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STOKES PHENOMENON AND MATCHED ASYMPTOTIC
EXPANSIONS*
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Abstract. This paper describes the use of matched asymptotic expansions to illuminate the
description of functions exhibiting Stokes phenomenon. In particular the approach highlights the way
in which the local structure and the possibility of finding Stokes multipliers explicitly depend on the
behaviour of the coefficients of the relevant asymptotic expansions.
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1. Introduction. The role of Stokes phenomenon in describing the asymptotic
behaviour of an analytic function as its argument tends to an isolated singularity has
been studied intensively in recent years (Berry [1], Berry and Howls (3], McLeod [4],
Meyer [5], Olde Daalhuis and Olver [8], Olver [10], Paris [12], Paris and Wood [13]).
As originally discussed by Stokes, the basic picture is that an asymptotic expansion of
the function that is uniform in phz can be constructed only if an exponentially small
correction (in terms of distance from the singularity) is made as certain directions are
traversed in the Argand diagram. These directions are called Stokes lines, and when
the function under consideration is a complementary function of a certain class of linear
holomorphic second-order differential equations, they are characterised as lines where
one complementary function is maximally dominant over another. The Stokes lines are
separated by other directions, called anti-Stokes lines, which are practically important
because, across them, a complementary function switches from being dominant to
subdominant; however, there is no nonuniformity in their vicinity, and all the action
takes place near the Stokes lines.

What has emerged recently is the detailed structure of the behaviour in the vicin-
ity of Stokes lines, at least for a class of functions whose asymptotic expansions diverge
in a certain way. Thus, instead of the traditional asymptotic representation in terms
of divergent expansions in different sectors, with discontinuous coefficients that are
related by the Stokes connection formulae, the smoothness inherent in the analyticity
can be restored, and this can be done universally in terms of error functions [1].

The purpose of this paper is to interpret this state of affairs in terms of theory
of matched expansions (MAEs) (van Dyke [14]), not just with the aim of simplifying
the representation of the above-mentioned new developments but also to pave the way
for these developments to be exploited in problems other than the linear ordinary
differential equations (ODEs) that have been considered hitherto.

To fix ideas, we will begin by recalling Stokes phenomenon for some linear ODEs
where there are explicit integral representations. These examples will then be used
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to motivate the construction of the MAE framework with which we will be working.
It will first enable us to study the relevance of the phenomenon for a class of linear
homogeneous ODEs in order to explain how to decide when connection formulae can
be calculated explicitly rather than by numerical computation. Then we use the MAE
format to present new results concerning the asymptotic behaviour of inhomogeneous
ODEs. Finally, in the conclusion, we will be able to make some conjectures about
the applicability of our framework to other ODEs and partial differential equations
(PDEs).

A crucial aspect of our approach is the reinterpretation of Stokes phenomenon in
terms other than that of maximal dominance of complementary functions of ODEs.
One interpretation that emerges naturally from Berry [1] is that of the rapidity with
which the difference between the solution of an ODE and its optimally truncated
asymptotic expansion varies as phz varies. This is tied in with the description of
Stokes phenomenon not as a change in the coefficient of a complementary function
but rather as a change in the remainder of the asymptotic expansion of the dominant
complementary function in the region where this remainder is comparable with the
subdominant complementary function. This remainder or error will have relatively
smooth variation away from a Stokes line, and the change traditionally ascribed to
the Stokes multiplier is a consegquence of the rapid variation in this error rather than
its cause. However, yet another characterisation has been proposed by Wright [15]
in terms of the equality of the phase of certain solutions of linear PDEs when inter-
preted as waves, and this is the one that will emerge most naturally as a result of our
investigation.

2. Example: The complementary error function. The complementary er-
ror function is a well-known function defined by

2 o

(2.1) erfc(z) = _ﬁ\/z e—t’dt, zeC.
It is an entire function with the following asymptotic behaviour:
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as |z] — oo. Notice that both asymptotic expansions are valid in the sector 37 <
phz < 37. So the asymptotic behaviour of erfc(z) is the infinite expansion of (2.2a),
plus a constant. In the sector —im < phz < i, where exp(—22)/2/7 is subdominant,
this constant is 0. In the sector 37 < phz < 2m, where, again, exp(—22)/z/T is sub-
dominant, this constant is 2. And in the sector %w < phz < %w, where exp{—22)/z/T
is dominant, this constant changes from 0 to 2 (see Fig. 2.1).

