Opuscula Math. 37, no. 3 (2017), 353-379
http://dx.doi.org/10.7494/OpMath.2017.37.3.353 OPUSCULA MATHEMATICA

EXISTENCE OF THREE SOLUTIONS
FOR IMPULSIVE MULTI-POINT
BOUNDARY VALUE PROBLEMS

Martin Bohner, Shapour Heidarkhani, Amjad Salari,
and Giuseppe Caristi

Communicated by Marek Galewski

Abstract. This paper is devoted to the study of the existence of at least three classical
solutions for a second-order multi-point boundary value problem with impulsive effects.
We use variational methods for smooth functionals defined on reflexive Banach spaces
in order to achieve our results. Also by presenting an example, we ensure the applicability
of our results.
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1. INTRODUCTION

In this paper, we consider the second-order ¢-point boundary value problem with
m~impulsive effects

_((bpz(u;))l = )‘Fui(taula s 7un) + /’LGUi(t7u17 cee vun)v te (Oa 1) \ Qv
A¢pi (u;(tj)) = Iij(ui(tj»v Jj=1...,m, (¢>\,H)
ui(0) = Yy arwisi),  wi(l) = Y5y bruilse)
for i = 1,...,n, where Q = {t1,...,tm}, pi € (1,00), ¢p,(x) = |x[Pi 2z for i =
1,....,n, A > 0, > 0 are parameters, m,n,{ € N, 0 = t5g < t1 < t3 < ... <

trm < Tm+1 1L,L0<sy <s9< ... <5 <1, t; 75 sk, 7 =1,....om, k=1,...,¢
F,G :]0,1] x R™ — R are measurable with respect to ¢, for every (z1,...,z,) € R"
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continuously differentiable in (z1,...,z,), for almost every ¢t € [0, 1] and satisfy the
standard summability condition

s {max (7.0 1661 P01 166 (Ol 1= 1o e Li(0.1)
01

(1.1)
for any ¢, > 0 with € = (&,...,&,) and |¢] = /i, €2, F,, and G,,, are the partial

=157
derivatives of F' and G with respect to u;, respectively,

Ay, (ui(t)) = bp, (ui(t])) — by, (ui(t;)),

where v (t;r) and w;(t;) represent the right-hand limit and left-hand limit of w;(t)
at t = t;, respectively, I;; € C(R,R), i =1,...,n, j =1,...,m and ax, b, € R for
k=1,...,¢.

The theory of multi-point boundary value problems for ordinary differential equa-
tions arise in different areas of applied mathematics and physics, especially in heat
conduction [4,5,27,29], the vibration of cables with nonuniform weights [35], and
other problems in nonlinear elasticity [45]. The study of multi-point BVPs for linear
second-order ordinary differential equations was initiated by II'in and Moiseev [26].
From then on, many authors studied more general nonlinear multi-point boundary
value problems. Recently, the existence and multiplicity of positive solutions for non-
linear multi-point BVPs have received a great deal of attention, we refer the reader
to [11,12,15,16,18-20,23-25,34] and the references therein.

On the other hand, impulsive differential equations serve as basic models to study
the dynamics of processes that are subjected to sudden changes in their states. These
kinds of processes naturally occur in control theory, biology, optimization theory,
medicine, and so on (see [6,10,28,36]). The theory of impulsive differential equa-
tions has recently received considerable attention, see [2,3, 6,30, 33,39]. There has
been increasing interest in the investigation for boundary value problems of nonlin-
ear impulsive differential equations during the past few years, and many works have
been published about the existence of solutions for second-order impulsive differential
equations. There are some common techniques to approach these problems: Fixed
point theorems [8,9,31], the method of upper and lower solutions [7], and topological
degree theory [37]. In the last few years, variational methods and critical point theory
have been used to determine the existence of solutions for impulsive differential equa-
tions under certain boundary conditions, see [1,21,43, 44,46, 48] and the references
therein. We note that the difficulties dealing with such problems are that their states
are discontinuous. Therefore, the results of impulsive differential equations, especially
for higher-order impulsive differential equations, are fewer in number than those for
differential equations without impulses.

Moreover, some researchers have studied the existence and multiplicity of solu-
tions for multi-point boundary value problems for second-order impulsive differential
equations; we refer the reader to [13,14,32,42] and the references therein. For example
in [13], Feng and Pang used fixed-point index theory and a fixed-point theorem in the
cone of strict set contraction operators to obtained some new results for the existence
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and multiplicity of positive solutions of a boundary value problem for second-order
three-point nonlinear impulsive integrodifferential equation of mixed type in a real
Banach space. In [32], Liu and Yu with the help of the coincidence degree continuation
theorem, achieved a general result concerning the existence of solutions of m-point
boundary value problems for second-order differential systems with impulses. They
also give a definition of autonomous curvature bound set relative to this m-point
boundary value problems, and by using this definition and the above existence theo-
rem, obtained some simple existence conditions for solutions of these boundary value
problems. Meigiang and Dongxiu in [14], based on fixed point theory in a cone, dis-
cussed the existence of solutions for the m-point BVPs for second-order impulsive
differential systems, and Thaiprayoon et al. in [42], introduced a new definition of
impulsive conditions for boundary value problems of first-order impulsive differential
equations with multi-point boundary conditions was introduced, and used the method
of lower and upper solutions in reversed order coupled with the monotone iterative
technique to obtain the extremal solutions of the boundary value problem.

