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Abstract. We provide explicit conditions for uniform stability, global asymptotic
stability and uniform exponential stability for dynamic equations with a single delay
and a nonnegative coefficient. Some examples on nonstandard time scales are also
given to show applicability and sharpness of the new results.
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1. Introduction

Different types of stability for linear delay differential and difference equations,
even with a single delay, continue to attract attention, see, for example, the
recent papers [20,35] and references therein. For linear delay equations, the
stability type has been connected to properties of the kernels of solution repre-
sentations [4,8, 35].

The purpose of the present paper is two-fold:

1. to unify the results connecting different types of stability with estimates of
the fundamental solutions for delay differential and difference equations,
and extend them to equations on other types of time scales;

2. to outline the difference between discrete and continuous time scales: the
two parts of our main results coincide for differential equations but have
a meaningful difference for difference equations; for other time scales, the
two conditions coincide at the right-dense points and differ at the right-
scattered ones.
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In this paper, we study uniform stability, global asymptotic stability and uni-
form exponential stability of solutions to the delay dynamic equation

2 (t) + A(t)x(a(t)) =0 for t € [to, 00)r, (1)

where T is a time scale unbounded above, A € C_4([to,o0)r,R]) and
a € Cy([to, o), T) with lim;_,., a(t) = co. Here, the notations Rt := (0, 00)
and R} := [0,00) are used. Further, we will be assuming one of the following
properties for the delay function a:

(A1) «(t) <tforall t € [ty,0)T;
(A2) a(o(t)) <tforallt e [ty,o00)r.
To use in the sequel, we need to define the least value of the delayed argument

a,(t) == inf{a(n) : n € [t,00)r} fort € [ty, 00)T.

Note here that a,(t) > —oo for any t € [ty, 00)r since lim; ., a(t) = oo yields
that there exists t; € [tg,00)r such that «a(t) > to for all ¢ € [t;,00)r and
inf,c(to.41]r (1) is finite by [13, Theorem 1.60 (ii) and Theorem 1.65]. Clearly, o,
is a nondecreasing rd-continuous function on [ty, 00)r. Further, for monotone
nondecreasing «, we have a,, = a on [tg, 0o)r. We also define

a_1(t) :=sup{n € [ty,00)r : ax(n) <t} fort € [ty, 00)r.

It is easy to see that for each s € [tp,00)r, we have a,(t) > s for all
t € [a_1(s),00)r.

If the delay « is strict, i.e., a(t) < ¢ for all ¢ € [tg, 00)r, then (A2) holds. In
particular, (A1) and (A2) are the same for T = R since o(t) =t for all t € R,
while (A1) is weaker than (A2) for T = Z since (A2) means «a(t) <t —1 for all
teZ.

The so-called Hilger-derivative 2 in (1) turns out to be the usual deriva-
tive ' when T = R, and the forward difference operator A when T = Z, i.e.,
Ax(t) = x(t+ 1) — z(t) for t € Z. Hence, our study here will unify some of the
fundamental stability results for delay differential equations

2 (t) + A(t)z(a(t)) =0 for t € [ty, 00)r (2)
and delay difference equations
Ax(t) + A(t)z(a(t)) =0 for t € [ty, 00)z. (3)

As presented in [13, Examples 1.38-1.40], there exist some phenomena in real
world applications which cannot be described by only either continuous or dis-
crete models. The present paper aims to extend the classical stability tests for
more general type of equations called dynamic equations.
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Stability and asymptotic stability of the differential equation (2) have been
studied in [31, 39,40, 47], and the exponential stability of (2) in [4,5]. Some
results on stability and asymptotic stability of (3) can be found in [18,23, 26,
33,35-37,48,49], and some results on the exponential stability in [6,7,35].

We mention here [1,2,12,30,45,46] and (3,19, 21,22, 41-44], which deal
with asymptotic stability and exponential stability of the dynamic equation (1),
respectively. Further, we refer the readers to the papers [9, 14,24,29] for a
discussion on stability and the time scale exponential function.

Let us proceed with definitions of the solution and the stability of (1).

Definition 1.1 (Solution). A function z : [a(to),00)r — R, which is rd-
continuous on [ (ty), to]r and A-differentiable on [ty,00)r with an rd-conti-
nuous derivative, is called a solution of (1) provided that it satisfies the equal-
ity (1) identically on [tg, 00)r.

Definition 1.2 (Uniform Stability). The trivial solution of (1) is said to be
uniformly stable if for any ¢ € RT, there exists 6 € RT such that for any
s € [tg, 00)T, any solution z of the initial value problem

z2(t) + Atz (a(t)) =0 for t € [s,00)7
x(s) =z9 and xz(t) = p(t) fort € [a.(s),s)r,

(4)

with |2o| + SUD,c(a, (s),5)- [9(1)| < & satisfies [x(t)| < € for all ¢ € [s, 00)7.

Definition 1.3 (Global Attractivity). The trivial solution of (1) is said to be
globally attracting if for any s € [tg,00)r, any solution z of the initial value
problem (4) satisfies lim; ., z(t) = 0.

Definition 1.4 (Global Asymptotic Stability). The trivial solution of (1) is
said to be globally asymptotically stable if it is uniformly stable and globally
attracting.

Definition 1.5 (Uniform Exponential Stability). The trivial solution of (1) is
said to be uniformly exponentially stable if there exist constants M, \ € R*
such that for any s € [tg, 00)r, any solution = of the initial value problem (4)
satisfies

rx<t>rSMe@A<t,s>(\xo|+ sup mn)\) for all ¢ € [s,00)r.

n€lo(s),8)r
It is shown in [16, Theorem 2.1] that for time scales with bounded graininess
(such as T = R and T = Z), the term egy(t, s), where A € RT, in Definition 1.5
can be replaced by e_,(t, s), where A € RT and 1 — Apu(t) > 0 for all ¢t € T (see
[16, Theorem 2.1]).
Obviously, one has the following implication chart (see [29, Corollary 5.7]
or Corollary 7.5):
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The structure of the paper is as follows. In Section 2, we start with fun-
damental properties related to the fundamental solution of (1), which will be
required in the sequel. Section 3 and Section 4 include explicit conditions for
uniform stability, global asymptotic stability and uniform exponential stability
under the primary assumptions (Al) and (A2), respectively. In Section 5, we
provide three examples to show applicability of the new results on some non-
standard time scales. Section 6 includes some directions for future research.
Section 7 is the appendix. We describe auxiliary results related to the fun-
damental solution in Subsection 7.1, the time scales exponential function in
Subsection 7.2 and the basic time scales calculus is presented in Subsection 7.3.

2. Definitions and auxiliary results

In this section, we first introduce the notion of the fundamental solution and the
variation of parameters formula for (1). Then, we will give three main theorems
on the stability of (1).

Definition 2.1 (Fundamental Solution). For s € [tg,00)r, the solution
X =X(-,s) : [a.(s),00)r — R of the initial value problem

2 (t) + At)x(a(t)) =0  for t € [s,00)r,
z(s)=1 and z(t) =0 fort € [a(s),s)r
is called the fundamental solution of (1).

The following result can be found in [15, Lemma 2.2].

Lemma 2.2 (Solution Representation). Let s € [ty,00)r and x be the solution
of the initial value problem

22 (t) + A z(a(t)) = £(b) fort € [s, 00)T,
z(s) =z and x(t)=p(t) fort € [a.(s),s)r,

then

fv(t)z?f(t,S)ro—/ X(tua(n))A(n)so(a(n))AnJr/ X(t,a(n))f(n)An

for t€ls,00)r, where X is the fundamental solution of (1). We assume above
that functions vanish out of their specified domains, i.e., p(t)=0 fort €[s, 0o)r.
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For the next theorem, we introduce the condition

sup )T{ / e A} <o )

SE€[to,00

which is equivalent to limsup,_, fsa’l(s) A(n)An < .

