

Now the Airy equation is d%/dz*= —»?sf, whence d%/dz* = —v*f —v2%2df/dz,
F@ =p432f —2w2%df/dz, and so on; f© has the form M.f+ N.df/ds, where M,, N,
are polynomials in », 2, involving only even powers of v; M, is of degree at
most 7 in », and N, at most r—1. Since % is a power series in y=2, y=2}7f()(g)
takes the form P,f+ Q,df/dz, where P,, Q, are power series in »—2 beginning
with terms in »—, »~1, The coefficients in these series are polynomials in z
and the ¢,(2); and if we restrict z to be bounded, the set of terms whose degree
in »~2 exceeds # is uniformly O(»—?"—2). Hence we obtain the form

Ai (021%) = f(z){l + a4 -+ + agpin + 0(,,—2n—2)}
(4.34) + df(z)/dz{aw=t + - -+ + ag_p + 022}

J2n+1
— R,
(2n + 1)!
Now (using ¢ as current variable),
| fO@) |2 = | Mof + N.df/de|?
< (| M2+ oV B 5|2 + [ vtdf/a]2).

If s denotes arc-length on the straight segment from ¢=z to z+v—2%,

(4.35)

a9

lglfl gl;;}-lzfdf/dtl,
4| af/dt 2’ |24 _‘z,fj‘f
ds| » =102 drar| dtl’
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and hence

21+ [ZE)) s a1 asaga

§Ivl<1+ltl>(lf|’+’£¥ﬁr)'

Hence for ¢ on the segment from z to z+4v—2k,
| 712+ | vdf/ae]®
(£ + | vdf/dt )

Sexp {|vh]-|v| A +]2] +[v2])}

=14 00,

since z bounded implies that % is bounded. Since |R| is less than
[»] =41 f<zn+1)(t)|mm and Manq1, ¥Nonyy are O(»2*+1), (4.35) gives therefore

| R| < Aa| yl—2n—1(lf(z) It ‘%(:)/yr)m

and the remainder-term in (4.34) is of this same order since % is bounded. We
can write this remainder as f(2) -O(y—%""!) or df(2)/dz- O(v—2""?), according as
| f(z)| does or does not exceed |v—1df(z) /dzl .

Hence in (4.34) the term in R can be struck out, provided we write
O(v~—?m1) instead of O(vy~?"~2) in the coefficient of f(2).

Substitute this expansion in (4.26) and incorporate with it the expansion
of (¢'(2))V2=(1+4v2p,'(2)+ - - - )V2 Putting finally f(2) = Ai(»*3z), df(z)/dz
=p2/3 Ai’(»?/3%z), we obtain the form

PV u(z) = w21/2-01/8 Ai(»2/35) {1 + »~2qs(3) + - - -

(4.36) + v2ga,(3) + O(2%1) }

+ w21/2.58/8 AT (/%) {v2qy(z) + - - -
+ V_2"Q2n—1(z) + 0(,,—27.—2)}.
Here qi, - -+, @2, are polynomials in 2, ¢1, + + +, ¢, D1, * * +, ¢n; and these
(in contrast to ¢u41, - - + ) are the ¢’s which were determined from (3.11).
Hence if the work, from §3.2 onwards, be repeated with # replaced by a larger

integer, the expansion corresponding to (4.36) will coincide with (4.36) up to
the terms in »—2*; and in analogy with familiar asymptotic series we can write

P,1Y1(z) ~ w2112 918 A (2/3%) { 1+ 3 v‘2'q2,(z)}
(4.36 bis) U
+ w212 56 AY (52035) - 3 gy, (2).
1
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It follows also that in the first { - - - } of (4.36), the remainder must be
O(r2).

