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1. Introduction

The notion of probabilistic metric spaces was introduced by Menger [7].
Menger proposed transferring the probabilistic notions of quantum me-
chanic from physics to the underlying geometry. Probabilistic normed
spaces are real linear spaces in which the norm of each vector is an appropri-
ate probability distribution function rather than a number. The theory of
probabilistic normed spaces was introduced by Serstnev in 1963 [9]. In [1]
Alsina, Schweizer and Sklar gave a new definition of probabilistic normed
spaces which includes Serstnev’s as a special case and leads naturally to
the identification of the principle class of probabilistic normed spaces, the
Menger spaces.

The idea of Menger was to use distribution function instead of nonneg-
ative real numbers as values of the metric. It corresponds to the situation
when we do not know exactly the distance between two points, we know
only probabilities of possible values of this distance. The probabilistic gen-
eralization of metric spaces appears to be well adapted for the investigation
of quantum particle physics particulary in connections with both string and
£ theory which were given and studied by El-Naschie [5,6].

Mursaleen and Mohiuddine [8], introduced Fréchet differentiation of
nonlinear operators between intuitionistic fuzzy normed spaces. The in-
vestigation of nonlinear phenomenons in nature leads to many challenging
problems such as; surface waves of fluids, behavior of plastic materials,
spreading of bacteria in epidemics, scattering processes of elementary par-
ticles and interactions of quantum fields in quantum field theory. In [9]
Mursaleen and Mohiuddine studied the ideal convergence of double se-
quences in probabilistic normed spaces. In 2011, Mursaleen and Lohani
introduced and studied statistical limit superior and limit inferior in prob-
abilistic normed spaces [8].

In this paper, we develop classical techniques of nonlinear functional
analysis of operators along with Fréchet derivative in Menger probabilistic
normed spaces.

2. Preliminaries

For reader’s convenience, in this section we briefly recall some concepts and
results from probabilistic metric spaces theory used in the paper.

Definition 2.1. A function F' : R — [0,1] is called a distribution func-
tion if it is nondecreasing and left-continuous, with sup;cgrF(t) = 1 and
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infierF(t) =0.
The class of all distribution functions F' with F(0) = 0 is denoted by
D, . gg is the element of D defined by

)L, t>0;
0730, t<o.

Definition 2.2. A binary operation * : [0,1] x [0,1] — [0, 1] is said to be
a t-norm, if it satisfies the following conditions:

(1) * is commutative and associative,

(2) * is continuous,

(3) ax1=ua forall a € [0,1],

(4) axb < ¢ d whenever a < ¢ and b < d for each a,b,c,d € [0,1].

Definition 2.3 (4). . Let X be a real vector space, F' a mapping from X
to Dy (for any x € X, F(x) is denoted by F,) and * a t-norm. The triple
(X, F,x) is called a Menger probabilistic normed space (briefly Menger PN-
space) if the following conditions are satisfied:

1) F(0) =0, for all x € X;

2) F,=¢ iffz=0;

3) Fou(t) = Fx(wt‘) foralla € R, a # 0 and x € X;

4) Fppy(ts +t2) > Fp(t1) x Fy(t2), for all x,y € X and t1,t3 > 0.

Definition 2.4. Let (X, F,*) be a Menger PN-space and let {xz,} be a
sequence in X. Then {z,} is said to be convergent if there exists x € X
such that

limp—ooFy,—2(t) =1

for all t > 0. In this case z is called the limit of {zy,}.

Definition 2.5. The sequence {x,} in Menger PN-space (X, F, x) is called
Cauchy if for each ¢ > 0 and t > 0, there exists some ny such that
Fy o, (t) >1—¢ for all m,n > ng.

Clearly, every convergent sequence in Menger PN-space is Cauchy. If
each Cauchy sequence is convergent sequence in a Menger PN-space (X, F), x),
then (X, F| %) is called Menger probabilistic Banach space (briefly, Menger
PB-space).
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3. Strongly and weakly Menger probabilistic limits

In this section, we define strongly and weakly Menger probabilistic limits
and then we consider their continuity.

Definition 3.1. Let (X, F, %) be a Menger PN-space and U C X. U is said
to be MP-open if for each x € U there exist some t > 0 and some « € (0, 1)
such that B(z,o,t) C U where B(x,a,t) = {y : Fpey(t) > 1 — a}.

Theorem 3.2. Let (X, F,x) be a Menger PN-space with the condition
(3.1) F,(t) >0 for all t > 0, implies that x = 0.

Let ||z||o = inf{t > 0: F,(t) > «a}, for each a € (0,1). Then {||.||s :
a € (0,1)} is an ascending family of norms on X. These norms are called
a-norms on X corresponding to Menger probabilistic norm.