We want to obtain the change of the asymptotic behaviour directly from the
differential equation

@ (z) + 2ziw(z) =0,

(2.3) -

dz? v

without use of (2.1). Both erfc(z) and the constant function are solutions of this
differential equation. To obtain more information on the change in the sector %ﬂ' <
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2
erfc(z) ~ ex%%?rz_) +7?

a2 a2
erfe(z) ~ e_)%;z_) +2 erfc(z) ~ 9551\77-:—2

FI1G. 2.1. The asymptotic behaviour of erfc(z) for 0 < phz < =.

phz < 37, we truncate (2.2a) after N terms:
22 N-1

(2.4) erfe(z) = f Z ———— + Rn(2).

The remainder Ry (z) is a solution of

e=?  (=1)N(2N)!

2/ (N — 1)14N~152N"

To show where the significant changes take place, we introduce polar coordinates

(2.6)
7= rrei9 0<@ < d . ie—w d d? _ ie—Zi(g d -—2i9 d?
Y ™ dz~  r df’ dz2 ~  r2 do 2 482’

(2.5)

d? d
- ——Rn(2) + 2zE—RN(z)

where we have deliberately written 7145 in terms of the “fast” variable 8 rather than
the “slow” variable r. Equation (2.5) in terms of polar coordinates is

e=2i0 2 e—2i0 d

T gt et (“‘— 2)@RN(Z)
_exp[—r2e2¥ + Nmi— (2N + 1)10](2N)
- VA(N — 1)14N—1p2N+1

(2.7)

The magnitude of the right-hand side of (2.7), as a function of N, is minimal for
N ~ 72, Therefore, we take N = r2 4+ «, where « is bounded as r — oo. With this N
the right-hand side of (2.7) reads

exp[—r2(e2¥® + (20 — 7)) + ani — (2a + 1)0)(2r? + 20)!
ﬁ(rr-Z +a - 1)!4r2+a—1r2r2+2a+1

(2.8)

~ ﬂ_ —ia(20—m)—i6 _pr2(p2i6 -
\/57?6 exp[—r2(e?0 + 1 + (20 — 7))]
as r — 00. The dominant factor in the right hand side of (2.8) is lexp[—72(e?¥ + 1 +
i(20 — 7))]|, and it is maximal at 6 = 1, where it is O(1), as 7 — oco. The value
0 = -77 has two other special properties. First, the phase of the second exponential
is both zero and stationary at this point (so that the right-hand side ceases to be
oscillatory as r — oo in the vicinity of the Stokes line). Second, and most importantly
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for the present point of view, the right-hand side of (2.8) is independent of o when
0 = %71‘. This latter property allows us to use matched asymptotic expansions to solve
for Ry in the neighbourhood of the Stokes line. We write

70 1
2. = — = — 6
( 9) r 7 6 27T+ B,

where ¢ and § are the new small parameters. With the substitution of (2.9) into (2.7),
we obtain

e—2i68y g2 2 [e—280 2 9\
TmégRN(”“z(—rg—? * '5) )
—ST‘oi . . ’1”2 . .
2.10 ~ e @~ 21600 =800 oy | -9 (26600 — 1 — 2366 }
(210) e |3 0

—-8Toi

52
ex —2r202—~],
c /—_—271' p!: 0 062

as 8, € — 0. From the final exponential we only obtain an interesting result when
6 = €. Then the dominant terms are the e~1 terms, and we obtain

d 4ry
2.11 — PR —2r292
( ) dg() RN(’Z) \/ﬁexp( TO 0)’
with the solution
(2.12) Ry (2) ~ A+ erf(vV2rofo), z= %)ei(%"Jre"O), £ — 0,

where erf(z) is the error function. Matching as 8y — —oo, the remainder Ry (z) is
exponentially small. Thence, A = 1. Thus all the change in the constant term takes
place in the neighbourhood of the Stokes line phz = %TF, and the change reads

