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Binary Relation for Tripled Fixed Point Theorem in Metric Spaces

Animesh Gupta and Vandana Rai

ABSTRACT: In this paper we present a new extension of tripled fixed point theorems
in metric spaces endowed with a reflexive binary relation that is not necessarily
neither transitive nor antisymmetric. The key feature in this tripled fixed point
theorems is that the contractivity condition on the nonlinear map is only assumed
to hold on elements that are comparable in the binary relation. Next on the basis of
the tripled fixed point theorems, we prove the existence and uniqueness of positive
definite solutions of a nonlinear matrix equation of type

X =Q+SL1AIG(X)A; — B)_y By K(X)Bj — %, C; L(X)Cr

Key Words: Tripled fixed point, Reflexive relation, Matrix equations, Positive
define solution.
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1. Introduction

The Banach contraction principle [10] is a classical and powerful tool in non
linear analysis and has been generalized by many authors. Bhaskar and Lak-
shmikantham [14] introduced the concept of a coupled fixed point of mapping
F: X x X = X and investigated some coupled fixed point theorems in partially
ordered metric spaces. During the last few decades, many authors discussed on
coupled fixed point results in various spaces and considered this concept to study
nonlinear differential equations, nonlinear integral equations and matrix equations
([1,4,5,6,7,8,22,23,24,25,26]). Recently Berinde and Borcut [11] introduced the no-
tion of tripled fixed points in partially ordered metric spaces, which refer to the
operator as ' : X x X x X — X, motivated by the fact that through the coupled
fixed point technique we cannot solve a system with the following form:

2?4+ 2yz — 6z +3=0,

y? +2zz — 6y +3 =0,
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22 4+ 2yz — 62+ 3 =0.

In a subsequent series, Berinde and Borcut [11], introduced the concept of
tripled coincidence point and obtained the tripled coincidence point theorems.

Definition 1.1. Let (X, <) be a partially ordered set, F : X3 — X mapping. The
mapping F is said to have the mized monotone property if for any x,y,z € X,

(Z) €1, T2 S Xazl j €2 :>F($1,y,2) j F(Z'Q,y,Z),
(i) y1,y2 € X,y1 2 y2 = F(x,y1,2) = F(x,y2,2),
(iii) z1,20 € X, 21 = 20 = F(z,y,21) < F(2,y, 22).

Definition 1.2. An element (z,y,z) € X3 is called a tripled fized point of F :
X? = X if F(x,y,2) =, F(y,2,y) = y, and F(z,y,2) = 2.

Definition 1.3. Let (X, <) be a partially ordered set, F : X3 — X andg: X — X
two mappings. The mapping F is said to have the mixed g—monotone property if
for any x,y,z € X.

(Z) T, T2 € X,g(-’L'l) j g(‘TQ) - F(‘Tlﬂyaz) j F(:EQayaz)a
(i) y1,y2 € X, 9(y1) = 9(y2) = F(2,y1,2) 2 F(x,92,2),
(”7’) 21,22 € ng(zl) j 9(22) = F(zayvzl) j F(xvyaZQ)'

Definition 1.4. An element (x,y,z) € X3 is called a tripled coincidence point of
the mappings F: X3 = X and g : X — X if

F(z,y,2) = gz, F(y,z,y) = gy and F(z,y,7) = gz.

Definition 1.5. An element (x,y,2) € X3 is called a tripled common fized point
of the mappings F : X3 - X and g: X — X if

F(z,y,2) =gz =x,F(y,r,y) =gy =y and F(z,y,x) =gz = 2.

Definition 1.6. An element x € X is called a common fized point of the mappings
F:X? 5 Xandg: X — X if F(a,z,2) = gv = .

Definition 1.7. Let X be a non empty set. The mappings F : X3 — X and
g: X — X are commuting if for all x,y,z € X,

9(F(z,y,2)) = F(g(z),9(y),9(2)).

Definition 1.8. Let (X,d) be a metric space. The mappings F and g where F :
X3 = X and g: X — X are said to be compatible if

lim d(g(F'(n, Yn, 2n)), F(9(xn), 9(yn), 9(2n))) = 0,

n—roo

lim d(g(F (Yns TnsYn)), F(9(Yn), 9(xn), 9(yn))) =0

n—oo
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and
Jim d(g(F (2, Yn, #n)), F(9(20): 9(yn), 9(20))) = 0
whenever {x,}, {yn} and {z,} are sequences in X such that

lim F(zp,yn, 2n) = lim g(z,) =z,
n—00 n—00

lim F(yn;zn;yn) = nlgﬂgog(yn) =Y

n—oo

and
lim F(zn,yn,Tn) = lim g(z,) =z
n—roo n—oo

for some x,y,z € X.
In [11] Berinde and Borcut proved the following theorem.

