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Abstract. In this paper, we introduce the notion of ultra distance function. Based on the notion of
ultra distance function, we introduce the definitions of (k, v, L)-quasi contractions of type (I) and
type (II) in the frame of quasi metric spaces. We employ our new definitions to construct and prove
many fixed and common fixed point results in the frame of quasi metric spaces. Our results extend
and improve many exciting results in the literatures. Also, we introduce some examples and some
applications in order to support the usability of our work.
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1 Introduction and preliminary

A point u is called a fixed point of a function f if fu = wu. The fixed point iteration
is used to prove that an equation of the form gu = 0 has a solution. Moreover, fixed
point theorems are used to prove the existence and uniqueness of such equations in partial
differential equations, integral equations, and ordinary differential equations. The most
popular tool for solving some problems in nonlinear analysis is the Banach fixed point
theorem [9]. Many authors extended the Banach fixed point theorem to many directions,
for example, see [4,5,20,21,23,24,26,28,31,34,35] and all references cited their.
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Fixed and common fixed point theorems in frame of quasi metric spaces 725

In 1931, Wilson [36] introduced the notion of quasi metric spaces as follows:

Definition 1. (See [36].) Let X be a nonempty setand d : X x X — [0,00) be a given
function, which satisfies:

(i) d(z,y) = 0if and only if z = y;
(i) d(z,y) < d(z,2) +d(z,y) forall z,y,z € X.

Then d is called a quasi metric on X, and the pair (X, d) is called a quasi metric space.

Note that every metric space is a quasi metric space. The converse is not true in
general. For this instance, see the following example:

Example 1. (See [18].) Let X = N U {0} and define the function d on X as follows:
d(0,n) = 1/nforalln € N, d(n,z) = nforn # x; n € N, and d(x,x) = 0 for all
2 € X. Then (X, d) is a quasi metric space, which is not a metric space.

A quasi metric d induces a metric q as follows:

q(x,y) = max{d(z,y),d(y,z)}.

The notions of convergence and completeness on quasi metric spaces are given as
follows:

Definition 2. (See [7,22].) Let (X, d) be a quasi metric space, (z,,) be a sequence in X,
and x € X. Then the sequence (z,,) converges to x if and only if lim,,_, o d(z,,x) =
lim,, 00 d(, 2,,) = 0.

Definition 3. (See [7,22].) Let (X, d) be a quasi metric space and (z,,) be a sequence in
X. We say that the sequence (x,,) is left-Cauchy if and if for every ¢ > 0, there is positive
integer N = N (e) such that d(z,, z,,) < eforalln > m > N.

Definition 4. (See [7,22].) Let (X, d) be a quasi metric space and (z,,) be a sequence
in X. We say that the sequence (x,,) is right-Cauchy if and if for every ¢ > 0, there is
a positive integer N = N (¢) such that d(zy,, ,,) < € forallm > n > N.

Definition 5. (See [7,22].) Let (X, d) be a quasi metric space and (z,,) be a sequence in
X. We say that the sequence () is Cauchy if and if for every ¢ > 0, there is positive
integer N = N (e) such that d(z,, z,,) < e forall m,n > N.

Definition 6. (See [7,22].) Let (X, d) be a quasi metric space. We say that

(i) (X,d) is left-complete if and only if every left-Cauchy sequence in X is conver-
gent;
(ii) (X, d) is right-complete if and only if every right-Cauchy sequence in X is con-
vergent;
(iii) (X,d) is complete if and only if every Cauchy sequence in X is convergent.
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It is clear that a sequence (z,,) in quasi metric space (X, d) is Cauchy if and only if
(z,) is left- and right-Cauchy. For some fixed point theorems in quasi metric space, we
refer the reader to [2,3,6,15,17,30,32,33].

The notion of altering distance function plays an important role to improve and ex-
tend the Banach contraction theorem to many directions. The notion of altering distance
function introduced by Khan [25] as follows:

Definition 7. (See [25].) A function ¢ : [0,00) — [0, 00) is called an altering distance
function if the following properties are satisfied:

(1) v is nondecreasing and continuous;
(ii) ¢ (¢t) = 0if and only if t = 0.

Abodayeh et al. [1] introduced the notion of almost perfect function as a generalization
of the notion of altering distance function and studied some fixed and common fixed point
theorems of (2-distance under various contractive conditions.

Berinde [10, 11] introduced the concept of weak contraction mappings, the concept
of almost contraction mappings and studied some nice fixed point theorems. Moreover,
many authors introduced and studied many fixed and common fixed point theorems in
complete metric spaces for weak and almost contraction mappings in sense of Berinde,
see [8,12-14,16,19,27,29,31].

In this paper, we introduce the notion of ultra distance function as a generalization
of the notion of the almost perfect function. We utilized the notion of almost contraction
mapping and the notion of ultra distance function to introduce the notions of (k,, L)-
quasi contractions of type (I) and type (II) in the frame of quasi metric spaces. Then after,
we construct many fixed and common fixed point results in the frame of quasi metric
spaces.

2 Main result

We start our work by introducing the following definition:

Definition 8. The function ¢ : [0, 00) — [0, 00) is called an ultra distance function if the
following properties are satisfied:
() »(t)=0ifft=0.
(i) If (x,) is a sequence in [0,+oc0) such that lim, , . ¢¥(z,) = 0, then
limy, 400, = 0.

Here are some examples on ultra distance functions.

Example 2. Define the function ¢ : [0, +00) — [0, 00) by ¢(t) = sin(¢) if 0 < ¢t < 37/4
and ¢(t) = 1if 3m/4 < ¢t < oo. Then it is clear that ¢ is an ultra distance function.

Example 3. Define the function ¢ : [0, +00) — [0,00) by () =1 — cos(t) if 0 < t <
w/2and (t) = 1/2if /2 < ¢t < oo. Then it is clear that ¢ is an ultra distance function.

