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Abstract

The main aim of this paper is to establish some new explicit bounds
of solutions of a certain class of nonlinear dynamic inequalities (with
and without delays) of Gronwall-Bellman type on a time scale T which
is unbounded above. These on the one hand generalize and on the
other hand furnish a handy tool for the study of qualitative as well as
quantitative properties of solutions of delay dynamic equations on time
scales. Some examples are considered to demonstrate the applications
of the main results.
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1 Introduction

In 1919 Thomas Gronwall [8] proved that if 5 and u are real-valued contin-
uous functions defined on J, where J is an interval in R, ty € J, and u is
differentiable in the interior J° of .J, then

u'(t) < B(t)u(t), fort e J°, (1)
implies

u(t) < ulty) exp ( /t t B(s)) Cforallte @)

0
In 1943 Richard Bellman [4] considered the integral form of (1) and proved
that if

u(t) < aft) + t B(s)u(s)ds, fort e J, (3)
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then

u(t) < a(t) + / " a(5)A(s) exp ( / t ﬂ(ﬂ)dﬂ) ds, forall t € J,  (4)

to

where J is an interval in R, ¢y € J, and «, (3, u € C(J,RT). If in addition
a(t) is nondecreasing, then (3) implies

u(t) < aft) exp < t ﬂ(s)ds) ,forallt € J. (5)

Since the discovery of these inequalities much work has been done, and many
papers which deal with new proofs, various generalizations and extensions
have appeared in the literature, we refer to the results by Ou-lang [15],
Dafermos [7] and Pachpatte [16]. The inequalities of the form (4), which are
called the Gronwall-Bellman type inequalities, are important tools to obtain
various estimates in the theory of differential equations. For example, Ou-
Iang [15] in his study of the boundedness of certain second order differential
equations established the following result which is generally known as Ou-
Iang’s inequality: If v and f are non-negative functions defined on [0, c0)
such that

¢
u?(t) < k? + 2/ f(s)u(s)ds, for all ¢ e [0,00), (6)
0
where k£ > 0 is a constant, then
t
u(t) <k +/ f(s)ds, for all t € [0, 00). (7)
0

Dafermos [7] established a generalization of Ou-lang’s inequality in the pro-
cess of investigating the connection between stability and the second law
of thermodynamics. He proved that if u € L°°[0,7] and f € L0,r] are
non-negative functions satisfying

u?(t) < M?*u?(0) + Z/t[Nf(s)u(S) + Ku?(s)|ds, for all t € [0,7],  (8)
0

where M, N, K are non-negative constants, then

u(t) < [Mu(O) +N /O t f(s)ds] eKt,
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Pachpatte [16] established the following further generalizations of the result
of Dafermos [7] and proved that: If w, f, g are continuous non-negative
functions on [0, c0) satisfying

u?(t) < k? + 2/0 [f(s)u(s) + g(s)u®(s)]ds, for all ¢t € [0,00), 9)

where k > 0 is a constant, then

u(t) < <k+ /0 t f(s)ds> exp ( /0 tg(s)ds), for all ¢ € [0,00).  (10)

It is well known that the dynamic inequalities play important roles in the
development of the qualitative theory of dynamic equations on time scales.
The study of dynamic equations on time scales which goes back to its founder
Stefan Hilger [9] becomes an area of mathematics and recently has received a
lot of attention. The general idea is to prove a result for a dynamic equation
or a dynamic inequality where the domain of the unknown function is a so-
called time scale T, which may be an arbitrary closed subset of the real
numbers R. We assume that supT = oo, and define the time scale interval
[to, 00)T by [to,00)T := [to, 00) N'T. The book on the subject of time scales
by Bohner and Peterson [5] summarizes and organizes much of time scale
calculus. The three most popular examples of calculus on time scales are
differential calculus, difference calculus, and quantum calculus (see Kac and
Cheung [10]), i.e, when T=R, T = N and T = ¢"° = {¢' : ¢ € Ng} where
g > 1. In this paper, we will refer to the (delta) integral which we can define
as follows: If G2(t) = g(t), then the Cauchy (delta) integral of g is defined
by f;g(s)As = G(t) — G(a). It can be shown (see [5]) that if g € Cpq(T),
then the Cauchy integral G(t) := ftf) g(s)As exists, tgp € T, and satisfies
GA(t) = g(t), t € T. There are applications of dynamic equations on time
scales to quantum mechanics, electrical engineering, neural networks, heat
transfer, and combinatorics. A recent cover story article in New Scientist
[23] discusses several possible applications.

