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Abstract

In this paper, we apply the strongly continuous cosine family of bounded linear opera-
tors to study the explicit representation of solutions for second order linear impulsive
differential equations, and we give sufficient conditions for asymptotical stability of
solutions. In addition we study the exponential stability of the linear perturbed prob-
lem. Existence and uniqueness of solutions of the initial value problem for nonlinear
second order impulsive differential equations is obtained and we present Ulam—Hyers—
Rassias stability results. Examples are provided to illustrate the applicability of our
results.
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1 Introduction

The states of many evolutionary processes are often subject to instantaneous perturba-
tions and experience abrupt changes at certain moments of time. Usually the duration of
the changes is very short and negligible in comparison with the duration of the process
considered so as a result it is natural to study differential equations with instantaneous
impulses. The mathematical investigation of impulsive ordinary differential equations
began with Milman and Myshkis [1] where some general concepts of systems with an
impulse effect were given and also results for the stability of solutions were presented.
Inspired by [1] a number of results on the qualitative analysis for impulsive differential
equations appeared in the literature, see [2-7].

As a very important branch of control theory, stability has a wide range of appli-
cations in various fields, such as nonlinear control, biological mathematics, gene
network, chaos control and synchronization, etc. To study the approximate behav-
iors in dynamic systems, stability is a first question which one needs to study. In 1986,
Hopfield reapplies the energy function to neural networks, and studies the asymptotic
behavior of neural networks. This work pioneered neural optimization computing and
associative memory, precedent for neural optimization calculations and associative
memory, and plays an important role in the worldwide upsurge of neural network [8].
In particular, it is well known that exponential stability is closely related to Lyapunov
exponents, exponential dichotomies, periodic solutions and so on, and the notion of
exponential dichotomy plays a central role in the Hadamard-Perron theory of invariant
manifolds for dynamical systems. In addition, some prior contributions have shown
the relationship between exponential dichotomy and Hyers—Ulam stability for linear
continuous/discrete differential systems, see [9—13]. Therefore, our work can broaden
some of the results on other topics related to stability.

In [5], Samoilenko and Perestyuk considered the following linear impulsive system
with constant coefficients,

d_x =A t#£T
ar b (1)
Ax(t;) = Bx,

where A and B are constant matrices, 7; are impulsive points, and 7; — oo asi — 0.
They assume that A and B are interchangeable, and, in Theorem 32, they obtained
asymptotically stable result of (1) provided that

1
max A;(A) + —Inmax |1 +A;(B)| <0,
J b '

and some other conditions, where 6 is a related constant, A ; (-) denotes the eigenvalue.
Then they also considered a special class of nonconstant coefficients linear impulsive

system

D vt Px. £t
- = AX X, [ s
dt ' (2)

Ax(t;) = Bx + Iix,
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in Theorem 12 and achieved the stable result if the solutions of linear system (1) are
stable and

o0
/ IP(t)lldt <oo and [T+ L) < oo.
4]

T >

Following the linear problems, naturally, in Theorem 39, they considered the stability
of solutions for first order approximation of nonlinear impulsive system, that is

dx Ax +g(t,x), t#7
- = AX y X), [ 5
dr § ’ 3)

Ax(t;) = Bx + Iix.

Up to date, the literature concentrates on the stability of first order impulsive sys-
tem. For existence and stability results on first order impulsive differential equations,
one can see [5, 7, 14-31]. In [19] the authors considered general first order non-
instantaneous impulsive ordinary differential equations and they obtain the stability
of zero solutions of linear problems, the exponential stability of perturbed problems,
existence, uniqueness of solutions and Ulam-Hyers—Rassias stability of nonlinear
systems.

Inspired by the above results, in this paper, we aim to generalize the three results
above to second order impulsive differential equations. We study the following initial
problems of second order impulsive differential equations.

(i): Asymptotical stability of second order linear impulsive differential equations

u’(t) = Au(t), te(t,tiy1], i €N,
uth) =u@) + Biu(t,), ieN,

W' () =u'(t7) + Bou/(t7), i€N,
u(0) =ug, u'(0) =uy,

“)

where A, By and B; are constant n x n matrixes satisfying AB; = B1A, ABy = BA,
B1By =BB;,0=1n <t <---<tj <---and t; — oo are impulsive points.
(ii): Exponential stability of the linear perturbed problem

u'(t) = Au(t) + POu(t), 1€ (&, tip1], i €N,
w(t') = u(t;) + Buu(t), ieN,

Wty =u'(t7) + B (1), i €N,

u(0) =ug, u'(0) =uy,

)

where A, Bj, By, t; are as in (4) and P is a continuous matrix in RT outside #;.
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(iii): Existence, uniqueness and Ulam—Hyers—Rassias stability of solutions for
nonlinear second order impulsive differential equations

u"(t) = Au(®) + f(t,u()), te @, tiy1l, i €N,
u(tt) =u@t)+ Bu(t7), i€N,

W) =u'(t7) + Bou'(t7), i€N,

u(0) = ug, u'(0) =uy,

(6)

where A, By, By, t; are as in (4) and f : [0, +00) x R" — R” is continuous.

Section 2 presents some lemmas and corollaries needed in the paper. In Sect. 3, we
derive an explicit expression of (4) via mathematical induction, and then we consider
the asymptotical stability of (4). Section 4 is devoted to the exponentially stability of
(5). Finally, in Sect. 4, we study existence and uniqueness of solutions for (6) using the
contraction mapping principle, and then we discuss the Ulam—Hyers—Rassias stability
of solutions. In addition examples are provided to illustrate the applicability of our
results.

2 Preliminary

In this section, we consider initial value problems of the second order linear differential
equation

u”(t) = Au(r), 0<t<T, o
u©) =ug, u'(0) =u,
and the second order linear nonhomogeneous differential equation
u"(t) = Au®) + f(1), 0<t<T, ®
u(0) = ug, u'(0) = ui,

where X is a Banach space, A is the infinitesimal generator of a uniformly continuous
cosine family C(¢) on X, ug, u1 € D(A) and f : [0, T] — R is continuous.

