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Abstract. In this paper, we propose a best proximity point theorem for a novel class of non-self-mappings
by using the definition of a pair (7, i) of upper class of type Il and the concept of C-class functions. Several
consequences (including the case of self-mappings) of our obtained results are suggested. We support our
obtained results by concrete examples. In the end, we consider an integro-differential system of equations.

We ensure the existence of an optimal solution, which turns to be an exact solution of the system when
boundary conditions are equal.

1. Introduction

The Banach contraction principle (in abbreviation, BCP) [1] has been considered the beginning of metric
fixed point theory. Several authors generalized and improved it in different directions. In 2003, Kirk et al.
[2] gave a new generalization of the BCP via a new notion of cyclic mappings. In their result, the cyclic
mapping may not be continuous, unlike the Banach’s result. This is the important issue of their result.
Later, many researchers gave some fixed point results for cyclic mappings. On the other hand, one of the
nice generalizations of the BCP has been considered by taking into account non-self mappings. Let P be a
nonempty subset of a metric space (X,d) and T : P — X be a mapping. The solutions of the equation Tx = x
are fixed points of T. Consequently, T(P) N P # ( is a necessary (not sufficient) condition for the existence
of a fixed point for the operator T. If this necessary condition does not hold, then d(x, Tx) > 0 for any x € P
and the mapping T : P — X does not have any fixed point, that is, the equation Tx = x has no solution.
Subsequently, one targets to determine an element x that is in some sense close proximity to Tx. As a result,
a best proximity point theorem furnishes sufficient conditions for the existence of an optimal approximate
solution x, known as a best proximity point of the mapping T, satisfying the condition that d(x, Tx) = d(P, Q).
The concept of best proximity points for a non-self-mapping T : P — Q was first introduced by Basha in [3].
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These points are the optimum solutions for the equation d(x, Tx) = d(P, Q). Best proximity point theorems
for some proximal contractions in the context of complete metric spaces have been investigated in [4]-[27].

The paper aims to present a new best proximity theorem for a non-self-mapping T : P — Q involving
a pair (¥, h) of upper class of type Il and a C- function f. Here, we require that the pair (P, Q) satisfies
the #- property and the non-self-mapping T is @ — A — a — b-proximal sub-admissible. We also suggest
some consequences and examples in order to show the effectiveness of the obtained results. Finally, an
application on a system of fractional differential equations is presented. Here, we ensure the existence of
an optimal solution related to the system. This optimal solution is an exact solution of the system when
considering a particular case on boundary conditions.

2. Preliminaries and Definitions

Let (P, Q) be a pair of nonempty subsets of a metric space (X, d). We adopt the following notations:
d(P,Q) :=inf{d(a,b) :a € P,b € Q};
Py :={a € P : there exists b € Q such that d(a,b) = d(P, Q)};
Qo :={b e Q: there exists a € P such that d(a, b) = d(P, Q)}.

Definition 2.1. [4] Let S : P — Q be a non-self-mapping. An element x. is said to be a best proximity point of S if
d(x., Sx.) = d(P, Q).

In 2011, Raj [8] introduced the P-property as follows:

Definition 2.2. [8] Let (P, Q) be a pair of nonempty subsets of a metric space (X, d) such that Py is nonempty. Then,
the pair (P, Q) is said to have the P-property if and only if d(x1, y1) = d(x2, y2) = d(P, Q) = d(x1,x2) = d(y1, y2)
where x1,x%, € Pand y1,y, € Q..

By using this notion, some best proximity point results were proved for various classes of non-self-
mappings. To enrich more the fixed point theory, Ansari and Shukla [28] initiated the concept of functions
of subclass of type L

Definition 2.3. [28] We say that h: R* X R* — R is a function of subclass of type I, if x > 1 = h(1, y) < h(x, y)
forall y e R".

As examples, we cite

(@ hix,y) =W +D%1>1;

(b) h(x,y)=(x+1)Y1>1;

(©) h(x,y) =y;

() hxr,y) = 755 (Erox)yneN;

(e) h(x,y) = [ﬁ (2?:0 xi) + l]y,l >1,neN

forall x, y € R*.
Going in same direction, we state the following definition due to Ansari and Shukla [28].

Definition 2.4. [28] Let h, ¥ : R* X R* — R, then we say that the pair (¥, h) is an upper class of type I, if h is a
function of subclass of type I and:

(H0<s<1= F(s,t) <F(,1),

(i) h(1,y) < F(s,t) = y < st forall t,y € R*.

As examples, we take

(@ hx,y) =(+D%1>1and F(s,f) =st+1;
(b) h(x,y) = (x+1)¥,I>1and F(s,t) = (1 +1)%;
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(c) h(x,y) =x"y,me Nand F (s, t) = st;
(d) h(x,y) =yand F(s,t) = t;
(e) h(x,y) = & (Z?:o xi) y,neNand F (s, t) =st;

(0 b, y) = [ (Erox) +1]",1>1,n e Nand F(s,1) = (1 + )"

n+1

forall x,y,s,t € R".

Definition 2.5. [28] We say that h : R* x R* X R* — R is a function of subclass of type I, if x,y > 1 =
h(1,1,z) < h(x,y,z) for all z € R*.