Motivated by the above works, in this paper we are interested to investigate the ex-
istence of at least three nontrivial classical solutions for second-order ¢-point boundary
value problems with m-impulsive effects (¢»,,) for appropriate values of the parame-
ters A and p belonging to real intervals. Our approach uses variational methods and
a three critical points theorem due to Ricceri [38].

Here, we state a special case of our main result.

Theorem 1.1. Let p1,ps > 1 such that either min{py,ps} > 2 or max{p;,p2} < 2,
F:R? = R be a C'-function satisfying the condition

sup  max{|F (&1, &), |Fe, (61,8)], [Fe, (61,&2)[} € L([0, 1))
VERHEE<02

for any oo > 0, F(0,0) = 0, I11, 12, I21, 120 € C(R,R) be nondecreasing functions
such that I;;(0) = 0 and L;j(s)s > 0, s # 0 for i = 1,2, j = 1,2, ay,a2,b1,b2 € R
such that a; +as #1 and by +ba #1, 0 <t <t2 <1,0<s1 <59 <1, and tj # sy,
i=1,2, k=1,2. Assume that

F F
max lim sup M, lim sup _Plu,us) <0
(u1,u2)—(0,0) |u1|p1 + ‘UQ‘ZD |u|— o0 |u1|p1 + |u2|p2
and .
J F(ui(t), uz(t))dt
0

ui(t;)

weBx B [
€E1xE; 2?21 pi’” +Z¢2:1 25:1 of L3(€)d¢

sup >0,

where

E; = {f € WHPi([0,1]) : £(0) = a1&(s1)+az€(s2), &(1) = b15(51)+b2§(52)}, i=1,2.



356 Martin Bohner, Shapour Heidarkhani, Amjad Salari, and Giuseppe Caristi

Then, for each compact interval [c,d] C (5\, o0), where

ui(t;)

{z?_l ST [ (0

A= inf
u€FE1 X E>

: /F(ul(t),ug(t))dt > o},
Fui (t), us(t))dt 0

O =

there exists R > 0 with the following property: for every A € [c¢,d] and for every
G € CY(R?,R) such that

sup  max{|G(&1,&)], |G, (61,6, [Ge (61, 6)[} € LY([0,1])
VE+E3<os

for any o3 > 0 with G(0,0) = 0, there exists v > 0 such that, for each p € [0,7],
the system

—ul ()P 2 (£) = AP, (w1, uz) + G, (1, uz), te(0,1)\ {t1,ta},
g () P2 (6) — | (851720 (857) = Lo (walty), i=12,

’LLZ(O) = alui(sl) + agui(SQ), ’U,Z(].) = blui(sl) + bzui(SQ)

for i = 1,2, has at least three classical solutions whose norms in the space El X Eg
are less than R.

2. PRELIMINARIES

In this section, we will introduce some notations, definitions and preliminary facts
which are used throughout this paper.

To construct appropriate function spaces and apply critical point theory in order
to investigate the existence of solutions for system (¢, ,), we introduce the following
basic notations and results which will be used in the proofs of our main results.

Throughout this article, we let E be the Cartesian product of n spaces

14 £
E; = {s € WHPH([0,1]) : €(0) = aré(si), £(1) = bk»s(sk)}
k=1 k=1

fori=1,...,n,ie., E=F X...x E,, endowed with the norm

Di»

n
lall = I, )| = D M
i=1

1 i
sl = ( [t dt)
0

fori=1,...,n. Then F is a reflexive real Banach space.

where
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In this paper, we assume throughout, and without further mention, that the
following conditions hold:

(H1) either p > 2 or p < 2, where p = min{ps,...,p,} and p = max{pi,...,pn};
(H2) Yop_jax #1and Yy, by # 1.
Let

(2.1)

¢ Di
1<i<n | y,e B\ {0} [l || s

{ max;eqo.q] |ui (1P }
¢ = max sup

Since p; > 1 for i = 1,...,n, the embedding E = E; x ... x E, < (C°([0,1]))"
is compact, and so ¢ < oco. Moreover, by (H2), from [11, Lemma 3.1], we have

Di 4 14
<1<1+ Shoilasl S b ) 22)

max;e[o,1] lv(t)

sup

pi =9 £ L
veE\ {0} [[vllp: 2 1=y ar] 11—y b
fori=1,...,n.
By a classical solution of (¢y ), we mean a function v = (u,...,u,) such that,

fori =1,...,n, the left-hand side limit and the right-hand side limit of the derivative
u; in ¢; must exist and must be finite, u; € C*([0,1]\ @), ¢p, (u}) € C1([0,1]\ Q), and

u; satisfies (¢ ). We say that a function v = (u1,...,u,) € E is a weak solution
of (o) if
1 n n m

[ (X ottt e+ 35 1t te)