Lemma 2.1 (see [32]) Let A be an operator such that R(A\?; A) exists in the half plane
NRA > o, C(t) an operator valued function strongly continuous int > 0 and such that

[IC@®)|| < Coe”" (1 =0).
Assume that, for eachu € X,

/OO e MC(Hudt = AROE Au (R > o). )
0

Then the Cauchy problem (7) is uniformly well posed int > 0, and C(|t]) is the
solution operator of (7).
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Lemma 2.2 (see [32]) Let A be a bounded linear operator in a Banach space E. Then
the Cauchy problem (7) is uniformly well posed in —oo < t < +o00. The cosine
function C(t) generated by A is given by

S 2n

t
C(t) = Z‘ A", (10)
— (2m)!

and the series (10) is uniformly convergent on compact subsets of —0o <t < +00.
The other propagator S(t) is given by

[e'9)
t2n+1

S@t) = ZmA”, an

n=>0
and the series (11) converging in the same sense of (10).

Proof We prove this result using Lemma 2.1. Therefore, the first task is to show that
R(X?; A) exists in a certain half plane. Now A is an bounded linear operator, and we
assume that |[|A]| < M; here M is a positive constant. By Neumman’s theorem, we
see that the operator 221 —Ais regular if |A2| > M.Hence R(A\%; A) exists in the half
plane A > M %. Define the cosine functions C(¢) as in (10). Since ||A|| < M we see
that C(¢) is well-defined, and C(¢) is an operator valued function strongly continuous
int > 0, and

1
IIC(1)|| < CoeM*" (1 > 0).

We verify next that C () defined by (10) satisfied (9). Letu € D(A) = E,and T > 0.
Now A is a closed operator. Using a well known result on closed operators [33] and
integration by parts, we have

1 T 0 t2n 1 T 00 t2n
A —/ e M. E Audt = —/ e M. E —— A" ydr
xJo (2n)! xJo 2 am)!

n=0
< T2+l T [2n+1
— Z - |:e—AT—A11+1u + )\/ e—kt—An+lud{|
n:OA 2n+1)! 0 2n+ 1!
o 2n+1 2n+2
= Zl [e—ATL ntly, 4 Ae—ATLAnH
n=0)‘ 2n 4+ 1! 2n 4 2)!
T t2n+2
+12 / e M A" ydr |
0 2n +2)!

Let T — oo and we have

1 [} [ee} t2n 1 00 [} l‘2n+2
A- —/ e_}'t . Z A'udt = )\,2 . —/ e_)"t . Z A"+1udt
A 0 =0 (2”1)' A 0 ~ (27’1 4 2)‘
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1 0 S t2n
:Az-—/ e M Z A'u—u)dt
A Jo 2n)!
n=0
1 o0 S t2n
=2 —/ e M. Z Audt — u,
A Jo (2n)!
n=0
and hence,
) 1 oo . i t2n .
(XI—A)~—/ e M. Aludt =u (RA > M?2).
]
A Jo = (2n)!

Letu € D(A) C E. Since A is a closed, densely defined operator, for all u € E, there
exists a sequence {ux} C D(A) such that

Up —> u

in the norm of E. For all uy € D(A) we have

) 1 00 . S t2n )
— —AL . n — 2
(A I—A).A/O e Z(zn)!A urdt = up (M > M2).
n=0
Taking the limit of both sides with respect to k, we have
1 o > tzn 1
(AT — A) - —/ e M. Z Aludt =u (R > M2).
A Jo = 2n)!

Therefore, by Lemma 2.1, the Cauchy problem (7) is uniformly well posed in —oo <
t < +o0, and C(¢) is a solution operator of (7) with u(0) = ug, u’(0) = 0. Now,
S(tyuy = [y C(s)uids, in other words,

0 t2n+1
_ n
5@ = ,; Qn + 1)!A ’

which converges in the same sense of (10) is the solution operator of (7) with #(0) = 0,
u'(0) = u;. O

Remark 2.1 If we assume the existence of square roots of A and the existence of the
inverse of square roots of A, then the series (10) and (11) in Theorem 2.2 can be
expressed as

C(t) = cosh A1,

and : |
S(t) = A" 2sinh A2¢,

respectively.
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For A a constant matrix we have the following corollary.

Corollary 2.1 Let A be a nonsingular constant matrix, and the square roots of A exist.
Then the Cauchy problem (7) is uniformly well posed in —oo < t < 400, and the
solutions of (7) is given by

u(t) = cosh AZtug + A~ % sinh A ru;. (12)
Remark 2.2 Although the square roots of A are not unique, the expression (12) is well-

defined. In fact, if A; and A, both are the square roots of A and satisfy the assumptions
of Corollary 2.1, we have

X f2n ) X f2n )
_ no__ n __
cosh Ajtuy = Z (2n)!A1 = Z (2n)!A2 = cosh Astuy,
n=0 n=0
and
| o0 | 2+l ) O f2n+l ) |
— . _ — n __ n __ - 1
Ay 'sinh Ajtug = Z()Al oAl = ZO Gng A =47 sinh Aztuo.
n= n=

Lemma 2.3 (see [32]) Assume that ug, u1 € D(A) and f(t) € D(A), f(t), Af(t) are
continuous in 0 <t < T. Then the following initial value problem

u'(1) = Au(t) + f (1),
u(0) =uop, u'(0) =u

has a solution

t

u(t) = C(ug + S(t)uy +f St —s)f(s)ds, 0<t<T,
0

where C(t),t € R is a strongly continuous cosine family in X with infinitesimal
generator A and associated sine function S(t),t € R.

Lemma 2.4 (see [5, 34]) Let X be a Banach space with norm || - || and let F be a
mapping of the ball ||x|| < h (here h > 0) in the space X into the space X and assume
HF@x) — FWDIl = pllx—yll, 0<p<l;

here x,y € X. Also assume
NFO)| <h( —p).
Then the mapping F has a unique fixed point xo (i.e. F(x9) = Xo).