Proof. We only show that:

zlla + [|ylla = inf{s: Fo(s) > a} +inf{t: F,(t) > a} =inf{s+1t:
Fp(s) > a, Fy(t) > af =inf{s+t: Fp(s) x Fy(t) > axa} >inf{s+t:
Fray(s+) > a} = 12+ yla.

Now, let 0 < a1 < ag < 1. ||z]]ay = inf{t : Fx(t) > ar} and ||z||ay =
inf{t: Fy(t) > as}. Since ag < ag, {t : Fy(t) > as} C{t: Fy(t) > a1}.
So ||z||lag = ||||ay. Thus, we see that {||z||o : @ € (0,1)} is an ascending
family of norms on X. O

Definition 3.3. Let {z,} be a sequence in a Menger PN-space (X, F, ).
Then

1) It is said to be weakly Menger P-convergent, briefly, WMP-convergent,
tox € X and is denoted by x,, — (wmp)z iff, for every a € (0,1) and € > 0,
there exists some ng = ng(w, €) such that n > ng implies gy, —.(¢) > 1— .

2) It is said to be strongly Menger P-convergent, briefly, SMP-convergent,
to x € X and denoted by x,, — (smp)z iff, for every o € (0, 1), there exists
some ng = no(«) such that n > ng implies Fy, _5(t) > 1 — «, for all t > 0.

Hence we can derive the definition of the SMP(WMP)-Cauchy sequence
and SMP(WMP)-complete Menger PN-space from the above definition as
is in the classical cases.
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Proposition 3.4. Let {z,} be a sequence in a Menger PN-space (X, F, %)
satisfying the condition (3.1). Then

1) x,, — (wmp)zx if and only if, for each av € (0,1), limy—o0||Tn — x||a =
0.

2) x, — (smp)x if and only if, for each a € (0,1), limy,—o0||Zn—2||a = 0
uniformly in « € (0,1).

Proof. 1) Suppose that =, — (wmp)z. Choose o € (0,1) and ¢ > 0.
There exists k € N such that F,,_,(t) > 1—a, for all n > k. It follows that
||z — x||1—a — 0. Conversely, let ||z, — x||o — 0, for every o € (0,1). Fix
a € (0,1) and ¢ > 0. There exists k € N such that inf{r >0: F, _,(r) >
1 —a} <t for all n > k. It implies that Fy, _,(t) > 1 — a, for all n > k,
ie., x, — (wmp)x.

2) Similarly, with the same method we can prove (2). O

Theorem 3.5. If a sequence {z,} is SMP-convergent, then it is WMP-
convergent to the same limit, but not conversely.

Proof. It is obvious that SMP-convergence implies WMP-convergence.
But the converse of this assertion may not be true as the next example
shows. O

Example 3.6. Let X be a normed space and define

t—|le] .
Fx(t):{ el £ > el

0, t<|lz|]-

on X, and suppose that a x b = ab. It is easy to denote that F' is Menger
probabilistic norm on X. We can find the a-norm of F' since it satisfies
the condition (3.1). Thus, F,(t) > a < ;Hg” > a & | <t
This shows that ||z|l = inf{t > 0 : F,(t) > a} < 12||z||. Moreover,
Fp(£2||z]|) = a, whence 2|[z|| € {t > 0 : F,(t) > a}. This means
||z]|a = $£2||z||. Let y € Sx = {z € X :||z|| = 1} be fixed and define the
sequence {x,} = {y/n}. We now show that the sequence {x,} = {y/n} is

WMP-convergent to 0. This is easy, since for each o € (0, 1),

||2n —0fla = (ﬁ—g)% — 0, asn — oo.

However, this convergence is not uniform in «. Indeed, for given € > 0,

l|z||a = (if—g)% <e& (llfo‘j‘)s < n, whence, we can not find desired n.

Since (11jof‘)€ — o0 as a — 1.
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Definition 3.7. Let (X, F,*) and (Y, G, *) be two Menger PN-spaces and
f: X — Y be a mapping.

1) f is called weakly Menger probabilistic continuous at xg € X if for
given € > 0 and a € (0,1), there exists some § = 0(g, ) > 0 such that, for
allz € X

Fy—20(6) > a implies G () f(z0)(€) > cv.

z0)
2) f is called strongly Menger probabilistic continuous at xy € X if for
given £ > 0, there exists some § = d(¢) > 0 such that, for all z € X
G (@)1 (w0)(€) 2 Fuszo(s):

3) Let f be linear. Then f is called weakly Menger probabilistic bounded
on X if for every a € (0,1), there exists some m, > 0 such that, for all
reX

Fx(mLa) > a implies G ¢(5)(t) > o, Vt > 0.

The set of all these operators is denoted by F'(X,Y) and it is a vector
space.