As examples, we choose

(@) h(x,y,z) =@+ 1)Y,1>1;

(b) h(x,y,z) = (xy+1)731>1;

© hx,y,2) =z

(d) h(x,y,z) =x"y"2P,m,n,p € N;

(€) h(x,y,2) = “V ok i, p, g,k € N

forall x,y,z € R*.

Definition 2.6. [28] Let h: R* X R* XIR* — Rand ¥ : R* xR* — R, then we say that the pair (¥, h) is an upper
class of type 11, if h is a subclass of type Il and: (i) 0 < s <1 = F(s,t) < F(1,t), (1) h(1,1,2z) < F(s,t) = z < st
foralls,t,z e R*.

As examples, we take

(@) h(x,y,2) =@+ DY,1>1,F(s,t) =st+1;

(b) h(x,y,2) = (xy +1)%,1>1,F (s, 1) = (1 + )*;

(©) h(x,y,z) =z,F(s,t) =st;

(d) h(x,y,z) = x"y"zF,m,n,p € N,F(s,t) = PtV

() h(x,y,z) = w,zk, m,n,p,q,k €N, F(s,t) = stk

forallx,y,z,s,t € R*. Here, the pair (¥, h) is an upper class of type II
In 2014, the concept of C-class functions was introduced by Ansari [29]. By using this concept, many
fixed point theorems in the literature have been generalized.

Definition 2.7. [29] A mapping f : [0,00)*> — R is called a C-class function if it is continuous and satisfies the
following axioms:

(1) f(s,t) <s;

(2) f(s,t) = s implies that either s = 0 or t = 0; for all s, t € [0, c0).

For such a function f, we have f(0,0) = 0. Denote by C the C-class functions.

Example 2.8. [29] The following functions f : [0, 00)> — R are elements of C for all s, t € [0, c0):
(1) f(s, ) =s—t
(2) f(s,t) = ms with 0<m<1;
(3) f(s,t) = i withr € (0, 00);
(4) f(s,t) = log(t +a°)/(1 + t) witha > 1;
(5) f(s,t) =In(1 + a°)/2 with a > e;
(6) f(s,t) = (s + NV — T with | > 1 and r € (0, o0);
(7) f(s,t) = slog,,, awitha > 1;
(8) f(s,1) =s — (FE)(t5)
(9) f(s,t) = sB(s) where  : [0, 00) — [0, 1) is continuous;
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(10) f(s,t) = s —

(11) f(s,t) = s — @(t) where @ : [0, 00) — [0, 00) is a continuous function such that p(t) =0 & t = 0;

(12) f(s,t) = sh(s,t) where h : [0, 00) X [0,00) — [0, 00) is a continuous function such that h(t,s) < 1 for all
t,s>0;

(13) f(s,1) =5 = (FDE;

(14) f(s,t) = yIn(1 +s");

(15) f(s,t) = ¢(s) where ¢ : [0,00) — [0, 00) is an upper semicontinuous function such that ¢(0) = 0 and
o(t) < tforeacht >0,

(16) f(s,t) = igy withr € (0, ).

3. Main results

First, we introduce the following concepts.

Definition 3.1. Consider a non-self-mapping S : P — Q and given a,A,a,b : P — [0,+00). S is said to be
a — A —a — b-proximal sub-admissible if

a(x1) = 1,a(x1) <1,A(x2) > 1,b(x3) < 1and d(uq, Sxq) = d(uz, Sxp) = d(P,Q) = a(uq) > 1,a(uq) <1, Mup) > 1
and b(up) < 1 for all x1,x3,uy,us € P.

Example 3.2. Endow the space X = R with the metric d(x,y) = |x — y|. Let P = (—o0,=1] and Q = [§,+oo).
Consider the non-self mapping S : P — Q given as

B 345 if x€&(—o0,-2].
S(X)—{_%x_i_i lf xe[—zl—l].

Take a, A,a,b: P — [0, +00) sas

_ |3 if xe[-2,-1].
a(x) = A(x) = {0 otherwise,
and
) o i xef-2,-11
a(x) = b(x) = {3 otherwise.

Note that d(P,Q) = 421' The mapping S is a — A — a — b-proximal sub-admissible. Indeed, let x1,x3,u1,up € P such
that a(x1) > 1,a(x1) <1, A(x2) = 1,b(x2) < 1and d(uq, Sx1) = d(uz, Sx2) = d(P, Q) = %. We have

a(x1) £ 1;b(xp) <1

U
)

=

L

%)

=

N

N

Il
IO H

Then

Note that Sx € [%, %]for all x € [-2,-1]. So Sx1,Sx; € [g,%], and since we have d(uy,Sx1) = d(uz, Sx;) = ?I'
necessarily u; = upy = —=1. Thatis, a(u1) =3 > 1,a(u1) =0<1, A(up) =3 > 1, and b(uy) =0 < 1.

A particular case of Definition 3.1 is as follows:

Definition 3.3. Consider a non-self-mapping S : P — Q and given a, A : P — [0, +00). The mapping S is said to
be a — A-proximal admissible if
a(x1) =1, A(x2) 2 1 and d(uq, Sx1) = d(uz, Sx2) = d(P, Q) = a(u1) = 1, and A(up) = 1 for all x1, xp, 11, us € P.
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Definition 3.4. Let (X,d) be a metric space and (P, Q) be a pair of nonempty subsets of X. A non-self-mapping

S:P — Qiscalled (¥ ,h, f,a — A —a — b)-proximal, where a, A,a,b : P — [0, +00) and the pair (¥, h) is an upper
class of type 11, if there exists a C-function f such that

ha(x), A(y), d(Sx, Sy)) < F (a(x)b(y), f(d(x, y), d(x, y))), 3.1)

forallx,y € P.

