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CONFLUENT W-K-B APPROXIMATION, 1
By TOSHIHIKO NISHIMOTO

§1. Introduction.

In this paper, we consider asymptotic expansions of solutions of the second
order ordinary differential equations of the form

d*y
2 —
1.1 S =k(x, a)y

Here ¢ is a positive small parameter, x is the complex independent variable
and k(x, @) is a polynomial of x which depends on another complex parameter
a. The zeros of k(x, a) with respect to x are so-called turning points of the
equation. These turning points move as the parameter a varies and some of
turning points may coalesce at certain values of the parameter, say @, which
we call critical values of the parameter. For fixed a, the usual W-K-B theory,
see for examples Evgrafov and Fedoryuk [1] and Froman and Froman [2], and
the matching method for higher order turning point problems, Nishimoto [3],
are well applied. But if we want to know asymptotic properties of the
solutions and their connection formulas that are uniformly valid with respect
to the parameter « in a region containing critical values, then these methods
do not work well.

In the several fields of physics we encounter to treat such cases. One of
the examples is the inelastic scattering theory of atomic or molecular collisions.
In a certain simplified model of the problem, the coefficient function is given by

k(x, a, b, #)2—{%(azx2+b2)2—a2yx+%} ,

where a?, b* and p are real parameters, and g is a small positive number. For
physical explanation of the problems, the reader may consult with the book
“Molecular Collision Theory” by M.S. Child (1974), Academic press. This
problem will be studied in future as an example to which our method can be
applied.

Now by the term “confluent W-K-B approximation”, we mean the asymptotic
expansions and connection formulas of solutions that are uniformly valid with
respect to the parameter in certain regions containing critical values. To under-
stand more precisely we consider at first the simplest case having such natures,
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2
47 =(x2+r%u.

(1.2) e

Here turning points are x==+7/ and when » tends to zero, these two turning
points coalesce. We call this equation as the reduced equation, since more
general equations having coalescing two turning points may be approximately
reduced to this equation by the so-called Liouville transformation, see for
example Olver [5].

Here we divide our problem into three parts. The first part is about the
existence theorem of asymptotic expansions of solutions in appropriate regions
of the complex (x, @) space as the parameter ¢ tends to zero. In the course
of analysis, the notion of the preservation of the canonical domains is introduced.
The second part is to get asymptotic forms of the connection formulas between
solutions defined in different regions of the complex x-plane that uniformly
valid with respect to the parameter a«. The results of this part is briefly
anounced in Nishimoto [4]. The last part is to apply our mathematical theory
to the inelastic scattering problem of molecular collisions.

In this paper, the first part, that is the existence theorem will be considered
when two simple turning points coalesce. The same problem is treated by
Olver [5] when x and a are real. But if we want to apply the method to
the physical problem, extension to the complex case is indispensable.

In section 2, the Liouville transformation is introduced, and the terms
canonical domains and the preservation of the canonical domains are explained.
In section 3, the parabolic cylinder function and its asymptotic properties are
given. And in the last section, we give the existence theorem of asymptotic
expansions of solutions of (1.1). The forms of the asymptotic expansions are
the same forms with the usual W-K-B type expasions, and these are uniformly
valid with respect to a in a region containing a critical values.

§2. The Liouville transformation and the canonical domains.

We assume in this and subsequent papers that the function k(x, @) is a
polynomial of x and «. By a linear transformation of x and by introducing
new parameter a instead of a, we can assume without loss of generality that
two coalescing turning points are =+a7, and so the function k(x, a) is expressed
as

k(x, a)=(x*+a®ki(x, a),

where the function k,(x, a) does not vanish at x==a:; for all small |a].
The Liouville transformation from x, y to {, » is defined by

2.1) x=x(}),

u(C)=(

dx

-1/2
iT) Y,
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by which the equation (1.1) becomes