Theorem 2.3. Assume that (5) holds. Then, the following statements are
equivalent:

(1) The trivial solution of (1) is uniformly stable.
(ii) There exists My € R™ such that

X (t,s)| < My for all (t,s) € Ay, (6)

where
Ay ={(t,s) e TxT:t>s>1}. (7)

Proof. (i) = (ii). Let the trivial solution of (1) be uniformly stable. Given
e € RT, there exists § € R such that for any s € [tg, 00)r, any solution x of
(4) with |zo| + SUP,efa, (5),5)r P(M)] < 0 satisfies |z(t)] < e for all ¢ € [s,00)r.
For a fixed s € [ty, 00)r and the solution z(t) := $X(t,s) for t € [s,00)r, we
see that [x(t)| < e for all £ € [s, 00)1 since |z(s)| + SUP, o, (5.0 [£(M)] = § < 6.

Hence, (6) holds with M, := 2.

(il) = (i). Let K := supse[to,oo)qr{fsa_l(s) A(n)An}. Using Lemma 2.2 and
the vanishing property of the initial function ¢, we have for all ¢ € [s, 00)r

,8)T

2] < My ( v t A<n>¢<a<n>>An) < My ( v e A(n)w(a(n))ﬁn>

§M0<x0—i—Ko sup |¢(n)\>§MO(Ko+1)(wo+ sup Iw(n)l),

n€[ax(s),s)T n€[ax(s),s)T
from which the uniform stability of the trivial solution of (1) follows. O

Theorem 2.4. Assume that (5) holds. Then, the following statements are
equivalent:

(i) The trivial solution of (1) is globally attracting.

(ii) limy oo X(t,5) =0 for any s € [ty, 00)7.
Proof. (i) = (ii). If the trivial solution of (1) is globally attracting, then it is
obvious from Definition 1.3 that lim; ., X'(t,s) = 0 for any s € [ty, 00)r.

(ii) = (i). By Theorem 7.1, the fundamental solution X" (as a function of
two variables) is continuous in (the triangular domain) A,,, thus we have

max |X(t,n)| =0 for any s € [ty, c0)T.

t—oonefs,a—1(s)lr
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The claim follows immediately from the inequality
01 < ¥l + [ R o)IAmIaIy
< el + Ko s xea)) (s ot

n€ls,a—1(s)lr n€lox(s),s)r

for all ¢t € [a_1(s),00)r, where K := Supse[tomh{fs&’l(s) A(n)An}. O
Now, we require the condition
sup {a1(s) — 5} < o0, (®)
SE[to,OO)']T

which is equivalent to limsup,_, . [a_1(s) — 5] < oo.

Theorem 2.5. Assume that (5) and (8) hold. Then, the following statements
are equivalent:

(i) The trivial solution of (1) is uniformly exponentially stable.
(i) There exist Mo, \g € R such that
’X(ta 3)’ < Moe@/\()(ta 8) fO?“ all (ta 8) € Atm (9)
where Ny, is defined in (7).
Proof. (i) = (ii). If the trivial solution of (1) is uniformly stable, then it is
obvious from Definitions 1.5 and 2.1 that (9) holds.
(ii)) = (i). Let
a—1(s)
Ky:= sup {/ A(n)An} and Hy:= sup {a_i(s)—s}.
)t \Js s€

s€[to,00 [to,00)T
Hence, Lemma 2.2 and the vanishing property of the initial function ¢ imply
for all t € [s, 00)T that

2(0)] < Mocon (1, 5) ( " / Corels J(U))A(n)so(a(n))An)

_ Myeon(ts (a: e n),S)A(n)w(a(n))An)
a_1(s)
< Myoons (1,5 (xo+ e (0 (n),S)A(n)w(a(n))An>
)\ H 1(8)
< Myeon(t,s ( o | A(n)w(a(n))An)
< Moe@)\o t S (950 + Ky eoHo sup |90(77)’)
n€lax(s),s)r
< Myeen(t, s) (Koo + )(xo+ sup !w(n)l)a
n€lax(s),s)r
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from which the uniform exponential stability of the trivial solution of (1) fol-
lows. Note that we have used [11, Lemma 3.2] in the third step. It should be
noted here that the integral variable satisfies n € [s,a_;(s))r, which implies

a(n) € [s,a1(s)]r- O

Remark 2.6. Note that the implication (i)=-(ii) of Theorem 2.3 and (i)=-(ii) of
Theorem 2.4 hold without the additional assumption (5), and the part (i)=-(ii)
of Theorem 2.5 requires neither (5) nor (8).

Clearly, Theorem 2.5 improves [16, Theorem 4.1].

Remark 2.7. Consider the conditions

up { | A(n)X(oo,sn(Oé(n))An} < oo (10)

$€E[to,00)T

and for all fixed A € RT

sup { A eA<o—<n>,s>A<n>x<_oo,s>T<a<n>>An} <o (1)

5€[to,00)T

where xp : D — {0,1} is the characteristic function of the set D C R, i.e.,
xp(t) =1fort € D and xp(t) =0 for t ¢ D. The condition lim; . a(t) = oo
and the function a_; in Theorems 2.3, 2.4 and 2.5 can be omitted by assum-
ing (10) and (11) instead of (5) and (8), respectively.

The following example demonstrates that the conditions (10) and (11)
(thus (5) and (8)) are crucial in Theorems 2.3, 2.4 and 2.5, as well as the
condition lim;_,, a(t) = oo.

Example 2.8. Consider the time scale Py ; = Ugez[2k, 2k + 1]g = --- U0, 1]g U
[2,3]g U--- and the dynamic equation
z2(t) + z(a(t) =0 forte [0, 00)p, ;, (12)

where a(t) ==t if p(t) = 0 and a(t) :== —1if u(t) = 1 for t € [0, 00)p, ,, where p
is the graininess function defined in Section 7.3. We show below that (10) does
not hold. Simply, we have

X(—oo,s)r(t) =0, t>s, t€[2k,2k+ 1)g and k € N,
cos) (1) =1, t>s, t=2k+1and k€N,

for s € [tg, 00). By [13, Theorem 1.75], we get

Xemarla®) ={

[ Xwonlaan = 3 utn=ce forse fo,0o)

NE[8,00)ang+1
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On the other hand, examining (12) yields the system

' (t)+x(t) =0 fort e [2k,2k+ 1)g and k € Ny,
Ax(2k+1)+2(—1) =0 for k € Ny,

whose solution is

. F2(0) — 5 (1 — X)a(=1), t=2kand k€ N,,

x(t) = z(2k)e~(t=2k), t € (2k,2k + 1]z and k € N,.
Clearly, limsup, ., |(t)] = %|z(—1)] > 0 provided that z(—1) # 0. We can
easily show that the fundamental solution X of (12) is positive. Further, we
can estimate that 0 < X(t,s) <e =5 for all (t,s) € Ao, where A is defined
in (7). This implies lim;_,oc X(¢,s) = 0 uniformly in s € [0, 00)p, , but the trivial
solution of (12) is not globally attracting. Thus, the conclusion of Theorem 2.4
may not be valid without (10).