0 Ni=l i=1 j=1
T 1,

_ /\/ZFui(t,ul(t),...,un(t))vi(t)dt —u/ G (tus(8), - un ())0s(£)dE = 0
o =1 o i=1

for any v = (vy,...,v,) € W5PH([0,1]) x WgP2([0,1]) x ... x WP ([0,1]).
Let qb;il denote the inverse of ¢,, for every ¢ = 1,...,n. Then (;51;1 = ¢g4,, where
i + é = 1. It is clear that ¢, is increasing on R,
ggll)r_mo<> ¢p,(x) = —c0 and xlg{)lo Op; () = 0. (2.3)
Lemma 2.1. For fivzed \,p € R, u = (u1,...,un) € (C(tj,t541))", 5 =0,1,...,m,
define aj(z;u) :R—=-R,i=1,...,n, j=0,1,...,m by

o (w5 u)
tjt1 s g

= [ ¢} (x =X | Fu,(t,ur(t), ..., un(t)dt — pu | Gy, (t,ur(t),. .., un(t))dt> do
[l /

£ L
+ Z akuk(sk) — Z bkuk(sk).
k=1 k=1
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Then, the equation
aj(z;u) =0 (2.4)
has a unique solution x,; ;.

Proof. Taking (2.3) into account, we have

wgmooa”(x u) = —o0 and Ilgr;o a;;(z,u) = oo.

Since «;j(-,u) is continuous and strictly increasing on R, the conclusion follows
fori=1,...,nand j=1,...,m. O

Lemma 2.2. The function u = (u1,...,un) is a solution of the system (¢x,,) if and
only if u; is a solution of the equation

for i = 1,...,n, where x,;; is the unique solution of (2.4) for j = 0,1,...,m,
and Ay, (u;(t;)) = Lij(ui(t;)) fori=1,...,nand j =0,1,...,m

Proof. This can be verified by direct computations (see [17, Lemma 2.4]). O

Lemma 2.3. If a function v € E is a weak solution of (¢x,), then u is a classical
solution of (dx,u)-

Proof. Let w = (u1,...,u,) € E be a weak solution of (¢ ,). Then

/1 (Z om0 )t + S i)ty
0

i=1 i=1 j=1

M=

Fou (tuy (1), (£))vi (£)dt (2.5)

.
Il

—

D G (tug(t), ... un())vi(t)dt = 0

i=

—

o—__ o —
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for any v = (v1,...,v,) € WgPH([0, ])><VV0’I72([7 1]) x ...xW’p”([,l) o (2.5)
hOldb for all v € Wo Yty tien) X WP (,ti41) X .. X WoPn(t,t541), v(t) = 0 for
€ (0,1)\ (¢;,tj41) for =0,1,...,m. Then (2.5) becomes
i+, tit1
/ (qu)pi (u;(t))v;(t)>dt Y / > Py (tun(t), .. un(t))vi(t)dt
v i=1 ;=1
’ ’ (2.6)
tj+1
i [ 3 Gutn®). . w0 =0
poi=1
for j =0,1,...,m. Recall that, in one dimension, any weakly differentiable function

is absolutely continuous, so that its classical derivative exists almost everywhere, and
the classical derivative coincides with the weak derivative. Integrating (2.6) by parts
gives

ti+1

Z/ o)) ()= AFu, (£, ur(£), - ., un(8)) — G, (£, ur (2), - . ., (£))] w3 (£)dE =0

for j=0,1,...,m. Thus for i =1,...,n,

—(p, 0 UL (£) = AFou, (b, ur(£), - tn(8)) — G, (s (D), - . un(®) =0 (2.7)

for almost every t € (t;,t;41), 7 = 0,1,...,m. Then, by Lemmas 2.1 and 2.2, we see
that

Y t 4
=3 apun(s) + /¢;} <xu,i,j - )\/Fui (tur (D), ., un(t))dt
0 0

k=1

o
uf Guxt,ul(t),...,un@))dt)da

0

fori=1,...,n, where x,; ; is the unique solution of (2.4) for j =0,1,...,m. Hence,
u; € Cl(t;,tj41) and ¢y, ou) € C(tj,tj41) for i = 1,...,n and j = 0,1,...,m
Therefore (2.7) holds for ¢ € (0,1)\Q. Now we shall show that the impulsive conditions
are satisfied. For all v = (v, ..., v,) € Wy P ([0, 1]) x Wy P2 ([0, 1]) ... x Wy P ([0, 1]),
from the equality

t t
(¢p, © u;)' (t)v bp, © ¢)dqu;(t) bp, © )d¢ | vi(t),
S\t finer
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1 (2.8)
,/% (i (£))vi (£)dE + ¢p, (u(0)) [vi(1) — vi(0)]
0
. ; 5 st
= ¢p, (ui(1)vi(1) — ¢p, (u ZA¢p (1)
- /1 bp, (Ul (1)) (t)dt — Z Ay, (uf(t5))vilt;) + Z Ay, (ui(t;))vi(1)
J o et
==Y Ad, ) — /1 by, (u())v; (t)dt
0
for i = 1,...,n. Substituting (2.8) into (2.5), we have
Xn: /1 () = APy, (b ur (), . . un () — pG, (tug(b), - un (£))) vi(t)dt
=17
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for i =1,...,n. Since u satisfies (2.7), we have
Agy, (W' (t)))vilty) = Lij(ui(t;))vilty), 7=0,1,....m
for i =1,...,n. So u is a classical solution of (¢x ). O

Our main tool is Theorem 2.4 which has been obtained by Ricceri ([38, Theo-
rem 2]). It is as follows:

If X is a real Banach space, then denote by Wx the class of all functionals
® : X — R possessing the following property: If {u,} is a sequence in X converg-
ing weakly to v € X with liminf,, o ®(u,) < ®(u), then {u,} has a subsequence
converging strongly to w.

