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MULTIPLE SOLUTIONS FOR NONRESONANCE IMPULSIVE
FUNCTIONAL DIFFERENTIAL EQUATIONS

MOUFFAK BENCHOHRA & ABDELGHANI OUAHAB

ABSTRACT. In this paper we investigate the existence of multiple solutions for
first and second order impulsive functional differential equations with bound-
ary conditions. Our main tool is the Leggett and Williams fixed point theorem.

1. INTRODUCTION

This paper is concerned with the existence of three nonnegative solutions for
initial value problems for first and second order impulsive functional differential
equations with boundary conditions. Initially we consider the first order impulsive
functional differential equation,

y'(t) = My(t) = f(t,y), ae te€[0,T], t#£tg, k=1,...,m, (1.1)
Ayli=t, :Ik(y(tlz))v k=1,...,m, (1.2)
y(t) = ¢(t), te[-r0], y0)=y(), (1.3)

where A >0, f:[0,T]x D - R", [, e C(R,RT), 0 <r <00, 0=ty <t; <---<
tm < tms1 =T, Aylmr, = y(t7) — y(ty), y(t,) and y(t;) represent the left and
right limits of y(t) at ¢ = ty, respectively. D = {¥ : [-r,0] — R*; ¥ is continuous
everywhere except for a finite number of points ¢ at which W(#) and ¥(¢") exist
and U({~) =Y({)}, ¢ € D. For any function y defined on [—r,T] and any t € J,
we denote by y; the element of D defined by

ye(0) =y(t+86), 0¢el[-r0.

Here y;(-) represents the history of the state from time ¢ — r, to the present time ¢.
Later, we study the second order impulsive functional differential equations with
boundary conditions and fixed moments of the form

y'(t) — Ay(t) = f(t,ye), ae t€[0,T), t#ty, k=1,...,m, (
Ayli=e, = Ie(y(ty ), k=1,...,m, (

AYleme, = Te(y(ty)), k=1,...,m, (

y(t) = ¢(t), te[-r0, y0)—yT)=po, ¥ (0)—y(T)=p, (
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where F, I, and ¢ are as in problem (1.1)-(1.3), I}, € C(R,R*) k =1,...,m, and
pos 1 € R.

Note that when 1o = p1 = 0 we have periodic boundary conditions. Differential
equations with impulses are a basic tool to study evolution processes that are
subjected to abrupt changes in their state. Such equations arise naturally from
a wide variety of applications, such as space-craft control, inspection processes in
operations research, drug administration, and threshold theory in biology. There
has been a significant development in impulse theory, especially in the area of
impulsive differential equations with fixed moments; see the monographs of Bainov
and Simeonov [7], Lakshmikantham et al. [15], and Samoilenko and Perestyuk [17]
and the papers of Benchohra et al [8], Franco et al [11] and the references cited
therein.

The existence of multiple solutions for boundary value problems for impulsive
differential equations was studied by Guo and Liu [13] and Agarwal and O’Regan [2].
Notice that when the impulses are absent (i.e. I =0, k =1,...,m) the existence
of three solutions and multiple solutions for ordinary differential equations was
studied in [1, 3, 4, 5, 6, 14].

The main theorems of this note extend some existence results in the above litera-
ture to the impulsive case. Our approach here is based on the Leggett and Williams
fixed point theorem in cones [16].

2. PRELIMINARIES

In this section, we introduce notation, definitions, and preliminary facts which
are used for the rest of this paper.

By C(J,R) we denote the Banach space of all continuous functions from J into
R with the norm

[Ylloo == sup{ly(t)] : t € J}.
L*(J,R) denotes the Banach space of measurable functions y : J — R which are
Lebesgue integrable, with

T
Iyl = / [y(t)\dt.

Let (a,b) be an open interval and AC(a,b),R) be the space of i-times differentiable
functions y : (a,b) — R, whose i*"* derivative, 3(*), is absolutely continuous.