Example 3.5. Endow X = R? with the metricd((x1, 1), (X2, 12)) = /(x1 — )2 + (y1 — y2)% Let P = {(0,x) : x > 1}
and Q ={(2,y) : y > 1}. Given a non-self mapping S : P — Qas S((0, x)) = (2, In(2+x)). Let a((0, x)) = b((0, x)) =
a((0,x)) = A((0,x)) = 1 for all x > 1. We consider the C-class function f(s,t) = %s. Take the upper class of type 1l as
the pair (F, h) defined by F (s, t) = st and h(x, y,z) = z. For all (0,x), (0, y) € P, there exists ¢ €]x, y[ so that

h(1,1,d(5((0, x)), 5((0, y)) = In(2 + x) = In(2 + y)|

1
=5
<1|x_?/|
-2

=F (1, f(d((0, ), (0, v)), d((0, x), (0, y))))-

Then S is an (¥, h, f,1 — 1 —1 — 1)-proximal mapping.

Now, we propose the following best proximity point result.

Theorem 3.6. Let (P,Q) be a pair of nonempty closed subsets of a complete metric space (X,d) such that Py is
nonempty. Given a,A,a,b : P — [0,+00) and f € C. Consider an (¥ ,h, f,a — A — a — b)-proximal non-self-
mapping S : P — Q satisfying the following assertions:

1. S(Po) C Qo and the pair (P, Q) verifies the P-property;

2. Sisa — A —a — b-proximal sub-admissible;

3. there exist elements xo,x1 € P with d(xy,Sxy) = d(P,Q) such that a(xg) > 1, A(x1) = 1, a(xg) < 1 and
b(x1) <1;

4. if {x,} a sequence in P such that a(x,) > 1, a(x,) < 1, and nl_l)n} Xn = X« € P, then A(x,) > 1 and b(x,) < 1.

(o)

Then S has a unique best proximity point x, € P such that d(x., Sx.) = d(P,Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) < 1, then x. = y..

Proof. Thanks to condition (3), there exist x, x; € P such that

d(x1, Sxg) = d(P,Q), a(xg) = 1,a(xg) < 1; A(x1) = 1 and b(x1) < 1. As T(Py) € Qo, there exits x, € Py such that
d(xz, Sx1) = d(P, Q).

The mapping S is « — A — a — b-proximal sub-admissible and since a(xg) > 1,a(xp) < 1, A(x1) > 1,b(x1) < 1
and d(x;, Sxg) = d(x, Sx1) = d(P, Q), this implies that a(x;) > 1,a(x;) < 1; A(x2) 2 1 and b(x;) < 1. In a similar
manner, by induction, we can construct a sequence {x,} C Py such that for all n > 0,

d(xp41,Sx,) =d(P,Q) and al(x,) > 1, A(x,1) = 1,a(x,) <1 and b(x,41) < 1. (3.2)

Our next step is to prove that {x,} is a Cauchy sequence. Let us first prove that lim,—, 1« d(x,, X,-1) = 0.
Since d(x+1, Sx,) = d(P, Q) and d(x,, Tx,—1) = d(P, Q), using the P-property, we get

d(xy, xp+1) = d(Sx,-1, Sxp). (3.3)
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As Sisan (F,h, f,a — A —a —b)-proximal non-self mapping and a(x,—1) > 1,a(x,—1) <1, A(x,) 2 1,b(x,) <1,
then

h(1,1,d(Sxy-1, Sxy)) h(a(xn-1), Axn), d(Sxu-1, Sxu))
T(a(xn—l )b(xn)/ f(d(xn—lr xn)/ d(xn—ll xn)))
77(1/ f(d(xn—lz xn)/ d(xn—ll xn)))~

Using (3.3) and the definition of /, we obtain

IAN A

IA

d(xps1,xn) < f(d(xn-1,%n), d(Xn-1, %)) < d(xp-1,%x,) foralln>1. (34)
Let r = lim,—, 400 d(x4-1, x,). Using equation (3.4) and letting 1 — 400, we obtain that

r< f(r,r) <.
Using the definition of the function f, we conclude that

Iim d(x,-1,x,) = 0. (3.5)
n—s+oo

Suppose that {x,} is not a Cauchy sequence. Then there exist € > 0 and subsequences {x,,} and {x,,} such
that, for all positive integers k such that m(k) > n(k) > k with a(x,x) =2 1, A(Xuw) = 1, d(Xm@), Xaw) = € and
(X, Xn-1) < €. Using the triangular inequality, we get

€ <A@y, Xnw) < Ay, Xngy-1) + A(Xug-1, Xnk))
< €+ d(xn(k)_l, xn(k)). (3.6)

Taking limit as k — +oo in the above inequality (3.6) and using (3.5), we conclude that

nllrgm A(Xm@ry, Xn(ky) = €. (3.7)
Using again the triangular inequality,

Ay, Xn@) < AXmE), Xmiy+1) + AXmy+1, Xngy+1) + AXngy+1, Xngr))- (3.8)
Using inequality (3.8), one writes

