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On Bounded Solutions of x// =#’x*e
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Keio University

§1. In this paper, we consider a second order nonlinear differential
equation

(1) x' =ttt ("=d/dt)

where & and B are real numbers and @>0. This equation includes, as
its special case, the equation ‘

' =¢""x™, 1<m<3,

which is known as Emden’s equation [1].

The solutions of (1) considered here are those which assume real
values for real ¢t. Therefore, for any given a and B, t* and «'** must
be regarded as representing real-valued branches. So it is quite natural
to assume that

(1) the domain in which the equation (1) is considered is

G: 0<t <o ’ O§x<°°’
(2) «'** and #* represent their nonnegative-valued branches in G.

The purpose of the present paper is to show that the equation (1)
has a one-parameter family of (positive) bounded solutions if B satisfies
a certain condition. Here, by a bounded solution, we mean a solution
2(t) such that x(t) and 2'(¢) are both bounded for 0<t<<co.

§2. Let x(t) be a bounded solution of (1). Since
2" (t) =t (x(t))"*=0

in G by our assumptions given at the outset, 2'(t) is a nondecreasing
function of ¢t. So if 2’(a)>0 for some a>0, we have

' (t)=2'(a) for t=a.
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Integrating both sides from a to ¢ (>a), we get the following inequality:
x(t)—w(a)=2'(a)(t—a)

which obviously contradicts the boundedness of x(¢). Hence #'(f) must
be nonpositive for every bounded solution x(t).
Therefore every bounded solution «(f) turns out to be nonincreasing.

Consequently if we exclude the trivial solution x(t)=0, x(t) has a positive
limit as ¢t - 0. Thus we get

PROPOSITION 1. If x(t) 18 a montrivial bounded solution of (1), then

2@)=0 and limz(t)>0.
t—0

For the existence of a nontrivial bounded solution, 8 cannot be an
arbitrary real number. This is shown by the following

PROPOSITION 2. If B<—1, the equation (1) has mo bounded non-
trivial solution.

PROOF. Suppose that 8= —1. If there exists a nontrivial bounded
solution x(t) of (1), then lim,., (¢)>0 by Proposition 1. Hence for suit-
ably small >0, there exists m>0 such that

(@) *>m for 0<t<d.
Then
x'(t) =t (x(t))t*>mt? , 0<t<o.
Integrating both sides from & to ¢ where 0<e<t<d, we obtain
2 (6)—2(€)> (m/(B+1)- (¢ —er) ,  if B<—1,
and
2'(t)—a'(e)>m(log t—log ¢) , if B=-1.

In both cases, the right-hand members of these inequalities tend to:.co
as € —» 0. This implies

lim 2'(e)= — oo

=0
in contradiction with the boundedness of the solution z(%).

So hereafter we assume that 8> —1 and write the equation (1) in
a form:
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(2) =ttt - oa>0, A>0, an>1.
§3. First we notice that
&= () = (W4 1))Vt
is a solution of (2). This can be verified by direct calculation.

PROPOSITION 3. Let x=¢(t) be an arbitrary nontrivial bounded solu-
tion of (2) and y(t) be a function defined by

(3) #(8) =) (Y@®)"*,

or, written explicitly, by

(4) Y(@) =[O+ 1)t (g(2))"

Then the function z(y) defined by

(5) y=9y@), z=ty'(t), 0<t<eo,

18 a solution of the differential equation

(6) dz _ — MM +Daty’+(@h+1ayz— (1—a)z2+7\.()\,+ Dazy®
dy ayz

such that

(1) =z(y) us defined for 0<y<1,
(2) 2(y»)=0 for 0<y<1,
(3) lim,, 2(y)=1lim,_, 2(y)=0.

Proof of this proposition is divided into several steps. First it is
easy to show that z(y) defined by (5) satisfies (6). Indeed, substituting
the expression (3) into the equation (2), we obtain

tyy”’ + (@ =)ty — 2ntyy’ + an(L+ 1)y —yH =0 .
Then, if we notice that

ty=z, tiy" zg—z——z ,

Y

we are immediately led to the equation (6).
To prove that z(y) has the properties (1), (2) and (3), we begm with
the following two lemmas.

