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GREEN FUNCTION’S NEW PROPERTY AND ITS
APPLICATION TO THE SOLUTION FOR A HIGHER-ORDER
FRACTIONAL BOUNDARY VALUE PROBLEM

DEXIANG MA

(Communicated by S. Umarov)

Abstract. We investigate the higher-order fractional boundary value problem:
{ —Dy,ult) = a() ft,u(r),  O<r<1,

u(0) =1/ (0) = u"(0) = --- = u"2)(0) =0, [Dg,u@)],_, =0,

where v and o are two given constants satisfying n—1 <v<n withn >3, 0< a<n—-2.
Some results have been obtained in literature in case of 1 < oo <n—2 or or =0, but no result is
about 0 < o < 1. In this paper, new properties of the Green function associated with the higher-
order fractional boundary value problem in case of 0 < o < n— 2 are obtained which are the
main contribution of the paper. As an application of these properties, the existence of positive
solutions of the problem is then established. Our results improve on recent works in literature
and fill in their gaps.

1. Introduction

The application of fractional calculus to dynamical system control has been getting
ever increasing attention, which leads to the progress of research in this area. Among
these researches, fractional differential equations have gained importance due to their
applications in various sciences, we refer the reader to [1, 2, 3, 4, 5]. In recent years,
there has been significant development in the existence of solutions [0, 7, 8, 9, 10]
and positive solutions [11, 12, 13, 14, 15, 16, 17] to boundary value problems for the
fractional differential equations.

Comparing with lower-order fractional differential equations, there are few results
about higher-order fractional differential equations. In a recent paper [18], Zhang con-
sidered the following higher-order fractional boundary value problem (Hfbvp for short),

—Dgu(t) =a(t)f(t,u(t), 0<r<I,

u(0)=u'(0)=u"(0)=---=u"2(0) =0, u"2(1)=0, M

where n— 1 <v < n with n > 2. By letting u(z) = I(')’*zv(t), Zhang modified Hfbvp
(1) to a lower-order fractional differential equations, and by the properties of the Green
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function corresponding to the modified problem, positive solutions for Hfbvp (1) were
obtained.

In [19], Goodrich studied the following Hfbvp, which is more extensive than Hf-
bvp (1),

~Djult) = alt) ft,ur).  0<i<1, o
M(O) — ul(o) — I/L//(O) — ... = u(n—2)(0) — O, [D0+u( )]t:l = O,
where n—1<v<n,n>3, 1 <a<n—2. A positive solution was obtained via

Krasnosel’skii fixed pomt theorem in [19]. As presented in [19], the Green function
G(t,s) corresponding to Hfbvp (2) is

1 {ZV1(1—S)val—(t—S)V1, 0

TO) |t —s)rot 0<1

r<1

1.

N

)

G(r,5) = 3)

NN

<
<s

n [19], 1 < oo < n—2 was a vital condition in the proof of the properties of G(z,s)
which leads directly to the result that the value of "~ !(1 —s)""*"! —(t —s)""! in-
creases about ¢ for 0 <s<r<1.

Very recently, Hfbvp (2) has been studied in [20]. With a new upper estimate
for the Green function (3), new criteria for the existence of positive solutions were
established. We can see that the new upper estimate is excellent and distinctive. But,
justasin [19], 1 < o < n—2 was still required (see the proof of Lemma 2.2 and Lemma
2.3)in [20].

If 0 < o < 1 in Hfbvp (2), both the monotonicity of /=1 (1 —s)" =%~ — (t —5)¥~!
and oo — 1 > 0 will disappear, and then the properties of the Green function G(¢,s) may
be quite different. As far as we known, there was no result about this case up to now.

In fact, when o = 0, Hfbvp (2) turns to

{ —Dyu(t) =a(r)f(t,u(r), 0<r<l,

4)
0)=u/'(0)=u"(0)=---=u"2(0)=0, u(l)=0.

