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STOCHASTIC DIFFERENTIAL EQUATIONS WITH
NON-INSTANTANEOUS IMPULSES, NON-LOCAL CONDITIONS
AND INFINITE DELAY

HUGO LEIVA, MIGUEL NARVAEZ, MIGUEL NARVAEZ, AND CELSO G. RECALDE*

ABSTRACT. For a system of differential equations modeling a problem, im-
pulses, delays, non-local conditions and noises are intrinsic phenomena that
under certain conditions do not change certain properties of the system,
such as stability, synchronization, controllability. In other words, if these
elements, not taken into account in many mathematical models, are added
as disturbances of the system, the existences of solution and controllability
hold through. In this regard, we study the existence and uniqueness of so-
lutions for retarded stochastic differential equations with non-instantaneous
impulses, non-local conditions and infinite delay. To this end, first of all, we
select the phase space adequately in such a way that it satisfies the axiomatic
theory formulated by Hale and Kato to study differential equations with in-
finite delay. Then the problem of the existence of solutions is reduced to the
problem of finding the fixed points of an operator equation; to do so, we apply
Karakosta’s Fixed Point Theorem, which is an Extension of Krasnosel’skii’s
Fixed Point Theorem. After that, under certain conditions, we prove that
the solutions of our problem are unique. Next, we study the prolongation
of solutions, and we prove that, under certain conditions, these solutions are
globally defined. Finally, we present an example to illustrate our results.

& Note to author: Use 2000 Mathematics Subject Classification.

1. Introduction

For a system of differential equations modeling a real life problem, impulses,
delays, non-local conditions and noises are intrinsic phenomena that under certain
conditions do not change certain properties of the system, such as stability, syn-
chronization and controllability. That is, if we consider these elements as distur-
bances of the system, it turns out that the existences of solution and controllability
hold through under these influences not taken into account in many mathemat-
ical models that represent extremely important problems in the area of applied
mathematics. On the other hand, stochastic differential equations result from the
generalization of ordinary differential equations and partial differential equations.
This is due to the need to include noises into the equation in order to have more
realistic models. Example of stochastic models, come from financial markets or
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financial derivatives in which the price of the underlying assets evolve randomly,
for which normal distributions are used in their modeling. Other stochastic mod-
els also emerge in population dynamics where the model of the number of births
and deaths can be seen as a counting process, say (N¢)tcr is the population size
subject to a birth rate A and a death rate u. Other examples can be found in
epidemiological contagion. But, it turns out that to have a more accuracy model,
which considers these intrinsic phenomena that appears naturally in the real life
problem, we must include abrupt changes or impulses, nonlocal conditions and
delays. That is to say, the stochastic differential equation along is not enough
to have a mathematical model caring out all these phenomena. That is why sto-
chastic differential equations has intensified study in recent years in which each
model studied includes instantaneous or non-instantaneous impulses or non-local
condition and delay, or even all of the previous ones. For more information about
this one can see [7] and nearby references.

Without further ado, in this work we will study the existence and uniqueness of
solutions for the following semi linear stochastic differential equations with multi-
plicative noise, non-instantaneous impulses, non-local conditions and infinite delay

dz(t) = {AWD)2(t) + f(t, z)}dt + o(t, z)dW(t), t€ Iy, k=0,1,2,---,
9(2)(s) = &(s), 5 € (—00,0], (1.1)
Sk(t,z(t;)), tEJk, k:1,2,~'~ R

I
—
~+
~—
Il

where A(t) € R™ ™ is a continuous matrix, Iy = (0,#1], Ix = (Sg,trs1], Jk =
(thysk), 0 = to = Sp < t1 < 81 < t2 < 83 < -+ < 8 < tgy1 —> 00, as
E— o0 g:9Q — 9, ¢: (—00,0] x Q2 — R, f:(0,+0) x Q — R”,
o : (0,400) x Q — R™ " are given functions satisfying some assumptions,
Sk : [tk, sk] X R" — R™  for k =1,2,3,- -, represents the impulsive effect of the
system (1.1), {W(s) : s > 0} is an n-dimensional Wiener process defined on the
probability space (2, F, P) with an increasing family F; of sub-o-algebra of F.

The advantage of having nonlocal conditions is that measurements at more
places can be incorporated to get better accuracy models. For more details and
physical interpretations see [3, 4, 5, 6, 21] and references therein. ¢ € 9, Q is
the phase space to be specified later. Gy : Jy x R®* — R™, k = 1,2,3,---,
are continuous and represents the impulsive effect in the system (1.1), i.e., we are
considering that the system can have abrupt changes that stay there for an interval
of time. These alterations in state might be due to certain external factors, which
cannot be well described by pure ordinary stochastic differential equations, (see,
for instance, [11] and reference therein). For this type of problems the phase space
for initial functions plays an important role in the study of both qualitative and
quantitative theory, for more details, in the non stochastic case without impulses
and non local conditions, we refer to Hale and Kato [8], Hino et al [9] and Shin
[18, 19]. Here, 2z:(0) = z(t + 0) for 6 € (—o0, 0] illustrate the history of the state
up to the time ¢, and also remembers much of the historical past of ¢, carrying
part of the present to the past.
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2. Preliminaries

This section is dedicated mainly to select the appropriate phase space Q where
our problem will be set, which satisfies the axiomatic theory proposed by Hale
and Kato to study differential equations with infinite delay; this is on the one
hand, while on the other hand, throughout this paper we will use the following
standard notations. Let (Q, F, P) be a complete probability space with measure
P on  and filtration {Fs,s > 0} generated by an n-dimensional Wiener process
{W(s),s > 0} defined on (2, F, P). The filtration satisfies 7, C F for s > 0.

