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Abstract. The main aim of this article is to establish a uniqueness criterion for coupled systems
of the nonlinear higher-order V -difference boundary value problems. To this end, the coinci-
dence degree theory has chosen to make a solvability space for the existence of at least one
solution to the under investigation fractional-order system. Next, we create some conditions that
enable us to prove the existence of the exactly one solution of the under study fractional-order
system. At the end, a numerical example is given to illustrate the applicability of the obtained
theoretical criterion.

1. Introduction and preliminaries

The theory of fractional calculus basically acts on the integral/differential oper-
ators as D* = d*/dt®* having the sliding arbitrary order o € R, that generalize the
integer order integration/differentiation. Nowadays the knowledge of fractional mathe-
matics appears in many specialized sciences such as viscoelastic materials, porous and
fractured media, bioengineering, electrochemical processes and so many other real life
phenomena, see [21], [24]-[26], [31]-[34] for details.

On the other hand, the literature is witnessed the boom of the abstract develop-
ments of the theory of fractional calculus inspiring by the traditional foundations of the
fractional calculus such as [21], [24], [25], [26]. Mostly, these developments are ap-
peared regarding to some particular properties of the fractional order operators such as
those fractional-order operators that are constructed on the shoulders of the Riemann-
Liouville fractional integration and differentiation operators acting on the appropriate
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functions and given by:

TP f(t) = ﬁ/ﬂt(t—s)p_lf(s)ds; p >0,

j”p+(h*)f(t) ) A S0 = ﬁ/b(s—t)plf(s)ds; p >0,

f(t) s pP= 0,

and
910 = timyy () [0 0 p>o.
P _ _1\n n

Yo7 o = % (jT) / " -0y P f(s)ds; p >0,
f(t) s p= 0,

respectively, such that o > 0 and n = [&] + 1. Some of these fractional-order opera-
tors are the Hadamard, Erdeli-Kober, Hilfer and Caputo fractional operators (see [21]
for more details), or, concentrating on the lack of the Leibniz-rule in the Riemann-
Liouville based fractional-order operators (see [30]), one can mentioned the recently
introduced fractional-order operators that generalize the limit approach of classic dif-
ferentiation and admitting the fractional version of the Leibniz-rule, namely the frac-
tional conformable integration and differentiation operators that were introduced by
[19], generalized by [1] and are defined as:

1) = o [a=976-a* " s
1) = e

oS0 = [ (s—1)"(b—s5)""""\f(s)ds,
for f € L'(a,b) and

7 ) = tim LV e =) ) — D)

¢ _8~>O e ,

va(t) = f([V]*l)([ —|—£(b _t)[\/]fv) —f[v]fl(t)
b TV f() = (=1)"* Tim J |

respectively, where n < v <n+1, n € NU{0} and f is n-differentiable function.
This variety in the theory naturally makes variety in the applications. In this
way, almost all of the applications are constructed on the solutions of the considered
fractional-order problems, that is why the concept of solvability of the fractional-order
problems is of the greatest importance. Here we suggest a collection of the solvabil-
ity tools for the fractional-order differential/difference equations, [3]-[11], [14]-[18],
[20], [22], [23], [27]-[29], [31]-[35] and related cited bibliography therein. But the
main purpose of this paper is devoted to the completely different fractional-order op-
erators. Indeed, we are dealt with the study about fractional difference operators that
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are divided into the fractional A-differences and fractional V-differences. As a use-
ful collection of the references about discrete fractional calculus, we suggest here the
sample-wise references [2]-[11], [13], [14], [20], [22], [23], [27], [29] and the cited
bibliography to more consultation on topic.

Between the aforementioned research works, we are interested in the investigation
about the existence and uniqueness criteria for the discrete version of the following
system of the higher-order fractional boundary value problems

"

D& u(t) = f(t,v(1),v (1),v" (t),...,v¥=D(0)),

5 , , (1.1)
Dyv(t) = f(t,u(t),u (t),u (t),...,.uN"D(r),
subject to the coupled two-point boundary conditions
u®(0) =0, u¥=1(0) = u™-1(1), .
v4(0) =0, v¥D(0) = v 1(1), '

where N—1 < o,B<N,NeN,, 0<k<N-2and 0 <7< 1. In this work, f and
g are two given continuous functions. In fact, this fractional-order system is the main
problem in the research work [17], where the authors in the light of the coincidence
degree theory, make some sufficient conditions to reach at least one solution for the
fractional-order system (1.1)—(1.2), and then, presenting some additional ones, they at-
tempt to find a unique solution for this system. So, we consider the following nonlinear
higher-order fractional V -difference system

Ve () = £tz Ve " VI Yy, L Vel

(1.3)
—(n— —(n—2 _
Vo (1) = g1,y V", VO L vy,
subject to the two-point boundary conditions
Ve y(at+1) = ... =V y(a+1) =0, V¥ ya+1)=Viy(b), w
VOza+1)=...=V% 2z (a+1)=0, V% 'z(a+1)=V%"z(b),

where n— 1 <o <n,nc€Ny, and t €Nb, a,b € Zo, b>a+3. V¢, stands for the
fractional V -difference operator of order o > 0. Throughout this paper we will assume
that f,g: N2, | x R" — R are continuous functions.