Lemma 2.5 (see [19]) Let | - | be a norm on R"™ and B be an n x n matrix. Then for
any ¢ > 0 there exists Tp . > 1 such that ||B¥|| < Tp.c(p(B) + &)k, where p(B) is
the spectral radius of B.
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Lemma 2.6 (see[35]) Letu(t), k(t, s) and its partial derivative k;(t, s) be nonnegative
continuous functions for o < s < t, and suppose

t
u) <a +/ k(t,s)u(s)ds, t>a,
o
where a > 0 is a constant. Then
t

u(t) < aexp(/ k(t,s)ds), t>a.

o

Lemma2.7 Foranya > 0,0 <ty <tj <th <--- <ty <---<ooand
lim inf(t; 41 —#) #0.
1—> 00

Then

i=1
here . = inf{t;y+1 —t;|i € N}.

Proof Note

> I T rhiy 1
AY e < (tip —tf)e M < / e Mdr < —.
IS NP EDS <!

i=1 i= i=1"71

This implies the result. O

3 Solutions of Linear Second Order Impulsive Differential Equations

In this section, we present an expression of the solution of the second order linear
impulsive system

u’(t) = Au(t), te @t tiv1], i €N,
u(tt) =u() + Buu(t), i€N,
Wt =u'(t7) + B (1), i €N,
u(0) =ug, u'(0) =uj,

where A, By and B are constant n x n matrixes satisfying AB; = B1A, ABy = B A,
B1By = BB, 0=t <t <--- <t <---andt; — oo are impulsive points,
and we discuss the stability of solutions. For the sake of convenience in writing, we

1 1 —
always set A2t = x, A2t; = x;, [ + 2582 = A BioB — 4,

cosh xug + A~2 sinh xu; = H(x), coshxug — A2 sinh xu; = G(x).
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Theorem 3.1 Forallt € (t, tyr1], the solution u(t) of (4) with initial value condition
u(0) = uo, ' (0) = u; is given as follows:

AfH@) + AT Ay Y G — 2xi,,) + Af2 A7
I<iji=<k

Z H(x — 2x;y, + 2xiy,)

1<ipy<izn =<k
+o 4 A AR >
1<if—1,1<ig—12<-<ip—1k-1=k
GO —2xi gy + 20y — 0 — 2x5, )
+ AéH(x — 2Xp + 2xk—1 — -+ 2x1), ifkiseven,
w =9 k—1 k=2 42 (13)
AYH@) + AT Ay Y G — 2xp,,) + Af2 A7
1<ij <k
Z H(x — 2xiy, + 2xiy,)

1<ip) <ipn<k

oo+ A AST! >

1<ip—1,1<ig—12<-<ig—1x-1=k
H(x — 2y oy + 2%y — 00— 2%y )
+ ASG(x — 200 + 241 — -+ 2x1), ifkis odd.

Proof We use mathematical induction to show the result. For the case of k = 0,
Corollary 2.1 shows (13) holds. Without loss of generality, assume (13) holds for
k = 2i, that is

u@) =ATHE) + A A2 ) Glr = 2xy) + A7 243

I<iji<k
> H(x = 2xpy +2xp) -
1<iy <inp<k (14)
+ AlA%i_l Z G = 2xi gy + 2X0
1<ip—11<ik—1,2<<ik—1k—1=k
— = 2x5 )+ ASH (x — 2xp 4 2xp1 — --- +2x1), 1 € (t2i, 1]

Next we show that (13) holds for k = 2i + 1. By a direct calculation, we have

cosh(x —x;)H (y(x))(I + B1) + A~ sinh(x — x))H'(y(x)(I + Ba)

= A1H(y(x)) + A2G(x — xi — y(xi)), (15)
cosh(x — x))G (y(x))(I + Bi) + A% sinh(x — x)G'(y(x)(I + B2)

= A1G(y(x)) + A2 H (x — x; — y(xi)), (16)
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where y(x) = x—const. Hence for all t € (f2;41, t2i+2], from Corollary 2.1, we have

L.
u(t) = cosh(x—xz;41)u(t2i+1)(I+B1)+A" 2 sinh(x —x; y u(t2i41) (I +B2). (17)
Combine (14), (15), (16) with (17), so we see (13) holds for k = 2i + 1. m]

Remark 3.1 Obviously, if Ay = 0, i.e., Bj = By, then for all t € (, fx+1], we have

u(t) = AFH(x); (18)
if A; =0, thatis B = —21 — By, then for all ¢t € (#, x+1], we have
ASG(x — 2xp +2x4 1 —--- +2x1), ifkisodd,
n= { ASH (x — 2x¢ + 234y — -+ 2x1),  ifkiseven;
if Af = Ay, i.e.,, By = —I, this means u/(t;) = 0, where ; € (0, t) are impulsive

points. Then for all t € (i, tx+1], we have

k
u(t)=0U+ Bl)k cosh(x — xg) l_[cosh(xi —Xi_1) (coshxmo + A_% sinhxlul) ;
i=2

if Aj = —Aj, thatis B = —1,thismeans u(t;) = 0, wheret; € (0, r) are impulsive
points. Then for all t € (#, #x+1], we have

k
u(t) = (I + By)*sinh(x — xi) [ [ cosh(x; — xi—1) (sinhxluo +A2 coshx1u1> .
i=2

Definition 3.1 The zero solution of the second order impulsive initial value problem
is called stable if for any & > 0 there exists 8(¢p, €) > 0 such that if |[ug|| + ||u1]] <
8(to, ) then [|u(t, to, ug, ur)|| + ||u'(t, to, ug, u1)|| < €. The zero solution of the
second order impulsive initial value problem is called asymptotically stable if it is
stable and attractive, that is

lim wu(t, ty, ug, u1) = lim u'(¢, to, ug, u) = 0.
—00 t—00

Now we give sufficient conditions to guarantee the stability of (4).

Theorem 3.2 Assume that the following conditions hold

B B By —B (0, t
p(1+ 252 ) o (B2 <1 im0 =) <o o)

2 t—00



Stability Analysis of Second Order Impulsive... Page 110f30 54

here i(0,t) is the number of impulsive points which belong to (0,t). Then (4) is
asymptotically stable provided that the following inequality

Y =/p(A) + pln <p (1 + M) +p (u)) <0 (20)

2 2
is satisfied.

Proof For all t+ > 0, from Lemma 2.2, we find
S(t) = A~7 sinh A1,

and 1
C(t) = cosh A2t.

