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Abstract. In this paper, we consider a non-linear impulsive Sturm-Liouville problem
on semiinfinite intervals in which the limit-circle case holds at infinity for THE Sturm-
Liouville expression. We prove the existence and uniqueness theorems for this problem.
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1. Introduction

The theory of differential equations with impulses describes processes that are
subjected to abrupt changes in their states at certain moments. Such processes
arise in many fields of science and technology: chemical technology, biotechnology,
theoretical physics, industrial robotics, etc. For an introduction to the basic the-
ory of differential equations with impulses see Bainov and Simeonov ([3], [4], [5]),
Benchohra, Henderson and Ntouyas ([6]), Lakshmikantham, Bainov and Simeonov
([18]) Samoilenko and Perestyuk ([31]) and the references therein.

Recently, much work has been done on the existence of solutions to impulsive
Sturm-Liouville equations; for regular impulsive Sturm-Liouville problems see [2,
7,9, 12-15, 25-27, 30, 33|, for singular impulsive Sturm-Liouville equations see [1,
10, 18-19, 21-24, 29]. However, there is no paper concerned with the existence of
solutions to singular impulsive non-linear Sturm-Liouville problems that the limit-
circle case holds at infinity. In this paper, we fill the gap by using a special way to
pose boundary conditions at infinity.

Let us consider the following nonlinear Sturm-Liouville equation

(L.1) L(y) = —(px)y) +q(x)y = f(z,y), v €1,
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where I := 1 UIy, I := [a,¢), I3 := (¢, +0), —00 < a < ¢ < 400, and y =y (z)
is a desired solution.

Let L?(I) be a Hilbert space which is composed of all complex-valued functions
y satisfying

/ ly (2))? dz < oo

in relation to the inner product

(y,2) = /Ooy(:b)z(:v)dx.

Denote by D the linear set of all functions y € L?(I) such that y, py’ are locally
absolutely continuous functions on I, one-sided limits y(ct), (py’)(ct) exist and are
finite and I(y) € L?(I). The operator L defined by Ly = I(y) is called the maximal
operator on L?(I).

For two arbitrary functions y, z € D, we have Green’s formula
12 [ 1wz [ TG = e = 2+ e~ (2

where [y, 2] = y(z)(p2')(z) — (py)(z)2(2) (z€T).
We assume that the following conditions are satisfied.
(A1) The points a and c are regular for the differential expression I. p and ¢

are real-valued, Lebesgue measurable functions on I and %, q € L}, .(I). The point

c is regular if %, q € L'[c — €, ¢+ €] for some € > 0. Moreover, the functions p and
q are such that all solutions of the the equation

(1.3) l(y)=0

belong to L?(I), i.e., Weyl limit-circle case holds for the differential expression I
(see [1-3]).
(A2) The function f (z,y) is real-valued and continuous in (z,¢) € I x R, and

(1.4) |f (2, Q) < g () + 9]

for all (z,¢) in I x R, where g (z) >0, g € L?(I), and ¥ is a positive constant.

If we define the operator F' taking each function y(.) to the function f(.,y(.)),
then the condition (4) is necessary and sufficient for F to map L? (I) into itself (see
([17], Chapter 1)).

Denote by

. [ uW(z), zel . [ vV (2), zel
uwi=u (@) = u® (z), :CEIQ’U'_U(x) v®@ (z), z€ly

the solutions to the equation (1.3) satisfying the initial conditions

(1.5) u (@) =0, (pu) (@) =1, v (a) = =1, (po'V") (a) =0,
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and impulsive conditions

(1.6) U@+%=CU@‘%[“@;:(QZ$&> |
' V(et) =CV(cm), V() = ( (pz'(f()w) ’

CeM;R), detC =p >0,
where Ms (R) denotes the 2 x 2 matrices with entries from R.

Now, we introduce the Hilbert space H = L2 (I1)+L? (I5) with the inner product

C - o0 - 1
(y, 2) :=/ y(”z(l)dw+7/ y@:@dz, v = >

where

(1) (1)
YY), zeh | ZY(x), zel

y(@) = { y@(z), ze€ly’ #(z) = { 2 (x), x€l.

