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Abstract

In this note, we study a new class of ordinary differential equations with
non-instantaneous impulses. Both existence and generalized Ulam-Hyers-Rassias
stability results are established. Finally, an example is given to illustrate our theoretical
results.
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1 Introduction

Many evolution processes studied in applied sciences are represented by differential equa-
tions. However, the situation is quite different in many modeled phenomena which have
a sudden change in their states such as population dynamics, biotechnology processes,
chemistry, engineering, medicine and so on. One of the mathematical models about such
processes can be formulated by the following impulsive differential equations:

&) =f(tx(@), te] =]\{t,...,tmhJ]:=1[0,T],

(7)) =x(6) + L(x(tr)), k=1,2,...,m, o

where the function f : J x R — R and impulsive conditions Iy : R - R, k =1,2,...,m. We
set tp = 0 and ¢,,4,1 = T. The fixed time sequence {tx}i-12,., is increasing, i.e., tx < txs1.
x(tf) = lime_, o+ x(tx + €) and x(t;) = limc_, o- x(£x + €) represent the right and left limits
of x(f) at t = t, respectively. Here, the impulsive conditions are the combination of the
traditional initial value problems and the short-term perturbations whose duration can
be negligible in comparison with the duration of such a process.

However, the above short-term perturbations could not show the dynamic change of
evolution processes completely in pharmacotherapy. As we know, the introduction of the
drugs in the bloodstream and the consequent absorption for the body are a gradual and
continuous process. Thus, we have to use a new model to describe such an evolution pro-
cess. In fact, the above situation has fallen in a new impulsive action, which starts at an
arbitrary fixed point and keeps active on a finite time interval. To achieve this aim, Hernn-
dez and O’Regan [1] introduced a new class of abstract semilinear impulsive differential
equations with non-instantaneous impulses. Then, the concept of mild solutions and ex-
istence results are presented. Next, Pierri et al. [2] continued the work and developed the
results in [1] and obtained new existence results in a fractional power space.

In 1940, the famous stability of functional equations was firstly offered by Ulam at Wis-
consin University and concerned approximate homomorphisms. Thereafter, Ulam’s sta-
©2014 Liao and Wang; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.


http://www.boundaryvalueproblems.com/content/2014/1/67
mailto:sci.jrwang@gzu.edu.cn
http://creativecommons.org/licenses/by/2.0

Liao and Wang Boundary Value Problems 2014, 2014:67 Page2of 8
http://www.boundaryvalueproblems.com/content/2014/1/67

bility problem [3] has attracted many famous researchers, one can refer to the interesting
monographs of Hyers [4, 5], Rassias [6], Jung [7], Cidariu [8], and an important survey
of Brillouét-Belluot et al. [9] via the recent special issue on Ulam-type stability edited by
Brzdek et al. [10]. For the recent Ulam’s stability concepts and results on ordinary differ-
ential equations (with impulses), one can see [11, 12] and reference therein.
Motivated by [1, 2, 11, 12], we introduce a new Ulam-type stability concept for the fol-
lowing semilinear differential equations with non-instantaneous impulses:
!x’(t) = f(tx(0), te(sutinli=012,...,m, o)
x(t) =gi(t,x(t)), te(t,sl],i=12,...,m,

where 0 =ty =so <) <81 <ty <+ <Spy1 < by <8y <ty = T are pre-fixed numbers,
f:[0,T] x R — Ris continuous, and g; : [£;,s;] x R — Ris continuous foralli=1,2,...,m.

The novelty of our paper is considering a new type of equation (2), then presenting a
generalized Ulam-Hyers-Rassias stability definition and finding reasonable conditions on
equation (2) to show that equation (2) is generalized Ulam-Hyers-Rassias stable.

In Section 2, we introduce a new Ulam-type stability concept for equation (2) (see Defi-
nition 2.2). In Section 3, we mainly prove a generalized Ulam-Hyers-Rassias stability result
for equation (2) on a compact interval. Finally, an example is given to illustrate our theo-
retical results.

