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Abstract. Various attempts have been made to give an upper bound for the solutions
of the delayed version of the Gronwall-Bellman integral inequality, but the obtained
estimations are not sharp. In this paper a new approach is presented to get sharp
estimations for the nonnegative solutions of the considered delayed inequalities. The
results are based on the idea of the generalized characteristic inequality. Our method
gives sharp estimation, and therefore the results are more exact than the earlier ones.
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1 Introduction

The Gronwall-Bellman integral inequality (see [5] and [8]) plays an important role in the
qualitative theory of the solutions of differential and integral equations with and without
delay.

It states that if # and x are nonnegative and continuous functions on the interval [fo, T|
(to < T < o0) satisfying

t

x(t) <c+ [ a(s)x(s)ds, to<t<T (1.1)
fo
for some ¢ > 0, then
t
x(t) < cexp( / a(s)ds), to<t<T. (1.2)
to

This estimation is precise, since the function

t
t—>cexp</a(s)ds>, to<t<T
to

satisfies (1.1) with equality.
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A number of generalizations of this inequality have been developed and studied, we refer
to the classical books [3,7,16,17] and the literature cited these.

Various attempts have been made to give a sharp upper bound for the solutions of the
following delayed version of (1.1)

x(t) <c+ t a(s)x(s)ds, to<t<T, (1.3)
0
where a, x : [tp, T[ — R, are continuous, and « : [fo, T[ — [to, T[ is a continuously differen-
tiable and increasing function with a(t) <t (tp <t < T) (see [1,2,14,15,18,19]). The obtained
estimation is
a(t)
x(t) < cexp </t a(s)ds), to<t<T,
0
which is not sharp in contrast with (1.2).

Essentially, there are two different methods to give upper bounds for the solutions of
either (1.1) or (1.3): the first one is to obtain a differential inequality from the considered
integral inequality (see [2,14,18,19]), while the second one is based on iterative techniques
(see [4,11,12]). In case of applying iterative techniques, some standard integral inequalities
are used, which can be found in a very general form in [13].

In this paper a new approach is presented to get sharp estimation for the nonnegative
solutions of the delayed inequality

x(t) <c+ ta(u)x(u —7(u))du, to <t<T, (1.4)

to

where a : [to, T[ — Ry is locally integrable, T : [to, T[ — Ry is a measurable function such
that
to—?’St—T(t), b <t<T

with some r > 0, and x : [tp —7,T[ — R4 is Borel measurable and locally bounded. By
making a substitution, it can be shown that inequality (1.3) is a special case of (1.4).

Our treatment of the inequality (1.4) uses the following observation. Under suitable con-
ditions, by introducing the function y : [to — 7, T[ — R4

t
c+ [ a(u)x(u—t(u))du, to<t<T,
y(t) = to
x(t), to—r <t <ty

the integral inequality (1.4) can be transformed to the delayed differential inequality
y'(t) <at)y(u—t(u)), to<t<T. (1.5)

Thus the nonnegative solutions of (1.4) can be estimated by the nonnegative solutions of the
differential inequality (1.5) or the nonnegative solutions of the nonautonomous linear delay
differential equation

y'(t) =at)y(u—t(u)), to<t<T. (1.6)

The results in this paper are based on the idea of the generalized characteristic inequality

a(t) exp(—/ttr(t)'y(s)ds> < (t), to <t <T, (1.7)
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and the generalized characteristic equation
t
a(t) exp(—/ 'y(s)ds> =(f), to <t<T,
t—7(t)
which is obtained by looking for solutions of (1.6) in the form
t
y(t) = exp( / ’y(s)ds), to <t<T.
to

The generalized characteristic equation has been introduced for nonautonomous linear
delay differential equations to obtain some powerful comparison results (see [10]). For a
recent application we refer to [6].

We shall use the solutions 7 : [to — 7, T[ — Ry of (1.7) to estimate the solutions of (1.4).
Our method gives sharp estimation for the solutions of (1.4), and therefore much better upper
bounds can be obtained for the solutions of (1.3) than the earlier ones.

2 A sharp Gronwall-Belmann type estimation for delay dependent
linear integral inequalities

The set of nonnegative numbers and the set of nonnegative integers will be denoted by IR
and IN respectively.

Throughout this paper measurable means Lebesgue measurable, while Borel measurability
is always indicated.

Definition 2.1. Letp e R, p < T < o0, and f : [p, T[ = Ry.

(a) We say that f is locally integrable if it is integrable over [p, t] for every t € [p, T|.

(b) We say that f is locally bounded if it is bounded on [p, t] for every t € [p, T|.
We come now to one of the principal results of this paper.

Theorem 2.2. Let tg € R, tg < T < o0, ¢ > 0, and a : [ty, T[ — Ry be locally integrable. Assume
r>0,and T : [to, T[ — Ry is a measurable function such that

to—l’St—T(t), to <t <T.

If x : [to —r, T| = Ry is Borel measurable and locally bounded such that

x(t) <c+ ta(u)x(u —1(u))du, to <t<T, (2.1)

to
then ,
x(t) < Kexp< / 'y(s)ds>, to <t<T, (2.2)

to

where the function vy : [ty — r, T[ — Ry is locally integrable, and satisfies the characteristic inequality

a(t) exp(—/tt 'y(s)ds> <q(t), to<t<T, 2.3)

—7(t)

K := max (c exp( /t:oy’y(u)du> , tofsrlg)gto x(s) exp (/stofy(u)du> > .

and
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Remark 2.3. Let fp € R, tp < T < o0, ¢ > 0, and a : [tp, T — R+ be measurable. Assume
r>0,and 7 : [to, T[ — Ry is a measurable function such that

to—TSt—T(t), to <t<T.
If x : [tp — r, T[ — Ry is Borel measurable, the function
t—a(t)x(t—1(t), to<t<T

is locally integrable, and (2.1) holds, then x is locally bounded on [t, T|, since the function
defined by the right hand side of (2.1) is continuous. This shows that the assumption of local
boundedness on x is natural.