If z(-,-) : (0,7] x Q@ — R™, then for any t > 0, 2z(-,) : (—00,0] x Q@ — R™ is
given by,

zi(s,w) =z(t+ s,w), s€(—00,0], weq.

We will define the linear space of measurable random functions ¢(¢,w), denoted by
CP = CP((—00,0] x Q;R™), as the linear space of almost surely (a.s.) normalized
piecewise continuous paths. i.e., the restriction of ¢(-,w) to the interval [a, 0] is
measurable with respect to Fo on and piecewise continuous on any [a,0], a < 0,
which can be written as follows:

CP={p: (—00,0] x Q — R™: Fy — measurable and
go\[a,o] is a.s. piecewise continuous function, Va < 0} .

Now, we will define the phase space C}, for our system (1.1). By using some
ideas from [15], we consider a function h : R — Ry such that
a) h(0) =1,
b) h(—o0) = 400,
¢) h is decreasing.

Remark 2.1. A particular function h is h(s) = exp (—as), with a > 0.

Using a function h of the foregoing type, we define the following linear space of
functions:

Cp = {QS : ¢ € CP and sup E(l¢(s)ll-) ) < oo} ,
s<o h(s)

the space C}, endowed with the norm

E 2" 1/2
folle, = (sup ZEEN T o e

is a Banach space(see [22]).

Proof. Tt is enough to show that C} is a complete normed space. Let {¢,} be
a Cauchy sequence in C}, with probability 1. Now, from {¢,} one can extract a
subsequence that converges for almost every (t,w). To do so, we take n; = 1 and
define nj inductively as the smallest n > ng_; such that

E‘ld)m(sa W) - ¢m’ (57 w)”2

sup <273 forallm >n, m >n.
s<0 h(s)
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Then, applying Chebyshev inequality, we get that

P{w . ||¢nr+1(svw) - ¢n,«(57w)” N 2r} < E||¢nr+1(svw) - gZSnT(S,OJ)H?

h(s) h(s)2- 2 <27

Then, the series

Z:OP{M : |¢nr+1(57“2(s_) Pne (5,)l| > QT} < 2_;327T < 00,

and by Borel-Cantelli theorem, the series

< oo,

— ||¢nr+1 (va) - ¢nr(s’w)”
2 h(s)

almost surely converges uniformly in s € (—o0, 0].
Let n, (s,w) = 2552 and N = {w : [t (5,w) = thn, (5,0) | = 00},
then, if we put
’(/)(S OJ) — wnl(svw)+zzio(wnk+1(s7w) 71/)7%(57"‘}))7 w e Q\Na
’ 0, weEN,

we obtain 1), converge to ¢ almost surely. A standard argument yields to the
conclusion that the whole sequence {¢,,} converges to t. To finish the proof it is
enough to see that hy € Cy,. O

Now, we shall consider the space CP, of F.-adapted processes defined on
(—o0, 7], for a fixed 7 > 0:

CP- Z{Z (00, 7] X Q= R": 2 € Ch,z is continuous for all
(—00,0] (trstryi]
we, k=0,1,--- ,p;sp_1 <7, 20 € Ch, and there exist z(tﬁ),z(t;) with
z(ty ) = 2(tk), k=1,2,--- ,pand  sup E|z(t)|3. < oo}.
te[0,7]

Lemma 2.2. CP. is a Banach space endowed with the norm

2 2 2
2125, = l2)IZ, + swp (El2()]2.) (2.1)
0<s<t
The set
D = Ch,

equipped with the norm
Izlla == llzllen
will be our phase space.
It is not hard to verify that Q satisfies the Hale and Kato axiomatic theory [8] for
the phase space of retarded differential equations with infinite delay, but defined
as in the book [9]:
(A1) If z € CP, and zp € R, then for every ¢ € [0, 7] the following conditions

hold:

(i) z is in 9

i) (1) cr, < Hlzlla:
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(iil) ||lzella < K(t) sup{|lz(s)|lep, : 0 < s < t}+ M(t)]z0|lq, where H > 0
is a constant, K, M : [0,00) — [0,00), K is continuous and M is
locally bounded, and H, K, M are independent of z.
(A2) For the function z in (Al), z is a Q—valued function on [0, 7].
(A3) The space £ is complete.

The following result is stronger than axiom (A1)-iii), and is due to the fact that
the function h is defined in the all real line:

Lemma 2.3. For all function z € CP, the following estimate holds for all
tel0,7]:

[zella < llzllep, = ll=]l-

Proof.
E|z(0)|? Elzt+0)I*> Elz(t+0)*ht+0)
2 = — —————————————

R O T R S 1() B S T R ()
E|z(t +0)|? E|z(0)|? E[2 ()||2 2
1 =g — <y S E l

T <o h(t+90) llgllt) R(l) l<g h(l) O<L}2t =Dl

< |l2lI5 + sup E[lz(s)[I* = [12[|¢p, -
0<s<rt

3. Main Results

In this section, we shall prove that under suitable conditions on f, G, g and o,
the Problem (1.1) admits a mild solution on (—oo, 7|, for some 7 > 0, given, for
k= 1727"'7 by

8(t,0)[#(0) — g(2)(0)] + /O 8(t,5)f(s,2s)ds

—|—/ 8(t, s)o(s,zs)dW(s), t € Iy = (0,4]

2(t) = ’ . (3.1)
S(t,se)2(sk) + [ S(t5)f (s, s ds+/ S(t,8)o(s, 2)dW (s), ¢ € I

Silt, (), t € J,
o(t) = g(2)(t), t € (=00, 0]

where §(t,s) is the evolution operator o transition matrix associated with the
linear system defined below.