Further, (11) is not fulfilled for this example. Since the graininess function
is bounded (p(t) < 1 for all t € Py), by [16, Lemma 2.3], we see that the
fundamental solution of (12) satisfies the exponential estimate (9) but not (11).
The trivial solution of (1) is not uniformly exponentially stable. Thus, the
conclusion of Theorem 2.5 may also not be valid without (5) and (8).

3. Stability results under (A1)

In this section, we will provide stability results under the condition (A1l). We
will start with a technical lemma and then estimate the fundamental solution.
And, finally, the last three subsections of this section will provide explicit condi-
tions for uniform stability, global asymptotic stability and uniform exponential
stability, respectively.

3.1. A technical lemma.

Lemma 3.1. Assume (Al) and

sup { /a " A(n)An} <1 (13)

te[to,oo)'ﬂ‘ *(t)

Then, there ezists Ao € (0,1)r such that

o) 1— X
exalt,as(n))A(n)An < for all t € [ty, 00)T.
[ ettt Aman < e to,00)r
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Proof. 1t follows from (13) that there exists vy € (0,1)g such that

o(t)
/ A(m)An < vy for all t € [tg, 00)T, (14)
ax(t)

which implies

o(t)
At)u(t) < vy and / A(n)An <2y for all t € [tg, 00)r. (15)
oz (t)

Now, we can estimate

o(t)

o(t)
/ exa(t, () A(m)An < exalt, (1)) / Aln)An
o (t) ax(t)

forall A € (0,1)g and all ¢ € [tp, c0)r. By using [11, Lemma 2.3], (13) and (15),
this yields that

o(t)
| entt.atmaman < me (16)
ax(t)
for all A € (0,1)g and all ¢ € [tg, 00)r.

Let us define the function ¢ € C([0, 1]z, R) by the formula

1—A
— . VOeQ/\VO
1 —|— )\VQ

d(N) for A € [0, 1]g.

Clearly, $(0) = 1 — 1y > 0 and ¢(1) = —pge*® < 0. Therefore, we may find
Ao € (0, 1)g such that ¢(Ag) = 0. Using (15) and (16), we have

R S NPT S
1o  THNA)u(t)

o® 1\
tau(n) A(n) A Pavo — —_T0 5\
[ ottt Aman<ae =L o)

for all t € [tg, o0)T, which concludes the proof. ]

3.2. Some properties of the fundamental solution.

Lemma 3.2. Assume (Al) and

a(t)
/ A(n)An <1 for allt € [ty, 00)T. (17)
a(t)

Then,
X (t,s)]| <1 forall (t,s) € Ay, (18)

where Ny, is defined in (7).
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Proof. Fix s € [ty,00)r and denote z(t) := X(t,s) for t € [s,00)r. First,
let = be positive on [s,00)r, then z is nonincreasing on [s, 0o)r, which implies
0 < x(t) <1 forall t €[s,00)r. Thus for a positive z the claim is true. Next,
let 2 have some generalized zeros on [s, 00)r, i.e., there exists ¢; € [s, 00)r such
that either x(t;) = 0 or z(t1) > 0 and 2°(¢;) < 0. Hence, 0 < z(t) < 1 for all
t € [s,ti]r. Let

to :=sup{t € [s,00)7 : |x(n)| < 1 for all n € [s,t|}.

Clearly, to > t;. To prove ty = 0o, assume the contrary that t, is finite. Assume
for now that ¢, is right-scattered, i.e., pu(t2) > 0. Then, we have |x7(t2)] > 1
and |xz(t)] < 1 for all t € [s,ta]r. Without loss of generality, let x7(ty) > 1.
The case where 27(ty) < 1 is treated similarly. Thus, 2 (ty) = % > 0.

From (1), we have z(a(t2)) < 0. Integrating (1) from «(tz) to o(t2), we get

o(t2) a(t2)

A(m)(a(n)An < / Alm)Ag < 1,

a(tz)

(1) = s(a(t) - [

a(tz)

which contradicts x7(t2) > 1 (note that n € [a(ts), o(t2))r implies a(n) < t3).
This shows that ¢y is right-dense. That is, x is continuous at t5. In this case,
|z(t2)| = 1. Hence, we can find t3 € (t9,00)r such that |z(t3)] > 1 and x is
of fixed sign on [to, t3]r. Without loss of generality, assume that x(t3) = 1 and
x(t) > 0 for all t € [ty, t3]r (the case where x(ty) = —1 and z(t) < 0 for all
t € [ta, t3]7 is treated similarly). Let 4 be the greatest generalized zero of « on
[s,t2)r. Hence, we have either z(t4) = 0 or z(t4) < 0 and x7(t4) > 0. Further,
x(t) > 0 for all t € (t4,t3)r. We can also find t5 € [to, t3]r such that 22 (t5) > 0
and z7(t5) > 1. This implies z(a(t5)) < 0 by (1). If t4 < a(ts) < t5, then
x(a(ts)) > 0, which is a contradiction. Thus, «a(t;) < t4. Further, we have
|z(a(t))] <1 for all t € [ty,t5]r. So, integrating (1) from ¢4 to o(t5) yields

o(ts) o(ts)

A()Ag < / A()Ag < 1,

a(ts)

o(ts)
() =att) - [ Awaatmsn< [

ta tq
which contradicts z7(t5) > 1. This implies ¢t = oo and completes the proof. [

Lemma 3.3. Assume (Al), (5) and (13). Then,
|X(t,5)] < Moeopra)(t,s) forall (t,s) € Ay,

where Ny, is defined in (7), My € R™ and Ny € (0,1)g is the number provided
by Lemma 3.1.

Proof. For simplicity of notation, fix s € [ty,00)r and let z(t) := X(t,s) for
t € [s,00)r. From (13), the claim of Lemma 3.1 holds with some Ay € (0, 1)
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on [s,00)r. Using (1), we have
o(t)
w0 = ~AwaT) + AW [t
ot
ot (19)
= —AwaT) ~ A) | Awrain)an
a(t
for all t € [a_i(s),00)r. Applying the solution representation formula in
Lemma 2.2 for (19), we get

t a(n)
£(t) = (a1 (s))elt, ai(s)) - / conltmAG) / AQr(a(Q)AC (20)

for all ¢ € [a_1(s),00)r. Let us define a function y € CL;([s, c0)r, R) by

z(t)eroa(t, aa(s)), t € lai(s),00)r,

ul) = {x(t), t € [s,a(s)lr.
Multiplying (20) by ex,a(-, a—1(s)), we get

y(t) = yla1(s))eppmenlt, ai(s))

t a(n)
[ comenttnam [ enatna)a@ua)acay @
a-1(s) a(n)

for all t € [a_1(s), 00)T.
Next, we claim that |y(t)| <1 for all ¢ € [s,00)r. Let

ty = sup{t € [s,00)r : [y(n)| < 1 for all € [s,t]r}.

