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Abstract: In this work, we introduce a new type of generalised quartic functional equation and
obtain the general solution. We then investigate the stability results by using the Hyers method in
modular space for quartic functional equations without using the Fatou property, without using
the Ap-condition and without using both the A,-condition and the Fatou property. Moreover, we
investigate the stability results for this functional equation with the help of a fixed-point technique
involving the idea of the Fatou property in modular spaces. Furthermore, a suitable counter example
is also demonstrated to prove the non-stability of a singular case.
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1. Introduction

Functional equations play a crucial role in the study of stability problems in several
frameworks. Ulam was the first who questioned the stability of group homomorphisms
and this opened the way to work on stability problems (see [1]). Using Banach spaces,
Hyers [2] solved this stability problem by considering Cauchy’s functional equation. Hyers’
work was expanded upon by Aoki [3] by assuming an unbounded Cauchy difference.
Rassias [4] presented work on additive mapping and these kinds of results are further
presented by Gavruta [5].

Nakmahachalasint [6], in 2007, provided the general answer and Hyers-Ulam-Rassias
(H-U-R) stability of finite variable functional equations (see also Khodaei and Rassias [7]).
Certain stability problems around additive functional equations were presented by Najati
and Moghimi [8], Kenary [9], Gordji [10] and the references therein.

The concept of generalised Hyers—Ulam stability derives from historical contexts
and this problem is found for different kinds of functional equations (FE). The functional
equation

¢(v1 +v2) + ¢(v1 — v2) = 2¢(v1) + 2¢(02), €]

is connected to a biadditive symmetric function (see [11,12]). Each equation is naturally
referred to as a quadratic FE.Any solution of Equation (1) is a quadratic function. A function
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¢ : E' — E’ (E': real vector space) is said to be quadratic if there is a unique symmetric
biadditive function T satisfying ¢(u) = T(u,u) for all u (see [11,12]).
The following functional equation was first presented by Jun and H. M. Kim [13]:

dQu+0)+¢Qu —0v) =2¢(u+v) +2¢(u — v) + 12¢(u), )

which differs from Equation (1) in various ways. It is clear that the function ¢(v) = co® is a

solution to Equation (2). As a consequence, it is natural to say that Equation (2) is a cubic
FE and so every solution of Equation (2) is a cubic function. In [14], Lee et al. presented the
quartic FE as:

9(20+0) + p(2u — v) = 4[p(u + v) + P(u — 0)] + 249 (1) — 69(0), ©)

and found its solution and demonstrated the H-U-R stability. It is simple to demonstrate
that ¢(v) = co* satisfies Equation (3) so this equality is called quartic FE, and its solution
is called quartic mapping (QM). Except for direct approaches, the fixed-point method
is the most often used method for establishing the stability of FEs (see [15-17]). In [18],
the authors proposed a generalised quartic FE and investigated Hyers—Ulam stability in
modular spaces using a fixed-point method as well as the Fatou property. Many research
papers on different generalisations and the generalised H-U stability’s implications for
various functional equations have been recently published (see [19-25]).
To obtain our results, we define the quartic FE by

4
4p(v1+ 02+ 03+ o)+ ) ¢<vi+ )3 vf>=4 L loitoto)

i=T;i#] 1<j<4 1<i<j<k<4

4)
4 4
—Zl Y. ¢(vito) _4)(01'_7)]')] =Y (i) +77)_ ¢(vi).

1<i<j<4 i=1 i=1

We investigate certain stability results of the above quartic FE which will be based on
Hyers and fixed-point methods involving the idea of the Fatou property and Aj-condition
in the framework of modular spaces. Here, we consider the difference cases to obtain our
results (i) with only the Fatou property, (ii) with only the A,-condition, and (iii) without the
Fatou property and the Aj-condition.

2. Preliminary

Nakano [26] conducted research on modular and modular spaces as generalisations of
normed spaces. Many notable mathematicians [27-31] have worked on it intensively since
the 1950s. In [30,32,33], interpolation theory and Orlicz spaces are two examples of uses for
modular and modular spaces.

We begin by considering some fundamentally important concepts. Consider E to be a
linear space over K (C or R). We call a functional p : E — [0, 00) modular provided that
forall u,v € E,

(@) p(u)=0ifand only if u = 0.
(b) p(Bu) = p(u) for all scalars g with |B| = 1.
() p(Bu—+v) <p(u)+p(v) for all scalars B,y > O with p+ ¢ = 1.

If the inequality in (c) is replaced by
(c) p(Bu+yv) < Bp(u) + yp(v), then p is thus said to be convex modular.

If p(Bu) < Bp(u), then p is semi-convex modular. Clearly, every semi-convex modular
is convex.

Note that p is the following vector space which defined by a modular p:

E,:={ucE | p(fu) =0 as 6 — 0},
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and E,, is also known as a modular space.
Let E, be a modular space and {u,,} € E,. One has
(1) If p(up —u) — Oasn — oo, {uy,} is p-convergent to u € E, and represented by

uniu.

(2) 1If for every ¢ > 0 such that p(u, — uy,) < g as m,n — oo, then {u, } is p-Cauchy.
(3) If every p-Cauchy sequence is p-convergent in S, the subset S C E, is p-complete.