Hfbvp (4) has been studied in [21] (& = 0 in [21]). Salem conclude in the proof of

Lemma 2.1 in [21] that

tv—l(l _ s)v—l _ (t _ s)v—l

is decreasing with respect to ¢ for s < ¢. But, we should point out that the conclusion
is wrong. For example, choose v =4, and let s = % Then, for % <t <1, itis obvious
that

1 1 7 3 3 1
Glt,s)=— [ 1A —s) 1 —(t—s) V= — | -=P+ 22—t
(t:5) F(v)[ N o) | 8 t2" Ta' s
is increasing in [1 , 4+\/—] and decreasing in [4+‘/_ 1]. Therefore, the results in [21]

should be reconsidered.
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Above all, in this paper, we will still study the following Hfbvp:

{ =D u(t) =a(t)f(t,u(t)), 0<t<l,

u(0) =u/(0) =u"(0) =--- =u"2(0) =0, [D%u(r)],_, =0,

(&)

where v and o are two given constants satisfying n—1 <v < n with n > 3, 0 <
o <n—2, D§, is the Riemann-Liouville fractional derivative, a(r) € L[0,1] is non-
negative, and f: [0, 1] X [0, 4e0) — [0, +oo) is continuous. We will get the existence of
positive solutions for the Hfbvp (5) in case of 0 < @ < n—2. Our results fill in gaps
of recent works in literature in case of 0 < o < 1, and improve on works in [18, 19,
20, 21] in case of 1 < a < n— 2. The main results are based upon the properties of
the corresponding Green function. In fact, we not only give but also unify the different
properties of the Green function, which are the primary contribution of the paper.

2. Some preliminaries and the new estimate for the Green function

In this section, some notations and preliminary conclusions are given. Then, we
show the new estimate for the Green function.

DEFINITION 2.1. ([11]) Let v > 0 with v € R. Suppose that y: (0,+) — R.
Then the v-th Riemann-Liouville fractional derivative is defined by

La )
Dhy(it)==———— [ —————d
00 = Ty a /o (r— sy
where n = [v]+ 1, provided that the right hand side term is pointwise defined on # > 0.

LEMMA 2.1. ([19]) Suppose that u(t) is the solution of Hfbvp (5), then

1
u(t) = [ Glt,s)als)f(t.u()ds,
0
where G(t,s) is defined in (3).

LEMMA 2.2. For 0 < a0 < n—2, we have the following properties.
(i) G(t,s) is continuous on (t,s) € I x I, where I = [0,1];
(ii) G(t,s) = 0 for any (t,s) €I X I.
Proof. The conclusions are obvious by (3). [
THEOREM 2.1. For 0 < o < 1, the following properties hold.
(i) For any s € (0,1),

Sv—l(l _s)v—oc—l
—o—1 v—2

maxG(z,s) = G(1y,5) =

>0,
tel
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where tg = ——3——
= (1—s) 72T

(ii) For any (t,s) € IxI, G(t,s) = p(t,s)G(to,s) = p(1)G(t9,5) =

where

ol

(t)n}EaIxG(t,s),

A 0<t<to=ﬁ <L
1—(1—s) 5T
plt.s) = (1-3)
(1-1), 1212tp= ———57 =0,
1—(1l—s) 2
and
. tV71a Ogtgtlgla
plr) =
(I=1), 1>2t>212>0,
where t| is the unique solutionto t"~' =1 —t.
Proof. (i) Forany s € (0,1), when ¢ > s, by (3),
2 1 Ky v—2 < O, t}t(),
TG (t,5) = (v— 1)~ [(1 _s)rel (1 - -) } ©6)
! Z= 07 Z‘gt(h
where 1) = ﬁ Since 0 < ov < 1 and v > 3, we get V_sz_l > 1 and thus
I—(l—s)7v2
s<l—(1—-s5)57 <1, 7)
which means s <1y < 1. So
v—1 v—a—1
1—
max G(t.s) = Glty,s) = — (L= ———>0. ®)
rele ] ) [1-(1-5)77

v—o— v=2
When 7 < s, since |1 —(1—3s) vffl} < 1, we get by (3) that
v—1 1— v—o—1 v—1 1— v—o—1
max G(t,s) = s ( = ) < s~ (1=9) —
r<l0s] v) r(v) [1 —(1—5)5%5 }
(8) and (9) show that (i) of Theorem 2.1 is true.

(i) Forany s € (0,1), when 1 € [t9,1)(to > s), we know (1—5)""*"1 < (1— ‘;“)Wz
by (6). Then we have by (3) that

TG (t,s) = (v=1)(v=2) " (1 =) "= (1 —5)""]
= (= D=2p 7 [(1 =5 = (1= 2]
=(v— 1)(‘,_2)tv73 {(1 gl (- ;)(v72)%:|
<(v—1)y—2)r3 {(1 el _s)(vfa—m:%ﬂ
1
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which means G(z,s) is concave about z on [fg, 1].
For any ¢ € [fy,1], by the concavity of G(z,s) and the fact that G(1,s) = (1 —
)" —(1—5)""1>0, we have

G(to,5) — G(1,s)

G(t,s) > 1 (t—=1)+G(1,s)
0 —
_ Glto,s) t—tp (10)
i (1 t)—|—l_tOG(1,s)

> G(19,5)(1—1).