At the end of this section, we state the organization of the rest of the paper. In
section 2, some definitions and technical lemmas regarding the V -fractional calculus
are given. Besides, we will have a brief tour on the coincidence degree theory as the
main solvability key to the fractional-order V -difference system (1.3)—(1.4). Section
3, as the main body of this paper includes the existence and uniqueness criteria for the
fractional-order V -difference system (1.3)—(1.4). In order to justify that the presented
existence and uniqueness criteria are implementable in practice, a numerical example in
section 4 is given. Finally, we have the section 5 as the conclusion of the paper, where
the managed investigation on the fractional-order V -difference system (1.3)—(1.4) will
be summarized.
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2. Basic requirements

This segment of the paper, is actually the setting garage of the solvability ma-
chine of the fractional-order V -difference system (1.3)—(1.4). In order to activate this
mechanism, we start with the fractional rising functions that construct the kernels of the
fractional V -difference operators.

DEFINITION 2.1. [2], [[13], Chap. 3] For a natural number m, the rising function
of ¢ is defined by
m—1 _
m=TJ@+k), =1
k=0
Its generalization for any real number ¢ that is called fractional rising function is given
by

= , teR—{...,—2,—1,0}, 0%=0. .1

Note that V (1) = at® 1,
NOTATION. Foreach a,b € R,

N,={a,a+1,a+2,..}, N={b,b—1,b—-2,..}, N0 ={a,a+1,....b—1,b}.
(2.2)

Having the above background in hand, now we are enable to define the fractional V-
difference operators as follows.

DEFINITION 2.2. [2], [[13], Chap. 3] Fractional left and right sided V -sums of
order o > 0 are defined as

o L t —8(s)* L f(s
S V () = F(la) %(l 6(s)" f(s), o
V, 2 ft)= (o) Z,(S— 8(1)* 1 f(s),

where 0(s) =s— 1.

REMARK 2.3. [2], [[13], Chap. 3] Fractional left and right sided V-sums of
order o > 0, defined by (2.3) have the following properties:

(i) V;f‘ maps functions defined on N, to functions defined on N, .

(it) V,* maps functions defined on ;N to functions defined on ,N.
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DEFINITION 2.4. [2], [[13], Chap. 3] Fractional left and right sided V -differences
oforder 0 <n—1< a < n for n € N are given by

VS0 = gV (20860 0.

s=a

VL) = [ o 2.4)
Vi) = Fa <z< 5(1)"‘“‘1f(S)>,

s=t

such that o« > 0, n =[] + 1 and A, denotes the forward difference operator with
respect to the variable 7.

REMARK 2.5. [2], [[13], Chap. 3] Fractional left and right sided V -differences
of order o > 0, defined by (2.4) have the following properties:

(i) V2 maps functions defined on N, to functions defined on Ny,
(if) Vj maps functions defined on ,N to functions defined on ;_,N,
where n =[] + 1.

Here is worthy time to state some of the most important properties of the fractional
V -difference operators that will be the road lights to establish the main results.

LEMMA 2.6. [2], [[13], Chap. 3] Assume that f is a real-valued function and
u>0,0<n—1<v<n. Then

Q1) VAV V() =V, Y () = VIV E £,

() V.Y Vﬁf() f(r)+c1(r—a>ﬁ+cz(t—a)“j+---+cn(r—a)V*",cie
R 1—1 2,.

(Q3) Vi VX f() =f().

() V- = B v 1 ¢ (20,

Since our main aim is to sake unique nontrivial solution for the fractional-order
V -difference system (1.3)—(1.4), then, we continue as follows. As we know

V& u(t)=0 iff u(r) zcl(t—a)ﬁ—kcz(t—a)vj—i-...—i—cn(t—a)vf", ¢ R, ieN}.
(2.5)
Therefore, thanks to the properties (Q>) and (Q4 ) in Lemma 2.6 we have

ngju(t) V‘ax:j <Zc,~t—a ) cha It —a)*!
= (2.6)
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Using 1P = B+ 1 and considering the substitution ¢ = a + 1, yields the following
algebraic system:

cl(a)+ el (a—1)=0,
cal(a)+ ol (a—1)+elN(o—2) =0,
cil(o) +eal(oe— 1)+ esT(a—2) +cal' (o —3) =0, 2.7

al(o)+el(oe—1)+esTN(a—2)+...+ eyl (o —n+1)=0.
Some manipulations on the algebraic system (2.7), we get that
oaci+c =0, ¢;=0,i=3,4,...,n.

So the homogeneous fractional V-difference equation V% u(z) = 0 has a nontrivial
solution. Relying on this fact, now we are in such a position that can establish a solv-
ability framework to reach a uniqueness criterion for the nontrivial solutions of the
fractional-order V -difference system (1.3)—(1.4). Prior to this analysis, it will be bet-
ter understanding of the existence path provided that we have a quick overview on the
coincidence degree theory as follows [see [12]; Chapters IV,V, for more details].

DEFINITION 2.7. Assume that B and ® be real normed spaces. A linear map-
ping L:dom L C B — 9 is called a Fredholm mapping provided that the following
conditions hold:

(i) kerL has a finite dimension,
(if) ImL is closed and has a finite codimension.
Let L is a Fredholm mapping. Then its index is given by

Ind L = dim kerL — codim ImL.

Assume that L is a Fredholm mapping with index zero and there exist continuous pro-
jectors P:B — B and Q:® — D such that

ImP=kerL, kerQ=1ImL, B=kerL&kerP, © =ImL®ImQ.
It follows that the mapping
L‘domLﬁkerP :domLNkerP — ImL

is invertible. Let us denote the inverse by Kp : ImL — domLNkerP. The generalized
inverse of L denoted by Kpp : Z — domLNkerP is defined by Kpg = Kp(I — Q).

