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SOLVABILITY OF SEQUENTIAL
FRACTIONAL DIFFERENTIAL EQUATIONS
WITH FUNCTIONAL BOUNDARY VALUE
CONDITIONS*
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Abstract The purpose of this paper is to develop the existence theory for
a functional boundary problem of sequential fractional differential equations
involving Caputo fractional derivatives of order a+1 withn—1 < o < n. The
main goal of the current contribution is to use Mawhin’s coincidence degree
theory and a few novel operators to derive sufficient criteria for the existence
of solutions to the resonance problems at hand. An example that is relevant
is given to support the findings.
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1. Introduction

The subject of perfect fractional derivatives is a long-standing topic that is still be-
ing widely researched. Fractional calculus has grown in popularity and relevance as
a result of its widespread use in engineering sciences, economics, physics, quantum
mechanics, and biology. The common applications in several domains have inad-
vertently contributed to the theoretical study of fractional derivatives. As a result,
we will look at the sequential fractional derivatives listed sequentially below.
Miller and Ross introduced the concept of this derivative in [23], and it is widely
recognized as a generalized expression. Since sequential fractional derivatives and
non-sequential fractional derivatives are closely related [9, 33], researchers have fo-
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cused on finding solutions to sequential fractional differential equations with various
initial and boundary value conditions [1,2,7,13,15,28, 31, 34, 35]. We will discuss
some of their works here.

In [34], the authors considered the existence of minimal and maximal solutions
and uniqueness of solution of the initial value problem for fractional differential
equation involving Riemann-Liouville sequential fractional derivative, using the
method of upper and lower solutions and its associated monotone iterative method.

(D§y) () = f(z,y(x), Dgy(x)), = € (0,7,
'y ()]e=0 = yo, 2"~ (D4 y) (2)]2=0 = y1,

where 0 < T' < +o0 and f € C([0,T] x R x R).

Zhang and Su [31] obtained the existence and uniqueness results for a periodic
boundary value problem of nonlinear sequential fractional differential equations by
the method of upper and lower solutions, together with the monotone iterative
technique.

D2g(t) = f(t,z(t), D*z(t)),t € (0,1],1 <a <1,
z(0) = z(1), D*z(0) = D*x(1),

where f(t,2,y) is a continuous E-value function on [0,1] X E x E, D* is the con-
formable fractional derivative of order a,and D?* = DD is the conformable se-
quential fractional derivative.

As for sequential fractional differential equations associated with boundary value
conditions, we refer the reader to a series of papers [3-6,8,10-12,16,17,21,24-26,29,
30]. For example, in [4], the authors are concerned with the existence and unique-
ness of solutions for a coupled system of Caputo-type sequential fractional differ-
ential equations supplemented with nonlocal Riemann-Liouville integral boundary
conditions via Leray-Schauder’s alternative and Banach’s contraction principle.

(“D? + k¢ DI~ Na(t) = f(t,2(t),y(t),t €1[0,1],2 < ¢ < 3,k >0,
(“DP + K DPY)y(t) = g(t,x(t),y(t)),t € [0,1],2 < p < 3,k >0,

supplemented with coupled nonlocal integral boundary conditions

n — 5 B—1
‘T(O)2071'/(0):071‘(<):a/0v (771_‘(6))$(3)d8,,8>0,0<7]<<<1,
! o (6*5)‘\{71
y(0) =0,4'(0) = 0,y(z) = /0 Wy(s)ds,’y >0,0<0<z<1,

where D%, €DP denote the Caputo fractional derivatives of order ¢ and p respec-
tively, f,g : [0,1] x R x R — R are given continuous functions, and a,b are real
constants.

Ahmad and Ntouyas [3] studied a nonlinear three-point boundary value problem
of sequential fractional differential equations of order o with 1 < o < 2.

“D(D + N)z(t) = f(t,z(t),0< t <1,
2(0) = 0,2'(0) = 0,z(1) = Bxz(n),0 <n < 1,
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where “D® is the Caputo fractional derivative, D is the ordinary derivative, f :
[0,1] x R — R, X is a positive real number and 8 is a real number such that
B# e oL
An4e=An—1"
Salem and Almaghamsi [29] showed the existence of a solution for the boundary
value problem by using the coincidence degree theory due to Mawhin [14].

“D(D + N)z(t) = g(t, z(t),2'(t),Y D*1a(t)) + e(t), t € [0,1],
2(0) =0,2'(0) = 0,2(1) = Bx(n),0 < n < 1,

where “D® represents the Caputo derivative of fractional order 1 < o < 2, while
D denotes the first derivative, g : [0,1] x R®> — R is a function verifying with

the Carathéodory conditions, e(t) € L'[0,1],A € R, and 8 € R such that 8 =
-

Recently, much interest [19, 20, 32, 36, 37] has developed related to the exis-
tence of solutions for fractional differential equations when subjected to functional
boundary conditions. The valuable point is that the boundary value conditions can
generalize recent work on multi-point and integral boundary value conditions. [36]
discussed the existence of solutions for resonant functional problems involving both
left Riemann-Liouville and right Caputo-type fractional derivatives, relying on the
coincidence degree theory due to Mawhin.