4) Let f be linear. Then f is called strongly Menger probabilistic
bounded on X if for every a € (0,1), there exists some M > 0 such that,
for allz € X

Gpa)(t) > Fo(4), vt > 0.

The set of all these operators is denoted by F(X,Y') and it is a vector
space.

Theorem 3.8. Let (X, F,*) and (Y,G,*) be two Menger PN-spaces and
f X — Y be a linear mapping. Then, f is strongly (weakly) Menger
probabilistic continuous if and only if it is strongly (weakly) Menger prob-
abilistic bounded.

Proof. First we suppose that f is strongly Menger probabilistic bounded.
Thus there exists M > 0 such that

Gf(m)(t) ZFQ;(ﬁ) Vx e X,Vt >0,
SO

Gr@)-r0)(t) > Froolg7),s
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hence
G ()i (0)(t) > Fy_o(0) where § = &.

This implies that f is strongly Menger probabilistic continuous at 0 and
hence it is strongly Menger probabilistic continuous on X. Using strong
continuity of f at x = 0, for € = 1, there exists § > 0 such that

Gf(x)_f(g)(l) > Fyp_0(9) Ve e X.
Suppose that  # 0 and ¢ > 0. Putting v = x/t then

G (t) = Gipy(t) = Gry(1) = Fu(8) = Fy4(8) = Fp(t/M) where
M= 1/6.

So Gya)(t) > Fp(t/M). If z # 0 and t < 0 then Gy (t) = 0 =
F,(t/M). If t =0 and ¢t € R then f(0) =0 and

Go(t) = Fg(t/M) =1ift> 0,
Go(t) = Fy(t/M) =0if t < 0.

From the above discussion it follows that, f is strongly Menger proba-
bilistic bounded. O

Theorem 3.9. Let (X, F,*) be a Menger PN-space satisfying (3.1) and
the condition

(3.2) For x # 0, Fy(.) is continuous on R and strictly increasing on
{t:0< Fy(t) <1}

Also suppose that {||.|| : « € (0,1)} be the family of corresponding
a-norms of F' on X defined by ||z||q = inf{t: Fx(t) > a},a € (0,1). Then
for any increasing (or decreasing) sequence {cy,} in (0,1), oy, — « implies
|2llan = [lzfla Vo e X.

Proof. For z =0, it is clear that o, — o = ||2||a,, — ||Z||a- Suppose
x # 0. From Lemma (1.2) [2], for z # 0, « € (0,1) and ¢ > 0 we have
llz||lo =t iff Fi(') = a. Let {a,} be an increasing sequence in (0, 1) such
that a,, — a € (0,1). Let || X||a,, = tn and ||z||o =t. Then

(3.3) F.(tn) = ay, and Fi(t) = a.
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We know the sequence {t,} is an increasing sequence of real numbers and
it is bounded above by ¢t. Hence {t,} is convergent. Thus

(3.4) Fo(limp—ootn) = .

From (3.3) and (3.4) we have Fy(lim,—oo(tn)) = Fx(t) so by (3.2) we
have limy_ooty, = t. Therefore, limy—oo||Z||a,, = ||Z||a- Similarly, if {a,}
is a decreasing sequence, we can prove the theorem. O

Theorem 3.10. Let (X, F, x) and (Y, G, %) be two Menger PN-spaces sat-
isfying (3.1) and (3.2) and suppose that f : X — Y be a linear mapping.
Then

1) f is weakly Menger probabilistic bounded if and only if it is bounded
with respect to a-norms of F' and G, for each o € (0, 1).

2) f is strongly Menger probabilistic bounded if and only if it is uni-
formly bounded with respect to a-norms of F' and G.

Proof. 1) First we suppose that f is weakly Menger probabilistic
bounded. Thus for every a € (0,1) there exists m, > 0 such that for
all x € X and t € R we have Fx(mLa) > o and then Gy, (t) > a. Hence

sup{s € (0,1) : ||maa:|]%3 <t} >a= sup{f € (0,1): Hf(m)H% <t} > a.
Now we show that,

sup{B € (0,1) : [[mazllly < t} > a & [|maz|ls < t.
If x = 0 then the relation is obvious. Suppose = # 0.
(3.5) Now if sup{s € (0,1) : ||mazn||[13 <t} > a then ||maz||} <t

If sup{p € (0,1) : HmaxHé < t} = a, then there exists an increasing
sequence {ay,} such that an, — « and ||mqz||s, < ¢. Then by Theorem
(3.9) we have
(3.6) ezt <t.

Thus from (3.5) and (3.6) we get, sup{f € (0,1) : ||mqz||pg <t} > a =
[[mez||l < t. Next we suppose that

(3.7) [Imazlls <t
If [|max|]l <t then F,_.(t) > a. So

(3.8) sup{B € (0,1) : HMaxHé <t} >a.