LEMMA 1. If 4(t) is a nontrivial bounded solution of (2), then
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(1) <+r(t) Jor 0<t<oo,
and hence lim,_, ¢(t)=0.

PROOF. Since
lim y(t) = oo
t—0

and ¢(t) is bounded, we have ¢(t)<4(t) if ¢t is sufficiently small. If the
conclusion of the lemma does not hold, then there exists 7>>0 such that

$(t) <9(?) , 0<t<z,
HT)=(7) .

Then obviously ¢'(z)=+'(z). However, since ¢(z)=+7) and ¢'(z)="(7)
imply #(t)=+(t) by the uniqueness of the solution, the case ¢'(z)=4"(z)
must be excluded and we have ¢'(z)>+'(r). This is turn implies that
#(t)>(t) if t>7 and t—7 is suitably small.

Suppose that there exists 7,>7 such that

$() > (2) , T<t<7,,
#(T)=4(7,) .
Then, by the same reasoning as above, we get
(7) ‘ ¢ (z)<y'(z) .

Since ¢(t)>4(t) for z<t<r, the following inequality must hold for
Tt< 1,0

¢ (8) =t "Hp(8)) T >t Y (E)) =" (2) .
Integrating both sides of this inequality from 7 to ¢t (7<t<7,), we get
') — ¢ () >4 (&) —+4'(7) ,

or
(8) ¢' &) >4 () +(¢'(T)—4'(7)) -
As (8) is valid for 7<t<t, and ¢'(z)>+'(z) we obtain

#(2)>4'(z)

in contradiction with (7). :
Hence no such 7, exists and (8) holds for 7<f{<c. Then the inte-
gration of (8) from 7 to ¢t (>7) will yield
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$(t) > () +(¢'(T) — ¥ (Tt —7) .
Since () — 0 as t — o and ¢'(t)—+'(r)>0, this implies
lim ¢(t)= oo .

t—o0

This contradicts with the boundedness of ¢(t) and the lemma is proved.
For any nontrivial bounded solution ¢(t) of (2), we define a function

ft, ©) by
| fit, ©y=7'9()t
where 7 is an arbitrary positive number. Evidently f(z, 7)=¢(7).
LEMMA 2. For any >0, we have |
s =S, 7) , T=t.

PrOOF. Direct calculation will give

A 2 1+a
50— £ty By =t (o) @) P a0+ 1) (FE) T ]

Since qs(t)<a/r(t)=(7\,(>»+1‘))1/“t‘Z by Lemma 1,
() <Tip(T)=(MA+ 1)V .

Hence

§"(8)— £ (2, T) <EIHG(E) T HHD)) MM+ 1) [1—(—2%) e

Therefore, if

te(t)=Te(T) |

or equivalently if

(9) ) =TT =18, 7) ,
we have

(10) P D)

If we assume that the conclusion of the lemma does not hold, we
are led to the following alternative:
(i) there exist 7, and 7, (t<7,<7,) such that
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(11) ¢(t) <f(t’ 7'-) ’ T, <t<7,,
#(7e) =f(ts T) ,

(ii) there exists 7,=7 such that
{¢(T1) =f (Tu T) )
¢(t)<f(t’ 7) 'y 7-'1<t<°° .

In the first case, the inequality (9) and hence the inequality (10)
holds for 7,<t<7,. Integrating both sides of (10) from 7, to t (7, <t<7,),
we get

{?‘5(1—1) =f(2'1, T) ’
(12)

¢’(t)_¢'(z.1)<f’(t9 T)—f"(fl, T) ’
or
(13) FOLS'Q )+ ()", 7)), <t .

If we integrate (13) from 7, to 7, and notice the relation (11), then we
get ‘

0<(¢'(z) — f'(zy, TN(T—1) -
Since 7,—7,>0, this yields
¢'(z)>f'(zy, 7)
which is absurd since the first two relations of (11) obviously imply
(14) $TI=f'(z, 7).

