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Abstract. In this paper, we study the stability of two general multi-variable functional equations on quasi-
Banach spaces by the fixed point method. We also obtain generalizations of the early results on the stability
of some classical equations in quasi-Banach spaces.

1. Introduction

The stability of functional equations has been interested by many authors [4], [10], [9]. This issue is
related to finding approximate solutions of some equations and the size of the difference between such
approximate solutions and the mappings that satisfy the equation exactly.

The stability of functional equations has been developed in a variety of spaces. Recently, the authors
have been interested in the stability of functional equations in quasi-Banach spaces and their generalizations
[10]. A quasi-Banach space is a generalization of Banach space and it is also a particular case of a (41, 42)-
quasimetric space. For further developments and open problems relating to (41, 42)-quasimetric spaces, the
reader may refer to [2]. The main difference is the constant of triangle inequality greater or equal to 1 on
quasi-Banach spaces while that in Banach spaces is equal to 1. This implies that quasi-Banach spaces have
other different properties from Banach spaces such as the discontinuity of quasi-norm, and the absence of
the Hahn-Bannach theorem [11].

Recently, Cieplinski [6] dealt with the perturbations of two general equations in several variables and
gave some results on the stability of the following equations in Banach spaces. Also, the author generalized
the results from Banach spaces to 2-Banach spaces [5] and m-Banach spaces [7].

The first equation is

glanxit + a12X12, . ., A1 Xp1 + A2 Xp2) — E Ay, in(X1i, - -, Xni,) = 0. (1)
i1, n€{1,2}

Note that, every n-linear mapping is a solution of (1).
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The second equation is

Z g(ayjy,...j, (11 + j1x12), -+ A o, j i1 + JuXn2))

i1, dn€{1,2}
where

1. X and Y are two vector spaces over the fields IF and K, respectively.
2. m1,012, .-, 001,802 € B, ayj, .o 0n,.;, € F forall ji,...,j, € {-1,1} and A; ;, ., € K for all
i1,12,...,iy € {1,2} are given scalarsand g : X" — Y.

Throughout the paper, let

A= Z Ail,i2,~~-,inr A+£0,
i ine{1,2)

a; = apn +ap, 1€ {1,2,. ..,7’1}.
The followings are main results of [6].
Theorem 1.1 ([6], Theorem 3). Suppose that

1. X is a vector space over the field IF and (Y, ||.||) is a Banach space over the field K.
2. There exist L € (0,1) and & : X*' — [0, o) satisfying for all (x11,X12, ..., Xu1, Xn2) € X2,

jlgl(f)lo W&(ﬂ{xn,ﬂ{xlz, e X1, ) X) = 0
and for all (x11,...,%.) € X",
E(@mxi, mx11, -, AnXn1, AnX1) < |AIL.E(x11, X11, - - -, X1, Xn1)-

3. The mapping g : X" — Y satisfies for all (x11,X12, ..., Xn1, Xn2) € X2,

< &1, X12, -+, Xul, Xn2)-

Then there exists a unique solution G : X" — Y of equation (1) such that for all (x1,...,x,) € X",

glanxi + a1x12, . .., A Xel + 4p2Xp2) — Z Ay, indX1i - -y Xniy)
il ///// i,,E‘l,z}

lg(x1, ..., xn) = Gx1, ..., x)ll £ E(X1, X1, ..., X, Xn).

1
lAl(1~L)
The mapping G is defined by

g(u{xl, ... ,a,ﬁxn)

G(xi,...,x,) = lim , (xq,...,x) € XM

j—oo A]
Theorem 1.2 ([6], Theorem 8). Suppose that

1. X is a vector space over the field IF and (Y, ||.||) is a Banach space over the field K.
2. There exist L € (0,1) and & : X*" — [0, 00) satisfying for all (x11,X12, ..., X, Xn2) € X",

1 ) ) ) )
]hjg W5<(2-a1,1 ..... Vx, Qa1 xi2, ..., Qan, 1)V xm, (2~an,1,...,1)]xn2) =0

and for all (x11,...,%m1) € X",

&R, 1%11,2.811, 1X11, - -+, 2.8n1,.1%n1, 2851, 1% ) < JAIL.E(X11, X11, - - -, X1, X))
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3. The mapping g : X" — Y satisfies g(x1,x2,...,%,) = 0 for all (x1,...,%i-1,0,%is1,...,%,) € X" and for all
(xlll X12, s Xnl, an) € inr

H Z g(ayj,,...j,(x11 + j1x12), - A o, ju n1 + JuXn2))
j] rrrrr j)1€[_1r1}

< E(x11,X12, -+, X1, Xn2)-

- Ai1,~--ing(x1i1 7y xm',,)
1,2}

Then there exists a unique solution G : X" — Y of equation (2) such that for all (x1,...,x,) € X",

lg(x1, ..., xn) = G(x1, ..., x)ll £ E(X1, X1, + o) Xy Xp)-

1AI(1 - L)

The mapping G is defined by

) !]((2-111,1,...,1)jx1, ey (Z.ﬂn,l,...,l)jxn)
G(x1,...,x,) = lim Y
jooo

Y (xl,...,x,,) e X"

and G(x1,%2,...,%,) =0 forall (x1,...,%i-1,0,Xis1,...,%,) € X".

