THE ASYMPTOTIC SOLUTIONS OF ORDINARY LINEAR
DIFFERENTIAL EQUATIONS OF THE SECOND ORDER,
WITH SPECIAL REFERENCE TO A TURNING POINT

BY
RUDOLPH E. LANGER(Y)

1. Introduction. The subject with which this discussion is to be concerned
is the differential equation of the type
d*w

dw
2 -+ )\Pl(x, )\) —d— + >\2P2(x, >\)'w = O,
X

(1.1) —

with coefficient functions of the form

) . x
Pi(x,\) = > Pisl ), j=1,2
#=0 A

The variable x is to be real and on an interval a <x <b. The parameter \ is to
be large in absolute value, but otherwise unrestricted—real or complex. The
matter of primary concern is to be the derivation of analytic forms which
represent the solutions of the equation asymptotically as to \. By way of
hypotheses it is to be assumed that the functions p;,(x) are indefinitely
differentiable on (a, b), and that the series P;(x, \) are convergent and dif-
ferentiable term by term when I)\I is sufficiently large(?).

It is familiar that the functional forms of the solutions of an equation (1.1)
depend in large measure upon the nature of the discriminant of the auxiliary
algebraic equation

Y%+ pr.o(x)y 4+ p2.0(x) = 0,

namely of the function

1.2) [p2.0(%) — pr.o(%)/4].

When A is real this is very evident, for the solutions are then of an oscillatory
or an exponential type according as the function (1.2) is positive or negative.

Whether A is real or complex, the simplest case—we shall refer to it as the
classical case—is that in which the function (1.2) is bounded from zero, and
therefore maintains its sign over the interval (e, ). For that case algorithms

- Presented to the Society, December 30, 1948; received by the editors November 12, 1948.
- (%) This paper was finished while the author was on research leave under a grant from the
" Wisconsin Alumni Research Foundation.
() These conditions could be materially relaxed in ways that will be evident. They are
- adopted here to prevent the discussion from losing itself in matters other than those which are
" of primary interest. ’

461




462 R. E. LANGER [November

are known by which series in negative powers of N may be determined to
satisfy the given differential equation at least formally. Though these
series are in general divergent, it can be shown that their segments serve to
represent true solutions of the equation in specifiable regions of the N plane
to degrees of approximation that are characterized by appropriate powers of
1/

The facts are different when the interval (a, b) includes a so-called turn-
ing point, namely, a point at which the discriminant (1.2) changes its sign.
In the neighborhood of such a point the largeness of I)\l is in a certain sense
offset. In the case of a real N the solutions change there from the oscillatory
to the exponential type. If a restriction to the use of elementary functions is
made, no single analytic form suffices for the representation of a solution over
the whole interval, but, on the contrary, different forms are found to be
requisite on opposite sides of the turning point. This is known as the Stokes’
phenomenon. When it is present the forms representing one and the same
solution for different values of the variable must be associated with each
other, and this requires the deduction of so-called connection formulas. Here-
tofore, such formulas have been given only to the extent that the leading
terms of the asymptotic representations have been involved. They have not
been given for the representations as a whole.

If the restriction to elementary functions is dropped and the use of Bessel
functions is admitted, the theory of asymptotic representation is greatly
simplified. The Stokes’ phenomenon is obviated, and the representation of a
solution by a single form over the entire interval is made possible. While such
representations have been given, and have even been expressed as series in
powers of \, it is nevertheless true that only the leading terms of these series
have heretofore been given in any simple way. For the terms after the leading
ones only very complicated expressions in repeated integrals over products of
Bessel functions, and so on, have been known. In this respect the theory of
asymptotic representation for the case of a turning point has remained con-
spicuously behind that for the classical case.

In the present paper this gap is in large part to be filled. An algorithm of
an elementary type is to be given for the deduction of formal solutions for the
differential equation with a simple turning point, that is, when the zero of the
discriminant (1.2) is simple. It is to be shown that the segments of these
formal solutions represent true solutions to within terms which are of an
arbitrary order as powers of 1/\.

It is convenient for the discussion to normalize the equation (1.1) by sub-
jecting it to the transformation

w = u% exp [— ——;\—f Py(x, )\)dx:l.

In its resulting form, the equation is then
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d*u
(1.3) =T [A*qo(%) + Aga(x) + R(x, N)]u = 0,
with
(1.4) RN =3 '"f\f) .

The functions go(x), ¢i(x), and 7,(x) are again indefinitely differentiable, and
the series (1.4) again converges when ,)\| >N(3).

For the differential equation in the form (1.3) the discriminant analogous
to (1.2) is simply the coefficient go(x). It is therefore this function, the coeffi-
cient of A%, which vanishes at a turning point. We shall consider the equation
without imposing any restriction upon the coefficient ¢;(x). Heretofore it has
invariably been found necessary to suppose that ¢(x) is identically zero,
or at least that it vanishes where g¢o(x) does so.

The discussion below consists of two parts. Part one, which is brief and
entirely formal, applies to the classical case. For that it gives a new algorithm
by which formal solutions are obtainable, one which seems simpler than that
heretofore known, especially when ¢i1(x) #0. Part two, which constitutes the
main and essential part of the paper, deals with the case of a turning point.
In this are given both the formal deductions by which the asymptotic forms
are to be derived, and also the rigorous analysis by which the properties of the
forms are established. The method of the latter seems simpler and more direct
than those which have heretofore been used.

PART I. THE CLASSICAL CASE

2. The formal solutions. When the coefficient g(x) of the equation (1.3)
is nonvanishing, and hence is bounded from zero on the (closed) interval
(a, b), we may choose either determination of g/?(x) as a root of go(x), and
with x, as any point of (a, b) that is independent of x, define ¢, £, and O as
functions of x and A by the formulas

é(x,\) = g0 (%) + %%’ £ = xfqu(x, Ndz,
@2.1) o » :
— — ql x .
O(x, \) = R(x, \) 1003

The equation (1.3) is then expressible in the form

d’u
(2.2) —ot e N + O N =0,
x

(®) The symbolism “ | )\I > N7 is to be read throughout the paper as standing for the phrase
“when the absolute value of \ is sufficiently large.” The letter N is not to be regarded as denot-
ing any specific constant in this connection.
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with
(2.3) o) = 3 ),
w=0 A

this series converging when |A\| >N, and being indefinitely differentiable
term by term.
Let the functions y:1(x, N\) and y.(x, N\) be given by the formulas

(2.49) yi(x, X) = et%4 ;(x, N), i=1201,

in which the factors 4;(x, A\) remain for the moment unspecified. It is then
found by direct substitution that

d*y;

(2.5) — + %2 4+ Oly; = exitCj(x, N), ji=1,2,
in which
(2.6) Ci(%,\) = + iN[2¢4] + &'4,] + [4/' +04;], j=1,20).