If L is a Fredholm mapping of index zero, then for every isomorphism J : ImQ —
ker L, the mapping JO+Kp : Z — domlL is an isomorphism and, for every u € domlL,

(JO+Kpg) 'u=(L+J 'Pu.
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DEFINITION 2.8. Let L:domL C B — ® be a Fredholm mapping, E be a metric
space, and N : E — © be a mapping. N is to be called L-compacton E provided that,
ON : E — 9 is continuous and Kpg : E — B is compact on E. In addition, we say
that, N is L-completely continuous if it is L-compact on every bounded E C 8.

THEOREM 2.9. Let Q C B be open and bounded, L be a Fredholm mapping

of index zero and N be L-compact on €. Assume that the following conditions are
satisfied:

(i) Lu## ANu forevery (u,A) € ((domL\ kerL)NdQ) x (0,1);
(ii) Nu ¢ ImL for every u € kerLNJQ;

(iii) deg(JON|xerrroq, @NkerL,0) # 0 with Q : D — D a continuous projector such
that kerQ = ImL and J : ImQ — kerL is an isomorphism.

Then the abstract operator equation Lu = Nu has at least one solution in domLN Q.

3. Main results

As stated above, in order to find at least one solution for the fractional-order V -
difference system (1.3)—(1.4), at first we have to establish an appropriate functional
space that gives us enough ability to control the growth of the nonlinearities f and g,
introduced in the right-hand sides of the governing equations (1.3). So, we begin as
follows.

(B, lg), E=C(Noy 1 R), [Ifle = max [£()], (3.1)
1eNy
X, |.lx), X= {u uEE, V4 iueF, F=C(N)"L |\ R),i=12,....n—1¢,
(3.1b)
||u||X:max{||u||E, Vi 7i:l727...,n—1}. (3.1¢)

Based on the recent Banach spaces, the desired Banach spaces that will be applied in
this paper are introduced as follows:

B=XxX,
B ) < el ol (.20
D=EXE
D, |- ' 3.2b
®.]I2) {||<u7v>@=max{u7||v5}. (3.2b)

Now it is time to provide the elements of the coincidence degree theory. To this aim,
we begin with defining the operators L; : domL; N X — E, i = 1,2 as follows:

Liy=V%.y, domL; = {yEX‘ ngiy(a—i-l):O, Vg‘fly(a—i-l)zvg‘fly(b), ieNy 5,
(3.32)
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Lyz=V% z, doml, = {ZGX' VO iz(a+1) =0, V¥ '2(a+1) =V '2(b), i € N’f}

(3.3b)
Thereafter, we can define the operator L : domLN*B — D as
L(y,z) = (L1y,L22), (3.4)
where
domL = {(y,z) € B| y € domLy, z € domL;}. (3.5)
Next, we define the operator N : B — © as
N(y,2) = (N12,N2y), (3.6)
where Ny : X — E for y € {1,2}, are defined as below
Niz= f(t,5, Vo "0 w02, verty), (3.7a)
Noy = g(t,3, Ve "y, vo 02y L verty), (3.7b)

Turning to the coincidence degree theory discussed in previous section and comparing
the main problem (1.3)—(1.4) with (3.3a)—(3.7b), we find that L(y,z) = N(y,z). Contin-
uing our research path, we have to prove that the operator L defined by (3.32)—(3.4) is
a Fredholm operator having index zero.

LEMMA 3.1. The operator L : domL.NB — D defined by (3.3a)—(3.4) is a Fred-
holm operator with index zero.

~ Proof. Applying the property (Q;) in Lemma 2.6, it follows that kerL = (t—
a)*Y(cy,dy), c1,dy € R. Thus, kerL = R?. Assuming (u,v) € ImL, there exists
(y,z) € domL, such that L(y,z) = (u,v). Thereby

YO =V %) +er(t—a)* "+t —a)* 24 et —a)* ",
2(t) =V 0(0) +di(t — a)* T da(t —a)* 2 dy(t—a) T

Definition of the operator L in (3.32)—(3.4), consequences that ¢c; =d; =0, i=2,3,...,n.
So, we conclude that

Hence

(3.8)
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Here we impose the boundary conditions

VEyla+1) =V y(b),
Vg‘flz(a+ 1) = nglz(b),

on (3.8) to arrive at

b b
Y u(s)=0, > v(s)=0.
s=a+2 s=a+2

Assume given (u,v) fulfils the recent equalities. Taking y(r) = V_“u(t) and z(t) =
V_Zv(t), one can directly conclude that (y,z) € domL. Consequently, we have

ImL = {(u,v) i u(s) =0, i v(s) = O} . (3.9)
s=a-+2 s=a-+2
Now we define the operators Qy : Eq, — Eq, ¥y € {1,2} as
1 b 1 b
Quu(t) = ms:%zu@7 Oxv(t) = mS:%2V(5)~ (3.10)

Obviously Q(u,v) = (Qiu,Q,v) = R?. Thereby, it is easy to check that for u,v € E,
upcoming properties hold:

Qtu(t) = Quu(t), Q3v(t) = 0v(t),

thatis Q?(u,v) = Q(u,v). Using the identity (u,v) = (u,v) — Q(u,v) +Q(u,v), one can
derive © =ImL+ImQ. In addition, since InLNImQ = {(0,0)}, then, we deduce that
© =ImL @ ImQ. Finally, by Definition 2.7, we have:

IndL = dimker L — codim ImL = dimkerL — [dim ® —dim ImL] =2 — [4 —2]=0.

Therefore, the operator L defined above is a Fredholm operator having index zero. [

In this position, let us consider the operators P, : X — X, y € {1,2} as

V% u(a — V% Yy(a —
Piu(t) = C}T)()(z—a)“l, Pov(t) = QFT)()(z—a)“ L (3.11)

Using the property (Q4) in Lemma 2.6, it is immediate that Plzu = Pyu and P22v =Pyv.
Thus, if we define P: B — 9B as P(u,v) = (Piu,Pyv), then, we have

kerP = {(u,v)

Vo lu(a) =0, Vo v(a) 20}.