For any 7 € [s,19], we know (1 —s)""%"! > (1 —£)""2 by (6). Then we have by
(3) that,
TO)G(t,s) =" (1—5)"~ %1 — (1 — 5)"!

_ -l —(1 el (1 _ f)"_l]

t

—! :(1 —get o (1 - 5>(H)‘V’l}

t
> tvfl _(1 _S)vfafl . (1 _S)(vfafl)%}

v—o—1 v—1
:ﬂ*HmeQ<nglﬁii> .

(1)

N

v—o—1

1—(1—s) v2

From (7), we know > 1. Therefore,

v—o—1 v—1
(—1_(1?) e ) > 1. (12)

Substituting (12) into (11), we get

G(t,s) =1""'G(tg,s), 1 € [s,10]. (13)
For any 7 € [0,s], we have

r(V)G(t,s) =t 1(1—s) !

=" 'T(v)G(19,5) = (14)
v—o—1 v—1
=zv—1r<v>G<zo,s>(1‘“‘”W> -~ e
1—

Substituting (7) and (12) into (14), we get

G(t,5) > 1""'G(to,5), 1 €10,s]. (15)
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Let
0Kt <= —3 5 <1,

t,s) = k
plts) (1—=1), 1>2t>21=—"3557>0.

Considering the continuity of G(z,s), we conclude from (10), (13) and (15) that
G(t,s) = p(t,8)G(to,5), (t,s) € I x I.

Obviously, p(z,s) is a function of two variables. Since ¢'~! is increasing and 1 —¢ is
decreasing on I respectively, we know that /! = 1 —¢ has an unique solution #; on

I. Let
; o< <1,
(1) =

(I=1), 12t>1 >0,

then p(z,s) > p(r),V(z,s) € I x I, which ends the proof. [

THEOREM 2.2. For 1 < o < n—2, the following properties hold:
(i) For any s € (0,1), maIxG(t,s) =G(1,s);
1€

(ii) For any (t,s) € I x I, G(t,s) > p(1)G(1,s) :ﬁ(t)ntléaIxG(Ls).
Proof. (i) Forany s € (0,1), when ¢ > s, by (3),
T(MG(Et,s) =111 —s) % —(r—5)"",
and thus
TG (t,s) = (v—1)"2 [(1 e L (1 - ;)2} .

Considering | <a<n—2,ie,0<v—a—1<v—2and (1—s) > (1 —f),weknow

N

1 v—2
1—s) 1 (1-2) ">o,
t

which means that Gj(¢,s) > 0, and thus

> 0. (16)

B B [(l_s)vfafl_(l_s)vfl]
[Iél[i)l(] G(t,s) =G(l,s) = )

When ¢ <s,since o > 1 and v >3, we get (1 —s5)*+s""'<1—s+s=1,ie,
<= (1—9)%,
multiplying (1 —s)"~%~! on both sides in above inequality, we get

Sv—l(l _s)v—oc—l < (1 _S)v—oc—l _ (1 —S)V_l.
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tv—l(lis)v—oc—l Sv—l(li\,)v—a—l

Combining G(z,s) = ) < r(lv) , we have
sv—l(l _S)v—a—l [(1 _ s)v—oc—l _ (1 _ s)"_l]
< < =G(l,5). (17
trg[gﬁ]G(t,s) ) o) G(l,s). (7
From (16) and (17), we obtain that n}g}lc] G(t,s) = G(L,s).
te|0,
(ii) For any s € (0,1), when ¢ € [s,1],
- tvfl(l _s)vfotfl o (t _S)vfl
G(t7s> - F(V)
1— v—o—1 _ 1=3 v—1
_p-1dzd) (=) G(1,s)
r'(v)G(1,s) (18)
V—0— s\v—1
:v—l(l_s) * 1_(1_5) G(l S)
(I—sy—oT_(1—g)p1 J
> 1G(1,s)
When ¢ € [0,s],
- tv—l(l _S)v—oc—l
G(t,s) = o)
_ [ —s)v—ot (19)
— 4V 1 1 (
t G( ’s)(l_s)v—a—l_(l_s)v—l
>1"71G(1,s)
From (18) and (19), we have
G(t,s) >1""'G(1,s), V(t,s) €IxL. (20)

Furthermore, we easily see that r'~! > p(t), Vr € I, which is combined with (20) to
obtain

G(t,s) 2 p(1)G(1,s) = p(t)maxG(t,s), (t,s)elxI. O

tel

THEOREM 2.3. For 0 < o <n—2, we have

min G(t,s) > komaxG(t,s), Vsel,
(61,62] el

where 0) and 6, are two any constants with 0 < 0) < 6, < 1, kg = min{@f‘l, 1—6,}.