During the past decade a number of dynamic inequalities has been es-
tablished by some authors which are motivated by some applications, for
example, when studying the behavior of solutions of certain class of dynamic
equations on a time scale T, the bounds provided by earlier inequalities are
inadequate in applications and we need some new and specific type of dy-
namic inequalities on time scales. For contributions, we refer the reader to
1], 2], [3], [5], [6], [11], [12, 13], [17], [18], [19], [20] and [21] and the refer-
ences cited therein. So it is expected to see the time scale versions of the
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above inequalities and their extensions. The general form of (1) on the time
scale T has been studied in [5, Theorem 6.1]. In particular, it is proved that
if u, a and p € C,q and p € R, then

uB(t) < f(t) + p(t)u(t), for all t € [ty,o0)T, (11)

implies

t
u(t) < u(to)ep(t, o) +/ ep(t,o(s))f(s)As, for all t € [tg,00)r,  (12)
to

where RT := {a € R : 1 + u(t)a(t) > 0, t € T} and R is the class of
rd-continuous and regressive functions. A function f : T — R is said to be
right—-dense continuous (rd—continuous) provided f is continuous at right—
dense points and at left—dense points in T, left hand limits exist and are
finite. The set of all such rd-continuous functions is denoted by C;.4(T). The
graininess function u for a time scale T is defined by u(t) := o(t) —t, and for
any function f : T — R the notation f7(t) denotes f(o(t)), where o(t) is the
forward jump operator defined by o(t) := inf{s € T : s > t}. We say that a
function f : T — R is regressive provided 1+ pu(t)f(¢t) # 0, t € T. The set
of all regressive functions on a time scale T forms an Abelian group under
the addition @ defined by p ® ¢ := p + g + ppq. The exponential function
ep(t, s) on time scales is defined by

t
ep(t,s) = exp (/ fu(T)(p(T))AT) , fort € T,s € T,
S
where £, (2) is the cylinder transformation, which is given by

log(14-hz)
oo - { B b
z, h=0.
Alternatively, for p € R one can define the exponential function e,(-,tg), to
be the unique solution of the IVP 22 = p(t)x, with z(to) = 1. If p € R, then
ep(t, s) is real-valued and nonzero on T. If p € RT, then ey(t, o) is always
positive, e,(t,t) =1 and eg(t,s) = 1. Note that

ep(t, to) = exp( [y p(s)ds), if T =R,
t—1

ep(t,to) = TI (1+p(s)), if T =N,

s=to
t—1

ep(tto) = I1 (14 (a—Dsp(s)),  if T =q'%.

s=to
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The generalizations of (11) on time scales has been studied in [17, 19] and
some explicit upper bounds of the unknown function are obtained. Note
that if we put f(¢) =0 in (11), then (11) and (12) can be considered as the
time scale versions of (1) and (2). We mentioned here that the study of the
general form of (11) on time scales is important in applications, especially
in oscillation theory of dynamic equations on time scales. In particular, the
application of the Riccati techniques on second and third order dynamic
equations reduces these equations to a Riccati dynamic inequality of the
form
wA(t) < F(1) + pw(t) - gy,

which is a generalization of (11). For contributions in this direction, we refer
the reader to the book [22].

The Gronwall-Bellman dynamic inequality, which is the time scale ver-
sion of (3) has been proved in [5, Theorem 6.4]. In particular it is proved
that: If u, a and p € Cp.q and p € R, then

u(t) < a(t) —i—/ p(s)u(s)As, for all ¢ € [ty,00)T, (13)

to

implies that

t
u(t) < a(t) —i—/ ep(t,o(s))a(s)p(s)As, for all t € [tg, 00)T. (14)
to
Since (14) provides an explicit bound to the unknown function u(t) and a
tool to the study of many qualitative as well as quantitative properties of
solutions of dynamic equations, it has become one of the very few classic
and most influential results in the theory and applications of dynamic in-
equalities. Because of its fundamental importance, over the years, many
generalizations and analogous results of (14) have been established.
In [19] the author considered a dynamic inequality of the form

t
(0 < alt) + 000 [ F6(s) — gl (o(6))] s, 1€ oo, (19
to
and proved that if a, f and g are positive rd-continuous functions defined
on [tg,00)T, u(t) > 0, for all t > tg, where ¢ty > 0 is a fixed number, p, ¢ are
positive constants such that p > ¢ > 1, then (15) implies for ¢ € [tg, 00)T
that

q

1 q 1.4 t a_
u(t) < av(t)+ ]—ja (t)b(t) [/to e(a%f) (t,o(s))f(s)ar™ "(s)As|. (16)

EJQTDE, 2011 No. 86, p. 5



We note that the inequality (16) has been proved in the case whenp > g > 1.
So it would be interesting to find the explicit bound for u of (15) when
g > p > 1. Also in [19] the author considered the dynamic inequality

t

W (t) < alt) + b(t) / [f(s)u5(5)+g(s)ua(s)] As, for t € [to, 00)T,
to

when § < v and a < «, and established some explicit bounds for the function

u(t). The main results in [19] has been proved by employing the Bernoulli

inequality [14, Bernoulli’s inequality]