When a and T are constant functions, we get the following corollary.

Corollary 2.4. Let tg € R, tg < T < oo,andc,a, T > 0. If x : [to — T, T[ — R is Borel measurable
and locally bounded such that
t
x(t) <c+ [ ax(u—71)du, to <t<T,

to

then
x(t) < Ke(t—to), to<t<T,

where the nonnegative number vy satisfies the inequality
a < e’

and

K := max (ce”, sup x(s)ewo_s))

to—r<s<ty

Since a is locally integrable in Theorem 2.2, it is clear that the function

a(t), t>to
to—1, T > Ry, t) =
7+ [t [ Ry, () {0, by <t <o

is locally integrable and satisfies the inequality (2.3). Thus we get the next Gronwall-Bellman
type estimation.

Corollary 2.5. Let tg € R, tg < T < o0, ¢ > 0, and a : [ty, T[ — Ry be locally integrable. Assume
r>0,and T : [to, T[ — Ry is a measurable function such that

to—rﬁt—’f(t), to <t<T.

If x : [to —r, T[ — Ry is Borel measurable, locally bounded and satisfies the integral inequality
(2.1), then
t
x(t) < Kexp( / a(s)ds), to <t<T, (24)
to

where

K:zmax(c, sup x(s)).

to—r<s<ty
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It is worth to note that in the non-delay case inequality (2.1) reduces to

t
x(t) <c+ [ a(u)x(u)du, b <t<T,

to
and the function x : [to, T[ = R defined by
ot
xo(t) = cexp( / a(s)ds), to<t<T
to

satisfies t

xo(t) =c+ [ a(u)xo(u)du, to <t<T.

fo

This yields that the estimation (2.4) is precise if T(t) =0, t > t.

Definition 2.6. We say that the function v : [fp — r, T[ — R satisfying (2.3) provides a sharp
estimation with respect to the nonnegative solutions of the inequality (2.1) if

t
x(t) < Kexp( / 'y(s)ds>, to<t<T
to

holds for any nonnegative solution x : [fg —r, T[ — R of (2.1), and there exists a nonnegative
solution xp : [to — r, T[ = R4+ of (2.1) such that

t t
0< litmTinfxo(t) exp<— / 'y(s)ds> < limsup xo(t) exp (— / 'y(s)cls) < 0. (2.5)
— 1= to to

t—T—

In the delayed case there exists 7 : [tp — r, T[ — Ry satisfying (2.3) which provides sharp
estimation as we shall see from the following result. Further, we give the smallest v which
satisfies (2.3).

Theorem 2.7. Let tg € R, tg < T < oo, and a : [to, T[ — Ry be locally integrable. Assume r > 0,
and T : [ty, T| — Ry is a measurable function such that

fo—i’gt—’((t), to <t<T.

(a) There exists a unique function § : [to —r, T| — R4 such that 4 is locally integrable and satisfies
the integral equation

a(t) exp(—/ttr(t)’y(s)ds> = (1), to<t<T (2.6)

with the initial condition
’)/(t) =0, to—r <t <t (2.7)

(b) If the function vy : [to —r, T[ — Ry is locally integrable, and satisfies the inequality
t
Mnad}/({mmﬁgym, bh<t<T,
t—t(t

then
F(t) <o), to—r<t<T.
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(c) Assume ¢ > 0. The function % : [ty —r, T| — R defined by
t
ﬁ(t):cexp</'?(s)ds>, to—r<t<T
to
is the unique solution of the integral equation
t
x(t) =c+ [ a(u)x(u—t(u))du, o <t<T, (2.8)
to
with the initial condition

x(t) =¢, to—r <t <ty. (2.9)

Remark 2.8. It comes from Theorem 2.2 and from Theorem 2.7 (c) that § provides a sharp
estimation with respect to the nonnegative solutions of the inequality (2.1).

Supplementing Theorem 2.2 the next assertion is presented.

Theorem 2.9. Let tg € R, tg < T < oo, and ¢ > 0. Let a, b : [to, T[ — Ry be locally integrable.
Assume r > 0, and T : [to, T| — R is a measurable function such that

tO—T’St—T(t), to <t<T.

Extend the function b to [tg — r, 00[ such that b(t) = 0 for to —r < t < t.
If x : [to —r, T[ — Ry is Borel measurable and locally bounded such that
t t
x(t) <c+ | b(u)x(u)du+ [ a(u)x(u—1(u))du, to <t<T, (2.10)
to to

then t
x(t) < Kexp< /t (b(s) —i—’y(s))ds>, to <t<T,

where the function vy : [to — r, T[ — Ry is locally integrable and satisfies the inequality

a(t) exp<— /ttT(t)(b(s) + ’y(s)ds)) <q(t), to<t<T, 2.11)

K := max (c exp( /t:oy’y(u)du> , tofs:;}s)gto x(s) exp( /stofy(u)du> ) .