—CDE DY, ult) + £t u(t), DYy u(t), DL ult) = 0,1 € (0,1),
D0+ Yu(0) = O,IO+ u(O) =0,T1(u) =0,T2(u) =0,

where f € C([0,1] xR3,R), 1 < a, B < 2, such that a+ 3 > 3, T}, T are continuous
linear functionals with the resonance condition: Ty (t5+1)Ty(t%) = Ty (t8) T (t5F1).

To the best of our knowledge, the problem of sequential operators of high order
with functional boundary value conditions has rarely been explored, and based on
this perspective and the motivation of the above papers, we establish the existence
of solutions for the following nonlinear sequential fractional differential equation
subject to functional boundary value conditions.

(“Dott + ZC@“M“ DTN u(t) = f(tult),d'(t),...,u™(t)),t € [0,1],

u(0) = u (0) =...=u1(0)=0,B(u) =0,
(1.1)

where “Dg, is the Caputo fractional derivative, n — 1 < a < n, Ci*! is the usual
notation for the binomial coefficients, p is a positive real number, and B : C™[0, 1] —
R is a continuous linear functional.

A boundary value problem is said to be at resonance if the corresponding ho-
mogeneous boundary value problem has a non-trivial solution, which means that

n—1 . i
the linear operator Lu = (CDS‘fl + ;J Citt ™ €De")u corresponding to (1.1)
has nontrivial solutions(more details can be found in Lemma 3.4 below). So, the
n—1 i
resonance condition: B(®(t)) = 0(®(t) =1 —e# Y % will be obtained. We
i=0

will always suppose f : [0,1] x R"*1 — R satisfies the following conditions:
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(1) f(-,u) is measurable for each fixed u € R" ™!, f(¢,-) is continuous for a.e.,t €
[0, 1].

(2) sup{|f(t,u)| : u € Do} < 400, for any compact set Dy € R* 1.

The present study is novel in the given configuration and enriches the literature
on boundary value problems of sequential fractional differential equations, which
has a high degree of generality. It includes the following features: we analyze
the functional boundary conditions and treat the details in the paper with various
innovations, like the design of the projection operator Q, in addition to improving
the order of the sequential derivatives. We can attempt to locate the resonance
solution using different approaches in the future, such as the fixed point theorem,
monotonic iteration techniques, etc., in addition to the methods described in this
paper. Of course, one can also investigate the characteristics of the solution.

This paper is structured as follows: the next part covers some introductions and
fundamental ideas related to linear operators, the coincidence degree continuation
theorem, and fractional calculus. In Section 3, we discusses two types of problems.
Subsection 3.1, by means of the Banach fixed point theorem, discusses the non-
resonant case and yields solvability results of the problem. Subsection 3.2 discusses
the existence of solution in the resonance sense by Mawhin’s coincidence theory’s
extension theory. A numerical example is provided in section four to demonstrate
our key theorems.

2. Preliminaries

Definition 2.1. (see [18,23,27]) The Riemann-Liouville fractional integrals of order
a > 0 of a function y € L'(0,1) is given by

1% y(t) = ﬁ / (t— )2 y(s)ds,

where the right side is pointwise defined on (a, +00).
Definition 2.2. (see [18,23,27]) The Caputo fractional derivatives of order o > 0
of a function y € AC™[a, b] is given by

1 ! _sn—a—l (n)s S
e | s

where n = [a] + 1, [@] denotes the integer part of number a, and the right side is
pointwise defined on (a, +00).

Lemma 2.1. (see [18,23,27]) Let a > 0. Ifu(t) € AC™[a,b] or u(t) € C™[a,b], then
the fractional differential equation *DS u(t) =0 (or Dy u(t) = 0) has solution

Cra _
Da+y(t) -

U(t) = + Cl(t - a) + Cg(t - CL)2 +...+ cnfl(t - Cl)n_lv

(i)
where ¢; = Y "(a) eR,i=0,1,...,n—1, and n = [a] + 1.

A

Lemma 2.2. (see [18,23,27])
(1) Let o > 0; If u(t) € AC™[a,b] or u(t) € C™[a,b], then one has

I%°Dyu(t) =ut) —co—ci(t —a) —ca(t —a)* — ... —cp1(t —a)" 1,
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(i)
uZ'(a) €R,i=0,1,....,n—1, andn = |a] +1;

(2) The equality CD0+[O+y =y holds for every 8> 0 and y € L*[0,1].

where ¢; =

Definition 2.3. ( [14,22]) Let X, Z be real Banach spaces, L : domL C X — Z
be a linear operator. X is said to be the Fredholm operator of index zero provided
that:

(i) Im L is a closed subset of Y;

(ii) dim Ker L = codim Im L < +o0.

