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ABSTRACT. In this paper, the existence, uniqueness, stability via continuous dependence
and Ulam stabilities of nonlinear integro-differential equations with random impulses are
studied under sufficient condition. The results are obtained by using Leray-Schauder al-
ternative fixed point theorem and Banach contraction principle.

1. Introduction

Mathematical modelling of real-life problems in many engineering and scientific
disciplines usually results in functional equations, like ordinary or partial differential
equations, integral and integro-differential equations, stochastic equations. Many
mathematical formulation of physical phenomena contain integro-differential equa-
tions, these equations arises in many fields like fluid dynamics, biological models
and chemical kinetics. For details, see [1, 2, 9, 32] and the references therein.

Impulsive differential equations are well known to model problems from many
areas of science and engineering. There has been much research activity concerning
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the theory of impulsive differential equations see [13, 15]. The impulses may exists
at deterministic or random points. There are lot of papers which investigate the
properties of deterministic impulses see [3, 10, 13, 15] and the references therein.

When the impulses are exists at random, the solutions of the equation behave
as a stochastic process. It is quite different from deterministic impulsive differential
equations and stochastic differential equations. Iwankievicz et al [12], investigated
dynamic response of non-linear systems to poisson distributed random impulses.
Tatsuyuki et al [17] presented a mathematical model of random impulse to depict
drift motion of granules in chara cells due to myosin-actin interaction. In [16], Sanz-
Serna et al first brought dissipative differential equations with random impulses and
used Markov chains to simulate such systems. Wu and Meng first brought forward
random impulsive ordinary differential equations and investigated boundedness of
solutions to these models by the Liapunov’s direct method in [27]. In [28], Wuand
Duan discussed oscillation, stability and boundedness of solutions to the model by
comparing the solutions of this system with the corresponding non-impulsive dif-
ferential system. In [29], Wu, Guo and Lin discussed the existence and uniqueness
in mean square of solutions to certain random impulsive differential systems em-
ploying Cauchy-Schwarz inequality, Lipschitz condition and techniques in stochastic
analysis. In [30], Wu, Guo and Zhou first brought forward random impulsive func-
tional differential equations and considered p—moment stability of solutions to these
models using Liapunov’s function coupled with Razumikhin technique. Then, Wu,
Guo and Zhai considered almost sure stability of solutions to random impulsive
functional differential equations by Liapunov’s function coupled with Razumikhin
technique in [31]. In [4], the author studied the existence and exponential stabil-
ity for a random impulsive semilinear functional differential equations through the
fixed point technique under non-uniqueness. The existence, uniqueness and stabil-
ity results were discussed in [5] through Banach fixed point method for the system
of differential equations with random impulsive effect. The author [6], studied the
existence results for the random impulsive neutral functional differential equations
with delays. In [20, 21], the author studied existence results of random impulsive
differential inclusions with delays via fixed point theory. In [33], the authors gener-
alized the distribution of random impulses with the Erlang distribution. Using the
Erlang distribution in [19, 8], the authors studied qualitative behavior of the ran-
dom impulsive semilinear differential equations and neutral functional differential
equations.

The stabilities like continuous dependence, Hyers-Ulam stability, Hyers- Ulam-
Rassias stability, exponential stability and asymptotic stability have attracted the
attention of many mathematicians (see [7, 11, 18, 22, 23, 26, 24, 25, 14] and the
references therein). In [22], the authors have given the Ulam’s type stability and
data dependence for fractional differential equations (FDEs). JinRong Wang et al.
[23] studied stability of FDEs using fixed point theorem in a generalized complete
metric space. In [24], JinRong Wang et al.studied Ulam’s stability for the nonlinear
impulsive FDEs.

Motivated by the above mentioned works, the main purpose of this paper is
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to study of random impulsive delay integro differential equations. We relaxed the
Lipschitz condition on the impulsive term and under our assumption it is enough
to be bounded. We extend the results of Hyers-Ulam stability and Hyers- Ulam-
Rassias stability to fill the gab in delay integro differential equation. We utilize the
technique developed [13, 15, 29, 14].