@2 =G b e () e (55

Here the transformation x=x({) is chosen such that

2.3) (‘fi’c‘ B(x, @)=C+72,

[7 x, apmaw=[" @y,
so that we have

(2.4) 2 L= () e%(C, Nu,

dC

where
25 ¢, r>=(_3§)1/2 j—c (( %z_ )
-l 4k_£’_%’%)(a2+x2)2+2%"<“2+xz)—%(2a2+3x2)}
e =i

In the relation (2.3) x=—a/ corresponds to {=—77, and to correspond x=a: to
{=ri we have

at T2 y 22
S— l(a2+x2)1/2kl(x, a)llzdng_ 1'(7,2+C2)1/2dC=_ﬂ:22L.,

that is
2 (ei
2___“4 2 2\1/2 1/2
(2.6) r=—r|" @+ ayrhs, ayrdz
2a 2\1/2 1/2
n’S (1—v®)Y2ky(aiv, a)'*dv

This relation gives us the correspondence between » and a, and as a tends to
zero, we have

r~k;(0, 0)/*a (a—0).

To see what regions in the x-plane and {-plane correspond by the trans-
formation (2.3), it is convenient to introduce the notion of the canonical domains
with respect to

q=S:”k(x, a)®dx (in the x-plane),
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and

q=Siri(C2+r2)” 2dC (in the {-plane)

respectively, following to Evgrafov and Fedoryuk [1]. Since the function
k(x, a) is a polynomial of x, it is easy to see that every canonical domain in
the x-plane corresponds one to one and conformally onto a canonical domain
possibly with cuts in the {-plane. We express canonical domains in the x-plane
by Di(a) and those in the {-plane by 9(r), that depend on the parameters a

l, S,
ri
Ss
/
/
O<arg r< -

et
=

Ss

B
S

—-%<argr<0

Fig. L.
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and » respectively.

It is assumed in the subsequent analysis that every canonical domain 9,(r)
in the {-plane remains canonical when » tends to zero. We explain this more
precisely. The Stokes curve configuration in the {-plane is illustrated in Fig.
1. The turning points of the reduced equation (1.2) are =:r, and the Stokes
curves are defined as curves starting from =77 along which

4
Re[. (@+rtedL=0,
and we label these curves as [, /=1,2, ---,6). The unbounded regions
S: =1, 2, ---, 5), bounded by Stokes curves are called Stokes regions, see Fig.

1.
Then canonical domains are given by the following table.

Table: Canonical domains for the reduced equation

canonical domain ——725<argr< 0 argr=0 O<argr< %
D, S\ VLUS, S1VLUS, | SiULULUS,
D, S ULUSULUSs | Se\ULUS, | SeULUS;
Dy S\ Ul IS\ ULUS | Se\UL US| S\UL\USULUS,
D, S\l US, SeULUS, | Ss\UlUS\UL\US,
Dy S ULUSULUS, | S.VULUS, | S, ULUS,
Dy SJILUSULUS, e SULUSULUS,

Among these canonical domains, 9,(r) (:=1, 2, 4, 5) are preserved canonical
when 7 tends to zero, while 9,(r) and 9D¢r) do not remain canonical since they
e bid
2 2"
the corresponding canonical domains D;(a) (=1, 2, 4, 5) remain canonical in the
x-plane when a becomes zero.

Now we want to establish the existence of asymptotic expansions of solu-
tions of the equation (2.4) in each canonical domain which remains canonical
as » tends to zero in the {-plane. This will be done in the section 4.

split into two Stokes regions as » tends zero for ——=<argr< Accordingly

§3. Parabolic cylinder functions.

Here we give fundamental properties of the parabolic cylinder functions by
which solutions of the reduced equation (1.2) are expressed.
The parabolic cylinder function U(s, b) is defined by the integral
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1_
3.1) U(s, b)=i22mL>e‘”“2gct"‘”2exp(st———%ﬁ)dt

where the integral path C is described in the Figure 2.