The modular p is said to have the Fatou property if and only if p(#) < lim;,—c0 inf p(14,)
when the sequence {u,} in modular space E, is p-convergent to u.

Definition 1. Let b > 3 be an integer. Then, p is said to satisfy the Ay-condition if there is k, > 0
such that
p(bx) < kpp(x), Vx € Xp.

In this case, ky, is a Ay-constant related to Ay-condition.

Remark 1. Consider p is a semi-convex which satisfies the Ay-condition with k, > 0. If ky, < b,
then

u kb
< “)<t
p(u) < kip(7) < Low),
which implies p = 0. As a consequence, if p is semi-convex modular, we have the Ay-constant
ky > b.
Definition 2 ([34]). Suppose the sequence {v, } in a modular space V,,. Then, we say that

(D1) v, & vif p(vn —v) = 0 (n — o0).
(D2) {vy} is a p-Cauchy provided that p(v; — vy) — 0(1,n — o).
(D3) A C 'V, is p-complete iff every p-Cauchy sequence is p-convergent in the set A.

Suppose A(# @) C V,. Then, a mapping | : A — A is a quasicontraction if k < 1
such that

p(JI = Jm) < kmax{p(l —m),p(l — Jm),p(m — J1),p(I — JI), p(m — Jm)},

for any I,m € A. The | orbit around a point u is

o)) := {u,]u,]zu,~ -t

Then, the quantity

Yo (J) :=sup{p(p —q)lp,a € O(])},

is known as the orbital diameter of J at u. If Y,(]) < oo holds, J is said to has a bounded
orbit at u (see [34]).

Proposition 1 ([35]). In modular spaces,

(1) Ifuy Py 1w and e is a constant vector, then u, + € LN + €, and
(2) Ifuy Lo wand v, & o, then Bty + Yoy uN Bu + yv, where B+ v < land B,y > 0.

It should be noted that if a is chosen from the equivalent scalar field with |a| > 1
in modular spaces, the convergence of a sequence {u,} to u does not mean that {au,}
converges to au. Many mathematicians established additional criteria on modular spaces in
order for the multiples of the convergent sequence {u, } in the modular spaces to naturally
converge.
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The modular p has the Fatou property if p(v) < lim,,—,c inf p(v;,) whenever {v,, } LN
v. Letb € N— {1}. A modular function satisfies A,-condition if there is k > 0 such that

p(bv) < kp(v), Vo € V.

3. Main Results
3.1. Solution of the New Kind of Quartic FE

Theorem 1. Let E and F be two vector spaces. If an even mapping ¢ : E — F satisfies Equation (4)
forall vi,vy,v3,v4 € E, then ¢ is quartic.

Proof. Suppose ¢ : E — F is even. Then, ¢ satisfies

forall v € E. Letting v1 = v, = v3 = vy = 0 in Equation (4), we obtain ¢(0) = 0. Setting
v1 =vand v, = v3 = v4 = 0in Equation (4), we have

¢(3v) =3%p(v), VocE. (5)
It follows, by replacing v with 3v in Equation (5), that
$(3%0) = 3*@p(0), Vv € E. (6)
Now, we obtain, by replacing v with 3v in Equation (6), that
$(3%0) = 3*C)gp(0), Vv e E.
In general, for any n € Z (the set of positive integers), we have
$(3"0) = 3*Mp(v),  VoeE.

Thus, the function ¢ is even and has a solution of quartic FE. Therefore, ¢ is quartic. Fi-
nally, by replacing (v, v3, v3,v4) by (1, u,v,0) in Equation (4), we obtain the Equation (3). [

3.2. Stability of Quartic FE: Hyers Method

Consider a modular p as semi-convex. The Hyers-Ulam stability of Equation (4) in
modular spaces is an important theorem in the absence of the Fatou condition.

For notational handiness, we define a mapping ¢ : E — F, (E: linear space; Fy:

p-complete semi-convex modular space) by

4 4

D(v1,0p,03,04) = 4¢ Z vj |+ Z ¢\ —v + Z v;

T

j=1 i=1;i#j 1<j<4

4
—4 ), ¢(oitvitu) + ) ¢Gu)
i3

1<i<j<k<4
4
+2 Z cp(vi+vj) —qb(vi—vj)] —77Z(P(Z)l‘),
1<i<j<d i=1

for all v1,v,,v3,04 € E.

Theorem 2. Let b > 3 be an integer. Suppose F, satisfies the Ay-condition. If a mapping
i« E* — [0, 00) exists for which a mapping ¢ : E — F, satisfies all v1,v;,03,v4 € E,

0(D(v1,v2,v3,v4) < P(v1,02,03,04), (7)
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) 5\ /
gl (TL 2 U3 04y ky
ik (G 3 ) =0 and ];<b> (b; 000)
then there is an unique QM Q : E — F,, defined by

Q(v) = lim b4l¢<bl)

|—o0
and
1 () o
PO~ Q) < v ) <b> #(5.000), ®
forallv € E.

Proof. Note that ¢(0) = 0 since 1(0,0,0,0) = 0 by the convergence of

0 k5 j
Y (;) ¥(0,0,0,0) < oo

j=1

We set v1 = v and v = v3 = v4 = 0 in inequality (7) to obtain
p(4>(bv) - b4¢(v)) <9(0,0,0,0), VoeE.