(1+2) <14+~z, for 0<y<landz>-1. (17)

Following this trend and to develop the study of dynamic inequalities on
time scales, we consider the general nonlinear dynamic inequality

WI(E) < alt) + b(t) / [f(s)u‘s(s)—i—g(s)uo‘(s)])\As, for ¢ € [to,00)r, (18)

to

and the delay dynamic inequality

(1) < alt) + b(t) / [F()u (r() + glshu® (n(s)] " s, for £ € [to, o).

to
(19)
For (18) and (19), we will assume the following hypotheses:

u, a, b, f and g are rd-continuous positive functions defined on [tg,00)T,
a, 0, A and v are positive constants such that v > 1.

i) {

(H3) a(t), b(t) are nondecreasing functions, 7, n : T — T such that 7(¢) < ¢,
n(t) <t and limy_,o0 7() = limy_,00 n(t) = 0.

Our aim in this paper is to establish some explicit bounds of the unknown
function u(t) of the inequality (18) and extend these results to the delay
dynamic inequality (19). When T = R, the results will be different from the
results established by Ou-Iang [15], Dafermos [7] and Pachpatte [16] and in
a time scale T the results complement the results established in [19] in the
sense that the results do not require the conditions § < v and o < v and
can be applied in the cases when § > v and o > . The main results will
be proved by employing the Bernoulli inequality (17), the Young inequality
[14]

aP  be 1 1
ab< —+ —, wherea, b>0, p>1land — + - =1, (20)
p q p q
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and the algebraic inequalities [14]
(a+b) <221 (a* +b), fora, b>0, and A >1, (21)

(a+b)* <a*+b, for a, b>0, and 0 < X < 1. (22)

Some examples are considered to illustrate the main results.

2 Main Results

Before we state and prove the main results we present some basic Lemmas
which play important roles in the proof of our main results in this paper.

Lemma 2.1 [6]. Let T be an unbounded time scale with ty and t € T.
Suppose that y, a, b, p € Crq and b, p > 0. If

y(t) < alt) + b(t)/ p(s)y(s)As, for all t € [ty,00)T, (23)

to

then

¢
y(t) < a(t) + b(t)/ a(s)p(s)epp(t,o(s))As, forall t € [tg,00)r.  (24)
to
Lemma 2.2. Let T be an unbounded time scale with tg and t € T.
Let g; : TxR — R for i = 1,2,...,n be functions with g;(t,z1) < g;(t,z2)
forallt € T and © = 1,2,...,n, whenever x1 < xo. Let v, w: T — R be
differentiable with

VR () <D gilt,v(t), wr(t) =) gilt, w(t)), for all ¢ € [to,00)r.  (25)
i=1 =1

Then v(tg) < w(to) implies v(t) < w(t) for all t € [ty,00)T.

Proof. The proof is similar to the proof of Theorem 6.9 in [5] and hence
is omitted.

Lemma 2.3. Let T be an unbounded time scale with tg and t € T.
Suppose that g; : R — R is nondecreasing for i = 1,2,...,n and y : T — R
is such that g;(y) is rd-continuous. Let p; be rd-continuous for i =1,2,...,n
and f: T — R differentiable. Then

y(t) < f(t) + Z/ pi(8)gi(y(s))As, for all t > tg, (26)
i=1 7t
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implies y(t) < z(t) for all t > tg, where x solves the initial value problem

A(t) + Zpi(f)gi(ﬂf(t)), z(to) = o > f(to) > 0.  (27)
=1

Proof. Let
t) + Z/ pi(8)gi(y(s))As, for all t > t. (28)
i=1 710
Then .
V(1) = A0 + Zp@-(t)gi(y(t)), for all £ > to, (29)

VR () < A1) +sz gi(v(t)), for all t > t. (30)

Since v(tg) = f(to) < zo = x(tp), the comparison Lemma 2.2 yields v(t) <
x(t) for all t > to. Hence, since y(t) < v(t), we obtain y(t) < z(t) where x
solves the initial value problem (27). The proof is complete.

Now, we are ready to state and prove the main results. First, we con-
sider the inequality (18) and establish some explicit bounds of the unknown
function u(t) when A > 1 and «a, § < 7. For simplicity, we introduce the
following notations:

P o =200 [P [t 6]+ 2 [ )] ] s
0 s =200 | P[] 0[], (31)
G(t) : =221 (f)‘(s) [gail(s)rJrgA(s) [%ai‘l(s)] A) .

