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Abstract. We consider nonlinear integral inequalities of Gronwall type for functions of one
variable or two variables. We also study integral inequalities for proving the boundedness and
uniqueness of the solutions to hyperbolic partial differential equations.

1. Introduction

Let u : [a,00 + h] — R be a continuous real-valued function satisfying the
inequality

1
0<u(t)</[a+bu(s)}ds for € o, 00+ hl,
o

where a,b are nonnegative constants. Then u(t) < ahe® for t € o, o0 + h]. This
result was proved by T. H. Gronwall [7] in the year 1919, and is the prototype for the
study of several integral inequalities of Volterra type, and also for obtaining explicit
bounds of the unknown function. Among the several publications on this subject, the
paper of Bellman [3] is very well known: Let x(¢) and k(t) be real valued nonnegative
continuous functions for t > o. If a is a constant, a > 0, and

t

x(t) < a +/ k(s)x(s)ds, t>«,

o

then

x(r) < aexp (/tk(s)ds) , for t>=a.

It is clear that Bellman’s result contains that of Gronwall. This is the reason why
inequalities of this type were called “Gronwall-Bellman inequalities” or “Inequalities
of Gronwall type”. The Gronwall type integral inequalities provide a necessary tool
for the study of the theory of differential equations, integral equations and inequalities
of various types. During the past few years several authors (see references below and
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some of the references cited therein) have established several Gronwall type integral
inequalities in two or more independent real variables. In [11], Pachpatte proved the
following interesting integral inequality:

THEOREM 1.1. Let a,b € C(I,R,), o € C'(I,1) be nondecreasing with o(t) <t
on I, and k > 0 be a constants. If u € C(I,R.) and

t o(t)
u(t) <k a(s)u(s)ds b(s)u(s)ds 1.1
<kt [ auls) +/M> (s)us) (1)
for t € I, then
t 10}
u(t) < kex a(s)ds b(s)ds 1.2
0 p</ (5 +/a<m> (5 ) (12)

fortel

In this paper is to obtain bound in the inequality (1.1) for functions of one or
two independent variables when the constant k and the function u(¢) in the right-
hand side of the inequality (1.1) are replaced by the function k(¢) and u”(¢) for 0 <
p < 1, respectively. We also provide some application of these integral inequalities for
finding the boundedness and uniqueness of the solutions to hyperbolic partial differential
equations.

2. Integral Inequalities

In this section we consider nonlinear integral inequalities of Gronwall type for
functions. We shall introduce her some notation: R denotes the set of real numbers,
R, =[0,00), I =[to,T), J1 = [x0,X) and J, = [yy,Y) are given subsets of R.

LEMMA 2.1. Let a,b € C(I,R;), o € C'(I,1) be nondecreasing with a(t) <t
onl, k=1 and 0 <p <1 beconstants. If u € C(I,R.) and

()

u(t) <k+ / a(s)uP(s)ds + / b(s)uP (s) ds (2.1)

to a(to)

for t €I, then

to a(to)

t 10}
u(r) < kexp (/ a(s)ds + / b(s) ds) (2.2)

fortel

Proof. From the given hypotheses we observe that o’ (t) > 0 for t € I. Let k > 1
and define a function z(¢) by the right-hand side of (2.1). Then, z(¢) > 1,z(t) =
k.u(t) < (1), and
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As a(r) <t on I, we deduce that 7'(7) < a(r)z(¢) + b(a(t))z(¢)’ (¢) and therefore

Z(1) /
< a(t) + b(o(r))a'(1). (2.3)
2(1)
Integrating (2.3) from # to z, where ¢ € I, and applying some change of variables
yields
t a(r)
z(t) < kexp / a(s)ds +/ b(s)ds (2.4)
fo o(ty)

for r € I. Using (2.4) in u(z) < z(), we get the inequality (2.2). O

THEOREM 2.2. Let a,b € C(I,R;), o € C'(I,1) be nondecreasing with o(t) <t
on 1, and 0 < p <1 be aconstant. If k € C(I,R. — {0}),u € C(I,R,) and

t 10}
u(r) < k(r) + / a(s)uP(s)ds + / b(s)uP(s)ds (2.5)

to a(to)

for t € I, then

t a(r)
u(t) < k(t) + e(t) exp (p/ a(s)kp_l(s) ds +p/ b(s)kp_l(s) ds) (2.6)

fo a(to)

for t € I, where

a(r)

e(t) = / a(s)k’(s) ds +p/ b(s)k" (s) ds (2.7)

fo a(t)
fortel

Proof. From (2.5) we have u(t) < k(t) + z(z), where the function z(z) is defined
by z(¢) = ft(: a(s)uf (s)ds + | O?((t(:)) b(s)uP(s) ds. From the above relation we derive

t a(r)
20 < [ aokE) +2)y ds+ [ bE)EG) +206)) ds
fo a(t)
By applying the following generalizations of Bernoulli’s inequality see, [10, p.65])
(I1+x)* <14 ax, where 0 <a <1 and —1 < x, itis easy to obtain that

