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Abstract. In this paper, based upon Gérnicki’s work on fixed points of a continuous asymptoti-
cally regular self-mapping on a metric space, we establish common fixed point results for similar
self-mappings and their average mappings on a convex metric space by using various types of con-
tractive conditions. The closedness and convexity of the set of fixed points of a non- self- mapping
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1. Introduction

Fixed point theory is an integral part of modern mathematics, offering essential tools and
techniques for resolving various problems in nonlinear analysis, optimization, economics,
and engineering. Over the past two decades, the development of this theory in metric-
type spaces has garnered significant attention from researchers, especially its usefulness
for solving many existence problems in nonlinear differential and integral equations with
applications in engineering and applied sciences [1]. The relevance and applicability of
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fixed point theory continues to expand as new results and methodologies emerge.
Recently, Goérnicki [2] generalized a well-known result of Reich [3] related to contractions
on a complete metric space. This new result has been further extended by Bisht [4],
Karapinar et al. [5], and Panja et al. [6] for discontinuous mappings and by Khan and
Oyetunbi [7] for two discontinuous mappings satisfying a Lipschitz-Kannan type condition
considered in [8]. These advancements highlight the dynamic nature of fixed point theory.
Applications of fixed point theory have been widely explored in various settings. Specif-
ically, the theory has been instrumental in developing iterative methods for solving exis-
tence and uniqueness problems in differential and integral equations, as well as systems of
linear equations. These applications demonstrate the versatility of fixed point theory in
addressing complex mathematical challenges. The theory’s ability to ensure the existence
and uniqueness of solutions makes it a valuable tool for tackling a wide range of real-world
problems in mathematics, engineering and applied sciences [1, 9, 10].

In this paper, we aim to contribute to this growing body of knowledge by proving fixed
point and common fixed point results for asymptotically regular mappings in hyperbolic
spaces and convex metric spaces. Our work is built on a basic concept introduced by
Browder and Petryshyn [11], namely, asymptotically regular mapping and explores its
implications in more general spaces.

2. Preliminaries

Let (Q,d) be a metric space and E : Q — @ be a mapping. A point ¢y € Q is called
fixed point of E if Fqy = qo. The set of fixed points of E is denoted and defined as
Fiz(E) :={q € Q : Eq = qo}-

The concept of asymptotically regular mappings was introduced by Browder and
Petryshyn [11]. A mapping F : @ — @ is called asymptotically regular at xo € @, if
lim,, 00 d(E"xg, E"1x) = 0. If E is asymptotically regular at each point of @, then E is
said to be asymptotically regular on (. E is non-expansive if d(Ez, Ey) < d(x,y) for all
x,y € Q. Consider @ =R , the set of real numbers with its usual metric d(q,p) = |¢ — p|.
Suppose E : Q — Q is given by Eq = 4. This function is both asymptotically regu-
lar and non-expansive. If F is a function on a metric space () into itself, then the set
O(E,e) := {E" : n = 0,1,2,3,---} is called the orbit of E at the point e € Q. FE is
called orbitally continuous at p € @ if for any sequence {qr} C O(FE,q) for some q € Q,
limg_, o gx = p entails that limg_, Fqr = Ep. We say that E is orbitally continuous on
Q@ if E is orbitally continuous at each point p € ). Clearly, continuity implies orbital
continuity, but the converse is not true [4, 12, 13].

A self-mapping E on a metric space @, is called k-continuous, k =1,2,---

if lim E* g, = z implies that lim E¥q, = E=z.
n—oo n—oo

Note that 1-continuity is equivalent to continuity, and for any k = 1,2, ..., k-continuity
implies (k + 1)-continuity, while the converse is not true. Moreover, continuity of £ and
k-continuity of E are independent conditions when k£ > 1([13], Examples 1.2-1.5).
Gornicki [2] has obtained the following result.
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Theorem 1. ([2], Theorem 2.6) Suppose that (Q,d) is a complete metric space and E is
a continuous asymptotically reqular self-mapping on Q) satisfying the following condition:

d(Eq, Ep) < pd(q,p) +v{d(q, Eq) + d(p, Ep)},¥Yq,p € Q (1)

where 0 < pu <1, 0 <v < oo. Then E has a unique fized point x € Q) and E"q — x for
each g € Q .

Khan and Oyetunbi [7] have obtained the following generalization of Theorem 1.

Theorem 2. ([7], Theorem 2.2) Suppose that (Q,d) is a complete metric space, E and F
are asymptotically reqular self-mappings on @ satisfying the following condition:

d(Eq, Fp) < pd(q,p) +v{d(q, Eq) +d(p, Fp)},Vq,p € Q (2)

where 0 < p < 1, 0 < v < oo. Suppose further that E and F are either k-continuous for
some k > 1 or orbitally continuous. Then E and F have a unique common fixed point b.
Furthermore, lim,,—oo E"q = b = lim,, oo F"q for any q € Q.

Here is a result of Khan and Oyetunbi [7] without asymptotically regularity of the
mappings.

Theorem 3. [7, Theorem 2.6] Suppose that (Q,d) is a complete metric space and E, F :
Q — Q are continuous mappings satisfying (2). Suppose that E and F have a com-
mon approzimate fized point sequence (i.e. there exists a sequence {qn,} C Q such that
d(Gn, Eqn) — 0 and d(qn, Fgn) — 0 as n — o). Then E and F have a unique common
fixed point q. In particular, ¢, — g, as n — oo.

