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Abstract

For a higher-order nonlinear impulsive ordinary differential equation, we present the concepts of Hyers—
Ulam stability, generalized Hyers—Ulam stability, Hyers—Ulam—Rassias stability, and generalized Hyers—
Ulam—Rassias stability. Furthermore, we prove the generalized Hyers—Ulam—-Rassias stability by using in-
tegral inequality of Gronwall type for piecewise continuous functions. These results extend related con-
tributions to the corresponding first-order impulsive ordinary differential equation. Hyers—Ulam stability,
generalized Hyers—Ulam stability, and Hyers—Ulam—Rassias stability can be discussed by the same methods.
(©2016 All rights reserved.
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1. Introduction

The stability theory is an important branch of the qualitative analysis of differential equations. In
particular, for the stability of functional equations, Ulam [25] raised a question: “When can an approximate
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homomorphism from a group G1 to a metric group G be approximated by an exact homomorphism?”

To solve this question, assuming that G; and G2 are Banach spaces and using a direct method, Hyers
[7] brilliantly gave a partial answer. This result was then extended and improved by Aoki [2] and Rassias
[22] who weakened the condition for the bound of the norm of Cauchy difference. For further details and
discussion, see the monograph by Jung [11].

As far as we know, works by Obloza [17, [I8] were among the first contributions dealing with the Hyers—
Ulam stability of differential equations. Since then, Hyers—Ulam stability and Hyers—Ulam—Rassias stability
of various classes of differential equations and differential operators have been explored by using a wide
spectrum of approaches; see, e.g., [1l, 4-H6, 8H10, 12} 13] 16 20} 21, 24], B4] and the references cited therein.

In recent years, Hyers—Ulam stability and Hyers—Ulam—Rassias stability of impulsive differential equa-
tions have always attracted interest of researchers; see, for instance, [3, 14, [19] 26, 27, 33]. One of the
main reasons for this lies in the fact that, as pointed out by Lupulescu and Zada [15], Rogovchenko [23],
Wang and Liu [28], Wang and Wu [29], and Wang et al. [30H32], impulsive differential equations arise
in a number of applied problems in natural sciences and engineering. Note that the results reported in
[3, 14} [19], 126, 27, B3] are concerned with several classes of first-order impulsive differential equations. There-
into, Wang et al. [26] introduced four Ulam’s type stability (Hyers-Ulam stability, generalized Hyers—Ulam
stability, Hyers—Ulam—Rassias stability, and generalized Hyers—Ulam—Rassias stability) concepts for a first-
order impulsive ordinary differential equation. So far, to the best of our knowledge, Ulam’s type stability
results of higher-order impulsive ordinary differential equations have not been studied yet.

It should be noted that research in this paper was strongly motivated by the recent contributions of
Wang et al. [26]. Our principal goal is to analyze the Ulam’s type stability of the higher-order impulsive
differential equation

y () = F(ty(),y' (0,5 (1), -,y (@), tel =N\{t,la, . b},
Ay () =y D) —y D (t) = TrlyD(t)),  i=0,1,...,n—1land k=1,2,...,m, (1.1)
y(to) = yo, ¥'(to) = y1, ¥"(to)) = 2, -+, y" (ko) = ya-1,
where n > 1 is a natural number, I = [to,tF], tg satisfy 0 < tp < t; <tz <+ <ty < tmg1 = tp < +00,
F : B — R is a continuous function on a closed ball B in I x R", T : R — R is a continuous function

for each k, y(t]) = lim, o+ y@ (tx + 7) and y (¢, ) = lim,_,o+ y) (t; — 7) represent the right-sided and
left-sided limits of y(®(t) at t;, respectively.