With an arbitrarily chosen positive integer m, let the functions 4 ;(x, N)
now be taken to be of the form
m a .’
2.7 Ai(x,\) = > =5, j=1,2

p=0 )\“

Under the substitutions (2.3) and (2.7) the formula (2.6) may be made to
appear more explicitly as

Ci(x, \) = % iN[2¢aj,0 + ¢'a;0)

L] ’ r =
+X )\"‘[ii(%ai.wx + @) + i+ 2 o“_,a,-,,],
=0

p=0

(2.8)

it being understood in this that every symbol & with a subscript greater than
m is to be interpreted as having the value zero. Now in the formula (2.8) the
terms in A%, for £=0, 1, - - - . 7z, will all vanish if the relations

2¢<Y,‘:: + ¢'Oli.0 =0,

k—1
'.t’l: (2¢a;,k + ¢'ai,k) = - lifk—l —_ Zok—l—'ai"r k = 1’ 2’ cee,m,

»=0

are fulfilled. These will be fulfilled if suitable values are assigned successively

(*) It will often be convenient to combine the expression of two relations in this way. Itis
then always to be understood that the upper signs are to be associated with j=1, and the lower

ones with j=2.
(8) The accents indicate differentiations with respect to .
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to @j,0, @1, * * *, Q,m, in particular if
aj0 = ¢_1/2(xr )\)y
., k-1
2.9 ] @1+ D Or1stiy
i ? z y=0
;g = dx.
2¢2(x, N) J 2, o1/%(x, N)

Since go(x) is bounded from zero, it follows from the first of the relations (2.1)
that ¢(x, N) is similarly bounded when I)\I > N. No singularities are therefore
involved in the relations (2.9). It results from these relations that the func-
tions C;(x, A) reduce to the order of A—™, namely that the products A=C;(x, \),
j=1, 2, are bounded when |\| > N.

It will be observed at once that if in the discussion above the integer m
were to be replaced by «, the scheme outlined would serve to remove all
terms from the right-hand members of the relations (2.8). Formally, there-
fore, the functions C;(x, N)—and with them the right-hand members of the
equations (2.5)—would then reduce to zero, and the functions y;(x, A\) and
¥2(x, N) would formally solve the given differential equation (2.2). This equa-
tion thus admits of the pair of formal solutions

Qj.p

D

(2.10) erity

=0

ji=1,2

with coefficients that are given by the formulas (2.9).

3. The approximating differential equation. The functions y:(x, \), ya(x, N),
as defined under (2.4) are the initial segments of (7 1) terms of the respec-
tive formal solutions (2.10). Like any pair of linearly independent and suitably
differentiable functions, they determine a linear differential equation of the
form

d*y

d
G.1) 2 4 P N2+ Pow Ny = 0,
dx? dx

of which they are solutions. For the coefficients of this equation we have the
familiar formulas

yi' »n ¥y n

Pl(x,)\)=—— ’ l+} , },
2 Y2 Y2 Ve
¥’ oyl ¥y N

Pz(x, )\) = " , - , .
2 Ve Y2 e

If in these we substitute for v’ and ;' their respective values as given by
the equations (2.5), and for yi, y; and 9/, 97 their values as obtainable from
the relations (2.4), the formulas are found to reduce to
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41 G

A A1 A
Pl(x,)\)=‘A i +’ 1+ ingds 4y
2 C2

Ay — iNpAs Ao
Ci AY + ixgAd:
C, AJ — irgA,

. ‘ A+ pds A

Py(x,\) = N2+ O
2(%, \) o+ O + Af — oAy As

Since the functions 4 ;(x, A\) are bounded when I)\| > N, while the functions
C;(x, N) are of the order of A—™, it is evident that
Qi(x, N Qa(x, N
AGR Pa(z, \) = N2+ O + ——— 2( ),

)\m+l

Pl(x, )\) =

with € and Q, standing for functions that are bounded when [)\I >N. The
equation which is solved by 3 and ¥ is thus
d*y  Qu(x, \) dy 2( N)

60 Z2+BED D g + 0G0 + |y =

This differential equation, of which the solutions are known, approximates
the given equation (2.2) in an obvious sense when I)\| > N, the degree of the
approximation being the better the larger the value of m. From the similarity
between the two equations it is possible to prove that the solutions of the
one are asymptotically representable by those of the other. We shall not give
such a proof here. The reasoning upon which it may be based is, however,
precisely such as will be used below in §§10, 11, and 12.

Part II. THE CASE OF A TURNING POINT

4. The first approximating equation. When the coefficient go(x) of the
equation (1.3) has a zero at a point x; in the interior of the interval (a, b), the
deductions of the preceding sections fail. Either the function ¢(x, N) or its
reciprocal—they both play a crucial réle—is then unbounded, according as
q1(x) is different from or equal to zero at x;. In either case the formulas (2.9)
give no usable evaluations. It is the purpose of the following discussion to
present an alternative algorithm, one which retains its validity even when a
zero of go(x) is present.

The hypotheses to be made are the following:

(1) The interval (a, b) contains a point (just one) at which the function go(x)
vanishes.

(ii) This zero of qo(x) is stmple, that is, of the first order.

(iii) The function go(x) s real, except possibly for a constant complex factor,
when x is real and is expressible by a power series in (x —x1) near xi.

It is convenient to make certain adjustments which involve no loss of
generality. To begin with, the zero of ¢go(x) may be taken to be the origin of
the variable x. Further, the function go(x) may be taken to be real on (g, d),
and to have everywhere on this interval the same sign as x. Under the
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hypothesis (iii) this adjustment may be attained by at most the transfer of a
suitable constant factor from g¢¢(x) to the parameter A2 We shall assume
these normalizations to have been made, and observe therefore that hence-
forth a <0 and 0<5.

With ¢i*(x) determined to be that root of go(x) which is real and positive
for positive values of x, let the functions ¢(x), £, and ¥(x) be defined by the
formulas

@ #(®) =g (),
b =N ) dx,
® fo $(x)dx

[f ,¢(x)dx]m

[o(x) ]2

It will be observed from these that ¢(x) and its integral both vanish at x =0,
and that near this point they are respectively of the orders of x1/2 and x3/2.
For positive x they are both real and positive, so that then arg £=arg A.
For negative x, on the other hand, ¢(x) and its integral are both pure imag-
inary, with arguments that are respectively w/2 and 3w/2. In this case
arg £=arg A+ 3r/2. Finally, it is clear that the formula (4.1c) is indeterminate
at the origin. It is, however, easily verified that lim,., ¥(x) exists and is
different from zero(®). With proper definition at x =0 the function ¥(x) is,
therefore, continuous, and in fact indefinitely differentiable, over the interval
(a, b). Both ¥(x) itself and its reciprocal are bounded.
Consider the function

(4.1)

() ¥(x) =

(4.2) o(x, \) = ¥(2)V(§),
in which the factor V(£) is any solution of the differential equation
*.3) A A

g 3t dk
The formula (4.1b) yields the relation
(4.4) i = (%) —d—;

dx dt
and by virtue of this it is found that
v = V'V () 4 [22¥ + Ao’V ] A N2 .
dt dg?

(%) Its value is [3gg (0)/2]-%.
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But from the relation (4.1c) it is readily deduced that

[22g ¥’ + Np'¥] = V:;‘I' .
The evaluation of v’’ above therefore reduces to the form
V=@ +vee] b2 O]
; dag? 3t dt

or, because of the equation (4.3), to
v =WV (E) — NPTV (E).