(2.13) Ry(2) ~ 1+ erf(V2robg),

in agreement with [1]. Figure 2.2 shows the appearance of the constant term in the
asymptotic behaviour of erfc{z) in the sector 0 < phz < 27. Notice that the constant
term appears at the Stokes line phz = %7‘(‘, it is dominant in the sector %’N’ < phz < gw,
and it disappears at the Stokes line phz = %71’.

| f‘ | \
| '1 H \
Sebdom. ?_..":../..’.._‘/.;J 2 { I t‘\............._...
or 8'14 %x/2 3I.I‘ I' k'll x/2 78'/4 ;
—

Fi1G. 2.2. The appearance of the constant term in the asymptotic behaviour of erfe(z).
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3. The Stokes phenomenon for solutions of a class of ODEs. The general
homogeneous linear differential equation of the second order is given by

d2

(3.1) Al ORIC ) v(2) + g(2)v(z) = 0.

We suppose that the point at infinity is an irregular singularity of rank 1. The asymp-
totic theory of solutions of (3.1) in these circumstances is well known and will be
found, for example, in Olver [9, Chap. 7, §§1-2]. Without loss of generality we may
assume that f(z) and g(z) can be expanded in the power series

" o0 fs oo X
(32) fa=1-5+ 3k =35
which converge for |z| > p. The two unique solutions of (3.1) have the following

asymptotic behaviour:

3
(3.3a) v1(z) ~ e~ 22k Z — Iph(z)} < 2™~

s—-O

(3.3b) va(2) ~ 1, Iph(z) — | < —Z—W —u,

Here and elsewhere in the paper v denotes an arbitrary small positive parameter. We
choose ap = 1, and the other coeflicients are determined by

s—1 s—2

(3.4) ~s05 = (s~ 1= was 1+ 3 (gort-m — fori-m)am = 3_ (1 = ) fommtim,

m=0 m=0

s > 1. A direct consequence of (3.2) is that v1(ze—27%) is also a solution of (3.1), and
note that v1(z) and e?7iry;(ze=271) are dominant solutions in the sector 3m + v <
phz < 2 sm — v and have exactly the same asymptotic expansion there. Thus there is
a Stokes multiplier C' such that

(3.5) v1(z) = e2mibyy (ze=27%) + Cug(z).

With this connection formula we obtain the following asymptotic behaviour for v1(z2):

1 1
(3.6a) vi(2) ~ e22k, — 57 < phz < 3™ subdominant,
1 3
(3.6b) v1(z) ~ e=2zH, 5T < phz < 5™ dominant,
)
(3.6¢) vi(z) ~ C, gﬂ' < phz < 7™ dominant.

Again, somewhere in the sector %w < phz < %w, new exponentially small terms
appear. To obtain more information concerning the change in this sector, we truncate
(3.3a) after N terms

N-1
(3.7) v1(2) = e~ %z# Z Pl Ry(2).

s=0
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In the appendix we shall prove that the remainder is a solution of the following inho-
mogeneous differential equation:

ddzz n(2)+f(2 ) Rn(z) + g(2)Rn(z) = e 2zn~N-1Ngy
(3.8) ~ N1
— ek Z 2k Z am[gk—m — fr—m — (m — .U)fk-l—m]-
k=N+2 m=0

Olver shows in [11] that
(3.9) an ~ A(-1)NT(N — p) as N — oo,

where A is a constant. From this result we obtain that the first term of the right-hand
side of (3.8) is minimal for N ~ |z|. We take N = |z2| + 3, with 8 bounded. In the
appendix we shall show that with this N we can estimate the right-hand side of (3.8)
by its first term:

(3.10)
right-hand side of (3.8) ~ e“zzH“N—lNaN

~ A\/ . T gif(u=1)=ip(6- Mexp(—rle? + 1+ (6 — 7)),

|z]| = 00, z=re?, N=r+p.

