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Introduction. In a nonlinear Volterra integral equation
1) x(=Ft)+[ K(t, 5, (s,
we formally differentiate (1) to obtain an integro-differential equation
@ KO=F UK, & 00+ Klt, s, 2(9)ds,

where K,(t, s, x)=0K(t, s, x)/0t. If the function K does not explicity contain a
variable ¢, the equation (2) is reduced to a differential equation. Hence the
results concerning (1) or (2) are the generalizations of those corresponding to
differential equations. As for the results in differential equations, for example,
see [2].

The purpose of this paper is, at first, to obtain some comparison theorems
for the integral equation

@) u(O)=Fty+{ gt s, uds
or
@ w(O=F(O)+alt, b, ut)+ alt, s, u(s)ds

with or without the monotonicity of g(¢, s, %) in u, where u is a real variable,
and then to show that some of them may be applied to the study of the
asymptotic behaviors of solutions and also to the successive approximation
method for (1).

§1. Comparison theorems. As to the comparison theorems or existence of
the maximal solution for (3), it is usually assumed that g(f, s, #) is nondecreasing
in u. For example, see [3]. The following result shows the existence of the
maximal solution without the monotonicity of g(¢, s, #) in u. It is, however,
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assumed that f(#) is differentiable and g,(¢, s, u)=0g(¢, s, u)/0t is nondecreasing
in u,

THEOREM 1. Suppose that the following conditions are satisfied :

(i) f(t) is differentiable for 0<t<a with values in an open subset E of
R={x; —co<x<o0};

(i) g(t,s,u) and g(t,s,u) are continuous for 0<s<t=<a and uckE, |g(t, s, u)|
=M, and g,(t, s, u) is nondecreasing in u for any fixed t, s.

Then there exists a constant a<(0, a] such that the equation (3) has a con-
tinuous solution on [0, a]. Furthermore there exists a solution u*(t) of (3) such
that the inequality u(t)<u*(t) is satisfied on [0, a] for any solution u(t) of (3).

Proof. Let B be an arbitrary number in (0, a). It is easily observed that
there exist a constant ¢,>0 and a compact subset K of £ such that every con-
tinuous function u(?) satisfying |u(f)—f(#)|=e, (0=t<p) belongs to K. If we
choose a=min (B, ¢,/M), by the usual method, it follows that the continuity of
f(t) and g(t, s, u) implies the existence of continuous solutions of (3) on [0, «].

We next prove the existence of the maximal solution of (3) on [0, a]. To
this end, for any constant e<(0, ¢,) we consider an integral equation

(5) uty=fO-+e[ (gt s, u(s)+e)ds

Then for any y=(0, @), if we choose ¢ sufficiently small, for example, if
7 <min (B, (e,—¢)/(M+¢))<a, there exists a continuous solution u(Z, ¢) of (5) on
[o, r1.

Let u(t) and u(t, ¢) (0=<t{=y) be the continuous solutions of (3) and (5) re-
spectively. Then it is clear that u(¢) and u(f, ¢) are the solutions of the following
integro-differential equations respectively :

®) w(t=F O+t ¢, ut)+[ alt, s, usHids, u(0)=A0),

t
@) wW(O=FO+gt, t, u®) e[ gt s, ue)ds,  uO=1(0)+e,
We first prove an inequality u()=u(f, e) (0=t=y). Let t*=inf {t<[0, y];
u(t)zu(t, e)}. It is clear that 0<t*=y, since u(0)<u(0,¢). We claim that t*=yp,

On the contrary, suppose that 0<{*<y. From the continuity of solutions,
we have u(#*)=u(t*, ¢) and u(¥)=u(t, ¢) (0=t=t*). Then

F0) (e, 5, u(t)+ [ gt 5, u(ds

(Y iy MO—u() e ut, ) —u(tt, ¢)
=w()= lim —5—%—= lim t—1*

=w(t%, o) =F/(t%)+a(t%, 1%, u(th, &) +e-+[ g(t*, s, uls, &)ds.
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which is a contradiction, since ¢>0, u(t*)=u(t*, ¢), and g,(t* s, u) is non-
decreasing in u. Hence t*=y.

