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Abstract: By using an interpolative approach, we recognize the Hardy-Rogers fixed point theorem
in the class of metric spaces. The obtained result is supported by some examples. We also give the
partial metric case, according to our result.
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1. Introduction and Preliminaries

A Banach couple is two Banach spaces A and B algebraically and topologically imbedded
in a separated topological linear space, and denoted by (A, B). The Banach space E is said to be
intermediate for the spaces of the Banach couple (A, B) if the imbedding ANB C E C A+ B holds.

Let (A, B) and (C, D) be two Banach couples. A linear mapping T acting from the space A + B to
C + D is called a bounded operator from (A, B) to (C, D) if the restrictions of T to the spaces A and B
are bounded operators from A to C and B to D, respectively.

We denote by L(AB, CD) the linear space of all bounded operators from the couple (A, B) to the
couple (C, D). This is a Banach space in the norm

HT”L(AB,CD) = max {[|T| sp ITllcsp}-

Definition 1 ([1]). Let (A, B) and (C, D) be two Banach couples, and E (respectively F) be intermediate for the
spaces of the Banach couple (A, B) (respectively (C,D)). The triple (A, B, E) is called an interpolation triple,
relative to (C, D, F), if every bounded operator from (A, B) to (C, D) maps E to F.

A triple (A, B, E) is said to be an interpolation triple of type « (0 < a < 1) relative to (C, D, F) if it is an
interpolation triple and the following inequality holds:

1—
ITllg—F < cllTlasp - ITllc =D,
for some constant c.

Inspired by the definition above, the interpolative Kannan contraction has been described in [2]
as follows: Given a metric space (X, d), the mapping T : X — X is said to be an interpolative Kannan
contraction mapping if

d(T6,To) < A[d (6, TO)" - [d (8, T9)]' ", )
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forall 0,9 € X with 6 # T6, where A € [0,1) and « € (0,1). The main result in [2] is the following.

Theorem 1 ([2]). Let (X, d) be a complete metric space and T be an interpolative Kannan type contraction.
Then T has a unique fixed point in X.

Karapinar, Agarwal and Aydi [3] gave a counter-example to Theorem 1, showing that the fixed
point may be not unique. The corrected version of Theorem 1 is the following.

Theorem 2 ([3]). Let (X,d) be a complete metric space. Let T : X — X be a given mapping such that
d (T, T9) < Ald (6, T6)]"* - [d (8, T®)]' %,
forall 6,9 € X\Fix(T), where Fix(T) = {u € X, Tu = u}. Then T has a fixed point in X.

On the other hand, one of generalizations of the Banach Contraction Principle [4] is due to
Hardy-Rogers [5].

Theorem 3. Let (X, d) be a complete metric space. Let T : X — X be a given mapping such that

d(TO, TO) < ad(6,y) + Bd(6, TO) + vd(y, TH) + 5[% (d (6, T®) +d (8,T6))),

forall 0,9 € X, where a, B, y, 6 are non-negative reals such that « + 4+ v+ < 1. Then T has a unique fixed
point in X.

In this paper, we introduce the concept of interpolative Hardy-Rogers type contractions, and
provide some examples illustrating the obtained result. We also extend our obtained result to partial
metric spaces.

2. Main Results

We start this section by introducing the notion of interpolative Hardy-Rogers type contractions.

Definition 2. Let (X, d) be a metric space. We say that the self-mapping T : X — X is an interpolative
Hardy-Rogers type contraction if there exists A € [0,1) and a, B,y € (0,1) with « + B+ v < 1, such that

1(10,70) < A @y)F - W o) o 1o [Lue e @) @

forall 6,9 € X\Fix(T).

Theorem 4. Let (X, d) be a complete metric space and T be an interpolative Hardy-Rogers type contraction.
Then, T has a fixed point in X.

Proof. Starting from 6y € X, consider {6, }, given as 6,, = T"(6p) for each positive integer n. If there
exists ng such that 6, = 0,11, then 0, is a fixed point of T. The proof is completed. So, assume that
0y # 0,41 for all n > 0. By substituting the values 6 = 6, and ¢ = 6,,_ in (2), we find that

d(By11,0n) =d (T6,, TOy_1) < A[d(84,0,-1)]P [d (60, T6,)] - [d (64—1, TO,_1)]"
[ha@n e +ae o]

3)
< AL (8 81)1P - 4 (B, 0] - [d (61,6,

[Ha@ ) +d@u6.)]
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Suppose that d (6,_1,0,) < d (04,0,11) for some n > 1. Thus,

(d (Qn—l/ 911) +d (Qn/ 9n+1)) < d (Qn/ 9n+1) .