Lemma 1 ([14],Lemma 2.1). Let {7} , {¢n} and {xn} be three real sequences with 7, > 0
and ¢, € (0,1). Suppose that

(i)Tn+1 < (1 - ¢n)7_n + dnXn

(1) S5, b = o0

(447) im supp—ooxn < 0 or > 0% dnXn is convergent.

Then lim,,_ oo 7, = 0.

Definition 1. [14] Let RT := {f € R | f > 0}. Define a function k : Rt — [0,1]
satisfying the following properties:

(i) 0 < w(f) <1 for all f>0.
(1) limy, o0 £(fr) = 1 implies lim,, o fr, = 0.
The collection of all functions k(f) is denoted by S.

Kohlenbouch [10] proposed the concept of a hyperbolic metric space as follows.
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Definition 2. A hyperbolic space is a triplet (Q,d,n) where (Q,d) is a metric space and
n: QxQx[0,1] — Q satisfies the following conditions, for allw,&, k,t € Q and p,x € [0, 1]
(1) : d(e,n(w, & p)) < (1= p)d(e,w) + pd(e, §),

(772) : d(n(w7€7 :U’)? 77(‘*)7 67 x)) = ‘:U’ - x|d(w, 6)7

(773) : 77(% 3 /‘) = 77(53 w, 1 — :u)a

(n4) = d(n(w, v, p), (&, £, 1) < (1= p)d(w, &) + pd(e, k).

In case only (n1) is satisfied, then the Definition 2 of hyperbolic space coincides with
the convex metric space introduced by Takahashi [15]. Clearly, a hyperbolic space is a
convex metric space. In the case of a convex metric space, we shall replace n by W (a
convex structure on @) and denote it by (Q,d,W). A nonempty subset J of a convex
metric space Q is convex if W(p,q,A) € J for all p,q € J and A € [0, 1].

In the context of a normed space (), the natural convex structure on @) is given by

Wp,q;\) = p+ (1= Ngq, p,g€Q and X € [0,1].

If J is a convex subset of a normed space and F : J — J, then the average mapping
E, :J — Jis given by

Eup=(1—p)p+pEp, where pu€ (0,1].

A hyperbolic space (Q,d,n) is said to be uniformly convex if for all z,y,z € @, r > 0
and € € (0,2], there exists 6 € (0,1] such that d(n(z,y,1/2),2) < (1 — §)r whenever
d(xz,z) <rand d(y,z) <r and d(z,y) > er.

A map h : (0,00) x (0,2] — (0,1] which provides in the above definition, a § = h(r,¢)
for r > 0 and for a fixed € € (0,2] , is called modulus of uniform convexity. We call h
monotone if it decreases with r ( for a fixed €). Let {g,} be a bounded sequence in a
hyperbolic space Q. For g € ), we define a continuous functional r(.,{g,}) : @ — [0, 00)
by
r(q,{qn}) = lim supd(qn,q).
n—oo

The aymptotic radius p = r({gn}) of {¢gn} is given by
p=nf{r(g,{a}) : ¢ € Q}.

The asymptotic center of a bounded sequence {g,} with respect to a subset U of @ is
defined as:

Av({gn}) = {9 € Q : 7(q,{qn}) < 7(p,{gn}) for any p € U}.

If the asymptotic center is taken with respect to @, then it is simply denoted by A({g,}). It
is known that uniformly convex Banach spaces and even CAT(0) spaces enjoy the property
that "bounded sequences have unique asymptotic centers with respect to closed convex
subsets”. The following lemma ensures that this property also holds in complete uniformly
convex hyperbolic spaces.
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Lemma 2. ([16, Lemma 2.2]). Let (Q,d,n) be a complete uniformly convex hyperbolic
space with monotone modulus of uniform convezity. Then every bounded sequence {q,} in
Q has a unique asymptotic center with respect to any nonempty closed convex subset U of

Q.

Recall that a bounded sequence {g,} in @ is known as A — convergent to q € Q if q
is the unique asymptotic center of {u,} for every subsequence {u,}of {g,}. In this case,
we write

A= lim {g,} = g.
We include the following lemmas of Berinde and Pacurar [17, 18] for a ready reference.

Lemma 3. Let (Q,d, W) be a convex metric space. For all z,y € Q and any X € [0, 1], we
have

d(z,y) = d(z, W(z,y; A)) + d(W (2, y; A), y)-
Proof. By the triangular inequality and (n1), we get

dlz,y) < d(z,W(z,y;A) +d(W(z,y;A),y)
< M(zyz) + (1= Nd(z,y) + Md(z,y) + (1 = Nd(y,y) = d(x,y).

Lemma 4. Let (Q,d,W) be a convex metric space. For all x,y € Q and any A € [0,1],
we have

d(l‘, W(.le, Y; )\)) = (1 - )\)d(.%',y)

and
d(W(z,y; A),y) = Ad(z, y).

Proof. By (n1), we get

and
d(W(z,y; A),y) < Xd(z,y).

If we had strict inequality in either of the above two inequalities, then, by Lemma 3, we
would reach the contradiction

d(z,y) = d(x, W(z,y; A)) + d(W(z,y; A),y) < d(x,y).

Lemma 5. Let (Q,d, W) be a convex metric space and E : Q — @ be a mapping. Define
the mapping Ey : Q — Q by

Eyz =W(z,Ex;\), z€Q.