Theorem 2.1. Let T be an unbounded time scale with ty and t € T.
Assume that (Hy) holds, A > 1 and o, 6 <. Then

¢ A
u(t) < alt) + b(t)/ [f(s)u‘s(s) + g(s)uo‘(s)] As, for t € [tg,00)T, (32)

to
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implies that

u(t) < a* (1) + LaT L Ob(w(t), for all ¢ € [to, o), (33)

y

where w(t) solves the initial value problem
w?(t) = FA(t) + b () G)w (), w(te) = wp > 0. (34)

Proof. Define a function y(t) by

0= [ [rentee + o] s (35)
This reduces (32) to
W(t) < alt) + b(t)y(t), for t € [to,o0)r. (36)
This implies (noting that v > 1) that
u(t) < (a(t) + b(t)y(®)7 , for t € [to,00)r. (37)
Applying the inequality (17), we see that
u(t) < av () + %ail(t)b(t)y(t), for ¢ € [tg, o0)T. (38)
From (37), we obtain
w®(t) < a5 (t) [1 + b(i)(zgt)} ; , for t € [t,00)T. (39)

Applying inequality (17) on (39) (where a < «y), we obtain for ¢ € [tg, 00)T
that

) < o abl) | = a2+ Xas?
w0 <ad (o) |1+ 200u0] = a0+ 2t onnn. @0
Also from (37), we obtain
u(t) < a%(t) [1 + %] ! , for t € [tg,00)T. (41)

Applying inequality (17) on (41) (where 6 < «), we have for ¢t € [tg, 00)T
that
5 b(t) 0 34

s < a0 [10 200 0) — a4 08 |
) <t [1+ S 0y0] =t @+ 2ot osne. @
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Combining (35), (40) and (42), and applying the inequality (21) (noting
that A > 1), we have

A

o) = [ [0t + o) as

to

< 2)‘_1/t [f(s)u‘s(s)]AAs—i—Q)‘_l/t [g(s)u®(s)]* As
< 27! t f2(s) [cm(s)—i—%a%l(s)b(s)y(s)])\As

This implies that

wt) < 200 [ oot )] s

= F@t)+ | G(s)y*(s)As, fort e [ty,o0)T.

Now an application of Lemma 2.3 (with n = 1 and g(y) = y"), gives that
y(t) <w(t), fort € [ty,00)T, (43)

where w(t) solves the initial value problem (34). Substituting (43) into (38),
we obtain the desired inequality (33). The proof is complete.

Theorem 2.2. Let T be an unbounded time scale with tg and t € T.
Assume that (Hy) holds, A > 1 and «, 6 < ~. Then (32) implies

(1) + b7 (Hw™ (1), for all ¢ € [ty, o0)T, (44)

2=

u(t) <a

where w(t) solves the initial value problem

{ W) = FA0) + (0w (1) + Gaty () 1), (45)
w(to) = wqy > 0,
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where F(t) is defined as in (31) and

Gi(t) := 220D t () [b%(t)r, Gy = 220D gh(¢) [b%(t)]/\. (46)

to

Proof. Define a function y(t) by (35) and proceed as in the proof of Theo-
rem 2.1 to obtain

u(t) < (a(t) + b(t)y(d)7 , for t € [to,00)r. (47)

Applying the inequality (22), we see that

u(t) < ai () + b7 (£)y7 (b), for ¢ € [ty,00)r. (48)
From (47), we obtain
u(t) < (a(t) +b@®)y(t))7 , for t € [tg,00)T. (49)

Applying inequality (22) on (49) (where @ < ), we obtain for ¢ € [tg, c0)T
that . . .
u(t) < ar (t) + b7 By (). (50)

Also from (47), we have by (22) that
W) < ad (1) +b7 ()7 (), for ¢ € [to,00)r. (51)

Combining (35), (50) and (51), and applying the inequality (21) (noting
that A > 1), we have

A

o) = [ [t + g )] o

to

IN

P /tt [f(s)u‘s(s)] ’ As+ 221 /tt [g(s)u®(s)]* As
21 [ ) ot (5) + 03 (0)yH (9)] s

to

IN

+2A1 /t 7 (s) [a%(s) + b%(s)y% (s)} ’ As.

to
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This implies that

2o
—
[Va)
N~—
—_
>
V)
-+
V)
~
d
Na)
\
s}
>
—
[Va)
N~—
| —
IS
2e
—
Va)
N~—
—_
>
P>
[Va)

y(t) < 92(A—1) ttf)\(s) [a
920D tt ) [p )] 5 (s)as

+2200-1) /t 7 (s) {b%(s)} ’ y>\<%) (s)As

to

= F(t)+ /tt [Gl(s)yk(%)(s) + Gg(s)y/\<%) (s)} As, t € [ty,00)T.

A

Now an application of Lemma 2.3 (with n =2, g1(y) =y and go2(y) =

y>\<%)), gives that
y(t) <w(t), fort € [ty,00)r, (52)

where w(t) solves the initial value problem (45). Substituting (52) into (48),
we obtain the desired inequality (44). The proof is complete.

