M. NAKANO
KODAI MATH. J.
1 (1978), 304—312

SECOND ORDER LINEAR ORDINARY DIFFERENTIAL
EQUATIONS WITH TURNING POINTS
AND SINGULARITIES II

By MINORU NAKANO

§1. Introduction.

WKB approximations are asymptotic approximations for solutions of linear
ordinary differential equations, in some domain of an independent complex
variable, as a parameter tends to the prescribed value. The largest of such
domains of an independent variable is called a canonical region for the dif-
ferential equation considered. In the part I [3] we considered the differential
equation of the type
d®y
dx?
where x is a complex variable and ¢ is a positive small parameter, and we con-
structed canonical regions for the cases where p(x)=(x—1)?/x® and p(x)=
(x—1)?/x. In this part we treat two cases one of which is given by p(x)=
(x—1)?/x% and the other p(x)=x"—1/x* (v is a positive integer, p=2). The
case p=1 is treated in [4]. The case p=3 is treated elsewhere. In the case
where p(x) is of the form c¢(x—1)*/x* or c¢(x*—1/x#) (c is constant) we can
also discuss in the same way. For example, if ¢ is positive, we must only
replace ¢ by ¢/+/¢ .

As for the first case we construct canonical regions (§2). As for the
second case we construct canonical regions (§3) and get two different types of
asymptotic approximations (§4 and §5) of solutions of the differential equation.
Between them there is a relation, and we get the relation, i.e., a matching

_P(X)J’ZO’

62

matrix (§6).

§2. Canonical regions for the case p(x)=(x—1)%/x%

The differential equation corresponding to this case has a second order
turning point at x=1, a regular singular point at the origin and an irregular

singular point at x=oco. In order to decide Stokes curves for the case, let us

consider the integral
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x—1
x

dx=x—logx—1

e, 0=

L et iy pan-1 2
=yp—1 2log(p —l—/,z)—l—l(y tan v)’

where x=v-i1p varies on the x-plane such that —r<argx=m. Stokes curves
and anti-Stokes curves proceed from the turning points and they are defined
respectively by equations Re&=const, and Im &=const. Also other level curves
are decided by the above equations. These curves are illustrated in Fig. 1.
In Fig. 1, [, (j=1, ---, 4) denotes Stokes curves. The complex conjugates of
points on [; (/) are on I, (I,). L, (y=0, -+, 3) denotes anti-Stokes curves.
Li={x:0<x=<1} and L,={x:1=x}. L,\JL;(L,N\Ls=0) and L,\JL,(L; N\ L,=0)
are on the negative real axis. D,’s denote domains bounded by these curves.
For example, D, is a domain bounded by curves I3, L, and L,.

There are four quarter-domains D,, D,, D, and D,, two strip-domains D
and D, and a circle-domain around the origin (Fig. 1). £=£&(l, x) is considered
as a mapping from the x-plane to the &-plane with perpendicular coordinates
(Re&, Im&). Some domain in the x-plane is conformally mapped by one-to-one
onto some domain in the &-plane. We want to choose the whole &-plane with
cuts as the second domain. We can map D, onto the quarter plane: Re&>0,
Imé&>0; D, onto the quarter plane: Re&>0, Imé<0; D; onto the quarter
plane: Re&<0, Im&>0; D, onto the quarter plane: Re&<0, Im&<0; D, onto
the strip domain: Re&<0, —a<Im&<0; and D, onto the strip domain: Re £<0,
0<Imé<rm. Thus the domain

D,\JL,\UD,\JL\UD;\JL,\UD; (or D,\JL,\UD,\Jl,\UD,\UL;\UDs)

is mapped conformally on-to-one onto a domain in the &-plane, which consists
of a positive (or negative) imaginary axis, a right half plane: Re&>0; and a
quarter plane: Re&<0, Imé&é>—n (or Reé<0, Imé&<x), with a cut on the nega-
tive (or positive) imaginary axis. Therefore they are (incomplete) canonical
regions. The domain D,\UL,\UD, is conformally mapped one-to-one onto a
strip-domain on the right half plane: |Imé&|<z, Re&>0.

If x varies beyond the negative real axis, we must check figures of level
curves. As for x on the second sheet the integral & is modified such as
E(l, x)=£&(, 1")+£&(1’, x), where 1’ is over 1 on the first sheet, and the path of
integration of &£(1, 1) (6(1’, x)) consists of a unit circle with positive direction
around the origin (an appropriate bounded curve on the second sheet). Then
£, 1) =—2m, Re&(’, x)=Re&(, x). Thus the Stokes curves on the second
sheet are projections of Stokes curves on the first. Generally the curves defined
by Reé=0 and Imé=—2nr for x on the (n-+1)-th sheet correspond to res-
pectively the curves defined by Re&=0 and Im &=0 for x on the first sheet.