Let P: X —» X, Q : Z — Z are continuous projectors such that Im P =
KerL, Ker@Q =ImL, X =KerL® KerP and Z =Im L & Im@Q. It follows that
Lldom Lrker p : dom L N Ker P — Im L is reversible. We denote the inverse of the
mapping by Kp(generalized inverse operator of L). If Q is an open bounded subset

of X such that dom LNQ # (0, the mapping N : X — Z will be called L — compact
on Q, if QN(Q) and Kp(I — Q)N : 2 — X are continuous and compact.

Theorem 2.1. (see [14,22] Mawhin continuation theorem) Let L : dom L C X — Z
be a Fredholm operator of index zero and N : X — Z is L-compact on ). Assume
that the following conditions are satisfied:

(i) Lu # ANu for every (u,A) € [(domL \ KerL) N 99 x (0,1);
(i) Nu ¢ ImL for every u € KerL N 0S;

(iii) deg(QN |kerr, 2 NKerL,0) # 0, where Q : Z — Z is a continuous projection
such that ImL = Ker@.

Then the equation Lu = Nu has at least one solution in domL N .

Take X = C"[0,1] with the norm ||u|| = max{HuHoo,||u’||oo,...,||u(”)|\oo},

where ||u]|o = max_ |u(t)].
te0,1

1
Let Y = L'0,1] be endowed with the norm |ly|; = / ly(t)|dt. Obviously,
0
(X, |- 1) and (Y,]| - |l1) are Banach spaces.

3. Main results
We will discuss two types of solutions to (1.1), i.e., one for the non-resonance case

and the other for the resonance case.
Define the operators L : domL C X - Y, N : X — Y as follows:

Lu=(“Dg + ZCi“ui“CDSIi)U(t), Nu = f(t,ut), o' (1), ..., ul™ (1)),

where domL = {u € X :© DS € Vi = 0,1,...,n,u(0) = «/(0) = -
u™=1(0) = 0, B(u) = 0}. So the problem (1.1) becomes Lu = Nu.



Solvability of sequential fractional differential equations 1887

3.1. Non-resonance case

If B(®(t)) # 0 holds, then KerL = {0}. It is so-called non-resonance case. As to
this case, the problem (1.1) can be transformed into an operator equation.

Lemma 3.1. If B(®(t)) # 0 holds, then the boundary value problem (1.1) has a
unique solution if and only if the following operator T : X — X has a unique fixed
point, where

T(u)(t)
1

:m /0 (t _ s)nflefﬂ(tfs) (Igtfn+1f(s, U(S), u/(s)’ o ,U(n)(s))ds

By Jy(t = )" e H D157 (s, u(s), W (s), ™ (s))ds)

— D(t).
B(®(1)) )
3.1
Proof. If u is a solution to Tu = u, we get
n—1
(“DgH + 3 O CDY Y u(t) = f(tult), (1), ... ulM (L)),
=0
Considering u € C™[0,1] and ®(t) =1 — e Z ﬂ" , we have
il
i=0
u(0) =/(0) =--- = w1 (0) = 0.
Based on the linearly of B and (3.1), we have
B(u)
1 t
:B(m / (= 8)" eI (T f (s u(s),w (5), o ul™) () ds )
Bk fy (¢ = )" et Ig7H (s, u(s), 0 (s), ., u (s)ds)
- : B(®(1))

B(®(1))
=0.

So, we have u, which is a solution to BVP(1.1). If w is a solution to BVP(1.1), then

T(u)(t)

:ﬁ/; (t_S)n_le_u(t_s)(l(?:n+1f(s,’U,(S),’U,/(S),...,u(n)(s))ds

B (ki Jo (¢ = )" e H 157 s, u(s), 0 (s), ., u™ (s))ds)

P(t
B(®(0) ©
1 ! n—1_-— —s a—n « = 7 2 a—i
Zm/o (t—s)"te O (Ierm TN EDET + Y Ot CDG  yu(s) )ds
’ i=0

n—1 . ) .
B (ﬁ j‘ot(tis)nflefu(tfs)(I(t))i:n+l(CDg¢i1+i¥O C:L+1ul+l CD3+ l)u(s))ds)
BED) ()
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) (o () (o
u U
= n( )<I>(t) + #@(t)
H M
=u(t).
From the above two arguments, we get that BVP(1.1) has a unique solution in X
if and only if the operator equation T'u = w has a unique solution in X. O]

By making use of lemma 3.1, we can obtain the following existence theorem for
BVP(1.1) at non-resonance.