Theorem 1.9. Let (X, =) be a partially ordered set and (X,d) be a complete
metric space. Let F: X3 — X be a continuous mapping having the mized monotone
property on X . Assume that there exist constants a,b,c € [0,1) such that a+b+c <
1 for which,

d(F(z,y,z), F(u,v,w)) < ad(z,u) + bd(y,v) + cd(z, w) (1.1)
for all x < u,y v,z X w. Assume either,
(1) F is continuous,
(2) X has the following properties:

(a) if non decreasing sequence x, — x and z, — z, then x, < x and z, < z
for all n,

(b) if non increasing sequence y, — y, then y, < x for all n.

If there exist xo, yo, 20 € X such that xg = F(x0,Y0,20), Yo = F(yo,x0,y0) and
20 = F(20,90,20). Then there exist x,y,z € X such that,

F(z,y,2) =2, F(y,z,y) =y, and F(z,y,x) = z.

For more generalized results of Theorem 1.9 in different spaces are refer to
[19,16,20,21].

Motivated by the interesting works [11], we first introduce the notions of binary
relation for tripled fixed point and later establish the existence and convergence
theorems of tripled fixed point in metric spaces. Moreover, we apply these results
to prove the existence and uniqueness of positive definite solutions of a nonlinear
matrix equation of type

X=Q+X"AG(X)A; - X} | B K(X)B; — ¥ CEL(X)C,

and give illustrative examples of our theorems.
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2. Preliminaries

Throughout the paper X will be a topological space and R is a reflexive relation
on X. We start our consideration by introducing the following definitions and
basic properties of tripled fixed point in metric spaces. In whole work we denote
X xXxX=X3

Remark 2.1. Let X be a nonempty set and let f: X3 — X be a mapping. Then

(i) We will denote

Pay,2) ==z, fy.zy =y and f(z,y,2)==

and

f"(m,y,z) = f(fn_l(xayaz)afn_l(yaxay)a fn_l(zay’x))'

(i) The Cartesian product of f,g and h is denoted by f x g x h, and defined by
fxgxh(zy z)=(f(zy,2),90y,zy),h(zy ).

Definition 2.2. Let X be a nonempty set and f: X x X x X — X be a mapping.
Then an element (x,y,z) € X X X x X is called tripled fized point of f , if
f@y,2) == f(y.z,y) =y and f(z,y,2) ==

and an element © € X is called a fized point of f , if f(x,x,x) = x. We will denote
the set of all the tripled fized point of f by FfT and the set of all the fixed points of

f by Ff.
3. Main results

In this section we will prove the tripled fixed point theorems with respect to a
reflexive relation.

Definition 3.1. Let X be a topological space and let f,g,h : X3 — X be three
map. Then

(i) An element (x,y,2) € X> is called a tripled attractor basin element of f with
respect to (z*,y*,2*) € X3, if
fH(@,y,2) = 2%,
[ 2 y) =y,
(2 y,2) = 27,

asn — oo and an element x € X is called a attractor basin element of f with
respect to (x*,y*,z*) by A?(m*,y*,z*) and the set of all the attractor basin
of [ with respect to z* € X by Af(x*).
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(ii) The mapping f is called orbitally continuous if (x,y,z), (a,b,c) € X3 and
[ (z,y,2) = a,
fnk (y? x? y) 4> b7
e (zy,2) = e

as k — oo imply
as k — oo.

fnk71 (:I:’ y’ Z) 4> f(a7 b’ c)7
=y, x,y) — (b, a,b),
fnk71 (z’ y’ ‘r) % f(c’ b) a)
(iii) The mapping [ is called a Picard operator, if there exits x* € X such that
(1) Fy =A{a"}.
(2) As(*) = X,

Also f is called a weakly Picard operator, if the sequences {f™(x,x,2)}tnen
convergent for all x € X and the limits (which may depend on x) are a fized
point of f.

Definition 3.2. Let X be nonempty set and let R be a reflexive relation on X, for
every (p,q,r) € X3 we define

Xr(p,q,r) = {(x,y,2) € X* : aRp \ qRy )\ 2Rr}.

Note that (z,y,z) € Xr(p,q,7) if and only if (¢,p,q) € Xr(y,z,y), (r,q,p) €
XR(Z,’IJ,SC) and (SC,y,Z) S XR(y,Z',y) N XR(Zayv'r)'

Definition 3.3. Let X be nonempty set and let R be a reflexive relation on X,
f:X%— X. Then

(i) We say that [ has the mized R—monotone property on X, if
f X f X f(RX(SC,y,Z)) - XR(f X f X f('rvyaz))
for all (z,y,z) € Xs.

