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Abstract. In this paper we provide new and simple proofs for the classical existence
and uniqueness theorems of solutions to the first-order differential equation using the
fixed point theorem in an orthogonal metric space.
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1. Introduction

Let us consider the differential equation
(1.1) z(t) = v(t,x), x(to) = =0,

where ¢ € R, z € R™ and v(t, ) is defined and differentiable (of class C",r > 1) in
a domain U of R x R™.
The solution to this equation will be a function ¢ : R — R" where

(1.2) o(t) = v(t, o(t)), é(to) = zo.

The existence and uniqueness of solutions to first-order differential equations with
given initial conditions are some of the most fundamental results of ordinary differ-
ential equations. This is stated in the two following theorems.

Theorem 1.1. [8] (The Existence Theorem) Suppose the right-hand side v of the
differential equation (t) = v(t,z) is continuously differentiable in a neighborhood
of the point (to,z9) € R x R™. Then there exists a neighborhood of the point ty such
that a solution of the differential equation is defined in this neighborhood with the
initial condition ¢(to) = xo, where x is any point sufficiently close to xy. Moreover,
this solution depends continuously on the initial point x.

Received January 17, 2017; accepted March 12, 2018
2010 Mathematics Subject Classification. Primary 47H10; Secondary 54H25

123



124 M. Eshaghi Gordji and H. Habibi

Theorem 1.2. [8](The Uniqueness Theorem) Given the above conditions, there is
only one possible solution for any given initial point, in the sense that all possible
solutions are equal in the neighborhood under consideration.

Previous studies have provided proofs of Theorems 1.1 and 1.2 using the concepts
of Banach contraction principle [1, 7, 8], [12] and [16, 15].

Recently, M. Eshaghi et.al. [13] introduced the concept of orthogonal sets. A
real extension of Banach contraction principle in orthogonal metric space has been
considered in [13] (see also [9, 10, 19]). In this paper, we are interested in obtaining
new and simple proofs for Theorems 1.1 and 1.2 which guarantee existence and
uniqueness of the solution for any equation of the form (1.1).

This paper is organized as follows: In section 2, we state some definitions and
theorems which are needed to prove the main results. Also, we recall under what
conditions will any mapping on an orthogonal metric space have a unique fixed
point. In section 3, we consider new concepts of tangent space to an orthogonal
metric space and derivative of mapping at a point in an orthogonal metric space.
This section provides a priori bound for the solution. In this section, we make use
of the standard tools of the fixed point theory in orthogonal metric spaces to obtain
new and simple proofs for existence and uniqueness theorems of solutions for the
differential equation (1.1).

2. Preliminary definitions
First, we begin with the following definition which can be considered as the main

definition of [13].

Definition 2.1. [13] Let M # ¢ and L C M x M be a binary relation. If L
satisfies the following condition

3wo; (Vy;yLzo) or (Vy;zoly)),

it is called an orthogonal set (briefly O-set). We denote this O-set by (M, L) (see
also [9, 10, 19]).

We now give some examples of orthogonal sets.

Example 2.1. Let M = [2,00), we define z Ly if z < y, then by putting zo = 2, (M, 1)
is an O-set.

In the following example, we can see that z( is not necessarily unique.

Example 2.2. Suppose M(n) is the set of all n X n matrices and Q is a positive definite
matrix. Define the relation L on M(n) by

AlB <= 3XeM(n) ; AX=B.

It is easy to see that /LB, B10 and Q%LB for all B € M(n).
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Now, we turn our consideration to the definition of orthogonal sequence.

Definition 2.2. [13] Let (M, L) be an O-set. A sequence {x,}nen is called or-
thogonal sequence (briefly O-sequence) if

(VYn;zpLani1) or (Vn;xperlaxy,).
(see also [9, 10, 19]).

Let (M, p, L) be an orthogonal metric space ((M, L) is an O-set and (M, p) is a
metric space). We consider the notion of O-complete orthogonal metric space.

Definition 2.3. [13] M is orthogonally complete (briefly O-complete) if every
Cauchy O-sequence is convergent (see also [9, 10, 19]).

Definition 2.4. Let (M, p, L) be an orthogonal metric space and 0 < A < 1 (see

[13]).

1. A mapping f : M — M is said to be orthogonal contraction (_L—contraction)
with Lipchitz constant A\ if

(2.1) p(fz, fy) < Ap(z,y) ifrly.