Then for any A € [0,1),
Fiz(E) = Fix(E)).
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Proof. For A = 0, E\ = E and the assertion is trivial. Assume A € (0,1) and let
a € Fiz(FE). This means a = Fa and therefore it follows that

d(a, Exa) = d(a, W(a, Ea; \)) < d(a,a) + (1 — A)d(a, Ea) = 0,

ie., a € Fiz(E)).
Conversely, assume that a € Fiz(E)). This means that d(a, Ea) = 0, which implies

d(a, W(a, Ea;\)) = 0.
By Lemma 4,
d(a,W(a, Fa;\)) = (1 — N)d(a, Ea),
so it follows that
(1 -X).d(a,Ea) =0,
which, in view of the fact that (1 — X) # 0, implies d(a, Fa) = 0. Hence a € Fiz(E).

3. Common fixed points results

Following the notion introduced in Definition 1 by Huang and Qian [14], we extended
Theorem 3 by replacing p with a function k € S and weakening the continuity hypothesis.

Theorem 4. Suppose that (Q,d) is a complete metric space and E and F are asymptoti-
cally regular self-mappings on Q. Suppose that there exist a function k € S and a constant
K € [0,400) satisfying the following condition:

d(Eq, Fp) < k(d(q,p))d(q,p) + K{d(q, Eq) + d(p, F'p)} (3)

for all g,p € Q.

Suppose that E and F have a common approzimate fixed point sequence (i.e., there is a
sequence {qn} C Q, such that d(qpn, Eqn) — 0 and d(qn, Fqn) — 0 as h — o). Then E
and F' have a unique common fized point p provided EE and F are either k-continuous or
orbitally continuous.

In particular, {qn} — p as h — co.

Proof. Take q € Q. Define ¢, = E"q and p, = F"q for all h € N.
By (3), we have

d(E"q, F"q) = d(E(E"q), F(F"q)) (4)

d(E"tq, F'"q) < k(d(E"q, F"q))d(E"q, Fq)
+K[d(E"q, E"?q) + d(Fhq, F"t1q)). (5)

In view of the condition, 0 < x(d(E"q, Fq)) < 1, we consider two cases for lim supy,_, ., x(d(E"q), F"q).
Case 1:
limsup s (d(E"q, F'q)) = 1.

h—o0
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In this case, there exists a subsequence {s(d(E"q, F"*q))} of {r(d(E"q, F"q))} such that

lim k(d(E"q, F"*q)) = 1. (6)

k—o00

Now (6) implies on the basis of Definition 1 ,

lim d(E"q, F'*q) = 0. (7)

k—o0

We prove that {E"q} is a Cauchy sequence.
Suppose on the contrary that {E* ¢} is not a Cauchy sequence. Then there exists ¢y > 0
and two integer sequences {h,;(i)}, {hi@@)} of {hg} with Ry > by > @ such that

d(Eth(i)qv Ehk(i)‘]) > 607i = 1> 27 37 e (8)

Consequently, we have
€0 < d(E"0q, B")g),

€o < d(E""0 g, E"G=1q) + d(E"H-0 g, E"=0g) + d(E"R-0 g, B0 g). (9)

If i — oo in (9), then by asymptotic regularity of F, we obtain

lim inf d(E"t-1 g, EMG-1¢) > €. (10)
1— 00
Now by (3), we have
d(E" g, B0 q) < d(E"0 g, F"*0) q) + d(F" () g, ') q) (11)

d(Eh;;u)q, Ehku)q) < H(d(Ehfc(i—l)(LFhk(ifl)q))d(Ehfc(i_l)q’Fhk(¢71>q)
+K[d(Ehl~c(i71)q, Fh;;(i)q) + d(Fhk(i*l)% Fhk(i>q)]

and
d(E" g, EMq) < k(d(E"0-g, P'e-nq))d(E"F-ng, BMig)
FA(E" 0 g, EM-)q) + d(EM O g, Fheo ) d(Fr0 g, hrc-1 )
+K[d(EhIE(i—1)q’ EMwig) + d(Fh D g, Fhic g)
(PO g, EMog). (12)

Dividing both sides of the inequality (12) by d(Ehf“(i)q, EM)q) and comparing the new
inequality with (8), we conclude that
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d(E"i-» g, B0 q)
A(E#0 g, B0 g)
d(E" g, FMvarg) — d(Fhelg, FhG-1g)
d(E" g, EMog)  d(E"R0q, EMog)
d(Ehl_c(i—l)q’ Fhi'm‘)q) + d(phk(ifl)q’ Fhk(i)q)
d(E" o g, M) g)

L A" 0g, B0 q)
d(E" 0 q, B0 q)

1 < k(d(E"-0g, Fia-0g))(

+1+

+K

(13)

Let ¢ — oo in (13), using (7), (8), asymptotically regularity of E and F' and the fact
0 < k(.) <1, we deduce that

lim k(d(E"0 g, F'@~1g)) = 1.

i—00

Using Definition 1, we obtain

lim (d(E"i0 g, Fl@~1g)) = 0. (14)

1—+00
In view of
d(E" 0~ g, B~ 1) < d(B" 0~ g, Fheo~1g) 4 d(FM 01, Bt —lg),
a combination of (7) and (14), gives

lim d(E" 0 g, Fhe@~1g) = 0.

1—00

It contradicts (10). Hence {gp, } = {E"q} is a Cauchy sequence.
Since @ is complete, {gp, } converges to u in Q. Since

d(F"q,u) < d(E"q, F"*q) + d(E"q,u),

therefore by (7), we conclude that {F"*q} converges to u.