The paper will be organized as follows: In section 2, we recall briefly the nota-
tions, definitions and preliminary facts which are used throughout this paper. In sec-
tion 3, we investigate the existence of solutions of nonlinear delay integro-differential
equations with random impulses by using Leray - Schauder alternative fixed point
theory. An interesting feature of this method is that this yields simultaneously
the existence and maximal interval of existence and further we investigated the
existence and uniqueness of solutions of random impulsive nonlinear delay integro-
differential equations by relaxing the linear growth condition. In section 4, we study
the stability through continuous dependence on initial conditions of random impul-
sive nonlinear delay integro-differential equations. The Hyers- Ulam stability and
Hyers Ulam-Rassias stability of the solutions of nonlinear delay integro-differential
differential systems is investigated in section 5.

2. Preliminaries

Let 1™ be the n-dimensional Euclidean space and €2 a nonempty set. Assume

that 74 is a random variable defined from  to Dy def- (0,dg) for k = 1,2,---,

where 0 < di < 4o00. Furthermore, assume that 74 follow Erlang distribution,
where k = 1,2,... and let 7; and 7; are independent with each other as i # j for
i,j =1,2,---. For the sake of simplicity, we denote R, = [r, +o0), RT = [0, +00).

We consider nonlinear delay integro-differential equation with random impulses
of the form

' (t) = /t F(t, s,x(a(s)))ds,t #&, t>T,

Tt = ¢

(2.1)

where the functional F' : A x € — ", € = C([—r,0],R") is the set of piecewise
continuous functions mapping [—r,0] in to R™ with some given 7 > 0; 0 : RT — RT;
Co=toand & =& _1+7 for k=1,2,---, Here tg € R, is an arbitrary real number.
Obviously, tg = & < &1 < & < -+ < kli_)n;oék = o0; by : D — R™™ is a matrix-

valued function for each k = 1,2,---; x(§,) = }&n z(t) according to their paths
k
with the norm ||z||; = sup |z(s)| for each ¢ satisfying 7 <t < T || -] is any given
t—r<s<t

norm in X, here A denotes the set {(¢,s): 0 < s <t < oo}.

Denote {B;,t > 0} the simple counting process generated by {¢,}, that is,
{B: > n} = {&, <t}, and denote F; the o-algebra generated by {By,t > 0}. Then
(Q, P,{F:}) is a probability space. Let L, = L,(£, F;, R") denote the Banach space
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of all F; - measurable p”* integrable random variables with values in R".

Assume that T' > tg is any fixed time to be determined later and let B denote the
Banach space B([to —r,T], Lp), the family of all F;-measurable, C-valued random
variables 1) with the norm

1/p
lolls = ( sup EIIwIIi’) .
to<t<T

Let LS(Q, B) denote the family of all Fy - measurable, B - valued random variable
®.

Definition 2.1. A map F(t,s,2) : Ax C— X, for all ¢t € [1,T], F(t,-,-) satisfies
LP-Caratheodory, if

(i) s — F(t,s,x) is measurable for each x € C;
(ii) x — F(t,s,x) is continuous for almost all t € [r, T];
(iii) for each positive integer m > 0, there exists oy, € L* ([7,T], RT) such that

sup  E|F(t,s,2)]]” <an(t), fort € [r,T], a.e.
Ellz||P<m

Definition 2.2. For a given T' € (to, +0), a stochastic process {z(t) € B, to—r <
t < T} is called a solutions to equation (2.1) in (2, P, {F:}), if

(i) z(t) € R is Fy—adapted for t > to;

(i) x(to + s) = ¢(s) € LY(Q, F) when s € [—r,0]

(22) +oo k & R

vt) = 3 (T]bme() + S T bs(m) / [ /O F(s. . 2(0(0)))dp ds
k=0 i=1 =1 j=1 i—1
+/€k {/O F(Sa“v»T(U(M)))du}dS)I[gk,ng)(t),t € [to, T)

, where _ﬁ () =1lasm > n, f[‘bj(rj) = bp(Th)bk—1(Tk_1) - - - bi(7;), and

I4(+) is the index function, i.e.,

1, if te A,
IA(t)—{o, it tg A

Our existence theorem is based on the following theorem, which is a version of
the topological transversality theorem.

