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A coupled system of fractional difference
equations with anti-periodic boundary
conditions

Jagan Mohan Jonnalagadda

Abstract. In this article, we give sufficient conditions for the existence, uniqueness
and Ulam—Hyers stability of solutions for a coupled system of two-point nabla
fractional difference boundary value problems subject to anti-periodic boundary
conditions, using the vector approach of Precup [4, 14, 19, 21]. Some examples
are included to illustrate the theory.
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1. Introduction

In [21], Precup described the advantage of vector-valued norms in the study of
the semilinear operator system

NQ(Ul,UQ) = U2,

{Nl(U1,U2) = Ui, (11)

in a Banach space X with norm |- |, by some methods of nonlinear analysis. Here Ny,
Ny : X? — X are given nonlinear operators. Obviously, this system can be viewed as
a fixed point problem:

Nu = u, (1.2)
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in the space X2, where u = (ui,us) and N = (N, Ny). Precup [21] proposed the
applications of a few fixed point theorems to the system 1.1 in X2, by using the

vector-valued norm
= (ju11).
|us|

for u = (u1,u2) € X?2. Also, Precup [21] demonstrated that the results obtained by
using the vector-valued norm are better than those established by means of any scalar
norm in X?2.

Theorem 1.1. [21] Assume that
(H1) for each i € {1,2}, there exist nonnegative numbers a; and b; such that
|Ni(u1,u2) — Ni(01,02)| é 0,7;|’LL1 — ’U1| + bi|u2 — 'U2|, (13)
for all (uy,uz), (vi,v2) € X?;

(H2) The spectral radius of M = (Zl Zl> is less than one.
2 b2

Then, (1.1) has a unique solution (uy,us) € X2.

Theorem 1.2. [21] Assume that
(H3) for each i € {1,2}, the operator N; is completely continuous and, there exist
nonnegative numbers a;, b; and c; such that
|Ni(u1,uz)| < ailur| + biluz| + ¢, (1.4)
for all (uy,ug) € X2.
In addition, assume that condition (H2) is satisfied. Then, (1.1) has at least one
solution (u1,us) € X? satisfying

() =07 (3) t

Further, in [25], the author used the following theorem to establish Ulam—-Hyers
stability of solutions of (1.1):

Theorem 1.3. [25] Assume that the hypothesis of Theorem 1.1 holds. Then, the system
(1.1) is Ulam—-Hyers stable.

Motivated by these results, in this article, we consider the following coupled
system of nabla fractional difference equations with anti-periodic boundary conditions

Ve (Vaur) ) (8) + fi(ua (), ue(t)) =0, t e NI,

VR (V) ) (¢ +f2 (u1(t),us(t)) =0, teNI, (1.6)
( )+U1( ) (Vul)( ) (Vul)(T) = 0,

u2(0) +uz(T) = (Vug) (1) 4+ (Vug)(T) =0,

and apply Theorems 1.1 - 1.3 to establish sufficient conditions on existence, unique-
ness, and Ulam—Hyers stability [5, 6, 7, 17, 11, 13, 15, 22, 23, 24] of its solutions. For
this purpose, we convert the system (1.6) in the form of (1.1). But the results may not
be straightforward because the computation of nonnegative numbers in each theorem
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for the system (1.6) is complicated due to the presence of nabla fractional difference
operators in it.

Here T € No; 1 < aj,as < 2; f1, f2 : R? — R are continuous, VY denotes
the v*M-th order Riemann-Liouville type backward (nabla) difference operator where
v e {ag —1,as — 1} and V denotes the first order nabla difference operator.

The present article is organized as follows: Section 2 contains preliminaries. In
Section 3, we establish sufficient conditions on existence, uniqueness, and Ulam—Hyers
stability of solutions of the system (1.6). We provide two examples in Section 4 to
illustrate the applicability of established results.

2. Preliminaries

For our convenience, in this section, we present a few useful definitions and
fundamental facts of nabla fractional calculus, which can be found in [1, 2, 3, 8, 9,
10, 16, 18, 20].

