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FIXED POINT RESULTS IN M- METRIC SPACE WITH APPLICATION TO LCR
CIRCUIT

Barakah Almarri!, Samad Mujahidz, Izhar Uddin?

In this article, we introduce a fixed point theorem for M-metric space with relation
theoretic principle and give an important application to solve the initial value problem (IVP) which
illustrate the applicability and efficiency of our result.
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1. Introduction

The Banach contraction principle (BCP) [1] is one of the most stalwart result in fixed point
theory. BCP is basically depend on the domain and the nature of mapping. It assures the fixed points
are unique and exist. There are numerous researchers who have worked on the generalization of
BCP. We can extend the BCP via change the contraction mapping or alter the metric spaces such that
Boyd and Wong-contraction [2, 3], Chatterjea-contraction [4], Wardowski-contraction [5], Kannan-
contraction [6], partial metic space [7], M-metric space [8] etc.

Matthews [7] generalised the metric space as partial metric space and derived the specific results for
it. After that, in 2014 Asadi et al. [8] extended partial metric space as M-metric space and obtained
fixed point results for it. In 2015, Alam et al. [9] introduced the new and novel variant of BCP on
a complete metric space with binary relation. After that many scientists have worked on relation
theoretic principle and gave effective results, i.e. In 2015, Alam et al. [10] gave the results on the
coincidence theorems in relation theoretic principle. After that, several researchers gave the relation
theoretic contraction principle in different spaces.

In this paper, we are generalising the BCP and Boyd and Wong theorem for M-metric space via
relation theoretic principle.

2. Preliminaries

In this section, we assemble some relevant definitions and essential results, which will be
used in our subsequent discussion:
Notation: [8] In the sequel of M-metric space, the notations listed below are useful:
() myy == m(u,u) Vm(v,v) = min{m(u,u),m(v,v)},
(i) My, := m(u,u) Am(v,v) = max{m(u,u),m(v,v)}.

Definition 2.1. [8] If ¢ # 0 and a map m : ¢ X ¢ — R is m-metric, when it satisfies the subsequent
conditions:
(1) m(u,u) = m(v,v) =m(u,v) <= u=v,
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(2) my, < m(u,v),

(3) m(u,v) = m(v,u),

(4) (m(u,v) = mu) < (m(u,2) —myz) + (m(z,v) — mzy).
Hence, the pair (G,m) is referred to as an M-metric space.

Definition 2.2. [8] Assume that a Sequence {u,} in (g,m). Then,
(I) {un} converges to a point u iff

nlgrolo(m(u,,,u) —my, ) =0.

(I1) {u, } is m-Cauchy sequence iff

n7£%r3m(m(“nvum) - mumum) and n_}rilll}m(M(”n»um) - m“naum)

exist and finite.
(1) If each m-Cauchy sequence {uy,} converges to a point u in a manner that

lim (m(uy,u) —my, ) =0 and liln (M (up,u) —my, ) =0.
n—o0 n—oo

Then, M-metric space is m-complete.

Lemma 2.1. [8] Ifu, — uasn— oo in (g,m), then imy, o (m(ttn,v) — my, ) = m(u,v) —my,,,¥V v €
c.

Lemma 2.2. (8] If uy, — u and v, — v as n — o in (G,m), then limy, o (m(tty,vy) — My, v,) =
m(u,v) — my .

Lemma 2.3. [8] If u, — uand v, — v as n— oo in (g,m), then m(u,v) = my,,. Further if m(u,u) =
m(v,v), then u=v.

Definition 2.3. [9] Let ¢ # 0 with a binary relation R. Then,

(1) u and v are R-comparative, if (u,v) € R or (v,u) € R and u,v € . It also represented by
[u,v] € R

) R ={(u,v) € ¢*: (v,u) € R}, where R~ is inverse or transpose or dual relation of R.

(3) M :=RUR™!, where R® is symmetric closure of R.

4) (u,v) € R <= [u,v] €R.