Theorem 2.1. Let B be a convex subset of a Banach space E and assume that
0 € B. Let F: B— B be a completely continuous operator and let
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UF)={xeB:x=XFz for some0 <\ <1};
then either U(F') is unbounded or F has a fized point.

3. Existence Results

In this section, we prove the existence theorem by using the following hypothesis.
(Hy): The function F : [tg,T] X [to, T] x € — R™ is continuous, F(t,s,0) = 0, and
it satisfies the Lipschitz continuous with respect to z, ie.,

EHF(t, S5 .%'1) - F(tv 3, m2)||p < L(t7 S5 EHlepv E”.%‘QHP)Ele - $2||§7
(t,s) € Ayzy, e € R”,
where L : [to, T] x [to, T] x RT x RT — R and is monotonically nondecreasing with

respect to the second and third arguments.
(H3): There exists a continuous function p : [tg, T] X [to,T] — (0, 00) such that

E|F(, s, 0)[|” < p(t, s)H(E[][?), (L) € A,z e R,
where H : % — (0, 00) is a continuous nondecreasing function.
(Hs): o : [to,T) — [to,T], is a continuous functions such that o(t) < ¢t.

k
(Hy): E{ max [ Hbj(rj)H} is uniformly bounded that there is ¢ > 0 such that
i,k =i
k
E{ max [] ||bj(rj)||} <Cforally;eDj, j=1,2,--
2, j:7,

Theorem 3.1. If the hypothesis (Hz2) — (Hy) hold, then system (2.1) has a solution
z(t), defined on [to,T) provided that the following inequality is satisfied

) T e’} dS
3.1 M / p(s,s)ds < —_—,
( ' to ( ) C1 H(S)

where My = 2P~ max{1, CP}(T — ty)?, c1 = 2P "'CPE||¢||P and C? > 1+

Proof. Let T be an arbitrary number tq < T < oo satisfying(3.1). We

transform the problem (2.1) into a fixed point problem. We consider the operator
® : B — B defined by

p(t —to), t € [to — 7, tol,
+o00o k k Kk I3 R
@x(t) _ ];) 1:[1172(7'1)@(0) + ;ng(T]) /51_1 {A F(s,lu’x(g(ﬂ)))dlu ds

+/§k [/Osp(s,u,x(a(u)))du]ds} ey enny (), € [to, T].
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In order to use the transversality theorem, first we establish the priori estimates for
the solutions of the integral equation and A € (0,1),

X ot —to), t € [to — 7, to],
+o0 k k k & s
o(t) = A kZ:O 1;[1(%(72»)@(0) + ;jl;[ibj(rj) /1-1 /0 F(s,pu,z(o(p)))duds

o st a(o o)) dods| Ty O 1€ [t T]

Thus by (Hs) — (Hy), we have

+oo k

¥ [ 3 [ITT sl o)

+fj || f[_bmn{ /5 5 I [ Fsnalato)duas)

w0 atot)lis] g 0]

lz(@)|"

IN

“+oo k

2 [ TGP0 T (0]

k=0

IA

—+oo

+[k§ [Z ||£[bj(7j)||{/:; ||/OSF@,,M(J(M))W”CIS}

+/§: [ /OSF(S,Mw(a(u)))dqus] IKMH)@H
k

IN

2~ masc { TT o (o) 0 (0) "

i=1

e e L))" (

| e x(o(u)))du]

ds)p

Noting that the last term of the right hand side of the above inequality increases

in t and choose C? > 2;,%1, we obtain that

k
el < 2p1mkax{_Hl||bi<n>|p}||¢||p

k P ¢
sl o

P
ds,

/O " F(s, 20 ()

to
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then

el < 2Bl
+ 2 max {1,CP (T — to)/t: /OE ||F(s,u,x(a(u)))du||p} ds
< 2ICE gl
+ 2 max {1,07}(T ~ to) / [ st Ela(olz)an] as
< PICPE (el
b (1)) [ | [ s H B0 0

t
< 2p*10pE[||s0||p}+2p*1maX{1,Cp}(T*to)2/ p(s, s)H(E|x[|?)ds
to

Because the last term of the right hand side of the above inequality also increases
in ¢, we have

sup Efjz[|7

to<v<t
¢
<207 1CPE([lol’] + 2Pt max {1,CPH(T — to)* | p(s, s)H(E [[|z]|£])ds
to
¥
< 2°71CPE|lo]|P] 4+ 2P~ max {1, CP }(T — to)z/ p(s,s)H( sup FE|[||z|]P])ds.
to to<v<s
We consider the function £(t) defined by
(t) = sup Eflz[}], t € [to, T1.