From this and the formula (4.2) it follows that v(x, \) solves the differential
equation

2

(4.5) ® + PNgo(s) + 6(x)] v = 0,
dx?
in which
‘I,,I(x)
(4.6) 0(x) = — @ .

The differential equation (4.3) is a familiar one. It admits as explicit
solutions the product £/3Hy;(£), in which Hyjs stands for any Bessel function
of the order 1/3. The equation (4.5), which to the extent of the term in A%
resembles the given equation (1.3), is thus also explicitly solvable, its solu-
tions being the functions

(4.7 v(x, ) = W(x)E/3H 1 5(8).

We shall refer to (4.5) as the first solvable approximating equation.

5. The second approximating equation. Whenever the coefficient ¢i(x) in
the given differential equation (1.3) is not identically zero, the resemblance
between the equations (1.3) and (4.5) is still remote when I)\l is large. It is to
be shown that an equation yielding a closer approximation, but which is still
explicitly solvable, is then derivable.

With 2,(x, N), v2(x, N\) as any pair of linearly independent solutions of the
equation (4.5), and with tentatively undetermined coefficients uo(x), pi(x), let
the functions {1(x, N), ¢2(x, A) be defined by the formulas

ui(x)

(5.1) Ci(%, M) = po(#) vi(x, M) + .

vzl (xy >‘)v j = 17 2.

The differentiation of these, followed by an elimination of the v}’ through use
of the equation (4.5), leads to the companion formulas
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, , Ou Mll ’ .
(5.2) ¢i(x,N) = | o _>\q0ﬂ1—_)'\'_ v; + uo+T v/, i=1,2,

and a repetition of the process shows further that
20uf — 0'u1

/(%)) = [uo’ ! — 2Aqop! — Agdp1 — =

— Nqouo — 0#0] v;

Opy — pi’ .
+ [2/40' = Agop1 — —_{—] v/, i=12

From these results it follows that

¢ 4 Ngo+ Maales = { = M2qod + ¢d w1 — quuo) + g1, M) }os
5.3 o
with
20u{ + 0'p1

(5.49)  g@i(x,N) = ui’ — Opo— — g2(x) = pi’ — Oua.

Let the functions uo(x) and ui(x) now be chosen thus,

. = qi(%)
5.5 mos) — cos { fo” 0:() dx}, ) = o0 {f 0 26() dx} .

2¢(x) ¢(x)
It then follows that

2qomi + qo 1 — quuo = 0, 2p0 + qu1 = 0,

and because of this, that the relations (5.3) reduce to the forms

’
v
’

(5.6) ¢+ Mo+ Aqulei = gz, N) v; + ga(w) A

j=1,2

When ¢,(x) differs from zero at x=0, the integral which appears in the
formulas (5.5) is improper. Since its integrand becomes infinite only like x—1/2,
however, the integral is convergent and is itself of the order of x'/2 The
formula for po(x) is thus definitive, and although that for u;(x) is indetermi-
nate at x=0, it is easily found to yield the result lim,.o u1(x) =g1(0)/qd (0).
With proper definition at x =0—and we shall assume that—the functions
(5.5) are accordingly continuous, and in fact indefinitely differentiable over
the interval (g, b). It is to be observed for future use that

(5.7) wo(x) + go()ur(x) = 1.
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When the index j is understood to stand for either one of the values 1, 2,
but to be fixed, the equations (5.1) and (5.2) together constitute a linear
algebraic system in which the values v; and v/ take the réle of the unknowns.
The determinant of this system is

Mo -

(5.8) Do(x, \) = O pi |
’ —)\QOM——)‘— Mo+—>‘—

and this, because of the relation (5.7), has the value
moui — mo M1 0#1

(5.9 Do(x, \) = 1+—->\—-—+__.

It is clear that Dy is thus both bounded and bounded from zero when |\| > N.
The solution of the system (5.1), (5.2) is now found to be

1
v = Do{<ﬂo+ )i‘;——fz}
= (o e = )b}
; =D mo Qom1 $it moli ¢

With the substitution of these values, the relation (5.6) becomes an equation
in {; and its derivatives. Since the coefficients in this equation are independent
of j it is thus found that {1(x, N) and ¢a(x, N) are solutions of the differential
equation

(5.10)

2

d
610 24 H N Z o Pgo(s) + Aqi(®) + Kol N = 0,
dx? dx
in which

1
Ho(x, \) = )\—D_o [gl(x, Npr — gz(x)/uo],
(5.12)

Koo ) = = im0 (s +25) 4 ) (gu - 22

Now by virtue of the values (5.4) it is easily verified that the first one of
the formulas (5.12) is in fact expressible as

D{ (x, \)

Ho(x, )\) = - Do(x )\)

The change of variable from { to z under the relation
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—1/2

(5.13) z=D, ¢

therefore reduces the equation (5.11) to the form
d%
(5.14) e + [N%go(2) + Nqa(2) + K(x, \)]z = 0,

in which the term in the first derivative is lacking, and in which
D{'(x,\) 3 I:Do’ (x,0) ]2
2Do(%,\) 4 L Do(x,N) ]~

The function K(x, \) is evidently bounded when l)\| > N. It is in fact ex-
pansible in powers of A~!, thus

(5.15) K(x,\) = Ko(x, \) +

(5.16) K(x, \) = i k;(vx)

)

with coefficients k,(x) that are differentiable. The equation (5.14) is thus of
precisely the type of the given equation (1.3), and resembles it to the extent of
all terms in positive powers of N. It is, moreover, explicitly solvable, its solu-
tions being the functions

ui(x)
A

(5.17)  z;(x \) = Dy (x, \) {,uo(x) v;(x, \) + o! (, x)} , =12
We shall refer to (5.14) as the second solvable approximating equation.

The deductions of this section are significant and lead to an equation
(5.14) which is an improvement over (4.5), whenever the coefficient ¢(x) in
the given differential equation is not identically zero. If ¢i(x) is identically
zero the step represented by these deductions may be completely omitted.
Formally the evaluations (5.5) then reduce to po=1, u;=0, so that Dy=1
and the functions z;(x, N) are identical with the v;(x, N\). The equations (4.5)
and (5.14) are then the same.

6. The related differential equation. By a method which is essentially
that of §5 it is now possible to derive a solvable differential equation which
approximates the given one, not only to the extent of the terms in positive
powers of A, but to the terms in arbitrarily prescribed powers of 1/\ as well.

