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1. Introduction

In recent years, impulsive differential equations have become a very active area of research
and we refer the reader to the monographs [8] and the articles [6, 9, 10, 14, 15], where
properties of their solutions are studied and extensive bibliographies are given. In conse-
quence, it is very important to develop a complete basic theory of impulsive differential
equations. Also, infinite interval problems have been extensive studied, see [1-5, 11, 12].

In this paper we study the existence of positive solutions for the following boundary
value problem (BVP) with impulses:

Y +g(ty,y ) =0, 0<t<oo, t#t,

Ay'(te) =bry (%), Ay(t) =ay(t), k=12,..., (1.1)
y(0) =0, ybounded on [0,),

where ty < ti1, limg—oo B = 00, AY' (1) = y' () — ¥ (8 ), Ay(t) = y(5) — y(t; ), and g is
continuous except {fx} X R X R; we assume that for k € N* = {1,2,...} and x, y € R there
exist the limits

tlirtr}g(t,x,y) =g(tx,y), }intqg(t,x,y). (1.2)
e e

The problems of the above type without impulses have been discussed by several au-
thors in the literature, we refer the reader to the pioneer works of Agarwal and O’Regan
[1, 2, 4] and Ma [12] and Constantin [11]. But as far as we know the publication on solv-
ability of infinity interval problems with impulses is fewer [15]. In this paper we want to
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2 Existence of positive solution for IBVP on infinity intervals

fill in this gap and extend the existence results on the case of infinity interval problems
with impulses.

Motivated by works of [2, 12], we use the well-known Leray-Schauder continuation
theorem [13] to establish new results on finite intervals [0,7] and use a diagonalization
argument to get positive solutions on infinity intervals.

Let ] = [0,a], a is a constant or a = 400, in order to define the concept of solution for
BVP (1.1), we introduce the following spaces of functions:

PC(J) ={u:] — R, uis continuous at t # ty, u(t{), u(t;) exist, and u(t; ) = u(ty)};

PCY(J) = {u € PC(J) : u is continuously differentiable at t # t, u'(0"), v/ (t]), v/ (t;)
exist,and v/ (t; ) = v/ (tx)};

PC*(J) = {u € PC!(J) : u is twice continuously differentiable at ¢ # t}.

Note that PC(J) and PC'(J) are Banach spaces with the norms

lullo = sup{|u(®)|:t ]}, llully = max {||ull e, |t |} (1.3)

respectively.

Definition 1.1. By a positive solution of BVP (1.1), one means a function y(t) satisfying
the following conditions:
(i) y € PC'[0,);
(i) y(t) >0 for t € (0,00) and satisfies boundary condition y(0) = 0, y bounded on
[0, 00);

(iii) y(t) satisfies each equality of (1.1).
Definition 1.2. The set % is said to be quasi-equicontinuous in [0, ¢] if for any € > 0, there
existsa § > 0such thatifx € F,k € Z, t*,t** € (tx_1, ] N [0,c], and |t* — t**| < §, then
lx(t*) —x(t**)] < e.
LemMa 1.3 (compactness criterion [8]). The set & C PC([0,c],R") is relatively compact if
and only if

(1) % is bounded;

(2) F is quasi-equicontinuous in [0,c].

2. Main results
THEOREM 2.1. Let g:[0,00) X [0,€ b =0, L™ exist and is continuous.
On the other hand, solving (8) is equivalent to finding a fixed point of
L~!Ni: PC(I) — PC(I) (2.1)

with i: PCY(I) — PC(I) the compact inclusion of PC'(I) in PC(I). Now, Schauder’s fixed
point theorem guarantees the existence of at least a fixed point since L~ Ni is continuous and
compact.

Next, prove that every solution u of (8) satisfies

alt) <u(t) <p(t) onl (2.2)
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By the definition of p(t,x), ) X [0,00) — [0, c0). Assume that the following hypothesis
hold.
(Ay) For any constant H > 0, there exists a function wy continuous on [0, ) and positive
on (0,00), and a constant y, 0 < y < 1, with g(t,u,v) = yy (£)v? on [0,00) x [0,H]%.
(A;) There exist functions p,r: [0,00) — [0, co) such that

gtu,v) < p(t)v+r(t) on[0,0) X [0,00)%,
P = J: sp(s)ds < co, R, = J: sr(s)ds < oo, (2.3)

P= I p(s)ds< 1, R= J r(s)ds < oo.
0 0

(A3) by >0,ar > —1land > | lag] <A<,
Then BVP (1.1) has at least one solution.

To prove Theorem 2.1, we need the following preliminary lemmas.