We set sz') = W, (u(i), v(i)) =y (3:)(pv(i)’)(x)—(pu(i)’)(:z)v(i) (z) (z € I;,i=1,2).
Then the equality ngl) = prgQ) holds. For convenience, we denote W, := ngl) =
pr’. Since the wronskian of any two solutions of Equation (1.3) is constant, we
have W, (u,v) = 1. Then, u and v are linearly independent and they form a fun-
damental system of solutions of equation (1.3). By the condition Al, we get u,
v € L2 (I) and moreover, u, v € D. So, the values [y, u]~ and [y, v]s exist and are
finite for every y € D. By using Green’s formula (1.2) and the conditions (1.5)-(1.6),
we can get

[y, uloo =y (a) + [, u (@) Uy ())da,

Y. vloe = (py") (a) + [;” v (2) Uy ().
Now, we will add to problem (1.1) the boundary conditions

(1.7)

y(a)cosa+ (py') (a)sina = dy,

(18) [yau]oo cos B + [yav]oo sin 8 = da,

and impulsive conditions
(19) Vien=cre), v =( 2 ), dc=p>o.
where a, 5 € R, and dy, ds are arbitrary given real numbers, and

(A3) w:=cosasinf —cosPBsina # 0.

Since the function y in (1.8) satisfies Equation (1.1), we have

oo

[, uloe =y (a) + / u(z) f (2,9 (@) d,

a

wwm:@wx@+/mmmf@w@»m_
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2. Green’s function

In this section, we construct an appropriate Green’s function. So, we will reduce
the boundary-value problem (1.1), (1.8), (1.9) to a fixed point problem.

Let us consider the linear boundary value problem

(2.1) —(p(@)y") +q(x)y=h(x), z€l, heH,

y (a)cosa + (py') (a)sina = 0,

Y(C+):OY(C_)7 Y = ( pyy/ )a detC:P>Oa

where y is a desired solution, u and v are solutions to the equation (1.3) under the
conditions (1.5)-(1.6).
Define

(2.3) ¢ (z) = cosau () + sinaw (x), ¥ (z) = cos Bu (z) + sin fv (z) ,

where W, (p, 1) = w. It is clear that these functions are solutions to the equation
(1.3) and are in H. Further, we have

/

[p,uls = ¢ (a) = —sina, [p,v]s = (pp) (a) =cosa, (z € L),
[V, ule = ¢ (a) = —sin B, [¢,v]. = (pv) (a) = cos B, (x € ),
[V, U)o = —psin B, [¥,v]ec = pcosf,

B (ct) = CP (c—), B(x) = ( ( @ () > 7
U (c+) = O (c—), U(z) = ( ¥ )

Let us introduce the function

@V g <gp<t<oo, xtc t#£ec
= ifa<t<xr<oo, z#c t#c.

G (z,t) is called the Green’s function of the boundary-value problem (2.1)-(2.2).
Since ¢, € H, we have

(2.5) / / |G (,1)|? dadt < oo,
ie., G(z,t) is a Hilbert-Schmidt kernel.

Theorem 2.1. The function

(2.6) y(:z:):/CG(x,t)h(t)dt+7/ooG(:z:,t)h(t)dt, vel,

is the solution of the boundary-value problem (2.1)-(2.2).
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Proof. By a variation of constants formula, the general solution of the equation
(2.1) has the form

kieW (z) + ko™ (2)

2@ 1) (1 b (1) d

D (g

+2 8 [FpW () h (1) dt, @ € I,

(27) y(z) =
Eap® (@) + kap® (@)
F2O) (1) [ 6 (1) h (1) de

+2¢@ (2) [Z 0@ () h(t)dt, © € I,

where k1, ko, ks and k4 are arbitrary constants.
By (2.7), we get

ki (pe™) (2) + ka(pyp V) ()

+ L0 o) (o) at
( M) (z) 1) dt, v € Iy
pfwm=] T oo LrTOROd e,

ks (pso<2>)’ () + ka(p @) ()

+2 (pp®) (2) [T @ (t) (1) dt

F2 (pp®) () [0 (O (1) dt, @ € I

Hence, we have
y(a) = ke (a) + ko (a) + £ [24 D) (¢) h () dt
= —kysina — kasin 8 — Lsina [ oW (¢) b () dt,
(2.8) (py)' (a) = k1 (pp )’ (a) + ka(p D) (a)
+2 (pp®) (a) [ 0D (8) o (1) dt

=kycosa+kycos B+ Lcosa [T oW () h(t)dt.
Substituting (2.8) into (2.2), we get

ko (cosasin f — sinacos 8) = 0, kow =0,
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i.e., ko = 0. Further, we have
[y, ule = y(z)(pu') () — (py')(x)u(x)
LW (2),uls [ o) () h (t) dt
uly [SyW (t)h(t)dt, z € I,

= ks [80(2)7 u]z + k4[7/}(2)7 u]z

Thus
[y, u]oo = —kzpsina — kapsin § — %psinﬂ/ ©2) () h (t) dt.