Note again that (3.10) is maximal, ceases to oscillate, and is independent of 3 when

6 = w. Again, we use matched asymptotic expansions, but now with » = ro/e and
6 = w + 66,

(3.11)
0—2i660 2 G e—2z660 2 iy ¢ d .
_— = (1 i S =
Tt ( st st >d00 N ()
—21590
" <gze ---)RN(z)
A /27T€ez(w+§90)(u - iﬁéeoexp<r_0(ei600 1 i590)>
€

2me 62
M€ gim(u— 1)exp<——r092 >
70 )

as 6, ¢ — 0. From the final exponential we obtain that we have toltake 62 =¢in
order to obtain an interesting balance. The dominant terms are the £z terms, and we
obtain

) 1 1
(3.12) zd%RN( )~ A\/27re“f(“‘“1)ré exp<—§r00§>,

~A

with the solution

(3.13) Ry (2) ~ A2mieims [A + %erf(Gm / %1"0)}

as € — 0, with z = (ro/e)exp(i(m++/€bp)). Matching as y — —oo, we find that Ry (2)
is exponentially small. Thence, A = % And from (3.6¢) we obtain that A2wieims = C
such that the change in the neighbourhood of the Stokes line phz = 7 is given by

(3.14) Rn(2) ~ c[; + erf(@o\/—ljoﬂ

in agreement with [8].
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Remark. We note that, had we not assumed the expansions (3.2) (which can be
achieved by a transformation of the general equation (3.1)) but worked with (3.1)
directly with general f and g, then it would have been necessary to write Ry = Sv),
where v is the leading-order behaviour of ve, and formulate the equation for the Stokes
multiplier S. In the case considered, vJ = 1 and Ry = S. Note also, however, that the
Stokes lines can be determined from the condition that the right-hand side of (3.10)
is independent of 3, for which it is not necessary to know the leading-order behaviour
of the solution vy that is to be “switched on.” Indeed, the leading-order behaviour of
this second function can then be deduced; i.e., given only the asymptotic expansion of
v1, both the Stokes lines and leading-order behaviour of va can be deduced without
reference to the differential equation! In fact, for second-order equations that have
solutions

0 ;
Ccpetm
v~ zule’hzk E n

zkn 7’

n=0

Vg ~ zZH2 e’Yzzk ,

where ¢, is real and positive, there are Stokes lines switching on vs wherever ';—l,?- is
real, and y1 — 2 = limp oo ﬁc—c"—‘—‘e*“?. Of course, when we are dealing with second-
order equations, it is much easier in general to determine the v; than the ¢,. However,
for higher-order equations, and in particular for PDEs, the asymptotic behaviour of
the solution to be switched on may not be known beforehand.

4. The connection coeflicient C. The result (3.9) describes the growth of
the coefficients of asymptotic expansion (3.3a), where A is a constant. At the end
of the previous section we showed that A = Ce~7#/2wi, where C' is the constant in
connection formula (3.5). Thence

-Hy
(4.1) an ~ C( 273 e~ sl (N — ) as N — o0.

Since we have the recurrence relation (3.4), we can use (4.1) for the numerical com-
putation of C, but in general it is very difficult to obtain the value of C analytically.
Indeed, only when (3.4) is simple enough for us to find ay analytically can (4.1) be
used to obtain the exact value of C. For example, for the confluent hypergeometric
functions, (3.4) is a two-term recurrence relation, but for these functions there are
also different methods (e.g., by integral representations) that can be used to obtain
the connection constants. There are, however, more complicated differential equations

for which the result (4.1) can be used to obtain the exact value of C. Consider the
equation

d2 1 A\ d
4.2 —_— 14+ -4+ 2V 2 —
(4.2) dz2v<z) + < +o+ z2) dzv(z) 0,
with the solutions
ac Qs 3

v1(z) ~ ezl —_ hz| < —m — v,
Wy 1(2) > % bhelsg

v(z) = 1.

