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ON A BOUNDARY VALUE PROBLEM AT RESONANCE ON
THE HALF LINE

A. GUEZANE-LAKOUD, R. KHALDI

ABSTRACT. This paper concerns the solvability of a nonlinear fractional bound-
ary value problem at resonance on the half line. The basic idea is to prove,
by using fixed point theorems, the existence and uniqueness of solution for the
corresponding perturbed problem, then we establish the existence results for
the given problem. An example is given to illustrate the obtained results.

1. INTRODUCTION

Fractional differential equations still attracting much attention, this is due to
their ability to describe of memory and hereditary properties of various phenomena,
for some recent results on fractional differential equations and their applications we
refer to the monograph of Kilbas et al [13], Diethelm et al [6], Kiryakova [14, 15],
Samko et al [21] Podlubny [20] and Tenreiro Machado et al [23].

The main goal of this paper is to prove the existence of solutions for the following
fractional boundary value problem (P)

D u(t) = —f (tu(t)), ¢>0, (1.1)

DiT?u(0) =" (0) =0, D7 u(+00) =T (q)u (1), (1.2)

where f € C'(Ry x R,R), 2 < ¢ < 3, DJ, denotes the Riemann-Liouville fractional

derivative. The problem (P) is called at resonance in the sense that the associated

linear homogeneous boundary value problem Lu = D@, u(t) = 0 with conditions

(1.2), has u(t) = ct97!, ¢ € R as nontrivial solutions. In this case we will apply
fixed point theorems together with some ideas from analysis.

Recently many boundary value problems at resonance have been extensively
studied and many results have been obtained see [2, 7, 8,9, 10, 11, 12, 17, 18, 24, 26].
For the resonance case, the boundary value problem is approached in several ways.
But the classical method is to decompose the space in the form of a direct sum of
subspaces, one of that is KerL, and then to work with the corresponding projections
on these spaces. In a recent study [19],Nieto investigated a second order boundary
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value problem at resonance by applying fixed point theorem and some analysis tools
which motived the present study.

Boundary value problems on the half line have often appeared in applied mathe-
matics and physics, in fact, they may model some physical phenomena, such as the
models of gas pressure in a semi-infinite porous medium, see [25]. Many methods
are used to investigate these problems such as fixed point theorems, lower and up-
per method solutions, Mawhin coincidence degree theory...see [1, 2, 3, 7, 8, 9, 10,
11, 12, 16, 17, 18, 19, 22, 24, 25, 26, 27].

In [16] the authors investigated the following m-point boundary value problem
on infinite line by using a fixed point theorem on a cone

Di. u(t) +a(t)f (t,u(t) =0, t>0,2<q<3

m—2
w(0) =u'(0)=0, DI tu(+00)= > bu().
i=1
By application of Leggett-Williams norm type theorem in [3], the authors estab-
lished the existence of positive solutions of the following boundary value problem
at resonance on infinite interval

Di u(t) +a(t)f (t,u(t) =0, t>0,3<qg<4

u(0) =4 (0) =u"(0) =0, DI 'u(+oo) =D "u(+00).
The organization of this work is as follows. In Section 2, we introduce some nota-
tions, definitions and lemmas that will be used later. Section 3 treats the existence
and uniqueness of solution for the perturbed problem by using respectively Schae-
fer fixed point theorem and Banach contraction principal. Then by some analysis
ideas, we prove that the problem (P) has a solution. Finally, we illustrate the
obtained results by an example.

2. PRELIMINARIES

The following lemmas and definitions can be found in [20].
Definition 1. Let a > 0,then the Riemann-Liouville fractional integral of a
function g is defined by

ooy L[ el
15000 = 557 |, s

Definition 2. The Riemann fractional derivative of order ¢ of g is defined by

2o~ 1 (i) [

where n = [¢] + 1.([¢] is the integer part of g).
Lemma 1. The homogenous fractional differential equation D?, g(t) = 0 has
a solution

g(t) = et CatT™2 4 4 ent?™,
where, ¢; e R, i=1,...,nand n = [¢] + 1.
Lemma 2. Let p,q >0, f € Ly [a,b]. Then:
L IP T8 f(t) = IVFOf (t) = I8, 17, f (t) and D, 1% f(t) = f(t), for all t €
[a, b] .
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2- If p > ¢ > 0, then the formula D3 I7, f (t) = I}7?f (t), holds almost ev-
erywhere on ¢ € [a,b], for f € Lq[a,b] and it is valid at any point ¢ € [a,b] if
feCla,b.