In this paper, we study the stability of two general multi-variable functional equations on quasi-Banach
spaces by the fixed point method. Furthermore, we also obtain generalizations of the early results on the
stability of classical equations in quasi-Banach spaces.

First, we recall some basic facts concerning quasi-Banach spaces and some preliminary results.

Definition 1.3 ([1], Definition 3; [12], pages 6-7). Let X be a vector space over the fielld K, xk > 1 and ||.|| : X —
[0, 00) e a function such that for all x,y € X, A € K,

1. |Ix|l = O if and only if x = 0.
2. [Ax]] = [AL[]xll.

3.l + il < el + 1yl
Then we have

1. ||l is called a quasi-norm on X, the possible smallest « is called the modulus of concavity, and (X, ||.||, k) is called
a quasi-normed space. For a quasi-normed space (X, ||.l|, k), without loss of the generality we can assume that «
is the modulus of concavity.

2. ||.|lis called a p-norm, and (X, ||.I|, ) is called a p-normed space if there exists p € (0, 1] such that forall x,y € X,

[lx + yllP < [IxIlP + [lyllP.
The sequence {x,} is called convergent to x if lim ||x,, — x|| = 0, written by lim x,, = x.
n—oco n—oo
The sequence {x,} is called Cauchy if lim [lx, — x| = 0.
n,m—o0

The quasi-normed space (X, ||.||, k) is called a quasi-Banach space if each Cauchy sequence is convergent.
The quasi-normed space (X, ||.||, k) is called a p-Banach space if it is p-normed and quasi-Banach.

AN LI

The following is the well-known theorem called the Aoki-Rolewicz theorem. It shows that each quasi-
norm is uniformly equivalent to some p-norm.

Theorem 1.4 ([14], Theorem 1). Let (X, ||.|l, k) be a quasi-normed space, p = log,, 2 and for all x € X,

n 1 n
llxlll = inf{(Z ||xl-||r’)'1’ x= in,xi eX,n> 1}.
i=1

i=1
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Then |||.|ll is a quasi-norm on X satisfying for all x, y € X,
lllx + Il < {1l + HyllP

and

S Pell < el < flel:
K

In particular, the quasi-norm |||.||| is a p-norm, and if ||.|| is a norm then p = 1 and |||.l|| = ||.|].

In 2018, Aydi et al. [3] introduced the generalized b-metric space. This notion is a generalization of the
b-metric space [8] and the generalized metric space [13].

Definition 1.5 ([3], page 1). Let X be a nonempty set, x > 1 and d : X — [0, 00] be a function such that for all
xYz€X,

1. d(x,y) =0ifand only if x = y.

2. d(x,y) =d(y, x).

3. d(x,y) < K(d(x, z) +d(z, y)).

Then we have

1. d is called a generalized b-metric on X, the possible smallest « is called the modulus of concavity, and (X, d, «)
is called a generalized b-metric space.

2. The sequence {x,} is called convergent to x if lim d(x,, x) = 0, written by lim x, = x.

3. The sequence {x,} is called Cauchy if lim d(x,,x,) = 0.

4. The generalized b-metric space (X, d, k) is called a complete generalized b-metric space if each Cauchy sequence
is convergent.

The authors also presented the following fixed point theorem for nonlinear contractions on generalized
b-metric spaces.

Theorem 1.6 ([3], Theorem 3.1). Suppose that

1. (X,d, x) is a complete generalized b-metric space.
2. The function ¢ : [0, c0) — [0, 00) is non-decreasing and for all t > 0,

lim ¢"(t) = 0.
3. The mapping T : X — X satisfies for all x,y € X and d(x, y) < oo,
d(Tx, Ty) < p(d(x, y))-

Then for each x € X, we have

(1) either for every n € N U {0}, d(T"x, T""'x) = o0
(2) or there exists ng € IN U {0} such that d(T"0x, T"*1x) < co. In this case, the following hold
(@) lim T"x = x*, where x* is a fixed point of T.
(b) x* is a unique fixed point of T in the set X* = {y € X : d(T"™x,y) < oo}.
(c) Forally € X*, lim T"y = x*.
n—oo

Moreover, if d is continuous with respect to one variable and for all t > 0,

i K"p"(t) < oo,
n=1

then forall y € X*, n e N U {0},

(9]

ATy, x) < ) "M d(y, Ty)).

k=0
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Recently, Sintunavarat et al. [15] also proved the fixed point theorem in a particular form and proposed
an approximation where d is not necessarily continuous. We must say that, from the proof of [15, Theorem
2.2], the value L in [15, Theorem 2.2.(2).(b)] is exactly L as in (3) as follows.