(ii) An element (x,y,2) € X3 is called a R—tripled fived point of f , if f X f x
f(.’L',y,Z) € XR(.’L',y,Z).

(iii) A sequence {Ty, Yn,2nfnen C X is called a R—monotone sequence, if
(:Cn; Yn, Zn) S XR(xn—la Yn—1, Zn—l)

for alln € N.
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We begin the following theorem that establishes the existence of a tripled fixed
point for a orbitally continuous function F : X3 — X with respect to a reflexive
relation R in topological space X.

Theorem 3.4. Let X be a topological space and R be a reflexive relation on X.
Assume that F : X3 — X is a mapping having the following properties :

(i) For each (z,vy,2), (p,q,7) € X3 there exists a (u,v,w) € X3 such that (x,y, 2),
(pa q, T) € XR(“) v, ’LU)

(ii) There exists (2o, Yo, 20), (x*,y*, 2*) € X? such that (zo, yozo € Ap(x*,y*, 2*).
(iti) For each (x,y,z),(p,q,7) € X° if

(z,y,2) € Xr(p,q,7)

and
(pa an) € Af(.’L'*, y*a Z*)

then (z,y,2) € As(z*,y*,2%). Then As(z*,y*, z*) = X3. Moreover, if f is
orbitally continuous then, it is also a Picard operator and Fy = {z*}.

Proof: Let (z,y,2) € X3 be arbitrary, then from (i) there exists (p,q,7) € X3
such that (z,y, 2), (zo, Y0, 20) € Xr(p,q,r). From (x,yo, 20) € Xr(p,q, ), we have
(¢,p,9) € Xr(yo,zo,y0), (r,q,p) € Xr(20,Y0,%0) and from (ii) and (iii) we get
that (p,q,r) € Ap(z*,y*, 2*), also from (z,y,2) € Xr(p,q,7), (x,y,2) € Ar(p,q,7)
and (iii) we obtain (z,y,2) € Af(z*,y*, z*) = X3 Now, let f be an orbitally
continuous mapping, then (ii) follows that f(z*,y*,z*) = z*, f(y*, ™, v*) = y*
and f(z*,y*, z*) = z*. Also, from (y*,z*,y*), (z*,y*, z*) € As(z*,y*, 2%), we get
x* = y* = z*. Therefore Ay(z*) = 2* = X which this shows that the operator f
is Picard.

Remark 3.5. Note that the assumption (i) in Theorem 15 is essential. To see
this, let X = N with discrete topology T . Suppose that R is the division relation
on X and f: X3 — X be defined by f(z,y,2) =x. Also Af(z,y,2) ={z,y,2} for
all x,y,z € X and there exists Then for every (z,y,z) € Xr(p,q,r) and (p,q,r) €
As(a,b,c) such that (z,y,2) € As(a,b,c). Moreover, f is continuous and Fy = N,
thus f is not a Picard operator.

In the following theorem we prove a generalization of [11] for a orbitally con-
tinuous mapping with respect to a reflexive relation on the metric space X.

Theorem 3.6. Let (X, d) be a metric space and R be a reflexive relation on X. If
f: X3 = X is a mapping such that:

(i) f having the mized R—monotone property on X.
(ii) (X,d) be a complete metric space.

(iii) f having a R—tripled fived point. i.e., there exists (wo,%0,20) € X> such that
X fx f(o,90,20) € Xr(T0, Y0, 20)-
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() There exists k € [0,1) such that

d(f(x,y,2), f(p,g,7)) < Sld(w,u) +d(y, v) +d(z,7)].

Wl

(v) f is an orbitally continuous mapping. Then:
(a) There exists x*,y*, z* € X such that f(a*,y*, z*) = z*, f(y*,a*,y*) =
y* and f(2*,y*, 2") = 2%
(b) The sequences x,n € N,y,n € N and z,n € N defined by

Tn+1 = f(-rnayn; Zn)a

Ynt1 = f(Yn, TnsYn)
and

Znt1 = f(2ns Yns Tn)
converges respectively to x*,y* and z*.