Fréchet differentiation between Menger probabilistic ... 423

If ||max||l = t, then there exists a decreasing sequence {s,} in R such
that s, — t and F,_2(sn) > @ = Fp z(limp—00sy) > a so by (3.2) we get
Fp,2(t) > a. Hence

(3.9) sup{f € (0,1) : ||ma1:||[13 <t} >a.
From (3.8) and (3.9) it follows that,

(3.10) Imat|la <t = sup{B € (0,1): |lmaz||s <t} > o
Hence from (3.7) and (3.10) we have

(3.11) sup{B € (0,1) : ||mqzl|s <t} > & & [[mazlls <t.
In a similar way we can show that,

(3.12) sup{f € (0,1) : [[f(2)lIF <t} > a & [|f()|[2 <t

Therefore from (3.11) and (3.12) we have Fi, .(t) > a = Gfu)(t) > a
then ||maz||} <t = ||f(x)||2 <t. This implies that ||f(z)||2 < mal||z||L

Conversely suppose that for every a € (0,1), there exists m, > 0 such
that ||f(z)||2 < mal|z||}. Then for z # 0, inf{s : Fp .(s) > a} <t =
inf{s: G (s) > al <t

In a similar way as above we can show that inf{s : F,_.(s) > a} <
t & Fmaa(t) > aand inf{s: Gy (s) > a} <t & Gyy)(t) > a. Thus we
have Fm(mia) >a=Gppt) >a Ifx#0,t<0and 2 =0,t >0 then
the above relation is obvious. Hence the Theorem follows.

2) Let ||.||} and ||.||2 be the a-norms of F and G respectively. First
we suppose that f is strongly Menger probabilistic bounded. Thus, there
exists M > 0 such that for all z € X and s € R we have G¢(,(s) > Fi(57)-
So

Gf(x)(s) > FMI<S)
Now ||[Mz||}, <t = inf{s: Fya(s) > a} <t
= Jdsg <t such that Frrz(so) > «

= dsp <t such that G2 (50) > a

= [If@)I12 < s0 <t.
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Hence ||f(z)||2 < ||M=z]||}, = M||x||}. This implies that T is uniformly
bounded with respect to a-norms.

Conversely suppose that, there exists M > 0 such that ||f(z)|]2 <
M]||z||} holds for all & € (0,1) and z € X. Now r < Fyr.(s)

= r < sup{a € (0,1) : ||[Mz||} < s}
= Jag € (0,1)  such that r < ap and |Mz||L, <s

Gf(x)(s) > FMI(S) == Fx(ﬁ)

So f is strongly Menger probabilistic bounded and hence the theorem
follows. O

Definition 3.11. Let (X, F,*) and (Y, G, x) be two Menger PN-spaces sat-
isfying (3.1) and (3.2) and f : X — Y be a linear mapping. Then,

1) L is said to be strong Menger probabilistic limit of f at some z¢ € X
iff given € > 0, there exists some § = 0(g) > 0 such that

Gf(z)—L(E) > Fyz0(6).

In this case, we use the symbol sf — limg_.4, f(z) = L.

2) L is said to be weak Menger probabilistic limit of f at some xy € X
iff for given € > 0 and « € (0,1), there exists some § = §(e,a) > 0 such
that

Fr2,(0) > « implies Gfz)-1(€) > .
In this case, we use the symbol wf — limg_., f(x) = L.

Proposition 3.12. sf — lim implies wf — lim but not conversely, in gen-
eral. Further, sf — lim = wf — lim whenever sf — lim exists.

Proof. The implication easily can be seen from the definition. Now let
sf—limg_g, f(z) = L and wf — limg_,4, f(x) = L1. Then

Gr,-1(2t) = G, j(@)+f(2)-1(20) = min{Gyz)—1,(t), G- (1)}

for every ¢t > 0. Hence we get Gr,_r(2t) = 1, by passing the sf and
wf-limits as Fy_,,(t) — 1. So L1 = L from the definition of Menger
probabilistic norm. O

Now let us show the implication may be strict.
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Example 3.13. Let X =Y =R,

and

Also we define axb = ab. Consider the function f(x) = x from (R, F, *
onto (R,G,*). Then wf —limz_of(z) =0. Indeed let ¢ > 0 and a € (0,1
be given. G)_r(¢) = Gx(e) > a implies ¢ > |x|. So if we take § = {5 >
0 then

Q

o l1—a o
Fm—ﬂ?o (5) = Fx((s) = ﬁ'aa+(l—a)|x| > oaa—l—(la—a)a =a

However, sf — limz—of(x) does not exist. Because, for |z| = ¢, there is no
0 > 0 satisfying the condition

é )
By above definitions we can redefine the strongly and weakly Menger
probabilistic continuity of mappings between Menger probabilistic normed
spaces.