If we take the setting (u,v) = (u,v) — P(u,v) + P(u,v), so, it is easy to check that
B = kerP + kerL, and as a result of kerPNkerL = {(0,0)}, we deduce that B =
kerP @ kerL.
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Next, we define the operator Kp : Im L — dom LNkerP as:
Kp(u,v) = (V_%u,V_ *v). (3.12)
Thus, for each (u,v) € ImL, we have
LKp(u,v) = L(V_ *u,V_2v) = (VEV Su, VIV 5) = (u,v). (3.13)
On the other hand, since for every (u,v) € domL NkerP, we have V7'~ Yu(a) = 0 and
V% 'v(a) =0, hence, in the identities
u(t) =V _IViu(t)+ci(r— a)m—kcz(t - a)m—k o en(t—a)® ",
v(t) =V OVEN() +di(t—a)* T da(t —a)* 2 4 dy(t— @),
all of the coefficients c;,d; =0 for i = 1,2,...,n. Equivalently, we have
KpL(u,v) = (V;+O‘V2‘+M7V;+O‘V2‘+v) = (u,v). (3.14)

Therefore, using (3.13) and (3.14), it has proven that the following identity is satisfied:
KP = (LdomLﬁkerP)7 .

LEMMA 3.2. Assume that € be an open and bounded subset of B such that
domLNQ # @&. Then, the operator N defined by (3.6)—(3.7b) is L-compact.

Proof. Continuity of f,g:N’, | x R" — R implies that ON(Q) and Kp(I — Q)N(Q)
are bounded. So, for applying the Arzela — Ascoli theorem, it is sufficient that Kp(I —
Q)N(Q) C B be equicontinuous. This is immediate by the discrete nature of fractional
V -difference operators. [

In this position we present an assessment for an upper bound of fractional ris-
ing function (t —a)*~!, that will play crucial role in the simplification of the related
computations.

LEMMA 3.3. Letn—1< o <n, neNy. Then

(t—a)*!

<max{(b—a)o‘l,l"(oc)(b—a—i-1)"2}. (3.15)
X

Proof. Considering (3.1c) we have

= max ;i=1,23,...,n—1 5.
X Fi

On the other hand, by the property (Q4) in Lemma 2.6, we have

(t—a)*!

(t—a)* !

) V(ax;i(t_a)ail

E

V(- a)® T = rr({«)) (—a) %, i=1,23,...n—1.
l
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Therefore, we come to the conclusion that

- — 1 (e —
(t—a)* Y| =max{||(t—a)*Y | () (t—a)7 Y ,i=1,2,3,....n—13,
X E (i) F;
<max{ (t—a)* |, T(a)||(t—a)" ,i=1,2,3,...,n—1}.
E F

Since

— —(i—1
Alt—a) ' =(t—a)! ;—) >0 reNl i=1.2,.. 01,
—a

— T(b+n—a-1
Alb+n—i—a) = %(bw—i—a—zpo, i=1,2,n—1,
thus, it follows that
max (t—a) T=p—a+1)"% (3.16)
rENETTL =12, -1
Similarly we have L L
max (1—a)* = (b—a)* . (3.17)
1eNg

Therefore, it has proven that

(t—a)®!

< max{(b—a)"“,r(a)(b—a+ 1)"2}.

X
The proof is completed. []

REMARK 3.4. By similar arguments as represented in Lemma 3.3, one can con-
clude

(t—a—1)21 gmax{(b—a—l)m,l"((x)(b—a)"2}. (3.18)

X

REMARK 3.5. Foreach (u,v) € B, Lemma 3.3 implies that

1Pl = || (P () Po() 3 = max{a(u)x, ||P2(V)||X}

‘“u(a = ver =
:max{} a |H 1||X7} |H 1||X} (3.19)

< A max { Vo u(a)l, |V2‘f1v(a)’},

A= . (3.20)

where
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A direct computation shows that

Af(t—s+1)%1<0, t>s5, s=a+1,....b

Therefore, the operator Kp defined by (3.12) for (u,v) € ImL, satisfies the following
inequality:

|Kp(u,v)||l3 = H (V_2u,v_ )

vl
B

< (b—a+ l)Agmax{uby ||VE},

(3.21)

where

max{(b—a— I)M,r(a)(b_a)nz}

Ay = o) . (3.22)

In order to find at least one solution for the fractional-order V -difference system
(1.3)—(1.4), we present the following hypotheses.

(Cy) Continuous functions f,g have the following properties
fiNb xR = RTU{0}, or f:No | xR"—R™U{0}, (3.23a)
and

g:No  xR" - RYU{0}, or g:N2 , xR" — R U{0}. (3.23b)

(Cy) There exist positive real constants by, cg,d;,dy for k =1,2,...,n and real con-
stants O, A € [0,1] with k = 1,2,...,n such that for all (x;,x2,...,x,) € R",

[F(toxr, X0, x)| <dy+ Y belx %, re NG, (3.24a)
k=1
and
lg(t,x1,x0,....00)| < da+ 2 ck|)ck\7t"7 te NZ+1~ (3.24b)
k=1