Let m be chosen as any positive integer. With tentatively undetermined
coefficients a,(x), B,(x), let the functions 4 (x, A) and B(x, \) be given by the
relations

(6.1) Ay =S 2D =S B";f‘) .
y=0 v=0

Finally with 21(x, N), 22(x, N) as any linearly independent solutions of the dif-
ferential equation (5.14), let the functions %;(x, N) be defined by the formulas
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B(x, \)

)\2

6.2) ni(x, N) = A(x, N)z;(x, ;\) +

Zj, (x, )\), ] &S 1, 2.
A differentiation of these, followed by an elimination of the 2/’ through the

use of the equation (5.14), leads to the companion formulas

/ =4 - B.__ql_’é_.g I LA Pi=1.2
(6-3) ni (xr)‘)—' qo N N 2; + 'l'xz 25, J =1 4

while a repetition of this process gives a corresponding evaluation of the 7}’
in terms of z; and z/. It follows from these results that

(6°4) "71'“ + [)\2410 + Aql + R]ﬂ:‘ = So(x, A)zi + Sl(xr )‘)zil’ j =1,2,
with

So(x, \) = [— 2q0B' — ¢¢ B+ A" + (R — K)4

(6.5)

2B’ + ¢i B 2KB' 4+ K’
B ) B X ’

B” 4+ (R — K)B
A2 ]

Through the use of the relations (1.4), (5.16), and (6.1), the functions (6.5)
may be expressed as power series in 1/\. If it is agreed to interpret all sym-
bols with negative subscripts, and all symbols @ and 8 with subscripts greater
than (m—1), as having the value zero, the formulas (6.5) thus become more
explicitly:

Si(x, \) = [ZA’ +

© m—1
S = E )\"’{Za: + ﬁ:iz + Z ("v—p—? - kV—n—2)ﬁn} ’
=0 p#=0

0

(6.6) So= Zx—v{ — 208, — goBs + @ — 2q1Br—1 — q1Br1

v=0

m—1

+ E [(rv-»n — kW, — Zkv—u—2ﬁ; - k,'—n—zﬁn]} .

p=0

Now in these series the leading terms are in general those which are free
from A. They vanish, however, if

2af =0,
— 2qoB¢ — ¢dBo+ ag’ + (ro — ko)ao = 0.

These equations may be fulfilled by the choices of ao(x) and Bo(x), and they
will be fulfilled if in particular
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= ro(%) — ko(®)
dx
2¢(%)
We shall assume that ay(x) and B(x) have been given these values. The series
(6.6) therefore lack the terms which are constant as to \.

In general, now, the leading terms in the series (6.6) are those in AL
These, however, vanish if

1
(6.72) @ =1, M) =~ f o

2af =0,

1
— 298! — qdB1+ af’ — 2q:.8{ — qiBo+ 2 (r1ou — Er_u)a, = O.

p=0
To achieve this we shall choose
— 20180 — qiBo+ (r1 — k1) e
2¢(x)
The expressions (6.6) are thus reduced to be formally of at most the order of
A2, It will be clear, now, that the procedure admits of repetition to make the
terms in A~” vanish successively for v=2, 3, - - -, (m—1), by the successive

choices of a,(x) and B,(x). The formulas expressing these choices in terms of
those previously made may, at the vth stage, be taken to be

-1 z ' »—2
av(x) = '_z_fo I:Bv—-2 + E (fv—p—z - kv—u-—-z)ﬁn] dx,

p=0

1 z
6T w@=0 5= f

(67C) ”=2;3)"'r(m_1)»

oo <a:' — 208 = @B+ 2 (s — e
Bv = f -
@ =], 26(x)

—2
> QkoysBy — krusB)
dx.

u=0

2¢(x)

It will be observed that the formula for the function B¢(x) involves an
integral which is improper, and also involves ¢(x) to a negative power.
However it is clear, that since ¢(x) vanishes only like x!/2, the integral is
convergent, and the entire formula only indeterminate at x =0. With 8,(x)
defined to be continuous at the origin it is a function which is continuous and
indefinitely differentiable over the interval (a, b). The like observations may
now be made upon the definition of the function B;(x), and then in turn upon
those of B,(x) forv=2, 3, - - -, (m—1). The determinations (6.7), and there-
with the specifications of the functions (6.1), are, therefore, significant. As
a consequence of them the functions S¢(x, N) and Si(x, A) in the relations
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(6.4) are of the order of A\
When j is fixed at either one of its possible values, (6.2) and (6.3) con-
stitute an algebraic system in z; and z/. The determinant of this system is

A B/?
A’ — qB — ¢iB/A — KB/\* A+ B'/\?

(6.8) Di(x,\) = ’ ,
and since this differs from 42 by an expression of the order of A=2, whereas, by
(6.7a) and (6.7b), A2 differs in turn from unity by a similar quantity, it is
clear that D; and its reciprocal are both bounded when |\| >N. The system
at hand is therefore solvable, and yields the evaluations

1 B B
R e (LR U

,_—1 v B @B KB An?
zi_B: — qo ——)‘——72— ni— Anj ¢ -

By virtue of these the relation (6.4) is expressible as an equation in 7; and its
derivatives. It is found thus that m1(x, u) and 5a(x, u) are solutions of the dif-
ferential equation

(6.9)

B dn
(6.10) — + Hi(x,\) — + N0+ A1+ R — Ki]n =0,
dx? dx
with
A B/
Hl(xr )‘) = / ’
6.11) So S1
' 1 | A’ — qoB — 1B/A — KB/\* A+ B'/\?
Kl(x, )\) = — .
Dy So S1

The differentiation of (6.8), and a comparison of the result with the first
one of the equations (6.11), shows that H;(x, \) = —D{ (x, N)/Di1(x, N). The
change of variable from 7 to y, where

—1/2

(6.12) y_Dl m,

accordingly reduces the equation (6.10) to the form

2

d?y ﬂ(x, N)
61 24 [vqo(x) +has(®) + Rz, N) + ] y =0,

in which

(6.14) 9z, ) = \"{Ku(z, \) — Hi(z N)/4 — Hi (z,1)/2}.
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Since the functions (6.5) are both of the order of A=™, the same is true of the
functions (6.11). Hence Q(x, ) is bounded when ])\[ > N, and the differential
equation (6.13) accordingly resembles the given equation (1.3) to the extent
of all terms in powers of A to that in A==, We shall refer to (6.13) as the dif-
ferential equation related to the given equation, or simply as the related equa-
tion. Its explicit solutions are

6.15)  yi(m ) = (

{A(x Nzi(x, \) + z, (=, A)}

j=12.

Di’*(x,\)

7. The solutions of the related equation. Inasmuch as the solutions
9;(x, N) of the first approximating equation are of the wholly familiar forms
(4.7), it is desirable to refer the expressions for the functions y;(x, \) directly
into terms of them. That is easily done. By virtue of the relation (5.13), the
formulas (6.15) assume the form

yi= (Dl 4 NDJ sk sl i=12
and from this the evaluations (5.1) and (5.2) lead at once to the forms
vi (%, ) .
(7.1) yi(®, N) = Eo(x, N) vi(%, \) + Ex(x, N) - j=12,
with
B ud  wmoDd b
Eo(x, \) = uod ——[Qoﬂl——o-l- ° +——1-:|
A 2\D,
(7.2) , D
M1 m1lJo
Ey(x,\) = m4 + — _— .
(2%, N) = md + N [#o + N 2)\Do]

Let the Wronskian of two functions v, y, be designated by W(y, ¥.), thus
(7.3) W(y1, ¥2) = y194 — y{ ya.