As in the proof of Theorem 2.1 by employing the inequality (22) instead
of the inequality (21), we can obtain an explicit bound for u(¢) when 0 <
A < 1. This will be presented below in Theorem 2.3 without proof since the
proof is similar to the proof of Theorem 2.1. For simplicity, we introduce
the following notations:

a = [ [Polde] o] s
) =P 0] e n o 0] (53)
6 8_ A o o A
Gs(t) : = <f’\(t) [;av l(t)] + gM\(t) [;aw l(t)} >
Theorem 2.3. Let T be an unbounded time scale with ty and t € T.

Assume that (Hi) holds, 0 < X <1, <7 and o <. Then (32) implies

that 1
1)+~ (Ob(B)s(), € fi0.00)r (54)

2=

u(t) <a
where s(t) solves the initial value problem

s2(t) = FA(t) 4+ Gz ()b ()™ (t), s(to) = so > 0. (55)
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In the following, we apply the Young inequality (20) to find a new explicit
upper bound for u(t) of (32) when A > 1 and 0 < A < 1. First, we consider
the case when A > 1 and assume that A(«/v) <1 and A(d/7) < 1.

Theorem 2.4. Let T be an unbounded time scale with tg and t € T.
Assume that (Hy) holds, A > 1 and «, 6 <« such that (Aa/v) < 1 and
(M0/7v) < 1. Then (32) implies that

1

(t)Fy (t), te [to,o0)T, (56)

u(t) < av () + b

where

F(t) = Fo(t) + 8 | Fols)es(t,o(s)As, 8=+ g],

to

Fo(t) @ =F(t) +@/j (GI(S))W/(%M) As
+M/t (GQ(S))W(V—Aa) As,

vy to

where F, G1 and Gy are defined as in (31) and (46).
Proof. Define a function y(¢) by (35) and proceed as in the proof of
Theorem 2.2 to obtain

() + b7 (H)y~ (1), for t € [to, 00)T, (57)

2=

u(t) <a

and

t ) o
y(t) < F(t) +/ [Gl(s)yk(”)(S) +G2(5)yk<”>(8) As, t € [to,00)r, (58)
to
where F, G and G are defined as in (31) and (46). Applying the Young
)
inequality (20) on the term Gl(s)yA(ﬂ(s) with ¢ = v/A0 > 1 and p =
v/(y = Ad) > 1, we see that

- <Gl<s>>v/“—”>+<%‘5>y<s>. (59)

Gl(s)yA(%)(s) < M

Again applying the Young inequality (20) on the term GQ(S)yA(%)(S) with
g=7/Aa>1and p=~/(y— Aa) > 1, we see that
Aa

(Ga(s)) 072 4 (Sl (60)

Galspg P () « LAY
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Substituting (59) and (60) into (58), we have

y(t) < F(t)+(7_77)‘5) /t: (G1(5)70— As

+(7_77)‘O‘) /t: (G2(S))7/(“f*)\a) As

s [t
Aa + A_]/ y(s)As, for all t € [tg, 00)T.
Y T Jto

+]

From the definitions of Fy(t) and 3, we get that

t

y(t) < Fo(t) + 8 | y(s)As, fort € [ty,o0)T.
to

Applying Lemma 2.1, we have

t
y(t) < Fo(t) + 6 | Fo(s)eg(t,o(s))As, for all t € [tg,00)r.  (61)
to
Substituting (61) into (57), we get the desired inequality (56). The proof is
complete.
Theorem 2.5. Let T be an unbounded time scale with tg and t € T.
Assume that (Hy) holds, 0 < A <1 and «, § <~. Then (32) implies that

u(t) < o (t) + ia%*(t)b(t)m), £ € [to, 00)T, (62)
where

Fy(t) : =F(t)+ A tth(s)eA(t,a(s))As,

R 5 =0 +0-2 [ Gl as

where Fy and Gs are defined as in (53).
Proof. Define a function y(¢t) by (35) and proceed as in the proof of
Theorem 2.1 to obtain

u(t) < o> (1) + %ail(t)b(t)y(t), for ¢ € [to,00)T, (63)
and .
y(t) < Fi(t)+ [ Gs(s)y*(s)As, fort € [tg,00)rT, (64)
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where F| and G3 are defined in (53). Applying the Young inequality (20)
on the term Gs(s)y*(s) with ¢ = + > 1 and p = 15 > 1, we see that

Gals)y(s) < (1= X) (Ga() 7% + A (v()) "

This and (64) imply that

y(t) < Fi(t) + (1— A) /t (Ga(s)) 75 As + )\/ty(s)As, ¢ € [to, o0

to to

Using the definition of Fy(t), we get that

y(t) < Fy(t) + )\/ty(s)As, for ¢ € [to, 00)T.

to
Applying Lemma 2.1, we have

t
y(t) < Fa(t) + X | Fa(s)ea(t,o(s))As, for all t € [tg,00)r.  (65)
to
Substituting (65) into (63), we get the desired inequality (62). The proof is
complete.