For example, if X is uniformly convex and g : [0,00) — R is a continuous and
strictly increasing function, then, by a classical result, the functional v — g(||ul|)
belongs to the class Wx.

Theorem 2.4. Let X be a separable and reflexive real Banach space, let ® : X — R be
a coercive, sequentially weakly lower semicontinuous C-functional, belonging to Wy,
bounded on each bounded subset of X and whose derivative admits a continuous in-
verse on X*, and let J : X — R be a C'-functional with compact derivative. Assume
that ® has a strict local minimum ug with ®(ug) = J(ug) = 0. Finally, setting

. J(u) J(u
=max < 0, limsup —=, limsup —= ;,
P { ||u\|—>oIo) ®(u) uﬁuop ‘I)(U)}
J(u)

o= sup —,
u€P—1((0,00)) (u)

assume that p < o. Then for each compact interval [c,d] C (% %) (with the con-

0-7
ventions % = 00, é = 0), there exists R > 0 with the following property: for every
A € [¢,d] and every Cl-functional ¥ : X — R with compact derivative, there exists

v > 0 such that, for each u € [0,7],
O’ (u) = A (u) + p¥' (u)
has at least three solutions in X whose norms are less than R.

We refer the reader to the papers [22,41] in which Theorem 2.4 was successfully
employed to ensure the existence of at least three solutions for boundary value prob-
lems.

Now for every u € F, we define

n ui(t;)

v =3 MBS S [ (2.9
i=1 v i=1j=1 ¢

T

() = / Fltun(t), . un(t))dt (2.10)
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and

/G (tur(®), ., un(t))dL. (2.11)

Standard arguments show that ® — p¥ — A\J is a Gateaux differentiable functional
whose Gateaux derivative at the point u € E is given by

n

— / [Z%(u;(t))v;(w] dt — X / > P (tu(t), . un(t))vi(t)dt
0 0

=1

- M/ZGUi (t,ur(t), ..., un(t))vi(t)dt + Z Z-[ij(ui(tj))vi(tj)
0

i=1 i=1 j=1

for all v = (vy,...,v,) € WP ([0,1]) x W§P2([0,1]) x ... x WgP*([0,1]). Hence,

a critical point of the functional ® — p¥ — A\J gives us a weak solution of (¢, ,), and

in view of Lemma 2.3, every weak solution of the problem (¢, ,) is a classical one.
We suppose that the impulsive terms satisfy the condition

(I) I;; : R — R is nondecreasing, I;;(0) = 0 and I;;(s)s >0, s # 0 fori =1,...,n
and j=1,....,m

We need the following proposition in the proof of our main result.

Proposition 2.5. Assume that (H1) holds. Let S : E — E* be the operator defined
by

dt—’_ZZI’LJ uZ 'L )

=1 j=1

for every u,v € E. Then, S admits a continuous inverse on E*.
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Proof. In the proof, we use C7,Cs and C3 to denote appropriate positive constants.
By (I), we have

Sy, (i (8))uf (£t + D>~ T (ui(t) s (1)

i=1 j=1

S(u)(u) =

I

s
I
—

Pidt 4 Z Z Iij (Ui(tj))ui(tj)

o~

Il

1 O O~

|uz ()

i=1 i=1 j=1
. Pi
" 1 1/p7,
>3 || [ par
i=1 0
- P
n 1 1/p7, —_
=3 || [ opar
i=1 0
" 1 1/pi 2
>0 | |l (£) [P dt = O ||ulf2.
=1 \}
This implies that S is coercive. Now, for any u € (uy,...,u,) € E and v €

(v1,...,v,) € E, we have

(S(u) = 5(v),u —v) = / [Z (6p, (ui (1)) = bp, (v (1)) (i (t) — vi(1)) | dt
0

+
M 3
M 3
—
ol
.
—
<
S5
P
~
Nl
=
an
.
—
<
5
—
~
Nl
=
=
—
S
&
=
~+~
N
&
=
o~
&
=

Then, by [40, Relation (2.2)] and (I), we see that

Yy, f () — (OPd, p>2,
(S(u) = S(v),u—v) = (2.12)

n ; |u! (£)—v) (t)|?
Cs 22:1 ‘0[ Wdt, p<2.

Now by the same argument as given in the proof of [17, Lemma 2.6] and the condition
(H1), if p > 2, we have that S is uniformly monotone. Moreover, since F is reflexive,
for u,, — u strongly in E as n — oo, one has S(u,) — S(u) weakly in E* as n — oc.
Hence, S is demicontinuous, so by [47, Theorem 26.A(d)], the inverse operator S~! of
S exists and it is continuous on E*. If p < 2, by (I) and by the same reasoning as in
the proof of [17, Lemma 2.6], S is strictly monotone. Thus, by [47, Theorem 26.A(d)],
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S~1 exists and it is bounded. So by [17, Relation (2.8)], S=! is locally Lipschitz
continuous and hence continuous. This completes the proof. O

Remark 2.6. Suppose that the condition (I) is replaced by the condition
(I') Lj : R — R is odd and nondecreasing in R for any ¢ =1,...,nand j =1,...,m.