to<v<t

Then, for any t € [to, T it follows that
t
(3.2)  £(t) <27 'CPE[|lo|P] + 2P  max {1,CP }(T — to)? / p(s, s)H(L(s))ds.
to

Denoting by u(t) the right hand side of the above inequality (3.2), we obtain
that
g(t) é U(t), te [t07T]7

u(to) = 2P1CPE ||p|P = 1
and
uW'(t) = 2P 'max {1,CP}(T —to)’p(t,t)H(L(t))
2P~ max {1, CP }(T — t0)?p(t, t) H (u(t)), t € [to, T).

IN
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Then
(3.3) w(t) < 27" max {1,CP }(T — to)*p(t, t) t € [to, T)
. H(U(t)) = ; 0 s U)y 0 .
Integrating (3.3) from ¢y to ¢ and by making use of the change of variable, we obtain
/u(t) dS - { p}( )2 t ( )
< 2P max (1,CP (T —to /ps,sds
u(to) H(S) to
T
< 227 'max {1,CP (T — to)? / p(s, s)ds
to
*©  ds
(34) < T N te [thT]a
u(to) H(8)

where the last inequality is obtained by (3.1). From (3.4) and by mean value
theorem, there is a constant n; such that u(¢) < n; and hence 4(¢) < 7. Since

sup FElz||2 = £(t) holds for every t € [tg,T], we have sup FE|z||? < 1, where
to<v<t to<v<T

11 only depends on T, the functions p and H, and consequently
Elz|ly = sup B[y <.

to<v<
In the next steps, we will prove that @ is continuous and completely continuous.

Step 1. We prove that ® is continuous.
Let {z,} be a convergent sequence of elements of z in B. Then for each ¢ €
[to, T'], we have

D, (t) = Z Hb (1) +ZHb () /51/ (5, s 2 (0(2))) s
/gk/ Fls p,anlo )))d“ds} Tig, ) (8)-

Thus,
D, (t) — Px(t)
“+o00 k k s

- bi(r) [ L[ Fls,manto@)an— [ Fls, ma(o(w))dubds

I;J iZIJH /51/ s (0 (1)) g — /0 py (o (i) dp
" /gk{ [ P mantotonan — [ Flspalo)dndds| T g0

and

E|®x, — Pz||}

< max {1,C? }(T — to) / E||{/ F(s,p,zn(o(w)))du — / F(s,p, z(o(p))du}||Pds

— 0 asn — oo.
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Thus @ is clearly continuous.

Step 2. We prove that ® is completely continuous operator.
Denote

By = {x € 93‘ lz])% < m}
for some m > 0.

Step 2.1 We show that ® maps B,, into an equicontinuous family.
Let y € By, and t1,ta € [to, T]. If tg < t1 < ta < T, then by using hypotheses