L/

Fig. 2.

The function U(s, b) satisfies the differential equation

(3.2) %:(i—szw)u
and has an asymptotic expansion
3.3 Us, b):s""”z{l—%(b—i-—;—)(b%-%)3‘24- ---}exp(—%sz)

as s tends to infinity in the sector ]args]<-i—7r. It is easy to see that the
function U(s, b) is subdominant, that is exponentially small as s tends to infinity
in the sector |args| <—i~7c and dominant in others.

The functions defined by U(—s, b), U@s, —b) and U(—is, —b) are also
solutions of the equation (3.2). Let M, be sectors in the complex s-plane such
that (see Fig. 3)

3 T
M,: —Zn+?k<args< —

z
4
Then the functions U(—is, b), U(—s, b) and U(ss, —b) are subdominant as s

tends to infinity in M,, M, and M, respectively.
Let us define four functions U,(x, 7, &) (k=1, 2, 3, 4) by

+1?f—k (=1, 2,3, 4).

(3.4) Usx, , s):U(\/gx, %)

Uz, 7, e):U<—z'\/§X, -2,
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3 M,
4 T Ed
4
Ma Ml
-il:r M, T
4
Fig. 3.

Us(x, 7, s):U(——\/%—x, ——;:—),

Uix, r, e)=U(i\/gx, — ;: )

Then these functions are solutions of the reduced equation (1.2). From the
asymptotic formulas (3.3) of U(s, b), we have asymptotic expansions of the

functions U,(x, 7, €) asv/2/e-x goes to infinity:

35 Uz, r, e>=(\/gx)"ﬂm‘”2exp(— ;‘: ). |argx|<%r,
Uyx, 7, s)z(—i\/—%—xyme_mexp( g: ), larg(—ix)]| <%n’,
Uyx, 7, e):(——\/—%—x)-ﬂm—mexp(— g: ), Iarg(—x)|<—gn,
Uz, 7, e):(z'\/gx)mze_mexp(;—:), |arg(ix)| <%7r.

On the other hand, the reduced equation (1.2) has solutions whose asymptotic
expansions are of the W-K-B types as follows:

(3.6) Vix, 7, e>z<x2+r2>-mexp{—%gfﬁ"“f’zf”d"}’
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Vilx, 7, e)z(x2+r2)“"*exp{ ! Sx(xz—}-rz)“zdx},

©
Vw7, =kt Hexp =27 (rrias),

Vix, r, s):(x2+72)’1’4exf’{ : SZ (x2+r2)”2dx} )

&
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The solution V(x, r, ¢) is subdominant as ¢é—0 for x in M, of the complex x-
plane, and at the same time as x tends to infinity in M; for fixed ¢ positive.
Since both functions U;(x, 7, ¢) and V;(x, r, ) are solutions of the reduced

equation (1.2) and subdominant as x—oo in M,, we must have
(3.7) Ui(x: v, S)Zhi(f’, 5>V1;(X, v, 5) (Zzly 2’ 3’ 4)'

Here the coefficients h;(», ¢) can be obtained from

— fim Ulxre
(3.8) hi(r’ s)—zae{}ineMt Vt(x; r, 5)

From the asymptotic formula (3.3) of U(s, b), we have

2

3.9 Uyx, r, s):(\/§x>—ﬂ/zs-1/2exp<_ ;s

And since

3
), [argxl<zn',

z 2
S (x2+r2)”2dx=%x(x2+rz)”2+L2—log{x-i—(xz-l-az)”z} ,

then for large | x|

z 1 7t 2x rt
2 2\1/2 —_— a2 - - -
[l et rrd =gt et o T 0(5)-

Also it stands for large |x|

2 14 - r?
(x*+7?)"i=x ”2<1+0<—x2)).
Therefore we have as x—oo,

1/1 2t 2x
-1/2 2 _
(3.10) Vix, r, e)=x exp{——e (——zx =+ 7 + 5 log ” }
From (3.8), (3.9) and (3.10) we get

o w7 el )

