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1. INTRODUCTION AND PRELIMINARIES

The purpose of this paper is to introduce the notion of orthogonality of sets which
contains the notion of orthogonality in normed spaces (see [1] and [2]). By using this
concept, we discuss an analogue of [3] in orthogonal sets. The main result of [3] is the
following theorem:

Theorem 1.1. Let X be a partially ordered set such that every pair x,y € X has
a lower bound and an upper bound. Furthermore, let d be a metric on X such that
(X,d) is a complete metric space. If F is a continuous, monotone mapping from X
into X such that

o there exists k € (0,1) with d(F(x), F(y)) < kd(z,y),Vz >y,

o there exists xg < F(xg) or xg > F(xo).
Then F is a Picard operator (briefly, PO), that is, F' has a unique fized point z* and
lim,, oo F"(x) = z* for each x € X.
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In this paper, we introduce the notion of the orthogonal sets and then we give an
extension of Banach’ fixed point theorem. We give an example which says that our
main theorem is a real generalization of Banach’s fixed point theorem. Finally, we
study the existence and uniqueness of solution for a first-order ordinary differential
equation. Banach’ fixed point theorem and other fixed point theorems do not work
to prove this problem. There is also a set of examples in the paper which describe
the usefulness of orthogonality binary relations and orthogonal sets to describe.

2. ORTHOGONAL SETS

We start our work with the following definition, which can be consider the main
definition of our paper.

Definition 2.1. Let X # 0 and L C X x X be an binary relation. If | satisfies the
following condition:

Jzo : (Vy,yLaxg) or (Vy,xzo9ly),
then it is called an orthogonal set (briefly O-set). We denote this O-set by (X, L).

As an illustration, let us consider the following examples:

Example 2.2. Let X be the set of all peoples in the word. We define x 1y if z can
give blood to y. According to the following table, if ¢ is a person such that his (her)
blood type is O—, then we have z¢ Ly for all y € X. This means that (X, 1) is an
O-set. In this O-set, z¢ (in definition) is not unique.

Note that, in the above example, ¢ may be a person with blood type AB+. In
this case, we have y lxg for all y € X.

Type | You can give blood to | You can receive blood from
A+ A+ AB+ A+ A- O+ O-

O+ O+ A+ B+ AB+ O+ O-

B+ B+ AB+ B+ B- O+ O-
AB+ AB+ Everyone

A- A+ A- AB+ AB- A-O-

O- Everyone O-

B- B+ B- AB+ AB- B-0O-

AB- AB+ AB- AB-B- O- A-

Example 2.3. In graph theory, a wheel graph W,, is a graph with n vertices for each
n > 4, formed by connecting a single vertex to all vertices of an (n — 1)-cycle. Let X
be the set of all vertices of W,, for each n > 4. Define a_lb if there is a connection
from a to b. Then (X, 1) is an O-set.

Example 2.4. Let X = Z. Define m_Ln if there exists k € Z such that m = kn. It
is easy to see that 0_Ln for all n € Z. Hence (X, 1) is an O-set.
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Example 2.5. Let us make a famous fractal called the Sierpinski Triangle.
Sierpinski’s triangle starts as a shaded triangle of equal lengths in page R x R with
vertices (—1,0), (1,0) and (0,v/3). We split the triangle into four equal triangles by
connecting the centers of each side together and remove this central triangle. We then
repeat this process on the 3 newly created smaller triangles. This process is repeated
several times on each newly created smaller triangle to arrive at the displayed picture.
A Sierpinski’s triangle is created by infinitely repeating this construction process. Let
X be the set of all (infinite) removed triangles in above process. For all a,b € X, we
define a L b if

inf{y : (z,y) € a for some x € R} < inf{y: (z,y) € b for some x € R}.
Then (X, L) is an O-set.

Example 2.6. Let X = [2,00) and define x 1y if z < y. Then, by putting z¢g = 2,
(X, 1) is an O-set.

Example 2.7. Let X = [0,00) and define zly if zy € {z,y}. Then, by setting
xo=0o0r xog =1, (X, 1) is an O-set.

Example 2.8. Let (X, d) be a metric space and T': X — X be a Picard operator,
that is, there exists z* € X such that lim, ., T"(y) = z* for all y € X. We define
rly if
nlgr;o d(xz,T"(y)) = 0.
Then (X, 1) is an O-set.
By the following example, again we can see that x( is not necessary unique:

Example 2.9. Suppose M(n) is the set of all n X n matrices and @ is a positive
definite matrix. Define the relation L on M(n) by

AlB <= 3X e M(n): AX = B.

It is easy to see that I 1 B, B10 and Qz 1B forall B € M(n).