The expansion (4.36) is valid provided that (4.26) is valid and |z| is
bounded. These conditions exclude neighbourhoods of the zeros { of Ai (»2/3}),
whose radius is order »~1{~V2 Since 2={+O0(»~%), these coincide with neigh-
bourhoods, of similar radius, of the zeros of Ai (»*3z); and Ai’ (¥*3z) does not
vanish in them. So from the maximum modulus principle, (4.36) is valid
throughout these neighbourhoods, that is, (4.36) ¢s valid under the conditions
that z is in D, but not in a shadow-zone, and that | z| is bounded.

There are, of course, similar formulae for Y,;, Y,; and the coefficients g,
are the same in all of them.

If we exclude suitable neighbourhoods of the zeros of Ai (v¥%z),
Ai’ (»*32) /Al (»*3z) is bounded when »*3z is bounded, but is O(r'/3zV/2) when
v¥3z is large. Hence in the two cases, the ratio of the second to the first term
on the right of (4.36) is O(y—*/3), O(y~!) respectively(?).

4.8. Approximation to Bessel functions of large order. The starting point is
the differential equation (2.7), with the solution

(4.37) w = Cs'27,{N(1 — s?)1/2} + Ds'2Y, {A(1 — s?)1/2}.
The case usually considered is A =v, but useful generality is gained by taking
(4.38) \Y — 32 = okt e

a convergent series with real coefficients. The corresponding equation (3.3)
of canonic form A is obtained by putting u=22%2/3, w=1yz!/4, so from (2.9)

GG+ ) -5
§o =% 52 45t 452 o 36u2f ’

(4.39) .
g = Y13 (— - 1> (rz1),
s2
where
(4.40) z = (3u/2)%3, u = arctanh s — s.

The domain D, is shown (apart from the excluded neighbourhoods of the two
cuts) in Fig. 1 (iv), and for the values of o, 8, in (3.7) we have, from (2.11)

(*) Tricomi [5] has given a formula «J,{»+t(»/6)V2} = (6/»)134,(t) — (1/10v) { 324’ (¢)
+2tA4:(t) } +0(%), where A;(f) =3"V3r Ai (—3Y3%). The connection with that case of (4.36)
which corresponds to (4.46);, below, is established by taking »-+:(v/6)¥3=»(1—s2)¥/2 and
z=2"232(14(2/5)s*+ - - - ), which give »?/3%2=—3"13%+3/10-1871/3y~23%24 . . . | Tricomi's
two explicit terms arise then by expanding in (4.36) the principal term on the right and a
factor z'/4s~1/2 which occurs on the left, in accordance with (4.45); the next term in (4.36),
namely the one in g, is represented by Tricomi’s error-term. His approximation is uniform only
when ¢ is bounded.
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and (2.12):
for | ar Sw/3 —¢ , =B, =0,
(4.41) |argz| < x/ € a, =
for ] arg (—z)] < 2x/3, a,=v2— A, B,=0.
The integrations whereby ¢, @2, - - - are determined from (3.11) come out

rationally in 22 and the dependent parameters %, s(1%), for example
. 1 { 5,8 11 }
= e— — —— —— — — — — s
T\ 120 e 8 2

_ i{— — 45} s,

zl/2

_ L 10 SR A
¢ _—;/_2{_ 2030 T swe | ou +f2(s)}’

sy i < 052 (531+ 570) 1 (25 N 370) 1
IR = s T 1287 \640 | 16/s° \384 ' 8 /)

2 2
Yo 7o\ 1 Yo 71
+ <l6+ 8) :t (8 z)s'
The regularity of ¢1, ¢2, - - - at 2=0 is verified when we expand in ascending

powers of s by use of w1=3s3(1+3s2/5+3s%/7+ - - - )~L This gives, for
example

- (1 7°> 4 1 015875 4 7.0525758
a0 2o T e S

+ 4.8966s" + 3.244s° + - - - ),

where
3 3 AN
Zl/? = 2—‘/3.9(1 + ?sz + 3 st4 - ) = sP(s?).