Considerations similar to those involved in Corollary 2.5 give: under the conditions of
Theorem 2.9 the function

and

t

a(t) ex —/ bsds), t>t
vilto—rT[ = Re,  7(t) = (®) p< e )
O/ to_r§t<t0

is locally integrable and satisfies the inequality (2.11), and thus we get the following Gronwall-
Bellman type estimation for x.
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Corollary 2.10. Let tg € R, tg < T < 0o, and ¢ > 0. Let a, b : [to, T[ — R be locally integrable.
Assume r > 0, and T : [ty, T| — Ry is a measurable function such that

fo—i’gt—’((t), to<t<T.

Extend the function b to [ty — r, 00 such that b(t) = 0 for tog —r < t < t.
If x : [to — 1, T[ — Ry is Borel measurable and locally bounded such that (2.10) holds, then

t t s
x(t) < Kexp( /tob(s)ds + toa(s)exp(—/g_ﬂg)b(u)du) ds), to <t<T,

where

K := max (c, sup x(s)), fo<t<T,

to *TSSStU

The next result gives a oy which provides a sharp estimation with respect to the nonnegative
solutions of the inequality (2.10) (we need to slightly re-formulate Definition 2.6).

Theorem 2.11. Let tg € R, tg < T < oo, and ¢ > 0. Let a, b : [to, T[ — Ry be locally integrable.
Assume r > 0, and 7 : [ty, T[ — R is a measurable function such that

to—TSt—T(t), to <t<T.
Extend the function b to [tg — r, 00[ such that b(t) = 0 for to —r < t < ty.

(a) There exists a unique locally integrable function 4 : [ty — r, 0o[ — Ry which satisfies the integral
equation

a(t) exp(—/ttr(t)(b(s) + 'y(s)ds)> =(t), fo<t<T. (2.12)

with the initial condition
’)/(t) =0, to—r <t <t (2.13)

(b) If v : [to — 1,00 — Ry is a locally integrable function such that

a(t) exp(—/ttr(t)(b(s) +7(5)ds)> <q(t), t<t<T,

holds, then
y(t) < F(t), to<t<T.

(c) The function % : [ty — r,00] — R defined by

2(t) = cexp (/t:(b(s) +’y(s))ds)

is the unique solution of the integral equation

t t
x(t) =c+ | b(u)x(u)du+ [ a(u)x(u—t(u))du, to<t<T
fo fo
with the initial condition
x(t) =c, to—r <t <t
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Proof.

(a) By Theorem 2.7 (a), the initial value problem (2.12) and (2.13) has a unique solution.

(b) It follows from (a) by using Theorem 2.7 (b).

(c) We can follow the proof of Theorem 2.7 (c).

The proof is complete. O

Another result, analogous to Theorem 2.9, emerges.

Theorem 2.12. Let tg € R, and tg < T < oo. Let a, b : [to, T[ — Ry be locally integrable,
and let ¢ : [to, T[ — Ry be a positive, measurable and increasing function. Assume r > 0, and
T : [to, T[ = Ry is a measurable function such that

to—TSt—T(t), to <t<T.

Extend the function b to [ty — r, 00| such that b(t) = 0 for tog —r < t < k.
If x : [to —r, T[ — R is Borel measurable and locally bounded such that

x(t) <c(t)+ tb(u)x(u)du + ta(u)x(u —1(u))du, to <t<T, (2.14)

to fo
then ; ;
x(t) < Ke(t) exp( / b(s)ds + 'y(s)ds), to<t<T,
to

fo

where the function vy : [ty — r, T[ — Ry is locally integrable, and satisfies the inequality (2.11), and

K := max <exp( /t:or’y(u)du>,to_r]rn<as><<to ]CC((S; exp( /Stofy(u)du> )

3 Applicability of the main results

First, we compare Theorem 2.2 to a frequently used result from [18]. Another remarkable
result in [14] is its special case.
We need some notations.

Definition 3.1. Let p € Rand p < T < co.

(c) The set of all continuous and nonnegative functions on [p, T[ will be denoted by
C([p/T[/R+)

(d) The set of all continuously differentiable functions from [p, T[ into [p, T| will be denoted
by CY([p. Tl [p, T])
Theorem A (see [18]). Let tp € R, tg < T < oo, ¢ > 0, and f, g € C([to, T[,R+). Assume
a € CY([to, T, [to, T|) is an increasing function with a(t) <t (tg <t < T). If x € C([to, T[,R+)
satisfies the inequality

x(t) <c+ tf(s)x(s)ds + a(t)g(u)x(u)du, to<t<T, (3.1)
fo

fo

then

x(t) < cexp (/ttf(s)ds + /t“(t)g(s)ds>, to <t<T. (3.2)
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As we shall see in Remark 3.3, the above result is a consequence of the next theorem which
is a far-reaching generalization of it, and which comes from Theorem 2.2.

Theorem 3.2. Let t) € R, tg < T < oo, and ¢ > 0. Let f, g € C([to, T[[Ry). Assume a €
CY([to, T[, [to, T[) is an increasing function with a(t) < t (tx <t < T). Ifx € C([to, T[, R4) satisfies
the inequality (3.1), then

(a)
x(t) < cexp </ (f(s) + 'y(s))ds>, to <t<T, (3.3)

to

where the function vy : [to, T[ — Ry is locally integrable, and satisfies the inequality
Osa@en(-[ (O8] <0, n<i<T G4
(b) Foreveryty <t<T
x(t) < cexp ( /t: F(s)ds + t:zx’(s)g(a(s)) exp (— / S(S) f(u)du) ds). (3.5)

Proof.