Let {e;}n=1 be a decreasing sequence such that &,—0 (n—co). Then by
means of the same reason as above, it follows that the corresponding sequence
of solutions, {u(t, &,)}=;, is nonincreasing on [0, y]. Since the family of functions,
{u(?, e,)}, is equicontinuous and uniformly bounded on [0, 7], the sequence itself
converges uniformly on [0, y]. It is clear that the limiting function u*(¢) is a
solution of (3) on [0, 7], and satisfies an inequality u(f)<u*(f) (0=t<y) for any
solution u(f) of (3). Since y=(0, @) is arbitrary, we obtain the required result.

If f(t) is a constant, we obtain the following result, for which the proof of
the existence of solutions may be done as an easy application of the Schauder-
Tychonov’s fixed point theorem.

COROLLARY. Suppose that

(i) g(t,s,u) 18 continuous for 0<s<t=<a and |u—u,|<b, and |g(t,s,u)| =M ;

(i) gt s, u) 1s continuous for 0<s=t<a and |u—u,|=<b, and nondecreasing
m u for any fixed t, s.

Then there exists the maximal solution of

t
u(ty=u,+[ g(t, s, u(s))ds
on [0, a], where a=min (a, b/M).

The following result is a comparison theorem without the assumption of the
monotonicity of g(t, s, #) in u.

THEOREM 2. In addition to the hypothese in Theorem 1, suppose that m(t)
is a continuous function on [0, al, and satisfies an inequality

DU = (O)+8(t, t, mt)+[ gt s, m)ds

on [0, a], where « 1s the same number as in Theorem 1, and D*m(t) represents
a Dwni’s derwatwe such that

D*m(t)= fm LR —m(t)
R0 h :
Then the inequality m()Su*(t) is satisfied on [0, a, provided that m(0)=1(0).

Proof. 1t is sufficient to prove an inequality m(f)<u(t,e) on [0, y], where
r<(0, @) is an arbitrary number and u(t, ¢) is a solution of (5) existing on [0, 7]
for suffiently small e. Let t*=inf {t<[0, y1; m()=u(t,e)}. It is clear that
0<t*<y since m(0)<f(0)+e=u(0, ¢). We claim that *=y.

On the contrary, suppose that 0<t*<y. Then from the definition of #*
there exists a decreasing sequence {f,}7., such that f,—t* (n—co) and mf(t,)
>u(t, ¢). By the continuity of m(f) and u(t, ¢), we have m(t*)=u(t*, ¢). Hence
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£+ (8%, 1%, m(e)+{ e, 5, m(s))ds

m(tn)—m(t*) > i u(tny 5)_u(t*’ E)
—F =, lim T,

2D+m(t*):t @-0 tn
n—

= (e, &)=//(%) g (%, 1 u(t, )+t gt s, uls, e)ds,
0

which is a contradition, since ¢>0, m(#*)=u(t*, ¢), and g,(t*, s, ) is nondecreasing
in u. Hence t*=y. By the monotonicity of u(?,¢) in &, we obtain m(f)=u*(t)
on [0, 7] as e—0. Since y=(0, @) is arbitrary, we obtain the required result.

§2. Applications of comparison theorem. In this section, we will show
some applications of Theorem 2. The following result will be useful for the
study of asymptotic behaviors of solutions of (3) as in the theory of differential
equations.

THEOREM 3. Suppose that the following conditions are satisfied:

(i) g(t, s,u) and g,(t,s,u) are continuous for 0<s<t<oo and 0=<u<oo, and
gt, s, u) is nondecreasing in u for any fixed t,s;

(ii) K, s, x) and K,(t, s, x) are continuous for 0<s<t<co and x€R";

(iii) V(t, x) 15 a nonnegative function continuous for [0, o)X R™ and locally
Lipschitzian in x, a(r) is nonnegatwe, continuous, and strictly increasing for
0<7<oo, and an inequality

® a(|xN=V(E, x)

is satisfied for [0, o)X R™;
(iv) for any solution x(t) of

) x(O)=xo+ K(t, 5, x(9)ds,
an nequality
DV(t, x(t)Sg(t, , Vi, )+ ety s, Vs, x(s))ds
is satisfied, where
DV, x(t)= Tim - (V(t-+h, xO+h(K G, 1, 2(0)
+[ Kt s, 29)ds)) = V(t, x(8) 5
(v) wu*(t) is the maximal solution of
(10) uy=uo+{ g(t, 5, u(s)ds

existing for [0, o).
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Then for any solution x(t) of (9), the inequality
V(t, x(H)ZuX(t), 0=<t<oo
is satisfied, provided that V(0, x,)<u,.