If, in using (4.46) below, we restrict s to be bounded from 1 and «©—
which covers the most important cases—it is sufficient to calculate
&1, - - -+, da; the complete series ¢ =z+ Y1 ¥~?¢,, found by solving (3.15), is
needed only to secure uniformity up to s=1, .

For V,1, V.2, Y,3in (4.26), (4.28) we are to pick standard functions z—V4w,

(1) The proof is omitted. The underlying fact is that (4.26) must give an elementary
asymptotic expansion for Y,i(s)—in the present case Debye’'s “A” series [6]—when we sub-
stitute the corresponding expansion of the Airy function; and by reversing the argument we
can construct { =¢(z) from the two elementary asymptotic expansions.
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where w has the form (4.37), which are zero respectively for 2=+ o, ww,
w?e when » is real positive. To these values of z correspond, in accordance
with Fig. 1, (1—s5?)¥2=0, —¢x, 1 respectively. Hence we take

(4.45) (Y, Voo, Vos} = 2 "0, =278, —27' B 0 = )5,

so that in (4.29), Q1= Q.2=Q,3=1. For the evaluation of the P,, we have the
“special real case” noted at the end of §4.5, so that the analogue of (4.27) for
P,; gives, on reference to (4.41),

. (27)1/2 exp (2Nz%1%/3)
IP.,zI = lim ’
emae (/)12 | SUZH® (1 — s?)1/2} |
provided » is real positive. Now from (4.40) we have for s~ww, 22%2/3 =25

= —s+4mi/2+0(s"1), and by the elementary asymptotic formula for H® (»
being fixed)

12 (@) 2 1/2 25\1/2 exp {—i)\(l — 32)1/2}
Is o {MI_S) }INI(;> ' (1 — s?)u

2\ /2 2\1/2 2
)| )
A A 3

Hence |P,2| =7»!2, and since P, is clearly positive, (4.32) gives P,y=1mr!'/2,
P,3= —imvV/2, P,,=mvY2 By analytic continuation, these values will be valid
for those complex v for which (4.46) below are valid.

Hence the formulae (4.26), (4.28) are equivalent to

2 1/2 2 \12 gl% Al (szf)
]'{7\(1_3) }= (¢’(z)> ) p1I35172

~ ~

{1+0( 1},

—1__(2) 2. 1/2 2 \U2 g1/4,42 Aj (v’lawzg') e
a0 2 ) }=_(w@9 T (A0,

—1__(1) 2.1/2 2 1/2 zl/4w Ai (1,2/3w§-) e

2 H {\N1-s)""}=— (¢’(z)> . YT {14+0( 1)},

where ¢ =¢(2) =2+ Dy v~¥¢,(3); and in consequence of (4.40), z!/4/sV? is
regular at s=0 or 2=0. From the last two we obtain

2 1/2 zl/4 Bi (V2/3§-)
¢/(z)> ’ yl/ssl/z
valid except near the zeros of the function; Bi(x) =e*#% Ai (wx) +e~*¥8 Ai (wx)
is the second Airy function.

According to the Theorem of §4.6, each of (4.46) is valid in that part of
D,, which is not covered by a shadow-zone, and Dy, is the map of D,, Fig. 1

{14+ 0061},

(4.47) nna_gwq=_(
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(iv), by { =¢(2). For arg »=0 there are no shadow-zones. Now let arg » de-
crease towards —w/2, and for definiteness consider the case of J,. Then in
D,,, (which is almost coincident with D,, so that Fig. 1 (iii) can represent a
part of it) a shadow-zone develops on the left-hand side of the cut from 7w to
1 ; its free boundary begins, say, at v =4(w —¢), and makes an angle —arg »
with the imaginary axis; so that for arg v= —/2 the free boundary is the ray
arg (v—im+1ie)=m. This is the only shadow-zone, since the conjugate cut
(—14m, —i =) casts a shadow for arg »>0 but not for arg » <0.