To prove to = 0o, assume the contrary that ¢, is finite. Clearly, to > a_1(s)
by (21) and Lemma 3.2. Assume for now that t, is right-scattered. Then, we
have |y7(t2)] > 1 and |y(t)] < 1 for all t € [s, ty]r. Using (22) and Lemma 3.1,
we obtain

[y7 (t2)] < epoayoala(ta), ai(s))
a(n)

a(te2)
+/ ( )e(AoA)eA(U(t2),77)A(77)/ o exoa(m, a.(Q))A(Q)ACAnD

a_1(s ax(n
o(t2) (1 - A())A(n) A

< epoajea(o(ts), ai(s)) + /a1<s> Comoalo(ta) M)y AoA(n)p(n)

o(t2)

= epa)oa(o(tz), ai(s)) + / ( )e(AoA)eA(U(t2>a n) (A S (MA))(n)An
o(t2) A

= counoa(0(tz), a(s)) + / Acoumea(olta Ay =1,

a_1(s)

Ui
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which is a contradiction. This shows that ¢, is right-dense. That is, y is contin-
uous at to. In this case, |y(t2)| = 1. Using Lemma 3.1 and (22), we can proceed
as above and show that |y(f2)| < 1, which is also a contradiction. Thus, t; = oo,
i.e., ly(t)] <1 forall t € [s,00)r.
It follows from (21) that
|2(0)] < et a-1(s))]y(?)]
< eg(na) (t, a-1(s)) (23)
= expala-1(s), 8)esroa)(t; s)

for all ¢ € [a_1(s),00)r. By [11, Lemma 3.2] and (5), we estimate
a-—1(s)
exala—1(s),s) < exp{/\o/ A(U)An} < eMofo —: pp

where K, := supse[toyoo)qr{fsa’l(s) A(n)An}. Hence, by (23), My > 1 and the
fact that |z(t)] < 1 for all t € [s,a_1(s)]r, we have |z(t)| < Moegr,a)(t, s) for
all ¢ € [s,00)r, which completes the proof. ]

3.3. Uniform stability.

Theorem 3.4. Assume (Al), (5) and (17). Then, the trivial solution of (1) is
uniformly stable.

Proof. The proof follows from Theorem 2.3 and Lemma 3.2. O

3.4. Global asymptotic stability. In this section, we suppose that
/ A(n)An = oc. (24)
to

Theorem 3.5. Assume (Al), (5), (13) and (24). Then, the trivial solution
of (1) is globally asymptotically stable.

Proof. 1t follows from (24) together with (i) and (v) of Corollary 7.5 given in
Appendix B that lim_. esxa)(t, s) =0 for any s € [ty, 00)r and any A€ (0, 1)g.
Thus, the proof follows from Theorem 2.4 and Lemma 3.3. O]

3.5. Uniform exponential stability.

Theorem 3.6. Assume (Al), (5), (8) and (13). Moreover, assume that there
exist M1, \1 € RY such that

eonoa)(t,8) < Myegy, (t,s)  forall (t,s) € Ay,

where Ny, is defined in (7) and \g € (0,1)g is provided in Lemma 3.1. Then,
the trivial solution of (1) is uniformly exponentially stable.
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Proof. The proof follows from Theorem 2.5 and Lemma 3.3. O]

Corollary 3.7. Assume (A1), (5), (8) and (13). Moreover, assume for every
A € (0,1)g that there exist My, \y € RT (which may depend on \) such that

eca)(t, s) < Miegy, (t,s)  for all (t,s) € Ay,

where Ny, is defined in (7). Then, the trivial solution of (1) is uniformly expo-
nentially stable.

4. Stability results under (A2)

This section includes analogous results to those in Section 3 under the condition
(A2). We will be relaxing the conditions (13) and (17) of the previous section
by replacing the condition (A1) with the stronger one (A2). We will show that
the condition (A2) for a implies the same for a. Indeed, under (A2), we have

a,(o(t)) < a(o(t)) <t forall t € [ty, 00).

4.1. A technical lemma.

Lemma 4.1. Assume (A2) and

¢
sup {/ A(n)An} <1 (25)
tE[to,00)T ax(t)

Then, —A € R*([ty, 00)T, R) and there exists Ao € (0,1)r such that

t
/ exp(o(—an(0(t), a(n)A(n)An <1 =Xy for allt € [ty, 00)r.
ax(t)

Proof. From (25), there exists vy € (0, 1)g such that

t
An)An < vy for all t € [tg, 00)r. (26)
ax(t)
First, let us prove that —A € R*([ty, 00)T, R). By (26), we obtain that
o(t) t
w> [ Amdy=A®u)+ [ Awsy forallt € o, 00)r, (21)
ax(o(t)) *

which yields

1—A(t)u(t) >1—vy >0 forall t € [ty,o0)r. (28)
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Therefore, —A € R*([to, o0)r, R). Using (26) and (27), we see that

a(t) t
/ A(n)An = / Am)An + A(t)u(t) < 2vy  for all t € [tg,00)r.  (29)
«a ax(t)

Using (28), we have

At)
A0 = T B

Note that —(1 — \)A € R ([tg, 00)T, R) for A € (0,1)r. From (30), we get the

estimate

— (6(-A)(t) < A(t) for all t € [ty, 00)r. (30)

1—V0

t
[ exca(o®.amamsn < e / Al
ax (t

l—y

for all A € (0,1)g and all ¢ € [tg, 00)r. This yields by using (26) and (29) that

! 3)\1/0
/ ()eA(e@A»(U(t%a*(n))A(n)An < W expy 7
ay(t

for all A€ (0, 1)g and all ¢ € [ty, 00)r. Now, consider the function ¢ € C([0, 1]g, R)
defined by

o) = (1= )~ mexp| 2

} for A € [0, 1]g.

Clearly, ¢(1 — 1) = (1 —e*?) < 0 and ¢(0) = 1 — vy > 0. Therefore, we may
find A\g € (0,1 — 1) such that ¢(N\g) =0, i.e.,

/ e (0. o)A <o p{fA } — (1= 20) = 6(h) =1 — g

for all t € [to, c0)T, which concludes the proof. O

4.2. Some properties of the fundamental solution.

Lemma 4.2. Assume (A2) and

¢
/ A(mMAn <1 forall tE€ [ty,o0)r. (31)
a(t)

Then, (18) holds.
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Proof. Fix s € [tg, 00)r and denote z(t) := X(t,s) for t € [s,00)r. First, let x be
positive on [s, 00)r, then x is decreasing on [s, 00)r, which implies 0 < z(t) <1
for all ¢ € [s,00)r. Thus the claim is true for positive x. Next, let x have
some generalized zeros on [s, 00)T, i.e., there exists t; € [s, 0o)T such that either
x(t1) = 0 or z(t1) > 0 and 27(t1) < 0. Hence, 0 < z(t) < 1 for all ¢t € [s, t1]r.
Let

ty :=sup{t € [s,00)r : |z(n)| <1 for all n € [s,t]r}.

Clearly, to > t;. To prove ty = 00, assume the contrary that ¢, is finite. Assume
for now that ¢, is right-scattered, i.e., u(t2) > 0. Then, we have |x7(t2)] > 1
and |z(t)] <1 for all t € [s, to]r. Without loss of generality, let 27(t5) > 1 (the
case where 27 (ty) < 1 is treated similarly), which implies 2 (¢5) > 0. From (1),
we have z(a(t2)) < 0. Note that

o(t2)

o(t2)
(1) Alts) = / A(n)Aq < / A()An < 1,

to a(o(t2))

where we have used (A2) for the first inequality and (31) in the last inequality.
Integrating (1) from «(ty) to o(ts), we get

o(t2)

1 (1) = 2(0(ts)) — / Ao

— 1 plt2) Alt))x(a(ta)) — / An)(a(n) A

a(te)

to
< / Aln)a(a(n) A
a(tz)
to
< A(n)An
a(tz)
<1

Y

which contradicts x7(t2) > 1. This shows that ¢, is right-dense. That is, x is
continuous at ty. In this case, |z(t2)] = 1. Hence, we can find t3 € (t3,00)T
such that |xz(t3)] > 1 and x is of fixed sign on [t9,t3]r. Without loss of gener-
ality, assume that x(ty) = 1 and x(t) > 0 for all ¢t € [to,t3]r. The case where
x(ty) = —1 and z(t) < 0 for all ¢ € [ty, t3]r is treated similarly. Let ¢4 be the
greatest generalized zero of x in [s,t2)r. Hence, we have either x(t4) = 0 or
x(ty) < 0 and x7(t4) > 0. Further, z(t) > 0 for all t € (¢4, t3]7. We can also find
ts € [to,t3)r such that z2(t5) > 0 and 27(t5) > 1. This implies z(a(ts)) < 0
by (1). If t4 < a(ts) < ts, then x(a(ts)) > 0, which is a contradiction. Thus,
a(ts) <ty. Further, we have |x(a(t))| <1 for all ¢ € [ty, t5]r. So, integrating (1)
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from t4 to o(t;5) yields

o(ts)
2 (t5) = x(ta) — / A(n)(a(n)An

tq

< [ AmAn
tq
t5
< A(n)An
a(ts)
<1,

which contradicts 7 (t5) > 1. This implies t, = oo and completes the proof. [

Lemma 4.3. Assume (A2), (5) and (25). Then,
(X (t,8)] <e_aalt,s) forall(t,s) € Ay,
where Ny, is defined in (7) and Ao € (0,1)g is provided in Lemma 4.1.