Theorem 1.7 ([15], Theorem 2.2). Suppose that

1. (X,d, x) is a complete generalized b-metric space.

2. The mapping T : X — X satisfies for all x, y € X and some L € [0, 1),
d(Tx, Ty) < Ld(x, ).

Then for each x € X, we have

(1) either d(T"x, T"'x) = oo for n € IN U {0}.
(2) There exists N such that for alln > N, p = log,,2, then

oy o » (TN, TN+1
a(T x,x)S(l_Lp)Pd(T x, TV x) 3)
where x* is a fixed point of T and x* = lim T"x.
n—oo

This implies that the approximation at the end of the proof of [15, Theorem 2.2] is as follows.
For all n > N, then

d(x, x) < ( yrd(x, Tx), x € X.

1-1Ir

2. Main results

First, we present three lemmas utilized to prove the main theorems.

Lemma 2.1. Suppose that
1. (X,d, x) is a complete generalized b-metric space.
2. T: X — X is a mapping satisfying for all x,y € X and some L € [0, 1),
d(Tx, Ty) < Ld(x, ).
3. There exist ng € IN U {0} and xq € X such that d(T™*xy, T"x) < oo.
Then we have
(1) T has a unique fixed point x* in the set X* = {x € X : d(T"xp, x) < oo}.
(2) im T"xy = x*.
n—oo
(3) Foreachx € X*,p =log, 2,
4
1-1Lr

Proof. It follows directly from Theorem 1.6 and Theorem 1.7 by choosing ¢(t) = L.t for all ¢ € [0, c0) and
some L €[0,1). O

d(x, x°) < ( yrd(x, Tx).

Lemma 2.2. Suppose that

(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) S={g: X" — Y}is aset of all mappings from X" to Y, & : X** — [0,00) and d : S — [0, oo] are two functions
such that forall g,h € S,

d(g,h) = infla € [0,00]: [lgx1, ..., xu) = h(x1, ..., X))l
<a.l(xy,x1,..., X0, Xn), (X1,...,x,) € X"}

where inf ) = oo.
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Then d is a generalized b-metric on S and (S, d, k) is a complete generalized b-metric space.

Proof. Forall g,h € S, we have
d(g,h) >0,

dlgh)y= 0 iff g= h,
d(g,h) = d(h, g).
We claim that the triangle inequality (3) in Definition 1.5 holds. For all g,/ € S, we have
lg(x1, ..., x0) = h(xa, ..., xp)ll < d(g, W)E(x1, X1, - . ., X, Xn)- 4)

By using the triangle inequality in the notion of quasi-Banach space and (4), forall g, h,u € S, (x1,...,x,) € X",
we obtain

llg(xr, ..., xn) = h(x1, ..., xu)ll

< wfllgler, .. ox) = uCen )+ e, ) = G )]
< K[d(g,u)cf(xl,xl,...,xn,xn)+d(u,h)£(x1,x1,...,xn,xn)].
< w[dg,u) +d(u, )| &G, x1, . 2 ).

This implies that d(g, h) < K[d(g, u) +d(u, h)]. Hence, d is a generalized b-metric on S.
Now, suppose that {gi} is a Cauchy sequence in S. Then llicm d(gx, gm) = 0. By using (4), we ob-
m,k— o0

tain {gx(x1,...,x,)} is a Cauchy sequence in quasi-Banach Y for all (x,...,x,) € X". Hence, there exists
g(x1,...,%,) € Y such that

%Lr?ogk(xl, v Xn) = g(X1, ., %), (X1, .., ) € XM (5)

€
For each ¢ > 0 there exists nyp € IN such that d(gx, g,,) < = for k, m > ny. By using Theorem 1.4 and (4), we

2K
obtain
NgeCxi, .. x0) = Gm(xr, - )l <0 g, .oy x0) = G, ..., x)l
< dGr, gm)EX1, X1, -+ o, Xny Xp)
&
< Eé(xlrxll-n/xmxn)-

Taking the limit as m — oo in the inequality above and using the continuity of |||.|||, we have

&
“lgk(xl/"'/xn) _g(x1/°"/x1’l)|” S Eé(xllxl/"'/xn/xﬂ)
and then

2uclllgi(x1, - -, x0) = gCrr, -, Xl
8é(x1/x1/ e /xn/ xn)~

gxCxe, - X0) = g(x, .., X0

INIA

This implies that d(gx, g) < € for all k > ng. This proves that I}im gk = g in (5,d,x). Therefore, (S,d, x) is
complete. [

It follows from (5) that if the Cauchy sequence {gx} in S has the property gx(x1,x2,...,x,) = 0 for all
(xl,. . .,xi,l,O,le, .. .,xn) € X",k € IN then gx1,%X2,.. .,xn) = 0 for all (xl,. . .,x,-,l,O,le, .. .,xn) e X". We
obtain the following lemma by proving similarly to Lemma 2.2.