Similarly, we get

[y, 0] = y(2)(pv') () — (py')(x)v(z)
kl [90(1)7 U]I

o™ (@), vle [7 o () h (1) dt
+L1oW (2) 0], [SW () h(t)dt, z € I,
k3 [90(2)7 ’U]m + k4 [7/1(2)7 ’U]m

2@ 0], [T 0@ (t) h(t)dt
lo [Z 0@ () h(t)dt, z € I,

+2[e@, v

and
[y, V]oo = kgpcosa + kyp cos B

+ lpcosﬁ/ o () h (t) dt.
w c

From the conditions (2.2), we obtain

k3 (sinacos f — cos asin B) = 0.
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Hence, k3 = 0. Similarly, we have

o ylet) [ k@ (c+)
Yiet) = ( (o) (c+) > - ( ka(p®) (ct) >

( Lo@ (c4) [Z79P () h(t) dt )
+

(pp®)" (c4) [ 9@ () b (L) dt

—h ( (pﬁ?))(? o) )

oo 2) (¢
+%/ e (t)h(t)dt( (p:i@))(l?;:—) )

= kg (c+) + {g /:o Y@ (t) h(t) dt} ® (c+)

and

Ve =( o )

We=) re (1
_ ( Fap® (e=) > N e (b dt
D T e e gy

w a

=t (o )5 [ e onoa( Lafl))
=ki®(c—) + {é / oW (£) b (t) dt} U (c—).

By the conditions (2.2), we obtain

kaW (c+) + {g /:O Y@ (t)h(t) dt} D (c+)

w

=C {qu) (c—=) + {1 /a oM (t) h (t) dt} W (c—)} .

445
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Using the conditions (2.) and (2.), we get

® (c-) {%/:OW) (t)h(t)dt—kl}

—v ) {2 [ wna-nf,

W Ja

(i) {2 [ v onoa-n}

“ (ol {2 [ e oroa-u}.

So, we have the following linear equation system

koD (c=) = kap (c-)

_ {l / oW (t) b (1) dt} $® (c-)

w

{2 [Toe@nwa e ),
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( (p?ﬁ((ll))’()c(_c)—) (pi((ll)”()c(_c)—) > < _k;; >

_( () e (=)
a < ™) (=) (™) (e-) )

i.e.

Lo () h(t)dt

=2 [T 0@ @) (1) dt
Hence, we have the following determinant of this linear equation system

’ vWe=) W (e-)
(™) (e=) (") (=)

—-w.

447

Since this determinant is different from zero, the solution of this system is unique.

If we solve this system, we have the following equalities

ki = %/OO o () h(t) dt, ks = i/cso(” (t) h () dt.

From what has already been done, we have
o) (2) L [0 (8) (1) dt
L [ (0 (1)

+ 20 ey (1) () dr, @ € I,
V@ (2) L [7 e (6 h(t) dt
+29®) (2) [ o®) () h (1) dt

+20® (@) [ 0@ () h(t) dt, @ € I,
ie., (2.4) and (2.6) hold. O

Thus we have a

Theorem 2.2. The unique solution to the equation (2.1) under the conditions

(1.8)-(1.9) is given by the formula
y (@) =w (@) + (G (z,.),h()),

where p p
w(z) = —¢(x) - = (z).

w w



448 B.P. Allahverdiev and H. Tuna

Proof. By the conditions (2.)-(2.), the function w (x) is a unique solution of the
equation (1.3) satisfying the conditions (1.8)-(1.9). By Theorem 1 the function

(G (z,.),h(.)) a unique solution to the equation (2.1) satisfying the conditions (2.2).
This finishes the proof. O

From Theorem 2, the boundary-value problem (1.1), (1.8), (1.9) in H is equiv-
alent to the non-linear integral equation

(2.9) y(@) =w (@) +{G(z,.), [y (), vl

where the functions w (x) and G («,t) are defined above. Hence, we shall study the
equation (2.9).