Proof. For simplicity of notation, fix s € [tg,00)r and let z(t) = X(t,s)
for t € [s,00)7. We may suppose that the claim of Lemma 4.1 holds with
Ao € (0,1 —1p)r on [s,00)r, where vy € (0, 1) satisfies (26). From (1), we have

t t

mA(t)=—A(t)x(t)+A<t>/ xA<n)An=—A(t)x(t>—A(t)/ A(n)a(o(n))An (32)
at) olt)

for all ¢ € [a_1(s),00)r. Applying the solution representation formula in Lem-
ma 2.2 for (32), we get

(1) = (e (s))e-alt, ai(s))

- / e_a(t, o(n))A(n) / " A(O2(a(C) ACAY (33)

~1(s) a(n)

for all ¢ € [a_1(s),00)r. Let us define a function y € CL([s, o0)r, R) by

y(t) = {x(t)eko(e(A))(tao‘—l(s))a t € [a1(s),00)r, (34)

(1), t € [s,a_1(s)]r.
Multiplying (33) by ex,(e(—a)) (-, a—1(s)) and considering the fact that

MoA(t)

Ao(SEAM)) &AM =115
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for all t € [a_1(s),00)T, we get

t

ylt) = y(as(s)e-iongaltani(s)) - | et AG)
<[ e (o) ani (DAY
a(n) . (35)
— ylas(e-oattiaa®) = [ eampaltom)Am

a_1(s)

« | " ernoran(@(m), a(O) A y(a()ACAY

(n)

for all t € [a_1(s), 00)T.
Next, we claim that |y(t)| <1 for all ¢ € [s, 00)r. Let

to :=sup{t € [s,00)7 : |y(n)| < 1 for all n € [s,t|r}.

To prove ty = 0o, assume the contrary that ¢, is finite. Clearly, to > a_1(s)
by (34) and Lemma 4.2. Assume for now that ¢, is right-scattered. Then, we
have |y7(t2)] > 1 and |y(t)] < 1 for all t € [s,t]r. Using (35), Lemma 4.1 and
[13, Theorem 2.39], we obtain

Y7 (t2)] < e—-ap)alo(ta), a—i(s))

O’(tg) n
+/ e—(1—A0)A(U(t2),77)A(77)/ e/\o(e(—A))(U(U)aa*(C))A(OACAU
a_1(s) Oé*(

<e_qaalo(tz),ai(s)) + (1—)\0)/ e_1-x)alo(tz), a(n))An)An

o(t2)

— e_ a0 (ta), ai(s)) + / e amalo(t)m)dn = 1,

a—1(

which is a contradiction. Thus ¢, is right-dense, hence y is continuous at t5. In
this case, |y(t2)| = 1. Using Lemma 3.1 and (22), we can proceed as above and
show that |y(t2)| < 1, which is also a contradiction. This implies t, = oo, i.e.,
ly(t)| < 1 for all t € [s,00)r.

It follows from (34) that

()] = [x(t)]exye-ay (t; a-1(s)) = [2(t)]ea-ra) (t, a-1(s)) (36)
for all t € [a_1(s), 00)T since we have

A L MAQ)
T T AWu(t) = 1= AWu(t)

Mo (S(—A(1)) = O(—NA(t))
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for all t € [a_1(s), 00). From (36), we obtain

[2()] < e-xa(t, am1(s)) = es-rgay(@-1(s), s)e_xsal(t, s) (37)
for all t € [a_1(s),00)r. As in the proof of Lemma 4.1 and by virtue of [11,
Lemma 3.2], we estimate

eo(—roa)(@-1(8), 8) =€ _xa_(a_1(s),s)
1-XAgvg

< Ao A
_exp{l——)\ol/o/s (n) 77}

Ao Ko

S el—)xouo =: M07

where K, := Supse[to,oo)T{fsa_l(S) A(n)An}. Hence, by (37), My > 1 and the
fact that |z(t)| < 1for all t € [s,a_1(s)]r, we have |z(t)| < Mye_x,a(t, s) for all
t € [s,00)1, which concludes the proof. O
4.3. Uniform stability.

Theorem 4.4. Assume (A2), (5) and (31). Then, the trivial solution of (1) is
uniformly stable.

Proof. The proof follows from Theorem 2.3 and Lemma 4.2. [

4.4. Global asymptotic stability. In this section, we suppose that (24) holds.

Theorem 4.5. Assume (A2), (5), (24) and (25). Then, the trivial solution
of (1) is globally asymptotically stable.

Proof. The proof follows from Theorem 2.4 and Lemma 4.3 together with (i)
and (vi) of Corollary 7.5 given in Appendix B. ]
4.5. Uniform exponential stability.

Theorem 4.6. Assume (A2), (5), (8) and (25). Moreover, assume that there
exist M1, \1 € Rt such that

e_nalt,s) < Miegy, (t,s)  for all (t,s) € Ay,

where Ay, is defined in (7) and \g € (0,1)r is provided in Lemma 4.3. Then,
the trivial solution of (1) is uniformly exponentially stable.

Proof. The proof follows from Theorem 2.5 and Lemma 4.3. O

Corollary 4.7. Assume (A2), (5), (8) and (25). Moreover, assume that for
every A € (0,1)r there exist My, \y € RY (which may depend on \) such that

exa(t,s) < Mieey, (t,s)  for all (t,s) € Ay, (38)

where Ay, is defined in (7). Then, the trivial solution of (1) is uniformly expo-
nentially stable.
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5. Some applications

This section includes three examples, which show that our results are easily
applicable and fill some gaps in the literature.
Before presenting our examples, we would like to make a remark.

Remark 5.1. If the delay function « is increasing, then o, = a (which also
holds for nondecreasing o) and a_; = a~!, where a~! is the inverse of the
delay a. So, (5) is satisfied by (31), which is implied by (25). It should also be
noted that (17) implies (31). Further, in this case, (8) is equivalent to
lim sup[t — a(t)] < oo. (39)
t—o00
In the examples below, the delay function « is strictly increasing. Hence,
by Remark 5.1, we will omit the justification of (5).