The domain D,\UL,\UD; on the second sheet (denoted by D,”\UL,’\UD,")
together with L,\UD;\UL,\UD, is conformally mapped one-to-one onto the left
half plane of the &-plane, and then
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D,JL,\UD,U,\UD,\UL,\UD,\JL,\JUDJ\JLy\UD,

is conformally mapped one-to-one onto the whole &-plane with a cut on the
negative imaginary axis. Thus this domain is a canonical region for the dif-
ferential equation. Similarly,

Dy JL,UDs"\JL;\JDg\JL;\UD,\J1,\JD,\JL U Dy

is also a canonical region mapped onto the whole &-plane with a cut on the
positive imaginary axis.

To find other canonical regions we need infinitely many sheets. As mentiond
already, D,\UL,\UD,; is mapped onto a strip, and infinitely many strips of this
type fulfill the right half plane of the &-plane: Re&>0. Thus we get two
canonical regions each of which consists of infinitely many domains of the type
D,\UL,\UDj; together with domains mapped onto the left half plane which were
got already. These canonical regions are mapped onto the whole &-plane with
two cuts: Im&=2x, Im£<0, or Im&é=—2r on the imaginary axis.

Fig. 1

§3. Canonical regions for the case p(x)=x"—1/x2

Let p(x)=x*—1/x#, where v is a positive integar. If g is non-positive,
p(x) is a polynomial of x and the corresponding differential equation has
turning points and an irregular singularity at x=co. If y is positive, p(x) is a
rational function of x and the corresponding differential equation has turning
points and singularities at the origin and at x=oco. If p is 1 or 2 the origin is
the regular singularity. The case p=1 is treated in [4], and here we consider
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the case p=2. In this case the corresponding differential equation has v+2
turning poins, a regular singular point at the origin and an irregular singular
point at x=co,

In order to construct canonical regions we consider hyperelliptic trajectories

defined by an integral
. (e - _L 1/2
¢ —S <T 2'2> a,

which may not be represented by elementary functions. If ¢ is replaced by
Te?*=OtD (r50; k=0, 1, ---, vy+1), the integral & does not change its form.
Thus Stokes curves defined by Re &’=const. are direct lines [¥ (k=0, 1---, v+1)
proceeding from (secondary) turning points (i.e., zeros of the integrand (§4))
going to the origin (Fig. 2). Since the differential equation is of Airy type at
each of turning points, three Stokes curves proceed from each of turning points,
one of which is given by the direct line [, as above, and others are represented
by [{* and [ in Fig. 2. At every turning point angle between any two Stokes
curves proceeding from it is 27/3. Thus Stokes curves [P, [’ and [}¥ proceed-
ing from the turning point e***¥®*?» have respectively arguments of 2kxz/(v+2)+7,
2k /(v+2)+r/3 and 2kr/(v-+2)—x/3 at the turning point.

Stokes curves [P, [® (k=0, 1, ---, v-+1) entering the point at infinity have
v+2 arguments +rx/(v+2), +=37/(v+2), £57/(v+2), --- at the point at infinity.
Anti-Stokes curves defined by Imé&’=const. and Stokes curves are perpendicular
at any point except for turning points and the origin. Therefore we get anti-
Stokes curves, that is, v+2 curves joining adjacent two turning points L{¥ (=0,
1, -, v+1) and v+2 direct lines L{ (=0, 1, ---, v+1) proceeding from turning
points tending to the point at infinity (Fig. 2).

The function of ¢

can be regarded as a mapping from the ¢{-plane to the &-plane. A domain con-
taining L{ in its interior and bounded by [ and [ is a half plane domain,
that is, it is mapped by & onto a right or left half plane of the &-plane. There
are v+2 half plane domains like this, each of which contains L (#=0, 1, -,
y+1) in its interior and bounded by ¥ and [ (k=0, 1, ---, v+1). A domain
containing L{® in its interior and bounded by I, I{, [ and [{" is a strip
domain, that is, it is mapped by & onto a strip whose boundaries are images of
©\UI® and [P\UJI®, and they are parallel to the imaginary axis. There are
y+2 strip domains like this, each of which contains L{®¥ (¢=0, 1, ---, v+1) in its
interior and bounded by I \UI{* and [$*0JIED (k=0, 1, .-, v+1) (2=, -,
[p+2=[®), A strip domain with adjacent two half plane domains constructs a
canonical region, which is mapped by & onto the whole &-plane except for two
slits. Those slits proceed from each of images of turning points and tend to
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Imé=cc or —co. We can construct v+2 canonical regions like this, one of
which is shaded in Fig. 2 and whose image is shown in Fig. 3

§4. Asymptotic approximation 1.