2 Preliminaries
Throughout this paper, let C(J,R) be the Banach space of all continuous functions from
J into R with the norm ||x||¢ := sup{|x(¢)| : £ € J} for x € C(J,R). We introduce the Banach
space PC(/,R) := {x : ] - R :x € C((tx, txs1],R),k = 0,1,...,m, and there exist x(¢;) and
x(t;),k = 1,...,m, with x(t;) = x(&)} with the norm ||x|pc := sup{|x(#)| : £ € J}. Mean-
while, we set PC!(J,R) := {x € PC(J,R) : &’ € PC(J,R)} with ||| pc1 := max{||x| pc, ||’ | pc}-
Clearly, PC'(J, R) endowed with the norm || - || pc1 is also a Banach space.

By virtue of the concept about the solutions in [1], we can introduce the following defi-

nition.

Definition 2.1 A function x € PC'(J,R) is called a classical solution of the problem
x,(t) :f(trx(t))) te (sirti+1];i: 0,1,2,...,”’!,
x(t) =gi(t, %)), te(t,sl),i=12,...,m, (3)
x(0) =xg € R,

if x satisfies

x(0) = xo;

x(t) =gi(t¢x(t))t te (ti,Si],i = 17 2,...,}’}’1;

x(t) = xg + /tf(s,x(s)) ds, tel0,t];
0

x(t) = gi(si x(s:)) + /.tf(s,x(s)) ds, tels,tinli=12,...,m.
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Next, we adopt the idea in [12] and introduce a new Ulam-type stability concept for
equation (2). Set PC(J,R,) := {x € PC(J,R) : x(£) > 0}. Let ¢/ > 0 and ¢ € PC(J,R,). We
consider the following inequality:

' @) —f&y@) < (@), € (sitinli=0,1,2,...,m,

|y(t)_gl(t’y(t))| Sllf’ te (ti,Si],i=1,2,...,m. (4)

Definition 2.2 Equation (2) is generalized Ulam-Hyers-Rassias stable with respect to
(¢, ) if there exists cf,g,4,m > 0 such that for each solution y € PCY(J,R) of inequality (4),
there exists a solution x € PCY(J,R) of equation (2) with

(@) = %(8)| < crgom(0(®) +¥), te].

Remark 2.3 Definition 2.2 has practical meaning in the following sense. Consider an evo-
lution process with not sudden changes of states but acting on an interval, which can be
modeled by equation (2). Assume that we can measure the state of the process at any time
to get a function x(-). Putting this x(-) into equation (2), in general, we do not expect to get a
precise solution of equation (2). All what is required is to get a function which satisfies the
suitable approximation inequality (4). Our result of Section 3 will guarantee that there is
a solution y(-) of inequality (4) close to the measured output x(-) and closeness is defined
in the sense of generalized Ulam-Hyers-Rassias stability. This technique is quite useful
in many applications such as numerical analysis, optimization, biology and economics,

where it is quite difficult to find the exact solution.

Remark 2.4 A function y € PC'(J,R) is a solution of inequality (4) if and only if there is
G € PC(J,R) and a sequence G;, i =1,2,...,m (which depend on y) such that
@) 1GOOI <), te]and |G| <Y, i=12,...,m;
(i) ¥'() =f@&y@) + G(t), t € (si, ], i=0,1,2,...,m;
(iii) y(2) =gi(t,y@) + G, t € (ti,s:),i=1,2,...,m.

Remark 2.5 If y € PC'(J,R) is a solution of inequality (4), then y is a solution of the fol-
lowing integral inequality:

|)’(t)—gt(t’y(t))| S‘[I, te(ti,si],i:I,Z,..,,m;
(@) = 5(0) = [o.f (s, y(s)ds| < [y p(s)ds,  te[0,u]; 5)
() - gilsiny(s) = [ f (s 9(6) dsl < ¥ + [ p(s)ds,  t€sitin)i=12,...,m.

In fact, by Remark 2.4 we get

{y’(t) =fty@®) + G(t), te(sutili=12,...,m, ©)

y(t):gl(txy(t))+G1’ te(ti’si]’i:1;2)~~¢m~
Clearly, the solution of equation (6) is given by
y(t):gi(t:y(t))"'Gi: te(ti,Si],l':LZ,‘..,m;

y(£) = ¥(0) + /o (f(s,0(5)) + G(s)) ds, te[0,t];
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y(@) = (gi(si(s:) + Gi) + / (f(s,0(5)) + G(s)) ds, t€(sitinli=12,...,m.