N —

Consequently, the inequality (13) yields that
[ (60, 6,2)]7 "7 < A [d (6a1, 6] @

So, we conclude that d (6,,_1,60,) > d(64,0,41), which is a contradiction. Thus, we have
d(0n,0p41) < d(6,-1,6,) for all n > 1. Hence, {d (6,—1,6,)} is a non-increasing sequence with

positive terms. Set ¢ =: nlgn d(0,-1,0n). We have

%(d (00 1,60) +d (6, 0n11)) < d (6,_1,60), forall n>1.

By a simple elimination, the inequality (13) implies that
[d(6,0,,1)] % < A[d(6,_1,0,)] ", forall n>1. (5)

We deduce that
d(0n,0p41) < Ad(0,-1,0,) < A"d (6p,67) . (6)

On account of the assumption that A < 1, by taking # — oo in the inequality (15), we get that
¢ = 0. In what follows, we shall prove that {6, } is a Cauchy sequence by employing standard tools.
More precisely, starting with the triangle inequality, we shall get the following estimation:

d (Gnl 6n+r) S d (Gn/ 9n+l) 4+ d (9n+771/ 9n+r)
<A (89,61) + - -+ AL (6, 07) @)

/\7’1

<
—1-A

d (69,61).

Thus, {6, } is a Cauchy sequence in the complete metric space (X, d), and so there exists 6 € X
such that lgn d (6,,6) = 0. Suppose that 0 # T6. Since 6,, # T8, for each n > 0, by letting 6 = 6,, and
n—oo
% = 0in (2), we have

d (6,41, T6) = d (T6y, T6) < A[d (61, 0)] - [d (61, TO)]" - [ (6, TO)]"
. 1 py ®)
E(d (0n41,TO) +d (0, T0,41)) .

Letting n — oo in the inequality (19), we find that d(6, T6) = 0, which is a contradiction. Thus,
T =0. O

In what follows, we shall consider the analog of Theorem 4, in the setting of partial metric spaces.
For this purpose, we recall the fundamental notions and basic observations.

Definition 3 (See [6]). Let X be a non-empty set. A function p : X x X — [0,00) is said to be a partial metric
if the following conditions are fulfilled, for each ¢,4,{ € X:

g=n+sp¢)=pinn) =pEn);

&) &

1,6);
&¢)+p(&n) —p(0).
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In this case, (X, p) is said to be a partial metric space.

The function p, : X x X — [0, 00), defined as

ep(8m) =2p(,n) —p(&¢) —plnn) (10)

is a standard metric on X. It is natural to define the basic topological concepts, in particular, convergence of
a sequence, fundamental (Cauchy) sequence criteria, continuity of the mappings, and completeness of
the topological space, in the framework of partial metric spaces; see, for example, [7-16].

Definition 4. In the framework of a partial metric space (X, p), we say that

(i) asequence {&,} converges to the limit & if p(§, &) = nlgn p(&,Cn);
(ii) asequence {y} is fundamental (or Cauchy) if lim p(&n, Cm) exists and is finite;
n,Mm—00

(iii) a partial metric space (X, p) is complete if each fundamental sequence {, } converges to a point § € X
such that p(g,&) = lirl} p(&n,Cm); and
n,1Mm—00

(iv) amapping F : X — X is continuous at a point &y € X if, for each € > 0, there exists § > 0 such that
F(Bp(%0,9)) < Bp(Fo,€).

In what follows, we shall recall the following easily-derived lemma (see [6]).

Lemma 1. Let p be a partial metric on a non-empty set X and p, be the corresponding standard metric space
on the same set X.

(a) Asequence {Cy,} is fundamental in the framework of a partial metric (X, p) if and only if it is a fundamental
sequence in the setting of the corresponding standard metric space (X, pp).

(b) A partial metric space (X, p) is complete if and only if the corresponding standard metric space (X, pp) is
complete. Moreover,

lim p,(2,&n) = 0 p(&,8) = lim p(¢,&n) = lim_p(En,Gu). (11

n—soo n,m—ro0

(¢) Ifén — {asn — oo in a partial metric space (X, p) with p(g,{) = 0, then we have

lim p(&n, 1) = p(C, 1) for every n € X.

n—oo
The following theorem is an analog of Theorem 4, in the setting of partial metric spaces.

Theorem 5. Let (X, p) be a completed partial metric space. Let T : X — X be a given mapping. Suppose there
exists A € [0,1) and w, B,y € (0,1) with a + B+ v < 1, such that

1-—a—p—y
p(TETn) < Alp (&) - [p (& TN - [p (n, T %(P(ﬁzTﬂ)+P(ﬂfT§)) . (12

forall §,n € X\Fix(T). Then, T has a fixed point in X.
Proof. For any &y € (X, p), we construct a sequence {,} by &, = T"({o) for each n € N. If there

exists 1o such that ¢, = {;,+1, then ¢y, is a fixed point of T. The proof is completed. So, assume that
Cn # Cpy1 for each n > 0. By substituting the values ¢ = ¢, and 7 = ¢,,_1 in (12), we find that
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P (Cni1,6n) = P (TSu, TGn—1) < Alp(Cn,s (:n—l)]ﬁ [P (&n, TE))" - [P (Gn-1, TEn-1)]"
‘ [%(P (Cn, TCn—1) + P (Cn-1, Tffn))] e
(13)
=Alp (gnrgnfl)]ﬁ [P (&n Gus)]* - [p (;jn,l,gn)ﬂ
[hp @t +p @] T