By (1.4) and (2.5), we can define the operator T : H — H by the formula

(2.10) (Ty) (x) = w(x) + (G (z,.), [ (,y (), = €1,

where y, w € H. Then the equation (2.9) can be written as y = Ty.

Now, we search the fixed points of the operator T because it is equivalent to
solving the equation (2.9).

3. The fixed points of the operator T

In this section, we investigate the fixed points of the operator T" by using the
following Banach fixed point theorem:

Definition 3.1. [[16]]Let A be a mapping of a metric space R into itself. Then x
is called a fixed point of A if Ax = x. Suppose there exists a number o < 1 such
that

p (Az, Ay) < ap (z,y)

for every pair of points x,y € R. Then A is said to be a contraction mapping.

Theorem 3.1. [16] Every contraction mapping A defined on a complete metric
space R has a unique fixed point.

Theorem 3.2. Suppose that the conditions (A1), (A2) and (AS8) are satisfied.
Further, let the function f(x,y) satisfy the following Lipschitz condition: there
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exists a constant K > 0 such that

150 (20 @) = 59 (220 @) [ o

—i—W/Oo ‘f(z) (:c,y@) (:C)) — @ (:c,z@) (:c)) ‘2 dx

< K ( / @) 20 @) de / T @) -2 @) d:c)

=Ky - 2|’

forally,z € H. If

(3.1) (/ / G (2, )2 dxdtﬂ/ / G (2, )]? d;vdt)

then the boundary-value problem (1.1), (1.8), (1.9) has a unique solution in H.

Proof. Tt suffices to prove that the operator T is a contraction operator. For y, z €
H, we have

(G (@) 1 by () = f Gz (DI
NG @ PN oy () = f (=)

< E?|G (@)  ly =27, z € 1.

Ty (z) = Tz ()

Thus, we get
[Ty =Tz < ally -z,

(//|G;vt|d:vdt+7/ / :vt|d:vdt) <1,

i.e., T is a contraction mapping. [

where

Now, our next claim is that the function f (z,y) satisfies a Lipschitz condition
on a subset of H but not of the whole space.

Theorem 3.3. Suppose that the conditions (A1), (A2) and (A3) are satisfied. In
addition, let the function f(x,y) satisfy the following Lipschitz condition: there
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exist constants M, K > 0 such that

o[

=Ky — 2|

v @)= @t [T @) - o 0] a )

for ally and z in Sy = {t € H : ||t|| < M}, where K may depend on M. If

A
(//|th|dwdt+7/ / xt|d:vdt)1

J1FO 6y @) = O (820 @) [ dt
X sup

yESM Ty fcoo |f(2) (t,y(z) (t)) f® (t 22 )‘ dt
<M

2 oo 2 1/2
w® (:c)’ dw+7/ ‘w@) (:c)’ d:v}

1/2

and

(3.2) (//|Gm| d:cdt+7/ / G (2, )]? d:vdt)1<1,

then the boundary-value problem (1.1), (1.8), (1.9) has a unique solution with

Proof. Tt is clear that Sy, is a closed set of H. We first prove that the operator T

2 oo 2
y® (:17)’ dz —|—’y/ ’y(z) (x)’ dr < M2
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maps Sy, into itself. For y € Sj; we have

1Tyl = llw (2) + (G (@) f oy ON < Mlwll + (G (), £ Gy (OD

§||w|+(//|Ga:t|dxdt+'y/ / a:t|da:dt)

21 (6 ) = £ (620 )P
X sup < M.

vesu | 4 L@ (8 y® (1) = f3 (2,2 ‘ dt

Consequently, T : Sy — Syy.

We can now proceed analogously to the proof of Theorem 5. So, we can get
Ty —Tz| < ally -z, y,2 € Su.

If we apply the Banach fixed point theorem, then we obtain a unique solution of
the boundary-value problem (1.1), (1.8), (1.9) in Sy;. O

4. An existence theorem without uniqueness

In this section, we get an existence theorem without uniqueness of solution. There-
fore, we will use the following Schauder fixed point theorem:

Definition 4.1. [[11]]An operator acting in a Banach space is said to be com-
pletely continuous if it is continuous and maps bounded sets into relatively compact
sets.

Theorem 4.1. [11] Let B be a Banach space and S a nonemty bounded, convez,
and closed subset of B. Assume A : B — B is a completely continuous operator. If
the operator A leaves the set S invariant, i.e., if A(S) C S, then A has at least one
fixed point in S.