Lemma 2.3. Suppose that
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(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) &:X?" — [0,0) is a function, S is a set all mappings such that
S = {g:X">Y:g(x1,x2,...,x,) =0forall (x1,...,%-1,0,%i11,...,%,) € X"}
and d : S — [0, 0] is a function defined by for all g,h € S,
d(g,h) = infla€[0,00]: llger, ..., %) = hlxy -, %0)
<a.&(xy,x1,.., X0, Xn), (X1,..., %) € X"}
where inf () = co.

Then d is a generalized b-metric on S and (S, d, k) is a complete generalized b-metric space.

In the following, we use Theorem 1.4, Lemma 2.1, Lemma 2.2 and Lemma 2.3 to investigate the stability
of the multi-variable functional equations on quasi-Banach spaces. Firstly, we study the stability of the
functional equation (1).

Theorem 2.4. Suppose that
(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) There exist L € [0,1) and & : X*" — [0, o) satisfying for all (x11,X12, .. .,%m, Xn2) € X*",

]

1 . . .
lim —&(a) X1, @) x12, - . ., @)X, )Xn2) = 0 (6)

j—eo |AP
and for all (x11,...,%n1) € X",
E(ar1x11, a1x11, - -+, AnXn1, AnXm1) < JAIL.E(X11, X101, - -, X1, Xn1)- 7)
(8) The mapping g : X" — Y satisfies for all (x11,X12,...,Xn1, Xn2) € X2
‘!](ﬂnxn +a12X12, -+, A1 X1 + A2 Xn2) — Z Air iy, in9(Xiys - -+ Xni,)
i1,0in€{1,2)

< &1, X124, X1, Xn2)- (8)

Then there exists a unique solution G : X" — Y of equation (1) such that for each (x1,...,x,) € X" and
p =log,, 2,

1

1 4
”g(xl/ s /xn) - G(x1/ oo /xn)” < W(m) 5(x1/x1/ e Xy xl’l)‘
The mapping G is defined by

g(a{xl, e ,a{,xn)

Y , (x1,...,x,) € XM

G(x1,...,x,) = lim
j—oo

Proof. LetS={g: X" — Y}and

d(g/h) = lnf{ﬂ € [0/ OO] : ”g(xl/'--/xn)_h(x1/-~-/xn)||
<ak(xy, X1, ..., X, Xn), (X1,...,x,) € X"}
for all g,h € S, where inf @ = co. It follows from Lemma 2.2 that d is a generalized b-metric on S and (S, d, x)

is a complete generalized b-metric space.
Let T : S — S be defined by

Tg(x1,...,%u) (m1x1,...,80%,), gE€S,(x1,...,%,) € X" 9)

_1
_mg
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Choosing xjp = xj1,i € {1,2,...,n} in (8), we obtain

g((ﬂll +ap)xi, ..., @m + ﬂnz)xnl) - Z Ay, ind(X11, -0, X01)

i1rin€l1,2)
< &1, X1ty - -+, X1, Xnt)- (10)
Replacing a; =aj1 +app, i€(1,2,...,nfand A = Z Aiiy,...i,n A # 0to (10), we have
i1,rin€{1,2}

9(013511, . .-,llnxm) - Ag(xn, oo Xe)|| £ ECenn, X1, -, X1, X))

This implies that

1 1
||Zg(tl1X11,---,llnxn1) — g0, ..., )| < Wé(xllrxllr---/xnlrxnl)- (11)

Applying (9) to (11), we have

1
”Tg(xll e /xn) - g(xll e /xn)H S Wé(xllxl e /xn/ x?’l)/ (xll e /xi’l) € Xn'
This implies that

1
d(Tg,g) < — < o0.

We claim that d(Tg, Th) < L.d(g, h) for all g, h € S. Indeed, by using definition of T, (4) and (7), we have

1
ITgCx, ..., xa) = Thxa, ..., %)l mllg(alxl, ) = h(arx, 4|

1
< Wd(g, h)é(arx1, a1x1, . .., Xy, AnXy)
< Ld(g,h)&(x1,x1, ..., Xn, Xn).

This implies that
d(Tg, Th) < L.d(g, h).