Example 5.2. Consider the time scale Py ; = Uyez[2k, 2k +1]g = ---U[0, 1]g U
[2,3]g U--- and the dynamic equation

:L“A(t) + A(t)z(a(t)) =0 fort e [1,00)p, ,, (40)
where

t)::{aél[t], t € [2k,2k+1)g and k € N, and a(t)::t—({t}(l—{t}))m

a, t=2k+1and k € Ny

for t € [1,00)p,,. Here, a € RT, [] and {-} denote the greatest integer and
the fractional part, respectively. Note that A(2k) = al6* for k € N, i.e., the
coefficient A is unbounded on [1,00)p, ,. More precisely, we have a(n) = n for
n € N and a(o(2k — 1)) = a(2k) = 2k for k € N. Hence, (A1) holds but (A2)
is not satisfies. We evaluate

/C’(f) Aln)Ag = a(4{t}(1 — {3, t €2k 2k + 1)p and k €N,
a(t) G a, t=2k+1and k € Ny

for ¢ € [1,00)p, ,. Note that

max  (4{t}(1 - {t)" = (4{e3(1 = {1}))"

te[2n,2n+1]

=1 forn &N.

t:2n+%

Applying Theorem 3.4, we see that the trivial solution of (40) is uniformly
stable if @ < 1. If a < 1, then the trivial solution of (40) is globally asymptoti-
cally stable by Theorem 3.5 since (24) holds readily. Using Corollary 3.7 with
A1 := Aa for A € (0,1)g, we see that the trivial solution of (40) is uniformly
exponentially stable provided that a < 1.

Since the delay « is not strict, the result in [46] (see also [30]) is not ap-
plicable. Further, as the coefficient A is unbounded, the results in [16] are not
applicable, either.
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Example 5.3. On the time scale T = U,en[sinh(n), cosh(n)]g (whose graininess
is unbounded), we define

a, t € [sinh(n), cosh(n))g and n € N
At) == a

sinh(n + 1) — cosh(n)’ cosh(n) and n €

for t € [1,00)r, where a € Rt, and

(cosh(n) —t) (¢ — sinh(n))
cosh(n) — sinh(n)

at) =1t — for ¢t € [sinh(n), cosh(n)|g and n € N.

Obviously, (A1) holds. However, (A2) does not hold since a(o(cosh(n))) =
a(sinh(n + 1)) = sinh(n + 1) for n € N. Consider the dynamic equation

2 (t) + A(t)z(a(t)) =0 for t € [sinh(1), 00)r. (41)
We compute

/a(t) Al) A — a(t —a(t)), t € [sinh(n),cosh(n))g and n € N,
a(t) DT a, t = cosh(n) and n € N

for t € [sinh(1), 00). Further, for n € N, we have

_ 1 <1
=2 den

max (t — a(t)) = e"(cosh(n) — t) (t — sinh(n))

t€[sinh(n),cosh(n)|r

which tends to zero as n — oo. By Theorem 3.4, the trivial solution of (41) is
uniformly stable if @ < 1. And by Theorem 3.5, we also have global asymptotic
stability for the trivial solution if @ < 1. However, we cannot apply Theorem 3.6
to provide uniform exponential stability for the trivial solution.

The delay is not strict since a(sinh(n)) = sinh(n) for n € N, which shows
that the result in [46] (see also [30]) does not apply. The graininess being
unbounded implies that the results in [16] fail for this equation.

Example 5.4. On the isolated time scale T = Z\3Z = {...,1,2,4,5,...}
consider the equation

z2(t) + Atz (p*(t)) =0 for t € [1,00)r, (42)

where

te 3Ny + 1
b, t€3Ny+2,
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with a,b € RT. Then, we see that (A2) holds for a = p?. Clearly, we have

/z@ A(n)An = A(p(t)u(p(t)) + A(P*($)p(p*(t)) = a+2b for t € [1,00)r.

Thus, Theorem 4.4 provides uniform stability for the trivial solution of (42)
When a+2b < 1. Let us note that [46, Theorem 1.1] cannot be applied when

a = E and b = ;. Now, we see that

% n—=1  3(kt1)+
/ A(n)An = lim / A(n)An = lim nla+2b] =
1

n—o0 o 3k+1 n—oo

Therefore, the trivial solution of (1) is globally asymptotically stable by The-
orem 4.5 if a + 20 < 1. With a = % and b = %o satistying a + 20 < 1,

[46, Theorem 1.2] also fails. Finally, let a + 2b < 1, then a < 1 and b < %

We will shovv that the assumptions of Corollary 4.7 hold with M; := 1 and

A i= min{ 2%, 221 (which is positive) for A € (0,1)g. To this end, we will
prove that
e xa(o(t),t) <ecy (o(t),t) forte Tand A € (0,1)g (43)

or equivalently 1 — MA(#)u(t) <
have

1+/\1u(t)‘ Indeed, for ¢ € T and A € (0, 1), we

1 1

<
AA(t) = :
L+ i)~ T Al

L M(u(t) =

By the semigroup property (see [13, Lemma 2.31]) and T being isolated, it
follows from (43) that

e_xalt,s) H e_xalo ) < H eaxn (0(n),n) = eex, (L, 5)

EER nels,t)r

for all (¢,s) € Ay, where A is defined in (7). Thus, the trivial solution of (42)
is uniformly exponentially stable by Corollary 4.7 if a + 2b < 1. It should be
mentioned that [16 Theorem 6.1 and Theorem 6.2] cannot be applied to (42)

when a = g and b = 7, which satisfy a + 2b < 1.

6. Final Discussion

Let us start with commenting on the attractivity of the trivial solution of (1).
Under anyone of the following conditions, the trivial solution of (1) is globally
attracting:

(i) (A1), (24) and limsup, . [T\ A(n)An < 1;
(ii) (A2), (24) and limsup,_, fci*(t) A(n)An < 1.
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For the asymptotic stability of the differential equation (2) and the differ-
ence equation (3), many of the results in the literature consider the so-called
constant delays, i.e., delays of the form «(t) =t — aq for ¢ € [ty, 00), where «
is a positive constant. Thus, by Remark 5.1, the condition (8) or equivalently
the condition (39) are satisfied, see [39,40,47] and [18,23,26, 33,36, 37,48, 49].
For the asymptotic stability of dynamic equations, we can refer to [46], which
assumes (39). So, this can make an impression that (8) is necessary for asymp-
totic stability. Our results (Theorems 3.5 and 4.5) show that the condition (8)
is not required for the asymptotic stability of (1).

As a general example, consider the so-called pantograph equation

2(t) + A(t)z(0t) =0 for t € [1, 00)z, (44)

where A is a continuous function and 6 € (0, 1)g, which does not satisfy (39)
(see Remark 5.1). Using the idea in [28] with u = In(¢), we can transform (44)
into

y'(u) + e"A(e")y(u —In(5)) =0 for u € [0, 00)g, (45)

where 3/(u) denotes the derivative of y with respect to u here. Obviously, (45)
fulfils (39). For instance, assume that

' ¢ ¢ ; u u
sup{/u e"Ale )dC} <1 and irzng{e A(e")} >0,

u>0 —ln(%)

which holds for A(t) :=¢% for t € [1,00)r, where a € R, such that aln(3) < 1.
By Corollary 3.7, we can say for the fundamental solution ) of (45) that
1V(u,v)| < Me @) for all u > v > 0, where M,\ € R*. Therefore, we
see for the fundamental solution X" of (44) that

|X(t,s)] = |Y(In(t),In(s))| < M(é)_ for all t > s > 1.

