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81. Introduction.

We are concerned with the asymptotic behavior at infinity of solutions of the linear
differential equation

(1.1) Y+ 20t Ny 4 ct?P 2y =0,

where «, # € IR and b, ¢ are non—zero real constants. Such problems arise for example
in the study of radial solutions of the linear elliptic equation Au + c|z|?*72u = 0 in n
dimensions, when u(r) = u(|x|) is a solution of

n—1

u'(r) + er®2u(r) = 0, r > 0.
.

u”(r) +

Another case of importance is that of a damped harmonic oscillator, when = ¢ =1
and b > 0. More generally we may think of (1.1) as a linear differential equation with a
highly irregular singular point at oo.

In an earlier paper [2] we showed that the rather unexpected results indicated in [4]
for the special case § = 1 have the following more general manifestation: the («, 3) plane



is divided into sectors by the set of rays from the origin (0,0) given by

6 <0, a=0
0= sya, a>0, N=0,1,..., sy=1-1/2(N+1),
(1.2) 0= a, a>0
' G =tya, a>0, N=0,1,..., tyn=1+1/2N+1)=1/sy,
6 >0, a=0
6 =0, a<0

which represent lines of change in the asymptotic representation of y and y'.

The concept of a change in asymptotic behavior of soultions as (o, (3) crosses one of
the rays (1.2) is sufficiently delicate that we indicate here precisely the meaning which is
intended. This is somewhat easier to state for the non—oscillatory case, so we consider this
first. Here, corresponding to any open sector S in IR? bounded by a pair of consecutive
rays (1.2), there is a positive real analytic function ¢g(t) = ¢s(t; o, ), (a, ) € S, t > 0,
having the property that

— finite limit = ¢ as t — oo

(1.3)

for any (non-oscillatory) solution y of (1.1) for which (a, 5) € S. Explicit expressions
for the asymptotic functions ¢g are given in [2].

Turning to the oscillatory case, we note to begin with that this can occur only when
¢ > 0, and only for (o, 3) in the parameter region defined by

8 > max{0, a},

see [2]. Then, corresponding to any sector S in this region, there are two real analytic
functions

(14) ¢S<t) :¢S(t;avﬁ)a wS(t) :¢S(t;aaﬁ)a (O‘?ﬁ) 657 t>0,

such that

y(t) _ coS . 0
(15) oy = Acos(s(t) +0)] - L+ o{1)

for any real solution y of (1.1) for which (o, 3) € S, where A, 0 are appropriate real
constants depending on the solution.



The function ¢g and 15 depend continuously on («, 3) € S, and also on b, ¢ for b,
¢ # 0. Moreover, they have continuous extensions in the variables «, 3 to the closure of
S in R?\{(0,0}. The extended functions obey the following transition formulas on rays
R of the form (1.2), separating a pair of adjacent sectors S and S’

Non-oscillatory case. For (a, ) € R

(16) ¢S/<t7 aaﬁ) = tA¢S(ta 0575)7 t> Oa

where A is a non—zero constant, depending only on b, ¢ and the ray R.
Oscillatory case. For (o, 3) € R

(17) ¢S’(t;aaﬁ>:¢5(t;auﬁ)a ¢S’(t;a76):w‘S(t;Oé)ﬁ)—i_,ulOgt? t>07
where p is a non—zero real constant, again depending only on b, ¢ and the ray R.

The formulas (1.6), (1.7) graphically illustrate the jump discontinuity in asymptotic
behavior which occurs as one crosses a ray (1.2). Note that in the oscillatory case the
amplitude function ¢ does not change across rays, there being only a phase shift in the
amount ylogt.

In this paper we shall refine the above results to obtain the asymptotic behavior as
t — oo for the first and second derivatives of solutions of (1.1). In particular we show in
the non—oscillatory case that

vy
STON

with the exception of parameter values (o, ) on the following rays

(1.8)

as t — oo,

a=0>0, a=0, <0, pf=0 a<.
In (1.8) the function ¢ is given by
(bS(t;Oé?ﬁ) if (OZ,B) S Su

tA¢S(t7 avﬂ) if (O[,ﬂ) S R7

where in the second case S is one of the two sectors adjacent to R.
On the other hand, in the oscillatory case we show that

[t Py (1)) + cy?(t)
@2 (t)

o(t) =

—cA® ast— oo,




again with the exception of the rays
a=0>0 a=0, <0 pf=0 a<0.