Theorem 3.1. Let f : [0,1] x R" — R be a Carathéodory function. Assume
B(®(t )) # 0 and the following conditions hold:

k—i —,ut B(t(x+1)

|M| k k—1 kK
(C1) 14+ n2kymtr=1 14 n2 < 1.
) ZF 59 T et B Mt s +n2
(Co): For almost every t € [0,1], then, V(ui,ua,...,Unt1), (V1,V2,...,Vpt1) €
Rn-&-l)
|f(t,U1,U2,.-.,Un+1)7f(t,’l)1,"02,...,"0n+1)|
<max{|us — v1], |uz — val, ..., |Unt1 — Unt1l}

(Cs): If each uy,uzs € X satisfy |u1(t)] < Juz(t)],Vt € [0,1], then |B(u1)| < |B(u2)|.
Then BVP(1.1) has a unique solution in X.
Proof. We shall prove that T'u = u has a unique solution in X. By Leibniz product

rule and derivative forms of each order of ®(t),

T (u)(2)

k
=3 Cile )T T (), (1), - u (1)
=0
B(m Jy (= 8 (17 s, uls), ' (s). -y u™) (3)) ds )

_ i (k)
B&(0) v

where £k =0,1,...,n
For each u,v € X, by making use of (Cy) — (C3) and the linearly of B, we have

7" (u)(t) = T™ (v)(2)]

=| Z Ci(e M= =i (et 1o T (f (¢, u(t), ' (t),

1=0

u™ (b)) — ft, o),V (8), ..., 0™ (1))
B( *l“fl" e“t(I“‘"“(f(t,u(t),u/(t),..,,u(")(t)) — f(t,v(t),u’(t),...,v(")(t)))))
B(®(t))
k
Iu B(tot1)|e®) (1))

SZ i) I T B )]

24 (1)

|k 7 _#t

[l — o

AT B)
<||u—U||<ZF —i+2)  T(a+2)|B(®(1))]

max{1+n2k " tr=1, 1+n2k,uk})
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Since

k, nt+k—1
|<I>(k)(t)\ < 1+n2%u , e >1
14+n2kuk, <1, k=0,1,2,...,n.

Considering (C4), the above inequality implies that T is a contraction. By using
Banach's contaction principle, Tu = u has a unique solution in X. From lemma
3.1, BVP(1.1) has a unique solution in X. O

3.2. Resonance case

In this part, noting that if B(®(¢)) = 0 holds, then KerL = {c¢®(t) : ¢ € R}. It is
so-called resonance case. To obtain our main results, we will introduce the following
conditions:

(Hp) The functional B : X — R is linear continuous with the norm £, that is,
|B(u)| < Bul|. In addition, B(e #I7, (eI "11)) # 0.

(H1) There exist nonnegative functions p;(t), q(t) € Y such that
|f(tur,uz, . uny )]

n+1
<D pi®w(®)] + qt), V(tur,ug, . tng) € 0,1] x R™
=1

where if p > 1, A(e* - nu"~t + 1) Z Ilpigils < 1; I p < 1, A(e* - n
i=0

+1)

?

Ipitills < 1
0

1 il K 1 -

A= oy kzﬂ)c’,;m*k; Fla kit
(Hy) There exists a constant M; > 0 such that if [u(™ (¢)| > Mj, for t € [0, 1], then

B(e"‘t n (eI F (8 u(t), (1), u<">))) £0.
(Hs) There exists a constant a > 0 such that if |¢| > a, then either
cB(e’“tI(’)Z (e“tlgj"HN(c@(t)))) >0, (3.2)
or

cB(e_“t n (e#tfg;"“zv(cq)(t)))) <o0. (3.3)

Theorem 3.2. Suppose that (Hy)—(Hs) are satisfied, then the functional boundary
value problem (1.1) has at least one solution.

In order to prove Theorem 3.3, we next state our main lemmas.
Lemma 3.2. Assume that (Hg) holds, then L : domL C X — Z is a Fredholm

operator of index zero. Moreover,

Ker L = {c®(t) : c € R}, dim Ker L =1, (3.4)
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and
ImL = {y € Y|B<e*/“I6’+ ((eutfg;"“y(t))) - 0}. (3.5)

Proof. Let y € Im L, then there exists u € dom L such that Lu = y, that is,

n—1 . .
D (ut) + o CiAtpit It u(t) = y(t) , we can write its solution as
=0

n—1 n
u(t) + 30 O () = I () + Y et (36)
i=0 1=0
u(0) . : L :
where ¢; = —i=0,1,...,n. Now, differentiating (3.6), we obtain

!
n—1 . . ) n )

u'(t)+ Y ORI u(t) = Igy(t) + ) it (3.7)
i=0 =1

Next, deriving (3.7) n — 1 times, we hold

n—1
W™ (1) + 37 CELE D (1) = 18y (1) + conl, (3.8)
1=0

which can alternatively be written as
(u(t)e )™ = e (I hy(t) +ul™(0)). (3.9)
Integrating n times from 0 to ¢, we have

n—1 i t
— dit’ 1 n—1_—u(t—s) ya—n
u(t) =e H E i +<n_1>!/0 (t —s)n e ht )Iogr Hy(s)ds