Remark 3.1. It is necessary to consider the condition z(t) = Gi(t, 2(t,)) for t €
(tk,sk) = Jx and k = 1,2, since in this case 2(t])) = Gi(tx, 2(t; ).
Additionally, the solution z shall be defined on each s; by:

2(sk) = 2(s) = 2(s) = Gk sk, 2(ty )
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We denote by @ the fundamental matrix of the linear system

Z'(t)=A(t)z(t), teR (3.2)
a 4o (#)
BT At)®(1),
o(0) = 1.

Then the evolution operator 8(t, s) is defined by S(t,s) = ®(t)®~!(s),t,s € R.
For 7 > 0, we consider the following bound for the evolution operator
M= sup [8(t9)]
t,s€(0,7]
Definition 3.2. Given ¢ € 9, an R”-valued process {z(t),t € (—oo, 7]} is called
a mild solution of Eq.(1.1) if
(1) z(-) e CP,.
(2) For arbitrary t € (oo, 7], we have the Eq. (3.1). It is to be understood
that (3.1) hold P-a.s.,that is, for any fixed ¢ there is an Q; € F; of full
P-measure such that (3.1) hold for all w € 2.

3.1. Existence and uniqueness Theorems. In this subsection, we shall
assume the hypotheses that will allow us to prove the existence and uniqueness of
solutions for problem (1.1).

H1. The functions f: Ry x Q — R™ and 0 : Ry x Q — R™*" satisfies the
following conditions for V1, € Q, Vi € Ii:

. 2 2
D) 1t e1) = F(t 02)lpn+llo(t 1) —o(t, 02) 7 < K(le1llg s llp2lla) o1 —alla

where
1/2

n n
ot eu)llrnsn = [ DD lowt. o)l |

i=1 j=1
11) ||f(t»90) ]%Rn + ”U(ta 90) ]?Ran S /(b(“(p”f])?v@ € Qa where K : R+ X RJr — R+
and 7,/; : Ry — R, are continuous and increasing functions respectively.

H2. The impulse G : [tk, sg] X R™ — R”™ satisfies the following conditions:
There exist constants L > 0 such that for all k = 1,2,..., y,z € R, {,;t € J;, we
have that G (¢,0) = 0 and
i) BSk(t,9)) = Gr(62)l[zn < L{Jt— 47 + lly — 2]l } -

ii) The function g : Q — R" satisfies the following condition: There exist constant
dy > 0 such that

Ellg(z) = g(y)l
with g(0) = 0 and

2 2
R™ édq ||$_y||Q7 Vm,yeﬂ,

1
M2L+dq<5
H3. There exist 7,p > 0 such that

3002{ (0, + L) (191 + 9 + 7 + D3I + ) | < 5,
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where the function ¢ € CP, is defined for ¢ € Q by
S(ta 0)¢(O)a te IOv

- o(t), teR_,
_ 3.3
¢ 0, tel, ( )
0, teJg.

To prove our main existence theorem, we shall use some ideas from [12, 13]
where the following known result is applied.

Theorem 3.3. (See [10]) (G.L. Karakostas Fized Point Theorem) Let Z and Y
be Banach spaces and D be a closed conver subset of Z, and let C: D — 'Y be a
continuous operator such that C(D) is a relatively compact subset of Y. Let

T:Dx€(D)— D

is a continuous operator such that the family {T(-,y) : y € C(D)} is an equicon-
tractive family. Then, the operator equation

T(z,C(2)) =z
admits a solution on D.

The following closed and convex set will be considered

D =D(p,7.0) = {y €CP s |y~ dllcr. < p}, (3.4)
where the function ¢ is defined in (3.3).

Theorem 3.4. Let’s consider an initial function ¢ € Q such that the hypothesis
H1-H3 hold. Then, the system (1.1) admits a mild solution on (—oo,T].

Proof. Let’s consider the following operators:

T :CP, x CP, — CP;,

C.CP, — CP,,
where
o(t) — g(2)(¢), t € (—00,0],
T B y(t)a te IOa
G =9 00) 1 80, 510G (50, 2(60)), L€ L,
Sk(t,z(ty)), t € Ji,
and
8(t,0)[¢(0) — g(2)] +/0 8(t, s)f(s,zs)ds+ ; S(t, s)o(s,zs)dW (s),t € I,
C(2)(t)= 8(t,s)f(s,2s)ds —|—/ 8(t,s)o(s,z5)dW (s), t € I,
¢(t)’ te (—O0,0],
0, t e Jg.
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Now, the problem to find a solution of (1.1) is reduced to the problem of finding
a solution of the operator equation

T(z,€(2)) = 2.

We will apply Karakostas Fixed Point Theorem to find solutions of such equation.
In fact, let us verify that the operators € and T satisfies the assumptions presented
in Theorem 3.3. To do so, the proof will be divided in several steps:

Step 1: C is a continuous operator. In order to prove this, we shall use the
hypotheses (H1-i), (H2-ii) and Lemma 2.3. For z,y € CP, and the function h
considered in the definition of our phase space, in this regard we have:

e Let s € (—00,0], then

E[€(2)(s) = C(y) ()l = Ell6(s) — ¢(s)&n = 0. (3.5)
Now,

E|[[€(2)(s) — C(y)(s)lIz~

0 =0

1€(2) = C(y)]I4 = sup
s<0

Therefore, for s € (—oo,0] we get that
1e(z) — CW)lIE = l1E(2) — €4 =0. (3.6)

e Next, let’s consider t € I:

B(C(y)(1) - €()(t) 2 = EHS(t, O)9(:)(0) = 5(8.0)9()(0) + [ 5(t.5)1 (5.2

- / S(t, ) f (s, ys)ds + / S(t, $)0 (s, z)dW (s) - / S(t, )0 (s, ys) W (s)