Suppose that E is orbitally continuous. Let {Eqp} be a sequence in the orbit of E at the
point ¢. The orbital continuity of E implies that {Eqp, } converges to Eu. By asymptoti-
cally regularity of E/, we have

; — P41 hi ) —
Jim d(an, .y, an,) = lim d(E™+q, E*q) =0,
which gives

Jm d(Qhysrs Iny,) < Jim (Cl(qhk+1 yEqn,.,) +d(Eqn, ., Eqn,) + d(Eqy,, Qhk))-
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Since
d(Ghyrs Eqhyyr) = 0,
d(thk ) Qhk) — 07
therefore,
klglc}o d(Qhk+17 qhk) = 0.
Hence

lim Eqn, = lim qp, . = lim g5, = u
k—o0 b k—)ooq k+1 k—>ooqk

implies that Fu = u by the uniqueness of limit.
Now suppose that E' is k-continuous. In view of

d(Qhk+j ) qhk) S d(Qhkﬂ- ’ qthrjfl) +-- d(qhk+1 ) Qhk)

and
d(B"Hqp, B qn) = d(E" g, EMH71g) 4o+ d(B" g, B"q),

for all j =1,2,3, -,k by asymptotic regularity of E, we get

kli)rgoqhk""j :klinoloqhk =u,j =123,k (15)
In particular,
. k—1 . -
Jim B gn, = lm gn o, = (16)
As F is k-continuous, (16) gives
lim Efq,, = Fu. (17)
k—o00
By (15), we have
klggoE 4hy, = khﬁr{.lo Qhyyy = U- (18)
A combination of (17) and (18), gives
Eu=u
Similarly, we can prove that
Fu=u

So u is a common fixed point of F and F.
Next, assume that v is another common fixed point of £ and F' with u # v.
Definition 1 (i) applied to (3) gives

d(u,v) = d(Eu, Fv) < k(d(u,v))d(u,v) + K[d(u, Eu) + d(v, Fv)].
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d(u, v) < r(d(u, v))d(u,v).
d(u,v) < d(u,v),

which is a contradiction. Therefore common fixed point of E and F' is unique.
Case 2:
limsup x(d(E"q, F'q)) < 1.

h—o0
In this case, there exists o € (0,1) such that
0 < k(d(E"q, F"q)) < 0.
By (5) we have
(d(E"'q, F"q)) < 0d(E"q, F"q) + K(d(E"q, E"*'q) + d(F"q, F""'q)).  (19)

Let

K(d(E"q, E"q) + d(F"q, F"*'q))

uh:d(EhQ7FhQ)’ thl—O', Wh = l—o

By (19), we have
upy1 < (1 —vp)up + vywp, Vh € N.

Since E and F are asymptotically regular on @), we conclude

lim wy, = 0.

h—o0
Moreover,
o o0
th = Z(l —0) = 0.
h=1 h=1
By Lemma 1,

lim (E"q, F'q) = 0.

h—o00

Hence for any subsequence {hy; } of {hy}, we have

lim (E"s0) g, F"q) = 0.

i—00
Thus (7) holds. The rest of proof is the same as in Case L.
Next, we present a numerical example to illustrate Theorem 4.
Example 1. Consider Q = [0, 1], equipped with the metric d defined by d(q,p) = |q — p|.
Define self-mappings on Q:

Eq:g and Fq= for all g € Q.

ol
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For q = % €qQ,

1 1 1 1
(5,5 (3) = g~ ] =
e 2 2 ool 28T T 9kt
implies that E is asymptotically reqular. Similarly, it can be demonstrated that F is asymp-
totically regular. Furthermore, the mappings E and F' are orbitally continuous. Next, we

establish that E and F satisfy condition (3) with the parameter K = 1. Now define
k:RT —[0,1] by

(t) = {%+§t ytelo)
if t € (1,400).

Then k € S, for any q,p € Q, since |¢ — p| < 1. Consider (3) in the form

#(d(q,p))d(q,p) + d(q, Eq) + d(p, F'p) — d(Eq, Fp)

1 q P q p
R [ R
sA+la—phla—pl+|a—5|+|p—3]|- |53
1 qg 2p |qg p
= (1 - - N S 20
s(Ltla—phla—pl+5+5 |53 (20)
Now, there are two cases to consider for (20):
Case i. If ¢ > p, then we have:
1 g 2p (q p 1 1 9,4 ,2p q p
TR RE o SICE I IRRNE (ST EE SESY
5L+ @=p)la-p+5+5 573 5a—p)t5la—p)+5+5 —5+3
1 1
= Sa+p) +5a-p)* >0
thus
d(Eq, Fp) < x(d(q,p))d(q,p) + d(q, Eq) + d(p, Fp).
Case ii. if ¢ < p, then we have:
1 2 - +3(p—a?+ if4>e
L R i L O DA
2 2 3 123 sp—0)+50-a+a+f i<}

hence
d(Eq, Fp) < k(d(q,p))d(q,p) + d(q, Eq) + d(p, Fp).

Therefore E and F satisfy (3) with K = 1. Next, we show that E and F have a common
approzimate fived point sequence. Consider the sequence {qi} C Q where g = %

1 1 1
d(%Eq;e)Z‘k—% :%%Oask—uxa,
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and

d(qx, Fqx) L1 ! — 0 as k —

=|-—=|== as 00.