Let (E, || -||) be a Banach space and C be a cone in E. By concave nonnegative
continuous functional ¢ on C' we mean a continuous mapping ¢ : C' — [0, 00) with

Yz + (1= Ny) > Mp(z) + (1 = \)(y) forall z,y e C A e0,1].
To define solutions of (1.1)-(1.3) we shall consider the space
PC={y:[0,T] > R:yx € C(Jp,R), k=0,...,m and there exist y(t; )
and y(t}) with y(t; ) = y(tx),k =1,...,m}
which is a Banach space with the norm
lyllpe = max{|lykll s, k = 0,...,m},

where yy, is the restriction of y to Jy = (tg,tres1], £ = 0,...,m. Set Q = {y :
[-r,T] = R:y € DN PC}. Then Q is a Banach space with norm

[ylle = sup{ly(t)| : t € [-r, T]}.
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Definition 2.1. A map f:J x D — R¥ is said to be L*-Carathéodory if

(i) t — f(t,u) is measurable for each y € D;
(ii) uw— f(t,u) is continuous for almost all ¢ € J;
(iii) For each ¢ > 0, there exists hy, € L'(J,Ry) such that |f(¢,u)| < hy(t) for
all [Jul|p < ¢ and for almost all ¢ € J.

Our consideration is based on the following fixed point theorem given by Leggett
and Williams in 1979 [16](see also Guo and Lakshmikantham [12]).

Theorem 2.2. Let E be a Banach space, C C E a cone of E and R > 0 a constant.
Let Cr ={y € C : |lyll < R}. Suppose a concave nonnegative continuous functional
Y exists on the cone C with ¥(y) < ||y|| fory € Cgr, and let N : Cr — Cg be a
continuous compact map. Assume there are numbers v, L and K with 0 <r < L <
K < R such that

(A1) {y e C(¥, L, K) : ¥(y) > L} # 0 and (N (y)) > L for all y € C(¢, L, K);

(A2) [[N(y)|| <7 for ally € C,;

(A3) ¥(N(y)) > L for ally € C(¢, L, R) with |N(y)|| > K, where Cx = {y €
C: Iyl < K} and

C,L,K)={y € C:4¢(y) = L and [ly| < K}.
Then N has at least three fized points yi,%yo,y3 in Cr. Furthermore, we have

y€C,, yoe€{yeCHW,L,R):¥(y)>L} y3s€Cr—{CH,L,R)UC,}.

3. FIRST ORDER IMPULSIVE FDES

Let us start by defining what we mean by a solution of problem (1.1)—(1.3).

Definition 3.1. A function y € QN UL AC((t, tk+1), R) is said to be a solution
of (1.1)—(1.3) if y satisfies y'(t) — M\y(t) = f(t,4¢) a.e. on J\{t1,...,tn}, and
Ayli=s, = Ie(y(ty)), k=1,...,m, y(t) = ¢(t), t € [-r,0], and y(0) = y(T').

For the next theorem we need the following assumptions:

(H1) There exist constants ¢ such that |I(z)| < ¢k, k=1,...,mfor each z € R
(H2) There exist a function g : [0,00) — [0, 00) continuous and non-decreasing,
a function p € L*(J,R4), r > 0, and a constant 0 < M < 1 such that

Mp@)g(llull) < [H(t,s)f (¢ u)| < p(t)g([|ull)
for each (t,s,u) € J x J x D, and
m T
ﬁ ch + Q(T)/ p(t)dt <r;
k=1 0

(H3) There exist L > r and an interval [a,b] C (0,T) such that

M(i cr + g(L) /OTp(s)ds) > L;

k=1
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(H4) There exist R, K,0 < M; < M, M; 'L < K < R such that

tgltlz% (ZHttk M (y(t)) / H(t,s)f syg)ds>

SSYRT) SERICY BT
k=1

where M, = sup; e, 1)x[0,7] |H(t,s)| and

1 T
WE Ck+g(R)/ p(t)dt < R.
k=1 0

Theorem 3.2. Assume (H1)-(H4) are satisfied. Then problem (1.1)-(1.3) has at
least three solutions.

Proof. We transform the problem into a fixed point problem. Consider the operator,
N : Q — Q defined by

6(1), ift € [—r,0];
N = { Sy H(t3)F(s,y5)ds + X0y H(E b L(y(t), it e [0,7),

where
AT <5<y <T,

H(t,s) = (e — 1)1
(t,s) = (e ) e—)\(s—t)’ 0<t<s<T.