Then the conclusion of Proposition 2.5 holds again. It is easy to see that the condition
(T) implies the condition (I).

3. MAIN RESULTS

In this section, we formulate our main results. Let us denote by F the class of all
functions F : [0,1] x R™ — R that are measurable with respect to t, for all £ € R",
continuously differentiable in &, for almost every ¢t € [0, 1], satisfy the standard summa-
bility condition (1.1). Set

L £
TS ST SV}
|1_Zk:1ak| |1_Zk:1bk|

Let

P u;(t)
DAL LN D S N F1(9) [
A= inf { 0 : / Pt u(t))dt > o}
F(t, u(t))dt 5

Ct—

and )\2 = m, where
1
[ F(t,u(t))dt
Ao = lim sup 0
=0 o JuilZ | cn om0
Zi:l Di : +Z¢:1 Zj:l Of L(C)dC
and

[ F(t u(t))at

Moo = limsup

lull—»oc uilta)

s Ll s s [ 150

with u = (u1,...,uy).
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Theorem 3.1. Suppose that F € F. Assume that

(A1) there exists a constant € > 0 such that

max;eo,1] F'(¢, u)

w(0,.,0) Dot |UalP oo Diey [wilP

where uw = (uq, ..., uy) with |u| = />, u?;

(Ag) there exists a function w € E such that
wi(t;

> I zz/ ¢ 0

i=1 i=1 j=1

max F(t,u
max{ lim sup , lim sup t€[0,1] ( )} <e,

and
F(t,w(t))dt

O =

Ape <

P wi(t;) ’
n llwillp; n m
Dic1 it it 2 of I;;(€)d¢
Then, for each compact interval [c,d] C (A1, \2), there exists R > 0 with the following
property: for every X € [c,d] and every G € F, there exists v > 0 such that, for each
w € [0,7], the system (¢x,,) has at least three classical solutions whose norms in E
are less than R.

Proof. Take X = E. Clearly, X is a separable and uniformly convex Banach space.
Let the functionals ®, J and ¥ be as given in (2.9), (2.10) and (2.11), respectively.
The functional ® is C', and due to Proposition 2.5 its derivative admits a contin-

uous inverse on X*. Moreover, by the sequentially weakly lower semicontinuity of
||Pi

Dy % and the continuity of I;;, ¢ = 1,...,n, j = 1,...,m, ® is sequentially

weakly lower semicontinuous in X. On the other hand, we let ||u;||,, > 1,71 =1,...,n,

by (1),

n m wi(ts)

@M:ZW%+§§:/ a2y U due @)

i=1 i=1 j=1 i=1

for every u = (ui,...,u,) € X. Thus ® is coercive. Moreover, let M be a bounded
subset of X. That is, there exist constants ¢; > 0, 7 = 1,...,n such that ||u;||; < ¢
for each uw € M. Then, we have

1 & B, i [Jugls < 1
@sz?m%mn_,

lleall, if fJualli > 1.

hS

Hence ® is bounded on each bounded subset of X. Furthermore, ® € Wx. Indeed,
let the sequence

{untezy = {(urr, k) 1f20 € X, w=(un, o un) CX, up =
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and liminf, o ®(ur) < ®(u). Since the function I;; is continuous, i = 1,...,n,
j=1,...,m, one has
" Mg || P s ||
1iminfz|| sz i SZ” 7” P
e i b i-n P

Thus, {ur}72, has a subsequence converging strongly to u. Therefore, & € Wx. The
functionals .J and ¥ are two C!-functionals with compact derivatives. Moreover, ® has
a strict local minimum 0 with ®(0) = J(0) = 0. In view of (A;), there exist 71,72
with 0 < 7y < 7% such that

Ft,u) <e ) ful” (3.2)
i=1

for every ¢t € [0,1] and every u = (uq,...,u,) with |u| € [0,71) U (72, 00). By (1.1),
F(t,u) is bounded on [0, 1] X [r1, 72]. Thus we can choose > 0 and v > P such that

n
Py lugl
i=1

for all (¢,u) € [0,1] x R™. So, by (2.2), we have

F(t,u) < &:Z lu;
i=1

n n
T(w) < Ay llwillp: +n 7 AP iy, (33)
i=1 i=1
for all w € X. Hence, from (3.3), we have
J
lim sup (w) < Ape. (3.4)

|u]—0 (U) N
Moreover, by using (3.2), for each u € X \ {0}, we obtain
| F(t,u(t))dt | F(t,u(t))dt

J(U) . |u| <72 |u|>72
D(u) ®(u) ®(u)
SUDte (0,11, [ule[0,r) F(Ew)  Ae D07 [lus [P
- ®(u) ®(u)
SUPte(0,1],|u|€[0,72] F(t,u) + Ape
- n il '
s, I
So, we get
. J(u) _
lim sup — < Ape. (3.5)
l[ull—o0 ()