The following lemma will be very helpful in proving our main results.
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Lemma 1. Ler (X, d) be a quasi metric space. Let (x,,) be a sequence in X such that

ngr}rloc AT, Tpt1) = ngrfoo d(Zpt1,2n) = 0.

For m,n € N, where n is odd, m is even, and m > n, we have

n,rr%llgroo d(In, xm) - n7'rr%ll>n+oo d($m, In) =0

Then (x,,) is Cauchy.

Proof. Given n,m € N with m > n. Now we study the following cases:

Case I: n is even, and m is odd. By triangle inequality, we have:

d(xn, xm) < d(xru -Tn+1) + d(xn+17 xm-&-l) + d(xm—&-la xm)
and

d(mmv xn) < d(xmv -Terl) + d(xm+1a xn+1) + d(xn+17 xn)
Letting n, m — +o0 in above inequalities, we get that

n,v)“lbll>H+oo d(mn7 .’L‘m) - n,wlnl—r>n+oo d(l‘m, xn) =0

Case 2: n, m are both even. Apply the triangle inequality to get

d(xna xm) < d(xnv xn+l) + d(xn+1; xm)
and

d(xm; xn) < d(xm,a mn—&-l) + d(xn-&-l; xn)
On letting n, m — 400 in above inequalities, we have

n,n%l—r>n+<x> d(xT“ l’m) - n,wll—I)n-Q—oo d($m7 .Tn) =0

Case 3: n, m are both odd. Triangle inequality implies that

d(xnv xm) < d(xnv xm+1) + d(xm+1; mm)
and

d(l‘m, zn) < d(xvm xm+1) + d(xm—&-la zn)

By letting n and m tend to infinity in above inequalities, we obtain

n,n’lbl—rgroo d(xn’ .’Em) - n,Tr%gnjLoo d(.’Em, l’n) =0
By collecting all cases together, we conclude that (z,,) is a Cauchy sequence. O

Before proving our first main result, we introduce the following definition.
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Definition 9. Let (X, d) be a quasi metric space and f, g : X — X be two mappings. The
pair (f,g) is called (k, 1, L)-quasi contraction of type (I) if there exist an ultra distance
function ¢, k € [0,1) and L > 0 such that for all z, y € X, we have

Y(d(fz, gy)) < kmax{y(d(z, fz)), ¥ (d(y, gy))}

+ Lmin{q(z, gy), q(y, fz),q(z, fz)}
and

¥ (d(gz, fy)) < kmax{(d(z, gz)), ¥ (d(y, fy))}
+ Lmin{q(z, fy),q(y, 9v), q(x, gx) }.
Now, we prove our first result:

Theorem 1. Let (X,d) be a complete quasi metric space and f,g : X — X be two
mappings such that the pair (f,g) is (k, ), L)-quasi contraction of type (1). If f or g is
continuous, then f and g have a unique common fixed point in X.

Proof. By starting with 2y € X, we define a sequence (x,,) in X inductively via 9,1 =
fron and 29,10 = gxa,41 for all n > 0. Note that if there exists € N such that x5, =
Zar41, then xo, is a fixed point of f. Since the pair (f, g) is (k, 1, L)-quasi contraction
of type (I), we have

¢(d($2r+17 l”2r+2))
= 1/)(d(f5€2r, 91172r+1))
< kmax{t(d(zor, fr2,)), ¥ (d(T2r41, 972041)) }
+ Lmin{q(z2r, gT2r41), @(@2r 41, fT2r), ¢(2r, f2r) }
= kmax{¢(d(zar, £2,11)), ¥ (d(x2r11, T2rs2)) }
+ Lmin{q(w2r, Tor42), ¢(T2r41, Tor41), ¢(T2r, T2r41) }
= ki (d(132r+1, 1?2r+2))-

The last equality is true only if ¢¥(d(x241, Z2r+2)) = 0. So, we conclude that d(xo,41,
Zor42) = 0. Hence, za, = T9,41 = T2,42. Therefore, xo, is a common fixed point of f
and g.

Now, suppose that z,, # 11 foralln € N.

Since the pair (f, g) is (k, ¢, L)-quasi contraction of type (I), we have

¢(d($2n+1, 2132n,+2))
= Y (d(f22n, 9T2n41))
< kmax{z/)(d(xgn, fon)),¢(d(x2n+1, gx2n+1))}
+ Lmin{q(z2n, gT2n11), ¢(T2nt1, f220), ¢(T2n, fron)}
= kmax{¢(d(z2n, Tant1)), ¥ (d(Tan1, Tant2)) }
+ Lmin{q(z2n, Tant2), ¢(T2nt1, T2nt1), ¢(T2n, Tant1) }
= kmax{9(d(x2n, Tant1)), Y(d(T2n11, Tan2)) }- (1)
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If
max{¢ (d(z2n, Tan+1)), ¥ (d(T2nt1, Tons2)) } = V(d(T2n41, T2nt2)),

then by (1) we conclude that

Y(d(@2n41, Tont2)) < kY (d(@2n41, Tang2)),

a contradiction. So,

max {1 (d(z2n, Ton+1)), Y (d(@2n41, T2nt2)) } = Y (d(@2n, T2ni1))-

Therefore, (1) becomes

Y(d(T2n41, T2nt2)) < ko (d(T2n, T2nt1)). 2
Also, we can show that
V(d(z2n, Tont1)) < kU (d(@2n—1,T2n)). 3

Combining (2) and (3), we conclude that

¢(d($m$n+1)) < kw(d(inflwrn)) (4)

holds for all n € N.
Repeating the same arguments as above, we conclude that

Y(d(@nt1,20)) < kY (d(2h, Tn-1)) 5)
holds for all n» € N. From (4) and (5) we have
max {4 (d(zn, Tp41)), Y (d(@nt1,70)) }
< kmax{z,l)(d(xn_l,zn)),¢(d(xn,zn_1))} (6)
holds for all n € N.