(¢) The error estimation is given by
max{d(wn, "), d(yn, y"), d(zn, 27)}

kn
<
=301 —k)

[d(f (0, Y0, 20), o) + d(f (Yo, To,Y0), Yo) + d(f (20, Yo, T0), 20)]-

Proof. Since f x f X f(xo,y0,20) € Xr(20, Y0, 20), so from (i) it follows that

(f*(x0, Y0, 20), £*(¥0, 0, Yo ), £ (20, Yo, T0))
in
Xr(f(xo0,y0,20), f(Y0, %0, y0), f(20, Y0, T0))-

Further, we can easily verify that for any n € N,

(f"(z0,Y0,20), " (Yo, To,Y0)s [ (20, Yo, T0))
€ Xr(f" (0,90, 20), (0,20, ¥0), [ (20, Y0, T0)).- (3.1)

Now, we claim that, for n € N

[d(f(iﬁo,yo,zo) o)
(f(y 0, %0), Yo) + d(f (20, Y0, Z0), 20)]
[d(f(iﬁo,yo,zo) o)
(f(y 0, %0), Yo) + d(f (Yo, 0, Y0), yo)]
d(f"* (20,90, %0), f" (20, Y0, 20)) < [d(f(iﬂo,yo,zo) 0)

(f(y T0,%0),Y0)
+d(f(20,%0,%0), 20)]- (3.2)

d(f" (20,0, 20), (%0, Y0, 20)) <

d(fn+1(y05$03y0)5fn(:UOa:EanO)) <

Tl
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Indeed, for n = 1, using (iii) and (iv), we get

d(f*(z0, Y0, 20), f (20, Y0, 20)) =

IN

d(f2(y0,960,yo)af(yo,wo,yo)) =

d(f*(z0, Y0, o), f(20, Y0, ¥0)) =

IN

d(f(f(zo, Yo, ZO))? f(SCo, Yo, ZO))

(0,0, 20).0)

+d(f (Y0, 20, y0), yo) + d(f (20, Yo, o), 20)]
d(f(f (Yo, z0,%0)), f (Yo, To, o))

< g[d(f(iﬁo,yo,zo),iﬁo)

+d(f (Yo, 70, Y0), Yo) + d(f (Yo, To,Y0), Yo)]
d(f(f((z0,¥0,20)), f(20,¥y0,20))

(0,0, 20).0)

+d(f (Y0, 20, Y0),Yo) + d(f (20, Yo, Z0), 20)]-

Now assume that 3.2 holds, Using (iv) we get

d(f" (0, y0, 20), [T (w0, Y0, 20))

d(fn+2(903 Zo, yO)a fn+1(y03 Zo, yO))

= d(f(f" (@0, Y0,20)), F(f™ (20,0, 20)))
g[d(fnﬂ(zo,yo,zo),fn(fcovyo,zo))
+d(f" (o, 20, ¥0), [ (Yo, Tos Yo))
+d(£™* (20, Y0, 20), £ (20, Yo, T0))]
kn+1

3 [d( (z05y0720) )

+d(f (Y0, 20, y0), yo) + d(f (20, Yo, o), 20)]

IN

IN

= d(f(fn+l(y0,x0,y0)),f(fn(yo,xo,yo)))

g[d(fnﬂ(%oa Yo, ZO)a f"(iﬂoa Yo, ZO))

+d(fn + 1(90) :EanO)a fn(yOa-TanO))

+d(fn + 1(yo, zo,Yo), f1(yo, %0, %0))]
kn+1

3 (f(x0,yo0, 20), zo)
+d(f (Yo, 0,Y0),Y0) + d(f (Yo, To, Yo), yo)]

IN

IN
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d(fn+2(20, Yo, 900)’ f"H(Z’o, Y0, T0))

IN

IN

d(f(fn+1(203y0; 20)), f(f" (20, Y0, 0)))
ST o, 0), (20,0, 0)

+d(fn + 1(903 Zo, yO)a fn(y()a xo, yO))
+d(fn + 1(zo, yo, 20), (0, Yo, 20))]

kn+1
3 [d(f(anQO;ZO)axO)

+d(f (Y0, 0, Y0), yo) + d(f (20, Yo, Z0); 20)]-

This implies that { f"(zo, Yo, 20) fnen, f(Y, 2, y), ey and {fn(z,y, )} nen are Cau-
chy sequences in X. Because, if m > n, then

d(fm(zo, Yo, 20)7 fn(z05 Yo, ZO))

d(f™ (Yo, o, Y0)s [™ (Y0, o, Yo))

IN

IN

IN

IN

IN

IN

IN

ST (7 (w0, o, 20), £ (20, yo, 20))
ymot

%[d(f(zo, Y0, 20), o)

+d(f(y07 X0, yO)v yO) + d(f(Zo, Yo, 1'0)5 ZO)]
o, 20),0)

+d(f(y07 X0, yO)v yO) + d(f(Zo, Yo, 1'0)5 ZO)]
B (o, 0, 20),20)

+d(f(y03 Zo, yO)a yo) + d(f(Zo, Yo, xO); ZO)]