By the same way, other coefficients A;(r, &) /=1, 2, 3, 4) can be obtained as

follows :
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2 2 \-r2/2e 2

hy(r, e)=(—i)’z’ze—”Z(—g)l/“ﬂ/s_D(—ri— exp (_ 4e )’

hs(r’ e)=(—1)_72/28_”2(_2;)—1/402/5“)(_L.>r2/2e exp( ;’: ) )

re

har s)=(i)rz/“_llz(%)lu(ﬂ/e—1)(__;27 —rzmexp(_ Z: )

§4. Existence theorem.

Let us consider firstly the differential equation (2.4) in one of the canonical
domains, say 9,(r). It is clear that for |argr|<m/2, 9,(r) remains canonical as

7 tends to zero.
The differential equation (2.4) is equivalent to the following system of

equations

iz _
4.1) 575_A(C)Z s
0 1 0 0 “
A(C)=[ J+52[ J» Z=| qu
p(c: r) 0 ¢(C; 7') 0 S—JE—
where p({, r)=C®*+r% By the transformation
(4.2) ZQ=TOV®,
where
1 1
TO=| _ &p ey
ViTay VP
the differential equation (4.1) becomes
o ={ror A0T@-T0 5.
Evaluating the matrices in the bracket, we obtain
av_| 1 0 % 10 \ 1 1]
@3 67—{\/}0 [o —1}— 4p [o O

where

. ¢ ]')” _i plZ
4.4) S(C)___—Z«/E +——8p«/§ % oV

If we put
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A D 0
eXD(S —f’dc)
(4.5) V=(E+W)p-1/ % € N ,
exp( =], ¥ F-4¢)

0 Co
Wi1 Wi
W= ,
War Was
where E is the second order unit matrix, then we have for W the differential
equation

1 11 ([v7 O 1 1 7 0
dg -1 -1 0 —+/7 -1 -1 0 —v7

For each component of W, the above equation can be rewritten

ewi=¢%s+es(wutwsa),
(4.6), _
€w$1=—523—2«/17 Wor—&2S(Wa1+Ws).
W= +24/D Wizt E*S(Wis+Wss),
(4.6),
cWp=—e25—e25(WiatWsys).

Because the analysis of the differential equations (4.6); and (4.6), is analogous,
we treat only the latter (4.6),. The equation (4.6), is transformed into the
following integral equation

24P

4.7 wis(E, e)=—egr(c){expSﬂTdn}s(n){ 14+ wi(n)+wee(n)tdy,

WG, e)=¢| s {l4+wuln+wuntdy,

where the integral path y({) is a continuous and piecewise smooth curve con-
necting { and infinity in 9,(») and along 7({) we must have
224/

4.8) eerS’7 sp dnp<l1,

or
Regc 2VP n<0.
/>

For every { in 9,(r), it is possible to choose such a curve y({) because that
9D,(r) is canonical domain with respect to p({), (see [1] or [3]).

Suppose that the polynomial k(x, @) is of the degree n, then from the
relation (2.3) between x and (, it is easy to see that x~(+» ag {—oo or
{~x™*®It 35 x—oo, The expression (2.5) shows that as {—oo the function
¢, r) decreases zero by the order O({™?%), and so from (4.4) the function s({)
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is of the order {=® as {—co.
From these considerations we can conclude that the total variation of es()
along () is bounded:

VIs©I={  lestlldn|<oo,

and moreover for fixed ¢, V[s({)]=0((?) as {—oco and at the same time for
fixed g, V[s(©)]=0(e).
Now it is possible to prove the following lemma.

LEMMA. The integral equation (4.7) has a solution wis(E, &), we(C, €) in the
canonical domain Di(r) which satisfies

|wie(C, &)1, we(C, &) <exp{2V[s()]}—1.