Now on account of continuation formulae such as J,(xe™?) =e**iJ,(x) it is
sufficient to confine (1 —s?)¥2 to the positive half-plane (Fig. 1 (i)), and to this
corresponds for # the L-shaped region ABDC and its conjugate. Since the
boundary AB of this is Im u=m/2 and since v=u{1+0(?}, the corre-
sponding boundary in D,, is certainly below the ray arg (v—im+ie) =,
except possibly where |v] is large. But then (3.24), with the appropriate
values (4.41); of o, B,, gives 2{3/2/3=2(\/v)2%2/34+0(v~?), that is, v=A/v)u
+0(?). From (4.38), \/v is a power series in »~2 with real coefficients, so to
a boundary point u =m¢/2 —x corresponds

v — m/2 + 002 = — x{1+ 2P} (x real, P with real coefficients).
The corresponding formula giving the boundary of the shadow-zone is
v —ir + de = — a’{1 — i tan (x/2 + arg v)} («' real).

For arg v= —m/2 the right-hand members are both real, so the boundary 4B
is entirely below the shadow-boundary. For arg v=—m/2+60 (§>0) the same
is true; for on the right the real parts are equal when x’=x{ 14+007?) }, and
the imaginary parts are respectively x’-O(|»| =2 sin 26) and %’ tan 6, of which
the latter is the greater.

For the shadow-zones for H®, H® there is a corresponding property, so
the asymptotic formulae (4.46), (4.47) hold uniformly for larg VI <7/2 and
| arg (1—s3)V 2[ <m/2, except that in small neighbourhoods of the zeros of Ai (v?%¢),
and so on, the remainder terms O(v—2"") must be made additive with z'/*Ai (v?/3¢),
and so on.

For numerical approximation to J,(x) when » is large we can in (4.46) give
\ any value we please, provided it is near to », and determine s from
x=A(1—52)V2 The case where \ is so chosen that to 2=0 shall correspond
{=¢(z) =0 has been tested over the range 0.3=(1—s%)¥2=<10. Taking the
approximation correct to O(vy~?), the largest proportional error found for
»=5 was 1 in 30000, occurring at (1 —s?)¥2=0.3, »=S5. At this point Debye’s
“A” geries, to O(ry~2), gives only 1 in 3000. Even for » =2 the largest error was
only 1 in 3000. The approximation correct to O(»—*) gives one extra correct
figure at v=2, and two or more for v=35.

4.9. Bessel functions (continued). By using continuation formulae we can
find the full range of arg » for which any one of (4.46) is valid, and at the same
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time verify that the exclusion of the shadow-zones is not merely sufficient for
its truth, but is also necessary. For example, we have

—2r7s

Tvx) = ¢ " T pxe”) = 2 HD (%) + 2 e s =),

and if we take [arg(l—s2)1’2| <w/2 and —3nr/2=<argv=< —w/2 we can sub-
stitute from (4.46) for the functions on the right. If for brevity we omit the
error-terms, this gives

TN — s)rz}

(4'48) 2\ 2 Ai (»2/3 — 21,2 AL (12/3,42 }
= @ .,,1/351/2 { i (v¥3%) + e ?miw® Al (»*30%) |,
and (4.46); remains valid only so long as the first term is dominant. When
v?3 is bounded it remains dominant for —w/2=arg v> —w. But when »%3{
is large, and (for definiteness) 27/3 <arg { <, we have, from (4.23) and(4.10),

Ai (»*/3f)
Al (v?3w¥)

~ twle ¥,

From (4.48) we find for J, a string of zeros at
v(v — m) = mi/4 + roi (r positive integral and large),

approximately; these zeros lie on a line arg (v—m¢) =n/2—arg » which is
parallel to the free boundary of the shadow-zone discussed in §4.8, and just
within it; and on crossing the line into the shadow-zone the second term on
the right of (4.48) becomes dominant. Thus if v=2{%2/3 and arg v is between
m and 3w/2, with 'vvl large, a necessary condition for (4.46), is arg » >m/2
—arg (v—mi).