2. A mapping f : M — M is called orthogonality-preserving (L —preserving) if
f@)Lf(y)if xly.

3. A mapping f : M — M is continuous orthogonal (L —continuous) in a € M
if for each O-sequence {a,}nen in M if a, — a, then f(a,) — f(a). Also f
is L —continuous on M if f is L —continuous in each a € M.

(see also [9, 10, 19]).

Example 2.3. Let M = [0,1) and let the metric on M be the Euclidian metric. Define
xlyif zy € {z,y}. M is not complete but it is O-complete. Let x Ly and zy = z. If {xx}
is an arbitrary Cauchy O-sequence in M, then there exists a subsequence {zx, } of {zx}
for which x,, = 0 for all n. It follows that {x, } converges to a x € M. On the other
hand, we know that every Cauchy sequence with a convergent subsequence is convergent.
It follows that {zx} is convergent.
Let f : M — M be a mapping defined by f(z) = § if z € QN M and f(z) = 0 if
xeQ°NM.

We have the following cases:

case 1) x =0and y € QN M. Then f(x) =0 and f(y) = %.

case 2) £ =0 and y € Q°N M. Then f(z) = f(y) = 0.

This implies that f(z)f(y) = f(z). Hence f is L-preserving.
Also, this implies that |f(z) — f(y)| < 3] — y|. Hence f is L—contraction. But f is not
a contraction. To see this, for each A < 1, |f(3) — f(@ﬂ > AL — @|
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If {z,} is an arbitrary O-sequence in M such that {z,} converges to x € M. Since f is
1 —contraction, for each n € N we have

1
7 (@) = F@)] < ln — 2.

As n goes to infinity, f is 1-continuous. But it can be easily seen that f is not continuous.

We can now state the main theoretical result of [13]. Sufficient conditions under
which any mapping on an orthogonal metric space will have a unique fixed point
are given in the theorem.

Theorem 2.1. Let (M, p, L) be an O-complete metric space (not necessarily com-

plete metric space) and 0 < X\ < 1. Let f : M — M be 1 —continuous, 1. — contraction
(with Lipschitz constant A) and L—preserving, then f has a unique fized point x*

in M. Also, f is a Picard operator, that is, lim f™(x) = * for all x € M.

(see also [9, 10, 19]).

Theorem 2.2. [8](chap.4,31.1) Given a point (tg,xo) € R x R™ consider a differ-
ential equation (1.1). Let P be a Picard mapping that takes a function ¢ : t — x to
the function P¢ :t — x defined by

t
(2.2) (Po)(t) = zo —|—/ v(T, ¢(7))dr TER
to
Note that (P¢)(to) = xo for any ¢. The mapping ¢ : I — R™ is a solution to
& = v(t, x) with the initial condition ¢(to) = xo if and only if ¢ = Po.

Simply, the theorem states that the solution to a first-order differential equation
is the "fixed point” of a Picard mapping. Theorem 2.1 gives us some conditions un-
der which a mapping has one and only one fixed point. Thus, if we could construct
a mapping that includes both types of functions in just the right way, we could
take advantage of the existence and uniqueness of the fixed point of this mapping
to prove the existence and uniqueness of the solution to our differential equation.

3. Main results
In this section, we are ready to state new and simple proofs of Theorems 1.1 and
1.2. To this end, we need some definitions.
Let (M, p, L) be an orthogonal metric space ((M, L) is an O-set and (M, p) is a
metric space).

Definition 3.1. Let ¢ be a mapping of an open interval I in R to (M, p, L). The
derivative of ¢ is defined by

b(t) = lim 2OCEF5),60)

s—0 S

where t € R is a limit point of I and ¢(t) L¢(t + s) if the limit exists.
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We now cousider the tangent space to (M, p, L) at a point.

Definition 3.2. Let ¢ be a differentiable mapping of an open interval I in R to
(M, p, L). ¢ is said to leave the point x for some x € M if $(0) = x. The derivative
of ¢ at the point ¢ = 0 is a vector v as:

3.1 =¢(0) = —|1—p.

(3.1) v =0(0) = Tl

The tangent space to (M, L) at a point z is the set of all vectors v of all such curves
leaving « and denoted T, M.

We turn our attention to the concept of the derivative of a mapping f at a point.

Definition 3.3. Let f: U — V be a differentiable mapping from the subset U of
the orthogonal metric space (M, p1, L1) into the subset V of the orthogonal metric
space (Ma, p2, L2) and let ¢ : I — U be a differentiable mapping which leaves the
point x € U at t = 0. The derivative of the mapping f at the point x is the mapping

fow 1 ToU — Tf(aa)vv

which carries the vector v leaving the point z of the curve ¢ into the vector fi.(v)
leaving the point f(x) of the curve f(¢) i.e.

do df (¢)

(3'2) f*w(v) = f*w(Eh:O) = dt |t:0'

Then we have the following result.