Remark 3.3. It is easy to show that the fixed points of N are solutions to the
problem (1.1)-(1.3); see [9].

We shall show that IV satisfies the assumptions of Theorem 2.2. This will be
done in several steps.
Step 1: N is continuous. Let {y,} be a sequence such that y,, — y in . Then

[N (yn () = N(y(1))|

T m
< /O LGt 9)[1F (5, yns) — (5, 9:)lds + S H(E ) T(a (1)) — Tey(t)]

k=1
1 T
< m/@ |f(8,yns) — f(s, ys)|d8+ T Z|Ik Yn(te)) — Ii(y(te))|-
Since the functions H, I;,, k = 1,...,m are continuous and f is an L'-Carathéodory,

IN(yn) — N()lle

1
Sﬁ“f('vyn)_ fG, )||L1+ ,\TZUk Yn(tr)) — I (y(te))]
which approaches zero as n — oo.

Step 2: N maps bounded sets into bounded sets in 2. Indeed, it is sufficient
to show that for any ¢ > 0 there exists a positive constant ¢ such that for each
y€ B, ={y€Q:|lylla <q} onehas |[N(y)|lo <. Let y € By. Then for ¢t € [0,T]
we have

N(y) / H(ts) (s y)ds + 3 H(E) I (k).

k=1
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By (H2) we have for each t € [0, 7]

IN()(t)] < / ()1 (5, w0)lds + 3 (L )| (1)

k=1

T m
< [ s s+ Y 1)

k=1
Then for each h € N(B,) we have

Nl < l_im(/oT hq(s)d8+léck) =/

Step 3: N maps bounded set into equicontinuous sets of Q. Let 7,72 € [0,7],
71 < 72 and By be a bounded set of Q as in Step 2. Let y € By and ¢ € [0,T] we
have

N(u)(t) = / H(t,8) (5, 92)ds + 3 H(t ) Tu(y(t)).

k=1
Then

IN(y)(12) = N(y)(m1)]

T m
< [ 1) = B9l (s)ds + 3 [H (o) = Hr )
k=1

As 79 — 71 the right-hand side of the above inequality tends to zero.

As a consequence of Steps 1 to 3 together with the Arzela-Ascoli theorem we
can conclude that N : Q — Q is completely continuous.

Let C = {y € Q:y(t) >0fort € [-r,T]} be a cone in Q. Since f, H, I,
k =1,...,m are positive functions, then N(C) C C and N : Cr — Cg is compact.
By (H1), (H2), (H4) we can show that if y € Cg then N(y) C Cg. Let ¢ : C —
[0, 00) defined by 9(y) = minge[,5 y(t). It is clear that ¢ is a nonnegative concave
continuous functional and 1 (y) < ||y[lq for y € Cr. Now it remains to show that
the hypotheses of Theorem 2.2 are satisfied. First notice that condition (A2) of
Theorem 2.2 holds since for y € C,., and from (H1) and (H2) we have

T m
[N (y)(2)] S/O [H (8, 5)[[f (s,9)lds + > [H(t t) Tk (y (1)

k=1

T m
< / g(llysDp(s)ds + S TH(E ) [T (y ()|

k=1
1 m
<g(r)lpllr + 1= AT ;Clc <.

Let K > L and y(t) = L5 for ¢t € [—r,T]. By the definition of C(y, L, K),y
belongs to C(¢,L,K). Then y € {y € C(¢,L,K) : ¥(y) > L}. Also if y €

C(¢, L, K) then

m T
G(N@W) = min (S HE B I(t) + / H(t, ) (s, y:)ds ).

t€la,b] Pt
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Then from (H3) we have

t€la,b]

Y(N(y)) = min (ZHttk M (y(tr)) /Hts sys)d>

1

(Mkz_‘:ck+M/0 9(||ys||)p(8)ds>
> M(éck +9(L)/0Tp(s)ds) )