Definition 3.14. Let (X, F,*) and (Y, G, x) be two Menger PN-spaces and
f: X — Y be a mapping.

1) f is said to be strongly Menger probabilistic continuous at some
xo € X iff sf — limg—z, f(z) = f(x0).

2) f is said to be weakly Menger probabilistic continuous at some xg €
X iffwf —limg_z, f(x) = f(20).

Proposition 3.15. Let (X, F,*) and (Y, G, x) be two Menger PN-spaces
satisfying (3.1) and f : X — Y be a mapping. Then

1 wf—limg .z, f(x) = L if and only if, for each o € (0, 1), lim|5 |12 —ol[ f(2)—
LIz =0,

2) sf = limg o f(x) = L if and only if lim,j,_ 1 ol f(x) — L||Z, =0
uniformly in «.

Where ||.||% and ||.||2 are a-norms of the Menger probabilistic norms F
and G, respectively.
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Proof. Since first one is easier than the second, let us prove only the
second part. Suppose sf — limy_z, f(z) = L, that is, given € > 0, there
exists some 6 = d(¢) > 0 such that for every z € X,

Gf(m)fL(s) > Fx—xo(é)
Now, for each « € (0,1), if
|z — 2ol|} = inf{t >0: Fp_py(8) > a} <6

then Fy_.(6) > «. Hence Gyfy_r(¢) > a by the hypothesis, so that
||f(z) — L||2 < e. Since 6 does not depend on « this shows that

Limyp—zo|n—ol| f(z) — LI|2 =0 uni formly in a.

Conversely, let lim,_o ol f(z) — L||3 = 0 uniformly in a € (0,1).
For given € > 0, there exists some = §(g) > 0 such that for every x € X,

e — o[}, < & impies [|f(z) — |12 < e.
Consider some A < Fy_z,(d). Since
FJ/’_IO((s) = Sup{a S (07 1) : Hx - xOHé S 5}7

there exists some o € (0,1) such that A < ag and ||z — zo||} < J. Hence
||f(z) — L||2 < e by the hypothesis. So, we can get G f(;)—r,(€) > Fy_a(0).
O

4. Differentiation of nonlinear operators in Menger proba-
bilistic normed spaces

In this section we define the Menger probabilistic Fréchet differentiation and
then we investigate this definition in Menger probabilistic normed spaces.

Definition 4.1. Let (X, F, x) and (Y, G, %) be two Menger PN-spaces, U C
X be a Menger probabilistic open subset and f : U — Y ba a mapping,
probably nonlinear. Then f is called strong(weak) Menger probabilistic
Fréchet differentiation at xog € U if there exists a strongly(weakly) Menger
probabilistic bounded linear operator T' from (X, F, x) to (Y, G, %) such that

lith,(t)—qGf(xg+iz>;f((x)g>—Th (t) = 1(sf(wf)), Vt>0.
—Fp(t



Fréchet differentiation between Menger probabilistic ... 427

The operator T is called strong(weak) Menger probabilistic, or briefly,
sf(wf)-Fréchet, derivative of f at xo and is denoted by dgf(,f)fzo]. [ is
called sf(wf)-Fréchet differentiable on U if it is sf(wf)-Fréchet differentiable
at every point of U. In this case, © — dg¢(,f)f[7] is a function from U to
F(X,Y) (F'(X,Y)) which we denote it by dgg(ws)f-

Theorem 4.2. A strongly(weakly) Menger probabilistic bounded linear
operator A is sf(wf)-Fréchet differentiable at every point xo and d(, r)Alxo]
A.

Proof.  This is obvious since G a@qin)—a@g-4n(t) = Go(t) =1, Vvt > 0.
1-Fy, (1)
O

Proposition 4.3. If f is sf(wf)-Fréchet differentiable at xo € U, then it is
strongly (weakly) Menger probabilistic continuous at x.

Proof. This can be easily proved as in the classical case by considering
following inequalities and by definitions. For every ¢ > 0

G f(a)=f(a0) (1) = G f@)— f(wo)—Th+Th(8) = 1{ G p(2)— f(o)~n (1 =
Fh(t))), GTh(ch(t))} = min{Gf(x)—f(xQ)—Th (t), G _mn (t)}

T—Fy, () Fp(t)

where T' = dg(,f) f[70] and remember that it is strongly(weakly) Menger
probabilistic continuous. O

Theorem 4.4. Let (X, F,*) and (Y, G, *) be two Menger PN-spaces, U C
X be a Menger probabilistic open subset and f : U — Y ba a mapping. If
is sf-Fréchet differentiable at some xg € U then it is wf-Fréchet differentiable
at g with the same derivative but not conversely.