Proof. For any two constants 8; and 6, with 0 < 6; < 6, < 1, we have by (ii) of
Theorem 2.1 and Theorem 2.2 that

. > min {5 G
ter[gllg)z] (t,5) ZE%:%Z]{P(I)IE?IX (t,8)}

=min{0 ', 1 - Oz}r?ng(t,s) = kor?gIXG(t,s). O
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Let E = C[0, 1] be endowed with the maximum norm ||u|| = max |u(t)|, then E
e

is a Banach space. Let CT[0,1] = {ulu € E,u(t) >0, r € I}. u is called a positive
solution of the Hfbvp (5) if u € C*[0,1] satisfies the Hfbvp (5) and ||u|| # 0. For any
two constants 8; and 6, with 0 < 8; < 6, < 1, we define a cone P C E by

P:{MEE

u(t) >0, min wu(r) > kol|ul }7

1€(61,6,]

where ko = min{6] "' 1 — 6,}. We define an operator T : C*[0,1] — E by

= /01 G(t,s)a(s)f(s,u(s))ds. (2D

By Lemma 2.1, we know a fixed point u € P of T with ||u|| # 0 must be a positive
solution of the Hfbvp (5).

LEMMA 2.3. T:C"[0,1] — C*[0,1] is completely continuous and T(C*[0,1]) C
P.

Proof. Let u € C"[0,1], then (Tu)(z) > 0 is obvious. The operator T : C*[0,1] —
C*10,1] is completely continuous by an application of the Ascoli-Arzela theorem.
For u € C*[0, 1], we know by Theorem 2.3 that, for 0 < 6; < 6, < 1,

min (Tu)(0) = min_ [} Glr,s)a(s)f(s.u(x))ds
> o ,;333?92] G(t,)a(s) f(s,u(s))ds
> ko i max G(t,)a(s) (s, u(s))ds (22)
> komax Ji G(t,s)als)f(5,u(s))ds
_komax<Tu><z> Kol| T,

which means (Tu) € P, and the proof ends. [J

DEFINITION 2.2. A map 0 is said to be a nonnegative continuous concave func-
tion on a cone P of a Banach space E, provided that 6 : P — [0,) is continuous
and

O(tx+(1—1)y) =>t0(x)+(1—1)0(y), ¥x,yeP, 0<tr< 1.

THEOREM 2.4. ([11]) Let P be a cone of a Banach space E. Assume Q) and
Q, are two bounded open balls of E at the origin with Q| C Q,. Suppose T : PN
(Q,\ Q1) — P is a completely continuous operator such that either

(i) || Tul| < |lul|, Yu € PNIQ; and ||Tu|| = ||u||, Yu € PN, or
holds.

Then T has a fixed point in PN (Qy\ Q).
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THEOREM 2.5. ([11]) Let P be a cone of a Banach space E. P.={x€ P | ||x]| <
c}. 0 is a nonnegative continuous concave function on P such that 6(x) < ||x|| for
any x € P.. Let P(8,b,d) = {x € P|b < 0(x),||x|| <d}. Suppose A:P. — P isa
completely continuous operator and there exist constants 0 < a < b < d < ¢ such that

(cl) {xe€ P(0,b,d)| O(x) > b} #0 (0 means an empty set) and 0(Ax) > b for
any x € P(0,b,d);

(c2) ||Ax|| < a for any x < a;

(¢3) For any x € P(0,b,c) with ||Ax|| > d, 6(Ax) > b.

Then A has at least three fixed points x1, xy, x3 with ||x1]| < a, b < 0(x),
a < ||x3|| with 6(x3) <b.

3. Existence of positive solutions for the Hfbvp (5)

In this section, we impose conditions on f which allow us to establish some exis-
tence results of positive solutions for the Hfbvp (5).
Throughout this section, we denote

M= ( 01maxG(t,s)a(s)ds>_1 and N— ( " maxG(t,s)a(s)ds)l.

rel o, 1€l

THEOREM 3.1. Assume that there exist constants py and p; with py > p; >0
such that

(BI) 1relgf01 rilng(t,s)a(s)f(s,u(s))ds > pi;
(B2) sup [y max G(,s)a(s) f (s,u(s))ds < pa,
ues

where S ={u € C"[0,1)|p(t)p1 < u(t) < p2,Vt €1}. Then the Hfbvp (5) has at least
one positive solution u € S.