So the conditions (A1) and (A2) of Theorem 2.2 are satisfied.
Finally we will be prove that (A3) of Theorem 2.2 holds. Let y € C(¢, L, R)
with [|[N(y)|le > K Thus

v

Y(N(y)) = min (thtk Vi (y(tx)) / H(t,s)f(s ys)ds>

te[a b]

m T
> M M. (ch +g(R / (s)ds)
k=1

Thus condition (A3) holds. Then Leggett and Williams fixed point theorem implies
that N has at least three fixed points y1, y2, y3 which are solutions to problem (1.1)—
(1.3). Furthermore, we have

yeCr, yae{yeCW,L,R):4(y) > L}, ys € Cr—{C(Y, L, R) U (Cr)}.
]

4. SECOND ORDER IMPULSIVE FDESs
In this section we give an existence result for the boundary-value problem (1.4)—
(1.7).
Definition 4.1. A function y € QMU AC((tg, tk+1), R) is said to be a solution
of (1.4)~(1.7) if y satisfies y"(t) — A\y(t) = f(t,y:) a.e. on J\{t1,...,t,n} and
the conditions Ayli—s, = Ik(y(ty)), AY'|i=t, = Ie(y(ty)), k =1,...,m, y(t) =
¢(t), t € [=r,0], y(0) = y(T) = o, ¥'(0) = y'(T) = -

We now consider the “linear problem”

y'(t) = My(t) =g(t), t#te, k=1,...,m, (4.1)
subjected to the conditions (1.5), (1.6), (1.7), and where g € L*([ty, tx+1], R). Note
that (1.5)—(1.7), (4.1) is not really a linear problem since the impulsive functions are
not necessarily linear. However, if Iy, I, k = 1,...,m are linear, then (1.5)-(1.7),
(4.1) is a linear impulsive problem.

We need the following auxiliary result:

Lemma 4.2. y € QNU AC ((tg, tk+1), R) is a solution of (1.5)-(1.7), (4.1), if
and only if y € Q is a solution of the impulsive integral functional equation,
¢(t)7 t € [-r0]
y(t) = 3 [oF M(t,s)h(s)ds + M(t,0) + N(t,0) 0 (4.2)
+Zk:1[ (t,tk)lk( (tr)) + N (t,te) Ie(y(tn))], ¢ € (0,77,



EJDE-2003/52 MULTIPLE SOLUTIONS FOR NONRESONANCE 7

where

Mit.s) 1 eVAT+s=t) L VAt=9) < s<t<T,
S=—ro-
’ 2V/A(eVAT — 1) eVATHt=5) L VA=) 0 <t<s<T,

and

N(t,s) = gM(t,s) =5

ot (eVAT — 1)

1 eVAT+s—t) _ oVA(t=s) < s<t<T,
VA=) _ VMTH=9) <t < s <T.

We omit the proof of this lemma since it is similar to the proof of results in [10].
We are now in a position to state and prove our existence result for problem
(1.4)-(1.7). We first list the following hypotheses:
(H5) There exist constants dj such that |[Ip(z)] < dg, k = 1,...,m for each
reR
(H6) There exist a function ¢g* : [0,00) — [0, 00) continuous and non-decreasing,
a function p € LY (J;R,), r* > 0, and 0 < M* < 1 such that

M*p(t)g*([[ull) < [M(t, s)f(t,w)| < p(t)g™([lul])
for each (t,s,u) € J x J x D, and

m T
C> ek + di) + Cullpa| + |pol] + sup |M(t, 8)\9*(7“*)/ p(s)ds <r*
k=1 (t,s)€[0,T]x[0,T] 0
where
C' = max( sup |M(t,s)], sup [N(t,s)]),
(t,8)€[0,7]%[0,T] (t,8)€[0,7]x[0,T]
Cy =max( sup |M(¢,0)|, sup |N(¢0)|)
t€[0,T7] te[0,7)