(C3) There exists a positive real constant B such that forany w;,z; € R, i=1,2,...,n,
if |wy| > B or |z,4| > B, one has either

b
- fEwi,wa, o wy,) >0, 00z, f(Ewi,wa,. ., wy,) <0, 1EN, |,

(3.25a)
or

Wn - 8(1,21,22,,20) >0, 00 Wy . g(t,21,22,-..,22) <0, tE€NE . (3.25b)
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z 1

xXi| < 5 x=b,c,
2l < Ay
n n 1
MY el + A S by < ————
1;|Cz|+ 2;| il Py
n n l
A bi| + A i|< —.
ll=21| z|+ 2;‘Ct| b—a+1

97

(3.26a)

(3.26b)

(3.26¢)

Let us once again turn to the coincidence degree theory. Then, it can be observed that
the existence of at least one solution for coupled system (1.3)—(1.4), depends on the

boundednes

Q

Q3 = {(u7v) € kerL

a- |l

s of the following sets:

= {(u7v) € domL\ kerL

Q) = {(u,v) € kerL

N(u,v) EImL},

u,v) € kerL

So, we must prove that the quadruplets Q;, j=1,2,3,4 are bounded.

LEMMA 3.6. Q) defined by (3.27a) is bounded.

L(u,v) = AN(u,v), A € [O,l]},

A(u,v)+ (1 —=A)ON(u,v) = (0,0), L € [O,l]},

— A(u,v) + (1= A)ON(u,v) = (0,0), A € [0, 1}}.

(3.27a)

(3.27b)

(3.27¢)

(3.27d)

Proof. We point out this fact that for each (u,v) € Qy, necessarily A # 0. There-
fore, the abstract operator equation

ensures that

L(u,v) = AN(u,v) € ImL =kerQ,

b
A Y s (s,v, vo ey e, ,vg;lv) -0,

b_a_l\':u+2
A 4 —(n— —(n—
—— ¥ g (s B VI P Ve ) ~o.

(3.28)

Accordingly, the hypothesis (C; ) implies that there exist #,#; € NZ 41 such that

£ (nv(e), Vvl V), VE () =0,

8 <t0,u(tO)aV;x:(n_l)u(t())vVZ:(n_z)u(t())v' = 7V3+_1u(t0)> =0.
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The recent equalities in combination with the hypothesis (C3 ), lead us to the following
inequalities:

IV utg) | <B, IV v(ir)| < B.
By definition of Q; represented by (3.27a), (u,v) € Q, if and only if (u,v) € domL\
kerL. Thus, because of P> = P, we conclude that (I — P)(u,v) € domL NkerP and
LP(u,v) = (0,0). Hence, (3.21) yields:

1(1=P)(u,v) |l = [|KpL(I = P)(u, ) |8 = || Kp (Liu, Lov) ||

= H (V L,V *Lou)

‘ B

(3.29)
<A(b—a+1)Aymax HNIVHE, HNzuHE ,

< (b—a+ l)Azmax{vaHE, NzI/LE}.

By recalling the abstract operator equation
L(u,v) = AN(u,v), (u,v) € domL,
equivalently we have

{ Llu = A,Nl\@
(3.30)

L2V = lNzu.
So, using the following well known identity
n—1 (t _ a)m

VOV ut)=u(t)- Y, T

mVI} (Ve u(a)], 0<n—1<a<n neN,
k=0

one can transform (3.30) to the following fractional V-sum coupled system

—a n—1 (t— a)airﬁk k o—n
M(I) = JLVN N1V+zk=0 mva+ [V,fr u(a)] s
(t _ a)afnJrk

V(1) = AV N+ 35, mvﬁ+ [Ve&™v(a)] .

Now, taking Vg‘f I on the both sides in the last coupled system, it follows that
VO u(t) = AV N+ V% u(a), (3.31a)
V() = AV !Nou+ Vo v(a). (3.31b)
Substituting 7 =7y in (3.31a) and ¢ =1, in (3.31b), as a result of |V2‘f1u(t0)| < B and

|V2‘+_1v(t1)\ < B, one may derive:

VO (@) S B+ AT, | F(s,v(s), VIS 0(s), VO 2 u(s), . Vo T(s))

)

Ve (@) < B+ AT |g(su(s), Vo " Vu(s), V" P u(s), ..., Ve u(s))
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Finally, applying the hypothesis (C,) represented by (3.24a) and (3.24b), we achieve
the followings

0;
IV u(a)| <B+(b—a+1) (aﬁ + by |]| ! +Z§-’:zbi' Vel :

i (3.32)
V& (@) <B+(b—a+1) (dzmuE +3 6| Ve

Fiy

Reminding the Remark 3.5 together with (3.29), we have

1G, )l = [[P(u,v) + (I = P)(u,v) |8
< P(u,v)lls + ([ = P)(u,v) ||
< max{ Ay nglu(a) (b—a+1)A;||Nyv||E

{ J
{A1 Ve ly(a)| + (b—a+1 AzNzuE}, (3.33)
{ J

A Ag‘flu(a) (b Cl—|—1 A2||N2uHE

~—

{A1 nglv(a +(b—a+ I)A2N1V||E}}.

