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Abstract: In this work, we consider the stability of impulsive infinite delay differential equations. A new technique is derived
to establish the stability criteria for impulsive infinite delay differential equations. By using Lyapunov functions and
Razumikhin technique, some results are obtained which are more general than ones existing in literature. Lyapunov
functionals are adopted and components of x are divided into several groups, correspondingly, several functions V; (t, Y )),
(j = 1,2,...,m) are employed. It is shown that impulses do contribute to yield stability properties even when the
underlying system does not enjoy any stability behaviour. An example is also presented to illustrate the efficiency of the
result obtained.
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1. Introduction

It is known that many biological phenomenon involving thresholds, bursting rhythm models in medicine and biology optimal
control models in economics and frequency modulate system exhibit the impulse effect. Thus impulsive differential equations,
that is, differential equations involving impulse effects, appear as a natural description of observed evolution phenomena
for several real world problems. In recent years, qualitative properties of the mathematical theory of impulsive differential
equations have been developed by large number of mathematicians ; see [1-10]. Systems with infinite delay deserve study
because they describe a kind of system present in the real world. In [4], Lyapunov functionals are adopted and components
of x are divided into several groups, correspondingly, several functions Vj (t, zV )), (j =1,2,...,m) are employed. In that
way, to construct the suitable function is rather easy and the imposed conditions ensuring the required stability are less
restrictive. There are some results on systems with infinite delay.

In this work, we consider impulsive infinite delay differential equations. By using Lyapunov function and the Razumikhin
technique; we get some results that are more general than the ones given in [5]. We extend the new technique developed
in [4] to study impulsive systems. We give an example to show that this new technique is rather effective and especially

applicable to system of impulsive infinite delay differential equations.
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2. Preliminaries

Consider the following, impulsive infinite delay differential equations

o) = f(tat),2(t = (1), t>to, tFt "
Az(t)y=z(t)—x(t")=I(z(t7)), t=t; k=12,...

Wheret € R, f € C[RT x R™ x PC ((—00,0], R"),R"], PC((—0c0,0],R"™) denotes the space of piecewise right continuous

functions @ : (—o00,0] — R"™ with the sup norm ||| = sup [d(s)|, |.|is a norm in R", f(¢,0,0) = 0, I (0) = 0,
—o00<s<0
t>7(t)>0,0=T0< T <T2 < <7k <..., Tk =00 fork— o0, z(tT) = lim+m(s), and z (t7) = lim x(s). The
s—t s—t—

functions I, : R" — R", k=1,2,..., and such that if ||z|| < H and Ix(z) # 0, then ||z 4+ Ix(z)|| < H, where H = const.> 0.
The initial condition for system (1) is given by

To =10 (2)

Where ) € PC((—o0,0],R™). We assume that a solution for the initial value problem (1) and (2) does exist and
is unique. Since f(¢,0,0) = 0, then x(t) = 0 is a solution of (1), which is called zero solution. Let PC (p) =

{0 € PC ((—0o0,0],R") : ||10]] < p}. For 0 € PC (p) we define

0] = [jo) =" = sup_|0(s)l
<s<t

For convenience, we define |z| = max |x;|, for z € R". We introduce some definitions as follows:
1<i<n

Definition 2.1. The zero solution of (1) and (2) is said to be stable if for any o > to and € > 0, there is a § = §(o, €) such

that [0 € PC (8), t > o] implies that |z(t,0,0)| <e.

Definition 2.2. The zero solution of (1) and (2) is said to be uniformly stable if it is stable and § is independent of o.
Definition 2.3. A continuous function W : R — R is called a wedge function if W (0) = 0 and W (s) is strictly increasing.
The following lemma (c.f [1]) is needed in proving the main result.

Lemma 2.4. Let u be a continuous and bounded function. Then for any wedge functions W and W*, any h > 0, and for

¢ ¢
each 8> 0, there is a corresponding B* > 0 such that [ W (|u(s)])ds > B implies [ W*(Ju(s)])ds > B*.
t=h Zh

— t
In what follows, we will split @ = (D1, D2, 03, ..., 0,)" IS PC into several vectors, say,

T T T
(020,020,000, @) (002,07, 00, ) (000,050,000, ) such that a4 + -+ i = and
{0:9,.00, 0,007, 00,007,000, = (01,02, )

For convenience, we define

09 = (0:2,09,...,0,,9),  j=12,...,m

T .
And 0 = (@(1)’ 0@ @(m)) . Note that the order of components in #¥) is not necessarily same as that in 0.

