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Abstract: In this paper, we introduce contraction mappings, ¢—contraction mappings in n-normed spaces and we show that the
mappings have a unique fixed point in n-Banach spaces. Also, taking advantage of the authors [15] and [16] we give a new type of
contraction mappings in n-normed spaces. Thus, our results allow the work of the fixed point theory in n-normed spaces.
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1 Introduction and Preliminaries

In 1963 S.Gahler introduced the concept of 2-normed
space. Since 1963, S. Gihler, Y. J. Cho, R. W. Frees, C.
R. Diminnie, R. E. Ehret, K. Iséki, A. White and many
others have studied on both 2-normed spaces and 2-metric
spaces. Recently, H. Gunavan and M. Mashadi defined
n-normed space ( for more details [1-7] ).

The origins of the fixed point theory based on the use
of good approximations to construct the existence and
uniqueness of solutions, especially, for differential
equations. This method is associated with the names of
such celebrated mathematicians as Cauchy, Liouville,
Lipschitz, Peano, Fredholm and especially Picard. In fact
that the precursors of a fixed point theoretic approach are
explicit in the work of Picard. However, it is the Polish
mathematician Stefan Banach who is credited with
placing the underlying ideas into an abstract framework
suitable for broad applications well beyond the scope of
elementary differential and integral equations. In spite of
their being a long years old, the study in metric fixed
point theory was limited to minor extensions of Banach’s
contraction mapping principal and its manifold
applications. The theory gained new impetus largely as a
result of the pioneering work of Felix Browder in the
mid-nineteen sixties and the development of nonlinear
functional analysis as an active and vital branch of
mathematics. Pivotal in this development were the 1965
existence theorems of Browder, Gohde, and Kirk and the

early metric results of Edelstein. By the end of the
decade, a rich fixed point theory for nonexpansive
mappings was clearly emerging and it was equally clear
that such mappings play a main role in many aspects of
nonlinear functional analysis with links to variational
inequalities and the theory of monotone and accretive
operators ( for more information [8—14]).

Definition 1. /9] Let E be a nonempty setand T : E — E a
selfmap. We say that x € E is a fixed point of T if T (x) = x
and denote by Fr or Fix (T) the set of all fixed points of T.

Let E be any set and T : E — E a selfmap. For any
given x € E, we define T" (x) inductively by T (x) = x
and T"' (x) = T (T" (x)); we recall T"(x) the n'" iterative
of x under T.

For any xo € X, the sequence {x,},~, C X given by

Xy =Txp_1 =T"x0, n=1,2,... (1)

is called the sequence of successive approximations with
the initial value x. It is also known as the Picard iteration
starting at x.

Definition 2. [3] Let n € N and E be a real vector space

of dimension d > n. A real valued function ||, - ,-|| on E"
satisfying the following

m) ||x1, - ,x:|| =0 if and only if x1, ..., x, are linearly
dependent;

ny) ||x1,-+ , Xu|| is invariant under permutation;

l’l3) ||X1,' o 7xﬂ*17cxn|| = |C| H'xh T axnflvan for all
ceR,
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I’l4) H-xlu"'u-xn—17y+zl| S ||X17"'axn—17)’H+
||x17"' ,xnfl,Z‘,
is called a n —norm on E and the pair (E, ||-,--- ,-||) is

called n — normed space.

Definition 3. [3] A sequence {x,} in a n-normed space

(E,|Iy---|l) is said to be a Cauchy sequence if
liril 1% — Xm, X2,y Xul| =0 for all xp, ...,x, € E.
m,n—oeo

Definition 4. [3] A sequence {x,} in a n-normed space

(E, |5+ ,-||) is said to be convegent if there is a point x in
E such that r}g&l{)“x,, — X, %2, Xy|| = 0 for all x3,...,x, in

E. If {x,} converges to x we write x, — x as n — oo.

Definition 5. [3] A linear n-normed space is said to be
complete if every Cauchy sequence is convergent to an
element of E. A complete n-normed space E is called
n-Banach space.

Definition 6. [2] A subset L of E of the form
{x+ty:t €R}, where x and y are in E and y is a
non-zero element, will be called a line.

2 Contraction Mappings and Their Fixed
Point Theorems in n-Normed Space

In this section, we introduce the new definitions which are
(—contraction mappings, contraction mappings in
n-normed space. Then, we show that these mappings have
a unique fixed point in n-Banach spaces.