) < /tota(s)k”(s) (1 + %)p ds + /:t: b(s)K? (s) (1 + %)p ds

< /ta(s)kp(s) (1 +p%> ds + /a::t)) b(s)kP(s) (1 +p%> ds

fo
()

= e(1) +/ a(s)k"~ 1 (s)z(s) ds +/ b(s)kP~1(s)z(s) ds,

Io O{(to)
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where e(t) is defined by (2.7). First, we assume that e(z) > 0 for ¢ € I. we get
2(1) t S 28 0 —1 o 2)
== <1 +p/ a($)kP~ (s)=—=ds + b(s)k"~" (s) == ds. (2.8)
e(t) Io e(s) Ol(l‘o) e(s)

From the Lemma 2.1, the previous inequality (2.8) yields

@ ex Zas () ds “ )P (s) ds
1 < p<p/m oW+ [ o <>d>. (29)

Using inequality (2.9) in u(r) < k(#) +z(¢), we get the required inequality in (2.6).
If e(#) is nonnegative, then we carry out the above procedure with e(r) + € instead of
e(t), where € > 0 is an arbitrary small constant, and subsequently pass to the limit as
€ — 0 to obtain (2.6). O

THEOREM 2.3. Let a,b, o, p be as in Theorem 2.2 and ¢ > 1 be a constant. If
ue C(I,Ry) and

t a(r)
u(t) <c+ / a(s)uP(s) logu(s) ds + / b(s)uP(s)logu(s) ds (2.10)
to OC(Z[)>
for t € I, then
u(f) < lHHAWTBD) exp(A @) +B(0)] (2.11)
for t € I, where
t o)
A(r) :/ a(s)ds, B(r) :/ b(s)ds (2.12)
to (Io)

fortel

Proof. From the giben hypotheses we observe that a(¢) > 0 for r € I. Let ¢ > 1
and define a function z(#) by the right-hand side of (2.10). Then, z(¢) > 1, z(ty) =
¢, u(t) < (), and

(1) = a(t)u? (1) logu(r) + b(cx(r))u” (cu(r)) log u(e(t)) o' (1)
< a(n)? (1) logz(t) + b(a(r))" (au(r)) log z(e(t)) o' (1)
< a(t)z(t) log 2(1) 4 b(o(r))z(e(t)) log z(ex(t)) o' (¢).

Because of the fact a(r) < ¢ on I, we deduce that Z'(r) < a(f)z(¢)logz(¢) +
b(a(r))z(t) log z(c(r))a (¢). Therefore

a(t) log z(t) + b(a(7)) log z(cu(r)) e (7). (2.13)

Integrating (2.13) from #, to ¢, where ¢ € I, and applying some change of variables
yields

t o)
logz(1) < logc +/ a(s)logz(s) ds +/ b(s)logz(s) ds (2.14)

to OC(I(])
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for ¢+ € I. Now by a suitable application of the result given in Theorem 2.2 to (2.14),
we get

(logc) (1 + (A(r) + B(r)) exp(A(1) + B(1)))
log ¢l (AW +BO) exp(a(t)+50)] (2.15)

log z(7)

NN

where A(t), B(z) are defined by (2.12). From (2.15) we observe that
2(1) < l1HA0+BO) expla()+B0)] (2.16)

Now by using (2.16) in u(z) < z(¢), the inequality in (2.11) follows. O

In the following theorems we establish two independent-variable versions of The-
orems 2.2 and 2.3, which can be used for a qualitative analysis of hyperbolic partial
differential equations with retarded arguments. In what follows, J; = [xo,X) and
Jo = [v0,Y) are given subsets of real numbers R, and denote by A = J; X J,. The
first order partial derivatives of z(x,y) defined for x,y € R with respectto x and y are
denoted by z,(x,y) and z,(x,y), respectively.