Repeating (6) n times, we get
max{¢(d(zn, Tn11)), ¥ (d(@ni1,20)) }
< kmax{y (d(zp—1,25)), ¥ (d(Tn, Tr-1)) }
2 maX{l/f(d(xn—% xn—l)) ) w(d(xn—la xn—?)) }
3 max{t(d(zn_3,Tn—2)), Y (d(Tn—2,Tn—3))}

k™ max {1 (d(wo, 1)), (d(x1,20)) }. 7

Letting n — 400 in (7), we get

lim ¢ (d(zy,znt1)) =0

n——+oo

/

NN NN
>
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and
lim (d(zpt1,20)) = 0.

n—-+oo

Since % is an ultra distance function, we conclude that

ngr}}w d(Zn, Tny1) =0 (®)
and
nglfoo d(Zng1,7n) = 0. ©)

From (8), (9) and the definition of ¢ we have

nEIJIrlocq(xn—i_l’wn) = ngr}rloo (xn+17zn) = 0. (10)

Now, we show that (x,,) is a Cauchy sequence.
Let n,m € N be such that n is odd, m is even, and m > n. Since the pair (f, g) is
(k, 1, L)-quasi contraction of type (I), we have

V(d(@n, zm)) = Y(d(frn-1,9Tm-1))

< kmax{ip(d(zn_l, fzn_l)),w(d(xm_l, gxm_l))}

+ Lmin{q(zn—1,9%m1), ¢(@m—1, frn_1),q(@n_1, frn_1)}

= kmax{w(d(xn,l,xn)),w(d(xm,l,xm))}
+ Lmin{q(xn—1,2m), ¢(@m—1,2n), ¢(Tn_1,2n) }
k‘max{lp(d(a:n_l,xn)),z/)(d(xm_l,xm))} + Lg(xp-1,%n)
k1) (d(a:n_l, xn)) + Lg(zp—1,%n)
knw(d(xo,zl)) + Lg(zp—1,xy). an
Letting n, m — +oco in (11). Then using (10) to get

lim  ¢(d(zn, zm)) = 0.

n,m—+00

INCININ

From the definition of the function ¢ we conclude that

n,nlblin-poo d(xp, zm) = 0.

Again, since the pair (f, g) is (k, ¥, L)-quasi contraction of type (I), we have

d’(d(xmv l'n)) = w(d(gfvm—h fxn—l))
< kmax{¢(d(zm—1,9Tm-1)), ¥ (d(xn_1, frn_1))}
+ Lmin{q(xm,l,fxn,l),q(mn,l,gxm,1)7q(:rm,1,gacm,1)}
< kmax{w(d(a?m,l, :cm)), w(d(xn,l,xn))}
+ Lmin{q(zm—1,2n), ¢(Tn—1,Zm), Q(Lm—1,Tm) }
kY (d(zn-1,70)) + Lg(Zm—1, Tm)
< E"P(d(z0, 21)) + Lg(@m-1, ). (12)
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On letting n, m — 400 in (12), we get

lim ¢ (d(zm,z,)) = 0.

n,m—4oo
Since 9 is an ultra distance function, we have

nm{l_r}n_|roc AT, y) = 0.

By Lemma 1, we conclude that (z,,) is Cauchy. By completeness of the quasi metric
space (X, d), there exists © € X such that

lim d(zn,u)= lim d(u,z,)=0.

n—-+oo n—-+oo

Hence,
lim Tp,u) = lim U, Ty) = 0.
i glwa,w) = lim q(u,z,)

Without loss of generality, we may assume that f is continuous. So,

(fu, fra,) =0.

i W2 fu) = g d

Now, we show that v = fu. By triangle inequality, we have
d(u, fu) < d(u, van41) + d(T2n11, fu).

Letting n — 400 and using the fact that x9,, 11 = fx2,, we conclude that u = fu. Since
the pair (f, g) is (k, ¢, L)-quasi contraction of type (I), we conclude that
W (d(u, gu)) = ¥(d(fu, gu))
< kmax{¢(d(u, fu)),¥(d(u, gu)) }
+ Lmin{q(u, gu), q(u, fu),q(u, fu)}
Since k € [0,1), we conclude that ¢(d(u,gu)) = 0. Hence, gu = u. Thus, u is
a common fixed point of f and g. To prove the uniqueness of the common fixed point of

f and g, we assume that v and v are common fixed points of f and g. Then fu = gu = u
and fv = gv = v. By the first contractive condition, we have

¢ (d(u,v)) = P (d(fu, gv))
< kmax{w(d(u,fu)),w(d(v,gv))}

+ Lmin{q(u7 gv), q(v, fu), q(u, fu)}
=0.

So, 1(d(u,v)) = 0 and hence d(u,v) = 0. Thus, v = v. So, f and g have a unique
common fixed point. O

By taking L = 0 in Theorem 1, we get the following result:

Nonlinear Anal. Model. Control, 23(5):724-748
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Corollary 1. Let (X,d) be a complete quasi metric space and f,g : X — X be two
mappings. Assume the following hypotheses:

(i) There exist an ultra distance function v and a real number k with k € [0, 1) such
that for all x,y € X, we have

Y(d(fz,gy)) < kmax{y(d(z, fz)), ¥ (d(y, gy))}

and
¥(d(gz, fy)) < kmax{y(d(z, gz)), v (d(y, fy)) }-
(ii) f or g is continuous.
Then f and g have a unique common fixed point in X.
Taking g = f in Theorem 1, we have the following result:

Corollary 2. Let (X, d) be a complete quasi metric space and f : X — X be a mapping.
Suppose the following hypotheses:

(i) There exist an ultra distance function ¢, k € [0,1) and L > 0 such that for all
x,y € X, we have

Y(d(fz, fy)) < kmax{y(d(z, fz)),v(d(y, fy))}
+ Lmin{q(z, fy),q(y, fz),q(z, fz)}.