Hence, E and F' have a common approzimate fixed point sequence. Since E& and F are both
continuous (and thus k-continuous), therefore by Theorem 4, they have a unique common

fized point ¢ = 0. In particular, {qx} — 0 as k — oo.

We now present a partial extension of Theorem 2 for a function which is not asymptotically
regular and is defined on a closed and convex subset of a uniformly convex hyperbolic space.

Theorem 5. Let J be a nonempty closed and convex subset of complete uniformly convex
hyperbolic space @ with monotone modulus of convexity n. Let E : J — @Q be a mapping
satisfying

d(Eq, Ep) < pd(q,p) + v{d(q, Eq) + d(p, Ep)}, for all q,p € J, (21)

where 0 < pu < 1,0 < v < oo with u+2vblue<l. Let {qi} be a bounded sequence in J such
that limy_00 d(qx, Eqr) = 0 and A —limg_,o g = ¢*. Then E has a unique fized point q*.

Proof. Let {qx} be any bounded sequence in J. Since J is a subset of @) which is
complete convex hyperbolic space with monotone uniform convexity, therefore by Lemma
2, {qr} has a unique asymptotic center in J.

But A —limg o0 g = ¢*. So A({qr}) = ¢*. Using (21), we get

d(gr, Eq*) < d(qg, Eqi) + d(Eqy, Eq").
< d(qr, Eqr) + pd(qr, ¢*) + vid(qr, Eqr) + d(q", Eq")).
< (I+v)dlgr, Eqr) + (p+v)d(qr, ¢°) + vd(qr, Eq”).
Thus
14+v w4+ v
dlgr. BEq*) < —Zd(qu. E ET7a *
(ak, Bq") = 7— dlaw, Bay) + T—d(ar, q")
1+v +2v—v N
= 1 d(qr, Eqi) + “*d(qmq )
— v ]_ _
1+v .
< Ed(Qk,EQk) + d(ar, ¢°)- (22)

Since limg_,~ d(qx, Eq) = 0, taking lim sup on both sides of inequality (22), we obtain

r(Eq*, q) = likm sup d(qi, Eq*) < limsup d(qx, ¢*) = r(¢", {ar})-
—00

k—o00

We know that asymptotic center of sequence {qx} is unique, so Eq¢* = ¢*; thus ¢* €
Fiz(E). The uniqueness of fixed point follows by (21).
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Example 2. Let Q = R? and d* : R? x R? — [0, 00) be defined by

(@) = /(a1 —p1)? + (@ — 2 — 1} + p2)?. (23)

where ¢ = (q1,q2),p = (p1,p2) € R%. Then (R?,d*) is not a metric space in the classical
sense but is a Hardamard space (see [19]). Hence (R%, d*) is a complete uniformly convex
hyperbolic space (for details, see Example 2.1 in [20]). Let J =[0,1] x [0, 1].

Define E: J — Q as Eq = (q1,} + q2), where ¢ = (q1, q2).

2

For any p € [g, 1) and 0 < v < oo with p+ 2v < 1, we need to verify the following, for

any q,p € J,
U= pud*(q,p) + v[d*(q, Eq) + d*(p, Ep)] — d*(Eq, Ep) > 0. (24)
Thus, for any § = (q1,q2),p = (p1,p2) € J, by using (23) in (24), we get

L' = d*((q1,q2), (p1,p2) + d*((q1, @), (a1, G + @2)) + d*((p1, p2), (p1, PT + p2))
((ﬂhath + ), (pl,p% +p2))

= u\/ql p1)? q1—ch—p%+p2)2+u<\/(q1—q1)2+(q%—qQ—q%+(q%+qQ))2

+\/(p1 —p1)? + (pf —p2 —pi + (9 +p2))2)

—\/(q1 —p1)? + (6§ — (af + a2) — pT + (] +p2))?

= M\/((h —p1)? + (2 — p2) + (¢ — p1)2 + v(ai +p7) — V(a1 — p1)? + (@2 — p2)?
>

Hence (24) holds. Therefore E satisfies z

(21) with p € F 1) and 0 < v < oo where
uw+2v < 1. For any qr € J, define q = <% %) Then Eqy = <%, 1%2 + %), so from (23),
we get that

) 111
d*(qr, Eqr) = d(??Jr%)

__¢C (Lot L (L) =

N k k K2k k2 K2k k2

It follows that d*(qx, Fqr) — 0 as k — oo. All the assumptions of Theorem &5 hold and
hence, the mapping E has a unique fixed point at (0,0).

Khan [21] has studied some properties of the set of fixed points of a x-nonexpansive
mapping in the context of strictly convex Banach spaces. In the following result, we
establish the closedness and convexity of the set of fixed points of a contractive-type
mapping on a convex metric space.

Theorem 6. Let J be a closed and convex subset of a convexr metric space Q and E : J —
Q be a mapping satisfying (21). Then Fix(E) is closed and convex.
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Proof. It Fiz(E) = (), then nothing to show, since empty set is closed and convex.
Now assume that Fiz(E) # (). We first show that Fiz(E) is closed. Let {qg;} be a sequence
in Fiz(F) such that {gx} converges to a point w in J. We show that u € Fiz(FE). By (21)
, we obtain

d(qr, Bu) = d(Eqx, Bu) < pd(qr, u) + v(d(qr, Eqx) + d(u, Eu)).