Making use of Lemma 2.5, for ¢ > 0, and any constant a, we have

0 It — 2a|2n+l

Ty, ,; W(P(A) + )",

|A=2 sinh AZ (r — 2a) |

IA

if t — 2a > 0, then we have

o0

t—=2 2n+1
A% sinh A* (1 = 2a)| < Tae Y (=207

R (p(A) + &)

Tae NP FE(t—2a) (21)

Tye e«/p(A)+8t

ift —2a <0, we find

1. 1 X\ (2a — )2 +!
IA™2 sinh A2 (1 = 2a)[| < Tae )~ ——=—(p(A) + )"
’ @n+ 1!
n=0 (22)
< Tae vomFea-n

T JVp(A) +¢

Similarly,
o0

lcosh A% (1 =20 < Tae Y
n=0

|t — 2a|*

W(P(A) +e)",
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if t — 2a > 0, then we have
S 2n
1 |t — 2al|
I cosh A2 (1 = 2a)| < Tae ), o= (p(4) +&)"
=0 ' (23)
<Ty se«/p(A)+s(t—2a)
S TA c€ p(A)J’_Ety
if 1 —2a <0, we get
o 2n
1 |t — 2al
lcosh AZ(r = 2a)|| < Tae ) ——(p(A) +2)"
pr (24)
< Ty egvp(A)+£(2a—t)'
Next we show that
tlim u(t,0,ug,uy) =0. (25)
— 00

It follows from Lemma 2.5, (13), (21), (22), (23) and (24) that

u(t, 0, uo, ur)ll

1
< 2max { —————, 1 Ta | A5 eYP DT (o] + [Jur|])
{mee }’” !
1
+2c1max{—,1}TA 1|45~ Ay ||V PDTE (| ug || + [Ju1]])
k Jp(A) +¢ 1

+ 2C,]§_l max {

1
NZIV R

+2max{ ,1} Ta el A5 11eVP DT (g + ||ur]])

1
vp(A) +e

< Aje p“”*“[(p(m) +e)f + Clp(AD) + ) N (p(A2) +e)

1}TA,8||A1A§‘1||e PETE (| 1uo]] + [lur|])

+ o CE (A + £)(p(A2) + )F 1 4 (p(Ar) +8)k}(lluoll + [lu )

< AP (o (A1) + p(A2) + 260 (uoll + [l ]])
— Ale(VP(AH‘Sﬂ-%IH(P(A1)+P(A2)+2€))I(||u0|| + ||M1||)

(26)

where A| = 2max{+ Vp(A) + E}TSS, T, =max{Tae, Ta e, Ta,eyand k =

p(A)+e’

i(0, 1) is the number of impulsive points which belong to (0, ¢). If (19) holds, we have

i(0,1)
t

>p—e



Stability Analysis of Second Order Impulsive... Page 130f30 54

for any r > 0 large enough. Consequently, using p (I + W) +p (@) <1
and (26), we have

(Vo@Fe+(p—e) In(o(1+ 252 )4 p (2522 ) 126 )1

lu(, 0, up, u)l| < Aye (Huol[+Iur -
27)

For ¢ > 0 sufficiently small, from (20), we have

,/p(A)—}—s—i—(P—a)ln(p(l—l—M)+,O<M>+28)<%<0.

2 2

Thus, from (27), we have that

X
[lu(t, 0, uo, un)ll < Are2"(lluoll + |lu1l]),

for any ¢ > 0 large enough. Hence, (25) holds. Since for ¢ € (%, fx+1],

o0

t—2 2n—1
IA? sinh A2 (r — 2a)|| < T Z¢
n=1

TN

< Tpo/p(A) + ceVr@Fer

where a = li; —ti;_, +---%t,i <i] <ip <--- <ij <k. Using the same method
as that of u(z, 0, ug, u1), we also have

v
llu'(z, 10, uo, un)|l < Are" (|luol| + [lu1l]). (28)
for any ¢ > 0 large enough. Therefore,
lim (¢, to, ug, u1) = 0.
—>00

]

Remark 3.2 Theorem 3.2 show that second order differential systems instable can be
stable by adding an impulsive impact.

In the following example we provide an application of Theorem 3.2.

Example 3.1 Consider (4) with

1 1
o 0 -5 0
A—<09 1)» BI—BZ—<02 1)1 (29)
16 2

and the initial value
0 1
up = (1) , Uy = (0> (30)
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1.2

L /\/\"\—d\——‘,_
0 5 10

15 20 25

30
Fig. 1 Red line denotes u(¢) and blue line denotes i (¢) in (31), respectively

respectively. Let t; = i. Clearly, (19) holds. In addition, we have

B +B B —B
Y = /p(A) + pln <p <1+%> +p <¥>> ~ —0.36 < 0.

2

Hence, Theorem 3.2 implies the solution of (4) with (29) and (30) is asymptotical
stability. Indeed, from (18), the solution of (4) with (29) and (30) is

~(aw\ (L 0\"! (3sinh <
wo=(an)=(5 1) () o

It is easy to see u(t) is asymptotical stability in [0, +00) (see Fig. 1).

4 Second Order Linear Perturbed Problem

In this section, we study the exponential stability of the linear perturbed problem

u’(t) = Au(t) + P(Du(r), 1€ (4, tiy1],
u(tl-'") =u(t;)+ Bu(t; ), ie€N,
W't =u'(t7) + B (1), i €N,
u(0) =uo, u'(0) =u,

ieN,

where A, B1, B>, t; are as in (4) and P is a continuous matrix in R outside #;.
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To this end, we present an explicit solutions of the following second order linear
nonhomogeneous initial value problem

u”(t) = Au(t) + f(t), te€ttiv1], i€N,
u(th) =u@) + Bu(t), ie€N,

Wty =u'(t7) + B/ (t7), i €N,

u(0) =ug, u'(0) =ujy,

(32)

here f : (t;, ti+1] — R is continuous.