Denote by N, = {a,a+ 1,a +2,...} and N’ = {a,a + 1,a + 2,...,b} for any
a, b € R such that b — a € N;. The backward jump operator p : N, — N, is defined
by p(t) = max{a,t — 1}, for all ¢+ € N,. Define the p'"-order nabla fractional Taylor
monomial by

(t —a)* I'(t—a+p)

H,(t,a) = Tt D) TGE—aliit D)’ teN,, peR\{..,—-2-1}
Here I'(-) denotes the Euler gamma function. Observe that H,(a,a) = 0 and
H,(t,a) =0 for all p € {...,—-2,—1} and ¢t € N,. The first order backward (nabla)
difference of u : N, — R is defined by (Vu)(t) = u(t) — u(t — 1), for t € Ngy1.

Definition 2.1 (See [9]). Let u : N,y 1 — R and v > 0. The v*!-order nabla sum of u
based at a is given by

(Vi u)(t) = Z H,_1(t,p(s))u(s), te€Ng,
s=a+1

where by convention (V;"u)(a) = 0.

Definition 2.2 (See [9]). Let u : Noy; — R and 0 < v < 1. The v*"-order nabla
difference of w is given by

(V¥u)(t) = (v(v;ﬂ*”)u))(t), t€Nasr.

Lemma 2.3 (See [9]). We have the following properties of nabla fractional Taylor
monomials.

1. VH,(t,a) = H,_1(t,a), t € N,.
2. 3 i Hu(s,a) = Hyia(t,a), t € N,.
3. 3t ai Hu(t,p(s)) = Hysi(t,a), t €N,
Proposition 2.4 (See [12]). Let s € N, and —1 < u. The following properties hold:
(a) Hy(t,p(s)) >0 fort e Ny and, H,(t,p(s)) >0 fort e N;.
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(b) Hy,(t,p(s)) is a decreasing function with respect to s fort € N, and p € (0,00).

(c¢) Ift € Ng and p € (—1,0), then H,(t, p(s)) is an increasing function of s.

(d) {Iu(t,)p(s)) is a non-decreasing function with respect to t for t € N,y and p €
0,00).

(e) Ift € Ng and p € (0,00), then H,(t, p(s)) is an increasing function of t.

(f) Hu(t,p(s)) is a decreasing function with respect tot fort € Nyi1 and pn € (—1,0).

Proposition 2.5 (See [12]). Let u and v be two nonnegative real-valued functions defined
on a set S. Further, assume u and v achieve their maximum values in S. Then,

lu(t) — v(t)] < max{u(t),v(t)} < max { max u(t)ﬂ{leasxv(t)},

for every fixed t in S.

3. Green’s function and its property

Assume T € Ny, 1 < a < 2, and h : NI — R. Consider the boundary value
problem
(vg—l (Vu)) (t) +h(t) =0, teNT, 5)
w(0) +uw(T) =0, (Vu)(1)+ (Vu)(T) = 0. '

First, we construct the Green’s function, G(¢,s) corresponding to (3.1), and obtain
an expression for its unique solution. Denote by

Dy ={(t,s) GNg xNg:tz st, Dy =A{(t,s) EN?; xNg:tSp(s)},
and

o =2[1+ Ho(T,0)]. (3-2)

Theorem 3.1. The unique solution of the nabla fractional boundary value problem
(3.1) is given by

T
u(t) = Z Go(t,s)h(s), teNT, (3.3)
where 822
) Ka(t,s) = Ho-1(t, p(s)), (t,s) € Dy,
Caltrs) = {Ka(t,s), (t,s) € Ds. 34
Here

«

Kult,s) = gi [Fa s (T, p(s)) + 2H1(t,0) Ho (T, p(s)

- Ho s(T, p(3)) Hoo(T,0) — Ho 1 (T, 0) Ha (T, p(5))]
Proof. Denote by
(Vu)(t) = v(t), teNj.
Subsequently, the difference equation in (3.1) takes the form
(Ve o) (t) +h(t) =0, teNI. (3.5)
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Let v(1) = ¢g. Then, by Lemma 5.1 of [1], the unique solution of (3.5) is given by
(t) = Ho—o(t,0)ca — (Vi " Vh)(1), teNT.