The relations (6.9), (6.8), and (6.12) show then that W(z1, 22) =D W(n1, 12)
= W(y, ¥2), whereas the relations (5.10), (5.8), and (5.13) show that

W(v1, vs) = DEIW(KH, $2) = Wz, 22).
Thus it follows that
(7.4) W(yl, yz) = W( 1, ‘vz).

These Wronskians are evidently independent of x, since the equations (6.13)
and (4.5) lack the terms in the first derivatives.
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In the formula (4.7)Hy,; is any Bessel function of the order 1/3. Its réle
may therefore be filled by any constant linear combination of the standard
functions H{}} and H{3, the so-called Bessel functions of the third kind(7)
and for the deductlons which follow it is convenient to do that. We may thus

write

1/3 (¢ 2 .
(7.5) vi(2,\) = ¥(@)¢ " {cinHis(®) + cinHin(®)}], i=12,
and these two functions will be linearly independent if the determinant of
their coefficients ¢;,; is different from zero; in particular if

1,1 C1,2

(7.6) =1

C2,1 C2,2

To adopt the relation (7.6) is a mere normalization which it is convenient in
the following to adhere to.
To obtain the derivatives v/ we may draw upon the familiar relations

d
o (£ HRo) = £ 5, i=1,20),
together with (4.4) which may be alternatively written in the manner
d A E\V3 d
7.7 —= <——> —_
dx  V(x)\ A dt

It is thus found that

(= ) 7o 1 <1)
v (%, A) = N{¢ia 1/3(5) + 55 E H—z/s(f)
(7.8) { [ A AV (x) ]

(2) (2)

+ 6:',2[ ® G )\1/3\11,( ) —2/3(5)]}

j=1, 2.
From the formulas (7.1) we find accordingly that

1)

\I,I
yile, ) = {ci.l[(\mw )s HS‘)‘@H»/WE H—z/s(f)]
(7.9)

+ ol (vE +q" £UEEO + - )
Ci2 0 1/3 )\1/3\1/ —2/3

j=1,2

(") Cf. Watson, G. N. 4 treatise on the theory of Bessel Sfunctions, Cambridge, 2d ed., 1944,
p. 73.
(®) Cf. Watson, p. 74.
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It is familiar that, with any positive index v, the functions S‘/Hi”.,(&) are
bounded in any bounded domain of the variable £ The relations (7.9) there-
fore show at once that with some constant M

(7.10) | yi(x, N | < M, when | £| < N.

The Bessel functions, as is well known, become infinite, or approach zero,
or remain of an oscillatory character, when the variable itself becomes
infinite. Which of these alternatives maintains depends in general upon the
argument of the variable as a complex quantity. The configurations which de-
termine the behavior of the standard functions Hf}% are the following ones:

2\ iz—b7%
Hs;(z) ~<—-) P /12, when — 7+ 6 S argz < 27 — 4,
T3

(7.11)

g

2 112 —iz4571
H{?;(z) N(—) PRl “2, when —2r+ 6 argz =7 — 3§,

with 6 >0(®). The sense in which these relationships are to be understood is in
each case the following one: that the quotient of the member on the left of
the symbol ~ by the member on the right differs from unity by an amount
which is arbitrarily small when |z| > N. For values of arg z which do not fall
within the ranges for which the relations (7.11) are indicated to apply, these
latter must be used in conjunction with the classical equations

1 kxi sin (1 - k)vr/S 1 —xi/3 sin k1|'/3
Hin(se' ™) = —————Hip(a) — ¢ ————Hia(a),
(7.12) sin w/3 sin /3
' b viss Sin kr/3 sin (1 + £)r/3
Hin@e ™) = ¢ ——~ H{i(s) + ————— Hip(2).
sin /3 sin /3

In these 2 may be any integer, positive, negative, or zero(?).

It will be clear from this that the forms of the functions (7.9), when ISI
is large, depend both upon the constants ¢;,;, and also upon arg £, which is to
say upon x and arg N\. The further discussion of this matter is therefore to be
deferred to the appropriate sections below.

8. The representation formulas. If u(x) is a function which fulfills an
equation

8.1) (%) = () + f’[yl(x)yz(t) - yz(x)yl(t):l sz(:mx) (),

W(y1, y2)

in which x, may be any fixed point of the interval (a, b), and in which 3 (x),
ya(x), and y(x) are any solutions of the equation (6.13), with y(x) and ys(x)

(?) Cf. Watson, pp. 197, 198.
(19) Cf. Watson, p. 75.
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linearly independent, then «(x) is a solution of the given differential equation
(1.3). This is easily verified. The second derivative of the equation (8.1) is

2yl 2(t) — yi' 1 Q, A

u(x),

Q(x, N)
>‘m

and from this and the fact that y(x) and y,(x) satisfy the equation (6.13),
it is to be seen that
Q .
Y+ I}‘zqo A+ R+ >\_m:| y=u"+ [Ngo+ M1 + Rlu.

Since the left member of this is zero, the assertion as to u#(x) is clearly estab-
lished. Equations of the form (8.1) evidently associate solutions of the given
differential equation with those of the related equation. It is to the analysis
of such associations that the following discussion applies.

From the relations (7.5) and (7.6) it is clear that

Hip®  Hip®

=3 (x)| d _q d o

7a Hiys(8) %H s |

(3% V2

v{ 79

and this equation, by the use of the formula (7.7), may be written thus:

Hus®  Hus®
W(n, v) = N8Bt d g d o, . |
—H —H
i 1/3(8) i 1/3()
Under (7.4) the left-hand member of this may be replaced by W(y, ¥2), and
since the determinant on the right is known(!) to have the value —4</7£,
it follows that

— 4
(8.2) W(y, y2) =

a2,

Let ui(x) be defined now as the solution of the equation (8.1) when xo=a
and y(x) =y (x), and let us(x) be correspondingly defined as the solution of

that equation when xo=> and y(x)=1y,(x). Then because of the evaluation
(8.2) we have

Amtl 47

1 z
(8.3) ux(x) = yi(») + f — {31(0)y2(8) — y2(2)31() }N3Q(E, N)wa(e)dt

(*) Cf. Watson, p. 76.
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and

1
Amtl

(8.4) w(x) = ya(x) + " (@)350) — 33O IR M)
b 41 , ,

With appropriate choices of the functions y,(x) and y.(x)—and these choices
will depend upon the value of arg A—we shall deduce from these equations the
forms of the solutions u;(x), u2(x).

The equations (8.3) and (8.4) are integral equations of the Volterra type.

1

)\mﬂf% K(x, t, \)w(¢, N)dt,

(8.5) w(x, \) = f(x, X\) +

with coefficients f(x, N\) and kernels K(x, ¢, N\) that are continuous over the
ranges of the variables that come into question. Their solutions are therefore
likewise continuous. Beyond that, the fact which is asserted by the following
lemma will be of use in the deductions that follow.

LeEMMA. If for xo and x on a given interval and ])\l > N, the coefficient and
kernel of the equation (8.5) are such that

(a) | /=, N | = M,

(b) fIIK(x, 6N | d| =

Zzo

(8.6)

with M standing for some constant (independent of x and N), then

o(1)
Amtl ’

(8.7) w(x, N) = f(x, \) +

with O(1) standing for a function of x and N that is bounded when x is on the
given interval and |\| > N.