ST (7 (yo, o, wo), f (Yo, 2o, Yo))
ymot
—[d(f (90, 205 90))s o)

3

+d(f(y07 X0, yO)v yO) + d(f(l'o, Yo, ZO); 1'0)]

B B L (90, 20, 90)) 0)

3
+d(f(y07 X0, yO)v yO) + d(f(l'o, Yo, ZO); 1'0)]
P (o 20,10)). w0)

+d(f (Y0, 0, Y0), Yo) + d(f (z0, Yo, 20), Zo)]-

d(fm(z0,y0, o), f1(20, Yo, o)) <ET (7T (20,90, 20), f (w0, Yo, 20))

m—1
<Ej:"

3 [d(f(zoayovzo),xo)

+d(f (0, 70,%0),y0) + d(f (20, Y0, T0), 20)]
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k™ — k™
ST[d(f(x()vyOaZO)va)

+d(f (0, 70,%0),y0) + d(f (20, Y0, T0), 20)]

n

S%[d(f(anQO;ZO)VTO)
+d(f (Y0, 0, Y0), Yo) + d(f (20, Yo, T0), 20)]-

Which shows that {fn(any()vZO)}nENv {fn(yv'rvy)}nGN and {fn(zvyaz>}n€N are
Cauchy sequences in X. Since X is complete, there exist z*,y*, 2" € X such
that f™(zo,y0,20) = =*, [™(y0,Zo,y0) — y* and f™(z0,y0,z0) — z*. Now the
conclusion of theorem follows from the orbitally continuous of f.

Example 3.1. Let X = R with d(z,y) = |x — y| and consider the relation R on X
by ¥Ry <= 2?> +x = y> +y. Let f: X3 — X be defined by f(z,y) = 2>+ — 1.
then for any (z,y,2) € X3, Xr(x,y,2) = {(z,y, 2), (v, —y—1,—2—1), (—z—1, —y—
L,2),(—z—1,y,—2z—1),(—x— 1,y,2), (z,—y — 1,2), (z,y,—2 — 1), (—z — 1, —y —
1,—2z—1)}

f><f><f(XR(:E,y,z)):fXfxf(x,y,z)QXR(fxfxf(x,y,z)).

Thus, f having the mixed R—monotone property on X. Moreover, f is con-
tinuous and there exists point (1,—2,1) € X3 such that f x f x f(1,-2,1) €
Xgr(1,-2,1). So, the hypothesis of Theorem 3.6 is satisfies. Therefore, we con-
clude that f has a tripled fixed point in X3. This tripled fixed points are (z,y, 2) =
{(1,1,1),(=1,-1,1), (=1,1,—1), (1, =1, 1), (=1,1,1), (1, —1,1), (1,1, 1),
(-1,-1,-1)}.

Theorem 3.7. In addition to the hypothesis of Theorem 3.6, suppose that for every
(r,y,2),(p,q,7) € X3 there exists a (u,v,w) € X3 such that (x,y,z2),(p,q,7) €
Xg(u,v,w). Then f is a Picard operator.

Proof. According to the proof of Theorem 3.6, there exist x*,y* z* € X
such that f(z*,y*, z*) = o*, f(y*, 2*,y*) = v* and f(z*,y*,a*) = z*. Now, we
show that As(z*,y*,2*) = X3. Let (z,y,2) € X3 be arbitrary, then (i) implies
that there exists (u,v,w) € X2 such that (z,v, 2), (0, Yo, 20) € Xg(u, v, w). From
(20,90, 20) € Xr(u,v,w) and (ii) it follows that for n € N

(f™ (20,0, 20), f" (Y0, 0, Y0), f" (20, Y0, 20)) € Xr(f" (v, v, w), f" (v,u,v), f* (w,v,u)).

Also by using (v) we have

n

AU (0,0, 20) 5", 0,) < " ld(0,10) + g, ) + d(z0, )]

d(f" (Yo, x0,y0), f" (v, u,v)) < —[d(yo,v) + d(xo,u) + d(yo,v)]

w| %

d(fn(-TOa Yo, xO)a fn(wa v, u)) < [d(l‘o, u) + d(QOa U) + d(ZO; ’LU)]

c,o|?§
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From this and the fact that (zo,v0, 2z0) € Ay(x*,y*, z*), which this implies that
Ag(z*,y*,2*) = X3. Now as the proof of the Theorem 3.4 we obtain that f is a
Picard operator.

Theorem 3.6 is still valid for a mapping without the orbitally continuous prop-
erty, assuming an additional hypothesis on X.