The recurrence relation for the coefficients can be written in the form ag = 1, and for
s>1

(4.4) s{as + sas—1) = Aas—1 + (s — 1)as—2),
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from which we obtain

(4.5) as = (—1)ss! Z (A

Hence, the constant C in
v1(2) = vi(ze—27) + C

is
(4.6) C = lim (—_:1‘;—;—, =-3 (—(‘,%k— = —Jo(2VX).
k=0

There are also cases where the connection constants can be written down almost by
inspection. An example is the differential equation for the Airy function Ai(z), namely,
d2
dz2?
This differential equation is not of the form (3.1), but the transformation z — z3
leads to a differential equation of that form. From §3 we obtain that equation (4.7)
has Stokes lines at phz = 0, 27, and 37. The Airy function Ai(z) is the subdominant
solution at phz = 0. A second solution of (4.7) is Ai(ze~37), which is the subdominant
solution at phz = —g—w. These two solutions have the following asymptotic behaviour:

(4.7) u(z) — zu(z) = 0.

1 3
Ai(z) ~ 5‘\77—;6”%222_%7 Iph(z)| £ ™ —v,
(4.8) 15 0 as |z| — oo.
. 6
Ai(ze=37) ~ ;ﬁe%z%z"%, ph(z) — 3™ <w -y,

It is now possible to obtain the connection formula for Ai(z) just from (3.5) and the
fact that Ai(z) is an entire function. From (3.5) we obtain that

(4.9) Ai(z) = e 3™ Ai(ze™ 3™ + C1Ai(ze§70).
A similar argument gives
(4.10) Ai(2) = CrAi(zed™) + e3 ™ Ai(zedm).

Since the Airy function is an entire function, we know that Ai(ze=%7) = Ai(zed™)

and that Ai(ze~37) = Ai(ze3™). Therefore, we obtain from (4.9) and (4.10) the
connection formula

(4.11) Ai(z) = e 3™ Ai(ze3™) + e3™ Ai(ze~ 37).

Figure 4.1 shows the appearance of exponentially small terms in the asymptotic
behaviour of Ai(z) in the sector 0 < phz < 27.

Dominent

; \
H 4
!i :
Subdowm. °.f.'.’.(.'.'..§..fi)j "p(g'i)!" \ .". .........
! }
r ¢ / + \ + {
x/3 2x/3 L3 4%x/3 Sx/3 ix
o—s

FIG. 4.1. The appearance of ezxponentially small terms in the asymptotic behaviour of Ai(z).
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Remark. In [9] the result (4.11) is obtained by the knowledge that there are
constants a, b, and ¢, not all zero, such that

(4.12) aAi(z) + bAi(ze3™) + cAi(ze=37) = 0.

The values of a, b, and ¢ are obtained by looking at the asymptotic behaviour of the
left-hand side of (4.12) at the Stokes lines at phz = 0, +3x. Alternatively, we can

use arguments involving the deformation of contour integral representations of Ai(z)
to derive (4.11).

5. An inhomogeneous differential equation. In this section we show that
our matched asymptotics method also works for inhomogeneous differential equations.
We take as an example the differential equation
(5.1) EE—w(z) + 2ziw(z) = zexp(—=z).

dz? dz
This is a rather special differential equation because the corresponding homogeneous
differential equation (2.3) has an irregular singularity of rank 2 at infinity, which means
that the solutions growth like exp(pz2(2)) as z — oo, where pa(2) is a polynomial of
degree 2. Hence, there is a difference in the exponential growth of the solutions of
the corresponding homogeneous differential equation and the right-hand side of (5.1).
(Compare [9, Chap. 7, §14].)
The general solution of (5.1) is of the form

(5.2) w(z) = Aerfe(z) + B + wp(2),

where A and B are arbitrary constants and wp,(2) is a particular solution of (5.1). By
variation of parameters we find the two particular solutions

tioo oo
(5.3a) wp,(2) = ﬁerfc(z)/ et’~ttdt — —\{;/ et’—terfc(t)tdt

2
1 ' 1 °
(5.3b) = —56‘2 + %e”ierfc(z)erfc ($i (z - 5)) - g et*—terfc(t)dt.
z
From these integral representations we see that
. 1 5
Wp, (2) ~ —-€7% as z— 00 in — -7 < phz < -,
2 4 4
(5.4) 5 1
wyp_(z) ~ —Ee‘z as z — oo in — 1< phz < ik

When we substitute the formal solution e~= Y722 a5z~ into (5.1) we obtain
(5.5)