Hence, all the assumptions of Lemma 2.1 are satisfied. This implies that
khm Trg(x1, ..., x0) = G(x1, ..., Xn), (12)

where G is a fixed point of T, p = log,, 2 and

1

—)'d(, 9’—@(1_m>' (13)

Using the definition of 4 and (13), we obtain

d(g,G) < (

IG(x1, ..., %) = glx1, ..., x)Il < d(g, G)E(x1, X1, ..., Xn, Xn)

1 4 \;
W(l _ LP) E(x1, X1, .0, X, Xp). a4

Now, we prove the following formulation by induction,

. 1 . .
Tlg(x1,...,%,) = Eg(aixl, alxy) (15)
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for all (x1,...,x,) € X", j € IN. The formulation holds with j = 1 by the definition of T. Suppose that (15)
holds with some j > 1. We prove (15) holds with j + 1. Indeed,

Tf”g(xl, e Xp)

Zng(ulxl, e AnXy)

11 j

= AW (aya1x1, . . ., @y0nXy)
1 . ,

_ j+1 j+1

= A],Hg(a1 1re-o, 0y Xp)-

Hence, (15) holds for all j € IN. Then taking the limit as j — oo in (15) and using (12), we obtain

dxi,... ax
G(x1,...,%,) = lim g@xy, - ) (1, ..., %) € X". (16)
j—)oo A]
We claim that G is a solution of equation (1). Indeed, using Theorem 1.4 and the assumption (8), we
obtain for all (x11,X12, ..., X1, Xx2) € X*" and j € N U {0},

1
I

-9(ﬂ§(ﬂ11x11 +a12%12), - -, @@ X + An2X2))

Z An i,. 1,,!7({1 X1iys -+, xnln)

1
|5

.g(ajl(anxu +a1X12), - - -, (@ X1 + A2X2))

et Z An in,. 1,,9({1 X1iys -« - /aixnin)
11 }
< lAIjé(ﬂ Xll,ﬂ]xlz, . ,ﬂ{qxnl,ﬂixnz)- (17)
Taking the limit as j — oo in (17), using (16), (6) and the continuity of |||.|||, we obtain

H'G((ﬂuxu +a12%12), - -+, (A1 Xn1 + AnXn2))

- 2 Ai1,iz,--~,inG(x111/ Ry x"h:)H‘ =0
i1, €{1,2}

Then G satisfies the equation (1).
Suppose that H is also a solution of the equation (1) and satisfies (14). Since H is a solution of the
equation (1), we get

1
ZH(alxl, e, anXxy) = H(xq, ..., xy),

that is, H is a fixed point of T. Since H satisties (14) we also obtain

g, H) < |A|(1 4Lp)p =

This implies that H € X* = {h € S : d(g,h) < co}. By Lemma 2.1, we have H = G. Hence, G is a unique
solution of equation (1). O
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Choosing a11 = a1 = - = a1 =ayp = 1and A4, = 1forall jy,...,i, € {1,2} in Theorem 2.4, we

obtain the generalization of [6, Corollary 4] on the generalized Ulam stability of functional equation (18)
on quasi-Banach spaces.

g(x1n + X1, ..., X1 + Xp2) = Z g(X1iy, - ) Xni))- (18)

Corollary 2.5. Suppose that

(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) There exist L € [0,1) and & : X*" — [0, o0) satisfying for all (x11,X12, - - ., Xn1, Xm2) € X*",

1 . . . .
hm 2—5(2]..%11,2].3612, e ,Zf.xnl,zf.xnz) =0

jooo jn
and for all (x11,...,%m) € X",
5(2.x11,2.x11, ce ,2.xn1,2.xn1) < Z”L.é(xn,xn, e ,xnl,xnl).

(8) The mapping g : X" — Y satisfies for all (x11,X12,. .., Xn1, Xn2) € X2,

Then there exists a unique solution G : X" — Y of equation (18) such that for all (x1,...,x,) € X", and
p = logZK 2’

g(x1n + X12,. .., X1 + Xy2) — Z g1y, - Xni)|| < €11, X2, -+ X1, Xi2)-

1 4 \p
lg(x1, ..., x0) = G(x1, ..., x)|l £ E(m) E(xX1, X1, o) X, Xp)-

The mapping G is defined by

2ixq,...,2x
G(x1,...,xn):1imf( 12],n ”), (x1, ..., %) € X"
jooo

1
Remark 2.6. 1. Choosing & = € > 0and L = W’ |Al > 1 in Theorem 2.4, we obtain a generalization of [6,

Corollary 5] on the classical Ulam stability of the functional equation (1) on quasi-Banach spaces.

1
2. Choosing & = € > 0and L = —in Corollary 2.5, we obtain a generalization of [6, Corollary 6] on the classical
Ulam stability of functional equation (18).

In the following theorem, we address the stability of the functional equation (2).

Theorem 2.7. Suppose that

(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) There exist L € [0,1) and & : X*" — [0, o0) satisfying for all (x11,X12, - - -, Xn1, Xm2) € X*",

1 . . ) )
}Eﬁ}, |A_|]-é((2-a1,1,..4,1)]x11/ (2411, 1)x12,...,2an1,.1) X1, (Zﬂn,l,...,l)]xnz) =0 (19)

and for all (x11,...,%m) € X",

EQum,. 1%11, 2811, 1X11, - -+, 2.8n1,.1%n1, 2851, 1%n1) < JAIL.E(X11, X115 -+« X1, X)) (20)



N.T. T. Ly / Filomat 38:28 (2024), 10013-10028

10023

(8) The mapping g : X" — Y satisfies g(x1,x2,...,%,) = 0 for all (x1,...,%i-1,0,%i41...,%,) € X" and for all

2,
(xllrxlzr e /xnlran) eX n/

H Z 9@y jy,...j, (11 + j1x12), -+ A o, j Xn1 + JuXn2))
e inel=1,1)

< &(x11,X12, -+, X1, Xn2)-

Z Ail/--~ing(x1i1/ ey xm',,)
; }

i1, €{1,2

(21)

Then there exists a unique solution G : X" — Y of the equation (2) such that for all (x1,...,x,) € X" and

p = logZK 2’

1

1, 4 \
lg(x1, ..., x0) = G(x1, ..., )|l < m(m) EQX, X1, - vy Xy Xn).

