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Abstract

In this paper, we establish the general solution of a new quadratic functional equation f (ac — y—gz) +

f@+52)+ f(z+2) =3f(x) + %f(y) + %f(z). Next, the Ulam stability of this equation in a real normed

space and a non-Archimedean space is studied, respectively. (©2014 All rights reserved.
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1. Introduction

At the current stage, the Ulam stability is gradually becoming one of the most active research topics
in the theory of functional equations. The investigation of such stability problems of functional equations
originated from a question of Ulam [22] concerning the stability of group homomorphisms, i.e.,
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Let G1 be a group and let Gy be a metric group with the metric d(-,-). Given € > 0, does there exist a
0 > 0 such that if a function h : Gy — Gq satisfies the inequality d(h(zy), h(z)h(y)) < 6 for all x,y € Gy,
then there is a homomorphism H : G1 — Go such that d(h(zx), H(z)) < € for allx € G1?

Hyers [7] gave a first affirmative partial answer to the question of Ulam for Banach spaces. Afterwards,
the result of Hyers was generalized by Aoki [I] (For some historical comments regarding the work of Aoki, see
[18]) for additive mappings and by Rassias [20] for linear mappings by considering an unbounded Cauchy
difference. Later, Gavruta [0] replaced the unbounded Cauchy difference in the Rassas’s Theorem and
provided a further generalization by using a general control function. Since then, the Ulam stability problems
of different types of functional equations in various spaces have been widely and extensively studied. For
more detailed information, the reader can refer to [4, [12] 21].

Based on the existing research results, it is worth noting that the study of Ulam stability of different
types of quadratic functional equations is an important branch. In recent years, there are many interesting
results concerning these problems obtained by different authors [2, 3] 5, [8, @, 10} 11, 13}, 14}, 15 16l 17, 23].

In this paper, we construct the following functional equation:

Flo-257) 41 (o4 157) + fat ) =370 + 510 + 5102 (1.1)

It is easy to verify that the function f(z) = 2

preceding equation a quadratic functional equation.

The main purpose of this paper is to establish the general solution of Eq. (1.1) on an Abelian group,
and to investigate the Ulam stability of Eq. (1.1) in a real normed space and a non-Archimedean space,
respectively.

is a solution of Eq. (1.1) on R. Naturally, we call the

2. General solution of Eq. (1.1) on an Abelian group

First of all, let us recall that a mapping f : G — F is said to be a quadratic mapping provided that it
satisfies the functional equation

flx+y) + flz—y) =2f(x) +2f(y) (2.1)

for all x,y € G, where G, F are groups.
A mapping S : G x G — F is called biadditive if and only if

S(z1 + z2,y) = S(x1,9) + S(22,9) and S(x,y1 + y2) = S(z,y1) + S(w,2)

for all z1,z2,2,y1,y2,y € G. In addition, if S(z,y) = S(y,z) for all z,y € G, then we say that S is
symmetric.
As we all know, we have the following result concerning the general solution of Eq. (2.1).

Lemma 2.1 ([4]). Let G be an Abelian group and F an Abelian group with the division by two. The mapping
f: G — F is quadratic if and only if there exists a unique symmetric biadditive mapping B : G x G — F
such that

f(z) = B(z,z)
forall x € G.

In the following, we will establish the general solution of Eq. (1.1) on an Abelian group. The corre-
sponding result shows that the solution of Eq. (1.1) is equivalent to the one of Eq. (2.1).

Theorem 2.2. Let G and F be two Abelian groups with the division by two. A mapping f : G — F satisfies
the functional equation (1.1) for all x,y,z € G if and only if it satisfies the functional equation (2.1), i.e.,
f is a quadratic mapping.
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Proof. Necessity: Putting x = y = z = 0 in (1.1), we get f(0) = 0. Replacing y,z by z,—z in (1.1),
respectively, we get

f(20) = S f(@) = S f(-2) =0 (22)

for all x € G. Similarly, replacing y, z by —xz, z in (1.1), respectively, we have

F(2r) ~ L (@)~ f(-x) = 0 (23)

for all z € G. Subtracting the two resulting equations, we get f(x) = f(—=x) for all x € G, i.e., f is an even
mapping. Using the evenness of f, it follows from (2.2) or (2.3) that f(2x) = 4f(x). Furthermore, we can
obtain the functional equation (2.1) if we replace z by y in (1.1). That is to say, f is a quadratic mapping.
Sufficiency: If f is a quadratic mapping, by Lemma 2.1, then there exists a unique symmetric biadditive
mapping B : G X G — F such that f(z) = B(z,x) for all x € G. Therefore, substituting it in the left-hand
side of Eq. (1.1), we can obtain that

