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LYAPUNOV TYPE INTEGRAL INEQUALITIES FOR
CERTAIN DIFFERENTIAL EQUATIONS

B. G. PACHPATTE

ABSTRACT. In the present paper we establish Lyapunov type integral
inequalities related to the zeros of solutions of certain second-order
differential equations by using elementary analysis. We also present
some immediate applications of our results to study the asymptotic
behavior of solutions of the corresponding differential equations.

1. INTRODUCTION

In a celebrated paper of 1893 Russian mathematician A. M. Lyapunov
[1] proved the following remarkable inequality.
If y is a nontrivial solution of

y" +q(t)y =0,

on an interval containing the points a and b (a < b) such that y(a) =
y(b) = 0, then

b
4<(b— a)/ lg(s)|ds.

Since the appearance of Lyapunov’s fundamental paper [1], various proofs
and generalizations or improvements have appeared in the literature (see [2]—
[10] and the references cited therein). The object of this paper is to prove
similar Lyapunov type inequalities for differential equations of the forms

(r(Oly'[*~'y) + Py +at)y + F(t,y) =0, (A)

(r@lyPly' "2y + p)y + a(t)y + f(ty) = 0. (B)

In equations (A), (B), throughout we assume that t € I = [tg,00), tg > 0,
and I contains the points ¢ and b (a < b), « > 1, 8 > 0, v > 2 are
real constants and v > (3, the functions r,p,q : I — R = (—o0,00) are
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continuous, r and p are continuously differentiable and r(¢) > 0, the function
f:Ix R — R is continuous and satisfies the condition |f(¢,y)| < w(t, |y|),
where the function w : I x Ry — Ry = [0,00) is continuous and satisfies
w(t,u) < w(t,v) for 0 <u < w.

There is vast literature devoted to the study of special variants of equa-
tions (A) and (B) from different viewpoints. Our interest in such problems
was motivated by the interesting results recently established by various in-
vestigators [11]-[16] for equations like (A) and (B). Concerning the existence
of solutions of equations of the type (A) and (B), we refer to [11], [12], [15],
[16]. The Lyapunov type integral inequalities that we propose here relate
points a and b in I, at which solutions of (A) and (B) have zeros, and can
be used as handy tools in the study of the qualitative nature of solutions
of equations (A) and (B). Here we give some of such applications to convey
the importance of our results to the literature.

2. MAIN RESULTS

In this section we establish our main results on Lyapunov type integral
inequalities related to differential equations (A) and (B).

Theorem 1. Let y be a solution of equation (A) with y(a) = y(b) =0,
and y(t) # 0 fort € (a,b). Let |y| be maximized at a point ¢ € (a,b). Then

b e
1 S 1/20¢+1 (/ 1.*(1/01) (S) ds> X

b b
X <I/M°‘_1 lg(s) — p'(s)/2|ds + I/MO‘/ w(s, M) ds)7 (1)
where M = max{|y(t)| : a <t < b}.

Proof. By assumption, we have

= ‘ —/cby'(S)dS~

M = [y(e)| = ]/yu s

From (2) we observe that
b
20 < [ ()] ds =
ab
= [ e () e )y (5) . Q

Now raising both sides of (3) into the («+ 1)st power and using the Holder
inequality on the right side of the resulting inequality with indices (a+1)/a,
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«a + 1, performing integration by parts and using the fact that y(¢) is a
solution of equation (A) such that y(a) = y(b) = 0, we observe that

(2M)>+! < (/ab,,u/a)(S) d5>a(/abr(s)|y/(s)|a+1ds) .
(/abr—(l/a)(S) d8>a</ab (r(s)|y' ()] (s)) ¥/ (5) ds) _
_ ( /abr(l/a)(S) ds>a< / () (1) () ds) _
(

+a(s)y(s) + F(5,9(5))] ds> _

- (/abr(l/a)(S) d8>a /ab (q(s) — P (s)/2)y*(s) ds +
b
+ [T ())ds) <
- (/ R ) </ la(s) — 2/ (5)/2 Jy(s)|2ds +
+/ ly(s)|1£(s,y(s) |ds><
S(/ab e > </ M2|q(s) — p(s)/2] ds +
/ Muw(s, M) d ) (1)

Now dividing both sides of (4) by (2M)**! we get the desired inequality
(1. O

Theorem 2. Let y be a solution of equation (B) with y(a) = y(b) =0,
and y(t) # 0 for t € (a,b). Let |y(t)| be mazimized at a point ¢ € (a,b).