(5) If (up,uny1) €R, Vn e Ny. Then, {u,} is R-preserving sequence.

(6) Assume a map H : ¢ — g. Then, R is H-closed,

(u,v) € R = (Hu,Hv) € R, forany u,v €.
(7) R® is H-closed, when SR is H-closed.

Proposition 2.1. [11] Suppose ¢ # 0 with R and H : ¢ — ¢. If R is H-closed. Then, R is also
H"-closed, ¥V n € Ny.

Proposition 2.2. [9] Assume that a metric space (G,d) with R and H : ¢ — ¢ and B € [0,1), then
the similar subsequent contractivity conditions are:

() d(Hu,Hv) < Bd(u,v) YV u,v € g with (u,v) € R,

(I1) d(Hu,Hv) < Bd(u,v) VY u,v € g with [u,v] € R.

Definition 2.4. [9, 10] Ler a metric space (G,d) with R on ¢ with u € ¢.

(i) If there is any R-preserving sequence {u,} such that uy, L5 u, we have H(uy,) SN H(u).
Then, 3 is R-continuous at u, Furthermore if I is R-continuous at every point of . Then, it
is R-continuous.

(ii) Ifthere exists a subsequence {uy, } of any R-preserving sequence {u,} with [uy, , u] inR, Vk €
No, then R is d-self-closed.
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(iii) If every R-preserving Cauchy sequence in G converges. Then, (g,d) is R-complete.

Definition 2.5. [12] Let ¢ # 0 with R. For u,v € G, a path of length k in R from u to v is a finite
sequence {wo,wi,wa,- -+ ,wi} C g attaining these conditions:

(i) wo = u and wy = v,

(ii) (wi,wit1) € Rforeachi (0<i<k-—1).

Definition 2.6. [11] Let ¢ # @ with R and a self map H. Then,
(a) R is H-transitive,
(Hu,Hv), (Hv,Hz) € R = (Hu,Hz) € R, for any u,v,w € G.
(b) If R|g is transitive for each R-preserving sequence {u,} C ¢ (with range E = {u, : n € N}),
then R is locally transitive.

(c) If R|g is transitive and for each R-preserving sequence {u,} C H(g) (with range E = {u,, :
n € N}) then R is locally H-transitive.

These are collection of control functions is mentioned in Boyd and Wong, although it was
subsequently utilised in Jotic [13].

Y ={¢:[0,00) = [0,00) : ¢(¢) < ¢ foreach 7 > 0 and limsup§(v) < ¢ for each 7 > 0}.

vt
It is obvious that class @ is enlarged by class W, that is ¢ C .

Proposition 2.3. [11] If a metric space (g,d) with R. Let H : ¢ — ¢ a map and ¢ € ¥, then these
contractivity conditions are similar:

(i) d(Hu,Hv) < ¢(d(u,v)) Vu,vegwith (u,v) € R,
(ii) d(Hu,Hv) < ¢(d(u,v)) Y u,v € g with [u,v] € R.

Lemma 2.4. [11] Suppose that ¢ € V. A sequence {s,} C (0,00) such as

Snp1 < @(sn) VneN,
therefore lim s, = 0.
n—oo

Lemma 2.5. [11] Assume that (g,d) and {u,} € 6. If {un} is not a Cauchy, then 3 € > 0 and two
subsequences {uy, } and {uy, } of {u,}, such that ¥V k € N

(i) k<my <ny,
(ii) d(upmy,un,) > €,
(ifi) d(tmy,un, ) < €.
Furthermore, suppose that lim d(u,,u,+1) = 0, then
n—soo
(iv) klgrolod(umk,unk) =g,

(v) klggd(”mkﬂ Jlngyy) = €.

There are some useful notations which are as follows:
(i) F(H) is the set of all fixed points of .
() ¢(H,R):={uecc: (u,Hu) e R}.

3. Main result

The relation-theoretic version of BCP and Boyd and Wong contraction in M-metric space is
shown in these results:

Theorem 3.1. Assume that (G,m) is an M-metric space with a binary relation R and m: ¢ X ¢ — R™
is satisfying the assertions given below:

L . (¢,m) is m-complete.