@ii) f is continuous.
Then f has a unique fixed point in X.

Corollary 3. Let (X,d) be a complete quasi metric space and f,g : X — X be two
mappings. Assume the following hypotheses:

(1) There exist an ultra distance function 1), two positive real numbers a and b with
a+b<1and L > 0 such that for all x,y € X, we have

Y(d(fz,gy)) < ap(d(z, fz)) + by (d(y, gy))

+ L min{q(aﬁ, gy), q(y, f@v q(z, fx)}
and

Y(d(gz, fy)) < ap(d(z, gz)) + bib(d(y, fy))
+ Lmin{q(z, fy),q(y, gz), q(x, gz) }.

@ii) f or g is continuous.
Then f and g have a unique common fixed point in X.

Proof. Follows from Theorem 1 by noting that for any x,y € X, we have

a(d(z, gz)) + bip (d(y, fy)) < (a+ b) max{¢(d(z, gx)), ¢ (d(y, fy))}. O
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Before, we present our next main result, we introduce the following definitions:

Definition 10. Let ¢ : [0, +00) — [0, +00) be a function and (X, d) be a quasi metric
space. We say that (X, d) is bounded with respect to v if the exists M > 0 such that
Y(d(z,y)) < M forallz,y € X.

Definition 11. Let (X, d) be a bounded quasi metric space and f,g : X — X be two
mappings. The pair (f, g) is called (k, 1, L)-quasi contraction of type (II) if there exist
an ultra distance function ¢, k € [0,1) and L > 0 such that for all z,y € X, we have

Y(d(fz, gy)) < k(d(z,y)) + Lmin{p(d(fz,y)). ¢ (d(z, 9)), ¥ (d(z, fz)) }
and

$(d(gz, fy)) < k(d(z,y)) + Lmin{y(d(gz,y)), ¥ (d(z, fy)), ¥ (d(z, gz)) }-
Theorem 2. Let (X,d) be a complete quasi metric space and f,g : X — X be two
mappings satisfying the following conditions:

(1) f or g is continuous.
(ii) The pair (f, g) is (k, v, L)-quasi contraction of type (II).
(iii) (X,d) is bounded with respect to 1.

Then f and g have a unique common fixed point in X.
Proof. As in proof of Theorem 1, we construct a sequence (x,,) in X such that x5, 11 =

fxon and oy 10 = gaon41. Assume there exists » € N such that x5, = x9,41. Since the
pair (f, g) is (k, v, L)-quasi contraction of type (II), we have

d(@2r41, T2r42)
= d(fr2r, g72r41)
< kY (d(zar, T2r41))
+L min{%/}(d(me $2r+1)) R (d(l“zr, g$2r+1)) R (d(l“zr, f@r)) }
=ky (d(xzr, $2r+1))
+ Lmin{¢ (d(z2r11, B2r41)), ¥ (d(22r, T2r12)), 1 (d(@2r, B2r41)) }
=0.

So, we conclude that d(zg,41, Z2r42) = 0. Hence, 2o, = Tar41 = Z2,42. Therefore,
To, 1s a common fixed point of f and g.

Now, assume that x,, # x,,+1 foralln € N. Since (f, g) is (k, ¢, L)-quasi contraction
of type (II), we have

¢(d($2n+17 $2n+2))
= (d(fr2n, 9T2n11))
<k (d(z2n, Tant1))
+ min{¢ (d(fzan, Tani1)), ¥ (d(T2n, g2n11)), ¥ (d(@2n, fron)) }

Nonlinear Anal. Model. Control, 23(5):724-748
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< kY (d(won, T2nt1))
+ min{0, ¥ (d(x2n, Ton+2)), ¥ (d(T2n, T2nt1)) }
= kip(d(w2n, T2nt1)). 13)

On other hand, we have

U(d(z2n, T2n+1))
= p(d(gzan—1, fron))
< kp(d(w2n—1,22n))
+L min{¢(d(9I2n—1, zzn)) ) 1/)(d($2n—1’ f@n)), %ff(d(fvzn—l,gfzn—l)) }
= kw(d(mgn,l, xgn))
+ L min{O, w(d(mgn,l, w2n+1)) L (d(xgn,l, xgn)) }

= kit (d(22n-1,220)). (14)
Inequalities (13) and (14) imply that
Q/J(d(l'n,l'n+1)) < kw(d(:ﬂn,l,xn)), n € N. (15)
Repeating (15) n times, we obtain
¢(d(5f:n,xn+1)) < k”w(d(mo,xl)), n € N. (16)

Moreover, one can use the same arguments to prove that

z/J(d(an,xn)) < k”w(d(ml,xo)), n € N.