Then
b -1
1< (/ r= /0= () ds) X
a
(1/Mﬁ+7 2/ lq(s) — p'(s)/2| ds +

1/MP / (s, M) ds), (5)
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where M = max{y(t) : a <t < b}.

Proof. By assumption, we have
c b
2 =2 [ (s ) ds =2 [yl (5)ds. (©
a c
From (6) we observe that
b
2 < [ ly(o) 1/ (s) ds =

b
:/ (T*(l/“/)(S)|y(8)‘1*(ﬁ/7))(Tl/y(s)‘y(s)|ﬁ/'y|y/(5)‘) ds. (7)

By taking the yth power of both sides of (7) and using the Holder inequality
on the right side of the resulting inequality with indices v/(y—1), performing
integration by parts, and using the fact that y(¢) is a solution of equation
(B) such that y(a) = y(b) = 0, we observe that

b y-1
M2 < (/ T—(l/(v—l))(s)y(s)(v—ﬁ)/(w—l)ds) ~

a

X

/ab T(S)y(s)|5|y’(s)|vds) _

b
/r—(l/(v—l))(S)|y(s)|('y—6)/('y—l)ds> y

b
/ (r(ly )71y ()2 (5))y/' () d8> =

X

X

-1

b vy
/ r—(l/(v—l))<s>|y(s)|(v—ﬁ)/(’v—1)ds> "
a

b

*/ (r($)y ()71 ()2 (5))y (s) d5> =
ba -1

/r—(l/(v—l))(s)|y(s)|(v—6)/(v—l)ds> X

<

b
[ v @)+ atehu(s) + fs ()] s ) =

v—1



LYAPUNOV TYPE INTEGRAL INEQUALITIES 143

b v-1
< </ —(1/(v=1)) (s )|y(3)(vﬁ)/(vl)d5) ~

([ 1 vt [ w56 6las) <
SMH?(/G T—(l/(w—n)(s)dsy L

<(/ " M2lg(s) — /()21 ds + / " Mz, 31 is). (5)

Now dividing both sides of (8) by M?”, we get the required inequality in
5). O

Remark 1. We note that in the special case with r(¢) = 1, the obtained
inequalities (1) and (5) reduce respectively to the following inequalities:

v 1z o ar (1007 [ o) - 6) /21 +

v [ s, anas), )
v<0-ar (yar= [ - otas s
sy [ e ) ds). (10)

Inequalities (9) and (10) obviously yield the lower bounds of the distance
between the consecutive zeros of the nontrivial solutions of equations (A),
(B) with r(¢) = 1. For similar results see [7], [8], [10].

3. SOME APPLICATIONS

In this section we apply our results to the Lyapunov type inequalities
given by Theorems 1 and 2 to study the asymptotic behavior of the oscilla-
tory solutions of equations (A) and (B).

Theorem 3. Assume that
/ =/ (5) ds < oo, (11)
/ w(s, L) ds < oo, (12)
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for any constant L > 0, and there exist continuous functions h,g: I — R4
such that

la(t) —p'(t)/2] < At} (13)
w(t,v) < g(t)v®, (14)
for all large v, and
/00 h(s)ds < oo, (15)
/OO g(s)ds < 0. (16)

Then every oscillatory solution of equation (A) converges to zero ast — oo.

Proof. Let y be an oscillatory solution of equation (A) on the interval I.
Because of (11), (15), and (16), we can choose T > ty large enough so that
for every t > T,

/ r~ /) (s)ds < 1,

T

/oo h(s)ds < 1, (17)
T

/T g(s)ds < 1.