In view of (3.4) and (3.5), we have

: J(u) J(u) _
p=max 1 0, limsup —=, limsup —= » < Ape. 3.6
{ oo P(W) " urso,....0) P(u) (36)



Existence of three solutions for impulsive multi-point boundary value problems 367

Assumption (A3) in conjunction with (3.6) yields

o= sup M: sup M

wed-1((0,00)) P(1)  x\{0y P(u)

F(t,w(t))dt
G P T > Ape = p.
Zi:l ;,.pi"‘zi:lzj‘:l bf IZ(C)dC

i

Ot —
|
=~
g
=
&
=

Of— =

Thus, all the hypotheses of Theorem 2.4 are satisfied. Clearly, A\; = % and Ay = é
Then, using Theorem 2.4, taking Lemma 2.3 into account, for each compact interval
[e,d] C (A1, A2), there exists R > 0 with the following property: for every A € [c,d]
and every G € F there exists v > 0 such that, for each p € [0,7], the system (¢ )

O

has at least three classical solutions whose norms in E are less than R.

Another announced application of Theorem 2.4 reads as follows.

Theorem 3.2. Suppose that F € F. Assume that

Pi |u|—o0 Z?:l |u1

max;efo,1] F(t, u) T maxyefo,1) F(t,u) 0 (3.7)
u—(0,...,0) Z:L=1 |u; ’

max { lim sup

n 2

where u = (U1, ..., U,) with |u| = /> ._; us, and

sup > 0. (3.8)

ueE

n HuiHZjﬁ n m
Zi:1T+Zi:1 j=1 g I;;(Q)d¢

Then for each compact interval [c,d] C (A1, 00) there exists R > 0 with the following
property: for every A € [c,d] and every G € F, there exists v > 0 such that for each
w € [0,7], the system (¢x,,) has at least three classical solutions whose norms in E
are less than R.

Proof. In view of (3.7), there exist an arbitrary ¢ > 0 and 7,72 with 0 < 71 < 7
such that

Ppi

Fltu) <2 > u
=1

for every ¢ € [0,1] and every u = (uq,...,u,) with |u| € [0,71) U (72, 00). By (1.1),
F(t,u) is bounded on [0, 1] X [71, T2]. Thus we can choose n > 0 and v > P in a manner
that

n n
F(tu) <ed fulP +n |ugl”
=1 i=1
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for all (t,u) € [0,1] x R™. So, by the same process as in the proof of Theorem 3.1,
we obtain (3.4) and (3.5). Since ¢ is arbitrary, (3.4) and (3.5) give

. J(u) . J(u)
max ¢ 0, limsup ——, limsup —= » <0.
{ full—4o0 (1) u"s0,....0) P(u)

Then, with the notation of Theorem 2.4, we have p = 0. By (3.8), we also have o > 0.
In this case, clearly A\; = % and Ay = oo. Thus, by using Theorem 2.4 and taking
Lemma 2.3 into account, the result is achieved. O

Remark 3.3. Theorem 1.1 immediately follows from Theorem 3.2.

Remark 3.4. In Assumption (As), if we choose

w(t) = w(t) = (0,...,0,wn(t)) (3.9)
with
(S )
9 Ek—lak+ o1 ) if t € [0,7),
wn(t) = 49, if ¢ e[3,1%2], (3.10)
Q*ZZ__ br—sy Zz‘_ b 2(1722_ bi)
6( i — e 17:1 t), it e (Lt 1),

where ¢ > 0, then (A2) takes the following form:

(A5) there exists a positive constant ¢ such that

m wa (t5)
(@nd) +pn > / L;(C)d¢ £0
Jj=1 0

and

Clearly, w* € E and

where
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Now, we point out some results in which the function F' has separated variables.
To be precise, we consider the system

_(¢Pi (u;)), = )‘o(t)Fuz (u17 s ,Un) + /”LGUi (t’ Uy, .- 7u7b)7 te (07 1) \ Q,
A¢Pz(u;(tj)) :IZJ(ul(t]))7 j=1...,m, ((bg\”u)
ui(0) = iy apui(sk),  wi(1) = Yohoy biui(sn),

where 6 : [0,1] — R is a nonzero function such that § € L'([0,1]) and F : R® — R
is a C!-function and G : [0,1] x R™ — R is as introduced for the system (¢ ,) in
Section 1.

Set F(t,z1,...,2n) = 0@)F(z1,...,x,) for every (t,x1,...,2,) € [0,1] x R™
The following existence results are consequences of Theorem 3.1.

Theorem 3.5. Assume that
(A}) there exists a constant € > 0 such that

F F
sup 0(t). max 4 limsup #, limsup# <eg,
te[0,1] u—(0,...,0) Dim [uilP |u| =00 Dy |wilPi

where u = (uq, ..., uy,) with |u] = /> u?;

(AY) there exists a positive constant § such that

m Wn(t)
b + 0> [ Ls(Odc £0
Jj=1 0

and

pu [ F(tw*(1)dt
0

Ape < i)

(Wnd)Pr +pn 3270, Of In;(€)d¢

where w* and w,, are given by (3.9) and (3.10), respectively.