(Hz2) — (H4) and condition (3.1), we have

(bl‘(tl) (I>x(t2) -

= Z [fle (1:)(0) + ZHbj(Tj) /& /OS F(s,p,x(o(p)))duds

i=1 j=i

i=1
+—é§1 /,c F(s,u,x(a(u)))duds}[[§k7§k+;i)<tl)s
S (TR o1 (10 [ Pt auas

=1 =1 j=1

/ / Fs o )))d“ds}l[ﬁk,skﬂ)(b).
0

o

Thus,
(I)J,‘(tl) — (I)x(tg)
400k E & & s
= > [TIte@ + 3100 [ [ Plomatotu)duds
k=0 ti1=1 . i=1 j=i i—1 0
+/§k o F(Svﬂax(a(ﬂ)))dﬂds} (I[Sk,§k+1)(t1) _I[£k7§k+1)(t2)>
Ek
[ I]ne / [ oo duas] 1 6. 02)
Then
(3.5) B||®x(t1) — dx(ta) [P < 2P E||LP + 2P E| |7,
where
+oo k k & s
no= 3 [TIeme + S 10 [ [ Fsomstolu)duds
k=0 i=1 i=1 j=i i—1 70
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and
+o0 k k to s
L, = Z[ bj(’]’j)/ / F(s7u,x(a(u)))duds}I[gk’§k+1)(t2).
k=0 i=1 j=i ti JO
Furthermore,
(3.6) EILI" < 27 CEIpO)I” B(Lig e (0) — gy i) (t2)
t1 s
+2  max {1, C?} (1 —to)E/ ||/ Fs, 1, 2(0 (1)) dp|[Pds
to 0
E<I[§kv§k+l)(t1) - I[gk15k+1)(t2))
< 2p710pE”90(0)”p E(I[ﬁk,§k+1)(t1) - I[§k7§k+1)(t2)>
"ty n s
+2p_1max{1,Cp}(t1—to)/ / p(s, 1) H(E||z|?)duds
to JO
< 2B B(Ligen () ~ L) (t2)
t1
42 max (1,07} (0 0)° [ (s, ) H(E]ol[D)ds
to
E<I[sk,sk+1)(t1) - I[sk,sk+1>(t2))
< 2B B(Ligy e (B) — Ty ern) (t2))

t1
+2P " max {1,C"} (t1 — t0)2E/ M*H(E(m))ds
to

E(ﬁsk,&m)(tl) - I[sk,skm(fa))

— 0 as t2—t,

where M* = sup{p(t,t) : t € [to, T|}, and

to s
BILIP < CP(ts—t)E / H / F(s, j 2(0(1)))du|["ds
t1 0

ta
(3.7) < CP(ty—t1)? [ M*H(m)ds
ty
— 0 as to — t1.

The right hand side of (3.6) and (3.7) is independent of « € B,,. It follows that the right

hand side of (3.5) tends to zero as t2 — t1. Thus, ® maps B,, into an equicontinuous
family of functions.

Step 2.2 We show that ®B,, is uniformly bounded.



Results on Nonlinear Delay Integro-Differential Equations with Random Impulses 441

From (3.1), ||lz||}, < m and by (Hz) — (Ha) it yields that

I@a) 1" < 2"~ max{T T I1b:(m:) "} (O)II”

i=1

4or—1 [rrz;%x{l,ﬁ Hbz(ﬂ)“}]p

(f/t | /OS F(S,/L,x(a(u)))dqusIKk{Hl)(t))p.
k=0"to0

Thus,
Bl@a)l] < 2 CPE|¢(0)|
b max(1,CHT o) [ B [ # sttt
t
Bl@a)f < 2 CElp)F + 2 max(l, CTHT — to)an]sn.

This yields that the set {(®z)(t), ||z||); < m} is uniformly bounded, so {®?B,,} is uni-
formly bounded. We have already shown that ®B,, is equicontinuous collection. Now it
is sufficient, by the Arzela - Ascoli theorem, to show that ® maps B,, into a precompact
set in R".

Step 2.3. We show that ®B,, is compact.
Let to <t < T be fixed and € a real number satisfying € € (0,¢ — to), for z € B,,. We
define

“+oo k k & s
@) = > [[[sme+ T [ [ Fsmatot)duds

(38) [ ] Pesmato o) duds] e (0. 1€ (to.t =)

The set

H.(t) ={(®ex)(t) : = € Bn}
is precompact in R" for every € € (0,t —to). By using (Hz) — (Ha), (3.1) and Eljz|% < m,
we obtain

E||(®z) — (®x)||? < max{1,CPHT —to)* /t_ M*H(m)ds.

Therefore, there are precompact sets arbitrarily close to the set {(®x)(t) : = € Bm}.
Hence the set {(®z)(t) : = € B} is precompact in R". Therefore, ® is a completely
continuous operator.