First we shall show that every oscillatory solution y of equation (A) is
bounded on /. Suppose on the contrary that tlirgo sup |y(t)] = oo. Because
of (12) we can choose L large enough so that (14) holds for all v > L.
Indeed, since y is oscillatory, there exists an interval (¢1, t2) such that t; > T
y(t1) = y(t2) = 0, |y(t)] > 0 on (t1,t2), and M = max{|y(¥)| : t1 < t <
to} = max{|y(t)| : ¢ <2} > L. Choose ¢ in (t1,t2) such that M = |y(c)|.
Clearly, inequality (1) in Theorem 1 is true on the interval (¢1,?2) and we

have
1< 1/20tt (/tt P~ (/) (5) ds)a X
< (1 [ lato) - )2l as +
+1/M* /t2 w(s, M) ds). (18)

t1
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From (18), (13), (14), and (17) we observe that

1§1/2a+1( —(1/e)( ) (/ h(s ds+/ g(s)ds> <
( h =) (s ) (/ h(s ds—l—/ g(s)ds)<

<1/2°FN (1) (14 1) = 1/2°.

S 1/2a+1

This contradiction shows that the solution y of equation (A) is bounded,
say, [y(t)] < N.

Next we shall prove that y(t) — 0 as t — +oo. If y(t) /~ 0 as t — +oo,
then there exists a constant d > 0 such that

2d < . lir+n sup |y(t)| < N. (19)

Choose Ty > T such that

o0
/ r_(l/a)(s) ds < 1,
To

/00 lq(s) — p'(s)/2|ds < d*7 1, (20)

To

/ w(s, N)ds < d°.

To

Because of (19) there exists to > t1 > Tp such that y(t1) = y(t2) and

My =max {|y(t)| : t1 <t <t} > d. (21)

From the conclusion of Theorem 1 we have

ta «a
1< 1/20H (/ r= /) (s) ds) X
t1

< (1 | a(s) — p/()/2]ds +
1M /tQ w(s, N) ds). (22)

t1
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From (20), (21), and (22) we have

1< 1/2°‘+1(/ r (/) (g) ds) X
ty

(g [T ats) - olas g [

< 1/2a+1(1)(11/M§“1(d“’1) +1/M§(d™)) ;
<1/2°TH(1) (1 +1) = 1/27.

o0

w(s, N) ds> <

This contradiction proves the theorem. [J

Theorem 4. Assume that
/ r~ 1/ @=D) (5) ds < oo, (23)
/ w(s, L) ds < oo, (24)

for any constant L > 0, and there exist continuous functions hg,go : I — Ry
such that

lq(t) — P (1) /2] < h(H)0" 772, (25)
w(t,v) < g(t)? 77, (26)
for all large v, and
/OO ho(s)ds < oo, (27)
/OO go(s)ds < oo. (28)

Then every oscillatory solution of equation (B) converges to zero as t — oo.

The proof of this theorem can be completed by the arguments as in the
proof of Theorem 3 and by applying Theorem 2. Here we omit the details.

Remark 2. We note that the inequalities established by Theorems 1 and
2 can be very easily extended to the following differential equations:

y(r®Oy'1* ) +pt)y + a(t)y + f(t,y) =0, (C)
y(r@®y°ly' %) + pt)y +at)y + F(t,y) =0, (D)

where r,p, q, f,«, 3,7 are as given in equations (A), (B). For the study of
equations of this type see [7], [14]. Proceeding along the same lines as in
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the proofs of Theorems 1 and 2 corresponding to equations (C), (D), the
obtained inequalities (1), (5) take the forms

b a
1< 1/2a+1</ (/) (g) ds> X

< (1/Ma / " la(s) - p/()]ds + 1/0 /

b «
1< (/ =M= (5) ds) X

(1| o)~/ (5)] ds-+1/87 / (s 1) i) )

b
w(s, M) ds) , (29)

Here it is to be noted that the obtained inequalities (29) and (30) can be
used to study the asymptotic behavior of the solutions of equations (C)
and (D) by arguments as used in the proofs of Theorems 3 and 4 with
suitable changes. We also note that our results in Theorems 1-4 can be
extended to differential equations (A), (B), (C), (D), where the function f
involved therein depends on the functional arguments and is of the form
flt,y(t),y(®(t))), by making use of the same hypothesis on ® and f as in
[13] with suitable modifications.
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