2. Preliminaries

In this section, we present some definitions of Ulam’s type stability and auxiliary lemmas to prove our
main results. Throughout this paper, we use the following spaces:

e C(I,R) is the Banach space of all continuous functions from I to R with norm |lz|c = sup{|z(t)| :
tel};

e PC(I,R) denotes the Banach space of all functions = : I — R with norm ||z|pc = sup{|z(t)| : t € I'}
such that € C((tk, tps1], R), k =0,1,...,m and there exist z(¢;) and z(t; ) satisfying z(t; ) = z(tx),
k=1,2,...,m;

e PC"(I,R) ={z:1— R|z® € PC(I,R),i =0,1,...,n} is the Banach space with norm |z|/pcr =
max{ 2| pc:i=0,1,...,n}.

Let Rt = [0,400), {y} = (v, ¢/, ¢", ...,y V), € >0, x>0, and § € PC(I, Rt) be nondecreasing. We
focus on the following inequalities:

{Iy(”)(t) F(t, {y})l e, tel,

A (2.1)
29 (1) ~ ThlyD () <e.  i=0.1...n—landk=12...m,
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{ry<“><t> RGO, tel, )
|Ay(i)(tk)—'fk(y(i)(t;;))‘SM, i=0,1,...,n—land k=1,2,...,m, '
and
{ ly™ () — Pt {yh < eb(t), tel, (2.3)
]Ay(i)(tk)ka(y(i)(t,;m < eu, i=0,1,....n—land k=1,2,...,m. '

In what follows, we introduce the concepts of Ulam’s type stability of (|1.1)).

Definition 2.1. Equation (1.1)) is said to be Hyers-Ulam stable on I if there exists a real number K, > 0
such that, for every ¢ > 0 and for every solution y € PC™(I,R) of (2.1, there exists a solution zy €

PC™(I, R) of (1.1)) with
ly(t) — zo(t)| < Kpme, fortel.

Definition 2.2. Equation (1.1 is called generalized Hyers—Ulam stable on [ if there is a function G, €
C(R", R*) with Ggm(0) = 0 such that, for every € > 0 and for every solution y € PC™(I, R) of (2.1]), there
exists a solution xg € PC™(I, R) of (1.1)) with

ly(t) — zo(t)| < Grml(e), fort € I.

Definition 2.3. Equation (1.1 is termed Hyers-Ulam-Rassias stable on I with respect to (6, u) if there
exists an M, 9 > 0 such that, for every € > 0 and for every solution y € PC"(I, R) of ({2.3)), there exists a
solution xy € PC™(I, R) of (1.1)) with

(1) — 20(t)] < Mimge(6(t) + ),  forte L.

Definition 2.4. Equation (1.1} is said to be generalized Hyers—Ulam—Rassias stable on I with respect to
(0, ) if there exists an Lp,, 9 > 0 such that, for every solution y € PC"(I,R) of (2.2), there exists a
solution xg € PC™(I, R) of (1.1)) with

ly(t) —20(t)| < Lpme(0(t) +p),  fortel

Remark 2.5. Definition = Definition Definition = Definition for 6(t) = p = 1, Definition
2.3l = Definition 2.1]

The following inequality is the well-known integral inequality of Gronwall type for piecewise continuous
functions.

Lemma 2.6. If .
z(t) < alt) + / b(s)z(s)ds + Y &a(ty)

to to<tp<t

fort >tg >0, where x,a,b € PC([tg, ), RT), a is nondecreasing, b(t) > 0, and &, > 0, then
t
sty <a) T[ 0+ e ( [ o)
to<tp <t to
fort > tg.

Remark 2.7. Tt follows directly from inequality (2.1)) that a function y € PC™(I, R) satisfies (2.1)) if and
only if there is a function f € PC(I, R) and a sequence f; (which defend on y) such that | f(¢)] < efort € I,
Ifil<efori=0,1,...,n—1and k=1,2,...,m, and

yM(t) =F(t{y}) + f(t), tel,
Ay () = T D) + £,  i=0,1,...,n—land k=1,2,...,m.
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Remark 2.8. If y € PC™(I, R) satisfies (2.1)), then

i—1

B t — g i—1
(n ) Z t tO yn U= 00)" Yn—i+j ZT (n—1i) —/; HF(S,{Q})CZS

Jj=

< ((t_zfo)erm)e

wheret € I andi=1,2,...,n.