(a) By using a substitution, we get

a(t) t
/ g(u)x(u)du = / o' (s)g(a(s))x(a(s))ds, to <t<T,

to to
and hence (3.1) holds if and only if

x(t) <c+ t:f(s)x(s)ds + t:a(u)x(zx(u))du, to<t<T (3.6)
with
a(t) =o' (t)g(a(t)), to<t<T. (3.7)

Now (3.3) follows from Theorem 2.9 with the function < given in (3.4).

(b) It follows immediately from Corollary 2.10 by using (3.6) and (3.7).

The proof is complete. O

Remark 3.3. (a) Under the conditions of Theorem 3.2 the function v € C([to, T[,R;) defined
by v(t) = a/()g(a(t)) (to <t < T) satisfies (3.4), and therefore (3.2) can be obtained from
(3.3) by applying this . We can see that Theorem A follows from Theorem 3.2.

Moreover, the explicit upper bound in (3.5) is also better than the upper bound in (3.2),
since

t s a(t)
/ o' (s)g(a(s)) exp<—/ f(u)du> ds < / Q(s)ds, to <t<T.
to a(s) to

(b) It is worth to note that the proof of Theorem 3.2 (a) shows that inequality (3.1) can be
transformed to an equivalent inequality having the form (2.10), but the converse is not true in
general.
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Remark 3.4. The extension

x(t) <c(t)+ ttf(s)x(s)ds—k a(t)g(u)x(u)du, to<t<T

fo
of (3.1) have been studied in [19] under the conditions of Theorem A, and where ¢ €
C([to, T[,R4) is positive and increasing. Like Theorem 3.2, it can be obtained an essential
generalization of the main result of [19] from Theorem 2.12.

We illustrate by two examples that (3.3) can give much better explicit upper bound for the
solutions of (3.1) than (3.2).

Example 3.5. (a) Consider the inequality

x(t) <c+ \ﬁix(u)du, t>1, (3.8)
= e =
where ¢ > 0 and x € C([1,00[,R).
Then by Theorem A,
x(t) < cexp< ﬂldu) =cexp (2(\%— 1)), t>1 (3.9)
= \ Va =
Theorem 3.2 (a) gives by choosing
vl 5 Ry,  (t) = % (3.10)
that
x(t) <cvt, t>1, (3.11)

which is not exponential estimation in contrast with (3.9).

It can be checked easily that if (3.10) holds, then the inequality (3.4) is satisfied with
equality, and hence Theorem 2.7 (b) and (c) show that (3.11) is the best upper bound for the
solutions of (3.8).

(b) Consider the inequality

t/2
x(t) < c+/ x(u)du, t>0, (3.12)
0

where ¢ > 0 and x € C(R4,Ry).
From Theorem A, we have that

t/2
x(t) < cexp </ 1ds> = cexp<£), t>0. (3.13)
0

Some easy calculations give that the function

ril0e[ = Ry, () =

Sl

satisfies the inequality (3.4) which now has the form

1 t
L _ ds) <~(t), t>0.
ZeXp< /t/z'y(S) S> < (t) >
Therefore Theorem 3.2 (a) implies
x(t) < cexp <2ﬁ), t>0, (3.14)

which is much better than (3.13).
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Remark 3.6. We mention that Gronwall-Bellman type integral inequalities have been extended
and studied in measure spaces in [12]. Estimation for the solutions of (3.12) can be obtained
from the results of [12] too:

1t 1 t
<clz+-+4= - > 0. .
x(t)_c<2—|—4+2exp<2>>, t>0 (3.15)
In spite of the very general settings in [12], the upper bound (3.15) is also sharper than the

upper bound (3.13) coming from Theorem A for every t > 0.

Next, we demonstrate the scope of the different estimations by applying them to the delay
differential equation

y'(t) = —%y(t) + %y(qt), t>1, (3.16)

with the parameter g € ]0,1]. We note that (3.16) is not a delay equation if g > 1.

We say that y € C([g, o[, R) is a solution of (3.16) if y is differentiable on [1, co[ and satisfies
(3.16) for every t > 1.

By using our basic result Theorem 2.2, we have the following.

Proposition 3.7. For every solution y of (3.16)

lim y(t) =0,

t—00
forany g € ]0,1].
Proof. By applying the variation of constants formula to (3.16) we obtain for all t > 1 that

y(t) =y(1)exp (/1t — ids) + /j(z exp (/St — 5du)y(qs)>ds

1 t
—y(1)y +t% Csylgs)ds,  t=1, (3.17)
By introducing

we have from (3.17)

x(t) =x(1) + /1t;sx(qs)ds, t>1.

The solution x € C([g, %], R) of this problem satisfies the integral inequality
£1
x(0] < )]+ | xlds, 121 (3.18)
It is an easy task to calculate that the function

Y1l ol > Ry,  m(t) =

satisfies the equation

t
1exp(—/ 'yl(s)ds) = 71(t), t>1,
qt qt
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for any g € |0, 1]. Thus it follows from Theorem 2.2 that

’y(t” = tlz\x(t)| < 1 max |y(5)’tlzexp</1t];ds>

q g<s<1

IN

1 1
- 5>, 3.19
p max [y(s)]|; > (3.19)

which implies the result.
The proof is complete. O

The previous result can be proved only partially by using other estimates.