That is,
(Vu)(t) = Hoa(t,0)c2 — (V7 "Vh) (1), teNT. (3.6)
Applying the first order nabla sum operator, V—! on both sides of (3.6), we obtain
u(t) = c1 + Hoo1(t,0)c2 — (VT R)(t), t€ NG, (3.7)

where ¢; = u(0). We use the pair of anti-periodic boundary conditions considered in
(3.1) to eliminate the constants ¢; and cg in (3.7). It follows from the first boundary
condition u(0) + u(T) = 0 that

2c1 + Ha_l(T, O)CQ = (Vl_o‘h) (T) (38)
The second boundary condition (Vu)(1) + (Vu)(T) = 0 yields
[+ Hoeo(T,0)] c2 = (V; " Vh)(T). (3.9)
Solving (3.8) and (3.9) for ¢; and ¢z, we obtain

T T
a=1 [Z Hor(Tp()h(s) - et O Sy, p<s>>h<s>] . (310)

5=2 fa 5=2
5 T
=g > Ho (T, p(s))h(s). (3.11)
& 5=2
Substituting these expressions in (3.7), we achieve (3.4). O

Lemma 3.2. Observe that

[e3

Kot )] < fi[Ha,l(m) + 2H o 1 (T,0) + Ho_o(T, O)Ha,l(T,n}, (3.12)

for all (t,s) € NI’ x NT.

Proof. Denote by

K. (t5) = - [Ha_l(T, p()) + 2Ho_1(t,0)Hao(T, p(s))

€a
"+ Ho (T, p()) Ho—o(T, 0)}, (3.13)
and
KA(t:5) = 2= [Haa(T,0) HooaT ()] (3.14)
so that

K, (t,s) = K/ (t,s) — K"(t,s), (t,s) €N} xNI.
Clearly, from Proposition 2.4,
Kl (t,;s) >0, K.!(t;s)>0, forall (t,s) € N} x N3.



392 Jagan Mohan Jonnalagadda

From Proposition 2.5, it is obvious that
|Ko(t,s)| < { max K/ (t,s), max K/!(t, s)} : (3.15)
(t,s)ENE xNT (t,s)ENT xNT

First, we evaluate the first backward difference of K/, (¢, s) with respect to ¢ for a fixed
s. Consider .
VEL(8) = ¢ {QHQ,Q(t,O)Ha,Q(ﬂ p(s))} >0,

for all (t,s) € NI’ x NI implying that K/ (t,s) is an increasing function of ¢ for a
fixed s. Thus, we have
K!(t,;s) < K\ (T,s), (ts) €N} xNZ. (3.16)
It follows from (3.13) - (3.16) that
[Ka(t, )|

< { max K/ (t,s), max Kg(t,s)}
(

t,s)eNT xNT (t,s)eNT xNT
< <max K/ (T, s), max K(t,s)
seNT seNT

o /
= ?elg)g( K, (T,s)

1
= — max [Hoo1 (T, p(5)) + 2Ha1 (T, 0) Ha-2(T, p(s)

o seENY

+ Ho 1 (T, pls)) Ho—2(T 0)]

1
<= [max Hor (T, p(s)) + 2Ho1(T.0) max Ho—s(T. p(s))
o seN;

seNT

+ Hy_o(T,0) max Ho_y (T, p(s))}
seNT

= fi |:Hoz_1(Ta p(2)) + QHa—l(T7 O)HQ_Q(T’ p(T)) + Ha_Q(T’ O)Ha_l(T7 p(2)):|
_ 1
_.Sa

The proof is complete. O

[Ha_l(T, 1)+ 2Ho_1(T,0) 4+ Ho_o(T,0)Ho_1 (T, 1)].