LEMMA 2.2. Lete(t) € C[0,), e(t) = 0, by = 0, x € PC'[0,00) N PC2[0, 00) be such that

x"(t)+e(t) =0, te(0,b),t+t,
(2.4)
Ax'(tk) = bkx'(tk),

and x(0) = 0, x"(b) = 0. Then

b
12 |l < L e(s)ds. (2.5)

Proof. Since —x" (t) = e(t), x'(b) = 0, then x'(¢) = 0. Integrating from f to b we obtain

b

b b
X (t) = Jt e)ds— S b’ (1) < L e(s)dssj e(s)ds. (26)

t<tp<b 0 |:|

LEmMaA 2.3. Let g:[0,00) X [0,00) X [0,00) — [0, 00) and conditions (A;)—(As) hold. Let n
be a positive integer and consider the boundary value problem

V' +g(ty,y) =0, 0<t<n, t+t,
Ay' (k) = by (1), Ay(te) = ary(te), (2.2,))

Then (2.2,) has at least one positive solution y, € PC'[0,n] and there is a constant M > 0
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independent of n such that

. 1/(1-y)
((1 -y) L 1_[ (1 +hk)y11//M(s)ds> <y, (t)<M, tel0,n], (2.7)

t<tx<s

¢ n 1/(1-y)
L I1 (1+ak)((1—y)L I1 (1+bk)y1WM(T)dT> ds<yu() <M, te0,n].

s<tr<t S<t<T
(2.8)

Proof. Let n € N* be fixed and Y = X = PC![0,n]. We first show that

)’”"'g*(t;)/,)/,):(), 0<t<1’l,t9étk)
Ay,(tk) = bk)/,(fk); Ay(tk) = ak)/(tk), (2.9)
y(0) =0, y'(n)=0

has at least one solution, here

gt,y,v), y=0,v>0,
(t) )0)) ZO, V<0,

g (tyv) = £er g (2.10)
g2(,0,v), y<0,v=0,

£(1,0,0), y<0,v<0.
Define a linear operator L, : D(L,) C X — Y by setting
D(L,) = {x € PC*[0,n] : x(0) = x"(n) = 0}, (2.11)

and for y € D(L,) : L,y = (=y",Ay" (), Ay(t)). We also define a nonlinear mapping
F:X — Y by setting

(Ey)(t) = (g* (£, y(),y" (1)), biy (t),ay (tx)). (2.12)

From the assumption of g, we see that F is a bounded mapping from X to Y. Next, it is
easy to see that L, : D(L,) — Y is one-to-one mapping. Moreover, it follows easily using
Lemma 1.3 that (L,)"'F : X — X is a compact mapping.

We note that y € PC'[0,#n] is a solution of (2.9) if and only if y is a fixed point of the
equation

y=(L.) Fy. (2.13)

We apply the Leray-Schauder continuation theorem to obtain the existence of a solution
for y = (L) 'Fy.
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To do this, it suffices to verify that the set of all possible solutions of the family of
equations

Y +Ag Ly, Y ) =0, O0<t<mn, t+t,
Ay (te) =Abky' (t),  Ay(te) = Aaxy(t), (2.5)
y(0) = y'(n) =0
is a prior bounded in PC'[0, n] by a constant independent of 0 < A < 1.

Let y € PC'[0,n] be any solutions of (2.5,), then " > 0 and y > 0 on [0,n]. Applying
Lemma 2.2 and using (2.5, ), we can get that

(b < L 2% (5,9(),y'())ds < L p(s)y'(s)ds+J0 r)ds < Ply o +R  (2.14)

SO

, R
”}/ lo < ﬁ = M,. (2.15)

From (2.5)) and by > 0, we have

y'(t)=)thng*(s,y(s),y'(s))ds—)t s bky'(tk)thng*(s,y(s),y'(s))ds. (2.16)

t<t,<n

Integrate (2.16) from 0 to f to obtain

n t
y(t) < tL g* (s,y(s),y'(s))ds+J0 s¢* (s,y(s5),y"(s))ds + A Z Ay ()

O<ti<t

sLnsg*(s,y(s),y'(s))dﬁJosg*(s,y(s),y'(s))ds+/1 Z ary (t)

0<t<t (2.17)
n n
< ||y’||mJ sp(s)ds+J sr(s)ds+ 1yl z | ax |
0 0 0<ty<t
<PiM; +R; + Al Yl .
Hence we have
PM;+R
Iyl < ﬁ = M,. (2.18)

Let

M=maX{M1,M2}, (219)
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it follows that
Iyl =M. (2.20)