3-If ¢ > Oand p > 0 then D, (t—a)f ™! (z) = &) (a:—a)p_q_l,DZ+ (t—a)" () =

T'(p—q)
0,7=1,2,...,n.

To prove the main results of this paper, we need the following Lemma.
Lemma 3. Let 2 < g <3 andy € C(Ry,R). The linear fractional boundary
value problem

D u(t) = —y(t),
{ W (0) = DI2u(0) = 0, DI hu(00) =T (q)u (1), 1)

has a solution if and only if [y (t)dt — fol (1—t)y(t)dt = 0. In this case the
solution can be written as

1 o0
u(t) —t7 (1) = —/ H(t, s)y(s)ds, (2.2)
I'(q) Jo
where
—(t—s)7t 4t s <t
H(t,s) = { P < (2.3)
Proof. Applying Lemma 1 to the differential equation in (2.1) we get

u(t) = —Id y(t) + crt? " + ot + 51972, (2.4)
Differentiating both sides of (2.4) and using Lemma 2, it yields
W(t)= Iy (D) + e (@ =Dt e (g =21 ez (g —3)t7, (2.5)

u'(t) = —IPy () +a(g—1)(g-2)t?
+ea(q—2) (g =3)t" ez (g—3) (g —4) 777,
DIPu(t) = —Iiy(t)+al(q)t+el(g—1).

The two first conditions in (2.1) give ¢3 = ¢ = 0, the third one implies that
JoSy(t)dt = T (q) I, y(1), hence (2.1) has solution if and only if [J*y (t)dt —
fol (1 —t)y(t)dt =0, then the problem (2.1) has an infinity of solutions given by

u(t) = —Id, y(t) +cti™". (2.6)
Now we try to rewrite the function u. We have
1 [
u(l) = —I%, y(1 —|—c=—/ y(s)ds+e¢,
)= ~Toy) = o [ )
then
co [ vt
c= y(s)das+u(l),
I'(q) Jo
substituting ¢ by its value in (2.6) we obtain
0 = R+ i [Ty
u(t) = — yt—l——/ y(s)ds 4+t "u
0* I'(q) Jo
1 oo

= T, H(t, s)y(s)ds + 7" u(1).
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Hence the linear problem can be written as

u(t) —t7 tu(1) = ﬁ /000 H(t,s)y(s)ds

—(t—s) Tt <t . .
where H(t,s) = { ( St)q—l +t < S’ =" The kernel H(t,s) is continuous
according to both variables s,t on R: and is positive. The proof is completed.

The nonlinear problem (P) can be transformed to the integral equation

u(t) — 9L / H(t, 5)f (s, u(s))ds. (2.7)

Define a new function v(t) = u(t) — t¢~1u(1). To find a solution u we have to find
v and u(1). Note v.(t) = u(t) — t97Lc, we try to solve for every v, the problem

0elt) = 7~ ! / H(t, 5) (5, ve(s) + s~ 1) ds, (2.8)

if v, is a solution of (2.8) with ¢ = u(1) then w is a solution of (P).

3. EXISTENCE AND UNIQUENESS RESULTS

We will use the Banach space E defined by

|u (8)]
E:{UEC(R+7R)’t—li+oo]W<OO s

equipped with the norm [jul| = sup,~ % Denote by L' (R, ,R) the Banach
space of Lebesgue integrable functions from Ry into R with the norm |y[|,, =

fo |y (t)| dt. Define the integral operator T : E — E by

—+oo

Tu(t) = t9 (1) + H(t,s) f(s,u(s))ds, (3.1)

1
I'(q)
and the corresponding perturbed operator T, : E — E by

1 [T

I'(q) Jo
Theorem 1. Assume that there exist nonnegative functions g, h, € L' (R, R)
and 0 < a < 1 such that

|f(t, (Lt 2)| < () 2™ + g(t), (t,2) € Ry x R, (3.3)

1Al <T(q). (3-4)

Then the map T, has at least one fixed point v* € E.

We apply Schaefer fixed point theorem to prove Theorem 1.

Theorem 2. Let A be a completely continuous mapping of a Banach space X
into it self, such that the set {x € X : © = AAz,0 < A < 1} is bounded, then A has
a fixed point.