For z = (21,2, ... ,mn)T € R", we adopt the similar notation as for ) € PC(p). Let ‘(/](j) = ax P, j=1,2,....m
<k<n;
and thus
|z| = max ‘x(j)‘
1<j<m
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Correspondingly ’(Z)(j)(s)’ = max xk(j)(s)‘, ji=1,2,...,m and

1<k<n;
_ (4
0(s)] = . max |0(s)|
Let
X 1 (—o0,t] .
H@mH _ H@mH — sup @u)(s)" j=1,2...,m
—oco<s<t
and denote
prcW (t) = {(Z)<j) :(—,t] > R™ |®<j> is continuous and bounded} ,
and

PC,9 (t) = {@m e PCY (1) | me

<p }
3. Main Results

Theorem 3.1. Let ®; : R — R be continuous, ®; € L' [0,00), ®;(t) < K; for t > 0 with some constant K; (j =
1,2,...,m) and W;;(i = 1,2,3,4, j = 1,2,...,m) be wedge functions. Suppose that there ezist continuous Lyapunov

functionals Vj : [0,00) x PCyW(t) = R* (j =1,2,...,m) such that

0V (t)\ < V(8,09 (1)) < Way( 00 (s)\ ds], j=12...,m.

(i). Wi ( 09 (0)] + Way [ @ (= 5) Wiy

(ii). When Vj (t,x(j) (t)) = max{Vl (t,x(l) (t) ’ 1<i< m}, there holds V; (t,x(j) (t)) < 0 if Vit —

7 (1),29 (t =7 () < V; (29 ).

(iii). Vi (tiyx () + I (x (1)) < (A+be) Vi (2 (7)), 5 = 1,2,...,m, k = 1,2,... for which by > 0 and

Z bi < oo.
k=1
Where x (t) = (™ (), 2@ (¢),......... , 2™ () is a solution of (1) and (2) then the zero solution of (1) and (2) is

uniformly stable.
Proof.  Since by, > 0 and Y by, < oo, it follows that [] (1+bx) = M and 1 < M < co. Define a function V (¢) as follows:

k=1 k=1

V(t)=Vi (t,x(k) (t)) if
Vi (t, 2(®) (t)) — max {vj (t,az(j) (t) \ 1<j< m} (3)

Obviously V(t) is continuous for all ¢ > «. In the following, we denote, for the sake of brevity
V)=V (L2 @), Vi =V (ta"®), j=12..m

First we prove that for all t € R,

i= _ <V()
< Zil Vaj (’x(j) (t))) + Zil Ws; [/_too D (t —5) Way (‘xm (S)D ds} Y

Now by (3) and condition (i),

o (= ) 5 (5 0]) -, (5 10)]

m

)
I
&
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On the other hand, the right hand inequality in (4) obviously holds. Now we show that for each ¢ > ¢, the right hand and

the left hand derivatives of V (¢), both denoted by V' (t), satisfy V'(t) < 0 if
Vt—7@)<V(t) (5)
Let s1 > so. By (3), if
Vi (t,x(k) (t)) = maX{Vj (t,x(j) (t) ‘ 1<5< m}

Then V (t) = V;(t) for t € [so, s1]. Therefore V (t — 7 (t)) = V; (t — 7 (¢)) implies V (t — 7 (¢)) < V(). Thus V' (t) = V/(¢) <

J

0if V (t —7(t)) < V(t). Now we are in a position to show the U.S of the zero solution of (1) and (2). For any € > 0 (e < H),

let

Me™ = min {Wh1 (€), Wiz (€),..., Wi (€)}

We may choose a ¢ (¢) > 0 such that § < e, Wa; (§) < % and Ws; (J;W4;(0)) < %, j=1,2,...,m, where

J]':/ ®;(s)ds (j=1,2,...,m)
0

For any o > to, ) € PC (8), o € [1i—1,7) for some positive integer I, define z (t) = z(¢, o, ) then by (4) we have

V(o) =V(ED(E—0) <Y Wy (8)+ > Wa;(J;Way (5)) < 5 for te0,0]
We prove that
m Wij(‘x(j)(t)’ &
TSV(USE for o <t<m (6)

Jj=1

If this does not hold, then there is a ¢ € (o, 7;) such that V (£) > % and V'(f) > 0, V(t) < V (f) for t € [0,1]. Since

t>7(t) >0, we have V(£ — 7 (£)) < V (£). From (5) we have
V() <.
This is a contradiction. So (6) holds. From inequality (6) and condition (iii) we have

Vin)=V(na(n )+ 1Ix(z(n)))

*

<A+b)V(n,o(n))<(1+b) %
Thus
Vi(n) < (1+b) 5
Next we prove that
V(t)§(1+bl)% for m<t<mp (7)

If inequality (7) does not hold, then there is a § € (7, 741) such that V (8) > (1 + b;) % and V'(8) > 0, V(t) < V (§) for

t € [m,8]. Since t > 7(t) > 0, we have V(5§ — 7(8)) <V (8). From (5) we have

V'(8) <.
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This is a contradiction. So (7) holds. From inequality (7) and condition (iii) we have