For each t € (s;,41],1=0,1,2,...,m, we get

'y(t) —a(suy(s)) - / Fl36) ds| <161l + / 66 ds <y + / plo)ds

Proceeding as above, we derive that

|y(t) _gl(try(t))| = |Gl| =< 1% te (ti’si]’i: 1,2,...,1’”;

‘y(t)—y(O)— /0 Fls.y(9)ds| < fo |Gls)| ds < /0 o(&)ds, te0n].

In order to deal with Ulam-type stability, we need the following result (see Theorem 16.4,
[13]).

Lemma 2.6 Let the following inequality hold:

u(t) < alt) + / tb(s)u(s)ds+ > Bault), t=0,
0

O<ty<t

where u,a,b € PC(R,,R,) := {x € PC(R,,R) : x(t) > 0}, a is nondecreasing and b(t) > 0,
Bi>0,k=1,...,m.
Then, for t € R, the following inequality is valid:

t
M(t) = Il(t)(l + IB)k exp(/ b(S) dS)! te (tkytk+1]1k € {Lwnm};
0
where B =max{f;:k=1,...,m}.

3 Main results

We introduce the following assumptions:

(Hy) feC(y xR,R).
(Hz) There exists a positive constant Ly such that

[f(t, w) —f(¢ u2)| < Lsluy —up| foreachte]andalluy,u; eR.
(H3) f:J x R — R is strongly measurable for the first variable and is continuous for the
second variable. There exists a positive constant L} and a nondecreasing function
Wy e C([0,00),R,) such that
[f(t, u)| < L}Wf(|u|) foreacht € J and all u e R.

(H3) g € C([t;,s:] x R,R) and there are positive constants L,,, i =1,2,...,m, such that

|g,<(t, uy) — gi(t, u2)| < Lg|u1 —uy| foreacht e [t,s;] and all uy,uy € R.
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(Ha) There exists a constant ¢, > 0 and a nondecreasing function ¢ € PC(J,R,) such that

t
/ @(s)ds <c,p(t) foreachte].
0

Concerning the existence results for the solutions about problem (3), one can repeat
the same procedure in Theorems 2.1 and 2.2 of Herndndez and O’Regan [1] to derive the

following results. So we omit the proof here.

Theorem 3.1 Assume that (Hy), (Hy) and (Hs) are satisfied. Then problem (3) has the
unique solution x € PC'(J, R) provided that

max{Ly + Ly(ti1 —si), Lty :i=1,2,...,m} <1. (7)

Theorem 3.2 Assume that (H,) and (Hs) are satisfied, the functions g;(-,0) are bounded.
Then problem (3) has at least one solution x € PC'(J,R) provided that

We(r
lim sup f—() max{2Lgl. +L}(t,-+1 —Si),L}tl ti= 1,2,...,m} <1
r

r—>o0

Now, we discuss the stability of equation (2) by using the concept of generalized Ulam-

Hyers-Rassias in the above section.

Theorem 3.3 Assume that (H;), (Hy), (Hs) and (Hy) are satisfied. Then equation (2) is
generalized Ulam-Hyers-Rassias stable with respect to (¢, V) provided that (7) holds.

Proof Lety € PCY(J,R) be a solution of inequality (4). Denote by x the unique solution of

the impulsive Cauchy problem

x/(t) :f(t’x(t))r te (Sir ti+l]! i= O, ]-y 2: ey,

x(t) =gi(t,x(t)), te(t,s),i=12,...,m, (8)
%(0) = y(0)
Then we get
gl'(t,x(t)), te (ti,Si],i =12,...,m;
x(t) = §9(0) + [3 f(s,x(5)) s, te04l;

gi(sirx(si)) + _/:f(srx(s)) dS, te (si’ ti+1]’i = 0» 1: 2’« oy m.

Keeping in mind (5), for each ¢ € [s;,£;41], i = 1,2,...,m, we have

2(0) - gi(s05(s)) - f ) ds| < v+ / p(9ds = + 000,

and for each t € (¢;,s;],i=1,2,...,m, we have

y(2) - gi (£ y(0)| < v,
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and for each ¢ € [0, #;], we have

’y(t)—y(o)— /0 f(s,9(5)) ds| < c ().