Next, in the following, we consider the delay dynamic inequality (19)
and establish some explicit bounds of the unknown function u(t). First, we
consider the case when A = 1 and «, § < . For this case, we introduce the
following notations:

A(t) - :F*(t)—i—/t F*(s)G*(s)eq(t,o(s))As,
F() : = / F(s)ad () + g(s)a ()]s,
CH() = b() [ga“(t)f(tw%a?l(t)g(t) |

Theorem 2.6. Let T be an unbounded time scale with to and t € T.
Assume that (Hy) — (Ha) hold, A =1 and o, § <. Then (19) implies that

u(t) < ad (1) + %a%_l(t)b(t)A(t), £ € [to, 00)r. (66)
Proof. Define a function y(t) by
o) = [ [Fe)(r(e) + als)u (5(5)] A (67
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This reduces (19) to
u’(t) < al(t) +b(t)y(t), for te [tyg,00)r.
This implies that
u(t) < (a(t) + b(t)y(t))7, for t € [ty,00)r.

Applying the inequality (17) on (69), we see that

u(t) < at () + %ail(t)b(t)y(t), for € [y, 00)1.

From (69), since a(t), b(t) and y(t) are nondecreasing, we see that

1
u(n(t)) < (a(t) +b(t)y(t))>, for € [to,00)r.
Applying the inequality (17), we have

) + %a%—l(t)b(t)y(t), for ¢ € [to, 00)r.

2=

u(n(t)) < a
From (72), we obtain

b(t)y(t)
a(t)

Applying the inequality (17) (where a < «), we obtain

u*(n(t) < a” (¢) [1 + r . for t € [tg, 00)T.

W (1)) < a5 (1) [1 n %%yu)} — a5 1)+ 203 OH0u(0),

for t € [tp,00)r. Also as in (71), we may have

b(t)y(t)
a(t)

Applying the inequality (17) (where § < ), we have

W (r(t)) < @’ (b) [1 + ]W, for t € [tg, c0)T.

(1) [1 + %%y(f)] — a5 (1) + Lt T by (t),

2o

W (r(t) <a

EJQTDE, 2011 No. 86, p. 16



for t € [tp,00)r. Combining (67), (73) and (75), we see that

w0 = [ [F60F e + oo as

t f<s>ai<s>As+§ f(s)a™ " (5)b(s)y(s)As

IN

n / o) ()85 + 2 / a5 7 (5)g(s)b(s)y(s) As

= F*(t)+ | G*(s)y(s)As, fort € [tg,o0)T.
to

Now an application of Lemma 2.1 gives that

t
y(t) < F*(t)+ | F*(s)G"(s)eg~(t,o(s))As, for t € [ty,00)r. (76)
to
Substituting (76) into (70), we obtain the desired inequality (66). The proof
is complete.

In the following, we consider (19) and establish an upper bound for the
function w(t) in the case when A = 1 and o = 6 > ~. For simplicity, we
introduce the following notations:

oty - =257 / 05 (5) [f(5) + g()] As,

RO =257 [ 5ol + f(5)] A

Theorem 2.7. Let T be an unbounded time scale with ty and t € T.
Assume that (Hy) — (H2) hold, A\ =1 and o« = 6 > . Then (19) implies

that {1
(t) + ;aTl(t)b(t)V(t), t € [to, 00)T, (77)

where V (t) solves the initial value problem

2=

u(t) <a

VAW =v2(t) + ROV (1), Vity) = Vp > 0. (78)
Proof. Define y(t) as in (67) and proceed as in the proof of Theorem 2.3

to get
u(t) < a(t) + b(t)y(t), for t e [tg,00)T. (79)

EJQTDE, 2011 No. 86, p. 17



Applying the inequality (17), we see that
1 1 4

u(t) < av (t) + ~ar T OOy (1), for 1€ o, 00)r. (80)

From (79), since a(t), b(t) and y(t) are nondecreasing, we see that
u*(1(1)) < [a(t) + (O], for 1 € [fo,00)r.

Applying the inequality (21) (where a > ), we obtain
a(n(t) <257 [af () + b5 (YT (@], for t € [to,00)r. (81)

Also as in (81), we may have

[e3

u®(7(t)) < [a(t) +b(t)y(t)]>, for t € [ty,oc0)T.

Applying the inequality (21) (where o > ), we have

[e3 [e3

w(r(t)) < 257" [a%(t)jth(t)y?(t)], for t € [tg,00).  (82)

Combining (67), (81) and (82), we have

w0) = [ () + gls)u (n(s)) As

to

IN

25! :f<s>a:<sms+z‘i‘l ttf<s>b3<s>y3<s>ﬁs
t

t
—1—271/ g(s)aV(s)As—i—Qvl/ ()b (s)y~ (s)As
to to
t

= o(t)+ R(s)y%(s)As, for t € [tg,00)T.
to

Now an application of Lemma 2.3 (with n = 1 and g(y) = y%) gives that
y(t) < V(t), for t € [to, 00)T, (83)

where V' (t) solves the inequality (78). Substituting (83) into (38), we obtain
the desired inequality (33). The proof is complete.