LEMMA 2.4. Let a,b € C(\,R}), o € C'(J1,J1),B € C'(J2,J2) be nonde-
creasing function with a(x) < x on Ji, B(y) <yon Jo, k> 1and 0 <p <1 be
constants. If u € C(A,Ry.) and

Xy alx)  rB()
u(x,y) <k+ / / a(s, 0)ul (s, 1) drds + / / b(s, Nl (s,t)dtds (2.17)
x0 Jyo a(xo) 7 B(yo)

for (x,y) € A\, then

Xy alx) B
u(x,y) < kexp / / a(s,t)dtds +/ / b(s,t)dtds (2.18)
x0 Jyo a(xo0) JB(yo)

Sor (x,y) € A.

Proof. Let k > 1,0 < p < | and define a function z(x,y) by the right-hand side
of (2.17). Then z(x y) > 1,z(x0,y) = z2(x,y0) = k, u(x,y) < z(x,y), and

¥ B()
(%, y) :/ a(x, H)uf (x,1)dt + (/B b(a(x), )u’ (o(x), 1) dt) o (x)

Yo ()

< /ya(x7 N2 (x, 1) dt + (/ﬁﬁ(” b(a(x), )z (a(x),t) dt) o (x)

o (vo)

y B()
< Z(x,y)/ a(x,t)dt + z(a(x), B(y)) (/ﬁ b(a(x),1) dt) o (x).

Yo

Because of the fact a(r) < ¢ on I, we deduce that

y B()
z(x,y) < z(x,y) [/ a(x,t)dt + (/ﬁ( : b(a(x),1) dt) a’(x)] .
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The last estimate reduces to the inequality

Zx(x’y) < /ya(x7 t) dr + (/ﬁ(y>b(06(x),l) dl) O‘/(X)~ (2'19)
B

Z(x’ y) Yo ()

Keeping y fixed in (2.19), setting x = o, and integrating it with respect to o from xo
to x,x € J1, and making the change of variable yields

Xy alx)  rBW)
z(x,y) < kexp / / a(s,t)dtds +/ / b(s,t)dtds | . (2.20)
x0 /yo a(xo) v B(y)

Using (2.20) in u(x,y) < z(x,y), we get the inequality in (2.18). O

THEOREM 2.5. Let a,b € C(A,R}), o € C'(J1,J1),B € C'(J2,J2) be nonde-
creasing functions with o(x) < x on Ji, B(y) < y on Jo, and 0 < p < 1 be a
constant. If k € C(A,Ry — {0}),u € C(A,Ry) and

x oy a(x)  rBY)
u(x,y) < k(x,y) +/ / a(s,0)ul (s, t) dtds +/ / b(s,)uf (s, 1) dtds
xo Jyo a(xo) 7 B(yo)
for (x,y) € A, then

u(x,y) < k(x,y) +f (x,y) exp(Ai(x,y) + Bi(x,y))

for (x,y) € A\, where

¥
/ /ast stdtds+/ / b(s,t)kP (s, 1) dt ds,
Yo (x0) ' B(yo)
// (s, )P~ (s, ) dt ds,
/ / b(s,t)kP~" (s,1) dtds
a(x0) B(yo)

Proof. We deduce from the hypothesis on u(x,y) that u(x,y) < k(x,y) + z(x,y),
where the function z(x,y) is defined by

Xy o) rBW)
z2(x,y) = / / a(s,ul (s, 1) dtds + / / b(s,t)ul (s, 1) dt ds.
x0 /o a(xo) 7 B(yo)

By applying some the generalizations of Bernoulli’s inequality, it is easy to observe that
z(x, )"
w(x,y) <K (x,y) (1—|— )
k(x,y)

<K (x,y) (1 +pi$§;) (2.21)

Jor (x,y) € A.
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for 0<p < 1,k: A — R, —{0}. From (2.21) we get

z(x,y) <ny+p// (s, )P (5, 8)z(s, 1) dt ds
}’0

+p/ / b(s, )k’ (s,1)z(s, 1) dt ds.
XU VO

The rest of the proof follows by an argument similar to that in the proof of Theorem 2.2
with suitable changes. [

THEOREM 2.6. Let a,b, o, B,p be as in Theorem 2.5 and ¢ > 1 be a constant. If
u€ C(ARy) and

X py
u(ny) <+ / / ax, y)i (x5, y) log u(x,y) di s
X0 Yo

)
+ / / b(x,y)u’ (x,y) logu(x,y) dt ds
a(xo)  B(vo)
for (x,y) € A\, then

u(x,y) < cllHAE)+B(x))exp(A(xy)+B(xy))]

for (x,y) € A, where

Xy ax)  rB(Y)
Alx,y) = / / a(r.y)dds, Blx,y) = / / b(x.y) dids
xo 7 yo a(xo) 7 B(vo)

Jor (x,y) € A.