To show this, let w.(\) be used to denote the maximum of Iw(x, )\)I on
the interval in question, and let x, be a point at which this maximum is
taken on. Then the equation (8.5) at x =x,, shows readily that

< Mwn(\)
wm(k) = M+|)\I—m+1’
namely, when I)\I >N, that
8.8 mA) S — -
(8.8) w()_l—M/Ikl"‘“

But by virtue of this, the equation (8.5) with the coefficient f(x, A) trans-
posed shows that
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|, %) — 75, M| S ( il )M
w(x, A) — f(=, =
lklm-i—l 1 — M/I )‘Im+l
With this the assertion of the lemma is evidently established.
9. Some appraisals which apply when

(9.1) 0<arg) < /2.

According as x <0 or 0 <x, the value of arg ¢ is w/2 or 0, and the integral of
¢(x) therefore has an argument that is respectively 37/2 or 0. Accordingly,
by (4.1), arg {=arg N+37/2 when x<0, and arg £=arg A when 0<x, and
the range (9.1) thus corresponds to

9.2) 3n/2 < arg £ < 2m, when x < 0,
and to
9.3) 0<argt<mu/2 when 0 < x.

Let us choose as the functions 9;(x), in this case, those which are given
by the formulas (7.5) with the coefficients

9.4) (c1,1, €1,2) = (€73, 1), (ce,1, €2,2) = (—1,0),

namely

n(w) = ¥@)E " [HRE + BRhE),
(9.5) 1/3 (1)
va(%) = — ¥(x)§ " Hys(f).

The reasons for these particular choices will soon appear. It is to be observed
that they conform to the relation (7.6).

When x <0 the variable £, lying in the region (9.2), does not fulfill the
conditions upon z for which the relations (7.11) are valid. The variable fe—27¢
on the other hand does fulfill those conditions. For that reason we shall re-
write the formulas (9.5), as we may by the use of the equations (7.12), to
appear thus

—2x4

n(x) = — V(R)E Hinte ™),
(9-6) 1/3¢__(1) —xi/3__(2),. —27i

va(x) = V() [HipEe )+ e Hiplte ).

The relations (7.11) with z=£e~2" may now be applied to show through the
formulas (9.6) that

T

2\1/2
v:(x) ~ (__.> 35““2‘1’(11)5—”68""5,
9.7

2 1/2
va(x) ~ — (—) €5 I () 18]t 4+ femit],  when x < 0.
™
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Now for £ in the region (9.2) the exponential e—# is bounded, while ¢# in
general is unbounded. Of all the linear combinations of #(x) and ve(x), it is
therefore clear from the relations (9.7) that v;(x) alone is invariably bounded
for negative x and N in the region (9.1). The reason for the particular choice
of 1(x) is thereby manifested.

To derive relations analogous to (9.7) but applying to the derivatives
v/ (x), v{ (x), the deductions above could be applied to the formulas (7.8)
with the coefficients (9.4). The result of that, however, would be merely to
show that the relations (9.7) are differentiable by differentiating only the
exponentials that are involved. Thus it is found that

2\1/2
vf (%) ~ — (——) eSTING(x) W (x) £ /8¢ ik,
™
(9.8) p
™

when x < 0.

Because of the relations (9.7) and (9.8), and by virtue of the equations (7.1),
the following observation may now be made. If the functions Y;(x) and U;(x)
are defined by the relations

Vi(x) = gl/8eity (%), Vy(x) = /% ityy(x),

©-9) U(®) = Bloctu(a),  Us(s) = £%Sus(x),

then the functions Yi(x) and Y,(x) are bounded when x <0.

For positive x, the variable £, lying in the region (9.3), fulfills the condi-
tions upon z which pertain to the relations (7.11). These relations are there-
fore directly applicable to the formulas (9.5), and show that

2\1/2
v1(x) ~ (_) SNy (1) £1/6 [e—ie — ,'eie],
T
(9.10) 9 \12
v2(%) ~ — (—) e STiINNY () £-1/8giE when 0 < «x,
T

and hence also that

2 1/2
(@)~ = (2) e T 4 i),
™
(9.11) pae
vg () ~ — (—) e TiN\G(x) T (x)E~1/0eiE, when 0 < .
T

In the region (9.3) it is the exponential e#* which is bounded, while e~ is in
general not so. Since v;(x) thus appears as the only one of the linear combina-
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tions of v, and v, which is bounded for positive x and N in the region (9.1), the
reason for its particular choice will be clear. Through the equations (7.1)
and the relations (9.10) and (9.11) it is now to be observed that the functions
Yi(x) and Y(x), as they have been defined under (9.9), are bounded also
when 0 <x.

With any specific value of N the relation IEI >N is fulfilled for the
values of x on a negative and on a positive subinterval, say for a £x <x_n,
and for xy <x=b. In these the points x_y and xy lie respectively on the
negative and the positive sides of the origin, and both depend upon A. Since,
when |x| is small, |£| is in the order of |Ax¥?|, it is to be concluded that

xl_NI , xx, and the length of the subinterval (x_x, x») are all of the order of
N| %8,
10. The forms of a pair of solutions when

0<argh<m/2.

For use in the discussion of the equations (8.3) and (8.4) it is convenient to
define a value 7 in terms of the variable of integration ¢, as £ is defined in
terms of x, namely

=2\ f o(b)dt,
0

and also to list certain functional combinations which may then subsequently
be abbreviated. These combinations, with the designations to be assigned
them, are the following ones:

Ko(x, 8, ) = 4% {71(2)32(8) — y2(x)31(2) JA2Q(, V),
Kl(x, t, )\) = 41; {Y;(x)Yz(t) - Yg(x)Yl(t)e”(f") }<->‘—>1/39(t, )\),
1 T
™ )\ 1/3
K2(xr 12 >‘) =— {yl(x)y2(t) - y2(x)y1(t)e—2h}(—) Q(tr >‘),
43 T
(10.1) Ks(x, £, \) = -4’-'; (V1(0)92(t) — Ya(2) yr(D)er N0, N),

T A \1/3
Ky(x, t,\) = ‘—1—. {Yl(x)Yg(t)e‘“(f") — YVo(x)Y1(2) }(—) Q(2, M),
1 T

T A\1/3
Ks(x, £, \) = = { y1(2)Va(t)e?im — yg(x)Yl(t)}(—:) Q(t, M),

Ke(x, £, \) = % {V1(2) ya(B)e=2i% — Vo) ya(d) IN3Q(E V).
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Let us, to begin with, consider the equation (8.3) when x is on the range
a <x<x_y. Upon multiplying the equation by £!/%#* and suitably grouping
the factors of the terms in the integrand, the equation may be made to ap-
pear in the form