Remark 3.8. (a) By applying the classical Gronwall-Bellman type estimation to (3.18) (see
Corollary 2.5), we have that y obeys the inequality:

1 1 t1 1_
o) = gl < e ([ ds) =@, e21 G20
It follows from this that every solution of (3.16) tends to zero at infinity if 3 < g < 1. At

the same time estimation (3.20) is useless if 0 < g < %
(b) Theorem A cannot be applied for (3.18) directly: the inequality (3.18) is equivalent to

qat 1
*OI< xW]+ [ llds,  t21,
q qu

where the range of the function « : [1,00[ — R, a(t) = gt is not a subset of [1,c0] for any
0<g<l
(c) It is not hard to check that the function

T2 [q,OO[ - R—O—/ ’)’2(t> =
satisfies the inequality
1 t
il exp<—/ 'yz(s)ds> < 7a(t), t>1,
qt gt

and therefore Theorem 2.2 implies

1 _1 1 t1
O] = lx(O] < max|y(s) |z exp( [ —ds

g<s<1 \/ﬁs
_1 a_
< g Vi max |y(s)|tVi 2 t>1,

q<s<1

which shows that every solution of (3.16) tends to zero at infinity only if 1 < ¢ < 1.

(d) Since y : [g,00[ — R, y(t) = 1 is a solution of (3.16), (3.19) is the best estimation in the

sense that it gives the best convergence rate for the solutions.

Finally, we consider the integral inequality

x(t) <c+ /Ota(s)x(s)ds, t>0 (3.21)
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together with its approximating inequality

) <c+t / }h) ds, t>0, (3.22)

where 1 € ]0,1] is the step size, and [-] denotes the greatest integer function.
Clearly, (3.22) is an integral inequality with the delay function

T(t):t—[;l]h, £>0,

therefore Theorem 2.2 is applicable to get the next statement.

Theorem 3.9. Assume c > 0,a € C([0,00[, Ry), and h € |0,1]. Then the following statements hold.

(a) Any measurable and locally bounded solution x : [0, 00[ — R4 of (3.21) obeys
t
x(t) < cexp (/ a(s)ds), t>0.
0

(b) Any Borel measurable and locally bounded solution u : [0, 0] — R of (3.22) obeys

u(t) <cexp </Ot'yh(s)ds>, t>0, (3.23)
where ([t} )
t) = sy ,  t>0.
O = T (- )
(c) We have
(t) <a(t), t>0,
and

lim () = a(t),  t>0.
h—0

Proof. (a) and (c) are obvious.
(b) This follows from Theorem 2.2 and the identity

t
a < [t} h> = vu(t) exp </ ’yh(s)ds>, t>0. (3.24)
i ol
(3.24) can be written in the equivalent form

”(mh) = alnh) =5 +a(n§17;}(lt) — i) OF (/;1 ¥ a(fz;:)lz - nh)ds)'

where nh <t < (n+ 1)h for some nonnegative integer n (of course, n depends on h).
The proof is complete. O

It is worth to note that (3.23) gives for every nonnegative integer n

(n+1)h) < CH exp </ lH)h’yh(s)ds) = cﬁ(l + ha(ih)). (3.25)

i=0
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On the other hand we have from (3.22)

worrom et [ a([S)u([]n)as nzo
or equivalently

u((n+1)h) <c+ iha(ih)u(ih), n > 0.
i=0

Suppose that the latest inequality is an equality, that is

u((n+1)h) :c+iha(ih)u(ih), n>0
=0

1

with
u(0) =c.

The previous initial value problem can be solved easily:
u((n+1)h) —u(nh) = ha(nh)u(nh), n>0,
that is
u((n+1)h) = (1+ ha(nh))u(nh), n>0,

and hence

u((n+1)h) = cﬁ(l + ha(ih)), n > 0.
i=0

This verifies again that estimation (3.25) is sharp.

4 On sharpness of the classical estimation in the delayed case

Consider the inequality
t
x(t) <c+ [ a(u)x(u—t(u))du, to<t<T

to

under the conditions in Theorem 2.2. It follows from Corollary 2.5 that the estimation

t
x(t) < Kexp< / a(s)ds), to<t<T
fo

(4.1)

(4.2)

holds for every nonnegative solution x of (4.1) (x : [fp —r, T[ — R is Borel measurable and
locally bounded), but Theorem 2.7 ensures that (2.2) is more exact than (4.2). This means (see
Remark 2.8) that there exist a function v : [ty — 7, T[ — Ry satisfying (2.3) which provides a
sharp estimation with respect to the nonnegative solutions of the inequality (4.1) in the sense
of Definition 2.6, but a does not provide a sharp estimation with respect to the nonnegative
solutions of the inequality (4.1) in general. Thus a natural question is: for which classes of

inequalities (4.1) is the estimation (4.2) sharp?

The next proposition shows that the estimation (4.2) is sharp under some integral condi-

tion.
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Proposition 4.1. Let ty) € R, tg < T < o0, and a : [to, T[ — R be locally integrable. Assume r > 0,
and T : [ty, T — Ry is a measurable function such that
to—?’St—T(t), to <t<T.
Extend the function a to [to — r, T| such that a(t) = 0if to —r < t < fo.

(a) The function a provides a sharp estimation with respect to the nonnegative solutions of the inequal-
ity (4.1) if and only if

/tOT(a(s) — 4(s))ds < co. 4.3)

/tOT“(S) (1 —exp <—/:T(s)a(u)du> > ds < oo, (4.4)

() If

then (4.3) is satisfied.