Moreover, the set U(®) = {z € B : x = APz, for some 0 < A < 1} is bounded.
Consequently, by Theorem 2.1, the operator ¢ has a fixed point in B. Therefore, the
system (2.1) has a solution. Thus, the proof is completed. O

Now, we give another existence result for the system (2.1) by means of Banach con-
traction principle.
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Theorem 3.2. If the hypothesis (H1),(Hs) and (Ha) holds then the initial value problem
(2.1) has a unique solution on [to,T]. Proof. Consider the nonlinear operator ® : B — B

defined as in Theorem 3.1
El|®z — oy}

< 21’*1max{l,Cp}(T—to)/0 {/OSEHF(&MJ(U(M)))CZ#—/OSF(S%y(U(u)))duH"}dS

< 2"  max{1, CP}(T — to)

/t { / "L (s, Ellx(o ()P, Elly(o () [7) Ella(o (1)) — y(o () |Zdp}ds

<2 max{1,0")T - 1) [ { "L (s, Ellz|” Blly|P) Ellx(u) — y(w)|[du}ds
to 0

§2p_1max{1,0p}(T—to)2/t L(s,s, E||z|?, E|ly||”) E||z — y||%ds.

Taking supremum over t, we get,

[Pz — @yl < ATz —yl3,
with A(T) = 2°~" max{1,C*}(T — to)? [\ L(s, s, El|z|”, E|ly|*)ds.

Then we can take a suitable 0 < 77 < T sufficient small such that A(T1) < 1, and
hence @ is a contraction on By, ( By, denotes B with T substituted by T31). Thus, by
the well-known Banach fixed point theorem we obtain a unique fixed point x € Br, for
operator ®, and hence @z = z is a solution of (2.1). This procedure can be repeated to
extend the solution to the entire interval [—r, 7] in finitely many similar steps, thereby

completing the proof for the existence and uniqueness of solutions on the whole interval
[—r,T]. m]

4. Continuous Dependence

In this section, we study the stability of the system (2.1) through the continuous
dependence of solutions on initial condition.

Theorem 4.1. Let z(t) and Z(t) be solutions of the system (2.1) with initial values ¢(0)
and ©(0) € B respectively. If the assumptions of Theorem 3.2 is satisfied, then the solution
of the system (2.1) is stable in the pt" mean. Proof. By the assumptions, = and Z are the

two solutions of the system (2.1) for ¢ € [to, T]. Then,

“+oo k
w(t) —Z(t) =) {H bi(7i) [2(0) — ¢(0) |

k=0 Li=1
k k &i

+ZHbj(Tj)/

i=1 j=4 JEi1

+/t {/Sp(s,u,x(a(u)))du_/OSF(S,N@(U(M)))M ds] Ty i) (1),

§k 0

[/ TP (5, (o (1)) dpt — / F(s, 1.7 (1)) ds
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By using the hypotheses (H1), (Hs), (H4), we get

+o0 k
Blo—al < 27 Y [T 0GP Ele0) — 201 Ty 0,00

+ E[ [ZH 165 (75)

&i s K]

F(s,p,x(o dp — F(s,u,z(o dul|ds
< E oo [P o)l

s [0 Pt [P o)l e e 0]
< 7B {mgx{ I1 |b¢(n>||P}} Blle(0) = ()"
+ 27 B[ max {1 HHb ml}]
< B[ [ Flsmatotdn— [ Fs.malo(duldste, g ©)
< 277'CPE|e(0) - (0|17
+ 2 max(1. 0"} e —to) [ B [ Plsspnalolu)dn
- | Pl atem)aulas
o Bl =l < 27 Ble) ~ @)

4+ ort max{1, C* }(T — t0)2
Jiy  Lls:s Ellel”, Bly|”) sup Bla—3|ds
s€([tg,t

By applying Grownwall’s inequality, we have

sup Ellz —z[|} < 2°7'CPE|p(0) — o(0)|
telto,T)

X

t
exp(2” " max{1, C*}(T — to)2/ L(s,s, Ellz|?, Elly|l”)ds)
to

I Ellp(0) - (0)],
where, T =2271CP exp(2P ™! max{1, C*}(T — to)? ftto L(s,s, E|z||”, E|y|”)ds).
Now given € > 0, choose § = & such that E|¢(0) — ¢(0)||” < 6. Then

IA

sup Ellz —z|f <e.
t€[to,T]

This completes the proof.
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5. Ulam -Hyers- Rassias Type Stability

In this section, we study the Ulam- Hyers stability for random impulsive nonlinear
delay integro-differential equation (2.1). Let € > 0, u > 0 and ¢ : [to,T] — RT be a
piecewise continuous function. We consider the following inequalities

o) EHx’(t)—/O F (15, 2(0(s)) ) ds]]
Elz(&k) — b (1) (&)1 < € k=12,...