1=0
+u™M(0)e M Iy e, (3.10)

where d; are arbitrary constants. Substituting the values of u(0) = v/(0) = -+ =
w1 (0) = 0 in (3.10) yields the solution

o) nol t
u(t) (O) (1 e Z (,ut) )+ 1 )'/0 (t _ S)n—lefu(tfs)Ig+—n+1y(s)d8

ur . (n—1
(n)(o) 1 t
u
= d(t) + / t — ) temrt=s) famntly () ds. 3.11
o)+ o [ () Sy (s) (3.11)

Considering resonance condition B(®(t)) = 0, we have B(e‘“tlgf+ ((e“tlgfnﬂ

X y(t))) = 0. That is,
I L € {y € YIB(e ¥ Iy (e 157 y(1) ) = 0}

Ifye {y € Y|B(e*’“5]6’+ ((e”tlgf”Hy(t))) =0}, take

1 ! n—1_—u(t—s) ya—n
)'/(t—s) Lemnlt )I0+ y(s)ds.
0
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By a simple calculation, we get ( D"‘Jrl Z CE ™ CDT Yu(t) = y(t), u(0) =
W' (0) = - =u""1(0) =0, and B(u) = O. That is,yeImL,i.e.,
{y c Y|B(e‘“tlgf+ ( (eﬂtfg;”“y(t))) — 0} CImL.

Therefore, we obtain (3.5).

n—1
If u e KerL,i.e., Lu(t) = (CDS‘QL1 + Z Oty i+t CDg‘fi)u(t) =0, and u(0) =
i=0
u'(0) =--- = w1V (0) = 0, we have u(t) = ¢(1 — e E (“t) ) := c®(t).

Based on the boundary condition B(u) = 0, one has B( (t)) = ¢B(®(t)) = 0.
So,
Ker L = {c®(t) : c € R}, dim Ker L =1,

e., (3.4) holds.
Take a projector P : X — X and an operator @ : Y — Y as follows:

P(a—n+2)B(e I, (erI5 ™ y))

Pu(t) = ——=0(t), Qy=
ﬂ )

We can easily check that Q?y = Qy, and @ : Y — Y is a linear projector. For
yeY,wehavey = y—Qu+Qy,Qy € ImQ,y—Im Q € Ker @ = Im L. So, we obtain
Y =ImQ@ +Im L. Let yp € Im (@ means that yo = ¢,c € R. At the same time, by
yo € ImL, yo = 0. Thus, Y = Im@ & Im L, and dimKer L = codimlm L < +o0.
Observing that Im L is a closed subspace of Y; L is a Fredholm operator of index
Zero.

Noting that P is a continuous projector and Ker P = {u € X : u(™(0) = 0}.
For v € X, set u =u — Pu+ Pu,i.e., X = Ker L 4+ Ker P. It is easy to check that

P2u(t) = P(Pu(t))

w2 (0) g (n)
0 g (o)

KA
—~
~
=

n-1 . J—i
since & (t) = —ettp™ 3 CF(—1)"" (ut)? r, and
i=0 ;

n—1
0) = —pm Y CL-1)"" = —p" (D CL(-1)" = 1) = "
i=0 i

Take ug € Ker L, i.e.,ug = c®(t),c € R. If ug € Ker P, then ¢®(™ (0) = cu™ = 0,
which implies that ¢ = 0. Thus, X = Ker L & Ker P. O
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Lemma 3.3. The mapping K, : Im L — dom L N KerP can be defined by

! t ) Ss—TO"” T)drds
F(oz—n—l—l)(n—l)!/o(t ) /0( )" "y(r)drds,

is the generalized inverse operator of L.

pr(t) =

Proof. For y € Im L, we have B(e””IgJr ((e“tIg‘f”Hy(t))) =0,i.e., B(K,y) = 0.
From the definition of K, by a simple calculation,

k
(o) M (1) = 3 Gl p)fe I H i (er 1™ ) (1), 0 <k <n— 1, (3.12)
i=0
n—1
(Kpy) ™ () = Iom "y () = Y Chum = (Kpy)M(t). (3.13)
k=0

Obviously, (K,y)*(0) = 0 and (K,y)™(0) = 0. Therefore, K,y € dom L N
KerP,y € Im L.

Now, we will prove K, is the inverse of L|4om Lrkerp-

In fact, if y € Im L, by Lemma 3.4, then

n—1

(LK) (t) = (“Dg + 3 CorL it O Dg ) (Kpy) () = y(t).
1=0

If u € dom L N KerP, u(0) = 0,i = 0,1,...,n, from (3.11), we have
(KpLu)(t) = e "I e I8 Lu
| n o dr—itly,
= e M I et ISTTS O T
i=0

dgn—i+l

— e—ut181+ ettt Z C;Uilé+ u(n—i+1)(t)
=0
= e_“tIg+ Z C’fl,uie“tu(”_i)(t)
=0
= e_"tfg+ (e”tu) (n) (t)

= u(t>7
S0, Kp = (leomLﬂKerP)_1~ O

Lemma 3.4. Assume (Ho) hold, Q C X is an open bounded set and dom L N Q) #
(0. Then N is L—compact on .