0
<(

n H /Ots@s, $)o (s, 2)dW (s) — /Ot 8(t,s)a(s,ys)dW (s)

R

/OS(t,s)f(s,zs)ds—/O 8(t,s)f(s,ys)ds

)

/0 S(t, ){f (5, 2) — f(5,y5)}ds

2

2
<3E +3E

\s<t,o>g<z><o> ~5(t,0)9(»)(0)

2

¥ 3EH / S(15) (s, 22) — 05,3} AW (s)

2 t
+3M2t/ E||f(s,2s) — f(5,ys)|fnds
R™ 0

2

< 3M2E‘ 9(2)(0) = g(»)(0)

ds

RnXn

¢
+3M2/ E|lo(s,zs) —o(s,ys)
0

t
< 3MPdylly — 213 + 3M2t/0 K(llzsl1% lysl12)llys — 23 ds

t
1302 / Kzl lyalB) 128 — valhds
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t
< 3M2d,|ly — 2|3 + 3M%t, / K212, [912p ) ly — 2l12p_ds
0
t
NERYE / K215, . [912p ) 1= — yll2p.ds

< (3M2dq L3022 + 1)K (25, ||y||%pT>) ly — =12

Hence, on t € Iy we get

E[|€(y)(t) - C(2) (1)

i < <3M2dq+3M2(t?+t1)/C(||Z||§7>T, IIyII?zvv,)>||y2||§7>T~
e Now, let’s consider t € Iy, for k =1,2,...p.
E[C(2)(t) — €(y)(t)[&~

/ 8(t.5)((5,20) — F(s,))ds + / S(t,5)(0 (5, 24) — (5, 52))AW (5)

2

R

Bnds

<2 [ s o)lPds [ BIfsz) - Flsu)]

Sk

t
2 / 18(, ) PE 0 (5, 22) — (5, s) |2 ds
Sk
t
<22 (1~ s) / Kzl lyalB) 120 — valBds
Sk

t
EYYE / K12 30 sl1) 26 — e Bds
Sk

< 2MP(t = sk)°K(l120Ep,, 19ller )z — yliEp.
+2M2(t — se)K(l2lEp, . [ylEp, )z — ylier,
< 2M*(7* + DK(Ilep,  lyliEe, )z — yliEp, -

Thus, on I, we get that
1€(2)(t) = CW)(B)lIZp, < 2M* (7> +T)K(|2lEp, . Iy )z = ylEp,.  (3.7)

Since E[|C(2)(t)—C(y)(t)||4. = 0 for t € Ji, k = 1,2,..., from (3.5), (3.6) and (3.7),
we have that C is locally Lipschitz, which implies the continuity of the operator C.

Step 2: € maps bounded sets of CP, into bounded sets of CP,. It is enough
to prove that for any R > 0 there exists » > 0 such that for each y € Br =
{z€CP;:|zll3p. < R}, we have that [|C(y)[|25 < r. Indeed, let’s consider
z € Bg. Then, by to Lemma 2.3 and hypotheses (H1)-ii)-(H2)-ii), we obtain the
following:

e For ¢t € (—00,0], we obtain that

E[C(2)(®)]E- = E[6(t)|En,
which implies

IC()NEp, = IC(R)IE = l6lE = R (3-8)
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e For t € Iy, we have obtain that,
t t
E[C(2)(t)|&~ < 3E|[8(t,0) {4(0) —g(Z)(O)}||2+3/0 IIS(t,S)IIQdS/OEIIf(S,zs)Hu%ndS

t
43 / 18(t, )IPEo (s, 2) 2

< 3MZE|¢(0) — g(2)(0)|I* + 3M>3(||212p, ) (* + 1)

< 3MZE|¢(0)[|f- + 3MZEllg(2) (0)lIf + 3M>4(|12|Ep, ) (1* +1)
< 3MPE|¢(0) || + 3M>dy|12|% + 3M3(||2]2, ) (11 + 1)

< 3MPE|$(0) || + 3M>d,|12|2p, + 3M>(|12[3p, ) (6] + 1)

< 3MZE|¢(0)[|fx + 3M?dy R + 3M*$(R)(# + t1) := Ry

e For t € I}, we have that

E[|C(2)(®)]

< 2M27(||2lIgp, ) + 2M2 7 |21,
< 2M2(||z|3p, ) (7 + 1)
< 2M*)(R)7(r + 1) := Rs.

Letting 7 = Ry + Ry + Rs, we get that [|C(z)[2p <.

Step 3: € maps bounded sets of CPj,, into equicontinuous sets of PW...
Let’s consider By as it was previously defined in the foregoing step. We shall prove
that C(Bgr) is an equicontinuous family. Since the equicontinuity on (—oo,0] is
trivial, we only need to prove the equicontinuity in the remain part. Let’s take
y € Bp, and consider Lemma 2.3 and hypotheses (H1)-ii), (H2)-ii). Then, we get
that

e For t1,t5 € Iy such that 0 < t; < tg, it turns out that

t t
2, <M (t sy / B\ (s, 7 [2nds + 2042 / Bl|o (s, 2) |2 ds

Sk Sk

E[€(y)(t2) — €(y) (t1) [z

=EHs<t2,o> 60 ~g)h+ [ 820G+ [ 810,00 ()

~8(t1,0) {6(0) — g()} — / S(t1,8) (5 ya)ds — / S(t1,5)0 (5, ya) AWV (5)
< BE|(8(t2,0) — 8(t1,0)) {¢(0)—g(y)} [|zn
| 5E / [S(t, 5)—S(t1, )1 (s, ys)ds

2

Rn

to 2
+5E 8(ta,8)f(s,ys)ds
t1
ta
1+ 5E 8(ta, s)o (s, ys)dW (s )

t1

vom| / (t2,5) — S(ta, )]o(5, ) AW ()