Implies
d(qr, Bu) < pd(qe, v) + v{d(u, qr) + d(qe, Eu)).
Thus
d(u, Bu) < d(u,qx) + d(qr, Bu)
= (14 w)d(qr,u) + vd(u, Eu);
hence

1
d(u, Pu) < L (g, v) (25)
—v
As € [0,1) and p + 2v < 1, that is, v < 1 and since {gy} — u as k — oo, therefore
limg— o0 d(qi, u) = 0. From (25), we get u € Fiz(E) as desired.

Next, we show that Fiz(FE) is convex. Let q,p € Fiz(E) and «a € [0,1]. For any z €
J, assume that z = n(¢,p,a). Now we show that z € Fiz(FE), that is, 2z = Ez or

E(n(q,p,a)) =n(q, p, ). Thus
d(q, Ez) = d(Eq, Ez) < pd(q,2) +v[d(g, Eq) + d(z, Ez)].

< pd(g, z) +v[d(z,q) + d(q, Ez)].
< (p+v)d(g,z) + vd(q, E?).
Hence
d(q, B2) < (*1‘ i Z) d(q, 2) < d(q, 2)- (26)
Similarly,
d(p, Ez) < d(p, 2). (27)

Using (26), (27) and (n1), we get

d(q, p) d(q, Ez) +d(Ez,p).
d(q,z) + d(z,p).
d(q,n(q,p; @) + d(n(q,p, @), p)

(1 —a)d(q,q) + ad(q,p) + (1 — a)d(q,p) + d(p,p)

(VAN VAN VAN VAN
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= d(p,q)

Thus, we conclude by (26)) and (27) that d(q, Ez) = d(q, z) and d(p, Ez) = d(p, z) because
if d(q, Ez) < d(q, 2) or d(p, Ez) < d(p,z), then we will obtain a contradiction d(p,q) <
d(p,q). Hence Ez = z, that is, En((q,p,«)) = n(q,p, «) for all ¢,p € Fiz(F) and «a € [0, 1].
Therefore Fix(E) is convex.

Based on Lemma 5, we introduce the contractive condition for self-mappings Ty and
Sy on @ as follows:

d(Thx, Sxy) < M(d(z,y)) + K{d(z, Txz) + d(y, Sxy)} (28)

where 0 < M < 1,1 < K <ooand M + 2K < 1.

An extension of Theorem 2, is obtained by replacing the maps E and F on a metric
space with their, respective, average mappings, in the context of a convex metric space,
as follows.

Theorem 7. Let (Q,d, W) be a complete convex metric space. Assume that T\ and S)
are asymptotically reqular self-mappings on Q satisfying (28). If Ty and Sy are orbitally
continuous or k-continuous for some k > 1, then T\ and Sy have a unique common fized
point p. Furthermore, limy, oo T{'x = p = lim,, o0 SYx for any x € Q.

Proof. Step 1: We note that the Picard iterations of Ty and S) form the Krasnoselskij
iterative sequence {x,}5°, defined by

Tyl = Thzn = (1 — p)ay, + phe, and x, = Syzp—1 n=0,1,2,--- (29)
Using (28), we get

d(anrl, xn) < Md(xna xnfl) + K{d(xm anrl) + d(l'nfly xn)}a

thus
M+ K
d(@p41, 2n) < (1K)d(37n,$n—1)
M+ K
A, o) < ad(wn,z01), (0= ). (30)
1-K
which inductively implies that
d(T/(”rlx, Svx) = d(xpy1, Tn) < ad(z1, 0). (31)

This implies
d(TyH e, Six) — 0 as n — oo,
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Step 2: We now prove that {z,}22, is a Cauchy sequence. Suppose on contrary that
{zn}72 is not a Cauchy sequence. Then there exisst e > 0 and sequences of numbers
{m(k)} and {n(k)} with m(k) > n(k) > k for k =1,2,3,--- such that

a(T"® TRy > ¢ (32)

Assume that m(k) > n(k). So by (31), we have d(T;n(k)flm,T)\ x) < €.
Hence

e <Ay W, T Wr) < AW, 77O ) + a1 W)
< ATV, TP ) 1 (33)

Letting £ — oo and using asymptotically regularity of T, we get
lim d Tm(k) Tn(k) — ¢
B A ) =

Now the following inequality and asymptotic regularity of T’

AT E e Ty < (W e, W) 4 a( T g, TP )
Fd(T W, TP )

imply

lim d(T;n(k)_lzx,T;(k)_lx) = €.

k—o0

From (29), we get
d(TF(k)ZL‘,T;(k).x) < d(T;n(k)x, S:(k)x) + d(Sf(k)x,T;(k):L‘)

and

d(T;\n(k)x,Tf(k)x) < d(Sf\L(k)m,T;(k)x) + Md(T;\n(k)_lx,T;(k)_lm)

KT e, T M)+ a(sy P, 57 W)
—f-Md(T:\l(k)*laz, Sz\l(k)flx).
Letting k — oo, it follows by (30) (32) and (33) that ¢ < Me. This is a contradiction.
Therefore {z,} is a Cauchy sequence. Given that @ is complete, {z,} converges to p € Q.