Proof. The proof of Theorem 2.6 follows by an argument similar to that given for
the proof of Theorem 2.3 with some minor changes. [

3. Some Application

In this section we present applications of the inequality given in Theorem 2.5 for
the study of the boundedness and uniquness of the solutions of the initial boundary
value problem for hyperbolic partial delay differential equations of the form

2y(6y) = (63, 2(6, ), 2(x = hi(x),y — 12(y))), (3.1)
z(x,y0) = a1(x),  z(x0,y) = a2(y), ai(x0) = a2(y0) =0, (3.2)

where f € C(A x R*,R),a; € C'(J;,R),a € C'(J,,R),hy € C'(J1,R,),hy €
C'(J2,R:) such that x — hy(x) > 0,y — ha(y) > 0,h}(x) < 1,h(y) < 1, and
hi(xo) = ha2(yo) = 0. Our first aim is to derive the bound on the solution of the problem
(3.1)-(3.2).
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THEOREM 3.1. Assume that f : /\ x R> — R is a continuous function for which
there exist continuous nonnegative functions a(x,y), b(x,y) for (x,y) € A such that

|f e y,u,v) [<alx,y) |u] +b(x,y) [ v, (3.3)
and
| a1(x) + a2(y) [< k(x,) (3:4)
for k: A — Ry — {0}, and let
My = max{l —Ii(x)}, Mz =max{l - y(y)}. (3.5)

If z(x,y) is any solution of (3.1)—(3.2), then
| 2(x,y) < k(x,y) +F (x,y) exp (A(x,y) + B(x,y)) , (3.6)

where

_ Xy 1 o(x)  pwly) _

f(x,) :/ / a(s,t)k(s, 1) dtds + / / b(o, 1)k(o,7)dt do,
X0 v yo MM J o) Sy
Xy

K(x,y):/ / a(s,t)dtds,
Xo < Yo

_ o(x) pw(y)
B(x,y) = M1M2/¢ / b(o,1)dtdo,
X0 v (yo

in which ¢(x) = x — hy(x),x € Ji,w(y) =y — ha(y),y € J2, and b(c,7) = b(c +
hi(s), T+ ho(2)) for o,s € J1,7,t € J>.

Proof. Under the given conditions the solution z(x,y) of the problem (3.1)—(3.2)
satisfies the equivalent integral equation

206y) = a1 (%) + ax() //fstzst) s — hi(s).1 — ho(r))) dids.  (3.8)

Using (3.3), (3.4), and (3.5) in (3.8) and making the change of variables, we obtain

| z2(x,y) |<k(x,y) // (s,2) | z(s,2) | dtds

/ / B(0.7) | 2(0,7) | drdo.  (3.9)
d(x0) < w(yo)

Now a suitable application of the inequality given in Theorem 2.5 to (3.9) yields (3.6).
The right-hand side (3.6) gives us the bound on the solution z(x,y) of (3.1)—(3.2) in
terms of the known functions. Thus, if the right-hand side of (3.6) is bounded, then we
assert that the solution of (3.1)—(3.2) is bounded for (x,y) € A. O

In the next we derive from Theorem 2.5 the uniqueness of the solutions of the
problem (3.1)—(3.2). Let z(x,y) and Z(x,y) be two solutions of the problem (3.1)-
(3.2) with the function f in (3.1) satisfying the condition

I (35w, v) = f (63,1, 9)| < alx, y)|u =l + bl y) |y =], (3.10)

_|_

M1M2
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where a,b € C(A,R. — {0}), and under some suitable conditions on the functions

M, M,, ¢, y,b asin Theorem 3.1. Then, one obtains the equivalent integral equation

dmw—aww>=/“/yvoﬁxmnx@—hmwx—hxm)

X0 0

—f (s,1,2(5,1),2(s — hu(s),1 — ha(1))) ] drds.
(3.11)

Using (3.10) in (3.11) and making the change of variables, we have

o)~z | [ [ aton) o) ~Fo.0) | drds

L oW pwo)_
+ / / b(o,7) | z(0,7) —Z(0,7) | dTrdo.
MM Jo(x0) Juio) (3.12)

Now by applying the inequality given in Theorem 2.5 to (3.12) yields

|Z(x>y) - Z(Ly)‘ < 0.

From the last estimate we infer z(x,y) = Z(x,y); that s, there exist at most one solution
of the problem (3.1)—(3.2).
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