The mapping G is defined by

!7((2~111,1,...,1)jx1, ey (Z-Qn,1,...,1)jxn)
G(x1,...,x,) = lim : , (x1,...,x,) € X"
j

m A
and G(x1,%2,...,%,) =0 forall (x1,...,%i-1,0,Xis1, ..., %) € X".
Proof. Let

S = {g: X" > Y:g(x1,x,...,x,) =0forall (x1,...,%-1,0,%41...,%,) € X"}
and d be defined by

d(g,h) = infla € [0,00]: lg(x1, ..., xu) = h(x1, ..., x0)ll
<a.l(xy,x1,. .., %0, Xn), (X1,...,x,) € X"}

for all g,h € S, where inf @ = co. It follows from Lemma 2.3 that d is a generalized b-metric in S and (5, d, x)

is a complete generalized b-metric space.
Next, replacing xi1 = xp = x;, i € {1,2,...,n} to (21), we obtain for all (xy,...,x,) € X",

H Y. 9@, ), G )
Jirjn€f=1,1}

S E(xllxll e /xn/xn)~

1,ee) i,€{1,2

Replacing A = Ai i, A#0to(22)and using g(x1, x2, ..., x,) = Oforall (xq,...,xi-1,0,Xi41 . ..
p g 1/82/e-+/tn gg

i1, n€{1,2}
we have

|lg@a11,..1x1, ..., 2800, 120) = Ag(xy, .., x0)|| < EGer x1 -, %0, x0).
This implies that

1

1
||Z!](2-111,1,...,1x1,--.,z-ﬂn,l,...,lxn) = g(x1,...,x)|| < Wé(xlfxl oo Xn, Xp).

Let T : S — S be defined by

1
Tg(x1,...,%,) = mg(2~ﬂ1,l,...,1x1, ceey248y1,.1%0), (X1,...,%,) € X",

(22)

/xl’l) € an

(23)
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Then (23) becomes
ITg(x1, ..., %0) — g(x1, ..., %)l < %é(xl,xl ooy X, Xp)
for all (x1,...,x,) € X". This implies that

1
d(Tg, g) < TR

Now, we claim that d(Tg, Th) < L.d(g, h) for all g,h € S. Indeed, we have forall g, h € S, (x1, ..

lg(x1, ..., xn) = h(x1, ..., x )l < d(g, h)E(x1, X1, - - -, Xn, Xn).
Using definition of T, (20) and (24), we obtain

ITg(x1,...,x4) = Th(x1, ..., x,)ll
1
= m“?(z-ﬂl,l,...,lxl, e, 2850, 1%,) — (2414, 11, . .. ,2-61n,1,...,1xn)||
1
|A]
< Ld(gr h)é(xllxll‘ . '/xnrxn)-

< d(g, h)EQ.a1,.1%1,2.011, 1%1, -+, 2.8n7,.1Xn, 2.801,..,1Xn)

This implies that
d(Tg, Th) < L.d(g, h).

Hence, all the assumptions of Lemma 2.1 are satisfied. This implies that

I}im Tkg(x1, e Xn) = Glxq, ..., x), (x1,...,x,) € X",

where G is a fixed point of T and

4 ’l’d T 1 4 P
< — .
1—LP) @ g)_lAl(l—LP)

By using the definition of 4 and (26), we obtain for all (xy,...,x,) € X",

d(G,9) < (

IGCx1, ..., x0) — g, x)ll <0 d(g, G)E(xa, X1 - .., X, Xn)

1/ 4 v
W(l — LF’) (X1, X1 ., X, Xp).