Supposing the Aj,-condition of p and Zj 77 <1, one can prove the equality

(501 44(3) p(]izlzij(ﬂ-%(wi)—b5f¢(2?->>>
< RE(1) (o)

Now, replacing v by b~Fv in Equation (9), we have
(2 _prlng( O o LY
P<b ?(5r) — ‘P(bl+p)) bp<¢(bp) b ‘P(blﬂv
L (15
4p—4 p (4

j=1

I+p (kS)
< Y < ,0,0, 0)
kp+4 i b’

forall v € E, which — 0 (p — o), because o<1 and the inequality (7) converges.

©)

IN

As a result, the sequence {b¥ 4)( )} is p-Cauchy for all v € E and as a result, it is
p-convergent in F, since F, is a p-complete. So, we can define Q : E — F, as

Qv) :=p— lim b'p(7), ie, limp(b¥g(57) — Q) =0,

[—00 |—o0

for all v € E. So, even without utilising the Fatou property, the A,-condition shows that the
inequality
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o) - Q@) < so(bg() ~b-b9(5)) +po(b-t(5) ~ b Q)
= k?b"("’() b4l¢(bl>)+?bp<b4l¢(bl) Q)
j
< s E(5) v(000)+ oleta(s) - 00,

holds for an integer I > 1 and for all v € E. Taking I — oo, we have the inequality (8).
Replacing (v1, v, v3,v4) by (b’lvl, b~ lvy, b 10s, b’lv4) in inequality (7), we see that

v1 v b3 w4

p(b‘yq) (b*lvl,b*lvz,b*lv3,b*lv4)> < k%ltp(bl, P bl> — 0 (I = o),

for all v1, v, v3,v4 € E. From the semi-convexity of p, it follows that

1
P(361Q(01102, U3, U4)>

)

—|-321p< i (—014— Y v]> — ¥ i 4><—b"vi+ Y b_lvj>>

i=T;i#] 1<j<4 i=TLi] 1<j<4

+3461p< Yo Quitui+o) —bt Y ¢<bl(vi+v]-+vk)>>

1<i<j<k<4 1<i<j<k<4

361 (ZQ% _b4lz4’( ))
+321p<[ Y Q(vi+vj)—Q(vi—vj)]

1<i<j<4

[ y <p( vl—i—v])) ¢(b—l(vi—vj))D

1<i<j<4
361 (ZQ (vi) b4llé¢(b_lvi)> 361p(b4l<1>(b v1,b” vzb Ugb 04))

for all v, vy, v3,v4 € E and all non-negative integers I > 1. Taking the limit as | — oo, we
can see that Q is quartic.

We suppose a QM Q:E— F, to demonstrate the uniqueness of Q. The function Q
satisfies the inequality

o(9(2) - Q'( )_bk32< > ( ooo)

for all v € E. Then, we see from the inequality Q(b~'v) = b~*Q(v) and Q' (b~'v) =
b4 Q' (v) that

p(Q(v)_Q/(U)) = b"(b b4IQ(bl> b b4l"’(bl>)
o0 (5) —b-0"Q (37))

k4l+1 41+1

re(e) () +5e(o() -9 (5)

IN
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2k4l—2 S} k5 j
b b

]

2.p2 & (ki)f
= = b ¢( 000)
ki ].:;rl b bi’

forallv € E. Taking I — oo, we finally find that Q is unique, which completes the proof. [

Corollary 1. Let b > 3 be an integer. Suppose that a normed space E with || - || and F, satisfies
Ay-condition. If a mapping ¢ : E — F, such that

4
p(q)(vlr'(&/ 03, 04)) S A(Z |’U]'||“>/ v’01/’02/’03/’04 S E/
j=1
then there is an unique QM Q : E — F, satisfies

2
p(p(2) — Q(0) < b

< ————|v||%, Vv € E,
o)

5
where & > log, % and A > 0.

Corollary 2. Let b > 3 be an integer. Suppose that a normed space E with || - || and F, satisfies

5
Ay-condition. For any A > 0 and 4a > log, %b are given real numbers, if a mapping ¢ : E — F,
such that

4 4
p(q)(vl/z}2/v3/v4)) < A(Z ij||4lx +H ||vi||p>/ VU],02,03,U4 €E,
j=1 i=1

then there is an unique QM Q : E — F, satisfying

2
p(9(0) — Qo)) < anw,

forallv € E.

An alternative stability theorem for Equation (4) in modular spaces will be proved
without the Aj-condition, given below.

Theorem 3. Let b > 3 be an integer. Let F, satisfy the Fatou property. If a mapping ¢ : E — F,
satisfies the inequality (7) and a mapping ¢ : E* — [0, 00) such that

i (bloy, bloy, blus, bloy (b/v,0,0,0
llirglo ( i ) =0, and ]Z L) < oo, Yv,v1,02,03,04 € E,
then there is an unique QM Q : E — F, having
18 b]v 0 0,0
p((0) — Qo)) < z p0000) -y, g (10)

Proof. By replacing vy = v and v, = v3 = v4 = 0 in Equation (7), we obtain

p(¢(bv) — bi9(0)) < 9(0,0,0,0), VoeE.