1
Amtl

(10.2) Us(x) = Vi(x) + f Ki(s, t, NU:()dt,

the function U;(x) having been defined by the formulas (9.9). This is mani-
festly an equation of the type (8.7), of which the coefficient ¥;(x) was ob-
served in §9 to be bounded. In the course of the indicated integration arg £
and arg 7 both have the value arg A\+3w/2, and ITI = [ g|. Thus arg {11(5—1-) }
=arg M+, and for the values of arg A presently in question this means that
the exponential e?/¢-" is bounded. In the formula (10.1) for Ki(x, ¢, N\), only
the factor (\/7)1/3 is therefore unbounded. However near 7 =0 this is of the
order of 1~Y/2 It is therefore seen that K;(x, ¢, N\) fulfills the condition which
is imposed upon the kernel K (x, ¢, N\) by the relations (8.6). The lemma of §8
is thus applicable to the equation (10.2), and justifies the conclusion that

0(1)
>\m+1 ’

(10.3) Ui(x) = Yi(x) +

Let us now consider values of x on the interval (x_n, xx). If fi(x, \) is de-
fined by the relation ’

(10.4) Fi(m N) = yi() + f K, 4, MU,

)\ m+1

the equation (8.3) may be written thus,

(10.5) (%) = fi(x A) + 1“ f " Ko(m, £, ().

xm
This is again an equation of the type (8.7). We wish to show that its coefficient
and kernel again fulfill the conditions (8.6). Since ¢ is now upon the bounded
range l"g‘l =N, the functions y;(x), y2(x) are bounded, as was shown in (7.10).
For the integration in the formula (10.4) the relation (10.3), which has al-
ready been deduced, maintains, and since the functions Y;(¢) and the ex-
ponential e=%7 are all bounded, the integrand of (10.4) is bounded except for
the factor (\/7)'/3. The integral is therefore bounded, and since fi(x, \) thus
differs from y,(x) by a term of the order of A=™"1, it fulfills the condition (8.6).
For the integration in the equation (10.5), the functions y;(¢) are bounded by
(7.10). The kernel K(x, ¢, N) is thus of the order of A1/3, and since its integra-
tion is extended only over an interval whose length is of the order of A\—2/3, it
likewise fulfills the conditions (8.6). The lemma of §8 is thus applicable to
the equation (10.5), and by consequence
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o

(10.6) u1(x) = yu(x) + Tl

when |£| < NV

Finally let us consider values of x on the interval xy <x £b. With fa(x, N)
defined by the formula

fa(x, N) = Vi(2) +

f Ku(s, t, N U(t)dt

Amtl

(10.7)

f Ka(x, £, Nus(t)ds,

A m+1

the equation (8.3) may be written in the form

(10.8) Us(x) = fo(2, N) +

" +1f Kl(x, ¢, X)Ul(t)dt
For the values of x now in question the functions Y;(x) are again bounded.
The functions U;(¢) and #;(¢) on the respective ranges of integration in the
relation (10.7) have already been shown to be bounded, so that it is clear that
fa(x, N) differs from Yi(x) by an amount which is of the order of A="=1, In
the course of the integration in the equation (10.8) arg £, arg 7,and arg (§—1)
all have the value arg \, and thus the exponential in the formula for Ki(x, ¢, \)
is bounded. The conditions of the lemma are accordingly fulfilled, and the
equation (10.8) again yields an evaluation (10.3).

In a quite similar way we may now consider the equation (8.4). When x is
on the range xy <x <b, the equation may be given the form

1 z
Ux®) = Vi) + f R ICTRNAOM

In the course of this integration arg { —i(¢ —T)} =arg A+m/2, and hence the
exponential in the formula for K,(x, ¢, X) is bounded. An application of the
lemma is permissible, and yields the result

oQ1)

(10.9) U(#) = Ya(®) + -

When x_y £x<xn, we may write the equation

uﬁ(x) = f3(xr >‘) +

Amtl

f Ko(s, £, Nua(t)ds,
N
with

fa(x, N) = ya(x) +

TN
f Ks(xv t» )‘) U2(t)dt|
b

AmtHL
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and by reasoning that is now familiar, this may be made to show that

()

(10.10) us(%) = when | £| < V.

Finally when ¢ x <x_y, the equation is

Us(x) = fu(x, 1, N Us(8)dt,

with
N
fa(x, \) = Vao(x) + f Ki(x, t, N Us(t)dt
)\m+l b
1 N
+ )\m+1 o Ke(x, t’ >‘)u2(t)dt.

From this a relation (10.9) is again derivable.

The results (10.3), (10.6), (10.9), and (10.10) effectively express the forms
of the solutions #:(x), #2(x) over the entire interval (a, b). By way of summary,
they may be set forth thus:

TueorREM 1. The given differential equation (1.3) admits of a pair of solu-
tions ui(x), us(x), which, when 0 Sarg A <w/2, have the forms

i = 3i(3) + e D, i=1,2 when [¢] > N,
uil) = i) + 2, when | £] 5 N
i Y Am'H- en = .

The functions y(x), ya(x) are in this instance those which are given by the
Sformulas (7.9) with the coefficients (c1,1, ¢1,2) = (€73, 1), and (ca,1, c2,2) =(—1, 0).

11. The forms of a pair of solutions when
(11.1) m/2 S argh <.

When A lies in the region (11.1) we may choose as the functions #1(x), v2(x),
those which are given by the formulas (7.5) with the coefficients (1,1, €1,2)
= (0, e~*3) and (c2,1, c2,2) = (—e~i/3, 0)(12). These coefficients fulfill the rela-
tion (7.6), and give explicitly the formulas

—x1/8 1/3__ (2) x$/38 (1)

(11.2) n(®) = ¢ W@E Hiy®),  va(x) = — ¢ U(@)E Hin®).

(2) It will, of course, be clear that the functions thus to be designated by Ui, Uz in this sec-
tion are not the same as those so designated in §10. The same observation will apply also to
the functions which are to be denoted by ¥, ¥z, and by %1, %e.
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When x <0 we have
(11.3) 2r < arg £ < 57/2,

and thus the variable £ is such that the relations (7.11) are applicable when
z=§e~%*%, By means of the equations (7.12), the formulas (11.2) may be
given the alternative forms

o(x) = W()E Hipge ),
vz(x) — ‘I,(x)sl/s[ewi/x (1) —2%4, 2) —27%3

Hys(ke )+ His(ke )],
and as applied to these, the relations (7.11) show that

2 1/2
v1(%) ~ — (_) €570 () E1/043E
™

2 1/2
va(x) ~ — (—) ST (g)E1/8 [t — feit], when x < 0.
™

On the range (11.3) the exponential ¢%# is bounded. Hence, as will readily be
seen, the functions YV (x), Y®(x) that are defined in the relations

YO(s) = @it iin(s),  TO() = 8loeity(),

(11.4) . .
UM (x) = g% ituy(x),  UD(x) = /% kuy(x),

are bounded when x <0.
When 0 <x, on the other hand,

(11.5) 7/2 S arg £ < m,

and £ is accordingly such that the relations (7.11) are applicable when
z=%e . Under the equations (7.12).the formulas (11.2) are alternatively
expressible in the manner

1/8 (1) —xi/3__(2) —x,
)]

n(x) = ¥(x)t [H l/s(fe_ﬁ) + e " Hys(te
2 1

va(x) = W(a)E Hia(te ™),

and on the basis of these the relations (7.11) show that
2\1/2 :
11(x) ~ (—) e (5)E1/8 [mik - feit],
T