Theorem 3.8. Let (X, d) be a metric space and R be a reflexive relation on X. If
f: X3 = X is a mapping such that:

(i) f having the mized R—monotone property on X.
(i1) (X,d) be a complete metric space.

(iii) f having a R—tripled fived point. i.e., there exists (w0, %o, 20) € X> such that
[ x fx f(o,90, 20) € Xr(T0, Yo, 20)-

(iv) There exists k € [0,1) such that

wl

d(f(x,y,2), f(p,g,7)) < ld(w,u) + d(y,v) + d(z,7)].

(v) If a R—monotone sequence {(n,Yn, 2n) nen — (2,Y,2), then (Tn, Yn, 2) €
Xg(z,y,z) for alln € N. Then,

(a) There exists x*,y*, z* € X such that f(a*, y*, z*) = «*, f(y*,a*,y*) =
y* and f(2*,y", 2*) = 2%
(b) The sequences {Tn}tnen, {Untnen and {2, }nen defined by

Tn41 = f(xnayn; Zn)a

Ynt1 = f(Yn, Tn, Yn)
and

Zn+1 = f(znay’n,; xn)
converges respectively to x*,y* and z*.

(¢) The error estimation is given by

malil({d(xn, ), d(Yn, y"), d(2n, 27)}
ne
kn

= 30—k

[d(f (0, Y0, 20), o) + d(f (Yo, To,Y0), Yo) + d(f (20, Yo, T0), 20)]-

Proof. Following the proof of Theorem 3.6, we only have to show that

[y, 2") = a7,

*

fw a5 y") =y
and
f(z*,y*,z*) = Z*'
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Since fn(an:UO;ZO) — ‘T*’ fn(:UOa:EanO) — y* and fn(ZanOa-TO) — Z*, using (V)a
we get

d(f(x*7y*72*)7x*) d(f(x*vy*72*)7fn+1(x07y0720)) + d(fn+1($07y0720)733*)
d(f(x*vy*72*)7f(fn(x():y()vz())vfn(yovxmyo): fn(z()yyovxo)))

+d(fn+1(x07 Yo, 20)7 m*)

L1 S (0,90, 20)) + (Y, £ (30,0, 0))

+d(z", fn(z0, Yo, z0))] + d(fn + 1(z0, Yo, 20), ") (3.3)

INIA

IN

g(l'*, fn(anQOa ZO)) + d(y*a fn(yOa anyo))

+d(2*, fn(ZOa Yo, :EO))] + d(fn-‘rl(x()a Yo, ZO), ‘T*) — 0.

as n — oo, we have This implies that f(z*,y*, 2*) = z*. Similarly to the
previous case, we can prove that f(y*,a*, y*) = y* and f(z*,y*, o*) = z*.

Alternatively, if we know that in Theorem 3.6 (resp. Theorem 3.8), the element
(70,%0,20) € X3 is such that (zg,%0,20) € R, then we can also demonstrate that
the components z*, y*, 2* of the tripled fixed point are indeed the same.

Theorem 3.9. In addition to the hypothesis of Theorem 3.6 (resp. Theorem 3.8),
suppose that (xo, Yo, 20) € X3 is such that (xo,yo,20) € R. Then z* = y* = z*.

Proof. If (9,0, 20) € R, then (xo, yo,20) € Xr(Yo, To, Yo) N Xr(20, Yo, To), 50
from the mixed R—monotone of f , it follows that

(f(x0,y0,20), f(Yo,T0,Y0), f(20,Y0,%0)) € Xr(f (0,0, 20), (Yo, Z0,Y0), f(20, Yo, o))

Further, we can easily verify that for any n € N,

(f"Hz0,50, 20), S (W0, 0, o), £~ (20, %0, Z0))
in
Xr(f" (w0, Y0, 20), S~ (w0, 20, o), f™ (20, Yo, T0))-
Also by using the contractivity property of f , we obtain

d(f"(x0,%0, 20), f" (Y0, To, Yo), " (20, Yo, T0))
d(f(fnil(x()a Yo, ZO))’ f(fnil(yoaxoa yO))’ f(fnil(ZOa yO"TO)))

< kd(f" (2o, Y0, 20), " (Yo, 2o, o), [ (20, Yo, 20))
< K" (@0, Y05 20)s f 2 (Y05 B0, Y0)s £ 2205 Yo, T0))
< k"d(x0,Y0,20) = 0(n — 00).