Mathematics 2022, 10, 1938 8 of 22

Without using Aj-condition, the above inequality becomes

l’(] -1 X .
(252 —00)) = o Z g (o -0
-1 1

]E) b (b4¢(ij) - ¢(bf+1v))

IN

— VY (v
- bt J;) b4j¢(b U,O,O,o),
for all v € E and for all integers [ > 1. This yields
olo) _p(bro)) _ 1 (oM bro)
p( b | T P\ iy o)

1t g
bAr Jg b4(j+1)l/)

IN

(bf' - b70,0,0, 0)

1
b4

IN

i y(v'0,0,0,0),

!
forallv € Eand all /,p € N with I > p. Thus, we see that the sequence {47(;412’)} is a
p-Cauchy on F,. Since F, is p-complete, there exists p-limit solution Q : E — F, defined by

o0
P llgg ¢(b410> = Q(v),

!
ie., lli_)r?op (cp(blilv) - Q(v)> =0,

for all v € E. Then, based on the Fatou property, it follows that the inequality

.. blo
p(Q) ~9(e) < fim infp ("’(w ) _ ¢<v>>
1 &1 .
— I J
< o ]; ¥ (00,000),  Voek.
Now, we assert that Q satisfies the quartic FE. It should be noted that:

1
p (b‘”q) (blvl, blvy, blos, blv4) ) il P (blvl, Vo, blos, blv4)

for all v1,v,v3,v4 € E,and all | € N. As a result of the semi-convexity of p, we can see that

1
P<361Q(01,02, v3, U4)>

< sarle(Ee) ()

+361p<l i}Q(vi+ Y v]-> —b“”l 24: ¢<blvi+ Yy blv]->>

i=1;i#] 1<j<4 i=1;i#] 1<j<4

+3L(1)1‘0< Z Q(vi+vj+vk) -b¥ Z ¢(bl(vi+0j+vk)>>

1<i<j<k<4 1<i<j<k<4
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= iQ(?ﬂJ-)—b aye (b’(av))
361p i=1 l 1:14) l

2
+361p( L 00)-Q0 —v;)]

holds for all v1, vp, v3,v4 € E, and then taking I — oo, we obtain p (%Q(vl, U, 03, 04)> =0.
As a result, Q must be quartic.

To demonstrate that the function Q is unique, we consider that Ql :E— Fyisan
another quartic function which satisfies the inequality (10). As Q and Q/ are quartic, as
evidenced by the previous equality, Q(b'v) = b*Q(v) and Q' (b'v) = b* Q' (v), so that

1 1 1 blo 1 blo)  Q(blv
(300 - 30 @) 2P<Q(b4l )¢ )+ p(f”(bf — )>

IN

1 1 1 1 /

< 5 e (QW') —9(t'0)) + 5 - o (p(b'o) — Q' (1V0))
1 & 1

< w};)m(fﬂ)w(b b'0,0,0,0)

- EI ey y(v/2,0,0,0),

for all v € E. Taking | — oo, we conclude that Q = Q,. Hence, Q is the only quartic
mapping near ¢ that satisfies the inequality (10). O

Corollary 3. Let b > 3 be an integer. Suppose that a normed space E with || - || and F, satisfy
the Fatou property. For any A > 0 and a € (—oo,4) are real numbers, if a mapping ¢ : E — F,
such that

4

P(q)<01102/ 03, 04)) S A(Z |Uj||“>, VleUZI 03,04 S Er
j=1

then there is an unique QM Q : E — F, having

forallv € E, wherev # 0 ifa < 0.

Corollary 4. Let b > 3 be an integer. Suppose that a normed space E with || - || and F, satisfy the
Fatou property. For any A > 0 and 4a € (—oo,4) are given real numbers, if a mapping ¢ : E — F,
such that

4 4
p(®(v1,v2,03,04)) < A(Z loilI* +T1 ||vj|“>/ Y1, 02,03,04 € E,
= =1

then there is an unique QM Q : E — F, having
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4u
p(p(o) ~ Q) < AT

forallv € E, wherev # 0 if a < 0.

The upcoming proposition is a revised version of modular stability results of Theorem 3
n [36], which does not need the Aj,-condition of p, which is given below.

Proposition 2. Let F, satisfy the Fatou property. If a mapping ¢ : E — F, satisfy the inequality (7)
and a mapping ¢ : E* — [0, c0) such that

lp(blm, blvz, blv3, bl‘04)
pal

lim =0, and ¥(bv,0,0,0) < b*Ly(v,0,0,0), Y0, vq,02,v3,04 € E,

=0

then there is an unique QM Q : E — F, satisfying

p(¢p(v) —Q(v)) < M¢(U,o,o,o), Vo € E.

Now, in modular spaces, we present an alternative stability Theorem 2 that does not
utilise both the Fatou property and the Aj-condition.