Note that M is independent of A.
Therefore (2.20) implies that (2.5)) has a solution y, with || y,|l; < M. In fact,

0<y,(t) <M, 0=<y,(t)<M fortel0,n], (2.21)

and y, satisfies (2.2,).
Finally, it is easy to see from (2.19) that M is independent of n € N*. Now (A;) guar-
antees the existence of a function y)(t) continuous on [0,00) and positive on (0, ),

a constant y € [0,1), with g(t, y,(£), () = var(£) (y;, (1)) for (t, ya(t), y,,(£)) € [0,n] X
[0,M]?.
From (2.2,)) we have

=y, (6) = yu (D) (3, () (2.22)

integrate the above inequality from ¢ to n to obtain

n 1/(1-y)
yn(t) = ((1 -9) L 1_[ (1 +bk)y_ll//M(S)dS> , te[o,n], (2.23)

t<tr<s

and so

t n 1/(1-y)
y,,(t)zjo I1 (1+ak)<(1—y)L I1 (1+bk)y_11//M(T)dT> ds, telonl],

s<tp<t S<tR<T
(2.24)
which completes the proof. O
Proof of Theorem 2.1. From (2.2,,) and (2.21), we know that
0<—y,/ <¢(t), tel0,n], (2.25)

where ¢(f) := p(t)M +r(t), and M is given by (2.19). In addition, we have by by > 0 that
() = J $(s)ds < J $(s)ds fort € [0,n]. (2.26)
t t

To show that BVP (1.1) has a solution, we will apply the diagonalization argument. Let

[yt tefonl,
u,,(t)—{yn(n), L ooy (227)
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Notice that u, € PC'[0, ) with
0<u,(t) <M, O0<u,(t)<M forte[0,00). (2.28)

From the definition of u,, we get for 5,5, € (¢, tx+1] that

lup (s1) —uy(s2) | < . (2.29)

J $(s)ds
In addition

. (8) < fo (s)ds for t € [0,00), (2.30)

t n 1/(1-y)
u,(t) = J 1_[ (1+ak)((1 —y)J 1_[ (1+bk)yle(T)dT) ds, te[0,n].
0 s

et e
(2.31)
In particular
un(t)zr I1 (1+ak)((1—y)J1 I1 (1+bk)V11,,M(T)dT) 1/<1—y)ds
0 slpeet S s<t<t (2.32)

=a(t), te]0,1].

Lemma 1.3 guarantees the existence of a subsequence N; of N* and a function z; €
PC'[0,1] with usqj ) converging uniformly on [0,1] to zgj Vas n— oo through Nj, here
j =0,1. Also from (2.32), z;(t) = a;(¢t) for t € [0,1] (in particular, z; >0 on (0, 1]).

Let N{ = N1\ {1}, notice from (2.31) that

t 2 . 1/(1-y)
un(t)zL I1 (1+ak)((1—y)I [T 1+ l//M(T)dT> ds

s<te<t S s<tr<t

=a(t), te]0,2].

(2.33)

Lemma 1.3 guarantees the existence of a subsequence N, of Ni" and a function z, €
PC'[0,2] with ud’ converging uniformly on [0,2] to zgj) as n — oo through N>, here
j =0,1. Also from (2.41), z,(t) = a,(t) for t € [0,2] (in particular, z; >0 on (0,2]). Note
that z, = z; on [0, 1], since N, C Ni. Let Ny = N>\ {2}, proceed inductively to obtain for
k =1,2,..., a subsequence Ny of N/, and a function zx € PC'[0, k] with u’ converging
uniformly on [0, k] to z,(j) as n — oo through Ny, here j =0, 1. Also

zi(t) = ar(1)

¢ k 1/(1-y)
EL 1 (1+ak)((1—)’)I [1 (1+bk)y_11//M(T)dT> ds, te[0,k]
o o (2.34)

(so in particular, zx >0 on (0,k]). Note that zx = zx_; on [0,k — 1].
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Define a function y as follows: fix t € (0,0) and let k € N* with t < k. Define y(t) =
z(t). Note that y is well defined and y(t) = zx(t) >0, we can do this for each t € (0, )
and so y € PC'[0, o). In addition, 0 < y(t) <M, 0 < y'(¢) < M, and
ymsf (s)ds for t € [0,c0). (2.35)
t