In the last example, the orthogonal relation is reflexive and transitive, but it is not
antisymmetry. Now, we would like to give an orthogonal relation which is a symmetry.

Example 2.10. For C € M(n), consider the orthogonal relation L on M(n) which
respect to C' given by

AlcB < tr(ABC) =tr(CBA).
Note that C Lo B for all B € M(n).

Finally, we have the following example for O-sets.

Example 2.11. Let X be a inner product space with the inner product (-, ). Define
x Ly if (x,y) = 0. It is easy to see that 0Lz for all z € X. Hence (X, 1) is an O-set.



572 M.E. GORDJI, M. RAMEANI, M. DE LA SEN AND YEOL JE CHO

3. THE MAIN THEOREMS

In this section, we prove the main theorem of the present paper. To this end, we
need the following definitions:

Definition 3.1. Let (X, L) be O-set. A sequence {x, },en is called an orthogonal
sequence (briefly, O-sequence) if

(VYn,zpLani1) or (Vn,Vo,p1la,).

Definition 3.2. Let (X, L,d) be an orthogonal metric space ((X, L) is an O-set and
(X,d) is a metric space). Then f: X — X is said to be orthogonally continuous (or
L —continuous) in a € X if, for each O-sequence {a, }nen in X with a,, — a, we have
flan) = f(a). Also, f is said to be L—-continuous on X if f is L —continuous in each
acX.

It is easy to see that every continuous mapping is | —continuous. The following
example shows that the converse is not true.

Example 3.3. Let X = R and suppose that = Ly if
1 2
e (s e
for some n € Z or
z=0.

It is easy to see that (X, L) is an O-set. Define f: X — X by f(z) = [z]. Then f
is L —continuous on X. Because if {x}} is an arbitrary O-sequence in X such that
{zx} converges to x € X, then the following cases hold:

Case 1: If z;, = 0 for all k, then z =0 and f(z) = 0= f(z).

Case 2: If x, # 0 for some ko, then there exists m € Z such that xj, € (m—i—%, m—l—%)
for all k > ko. Thus x € [m+ &,m+ 2] and f(zx) = m = f(x).

This means that f is | —continuous on X while it is not continuous on X.

‘We can not prove the following problem about the continuity of functions on inner
product spaces:

Problem 3.4. Let X be an inner product space with the inner product (-, -). Define
xlyif (x,y) =0. Let f: X — X be L—continuous on X. Is f continuous on X?

We cannot prove the above problem for X = R™ and its inner product.

Definition 3.5. Let (X, L,d) be an orthogonal set with the metric d. Then X is
said to be orthogonally complete (briefly, O-complete) if every Cauchy O-sequence is
convergent.

It is easy to see that every complete metric space is O-complete and the converse
is not true. In the next example, X is O-complete and it is not complete.

Example 3.6. Let X = [0,1) and suppose that
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Then (X, 1) is an O-set. Clearly, X with the Euclidian metric is not complete metric
space, but it is O-complete. In fact, if {z}} is an arbitrary Cauchy O-sequence in X,
then there exists a subsequence {xy, } of {x}} for which x;, = 0 for all n > 1 or there
exists a monotone subsequence {xy,} of {z)} for which zj, < % for all n > 1. It
follows that {xzy, } converges to a point z € [0, 4] € X. On the other hand, we know
that every Cauchy sequence with a convergent subsequence is convergent. It follows

that {zj} is convergent.
Definition 3.7. Let (X, L,d) be an orthogonal metric space and 0 < A < 1. A

mapping f : X — X is called an orthogonal contraction (briefly, | -contraction) with
Lipschitz constant A if, for all z,y € X with z Ly,

d(fz, fy) < Ad(z,y).

It is easy to show that every contraction is |-contraction, but the converse is not
true. See the following examples:

Example 3.8. Let X = [0,10) and the metric on X be the Euclidian metric. Define
zlyifzy < (zVy) where xVy =z or y. Let f: X — X be a mapping defined by

) = { .

0, z > 2.

Let z 1y and zy < x, then the following cases are satisfied:

Case 1: If z = 0 and y < 2, then f(z) =0 and f(y) = %.

Case 2: If x =0 and y > 2, then f(z) = f(y) = 0.

Case 3: If y <1 and o <2, then f(y) = § and f(z) = 3.

Case 4: If y <land x> 2, thenz —y >y, f(y) =% and f(z) =0.
This implies that |f(z) — f(y)| < 3|z — y| and hence f is an L-contraction. But f is
not a contraction. To see this, for each ¢ < 1,

fB) = f@R)I=1>c=c3-2]
Example 3.9. Let X = [0,1) and let the metric on X be the euclidian metric. Define
xly if xy € {z,y} for all z,y € X. Let f: X — X be a mapping defined by

)5, 2€eQnX,
J@) = {O, reQnNnX.