(0) I

/toT <ﬂ(5)/siT(S)a(u)du> ds < oo,

Proof. (a) Assume (4.3) holds. By Theorem 2.7 (c),

then (4.4) is satisfied.

xo(t) = exp( /t'?(s)ds>, to—r<t<T

to

is a solution of (2.1), and hence (2.5) is true with this solution.
Conversely, assume the existence of a solution xg : [fp —r, T[ — R of (4.1) such that (2.5)
holds. By Theorem 2.2,

t
0< liminfxo(t)exp<— / a(s)ds)
t—T— to
t
< Kliminfexp(— / (a(s) — '?(S))dS), to<t<T
t—T— to

which implies (4.3).
(b) Since 0 < 4(t) < a(t) (to —r <t < T), it follows from Theorem 2.7 (a) that

[le-sone= (-on( [ )
< /tOTa(S) (1 —exp <—/sz(s)a(u)du>)ds.

(c) According to1 —e ™ < x (x > 0),

The proof is complete. O
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5 Monotone dependence of the estimation with respect to the delay
As an illustration, consider the delay differential equation
x'(t) = ax(t — 1), t>0, (5.1)
where a > 0 is fixed and T > 0 is a parameter. The characteristic equation of (5.1) is
vy =ae ", (5.2)

The unique solution of (5.2) is denoted by (7). It is easy to check that v : Ry — Ry is
decreasing that is 0 < 7y < T, implies 0 < y(w) < (7). It follows from this that for
0 < 11 < 1, the solutions

xi(t) =" >0, i=1,2
of the initial value problems

X(t) =ax(t— 1), tZO} Z,

=1,2,
x(t)=1, —15<t<0

satisfy
xz(t) S xl(t), t 2 0.

These simple observations are generalized in this subsection.
Lettp € R, tp < T < oo, ¢c > 0, and a : [tp,T| = R be continuous. Assume r > 0,
T : [to, T[ = R is a continuous function such that

to—?’St—T(t), to<t<T

and ¢ : [tp — 1, tp] — R is continuous. It is well known that the initial value problem

x'(t) =a(t)x(t—1(t)), to<t<T 5.3)
x(t) = (t), —r<t<to '
is equivalent to the integral equation
t
x(t) = x(to) + [ a(u)x(u—t(u))du, to<t<T (5.4)

fo

with the same initial condition.
Consequently, we consider integral equations first.

Proposition 5.1. Let tg € R, tg < T < 0o, ¢ > 0,and a : [ty, T[ — R be locally integrable. Assume
r>0,and 1, 7 : [to, T| = R4 are measurable functions such that

to—i’gf—’l’i(t), hh<t<T, i=1,2,

and
Tl(t) < Tz(t), to <t <T. (55)
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(a) If §; : [to — r, T[ — Ry is the unique solution of the integral equation (see Theorem 2.7 (a))
t
wep(~ [ ads) =), w<t<T, i=12
t—T1(t

with the initial condition
Y(#) =0, to—r<t<t,

then
F2(f) < 91(t), to<t<T.

(b) If the function %; : [to — r, T[ — Ry defined by

t
J?i(t):cexp</t'?i(s)ds), to—r<t<T, i=12
0

is the unique solution (see Theorem 2.7 (c)) of the integral equation

x(t) =c+ ta(u)x(u —7i(u))du, o <t<T,

to

with the initial condition
x(t) =c, to—r<t<ty,

then
Xz(t) S xl(t), t Z 0.

Proof.

(a) Since 41 is nonnegative, (5.5) yields that

t t
/ F1(s)ds > / F1(s)ds, to<t<T,
t

—1(t) t—11(t)
and therefore ,
a(t) exp (—/ ( )ﬁl(s)ds> < F1(1), to <t <T.
t—1(t

Now the result follows from Theorem 2.7 (b).

(b) It is an immediate consequence of (a).

The proof is complete. O
We arrive now at an application of the foregoing results to differential equations.

Proposition 5.2. Let to € R, tg < T < 00, ¢ > 0, and a : [tp, T| — R be continuous. Assume r > 0,
71, T2 ¢ [to, T| = Ry are continuous functions such that

to—rft—’l'i(t), o <t<T, 1=1,2, (56)

and
Tl(t) < Tz(t), b <t<T,
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and assume ¢ : [to — 1, to] — R is continuous. If x : [to — r, T[ — R is a solution of the initial value
problem

4

X(t)=a(t)x(t—n(t), to<t< T}

x(t) =¢(t), —r<t<t
and the function 1 : [to —r, T[ — Ry is locally integrable and satisfies the inequality
exp< > < 71(t), to <t<T, (5.7)
t— Tl
then

x()] < max W@mm(éﬁmmg, h<t<T

tg—r<s<ty

Proof. By Proposition 5.1 (a), if 4; : [to — 7, T[ — Ry is the unique solution of the integral
equation (see Theorem 2.7 (a))

t
la(t)] exp<—/ ()’y(s)ds) = (1), to<t<T, i=12
t—1(t

with the initial condition
’Y(t):(), to—r <t<ty,

then
W) <),  th<t<T. (5.8)
Since 7y; satisfies the inequality (5.7), Theorem 2.7 (b) and (5.8) yield
F2(t) S Ha(t) <),  to<t<T. (5.9)

According to the equivalence of (5.3) and (5.4) we have

¥(0)] < ()] + [ la()llx(u—n@)ldu,  w<r<T,
where
x()] = lo(t)],  —r<t<t,
and therefore by Theorem 2.2 and (5.9),

t t
|x(£)] < Kexp( / %(t)ds) < Kexp( 71(s)ds>, o <t<T
to to

with
K= max |¢(s)| O

to—r<s<ty

Remark 5.3. Let tg € R, tg < T < o00,c > 0,and a : [fp, T| — R4 be positive and continuous.
Assume r >0, T : [tp, T[ — Ry is a continuous function such that

tQ—T’St—T(t), to <t<T.
Consider the unstable type delay differential equation
x'(t) = a(t)x(t — (1)), to<t<T. (5.10)