4. Main results

Let X = RT*! be the Banach space of all real (T + 1)-tuples equipped with the
maximum norm
|u| = max |u(¢)].
teNT

Obviously, the product space X? is also a Banach space with the vector-norm

Uy
full = (J22]).
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for u = (uy,u2) € X2.
For our convenience, denote by

Ai = {L |:Hai71(T, 1) + 2Hai71(T7 0) + HOéi*Q(T7 O)Hoéifl(Tv 1)} ’ (41)
a; =l; [Ai(T — 1) + Hy, (T, 1)] , (4.2)
fori=1,2.
Define the operator T : X? — X2 by
T(un, us)(t) = @&Zi;%) teNt, (4.5)
where

T (ur,uz)(t)

= G, (t,5) f1(u(s), uz(s))

s=2

= ZKQI t,s) fi(ui(s ZHal 1(t8) f1(ua(s), ua(s)),  (4.6)

and

To(u1,uz)(t)

T
Z GOQ (ta S)fQ(ul(s)’ U‘?(S))

[
||
N

Koy (t, ) fo(ur(s), uz(s)) = Y Hago1(t5) folua(s) ua(s)).  (4.7)

s=2

I
M=

/|
¥

Theorem 4.1. A couple (u1,uz2) € X? is a solution of (1.6) if, and only if,

{Tl(ula UQ) = Ui,

To(u1, u2) = us. (4.8)

In view of Theorem 4.1 it is enough to apply Theorems 1.1 - 1.3 to the system
(4.8).
Theorem 4.2. Assume that
(I) for each i € {1,2}, there exist nonnegative numbers l; and m; such that
| fi(ur,uz) — fi(vi,ve)| < lilug — vi] + milug — val, (4.9)
for all (uy,us), (vi,v2) € X?;

In addition, assume that condition (H2) is satisfied. Then, (4.8) has a unique solution
(Ul, UQ) € X2,
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Proof. For each i € {1,2} and for all (uy,us), (v1,v2) € X2, consider
| T (ur, uz) — Ti(v1, v2)|

T
<Y Ko, (t,8)] | fi(ua(s), uz(s)) = fi(vi(s), va(s))]

s=2

+ Y Haio1(t8) [ filua(s), ua(s)) = filvi(s), va(s))]
T

t
< [lilur = vi| +malug — val] | Y | Ka,(t,8)| + > Ha,-1(t,5)
s=2 s=
< [lilur — w1l + msfug — va|] [Ai(T = 1) + Ha, (¢, 1)]
< [liur = vi] + msfug — va|] [Ai(T = 1) + Ho, (T, 1)]
< ailuy —v1| + bilug — val,
implying that (H1) holds. Thus, by Theorem 1.1, the system (4.8) has a unique
solution (uq,us) € X2. O

Theorem 4.3. Assume that
(IT) for each i € {1,2}, there exist nonnegative numbers a;, b; and ¢; such that
|fi(ur, ug)| < lilus| + milug| + i, (4.10)
for all (uy,us) € X2.
In addition, assume that condition (H2) is satisfied. Then, (4.8) has at least one
solution (u1,us) € X? satisfying (1.5).

Proof. Since T;, i = 1,2, is a summation operator on a discrete finite set, it is trivially
completely continuous on X 2. For each i € {1,2} and for all (u1,us) € X?, consider

T t
ITi (1, u2)| <Y | Ko, (£ 9)] | fi(u(s), uz(s))| + Y Ha,—1(t, 8) | fi(ua(s), ua(s))]

T
< [liJua | + milug| + ni] Zu{m ts)|+ > Ha,a(t,s)

s= s=2
< [lifua| + miluz| + ni] [A z(T 1) + Ha, (t,1)]
< [lifua| + miluz| + n] [A(T — 1) + Ho, (T 1)]
< ailur| + bilus| + ¢,

implying that (H3) holds. Thus, by Theorem 1.2, the system (4.8) has at least one
solution (uy,us) € X? satisfying (1.5). O

Definition 4.4. [25] Let X be a Banach space and T1, T3 : X x X — X be two
operators. Then, the system (4.8) is said to be Ulam—Hyers stable if there exist C1,
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Cy, C3, C4 > 0 such that for each 1, e > 0 and each solution-pair (uf,u}) € X x X
of the in-equations:

— T <
Hul 1(u17u2)||X =S €1, (411)
|ug — To(ur, u2)||x < e,
there exists a solution (vf,v3) € X x X of (4.8) such that
Hui Uin < Cier + Cagy, (4.12)
luz = v3l|x < Cse1 + Caeo.