Rn

R
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< 5[[8(t2,0) = 8(t1, 0)[*E[|6(0) — 9(y) (0)]If

t1 tl
+5 / 18(t2, ) — S(t1, )| 2nds / EI| (s, y)|[3nds
0 0
to ta
+5 / 18t 5) 2. ds / Bl (s, y)| 2 ds
t1 t1

t1
+ 5/ I8 (t2,5) = 8(t1, 8)l[&n Ello (s, ys) [ 7nxnds
0

2
Rrxnds

to
+5 [ 18(t25) B Ello(s. )|
t1
< 1008(12,0) - 8(t2,0) (BIS(O) 2. + dyllulp, )
~ - t1
M (t2=t0)*+ (2 =t0) V0o, )+ 55, )(t-+1) 8002, =(00,5) s

< 10]18(t2,0) = 8(t1, 0| (E[[@(0)l[n + dgR) + 5M*Y(R){(t2—11)° + (t2 — 1)}

SR+ [ 18(02,9) 5001, 5) s,

0
by the continuity of the evolution operator, we have that

E[C(y)(t2) — Cy)(t1)[n — 0 as tz— i, (3.9)

independently on y € Bg.
e For t1,t5 € I such that 0 < t; < tg, we have that

BC(y)(t2) — C(y) (1) |20 = EH [ sttahp(osnds — [ st 90705, v)ds

Sk
2

+ / " S(ta, 5)o (s, ) IV (5) — / 8t )0 (s, ya)dV ()

Sk Sk

t1 t1
<4 / 18(t2,5) — S(t1, )| 2ds / E||f(s, ys)|?ds

Sk Sk

to to ty
IIS(b,S)II?dS/ E|f(s,ys)IPds+4 [ [18(t2,5) — 8(t1, 5) | Ello(s, ys) | Fuxn ds
t1

t1 Sk

ta
+4 / 18(t2, ) [2Bl|o(s, ye) [ Znds
1

< W0lullzp, (0= 50+ 1} [ [8(t2.9) = S(t1,9)]ds

+AMZY(|lylIZp, ) (t2 — t1)[(t2 — t1) + 1]
<4D(R){(t1 —sk)+1} 1|\5(t2» s) = 8(t1, s)||ds + AM>Y(R) (ta — t1)[(ta — t1) + 1.

Sk

The continuity of 8(¢, s) implies that
E[C(y)(t2) — Cy)(t)[[En — 0 as to — ta, (3.10)

independently on the chosen y.
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Hence, by (3.9) and (3.10), the operator € maps bounded sets of CP, into
equicontinuous sets of CP,, i.e., C(Bg) is an equicontinuous family.

Step 4: The subset C(D) is relatively compact in CP,. In fact, let D C CP
be the bounded set defined in (3.4). Without loss of generality, we can assume
that t, < 7. By steps 2 and 3, C(D) it is bounded uniform and equicontinuous
in CPp-. Let us take a sequence {yn}nen € C(D). Observe that yn|(—oc,0) = ¢
there exist an uniformly convergent subsequence {y!},en on (—oo,1]. Let’s con-
sider now the sequence {y.},en on the interval (¢1,ts], which is also bounded
and equicontinuous. Then, applying Arzeld-Ascoli Theorem, it has a convergent
subsequence {y2},en on (t1,ts]. This sequence is actually an uniformly conver-
gent subsequence of {y,}nen on (—oo,ts]. We continue this process iteratively
over each interval (¢g,%3],--- , (tp, 7] and finally arrived to the conclusion that the
subsequence {y4}, cn € {¥Un}nen is uniformly convergent on the whole interval

for all n € N, then by Arzeld-Ascoli Theorem applied to {yn|(0$tl]}

(—o00,7]. This implies that C(D) is compact, and therefore C(D) is relatively
compact .
Step 5:
The family {T(-,y) : y € €(D)} is equicontractive.
Let us take z,x € CP, and y € C(D). Also, consider Lemma 2.3 and (H2), then
e Let us chose t € (—00,0]. Then

E||7(z,C(y))(t) — Tz, C() (D)llzn _ Ellg(2)() — 9(x) ()l
h(t) h(t)
< l9(2) = 9(x)llq
<dq = - ylg
< dgllz — z)Zp,
1
< lle ol
By taking the supremum on ¢ € (—o0, 0], we have that,
1
17z, €() = T(, €D < 5= = @llep, - (3.11)

e Let t € Ij. Then we have that

17(z, €(y) (1) = T (=, Cy)) ()] = [[C(y)(¢) — E(y))(B)]| = 0.

e Let t € I. Then we have that

E [|T(=z, () (t) ~ T(x, C()) (1) [2.= [|S(t.5) e (512 (85 )~ St 58) (s, 2t )|
< M 9w 2(5)) = et 28
< M2L||2(t;) — 2(t;) |2

1
< _ . 2
= 2||Z 93||c7>T
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Thus,
1
2
B|T(z, C)(t) = T(z, C)A)llen < 511z = 2llép,, t€ I (3.12)
e Consider t € J. Then we get

2
]:R’Vl

E[[7(z,€(y)) () — T(z,C(y))(?)

fn < |19kt 2(87)) = Gk (t, 2(t;))]
< Lllz(ty) — a(ty)ll&n

1
< =z —z|3p .
< 5llz = zllep,

Hence,

2

E[|7(z, C(y))(t) = T(x, C(y))(t)[|ln < %Hz —z|p,. (3.13)

Therefore, from the foregoing inequalities and (3.13), we get that

1
1702, €()) = T(@, Cw)liep, < 51z = liép,

which is a contraction independently of y € €(D). So , the family {T(-,y) :

y € C(D)} is equicontractive.