Theorem 4. If a mapping ¢ : E — F, satisfy the inequality (7) and a mapping v : E* — [0, c0)
such that

P (blvl, blvz, blv3, blv4)
pal

b] 0,0,0
=0, and ZL) < 09, Vv,v1,02,03,04 € E,

j=

lim
[—o0

then there is an unique QM Q : E — F, having

b]v o y(b/v,0,0,0)

Z , (11)

p(p(2) ~ Q) < 5

forallv € E.
Proof. Letting v1 = v and v = v3 = v4 = 0 in inequality (7), one has
o(9(b0) ~ b*¢(0)) < 9(0,0,0,0),

and then the semi-convexity of p and Y\~ i < 1 provide us with the result

O b4(]+1)
¢(b'o) = (b (bio) — p(b1T1o)
P(‘P(U) T ) < P(};}( pAG+1) >
< = p(b*p(b/v) — p(bt10))
- = pA(+1)
1 ' y(b0,0,0,0
= b4 ( b )’

forallv € E and all | > 0. By the similar argument of the proof of Theorem 3, we have a

p-Cauchy sequence {4)1741 } and the limit of function Q : E — F, defined as

Y P (b'v)
P llglc;lo b4

= Q(v),
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)
ie., lli_{?op (4)(;410) - Q(v)) =0,

for all v € E without employing the Fatou property and the Ajy-condition. Furthermore, as
in the proof of Theorem 2, one may show that Q satisfies Equation (4).

Now, without invoking the Fatou property and the Aj-condition, we Venfy the in-
equality (11) of ¢ by Q. By utilizing the semi-convexity of p and Z] ~0 AT “ + 5 <,
we obtain

-1 i1 ;
p(p(v) = Qo)) < ( ( 9(b/0) ]j}(b” v)> +¢(bb410)—Q§ﬁv)>
]:

, . 1
Jg P (b4¢’(b]7f) - 4’(17]“0)) + 4P <b4(11) - Q(b?’)>

1 1 (b1 bo)
= b42b4]‘/’b”000) bp<b4(l—1>_Q(b”) '
for all integer [ > 1 and for all v € E. We arrive to the conclusion by using [ — co. [

Corollary 5. Let b > 3 be an integer. Suppose that a normed space E with || - ||. Any A > 0 and
& € (—oo,4) are real numbers if a mapping ¢ : E — F,, such that

4
p(®(v1,v2,v3,04)) < A(Z Iv]'ll“), Vv1,02,03,04 € E,
j=1
then there is an unique QM Q : E — F, having

p(9(0) -0 < H voek,

where v # 0 if w < 0.

Corollary 6. Let b > 3 be an integer. Suppose that a normed space E with || - ||. Any A > 0 and
4o € (—o0,4) are real numbers, if a mapping ¢ : E — F, such that

4 4
p(q)<vll U2, 03, 04)) S A (Z ||vj||4a + H ||v]‘|a>’ v01102/ 03,04 € Er
= =1

then there is an unique QM Q : E — F, having

4o
p(9(v) = Q(v)) < b);”flw Yo € E,

wherev # 0 ifa < 0.
Proposition 3. Let a mapping ¢ : E* — [0, 00) satisfy

lim 1p(b101, blv,, blus, blv4)

l il =0, and (bv,0,0,0) < b*Lyp(v,0,0,0),
—00

forall v,v1,v2,v3,v4 € E and for some L € (0,4). If a mapping ¢ : E — F, satisfies Equation (7),
then there is an unique QM Q : E — F, having

p(¢(v) = Q(v)) < 174(11L)‘/’<U’ 0,0,0), VYoceE.
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3.3. Stability of Quartic FE: Fixed-Point Method
Theorem 5. Let b > 3 be an integer and a mapping ¢ : E* — [0, +00) such that

. 1
n%ligo Ww(bmvll meZ/ bmv:’)/ bmv4) = O’

and
¢(bvl/bv2/ b'()3, bU4) S b4Ll/J<Ul,U2, 03, 04)/ (12)

forallv; € E; i = 1,2,3,4, with 0 < L < 1. If an even mapping ¢ : E — F, with $(0) = 0
satisfies
p(q)(01102/ 03, Z]4)) S lp(le 02,03, 04)/ (13)

forallv; € E;i=1,2,3,4, then there is an unique QM Q4 : E — F, having

P(Q4(0) ~ 9(0)) < G —79(2.0,0,0), (14

forallv € E.

Proof. We define the set

and p is a function on Y as
p(p) =:inf{A > 0: p(p(v)) < AY(v,0,0,0), Vv € E}.

Now, we need to demonstrate that the function p is a semi-convex modular on Y.
Clearly, p holds conditions (a) and (b). So, it is enough to verify that p is semi-convex
modular. Given ¢ > 0, 3 A1 > 0 such that

p(p) <A <p(p) +e
Additionally,
p(p(v)) < My(v,0,0,0),
forall v € E. For any B > 0, we have

o(Bp(v)) po(p(v))

BA1Y(9,0,0,0),

IN A

so we obtain
p(Bp) < Bo(p) + pe.

Since € > 0 was arbitrary, from above, we find that p is semi-convex modular on Y.
Next, we want to verify that Y} is p-complete.
Suppose a sequence {p, } is p-Cauchy in Yg. Given e > 0, there is ng € N satisfies

o(pn —pm) <,

for all n,m > ng. Thus, we have

P(Pn(v) - pm(v)) < 81/](7)/ 0,0, 0), (15)

forall v € E, and n,m > ng. Therefore, a p-Cauchy sequence {p,(v)} in F,. As F, is
p-complete, {p,(v)} is convergentin F, Vv € E.
Now, let us define a mapping p : E — F, by
p(v) := lim p,(v), Vv € E.