Proof. The proof is directly comes from the Proposition (3.12). For the
counterexample let us consider the following example. O

Example 4.5. Let X =Y = ¢y, the Banach space of all sequences con-
verging to 0 with the supnorm ||z||cc = Supp|zy|, where z = {x,}5° ;.
Define the functions

t2+2t|2\z|| ; t>0;
FE@®=10""" 1<0
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and
) 1L, t>0 and 2 > 12| 0o;
Ga(t) = { 0, t<0 or <2/l

Also suppose that a x b = ab. It is not hard to show that F and G
are Menger probabilistic norms on c¢g. Consider the shift operator S(z) =
S{x1,x2,...}) ={0,21,x9,...} on ¢y. Let us show that linear operator S is
weakly bounded hence is weakly continuous from (co, F, %) into (cg, G, *).
Let a € (0,1) be given. For every x € cp,

t2
t2+2mq ||| oo

2 2amal|z]loc _ 2ama|[S(z)|[co
>astt > 1—a - 1-a ’

Fr.(t)>a=
Hence if we take mg, > 12_—;‘,
Fre(t) > a = 12> |[S(2)|lc & Gyr)(t) =1 > a.

This proves S is weakly bounded. However, for x € cg such that t? <
[2]|oo, Gs(z)(t) = 0, hence we can not find any M > 0 such that

Vo € co and Vt € R, Gy (t) > Fr(t/M).

This implies that S can not be strongly continuous. Since S is linear we
get from Theorem (4.2) that S = d,,sS[z] for every x € cy, while ds¢S|x]
does not exist.

Theorem 4.6. Let (X, F,x) and (Y, G, *) be two Menger PN-spaces sat-
istying (3.1), U C X be a Menger probabilistic open subset and f : U — Y
ba a mapping. Then,

1) f is sf-Fréchet differentiable at some xo € U with T = dgy f[xo] if
and only if, for each o € (0, 1),

: |1f (wo+h)—F(20)~ThIS _
Limy s —o0 == 7 =0

2) f is wf-Fréchet differentiable at some xg € U with T' = d,y f|xo] if
and only if

_ _ G
limHhH}l_)O”f(zOJ“h)Hhﬁ‘(lfo) Thily — g uniformly in «,

where ||.||I and ||.||S are a-norms of the Menger PN-spaces, respectively.
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Proof. The proof of the Theorem directly comes from Proposition
(3.15). O

Theorem 4.7. Let (X, F,*), (Y,G,*) and (Z, H,*) Menger PN-spaces,
UCX andV CY be a Menger probabilistic open subsets.

1) Let f,g : U — Y be a mapping and dg( ) f%o], dsfwr)glTo] ex-
ist. Then dgp, 1) (f + g)[wo] exists and dg () (f + 9)[z0] = dsfup) flzo] +

dsf(wf)glTo)-
2) Suppose that f : U — Y and g:V — Z are such that go f : U — Z

is defined, dgy(y ) flzo] and dgpwpg[f(zo)] exist. Then dgpe,p)(g o f)[xo]
exists and

dsfwp) (g0 flzo] = dspwpglf (x0)] © dgpwp) flo]-

Proof. Since proof of the first part is elementary, let us prove the second.
Suppose Fp(t) # 1. Let us say A(xzo,h) = g(f(zo + h)) — g(f(z0)), A =

dspwp)glf (zo)] and B = dgp(w gy flxo]. So, g(f(zo) + f(zo + h) — f(20)) —
g9(f(x0)) = A(zo, h) and for every ¢t > 0,

H pg.m) At @t —s @) (£) — L(sf(wf)),
=G f(eg+h)— f(zg)®)

as G(f(x0+h)ff(:co)(t) — 1. But

H awo,m)— (At @ptm—see)) (1) — L(sf(wf))

T-F, (1)

as Fj(t) — 1, since f is strongly (weakly) continuous at . Let us show
this assertion for strongly continuity, at least. Given € > 0, there exists
some 01(g) > 0 such that

H A@g.m)— (A g tn) = £e)) (€) = G f(woth)—f(zo) (01)-
1=Gf(eg+h)—f(xg) P

We can also find another § = §(d1) > 0 such that
G f(wo+h)— f(wo) (01) = Fi(0),

by the strongly continuity of f. So, this proves the assertion. Now, remem-
ber that

G som—sag)—nn (t) — L(sf(wf))
T 7,0

as Fy(t) — 1. Hence
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Alzo,h)—A(Bh) _ Azo,h)=A{f(zo+h)— ( o)—Bh—(f(zo+h)=f(z0))} _
1—Fy(t) Fp(t)
A(zo,h)—A(f (zo+h)—f(x0)) —A( f(zoth)— f(mo)—Bh)
1-Fp(t) 1—=Fp(t) )