Next consider the case (ii) in which (12) holds. Then the inequality
(13) holds for 7,<t< . Integrating it from 7z, to ¢ (¢>7,) and taking
the relation (12) into account, we get

#(t) <[f(t, )+ (8" () — f'(z, N(E—7)) .
If ¢'(z,)< f'(ry, T), this leads us to
lim )=~ =
which is impossible. Hence, by (14), we must have
¢'(z)=S"(7,, 7)
and the inequality (18) will become
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FO<Sf' (1), T,<t<oo.
So, if we choose 7.>7,, we have
(15) ¢ (t)<Sf'(z}, 7).
On the other hand,

Sz, T)— (71, T)= —At2g(T))Ti A H NTrg(T)T A
=NT N (T H(T)T T — (7))

As we have assumed that

dO)<SfE, 7)), T<t<eo,
we have

¢(71) <Sf(zl, T)=7g(z)ci™* .
Thus it follows that

f'(@, ) > [z, 7) .
From this and (15), we get an inequality
(16) ¢'(T)<Sf'(z}, 7)) -
Since ¢(z1)=f(z1, 71), it follows from (16) that
dB)<SC, ), T<I<T =0,
and this implies
$"O<Sf'W ), T<t<T=co.

So we can repeat the argument given above replacing z, and z, by 7!
and 7; respectively. Since the inequality (16) excludes the case

() =r"(z}, 7)) ,

the final part of our discussion is now unnecessary and we are led to
the contradiction. Thus we have proved the lemma.

PROOF OF PROPOSITION 3. By the two lemmas just proved, we have
S, 0)=T'3()t o) <p(B)=MA A1)Vt , TSt<oo .

This can easily be rewritten as
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1 al a 1
Ve A vow s

X (g(t))* <1 .

Recalling the definition of y(t) given by (4), this means that

(17) yO)=Yt)<l, t=t<oo,

which shows that y(t) is a nondecreasing function of ¢. Hence
2(y)=ty'(t)=0, 0<t< .

Consequently, in order to show that y(t) has the properties (1) and (2)
- stated in the Proposition 3, it remains to prove that

lim y()=0, lim y(t)=1 .
Since y(¢) is defined by (4):
y(t) =[N p(2)* a>0, A>0,

and ¢(t) is bounded, the first relation lim,., %(¢)=0 is immediate.

Since (17) shows that y(t) is nondecreasing and bounded from above,
the existence of lim,.. y(t) is obvious. Let us denote this limit by ec.
Then since

lim t'¢(t) = ltim MOV DY@ =W+ 1)) eet®
lim t(5) =[O+ D |

the limit

IR O)
B v+

exists and is equal to ¢V*. As lim,.. ¢(t)=0 by Lemma 1 and

lim 4(8) =lim (MA+ 1))Vt "2=0
t—00 t—o0

we can apply the well-known I’Hospital’s theorem and get

lim —?-@-)-= lim-‘él(t—)=ci/“ .
e p(t) e (2)

However, as

lim () =lim [ —MA+ D)Vt ]=0 ,
t—o0 t—00
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I’Hospital’s theorem can be applied again and

i M: i ._..__¢"(t) =gV
(18) ltl_rg e I}Eqp”(t) cte .

On the other hand, from
¢"®)=t"2(g()) ", )=t (),
we also get

lim ¢”(t) =1im (¢(t))1+a =(cl/a)1+a=cl/a+l .

tmw (1) tme ((E))
Comparing this with (18), we obtain

c=lim y(t)=1

{-+00

which is the required result.
Finally we have to prove (3). Direct calculation shows that

(19) 2(y (1) =ty' (1) = ary() + [ M\ + D] 4 [(a(2))°]
As ¢ was proved to be equal to 1, (18) implies that

() _
lim ~-22 =1
e ()"

So, by applying I’Hospital’s theorem again,

NN
1 SLAY ASSZEN S [
o T )T

From this we get

s (CO)u
1 =1
A (O]

As direct calculation shows

lim £ (4(£))"] =1im ¢ M+ 1)) = —aN(A+1) .
Hence
ljm t 4 (g(8))] = ltim (@) = —aN(Zv+1) .

Thus we have4

65
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ltim 2(y(¢)=an lim y (@) + [+ 1)]™ iiff e (a2
=an+[MA+1D)](—an(v+1))=0 .

Since y(t) > 1 as t — o, we get

lim 2(y)=0.

y—1

To prove that

lim 2(y)=0,

we have to show that

ltlgl 2(y(t)=0.