The linear ordinary differential equation

dY 0 1

—_— X g S
@1 e [xv—e/xz oY O<izi=x, 0<eze)
is transformed by

x=eV®t  YV=diag[1l, ¢/2*+*»]U
into the following type

4.2) el/zi—?z[;ﬁ é]U,p(t)———t”—l/tz 0< 1] < o).

The differential equation (4.1) has a turning point of order v and a regular
singular point, both of which are situated at the origin. The differential equation
(4.2) is of the form given in §1 if it is represented by vectors, and zeros of p(¥)

are called secondary turning points of (4.1).
In order to get asymptotic approximations of solutions of the differential

equation (4.2) we transform it by

0= (g el gplo ol)¥
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and we obtain the following differential equation, whose first two coefficients are
diagonal

A P =S

Formal solutions of the differential equation can be shown to be asymptotic
expansions of the true solutions in every canonical region given in §3. This
procedure is similar to [4] and we omit anaylytic theory. Thus we get the
asymptotic approximation (i.e., first approximation) in a canonical region
as ¢e—0

OO O o b e Y O )}

§5. Asymptotic approximation 2.
In the region
KV < x|<x, (K=const.),

we rewrite the differential equation (4. 1) in a form

dzZ 0 1 0 0
v/2+2 = (v+2) — -—(v+2)
5.1 x (x ) iz —([1 O]-l—[ y }(A e))Z.

—1 — /2
2

where
Y=diag[1, x”*]Z.

Furthermere we transform this differential equation by

I (R I Sttt Ly S

into

x9/2+2(x—(u+2)€)%: [(1) _2]_’_[8 2](x—(u+2)e)

_I_[S 2](x-(u+2)€)2+“,>W,
where a= %(—— 1— % x<”+2)’2>, b= %(1— —Z— x(”””z) and asterisks designate some

values. Since the last differential equation has diagonal coefficients we can get
formal solutions which are asymptotic expansions of the true solutions in
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sector domain with central angle 4z/(v+2). We choose a sector domain such
that arguments of its boundaries correspond to ones of any one of canonical
regions, for instance, the sector domain KeV®*P<|x|Zx,, —rn/(v+2)<argx<
37/(v+2) corresponds to the canonical region with boundaries %, [, I and .
In such a sector we get an asymptotic approximation of the solution of (5. 1).
Thus we get

.2) Vo) H —Hexp{@ . er P

ol

We remark that such a sector intersects a canonical region when the para-
meter is sufficiently small.

§6. Matching matrix.

The 2-by-2 matching matrix M connecting two solutions (4.3) and (5.2) is
given by

6.1) G F,E.M=G,F,E,,
where
Gozdiag[x’”"“, xp/4l Gi:diag[p—u«j’ su/2<v+2)pl/4l

1 —1 .
Fo=F1:[ 1 1 ] E,=exp(adiag[l, —1]),

E=exp(8diagll, —17), a=——>

x(u+2)/2_|_

v+2 v+2

x~ (u+2)/2’

_ 1
P=ve

The equation (6.1) is written in

gj VIO dt, M=(m.).

6.2) EME'=F7'Gy'G, F,,
whose right hand side is asymptotically represented :

xv/4p—l/4+px—v/4pl/4 xv/4p-1/4_px—v/4p1/4:|
’

o 1
FO ! GO ! GiF%N_Z'[_x»/4p1/4+‘ox-»/4p1/4 x»/4p—1/4+px—v/4p1/4

v/2(v+2)

p=¢
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As we remarked in §5 an outer sector and a canonical region intersect each
other for small e. Then let x=yp, t=9p '(|p|=1). We get

xv/«lp—l,’a} and x-u/4p1/4N‘0v/2 as p — 0.
Therefore the right hand side of (6.2) has an asymptotic approximation :

1 0

Fg‘Go‘lGlFlN[o Lo 0.

Next we calculate the left hand side of (6.2) which is given by

mue* ™t myextf ]

E ME-I:[
O T e mgeatB

By replacing x, { by », p, we get
a0 (n i —cp™t (o 0),
where ¢ is a constant. Therefore hold the following asymptotic relations
a—p=co™ 0 ("), at+p=2a—cp™+0 (o™ (0—0).

Since a=0 (y**2p~®*"%), Rea tends to infinity if we take x such that [y|=1
and p—0, and Rewa tends to minus infinity if »=e*¥**» and p—0 (Fig. 3).
Thus a-+j takes arbitrarily large and small values. Therefore we get my,,
ma~0 after equating both hand sides, and the matching matrix M has an
asymptotic approximation such as

4

Ve

Mrogv/4+ eXp< diag[—1, 1]) (e —0).

Since each of other canonical regions has two directions such that Rea —
+oo as ¢ — 0, a matching matrix corresponding to each canonical region can be
calculated in the similar way and has a similar form.
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