€ < dXmE+1, Xny+1) < AXmy+1, X)) + Ay, Xnky) + AXngey, Xngy+1)- (3.9)
Letting k — +o0 and using (3.5) and (3.7), we get

im  d(Xp)+1, Xng)+1) = €. (3.10)

n—+oo
Since S is an (¥, h, f,a — A — a — b)-proximal mapping, we obtain

h(1,1,d(Sxmp), Sxny)) < H@(Xm@)), ACu)), A(SXimwy, SXnr)))
< Fam@)b(nw), f@CmE), Xnw), dA(Xmk), Xnk))))
< F A, F @y, Xnw), AXm), Xn(k)))-

That is,

AX 1, Xny+1) < FA@Cnm), Xug), A Xmeky, Xnm)))- (3.11)

Letting k — +o0, we conclude that

€< f(ee)<e.
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Hence,
kl—ig}oo d(xm(k),xn(k)) =e=0.

It is a contradiction.

Thus, {x,} is a Cauchy sequence in the closed subset P of the metric space (X, d).

Since (X, d) is complete and P is closed, there is x, € P so that the sequence {x,} converges to x.. Using
the hypothesis (4) of the theorem, A(x.) > 1. Since S is an (¥, I, f,a,b, @ — A)-proximal Geraghty mapping,
we have

h(1,1,d(Sx,, Sx.) < h(a(x,), Ax.), d(Sx,, Sx.))
< Fa(en)b(x), fd(xn, x.), d(xn, x.)))-
< F( fd(xn, ), d(xn, x2))).-
Hence,

d(Sxn, Sx.) < f(d(xn, X)), d(xn, %)), V1.
By triangular inequality and (3.2), we have

d(x., Sx.) < d(x., xp41) + d(xpe1, Txy) + d(Sx,, Sx.)
d(x., xp41) + d(P, Q) + d(Sx,,, Sx.). (3.12)

We obtain for all n,
d(Tx,, Sx.) = d(x., Sx.) — d(x., xy+1) — d(M, N). (3.13)
Using (3.12) and (3.13) , we get

d(xn, ) = fld(xn, X)), d(xn, x.)
Z d(x*/ Sx*) - d(x*/ xn+1) - d(P/ Q)

Asn — +oo, we get
d(x., Sx.) —d(P,Q) < 0.

So we deduce that d(x., Sx.) = d(P, Q). Therefore, . is a best proximity point for S.

For the uniqueness, suppose that there are two distinct best proximity points for S such that x. # y..
Thus, p = d(x.,y.) > 0. Since d(Sx.,x.) = d(Sy., y.) = d(P,Q), using The P- property, we conclude that
p = d(5x., Sy.).

Since S is an (¥, h, f,a — A — a — b)-proximal mapping, we obtain

h(1,1,d(Sy.,Sx.) < h(a(y.), A(x.), d(Sy., Sx.))
< Fa(y)b(x.), f(Ad(y., x.),d(y., x.)))
< FQ, fdy., x.),d(ys, x.))).
That is,

p < flp,p) <p.

Thus, p = 0, which is a contradiction. [

Example 3.7. Consider the complete Euclidian space X = R endowed with the metric d(x,y) = |x—yl|. Let P = [2,3]
and Q = [%,1]. Consider the non-self mapping S : P — Q given as S(x) = i57. S(P) C Q also P and Q are

closed subset on the complete space (R,d). It is easy to see that the couple (P, Q) satisfies the P-property. Choose
a(x) = b(x) = a(x) =1 = A(x) for all x, y € P. We have

1+\/§),M)=1=d

a(s( > )

(P, Q).
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Forall x,y € P = [2, 3], we can prove that

=yl 1
=Ty ol

X

AW, SO =17~ 5

That is, S is an (F,h, f,1 =1 =1 = 1)-proximal Geraghty mapping. This inequality is true for x = y. If x # y
1

we have for all x,y € P = [2,3], |x — y| < 1 meanwhile 9 < (1 + x)(1+y) < 16. So 11_6 < m < é and

_ =yl Ly
T+0y+1) o I
Thus, the main hypotheses of Theorem 3.6 are satisfied for the functions h(x,y,z) = z, F (s, t) = st and f(s,t) =

$ — 1. So there is a unique best proximity point of the mapping S, which is HT\@ It is the only solution of the

X
ti -——=1=4d(P,Q).
equation |x x+1| d(P,Q)

4. Consequences
As consequences of Theorem 3.6, we state the following corollaries:

Corollary 4.1. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : P — [0,+,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xo,x1 € P such that
d(x1, Sxo) = d(P, Q) such that a(xg) > 1 and A(x1) = La(xp) < 1and b(x;) < 1;
4. if {x,} a sequence in P such that a(x,) = 1 ;a(x,) < 1,and nl_ig}w Xy = X« € P, then A(x,) > 1and b(x,) < 1;

5. there exists a pair (¥, h) of upper class of type II, such that
h(a(x), A(y), d(Sx, Sy)) < F (a(x)b(y), 0)
forallx,y € P.

Then, S has a unique best proximity point x, € P such that d(x., Sx.) = d(P, Q). If y. € Q is another best proximity
point for S with a(y.) > 1 and b(y.) <1 then x. = ..

Proof. It is an immediate consequence of Theorem 3.6 with f(s,t) =s—t. O

Remark 4.2.
h(a(x), A(y), d(Sx, Sy)) < F(a(x)b(y), 0).