In order to complete the proof, let us divide the remainder of the proof into four cases
as follows:

(i) The hypothesis (C) and (3.32), imply that

)l < A1 |V u(@)| + (b — a+ VAN e

a—i+1
v

n 0;
SAB+ (b—a+1)(A1+Ay) <d1+b1v||gl+2b,- y )

i=2 Fi1
(ii) Once again considering the hypothesis (Cy) together with (3.32), similarly we

conclude that

[ ()] < Ay + (b —a+1)Ag||Naul|

Ve v(a)

n
SAMB+(b—a+1)(A+A2) (dz +ep | + Y || Vet
=

A
u .
Fiy
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(i) In third case, we have the following
G, )l < A

V‘;jlu(a) +(b—a+1)Ay||Naul| g

n

< Al{B+ (b—a+1) <d1 -H?1||ngl + Zbi
i=2

a—i+1
Vi

ei )}
F_
QL,' )
Fioy

n
+(b—a+1)A; (dz—kqué‘ + Zci
i=2

B—i+l
Vi u

(iv) In the last case, similar to the case (iii), it follows that

()l < AL VES (@) + (b —a+ 1) ANl

n

< Al{B+ (b—a+1) <d2+c1u,’}' + Y| [VE
i=2

A
i= F,~1> }
6;
Fil) .
At the last step of the proof applying the inequalities (3.26a)—(3.26c) in the hypothesis
(Cy), in the recent four inequalities, we conclude the boundedness of €2; as below:

(i)

+(b—a+1)A; <d1 +b1||ngl + Zbi VSCIH_IV
i=2

AB+|di|(b—a+1)(A1+A2)

el < TG —ar i agz ol O
(ii)
A B+ |dy|(b—a+1)(A1+Ay)
N LI [CYE= ) v R
(ii)
N, < —BF @G Zat DAuldi| + Aol (3.36)
1-— (b—a+ 1) |:A1 2?:1 |bi| —|—A22?:1 |C,‘]
(iv)
()| < MB+ (b =at D(Ailda| + Asldy]) (3.37)

1-— (b—a+ 1) |:A1 2?:1 |C,“ +A22?:1 b,‘]
Let us now define

M:max{AlB—F |di|(b—a+1)(A1+A2), A\B+|da|(b—a+ 1)(A1+ Ay),

AB+ (b—a+ 1)(Alldy |+ Adlds]), AB+(b—a+ 1><A1d2|+A2|d1|>}.
(3.38)
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Combining the inequalities (3.34)—(3.37) with (3.38), yields ||(u,v)||ss < M for each
(u,v) € B. Thus, Q; defined by (3.27a) is bounded. O

LEMMA 3.7. Qj defined by (3.27b) is bounded.

Proof. Suppose (u,v) € Q. Then, u=c|(t—a)® ', v=cy(t—a)® !, ¢c1,c2 €R.
On the other hand, N(u,v) = (Nyv,Nou) € ImL = kerQ, implies that

b -
Z f(s,cz(s — a)a_17czV2‘+_("_l)(s —a)*!

s=a+2

c2ij("72) (s— a)m, .. ,czvz‘fl (s— a)m) =0,

Z f (s,cl (s— cz)m7 clvgf("_l)(s — cz)m7

s=a+2
C1ij("72)(s —a)m7 .. ,clvgfl(s— a)m) =0.

So, by means of the hypothesis (Cy ), there exist constants #g,?; € NZ 41 such that

f(tlac2(tl —a)ﬁ,cﬂj‘f("‘”(n —a)* !

C2V:+_("—2) (11 — a)ﬁ7 .. 702V2‘+—1 (t, — a)a—l) —0,

f(to,cl(fo - a)m,clvjf(nil)(to —a)* !,

01Vj:(n72) (to - a)a—l’ .. ,Clvgfl (to — a)m) =0.
Thus, relying on the hypothesis (C3), we arrive at

B
|C1‘,|C2‘ < m (339)

The inequalities (3.39) guarantee the boundedness of ;. [J

LEMMA 3.8. Qs defined by (3.27¢) is bounded.

Proof. Let (u,v) € Q3. Hence, (u,v) = (t —a)® (¢, c2), c1,c2 € R. Therefore,
the equality A (u,v)+ (1 —2A)ON(u,v) = (0,0) leads us to the following:
(1-2)

At — o1, \L—4A)
ciA(t —a) +b—a—1

b - _ N
<Y f(seb-a L avi T —a® eV - )

= 0’
s=a+2
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er, (U-24)
At —a) +b—a—1

b o—1 R
x f<S7C1(S—a)o‘_lwlvgf("_l)(s—a)o‘_17...,clvzjl(s—a)“—l) =0.
s=a+2

If A =0, then, a similar argument as represented in Lemma 3.7 gives the boundedness
of Q3. Now, suppose A € (0,1]. In this case the hypothesis (C3) and more precisely
the first parts of (3.25a) and (3.25b), help us to obtain the desired result. [l

REMARK 3.9. Considering the second parts of the hypothesis (C3) (the first parts
were applied in Lemma 3.8), we come to the conclusion that €4 defined by (3.27d) is
bounded.

Now we are ready to prove the first part of the main results that is, the existence of
at least one solution for fractional-order system (1.3)—(1.4).

THEOREM 3.10. Assume that the hypotheses (C1)—(Cy) are satisfied. Then, the
fractional-order V -difference system (1.3) and (1.4) has at least one solution in B.

Proof. Let Q> U3 Q;U{0} (or, @D U2, Q;UQ4U{0}) be an open bounded
subset of 8. It follows from Lemma 3.2 that N is a L-compact operator on €. Also,
by means of Lemma 3.6-Remark 3.9, we have:

(1) L(u,v) = AN(u,v) forevery ((u,v),A) € [dom L\ ker LNIQ] x (0,1).
(2) N(u,v)&ImL forevery (u,v) € ker LNIQ.
So, we just need to prove:
(3) deg(JONl|kerr, QNker L, 0) #£0.
Let us consider the isomorphism J(u,v) as the identity operator Id(u,v) and define
H((u,v),A) =£AId(u,v) + (1 — A)JON(u,v).

So, thanks to the the degree property of the invariance under a homotopy, if u € kerLN
dQ, then

deg (JON |xerL, QNker L, 0)

=deg(H(.,0), QNker L, 0)

=deg(H(.,1), QNker L, 0)

= deg(+Id, QNker L, 0) # 0.