2 . ¢(H,%R) is non-empty.
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3 . Ris H-closed.
4 . Either H is continuous or R is m-self closed.
5.3B€][0,1) such that ¥ u,v € ¢ with (u,v) € R

m(f]-fu,f]-(v) — My, Hy < ﬁ(m(u7v) - mu,v)'

Then, H has a fixed point.
6 . yY(u,v,R°%) is non-empty for each u,v € g, then H has unique fixed point.

Proof. Assume an arbitrary element ug € (3, R). Construct the sequence u, = H" (up) Vn €
No. As (ug, Hug) € R using (2), we obtain

(Huo, Huo), (Fuo, Huo), - - (Huo, H" up) € R.
So,
(un,u,1+1) Gm, VneNy. 3.1
Thus, {u,} is R-preserving sequence. Next, applying the condition (4) to (3.1).
We conclude that
M (U1, Uni2) — mu,1+|,un+2) < A(m(up,ups1) — mltn-,unﬂ) V n €N,
which by induction yields that
m(”n-H ) un+2) - mun+l ~Mn+2) S AVH’] (m(u07 :HMO) - muo,j{uo ) . (32)
Using (3.2) the triangular inequality V n € Ny, p € N,
m(un+1 ’ un+1’) - m“n+l 7un+p) S (m(u"+1 ) l/ln+2) - mun+l run+2) + (m(un+2’ Mn+3) - m”n+27”n+3 )
+- 1+ (m(un+p—1 s un+p) My, ,u,,+p)
(A A2 e AP (g, Hg) — iy 5y )-

IN

p—1
S )Ln (m(l/l(),j{M()) - muo,ﬂ'fuo) Z A‘]'
j=1

As (m(up1 ’u”ﬂ’) B m“n+|7“n+p) — 0 and (M (unt1, “n+p) - mun+1-,un+p) —0asn— o = se-
quence {uy,} is m-Cauchy sequence in 6. As (g, m) is m-complete. 3 u € ¢ such that

Up —5 u.
Now, in lieu of (3) asserted H is continuous,
we have
Uyt = H(up) = H(u).
Now, H(u) = u.

Alternatively, suppose R is m-self closed and {u, } is JR-preserving sequence
Uy — .
We have a subsequence {u,, } of {u,} with
[, un] €R, ke No.
Using (4), proposition 2.2 [u,, ,x] € 9% and u,, — u, we obtain
m(up 41, Hu) — My 1 Fu = m(Hu,, Hu) — Mty Hu
< A(m(upg,u) —my, o) —> 0asn — oo

So that uy, 11 s Hu. Thus, Hu = u.
To show the uniqueness, we take u,v € F(H),

H(u) =uand H(v) = v. (3.3)
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By assumption (5), 3 a path of some function length k from u to v. Therefore,
wo=uand wy =v, [w;,wi1] € Rforeveryi (0<i<k-—1). (3.4)
As R is H-closed by using proposition 2.2. We have
[Fwi, H"wir 1] € R for every (0 <i<k—1) and for each n € N. (3.5)
with the help of (3.3), (3.4), (3.5) and from hypothesis (4), we get

m(“v V) — My, = m(j'fnwo, j{nwk) — Mg, Hwy,
k—1
S m(j{nwivg{nwi-‘rl) _mJ‘CnWO,J’an,'Jrl
i=0
k—1
<

n—1 n—1
l;)m(ﬂf wi, ' W) —mgenaty goi-14,,,

1

k—1
2 n—2 n—2

A Z m(f}f wi, H Wk) - mf}f"*QWoﬂ‘f”’zwiﬂ

i=0

IN

k—1

S Tt S A" Z m(whwi-‘rl) _mwi,wl’+l
i=0

— Qasn— o

implies u = v. Hence, J{ has a fixed point, which is unique. ]

Theorem 3.2. Suppose M-metric space (G,m) with R and H : ¢ — ¢. Assume that these conditions
are true:

1. (g,m) is H-closed.