Then it is easy to show that f is an | —contraction on X, but it is not a contraction.

Definition 3.10. Let (X, 1) be an O-set. A mapping f : X — X is said to be
L—preserving if f(z)Lf(y)ifzLly. Also, f: X — X issaid to be weakly L-preserving
if f(z)Lf(y) or f(y)Lf(x)if zLy.

It is easy to see that every L-preserving mapping is weakly | —preserving. But
the converse is not true. For instance, let (X, L) be the O-set in Example 2.2. Let
01 € X be a person with blood type O—, a; € X be a person with blood type A+.
Define a mapping f: X — X by

_Ja, =0
f) = {01, ze X —{o}.
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Let 09 € X — {01} be a person with blood type O—. Then we have 01 Loy, but we
have not f(o1)Lf(02). This means that f is not L-preserving. It is easy to see that
f is weakly L-preserving.

Now, we are ready to prove the main theorem of this paper which can be consider
as a real extension of Banach contraction principle.

Theorem 3.11. Let (X, 1,d) be an O-complete metric space (not necessarily com-
plete metric space) and 0 < A < 1. Let f: X — X be L-continuous, L-contraction
with Lipschitz constant A and 1 -preserving. Then f has a unique fized point x* € X.
Also, f is a Picard operator, that is, lim f™(x) = «* for all x € X.

Proof. By the definition of orthogonality, there exists xg € X such that
(Vy € X,zoly )or( Vye X,ylxzg).
It follows that zgLf(xzo) or f(zo)Llxg. Let
w1 = f(@o), 2 = f(x1) = f*(20), -+, Tny1 = fxn) = [ (20)

for all n € N. Since f is L-preserving, {x, }nen is an O-sequence. On the other hand,
f is an 1-contraction. Then we have

d(xnaxn-i-l) S )\nd(x()a .731)
for all m € N. If m,n € N and n < m, then
d(xnv xm) < (d(l‘n, xn—&-l) + -+ d(mm—lv xm))
§ ()\"d(aco, 1'1) + -+ )\m_ld(xo, xl))

)\n
1-A

< d(zo,1).

So, d(xp, Tm) — 0 as m,n — co. Therefore, {z, }nen is a Cauchy O-sequence. Since
X is O-complete, there exists z* € X such that z,, — z*. On the other hand, f is
L -continuous and then f(z,) — f(z*) and f(z*) = f(lim,(f(z,)) = lim, 41 = z*.
Hence z* is a fixed point of f.

To prove the uniqueness property of fixed point, let y* € X be a fixed point of f.
Then we have f*(z*) = 2* and f™(y*) = y* for all n € N. By the choice of z( in the
first part of proof, we have

[xoLla® and zoly*] or [z*Llxy and y*Lag).
Since f is |-preserving, we have
[f" (o) Lf" (") and f"(z0) Lf"(y")]
or

[f"(@*) Lf"(xo) and f™(y") Lf" (wo)]
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for all n € N. Therefore, by the triangle inequality, we have
d(z”,y") = d(f"(=%), f"(y"))
< d(f™(x7), f" (o)) + d(f" (w0), " (y"))
< A'd(a7, mo) + Ad(x0,y")
—+0
as n — 0o. Thus it follows that z* = y*.
Finally, let € X be arbitrary. Similarly, we have
[xoLla* and zolz] or [z¥Llzy and xLlxzg]
and
[/ (@0) Lf™(2*) and [ (zo) Lf" ()]
or
(@) L™ (o) and f(2)Lf" (zo)]
for all n € N. Hence, for all n € N, we get
da*, f"(@)) = d(f" (=), ()
< d(f" ("), f"(xo)) + d(f" (x0), f" (x))
< AN'd(x*, xo) + A"d(x0, )
— 0

as n — o0o. This completes the proof. O

Now, we show that our theorem is a real extension of Banach’s contraction princi-
ple.

Corollary 3.12. (Banach’s contraction principle) Let (X, d) be a complete metric
space and f : X — X be a mapping such that, for some X € (0,1],

d(f(x), f(y)) < Ad(z,y)
for all x,y € X. Then f has a unique fized point in X.