We recall that a continuous mapping 7" from a subset M of a normed space X
into an other normed space Y is called completely continuous, iff 7" maps bounded
subset of M into relatively compact subset of Y. To prove that T, is completely
continuous, we need the following compactness criterion due to Corduneanu [4]:

T.u(t) = H(t,s) f (s,0(s)+cs? ) ds. (3.2)
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Lemma 4. Let

V={ueC(R4+R),|ul| <, wherel > 0},V () = {11(31’“6‘/}'

V is relatively compact in E, if V' (t) is equicontinuous on any finite subinterval of
R and equiconvergent at oo, that is for any € > 0, there exists n = 7 (¢) > 0 such
that 11(;1,)1 — 11(:"2*)1 < g, Yu € V,t1,ts > n, (uniformly according to u).
1 2
Proof of Theorem 1. Let us prove that T, is a completely continuous mapping,
indeed:
1- T, is continuous: Let (v,),.n € E be a convergent sequence to v in E. Let

r1 > max (||v]| ., ,sup ||vn|.,) and remarking that H(t,s) is continuous according

to both variables s,t on R, nonnegative and 0 < ﬁgtqs) < 1, then we get

Too(t) — Tevn(t)
14 ¢a—1

< | T I )+ et ) = (s () 1) s

OEEEEITE >>|

145971

IN
|
| =
=2
ﬁg

145971 n( )+ ot
e
< ﬁ o (loll 4 1eD® + Cloall + 1)) + 2lgl 2] < o0

Using Lebesgue dominated convergence Theorem and the fact that f is continuous
we get when n — oo

7 = Tl

H(t
t>0/ 1+tq51 |f (s,0(8) +es™h) = f (5,00 (5) +es?7 ) [ ds — 0.

2- T is relatively compact: Let B, = {v € E, ||v|| <}, first let us show that T.B,
is uniformly bounded. Let v € B, then
|T v 1

—_— - s,0(s) 4+ es?™ 1| ds
< /O [f (s;0(s) +es” 1) |d

[+t1 = T(g)

— L = SM ga—1
N F(q)/o f(’ T (F )>

1
< = (Rllpy (vl +1eD)™ +llgllz) -
(9)
Consequently || T.v|| < ﬁ (Rl 1 (= 1e))™ + 1lgll ;1) < o0, thus T. B, is uniformly
bounded.

ds
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3- Now we show that T.B, is equicontinuous on any compact interval of R . Let
RS Br, th,tQ € [a,b] ,0<a< b < 00, t1 < to, then

TCU (tg) TCU (tl)
1+t 14407t

1 [®|H(t2,s) Hl(t,s) )
< _ . ;
- F(Q)/o 1+tg_1 1+t0 1 ‘f( )+ cs )| s

1 °°|H (tg,s) — H (t1, s)] )
< o .
a F(Q)/o 1+t 1 |f( ) +cs )| s
0 H(t ,s) (tqfl _tq71>
1 1 5 1
q—1

(1 + t‘{*l) (1 +t4

2 (tg‘l - t‘{_l)
['(g) (1+a771)
that converges uniformly to zero as t; — to. Thus T, is equicontinuous on the
compact [a,b].
4- Let us show hat T, is equiconvergent at oo. Since

(1Al (ol + 1e)™ + llgll o)

/ |/ (5,0 (s) +es? ) [ ds < [[Al[ 2 (vl + 1eD® + llgllr < oo,

T.v(t)
Thea-T
completely continuous.

Now, let us prove that the set {v € E: v =T.v,0 <A< 1} is bounded. Indeed

for A € (0,1) such that v = MT.(v), we have v(t) = %f H(t,s)f(s,v(s) +

then lim; 4o ‘ = 0, consequently T is equiconvergent at oo. Thus T is

cs?71)ds. Using assumptions (3.3), we get

‘“(t) A /+°° H(t,s) . w(s)+esi™!

(s, (1+s771))ds

1+ tet I (q) 1+4ta1 1491
1
< —— 1kl (vl +1eD® + llgll 7],
@ WAl (ol + 1eD™ + llgll 1]
thus,
1
[[o]l < N )[thlp (ol +1eD® + llgliga] (3.5)

using some ideas from analysis and in view of (3.4), we get
ol < e

V< —

L' (q) = lIAll .