Proof. For convenience, denote v(t) := e 1 (eI "' Nu).
We will prove the QN (Q) is continuous and bounded.
It follows (Hp) that QNu = CB(v(t)), where C' := [a—nt2) :
B<ewtlg+ (eutlg;"“1))
Since Q C X is bounded, for u € Q. By the condition (2) on the function f,
there exists a constant M > 0 such that sup |f(t, u(t), ' (t),...,u™(t))] < M,t €
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[0,1],u € Q. From formulas (3.12) and (3.13), we obtain

k
v (1) = Z C;i(—u)ie_“tlgjkﬂ(e“tl(‘)’f"HNu)(t), 0<k<n-—1, and
i=0

,U(n)() Ia n+1Nu ch n— k,U(k) )
Then

| < ZC lelg+ k+l+1NU‘

E+i+1
Z MG
- Fa—k+z—|—2)

M )
< 1 1
= P(a—k+2)§cku

< chu F;)/o (t — )25+ Nu(s)|ds

M@+ p)*
- T(a—k+2)
< +00,
|U(n) (t)| _ |Ia n+1Nu Z Ck n7k|
n—1
< IS Nu(t) + Y CF ™ (1) *
i=0
M (1+p)" -1 A
< 1 M
S Ta—nt2 Ta-kigtH
< +o00.

So, ||v]] < 400. Then |QNu| < |C|5]||v]| < +00, |(I —Q)Nu| < +00, and ||QNu|; <
+00, i.e., QN () is bounded. Of course, by the above discussions, it is not difficult
to verify that K,(I — Q)Nu : () is also bounded.

In view of (1) on the function f and the Lebesgue dominated convergence theo-
rem, we can easily show that that QN and K,(I — Q)Nu: Q — Y are continuous.

Now, we will prove that K,(I —Q)Nu : () is compact.

For the simplicity of the following mathematical formulas, it may be assumed
that there is a constant M’ > 0 such that ||(/ — Q)Nul|;1 < M’. Again, using

formulas (3.12) and (3.13), for 0 < #; <ty < 1,u € 2, we obtain
127 Nu(ts) — 187" Nu(h)|

L h (I — u(s)ds
= m/o (t2 = )" "(I = Q)Nu(s)d
1

“TasarD ), )T @Nuas
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F(aM7;+1)’ /Ot1 ((t2 — )™ = (1 — S)O‘—n)ds‘

M t2
- to — afnd
+F(a_n+1)\/h(2 5o ds

- tg—n—&-l _ t(f—n-&-l + 2(t2 _ tl)afnJrl Ve
N INa—n+2) ’

(K (I = QN B (t2) — (K (I = QNw P ()], 0< k <m—1,

1894

IN

k
= |3 G-y T e I (T - QN

=Y Gl I T (1 - Q)N
=0

k
Z C e~ M _ e—utz)
1=0

k
+ Z C’,iu%iﬂh
i=0
_ Ig;kJrieutIg;nJrl(I _ Q)Nu|t:t1‘

I e s (I - Q)N |,

[rokriert st (T — Q)N

t=to

L (tamtn) M
< CZ 21_ Mtz—tl
<D Chu'll—e |F(a7k+i+2)

i=0
‘ 1 b2 ki1

Cl 7 —ptly t_ n— 1—
+z s )

X e“sfg‘+ "I — Q)Nu(s)ds

1 h n—k+i— sTa—n
‘m/ (ty — )" Rl [0 (T — Q) Nu(s)ds

k
o M
< z ’L _ op(ta—t1)
- Zo ‘ | Na—k+i+2)
N (tz_tl)n k+z+tn k41 tn k+1 y (1+u)kM/
Fn—k+i+1) MNa—n+2)
(to — ty)"Frien(ta=ty) y (1+p)kM’
'n—k+i+1) Ma—n+2)’

and

(5 (1 = Q)Nw) ™ (t2) — (Kp(I = Q)Nw)™ (t1)]
= |I°‘_"+1Nu(t2) — IS Nu(ty)

Z CRu" M (I = Q)Nw)® (t2) — (Kp(I = Q)Nw) ™ (t1)]]

< |Ig“+ ”+1Nu(t2) — IS Nu(ty)]
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Z PRI = QNu) M (t2) — (K, (I — Q)Nw) ™ (1))

Since 1§,t“_j‘Irl and t"~F*% are uniformly continuous on [0, 1], we obtain that
Kp(I — Q)N(Q) is equi-continuous. By the Arzela-Ascoli theorem, Kp(I — Q)N
() is compact. Thus, N is L-compact. O

Lemma 3.5. The set Q1 = {u € dom L\ Ker L : Lu = ANu, A € [0,1]} is bounded,
if conditions (Hy) — (Hz) are satisfied.