This implies that

" = lim fn(z05y0720)5
n— 00
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y* = lim fn(:UOawanO)
n—oo

and

*

2" = lim f"(z0,yo0,%0)-
n— o0

4. An Application

In this section, on the basis of the tripled fixed point theorems in section 3, we
study the nonlinear matrix equation

X=Q+ 3, A;G(X)A; — ¥} B;K(X)B; — X!_,C;L(X)C, (4.1)

where () is a positive definite matrix, A;, B;, C, are arbitrary n x n matrices
and G, K, L are three continuous order preserving maps from H(n) into P(n) such
that G(0) = K(0) = L(0) = 0.

In this section we will use the following notation: M (n) denotes the set of all
n x n complex matrices. H(n) C M(n) the set of all n x n Hermitian matrices
and P(n) C H(n) is the set of all n x n positive matrices. Instead of X € P(n) we
will also write X > 0. Furthermore, X > 0 means that X is positive semi-definite.
Moreover, in H(n), if we define X <Y then H(n) is partially ordered set and for
any X,Y € H(n) there is a greatest lower bound and least upper bound. Therefore
for any (X,Y, Z), (A, B,C) € (H(n))? there exists (U, V,W) € (H(n))? such that
(X,Y,7),(A,B,C) € (H(n))? < (U, V,W). We also denote ||.|| the spectral norm
ie, ||All =, /A — (Ax A) where A — (A % A) is the largest eigenvalue of A x A. We
will use the metric induced by the trace norm ||.||; defined by [[A[1 = ¥7_;s;(A),
where s;(A),7 = 1,2,...,n are the singular values of A. The set H(n) endowed
with this norm is a complete metric space. In [12,13,28], the authors considered
matrix equations and established the existence and uniqueness of positive definite
solutions. Matrix equations of type Eq.4.1 often arise from many areas, such as
ladder networks [2,3], dynamic programming [17,27], control theory [15,18].

The following lemmas will be useful in the study of the matrix equations, which
is generalized form of Lemma- 3.1 in [28].

Lemma 4.1. Let A >0, B >0 and C > 0 be n x n matrices, then 0 < tr(ABC) <
[Al[tr(BC) < [|A|[|B][tr(C).

Proof. It is well known that the eigenvalues of the product of three positive
semi-definite matrices are nonnegative. In particular, tr(ABC) > 0. Furthermore,
since A < ||A||I,,, we have

0 <tr((|All = A)BC) = tr(([[Al B — AB)C) = || A|tr(BC) — tr(ABC),
which completes the proof.

Lemma 4.2. Let A € H(n) satisfy A < I, then [|A| < 1.
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In total of this section if, we define the mapping F : (H(n))®> — H(n) by

F(X.Y,Z2) = Q+ N1 A{G(X)A; — X BJK(X)B; — ¥, C] L(X)C,

where Q € P(n), A;,B;,C, € M(n) and G, K, L are three continuous order
preserving maps. Then F' is well defined and and having the mixed R—monotone
property on H(n) and the fixed points of F' are the solutions of Eq.4.1. In the
following theorem we first discuss existence of a tripled fixed point of F in (H(n))3.

Theorem 4.3. Let Q) € P(n). Assume there is a positive number M such that:
(i) For every (X,Y,Z) € H(n)<(U,V,W),

tr(G(V) ~ GX))| < 2 iU = X)),
(K (V) = K(V)| < 51V = V)],

1
[tr(L(Z) = LW)| < 37 [tr(Z = W)].

(i) S Af A < B, S0 BB < A1, and $E_, CrCy < 351,
(iit) B7L A7 (3Q)Ai < Q, X7 B (3Q)B; < Q, and ¥;_,C7 (3Q)Cr < Q.
Then there exist X*,Y*, Z* € H(n) such that

F(X*Y*, 7*) = X*,

F(Y*, X*Y*)=Y*

and

F(Z*,Y*, X*) = Z*.

Proof. Let (X,Y,Z) € H(n)<(U,V,W). Then G(X) < G(U), K(Y) > K(V)
and L(Z) < L(W). Therefore
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I1F(U,V,W) = F(X,Y, Z)|h

= tr(F(U,V,W)—F(X,Y,Z))

= YhLtr(AY(GU) - G(X))A;) + Ej_qtrB*(K(Y) — K(V))Bj)
+3tr(CT(L(Z) — L(W))C:)

= YhLitr(A"Ai(G(U) — G(X))) + Ej_4trB*B;(K(Y) — K(V)))
2 tr(CFCH(L(Z) — L(W)))

= ¥ (ATA(GU) - G(X)) + trEf_, B*B; (K(Y) — K(V)))

+trXr_(C*C.(L(Z) — L(W)))
< IS (A ANINGW) ~ GEOI + 55 BB K Y) ~ KV)
HIEA(C*CIEEZ) ~ L)
< BEWAL, ), By,
_’_Hzrzlg C’I‘H ||Z—W||1
A