Then, for each compact interval [c,d] C (A3, A1), where A3 and Ay are the same as A\
and A2, but fol F(t,u(t))dt is replaced by fol O(t)F(u(t))dt, respectively, there exists
R > 0 with the following property: for every A € [c,d] and every G € F, there
exists v > 0 such that for each pu € [0,7], the system (gbi}u) has at least three classical
solutions whose norms in E are less than R.

Theorem 3.6. Assume that there exists a positive constant § such that

wa (t5)

(@nd)P" + pn i / L,;(C)d¢ > 0 and / 00 F (w* (1))dt > 0, (3.11)
0

j=1 0
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where w* and w, are given by (3.9) and (3.10), respectively. Moreover, suppose that

T gy PO
S S e~ hmsup s e =0, (3.12)

where uw = (u1, ..., u,) with |u] = \/Y_;_, uz. Then, for each compact interval [c,d] C
(A3,00) where A3 is the same as A\ but fol F(t,u(t))dt is replaced by fol O(t)F(u(t))dt,
there exists R > 0 with the following property: for every \ € [c,d] and every G € F,

there exists v > 0 such that for each p € [0,7], the system (gb‘;)\’u) has at least three
classical solutions whose norms in E are less than R.

Proof. We easily observe that, from (3.12), the assumption (A}) is satisfied for every
e > 0. Moreover, using (3.11), by choosing £ > 0 small enough, one can derive the
assumption (A%). Hence, the conclusion follows from Theorem 3.5. O

Now, we exhibit an example in which the hypotheses of Theorem 3.6 are satisfied.

Example 3.7. Let n =2, p1 =p2 =2, m=1=1, tl—g 812%7(11:[)1:2811(1
Ii1(z) = Iy () = 22 for each z € R. Let 0(t) = []—|— 1 for all t € [0, 1], where [t] is
the integer part of ¢ and

(1 +a3)?, ifaf+a3 <1,
1, if 22 + 23 > 1.

F(x1,x2) = {

By choosing 6 = 1, we have w(t) = w*(t) = (0, wa(t)) with
)
i
1

1],

2(1—2t) iftelo,
wy(t) = { 1 ift e
—2(1—2t) ifte(

NS

and ws = 24/2. Thus we have

m w2(t))

1
17
w25p2+p22 / IQJ (2[) / d§:3>0,
0

1 I 2 1
/o(t)F(w*(t))dtz /F(0,2(1 —2t))dt+/F(0,1)dt+/F(0, —2(1 — 2t))dt
0 0 1 3

3 2 1
:/16(1—2t)4dt+/dt+/dt:
0 3 3
2 2
Flu,up) _ lim (u + u3)® lim (u? +u3) =0,

m 2 3 = 2 2 =
(u1,u2)—(0,0) Uy + u3 (u1,u2)—(0,0) Uy + Uy (ul,uz)—)(O 0)
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and
F(Ul,UQ) _ . 1

11m 3 5 = 11m 3 3
lul—oo Uy + U3 lu| =00 U7 + U3

9

where u = (uy,us) with |u| = y/u? + u2. Hence, by applying Theorem 3.6 for each
compact interval [¢,d] C (0,00), there exists R > 0 with the following property: for
every A € [¢,d] and every G € F, there exists v > 0 such that, for each p € [0,7],
the system

—uf (t) = A([t] + 1) Fy, (u1,u2) + pGq, (t,u1,uz), te€(0,1)\ {%},
—ul(t) = AM[t] + 1) Fu, (u1, uz) + pGoy, (t,u1,uz), t€(0,1) {%},
() = () = (w(3)?

up(57) —up(3 ) = (ua(3))%,

u1(0) = 2u1(%), ui (1) = 2u1(%),

uz(0) = QUQ(%), uz(1) = 2u2(%)

has at least three classical solutions whose norms in the space

B {(51’52) & WH(0,1]) x WH(0.1) s 610) = 1(1) =261 3 ).

are less than R.

4. SINGLE IMPULSE

As an application of the results from Section 3, we consider the problem

(@) = Af(t,u) + pg(t,u), ¢ € (0,1)\ {t},
Agy(u'(t1)) = I(u(tr)), (4.1)
u(0) = u(l) = u(s1),

where p > 1, 0 < 1,81 < 1, t1 # s1, ¢p(z) = |2|P7 22, X > 0,u > 0, and f,g
[0,1] x R — R are two L!-Carathéodory functions, A¢,u’(t;) = ¢pu’ (t]) — dp/(t7),
where u/(t]) and u'(t]) represent the right-hand limit and left-hand limit of «/(¢) at
t = tq, respectively, and I : R — R is a continuous and nondecreasing function such
that I(0) =0 and I(s)s > 0 for all s € R\ {0}.