Proof. For u € ;, we have QNu = O,i.e.,B(e‘“tlgﬁr (e“tlgf"+1f(u(t),u’(t),

. ,u(”)(t)))) = 0. By (Hy), there exists a constant t € [0, 1] such that [u(™ (t)] <
M.
From boundary conditions u(0) = /(0) = ... = u»~1(0) = 0, we get uV(t) =

t
/ uwV(s)ds, i =0,1,,...,n—1, and
0
oo < [t/ ]loe < -+ < [[ul™] oo (3.14)

By Lu = ANwu, we hold

u(t) = ed(t) + ! i /O (t—s)" e MmN F(u(s), W' (s), . .., ul™ (s))ds,

CE)
furthermore,
u™ (t) =c®™ (t) + IST"TIANu(t)
=3 O S e I AN ),
Let vy (t) == e #I7 (eM ST ANw), then u(™ (t) = c@™(t) + Ug\n) (t).
In view of (3.12), (3.13) and |u(™ (to)| < Mj,
[0t (2)]

n—1 k
=TT HANU(E) — 3 CEan Y Gl (=) e I (e I AN W) 1)
k=0 =

k
[ Nul|y —k » [ Nullx
< n Cipi Ul
T(a—n+2) Z nlt ; T la—k+i+2)
—A||Nul);.

[0 (t0)| + [ut™ (to)| _ AllNulls + M

h
() (1) = e T

And |¢| <

1 1
A= k, n—k
r(a—n+2)+kz:%c"“ ch“r —k+it2)
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since

n—1 n—1
—ute t - i _ (9n n,—
) e S oS B oS- o
i=0 = :

Jj=i

n—1
Therefore, [u™ ()| < [e|| @) (t)[+[v (t)| < (A Null,+Mi)e* 3o p*+A|Nul|y,
k=0

since
n—1 n—1 i
(n) _ ut, n i n—i (u’t)J_z
B0 = [ = e 3 a0 3
=0 Jj=t
n—1 n—1
n i (Mf’())]_z
I
=0 Jj=t
n—1 n—1
<pty oy ot
=0 k=
n—1
=" ="y u
k=0

From (H7) and (3.14), we know that | Nulj; = fol INu(s)|ds < 3 Ipigall]|u™ oo+
=0

lall1-
n—1
At the same time, if g > 1, then 3. pF < np” ' and |[u™(t)| < (e* - nu"~ ' +
k=0

7A W n—1 1 ;,LM n—1
DANully -+ nn= ey, so, Jutn)| < A% Dl = M
L At mpn = 1) S el

n—1 A(et - ]- "M
Similarly, if 1 < 1, then Z ,uk < n, and ”u(n)H < (et -n+ )HQHI +e 1°
k=0 1—A(e*-n+1) Z ||pz+1H1

These, together with condition (H7), mean that € is bounded in X . O]

Lemma 3.6. The set Qo = {u € Ker L : Nu € Im L} is bounded if (Hs) hold.

Proof. Let u. € Q, then u.(t) = c®(t), ¢ € R and QNu.(t) = 0. By (Hs), we
have |c| < a. Since

n—1 i n—1
t)? 1+n , > 1,
()] = [1—e S (‘f,) | < S
i—o © 1+n, p<1,

n—1

k
|<I)(k)(t)| = ‘ — e—utukZC,i(—l) N Z Ejt—) z)|
i=0 j=i

nzkun-f—k—l’ > 1,

n2kpk <1, k=1,2,....,n—1,
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n—1 n—1 4 n __ 2n—1
|q)(n) (t)] = ’ _ e_“t,u" Z C:'L(_Dn—i (/{t)]. : ’ n(2 Dy s b> 1,
i=0 j=i (G =) n(2™ — D™, p<1.

Taking into account the finiteness of fixed variables n and p, we hold that
luell < 400, i.e., Qg is bounded. O

Lemma 3.7. The set Q3 = {u € KerL : pAJu+ (1 = A\)QNu = 0, X € [0,1]} s
bounded if conditions (Hs) is satisfied, where J : Ker L — Im Q is a homeomorphism

with J(c®(t)) = ,c € R, where

)

1, if (3.2) holds;
p= f(3.2) (3.15)
-1, if (3.3) holds.

Proof. Suppose that v/ € Qs, we have v/(t) = ¢®(¢),c € R and AJu' + p(1 —
ANQNv = 0. If A = 0, we have QNv' = 0. By (Hs), one has |¢| < a, which
follows from the proof of boundedness of Qs that ||v/|| < 4+o00. If A = 1, then
c¢=0,i.e,u =0. If A € (0,1), taking |c| > a, we have

pAe+ (1= NB(e I ([T IN (e (1) ) = 0.
Hence,
pAc? = —(1 — \)cB (e_“t o (e“tfgf"HN(c(I)(t)))).