Step 6: Let D defined in (3.4), we will prove that T(D,€(D) C D. In fact, let

us consider z € D(p, 7, ¢) and take into account Lemma 2.3, hypotheses (H1)-ii),
(H2)-ii) and (H3).

e Consider t € (—00,0]. Then we have the following estimate

T EITE CEN O = 60) e = e Ela(E
<dgllz]1%
< dy|2]3p.
< dq(”éHmv, +p)2 < p/2 < p.

e Next, for ¢t € Iy, we get that

E||T (2, €(2))(t) — o(t)||2

- EH - 5(6,0)9(:)0) + | St ) (s, 2)ds + / St 5)o (s, 20)dW (5

2

R
2

+3E
R™

2

<38)5(1,0)9(:)0) +3E] / S(1,5) 1 (s 22)ds / (1, 8)o (s, 20)dIW (s)

R

t t
< 3MBlg()0) [ +330% | ENf(s20) Bods + 337 [ Blo(s ) Bunds
0 0

< 3M2E|\g(2)|% + 3M2¢24(||2|2p. ) + 3Mt5(||2]|2p. )
< 3M2d, |24 + 3MP(||z]13p, )t (t + 1)
< 3M2d, |zllop. + 3M2P(||2l|2p )t (t + 1)
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5 ~
< 3MPdy ||2llep, + 3MPY(|[]Ep )T(T +1)
< 3M*{dy(||9llep, +p)* + ¥ (([0llep, +p)*)7(T +1)}
< p/2 <p.
o Next, if t € Iy, we get that
E[|T (2, €(2))(t) = S(t)lIfn < 3I8(t, s)I1*lISk sk, 2(t)) |2

t t t
w3 [ |8t s)|2ds / B [£(s, 20)|[20 ds + 3 / 18, )IPE 0/(5, 28) 2
Sk

Sk Sk
<3MAL(|dllep, + p)* +7(7 + Dd((I8ller. +p)*)} < p/2<p
e Finally, if t € Ji, we get that

E[T(z,€(2))(t) = 6(t) [ = ElISk(t, 2(t; ) [En
< LE||2(t;) |2, < LE||z)2p.

< L(|¢llep, +p)2 < p/2<p

Hence, T7(D,C(D)) C D.

Since Step 1, Step 4 and Step 5 hold, the conditions of Karakostas Fixed
Point Theorem are satisfied for the closed and convex set given in (3.4), and the
proof of Theorem 3.4 immediately follows by applying Theorem 3.3. (]

Theorem 3.5. (Uniqueness) In addition to the conditions of Theorem (3.4), we
suppose that for p,m > 0 the following inequality holds

3M2| (1 + D6l + )%, (9]l + p)*) + (dg + L)

9

N | =

then, the problem (1.1) has only one solution on (—oo,T].

Proof. Let 2! and 22 be two solutions of problem (1.1). Then, we have that the
following estimate holds for ¢ € (—o0,0]:

ﬁ %Engm)a) — gz )2

< dgll2® - 2[R

< dgll2* — 2 Igp,

El|2* (1) — 2*(t)|[zn =

Lo 12
< = — .
2= 22,
Now, let t € (0,;], then we get

E||2(t) — 2" (1)l

$(£,0)[6(0) — g(=2)(0)] + / S(t,5)f (s, 22)ds + / S(t, 5)o (s, 22)dW (s)

—S(t’o)[¢(0)—9(zl)(0)]—/o S(tvs)f(s’zsl)ds—/o 8(t,8)o (s, z;)dW (s)
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< 3E[IS(t,0)[g(=")(0) — g(=*)(0)] [ + 3E]| /(JtS(tvs)(f(s,ZE) = f(s,25))dsl|fn
+3E| /Ot 8(t,5)(a(s, 23) — (s, 25))AW (5) |2

< 3MZE|[g(")(0) = g(z*) (0|~ + 3M* /OtE(f(svz ) = f(s,20)[fnds

t
+3M2/ El[(0(s, 22) — 05, 21)) | Zunnds
0
< 3MPdg|lzt — 22|8p. + 3Mt(t + DK(12%]8p., 12" 16p)12* — 25,
= [BM?d, + 3M*t(t + DK(||2%]2p_, 1212 )]II2° — 2 |25,

< 3M? [dq +7(7 + DE(([Bller. + )% (I6ller, + p)Q)] 12 = 2|12,

—_

< 5122 = 2Ep,

N}

e Now, we consider ¢t € I,. Then

E||z2(t) —zl(t)||ﬂ2§n = EHS(t 8k)Sk(sk, 2 / 8(t, s)

+/ 8(t,8)o(s,22)dW (s) — 8(t, 5x) Sk (sk, 2 / S(t

t 2
—/ 8(t,s)a (s, zt)dW (s)

Sk R
< 3MPE|Sk(sk, 2°(t;;) — Gk (sk, 2" (1) [If

trk41
Pt ) [ B 2) ~ flszlRuds

sk

2
Rnxnds

th+1
1302 / Eo(s, 22) - o(s, 21)|
Sk

< 3MPL||2* — 2|3p,
+ 3M? (th1 —s) [(trpr — 1) F UK 122125 121129127 = 21 [E5.,

< 3M° [L+(tk+1 = si)[(tkrr = su) + LEI0] +p)%, (191l + p)°) [ 12° = 21|12,

<

w

M? [L +7(r+ DRIl + ), (19] +2)*) 1122 = 2HlIgp,

IN
N =

1% = 2" Igp,

47



HUGO LEIVA, MIGUEL NARVAEZ, MIGUEL NARVAEZ, AND CELSO G. RECALDE

e Consider t € Ji. Then we have that

E|22(t) — 2! ()]lgn = ElIGk(t, 2*(t) — Gult, 2" () 12
< Lll2* = 21 2p,

L s 12
< |27 —z .
R
Hence, from the foregoing inequalities and the last expression, we get that
2 192 2 192
12" = 27 llep, <lz" =z llep, ,
which implies that z' = 22. (I

3.2. Prolongation of Solutions. In this subsection we shall study the prolon-
gation of the solutions of problem (1.1). To do so, we will consider the following
subset D of CP,: )

D={yeCP;:|ylér, <np} (3.14)

Hence, it turns out that for all z € D, we have that z(t)—¢(t) € D for —co < t < 7.