-For the case h = (z + )Y, F (s, t) = st + [, the above condition is:
(d(Tx, Ty) + 1)*@W < |
for 1> 1. Corollary 4.1 can be written in a more elegant way.

Corollary 4.3. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : P — [0,+00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
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3. there exist elements xy, x1 € P such that
d(x1, Sxo) = d(P, Q) such that a(xg) = 1 and A(x1) = La(xg) < 1and b(xq) < 1;
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) < 1,and lin} Xy = X. € P, then A(x,) > 1and b(x,) < 1;
5.
(d(Sx, Sy) + ¥ <

forallx,y € Pandl > 1.

Then, S has a unique best proximity point x. € P such that d(x., Sx.) = d(P, Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) <1 then x. = y..

- For the case h(x,v,z) = (xy + Iy, F(s,t) = (1 +1)*, we have (a(x)A(y) + [)"*V) < 1. Corollary 4.1 can be
expressed in more explicit way.

Corollary 4.4. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : P — [0,+,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xo,x1 € P such that
d(x1, Sxo) = d(P, Q) such that a(xg) = 1 and A(x1) = La(xp) <1,b(x1) <1;
4. if {x,} a sequence in P such that a(x,) =2 1 ;a(x,) <1, and lim,—, 4o X, = x. € P, then A(x,) > 1,b(x,) < 1.
5.
(a(¥)A(y) + DI <1

forallx,y € Pandl > 1.

Then, S has a unique best proximity point x. € P such that d(x., Sx.) = d(P, Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) <1 then x. = ..

Corollary 4.5. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : P — [0,4,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xg, x1 € P such that
d(x1, Sxg) = d(P, Q) such that a(xg) > 1 and A(x1) = La(xg) < 1,b(x1) < 1;
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) <1, and im, ;e X, = X, € P, then A(x,) > 1,b(x.) < 1;
5. there exists a pair (¥, h) of upper class of type 11, such that

d(x,y)

M), My), (S, Sy)) < F @b, 70"

)

forallx,y € Pandr > 0.

Then, S has a unique best proximity point x. € P such that d(x., Sx.) = d(P, Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) <1 then x, = y..

Proof. It is an immediate consequence of Theorem 3.6 with f(s,f) = g777. O

Corollary 4.6. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : P — [0,+,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:
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1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xg, x1 € P such that
d(x1, Txg) = d(M, N) such that a(xg) = 1 and A(x1) = La(xg) <1,b(x1) < 1;
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) < 1, and lim,,—, 0o X, = X, € P, then A(x.) > 1,b(x,) < 1;
5. there exists a pair (¥, h) of upper class of type II, such that

log(d(x, y) + a®®y)

h(a(x), Ay), d(Sx, Sy)) < F @@)b(y), —— i, )

forallx,y € Pand a > 1.

Then, S has a unique best proximity point x. € P such that d(x., Tx.) = d(P, Q). If y. € P is another best proximity
point for T with a(y.) > 1 and b(y.) < 1 then x, = y..

log(t+a°)
1+t

Proof. It is an immediate consequence of Theorem 3.6 with f(s, t) = O

Corollary 4.7. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : M — [0, +,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xy, x1 € P such that
d(x1, Sxo) = d(P, Q) such that a(xo) = 1 and A(x1) = La(xp) <1,b(x1) <1,
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) <1, and lim,—, . X, = x. € P, then A(x.) > 1,b(x,) < 1;
5. there exists a pair (¥, h) of upper class of type II, such that

In(1 + ate))

h(a(x), A(y), d(Sx, Sy)) < F(a(x)b(y), >
forallx,y € Pand a > e.

Then, S has a unique best proximity point x. € P such that d(x., Sx.) = d(P, Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) < 1 then x. = y..

Proof. It is an immediate consequence of Theorem 3.6 with f(s, t) = 3%, [

Corollary 4.8. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X, d) such that Py is
nonempty. Given a,A,a,b : P — [0,+,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xy, x1 € P such that
d(x1, Txp) = d(P, Q) such that a(xp) = 1 and A(x1) = La(xg) < 1,b(x1) < 1;
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) <1, and lim,—, . X, = x. € P, then A(x.) > 1,b(x,) < 1;
5. there exists a pair (¥, h) of upper class of type 11, such that

d(x, y)

2 +d(x, y))

h(a(x), A(y), d(Sx, Sy)) < F (a(x)b(y), d(x, y) =

forallx,y €P.
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Then, S has a unique best proximity point x. € P such that d(x., Tx.) = d(P, Q). If y. € P is another best proximity
point for T with a(y.) > 1 and b(y.) < 1 then x. = y..

Proof. It is an immediate consequence of Theorem 3.6 with

1+s t
2+s)(1+t)‘

f(S,t)=S—(

O

Corollary 4.9. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X,d) such that Py is
nonempty. Given a,A,a,b : P — [0, +00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;
2. Sisa — A —a — b-proximal sub-admissible;
3. there exist elements xy, x1 € P such that
d(x1, Sxo) = d(P, Q) such that a(xo) = 1 and A(x1) = La(xo) <1,b(x1) <1,
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) < 1Land lim,—, 00 X, = x. € P, then A(x.) 2 1,b(x.) < 1;
5. there exists a pair (¥, h) of upper class of type 11, such that

h(a(x), A(y), d(Sx, Sy)) < F (a(x)b(y), 6(d(x, y)))
forall x,y € P and 0O is the generalized Mizoguchi-Takahashi type function.