5. Bessel function approximations to hypergeometric functions. Since
the transformation (3.1), which converts (as nearly as we please) the Airy
equation (3.2) into the arbitrary form-A equation (3.3) is reversible when » is
sufficiently large, there is a similar transformation connecting any two form-A
equations. Hence there are asymptotic formulae for the solutions of any such
equation in terms of the solutions of any other such equation. In particular,
there are approximations in terms of Bessel functions of large order; and these
are “acceptable” approximations, since the properties of Bessel functions are
well known and they are well tabulated.

When we leave the neighbourhood of the transition point z=0, the re-
semblance between different form-A equations may of course disappear; for
instance the domains D, attached to the three Examples of §2 have different
boundaries. In a given case, the choice of Bessel- rather than Airy-ap-
proximations will usually be suggested by features remote from the transition
point; and we should not make this choice unless the D, attached to the Bessel
functions, Fig. 1 (iv), contains the D, attached to the other equation, for
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example Fig. 2 (iv).

In the case of the hypergeometric functions of Example 3, Bessel-function
approximations are evidently suitable. There is no space here to enter into
their detailed development, but we may note their general form, and one or
two interesting features.

5.1. The form-A equation corresponding to (2.17) satisfies the hypotheses
of §3.1, so the theorem stated in §4.6 is applicable. Hence there are formulae
of the forms (4.26), (4.28) for the hypergeometric functions, and if we
eliminate the Airy functions between these and the Bessel-function formulae
of §4.8 we obtain the desired formulae. These formulae are however more
directly obtained by transforming the form-B Bessel equation (2.7) into the
hypergeometric equation (2.17), correct to an assigned order in »~2 This
may be conveniently done by using A in (27) as an adjustable parameter, to
be so chosen that the transition point s =0 of the Bessel functions may coin-
cide (to the desired order) with the transition point =0 of the hypergeometric
functions. For this we put

(5.1) MN—p=vy+yp 24 -,

and choose the real coefficients 4o, 71, + + - suitably; the value of 7, is

1 N 101 — 1587, — 397
35 140(1 — 7,)4/3

Yo =

For the transformation formulae it is sufficient to have s as a function of ¢, v—2.

We can find s as an explicit function of ¢, »~2 and a parameter x related to ¢
by

-1/2 1/2
(5.2) arctanh x — ¥ = arctanh ¢ — 7, = arctanh (¢r, ),

an equation which has to be solved numerically for x when ¢ is given.

From the general theory we know that there is asymptotic equality be-
tween solutions of the Bessel and hypergeometric equations which both vanish
at 2=+ «, or at z=wx, or at z=w?w. Hence we find

(5.3) (1 — 7)BPRlolF, (D) ()2 = E,(2avs)V2- T, {A(1 — s?)112}
{1406},

e""'i‘r"ﬂFp(T) T_"NF_,(T)} (‘p,)l/z

1 sin v imwh,

a- f)ﬂlztm{

= C,2ms)"" B (A1 = 5

e mirI2F,(7) N .,—v/2F_,(T)} W

—¢ sin v irh,

(5.4) {4007 )},

—

2 2 1/2} . { —2n—1

= D,(2mvs) " BV N1 = 5 1+00 "},
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where s is a known function of 7,» and #n. Here C,(27v) %, and so on, play the
part of P,, in §4, ¢’ plays the part of ¢':

2rs? ds

(5.5) lﬁ = __—[(52 — 1) ;;y

and
~ T'(a)T(1 + » — b)) .
" (s, — »I(1 = )T + 1)

The equations (2.14) give a,, b, as double-valued functions of », and in (5.6) are
to be taken the determinations for which a, is large positive and b, large
negative when » is large real positive. When |arg VI <w/2 these formulae
hold uniformly in the 7-plane (Fig. 2 (i)) cut from 0 to — «, excluding a
neighbourhood of the cut from 1 to 4+ « and neighbourhoods of the appro-
priate zeros.