(HT7) There exist L* > r*, 0 < M* <1 and an interval [a,b] C (0,7") such that

m

T
min (Z[M(t, ti) e (y(tr)) + N(t, te) Te(y(ts))) +/0 M(t, s)f(s,yg)ds)

te(a,b] =1

T m
> 3 min (M(t,O)m N8 0) 0 + g*(L*)/ p(s)ds+ Y [en + dk})
@ 0 k=1

> L*

(H8) There exist R*, K,0 < M; < M* such that M; 'L < K < R,

m T
O lor +de] + Cullpol + )+ swp |M(t,8)lg"(RY) / pls)ds < R*
k=1 (t,s)€[0,T]x[0,T] 0

and

in (M (6001 + N (1 0)pio + 3 Mt 1) Tu(y(11)
Lela, k—1

_ T
N Tu(b) + [ M5 (5.0.)ds)

> M7 (Cullpar] + o))
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m

T
b sup |M(t,s)|g*(R*)/ pls)ds + O3 lex +dy]).
0 k=1

(t,s)€[0,T]x[0,T]

Theorem 4.3. Suppose that hypotheses (H1), (H5)— (H8) are satisfied. Then the
problem (1.4)-(1.7) has at least three positive solutions.

Proof. We transform the problem into a fixed point problem. Consider the operator
Ny : Q — Q defined by

¢>(t), t e [-r0],
Ni@y)(t) =1 I M (s,ys)ds + M(t,0)uy + N(t,0) 0
+Zk:1[ (t,tk)fk( (tr)) + N(t to) Ik (y(te)], ¢ €1[0,T],
As in Theorem 3.2 we can show that N; is compact. Now we prove only that the
hypotheses of Theorem 2.2 are satisfied.

Let C ={y € Q: y(t) > 0fort € [-r,T]} be a cone in Q. It is clear that
N;(C) € C and Ny : Cg« — Cg~ is compact. By (H1), (H5), (H6), (H8) we can
show that if y € Cg~ then Ni(y) € Cr+. Let ¢ : C — [0,00) defined by ¥(y) =
minge(q,5) y(t). It is clear that ¢ is a nonnegative concave continuous functional and
Y(y) < ||lylla for y € Cr+. Now it remains to show that the hypotheses of Theorem

2.2 are satisfied. First notice that condition (A2) holds since for y € C,~, we have
from (H1), (H5), (H6),

T
[N1(y)(®)] S/O [M (&, 5)|[f (s, ys)ld s + [M (£, 0)[[pa] + [N (E, 0)]| ol

) Mt ) |ex + IN(E t)|di]
k=1

T m
< [0 i) + €l + o) + € 3o+ o)
k=1

T
< sup M (tvs)lg*(L*)/ p(s)ds + Ci([pa| + |pol)
teo, T]><[0 T 0

+CZ(Ck+dk) <r
k=1

Let K* > L* and y(t) = L5 for t € [-r, T]. By the definition of C(y, L*, K*),y
isin C(¢,L*,K*). Then y € {y € C(¢,L*,K*) : ¢(y) > L*}. Alsoif y €
C (¢, L*, K*) we have

T
VW) = min ([ D09 Fs00)ds+ M0+ Nt O

+ z () Iu(y(t0) + N(t ) Tk(y(t))-
Then from (H7) we get

m T
V() 2 M min (M0 + N6 0o+ D (ex +de) +9°(L) [ p(s)ds)
’ k=1 0

> L*.
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So conditions (Al) and (A2) of Theorem 2.2 are satisfied.
Finally to see that (A3) holds let y € C(¢, L*, R*) with ||N1(y)|lo > K* then
from (H8) we have

Y(N1(y))
n T

> M7 (3o i) + Colal + Cluol + sup Mt s)lg™ (") [ pl)ds)
k=1 t€[0,T]x[0,T] 0

m

T
> M7 (Cula| + Clial +C* 3 (e +d) + sup  [M(t.9)lg"(B) | pls)as)
b—1 t€[0,7]%[0,T] 0

> MY[|Ni(y)llo > My K > L*.

Thus condition (A3) for Theorem 2.2 holds. As consequence of Leggett and Williams
theorem we deduce that N7 has at least three fixed points v, y2,y3 which are so-
lutions to problem (1.4)—(1.7). Furthermore, we have

y1 € Crry, Y2 €{ye CW,L*,R*) :¢p(y) > L*}, y3 € Cr-—{C(¢p,L*, R")UC,~}.
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