< UV =Xl 1Y = Vi +11Z = Wih)
where \ = Inax{HE (AT 12 lB Bill Iz 11540 Cr H} From Lemma 4.2, we have
A < 1. Thus, the contractlve cond1t1on of Theorem 3.6 is satisfied for all (X Y,Z) e
H(n)<(U,V,W). Moreover, F' has the mixed < —monotone property of H(n) and
from (iii), we have F' x F' x F(3Q,0,0) € H(n)<(3Q,0,0). Now from the Theorem
3.6 there exist X*,Y*, Z* € H(n) such that F(X*,Y*, Z*) = X* F(Y*, X*,Y*) =
Y* and F(Z*,Y*, X*) = Z*.

Theorem 4.4. Let@Q € P(n) also X7, A7 (3Q)A; < Q, ¥7_,B;(3Q)B; < Q, and
21 Cr(3Q)Cr < Q.

Then 4.1 has atleast one positive definite solution in
[min{F'(3Q,0,0), F(0,3Q,0), F(0,0,3Q)}, max{F(3Q,0,0), F(0,3Q, 0), F(0,0,3Q)}].
Proof. Define a mapping S : P(n) — P(n) by

S(X)=Q+ X A;G(X)A; — S B K(X)B; — £!_,C; L(X)C,
Now we claim that
S(min{F(3Q,0,0), F(0,3Q,0), F(0,0,3Q)}, max{F(3Q, 0, 0), F(0,3Q,0), F(0,0,3Q)}])
is subset of
[min{ F(3Q, 0, 0), F(0,3Q,0), F(0,0,3Q)}, max{ F(3Q, 0,0), F(0,3Q,0), F(0,0,3Q)}].

Indeed, if
min{F(3Q,0,0), F(0,3Q,0), £(0,0,3Q)} < X < max{F(3Q,0,0), '(0,3Q,0), F(0,0, 3Q)},
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then we have X < 3@Q. Applying G, K, L, we can easily show that, S maps the
compact convex set

min{F(3Q,0,0), F(0,3Q,0), F(0,0,3Q)}, max{ F(3Q, 0,0), F(0,3Q, 0), F(0,0,3Q)}]

into itself. Since S is continuous, it follows from Schauder’s fixed point theorem
that S has at least one fixed in this set. However, fixed points of S are solutions
of eq. 4.1.

Theorem 4.5. Under the assumption Theorem 4.5, the eq.4.1 has an unique so-
lution X.

Proof. Since for every X,Y,Z € H(n) there greatest lower bound and a
least upper bound, for any (X Y, Z),(A,B,C) € ( (n))? there exists (U, V,W) €
(H(n))? such that (X,Y,Z2),(A,B,C) € H(n)<(U,V, W) Therefore, we deduce
from Theorem 3.7 that X*, Y* Z* € H(n) in Theorem 4.3 is unique and X* =
Y*=7"=X.

Theorem 4.6. Let QQ € P(n). Then under the assumption Theorem 4.3,
(i) Eq. 4.1 has an unique positive definite solution
He [min{F(3Q,0,0), F'(0,3Q,0), F(0,0,3Q)}, max{F(3Q, 0,0), F(0, 3Q, 0), F(0,0,3Q)}].

(”) The sequences {Xn}nENa{Yn}nGN and {Zn}nEN deﬁned by Xo = 3Q,Y0 =
0,Z9 =0 and

Kot = Q+ S, ALG(X0) Ay — 2 B K (V) By — S, G L(Za)Cr

Yot = Q+ S AJG(Y,)Ai = S5, BJK (X0) By — X7, CF L(Y,)Cr,

Zni1 = Q+ L ATG(Zn)A; = B)_y Bj K (Yn)Bj — ¥, CF L(X,,)Cr,
converges to H and the error estimation is given by

B 5 5 A
max{[| Xn = X1, [[¥n=X]I1, | Zn = X[} < 5 (1X1 = Xoll1+[IY1=Yo[[1+[| 21— Zoll1),

(1=

=M (A*A; X B*Bj zn_ (C*C,
for all n € N, where A = max{” i= 1( ”, I = ]”, I T:1]$4 ”}.

Proof. By Theorem 4.4, eq.4.1 has atleast one positive definite solution in
[min{ F(3Q, 0,0), F(0,3Q,0), F(0,0,3Q)}, max{ F(3Q,0,0), F(0,3Q,0), F(0,0,3Q)}].

and by Theorem 26 this equation having a unique solution in H(n). Thus this
solution must be in the set. further the proof of (ii) follows from part (¢) of Theorem
3.6.
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