Hence, the assumption (iii) in Theorem 2.9 is also fulfilled, that completes the proof,
that is the fractional-order system (1.3)—(1.4) has at least one solution. [

This position is the beginning of the second part of the main results, where, we
have to present a uniqueness criterion for the fractional-order V -difference system
(1.3)—(1.4). To this aim, we have the following theorem.
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THEOREM 3.11. Suppose the hypothesis (Cy) is replaced with the following ones:
(C;’l) There exist positive constants (a;,b;) € R?, i =1,...,n, such that for all

()1, )] € R" < R", one has

n

‘f(t7x17x27'”7xn)_f(t7y17y27"'7yn)|<2ai‘xi_yi‘7 IGNZ+17 (34021)
i=1

n
‘g(t7x17x27~~'7xn)_g(t7y17y27'”7yn)| <Zbi|xi_yi‘v ZENZJrl' (3.40b)
i=1
(C;’z) There exist positive constants (ki,l;) € R?, i=1,....n, such that for all

((x)1, 0i)}) € R" x R", one has

n—1

‘f(t7xlax2a"'7xn) _f(taylay2a"~7yn)| 2 kn|xn_yn‘ - Zki‘xi—)’i‘, te NZ+1’
i=1
(3.41a)

n—1

‘g(t?xlerV"axn) _g(taylay2a"~7yn)| 2 ln‘xn_yn‘ - 2 li|xi—)’i‘, e NZ+1~
i=1

(3.41b)

Then, the fractional-order system (1.3)—(1.4) has exactly one solution in B provided
that

n—2 "
Lii 1
M2 l+z_1 +(b—a+1)(A+A2) Y [bi] > 1, (3.422)
=1 n n =
n—2 "
knoi Kk
M ; k+k_1 +<b_a+1)(A1+Az)§lail>l, (3.42b)
n_zlnfi ll n n
A ; Tt +(b—a+1) Alg\bi|+A2§\ai\ >1, (3.42¢)
n|She b DlAS S bl > 1 3.42d
1 21 . +k— +((b—a+1) 121|ai|+ 22{| g > 1. (3.42d)
= n n = &

Proof. First, we prove the existence of at least one solution for the fractional-order
system (1.3)—(1.4). Taking y; =0, i =1,2,...,n and defining

dy = max f(t,0,0,...,0), dy=maxg(,0,0,...,0), teN>

fulfilment of the hypothesis (C,) is immediate. Thus, Theorem 3.10 ensures the exis-
tence of at least one solution for the fractional-order system (1.3)—(1.4). Next, in order
to complete the proof it is enough to prove that the fractional-order system (1.3)—(1.4)
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has exactly one solution. To this aim, assume that (u;,v;) € B for i = 1,2 are two
solutions of fractional-order system (1.3)—(1.4). Thus, we get the following

Vgarui(t) _f<t vl7va (n l)vi7v(:+7(n72) i ~7V5+_1vi>7

Vi) =g (Ve VIV ).

Denoting u = u; —up, v=v; — v, we have

V&al) = £ (10, v V) = f (1, VT V)

Va+v( ) 8 (t Ml7V S 1)Ml ‘7V2(4:1u1> —8 (l M27V S 1)u27 '7V(ax:1u2> .

(3.43)
In the light of the equality ImL = ker Q, we conclude that

b

2 {f <s7v1,VZ+_(n_l)v17...,nglv1> _f<s7v2vvz+_(n_l)v27' ‘7Va;lv2> } _07
s=a+2

b

D {g (s7u1,VZ:(n_l)u1,...,nglu1> —g<s7u2,VZ:(n_l)u2,...,V ! ) } =0.
s=a+2

a—
ot W2

Accordingly, using the hypothesis (C; ) one may derive that there exist at least one pair
(2,13) € (N2, N> ) such that

f<t3,Vl(f3),VZf(n71)V1(f3),---

+ V1 (3 )

=1 (53.0202), Ve " Ds(2), . VE 0
g <12,ul(fz)avjf(nil)ul(tz)’~~~ Vo ui (b )
=g (102(0). Ve " Vo) VI (1) ).

Therefore, using the hypothesis (C;’z) , we arrive at the following result

0= 'f <t3,V1(t3)anf("7l)V1(13),~~~,V;xflvl(%))

—f<t3,\/2(t3),VZ:(H_l)Vz(tg),...,Vg:lvg(@)) ‘

= kn Va+ 1‘) t3 an i Va ol (t3) —k1|V(t3)|.
i=1
Therefore
o—1 = k" i o—i—1 kl
\4 at Y t3 2 Va+ (ZS) + k_|v(t3)|~
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Consequently we have

ni‘zkn i
i=1 kn

n72kn ;

<| T ]vnx

i=1

Va+ lV l‘3

o—i—1
Ve

ki
+—=vile
‘F kn

With a similar argument, it can be shown that

Ve u(ty)

oal x-

n—2
< z ln i ll
ln n

i=1

On the other hand by (3.43), we deduce that

nglu(t) - Vo‘flu(a)

-1
:Va+ { t v17

Vo) - Ve ‘v< )

:VJJrl{g <tau1avj;(nil)ula"'7V5+_1u1> -8 (tauQaV(ax;(nil)uZV"

.,nglv1>—f<t V27V (- 1)V27...
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(3.44)

(3.45)