Definition 7.Let E be a linear n-normed space then the
mapping T : E — E is said to be a contraction if there
exist some k € [0, 1) such that
||TX* TyaxZa e ,Xn” < kHX*)@Xz, T 7an )

for all x,y,x,....x, € E.

Definition 8.Let E be a linear n-normed space then the
mapping T : E — E is called contractive if

||Tx_Ty7x27"' ,an < Hx_y’x27"' axn”a
forall x,y,x3,--- ,x, € E.

Example 1.Let (E,|-,---,-||) be a n-normed space and S
be a subset of the line L = {x+1ry: ¢t € R\ {0}}. Define T :
S— Lby T(x+ty)= m% such that y,x3,...,x, €
S are linearly independent. Then, if x+¢,y, x+#,y are in S
and z € E, we have

1T (x+01y) =T (x+12y) 22, s Xn 1 |

I3 15
Hl—i_”yvx%'”vxn”y 1-|—Hy,)C2,-'~,Xn||y7 ’ o
\ hoh | ||
= —_— x2 I #
T [, x| 7270

< |t =1 ly,x2, -, x|
= H(x+yt1) - (x+yt2),x2,-~~ 7xn|| .

Therefore, T is a contractive mapping in S.

Now, we extend the definition of contraction mapping
by using a function ¢ : R, — R defined as following.

Definition 9. [9] Let ¢ : R, — Ry be a function. In
connection with the function @ we consider the following
properties:

(ip) @ is monotone increasing, i.e., ; = > implies
¢ (1) 2 9 (12):

(iig) @ (t) <tforallt >0;

(iig) §(0) = 0:

(ivg) @ is continuous;

(ve) {@" (1)} converges to O for all £ > 0;

(vig) Yoo @" (t) converges for all 1 > 0;

(viig) t —@(t) =+ 0ast — oo;

(viiig) @ is subadditive.

We have some important relationships between

conditions of Definition 9 as followings;

Lemma 1.( /9])

1) (ig) and (iiy) imply (ifig);
2) (iip) and (ivq,.) imply (iiig);
3) (i) and (vy) imply (iigp).

Definition 10. /9] A function ¢ satisfying (iy) and (vy) is
said to be a comparison function.

Lemma 2.( [9])

1) Any comparison function satisfies (iiig);

2) Any comparison function satisfying (viiiy) satisfies
(ivg), too;

3) If ¢ is a comparison function, then, for any k € N*|
o is a comparison function, too;

4) If ¢ is a comparison function, then the function s :
Ry =Ry s(t) =YL @k (t) satisfies (ip) and (iiiy).

We can give some examples for function ¢ as follows;

L.o:Ry >Ry, @(r) =kt, k €[0,1), satisfies all the
conditions (ig) - (viiig).

220: Ry =Ry, (1) = 17,
(viig).

Now, we extend the definition of contraction mappings
by using a comparison function ¢ : Ry — R,.

satisfies (ig), (vp) and

Definition 11.Let (E,||-,---,-||) be a linear n-normed
space. A mapping T : E — E is said to be a
¢ — contraction if there exists a comparison function
¢ : Ry — Ry such that

||Tx—Ty,x2,~-- 7xn|| < (P(||'x_yvx2v"' axn”)’
forall x,y,xp,....x, € E.

Remark.In Definition 11 if we take @(¢) =kt , k € [0,1)
we obtain definition of contraction mappings to n-normed
spaces. It is clear that Definition 11 is an extended of
Definition 7.

Lemma 3.Let(E, ||-,--- ,-||) be a linear n-normed space
then every @—contraction T : E — E is sequentially
continuous.
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Proof.Let {x,} be a sequence in E and {x,} — x € E that
means ||x, —x,X2,...,xy|| = 0 asn — oo
||T-xn_T-x7-x27"' ,an S (P(||xn_x7x27"' 7xn||)

< ||xn_x7-x2>"' 7xl’lH

— 0asn— oo,

Thus, Tx,, — Tx.

Now, we are in a position to give the definition of
closed set and bounded set in n-normed spaces.

Definition 12.Let (E, |-, - ,||) be a linear n-normed
space, C be a subset of E then the closure of C is C =
{x € E; there is a sequence x, of C such that x, — x }.

We say, C is sequentially closed if C = C.

Definition 13.Let (E,|-,---,-||) be a linear n-normed
space, B be a nonempty subset of E and e € B then B is
said to be e — bounded if there exist some M > 0 such that
llesx2, <<+ ,xn|| < M for all xy,--+ ,x, € B. If for all e € B,
B is e — bounded then B is called a bounded set.