Proposition 3.1. Let f : U — R"™ be a smooth mapping (f € C",r > 1) from
UC R™ 11) to (R*, L) and x € U. Then f satisfies the Lipchitz condition
on each convex compact subset V' of U with the Lipchitz constant L equal to the
supremum of the derivative of f on V:

(3.3) L = sup | faz)-
zeV

Proof. Take any two points x,y € V , xl;y and join them together with a line
segment
zt)=z+tly—x); 0<t<1.

Since V is convex, z(t) € V; Vt € [0,1]. Now, we have

d

1
/ o fe®)dt = f(2(1)) = f(2(0)) = f(y) - (@),
0

and

Yd Ydf . dz !
| e = [ LroGon= [ foob-oa.
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Examining the absolute magnitude of this integral, we find
1 1
| /o fey —z)dt| < /0 | fez(ry (y — )|dt
1
| fcolly = el

1
( / Fusoyldt) Iy — 2

IN

IN

1
< ([ Laly-a

0
= |L1-LO0||ly—=z|=Lly—z|

We have thus determined that for any two points x,y € V,

1
£06) = @) =| [ Fosorly = 2)dr] < Ly =l
and hence f satisfies the Lipchitz condition on V' with the constant L. O

Remark 3.1. In the previous proposition, since f € C' the mapping f. = % which
takes a given z and returns the mapping f.. is continuous. Since V is compact |fiz|
actually attains its maximum value L.

Now, we are interested in obtaining a mapping that satisfies the properties of
Theorem 2.1 and the fixed point of this mapping is the solution to (1.1). In this
way, we prove the existence and uniqueness (Theorems 1.1 and 1.2) of the solution
to (1.1).

Because v is differentiable at the point (¢, o) € U, there exists some neighborhood
C around (tg, zg) such that C' C U. Then there exist small enough numbers a and
b such that

(3.4) C={t,x);|t —to] <a,|lr—x0| <b} CU.

Clearly, C is compact and |v| attains its supremum over C. Similarly, |v,| = |22
attains its supremum over C. Let

(3.5) c=suplv|, L =suplu.
c c

We are interested in obtaining a function based on v, satisfying Lipchitz condition
on each convex compact subset of U, including C with the Lipchitz constant L. Let
us separate C' into some subregions. There exists
b 1

3.6 4 = min{a, —, —},

(3.6) {a, 5057}
such that

Ko = {(t,2);[t — to] < d, |z — wo| < cft —tol},
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lies in C.
For b = % and £ with |£ — x¢| < b another point (to,€) can be considered such that

(3.7) K = {(t,2); [t — tol < d, o — ] < clt — tol}.

The following argument shows that ¢ exists and is equal to min{a, %, %} Since
|z — x| < c|t —to| < cd then @ = min{a, 2} exists. On the other hand, by using
triangle inequality, we find

|z — o] < |& — &| + |& — 20| < cd+b=0b.

So, let ¢ = min{a, %} G will need one more bound later on, namely, the condition

a < % (we are ignoring the trivial case L = 0). So, let us go ahead and put

4 = min{a, 2%, Ql .
We are trying to obtain the solution ¢z : R — R™ of (1.1) with the initial condition
¢4 (to) = 4 expressed in the form ¢4 (t) = & + h(t, £), though we can now remove

the prime on x:
(3.8) ¢:(t) =z + h(t,x).

Then the mapping

defined by
(3.10) o(t, x) = da(t),

is the ”general” solution of (1.1).
One may easily verify the following lemma:

Lemma 3.1. For any solution ¢,., the point (t, ¢, (t)) lies within K, for all t such
that [t — to| < a.

Recall that we are interested in obtaining a mapping that satisfies the properties
of Theorem 2.1 and the fixed point of this mapping is the solution to (1.1). Let us
first define the orthogonal metric space we will use. This space should include all the
mappings which could possibly be solutions. Given some central initial condition
(to, o), the mapping ¢ should take the point (¢,z) from the region |t — to| <
a, |z — xo| < b to R™.