We introduce the functions F': [0,1] x R — R and G : [0,1] x R — R, respectively,
as

Pt z) = / F£,C)AC for all (4,2) € [0,1] x R
0
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and
xT

G(t,z) = /g(t,()dg“ for all (¢,2) € [0,1] x R.
0

The following two theorems are consequences of Theorems 3.1 and 3.2, respectively.
Theorem 4.1. Assume that

(B1) there exists a constant € > 0 such that

maxyeo, 1] F(t,u)

) ) maxyeo,1) F(t,u)
max < lim sup , lim sup <eg
u—0 |u|p |u|—o00 |u|p

(Bsy) there exists a function w € E, where

E= {6 e WP([0,1]) : £(0) =¢(1) = 5(81)},

such that
w(t1)

lwll? + p / 1(Q)dC #0

and
1

2 [ F(t,w(t))dt

p2e < 0

u(tl) ’
Jullp +» [ I(¢)d¢
0
Then, for each compact interval [c,d] C (A1, \2), where

u(t1)

{||U|£+p b[ I

)\1 = ian
uekE

¢)d¢ 1
: : /F(t,u(t))dt > o}
p[Fltu®)dt

0

and
1 1
p [ F(t,u(t))dt p [ F(t,u(t))dt
T . 0 . 0
Ao = max ¢ 0, hﬁl\i%p R , |1\3ﬁ1:il£> o) ,
lullp +p [ I(O)dC lullp +p [ I(Q)dS
0 0

there exists R > 0 with the following property: for every X\ € [c,d], there exists v > 0
such that for each p € [0,7], the problem (4.1) has at least three classical solutions
whose norms in E are less than R.
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Theorem 4.2. Assume that

max 4 lim su SUPteo,1] F(t,u(t)) lim su SUP¢e(o,1) F(t,u(t)) <0
u—)Op |u|p 7 \uI—)oop ‘u|p N

and
1

p [ F(t,u(t))dt
0 > 0.

sup )
~ u(ty
Rl 1R A (314
0

Then for each compact interval [c,d) C (A\1,00), where \; is defined in Theorem 4.1,
there exists R > 0 with the following property: for every A € [c,d], there exists v > 0
such that for each p € [0,7], the problem (4.1) has at least three classical solutions

whose norms in E are less than R.

Now let f: R — R be a continuous function. Put

F(z) = / F(C)dC for all z € R.
0

The following theorems are immediate consequences of Theorems 3.5 and 3.6, respec-
tively.

Theorem 4.3. Assume that

(B}) there exists a constant € > 0 such that

max < lim sup ] , lim sup < ¢

u—0

(BY) there exists a positive constant § such that

and 1
2py [ F(w(t))dt
0
pe < 5 ’
op(p—1) §p (5%” + (1 - 31)1—17) +p [1({)d¢
0
where
gt, if t € [0, %),
w(t) =45, if t €[5, 5], (4.2)
1

2_(1—t), if te(H=,1].

1781
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Then, for each compact interval [c,d] C (;\3,5\4) where A3 and Ay are the same as

A\ and Ay, but fol F(t,u(t))dt is replaced by fo u(t))dt, respectively, there exists
R > 0 with the following property: for every X € [c, d] and every continuous function
g: R — R, there exists v > 0 such that for each p € [0,7], the problem

—(@p(u)) = Af(u) + pg(w), ¢ €(0,1)\{t:},
Adp(u'(t1)) = I(u(tr)), (4.3)
u(0) = u(1) = u(s1)

has at least three classical solutions whose norms in E are less than R.

Theorem 4.4. Assume that there exists a positive constant § such that

) 1
2005 (177 4+ (1= 51) ) 4+ [ 100> 0 and [ Flw)ar>o,
0 0

where W is given by (4.2). Moreover, suppose that

) o S

u—0 |u|p 1 |u\%oo ‘ulp !

Then, for each compact interval [c d} C (A3, +00), where \3 is the same as A1, but

fol F(t,u(t))dt is replaced by fo (t))dt, there exists R > 0 with the following prop-
erty: for every A € [e,d] and every com‘muous function g : R — R, there exists v > 0
such that for each p € [0,7], the problem (4.3) has at least three classical solutions

whose norms in E are less than R.
Finally, we present the following example in order to illustrate Corollary 4.4.

Example 4.5. Let p =3, ¢, = % s1=3,I(x) = Yz forallz € Rand f(z) = —zde™"
for all x € R. By choosing § =1,

4t, if t €0, 1),
w(t) =<1, if t € [L,3],
41-1), ifte(3,1]

Thus

é
2p<p—1>5p(ip+(1_311p +p/1 dg:29+3/\/dg 29+ >0,
0
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jF(w(t))dt: j/@ ~od¢dt — //43 Cdcchf—/1 4]t<3 —Cd¢dt
0

1

1
16

= / [e™*(64¢% + 58t% + 24t + 6) — 6] dt + < - 6) /dt
€

0

N

=

1
2
+3 / [e*(76 — 166t + 125> — 32¢*) — 6] dt

e

7§+§71089+122770 ~0
6 e 16e*  64e”  32¢8 ’

Also lim,_,¢ % = limy|5 o0 ‘ffltz) = 0. Hence, by applying Corollary 4.4 for each
compact interval [¢,d] C (0,00), there exists R > 0 with the following property: for
every A € [c,d] and every continuous function g : R — R, there exists v > 0 such
that, for each p € [0,7], the problem

) = _)‘u( )3 —u(®) +/"g(u)7 t€(0,1) \ {%}a
*) WG (27) = fu(?),
u(0) = u(1) = u(})

has at least three classical solutions whose norms in the space

Bi- {é e WH(0,1) : £(0) = £(1) = 5(2)}

are less than R.
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