Proof. Suppose that

rly <= d(f(z), f(y)) < d(z,y).
Fix zp € X. Since f is a contraction, for all y € X, o Ly. Hence (X, 1) is an O-set.
It is obviously that X is O-complete and f is an L-contraction, |-continuous and
1 -preserving. By applying Theorem 3.11, f has a unique fixed point in X. U

The following examples show that our theorem is a real extension of Banach’s fixed
point theorem:

Example 3.13. Suppose that X =[0,10), L, d and f : X — X are defined as in the
Example 3.8. It is easy to see that X is O-complete (not complete), f is L-continuous
(not continuous on X), an L-contraction and L-preserving on X. By our theorem,
f has a unique fixed point in X. However, f is not a contraction on X and so, by
Banach’s contraction principle, we cannot find any fixed point of f in X.
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Example 3.14. Suppose that X =[0,1), L, d and f: X — X are defined as in the
Example 3.9. We can see that X is O-complete (not complete), f is L-continuous
(not continuous on X), an L-contraction and L-preserving on X. Applying Theorem
3.11, f has a unique fixed point in X, but, by Banach’s contraction principle, we
cannot find any fixed point of f in X.

4. APPLICATIONS TO ORDINARY DIFFERENTIAL EQUATIONS

Our purpose here is to apply Theorem 3.11 to prove the existence of a solution for
the following differential equation:

u'(t) = f(t,u(t)), ae. t €I =10,T],
{U(O) =a, a>1, (41)

where f : I x R — R is an integrable function satisfying the following conditions:
(cl) f(s,z) >0forallz >0 and s €I,
(c2) there exists o € L(I) such that

|f(s,2) = fs,9)] < als)|z —y
forall t € I and z,y > 0 with zy > (z V y), where z Vy = z or y.

Note that f: I x R — R is not necessarily Lipschitz from the given condition (c2).
For example, the function

)

N

0,3:>%

satisfies the conditions (c1) and (¢2) while f is not continuous and monotone. Also,

for s # 0,
1 2 1 1 1 2
\f(%)‘f(%)"‘gz>36—8’2‘3 |

Theorem 4.1. Under these conditions, for all T > 0, the differential equation 4.1
has a unique positive solution.

Proof. Let X = {u € C(I,R) : u(t) > 0, Vt € I}. We consider the following orthogo-
nality relation in X:

wly < z®)y(t) = (x(t) Vy(t))
for all t € I. Let A(t) = fg |a(s)|ds. Then A’(t) = |a(t)| for almost every ¢ € I.
Define
llla = stlel?e"“(”\a:(t)|, d(z,y) = |z —ylla

for all z,y € X. It is easy to see that (X, d) is a metric space.

Now, we show that X is O-complete (not necessarily complete). Take a Cauchy
O-sequence {z,} in X. It is easy to show that {x,} is convergent to a point z € C(I).
It is enough to show the x € X. Fix t € I. The definition of L implies that

Tn(t) Tng1(t) 2 (@n(t) V Tnta (1))

for each n € N. Since x,(t) > 0 for all n € N, there exists a subsequence {z,, } in
{zy} for which z,, (t) > 1 for each k € N. The convergence of this sequence of real
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numbers to x(¢) implies that x(t) > 1. But since ¢t € I is arbitrary, it follows that
x > 1 and hence z € X. Define a mapping F : X — X by

fu(t):/o f(s,u(s))ds + a.

Note that the fixed points of F are the solutions of (4.1). To complete the proof,
we need the following three steps:
Step 1: F is L—preserving. In fact, for all z,y € X with xly and t € I,

Fur(t) = /0 f(s,z(s))ds+a > 1,

which implies that Fx(t)Fy(t) > Fz(t) and so Fx L Fy.
Step 2: F is L—contraction. In fact, for all z,y € X with 1y and ¢ € I, the
condition (c2) implies that

A0\ Falt) — Fy(®)] < A0 [ [(s,2(5)) — Fs.y()lds
0
< e A /t |a(s)|e?Dem 4 [a(s) — y(s)|ds
0

t
<0 [Mal)eVds) o - yla
0

< e A0 —1) o —ylla

< (1 —eloh) flz —y|a

and so
|Fz = Fylla < (1 —e 1) o —ylla.
Since 1 — e~ llolh < 1, F is an | —contraction.
Step 3: F is L—continuous. In fact, let {z,} C X be an O-sequence converging to
a point € X. By using the first part of the proof, we can see that z(t) > 1 for all
t € I and hence z,, Lz for all n € N. Applying the condition (c2), we get

e MONFan(t) = Fa(t) < ™ | 17 (s.2a(s) = f(s,2(s))ds

< (@ —e Iz, — 2] a
for all n € N and ¢t € I. Hence we have
| Fon = Falla < (1= 1) o, il

for all n € N. It follows that Fx, — Fz.
The uniqueness of the solution follows from Theorem 3.11. This completes the
proof. O
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