5.2. Regarding the evaluation of E,, C,, D, we have the “real case” re-
ferred to at the end of §4.5, but not the “special real case”; nevertheless it is
possible to find them explicitly. For brevity, let us omit the remainder-
factors. Then the argument from conjugacy gives C,=D,=E,, and by
eliminating F,(r) from (5.4) we obtain

wh,E,(2nvs)t?
(5.7) (1 = openrip_ (@) = T2 (A~ sy
si

nyw

(5.6)

Now (5.3), (5.7) are both valid for |arg v| <w/2, so we can put v =pe~**/2
in (5.3) and v =pei*/2 in (5.7), where p is large real positive, and thereby ob-
tain two formulae which must coincide. Since J_,(xe~*%) =e***J_,(x), and
arg v= —m/2 gives sin »ym= —1e’*#/2, we thus obtain

(5.8) E_, = 2xh,E,.

But from (5.6) we can deduce, for. ]arg v| <m—¢, an asymptotic expansion of
the form

(5.9) log (2why) ~cow + covt ey A - - -

involving only odd powers; and by letting 7—0, s—1 in (5.3) we obtain an
asymptotic expansion in odd powers for log E,, which is valid at least for
|arg | <w/2. Hence (5.8) gives, for arg v=—m/2 in the first instance,

(5 . 10) E, = (27rhr)—1/21

and, since this implies identity of the asymptotic expansions of the two
members, it is valid for [arg ul <m/2. This completes the desired evaluation.

5.3. The formulae (5.3) and (5.7) may be unified as follows: We can take
(5.8) as defining E_, when |arg »| <w/2, this being consistent with (5.8) and
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(5.10) at arg v= t7/2; then, for all large » the asymptotic expansion for
log E,, just referred to, is valid. Let us now put

I'(v + 1) sinvr ( x)—"

——(F)
- wW\X), lx) =

T+ 1)\2

so that A,(x) is single-valued in x and », even in x, and meromorphic in »,

with poles at v=—1, —2, - - - . Then (5.3), (5.7) can be written

(1 = )P/, (r)

o RN GG
AN = 2} {1+ 0@y ),
(1 = 7)BI2F_(7)

o - 16T )
An{ A1 = )2 1 4 0@y}

Since \/v is an even function of » the two factors in square brackets have
asymptotic expansions which are interchanged by reversing the sign of »; so
since also s, ¥’ are even functions of », (5.12) is derived from (5.11) by revers-
ing the sign of ». Since both formulae are valid for |arg vl <w/2, (5.11) is
valid without restriction on arg v. The poles of A, cancel those of F,, (1—s?)V?/r
is regular at 7=0, s=1, and (s/#)’)"/? is regular at s=0, £=0. Hence the cut
from 7=0 to — « is unnecessary, and the only restriction upon 7 is that it be
excluded from a neighbourhood of the cut (41, + «) and from small neigh-
bourhoods of the zeros of F,(7).

5.4. By an argument modelled on §4.7 we can convert (5.3), (5.7) into
the forms

1/2
(1 — 7)Bl2p 207 12F (1) ~ <ih:f) []’{,,(1 —_ xz)uz} A4go2+gqot+ )

(2

J(x) =

A—P(x) )

v

+ Q- x2)l/2]:{1,(1 — )V} (gt + g+ )],

w(vxh,)V/?
(1 — 7)821 12— 12F_(7) ~ ————— [J_{v(1 — a2} (1 + g2+ - - - )
sin »r

+ (1= (o1 — & (gt ).

Here x is determined by 7 only by means of (5.2) and (2.15). The range of
validity differs from that of (5.3), (5.7) in that a neighbourhood of 7=«
must be excluded, but there is no need to exclude neighbourhoods of the zeros
of F,, F_,. The coefficients ¢i, ¢z, - - - may be calculated, as explicit functions
of x and ¢, by elementary processes.
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