1 1
ap = ~5 ay = T 20641 = (1= 28)as +2(s — Das_1+ (s — 2)(s —1)as—2, s> 1.
It is not difficult to show that!
. a 1 5
—z il _Z Z
(5.6a) wp, (2) ~ e 2 , 1" < phz < i
o0
— Qs 5 1
(5.6b) wp_(z) ~e 2 Pl < phz < il

1E.g., by using the method that is used in [9, Chap. 7, §14].
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as z — 00 and that2
(5.7) as ~ K(=1)T'(s)

as s — 00, where K is a constant.
A direct consequence of (5.3b) is the connection formula

(5.8) Wy, (2) = wp_(2) + %ie‘%erfc(z).

With this connection formula we obtain the following asymptotic behaviour for wyp, (2):

1
(5.9a)  wp,(z) ~ ——%e‘z, -7 < phz < %w, subdominant,
5.9b Wp, (2) ~ —le*z, 53-'/r < phz < ir)—7r, dominant,
b 2 4 4
. —2 7
5.9¢ Wp, (2) ~ ﬂe‘% ¢ , §7r < phz < =7, dominant.3
b 4 P 4 4

3

Hence, somewhere in the sector §m < phz < 5’1-7(, new exponentially small terms

appear. Again, we write

N-1
as
(5.10) wp, (2) = e~* ; — + Bn(2),
and, with the method of §4, we obtain

(5.11) a%—RN(z) ~ iK\/27rroexp(—--;—r00§),
o

where z = (ro/e)exp(i(m + /€6p)) and N = (ro/e) + 8, 8 bounded. Hence

(5.12) Ry(2) ~ Ki [A + erf<90 @)]

as € — 0. Matching as 6y — —~oo0, Ry(z) is exponentially small, and so A = 1. When
6o — 400, we obtain that 2K7i ~ %wie‘i‘erfc(z) ~ %m’e”% and thus K = ie‘%.
Therefore, the change in the neighbourhood of the Stokes line phz = 7 is given by

(5.13) Rn(2) ~ Tife—% [1 + erf(@o\/;";)] :

We now encounter a major obstacle that confronts efforts to generalise the results of
§3. We were able to use our MAE method in the sector %ﬂ' < phz < gw for the very
reason that the minimal remainder Ry (z) is of the same order as erfc(z) as 2 — —oo.
However, since in the sector *—iﬂ‘ < phz < %7r the minimal remainder Ry(z) is expo-
nentially large compared with erfc(z), we cannot use our MAE method to determine

2E.g., by using the method that is used in [11].

31In the derivation of (5.9c) we use that all solutions of (5.1) are entire functions such that (5.6b)
is also valid for %w < phz < Evr.
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where and how the function erfc(z) is switched on in this section. Hence, it is still
an open problem what the Stokes smoothing in the sector —%7( < phz < iw should
be. In this connection, we note that inhomogeneous second-order equations are inti-
mately linked with homogeneous third-order equations. Indeed, differentiating (5.1)
and eliminating the inhomogeneous terms yields a holomorphic third-order differential
equation for w.

The failure to detect the other Stokes lines in the example above is due to the
information about them being “swamped” by the information about the Stokes line
that we were able to find. Such a situation will occur generically whenever two diver-
gent asymptotic series are multiplied together. Consider, for example, the function
v(z) = E1(z)E1(—z), where F is the exponential integral. Since FE1 has a Stokes line
at phz = 7, v(z) will have Stokes lines at phz = 0 and phz = w. Asymptotically
expanding v(z), we have

=0 k=0

where con, = (2n + 1)!/(n + 1), cany1 = 0. Hence, in this case, the leading-order
behaviour of the ¢,’s contains the information for both Stokes lines. However, if we
consider instead the function

(L) (S-S,

g=1 k=0 n=0

then ¢, = (n+ D)1/(n+ 2) — (—)"n!/(n +2), and the leading-order behaviour of ¢y,
contains no indication of the Stokes line at phz = 7.
Things are even worse when the value of n corresponding to optimal truncation

differs for the two series. Consider, for example, the function v(z) = E)(z)erfc(z).
Then