Theorem 1.Let (E,||.,-- ,.||) be a linear n-Banach space
and K be a nonempty closed and bounded subset of E. A
selfmap T : K — K be ¢@—contraction then T has a unique
fixed point in K.

Proof.Let ay € K and {a,},_ be sequence in K such that

a,=Ta,_1=T"ay, n=1.2,....

Because of T is ¢ contraction and from (1) for all ay,a; €
K we have

HT2 (ao)—T2 (ar),xz,- 7)C,,H
=|IT (Tap) —T (Tay) ,x2,- - ,X4]|
< @([|Tag —Tay,x2,- -+ ,xa|)
< @(@(llao—ai,x2,- ,xal)))

= @*(lao —ar,x2, -+, xal). 2

Similarly, we obtain that

||Tna0 - Tnal 3 X2y aan < (pn(”ao —da1,X2, 7xi1||)7
forall n € N.

Now, we show that {a,},._ is a Cauchy sequence in
K. Let myn >0, with m >n, take m=n+p

‘al‘l — A, X2, ,Xn”

= Han —Qntps X2, 7an

= “ [(an *anJrl) + (an+l 7“n+2) + +(an+p71 *an+p)} 3 X2yt 7an

< Han T n41,X2, 7 7leH + Han+1 —ap42,X2," " axn“
+...+ Ha,H_p_l —Qpyp, X2, - ,x,,H

= HTnaO - Tna17x2>" : 7an + ‘ TnJrlaO - Tn+1a17x27 o, Xn

+.ot+ ‘ TP lgy — T”+p71a17x2, ce X

< (Pn(”aofalerv'” 7leH)+(Pn+1 (”6107(,117)62,”' 7xl’l||)
ot @" P (lag —ar,x2,- - xal]) -

Note that K is bounded so there is a constant M > 0 such
that |lag —ay,x2, -, x,|| <M forall x,....x, €K. In (3)
we make use of the definition of comparison function @,

that is
Han —am, X2, ,xn“ <" (M) + (Pn+l (M) +e +(Pn+pil (M)

From definition of @, we obtain

lim ||a, — am,x2,- %]l
n—oo

:1im||a —a X x||
el | n+prA2; yAn

< lim ¢" (M) + lim " (M) + ...+ lim " P~ (M)

n—o0 Nn—oo
=0.
Hence, {ay}, _ is a Cauchy sequence in K. The {a,},_
converges to a in K that K is a closed and bounded subset
of E. Also, by continuity of T, we have

Ta=I1limTa, =lima,;1 =a ,asn — .

Therefore, T has a fixed point in K. Now, we prove that

the fixed point is unique. Let a' € K and assume that a' is

an other fixed point of T. From (1) we have Ta' = d'.
Using definition of @ function we have

||aia/7x27 e 7-xn|| = HTQ - Ta/7x27 e ,an
S (P(Ha_a/7-x27“'7an)' (4)
The inequalty (4) contradiction to property @ (t) <t. This

implies that

Ha —d,x,-- ,x,,H =0
Hence, we have a = a' in K so the fixed point is unique.
This is completes the proof.

Theorem 2.Let (E,||.,...,.||) be a linear n-normed space
and K be a nonempty closed and bounded subset of E.
Let T : K — K be a contraction then T has a unique fixed
point on X .

ProofIf we take @(t) =kt , k € [0,1) then, we obtain the
proof as a result of Theorem 1.

Theorem 3.Let S be a subset of the line
L={x+ty:t€R;} and ¢ : Ry — R, be a comparison
function. Define T : S — L by T(x+ty) = @(t)y then T is
contractive mapping in S.

Proof.Let x+1t1y, x+ty € S under condition t| > t,.For
all xp,...x, € E, from Definition 10, we have
¢ (1) > @ (t2) and we obtain the following

T (x+11y) = T(x+12y), X2, o X |
= o)y — @(@2)y,x2, ... x|
= lo(n) = o(r2)| [ly,x2, .. x|
< |t1 = 2| ||y, %25 e, X |
= ||ty —t2y, X2, .. 2|
= ||(x+1y) — (x+12y), X2, e, Xul| -

(3)Thus, we arrive at the desired result.
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In the next section, we will give a new type of
contraction mappings in n-normed spaces. We will make
the definition taking advantage of the authors [15]
and [16].