+z +z -z —z
B(ac—y2 ,:c—y2 )+B(:c+y2 ,x+y2 )+ Bz +z,2+2)
+z +z y+z -z
= ,T) — x,y ) B(y2 ,y2 )+B(x,x)+2B(x,y2 )
y_z Yy—
+ B( 5 5 )+B(:L'x)+23(xz)+B(z z)
:3B(33,1:)+B(x,—y—z)—|—ZB(y+z,y+z)—l—B(:U,y—z)
1
+-B(y—z,y—2)+2B(x,z) + B(z,2)

4
1 1
= BB($’93) + B(l‘? _22) + §B(y7y) + 53(27 Z) + 23(1"7 Z) + B(Z’ Z)
1 3
= 3B(:L’,IIZ) + iB(yvy) + §B(Z7 2)7

which implies that the quadratic mapping f(x) = B(x, z) satisfies Eq. (1.1). O

3. Stability of Eq. (1.1) in a real linear normed space

In this section, we shall prove the Hyers-Ulam stability of Eq. (1.1) in a real linear normed space.
Throughout this section, X and Y will stand for a real vector space and a real Banach space, respectively.
For notational convenience, we define the following operator

qu(m,y,z>:=f( y”)w( )+f(x+z)

(3.1)
—3f(z) - Qf(y) - §f(2)-
Theorem 3.1. Let j € {—1,1} be fized and p: X x X x X — [0,00) be a function such that
) (2,y,2) = Y 4727w, 2%y, 2% 2) < 400 (3:2)

k=0
for all x,y,z € X. Assume that the mapping f : X — Y satisfies
1Dgf (z,y,2)|| < o(x,y,2) (3.3)
for all z,y,z € X. Moreover, f(0) =0 in the case j = 1. Then

Q(x) = lim 4" f(279"x)

n—oo
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exists for each x € X and defines a unique quadratic mapping @ : X — Y such that

17@) ~ Q) < ¥z, 7) (3.4)
forallz e X.

Proof. Using (3.2), we can easily know that f(0) = 0 in the case j = —1. Indeed, putting x =y =2z =0 in
(3.3), we can obtain that f(0) = 0 because the condition ®(=1(0,0,0) = 322 4¥4(0,0,0) < +oo implies
that ¢(0,0,0) = 0.

Putting y = z = z in (3.3), and since f(0) = 0, we can obtain that

14f (z) = f(22)[| < ¢(z, 2, z) (3.5)
for all 2 € X. Replacing = by 2" 'z and dividing by 4" in (3.5), we get
| = a) -

for all z € X and n € N. Therefore, it follows from (3.5) and (3.6) that

| 1
47f(Q%C)H < 2,27 e, 27 ) (3.6)

4n—1

o - ] < S 2 e

(3.7)
B (2%, 21z, 2ix)
Z 4z+1
for all z € X and n € N. Moreover, replacing = by § in (3.5), we have
T T T T
4 (7> - <pE i 2 3.8
47 (3) - 1@l < 03, 5.5) (33)
for all x € X. By using a similar argument, we can infer that
x A x r T
Hf(x> - 4nf (27) H < 242()0(2“_17 9i+1’ 21'-1—1) (39)
i=0

for all z € X and n € N. Here we claim that the sequence {47"f(27/"z)} is a Cauchy sequence in the
Banach space Y. Indeed, for all m,n € N, it follows from (3.7) and (3.9) that
[47(m) f (=i (tm) gy g3 2=y
=4I |47n f (279 ) — f (270 )|
{4 m g (2 g o(i+m) g oi+m) gy

4i+1 y J=-1
1 n—1 i+m+1 T T T -
1 dico 4 (P(gz‘+m+17 P FmFL > GiFm1 ), j=1

for all z € X. Obviously, in the case ;7 = —1, the last expression tends to zero as m — oco. In the case
j = 1, the condition (3.2) implies that the preceding expression also tends to zero as m — oo. Thus, we
have proved that the sequence {47" f(277"x)} is Cauchy. According to the completeness of Y, we can define

Q(x) := lim 4j"f(2_j":n)

n—oo

for all x € X.
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Now we show that Q satisfies Eq. (1.1). Replacing z,y, z by 277"z, 279"y, 277"z in (3.3), respectively,
and multiplying both sides by 47", we can obtain that

/ (w(x _ @/;Z)) n <2—J‘" (a+ y;’)) 12+ )

. 1 , 3 .
- 3f(27") = SF@7I) - Sf )|
< 4IMp(27I g, 270y 27N ),

4im

Taking the limit in the preceding expression, by (3.2), it is easy to know that @ is a solution of Eq. (1.1)
since the right-hand side tends to zero as n — oo.
By letting n — oo in (3.7) and (3.9), we can infer that

%é(l)(x,x,x), ]:_17

3.10
1oV (g, 2,2), j=1 (3.10)

1f(z) = Q)] < {

for all x € X.