The interesting meaning of the above theorem is that the positive solutions of (5.10) growth
faster at infinity if 7 is replaced by a smaller delay.
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6 Proofs of the main results

Proof of Theorem 2.2. (i) First we prove the result when the restriction of x to [tp, T[ is continu-
ous.
Lety: [to —r, T[ — R be defined by

) = x(esp(— [ a(s)as)

Then y is Borel measurable and locally bounded, continuous on [t, T[, and (2.1) implies

that
y(t) < cexp(—/t:_r'y(s)ds> —l—exp(—/t:_rfy(s)ds)

t

X /a(u) exp (/tu_T(u)'y(s)ds>y(u —7(u))du, to<t<T.

0o—7r
to

Hence for every to <t < T

) < cop(— [ a(s)ds) ewp(— [ 1(s)as)

-t u u
X /t a(u)exp(—/ur(u)’y(s)ds> exp( /tr'y(s)ds)y(u —7(u))du.
By applying (2.3), we have

y(t) < cexp(—/t:rfy(s)ds> +exp<—/t:r'y(s)ds>

X /t'y(u) exp( /tu 'y(s)ds>y(u —7(u))du, to<t<T. (6.1)

to o—r

Let

S
L:=max|c, sup x(s) exp(—/ 'y(u)du> ,
to—r<s<ty to—r
and let L1 > L. The definition of L yields

y(t)§L<L1/ tO_rgtStO/

and therefore the continuity of y on [ty, T[ implies that there exists g4 > 0 for which to+g9 < T
and
y(t)<L1, to <t <typ+gq.

Assume there is a t; from |ty + ¢, T[ such that y(t;) = L;. Since y is continuous on [tg, T|,
it can be supposed that y(t) < L; for every f € [fg, t1].
It follows from (6.1) and L; > L > c that

y(t) < ceXP<—/t1 'r(s>d5>

to—r

+exp<—/t:_r'y(s)ds> /t:'y(u)exp< /tou_r'y(s)ds> Lidu
= cexp<—/t:l_r'y(s)ds> + L <1 - exp<—/t0t1'y(s)ds>)
=L+ exp(—/t:r'y(s)ds) (c - L exp( /t:or'y(s)ds)> < Ly,
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which contradicts y(t;) = L. Hence
y(t) < Ly, o <t<T. (6.2)
Since L1 > L is arbitrary, (6.2) shows that
y(t) <L, to <t<T.

From what we have proved already follows that

w0 =yew( [ 2e)as)

t t
< Lexp< / 'y(s)ds> = Kexp( / 'y(s)ds>, to <t<T.
to—r to

(ii) Now assume x is Borel measurable and locally bounded.
Introduce the function z : [t — 7, T[ = R,

x(t), to—r<t<ty
2(t) = {c—l— ta(u)x(u —7(u))du, to<t<T

to
Then (2.1) and the definition of z imply that x(¢t) < z(t) (tc —r < t < T), and therefore

z(t) =c+ t:a(u)x(u —7(u))du
<c+ ta(u)z(u —7(u))du, to <t<T.

to

Since z is continuous on [ty, T|, it follows from the first part of the proof that

x(t) <z(t) < Kexp( /tt 'y(s)ds>, to<t<T,

o—r
where
S
K := max (c, sup  z(s) exp<—/ 'y(u)du)>

to—r<s<ty fo—r

S
= max (c, sup x(s)exp(—/ 'y(u)du>).
to—r<s<ty fo—r
The proof is complete. O

Proof of Theorem 2.7. (a) Extend the function a to [ty —r, T such that a(t) = 0if tg —r < t < .
The functions 7, : [to —r, T[ = R4 (n € IN) are defined inductively by the formulae

Y(t) =a(t), to—r<t<T (6.3)

and

Ynt1(t) = a(t) exp( > to—r<t<T. (6.4)

It can be proved by induction easily that 0 < yu(t) <a(t) (to—r <t < T)and vy, is locally
integrable for all n € IN.
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We show by another induction argument on k that for every k € IN

0<m(t) <ys(t) < < yoppalt) <o
< yu(t) < < mat) < qo(t) =alt),  to—r<t<T. (6.5)

By using (6.3) and (6.4), it is easy to check that
0<11(H) <13t < 1alt) < po(t) =alt),  to—r<t<T.

Now, assume

0 < Yor1(f) < vorp1(t) < yargalt) < yax(t) < a(t), to—r<t<T. (6.6)
Then
t
rasa(®) =alt)ep(— [ 1mia(e)s)
t—1(t)
t
> a(t) exp(—/t (t)'ka(s)ds> = Yorr1(), to—r<t<T,
—T
and thus

vaeat) = atyexp(= [ rma(s)ds)

t
<a(t) exP(‘/tT(t)’szH(S)dS) = Yors2(t), to—r<t<T,

Similarly,
t
Yokra(t) = a(t) eXP(‘/tT(t)’szJrz(S)dS)

t
<a(t) exp(—/tr(t)'mﬂ (s)ds) = Yort2(t), to—r<t<T,

and therefore

vaea(®) = o exp (= [ pia(o)is)

t
> a(t) eXp<—/t (t)'72k+2(5)d5> = Yar13(t), to—r<t<T,
-7
We have proved that (6.6) implies

0 < Yor41(t) < Yorsa(t) < Yarga(t) < yorsa(t) <alt), to—r<t<T.