This shows that the trivial solution of the pantograph equation (44) is globally
asymptotically stable by Theorem 2.4 (cf [35, Theorem 2.6]).
Consider the two-term equation with both a delay and a non-delay term

2 (t) + A@t)27 (1) + Bt)z(B(t)) = 0 for t € [ty, o0)r, (46)
where A, B € C_4([tp, )1, Ry) and 8 € C_4([to, 0)1, T) satisfies 3(t)

<t
all t € [ty,00)r with lim; o B(t) = co. The substitution y(t) := ea(t, to)x
for t € [to, 00)7 transforms (46) into the single-term equation

for
(t)

y2 (1) + B(t)ealt, B(t)y(B(t)) = 0 for t € [to, oo)r. (47)
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By virtue of Lemma 7.3, the stability of (46) is equivalent to that of (47) under
the condition that -
/ A(n)An < oo. (48)
to
By using Corollary 7.5, a similar idea can be applied to show equivalence of
stability of

2 (t) + A(t)x(t) + B(t)z(B(t)) =0 for t € [ty, 00)T
and

y=(t) + B(t)eo-a)(a(t), B()y(B(t) = 0 for t € [ty, 00)r

provided that —A € RT(T,R) and (48) holds. This discussion also brings an
exponential estimate for the solutions of two-term equations (46). For instance,
if the solution y of (47) satisfies |y(t)| < M for t € [ty, 00)T, where M € RT, then
the corresponding solution x of (46) satisfies |z(t)| < Mega(t, ) fort € [to, 00)T
(see the proofs of Lemma 3.3 and Lemma 4.3).

Let {t,}nen, be an increasing unbounded sequence of reals and consider on
the time scale T := {¢,, }nen,, the equation

22(t) + —x(p(t)) = 0 for t € [t;, 00)r, (49)

where a € R*. Here, the delay function « is the backward jump operator p.
Using the so-called simple useful formula, we get

x(o(t)) = x(t) — ax(p(t)) fort € [t1,00)r,

or equivalently x(t,.1) = x(t,) — az(t,—1) for n = 1,2,.... This leads to the
first-order vector recurrence

(:c&;:)l) ) _ (1 —g) (xf’(fgf_z)l)) forn=12,...,

where the coefficient matrix has the eigenvalues %(1 +v1— 4a), which are less
than or equal to 1 in absolute value if and only if @ < 1. Hence, the trivial
solution of (49) is uniformly stable if and only if a < 1.

Clearly, (A2) holds with equality for (49) since for isolated time scales o
and p are the inverses of each other on (inf T,sup T)r (see [13, Example 1.4]).
Further, the condition (31) turns out to be a < 1. This discussion shows that
the conditions of Theorem 4.4 (also of Theorem 4.5) are sharp.

The results of the present paper can be viewed as the generalization of the
classical results of [27] for delay differential equations and recent investigation
[34] for delay difference equations on the relations of the fundamental function
(the Cauchy operator) and various stability types to delay dynamic equations.
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In [27, § 6.6], linear differential systems with distributed delays are consid-
ered. Lemmas 6.2 and 6.3 presented therein are similar to Theorems 2.3 and 2.5
for delay dynamic equations. More precisely, uniform stability and uniform ex-
ponential stability are related with boundedness and exponential decay of the
fundamental solution, respectively. Further, some other properties (using the
uniform boundedness principle) of the solution operator are proved. In this
direction, if we define the Cauchy operator C by

(Co)(t) = X(t, 5)z0 — / X(t, o () Ame(a(n)An for t € [s, 00)r,

then by using the technique in [27, § 6.6], we can show that the properties of
the Cauchy operator C are aligned with the asymptotics of the fundamental
solution X. For instance, the fundamental solution X is bounded if and only if
the Cauchy operator C is bounded, or the fundamental solution X satisfies an
exponential estimate if and only if the Cauchy operator C satisfies an exponential
estimate.

On the other hand, in [34], Kulikov and Malygina studied various stability
types of linear difference equations, and related stability types with the certain
properties of the fundamental solution. The technique applied in [34] estab-
lishes a connection between the fundamental solution of the difference equation
and the fundamental solution of an associated differential equation with piece-
wise continuous arguments, which allows them to retrieve results to difference
equations obtained for delay differential equations.

Results of this type (i.e., relating certain properties of the fundamental so-
lution with qualitative properties of all solutions) are of high importance in
the theory of delay differential and difference equations, as we have an explicit
definition of the fundamental solution. Understanding the nature of the fun-
damental solution is not only important in the stability theory but also in the
oscillation theory (see [15]) because it gives information on oscillation of all
solutions of the equation.

Finally, let us present some open problems and topics for further research:

(P1) Investigate various types of stability for the dynamic equation with several
delays

A () + ZAi(t)a:(ai(t)) =0 fort e [ty,00)r.

For example, extend the results of [32,37,38] and the present paper.
(P2) In addition to equations with concentrated delays, consider equations with
distributed delays, i.e., equations of the form

t
2 (t) + K(t,n)x(n)An =0 fort € [ty,00)T.
a(t)
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(P3) Unify the results in [33, Theorem 4] and [40, Theorem 3| to dynamic
equations. For instance, show that under (8) the inequality

a(t) 3
sup {/ A(vy)An} <3 + some constant

te[to,00)T (t)

implies the exponential estimate of Theorem 2.5 (ii). Extend those results
to unbounded delays if possible (see, for instance, [30,46]).

(P4) In [17] it is shown that under certain conditions nonoscillation of a dy-
namic equation is monotonic, i.e., nonoscillation of (1) on a coarser scale T
implies nonoscillation of the same equation on a finer time scale T satis-
fying T D T. Is this property preserved for stability or boundedness of
solutions on time scales?

7. Appendix

7.1. Appendix A: Continuity of the fundamental solution.

Theorem 7.1 (Continuity of the fundamental solution). The fundamental so-
lution X of (1) is continuous in Ay, which is defined in (7).

Proof. Pick r € [ty,00)r, and consider the triangular domain Q, = {(¢,s) :
t € [s,r]rand s € [to,r]r} C Ay. Note that letting » — sup T implies Q, — Ay, .
It is obvious that X(-,s) is continuous in [s, r|r for any fixed s € [to, r|r. If we
can show that X'(t,-) is continuous in [tg, t|r uniformly for ¢ € [to, ], then
[25, Chapter 7, Section 2, Theorem 5| ensures continuity of X in 2,. Let
$1,82 € [to,r]T, and assume without loss of generality that s, > s;. Define
Y € C([SQ,T]T,RS_) by

y(t) := max |X(n,s2) — X(n,s1)| fort € [sy,7]r.

n€[s1,tlr
By [13, Theorem 1.65], we may find M;, My € RT such that
|X(t,81)] < My for all t € [a.(to), r|T (50)
and
|A(t)| < My for all t € [to, r]r. (51)

By integrating (1), we obtain
’X(t, 52) — X(t, 81)‘

_ ’(1 B /tA(n)X(oz(n),Sz)Aﬁ) — (1 - /tA(n)X(oz(ﬂ)ysl)AﬁN

52 S1

| Aix@@.s) - Kot s0lan - [~ awiat), slmn\

< / A (aln), 52) — X(aln), s1)|Ag + / A1 (aln), 50| Ar

S1
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for all t € [so,7]r. Now, using (50) and (51), we get
t
2(t52) = X050 < [ Al 0N (@(0) B0 + M M(s2 =51
t
< [ 1Al A+ MM~ 1)

t
< Mz/ y(n)An + My Ms(sy — s1)

52

for all ¢ € [sy,7]p. This implies

¢
y(t) < Mg/ y(n)An + My My(sy — s1) for all t € [sq, r]t.

52

The application of Gronwall’s inequality (see [13, Theorem 6.4]) yields
y(t) < M1M2<52 — 81)6M2 (t,to) < M1M2<82 — 81)6M2 (T, to) for all t € [to, T}T.