Now, we prove the following formulation by using induction,

) 1 . .
gy, %) = —=g(@ars, ), -, Qs 1))

10024

., X)) € X",

(24)

(25)

(26)

(27)

(28)

for all (x1,...,x,) € X", j € N. It follows from the definition of T that (28) holds with j = 1. Suppose that

(28) holds with some j > 1, we prove (28) holds with j + 1. Indeed, we have

. 1 .
T g(xy,. .., x,) ZT19<2-411,1,...,1X1, ey Z-ﬂn,l,...,lxn)

A A7 ((2-01,1,...,1)jz-al,l,...,lxl, e, (2-an,1,4..,1)jz-an,l,...,lxn>

1 . .
B Aj+1g((2-611,1,4_.,1)]Hxl, e, agy, 1) ).
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Hence, (28) holds for all (x1,...,x,) € X", for all j € IN. Then taking the limit as j — oo in (28) and by using
(25), we obtain

!]((2-111,1,...,1)7361, ey (2~an,1,...,1)jxn)
Al

G(x1,...,x,) = lim , (x1,...,x,) € X", (29)
j—oo

Moreover, Gisafixed pointof Tso G € Sand hence G(x1, xa, ..., x,) = 0forall (x1,...,xi-1,0, Xis1,..., ;) € X".
Now, we claim that G is a solution of equation (2). By applying Theorem 1.4 and the assumption (21),
we obtain

m Z _jg((2-a1,1,...,1)]al,jl,...,jn(xn+flxlz)/--~r(2-%1,‘..,1)]”71,1'1,...,;',1(xnl+fnxn2))

jl ~~~~~ ]4116[*1/1’
1 ; i
- Z Ail,...inEg((z-al,l,...,l)]xliv'"'(2‘a”'1 ----- 1)/ i, )
i inel1,2)
1 . . j '
< Z Al ((2-“1,1,.,‘,1)] ayj,,..j,(x11 + j1x12), .. -, (Zﬂn,l,...,l)]“nfh/~~~/J'n i ]”x”Z))
Jrernel=11}
1 ; i
- Z Ail,...inEg((zﬂl,l,...,l)]xliv'"’(2'a”'1 ----- 1)/ Xui,)
i inel1,2)
1 ; : ‘ ‘
= Wé((z-ﬂl,l,‘..,l)]xu, (.a14,..1) %12, 0, 2anp,..1) X1, (2.801,..,1) Xn2). ©0)

Taking the limit as j — oo in (30), using (19), (29) and the continuity of |||.|||, we get
H'G(al,jl,...,j,,(xll + J1X12), - -, Ay, ju (X1 + JuXn2))

- 2 AilriZ/--~/irlc(xlil’ ceey x"in)m =0.

This implies that G satisfies the equation (2).
Suppose that H is also a solution of the equation (2) and satisfies (27). Since H is a solution of the
equation (2), we claim

—H(Z.al,l,__,,lxl, ey 2.11,,,1,_",1xn) = H(xl, ceey x,,), (xl, . ,Xn) S Xn,
A

that means H is a fixed point of T. Moreover, H satisfies (27), we obtain

dg H < ()
< —|
(%)—mk—m)<m

This implies that H € X* = {h € S : d(g,h) < co}. By Lemma 2.1, wehave H=G. [

Choosing a1,;,,...j, = *** = apj,,..j, = 1forall ji,...,j, €{-1,1}and A;, ; =2" foralli,...,i, € {1,2}in

.....

Theorem 2.7, we obtain the following generalization of [6, Corollary 9] on the the stability of the n-quadratic
functional equation (31) on quasi-Banach spaces.

Z g(xn + j1X12, e, X j,,x,,z) - Z 2"._!](.7611'1, e ,xni”) =0. (31)

Jirjn€f=1,1} i1,in€{1,2}

Corollary 2.8. Suppose that
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(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) There exist L € [0,1) and & : X*" — [0, oo) satisfying for all (x11,X12, - - ., Xn1, Xm2) € X*",

1, . , ,
lim ﬂé(Zf.xn, Vo, 2200, 2 x0) = 0

]—)00
and for all (x11,...,%m) € X",
E(2x11,2x11, -+, 201, 2X01) < A"L.E(X11, X11, -+ -, X1, X1)-

(8) The mapping g : X" — Y satisfies g(x1,x,...,x,) = 0 for all (x1,...,xi-1,0,%i11,...,%,) € X" and for all
ppmg g g
(x11/x12/ cee s Xnl, xnz) € in,

Then there exists a unique solution G : X" — Y of equation (31) such that for all (x1,...,x,) € X" and
p=log, 2,

H Z g(x11 + j1x12,. .., X1 + juXn2) — Z 2"g(x1iy, -+ ) Xni,)

jl //// j,,E{—l,l} il //// i,,€{1,2}

< 6(.7(11,3(12,. . '/xnl/an)-

1

p
) é(xlr X100 rxn/x‘rl)'

1
”g(xl,. ..,xn) - G(xll- . -/x?‘l)” S E(l _ Lp

The mapping G is defined by

2ix1,...,20x
G(xy, ..., %) = lim g, 2%) (xX1,..., %) € X"
j—oo 4n
and G(x1,%2,...,%,) =0 forall (x1,...,%i-1,0,Xis1,..., %) € X".