The behavior of the second derivatives is treated in Section 6.
For the non-oscillatory case our proofs are based on the Sturmian form of (1.1),
namely

(1.9) (py) +cpt* 2y =0,

where
(1.10) p=p(t)=

For the oscillatory case we work directly with the fundamental matrix Z(t) related to
equation (1.1).

The origin o = 0, 3 = 0, corresponds to the Euler equation t%y” + 2bty’ + cy = 0,
whose treatment is standard and which is best set aside from the main considerations of
the paper. Thus in what follows we assume always that (a, 3) # (0,0).

82. Asymptotic behavior when a > # and a > 0.

This case is best divided into the two subcases a < 2 and o > 2. The treatment
of asymptotic behavior on the rays (1.2) themselves is slightly different than for the
open sectors between the rays. For simplicity in this and the next two sections, we shall
therefore only treat values («, 3) in the interior of the sectors. The discussion when («, 3)
belongs to a ray will be given later at the end of Section 5.

2.1 The case a < 2(3 and b > 0. Here by (3.8) of [2], we have

(2.1) o(t) = on(t) = exp (g: A\ /1t Sa—1+2k(ﬂ—a)d3> =expX(t), t>0,
1

where all the coefficients A\ are real and non—zero. It follows from (1.9) that

y)
¢(t)  pt)d

(2.2) 0 / p(s)s?P~2y(s)ds.
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By (2.1) we get

N(t) = 2;1 - 2= 1 4 o(1)],
(b/(t) _ NV _ 2B—a—1 0
(2.3) o X(t) = Mt [1+o(1)],
and so from (1.8)
(2.4) p(t)d'(t) — oo ast — oo.

We now apply L'Hospital’s rule to the right hand side of (2.2) in order to determine
its limit as t — co. Suppose first that in (1.3)

(2.5) M—%;Ao as t — 00.

(1)

Then the integral in (2.2) is divergent to +oo as t — oo, since a < 2. L’Hospital’s rule
therefore gives

'(t ) 1282y (¢
(2.6) lim y,( )y Cp,f) ,y( ), ,
t=oo @/(t)  t=o0 p(t)d(t) + /(1) (t)
provided the right hand limit exists.

To investigate this, we observe first that p’ = 2bt* 'p. It is therefore enough to
consider the behavior as t — oo of the function

(2.7) o 2T (gbﬁ + 2bt"‘_1¢/> ¢

202y ¢ Q) 2y
From (2.3) we have
qb//(t)
(1)
since o < 2/3. Thus, using (2.3),

qu: +2bte! Gi =20\ 2772 [1 4 o(1)]

(2.8) = £(8) + (Z'(1)* = A 220D [1 4 o(1)],




since o > (3. Consequently

) 2b\
tlirgo I(t> - /
by (2.5).
Hence the limit on the right hand side of (2.6) exists, and so in turn
y'(t)

— finite limit;

¢'(t)

by (2.5) and by L’Hospital’s rule this limit must in fact be ¢, as required.
Next suppose that ¢ = 0 in (1.3). Fix € > 0. Then |y(t)/¢(t)| < € for all ¢ sufficiently
large, say ¢t > T'. Hence from (2.2) and (2.4)

;?2((2‘ < S ‘( +/> ) (e)ds

< / )s25=2(5)ds
|¢’ )|
for suitably large . The use of L’Hospital’s rule as in the previous calculation then gives
y'(t) | ]
lim sup <e+e¢ .
t—oo | @' (1) 2b| A1
Since € > 0 is arbitrary it follows that
/
t
tim Y _ g

im
t—o0 QS’({;)
as required.

2.2 The case a < 23 and b < 0. Here, instead of (2.1), we have by (3.9) of [2],

2b
ol0) = o) == oxp (=2 114 500
where the function X(¢) was defined in (2.1). Corresponding to (2.3) we have, as t — oo,

¢'(t) —(1—a)t !~ a—1 26—a—1 o
(2.9) s~ (-t = [1+ o(1)],




and then, after a short calculation,

o(t) o) ¢(t)

since [ < a < 20.
In order to apply L’Hospital’s rule, we investigate the term p¢’ in (2.2). A simple
calculation gives

ey LW [Qy(t)]/ - V(ﬂ a2 14 o)

0 1f)\1<0

(2.11) p(t)¢' (t) = 2|b| exp <2ﬁ)\ia 21+ 0(1)]) — {

as t — oo.