Definition 3.6. We will say that (—oo,71) is a maximal interval of existence of
the solution z(-) of problem (1.1) if there is not solution of the (1.1) on (—oo,72)
with 75 > 7.

Theorem 3.7. Suppose that the conditions of Theorem (3.5) hold. If z is a
solution of problem (1.1) on (—oo,71) and 71 is maximal, then either 1 = 400 or
there exists a sequence T, — 11 as n — oo such that z(1,) — ¢(1,) — OD.

Proof. Suppose, for the purpose of contradiction, that 7, < oo and there exist a
neighborhood N of &D such that z(t)—¢(t) does not enter in it, for 0 < so < t < 7.
We can take N = D\B, where B is a closed subset of D, then z(t) — ¢(t) € B for
0< s, 1 <t<7. Weneed to prove that lim {z(t) — ¢(t)} = 21 — ¢(1) € B.

t—T1,

For that purpose, it enough to prove that lim z(t) = z;. We will divide the

t—7
proof in two cases:
First, suppose that 0 < s,_1 <1t, <t < 7.
e Consider t¢,¢ > 0 such that

O0<t,<l<t<m <sp
In this case ¢,l € J, and

Ellz(t) — 2(O)lzn = ElSp(t 2(t;)) — Gp(l 2(t;) &
< L{Jt =07+ ll2(t;) — ()l }
= L|t—¢2

Then
E|z(t) — z(0)||3. < Lt —£*> =0 as t,{—0.

Therefore, lim z(t) = z; exists in R”, and since B is closed, z; — ¢(71) belongs
t—T

to B.
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e Suppose that 0 < sp_1 < 71 < ¢p. Indeed, if we consider 0 < s,_; < ¢ <t <

71 < tp, then by Cauchy’s inequality, for all ¢,¢ € I,_; we obtain the following
estimate

El|z(t) - 2(£)

G ) R )

+/Sj_1 (S(t,s)—8(£,5)>f(s,zs)d8+/ts(tvs)f(sazs)ds
+/e <S(t 5 = 8(t, s)) (5,2)dW (s) / S(t,s)o(s,zs)dW (s) ;

2

H (t,sp—1) — 8(¢ Sp—l))9p—1(5p—1’z(t1;1))

(o :
2
+5E’ / ( > (s,25)ds —|—5E S t,s)f(s,zs)ds
Sp—1 Bn
2 t 9
+5E’ / <8(t > 5 2:)dW(s)| +5E / 8(t,8)a(s, zs)dW (s)
- R™ ‘ .

2

S 5E S(t, Sp_1) — 8(6, Sp_l)

gp—l(sp—la Z(t];—l))

R™

¥/
2,ds / Ellf(s, )|
Sp—1

P

R”

Fnds

¢
+5 / I8(t,5) — S(¢, )

P

+5/€ IS(¢, s)|

t
+5 /K 1S(t, )2 Bllo(s, =)

2

4
2.ds+5[ 18(t,5)-5(4,3)]

Sp—1

i Ello(s, z)[[fmnds

t
2, ds /z Elf(s2)

2
Rrnxnds

< 5(|8(t, sp—1) — 8(¢, 5p—1)

¥/
L[nzn%p,} n [ [ st0.8) = ste,9leds

R p—1

i /g |5(t,s>||ﬂgnds} 1071 + 1)(]12]2)

2
<

S(t, Sp_l) — S(f, Sp—l)

L
LR+ {/ I8(t,5) — 8(¢, 8)||3nds

R® »
t
[ st leds| s+ iy
¢
Since 8(t, s) is uniformly continuous for ¢ > 0, then E| z(t)—z(¢)||2.. goes to zero

as ¢ — 71. Therefore, lim 2(t) = 21 exists in R”, and since B is closed, z; — ¢(71)

belongs to B, which is a contradlctlon with the maximality of 7. In fact, we have
that z; € B +¢(71) which is contained in the interior of the ball D +¢(7'1) Hence,
z(+) can be extended to (—oo, 71]. In this regard, for € small enough, the following
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initial value problem admit only one solutions on (—oo, 71 + €) of the initial value
problem

{w®=ﬁAmdﬂ+f@wHﬁ+0@WWW“% reuntd

v(s) + g(v)(s) = 2(s), s € (—o0, 1],
This is a contradiction with the maximality of 7;. So, the proof is completed [

Corollary 3.8. Under the conditions of Theorem (3.5), and assuming the follow-
ing condition

£t OEn + ot D)lgnxn < ut)(A+lI8lIR), ¢€9, teR, (3.16)

where u(-) is a continuous function on (—oo,00), the unique solution of problem
(1.1) emists on (—o0,00).