Then, S has a unique best proximity point x, € P such that d(x., Tx.) = d(P,Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) <1 then x. = ..

Proof. It is an immediate consequence of Theorem 3.6 with f(s, ) = 6(s). O

Corollary 4.10. Let (P, Q) be a pair of nonempty closed subsets of a complete metric space (X,d) such that Py is
nonempty. Given a,A,a,b : P — [0,4,00). Consider a non-self-mapping S : P — Q satisfying the following
assertions:

1. S(Po) € Qo and the pair (P, Q) satisfies the P-property;

2. Sisa — A —a — b-proximal sub-admissible;

3. there exist elements xy, x1 € P such that

d(x1, Sxo) = d(P, Q) such that a(xo) = 1 and A(x1) = La(xp) < 1,b(x1) < 1;
4. if {x,} a sequence in P such that a(x,) > 1 ;a(x,) < 1and lim,_—, e X, = x. € M, then A(x.) 2 1,b(x.) < 1;
5. there exists a pair (¥, h) of upper class of type 11, such that

dix,y) et
r<%>fo iy

h(a(x), Ay), d(Sx, Sy)) < F (a(x)b(y),

forallx,y €P.

Then, S has a unique best proximity point x. € P such that d(x., Sx.) = d(P, Q). If y. € P is another best proximity
point for S with a(y.) > 1 and b(y.) <1 then x. = y..

Proof. It is an immediate consequence of Theorem 3.6 with f(s,t) = %1) f O
3) Jo

e—u
du
Vi +t
Remark 4.11. For the case h(x,y,z) = z,F(s,t) = stand a = A = a =b = 1 and p = 1, the definition of
(F,h, f,1=1-1 = 1)-proximal concept, was studied first by Ayari et al. [30] when considering the following
definition.
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Definition 4.12. [30] A non-self mapping S : P — Q is C- proximal contractive if and only if there exists f € C
such that

d(Sx, Sy) < f(d(x,y),d(x, ),
forall x,y € P.

Remark 4.13. Intheparticular case f(s,t) = B(s)t, we obtain the definition of non-self Geraghty mappings introduced
by Caballero et. [31]. Also, we reach the result of Komal et al. [32]. Note that the difference of approaches is that
the authors in [32] introduced the notion of a-proximal admissible non-self mappings, but in our current paper we
introduced the concept of « — A — a — b-proximal sub-admissible non-self mappings. Our main contraction is also
more general than the one in [32].

5. A fixed point result: The self-mapping case

Definition 5.1. Let (P, d) be a metric space. A self-mapping T : P — P is called (¥, h, f)-contractive, where the pair
(F, h) is an upper class of type 11, if there exists a C-function f such that

h(1,1,d(Tx, Ty) < F(1, f(d(x, y), d(x, y), (5.14)
forallx,y € P.

By considering P = Q in Theorem 3.6, we obtain the following fixed point result.

Theorem 5.2. Let (P,d) a complete metric space. If a self-mapping S : P — P is (F,h, f)-contractive, then S
possesses a unique fixed point.

An immediate consequence is the Banach principle by considering h(x, y,z) = z, ¥ (s,t) = st and f(s,t) =
ks where k € (0, 1).

Corollary 5.3. Let (P,d) a complete metric space. Let consider a self-mapping S : P — P satisfying:

d(Sx, Sy) < f(d(x,y),d(x, y))

forall x,y € P, where f is a C-function. Then S possesses a unique fixed point.

Proof. This can be obtained by taking h(x, y,z) = z and 7 (s, t) = st in Theorem 5.2. [

6. An application to fractional differential equations

A fractional order differential equation (FODE) is a generalized form of an integer order differential
equation. The FODE is useful in many areas, e.g., for the depiction of a physical model of various
phenomena in pure and applied science. Fractional differential equations have attracted much attention
last decades and have been widely used in engineering, physics, chemistry, biology, and other fields. Many
nonlinear fractional diffusion equations have no exact solution, the approximate solution or numerical
solution may be a good approach. For more related details, see [33-37]. In this section, take 0 €]0, 1] and
t; € R. Choose I5 = [t; — 6,t; + 6]. Denote by D“ the Fractional Caputo-Fabrizio derivative (CFD) of order
0 < a < 1. Note that

1
Dx(t) = —— f X' (Her=)ds,
1-aJ,
where x is a function defined on Is with values in R. The corresponding fractional integral is introduced by

f
Vﬂﬂzu—mﬂa+¢fx@¢.

51
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Let u > 0and x1, 1 € R. Consider | = [x; — g, x1 + y] and K = [y1 — u, y1 + u]. Take
P ={x:Is — ] continuous such that x(t;) = x1}

and
Q ={y:Is — K continuous such that y(t;) = y1}.

Note that P and Q are nonempty, bounded, closed and convex sets. We have

d(P,Q) =: inf{”x - y”oo xePyeQl= |x1 - y1|.