Now, we prove that (z,,) is a Cauchy sequence in X. Let n, m € N be such that n is odd,
m is even, and m > n. By using (16), we have

'l/’(d(xmxm))

= (d(frn—1,9%m-1))

< kY (d(zn—1, Tm-1))

+ Lmin{ (d(frn—1,2m-1)), Y (d(Zn-1, 9Tm-1)), ¥ (d(Tn-1, frn-1))}

= kw(d(mn_l,xm_l))
+ Lmin{w(d(xn,xm_l)),w(d(xn_l,mm)),Q/J(d(xn_l,xn))}
kw(d(xn,l,xm,l)) + L@[J(d(mn,l,xn))
ki (d(@n—1,Tm—1)) + LE" " (d(z0, 21)). (17

On other hand, we have

V(d(Tp-1,Tm-1))
= p(d(gzn—2, frm_2))
< kY (d(zn—2, Tm—2))
+ Lmin{¢(d(92n—2, Tm—2)), Y (d(xn—2, fTm—2)), ¥ (d(n—2, gTn_2)) }

<
<
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=k (d(wn,g, xm,g))

+ L min{¢(d(xn_1, xm_g)), w(d(xn_g, xm_l)) , w(d(a:n_Q, xn_l)) }

ki (d(zn—2, Tm—2)) + LY (d(zn—2, 1))

ko (d(zn—2, Tm—2)) + LE" ¢ (d(z0, 21)). (18)

Repeating (17) and (18) n times and using the assumption that of (X, d) is bounded with
respect to ¥, we have

Y (d(zn, 2m)) d(#n—1, Tm—1)) + LE" " (d(x0, 21))
d(2n—2,Tm—2)) + 2LEK" " (d(2o, 21))

d(xn—3, Tm—3)) + 3LE" "4 (d(o, 21))

EE
N
gﬁ

N w
<
—

k™" (d(2o, To—n) + Lk "4 (d(zo, 21))
k"M + Lnk" 1 M. (19)

INCINCIN NN N

By letting n, m — +o0 in (19), we deduce that

lim  ¢(d(zn, 2m)) = 0.

n,m—+400

Similarly, we can show that

lim ¢ (d(2p,zn)) = 0.

n,m—+40o

Since 1 is an ultra distance function, we conclude that

n,wlLl—r>n+oo d(]}n, .Tm) - n,nll—rg-oo d(.]?m, .Tn) =0

By Lemma (1), we conclude that (x,,) is a Cauchy sequence in (X, d). So, there exists
u € X such that

Without loss of generality, we may assume that f is continuous. So,

lim d(fzon, fu) = EI}B d(fu, fxe,) =0.

n—-+4oo
Hence,

Hm d(zont1, fu) = nEI-&r-loo d(fu,r2,41) = 0.

So, we can conclude that fu = u. To show that gu = u, we use the triangle inequality,

¢ (d(u, gu)) = (d(fu, gu))
< k(0) + Lmin{O7 w(d(u, gu))}
=0.

Nonlinear Anal. Model. Control, 23(5):724-748
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Hence, ¢(d(u, gu)) = 0. Therefore, d(u, gu) = 0 and hence gu = w. So, u is a common
fixed point of f and g. Now, let u and v be two common fixed points of f and g; that is,
fu=gu =wand fv = gv = v. Since the pair (f, g) is (k,, L)-quasi contraction of
type (II), we have

¥ (d(u,v)) =¥ (d(fu, gv))
< kn//(d(u,v)) + Lmin{w(d(fu,v)), 7,/1(d(u,gv)), 7,/}(d(u7 fu))}

= ky(d(u,v)).
Since k& € [0,1), we conclude that ¢ (d(u,v)) = 0. Hence, d(u,v) = 0. So, u = v.
Therefore, the common fixed point of f and g is unique. O

By taking L = 0 in Theorem 2, we get the following result:

Corollary 4. Let (X,d) be a complete quasi metric space and f,g : X — X be two
mappings satisfying the following conditions:

(i) There exist an ultra distance function 1 and a real number k € [0,1) such that
forall x,y € X, we have

Y(d(fz,gy)) <k (d(z,y)) and P(d(gz, fy)) < ki (d(z,y)).

(ii) f or g is continuous.
(iii) (X,d) is bounded with respect to 1.

Then f and g have a unique common fixed point in X.
Taking g = f in Theorem 2, we deduce the following result:

Corollary 5. Let (X, d) be a complete quasi metric space and f : X — X be a mapping.
Assume the following hypotheses:

(i) There exist an ultra distance function ¢, k € [0,1) and L > 0 such that for all
xz,y € X, we have

U(d(fz, fy)) < ky(d(z,y))+Lmin{y(d(fz,y)), v (d(z, fy)), ¢ (d(z, fz))}.

@ii) f is continuous.
(iil) (X, d) is bounded with respect to ).

Then f has a unique fixed point in X.

3 Examples and applications

In this section, we introduce some examples and some application in order to support the
useability of our results.
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Example 4. Let X = {0,1,2,3,...}. Defined: X x X — X by

m ifn=0,m#0,

1 ifm=0,n+#0,
d(m, n) = 0 ifm=n

m ifm#mn

and the mappings f,g: X — X by

; 0 ifze{0,1,2,3,4,5,6,7,8},
xTr =
1 ifze{9,10,11,...}

and

0 ifze{0,1,2,3,4},
€Tr =
71 it e {5,6,7,.. ).

Also, define ¢ : [0, +00) — [0, +-00) by
el —1 iftelo,1],
) =9 , .
el —2 ifte (1,+0).

Then:

(i) 1 is an ultra distance function.

(ii) (X,d) is a complete quasi metric space.
(iii) f is continuous.
(iv) Forall z,y € X, we have

P (d(fx,g9)) < 5 max{(d(z, o), (dly, 99)) }

+ Lmin{q(z, gy), q(y, fx), q(x, fz)}
and

U (dlgr, F9)) < g max{(de, go), v (d(y. 1)}
+ Lmin{q(, fy), a(y. gz), q(z, go) }.

Proof. The proof of (i) is clear. Also, it is an easy matter to figure out that d is quasi
metric. To show that d is complete, we let (x,,) be a Cauchy sequence in X . Then

nEToo d(Tn, Tm) = ngrfoo d(Zm,xn) = 0.

So, we deduce that x,, = x,, for all n,m € {0,1,2,3,...} but possibly at finitely many.
So, (x,) is a convergent sequence in X. Thus, we conclude that (X, d) is a complete
quasi metric space.