Theorem 4.1 Forallt € (t, tr+1], the solutions u(t) of (32) have the following form

i+l

u(t) = W(A, t,ug, uy) + § / Wi(A,t,5)f(s)ds
ti
’ (33)

t
LA / sinh AZ (1 — s) £(5)ds,
Ik
where W (A, t, ug, uy) is the solution of the initial value problem (4), and

Wi(A,t,5) = AATATTsinh A2 (r —5) — AKX 145477 Y sinh AT — 26, + )
i+1<iy <k
+AN2A2A7 N Sinh AT (2 4 2y, — ) oo+ (DR A AR
i+1<iz)<in=<k
_1 . 1
A™2 > sinh AZ(t — 2t + 2y — 2 FS)

i+1<ig—1,1 <ig—12<-<ig-1k-1=k

(=D AR AT Sinh AT (t — 20 + 20— £ 2 F ), i=0.1, k—1L

Proof It follows from Lemma 2.3 that (33) holds for k = 0. Without loss of generality,
assume that (33) holds for k = 2m — 1, that is

w(@) =AT"TH) + AT Ay )T Gl = 2xy) + A]TTOAS
1<i;1<2m-—1

Z H(x — 2xiy, +2x;,,)

1<iz <ipn<2m-—1

o A AT > H(x —2x;_,,
I<ig_y11<if—12<<if—1r-1<2m—1
+ 22X g o 2Ky )
2m—2 ti1
+ APTIG (= 2 4 2xmg — -+ 201) + Z / Wi(A, t,s)f(s)ds
L[ 1
+ A2 / sinh A2(t — ) f(s)ds. (34)
m—1
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Note

(I + By)cosh A2 (t — 1) sinh A2 (1 — 2a + s) + (I + Ba) sinh A2 (t — 1)
cosh A%(tk —2a+s) (35)
= A sinhA%(t —2a+s)— A sinhA%(t — 2ty +2a —s),

where a is an arbitrary constant. Thus combining (35), (34) with Lemma 2.3, we see
that (33) holds for k = 2m. m]

Definition 4.1 System (32) is uniformly exponentially stable if there exists N > 0
and o > 0 such that the solution of (32) satisfies the estimate

llu@®)|| < Ne™', |lu'(0)]] < Ne™®', 1 €[0,+o0)\[r}, i€N.
Theorem 4.2 Assume that (19) hold. Suppose
IPOI < (p(AD + p(A2)', V1€ (titial, i €N

and p in (19) satisfies

A
O = 71 +Vp(A) + pln(p(A1) + p(A2)) < 0. (36)

Then, the solution of (5) is exponentially stable.

Proof According to Theorem 4.1, the solution u(¢) of (5) can be expressed in the
following form,

fit1
u(t) =W(A, t,ugp,uy) + E / Wi(A,t,s)P(s)u(s)ds
1,
’ (37)

D=

t
T A /sinhA%(z—s)P(s)u(s)ds.
173

Following the proof process of (26), we have

W (A, 1, up, u)|| < A1eYPDTE(p(A) + p(A2) + 28) (luol| + [lur]]).  (38)

Next, we give an estimate on ||W;(A,t,s)||. Forall i < i1 < iy < i3 < k, if
t—2t;, + 2t —s > 0,1 —2t;; +2t;, — 2t;; +5 > 0, we have

t—2ti2+2til —s<t—y,
=2 + 2t — 2t +5 <t — .
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Ifr —2t;, +2t;; —s <0, —2t;; +2t;, — 2t;, +5 < 0, we have

2ti2_2ti1 —t+s<t-—sys,
2y — 2, + 2t —t —5 <1 — 5.

Therefore, forany i < iy <i» <--- <i; <k, we have
lt =28, +2t;; | — - £24, Fs| <1 —s. (39)

Hence, making use of Lemma 2.5 and (39), we deduce

e¢]

f—2a+ 2n+1
A2 sinh AZ(r — 2a £ )| < Tae Y | PRI
n=0

EREY (p(A) + )"

o0

<13 T ey (40)
e QD)

< Tae ey,
T WVp(A) te

where a = ti; =i+ £1t,,i <iy <ip <--- <ij < k. Therefore, using (40)
and Lemma 2.5, for s € (i, ti+1], 1 € N, we find

TA,E k—i 1 k—2
Wi (A, 1, 9)|] < —————=(1A]""I| + C;_; [|1A] " Az||+
p(A) +e
o O AAS N + ||A§*i||)e PR Fe(i—s) @1)
’ k—i
= —£<,0(A1)+,0(A2)+2g) eV PA) Fe(t—s)
T VoA +e

Therefore, using (38), (40) and (41), we have

k=1 ot
lluOIl = [IW(A, 1, uo, up)l| +Z/ [Will - [|P(s)u(s)|ds
i=0 Vi

t
+/ IIA=2 sinh AZ (1 — )|| - [| P(s)u(s)||ds
Tk

< A1eVPATE (p(AD) + p(A2) + 28)F (uol] + 1lur]])
T3 k—1

+ e
Vp(A) +e ;
eVPATEC= ) P (s)u(s)||ds

tit1 .
/ " (p(AD + p(AD) + 20
ti

T t
+—_p(2’;+8/ VPAFE9) P (s)u(s) | ds
13
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< A1eVPITE(p(AD) + p(A2) + 28)F (uol] + 1lur]])

& k (A)+e(t—s)
+m/(P(A1)+P(A2)+2€) evr lu(s)lds
< Age P<A>+“<p<A1)+p<Az)+2e> (lluol] + a1 1)
+ p(A)+e
Vo (A)+8
< A1e” (uoll + llur 1)) + m/ U us)llds, 42)

where %
p(A) +¢&+ n In(p(A1) + p(A2) + 2¢).

Multiply both sides of (42) by e, and we find
—0t Al ! —0s
e T lu@ll §A1(||uo|I+||u1||)+—2 e luls)lds.
0
Using Bellman’s inequality, we have

—0t 21y
e " lu@ll < Ar(luoll + [luilDe 2",

hence,
Ay
u()]] < Ar(luoll + lug|e®T 21, (43)

It follows from condition (36) that one can choose ¢ small enough such that

VpA) +e+ - ln(,o(Al) b o(An) +26) + 2L < % <0.