Proof. We successively define functions w{#({) and w’({) as follows.

2P

wp@ o=—e| {exp| L an}snay,

wiP(C, 6)=egr(c)8(1})d7),
and

wip@, a=—s] _{exof’ 2L an}stntwtzotn, o+ug0, obdy,

(<o}

W@, O=e|  swE 0, O+uit0, ohdy.

By induction we can prove the inequality
{2VIs@1}=*!
(n+1)! ’

For n=0, this is obvious, and if we assume the inequality (4.9) is true for n—1,
we have by applying (4.8),

(4.9) lwip(C, o)< (k=1, 2).

2{2V s}~

@, ol S et d
22V st}
S AV

2V s@]}+
n+1! ’

Then our lemma is proved immediately by using the usual Picard iteration
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argument to the integral equation (4.7).
Therefore we have obtained the following existence theorem.

THEOREM 1. Let 9D(r) be one of the canonical domains for e={r: 0 |r| Zr,,
(re>0), |argr|<=z/2}. Then the differential (2.4) has a fundamental system of
solutions uy(C, &), us(C, €) in D(r) whose asymptotic expansion is uniformly valid
in € with respect to r and has a form

Uy Us 1 1
(4.10) du, du, |= ep’ . &p’ PVHE+WE, ¢)}
EXp(SZ isde) 0
. 0 C —_ ’
0 exp(—|, ¥F-dt)

where p=0+7r% E is the unit matrix of order 2, and W(C, &)=(w.;(, €)) is the
two by two matrix satisfying

0(e), for LeD(r) as e—0,

wlj(C} e):{ .
0, for the fixed ¢ as {—oo in D(r).

This theorem shows that the differential equation (2.4) has a fundamental
system of solutions whose asymptotic expansions have essentially the same
forms with those of the reduced equation, and then it has solutions whose
principal terms are expressed by using the parabolic cylinder functions. This
fact is important to get connection formulas between the WKB type solutions
of the differential equations (2.4) and (1.1).

By considering the inverse Liouville transformation we obtain a existence
theorem of solutions of the original equation (1.1). From (2.1) and (2.3) we have

=25 uo=(LE0 ) "ue),

dc k(x, a)
e%ﬂe(x, a)’*p(g, r)~e iz —%k(x, a)‘““—j%(x, a)
1/4 l 1/4 ~-5/4 dp
-p(&, Y eu(C)+Zk(x, a)'*p(g, )% aC (€, Neu(@),

[ kx, @praz=( pie, iat,

and by using the asymptotic expansions (4.9) for u({) and edu({)/d{ we get the
following.
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THEOREM 2. Let E be the region of the parameter a corresponding to € by
the relation (2.6) and let D(a) be the canonical domain in the x-plane corresponding
to the canonical domain 9(r). Then the differential equation (1.1) with k(x, a)
polynomial of x of degree n has solutions y,(x, &) and y,(x, €) in D(a) of the form

yi(x, e)=k(x, a)V*A+ru(x, e))exp{'i_S: k(x, a)”zdx},

s‘ff;‘(x, &)=k(x, a)“"(k(x, Q)

- 24 .
_—ﬁl—kixx’,—({ll)))u-*—rm(x’ 8))exp{—l'—szok(x, a)l/zdx} ,
(4.11)
- 1z
ya(x, )=K(x, a)""(14ru(x, e))exp{———s—g k(x, a)Ude},
Z0
¢ ((?;:(x, &)=k(x, dym(—k(X, a)'’®
k'(x, a) 1ce 1
_m>(1+7’22(9€, s))eXp{—-?Szok(x, a) /2dx}
where

0(e) for x=D(a) as &—0,

4.12)  rx, e)={ ¢ j=1, 2).
0(x~-m*20%)  for fixed ¢ as x—oo in D(a).

The above asymptotic formulas are valid uniformly with respect to @ in E
containing the critical value a=0.
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