We first consider the case when A; > 0. Let (2.5) hold, that is ¢ # 0 in (1.3). Then
L’Hospital’s rule applies to the right hand side of (2.2), since the integral also diverges.
As before, it is clear that we must investigate the function I given in (2.7). By (2.9) and

(2.10)
& +2pt! g

¢ ¢

since a < 2(3. Consequently

—2b\ P71+ o(1)],

lim I(t) = _2h

t—o0 ¢

The limit on the right hand side of (2.6) exists, and so

y'(1)

tlirgo ¢/(t) -
The case £ = 0 in (1.3) is treated as in subsection 2.1.

We now consider the case when A\; < 0. Here the integral on the right hand side of
(2.2) converges and so (2.2) can be written in the form

50 = s | r s ),

(2.12)

where d is a constant.
If d # 0 then y'/¢’ tends to +oo as t — oo. In turn, since ¢(t) — oo, we obtain by
integration

y(t)

1 ——— = 00,
t—o0

(t)
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which is a contraction. Hence d = 0 in (2.12).

We can now apply L’Hospital’s rule directly to (2.12), and the remaining discussion
is unchanged from the previous case A\; > 0.

It remains to treat

2.3. The case a > 2(3. Suppose first that b > 0. Then by (3.8) of [2], with N =0,

¢ =o(t) =1,

where we recall the agreement that 32 = 0, see footnote 1 in [2]. Here the ratio y/¢
tends to a finite limit as ¢ — oo and so (1.3) takes the simple form

y(t) - £ ast— oo.

Actually in the present case it is convenient to choose a slightly different function ¢,
namely

c
t)=1— ¥
o(t) 20(26 — )
Of course, even with this choice we still have
@ — L as t — 00.
(1)
Now by (1.9)
/ c t 26—2
(2.13) y@:}@/mw y(s)ds,

where p(t) — oo as t — oo since b > 0. If £ # 0 then L’Hospital’s rule gives

/
vy
¢'(t)
When ¢ = 0 the argument at the end of case 2.1 shows that (2.14) continues to hold,

with ¢ = 0.
It remains to consider b < 0. Here by (3.9) of [2]

(2.14)

as t — o00.

¢@:%w=#%mffw—@,



and an easy calculation yields p(t)¢'(t) — 2|b| exp(—2|b|/a) > 0 as t — oo. Moreover
the integral in (2.2) converges because of (1.3), (1.10) and the fact that o > 2. Thus

finally "
)

¢'(t)

— limit =¢ ast — oo.




§3. Asymptotic behavior when § > a > 0.
This case is best divided into the two subcases ¢ < 0 and ¢ > 0.

3.1. The non—-oscillatory case ¢ < 0. By (3.13) in [2] we have

~

3.1) 010) = () = 1092 (= e < 1] ),

where N
t
0t = (t) = \Jlel 3 gm [ PO, g =1
0

First one checks, for the formula (2.2), that p ¢’ tends to co as t — oo and that, when
¢ # 0 in (1.3), the integral diverges as t — oc.

Consequently L’Hospital’s rule applies. Proceeding as in subsection 2.1, we find after
a straightforward calculation that the function I in (2.7) satisfies

: _ I
tligloj(t)_ja f;«é(),
since # > a > 0. Hence from (2.2)
Y
lim
t=o0 ¢/ (t)

The case £ = 0 can be treated in the usual way.

= /.

3.2. The oscillatory case ¢ > 0. The previous calculations were based on the formula
(2.2). Tt is more convenient in the oscillatory case to work directly with the fundamental
matrix Z(t) given by (2.9) in [2]. The function A(¢) here has the form, as t — oo,

M) = iv/e M(t) + Ot~ =Fre),

where M (t) = My(t) = S5 py tP717260@=8) = 45-1[1 4 o(1)] is given in (3.10) of [2].
Now for appropriate constants A and 6 we have, as in (1.5),

(3.2) yt) = Acos(¢(t) +6) - [1 +o(1)] as t — o0,

(1)
where, by (3.14) of [2],

o(t) =t 2 exp (—2 [t — 1]> .