2 o . oo 2 o0
e 4! (—D)k(2k)! e~7 2 Cn
0~ G (L E) (S T ) m

Again, ¢, ~ n! as n — oo. However, whereas in the example above the second Stokes
line could have been detected by considering the second term in the expansion of
cn, for large n, in this case the largest term corresponding to the tail of the asymp-
totic expansion of the error function to appear in the asymptotic expansion of ¢, is
((—1)Zn!)/(%127), which is exponentially smaller than the leading-order behaviour of
Cr-

We note that all of the examples given above are all solutions of homogeneous
fourth-order holomorphic differential equations. Thus, for the solutions of inhomo-
geneous second-order equations and third- and higher-order homogeneous equations,
one of the Stokes lines will be easy to detect from the leading-order behaviour as
n — oo of the coeflicients in the asymptotic expansion of a solution, but the informa-

tion about the other Stokes lines may be buried deep in the asymptotic expansions of
these coeflicients.

6. Discussion and conclusion. Using the format of matched asymptotic ex-
pansions, we have presented as unified an account as possible for the location of the
Stokes lines of certain analytic functions and for the description of the asymptotic
behaviour in the vicinity of these lines. When the functions satisfy certain ODEs, the
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local behaviour of Ry(z), the error in the optimally truncated asymptotic expansion
of the dominant solution, is affected by the dependence of N on z and the precise
growth of a, as defined in (3.3a) for n > N. This behaviour is characterised by ex-
pressions such as (2.13) and (3.14), where both the argument of the error function and
also the region over which Ry (z) varies rapidly depend crucially on the properties of
N and an: this region is wedge shaped in § 2 but can, for example, be parabolic in the
cases such as those considered in [10].

For the problems considered in §3, we have presented a systematic procedure
for determing the requisite information about Ex(z); in many cases this involves the
numerical solution of the recurrence relation (3.4) (see [11]), and it seems likely that a
necessary and sufficient condition for the existence of a closed formula for the Stokes
multipliers is that a closed-form solution exists for (3.4). However, any attempt to
apply our method to higher-order or inhomogeneous generalisations of those in §3 is
bedeviled by the possibility of there being a hierarchy of Stokes lines. Hence it is
appropriate to conclude with a summary of the different characterisations of Stokes
lines that are available with the aim of highlighting those which are likely to be of
most value for more general problems.

By focusing on the remainder Ry (z), we have been able to assert that on a Stokes
line

(i) (3.10) is maximal;

(ii) the phase of (3.10) and its #-derivative are independent of r;

(iif) (3.10) is independent of 3.

Moreover, the discussion at the end of § 3 has shown that (iii) above can sometimes
allow us to identify Stokes lines directly from the asymptotic expansion of a function
without reference to any differential equation. However, reverting to the examples
in §3, we can consider what would have happened to (3.10) had we not made the
assumption (3.2). Then, after transforming in accordance with the remark after (3.14),
the right-hand side of (3.8) would have involved a factor exp(u1 —ugz = |u1 —u2|), where
the phases w; are such that v; ~ exp(u;) as |z| — co. Hence, on the Stokes line

(iv) R(w1) —R(u2) is maximal when considered as a function of  on r = constant;

(v) S(ur) = S(u2).

This last characterisation coincides with the definition of Stokes phenomenon
given by Wright [15] in his Fouricr analysis of linear wave propagation (see also Berry
and Howls [2]). Indeed, if it is possible to write a wave field in the frequency domain as
a Fourier integral, then it is clear that a new wave is switched on whenever a steepest
descent path crosses a singularity or a new stationary point, in which case (iv) and
(v) are clearly satisfied. In this spirit we can, if we consider holomorphic functions
of two complex variables, give a physical interpretation of Stokes phenomenon that is
quite different from the consideration of remainders in asymptotic expansions and is
in the spirit of Meyer [6].