Choosing n = 2,a1,1,1 = 1,1 = a1,-1,-1 = d2,-1,-1 = 1, 41,1,-1 = A1,-1 = A1,-11 = Az,—1,1 = 0,A11 = A1p =2
and A1 = Ay = 01in Theorem 2.7, we obtain the following generation of [6, Corollary 12] on the stability
of the additive-quadratic functional equation (32) on quasi-Banach spaces.

g(x11 + X12, X21 + X22) + g(X11 — X12, X21 — X22) = 29(x11, X21) + 29(X12, X22). (32)

Corollary 2.9. Suppose that

(1) X is a vector space over the field IF and (Y, ||.||, k) is a quasi-Banach space over the field K.
(2) There exist L € [0,1) and & : X* — [0, 00) satisfying for all (x11, %12, X21, X22) € X*,

1 . . . .
hm Eé(zf.xn,zf.xu, 2].x21,21.x22) =0

00
and (x11,%21) € X2,
&(2x11, 2x11, 2X21, 2x01) < 4L.E(x11, X11, X21, X21)-
(3) The mapping g : X> — Y satisfies g(x1,0) = 0 = g(0,x2) for all (x1,x2) € X? and for all (x11,X12, X21,%22) € X?,

< &(11, Xx12, X21, X22).

g(x11 + X12, X21 + X22) + g(X11 — X12, X21 — X22) — 29(X11, X21) — 29(X12, X22)
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Then there exists a unique solution G : X> — Y of the following equation (32) and satisfying for all (x1,x,) € X?
and p = log, 2,

1

1 =
oG, %) = G, 1l < o 7= ) 1,005,
The mapping G is defined by
g(2).x1, 21 .x7)

G(x1,%2) = lim , (x1,%2) € X?
]—)00

4]
and G(x1,0) = 0 = G(0, xp) for all (x1,x,) € X>.

1
Remark 2.10. 1. Choosing & = ¢ > 0and L = ZI’ |A| > 1 in Theorem 2.7, we obtain a generalization of [6,
Corollary 10] on the classical Ulam stability of the functional equation (2) on quasi-Banach spaces.

1
2. Choosing & = € > 0and L = — in Corollary 2.8, we obtain a generalization of [6, Corollary 11] on the classical
Ulam stability of the functional equation (31) on quasi-Banach spaces.

1
3. Choosing & = € > 0and L = —in Corollary 2.9, we obtain a generalization of [6, Corollary 13] on the classical

Ulam stability of the functional equation (32) on quasi-Banach spaces.
4. Choosing n = 1in Corollary 2.8, we have the generalization of the stability of the quadratic functional equations
on quasi-Banach spaces.

The above results immediately imply the results of [6] in the Banach spaces with ¥ = 1. The next
example gives a proper illustration on quasi-Banach spaces. This example also exemplifies a limitation of
Theorem 1.1.

Example 2.11. Suppose that

1 1
1.0<p<1,X=Y=Lr[0,1] = {x : [0,1] — R such that |x|P is Lebesgue integmble},andllxll = (f Ix(t)l”dt)p
0

forall x € LP[0, 1].
2. The mappings g : X*> = Y and & : X* — [0, 00) are defined by

g, () = x(t) + y(t) + 1, (x, y) € X, £ € [0,1],
Ex,y,z,w)=1,(x,y,z,w) € X4,
Then we have

1. All assumptions of Theorem 1.1 hold, except for the assumption of Y being a Banach space.
2. Theorem 2.4 is applicable to X, Y, g and & but Theorem 1.1 is not.

Proof. (1). It follows from [14, Examples 1 & 2] that Y is a quasi-Banach space with ¥ = 2 which is not
normable. Then it is not a Banach space.

1
Choosing ain =ap =an =an =1,An =A» =1,A1n=A»=0,L= > we get A =2anda; = a, = 2. For

all (x11, X12, X721, Xzz) € X4, we have

1 4 . . .
lim —&(@ x11, a4 x12, @l x01, 01 x20) = lim — = 0
jo>o0 |A|]£( 1M1, B A12, 85421, By 22) 00 ]

and for all (x11,x21) € X2,

&(arx11,a1x11, 2X21,A2X21) = 1 = |A|L.E(x11, X11, - - -, X1, Xn1)-
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We also have

lg(x11 + x12, X21 + X22) — A119(X11, X21) — A g(X12, X22) — A12g9(x11, X22) — A219(X12, X21)l|

1 1
= (j(; [(x11 + x12)(£) + (x21 + x22)(£) + 1 = (x11() + x21(F) + 1) = (x12(F) + x22(F) + 1)|pdf)p

1 1
= 17dt)"
([ v
=1
= &(x11,X12, X21, X22).

Therefore, all assumptions of Theorem 1.1 hold, except for the assumption of Y being a Banach space.
(2). It follows from (1) that all the assumptions of Theorem 2.4 are satisfied withaj; = a1, = a1 =axp =1,

1
A1 = Ap =1,Ap = Ay =0and L = > Therefore, Theorem 2.4 is applicable to X,Y, g and &. However,
Theorem 1.1 does not apply to g and & since Y is not a Banach space. [
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