Remark 1 Note that the results in Theorems 2.6, 2.7 can be extended to
the cases when A > 1 and 0 < X\ < 1. Also Theorem 2.7 can be proved as in
the proof of Theorem 2.3 when « # 6. The details are left to the interested
reader.
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In the following, we apply the Young inequality (20) to find a new explicit
upper bound for u(t) of (19 ) when «, § < . For simplicity, we introduce
the following notations:

i o = [ [f<s><ai‘<s>+b”;(s)>+g<s><ai<s>+b”;§8)> As,
B s = [ [%f<s>+§g<s>} As.

Theorem 2.8. Let T be an unbounded time scale with tg and t € T.
Assume that (Hy) — (Hz) hold, A =1 and «, § <. Then (19) implies that

u(t) < av (1) + %ail(t)b(t)vl(t), t € [to, o0)T, (84)
where Vi (t)
Vi(t) = Va(t) + /tt Vs3(s)Bi(s)ep, (t,0(s))As. (85)

Proof. Define y(t) as in (67) and proceed as in the proof of Theorem 2.3
to get
u(t) < a(t) +b(t)y(t), for t € [tg,00)T. (86)

Applying the inequality (17), we see that

) + %a%—l(t)b(t)y(t), for € [to, 00 (87)

2=

u(t) <a
From (86), since a(t), b(t) and y(t) are nondecreasing, we see that

W (t)) < [alt) + b(E)y()]7 , for t € [to,00)T.

Applying the inequality (22) (where § < ), we obtain
W (1)) < a7 (8) + b7 (t)y* (1), for t € [to, 00)r. (88)

[} )
Applying the Young inequality (20) on the term b~ (t)y~ (t) with ¢ = 3§ > 1,
and p = ﬁ > 1, we see that

b () (s) < bzf) i §y<s>. (39)
=
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This implies that
)

s b =5 (t)
.
y—0

) i %y(t), for t € [to, 00)T. (90)

Also as in (90), we may prove that

u(7(t)) < <a%(t) + byj”) + %y(t), for t € [tg, 00)T. (91)

Y—«

Combining (67), (90) and (91), we see that

y(t) = /[f(S)uO‘(T(S))+9(8)u0‘(?7(8))]A8

to

< [0 (a%<s>+bﬁ(s)>m+% F(8)y(s)As
to y—a to
e <a5<s> b”f?)AH; [ oteoas
to ~y— to

t
= V3(t)+ [ Bi(s)y(s)As, fort € [ty,00)T.
to

Now an application of Lemma 2.1 gives that

t

y(t) < Va(t) + / Va(s)B1(s)en, (10 (s))As, for all £ € [fo,00)r.  (92)
to

Substituting (92) into (87), we obtain the desired inequality (84). The proof

is complete.

Remark 2 Note that the above results can be applied on different types of
time scales. For example, if T = R, then the results in Theorems 2.8 reduce
to integral inequalities and when T =N, then the results in Theorem 2.8
reduce to discrete inequalities. This means that the above results involve
the integral inequalities and discrete inequalities as special cases. For more
details, we refer the reader to [22].

3 Applications

In this section, we give some examples to illustrate the main results. First,
we consider the second-order half-linear delay dynamic equation

(r(t) (z2(t))7)2 + p(t)z? (7(t)) = 0, for t € [to, 00)T, (93)
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on an arbitrary time scale T, and establish an explicit upper bound of the
nonoscillatory solutions, where v > 1 is a quotient of odd positive integers,
p is a positive rd—continuous function on T, r(¢) is a positive and (delta)
differentiable function and the so-called delay function 7 : T — T satisfies
7(t) <t for t € T and lim;_,o 7(t) = co. By a solution of (93) we mean a
nontrivial real-valued function x € C}[T}, ), T, > to which has the prop-
erty that r(t) (z2(t))” € C}T},00) and satisfies equation (93) on [T}, 00),
where C, is the space of rd—continuous functions. The solutions vanishing
in some neighborhood of infinity will be excluded from our consideration.
We will make use of the following product and quotient rules for the deriva-
tive of the product fg and the quotient f/g (where gg” # 0, here ¢° = goo)
of two differentiable function f and g
A A A
(f9)® = f2g+ g™ = fg™ + f2¢°, and (g) = %- (94)

Lemma 3.1 [22]. Assume that

r2(t) >0, and /OO 77 (t)p(t) At = oo, (95)

to

o0
/ At (96)
to 77 (t)

Assume that (93) has a positive solution x on [tg,00)r. Then there exists a
T € [to,00)T, sufficiently large, so that

(i) 22(t) >0, x28(t) <0, x(t) > tx™(t), for t € [T,00)T;

(17) @ is strictly decreasing on [T, 00)r.