Proof. Forany u € S, from (ii) of Theorem 2.1 and Theorem 2.2, combining (B1)
and (B2), we see that

1

(Tu)(t) = p(7) A max Gz, s)a(s)f(s,u(s))ds = p(r)p1

and
1
(Tu)(0) < [ maxGlr.9)a)f(s.u(5))ds < pa

which means that T(S) C S. The conclusion follows from Schauder’s fixed point the-
orem immediately. [J

THEOREM 3.2. Assume that there exist constants rp, ry, 0, and 6, with ry >
r1 >0 and 0 < 6) < 6, <1 such that

(HI) f(t,u) < Mry for any (t,u) € [0,1] x [0,r];

(H2) f(t,u) > i-Nry for any (t,u) € [61,6:] x [kor1, 7],
where ko = min{@lvfl, 1 — 6,}. Then the Hfbvp (5) has at least one positive solution u
with ri < ||ul| < rp.
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Proof. Let Q) = {u € P|||lu|| <r1}. For u € dQ,, we have kor; <u(s) <rp,Vs €
[61, 6,]. It follows from Theorem 2.3 and (H,) that, for any 7 € [0}, 6,],

(Tu)(6) = [ Glt,5)a(s)  s.u(s))ds
> [y komax G(t,5)as) (s u(s))ds
> [ komax G(t,)as) (s, u(s))ds
)

e
> Jor komax G(t,s)a(s);Nrids = r1 = lu],

)
(

which means that
[ Tull > |lul, YuecPnoQ.

Let Q) = {u € P|||u|]| < r2}. For u € dQ,, we have 0 < u(s) < rp,Vs € [0,1]. We
have by (H,) that

Tul| = !
ITull = max Jo G(r,s)a(s)f(s,u(s))ds
gﬁm%GmﬂﬂﬂMmh:m:HM7
te

which means that
| Tul|| < |Jul|, VuePNaQ,.

Therefore, by (ii) of Theorem 2.4, we complete the proof. [

THEOREM 3.3. Assume that there exist constants a, b, ¢, 0; and 6, with 0 <
a<b<cand 0< 0 <6, <1 such that
(Al) f(t,u) < Ma for any (t,u) € [0,1] x [0,a];
(A2) f(t,u) > %Nb forany (t,u) € [61,60:] x [b,c];
(A3) f(t,u) < Mc forany (t,u) € [0,1] x [0,c],
where ko = min{@lv 71, 1 —6y}. Then the Hfbvp (5) has at least three positive solutions
up,up and uz with
max|u;(7)| <a, b< min |uy(t)| < max|ux(t)| <c,
rel t€(61,67] tel
a < max|uz(t)| <c, mm |u3(t)\ <b.
rel reloy,
Proof. We will show that all the conditions of Theorem 2.5 are satisfied.

We first define a function y on the cone P by y(u) = %i% ]u(t). It is easy to
1€(01,07

verify that y is a nonnegative continuous concave function. For any u € P., we get
0<u(r) <|lul| <c,thenby (A3),

| Tu|| = maxfo1 G(t,8)a(s)f(s,u(s))ds

fo maIxG( ,s)a(s)Mcds = c.
I

Hence T : P. — P. is completely continuous.



GREEN FUNCTION’S NEW PROPERTY 133

Next, we check condition (c/) of Theorem 2.5. We choose u(r) = 25¢, 1 € [0,1].
It is easy to see that u(t) € P(y,b,c) and y(u) = %< > b, which means that {u €
P(y,b,c)|y(u) > b} #0. Forany u € P(y,b,c), wehave b <u(t) <c, t €[6;,6,],and
then we have by Theorem 2.3 and assumption (A2) that

vAu) = min JLG(1,5)a(s) f(s,u(s))ds
>y min_ Gle,s)a(s)f (s,u(s))ds

> [y ko max G(1,s)a(s) (s, u(s)

V

(c2) of Theorem 2.5 is obvious by (Al).

(c3) of Theorem 2.5 is also obvious since d = ¢, and thus (c/) implies (c3) here.

By Theorem 2.5, the Hfbvp (5) has at least three positive solutions u;, uy and u3
satisfying

max |u; ()] <a, b< min |uy(r)] <max|uy(t)| <ec,
rel rel

1€[61,6,]
a<max|uz(t)] < e, min |uz(r)| <b. O
tel t€(61,6:)
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