However, since
lim y(t)=0
t—0
and ¢(t) and ¢'(t) are bounded as t— 0, this follows immediately from

19).
This completes the proof of the Proposition 3.

§ 4. This section is devoted to the proof of
PROPOSITION 4. The differential equation (6):

dz _ —MMt+ Doty +(@2h+Dayz — (1 —a)z + MM+ L)ady’
dy ayz

has one and only one solution z(y) such that

2(y)>0  for O0<y<l,
and

lim z(y)=1lim z(y)=0 .
y—0 y—1

PrOOF. Introducing a new parameter s, we write the equation (6)
in the following form:

dy
ds

%= —MA+ D@y + (2h+ Dayz — (1 —@)z* + Mh+ Doty .

=ayz ,
(20)
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As can easily be seen, y=2=0 and y=1, z=0 are the only critical points
of (20).

First let us investigate the behaviour of orbits near y=1, 2=0. For
that purpose, we put

y=1+7n, =z=(.
Then (20) is transformed into |

ﬂ:ac-*- N
ds

%=x(h+1)a277+(2x+1)ac+--- ,

(20")

where the unwritten part represents the terms whose degrees are greater
than 1. Since the eigenvalues of a matrix

1 a
| (x(w L (2x+1>a>

are

Iz =‘;‘[(2x +Da—V/ @ T e+ 0+ D] <0,

and

w= % @A+ Da+ vV D@+ D+ D] >0,

7={=0 is a saddle point. Two orbits tending to this saddle point as
8 — o can be expressed as ’

n=a,(ce")+ay(ce”)’+ .-,

1) C=b,(ce™)+b(ce™ )+ -+ - ,

where the power series in ce* in the right-hand members are convergent
in the neighbourhood of s=<. Substituting the above expression into
(20’) and comparing the coefficients, we get

b _ ¢
a, «

Therefore the curve consisting of these two orbits together with the
saddle point »={=0 is expressed in a form : ‘
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=Lapi...
C p N+

where the right-hand member is a power series in 7 convergent in . the
neighbourhood of 7=0. |

In the same way, the curve representing another two orbits tending
to =(=0 as s —>—  together with the saddle point »={=0 is express-
ed as

...
4 a7)+ .

Returning to the original variables y and z, ‘these two curves passing
through the saddle point y=1, 2=0 are expressed by the following power
series in y—1:

(22) =L y—1+---,
a

(22') o= (y—1)4--. .
(44

Since p¢/a<0 and f'/a>0, only the curve (22) intersects the domain
0<y<l, =2=0. |

So we have only to consider the curve (22), and especially a part of the
curve lying to the left of y=1. As is clear from the expression (21),
this left-half part of the curve represents an orbit which approaches the
critical point (1, 0) from the left as s -c. We shall now show that
this orbit tends to (0, 0) as s > — oo,

4

0 1

We denote by C the arc of a para‘bola
z=fy)=a(+1)(y—9")

lying between y=0 and y=1 and by D the domain bounded by C and
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the segment 0<y <1 on the y-axis.
On the open segment 0<y <1, 2=0, we have

W_g, %2 _\(n+Daty'—y)<0
ds ds
which shows that the orbits of (20) passing through this segment go
out of D as s increases.
On the arc C, we have

L (o~ )=+ v+ 1y —1)>0 -

Hence the orbits passing through C also go out of D as s increases.
Therefore every orbit starting from inside of D can never leave D as
s decreases to — co.

Now let us return to the orbit which approaches (1, 0) from the left
as s —»co and show that this orbit lies in D. Since the slope of the
curve (22) and that of the curve C at (1,0) are pg/a (<0) and
f'(1)=—ea(n+1) (<0) respectively, what we have to show is p/a> —a(A+1).

