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Abstract. In this paper, both the product-normed linear space P— N LS (product-Banach space)
and product-semi-normed linear space (product-semi-Banch space) are introduced. These normed
linear spaces are endowed with the first and second product inequalities, which have a lot of
applications in linear algebra and differential equations. In addition, we showed that P — NLS
admits functional properties such as completeness, continuity and the fixed point.
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1. Introduction

In recent times, the solution space of a mathematical problem has become necessary
condition for its existence. Without the solution space, the qualitative, as well as, quan-
titative property of the mathematical structure cannot be established. In [1], the author
introduced the n—metrics. About 30 decades afterwards, the author in [2] narrowed the
n—metric space to two-dimensional space and also, obtained some topological properties
associated with this space.

Definition 1 (Norm). Let V' be a linear space over the real number field R. A norm on
V is a real-valued function

|1+ V' = [0,00)
such that for any u,v € V and a € R the following conditions are met:
Ll = 0, and |lul| =0, iff u =10
2Jlaull = lafllull, YueVandaeR
Bllu+v < full+vll, Vu,oeV

See [3].
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In [4], the author generalized the normed linear space by replacing the third axiom of
the norm, triangle inequality, with tetrahedral inequality.

The authors in [5] and [6] independently extended the linear normed space to quasi-
normed linear space. They replaced the third axiom of the normed linear space with
quasi-norm

lu+oll < K (lull + ol), ¥ woeV,

where K > 1 is the quasi-number. In [7], the authors extended the quasi-normed linear
space to the complex version and also, included a parameter p € (0,00) in this space,
which is used to establish p— uniformly PL— convex. The author in [8], observed that
the quasi-normed linear space becomes the p—normed linear space if the quasi number

K=2""In [9], the author established that the quasi-normed linear space is endowed
with a unique fixed point. In [10], he narrowed the quasi-normed linear space to quasi-2-
normed linear space Q-2-NLS. Addition properties of the Q-2-NLS such as the convergence
of the two Cauchy sequences and a pseudo-quasi-2-norm of the Q-2-NLS were observed
by the authors in [11].

Undoubtedly, the normed linear space is called a p—normed linear if

lu+ol” < flull” + llvfl’, ¥V w,veV, and0<p<1,

is included to the three axioms of the linear normed space. For example, see the author in
[12]. There are, however, situations where it is more convenient to work with a subspace
than the entire functional space. For example, the imposing of absolute value of a variable
x as an inhomogeneous boundary condition of the Laplace equation does not yield a
solution in the Hilbert space, but in Sobolev spaces. Thus, the continuity of the partial
differential operator is not guaranteed in the Hilbert space. In order for a functional space
to admit such a solution, we impose some continuity conditions on the partial differential
operator which lead to analysis in Sobolev spaces. Again, much attention has been paid
to the extension of the triangle inequality, the third axiom of the normed linear space, to
obtain the different normed linear spaces with their functional properties.

In this paper, we include another axiom to the normed linear space as a fourth axiom,
first product inequality, from which we coined the name product-normed linear space
P — NLS, |.||pn. This functional space narrows the normed linear space which allows
the vectors to be defined on [0,2]. The P — NLS admits the first product inequality, see
[13], and useful properties which we shall establish them later in this paper. Also, the
product-semi-normed linear space ||.||pn is introduced in this paper.

2. Some Preliminary Results

In this section, we give the theorems and definitions regarding to the product-normed
linear space and product-semi-normed linear space.

Definition 2 (Inner Product Space). Let V' be a linear vector space defined over the real
number field R. A scalar-valued function p : V x V. — R that associates with each pair
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u,v of vectors in'V a scalar, denoted (u,v), is called an inner product on V if and only if
(i) (u,u) >0 whenever u # 0, and (u,u) = 0 if and only if u =0
(ii) (u,v) = (v,u), Vu, veVv

(iii) (auy + Pug,v) = alur,v) + B(uz,v), Va, f€R, and ui,uz,v € V. See [14]

Definition 3 (Subspace). Let V' be a vector space and 2 a nonempty subset of V.. If Q is
a vector space with respect to the operations in V, then  is called a subspace of V. See

[15].