Hence v is bounded independently of A. Schaefer fixed point theorem implies T,
has at least a fixed point. Thus equation

W7l (el + 1) + gl L] - (3.6)

1t
o(t) = — H(t,s)f(s,v(s)+cs?™t)ds (3.7
I'(q) Jo
has at least one solution in E. The proof is completed.
The uniqueness result is given by the following theorem:
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Theorem 3. Assume there exists a nonnegative function k € L' (R, ,R ) such
that for all x,y € R, € R; one has

Lft, (Lt ) — f (L4t y)| S k() |z —yl, (3.8)

1Bl e < T (q)- (3.9)
Then T, has a unique fixed point v}in E.
Proof. Let v and w € E, then by (3.8) we get

Too(t) — Tow(t) 1 teo Ht,s)
(L) ‘qu)/o e

v(s) + cs? 1 w(s) + cs? .
D) TS 4 qa WAS) TS5 1y 4 ga d
‘f(s, (1+ s71) (1+s777)) - (1+Sq—1) (1+s771))|ds
1 / v(s) —w(s) [0 — w| ||kl £»
< == k ds < ———
T@h Oy I
thus [|[Tov — Tow| < % = l|jv—wl|, where | = %. The assumption

(3.9) implies that [ < 1, so the Banach contraction principle ensure the uniqueness
of the fixed point. The proof is completed.

Let us remark that under the assumptions of Theorem 3, the map ¥ : R — F,
U (¢) = v¥ is continuous. Moreover the map A : R - R, A = P o ¥, A (c) = v} (1)
is also continuous, where ® : E — R, ® (v) = v (1) and v} is the unique fixed point
of T,. One can write A (c) as

A(c) = ﬁ /1 [1 - (1- s)q_l} f(s,v7(s) + cs?1)ds (3.10)

—|—— / f(s )+ cs?1)ds.

Let us show that the problem (1.1)-(1.2) is solvable.
Theorem 4. Under the assumptions of Theorems 1 and 3 and if

limy_4o0f (t, (1 + tqfl) u) =+o00

uniformly on R, then the problem (1.1)-(1.2) has at least one solution in E.

Proof.

The condition lim, 4G (u) = £00, is assumed to avoid the case f(t, (1 +t971) u(t)) =
y (t) where the problem may have no solution (in the case f0+°° y (¢) dtffo1 (1—t)y () dt #
0). From (3.5) we obtain limc_wrw@ =0, then (v} (t) + ct9~!) growths asymptot-
ically as ¢ and uniformly in ¢. Taking into account that lim., 4+ .0 f (t, (1 + tq_l) u) =
+oo, then by passing to the limit in (3.10) it yields lim.— 100/ (¢) = £o0, conse-
quently there exists ¢* € R such that A (c¢*) = 0, thus ¢* = wuc~(1) and hence
ues (t) = vl (t) + t971c* is a solution of the nonlinear problem (1.1)-(1.2). The
proof is completed.

Corollary 1. Under the assumptions of Theorems 1 and 3 and if there exist
two functions G € C'(R,R) and H € L' (Ry,R;) such that f (¢, (1+t7")u) =
F()G(u), lim, 100G (u) = £00, [, H(1,5)F(s)ds < 0o, then the problem (1.1)-
(1.2) has at least one solution in E.

Example 1. The following fractional boundary value problem
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5 T
D2, u(t) = : (efp(*t))7f3 7
o (1+¢3)7 <(1+t%)2+u2 (3.11)
W (0) = DI 2u(0) = 0, DEtu(o0) = T (3) u (1),

is solvable in E.
Proof. We have ¢ =3 and f(t,u) = (exp(=t))

(1+t%)% <(1+t%)2+u2>
[t (14 23) )| < (exp (=0) ful* < B(t) ul® + (1),

where h(t) = exp (—t) and g(t) = 0, some calculus give ||h|, =1 < T (¢) = 1.3293.
Applying Theorem 1 we conclude that the map T, has at least one fixed point
v* € E. Now we have

z T
3 3

€z Y

1+22 1492
< 0.8exp (=) [x —y| = k(t) |z — yl,

where k(t) = 0.8exp (—t), we have ||k||;,, = 0.8 <T' (¢) = 1.3293. In view of Theo-

rem 3, T has a unique fixed point v} in E. One can check that f (t, (1 + t%) u) =

)

’f(t, (1 n t%) ) — f(t, (1 + t%) y)‘ < exp (—1)

7 7
(exp (—t)) % = F(t)G(u) and lim, 400 G(u) = limy, 400 % = +o00. From

Corollary 1 we conclude that the problem (3.11) is solvable in E.
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