In the next step we show that the sequence (7,);,_, is convergent and the limit is a solution
of the integral equation (2.6) with the initial condition (2.7).

Due to (6.5), the sequences (Yak)ro and (7yax11)ro are convergent on [to — r, T[, and the
functions

Yup [to—1,T[ = Ry, 'Yup(t) = lm 7 (t)

n—oo

and
Yiow : [lo— 1, T[ = Ry, Yiow (t) = lim Yok+1(t)
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are locally integrable and 7iow < Yup-
Now, (6.4) and Lebesgue’s convergence theorem (it can be applied by (6.5)) insure that

t
Tt) =) exp(~ [ mow(s)is),  mor<i<T ©7)
t—1(t
and

t
Tow (£) = a(t) exp(—/ ( )’yup(s)ds>, to—r <t<T. (6.8)
F—T(¢
Since |[e™* —e Y| < |x —y|if x, y > 0, it follows from (6.7) and (6.8) that
0< '}’up(t) - ’)/low(t)

< a(t)/t:r('yup(s) — Tow (5))ds, to—r<t<T, (6.9)

and therefore the Gronwall-Bellman inequality gives that § := yup = Yiow- By (6.7) § is a
solution of the integral equation (2.6) with the initial condition (2.7).

Only the task of confirming the uniqueness of 4 remains. Assume -y; and 7, are solutions
of the integral equation (2.6) such that the initial condition (2.7) holds. Then

a(t)

exp(~ [ mos) —exp(= [ m@)is)| =Im)-m(),  w-r<i<T,

-7 —T

Following the argument of (6.9), we have from this

[r1(t) — 72 (t)| < a(t)/t:_rlfn(S) —ra(s)|ds,  to—r<t<T,

and hence the Gronwall-Bellman inequality can be applied again.
(b) We define the functions A, : [t —r, T[ = Ry (n € IN) by recursion similarly to (6.3)
and (6.4):
)\o(t):’y<t>, to—r<t<T

and
t

Awri(t) = a(t) exp <_/t_r(t)

It can be proved by induction that 0 < A, (t) < a(t) (to—r <t < T)foralln > 1and A, is
locally integrable for all n € IN.

/\n(s)ds>, to—r<t<T.

As in (a), another induction argument on k gives that for every k > 1

Yok—1 < Ak < Yok—2

and

Yor—-1 < Agkr1 < Yors

where (7,) is the sequence defined by (6.3) and (6.4).
These inequalities, A1 < Ag = 7, and the properties of (7,) give that

= lim A, <.

n—oo
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(c) Since §(f) =0 forall tg —r < t < ty, X(t) = c for all tg —r < t < ty. By the definition of
% and the meaning of 4,

t

o [ alw)(u—(u)du=c+ t:a(u)cexp /t:”(”) ?(v)dv)du
<1+ / "a( )exp(— / :(u)'?(v)dv> exp< /t:'?(v)dv>du)

c< ) exp /t:ﬁ(v)dv> du>

<1 +exp( v)dv> - 1> — cexp </t:'?(v)dv>

(t to<t<T.

c

We have proved that £ is a solution of (2.8) with the initial value (2.9).
Suppose x;1 and x; are solutions of (2.8) with the initial value (2.9). Then they are continu-
ous,

|1 () — x2(8)| < /ta(u)|x1(u —T(u)) — x2(u — t(u))|du, to <t<T,

fo
and
]xl(t)—xz(t)| :0, to—i’StS to.

By Theorem 2.2, with v = 4, we have
|X1(t)—X2(t)|:O, to—r <t<T,

and thus the uniqueness of the solutions is also proved.
The proof is now complete. O

Proof of Theorem 2.9. By applying the variation of constants formula to (2.10) we get

x(t) < cexp </t:b(v)dv) + /ta(u)x(u —7(u)) exp (/utb(v)dv> du, to<t<T. (6.10)

to

Define y € C([to —r,00[,Ry) by

y(t) = x(t) exp (/t: - b(v)dv), to—r<t<T. (6.11)

It follows from (6.10) that

y(t) <c+ exp< /t: - b(v)dv)
X /t:a(u)y(u —7(u))exp </t:_f(u)b(v)dv + tb(v)dv) du

u

=c+ ta(u) exp<—/u:(u)b(v)dv>y(u —7(u))du, to <t<T. (6.12)

to

The function

t
t—a(t) exp(—/tr(t)b(v)dv) to<t<T



24 1. Gydri and L. Horvdth

is nonnegative, and the measurability of T yields that it is also locally integrable. This and
(2.11) show that Theorem 2.2 can be applied to (6.12), and therefore

t
y(t) < Kexp (/ 'y(s)ds>, to <t<T, (6.13)
to
where
t t
K :=max| cexp (/0 'y(u)du), sup x(s)exp </0'y(u)du> . (6.14)
to—r to—r<s<ty S
The result follows from (6.13) and (6.14).
The proof is complete. O

Proof of Theorem 2.12. Extend the function c to [to — 7, T[ such that c(t) = ¢(0) if tp —r < t < ty.
Since c is positive and increasing, and the other functions are nonnegative, we have from
(2.14) that

x(t) G X0 (= T(w)
T S b gpydu | s r—ssdn, o <t<T. (6.15)

Introducing the function

y:lto—1rT[—= Ry, y(t) == EOK

(6.15) yields
y(t) <1+ tb(u)y(u)du + tu(u)y(u —1(u))du, to <t<T,

fo to

and therefore Theorem 2.9 can be applied. O
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