n—0o0
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We arrive by taking into account Equation (15) that

p(pn(v) —p(v)) < limmigﬁop(pn(v) —pm(v)) <eyp(v,0,0,0),
)
plpn—p) <e,  Vn>ny,

since p holds the Fatou property. Thus, {p,} p-converges and so Y is p-complete.
We now want to prove that p holds Fatou property. Suppose {p,} is p-convergent to
For all € > 0, consider a constant A, (n € N) which is real such that

p(pn) < An <p(pn) +e

So
p(pn(v)) < Anp(9,0,0,0),

for all v € E. We know that p holds the Fatou property, so we obtain

p(p(v))

IN

Jlim infp(pu(v))
nlglgo infA,(v,0,0,0)

A

A

[ lim infp(p) +¢| 9(2,0,0,0).
Thus, we obtain
p(p) < lim infp(py),

since ¢ > 0 was arbitrary. Hence, p also holds the Fatou property.
Let us define a mapping x : Yz — Y5 by

xp(v) = %p(bv) (VveE,pe Yp). (16)

Suppose p,q € Yy and A € [0,1] with p(p —¢q) < A (A is an arbitrary constant).
Employing the definition of p, we write

p(p(v) —q(v)) < Ap(v,0,0,0),  VoeE.

Using Equations (12) and (16), we have

p(@f»_%?g < %mmw%w@W)

1
LiM(02,0,0,0)
ALy (v,0,0,0),

IN

IN

for all v € E. Hence,
pxp—xq) <Lo(p—q), Vpq€Yp

which means that x is a p-contraction. Now, we will show that x has a ¢ bounded orbit. In
Equation (13), we replace (v1,v2,v3,v4) with (v,0,0,0) so that

p(9(b0) ~1*9(0)) < (2,0,0,0),
(17)

N

b
p((i)(bf)—q)(v)) < %IP(U,0,0,0), Vo € E.
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Replacing v with bv in inequality (17), we obtain

b2 1
p<¢(b4v)_¢<bv)) < bjtp(bv,0,0,0),

(18)
p(b>0)  ¢(bo) 1
= P< b4(2) - bA ) = ml[)(bv, 0,0, 0), Vo € E.
By using Equations (17) and (18), we obtain
b*v b bo bo
p<¢1§4(2)) gb(v)) < P(¢l§4(2)) - (P(b‘l ) + (P(b‘l ) gb(v))
b (b bv
< (B R0 (200 )
< b%lp(bv,0,0,0) + %gb(v,o,o,o), Vo € E.
Clearly, by induction,
bn n 1 i
p<4>(b4nv) _ 4;(0)) < Z; ﬁ‘/’<3 1v,0,0,0)
1 n
< a? ¥(0,0,0,0) ; (19)
1
S 3 (1_L)1/J(U,O,O,O), Vv € E

It follows from Equation (19) that

P(d’(bnv) ¢(b’"v)) p<2 b4” _24) )+ ( b4m _24) )>

1
W ) T2
< So(TE2 - 00)) + 50 - o)
< ’z‘b(llL)lp@, 0,0,0) + ]2(174(11_”1/)(0,0,0,0)
< mlimw(v,0,0,0),

for n,m € N and all v € E. We conclude that by defining p,
P~ X") <yt
“r(1-L)

This means that an orbit of x at ¢ is bounded. The sequence of { x"¢} p-converges into
Q4 € Y, according to Theorem 1.5 in [34]. Now, we have the p-contractivity of x, where

P9~ xQu) < Lp(x" ¢ - Q).
Taking the limit n — oo and apply p Fatou property, we get
P(xQs—Qu) < lim inf p(xQs— x"$)
< Llim inf p(Qs—x""19) =0

A
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Thus, Q4 is a fixed point of x. Replacing (v, v2,v3,v4) by (blvl, by, blos, blv4) in (13),

we obtain

0 (CD (blvl, blvz, blvg, blv4) ) <y (blvl, blvz, blvg, blv4), Yv1,v2,03,04 € E.
Thus, we have
0 (blycb (blvl, blvz, blv3, blv4) > < %q) (blvl, blvz, blv3, blv4) .
Letting [ — co, we obtain

Qu4(v1,v9,v3,04) =0, Vv1,v2,03,04 € E.

Theorem 1, Q4 is quartic. So, the inequality (19) gives (14).
Let Q; : E — F, be an another QM that meets inequality (14) to prove the uniqueness
of Qq4. Thus, Q; is a fixed point of x, so

p(Qu— QL) =p(xQu—xQ) < Ip(Qs - Q).

This yields ﬁ(Q4 — Q;) = 0. Consequently, Q4 = Q;. which proves the uniqueness
of function Q4. [

Corollary 7. Let b > 3 be an integer and a mapping 1 : E* — [0, +00) such that

B P % B N S S N
lli}l’]; ﬁtp(b v1,b'vy, b 03, b 04) =0,

and
l)’)(bvl/ va/ bU3, bv4) S Lb4lp(vl/ 02,03, ’04)/ VU], U2,03,04 S E/

with0 < L < 1. If ¢ : E — F is an even mapping with ¢(0) = 0 such that
19 (01, v2,03,04) || < P(v1,02,03,04),

forallv; € E;i =1,2,3,4, so there is an unique QM Q4 : E — F having

1
1Qu(0) =40l < Gy —py¥(@0.00),  Voek.