Definition 4 (Continuity at a Point). Let U and V be two normed linear spaces. An
operator A : U — V is continuous at u, € U, if for every e > 0, there exists a § = d(€, u,)
such that

|Au — Au,l|| < €, whenever |u—u,l| < 4.
See [16].

Definition 5 (Convergent Sequence). A sequence {U,}5°; in a normed linear space

(Rna [ - ||) converges to a point uw € R"™, if and only if, for every real number ¢ > 0,
there exists an integer N such that

\Un —ul <€, n>N.
See [17].

Definition 6 (Closed set). A set uw = [0,2] in a normed linear space (R"7 I ||> is closed

if and only if every sequence of points {Uyp}52, C U convergent in R™ has a limit in U.
For example, see [18]

Definition 7 (Contractive Mapping). Let T' : U — U be a mapping from a complete
normed linear space U into itself. The Lipschitz continuity on T is said to be contraction

if
|T(u) =T )| < AMu—vl, Vu, veU, and A <1.

See [19].

3. Main Result

In this section, we introduce product-normed linear space and product-semi-normed
linear space. The product-normed linear space is presented as follows.
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Theorem 1 (Product-normed Linear Space). Let U be a linear space over [0,2] CR. A
vector space with a product-norm u — ||U|| satisfying real-valued function || - ||,

H ’ Hpn U — [0700)7
such that for arbitrary u,v € U, a € [0, 2], the following conditions are satisfied:

P1. ||ul| 0, and ||ul]| =0, if and only if uw=0
P2. ||aul| laf||lull, «€]0,2],andu e U
P3. lutvllpn < ullpn + [vllpn, Yu,v €U

Y

We call || - ||pn @ product norm if in addition to P1 — P3, the u and v satisfy

Pa(a). |lullpnllyllon
PAD)-[Jull + vl

< Nlullpn + lvllpn - Vu,v € [0,2] (first product inequality)
< ullffol],  Vu,v € [2,00) (second product inequality).

Proof: We start at P1. Suppose that u = 0, then

lull7, = (0,0)
= Jlullp, =

= lullpn =

On the other hand, we suppose that ||u||,, = 0. But,

lullpn = (u,u)
=0 = (uu).

The above equality holds if v = 0. Hence, ||u|| = 0 if and only if v = 0. Without loss of
generality, let the

[ullpn = ltlpn,
then |u|,, = 0, which implies that |ul/,, = 0. But
lullfn = (u,u).

Since the (u,u) cannot be negative. This implies that ||ul[,, > 0. Thus, P1 is satisfied.
In order to prove axiom P2, we take the expression on the left hand side yields

loul* = {ou, ou)
= Joull® = |of*(u, )

= lloul* = |af?|lul?
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9 2
= Jlou)® = (lafllull)

= llaul = |af|ull

Also, the axiom P3 is proved as follows.

lu4v]? = (u+v,u+0)
= lu+0)? = (u,u)+ (u,v) +M+ (v,v)
= lu+ol® = (u,u)+ (u,v) + (u,v) + (v,0)
= lu+ol® = (u,u)+2|(u,v)| + (v, )
= flutol® = Jlull®+2[(u, )] + [|v]*.

744

Applying the Cauchy-Schwarz inequality to the middle term on the right hand side, we

obtain

The axiom P4 has been discussed by the authors in [13].