Proof. We will divide the proof in two cases:
e Suppose that 0 < s,_1 <, <71. Then 0 < 5,1 <t, <t <7 <5p. Then,

Elz()[&n = 195t 2(t;))fn < LE[l2(t;)[§n < oo
Consequently
El|lz(t)|3. < oo, teJ,.

e Suppose that 0 < 5,1 <t <7 <t,. Then, for ¢t € I,_; we have that

t
an@=ﬂhmPM%m%hmpm+/ 8(t, 5)f(s, 2)ds
2

Jr/ 8(t, s)o(s, zs)dW (s)

p— R

t
< 3118(t, sp-1)Gp—1(sp—1, 2(t;_1))lIien +3E||/ 8(t,5)f (s, 25)ds[fn

2
R™

1 38| / S(t, )0 (s, 25)dW (s)

t t
smwm%Hmmmwm%qxu;am@+3/ %@ww%g/ El|f (s, )| ds

Sp—1 Sp—1

t
+3E/‘ 152, $)[210(5, 28) B ds
Sp—1

P

t
< BMPL|=(t,_y)lIfn +3M(t — sp,l)/ pu(5) (1 + El|2(5)|[7n)ds

Sp—1

B )ds

+3M2/ 1(s)(1 + E|2(s)|

°pP
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< (302200 B +300%(, —spn) [ o)

p—

t
4 / B (1, — 1) a(3) B 2(5) |2 ds

p—

Tp
+3M? /

p—1 P

=332 |2t )l + (7 s +1) [

p—1

¢
u(s)ds—i-?)Mz/ E|z(s)|3.ds
u(s)ds}

. 3022 (5 = 5y s 1| Bl (6 s,

p

Then, applying Gronwall Inequality (see [11, 16, 17, 20]), we obtain that

E||=()]3 < 30 [an(t;_l)nuén

t(=sena) [ ] en{ [ 3022 (7, sy ute) + 1] s |

p P

The two cases imply that ||z(t)||g» remains bounded as ¢ — 7y, and applying
Theorem 3.7 we get the result. (]

4. An Example

This section is devoted to present an example to illustrate our result. Consider
the following stochastic non-instantaneous impulsive differential equations with

delay and non local condition: For all £ = 1.2,3,... we have
s ey
dz(t) = —2(t 00¢+5)° 4 2070wy, tel
Ao+ (14555 ) ()= 0(e), s € (~o0.0] (41)
sin(z(t,)
t) = ——=—= - t—t t .
2(t) (s 1 8)1 cos( k), e Ji
In this case, we have that the terms involving system (1.1) are given by:
z z sin(z)
and G (t,2) = 4(::2(14) - cos(t — tg). Then we have,
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z x 2

- 3 3 1
B|f(t,2) - f(t.a)f =Ble 1005 ¢ 10045} < = Blo—af’,
z _ T <
10(t+5)%  10(t+5)3| ~ 102- 56
< 1
- 42(t+84)2

Elz — z|?, (4.2)

Elo(t,z) —o(t,z)]> =E

E[Sk(t, 2) — Gi(t, 2)|? E |sin(z) — sin(z))* < 42 E |z — |?,

2

Blg(2) — 9(@)f* = 57 Blsin(z) — sin(@)]? < - Bz — af?,
In this case, we have that
— _ —(t—s _ 2
q=1, 8(t,s) =e ( )’ M =1, K= 102 . 56°

and
E|f(t,2)]* + Blo(t,2)]”
<2E|[f(t,2) — f(£,0)]" + 2B [(¢,0)]" + 2E|o(t, 2) — 0 (t,0)]* + 2E[o(t,0)* (4.3

E||

E\z| +2+4 6E|z|2+2.

2 2 4
- 102 102 - 102 -

Therefore, if we put 12(5) 5 + 2, with £ > 0, then

102 -

E|f(t,2)* + Blo(t, =) < $(EJ]?).
Now, for € > 0 small enough, let’s take as the initial function
o(s) = ecos(s), s €R,

and define
O (V) ,t>0
o(t) = { 8(t)  te (—o0,0).

Then we have that

3 2
ey (L)
¢<(H¢H+p) ) RS TR
(c+p)?
— 102-56
Therefore, the last condition of the hypothesis H2-ii) is satisfied. In fact,
M?L+d, = L-+d,
(L
N 42.88 304

0,000001238 < 0, 5. (4.4)

+ 2.
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Since Gi(t,0) = 0 then, the condition of the hypothesis H3) is satisfied. In fact,
the following inequality

wﬂ{au+wan+m2+ﬂr+n¢w@+wv}

{4y + L) I3+ 0 4 7+ DI + )
o (g + g7 ) e 2+ 7 (S HD ),

IN

42 .88 + 304 102 - 56
holds for infinitely many values of 7, p and €. In particular, we can take for
example, T = %, p=1and € =1, and we get

3{ <42%88 + 3104) (e+p)? +T(T+1)(% +2)}

1 1 50 4
D P [ )
3{(42-88+304> +16<102-56+ )}

3l (o ) o (o (45)
B 1024 ~ 810000 256 \ 1562500 ’

9732288 204 102

= 320440000 T 200000000 " 256
= 0,012 + 0,00000051 + 0, 308

1
<3

Thus, by (4.3),(4.2),(4.4),(4.5), we have that H1)-H3) holds. So, Theorem 3.4
ensures the existence of solutions for problem (4.1).

5. Conclusion and Final Remark

In this work, we study the existence and uniqueness of solutions for retarded sto-
chastic semilinear equations with infinite delay, infinitely many non-instantaneous
impulses, and nonlocal conditions. First, We set the problem in a natural Banach
phase space satisfying Hale-Kato axiomatic Theory about the phase space for re-
tarded ordinary differential equations with unbounded delay. Second, we assume
that the nonlinear terms are locally Lipschitz, and to achieve the existence of
solutions, Karakosta’s Fixed Point Theorem is applied, which is an Extension of
Krasnosel’skii’s Fixed Point Theorem. After that, under some additional condi-
tions, the uniqueness is proved as well. Next, assuming some bound on the non-
linear terms the global existence is proved by applying the Gronwall inequality.
Finally, we present an example as an application of our method.
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