A set S C H is relatively compact iff S is bounded and for every € > 0 (i) there
exists § > 0 such that ||y(x +h) —y(x)|| < e for ally € S and all h > 0 with h < 0,
(ii) there exists a number N > 0 such that [y |y(z)[*dz < e for all y € S ([11]).

Now, we give

Theorem 4.2. The operator T defined by (2.10) is completely continuous operator
under the conditions (A1), (A2) and (AS3).
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Proof. Let yo € H. Then, we have

(Ty) (@) — (Tyo) ()"
=[G (), [f (5 () = f Cmo DI

JE [0 (w0 @) = 10 (148 )]t
<16 @I 2
S| (4@ @) - £ (1 )| at
Thus
Iy~ Tyol
2 2
S O (D ©) = 5O (106 @)t
<K 5
[ ]5® (r® ) 5@ (102 @) ar
where

K= (/:/:|G(x,t)|2dxdt+7/:o/coo|G(x,t)|2d:1;dt).

We know that an operator F' defined by Fy (x) = f (z,y (x)) is continuous in H
under the condition (A2) ( see [17]). Hence, for a given € > 0, we can find a § > 0
such that ||y — yo|| < ¢ implies

2
c 1
S 17O ey (@) = £t @) e B
N . 2 [TET
I | (5@ (1) - £ @) e
From (4.), we get
Ty — Tyol| < e,
i.e., T' is continuous.
Set Y ={y € H:|y|]| <m}. By (3.3), we have
1/2

K [0 (tyD (1) dt
Ty < [Jw]|| + , forally €.

VK [P (6 y® ()" dt
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Furthermore, using (1.4), we get

< [ @+ofp @ desr [T 12 @+ o) 0] @

5 (e @)ttty [T | (102 @)

<2 [ [(s) 0+ 02y 0 1
+2y /COO[(Q(Q))2 (t) + 02 |y (t)r]dt

=2(|lgl* + 9 lyl*) < 2(llgl* + 9*m?).

Thus, for all y € Y, we obtain

1/2
1Tyl < loll + 25 (llgl> + 9%m) | ™

i.e,, T(Y) is a bounded set in H.

Moreover, for all y € Y, we have

/:
oo [T e n - @) @) ds
= G (@ +h,) = G(x,)], f (y O
JESONG (@ 4 hot) — G (1) dwdt
<(+vf JZNG @+ hyt) — (x,t)|2dxdt>
JELFD (£,y D )] dt

@) (x+h) — () (@) d

[ (8, 4@ (1)) dt
JE[91G ( + hyt) — G (,t)|? dedt
<2 (lgl” + 9*m)

v [2 [ (x + hyt) — G (2, 1) dwdt

453
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From (2.5), there exists a 6 > 0 such that

by [Ty @) -1y (@)

for given € > 0, all y € Y and all h < 4.
Further, for all y € Y, we have (N > ¢)

| @) @) as

N

TyW (z + h) — Ty (z)

2
‘d,f

2 2
‘ dr < €,

oo 2 oo
< [ o @[ dor2(lol? +0%m) [ 16 @) d
N N

So, from (2.5), we see that for a given € > 0 there exists a positive number N,
depending only on € such that

|| @] ar<e
N

forall y €Y.

Thus T (Y) is a relatively compact in H, i.e., the operator T is completely
continuous. O

Theorem 4.3. Suppose that the conditions (A1), (A2) and (A3) are satisfied. In
addition, let there exist constants M > 0 such that

{/ac w® (x)’2d$+7/:o ‘w(2> (95)’261:1:}1/2
(// |G (z,1)]? dwdt+7/ / G (ot dwdt)

JE1FO 6y @) = O (820 @) [ dt
X sup

yESM Ty fcoo |f(2) (t,y(z) (t)) f® (t 22 )‘ dt
<M,

1/2

where Sy = {y € H : |ly]| < M}. Then the boundary-value problem (1.1), (1.8),
(1.9) has at least one solution with

/C y (:E)‘de—k'y/oo ‘y(z) (I)‘de < M2
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Proof. Let us define an operator T': H — H by (2.10). From theorems 6, 9 and
(4.3), we conclude that T maps the set Sy, into itself. It is clear that the set Sy is
bounded, convex and closed. Using Theorem 8, the theorem follows. [
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