Nonlinear Anal. Model. Control, 23(5):724-748
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To prove (iii), let (x,,) be a sequence in X such that z,, — x € X. So,

Thus, we conclude that z;,, = x for all n € N but possible at finitely many. Thus, f(z,) =
f () for all but possible at finitely many. So, f(x,) — fx. Thus, f is continuous.
To prove (iv), given z,y € X. We divide the proof into the following cases:

Case I: x € {0,1,2,3,4,5,6,7,8} and y € {0,1,2,3,4}. Then
P(d(fz,gy)) =0
< g max{u(dr, f2), % (dly, 99)) }
+ Lmin{q(z, gy), 4y, fx), a(z, fr)}.
Now, if z € {0,1,2,3,4}, then we have
G(d(gz, fy)) =0
< 5 max{ (d, g2)). ¥ (d(y, £4))
+ Lmin{q(z, y),q(y, g2), q(x, gx) }.
While, if 2 € {5,6,7,8}, we have

Y(dlge, f)) = $(d(1,0)) = 6(1) =e 1< 3 (* ~2) < 5( ~2)
= 30() = 5u(dl, 1) = 5(de, g0)
< 5 max{ (dlr. g2)). ¥ (dly. f1)) )
+ Lmin{q(z, fy),q(y. g7), q(z, gz) }.
Case2: x €{0,1,2,3,4,5,6,7,8} and y € {5,6,7,...}. So,
P(d(fr,gy)) =¢(1) =e—1< %(e5 —2) < 12(e¥ - 2)%w(y) = %w(d(yvgy))

< g max{(dlw, f)), ¥ (d(y, 99))
+ Lmin{q(x, gy), q(y, fx), q(, fz)}.
Now, if x € {0,1,2,3,4} and y € {5, 6,7, 8}, then
¥ (d(gz, fy)) =0
< g max{u(d(r, gr), ¥ (d(y. 1))}
+ Lmin{q(z, fy),q(y, 9x),q(x, gz)}.
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Ifx € {0,1,2,3,4} and y € {9,10,11,...}, then

(e -2)

l\DM—l

v(dlge. f9) = (d(0.1) = v(1) =e ~1 < L(~2) <
= ) = (1) = (d, 1)

< % max{l/}(d(x, gl‘)> ; 1/J(d(y7 fy))}
+ Lmin{q(z, fy), a(y, g2), (x, g2) }.
Ifx € {5,6,7,8} and y € {5,6,7,8}, then

—_

v(d(gr. f1)) = (1) = e~ 1< L (7~ 2)
< 2(ey_z) Sly) = 30(d( D) = J6(d. 1)
< §max{1p( x,g@)ﬂﬁ( (%fy))}

+ Lmin{q(z, fy),q(y, gz), q(x, gz) }.
Ifx € {5,6,7,8} and y € {9,10,11,...}, then
¥(d(gz, fy)) = ¢(d(1,1)) =0
< 5 max{1 (dr. g2)). ¥ (dly. f4)) )
+ Lmin{q(z, fy),q(y, 9z), q(x, gx) }.
Case 3: x € {9,10,11,.. .} and y € {0,1,2,3,4}. Then

Y(d(fz,gy)) = ¢(d(fz,9y)) =v(1) =e—1
1 1, 1 B
<57 =1) < 5(e" - 2) = J(@) =<
< 1maX{w( d(z, fx)), ¥ (d(y, gy)) }

+ me{q (z,99),q(y, fz),q(x, fx)}

Similarly, one can show that

1

¥(gz, fy)) < maX{¢( z,gz)), % (d(y, fy)) }
+ Lmin{q(z, fy),q(y, 9z), q(x, gz)}.

Case4: x € {9,10,11,...} andy € {5,6,7,...}. Then

Y(d(fr,gy)) =0 < %maX{w( (z, fz)),¢(d(y,9y)) }
+ Lmin{q(x, gy), q(y, fx), q(x, fz)}.

Nonlinear Anal. Model. Control, 23(5):724-748
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Also, if z € {9,10,11,...} and y € {5,6, 7,8}, then

b(gz, fy) = ¢(d(1,0)) = (1) =e -1 <
(6" ~2) = 59(e) = 3 (d(z, 92)

< 5 max{¢(d(w, gz)), v (d(y, fv)) }
+ Lmin{q(z, fy),q(y, gz), q(z, gz)}.

(¢ =2)

N | =

<

=N =

Ifx € {9,10,11,...} and y € {9,10,11,...}, then

Ugr, fy) = 6(d(1,1) = 0 < 3 max{(d(z, go)), v(d(y. 1))}
+ Lmin{q(z, fy),q(y, 9z), q(z, g2)}.

Note that f and g satisfy all the conditions of Theorem 1. So, f and g have a unique
common fixed point. Here 0 is the unique common fixed point of f and g. [

Example 5. Let X = [0,1/2]. Defined : X x X — [0, 400) by

d(z,y) 0 ifz =y,
T,y) =
v z+y fz#y

and the mappings f,g : X — X by fo = 22/2 and gr = x2/4. Also, define ¢ :
[0,4+00) — [0, 4+00) by

e iftelo,2],
W)_{lit if t € (2,400).

Then:

(i) 1 is an ultra distance function.
(ii) (X,d) is a complete quasi metric space.
(iii) (X,d) is bounded with respect to 1.
(iv) f is continuous.
(v) The pair (f, g) is (k, v, L)-quasi contraction of type (II).