Proof. By the standard method, it follows that for any given ¢>0 sufficiently
small there exists a solution u(¢, ¢) of

u(t)y=uoe+[ (g(t, 5, u(s))+e)ds

for [0, c0). It is easily observed that there exists an interval [0, @), in which
the equation (9) has a continuous solution x(¢). Hence we first prove an in-
equality V(¢, x(£))=Su(t, ¢) for 0=t<a.

Let m(#)=V(¢, x(t)). From the hypotheses (iii) and (iv),

D*m{t)= i 5 V(t-+h, 2(t-+h)=V(t, ()
= iim - (V(t+h, xO+h(KE ¢, x(0)
+ UK, 5, K(50)dS)+o(h)) =V, x(8)

=DV, XS, t, mO)+[ ailt, s, m(s)ds

Hence by Theorem 2, it follows that m(#)<u(¢, &) (0=t<a), provided that m(0)
=V(0, x,) <uo+e=u(0, ¢). Thus the inequality V(¢, x(¢))<u*(?) (0<¢<a) is obtained
as e—0.

We next prove that under the condition (8) the solution x(#) is continuable
to the whole interval 0<¢<oco. On the contrary, suppose that there exists a
finite interval [0, #*) (0<#*<oo), in which the solution x(¢) of (9) exists, but it
is not continuable to the right beyond #=1*.

For any fixed T>t* the solution #*(t) is bounded on [0, T]. Hence, if
u*(t)<M on [0, T, the function K(¢, s, x) is bounded for 0<s<(<T and |[x|<ZL,
where L>a"'(K) is a fixed constant. Then by the usual method, it follows that
the limit of x(f) as t—t*—0 exists and x(f) is continuable to the right beyond
t=t* which is a contradiction. Hence we have t*=oco and V(¢, x(f))<u(t, ¢) for
0=t<oo. The required result is immediately obtained as ¢—0.

COROLLARY. g£=0 1s admssible in Theorem 3, and V(t, x(£))SV(0, x,) (0=
t< o).

By means of the same method as above, we easily obtain the following

THEOREM 4. Suppose that the following conditions are satisfied:
(i) g@, s, u), Vi, x), and K(t,s, x) satisfy the conditions (i), (ii), (iii) in
Theorem 3;
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(ii) ¢(r) 1s nonnegative and continuous for 0=r<oco and an inequality
L
DV(t, xt)+(1x(t))=g(t, ¢, ]x(t)l)-i-fo &f(t, s, |x(s)ds,  0=t<oo

1S fulfilled for any continuous solution x(t) of (9).
Then the inequality

t
V(t, x(0)+[ p(lx(s)dssux(t),  0=t<oo
0
holds, provided that V(0, x,)<u,, where u*(t) 1s the maximal solution of (10).

The following result is a direct consequence of Theorem 2 which assures
the uniqueness of solutions.

THEOREM 5. Suppose that the following conditions are satisfied:

(i) Sf(t) is differentiable for 0<t<a;

(ii) K@, s, x), K(t, s, x) are continuous for 0<s<t<a and xR";

(1) g(t, s, u), g(t, s, u) are continuous for 0<s<t<a and 0Zu<oco, g,(t,s,u)
is nondecreasing wn u for any fixed t and s, g(t, s, 0)=0, and an inequality

K(t, 1, X()—K(t, £, O+ [ (Klt, 5, (D= Kt 5, 5())ds
g0t 4, |x)—OD+ 8t 5, 159—3())ds
is satisfied for any continuous solutions x(t) and y(t) of

) xO=F0+ K, s, x(s)ds

existing on 0=t=a (Za);
(iv) u(t)=0 is the maximal solution of

(12) u(t)= ‘gt 5, u()ds.
Then the integral equation (11) has at most one solution.
Proof. Let x(¢) and ¥(t) be two solutions of (11) and m(t)=|x(¢)—y(¢)|. Then
Drm(t)= |2 (H)—y' ()]

=[Gt 1, 3Kt 1, 500+ Kt 5, K N—K, 5, 2(5)ds

<g(t, t, mO)+[ g(t, s, m())ds.