3 The Concept of n-Contraction Mappings in
n-Normed Space

In 2004, Chu et al. [15] defined the concept of n-Lipschitz
mapping and n-isometry which are suitable for
representing the notion of n-distance preserving mappings
in linear n-normed space and studied the Aleksandrov
problem in linear n-normed spaces ( for more
details, [15], [16]).

In this section we introduce the concept of
n-contraction mappings and give some new fixed point
theorems for n-contraction mappings in n-Banach spaces.

Definition 14.Let E be a linear n-normed space. We call T
an n-contraction mapping if there is a k € [0, 1) such that

|Tx1 — Tx0,Txz — Txo, ... Txy — Txo|| < k|[x1 — X0,%2 — X0,.., Xn — Xo]|

5
forall xo,x1,....,x, €E.

Theorem 4.Let (E,||.,- - ,.||) be a linear n-Banach space
and K be a nonempty closed and bounded subset of E. A
selfmap T : K — K be n—contraction then the sequences
{an} generated from arbitrary yy € K by

a, =T"b;, n=0,1,2,... 6)

bizao—l-é(al—ao), i=0,1,2,...,n,ceN @)

converges to some fixed point of T.

ProofFori=0,1,2,...n,y; € E,a, € E,forn=0,1,2,...
| 726y — T?bo, ..., T*by — Tbo |

< k||Tby —Thy,...,Tb, — Thy||

< K2 ||by — bo, ., by — by,

continuing this process, we easly arrive at

I T"by — T"by, ..., T"by — T"bg|| < K || by — bo, .., by — b

(3)
Now, we show {a,},_ is a Cauchy sequence in K. Let
m,n € N, with m > n, takem=n+p

lan — am,x2, . X0
< lan — ani1,%2,5 oy Xnll + |@ns1 — @i, %2, - %0 9)
ot Hanﬂ,,l —anﬂ,,xz,...,an.
Also, for all x,,...,x, € K we have

l@ns1 — anyx2, s Xa|| = HT”Hbi—T"bi,xz,...,an
S anTbi—b,',)Cz,...,xn

s

countining this process, we arrive at
1) \lane1 — an, %2,y xnl| < K| Thi —biyxpy..oxnl]  (10)
2) Han+2 7an+lax27"'7xn|| S kn HTbi*b[,)Q,...,Xn” (11)
3) Han+37an+25x27~~-7xn” < anTbifbivxL---axn” 12)

. (13)
Substituting (10)-(13) into (9) and simplifying, we have

p) HaYH-]? _an+p—17x27 "’7an S kn HTbl _bi7x23

llan — amyx2, .oy Xn || <K' .p||Th; —biyx2,y ..oy Xnl| -

Note that K is bounded, there is a constant M > 0 such
that ||Tb; — bj,xy, ..., xs|| < M forall l x3,...,x, € K. Thus,
leads to the following:

lan — am,x2, ..., x| <K' pM. (14)
When we take n — oo in (14), we obtain that
r}g{}o ”an —am, X2, -~-axn|| = nlgl;lo ||an — Qntp; X2, ---7an
< lim k" pM
n—o0
=0.

Hence, {ay},  is a Cauchy sequence in K. Obviously
that K is a closed and bounded subset of E. Therefore, we
consider that {a,}, _, converges to “a” in K such that
a = by, i <t < n Additionally, from continuity of T, we
see that
Ta=T(lima,) = limTa, = lima,; = a.
n—soo n—oo n—oo

This implies that b; is fixed point of T. Now, we prove that
the fixed point is unique. Let b;, = a' € K and assume that
by, is an other fixed point of T. Then Th,, = b, =d’, i <
Hh <n.

Note that if T n-contraction, for x,y,x2,....x, € K we
have

1 Tx =Ty, x2, e X |
< |Tx=Ty,Txy =Ty, ...;xs|| + | Tx = Ty,xp + Ty — Txp, ..., Xs||
< HT)C— Ty7 TXZ - Ty7 '“7XI1H

< HTX*T)GTXZ*Tyw-wan*T)’H
S k”xiy?xz*y?'”vxn*y”
< k”x_y?xZ?"'vx"”'

Therefore, if T is n-contraction then T is contraction in
n-normed space.Thus, we can use this fact to show
uniqueness of fixed point of T.

s)

! !/
Ha—a X2, Xy || = HTa—Ta X2, Xy

/
S kHa_a s X2, 5 Xp

This is contradiction to k € [0, 1). Therefore, the fixed point
is unique for n-contraction mapping T.
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Now we extend the definition of n-contraction
mapping by using a comparison function ¢ : R, — R,.