As an application, we consider the following integro-differential system of equations:

{D“x(t) = filt, x(t)) : x(t1) = x1 (6.15)

Dy(t) = folt, y(t) : y(tr) = w1,
where fi; f, are integrable functions from I5 X P and Is X Q, respectively. Now, we give the definition of a

pair (P, W) to be an optimal solution of the system (6.15) (in the case it does not posses a solution). We say
that the pair (®, W) is an optimal solution (6.15 if the following hold for all T € I;:

x1+ (1 —a)fi(t, D(1)) + azf fi(s, D(s))ds — D(t)| < 'xl - 1|, (6.16)
f
and
t
v+ (1—a)fit, ¥() +a f fils, W(s))ds — W(t)| < |x1 — 1] (6.17)
f

Remark 6.1. It is to be noted that if y1 = x1, then the pair (O, V) verifying (6.16) and (6.17) (so it is an optimal
solution) turns out to be an exact solution of the system (6.15).

For x € P and y € Q, consider
llxlleo = sup {lx(#)] - £ € s},

IAll,, = sup{| i x®)| s t e 1o},
1Al = sup {|At )| : t e 15},
Ifi = £l = sup {|fict,x(®) - falt, y(®)| - t € I} .

The following lemma is needful in the sequel. We omit its proof.
Lemma 6.2. For a, 6, € €0, 1], the function \V defined by
W(o) =0(l —a) + acd + € — €0 + ace — adeo
is increasing on the interval 10, 1] with values in W(]0,1[) =Je, 1 — a(1 — 6)(1 — €)[]0, 1[.

Consider the following assumptions:

(A1) Thereis 0 > 0 such that
||f1 - fz”m <o (Ilu =l — |x1 - y1|) forall u € P and v € Q such that [lu — v||, > |x1 -
[t (1) = filt, s(t)] < 0 llr = slleo, VE € I; 1,5 € P,
|Atq(t) - At wt)| <ollg-w|,, Vtel;VqweQ;

7
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(A2) fo(ty,y1) =0and fi(t, x1) =0;

(A3) max{”fl”oo; f2||oo} <u.

Define the functions S and H by

S: P—Q
x+— Sx: Is— K

tr—= Sx() =1+ (A —a)fat, x(?) +a ftlt fa(s, x(s))ds,
and

H: Q—P
y—Hy: Is—] t
t— Hy(t) = x1 + (L= a)fit, y(O) + & [, fils, y(s))ds.

We define the operator T : PU Q — C(I5, R) by

_ ) Sx(t):if xeP
Ty = {Hx(t) Lif xeQ.

The essential result of this section is as follows:

Theorem 6.3. Assume that the assertions (A1), (A2) and (Asz) hold. Then the system (6.15) has an optimal solution
(D, V) € Px Q, whenever g €]0,1[.

Proof. To prove that the system (6.15) has an optimal solution (P, W) € P x Q, it suffices to ensure that S has
® as a best proximity point and H has W as a best proximity.

First, we claim that T is a cyclic operator. Let x € P, then by assumptions (A2) and (A3) we obtain
Tx(t1) = y1. Also,

| Tx(t) =

t
l(1 —a)fo(t, x(t) + Oﬁf fa(s, x(s))ds
t
(- a)[[fo] +ao £
L.

Therefore, Tx(t) € K and by definition of Q, we deduce Tx € Q. In the same manner, by assumption (A2),
we have for y € Q, Ty(t1) = x1. Also,

IA A

|Ty(t) - x1

t
l(l —a)fa(t, y(B) + Offt fi(s, y(s))ds

@ =a) ]l +as Al
.
Therefore, Ty(t) € | and by definition of P, we deduce Ty € P. We conclude that T is cyclic.

IA A

We state the following cases:

Case 1. Let (1,0) € P x Q such that [|u — 0]l > |x1 — y1
Then we will show that it suffices to prove that T is an (F, 4, f,a — A —a — b)-proximal mapping for any
(u,v) € Px Q such that ||ju — ||, > |x1 - y1|
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1w
[[1=0lleo

< 1, and so there exists € €]0, 1] such that MPQ) < ¢ <1.

Since we have ||[u — 7||, > |x1 - yl(, one writes =]

Therefore, d(P, Q) < e.||u — v|w

[ Tu(t) = To(t)]

t
lyr + (1 —a) folt, u(t)) + af fals, u(s))ds — x1 = (1 — a) fi(t, v(t))

t
- f fu(s,0(s))dsl
5]
t
< Ja-ulea-ola-al o[ - £l
ty
< =]+ @ = @) (I = lle = 11 = ya]) + a0 (I = vl = 1 = 1) 1t = 11
< = |+ @ = @) (I = olle = 11— y1]) + @06 ([l = llee — |1 - 11])
< (0(1 - a)+aod)|lu—vlle + (1 - o(1 — a + ad)) |x — .

For g,6 €]0,1[, we have 1 — o(1 — a + ad) > 0, and we obtain

[Tu(t) — To@®) < (6(1-a)+acd+e(l—0a(l—a+ad)))lu—7e
< (0(1—a)+oad +e€—eo +ace —oaed) ||lu — ||
= W(o)llu-2lls
< max(o, V() ||t — 9l -

By Lemma (6.2), for €, 6, @ €]0, 1], the function ¢ — W(0) is strictly increasing function on the interval 0, 1]
with values in W(J0, 1[) =Je, 1 — a(1 — 6)(1 — €)[c]0, 1[. This implies that 0 < W(o) < 1.