The following theorem gives an upper bound of nonoscillatory solutions
of (93).

Theorem 3.1. Assume that (95) and (96) hold and x(t) is a nonoscil-
latory solution of (93). Then x(t) satisfies x(t) < x(t1)ex(t,t1), where

A @ ) ZONIIE
K0 =[5 * [, [ g —oowe) (5) ]2
(97)
and 6(t) is any positive A—differentiable function and A is a positive con-
stant and t € [to, 00)T.
Proof. Assume that there is a t; € [ty,00)T such that x(t) satisfies the
conclusions of Lemma 3.1 on [t1,00)r with z(7(¢)) > 0 on [t1,00). Let §(t)

and
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be a positive A differentiable function and consider the Riccati substitution

CEA ol
w(t) = 6(t)r(t) ( . é?) .

Then by Lemma 3.1, we see that the function w(t) is positive on [¢1,00)T.
By the product rule and then the quotient rule (suppressing arguments)

_ e JJF(S:N(T(:UA)V)A—7"(90A)”(fﬂ)A
e Y x°

08 o (T @t
- Fuom(G) -

Using the fact that @ and 7(t)(z>(t))" are decreasing (from Lemma 3.1)
we get
ar(t) _ 7(t) A A
> T >0 o,
R I O CIE )

From these last two inequalities we obtain

6Aw"—5p <§>V—5w. (98)

A
< —
Y= e 7 (xo)7

By the chain rule and the fact that 2 (t) > 0, we obtain

1
@) = ~ /0 [o(t) + huu(t)e® ()]~ dh (1)

1
> [ @yt
— @) A (). (99)

Using (98) and (99), we have that

5 ™\ r"(xA")'YxA
A Y o0 o _ T\ )
WS 5o v op (0) 70 vz
Since .
o P RVAN o
J'A(t) > (7“ (t)):(x (t)) ’ and .%'U(t) > x(t),
o (t)
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we get that

A o(1+3) /Aoy Vt1
09 o

Using the definition of w we finally obtain

w? < (5A)+w0 — &p (I)W _ ,YL(U)U)A, (100)

g

where \ := PYTH Define positive A and B by

1
P _wo), BMl= T (50,
(50))\703 A(f}/&)X

Then, using the inequality ANAB 1 — AN < (A — 1)B?, we get that

o r((6%)+ )
(w”)* < W

> Y
1) (50))\,’«%

A
)
(5 )Jr w®

From this last inequality and (100), we get

Ao _r@)rt ().

G o

Integrating both sides from ¢; to ¢ we get

w(t) <w(ty) + /tlt [% —op <Z>q As,

which leads to
o= [ - CY]o] o o

Applying the inequality (12), we get the desired inequality (97). The proof
is complete.

Remark 3 When 0(t) = 1, then K(t) reduces to

and then the upper bound of x(t) of (93) is given by x(t) < x(t1)ex, (t,t1).
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Next, we consider the dynamic equation

(c(h)2™(£)% = a(t) + b(D)[f ()

with z(tp) > 0 and establish an upper bound for a positive solution x(t).
To prove the main results for equation (103), we introduce the following
notations:

(t) + g(t)z 7 (1)]°, for t € [to,00)r, (103)

wlen

RO ¢ = [ [ 60056+ e ()0 ()] s
= sﬁségfls sﬁsg%fls
C. (1) —GUf(HC (5) +0”() 2 <Q,<w®
_oa(to) |1 tas ) oAt
ct) = o) +c(t) /to (s)As, B(t) = c(t)'

Theorem 3.2. Assume that a, b, ¢, f and g are rd-continuous positive
functions defined on [tg,00)T, and v, 5> 1 and «, 6 <. Then

#(t) < CF (1) + %ci—l(t)B(t)W(t), t € [to, 00), (105)
where Wi(t) solves
WA() < FA(t) + B(t)GL.()W(t), W(ty) = Wy > 0. (106)
Proof. Since 8> 1, we from (103) after application of (21), that
(c(B)a7 (1) < a(t) + 22~ (O)[F ()2 (1) + ¢ (Ha® (1)), for ¢ € [to, 00)r-

Integrating this inequality from %y to ¢, we have

(1) £ OO + BlH) [ 1)1 (5)2°(5) + bo)g (s)a(5) s,

to

Applying Theorem 2.1 with A = 1, we get that
1 1 1.
2(t) < C7 (1) + —C7 L&) BOW (L), t € [to, 00)1.
v

where W () solves the initial value problem (106). The proof is complete.

Remark 4 One can apply Theorem 2.4 to find an upper bound of z(t) of
(103) when 3 < 1. Also, one can apply the Young inequality on the term
B(t)G(t)W*(t) when a < 1 and find a new explicit upper bound for the
solution x(t). The details are left to the interested reader.
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