. Ris T-closed and locally H-transitive.

. Either H is R-continuous or R is m-self closed.
. 6(H,9R) is non-empty.

. 3¢ € D such that

[, I SN OSI \S)

m(Hu, Hv) < ¢ (m(u,v)), ¥V u,v € ¢ with (u,v) € R.
Then, H has unique fixed point.

Proof. In view of assumption (4), consider an arbitrary point ug € ¢(H,R).
Construct {u, } with the initial point ug,

up = H"(up), ¥V n € Ny.
As (ug, Hup) € R, As R is H-closed and using proposition 2.1, (H"ug, H" ' ug) € R. Therefore,
(tp,uny1) €ER, VneN. (3.6)
Thus, {u,} is R-preserving sequence. Using the condition (5) to (3.6), we conclude V n € Ny, i.e.

m(un+] s MnJrZ) My, upn < (])(m(un, Up+1 ) — My, 44 )

r}glgcm(un+laun+l> My = 0.

Next, we assume that {u, } is not a Cauchy sequence. By Lemma 2.5, 3 € > 0 and the subsequences
{un, } and {uy, } of {u,},ie.

k <my <my, m(umk; unk) T My >€2> m(”rnk+launk—1) - mumkﬂ,unk,], VkeN. 3.7
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Denote ri = m(umy, ) — M, - AS {un} is R-preserving and {u,} C H(u), by locally H-
transivity of R, we have (u, ,u, ) € R.
Applying the contractivity condition (5), we have
m(umk+17ul’lk+1) _mulnk+l7unk+l = m(j{umkag{unk) _mg{umk,g‘funk
S ¢(m(umk ’ u"k) - mumkaunk) = ¢(Vk)

So that,

m(umk+l7unk+l) _mumk“’u"k“ < ¢(Vk)‘ (3.8)
Using the notion v = € in the real line as k — oo (owing to (3.7)) and v; > &, k € N. We get

lim sup@(v) = lim sup¢(v) < €.
fi—yoo v—et
As we take k — oo in (3.8), then € = I}E{)losupm(umk+1,unk+1) = Myt 1 S gglgosup¢(vk) <€, a

contradiction. Then, {u, } is a m-Cauchy sequence. In consequence {u,} is R-preserving m-Cauchy
sequence. Under 9R-completeness, 3 u € ¢ i.e. u, — u.
Lastly, to prove that u is a fixed point of HH, using assumption (3). Suppose H is R-continuous, while
{u,} is M-preserving with u, — u, implies that

U1 = Hup = H(uy) 2 H(u).
Using the limit’s of uniqueness, we get H(u) = u.

Alternatively, assume that 9% is m-self closed. As {u,} is M-preserving, i.e. {u,} — u,m
self closedness of R ensures the existence of {u,, } of {u,} with [u, ,u] € R, assumption (5) and
proposition 2.3, we have obtain V k € N.

m(unk—‘rlaj{u) - munkﬂ,ﬂ{u = m(ﬂ{u,lk,ﬂ{u) - mﬂ{u,,k,ﬂ{u < ¢(m(unk7u) - munkﬁu)-
We claim that
m(up, 11, FHu) = My ) S < m(uy, ,u) — My, s Vk eN. 3.9
Consider a partition {No,N*} of N (NgUNT = N and Ny NN = (). Confirming that

(1) m(up, ,u) =My, = 0, VkeNy,

(2) m(up,,u) —my, >0, Vke NT.

In case (1) we have m(Huy, ,Hu) — My Hu = 0, V k € No which implies that m(u, 11, Hu) —
My 900 =0, ¥ k € No, 50 (3.9) holds ¥ k € Np.

In case (2), m(up,+1,Hu) — Mgy 11,9 < O (m(up,,u) — munk,u) V k € N*, therefore (3.9) holds,
YV k € NT. Then, (3.9) true V k € N.