Remark 2. If we replace (v1,v2,v3, v4) with (Zjlzl ||UZ-||P> and taking L = bP~* in the last
corollary, then we arrive at the stability result for the sum of norms as

4
IQ4(0) =90 < Gimpy, VO EE.

where p (p < 4) and « are constants.

Theorem 6. Let b > 3 be an integer. Suppose a mapping 1 : E* — [0, +00) satisfies

lim by (2,22, 2 ) =0

m—o0 pm’ pm’ pm’ pm

and L
U1 U2 U3 U4
l/«’(? e 7) S 74’7’](’0]/02/ U3, Z)4)/ vz)1/’02/’031’04 S E/

oyl
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with 0 < L < 1. Ifa mapping ¢ : E — F, is even with ¢(0) = 0 such that the inequality (13)
holds, then there is an unique QM Qy : E — F, having

p(Qs(0) ~9(0)) € 790,00, WoeE. 0)

1-1L)

Proof. Consider the set

()
(b)
(0

Y={p:E— F}.
Let p be a function on Y, defined by
p(p) =:inf{A > 0: p(p(v)) < AyY(v,0,0,0), Vv e E}.

We have the same evidence as Theorem 5:

The function p is a convex modular on Y.

Y5 is p-complete.

0 holds the Fatou property.

Let us define a mapping x : Y5y, forall v € E and for p € Y5 by

1p(@) =b'p(3)-

Let p,q € Ygand A € [0,1] with p(p —q) < A (A is an arbitrary constant). Conse-

quently,

p(p(v) —q(v)) < Ay(v,0,0,0),

for all v € E. We obtain by assumption and the above inequality that

o(ve(5) ~'a(3))

IN

Eo(r(5) -a(3))
KAy (% 0,0, 0)
ALy(2,0,0,0),

IN

IN

for all v € E. Hence,

o(xp—xq9) <Lp(p—q), pqaeYp

which proves that x is a p-contraction.

We will now show that x has a bounded orbit at ¢. Setting (v, v2,v3,v4) by (v,0,0,0)

in Equation (13), we obtain

p(b4cp(v) . ¢(bv)) < (v,0,0,0), VoecE. 1)
It follows by replacing v with 7 in Equation (21) that

p<b4cp(%) - 4)(0)) < ¢(%,o,o,o), Yo € E. (22)
Again, replacing v by § in Equation (22), we obtain

(40(2)9() = o(@ood) wer e

Considering Equations (21)-(23), for all v € E, we obtain
(420(3)-000) = (50 ) ~140(2)) +o(40(3) ~00)
Co(te(2) ~9(5)) +o(#4(5) ~9)

IN

IN



Mathematics 2022, 10, 1938 17 of 22

< b4¢(b%,o,o,o)+¢(%,o,o,o),

We can easily determine by induction that

(@) -w0) = AEo(Lono
< L, o,o,o)g % (24)
< b4(1L_L)¢<v, 0,0,0),
for all v € E. Equation (24) gives
o(570(5) - ono(2)) = o(aoa() - 200) + (an() 20
< G Ye000)

forallv € E, and all n,m € N. We can conclude that by defining p,

kL
p(x"¢ —x"¢) < m

This means that the x orbit is limited to ¢. The sequence {x"¢} p-convergesto Q4 € Y5

from Theorem 1.5 in [31].
We have from the p-contractivity of x that

P9 — xQu) < Lp(x" 19 - Q).
Letting n — oo together with Fatou property, we have

Pp(xQs — Q4)

IA

P
lim inf p(xQs —x"¢)

< Lhmniggop(@ —X”_lgb) =0.

A

Therefore, the function Qq is a fixed point of x. Replacing (vq,v2,v3,v4) with

(Z—}, %, %, Z—‘}) in inequality (13), we obtain

0 (CID (b*lvl, b*lvz, b*’v3, b*lv4) ) <y (b*lvl, b*lvz, b*lvg,, b*lv4) ,

for all v1,v,,v3,04 € E. Therefore,

Passing to the limit I — oo, we obtain
Q4(vlr 02, Z)3104) = 0/ vvl/ Up,03,04 € E.

Therefore, Q4 is quartic from Theorem 7. Using the inequality (24), we obtain the
inequality (20).

It is only left to show the uniqueness of Q4. For this, consider another QM Q; :E—=F
which satisfies the inequality (14). Then, Q; is a fixed point of x. So, we write

p(Qi— Qi) =p(xQi—xQi) < Lp(Qu - Qi)
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which implies that ﬁ(Q4 — Q;) =0o0rQy = Q;. O
Corollary 8. Let b > 3 be an integer and also let  : E* — [0, +00) be a mapping such that

4l (U1 U2 U3 U4\ _
fim b lp(bl’bl’b”b’) 0.

and
U1 U2 U3 U4

P (?/ 2D’ ?) S 4’(01/ U2, 03, '04)

forallv; € E; i =1,2,3,4, with0 < L < 1. If a mapping ¢ : E — F is even with ¢(0) =
satisfies the inequality (7), then there is an unique QM Qg4 : E — F satisfying

1Qu(®) ~ 90 € G —7¥(@0.0,0),  oeE

Remark 3. If we replace (vy,vp,v3,v4) with 04(2?:1 ||vi|\p) and taking L = b*~P in Corol-
lary 8, we fairy have the stability results for the sum of norms as follows:

af|of[?