A(zo,h)—A(f(x —f(z T —f(xn)—
If p = Alzoh) 1(j1(vh0(t+)h) 1@0) and Q = A(f( o+lf)_FJ]:((t)o) Bh) then

H p(wg,n)—aBR) (t) = HP+Q(t) > min{Hp(t/Q), HQ(t/Q)} — 1(sf(wf))

1—Fp, ()
since each term in min tends to 1(sf(wf)) as Fy(t) — 1. O

Theorem 4.8. Let (X, F,*) and (Y, G, x) be two Menger PB-spaces satis-
fying (3.1) and (3.2), U C X be a convex Menger probabilistic open subset

and f : U — Y be a mapping such that dsy flxo] exists for each xg € U.
Further, suppose that for each a € (0,1)

sup{||dsgflz]||la iz € U} = mqy < o0,
where

lds s flallla = sup{l|dss flz]ll5 : B < a}

and

. dsy flavl|§
eyl = supl| 5t < loll5 < 1,0 # 0,0 € X},

Then for every x1,xo € U, there exists some M > 0 (independent of «)
such that

f (1) = f@2)]|§ < M||z1 — 22]]5

for each o € (0,1), where ||.||5 and ||||g are a-norms of the Menger PN-
spaces F' and G, respectively.

Proof. By the Theorem (4.6), f is Fréchet differentiable as a mapping
between Banach spaces (X, ||.||£) and (Y, |].||$), for each a € (0,1). First
of all we will show that there is M > 0 (independent of a) such that
SUPae(0,1)Ma < M. Since ds¢ f [x] is strongly Menger probabilistic bounded,
there exists M; > 0 (independent of ) such that

lds s flaloll§ < Mal[v]|,v € X,a € (0,1).

* < M. Since x € U is arbi-

I

By Theorem (3.10) This means ||d f|x]
trary this implies
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sup{||dssflz]||la :x € U} < M, for each o € (0,1).

This is desired result.
On the other hand, the classical mean-value theorem in Banach spaces
tell us by this result that

1f(z1) = f@2)||§ < mallzr — 227,

for each a € (0,1) []. So immediately we can write

1f(21) = f(22)|I§ < Moy — a2[F-

5. Compact operators between Menger probabilistic normed
spaces

In this section, at first we define the concept of smp(wmp)-compact and
then we consider some results.

Definition 5.1. A subset B in a Menger probabilistic normed space (X, F, *)
is called smp(wmp )-compact if each sequence of elements of B has a smp(wmp)-
convergent subsequence.

Obviously, every smp-compact set is wmp-compact, but not viceversa.

Example 5.2. Let X be a normed space and define

t=||=| .
Fa;(t) — H_HxH: t> ||(IZH,
0, t<||zll.

and Gz(t) = 1 — Fy(t) on X. It is easy to denote that F,G are Menger
probabilistic normed spaces on X by defining a * b = ab. We can find the
a-norms of F,G since it satisfies the condition (3.1). Thus,

Fo(t) > a & 2 > o o 32|l <t and

Go(t) < 1—ae Fi(t) > as 2|z|| < t.

This shows that ||x|lo, = inf{t > 0 : F,(t) > a,Gz(t) < 1 —a} <
1£2||z||. Moreover,
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Fo(#25l2l)) = o and Go(3gle]) =1~ o,

whence,
Lta|g e {t > 0: Fy(t) > a, Go(t) <1 —al}.

This means that ||z||o = $22||z||. Let y € {x € X : ||z|| = 1} be fixed

and define {z,} = {£}. We now show that the sequence {x,} = {£} is
wmp-convergent to 0. This is easy since for each a € (0, 1),

lwll 0, as n — oo.

1+_a)
n

|[zn — 2|[a = (1_a
However, this convergence is not uniform in . Indeed for given € > 0,

2llo = (H2)dl < e & 2 <,

14
(1—a)e

whence, we can not find desired ng since — 00 as a — 1.
Definition 5.3. The smp(wmp)-closure of a subset B in a Menger PN-
space (X, F, x) is denoted by B~*(B~") and defined by the set of all x € X
such that there exists a sequence {x,} in B such that x, — smp(wmp)z.
We say that B is smp(wmp)-closed whenever B~5(B") = B.

It is easy to see that B C B™". Let us present an example showing
that this inclusion may be strict.

Example 5.4. Take X = C, in the example (5.2). Then the unit sphere
Bx = {z € X : |z| < 1} is wmp-compact in (X, F,*). However, it is not
smp-compact. Indeed the sequence {%} can not have a smp-convergent
subsequence as is shown in the last part of the example (5.2).