Suppose a solution of Helmholtz’s equation, say, with large wavenumber k is
approximated using ray theory in two dimensions. The associated rays will, in general,
be both real and complex; while it is a simple matter to trace the phase and amplitude
along real rays, the same is not true for complex rays, which are best thought of as two-
dimensional manifolds in the four-dimensional complexified space of the independent
variables. On these complex manifolds, the amplitude can vary by exponentially large
amounts in terms of k, a typical situation being near a caustic. On the bright side of
a caustic there are two families of real rays, and on the dark side there is one family of
complex rays carrying exponentially small amplitude. However, an exponentially large
amplitude wave field could also exist on the dark side in principle, and some rule has to
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be prescribed for legislating against complex rays carrying such large amplitude. Now
it is natural to characterise Stokes “surfaces” as those points of C* where two rays can
exist with equal “phases” (i.e., the respective waves are exp(iku; ), where Rui = Rus).
These points form a three-dimensional manifold across which exponentially small wave
fields can be switched on or off as in §2. The details of the generalisation of that
discussion to this higher dimensional situation are too complicated to give here, but
it is clear that the information that a complex ray carries en route to real space is
profoundly affected by what happens at the intersection of that ray with the Stokes
surface. This is exactly analogous to the change of dominance that occurs on anti-
Stokes lines being profoundly affected by what happened at a remote Stokes line.
Hence a knowledge of the position of the Stokes surface and the switching rules that
apply across it are vital if complex rays are to be of practical value. Incidentally, the
connection formulae for any point of the Stokes surface emanating from a caustic can
be read from an argument similar to that leading to (4.11); locally, near the caustic,
the wavefield is, of course, described by an Airy function.

We conclude by mentioning that there has also been much recent research on the
effect of nonlinearity on Stokes phenomenon (see, e.g., Novokshenov [7]). Although
nonlinear connection formulae exist, say, for Painlevé II, they seem never to have been
analysed by MAEs; indeed, it seems possible that nonlinearity may completely swamp
the delicate switching of exponentially small terms that underlies Stokes phenomenon.

Appendix. We use the notations of §3, and we define

Nl
(A1) 01(z) = e # ;0 Py
such that
(A.2) ’U1(Z) = ’l~)1<z) + RN(Z)

When we use (3.4) several times, we obtain
(A.3)
d? .
T+ F)m () + 92 (2)

NN -1-pan- & <
— e~zzu[ ( ZN+]'LL) NoL Z 2=k Z am(fk—m - gk—m)
m=0

k=N-+1
N-2 o N-l
— Z_(N"Fl) Z (m — H))a7an-m - Z Z_k Z (Tfl - M)amfk»1~m]
=0 k=N-+2 m=0

N-1
Nay
=4 €7 FzH l: N+1 + Z z—k Z am[gk—m - fk—m - (m - /J*)fk-l—m]} y

k=N+2 m=0

where in * we have used (3.4) with s = N. The combination of (A.2) with (A.3) leads
o (3.8). To estimate the infinite sum in the final line of (A.3), we use

(A.4a) lam] < K1|T(m — p)], m > 0,
(A4b) |f7|7 ‘gj| < Kij7 J =0,
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where K7 and K> are constants. To obtain (A.4a), we use (3.9), and to obtain (A.4b},
we use the fact that the expansions of (3.2) converge for |z| > p. We substitute (A.4)
into
(A.5)

N-1
27 k Z am gk m fk)*’ln - (Tn "“ ,uf)fkflfm]

k=N-+2 m=0

o AR

k=N+2 m=0
N42
P(m m+ ||
() :
SRR mZ ,
202+ (N = 1+ |\ 4
< KK (N —
= 2( |Z|N+2 |Z|—p| ( .U')|
N-1 ,
. Z pN—m
At fm—p)(m+1—p) - (N =1 —p)
202 + (N =1+ |u))p 7] Np
<« K1K: (N — K (i,
< 1 2( IZ|N+2 |Z|—p| ( N)‘ (u p)|N_1_H|

~ v T =0l

as |z| — oo. In x we have used

prm P

R S R (] I Ll e

(A.6)

m=0,1,...,N — 1, where K(u, p) does not depend on N. From (3.9) we obtain

NaN
zN+1

N
~ A IT(N — )]

(A7) 2| N+

as N ~ |z| — oo. The combination of (A.7) and (A.5) leads to the first line of (3.10).
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