Fix x € [0,0) and choose k = x, k € N*. Then for each n € N = Ni\ {k}, we have

x rk
V() =y;,(k)x+LJ (T, yu(1), yn(1))drds — Z biy, (t:)x

0<ti<k

(2.36)
+ z b,’)/;,(l’i) (X— t,') + z aiyn(ti).
0<ti<x 0<ti<x
Let n — oo through N to obtain
x rk
zi(x) = z,’c(k)x+I J g(1,zk(1),2,.(1))dr ds
o (2.37)
— z b,‘Z;((l’i)X‘f' Z biZ;((t,') (X— t,') + z a,'Zk(fi).
0<ti<k 0<t;<x 0<ti<x
Thus
x rk
y(x) = y'(k)x+J’0 J g(n,y(1),y (1))drds
’ (2.38)
= D by (t)x+ D by () (x—t)+ > aiy(t).
0<ti<k 0<ti<x 0<ti<x
Consequently y € PC?(0, o) with
Y () +g(ty(),y (1) =0, 0<t<oo,t+#t,
, , (2.39)
Ay (t) =bey' (),  Ay(te) = ary ().
Thus y is a solution of (1.1) with y >0 on (0, o). The proof is complete. O

THEOREM 2.4. Let g : [0,00) X [0,00) X [0,00) — [0, 00). Assume that (A;), (A3) of Theorem
2.1 and the following condition hold.
(B1) g(t,x,v) < q(t)w(max{x,v}) on [0,00) X [0,00) X [0, 00) withw >0 continuous and
nondecreasing on [0, ), q(t) € C[0, ).
(B2)

Q=Lq®%<& Qp{;mm¢<@
(2.40)

. _ Q }
S;ggw(c)>T max{l_A, .

Then BVP (1.1) has at least one positive solution.
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Proof. Choose M >0 with

M
w(M)

>T. (2.41)

We first show that (2.9) has at least one solution. To the end, we consider the operator
y=A(L,) 'Fy, A€ (0,1), (2.42)

which is equivalent to (2.5)). Let y € PC'[0,n] be any solution of (2.5,), then y > 0,
y" = 0on [0,n]. From (B;) we have

—y"(t) <g(t)w(llylly) forte [0,n]. (2.43)

Integrate (2.43) from t to » to obtain

y’(t)sw(nynl)jt"q(ocls— s bky'(tk)sw(nynl)fqu)ds (2.44)

t<tr<n

SO

y' (&) =Qw(liylh). (2.45)

Integrate (2.44) from 0 to t to obtain

y(&) <w(llyl) L an(f)deH > ary(t) <w(llyllh) L sq(s)ds+ Al ylle.

O<ty<t
(2.46)
Combine (2.45) and (2.46) to find
Iyl < Tw(llylh). (2.47)
Now (2.41) together with (2.47) implies || yll; # M. Set
U = {uePC'0,n]:||ull; <M}, K = E = PC'[0,n]. (2.48)

Now the nonlinear alternative of Leray-Schauder type [7] guarantees that (L,) !N has a
fixed point, that is, (2.9) has a solution y, € PC'[0,#n], and

0<y, <M, 0<y, <M. (2.49)

The other proof is similar to the proof of Theorem 2.1, here we omit it. O
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3. Examples

Example 3.1. Consider the boundary value problem

Y +n(y et +uet =0, 0<t<oo,

reey_ 1, -
Ay’ (t) = ) (t), Ay(tx) = 3k(k+l)y( 0, k=1,2,..., (3.1)
y(0) =0, ybounded on [0, )
Withﬁ €[0,1), 7€ (0,1), u>0. Set g(t,u,v) = ne~*(y' )P + pye~*. Take p(t) ],]e—t, r(f) =

pe™!, then g satisfies (A,) and P = 5 < 1. For each H > 0, take yy(t) = ne™* and y = 5,
then (A;) is satisfied. Furthermore,

1 - - 2
b= >0, k;| Z k+1) =3<L (3.2)

Therefore, Theorem 2.1 now guarantees that (3.1) has a solution y € PC'[0, c0) with y >
0 on (0,00).

Example 3.2. Consider the boundary value problem
Y+ ()P e +pet =0, 0<t<oo,
’ 4 1
Ay () = y' (),  Ay(te) :my(tk); k=1,2,..., (3.3)

y(0) =0, ybounded on [0,)

with a € [0,1), f € [0,1), 4 > 0. We will apply Theorem 2.4 with q(t) = ™", w(s) = s* +
sP +u. Clearly (A), (A3), and (B,) hold. Also,

sup

- = o, 3.4
IR dr iy G4

so (B,) is true. Theorem 2.4 shows that (3.3) has a solution y € PC'[0, o) with y >0 on
(0,0).

Remark 3.3. We cannot apply the results of [12] even if (3.3) has no impulses, since [12,
condition (2.3) of Theorem 2.1] is not satisfied.
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