A
o
~
AN
o
T
~+
Vv
=

t

EHm’(t)—/F(t,s,m(o(s)))ds“p < ot), t#E t>to.

(5.2) |
E|z(&r) — bi (i) (E0)|P < u k=12,

53 E||z' (1) 7/0 F(t,s,x(a(s)))dsﬂp < ep(t), t#En >l
Ellz(&x) — br(Te)x (&)1 < eu, k=12, ...

Definition 5.1. The system (2.1) is Ulam- Hyers stable in the p'* mean if there exists a
real number x > 0 such that for each € > 0 and for each solution « € B of the inequality
(5.1) there exists a solution y € B of the system (2.1) with

Ellet) —y)IF < ne, 1€ [to, T,
Definition 5.2. The system (2.1) is generalized Ulam- Hyers stable in the p'* mean

if there exists a real number n € B,7n(0) = 0 such that for each solution z € B of the
inequality (5.1) there exists a solution y € B of the system (2.1) with

Ellz(t) —yI” < n(e), t € [to, T].
Definition 5.3. The system (2.1) is Ulam- Hyers- Rassias stable in the p'® mean with

respect to (¢, p) if there exists a real number ¢ > 0 such that for each € > 0 and for each
solution z € B of the inequality (5.3) there exists a solution y € B of the system (2.1)
with

Elz(t) —y@)|” < Ce(o(t) + ), t € [to, T].
Definition 5.4. The system (2.1) is generalized Ulam- Hyers- Rassias stable in the p'”

mean with respect to (¢, u) if there exists a real number ¢ > 0 such that for each solution
x € B of the inequality (5.2) there exists a mild solution y € B of the system (2.1) with

Bllz(t) —y@®)|” < C(o(t) + p), t € [to, T).
Remark 5.1. It is clear that

1. Definition (5.1) = Definition (5.2)
2. Definition (5.3) = Definition (5.4)
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3. Definition (5.3) for ¢(t) = p = 1 = Definition (5.1).

Remark 5.2. A function z € B is a solution of the inequality (5.3) if and only if there
exists a function h € B and the sequence hi,k = 1,2,... (which depend on z) such that
(1): E|[h(®)||? < ed(t),t € [to, T] and E||he|” < eu, k=1,2,..;

(ii): o' (t) = ng(t,s,x(a(s)))derh(t), t# &, > to;
(iii): m(gk) :bk(ﬂc)m(&;)-i-hk, k=1,2,...

One can have similar remarks for the inequalities (5.1) and (5.2).

Remark 5.3. If x € B is a solution of the inequality (5.3) then z is a solution of the
following integral inequality

EHx(t)—io[f[bxmw(owﬁﬁbj(n /g [ [ Femato)ads

+/; [/O F(S,,u,x(a(u)))d,u]ds} Tieeenn 0|
< 2P*16{epu+max{1,ep}(T — o) /t(b(s)dé‘}, t € [to, T).

From the Remark we have

(5.4) / tsw )))ds+h() t# &, t>to
bu(m)e () +he, k=1,2,....

Then

z(t+to) = o(t),for t € [-r,0],

k i t
+' Hbj(Tj)/ h(s)ds+/ h(s)ds:| Tigp e (@), T € [to, T
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Therefore,
+oo [ Kk
EHx(t) - ;CX::O Ll_[lbi(n +X:1J1_[,b 7 /51 1 / F(s u,x(g(u)))du]ds
+‘/: {/05 F(S,u,x(a(u)))du] d5:| I[gk,§k+1)(t)Hp
foo T k k k _
= EH kzzzo {1:[ bi(Ti)hi +§ 1;[ /51 1 h(s)ds + /.5: h(s)ds] I[ékv§k+1)(t)Hp
< 2p1E{max{ ﬁ }} E||hi||?
i=1

i (T3)

k ot
4+ op— 1E{max{ H H _tO)/t E|lh(s)||Pds

21’716{6’”# + max {1, € }(T — tO)/t ¢(s)ds}.