Since ¢, must be a differentiable function in order to be a solution, it must
be continuous on the set over which it is a solution. The space of all continuous
functions h(t,z) which added to z could give us a solution ¢, with the initial
condition ¢, (tg) = x will be considered. Denote this space by M. Since ¢ takes the
point (£, z) from the region |t — to| < , |z — z¢| < b to R™, the map h must be over
this region.

(3.11) h:{(t,x); |t —to| < @, |x — xo] < b} — R™.
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Note that h(tp,z) = 0 for any h € M, x € C, where 0 is the zero vector in R”.
In the space M, we can define a relation L by

(3.12) hilhy <= |[[halll[hall < cft —to|([|R1]] V [R2l]),

which is an orthogonality relation on M. It shows that the space M is an orthogonal
space.
Let p: M x M — R, be given by

(3.13) p(h1, ha) = [|hy = ha|| = sup |hi (¢, ) — ha(t, )|,

for all hy,he € M. Then p is a metric on M and the orthogonal metric space M will
be denoted by (M, p, L). Since every h is a continuous function over a closed and
bounded subset of the Euclidean space, this supremum is actually attained. Hence,
the orthogonal metric space (M, p, L) is complete.

In the orthogonal metric space (M, p, L), a mapping A : (M, p, L) — (M, p, L) can
be defined by

(3.14) (AR)(t,x) = /t v(r,z + h(r,z))drT,

for |t — to| < d, |& — xo| < b. Clearly, (7, + h(r,z)) is in the domain of v for any
(7,z) in the appropriate region but we should be careful to check that Ah is in fact
an element of (M, p, L).

Lemma 3.2. For allh e M, Ah € M.

Proof. Take any h € M. By construction Ah is a function that satisfies (3.11). The
function h is continuous for any (7,2) in its domain, so the point (7,2 + h(1,z))
varies continuously with (7,2) and since v is also continuous on its domain v varies
continuously with (7, x) as well. Taking the integral will then result in a continuous
function of the boundary terms taken at (¢,2) and (to, ). Thus, Ah is a continuous
function of (t,z) meaning Ah € M. O

We now discuss some properties of mapping A.
1. Ais l-preserving mapping.
2. Ais l-contraction mapping.

3. Ais l-continuous mapping.

Proof. 1. We recall that A is |-preserving, if for hy,ho € M, hy Lho, we have
Ahy L Ahs.

[(Ahy)(t, )] = }/tv(T,x—Fhl(T,a:))dT}
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IN

t
/ (. + ha (7, 2))|dr
to

t
/ cdt
to

|e.t — c.to| = c|t — to)-

IN

So,
[ AR [[[| Ahz|| < cft — toll| Ahz]|.

Meaning that Ahy 1 Ahs.

. We need to prove that for any hy, ho € M, hy Lha, ||Ahy — Aho|| < A||h1 — he||
for some constant 0 < A < 1. Let us then construct the mapping Ah, — Ahs.

t ¢
[(Ahy)(t,x)| = ’/ o(7, @ + hi(7,2))dr| (abbreviated/ v1dT),
to

to

(Ahy — Aho)(t,z) = /t v1dr — /t vodT = /t(vl — vg)dT.

to to to

For a fixed (7, z), v will act as a mapping that takes h; (7, z) to v(r, z+h; (7, x)).
As v was assumed to be continuously differentiable over its domain, we invoke
Proposition 3.1 to find that v satisfies the Lipchitz condition on each convex
compact subset of its domain and therefore on each subset C' of U. Proposition
3.1 also gives us the Lipchitz constant L(7) = sup|,_,|<p [v«| where we have
emphasized the fact that this L depends on the choice of the constant 7. Thus,
for all points (7, z),

[v1(7, ¥) — vo(7, @) < L(7)||h1 — ha.

As seen earlier, the magnitude of any mapping in M attains its supremum at
some point in its domain, so we have

||[Ahy — Ahg|| = sup |Ahi(t, x) — Aha(t, x)| = |Ah1(tm, Tm) — Aha(tm, 2m)|,

for some (t,, zm) € C. Therefore,

||Ah1 — AhQH = | Ul T, Im - UQ(Ta Im))dT|
t
t:)n
< / (017, Tm) = 27, 2n))|dr
t
.
< L th h2||d7'
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In (3.5), L (without the parenthetical 7) was designated the supremum of |v,|
over all of C i.e. over both the ¢ and z domains meaning that

tm
| Ahy — Ahy|| < / L(r)dr||hy — hs|

to

tm
< / Ldr||hy — o
to
= Lty —to|l|h1 — he||
< Ld|h — he||.