[Q4(v) — ¢(v)]| < m/

Vv € E,

where p (p > 4) and a are constants.

3.4. lllustrative Examples

Here, in this section, we investigate a suitable example to verify that the stability
of quartic FE (4) fails for a singular case. Following by the example of Gajda (see [37]),
we examine the following counter-example which proves the instability in a particular
conditions b = 3 and & = 4 in Corollaries 3 and 5 of Equation (4).

Remark 4. If a mapping ¢ : R — E satisfies the functional Equation (4), then
(C1) ¢p(m/*v) = m¢p(v), forallv € R,m € Qand c € 7,

(C2) ¢(v) = v*¢p(1), for all v € R if ¢ is continuous,

hold.

Example 1. Consider ¢ : R — R defined as

P(v) = i ¢(3pv), (25)

where

A, else.

(o) = {)\04, -1<ov<l1

Suppose that the function ¢ defined in Equation (25) which satisfies

12
(o1, 02,03,00)| < S0 (D ]|4> 26)

forall v,vy,v3,v4 € R. We here obtain that there does not exist a QM Q : R — R satisfying

[p(v) — Q(0)] < 6lo|*, (27)

forallv € R, where A and 6 are constants.
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Clearly, ¢ is bounded by %/\ onR.If 2;421 o;|* > 3%1 or 0, then

34
[ (01,02, 03,04)] < (360) 5 A

Thus, the inequality (26) is valid. Next, suppose that
4
0< Z |Uj‘4 <
j=1

Then, there is an integer | > O that satisfies

4
34(l+2 Z |v]| I+1)
S0, 3|v1| < 35,3%[0a| < 31,3403 < 37,3 |vy| < 3y, and
3t711,3t?]2,3t?)3,3tv4

3t01 + 3ty + 3tZJ3 + 3tv4

i (—3% + i 3%)

i=1 j=1
(3t(vi+vj+vk)) el-11, t=0,1,---,I-1

1<i<j<k<4
Y, (Bito))
1<i<j<4
Y, ((vi—1)
1<i<j<4

Additionally, fort =0,1,--- ,1 —1,

¥(v1,02,03,04) = 4¢<Z4:vj>+ 24: 4’(Ui+ ). v]->

=1 i=1;i] l<j<4

-4 Y ¢(vi+oi+ o) +Z¢ 30;)

1<i<j<k<4 =1

1<i<j<4

= 0.

Next, from inequality (28), we obtain that

00
1
|(D(Ul, 02,03, Z)4)| S 2 @Py(stvl/ 3t02/ 3t03/ 3tv4)|
t=0
21
< Z 337 (360)A.

It follows from the inequality (28) that

312( 360
|®(v1,02,03,04)| < ——o—— <2| ]|4>

4
Y, ¢(vit+o)) —p(oi - vj)] — 77;4’(01)

(28)
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So, ¢ satisfies (26). On the contrary, consider there is a quartic solution Q : R — R which
satisfies the inequality (27). Since ¢ is continuous and bounded, for all v € R, Q is bounded in an
open interval and continuous.

Considering Remark 4, we observe that Q should be Q(v) = cvt, v € R. So, we obtain

x(@)] < (8+Ic])[of,

for v € R. Choosing I > 0 such that IN > 5+ |c|. Ifv € ( = 1) then 3'v € (0,1) for all
t=0,1,---,1 —1, one obtains

o0 3 —
_y ¢(34t Z OO~ 1aoh > (6 +1el) o4,
t=0

which is contradictary. Thus, Equation (4) is not stable which proves the instability in a particular
conditions b = 3 and « = 4 in Corollaries 3 and 5 of Equation (4)

The following counter-example is similar to above example.

Example 2. Consider ¢ : R — R defined as

¢(v) = i l‘b(%), (29)

where

(v) = At —1<ov<1
v N A, else.

Suppose that the function ¢ defined in Equation (29) which satisfying

312 360
|®(v1,v2,03,04)| < ( (Zl ]|4>

forall v,v;,v3,v4 € R. We show that a QM Q : R — R does not exist that satisfies

[¢(v) = Q(0)] < dol*,

forallv € R, where A and § are constants. Following the lines of last example, one proves the
instability in a particular conditions b = 3 and « = 1 in Corollaries 4 and 6 of Equation (4).

4. Conclusions and Discussion

Many mathematicians obtain the stability results of various kinds of additive, quadratic,
and cubic functional equations in various spaces. In our investigations, we first defined a
new kind of quartic FN in the first section of this paper and obtained the general solution of
our newly defined quartic FN. Additionally, we explored the stability results of this quartic
FN in the setting of modular space using Hyers’ technique by taking into our account
three cases, that are: without utilising the Fatou property, without using the A,-condition,
and without using the Aj-condition and Fatou property. Moreover, by taking into our
account the Fatou property and fixed-point approach, we established some stability re-
sults of our quartic FN in the framework of modular spaces. In addition, an appropriate
counter-example is provided to demonstrate the non-stability of the singular case.

It is worth mentioning that one can further determine the stability results of this quartic
FN in various frameworks, namely, quasi-B-normed spaces, fuzzy normed space, non-
Archimedean spaces, random normed spaces, probabilistic normed spaces, intuitionistic
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fuzzy normed space and so on. The findings and techniques used in this study might be
valuable to other researchers who want to conduct further work in this area.
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