follows.
(u+v)">0

= (u,u)2 +" Cp{u, v)(u,u) T 4" Colu,u) "z (v,v) +" Cylu,u) 2 (v, v){u,v)
+ "Cylu, u>ng4 (v, v)* +" C5<u,u)n776<v,v>2(u v) +" Cg(u,u) 2 (v,v)
+ "Cr{u,u) T (v, 0)3(u,v) + ... " Cu(u, u)t (v, v>4 +... 4+ (u,u)2 >0
= —"Cz(u,u To,0)T < {(u,u)2 +" Cy(u, v)(u,u) = * 4 Co(u, u) " (v,v)
+ "Cg<u,u>n774<v,v><u,v> +" C’4(u,u>n774( v, v)? +" Cs(u, u) 56(v,v>2<u,fu>
+ "Colu,u) T (0,0)° +° Crlu,u) T (v, 0)%(u, v) + .. -+ )%}
= —”C%(u,u)%(v,v)% < {(u,u)g +7 Oy (u, v) (u, u) 7 ? 4 Cs(u, u)anQ(v,v)
+ "Cs(u, u)nT%(v, v)(u,v) +" Cy(u, u)%(v, v)? +" Cs(u, u)%%(v, v)2(u,v)
+"Co(u,w) T (0,0)° 4" Cr(u,u) T (v,0)> (w,0) + ... 4™ Cn (u, 1) ¥ (v,0) + ..
S - Cn(u,u)z(v,v)znég (1) (v, 0)F < (u+ 0)"
= = (uyu) 2 (v,0) 2| = [|(u+0)"|
= Allulllvl}™ = lI(w+ )"
= lulllvll < flull + [loll, ¥ u,v€[0,2].

lu + vl lall + 2[[ull[[v]] + [lv]?

IN

9 2
= ol = (Jlul + ol
= llutoll < full+ ol

We present the proof as

+ (u,u)

|3
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The proof of P4(b), see [13].

745

We show that the product-normed space is valid for 1— norm, 2—norm, p— norms and
oo—norm. We give the proof for p—norm which can be used to generate the other norms.

Theorem 2. Suppose that f(x) and g(x) are measurable functions over the domain [0, 2],

then

1,1 __
wherep—i-q

Proof: We see that

(A 1Mlglh
(A 1Hlglh?

/ (£ lglPdr
= / (£ MlalPds

= ([ asinony)’a

= [ £llpllgllr

= [ £llpllgllp

= [l Fllollgllp

= [l Fllpllgllp
= [l £llpllgllp

£ Ipllglly < W fllp + llgllp

(1£1lgtD = AL gID?= (1 gl
Applying the first product inequality to the right hand side of the above equation yields

<

< (A1 g DP=H AL+ Nlgll)

= (A1 + DglPH AN+ AL+ Dg P~ gl

Taking the Lebesgue integral of both sides of the above equation with respect u, we obtain

{071+ g 10+ QA1+ e~ gl Y
J s+ shy=sdn-+ [ Q71+ gl gl

[ s g =nsidie+ [ Q151+ gl lgda]”

([ st +ghr-s1pean)

1

O ol )

[
(
{( [ 1san)” + ([ atean)” }{(
({11 + gl ) (11 + Nl |
(151 + sl * (11 + sl 7

£l + llgll-

1
P

}i

p—1

1
P

([ asi+ighean)y"™]

Choosing p = 1 and p = 2 in inequality (1), we obtain the following

and

[l llgll < 171+ llglh

£ lI2llgllz < W[ fll2 + llgll2;

B =
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respectively. But if, p — oo then the inequality (1) becomes

[flloollglloo < 1.flloc + [1glloo-

Theorem 3 (Completeness of the Product-normed linear space). The product-normed
linear space (U, || - ||pn) is complete.

Proof: Let {U,}22, be a sequence in (U, || - ||pn) and uw € U. For every € > 0, there
exists an integer n, > N such that ||U,, — u|| < ¢, for all n > n,, then {U, }5°; converges
w. Thus, lim,, e ||Up — u|lpn, = 0. Also, we see that for every e > 0, there exists integers
m,n > N such that limy, o0 [|[Upn — Upl| = 0. In this case, we see that every Cauchy
sequence converges to a point (U, || - ||pn), then (U, || - ||pn) is a complete product-normed
linear space. Alternatively, we the following result shows the product-normed linear space
is complete.

Theorem 4 (Completeness of the Product-normed linear space Using Closed Set). Let
U be a linear space over [0,2] C R. A subspace (U, || - Hpn) of a complete normed linear

space (R”, I| - ||pn) is complete if and only if U is a closed set.