Then, (43) implies

€]
lu@)| < Ar(|luoll + llur]De>" — 0 for ¢ — oo. (44)
Since -
i |t —2a £ s>
| cosh AZ(t — 2a £ 5)|| < X(:) WIIA”II
e
o 2n
t —s) (45)
< Tae )~ P4 +9)"
n=0 ’

< TaeeVP DTt e (4, 1],

where a = lij —ti; +--- +14,,i <iy <ip <--- <ij <k, using a similar method
used in the process of (44), we also can show that

llu'()]| - 0 for ¢ — oo, (46)
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we omit the details. It follows from (44), (46) that the solution of (5) is exponentially
stable. O

5 Existence, Uniqueness and Ulam-Hyers-Rassias Stability of
Solutions for Nonlinear Problem

In this section, we study the existence, uniqueness and Ulam—Hyers—Rassias stability
of solutions for second order semilinear impulsive differential equations

u’(t) = Au(t) + f(t,u@), telJ =J\{}, ieN,
u(ti+) =u(t; )+ Bu(t; ), i€N,

W () =u'(t7) + B (1), i €N,

u(0) = ug, u'(0) =u,

where A, By, By, t; are asin (4) and f : J' x R" — R" is continuous, J = [0, +00).
In addition, we assume the impulsive points fulfill

lim (ti41 — 1) #0.
11— 00

Let PC(I,R") denote the Banach space of piecewise continuous on interval /,
that is PC(I,R") = {u : I - R"u € C((ty—1, %], R") for k € N and there
exists u(t, ) and u(t,:r ),k € N with u(tx) = u(#; )} equipped with the Chebyshev
PC-norm ||ul|pc := sup{||u(?)|| : t € I}, PCB(I,R") is the Banach space of all
bounded functions in PC (I, R") equipped with the Bielecki PCB-norm ||u||pcp :=
sup{||u(t)||e~®" : t € I} for some w € R.

Consider the following second order linear nonhomogeneous initial value problem

u’(t) = Au(t) + f(t), tel,
w(t) = u@) + Buu@) + g, i=12--.m,

ret fie— I — . (47)
W) =u' () + Bo' (4] ) + gi, i=1,2,---,m,
u(0) = uo, u'(0) =ui,
where A, By, By, t; are asin (4), and f : J — R" is continuous, g1, g2, -+, gm iS a

number sequence.

Theorem 5.1 If t € (tk, ty+1], then the solutions u(t) of linear impulsive differential
equations (47) is given as follows:

_ k=1
u) = WD + WA L) + Y [ WA 1 9hs)ds
i=0 vl

Bl—

t
+ A / sinh A%(t —s)h(s)ds,
I
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where W (A, t,ug,uyr), Wi(A,t,s) is given in (33) and

k
W(A,r)=Z‘g,-(A’;—fH(x—x,~)+A’1‘—"—1A2 3 Gl —2xj, +x)

i=1 i<jn<k
+ Allc_i_zA% Z H(x = 2xjp, +2xjp = Xi) + -+ + Ag_i
i<pi<jnc=k
G(x —2xp +2xp—1 — - £ x;)(or H(x — 2x} +2x3—1 —--- £ x,-))).
(48)
Proof The proof is essentially similar to that of Theorem 4.1, so we omit it. O

We list for convenience the following assumption.
(H) f € C(J x R",R") and there exists a constant L y > 0 such that

I f @@, y2) = f@@, yOll = Lglly2 — il
forall t € J and y;, y» € R". Moreover || || := max,cy || f (¢, 0)|| < oco.

Theorem 5.2 Suppose that (H), (19) hold, and for any fixed 0 < ¢ < 1 used in Lemma
2.5, Ly satisfies
_pA)+e

&

Ly (49)

Then (6) has a unique solutionu € PCB(J,R") and w = /p(A) + 1.
Proof Forall ¢ € (t, tx+1], we define the mapping S : PC(J,R") — PC(J,R") by

k=l et
Su(t) = W(A,t,uo,u1)+z Wi(A,t,s)f(s,u(s))ds

i=0 Yt

t
+A—%[ sinh A2 (¢ — 5) £ (s, u(s))ds.
179

Clearly, S : PC(J,R") — PC(J, R")is continuous. From Theorem 4.1, the solution
of (6) is equivalent to the fixed point of S.
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For any u,u € PCB(J,R") and ¢ € (#, tx+1], according to condition (H) and
(41), we have

k=l et
157 — Sull =) Wi(A, 1, 8)(f(s,(5)) — f (s, u(s)))ds
i=0 %

t
+A—%[ sinh A2 (t — $)(f (s, () — £ (s, u(s)))ds]]
Tk

LyT} /f JPAFE(—5) (1=
< =Lt | VPN gsm — ull pep
VoA +¢e Jo
LT}
p(A) +¢

A =
VP I7 — ullpep

Thus,
LT} |

e VPN IST — Su|| < ———
p(A) +¢

lu —ullpcs-

From (49), S : PCB(J,R") — PC(J,R") is a contraction mapping. Also, we have

k-1 Liy1
[1SO[| < [IW(A, 1, uo, un)|l + IIZ Wi(A,1,5) f (s, 0)ds||

i=0 1
1 4 1
+||A_7/ sinh A2(t —s) f (s, 0)ds]|
179
: T P C——
< AneF (ol + flanl) + L [ PO
N

x T30 flloo
< AveZ (Jlugl] + url]) + ——L2C eVp(Arter
12! (| luol| + lurl]) ) T

T30 flloo
<A uoll + llu + £ e p(A)+lt’
< Ar(lluoll + llur ) A +s

which implies

) 131
e VPOFTS01] < A (lluol | + [t ) + —2 2.
p(A) + ¢

Thus 3
T2 f oo

SO < A1([|uol| + ||u + .
[1SOllpce < Ar(l|uoll + Iu1l]) D(A) +e

From Lemma 2.4, S : PCB(J,R) — PCB(J, R) has a unique fixed point, which is
the solution of system (6). O
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Let &* > 0, ¥ > 0and ¢(t) € PC(J,R;) be a nondecreasing function. We
consider the following inequalities:

V() — Av(t) — ft, v@)]] < e*(p(A1) + p(A2) +28) 9(t), 1€ (i tiy1], i €N
Av(t) = Bio(t7) < e*(p(A1) + p(A2) +26)'yr, i €N,
AV (6) — Bov'(17) < £*(p(A1) + p(A2) +28)'y, i €N,
(50
and we take the vector space
X := PC*(J,R").