Proof. Tt follows from Remark that, for ¢ € (¢, tx11],

i—1

(n— z) Z t—to yn z+]+ZT (n—1) _|_an i / t_S)Z)'lF<37{y})d8

v; =t
+/ / EC
to to to

Therefore, we conclude that

K}

i—1

Z t—to ?/n (&= 10) Yn—i+j ZT (n—i) —/t (t(l,__s)l?;!_zF(Sa {y})ds

j=0

s/t /t /t \ds+2|f“

which implies that

i1 t i—1 i
t —tp) t—s t— 1t
(n i) 0) y” W) In—itg (n—1) _ ( ) ( 0)
;:0: § j'r /to D) F(s,{y})ds| < e
The proof is complete. O

Remark 2.9. One can obtain similar remarks for solutions of inequalities (2.2)) and (2.3). The details are
left to the reader.
3. Main results

Define a closed ball B = I x [[/"-)' [~ M;, M;], where M; = ||y pc. In this section, we prove the Ulam’s
type stability of (1.1)) with the condition

(t —to)"F(t, {y}) — F(t.{=})| < h(B)]y(t) - 2(t)], (3.1)

where h : I — R is an integrable function and the Lipschitz condition

, Sy > 0 is a constant, (3.2)

n—1
|F(tAy}) — F(t,{=})] < S0 Y [y (1) — 2 (2)
7=0

respectively.
Theorem 3.1. If

(Hy) F satisfies condition (3.1));

(Hz) Tr : R — R and there exist constants My > 0 such that |Tr(xz1) — Tr(x2)| < Mg|zy — x2| for
k=1,2,...,m and 1,22 € R;
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(Hs) there exists a nondecreasing function € PC(I, R) such that, for t € I and for some pg > 0,
t
O(s)ds < pb(t),

to
then (L.1)) has generalized Hyers—Ulam—Rassias stability on I with respect to (6, ). If, in addition,

1 tr <
: 0

j=1
then (L.1) has a unique solution in PC™(I, R) N PC(I, R).

Proof. Let y € PC™(I, R) be a solution to (2.2). The exact solution x € PC"(I, R) of the initial value
problem

() F(t,{z}), tel,
D(ty) = Tr(zD(t;)), i=0,1,...,n—land k=1,2,...,m,
37( 0) = 0. (o) = y1, 2" (t0) = v2, ..., x" D (to) = yn_1,

is given by
( n—1 . ‘
(t_;?y‘%’ + (n_ll)'/(t—s V'UF (s, {z})ds,  t € [to, 1],
= ! Uy
n—1 t
zg(t—;?)% + Tai(z(ty)) + (nil),/t (t —s)" " LF (s, {x})ds,  t e (t1,ta],
e
n—1 t
o) ={ 2 t_to (= toly; +ZT n_ll)!/to(t—s)"_lF(s,{x})ds, t € (t2,t3),
n—1 ; m
7@_%)]% (x(ts 1 t — 8)" 1F(s,{x})ds
XS L e + G Lt G s, (]

n—-1, k t(_ g1
(o) - P S ) - [ S R fds| < o 60+ )
i= j=1 fo '
Hence, for t € (tg, txi1]
n—1 k t
)~ (0] < o)~ = B Sty - s [ R b
j7=0 ) j=1 * Jio

! k
iy L G ) - s e lds + DTt ) =ittt

¢ k
< (m+ pp)(O(t) + p) + (n—ll)'/ h(s)|y(s) — a(s)|ds + Y Myly(t;) — = (t;)].
*Jig j=1
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By virtue of Lemma we conclude that, for t € I,

() = 5(0)] < G+ )00+ [T @ Myexw (ot [ A5)ds) < Limal60) + 10,

to<tp<t ( B 1)'
where
m tp
L = 7 14+ M, [ )
Fmg = (m+ Pe)kl;[l( + M) exp <(n =oA h(s)ds>

Therefore, (1.1]) is generalized Hyers—Ulam—Rassias stable on I with respect to (0, u).