As k — oo and using u,, s x, we get Uy, 11 " Hu. Hence, H(u) = u. O

Example 1: Suppose ¢ = [0,00) and m(u,v) = “3*. Define R = {(u,v) € [0,00) x [0,00) : tu —v >
0, x€Q}ong.

Assume H : ¢ — ¢, H(u) = 5. Clearly, R is H-closed and H is continuous.

Now for u,v € ¢ with u,v € R. We have

Hu+3H L4z
m(Hu,Hv) = u—2&— Yo 5 2
1 1 2
= S(M;rv>5m(u,v)<5m(u,v).

JH satisfies assumption (4) of Theorem 3.1 for § = % Thus, all conditions (1-4) of Theorem 3.1 are
satisfied. Moreover here assumption (5) of Theorem 3.1 also holds and J{ has a unique fixed point.
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Figure 1: Kirhchoff’s voltage law.

4. Applications

As an application of Theorem 3.1, using a series-connected resistor R, Emf E, inductance L,
and voltage V, we may solve an electric circuit equation..
The relation shown in Fig. (1) are as follows:
1)V =iR.
(i) V=_L4%.
Here, i = %. According to Kirchhoff’s law, the total voltage around a closed loop in a circuit must
be equal to zero. So,

di
L—+iR=V(t
TRE (t)
or
d*u du
L—— +RL— = = '(0) = 4.1

Thus, the Green function related to the IVP (4.1) is

S(t.n) = (t=m)e”tm, 0<n<t<l
1) = 0, 0<t<n<l.

where 7= £. IVP (4.1) corresponds to u(t) = Jy 8(t,n)F(n,u(n))dn, n €[0,1]. Define m :

¢ x ¢ — R¥,m(u,v) = supyo @, u,vEeg.

Theorem 4.1. Assume that relational M-metric space (G,m,R) with a increasing non-linear map-
ping 3 : ¢ — ¢ fulfils the subsequent axioms:

(i) 8(t,1m) : [0,1] x [0,1] — [0,00) is a continuous map.

(ii) A mapping F : [0,1] x R — R fulfils |F(t,u(t)) + F(t,v(t))| < 122 (u+v), forany T € R* ,u>v.
After that, the IVP (4.1) that occurs in an electric circuit has a solution.

Proof. Denote H : ¢ — ¢, H(u(t)) = [y 8(t,n)F(n,u(n))dn, and R = {(u,v) € ¢ x g, u(t) >
v(t), te€]0,1]}. Itis obvious that the fixed point of I is a solution of (4.1).

(1) Consider v = CJ0, 1] and satisfies Hg Cv C g.

(2) (v,m) is R-complete, when (g,m) is SR-complete.

(3) If T =1, thus (u, Hu) € R.

(4) Next, {un} C g is R-preserving Cauchy sequence if u, — u as n — . Then, we get u,(t) >
upt1(t) te0,1] and n € Ny.
Since u, 1 = Hu, and {u,} is monotonically decreasing, u,(t) > u(t), t € [0,1]. Now we
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can select a subsequence in this manner i.e. (u,,,u) € R, te[0,1], n € No. Hence, |, is
m-closed.
(5) For u(t) >v(t),

m(Hu,Hv) = w
11t t
= 3| emamauman+ [ semsm.sman
11, t
< .77 sup |u+v| [ 8(t,n)dn
2 4 te[0,1] JO
1 2 2
- 1n sup |u+v| (/ (t—n)ef(‘”)dn—nef(t”).r.(n))
8 .1 0 2 2
= 112 sup |u+v|(1—te Tt —e ™) < lm(u,v),
8 elo,1] 4

where (1 —te ™ — e~ %) < 1. Therefore, Theorem 3.1 is satisfied and IVP has a solution.

O

5. Conclusion

In this research paper, we generalized fixed point results for BCP and Boyd and Wong con-
traction for M-metric space with the respect to relation theoretic principle. We also gave an applica-
tion to show the existence of the solution of IVP which supported our fixed point theorem.
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