As was already given

= _;_ [(@M+1)a—1 2n + L + AN(h + D]

and so

£-( L) L—VIFBO A Da@F I -
[0 4 2
Since (2A+1)*>4A(\+1), we have
ya NaviTa
a>( At 2)(1 vita).
Hence
fi-—(—a(x+1))>( x+-:-l—>(1—1/17r_&)+a(x+1)
l44 2
=(1/1+a—1)(1/1+ax+1/ﬁ'&+—2j-‘-)>0

and we get the required result.
Therefore the orbit with which we are now concerned belongs to D
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if s is sufficiently large. So, from what we have shown above, it can
never leave D as s——c and hence its a-limit set belongs to D. Since

inside D, a point (y¥(8), 2(s)) on the orbit keeps on moving to the left as
8 ——oco. Therefore its a-limit set cannot be a closed curve. Hence,
from the well-known Poincaré-Bendixson theory, it tends to a critical
point as s——co. Since the only critical point other than (1, 0) is
y=2=0, we get the desired result
lim y=lim 2z=0.

Also, since the curve z=2z(y) lies in the inside of D for 0<y<l, it is
obvious that z(y)>0 for 0<y<1.

So, if we denote by 2z(y) the restriction within 0<y<1 of the funec-

tion given by the power series (22), it fulfills all the requirements stated
in the proposition.

§5. By Proposition 4, we now know the unique existence of the
solution z(y) of the differential equation (6):

dz _ — MM+t + @A+ Dayz—(1—a)zt + A+ 1)ay®
dy ayz

such that
2y)>0  for O0<y<l,
lim z2(y)=1lim z(y)=0.
y—0 y—1
Let y(t) be an arbitrary solution of the equation

(23) W _oy).

Then, if we put
(24) $(1) =4 ()Y (@)= W+ 1))t (y(¢)V*

x=¢(t) is evidently a solution of the equation (2). So it remains for us
to prove that

(1) y(¢) is defined for 0<t< o, and

(2) ¢(t) and ¢'(f) are bounded for 0<t< .
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The solution of (23) such that ¥({,)=v, (O<t0<<><> 0<y,<1) is given
implicitly by

S"”L‘?L:St dt =logt—logt, .
w 2(y) ot

From this we can easily see that the inverse function t(y) of %(?) vis an
increasing function defined for 0<y<1, because z(y)>0 for 0<y<1.
Therefore, to prove (1), it is sufficient to prove that

lim ¢(%)=0, lim t(y)=co .
y—0 y—-1
For that purpose, we need the explicit expression of 2z(y) in the

neighbourhood of y=0 and y=1. For y=1, this has already been ob-
tained and is given by (22):

z:i‘_(y_lﬂ. e
o

where the unwritten terms are the power series in ¥ —1 beginning with
the term whose degree is greater than 1. |
To obtain the expression of z(y) at y=0, we put

Z=Yu .
Then (6) is transformed into

du —— M+ D+ (2h+ Daw —u? + AN+ 1)ay
dy ayu

Next we put
u=ax+v,
and the equation is again transformed into

=(An+1y +ior...
an

Y dv _MM+lety+av— v
dy ai\+av

where the power series in ¥ and v on the right-hand side is convergent
in the neighbourhood of y=v=0.

y=0 is a well-known Briot-Bouquet type singularity. Since ax>1,
1/an is positive and is not an integer. So the general solution of this
equation can be expressed in a form

v=_3, U y"(Cy’e)"
m+n>0 :



72 TOSIYA SAITO

where C is an arbitrary constant. Therefore, by giving C an adequate
value C,, we get the following expression of z(y) valid in the neigh-
bourhood of y=0:

(25) z(y) =9y (a)\, + ’U) =aNy+y m§>o vm“ym(coyllaz)n .
From (22) we get

' dy _« 1)
(26) S“?y)-—;log(y 1)+

in the neighbourhood of y=1 where the unwritten terms are bounded
as ¥y —1, and from (25) we also get

v dy 1
2 zY _— _*
@7 S = logyt

where the unwritten terms are bounded as ¥y — 0. As a/¢t<0and 1/ax>0,
we have

limgvﬂ.=oo, limgv .iy_=—oo'
v-1 Jvo 2(¥) y—0

From this and the relation

(28) S' Y _logt—logt,,
vo 2(Y)

we get

(29) 1:51 Uy)=oo, 11”1310 Wy)=0.

Thus we have proved (1).