Case 2. For (1,v) € P X P, we have

[Tu(t) — To(t)|

t t
(1 - a)falt, u(h) + f fols, u(s))ds — (1 — a)ft, o) - a f fols, 0(6))ds

t
< (1-a)|k6w- L), +a ft |2Cw) = £, 9| ds
< (I-a)o(llu —vlle + acllu — vlle |t — £
= [1-a)o+aolt—tl]llu -0l
< ((1-a)o+ado)l|lu—9le
< ollu—-7ls
< max(o, V(0)) || — 9| -

Case 3. Let (1,v) € Q X Q. We have the same work as in case 2.

From the above three cases, one deduce that S :— Qand H: Q — P are (F,h, f,a — A —a — b)-proximal
mappings, with
h(x,y,z) = z;F(s,t) = st; f(s,t) = max(o, V(0)).s; a=A=a=b=1.

Now, we show that T(Py) C Qp.
Let x € Py, then there exists y € Q such that Hx - y“oo =d(P,Q).

Suppose that Tx ¢ Qo, then for all z € P we have ||Tx - z||,, > |x1 - y1| =d(P,Q). For z = Ty (Ty € P because
T is a cyclic mapping ), we have

|x1 - y1| < ||Tx - T]/”Do < max(o, W(0)) |x1 — y1| < |x1 - y1|.
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It is a contradiction. Therefore, T(Py) C Qo.

Let (x,z) € P? and (y,#) € Q? such that ||x - y|| = llz - Il = d(P, Q).
Y- t” Without loss of generality we can assume that ||x — z|| > H Y- tH Pisaconvex

Suppose that ||x — z|| # |
set, then
[,z ={Ax+ (1 —-A)z: A €[0,1]} CP.

Let w € [x, z[ such that ||w — {||, = d(t, [x,z]). Then ||z — t||, > d(t, [x,z]), and so
Iz = Hlew > Il = Hlow = d(t, [x,21) > d(t, P) > d(P,Q) = |x ], -

We obtain a contradiction. Therefore, the pair (P, Q) satisfies the -property.
Let x € Py, then there exists y € Q such that ) X - y“m =d(P, Q). Suppose that Sx ¢ Qy, then for all z € P
we have ||Sx — zl|, > |x1 - yl‘ =d(P,Q). Forz = Ty = Hy (T'y € P because T is a cyclic mapping ), we have

|x1 - y1| < ||Sx - TyHoo = HTx - Ty”Oo < max(o, ¥(0)) (xl - y1‘ < ‘xl - y1).

It is a contradiction. Therefore, S(Py) C Qp. Similarly, we show that H(Qp) C Py. Also, it is clear that (P, Q)
verifies the P-property.

Now, we want to explain why in case 1, we just consider (1, v) € P X Q such that |[u — ||, > (xl - yl).
Indeed, if there are u € P and v € Q so that

[ = lles = |1 = 11| = AP, Q),

thenu € Py and v € Qy, and so Py and Qp are nonempty. We shall show here that there exist a best proximity
point of S and a best proximity point of H. For this, we need to consider the functions g; : Py — [0, o)
defined by g1(w) = |lw — Sw|l, and g, : Qo — [0, o) defined by g>(w) = ||lw — Hwl|,. Clearly, Py and Qg
are compact and so the real functions g, g, are continuous. Then there exist uy € Py and vy € Qp such that
lluo — Suollee = infuep, [l = Sulles and |lvg — Hutglloo = infueq, I — Hull -

We claim that ||lug — Sug|le, = d(P,Q) = |x1 - y1|. We argue by contradiction, so we have |[ug — Suplle, >
(xl -1 ) Thus, in view of case 1, one writes

d(Sug, S*ug) < max(o, W(o))d(ug, Suig).

Since S%ug € Py, one gets

0 < [luo = Suolleo inf [lu — Sull
uePy

IA

|50 = S°uo]|,
max(o, ¥ (0)) “Suo - Szu()”w
(max(0, W(0)))” llig — Sttolle

|20 — Sl -

IAIA

A

It is a contradiction. Hence, ||ug — Sug|ls, = d(P, Q) = |x1 — y1|, and so ug is a best proximity point of S in Py.
Similarly, v is a best proximity point of H in Qy. We conclude that the pair (1, vg) is an optimal solution of
the system (6.15).

Finally, all the conditions of Theorem 3.6 are verified, and so S admits a best proximity point (Without
loss of generality, say @ € P). Similarly, H admits a best proximity point, say W € Q. One then writes

IS® — Dl = |x1 — 11, (6.18)
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and
IHY = Wl = |x1 — 1] (6.19)
From (6.18) and (6.19), we have for all £ € I,

ISD(t) — D(E)| < |x1 — 11

7

and
IHW(H) - ()| < |1 — 1]

That is, the pair (®, V) is an optimal solution of the system (6.15). The proof is completed.
O

7. Conclusion

This paper dealt with a best proximity result involving a non-self-mapping T : P — Q involving a pair
(7, h) of upper class of type I and a C- function f. The P-property of the pair (P, Q) and the « — A —a — b-
proximal sub-admissibility have been used to establish our theorem. We studied a system of fractional
differential equations. By applying our best proximity point result, we ensure the existence of an optimal
solution of such a system. Particularly, if the boundary conditions are equal, such an optimal solution
turned to be an exact solution of the system. To our knowledge, our idea is new when resolving those
types of systems. By using a best proximity point technique, we succeeded to pass from optimal solutions
to exact solutions.
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