10



In fact (3.2) is just the linear combination, with coefficients §Ae and $Ae™", of the two
elements on the first row of the fundamental matrix Z(t). Applying the same operation
to the two elements in the second row of Z(t) yields, as t — oo,

= —bt* tAcos(¢(t)+6) - [1+ o(1)]
+/ctB T Asin(ap(t) + 0) - [1 + o(1)] + O(t~1=5+e),
This formula can be expressed more usefully in the form
[ty ] + ey (®)
¢*(t)

It should be observed that the oscillatory case does not have asymptotic formulas for 1/
corresponding to those of the non—oscillatory case.

= c A*[1 +o(1)].

84. Asymptotic behavior when o < 0.
4.1 The case B >0 and ¢ < 0. Here by (3.18) of [2] we have

(4.1) o(t) =t 2 exp (\/H — 1]) .

g

This case is completely analogous to subsection 3.1, and we get

y'(t)
o " F

as t — oo.

4.2. The oscillatory case > 0 and ¢ > 0. As before it is more convenient in the
oscillatory case to work directly with the fundamental matrix Z(¢). Here the function
A(t) is given by

At) = i/et?i P+ Ot 7)) ast — oo,

Hence this case is exactly the same as subsection 3.2, except that because a < 0 the

function ¢ now has the form
o(t) = +(1=-8)/2

4.8. The case B < 0. From (4.2) of [2] one has immediately

ysf)—> and y'(t) > ¢ ast— oo.

11



§5. Behavior on the rays (1.2).

As shown in [2], in the non-oscillatory case the asymptotic behavior of a solution y
of (1.1) for (e, B) belonging to a ray R of type (1.2) is governed by the function

(5.1) Or(t) = t'9(t),

where ¢ is one of the two functions corresponding to the adjacent sectors S and S’ whose
common boundary is R. Moreover A is a non-zero constant depending only on b, ¢ and

R.

Note: Formula (5.1) applies on all rays (1.2) with the exception of the three special ones
b=a, a>0;, a=0 <0 =0 a<0

the following considerations consequently do not apply in these cases.

For the functions ¢ in (5.1) the calculations of the previous sections carry over almost
unchanged. We indicate the details only when the ray R lies in the sector f < a < 20.
First for f < a < 26 and b > 0, the formula (2.3) becomes

) A A
(52) L =TT = o)
which is exactly as before, while (2.8) takes the form
(b// by A 2
53) Chm e (f o) e oy

again exactly as before. The rest of the argument is now unchanged, yielding
"(t t
lim y/() = lim y(t) =
t—o00 ¢R(t) t—o0 ¢R<t>
The case b < 0 can be treated as above.

For the ray a = 23 and b > 0, we use (3.4) of [2] with N = 0 and the case of equality.
Consequently by (2.9) of [2] we obtain

op(t) =t™, A = —c/2b.

We claim that ) ,
ORL0)

. Go(t) oo AL

12



Indeed by (1.9)

tyklft)l - _tAlfp(t) /tp(s)sa_2y(5)d5>

where t" 71p(t) — oo as t — oo since b > 0. When £ # 0 the integral diverges as ¢t — oo
and L’Hospital’s rule gives

y'(t) c

et gt
as claimed. The case b < 0 is treated exactly as in subsection 2.3.

86. Second derivative behavior.

We determine here the asymptotic behavior of y” for all non—oscillatory cases in the
parameter range 23 > max{0, a}, a # 3, and in fact show in these cases that

v’ s s o0
(6.1) 50 ¢ t .

For this purpose we write, using the equation (1.1),

yiﬂ = 2 {_thald . yil _eg22Y
¢

qb// qb// ¢ ¢/
(6.2)
IR N S
= =200t =T — 2P 1 4 o(1)].
bt Y ¢+th (14 0(1)]
When § < o <26 and b > 0, we get from (2.1)
¢/
= M2t A 148739711 4 o(1)],
while from (2.8)
(b//
i A2 40720721 4 o(1)].
Recalling that A\; = —¢/2b, and inserting the above estimates into (6.2), we have
y// )\2
Eﬁ—?b}\—%ﬁzﬁ as t — oQ.

13



When f < o < 2f and b < 0, we get from (2.9) and (2.10)

(Z = —=2bt*"t[1+o(1)],
QZ;/ = 4P (14 o(1))

and the required conclusion follows at once using (6.2).
Finally, when § > max{0, a} and ¢ < 0, we get from (3.1) and (4.1)

g _ Ve 771 1+ 0(1)),

¢
O (N (Y e
5 <¢> +<¢> le| t 14 o(1)],

and (6.1) follows again.
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