According to the condition (Hj), we can easily get the contradiction. So Qg is
bounded. O

Proof of Theorem 3.3. Let Q be a bounded open subset of X such that {0} U

3
U ©Q; € Q. By Lemma 3.6, we know that N is L-compact on Q. According to the
i=1
iemma 3.7 and Lemma 3.8, we have :
(i) Lu # ANu, for every (u,A) € [(dom L\ Ker L) N 99)] x (0,1);
(ii) Nu ¢ Im L, for every u € Ker L N 98;

At last, we will prove that (iii) of Theorem 2.1 is satisfied.

Let H(u,\) = pAJu + (1 — A\)QNu. Noting that Lemma 3.9 and Q3 C Q, we
have H(u,A) # 0 for every u € 992 N Ker L. Thus, by the homotopic property of
degree, we know that

deg(QN|kerr, QN Ker L,0) = deg(H(~, 0),Q2NKer L, 0)
= deg(H(~, 1),QNKerL, 0)
= deg(+ J,QNKer L,0)
# 0.
The assumption (iii) of Theorem 2.1 is verified and the proof is completed.

Then by the Theorem 2.1, the functional boundary value problem (1.1) has at
least one solution in X. The proof of the Theorem 3.3 is also completed. O
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4. Example

Now, we illustrate Theorem 3.3 by the following example. Consider the functional
boundary value problem

(C D5, +2° D Ju(t) = f(tu(t), o (1)t € [0,1],
u(0) = 0, B(u) = 2e%u(1) — (e? — 1)u/(0) = 0,
where v = §,0=2,®(t) = 1—e~*, and f(t,u(t),u'(t)) =t—1+5 Slnu(t)—|—50

Then the functional problem is at resonance with B(®(t)) = 2e?(1 —
2(e? — 1) = 0. In this case, KerL = {c(1 — e 2?)|c € R}, |B(u)| < (3¢? +1 Hu||

wﬁ

(1)
>_

1 2 L 4 by 4
B(e I} (€*'12,1)) = — / t2e*dt = */ tzedt ~ —=-2.5123 # 0.
o+ o+ I'(3) Jo L VT

p1(t) = &, pa(t) = &, q(t) = 1. It is easy to check that

n—1 k 1 o 14

1
A= k n—k T
F(a—n+2)+kZ:OC"u ;F(a—k+i+2)cku 3y’

moreover, A(e - nu"t + 1) Y i1l = A(e? + 1)2 =~ 0.8835 < 1.Conditions

=0
(Hp) and (Hy) are satisfied.
Take My = 52. If /() > 52, then f(t,u(t), u/(t)) > —1— &+ = L > 0, and if
u'(t) < —52, then f(t,u(t),u/(t)) < & — 41 = =31 < 0. Hence, if [v/(t)| > M = 52,
then

Bl B (14 S0, w0 =gy [ [ 09725 u(s) (o)

Thus (Hs) is satisfied.
Finally, take u € KerL and u(t) = c¢®(t) = ¢(1—e~2), one choose |c| > a = 189,
cB(e_Qtll (e%IiN(c(@(t)))))

e?t (8,c®(s),c®’(s))dsdt

%/ /t—s Tef(s,c®(s), e (s))dsdt

since cf (s, c®(s),c®(s)) = c(s—1+4 g5 sin(c(l—e™ %))+ 2e™2) > —|c|— —|— 5062 >
0, |c| > 189, then condition (Hj) is satisfied. It follows from Theorem 3.3 that there
must be at least one solution in X.
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5. Conclusion

This work examines a category of higher-order sequential operator problems with
functional boundary conditions. First, it is reasonable to regard sequential operators
as a generic statement. Second, we examine non-resonance and resonance issues for
sequential operators of order n — 1 < a < n. These considerations are specific
improvements and complements of non-resonant boundary value problems (BVPs)
of lower order or resonance problems, as found, for example, in the literature [11,
29]. In [29], the authors studied a nonlinear three-point boundary value problem
of sequential fractional differential equations of order a with 1 < a < 2 at the
resonance case, but we explore the resonant BVPs (1.1) that firstly can be lifted
from the order 1 < a < 2 of the fractional operator to n —1 < a < n, and secondly
the boundary condition B(u) = 0 can contain the original conditions z(1) = Sz(n).
These mean that some similar results can be expanded.

In [11], the authors studied the existence of solutions to the nonlinear sequential
fractional differential equation at resonance with the order 0 < o < 1. Again, we
generalize both in terms of the order of the operators and in terms of the boundary
conditions. So, we study the resonance problem for the order n—1 < o < n sequen-
tial operators with functional boundary conditions, which gives a better generaliza-
tion based on the above problems in terms of the choice of sequential operators, the
order of the differential operators, and the boundary value conditions.
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