Proof. To show that d is complete, we let (x,,) be a Cauchy sequence in X. Then

n,’n’lbl—r>n+oo d(!En, .’Em) - n,w{l—I)n-Q—oo d(.’L‘m7 iCn) =0

Given ¢ > 0, then there exists k € N such that d(z,, z,,) < € forall m > n > k. So, we
have two cases:

Case 1: x, = x,, = z for all but finitely many. In this case, we have z,, — .
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Case 2: x, # x,, for all but finitely many. In this case, we have x,, + x,, < ¢ for all
m >n = k. So, x,, < eforalln > k. So, ,, — 0. From both cases, we conclude that
X is complete.

To prove that (X, d) is bounded with respect to ¢, Given z,y € X.If x = y, then
d(z,y) = 0 and hence ¥(d(z,y)) = 0 < 1.If ¢ # y, then d(z,y) = z +y < L.
So, Y(d(z,y)) = (x + y)? < 1. So, (X, d) is bounded with respect to 1. To prove the
continuity of f, let (x,,) be a sequence in X such that z,, = z € X. So,

nll)rfoo d(xp,z) = nll}a[_loo d(x,z,) = 0.
If 2, = « for all but finitely many, then fz, = fz for all but finitely many. So, fz, —
fx. If x,, # x for all but finitely many. Here we conclude that 2 = 0. So, f(z) = 0.
Hence, d(fz,, fr) = d(fx, fr,) = 22/2 — 0. So, fz,, — fx. So, we conclude that
f is continuous.
To prove that the pair (f, g) is (k, 1, L)-quasi contraction of type (Il), given z,y € X.
Then fx = x2/2 and gy = y*/4.

Case I: y? = 222. Here we have

Y(d(fz,gy)) =0

< () + min{p(d(fr, 1)), ¥ (A, g), ¥ (e, f2)) ).
Also,
2

ot <o) - (1)

25 4_25 5 _1

= ot < e Z(14—\f)

1

= (@, V20))" = 1¢(d(xvy))

1

< =¢(d(z,y)) +min{y(d(gz,y)), ¥ (d(z, fy)), Y (d(z, gz)) }.

S

Case 2: y? # 22%. We divide this case into the following subcases:

Subcase 1: y? # 222 and = # y. Here we have

wlatrz,m) = v(d( 3% ) ) = (5 + 10°)
= (;mQ + iyz)Q < %(x +y)? = iw(d(%y))

< (e, ) + min{u (d ), ¥ (d, 90)). b (dla, f2))}
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Subcase 2: y? # 222 and = y. Here we have

and
L, 1, ?
Y(d(z, fz)) = | d{z, 22 ) =(z+ 2%
So, we have
Y(d(fz,gy)) < min{y(d(fz,y)),¥(d(z,gy)), ¢ (d(z, fz))}.
Therefore,

U (d(Fw,90) < 0 (dlx,y) +min{u(d(Fz,v), 0 (d(,g9), ¥ (d(a, f) )

Subcase 3: y? # 222 and 22 = 2y2. Here,

W(d(ge, fy)) = w(d(;yQ, ;y2)> =0
< iw(d(%y)) +min{(d(gz,y)), ¥ (d(z, fy)),¥(d(z,g7)) }.

Subcase 4: y? # 222, 22 # 22, and = # y. Here we have

wlatge. ) =o(a( 32 507) ) = w32+ 30°)
= (iﬁ + ;zf)? < i(m +y)? = iw(d(%y))

< J0(d,v) + min{p(dlgr.v)). o (d(, f), v (d(z, 92)) )

¢(d(9m,fy))=w<d<ix2,;y2)> (i +;y2)2=<ix2)2,
P(d(gz,y)) w(( >) (ix2+y>2 <ix2+x)2
e S (o ) - (3 - 2]
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and
Q/J(d(x,gx)) = ’(/)(d(.]?, ix2>) = (m + ix2> )
So, we have
Y (d(gz, fy)) < min{y(d(gz,y)), ¥ (d(z, fy)),¢(d(z, gz)) }.
Therefore,

Y(d(gz, fy)) < %ﬁ(d(x,y)) + min{+(d(gz,y)), ¥ (d(z, fy)), ¥ (d(z, gz)) }.

By combining all cases together, we conclude that for all z,y € X, we have

Y(d(fz,gy)) < ¢(d(x,y)) +min{y(d(fz,y)), ¥ (d(z, gy)), ¥ (d(z, fz))}
and
¢(d(9$, fy)) < ’l/)(d((E, y)) + mln{iﬁ(d(g% y))vw(d(xa fy))aw(d(% gx)) }

Thus, the pair (f, g) is (1/4,, 1)-quasi contraction of type (II).
So, all conditions of Theorem 2 are satisfied. Therefore, f and g have a unique
common fixed point, here 0 is the common fixed point of f and g. O

Now, we will introduce an example to show that our results can be used to prove the
existence and uniqueness of solution of such nontrivial equations.

Example 6. The equation

22 +2 =423 + 16z (20)
has a unique real solution.
Proof. Let X = [0,1]. Defined : X x X — [0,+00) by d(z,y) = | — y|. Then

(X, d) is a complete quasi metric space. Also, define the mapping f : X — X by fx =
(v242)/(422+16). Note that f is continuous. Moreover, define 1/ : [0, +00) — [0, +-00)

by
2 ift € [0,1],
piy={" el
t—5 ifte(l,+00).

Note that 1) is an ultra distance function and (X, d) is bounded with respect to ¢». Now,
we will prove that the pair (f, f) is (1/16,,0)-quasi contraction of type (II). Given
z,y € X. Then

2242 P42 P (8la— )2
422416 4>+ 16| (422 + 16)2(4y2 + 16)2

(16} — y|) 1
S @ 11602y 116 S 167 w)-

v(d(fz, fy)) =

Thus, f satisfies all conditions of Theorem 2. Therefore, f has a unique fixed point. Note
that the unique fixed point of f is the unique solution of equation (20). O
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As an application of our results, we construct some fixed point theorems of integral

types.
Let I" denoted to the set of functions A : RT™— R satisfying the following conditions:

(i) M is Lebesgue-integrable on each compact of R™.
(ii) For each e > 0, we have

O/ A(z)dz > 0.