Moreover,
d(Sxz,p) < d(Sxz, Tz) + d(Tx'z, p),

so it follows from Step 1 that T{'z and SYz converge to p € Q.
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Step 3: T and S) have a unique common fixed point p. Let T)\ be k-continuous. Since
limy, 00 T;‘*lx = p. So by k-continuity of T}, lim, .. T\'x = T)\p. By uniqueness of limit
» Tap = p.
Analogically, suppose that T is orbital continuous . Since lim,,_,~ z, = p, orbital conti-
nuity of T implies that

lim Thx, = T)\p.

n—oo
This yield Thp = p. Similarly, lim, . SYx = p, we have that Sp = p. Hence p €
Fz':c(T)\) N FZ:L’(S)\)
Uniqueness: Assume that p,q € Fix(T)\) () Fiz(Sy) and ¢1 # p. Let x = p and y = ¢.
Then (28) becomes d(p, q1) < Md(p,q1). It is a contradiction. Hence p is a unique common
fixed point of T3 and S).

In the light of Lemma 5, we define Zemfirescue mapping in terms of T):

Definition 3. Let (Q,d, W) be a complete convexr metric space and Ty : Q — Q satisfies
the following conditions.

(i) d(Thx, Thy) < ad(z,y), 0<a<l,

(ii) d(Taz, Tay) < b((d(m,T,\x) + d(y,T,\y)), 0<b<l

(iii) d(Tye, Tyy) < e(d(w, Tay) +d(y, ), 0<e<b.
An analogue of Theorem 1 by Zamfiresuc [22] for the mapping T) is presented below.

Theorem 8. Let (Q,d,W) be a complete convex metric space and Ty : Q — @ be Zam-
firescue asymptotically reqular map. Then,

(i) Fiz(Ty) = {p}, and

(11) the sequence {x,}72, obtained from the iterative process xpi1 = W (xp, Tazn; ),
n > 0 converges to p, for xg € Q.

Proof. We note that the Picard iterations of Ty actually form the Kranoselskij iterative
process {z,}72 . Now, choose g € @ arbitrarily and fix integer n > 0.
Consider x = TY{'zp and y = T/("H:ro, we obtain by Definition 3(i), with 6 < 1

d(Ty g, Ty 2ag) < dd(T{ao, T o)
and by Definition 3(ii)
(T} o, Ty ) < b(d(T;on, T ) + d(TP g, Tg+2x0))
which implies

b
ATy g, TV 2 ag) < 17—bd( g, T ).
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Thus

b
d(Tf+1$o,Tf+2xo) < 5d(T/(L3:o,T/’\”1:co) where ¢ := T

Similarly, with condition (iii) of Definition 3, we obtain
(T g, T 22) < c(d(T;xo, T 200) + (T g, T;“:co)) .

Hence
d(Tf+1ZL‘0, T;L+2l‘0) < 5d(T/<l:E0, T;JAIL‘()).

This inequality is true for every n. So that {13 (z0)}52 is a Cauchy sequence and therefore
converges to some point p € Q.

(i) We now prove that p is a fixed point of T. Suppose Thp # p. We consider the ball

B={peQ:dpz)< id(p,TAp)}-

Observe that d(x, Thp) > %d(p, T\p) for every point p € B. So there exists a number
N such that T{'zg € B for each n > N. Now taking x = T/{Vmo and y = p. We must
have one of the following situations:

(a) d(Tfoo, T\p) < ad(TY xo, p), which sets a contradiction as follows

1
d(T;\ll'O?p) < Zd(paT)\p) < d(T,<L+1:L'O’T)\p)7
(b) d(T}xo, Tap) < b(d(TA":):O,T;foO) + d(p, T,\p)), contradicting
1
b(d(T3w0, T o) +d(p, Tp)) < 5(d(T5,p) +dp, T} o) + d(p, Top))
3
—d(p, T\p)

4
< d(Ty o, Tap)

IN

(c) d(Ty* ao, Thp) < c(d(T)’fxg, Tx\(p)) + d(Tfoo,p)) contradicting

1
e(d(T3wo, T(p)) + (T3 w0,p)) < S(d(TR0.p) + dlp, Tap) + (T} 20, p))
Zd(P, Tx,p)

< d(T{ 2o, Thp)

IN

Thus Thp = p. Now we show that this fixed point p is unique. Suppose that
this is not true .
Let Thp = p’ for some point p’ #%p € Q. Then

d(Tap, Top ) = d(p,p)
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d(T)\pa T/\pl) > d(p7 T)\p) + d(p/7 T/\pl)
! 1 ! !
d(Txp, Txp ) = 5 (d(p,Txp ) +d(p , Tx(p)))

2

So that none of the three conditions of Zamfirescue map is satisfied by the
points p and p/. This is a contradiction. Hence T has a unique fixed point.

(ii) Obvious.

It is natural to ask, when the assumption that T) is asymptotically regular in Theorem 7,
is satisfied. For an affirmative answer to this question, we need the following useful result.

Theorem 9. [9, Theorem 5.2.7] Let J be a nonempty convex subset of a normed space
Q and T be non-expansive map on J. If for xo € J, {T{xo} is bounded, then the average
map T is asymptotically reqular at xgq.

For the existence of fixed points, apart from the other conditions, Huang and Qian ([14,
Theorem 2.5]) have imposed continuity condition on the mappings already satisfying con-
tractive condition similar to (1). In the result to follow, we employ weak requirement of
nonexpansiveness to get nonexpansive version of Gérnicki result for the average mapping.

Theorem 10. Let J be a nonempty convex subset of a normed space Q andT : J — J be
non-expansive map satisfying (1). If for xg € J, {T{x0} is bounded, then Ty has a unique
fized point p € Q. Moreover, {x,}22 ), the Krasnoselskij iterative sequence converges to p.