Uniqueness of solution. For g € PC(I, R), define an operator A : PC(I,R) — PC(I, R) by

(t —to)y; 1 t e
D I €= s, teln]
n-l Jap: t
;) (t_]t?)y] + Ti(g(ty)) + (nll)' /to (t —s)" " LF(s,{g})ds, t € (ty,ta),
n—1 . 2
(t —t0)y; - 1 t _anlp(s )
(o= 2 LT | s, et
n-l y m t
w + Z Tj<9<tj_)) + _11'/ (t—s)""1F(s,{g})ds, t € (tm,tr|.
j=0 J: j=1 (n ) to

Clearly, A is well-defined. We show that A is a Picard operator on PC(I, R). For this, let ¢g1,92 € PC(I, R)
and consider

k
(Agn)(t) — (Ag2) ()] = | D (T —Ty(g(£)))
7=1
1 t e
oo / (t = )" (F(s, {n}) = F(s, {g2}))ds

< (nil), / (t = )" [F(s. (1)) — F(s. {92))]ds

+Z\T (g1 (t Yj(g2(t;))]

1 t k
- <n—1>'/ ) |on(s) = g2 (s)]ds + 3 Mylon(15) = )

j=1
( L s 334, ) 1 -
<l s)ds + M') g1 — 92|l pcC-
(n—l)! t = J 1 2

Then, A is contractive with respect to || - || pc. By virtue of Banach contraction principle, A is a Picard
operator. The unique fixed point of this operator is the unique solution of (1.1)) in PC™(I, R) N PC(I, R).
This completes the proof. O
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Remark 3.2. Theorem [3.1|includes [26, Theorem 4.1] in the case where n = 1 and h(t) = ho > 0.

Theorem 3.3. Assume that (Ha) and (H3) are satisfied. If F satisfies condition (3.2)), then (L.1) has
generalized Hyers—Ulam—Rassias stability on I with respect to (6, ).

Proof. Let y € PC™(I, R) be a solution to (2.2)). For ¢ = 1,2,...,n, define a function by

i—1 j o t -
Z (t — to‘)j!ynzﬂ + (Z _1 1)! / (t _ s)l_lF(S, {:L'})ds, te [th tl]a

j=0 to
i—1 P jn—ij B 1 t i
jzz:o (O)j!y+ +Ti(x(t])) + m /to (t—s) 1F(s, {z})ds, t € (t1,ta],
i—1 ; 2
(t —t0) Yn—itj _ 1 ¢ i
2= (1) = 2 % + ]z_; Tj(x(t;)) + G- /to (t — )" F(s, {x})ds, t € (t2, 3],
i—1 ; m
(t —t0) Yn—i+j (- 1 L i (s (2 ds
D B ] [y s v i)
Then, for t € (tg, tgs+1],
it t— o) L k
|y (1) — 2 (1) < ‘?/(n_i) OEDD W =D L")
j=0 ’ j=1
- =y [ =9 P s
L e G ) — Pl el

k
+ 3 ) = 15 )
J=1

n n.S ¢ i— n—i n—i
S(m+ﬂe)(9(7§)+ﬂ)+(Z._(i)!/to(t—s) 1= (5) — 2= (s) | ds

k
+ 3 Myly () — 2.
j=1

Using Lemma [2.6] we deduce that, for ¢ =1,2,...,nand t € I,

00 = a0 < (00 + ) TT 1+ d)esp (B0 < Lra(ol6) 410,
where )
Lpme = (m+ pf) H(l + M) exp (W)
k=1 !

Hence, (|1.1)) is generalized Hyers—Ulam—Rassias stable on I with respect to (6, ). The proof is complete. []

Remark 3.4. Theorem contains [26, Theorem 4.1] in the case when n = 1.

Remark 3.5. One can proceed as the same way to prove the Hyers—Ulam stability, generalized Hyers—Ulam
stability, and Hyers—Ulam—Rassias stability of ([L.1). The details are left to the reader.
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