Hence by Theorem 2, it follows that m(f)<u*(¢#), where u*(t) is the maximal
solution of (12) which is identicaly equal to zero. This implies x(t)=y(t).
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§3. Successive approximation method. As in the theory of differential
equations, in order to apply comparison theorems to the successive approxi-
mation method originally due to Wazewsky, it is necessary to establish a com-
parison theorem, in which the monotonicity of g(¢, s, #) in u is assumed. By
means of the same reason as before, the following Lemma will easily be proved.

LEMMA. Suppose that

(i) g(t, s, u) is continuous for 0=<s=t=<a and 0=Zu=b, 0=g(t, s, u)<M, and
nondecreasing in u for any fixed i, s;

(i) wm(t) is a continuous function sahisfying an inequality

(13) =] g(t, s, m(s))ds

on [0, «], where a«=min (a, b/M).
Then an inequality m(H)Su*(t) (0<t=a) 1s satisfied, where u*(t) (0=tZa) is
the maximal solution of (12).

THEOREM 6. Suppose that the following conditions are satisfied:

(i) f(t) s continuous on 0=t=a;

(ii) K(t,s, x) 1s defined and continuous for 0=<s<t=<a, x€R", and |K(,s, x)|
<M for any t,s,x;

(iii) in addition to the assumptions in Lemma, g(t, s, 0)=0 for any t, s, and
the integral equation (12) has the unique solution u(t)=0;

(IV) |K(t; S, x)—K(ty S, y)lég(ty S, ‘x_y])

for any t,s, x, y.
Then the sequence {x,(t)}5-, defined by

2=,
San=FO+[ K, 5, 1Nds (k=0,1, )

is well defined on [0, a] as continuous functions on [0, a, where a=min (a, b/M).
Furthermore, the sequence {x,(t)}5=y converges uniformly to the unique solution
of the integral equation

(14 XO=Ft)+[ K, 5, (9)ds
on [0, a].

Proof. In order to prove the above result, the analogous method to that in
[1] will be used.

By the easy induction, it is clear that every function x,(¢) is well defined
on [0, «] as a continuous function.

We now define a sequence {u,(#)}%= on [0, a] as follows:
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u(H)=Mt,

wani®={ gt s, usNds k=01, ).

Then every function u,(f) is well defined as a continuous function, and by the
induction, it is easily proved that 0=u,.()Su,(t) (=0, 1, ---) are satisfied on
[0, a].

From the properties of g, it follows that the sequence {u,(#)}3, is uniformly
bounded and equicontinuous. Since the sequence is nonincreasing, the sequence
itself converges uniformly on [0, a]. It is clear that the limiting function is a
solution of (12), which is supposed to be unique and identically equal to zero.

Now from the definitions of {x,()}r=0, {#x(#)}%=0, and the monotonicity of g,
it follows by the induction that |x,,.,(8)—x(t)|=Zu,(¥) (k=0,1,---) on [0, «].
Hence, if we put go(t):@m“(t)—xk(t)], by the uniform convergence of u,(f)

to zero, the above inequality yields ¢(t)=0 (0={=<a), which implies that the
sequence {x,(f)}%, converges uniformly on [0, «]. If we denote by x*(f) the
limiting function, it is clear that x*({) is a continuous solution of (14).

We next prove the uniqueness of solutions. Suppose that there are two
solutions x(¢) and y(¢) of (14). Then we have

|0=301 [ 1K, 5, () Kt 5, 5(s)|ds

<[ att, s, 1x()=3()ds.
If we put m(t)=|x(t)—y(f)|, we have an inequality
m(n<| g(t, s, m(s))ds.

Then by the above lemma, it follows that the inequality m(f)<u*(t) (0<t=Za)
is satisfied for the maximal solution u*(f) of (12), which is identically equal to
zero. Hence m(t)=0, which implies x(8)=y(t) (0=ZtZa).

REFERENCES

[1] P. HArRTMAN, Ordinary Differential Equations, Wiley, 1964.

[2] V. LAKSHMIKANTHAM AND S. LEELaA, Differential and Integral Inequalities,
I. Acad. Press, 1969.

[3] R.K. MILLER, Nonlinear Volterra Integral Equations, Benjamin, 1971.

DEPARTMENT OF MATHEMATICS,
WaseDA UNIVERSITY, TOKYO