Theorem 3. Let (X, d) be a complete quasi metric space and f, g be two self mappings
on X. Assume that f and g satisfy the following hypothesis:

(1) There exist X € I', L > 0, and two positive numbers a and b, a +b < 1, such that

d(fz,gy) d(z, fx) d(y,9y) dy
Az)dz<a / Az)dz+b / A(z) dz+L/dz,
0 0 0 0
where dy = min{q(z, gy),q(y, fz),q(x, fz)}, and
d(gz,fy) d(z,g) d(y,fy) da
Az)dz<a / Az)dz+b / Az)dz + L/dz,
0 0 0 0

where dy = min{q(z, fy),q(y, 9z), q(z, gz)}.
@ii) f or g is continuous.

Then f and T have a unique common fixed point.

Proof. Define the function ¢ : RT — R via ¢(t) = f(f A(z) dz. Note that ¢ is an ultra
distance function. The result follows from Corollary 3 by noting that the two functions f
and g satisfy all the conditions of Corollary 3. O

Theorem 4. Let (X, d) be a complete quasi metric space and f, g be two self mappings
on X. Assume the following hypothesis:

(i) There exist \ € I', L > 0, and k € [0, 1) such that

d(fz,gy) d(z,y) ds
AMz)dz <k / A(z)dz + L/ dz,
0 0 0
where d3 = min{y(d(z, gy)), ¥ (d(y, fx)), P(d(z, fz))}, and
d(gz,fy) d(z,y) dy
AMz)dz <k / A(z)dz + L/ dz,
0 0 0

where dy = min{y(d(z, fy)), ¥ (d(y, gz)), ¥ (d(x, gz))}.
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(ii) There exists M > 0 such that for all x,y € X, we have fod(z’y) Az)dz < M.
(iii) f or g is continuous.
Then f and T have a unique common fixed point.
Proof. Define ¢ : RT — R by 9(t) = fg A(z) dz. Note that 1) is an ultra distance
function. From condition (ii), we deduce that (X, d) is bounded with respect to 1. Also,
from condition (i), we conclude that pair (f, g) is (k, 1, L)-quasi contraction of type (II).

Thus, the functions f and g satisfy all the conditions of Theorem 2. Thus, f and g have
a unique common fixed point. O

Now, we furnish an application to show that our work can be used to prove the
existence and uniqueness solution of some integral equations.

Let X = C([0,1],R) be the set of all continuous functions defined on [0, 1]. Define
d: X x X —[0,+00) by

d(z,y) = ||z — ylloo =: sup{|z(t) — y(t)|: t € [0,1]}.
Note that (X, d) is a complete quasi metric space. Consider the following integral equa-

tion:
1

z(t) = /s(t,u)f(u,x(u)) du, 21)
0
where f : [0,1] x X — R is a continuous function, and s : [0,1] x [0,1] — [0, 4+00) is
a function such that s(¢, .) is integrable for all ¢ € [0, 1].
Now, we introduce and prove the following theorem, which ensure that the integral
equation (21) has a unique solution.

Theorem 5. Suppose the following conditions are satisfied:

(i) There exists an ultra distance function 1) such that for allu € [0,1] and z,y € X,
we have

| (u,x(w) = f(u,y(w))| <o (|e(u) - y(w)]).
(il) There exist My, My > 0 such that for any x € X andt € [0, 1], we have
Y(|e®)]) < Mt (lzflo) < Mal|oc-

(iil) There exists k€[0,1/Ms) such that for any t € [0, 1], we have fol s(t,u)du<k.
(iv) There exists M > 0 such that for any x,y € X, we have ¥ (d(x,y)) < M.

Then the integral equation (21) has a unique solution.

Proof. Define an operator T : X x X — [0,400) by

Txz(t) = /s(t,u)f(u,x(u)) du.
0

Note that any fixed point of 7" is a solution for the integral equation (21). So, we shall
show that 7" has a unique fixed point. Note that 7" is continuous. Now, given z,y € X.

Nonlinear Anal. Model. Control, 23(5):724-748
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Then for any ¢ € [0, 1], we have

‘Tx(t)

/5 )) - s(t,u)f(u,y(u)) du

/st u |f u,z(w)) — f(u,y(u))|du
0

< /Mls(t,u)w(Hx — ylloo) du < My ([l — ylloo).
0

Thus, || Tz — Ty|[oc < kM19([|2 — y||o0). From condition (ii) we have
M.
(AT, Ty) = ¥ (IT2 = Tylloc) < 37N = Tylloc

< kMytp (|2 = ylloo) = kMot (d(x, y)).

So, the pair (T, T) is (kMz, 1, 0)-quasi contraction of type (II). From condition (iv) we
conclude that (X, d) is bounded with respect to ¢. Thus, all conditions of Theorem 2 are
satisfied. So, T has a unique solution. Therefore, the integral equation (21) has a unique
solution. O

We introduce the following example to illustrate Theorem 5.
Example 7. The following integral equation:

B / u|z(u)| cosu "
=) = / @0+ @) @

has a unique solution in C([0, 1], R).
Proof. Let X = C([0,1],R) be the set of all continuous function on [0, 1]. Define f :
[0,1] x X = Rands: [0,1] x [0,1] — [0, 4+00) by

f(ty(t) =

and s(t,u) = u/(2 + t). Moreover, define ¢ : [0, +00) — [0, +00) by
t .
1 ift € (1,+00).

Then f, s, and v satisfy all conditions of Theorem 5 with M; = My = 1 and k = 1/2.
Thus, the integral equation (22) has a unique solution in X. O
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