Lastly, we take advantage of the extra bound we placed on ¢ to find that
La < L% =1 < 1. Thus, for all hy,hy € M, hy Lhs,

-2
[Ah1 — Aha|| < Ld[lhy — hof| , 0< Lé <1,
making A a L-contraction mapping.

3. Suppose {h,} is an O-sequence in M such that {h,} converging to h € M.
Because A is L-preserving, {Ah,} is an O-sequence. For each n € N, since A
is L -contraction, we have

| Ahn(t, z) — Ah(t,z)|| < Lallhn — h].

As n goes to infinity, it follows that A is | -continuous.
O

The mapping A defined above is L -preserving, |-contraction and 1 -continuous
mapping over an orthogonal metric space (M, p, L). The mapping A satisfies the
hypotheses of Theorem 2.1. Thus, the existence and uniqueness of its fixed point
ho € M is guaranteed by Theorem 2.1. The purpose of the present paper is to
incorporate this in a Picard mapping of potential solutions to (1.1). Using the
existence and uniqueness of hy to confirm the existence and uniqueness of the fixed
point of the Picard mapping, which will in turn prove our main theorems.

First, recall that we are looking for solutions expressed in the form ¢, (t) = « +
h(t,x). If h is a fixed point of A, then ¢,(t) = z + Ah(t,z) and when the solution
¢, is the fixed point, our Picard mapping ¢, (t) will equal (P¢,)(t). Hence,

(P¢2)(t) = x+ (Ah)(t, )

x + /t’U(T, x + h(r,x))dr

to

t

x —|—/ (T, ¢ (7))dT
to

By Theorem (2.2), ¢, is a solution to & = v(t,z) with ¢,(t9) = = if and only if

¢ = P¢,. We can now conclude this section with a new proof of the forthcoming

results concerning the existence and uniqueness of the solution to (1.1) satisfying

any initial condition in the domain of v.
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Theorem 3.1. (The Existence Theorem) Suppose the right-hand side v of the dif-
ferential equation &(t) = v(t,z) is continuously differentiable in a neighborhood of
the point (to,x0) € R x R™. Then there exists a neighborhood of the point to such
that the solution to the differential equation is defined in this neighborhood with the
initial condition ¢(to) = xo where x is any point sufficiently close to xg. Moreover,
this solution depends continuously on the initial point x.

Proof. Given v(t,z) as well as (to, o), demarcate a neighborhood C' around the
central point and use it to define the constants d, l;; also, construct the orthogonal
metric space (M, L, p), L-preserving, |- continuous, | -contraction mapping A and
a Picard mapping P as determined by v,C' and the central point (¢, x0). Since
M is an orthogonal complete metric space, the fixed point hg of A must exist by
Theorem 2.1. The function g : R x R™ — R™ given by

g(t,x) = x + ho(t, x),

is therefore always well-defined in a neighborhood of (tg, zp). Applying the Picard
mapping
(Pg)(t,x) =z + (Aho)(t,x) = = + ho(t, z) = g(¢, z),

which proves that, by Theorem 2.2, g is the solution to the differential equation
which satisfies the initial condition g(t9,z) = z. The function which returns the
value z is continuous on R x R"™, hg is continuous by construction and the sum of
any two continuous function is continuous over the same domain. So g, the function
of t and x, is continuous over its domain. Thus, the solution depends continuously
on the initial point z. O

Uniqueness immediately follows:

Theorem 3.2. (The Uniqueness Theorem) Given the above conditions, there is
only one possible solution for any given initial point, in the sense that all possible
solutions are equal in the neighborhood under consideration.

Proof. Construct a neighborhood and mapping as above but now set b= 0, which
restricts the initial  under our consideration to the specific point xzg. Find the
solution g(t,x0) = xo + ho(t, o). The uniqueness of the fixed point hy guarantees
that this is the only solution with the initial condition zy that can be expressed in
the form z + h(t, x).

Now, consider any solution ¢, with ¢y, (to) = zo. By Lemma 3.1, ¢,,(t) € K, for
all ¢ in our neighborhood. Label ¢, (t) — 2o by he(t, z0). This new function also
clearly satisfies (3.11) and, furthermore, since any solution ¢ must be continuous,
hg is also continuous. So, hgy € M and ¢, (t) = xo + he(t, zo). The uniqueness of
ho shows that all possible solutions to the differential equation with a given initial
condition are expressed in the form ¢, = xo + h(t,zo) for h € M. As there is only
one such function possible, the solution g is thus unique. [J
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