Definition 5.1 The equation (6) is Ulam—Hyers—Rassias stable with respect to (¢, 1),
if there exists constants ¢, ¢ > 0 such that for each function 0 € X satisfying (50),
there exists a solution v € X of (6) with

[10() —v(®)| < e*c(p(A1) + p(A2) +28)i(<ﬂ(t) +v), te@ iy, G
[10'(1) — ' ()] < e*C(p(A1) + p(A2) +28) (p(t) +¥), 1€ (ti,ti1]. (52)

Remark 5.1 A function ¥ € X is a solution of (50) if and only if there is G € X, and
a sequence g;, i € N, such that:
(@) 1G] = e*(p(A1) + p(A2) +26)' (1), t € (i, ti1], i €N,
llgill < e*(p(A1) + p(A2) +28)' Yt € (ti, tir1], 1 €N
b) 0" (1) = Ad@) + f(&,0(1) + G(@), t € (f,tiv1), i €N;
(c) AV(t;) = B1o(t; )+ gi, i €N;
(d) AV'(t;) = Bo0'(t; ) + gi» i € N.

Theorem 5.3 Assume that all the assumptions in Th 5.2 hold (so the solution of (6) is
unique), and there exists a constant T > 0 such that

t
/ e VPMSy(s)ds < Te(t), Vi=0, (53)
0

and p is as in (16) and L y satisfies

. ALy
2

®

+vp(A) + pln(p(Ar) + p(A2)) < 0. (54)

Then the equation (6) is Ulam—Hyers—Rassias stable with respect to (¢, V).

Proof Let 9 € X be a solution of (50), and from Remark 5, 0(¢) satisfies the following
impulsive differential equation

u'(t) = Au(t) + f(t,u(r) + G@), t€ (. 6i41], i€N,
u(tf) =u(t; )+ Bu(t;)+gi, i €N,

W () =u'(t7) + B/ (t7) + gi, i €N,

u(0) =ug, u'(0) =uj,

(55)
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here G (t) and g; satisfy

G| < e*(p(A1) + p(Ag))ifﬂ(t), t€ (i, tiy1l, (56)
llgill < e*(p(A1) + p(A2) . (57)

Using Theorem 5.1 we have

k=1 gy
() = W(A. 1) + W(A, t.ug.u) + Y 1 Wi(A, t,5)(f (s, (s)) + G(s))ds

i=0 %

t
+ Aié / sinh A%(t - s)(f(s, 0(s)) + G(s))ds, t e (tk, tr+1].
173
From (40) and (45), for any ¢ > 0, we have

||H(x —2a £ x)|| < 2max{ Taee¥P DD (uo || 4 [Jug]]),

1
S
Vp(A) +¢ }

(58)

|G (x — 2a £ x;)|| < 2max { 1} TaeeVP DD (o | + Jlug ),

1
VpA) +e&’
(59

wherea = t;; —t;; | +---£t;,i <ij <ip <--- <ij <k.Hence, using (58), (59),
for any ¢ € (t, trx+1], we have

W (A, |

k
: 1
< 2l [Tf(p(m) + )" max {—_ 1} eVl
i=0 p(A) +e

. 1 )
4 C]%,ITS:;(IO(AI) + 8)k7171(p(A2) + 8) max {m, l} g«/m(tfl,)
. 1 [ TA e (f—1
+- T2 (p(A2) + &)F " max {my 1} e p<A)+8(1_[’)i|(||MO|| + llurlD

k
< e Y A1(p(AD) + p(A2) +26)  (lluol| + [un]]) Y | eVPAFeC=i),
i=1
(60)
Let u(t) be the unique solution of (6) (see Theorem 5.2). Then using Lemma 2.7, (40),
(41), (53), (56), (57) and (60), for all ¢ € (t, tx+1], we have

k-1 tiy1
=0l = 11D [ Wi t,9)( £ u(s) = (5,560 = G(s) )ds
i=0 vl

t
+A‘%/ sinh A (1 —s)(f(s,u(s)) — £ s, B(s)) — G(s))ds — WA, ]|

Ik
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k=l o
SUY | W) (fGsau(s) = £, 56D )dsl]
i=0 Y1

147 [ sinh 4k = 5)(£0,u60) = £6. 56 sl

tk

k=1 nnip
I [ WiA 1 9)G(s)ds]| + (A2
=0 t

t
f sinh A2 (t — )G (s)ds|| + ||[W(A, 1)]|
1

LT}

VI e

t

b Lile f eVPITE= 1y — B |ds
,O(A) +e& 73

*73

t
£ k Vp(A)+e(t—s)
+ NOET] g(p(A1) + p(A2) + 2¢) /0 e @(s)ds

k
+ " Y AL (p(AD + p(A2) +26) (lluol| + [uy]]) Y eVPFeC=i0)

i=1

k=1 hnip .
> / (0(AD) + p(A2) +26) VPTG ds
i=0 vl

t *
< ‘Alsz/ PITEI|y — ilds + 5
0

1
2 (0(A1)

t
+ p(A2) + 28)F f eVPATE=9)(5)ds
0

YA .
Mp(A) + e A A2) +2 p(A)Fer
T oo e ol llnID(o(A) + p(A2) +26)7e
AL t .
8 %/ PAFD u — ilds + 2 oA
0
+ p(A2) + 2&)keVP@DFe (1) + )
= k PTTE
oA +e ! A A 2 o( )+8t,
" M/m(””o” +llutlD(@@) +¥)(p(A1) + p(A2) +2¢)"e

(61)

here X is the minimum length of the interval, i.e. A = inf{t;41 — #;|i € N}. Multiply
both sides of (61) by e~ VPA)+¢" and we find

. ALy (" oot .
e~ p(A)+€t||u_v||§ 12 f/o e~ p(A)+Ss||M—U||dS

N At Ar(luoll + [lurlD
G v
(p(A1) + p(A2) + 20)*.
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Since ¢ € PC(J,R;) is a nondecreasing function, using Bellman’s inequality, we
have

_ R At Ar(lluoll + [u1ll])
P 1 _ 511 < (0t 4+ ( i A > A
e [lu — ]| < &% (p() +¥) > IWIDET: (p(A1) .

g MLst
+p(A2) +2¢)°e 7,

which implies

A A
TP 5,9*(<p(t)+1p)< 1T 1(||Mo||+||u1||)>

2 AVP(A) + ¢
A]Lf

e(ﬁ;m)fw - +§ln(p(A1)+p(A2)+2£))t.