Definition 15.Let (E,||-,---,-||) be a linear n-normed
space. A mapping T : E — E is said to be a
¢ — n— contraction if there exists a comparison function
¢ : Ry — Ry such that

170 = Toxo, Toxa = Txg, -+, Ty — Txol| < @ (|1 —x0,x2 — %0, .2 —x0]])
for all xy,x0,x3,....,%x, € E.

Remark.In Definition 15, if we take @(¢t) =kt , k € [0,1)
we obtain definition of n- contraction mappings to
n-normed spaces. It is clear that Definition 15 is an
extended of Definition 14.

Theorem 5.Let (E,||.,--- ,.||) be a linear n-Banach space
and K be a nonempty closed and bounded subset of E. A
selfmap T : K — K be @ — n—contraction then the
sequences {a, } generated from arbitrary by € K by

a, =T"b;, n=0,1,2,...
b; = ao—i—i(al —ap), i=0,1,2,....,n; ceN
c
converges to some fixed point of T.
Proof.Fori=0,1,2,...n,y,€E,a,€E, forn=0,1,2,...
| T%by — T?by, ..., T*by — T?bo ||
< @(|Tby — Tho, .. Thy — Thy )
< @*(||b1 — bo, .., by — bo]|),

continuing this process, we easly arrive at

| T"by — T"by, ..., T"by — T"bol| < @™ (||b1 — bo, ..., by — by ]| .)

(16)
Now, we show {a,},  is a Cauchy sequence in K. Let
m,n € N, with m > n, take m=n+p

llan — amyx2, .oy X |
S ||an_an+13x2a"'7xn||+||an+l _an+2ax2a“'axn||
...+||an+,,,1fa,,ﬂ,,xz,...,an. 17
Also, for all x,,...,x, € K we have

||an+1 _anax27"'7-an = HTn+lbl'_Tnbi7-x27'-')-an
< @"(IThi=bisx2,.xll),  (18)

continuing this process, we arrive at

1) [|ans1 — any X2,y Xull < @" (|Th; — bi,x2,...oxn|) (19)
2) ||an+2_an+lax27~--7xn“ S (Pn(HTbi_bthw“van)
3) ||an+3 _an+2>x27~~~7an < (Pn(HTbi_bi7x27“'7an)

p) Han+p — Ant+p—1,X2, --~7an < " (IThi —bi,x2,...,.x][) - (20)
Substituting (19)-(20) into (17) and simplifying, we have

llan — am,x2, s xn|l < @™ (|| Th; — biyx2, ... x||) p-
Note that K is bounded, there is a constant M > 0 such

that |Tb; — bi,x2, ..., % || < M forall l x3,...,x, € K. Thus,
it leads to the following:

lan — am,x2, ..., x| < @™ (M) p. 21

When we take n — « in (21), we obtain that

r}gll}oﬂanfam,xz,...,xn\\ = r}i_r}rt)lo’|anfan+,,,x2,...,xn||
<1 n
< lim ¢" (M) p
=0. 22)

Hence, {ay},  is a Cauchy sequence in K. Obviously
that K is a closed and bounded subset of E. Therefore, we
consider that {a,}, o converges to “a” in K such that
a=by, i <t < n. Additionally, from continuity of T, we
see that

Ta=T(lima,) = limTa, = lima,; = a.
n—oo n—oo n—oo

This implies that b, is fixed point of T. Now, we prove that
the fixed point is unique. Let b, = a’ € K and assume that
by, is an other fixed point of T. Then Thy, =b;, = d’, i <
1 <n.

Note that when T ¢ —n-contraction, for x,y,X2,...,X, €
K we have

||TX— Ty7x27 “'7an
S ||TX* Ty7 sz - Ty7 "'aan + ”Txi Ty7x2 + TY* TXZ, "'7an
< ||TX*Ty7TX27Ty7...,XnH

< ||T.X—Ty, Tx2 _T)’waxn _Ty”

< (P(Hx_y"xz_yw'wxn _yH)
< ||x_y7x27'“7an . (23)

Therefore, if T is ¢ —n-contraction then T is contraction
in n-normed space.Thus, we can use this fact to show
uniqueness of fixed point of T.

! !
Hafa 3 X2y s Xl = HTG*TG y X2y 5 Xn

< (p(Ha—a,,xz,---,xn ) 24)

This is contradiction to property @ (t) <t. Therefore, the
fixed point is unique. This completes the proof.
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