Now, if we suppose that p ($,—1,En) < p (En, Cpr1), then the inequality (13) yields p (Cu, Cpt1) <
Ap (&n,&n41), a contradiction (since A < 1). Thus, we conclude p (&, &,11) < p(€n_1,&n), that is,
{p (&,-1,En)} is a non-increasing sequence. Accordingly, we get, by inequality (13), that

[P (En Eni)] < Alp (G, En)] " (14)

Thus, there is a nonnegative constant £ such that lgll p (€n—1,Cn) = ¢. Note that ¢ > 0. Notice
n—oo
that (14) yields
P (CnCnt1) < AP (Cn—1,8n) <A™ p (G0, C1) - (15)

Since A,a < 1 we have A := A* < 1. Hence, by letting n — oo in (15), we get that £ = 0.
We shall use the modified triangle inequality of the partial metric to prove that {,} is
a fundamental (Cauchy) sequence:

P (CnsCnvr) < p(Gn,Cug1) + -+ P(Cugr—1,Cntr)

?

< np (‘:0/ (:l) +eee j\nJrrflp (‘:O/ (:l) (16)

}\n
-A

IN
—_

p (CO/ gl) .

We conclude that {, } is a fundamental sequence in (X, p), by taking n — oco. By Lemma 1, {&, } is
fundamental sequence in the corresponding standard metric (X, p,). More particularly, since (X, p) is
complete, (X, p,) is also complete. Hence, there exists ¢ € X such that

p(g,¢) = nlgl;lo p(E,Cn) = nrggoop(gn/ ¢m) =0, 17)
which implies that
Tim pp(Z, &) =0. (18)

As a next step, we make evident that the limit ¢ of the iterative sequence {¢, } is a fixed point
of the given mapping T. Assume that ¢ # T¢, so p(¢, T¢) > 0. Recall that &, # T¢, for each n > 0.
By letting ¢ = ¢, and 7 = ¢ in (12), we determine that

P (Cni1,TE) =p (T¢u, TC)
A p @ O - [p (G, TEN" - [p (&, TE)]"

" 1-a—p—y
P60 TE) 4 p (€ TE)|

=A[p (En, 1P - [p (En, Enin)]® - [p (&, TE)]

o 1—a—p—7y
.2@@@T9+p@£mﬂﬂ '

(19)

Letting n — oo in the inequality (19), we find that p(¢, T¢) = 0, and so { = T¢, which is
a contradiction. Thus, T¢ =¢. O
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In the following examples, the fixed point exists but is not unique.

and

NI—

Example 1. Consider X = {0,1,2,3,5} endowed with d(0,¢) = [0 — 8. Choose A = Q' a=3p=
v = % It is obvious that

4 (T0,T8) < A[d (0,y)]F - [d (6,T0))" - [4 (8, T8))" - | 5(d (6, T8) +d (9,T0))

7

1 ]1aﬁ7

forall 8,9 € X\Fix(T); that is, (2) holds. All the hypotheses of Theorem 4 are satisfied, and so T has a fixed
point. Here, we have two fixed points, which are 0 and 1.
On the other hand, for 6 = 0 and ¢ = 1, we have

d(T6,T9) > A d(@,ﬂ)4—d(9,T9)4—d(0,Tﬂ)4-;(d(9,Tﬂ)+-d(ﬁ,T9»],

orany A € [0,1), so Theorem 3 (for A = a = B = v = 8) is not applicable.
¥ 1 Y pp

Example 2. Let X = [0, 00) be endowed with the metric

o if 6=20
Maw_{1gf9¢a

Define the self~mapping on X as

Tez{o if 9€[0,1)
0 if 6>1.

Let 0,9 € X\Fix(T). Then 6,9 ¢ (0,1),and sod(T60, T®) = 0; that is, (2) holds. Thus, all the hypotheses
of Theorem 4 hold, and so T has a fixed point. Here, we have an infinite number of fixed points.
On the other hand, Theorem 3 is not applicable (it suffices to take 8 = 0 and ¢ = 1).

Remark 1. It is known that Theorem 3 is a generalization of the Banach, Kannan, and Reich fixed point results.
Note that, in our new approach via interpolation, there is no relation between all of the above results using the
interpolative approach. That is, Theorem 4 is totally independent of Corollary 2.1 in [3] and Theorem 2.

3. Conclusions

We aim to enrich the fixed point theory by involving interpolative approaches.
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