V() =V (2 (i) + Ik (2 (1i417)))
< (1 +bl+1)V (Tl+1_,x (7‘1+1_))

<A +birr)(14br) %

Thus

V(rigr) (1 +bigr) (14 br) %
Thus by simple induction, we can prove that, in general V' (¢) < (1 + bii41) ... (1 + ) % for 714; <t < 7y4i41. Taking this
together with (4) and (6) and [[;2, (1 + bx) = M, we have

m Wi (

SV(t)SME for t>o (8)

‘ m
Jj=1

Since
Me" = min{Wii (), Wiz (€), ..., Wim(e)},
we have
Wi (2@ @) < Wi @, Wa (|o@ @) < Wiz (@ W (|2 0)]) < Wi (0).
Therefore,
j2(t)] = max{(|+©) 1)), (|22 @), [+ @] )} < ¢
Therefore, the zero solution of (1) and (2) is Uniformly stable. O

Corollary 3.2. Suppose that there exist continuous lyapunov functions V; : (—00,00) X BgY — RT with BgW =

{xo) c Rm@ ‘ ‘xm

< H} (j=1,2,...,m) and wedge functions W;; (i =1,2, j=1,2,.....,m) such that
(i). Wi, [0 (0)] <V (129 1) < Wa, 09 1),
(). When V; (t,:c(j) (t)) = max { Vi (t,x(l) (t))’ 1<i< m} there  holds Vj (t,az(j) (t)) < 0 if
Vi (t=7@,29 (¢ =7 (1)) <Vi (29 (1)) 5
(@ii). V; (’Tk,.l‘ (ka) + Iy, (m (T;f))) < 14b)V; (Tlf,as (ka)), j=12,....m, k = 1,2,... in which by > 0 and
20:1 b < o0,
where = (t) = (P (£), 2@ (¢),...,2"™ (t) is a solution of (1) and (2), then the zero solution of (1) and (2) is uniformly
stable.

For simplicity, we establish example for m = 2.

Example 3.3. Consider the following impulsive infinite delay differential equations.

.’L’ll (t) = —a1x1 (t) + az2x2 (t)—|—a3$1 (t—T(t)), t > to, t#T}c, T1 (Tk) :Cxl(’fk_) ( )
9
x5 (t) = by (t) — baza () +bsze (t — 7 (t)), t>to, t # Tk, 2 (1) = cxa(Ti”)
Where k = 1,2,..., t > 7(t) > 0, a1,a2,a3,b1,b2,b3 > 0, 0 < ¢ < 1, a2 + a3 < a1, b1 + b3 < b2 and z; (0) = 0,

j=1,2. Let Vj(t,z; (1)) = %[.Tj(t)]2 (1 =1,2). Obuviously condition (i) of Theorem 8.1 holds, and moreover when
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Vilt, e (1)) > Valt,aa (1)) e, fer(0)] > a2 (O] IF VA ((E =7 (1)t — 7 (1)) < Vi(t,2a (1) dee. [aa(t = 7(0)) < |ea(8)]], we

have

Vi (t, 21 (1)) = @1 (8) 27 (t)
= —a1m1> (t) + a2z () z2 (t) + asz1 (t) z1 (t — 7 (1))
< (—a1+ a2+ a3) z12 (t)

<0

When Vi(t,z1(t)) < Va(taa(t)) e, |zi(t)] < |e2(®)]. If Vi((t—7(), 22t —7 (1) < Va(t,za(t) iee.

|z2(t — 7(t)) < |z2(t)||, we have

Va (t, @2 (1) = @2 (t) x5 (1)
= bix1 () 22 (t) — bawa” (t) + bawa (t) z2 (t — 7 (£))
< (by — b+ b3) 2” (¢)

<0

and
Vi (&5 () + Loy (7)) = Vi (exs (7))
1
= 56258]2 (Tk ) < -xj (7—;C )
= ‘/J (IBJ2 (Tk_)) y J = 172
Let by, =0, k=1,2,.... Then conditions (i) and (i11) of Theorem 3.1 hold. Therefore the zero solution of (9) is uniformly

stable. Since in this example 7(t) may be oo, by the previous theory we cannot obtain this stability result.

Remark 3.4. It is easy to see that if we employ the usual Razumikhin techniques, that is, to put two variables 1,2 in
one Lyapunov function, then the arguments to get the desired stability conclusions (if no possible) would be much more

complicated and the imposed conditions would be more restrictive.

Remark 3.5. Trivially, the arguments used in the above example are also applicable to systems involving more equations as
well as we present in the theorem. Hence, the obtained results are quite flexible and effective especially for systems of infinite

delay equations.
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