From (26), (27), (28) and (29), we can immediately derive the bound-
edness of ¢(f) at t=0 and t=c. For example, from (27) and (28), we
get . _

t/t,=y eV  or Y= (t[t)Pe 3 Fw
where F(y) is bounded as y — 0. Since
| 5(6)= OO+ D)t (B
we have

B() =M+ 1)t i
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Therefore

0<lim g(t)=lHmA(\+1))Vet5 e 2 < oo,
t—0 y—0

Analogously we can show that
lim ¢(t) < oo .
t -0

However, to prove (2), we need more detailed knowledge about y(t)
because we have still to show the boundedness of ¢'(t).
In the neighbourhood of y=1, the equation (23) can be written as.

dy _ ¢
=L =L (y—1)+---
TR (y—1)+

by (22). Hence the general solution of (23) is of the form
Y)=1+Ct*/"+ + ..

in the neighbourhood of t=c where the unwritten part is the power
series in Ct*/* starting with the term whose degree is at least 2 and C
is an arbitrary constant. Therefore

() =N+ L)Vt~ (y(t))V«
= (7\,(7\;-{- 1))1/at—2(1_+_ (C/a)tp/a+ .. .)

where the power series in ¢*¢ in the parenthesis is convergent in the
vicinity of t=c. As \ is positive and pg/a is negative, we have

(30)

lim ¢(t)=1im ¢'(¢)=0
t—»co t—s00

which shows the boundedness of ¢ and ¢’ at t= .

Next let us show the boundedness of ¢'(t) at t=0. First we notice
that

(31) 0<lim t~“y(t) < oo .
t—0

This follows immediately from the relation
0<lim ¢(¢)=lim (A(A+ 1)Vt H(y(E))V/*< co
t—0 t—0
which we have just proved above.
By direct calculation, we get

¢' (1) = (M AH )Yty e (—ny oty (1))
=+ D)Vt Yy (= vy +a=(y)) .
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Since z=y-(an+v) by (25),

¢’ ()= + 1)Vt "y *(v/a)
=(g(t)/a)-t7'v .

As we already know that ¢(t) is bounded as t— 0, what we> have to
show is

limtw<oo .
t—0

Since v is expressed as
v= 2, Vu Y™ (Cy"*)"
m+n>0

in the neighbourhood of y=0 and lim,., {(y)=0, it is sufficient to prove
that ‘
limt'y<eo and lim i 'yv**<co.
t—0 t—0
However, since an>1, we have only to prove the latter inequality. But
this is obvious from (81). Thus we have proved the boundedness of
#'(t) at t=0. '

As the expression of ¢(f) given by (30) shows, ¢(f) contains an
arbitrary constant C. Hence the totality of nontrivial bounded solutions
of (2) constitutes a one-parameter family.

Summarizing the results obtained so far, we get the following
theorem.

THEOREM. The differential equation
xu__:tpm1+a , a>0 ,
has a one-parameter family of nontrivial bounded solutions if and only
of B>—1.

Finally we add a short remark about the analytical expression of

#(t)-
At t= oo, ¢(t) is expressed in a form (30):

B() = WO+ L)Vt~ (L 4+ Ct/ a4+ - ) .

(Here we replaced the arbitrary constant C/a by C.) This shows that
every nontrivial bounded solution of (2) is asymptotic to the solution
PE)=AN+1)Y*t"? as t — oo,

The analytical expression of ¢(t) at t=0 can be obtained from (25):
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2y)=ty' =y-(arn+ _ g_‘.)o VouaY " (Coy™ ™) .

“As can éasily be verified, this equation is equivalent to a system

ty' =axny(l+ +Z CnaY"W™)

7>0

tw'= ’W(l + Z cmﬂymw”) ’ Cmn= Um,,/ak .
m+a>0

Since ¢t=0 is a Briot-Bouquet type singularity of this system and
an>1, y(t) can be expressed as a double power series in ¢ and ¢** con-
vergent in the neighbourhood of ¢=0 if ax is not an integer. Since
t™**y(t) has a finite positive limit as ¢ — 0 by (81), y(¢) has the form

y(&)=td(t)

where @(t) is a convergent double power series in ¢ and ¢* starting with
the positive constant term. Hence

$(0) =+ L))V (y(8)) "«
admits following double power series expansion in the neighbourhood of
t=0:
¢(t)= Z a’mntmtalﬂ ’ aoo>0 ’
mtaz0

unless a) is an integer.
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