IN

We have similar remarks for the solutions of the inequalities (5.1) and (5.2). Now, we
give the main results, Ulam-Hyers-Rassias results, in this section.

Theorem 5.1. Asssumption (Hy), (Hs) and (Hi) hold. Suppose there exists X > 0 such
that

/t o(s)ds < X\ ¢(t), for each t € [to,T],

where ¢ : [to, T] — R is a continuous nondecreasing function. Then the system (2.1) is
Ulam - Hyers- Rassias stable in the p'" mean.

Proof. Let © € B be a solution of the inequality (5.3). By Theorem 3.2 there exist a
unique solution y of the random impulsive delay integro-differential system

(5.5) y’(t):/OtF<t,s,y(a(s)))ds, t£Es, t>to

y(&k) = br(me)y(&r ), k=1,2,....

<
=
IS
Il
AS)

y(t+1to) = p(t), forte [—r 0],

5@+ 3 b )/ U / " F(s, g y(o (1)) du] ds

=1 i=1j=1 i1

+ /5k [ 05 F(S,lhy(a(u)))du] ds] I[fk75k+1)(t)7 t € [to, T).
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By differential inequality (5.3), we have

EHx(t)ff {ﬁbi(n +ZHb - / [/ F(S,H,m(g(u)))du]ds

k=0 Li=1 i=1j=1 -1 0

/ / F(s,p,x ]d8:|[[5k»5k+1)(t)
&k
ko k

= E‘H S |:ﬁbi(7i)hi -I-Z Hbj(Tj)/ h(s )ds-i—/t h(s )ds:| ey i) (1)

i=1 i=1 j=1 Ei—1 §k

<o 'p {mX{ I1 [jpsr) }} E|lhal|” + 2E[m {1» [T [joi(m) H

(T —to) x e/t o(s)ds

< 21’—16{@@# +max {1,C7}(T — to))\gzﬁ(t)}, t € [to, T).

P

P

Hence for each t € [to, T, we have

+oo
Bllo(t) ~y0)” = B - {Hbms@(m

p

+oo k
Ellz—y|? < 2?*1EHz(t) -3 [Hbi(n)w(o)

k=0

+ZH1>T])/ /F(Sﬂx

1=1j5=1

# [ o] ds} e

o 3 ] o) /. 5 [ [ Pl ao )y

i=1j=1

- [ F syt as + ; [ [ Pttt

— [ P vto )] ds} PPRIO] &

IN

4p_16{€p/1, + max {1, P }(T — to))\gzﬁ(t)}

t
+2p71max{17€p}(T—t0)2/ L(s,S,E||ac||p,E||pr)E||x—yHgds.
to

447
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sup Elz -y} < 4p716{8pu + max {1, " }(T — to)/\¢(t)}

te(to,T]
+ 27 max {1, G”}(T — t0)?

Jo, L(s,s. Ella|”, Elly|”) sup Ellz —y|ids.

s€|to,t
< 4p_le{6pu—|—max{1,€p}(T—to))\(z)(t)}
+ 2p_1max{1,6p}(T—to)2
[X L(s,s, Bllz|”, E|lyll*)ds sup Ellz —yl|7.
t€(to,T)

1

There exists a constant i = > 0 indepen-

1—2P—1 max {1,6”}(T—t0)2 ftz L(s,s,EHxIIP,EHyIIp)dS
dent of A ¢(t) such that

sup Ellz—y||f <h 4p_1e{€p,u + max {1, CP}(T — to)/\¢(t)}, t € [to, T.

te(to,T]

Thus, the system (2.1) is Ulam - Hyers-Rassias stable in the pt" mean. Hence the proof.0

Remark 5.4.

1. Under the assumption of Theorem , we consider the system (2.1) and the inequality
(5.1). One can repeat the same process to verify that the system (2.1) is Ulam -
Hyers stable in the p'* mean.

2. Under the assumption of Theorem , we consider the system (2.1) and the inequality
(5.2). One can repeat the same process to verify that the system (2.1) is generalized
Ulam - Hyers-Rassias stable in the p'" mean.
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