Making use of (19), there exists 7 > 0, such that

i(0,1)
t

>p—¢

for any + > T. In addition, according to (54), one can choose ¢ > 0 small enough
such that

AL
Vo(A) + e+ 12 L4 (p—e)In(p(AD) + p(A2) +26) < ? <0.

Therefore, we have

. At Ar(fluoll + [lurlDY
IIM—vI|§< T TNV ET: )8(§0(1)+1ﬂ) (63)

foranyt > T and t € (t, tr+1].
In the case of t < T and ¢ € (#, tx+1], from (62), we have

At A1(||M0||+||M1||))
2 IV p(A) +¢

AL
(0(AD) + p(Ag) + 26)ke (VPAFEH=3L) T

[lu — || < *(p(t) +v¥) <

Hence, (51) holds for

c=min{<A1r N A (lfuoll + [lurll)
2 /oA +e
(Alr N Ar(Jluoll + ||u1||))e<¢m+m;f)T}

2 oA T e :

)(p(Al) + p(A2) +2¢)7F,
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Similarly, for any ¢ € (#, tx+1], we also have

IW' (A, 1)]] < 26*y max {VP(A) + e, } T (luoll + ||u1||)(p(A1)

1
Jo@) +e

k
+ p(A2) +2¢)" Y evpttet=

i=1

=e*Y A1 (0(A1) + p(A2) + 280 (lluol| + [lu1l])

k
Z e«/p(A)‘Fg(t_li)’

i=1

(64)
hence, making use of (56), (57) and (64), we have
k=1 Lit1 .
' =01 < T2y ) f (p(A1) + p(Ag) + 26) eV PITEE=D 1y — 5 |ds
i=0 "
t
+LfT5f eVPMFEU=9) 1y _ 5)|ds
173
t
+ e T (A1) + p(A) + 26)" / eV PIFE g (5)ds
0
k
+ Y AL(P(AD + p(A2) +26)  (lluol| + [Jun|]) Y | eVPATeC=0)
i=1
ALs (1 *A
< %f VPEFEE|1yy — )\ds + = (A + p(A2) +20)"
0
/t VPR (5) s
0
8*1//A1 X \/7
A A 2 p(A)+et
T s oll 1l Do (A + p(42) +26)'e
< Al;ff ft e‘/p(A)+€(t7S)||M/—ﬁ/||ds
0
e*AT
+ z1 (P(A1) + p(A2) + 2e)*eYP DT (1) + ¥)
e* A k /p(A)Fei
St S t A Ar) +2 p(A)tet
+A\/m(lluollﬂlulll)@()+1ﬂ)(p( 1)+ p(A2) + 2¢)"e
A A
< e*p(n) + ) (BT o Sl Dy )41 4 p(ag) + 26k VP05

2 AV p(A) + ¢
t
N A1§fte p(A)+stf e VPATES |1 _ 5 |\ds.
0
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Multiply both sides by e~vVP4)+¢" and we have

At n Ao ([luoll + ||M1||)>
2 A Pp(A) + &

A{Lst [ N
(p(A1)+P(A2)+28)k+ITffO VPATE |1 _ || ds,

e VAT B < e*(p(t) + ¥) (

hence, by Lemma 2.6 we have

_Jo AT . At Ar(lluoll + |Iu1||)>

p(A)+etyy,,/ / * 1 1

e u —vl < e (p@) + )( + YT S

Il I @ v > o) T o
NV

(0(A1) + p(A2) +2e)ke 7,

SO

A A
||M/—ﬁ/||§8*((ﬂ(l)+1/f)< T 1;"“_;)1&?1”;”))

ApLg? eIn(o(A Ao)42 Y\
e~ 2 — tkIn(p(A)+p(A2)+26)+/p(A)+et (65)

Note

AL 12
12f +kIn(o(AD) + p(A2) + 26) + V/p(A) + et

AL k
< ( 12 f + ;]n(p(A1)+P(A2)+28)+\/m)t’ t=1,

and

AL st?

+kIn(p(A1) + p(A2) +26) +/p(A) + et

ALy k
= (S5 + S oA + (42 +20) + VoA +e) 1= 1.

Therefore, from (54), we can choose ¢ > 0 small enough such that
AL ftz
e~ 2 HKIn(p(AD+p(A)+2e)+Vp(A)Fer

for any t+ > T large enough. Therefore, using the same method as in the previous
proof, we have

' — '] < E&* (@) + ¥)(p (A1) + p(A2) +20)F, 1 € (1. ey ], (66)
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which implies (52) holds for

{(Alf n A1(||u0||+||ul||))(,0(A1)+,0(A2)+28)_k,

¢ = min
2 A/ p(A) +¢
(AIT Al(lluoll+||u1||))e(W+A'sz)T}_
2 A/p(A) +e
Hence, system (6) is Ulam—Hyers—Rassias stable with respect to (¢, V). O

Example 5.1 Consider the second order impulsive differential equation (6) with
St u() = 4 sinu(t), t; =i,i =0,1,2,--- and

1 0 e —1 0
A‘(o 2)’ Bl_Bz_( 0 e—3—1>’

and the initial value

Define
sinu(t) = (sinui(2), sinuz(z), - -+, sinup ()7,
Vu(r) = (ui(6), uz(t), -+, u, (1)) € R".
Let R™*" be the usual matrix space with the norm ||A|| = max Y -, |a; j|, and set
j

¢ = 1 in Lemma 2.5, then we can pick T4 ¢ = T4, = T4, = 1. Note

2
1@ u) = f@ )|l < %IIH —vll,

forallu, v € RY. Thus conditions (19) and (49) hold, and (H) is fulfilled for Ly = 4

Hence, (6) has a unique solution u € PCB(J,R") with v = /3. Furthermore, let
o) =e', ¥ =1,and T = 1, and v(¢) be a solution of (50). Then

AlL 6
12 f +M+pln(p(A1)+p(A2))=%—+\/§—3 <0.

® =

Then all the assumptions of Theorem 5.3 is fulfilled, and therefore equation (6) is
Ulam-Hyers—Rassias stable with respect to (e, 1).
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