Definition 5.5. Let (X, F,*) and (Y, G, %) be two Menger PN-spaces and
f + X — Y ba a mapping. Then, f is called smp(wmp)-compact if
for every Menger probabilistic bounded subset B of X the subset f(B)
is relatively smp(wmp)-compact, that is, smp(wmp)-closure of f(B) is
smp(wmp )-compact.

Theorem 5.6. Let (X, F,*) and (Y,G,*) be two Menger PN-spaces and
f X — Y ba a mapping. Then f is smp(wmp)-compact if and only if
it maps every Menger probabilistic bounded sequence {z,} in X onto a
sequence {f(zy)} in'Y which has a smp(wmp)-convergent subsequence.
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Proof. The proof has a similar way with the classical counterpart. O

Remark 5.7. Of course, every smp-compact operator is wmp-compact,
but not vice-versa.

Theorem 5.8. Let (X, F, ) and (Y, G, %) be two Menger PN-spaces satis-
fying the condition (3.1) and f : X — Y be a mapping. Suppose that f is
wmp-compact. Then, f is an ordinary compact operator from the normed
space (X, ||.||a) into (Y, ||.||la) for each a € (0,1).

Proof. Let a € (0,1) be arbitrary and pick some arbitrary bounded
sequence {z,} C (X, ||.||a) and say K = supy||zp||loa < 00. So, Fy, (K) > «
for each n = 1,2, ..., by the definition of ||.||o. Thus, {z,} is a Menger
probabilistic bounded sequence in X. There exists a wmp-convergent sub-
sequence {f(z,)} of {f(x,)} in Y by the hypothesis. Hence {f(zy,)} is
convergent in the normed space (Y, ||.||o) by the proposition (3.12). O

Theorem 5.9. Let (X, F,x) and (Y, G, *) be two Menger PN-spaces sat-
isfying the condition (3.1) and f : X — Y be a mapping. Then every
smp(wmp)-compact linear operator f : X — Y is smp(wmp)-continuous.

Proof. The proof can be easily away carried out in the classical analogue
of the result. O

Theorem 5.10. Let (X, F,*) and (Y,G,*) be two wf-complete Menger
PN-spaces and f : X — Y be a nonlinear wi-compact operator. Suppose
that, for some xo € X, dy s f[ro] = A exists. Then the linear operator A is
also wi-compact.

Proof. Let {z,} C (X,F,x) be an arbitrary Mengar probabilistic
bounded sequence. This means, there exist some tp > 0 and r € (0,1)
such that F, (to) > 1 — r, for every positive integer n. Consider the se-
quence {xg + x, 22, and let us show it is Menger probabilistic bounded.
If we take t' = 2ty and 7' = 1 — min{l — r, Fy,(to) }, then

Frgvan (') = min{Fy, (to), Fro (to)} 2 min{l —r, Fyo(to)} = 1 =1,

for every positive integer n, whence, the result comes. Hence, by the hy-
pothesis there exists a subsequence {xg + xp,} of {z¢ + z,} such that
{f(xo+zn,)} is wi-convergent, hence wf-Cauchy in (Y, G, %) as well. There
is no loss of generality to write x,, for z,, again. Let
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A(zo, h) = f(zo + h) — f(w0) — Ah.
Then
Axy, — Az, = AN zo, ) — Ao, ) + f(z0 + 20n) — f(T0 + Tm)-

Since A = dy s f[zo] for every ¢ > 0 and a € (0,1), we can find some
dm(g,a) >t > 0 such that

GA(zo,m) (F(1 = Fp, (6m))) 21— o, if Fy, (0) > 1 - a.

Now, § > tg means Fy, (0,,) > F.

Im(tg) >1—-r< 1-—F
and so this implies

Tm

(6m) <1,

GA($0,In)(€) = GA(IQ,Im)(%T) Z GA(CZ‘O,Im)(%(]' - Fxm((sm))) 2 1- «, lf
Fp, (0m)>1—a.

Further, with the same way we can find some d, (¢, a) > tg > 0
GA(:co,xn)(E) >1—q,if Fxn(én) >1-—q.
On the other hand,

G Ay — A (3t) = MIN{G A (20,2,) ) GA(zo,2m) (1) G f@otan)— f(zo+am) ()}

and, since {f(zo + zy)} is wi-Cauchy, for every a € (0,1) and € > 0, there
exists some ng = ng(a, ) such that n,m > ng implies G f(zo+2,)— f(zot+am) (E) =
1 — a. Consequently, we obtain

GAxn—Axm(gg) 2 mzn{l — Q, 1-— «, 1— OC} =1—«

for n,m > ng. This completes the proof. O
It is clear that this result is true for sf-compact operators as well.
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