Thus, picking s; and sy sufficiently close makes y sufficiently small on [tg, r|T,
i.e., X(t,-) is continuous in [to, t]r uniformly for ¢ € [to, r]r. By [25, Chapter 7,
Section 2, Theorem 5], we learn that X is continuous in §2,.. Since r is arbitrary,
the proof is complete. O

Remark 7.2. Let s € [ty,00)r, then lim; .+ X(t,s) = X(s,s) = 1 while
lim; o~ X(t,s) =0.

7.2. Appendix B: Some properties of the exponential function.

Lemma 7.3 ([29, Theorem 3.6]). Assume that supT = oo, s € T and
f € Cy(T,RY), then the following statements are equivalent:

(i) [ f(n)An = oco;

(ii) lm o ef(t,s) = oo.

We have the following result which relates convergence of improper integrals
of f and ©(—f), when (—f) is positively regressive.

Lemma 7.4. Assume that supT = oo, s € T and f € C4(T,R}) with
—f € RY(T,R), then the following statements are equivalent:

(i) J° f(m)An = oo;
(i) [7°e(=f(n)An = occ.

Proof. (i) = (ii). This implication is obvious since

f(t)

SO

> f(t) forall t € [s,00)r.
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(ii) = (i). Now, assume the contrary that (ii) holds but (i) does not hold,
ie., ¢ < oo, where £ := [ f(n)An. This implies limy_,o p2(t) f(t) = 0. Indeed,

t—o00 t—o00

hmu@ﬂw:th[waMn—[meﬂ=w—€=o

Thus
—f(t
lim M = lim ——— =1,
BT AT a0
which implies by comparison (see [10, Theorem 4.6, Remark 4.7]) that ¢ = oo,
This is a contradiction, therefore, (i) holds, which completes the proof. O

Lemma 7.3 and Lemma 7.4 yield the following important properties of the
exponential function.

Corollary 7.5. Assume that supT = oo, s € T and f € C4(T,Ry) with
—f € RT(T,R), then the following statements are equivalent:

(1) stO f(ﬁ)AU = 00y (IV) linlt%oo €o(-1) (ta S) = 00y
(ii) fsoo @(—f(n))An = 00; (v) limy o ecf(t,s) = 0;
(i) lmy o0 ef(t,s) = 00; (vi) limy_,oce_f(t,s) = 0.

7.3. Appendix C: Time scales essentials. A time scale, which inherits the
standard topology on R, is a nonempty closed subset of reals. A time scale
is denoted by the symbol T, and the intervals with a subscript T are used to
denote the intersection of the usual interval with T. For t € T, we define the
forward jump operator o : T — T by o(t) := inf(¢,00)r, while the backward
gump operator p: T — T is defined by p(t) := sup(—oo, t)r, and the graininess
function p : T — R is defined to be u(t) := o(t) —t. A point t € T is
called right-dense if o(t) = t and/or equivalently p(t) = 0 holds; otherwise,
it is called right-scattered, and similarly left-dense and left-scattered points are
defined with respect to the backward jump operator. For f : T — R and t € T,
the A-derivative f2(t) of f at the point ¢ is defined to be the number, provided
it exists, with the property that, for any € > 0, there is a neighborhood U of ¢
such that

7() = f()] = fF2B)o(t) = s]| < elo(t) —s| foralls e,

where f7 := foo on T. We mean the A-derivative of a function when
we only say derivative unless otherwise is specified. A function f is called
rd-continuous provided that it is continuous at right-dense points in T, and
has a finite limit at left-dense points, and the set of rd-continuous functions
is denoted by C_4(T,R). The set of functions Cl;(T,R) includes the functions
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whose derivative is in C_4(T,R) too. For a function f € C! (T, R), the so-called
simple useful formula holds

o) = f(t) 4+ p(t) f2(t) forall t € T",

where T" := T\{sup T} if sup T < oo and satisfies p(sup T) < sup T; otherwise,
T# := T. For s,t € T and a function f € C,4(T,R), the A-integral of f is
defined by

/ fm)An=F(t) — F(s) fors,t €T,

where ' € CL(T,R) is an antiderivative of f, i.e., F& = f on T*. Ta-
ble 1 gives the explicit forms of the forward jump, graininess, A-derivative and
A-integral on the well-known time scales of reals, integers and the quantum set,
respectively.

T R hZ (h > 0) ¢z (¢ >1)
o(t) t t+h qt
fA(t) f/(t) f(t + h})L B f(t) f((q)_ 1;;(15)
t ¢ il log, (£)-1

[rman| [rman Y semh -0 Y f@
y s n=% n=log,(s)

Table 1: Forward jump, A-derivative, A-integral

A function f € C4(T,R) is called regressive if 1 + uf # 0 on T*, and
positively regressive if 1 + pf > 0 on T®. The set of regressive functions and
the set of positively regressive functions are denoted by R(T,R) and R™ (T, R),
respectively, and R~ (T,R) is defined similarly. For simplicity, we denote by
R.(T,R) the set of real regressive constants, and similarly, we define the sets
RIHT,R) and R (T, R).

Let f € R(T,R), then the ezponential function es(-, s) on a time scale T is
defined to be the unique solution of the initial value problem

{:UA(t) = f(Hz(t) forteT"

for some fixed s € T.
If feR(T,R) and g € C_4(T,R), then the unique solution of the dynamic
equation

{xA(t) = f()z(t) + g(t) forteT”



Stability for Linear Delay Dynamic Equations 371
is given by
t
w(t) = et s)a+ / ef(t,a(n))g(n)An fort €T,

On the other hand, for f € R(T,R) and g € C_4(T,R), the unique solution of
the dynamic equation

{xA(t) = —f(t)z°(t) + g(t) forteT"

is
t
z(t) = eyt s)a+/ eor(t,n)g(n)An fort e T.
For he R, set Cp:={2€C: 2# -1}, Zn:={2€C: = <Im(2) <7}, and
Co:=Zy:= C. For he R}, we define the cylinder transformation &, : Cy, — Zj, by

z h=20
2) =< " for z € Cp,
& (2) {%Log(l—l—hz), h>0 "

then the exponential function can also be written in the form

ef(t,s) := exp{/ Euln) (f(n))An} for s,t € T.

Table 2 illustrates the explicit forms of the exponential function on some well-
known time scales.

T R hZ (h > 0) 7 (g>1)
¢ -1 log, (t)—1
er(t, s) exp{/ f(n) dn} [T +nrn) ] 1+ @@= Da"f(q)
s n=3 n=log,(s)

Table 2: The exponential function

The exponential function ef(-,s) is strictly positive on [s,c0)r whenever
f € R([s,00)r,R), while ef(-, s) alternates in sign at right-scattered points of
the interval [s, oo)t provided that f € R™([s, 00)r,R) For h € R{, let z,w € Cy,
the circle plus @y, and the circle minus ©y, are defined by z ®pw = z+w+ hzw
and 2 O w = {5, respectively. For f,g € R(T,R) and r,s,t € T, the
exponential function satisfies the properties ef(t, s)es(s,7) = ef(t,7), ef(t,s) =

er(t,s
ef(—ls,t) = eo,r(5,1), ep(t, s)ey(t,s) = erq,q4(t, 5), % = efo,4(t,s). Throughout

the paper, we will abbreviate the operations @, and ©, simply by © and ©,
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respectively. It is also known that R*(T,R) is a subgroup of R(T,R), i.e.,
0 € RY(T,R), f,g € RT(T,R) implies f®,g € RT(T,R) and 6, f € R*(T,R),
where ©,f =00, f on T.

The readers are referred to [13] for further interesting details in the time
scale theory.
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