Hence, for each t € (s;,£;41],i=1,2,...,m, we get

|y(8) —x(t)| <

y(t) - gi(siy(s:)) - f f (s,7(s)) ds

+ |gi(siy(s1)) — i(s0,%(s:)) | + / If (s:7(5)) = f (s,(s)) | ds

<@+ )V + O] + Lg |y(s) — x(s)| + Ly / |y(s) — x(s)| ds

(1+c¢)(W+<p +Lg, Z |y x(s;) +Lf/ ’y s)‘ds.

O<s;<t

Thus, by Lemma 2.6, we have

(@) = ()| < (L + ) (¥ + @(8)) (1 + Lg)"ekrtin ©)

foreach t € (s;, t1],i=1,2,...,m
Further, for each ¢t € (¢;,s;], i =1,2,...,m, we have

Iy(6) —x(®)| < |y(0) - gi(t,5(0))| + |gi(t, 5(2)) — gi(t,x(8))| < ¥ + Lg |5

which yields that

y(®) —x(2)| < v ((7) = Ly=max{Lg:i=12,...,m} <1). (10)

1-1,
Moreover, for each t € [0, t;], we have
t
50 -5(0] < cp(®)+ Ly [ y6) -] ds.
0
By Gronwall’s inequality, we obtain
(1) = x(8)| < cop()e™,  tel0,4]. (11)

Summarizing, we combine (9), (10) and (11) and derive that

ly() —x(8)| < ((1 +¢p)(L+ L) elrtmt 4 I lL + c(peLf“) (¥ + ()

e

= rgom(¥ + 0 (0))

for all ¢ € J, which implies that equation (2) is generalized Ulam-Hyers-Rassias stable with
respect to (¢, ¥). The proof is completed. d

Page 6 of 8


http://www.boundaryvalueproblems.com/content/2014/1/67

Liao and Wang Boundary Value Problems 2014, 2014:67 Page 7 of 8
http://www.boundaryvalueproblems.com/content/2014/1/67

4 Example

Let J =[0,2] and 0 =ty =59 < £ = 1 < s1 = 2. Denote f(t,x(t)) = % with Ly = %

for ¢ € (0,1] and g (¢, x(¢)) = % with Ly, = % for t € (1,2]. We set ¢(t) = € and

V=1
Consider
’ _ ()]
{x (&) = TSy’ t(01], (12)
X
0 = Goenpmay L€ML2)
and
/ ly@)| t
i|y ® - 7(1+9emly(t)l)| <é, te(01], 13)
i
|y(t)—m|fl, t€(1,2].

Let y € PCY([0,2],R) be a solution of inequality (13). Then there exist G(-) € PC'([0,2],
R) and G; € R such that

G| <€, £€(0,1],G| <1,

e ly(8)]
y(t) = 790+ BN +G(), te(0,1], (14)
¥(t) Ol +G, te(,2].

T 5oe+e)2+ YD)

For t € [0,1], integrating (14) from O to ¢, we have

~ ! ly(s)|
Y =y0)+ /0 <(1 +9e) 1+ y(s)l) G‘”) s

For t € (1,2], we have

~ ly(®)]
“Goererzrpon Tt

¥(t)

After checking the conditions in Theorem 3.1, we find that

_ x(2)]
®(t) = (1+9et)((1;-\x(t)\)’ t€(0,1],

_ x(®)]
0 = gereneapan £ € L2 (15)
x(0) = y(0)

has a unique solution. Let us take the solution x of problem (15) given by

C )
030 [ sy @t o

~ |x(2)]
T BG-e+e)2+|x0)])

x(t) te(1,2].

For t € [0,1], we have

!y(t)—x(t)| < /t|G(s)|ds§ /tesds:et—lfet.
0 0
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For t € (1,2], we have

1 1
ly(@) - x(t)| < m () —x(0)| + Gy < m ly@) - x(@)| + 1,

which yields that

y(t) - 2(0)| < %

Summarizing, we have

() - x(8)] < %(1+et), te],

which yields that equation (12) is generalized Ulam-Hyers-Rassias stable with respect to
(e%,1).
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