Theorem 4.5. Assume that the hypothesis of Theorem 4.2 holds. Then, the system
(4.8) is Ulam—Hyers stable.

5. Examples

In this section, we provide two examples to illustrate the applicability of Theorem
4.2, Theorem 4.3, and Theorem 4.5.

Example 5.1. Consider the following boundary value problem for a coupled system of
fractional difference equations

V§# (Vur) ) (t) 4 (0.001)
Vo (Vug) ) () + (0.002) [1 + sinwy (¢) + sinug(t)] =0, ¢ € N3, (5.1)
ur(0) +u1(9) =0, (Vur)(1)+ (Vui)(9) =0,
uz(0) +u2(9) =0, (Vug)(1) 4+ (Vuz)(9) =0.
Comparing (1.6) and (5.1), we have T =9, oy = ap = 1.5,
f1(u1,uz) = (0.001) [1 +tan ' wuy + tan"! uz} ,

[1+ tan™' uy (¢) + tan ' up(t)] = t e N3,

and
fa(u1,u2) = (0.002) [1 + sinwu; + sinug],

for all (u1,uz) € R2. Clearly, f; and f, are continuous on R?. Next, f; and f, satisfy
assumption (I) with [y = 0.001, m; = 0.001, I3 = 0.002 and my = 0.002. We have,

ay =l [AL(T — 1) + Hy, (T, 1)] = 0.0527,

ag =lo [Ao(T — 1) + H,, (T,1)] = 0.1053,

mi [Ay(T — 1) + Ha, (T, 1)] = 0.0527,

= ma [Ao(T — 1) + Ha, (T, 1)] = 0.1053.

Mo (@ b1\ _ (0.0527 0.0527
" \as b/ \0.1053 0.1053)°
The spectral radius of M is 0.158, which is less than one, implying that M converges

to zero. Hence, by Theorem 4.2, the system (5.1) has a unique solution (u, us) € X2.
Also, by Theorem 4.5, the unique solution of (5.1) is Ulam—Hyers stable.

Further,
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Example 5.2. Consider the following boundary value problem for a coupled system of
fractional difference equations

<v85 (Vul))(t) + (001) |:1 + \/ﬁ + U2(t):| =0, te N 2,
(v“ (Vs )) +(0.02) {1+u1(t)+m]0, te N4, (5.2)
u1(0) +ur(4) =0, (Vur)(1) + (Vur)(4) =
u2(0) +up(4) =0, (Vuz)(1) + (Vuz)(4)
Comparing (1.6) and (5.2), we have T'=4, a; = ag = 1.5,

1

fl(uhUQ) = (001) 1 + Tu%(t) + Ug(t)- ,
and i i
fg(ul,UQ) = (002) 1 —+ uq (t) —+ 14_1@@_ s

for all (u1,uz) € R2. Clearly, f; and f, are continuous on R?. Next, f; and f, satisfy
assumption (II) with I; = 0.01, my = 0.01, I3 = 0.02, ms = 0.02, n; = 0.01 and
ny = 0.02. We have,

ay = ll [Al(T - 1) + Ho/l( 5 )] = 01219,

ag = Iy [Ao(T — 1) 4+ Hyy (T, 1)] = 0.2438,

by = my [A1(T — 1) + H,, (T, 1)] = 0.1219,
by = ma [Ao(T — 1) + H,, (T, 1)] = 0.2438,
¢ =y [A(T — 1) + H,, (T, 1)] = 0.1219,
¢y = ng [Ao(T — 1) + Hy, (T, 1)] = 0.2438.

Further,
Mo (@ b1\ _ (0.1219 0.1219
T \ax b/ \0.2438 0.2438)°
The spectral radius of M is 0.3657, which is less than one, implying that M converges
to zero. Hence, by Theorem 4.3, the system (5.2) has at least one solution (u1,uz) €

X? satisfying
|U1| C1 _ 0.1757

Conclusion

In this article, we obtained sufficient conditions on existence, uniqueness and
Ulam—Hyers stability of solutions of the system (1.6) using the approaches of Precup
and Urs. We also provided two examples to demonstrate the applicability of estab-
lished results. Observe that Theorem 4.2 is not applicable to the system (5.1).
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