Proof: Let {U,}22, be a sequence of points of U. We see that {U,}°°; has limit u
in U, since U is closed. Thus,

Tim Ul = 0.

Since u € U then (U, I| - Hpn) is complete.

Conversely, assume that (U, Il - Hpn) is complete. Let u be an accumulation point of

U. Then each open ball centred at w, Bl/n(u) contains a point u, € U. That is,
1
Uy — ullpn < —.
[T = llpn <
This implies that {Uy, }°° ; converges to u. However, (U -l pn) is complete on the grounds

that w is in U. Hence, U is closed.

Theorem 5 (Continuity). Let (U, | - ||pn1) and (U, || - ||pn2) be two product normed linear
spaces, and T : Uy — Uy be a linear operator. Then T is bounded if and only if T is
continuous.

Proof: Let A be a bounded linear operator. Then there exists a constant M such that
HA(U)HU2 < M”-rHUl, YV uel.

Let {Uy,}22, be a sequence in U; such that

lim ||Up — ully, = 0.
n—o0o
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Now,
JA(Un) — A(u)|l, = HA(U"_“)‘w
IA(U) — A(w)|ly, < MHU"_“‘UI
lim [|A(U,) = A(u)lly, < 0
lim A(U,) — lim A(u) = 0
= 0

nlLIEO A(Up) — A(u)
A(nli_{glo Un) — Au).

This implies that A is continuous on Uj.
Conversely, suppose that A is a continuous linear operator. Then A is continuous at
0. Thus, for every 6 > 0, ||u||y,, there exists an € > 0 such that

[Aull < e. (2)
Setting u, # 0, be an arbitrary element in U; and v = aw,, where o = W. We can
o 1
see that
[Aullz, = [|A(auo)lv,
[Aullz, = || Auollv,, Vuo € Ut (3)

Comparing (2) and (3), we obtain

alllAullz, < €
€
= ||A < —
” U’OHUQ — ‘a‘
€

= [[Auolly, < mlluollm-

Hence A is bounded. This completes the proof.

Theorem 6 (Unique Fixed Point). Let (U, Il - Hpn) be a product-normed linear space and
setting T : U — U be a contractive mapping. Then T has a unique fized point uw € U.
Proof: Letting u, € U, then
Un = T(U,)
=Un = Ty(u,), VneN.

Setting {U}5° a Cauchy sequence in (U, || - ”pn>' Since (U, Il - Hpn) is a complete, which
implies that v € U such that

lim U, = u.
n—oo
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Again, we see that T is a contractive mapping, then it is continuous. Thus,

lim T(U,) = Tu.

n—oo

We can see that

Tu = lim T(U,)
n—oo
=Tu = lim Un+1
n—oo
=Tu = wu.

Hence, u is a fixed point of the mapping 7T'.
In addition, we show that the fixed point is unique in (U, | - Hpn>' Setting ui,up € U
be the fixed points of T', then

1T (u1) = T(uz)llpn = [lur = uzllpn- (2)
Also, we see that:
1T (ur) = T(uz)llpn < Allur = uzllpn, YA <1 (3)
Substituting equation (2) into inequality (3) yields
(1=A) It = wallpn < 0
= [lur —ugfpn = 0.

The above equation holds if u; = uo. Hence, the fixed point x is unique in the product-
normed linear space.
Another normed linear space is introduced as:

Theorem 7 (Product Semi-Normed Linear Space). Let U be a linear space over [2,00] C
R. A product norm on U is a real-valued function || - ||,

-1l : U = [0,00),

such that for arbitrary u,v € U, « € [0,2], the following conditions are satisfied:

Lolu|l > 0, and ||u|| =0, if and only if u=10
2. Jau|| = |all|lull, «€]0,2],anduecU
B lutoll < Jull+vl, Vu,veU
4wl + vl < Jullljv]] Yu,v eV (product inequality).

4. Conclusion

In a nutshell, we have introduced the product-normed linear space and product-semi-
normed linear space (product-semi-Banch space) which are endowed with some functional
space. In addition, P — NLS is endowed with fixed point.
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