2\1/2
v9(x) ~ — (—) eI (x) E1/6gE, when 0 < z.
™

The region (11.5) is one in which the exponential e is bounded, and it is ac-
cordingly seen that Yi(x), Y2(x), as they were defined in (9.9), are bounded.
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Let us now agree to the following designations:

T A\1/3
K®(x, ¢, \) =4—i- {Y(‘)(x)Y(”(l)—Y(z)(x)Y“)(t)e‘“(E“’)}(—) Q(, N),
K®(a, 1, >\)=% {y1(x)Y"’(t)—yz(x)Y“’(t)ez"}(A>”39(t, N,
i T

T A\1/3
E®(x, , \) = {Yl(x)Y(”(t)—Yz(x)Y(”(t)e“(“"}(—) (t, N),
(11.6) 4 i

A\1/3
K®W(x, t, \)=— {Y“)(x) Va(2)eX ) — VO (x)V(2) } ( ) Q(, ),
K “’(x, L) =Z’ { Y“’(x)yz(t)e”e — YO (2)y:(5) }N20(, N),
1
™ ’ A3
K®(x, ¢ N\)=— {Y“’(x)l"”(t)e“(”')—Y(”(x)Y(l)(t) } (—-—) Q(t, N).
41 T

The equations (8.3) and (8.4) may then be written in the following ways:

UWD(x) = whena < x < a_y,

(o) = ) + — [ ko anueea)

)\m+1f Ko(z, t, Nui(t)dt, when 2_y < x < xy,

Us(x) = {Yl(x) + f RO, 1, NUO @)

Amtl

N

+ )\m+1 . KS(xa t) A)'“l(t)dt}
;\m+1f Ki(, t, NU(0)dt, when zy < x < b,
and
Us(x) = Va(a) + ﬁ f Ki(, £, N Us(t)ds, when xy < & < b,

uy(x) = {yz(x) + — f K(z, ¢, )\)Uz(t)dt}

Amtl

)\m+lf Ko(x, t, Nu2(t)dt, when x_y < x < zw,
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1

A m+1

U (x) = {y<2>(x)+ f " K, 1, VU@t
b

1 =N
®
+Mmj; K umxmmm4
1 z
+ o K® (%, ¢, \)UD(t)dt, when ¢ £ x < x_y.
z_N

The reasoning which was used in §10 is successively applicable to the equa-
tion in each of these forms, and shows that in each instance the equation’s
left-hand member differs from its first term on the right by an amount which
is of the order of A, These facts may be summarized as follows.

THEOREM 2. The given differential equation (1.3) admits of a pair of
solutions ui(x), us(x) whick, when w/2 <arg N\ <w, have the forms

o
u;i(x) = y;(x) + §1/6LiE )‘M(J: ’ when x < 0 and |£| > N,
o(1)
ui(x) = yi(x) + it when |£| < N,
. 0(1)
ui(x) = yi(x) + §1/0Fit o’ when 0 < x and | £| >N.

The functions y1(x), y2(x) are in this instance those which are given by the formula
(7.9) with the coefficients (c1,1, c1,2) = (0, e7¥3) and (c2,1, c2,2) =(—e*¥3, 0).

12. The forms of pairs of solutions for other values of \. When A lies in
(12.1) T < arg A < 31/2,

the choice of solutions v(x) to be used as v,(x) and v5(x) is

(%) = — U()E Hin®),
0a(x) = W(x)E [Hip® + ¢ Hip®)].

For negative values of x these may be rewritten by use of the equations (7.12)
into the forms

w(x) = W)t Hipe ),

1/3, (1), —3ri —xi/3 _(2) , —3xi
vz(x) = — ¥(x)¢

(12.2)

[Hysge ) +e  Hise )],

whereupon the relations (7.11) with z==£e3"% are applicable, and show that
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2 1/2
m@%V(-) eI ()11,
™

2 1/2
v2(x) ~ (—) e (x)E16[e=it + deit], when x < 0.
™

The exponential e# and therefore the functions YV (x), Y®(x) of (11.4) are
bounded.
For positive x the formulas (12.2), rewritten into the forms
1/3[ %1/3 __(1) (2) -t

v1(x) = — ¥( )5 His(ke ) + Hips(te )],
e

v2(x) = ‘I’(x)f PHe ),
show that

2\1/2
v1(x) ~ <—> e ()18 [gik — fgit],
™
2 1/2
vo(x) ~ (—) eI (x) g1/ 8p— ik, when 0 < x.
S\

The functions Y@ (x) are thus again found to be bounded.

The equations (8.3) and (8.4) yield in this instance to an analysis which is
analogous to that of §10, and differs from this latter only to the extent that
the functions Y (x) replace the Y;(x). The conclusions to be found are the
following ones.

THEOREM 3. The given differential equation (1.3) admits of a pair of solutions
uy(x), ua(x), whick, when w Sarg N <3w/2, have the forms

ui(x) = yi(x) + £ 06t )\( ) when | £| > N,
o(1 )
ui®) = yi(®) + = when | £| < N.

The functions y;(x) in this instance are those which are given by the formulas (7.9)
with the coefficients (c1,1, ¢1,2) = (0, —1) and (c2,1, c2,2) = (1, e~7¥/3),

For values of N in the region 37/2 <arg X\ <2m, the choices

1/8__ (1)

v(x) = ¥(x)§ Hys(f),

va(x) = W(x)E e Hija(E) + Huya(®)]

are to be made. For negative values of x the alternative forms
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n(n) = — W(@)E Hipe ),

w(0) = — V(e [e" H ) + Hinte )]
yield the relations

2 1/2
(%) ~ (_) ey () g0,
™
2 1/2
va(x) ~ — (—) e N2y (x)¢-1/8[eit — je=%],  when x < 0,
™

and these show that the functions Y;(x) are bounded.
For positive x the formulas
(1) 2% —11/3 2) -2
)]

n(x) = — ¥(x)E [His(te )+ Hyjs(ke
v(x) = — W(D)E Hinte )

yield the relations

1/3

2\1/2
v1(x) ~ (._> ¢TI (518 gt 4 joit],
T

) 2 1/2
va(x) ~ (——) S HINY ()£ 11818 - when 0 < «,
™

and thus the functions Y@ (x) are bounded. An analysis of the equations
(8.3) and (8.4), which is analogous to that of §11, leads in this case to the
following conclusion.

THEOREM 4. The given differential equation (1.3) admits of a pair of solutions
1 (x), us(x), which, when 3w/2 Sarg N <2, have the forms

ui(x) = yi(x) + £16Fit )\( )1 when x < 0 and | £| > N,
o)
wi(®) = 94 + o0 when | £| < N,
L 0(1)
ui(®) = yi(®) + 0t 0 when 0 < x and | £| > N.

The functions yi1(x), y2(x) are in this instance those which are given by the for-
mulas (7.9) with the coefficients (c1,1, c1,2) = (1,0 ) and (cz,1, c2,2) = (73, 1).
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