,VZCIIVz) },
,VgIluz> }

Now substituting ¢ =, in the first equality and # = #3 in second one and then applying

the hypothesis (CJZJ), one has

+(b—a+1)Y a||Ve Ty

i=1

Ve u(a)| < (VI u(t)

b

Fiy

and

+(b—a+l)ib

i=1

Vo v(a)| < |A% () Vorithy

Fiy

Now, (3.44) and (3.45), lead us to

n
leellx + (b —a+1) X bil[v]lx,
i=1

Vo lu(a)

i=1

Pl
|27

n
Ivllx + (b —a+1) ¥ aillu]x.
i=1

V% y(a)

n—2 .
< Zk"“+]3
S ka

(3.46a)

(3.46b)

(3.47a)

(3.47b)
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Considering (3.44), we have

[ (u,v) |8 = [|P(u,v
< ||P(u,v

gmax{

+ (= P)(u,v)]|
s+ 1(7 = P)(u,v) ||

~— —

AV u(a@) [+ (b—a+ 1D Aof[Niv g ¢,

AV u(a)| + (b —a+ 1) Ag||Nau| g ¢,

—_A— S — —

AVE @)+ b —at 1 AgNzuE} (3.48)

{A1 Ve v(a) |+ (b—a+ 1)A2N1V||E}}»

that in combination with (3.47a) and (3.47b) consequences the following cases:

i.

() [los < AV u(a) |+ (b—a+ 1) Az [Nyl

_ (b—a+DAdldy

n—2 l— [
P

+(b—a+1)(A+A)XE, bi|}

(3.49)

1(,v) [l < AL{VE v(a)

+ (b —a+ 1)A2||N2M||E

(b—a—|— 1)A2‘d2|

< .
1—{1\1 PR o T—at+(A+A)3E, ai}
(3.50)
iii.
(vl < AV (@) |+ (b —a+ 1) Aaf[Naul|g
< (b—a+1)Ay|ds]

Al +(b—a+1)

A Y |bil 4+ A X ai] }

(3.51)
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[1(u,v) [l < A

1—{1\1

Combining (3.42a)—(3.42d) with the inequalities (3.49)—(3.52), we come to the con-
clusion that u =v =0, i.e. (u1,v;) = (up,v2). Therefore, the fractional-order system
(1.3)—(1.4) has a unique solution in B. This completes the proof. [J

Vg:lv(a)

+ (b—a+ l)Az”NlVHE

(b—a+ 1)A2‘d1|

<

SEP |+ (0 —at )

A Xy fail + A X [bi H
(3.52)

4. An application

We are going to demonstrate that the presented existence and uniqueness criteria
in Theorem 3.10 and Theorem 3.10, can be implemented in practice. To this aim, let us
consider the fractional V -difference system

1
V1+y( ) f(t,Z,V12+Z>, te Ni‘,
4.1)

1
V1+Z() g(hy,Vliy), reNf,

such that f,g € N;‘ xR xR — RTU{0}. Besides, the corresponding boundary condi-
tions are as follows:

_1 1 1
V1+2y(2) =0, V12+y(2) = V12+y(4)7
4.2)

1 1
Vﬁzz(z) =0, V1+Z( )= V1+Z(4)
Indeed, aforementioned system is the reduced version of the primitive fractional-order

system (1.3)—(1.4) under the setting n =2, o = % and a =1, b=4. Also, the functions
f and g in system (4.1) read as follows

f(t,v,w)zsin(t 1) 310{1n(1+|v|) LW||W|}, 4.3)

. 1 1 w
g(t,v,w) =sinh (t ) + 20 {|v| + wle™! ‘} . 4.4

Choosing d; =2, b; = 2 500 Oi=1fori=12and dr =4, ¢;= 64, =12, 4 =1, 4=
% , itis easy to check that the nonnegative nature of f and g for given positive parameter
B, the hypothesis (C3) is also satisfied. At the end, considering the parameters o = %
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and n = 2, it follows that A; and A, defined by (3.20) and (3.22), respectively, take
the following values

A=, Ay=>. (4.5)

Therefore, with a direct calculation one can identify that the hypothesis (C4) holds.
So, based on Theorem 3.10, the fractional-order system (4.1)—(4.2) admits at least one
solution in B.

Now it is time to evaluate the uniqueness of solutions for fractional-order system
(4.1) and (4.2) as follows. Taking a; =b; =1, i=12 and ky =1 =1, ko =1, = —1,
the hypotheses (C;J) and (szz) hold. Also, using this traditional convention that
zi=ihk =0, j > i, we find that (3.42a)—(3.42d) are satisfied for a = 1, b =4 and

15 3
A= 3 Ay = 3 Then, the fractional-order coupled system (4.1)—(4.2) admits exactly

one solution in B.

5. Concluding Remarks

We finalize this investigation by making a summary of the presented solvability
precess to find a unique solution for the fractional-order V -difference boundary value
problems (1.3)—(1.4). So, we sort this investigation step by step as follows:

» In this paper, we have considered the higher-order coupled system (1.3)—(1.4)
powered by the fractional-order V -differences;

» the fractional-order system (1.3)—(1.4) includes full nonliniraities, that is the in-
dependent variable, spatial variable and fractional V -differences having the or-
ders o —i, i=1,2,...,n—1 of the spatial variable with respect to the indepen-
dent variable are included in the nonliniearities;

» the coincidence degree theory as the main solvability key has applied;

» in frame of Theorem 3.10, an existence criterion for at least one solution of the
fractional-order system (1.3)—(1.4) has presented;

» Theorem 3.11 has enabled us to reach the unique solution of the fractional-order
system (1.3)—(1.4);

» in section 4, a numerical application has presented to guarantee that the obtained

theoretical existence and uniqueness criteria can be applied in practice.
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