Proof.
The map T) is asymptotically regular at o by Theorem 9. Now the rest of the proof
is similar to that of Theorem 1.

Remark 1.

(1) Theorem 2.5 of Khan and Oyetuabi [7], holds in a convex metric space with the same
proof.

(2) Theorem 10 provides a non-expansive version of Theorem 1 with a very simple proof.

4. Application: Volterra-Type Integral Equations

In this section, we investigate the existence and uniqueness of the common solution of
Volterra-type integral equations, utilizing the common fixed point result established in
Theorem 4.

Volterra-type integral equations play a significant role in various fields, including physics,
biology, and engineering, in view of their capability to model systems with memory effects.
These equations are crucial for capturing the dynamics of processes where the future state
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depends on the entire history of the system, such as in viscoelastic materials, population
dynamics, and heat conduction. The importance of Volterra-type integral equations lies
in their ability to provide insights into the existence and uniqueness of solutions to com-
plex mathematical problems. By applying fixed point theorems, researchers can establish
stability and convergence of these solutions; thereby addressing fundamental challenges in
both theoretical and applied mathematics. The reader interested in this matter, is referred
to the recent literature developed in [23-25].

Let @ be the space of continuous functions on [0, 7] equipped with the supremum norm.
That is,
Q :={u:[0,T] — R : u is continuous}.

Define a metric d: Q x @ — R4 by

d(u,v) = |lu = vljos = sup [u(t) —v(t)], u,ve Q.
te[0,7)

Then (@, d) is a complete metric space.

We consider the following Volterra-type integral equations formulated as a common fixed
point problem of the following nonlinear mappings:

u(t) = /O Ki(t, s, u(s))ds (34)
o(t) = /0 Ko(t, 5, v(s))ds (35)

for all ¢t,s € [0,T], where the kernels K;(¢,s,u(s)) and Ka(t,s,v(s)) are known function.
We will find the solution of (34) and (35).

Now, we prove the following theorem to ensure the existence of common solution of the
integral equations (34) and (35).

Theorem 11. Assume that the following conditions are satisfied:
(a) K1,Ko:[0,T] x [0,T] x Q — Ry,

(b) define the mappings E and F as follows:
(Eu)(t) :/o Ki(t,s,u(s))ds (36)
(Fo)(t) :/0 Ks(t, s,v(s))ds. (37)

Assume further that
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(i) there exists a continuous functions T : [0,T] x [0,T] — Ry and a continuous and
nondecreasing function o : Ry — Ry such that a(0) = 0 and a(t) < t fort > 0
satisfying

‘Kl(t, s,u(s)) — Ka(t, s,0(s))| < (¢, 8)a(ju — v|)

fort,s €0,T] and u(s),v(s) € Q.

t
(i) sup / 7(t,s)ds < w, for some w € (0,1).
tefo0,7]J0

Then E and F have a unique common solution.

Proof. Let u,v € Q. By assumptions (i) and (ii), we have

d(Eu, Fv) = ||Eu— Fv|leo = sup |[(Eu)(t) — (Fv)(t)|
t€[0,T]
t t
= sup ‘/ Kl(t,s,u(s))ds—/ Kg(t,s,v(s))ds‘
tefo,7]" Jo 0
t
= sup ‘/ (Kl(t,s,u(s))—Kg(t,s,v(s))>ds‘
tefo,7]" Jo
t
< sup / ‘Kl(t,S,U(S))—Kg(t,S,U(S))‘dS
te[0,7] /0
t
< sup/7’(t,s)o<(|u—v|)ds
te[0,7] /0
t
< Sup/T(t,s)|u—U|ds
te[0,7] /0
t
< Ju— ol sup [ r(t.s)ds
te[0,7] /0
< wllu = vl

= w(|lu— v+ (Bw) ~w) = (Bw) = u) + (v = F©)) = (v = F(©)]]o0)

(2 = vlloe] + 11 = E@)lloo + [0 = F@)lloe + 1B(w) = F(0)l);

IN

thus

d(Eu, Fv) < lziwd(u,v) + % (d(u, Eu) + d(v, Fv))

— W — W

2w

Letting x(d(u,v)) := =%, it follows that the mappings E and F satisfy (3). Hence by
Theorem 4, there exists a unique common fixed point of £ and F' which is the common
solution of the Voterra-type integral equations (34) and (35).
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5. Conclusions

We have extended the existing body of knowledge on fixed point theory for asymptotically
regular mappings on a metric space by proving new common fixed point results on convex
metric spaces. Our work verifies that under certain contractive conditions, asymptotically
regular self-mappings not only possess unique fixed points but also exhibit properties
of closedness and convexity for their fixed point sets. We have also demonstrated that
replacing standard mappings with their average mappings in a convex metric space context
retains their fixed point properties. Furthermore, we have applied our theoretical findings
to solve integral equations, showcasing the practical utility of our theorems in real-world
problems. These results are pivotal in advancing the understanding of fixed point theory in
more general and complex spaces, offering new avenues for future research and applications
in various mathematical and practical fields.

Looking ahead, several interesting directions arise for future exploration:

(i) Establishing an analogue of Theorem 5 in a convex metric space.
(ii) Finding an analogue of Theorem 6 for a quasi-nonexpansive map.

iii) Addressing the question posed before Theorem 9 in the context of a convex metric
g
space.
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