Next, we want to prove that @ is a unique such quadratic mapping. Assume that @’ is another quadratic
function satisfying the inequality (3.4). Since Q(277"z) = 477"Q(z), Q'(277"x) = 477"Q'(x), it follows that

1Q(z) — Q' (z)]| = 4"|Q(27"z) — Q' (27 x)|

<YM||QR™"x) — f277 )| + 1f (277 ) — Q' (277" x)|)
4in

< Tqﬂﬂ') (279, 279", 270 ).
From the condition (3.2), one can see that the last expression tends to zero as n — oo. Thus, we conclude
that Q(x) = Q'(z). This completes the proof. O

Based on Theorem 3.1, we can obtain the following corollaries concerning the stability of Eq. (1.1).

Corollary 3.2. Let j € {—1,1} be fized. Suppose that X is a real normed space and p,e are real numbers
with € > 0 and p # 2. Assume that the mapping f : X — Y satisfies the following inequality

1Dg.f (z,y, )|l < e(l[=]|” + [yl + [Iz]17)
for all x,y,z € X (X \ {0} if p <0). Further, f(0) =0 when j = 1. Then there exists a unique quadratic
mapping Q : X —'Y satisfying the equality (1.1) and the following inequality

3el|z||P s
Toesyy J=-Lp>2
[f(z) = Q)] < {4%612”;)

I(1-2r-2) J=1p<2
forallz e X (X \{0} ifp<0).
Proof. Letting p(z,y, z) = €(||z||P +||y||P + ||2]|?) and then applying Theorem 3.1. we can obtain the desired
result. O

Corollary 3.3. Let j € {—1,1} be fized. Suppose that X is a real normed space and p,e are real numbers
with € > 0 and p # % Assume that the mapping f : X — Y satisfies the following inequality

1Dgf(,y, 2)|| < ell=][P[ly]|”]l=[”
for all x,y,z € X (X \ {0} if p <0). Further, f(0) =0 when j = 1. Then there exists a unique quadratic
mapping Q : X —'Y satisfying the equality (1.1) and the following inequality

el|z]|*”

1) ~ Q)] < {4@'2”> ,

. 2
27y J=1p<3

s 2
j__l’p>§v

forallz € X (X\ {0} ifp<O0).
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Proof. Letting ¢(z,y,2) = €||z|[P|ly||P]|z||P and then applying Theorem 3.1. we can obtain the desired
result. O

Corollary 3.4. Let j € {—1,1} be fized. Suppose that X is a real normed space and p,q,r are positive real
numbers with p+ q+1r # 2, € a nonnegative real number. Assume that the mapping f : X — Y satisfies the
following inequality

1Dgf (z,y, 2) || < e(llz P lyll®ll2]" + [P + [y [PFo + [l2]PF)
forall x,y,z € X. Further, f(0) =0 when j = 1. Then there exists a unique quadratic mapping @ : X —Y
satisfying the equality (1.1) and the following inequality

E”xHP"rq-‘rT

1_92—(pFa+r)
17() - Q@) < {16@;131? »
1—2(+g+r)—2> i1=1 p+qg+r< )

j:_la p+Q+r>27

forallz e X.

Proof. Letting ¢(x,y, 2) = e(||lz[[P[ly[|?]|z]|" + [|z[[PT9F" + [[y|[PT9" 4 || 2][PT9F") and then applying Theorem
3.1. we can obtain the desired result. O

Especially, we can obtain the following Hyers-Ulam stability result of the quadratic functional equation
(1.1).

Corollary 3.5. Let X be a real normed space. For a given € > 0, if the mapping f : X — Y satisfies the
following inequality
Hqu(xvyvz)” S €

for all z,y,z € X with f(0) = 0, then there exists a unique quadratic mapping Q : X — Y satisfying the
equality (1.1) and the following inequality

1f(z) = Q)] <

Wl m

forallxz € X.

Furthermore, we have the following more general form of stability result concerning the Eq. (1.1) by
using a similar method as shown in [§].
A function H : [0,00) X [0,00) X [0,00) — [0,00) is said to be homogeneous of degree p (p > 0) if it
satisfies
H(tu, tv, tw) =t H(u, v, w)

for all £, u,v,w > 0.
For technical reasons, in the following, we denote by #, the set of all functions H : [0, 00) x [0, 00) X
[0,00) — [0, 00) that there exists ¢ : [0,00) — [0, 00) such that

H(wu, Mo, ) < () H (1, 0, w)

for all u,v,w > 0 and A > 0, where ¢ satisfies the following properties:
(i) p(A) > 0 for all XA > 0;
(i) (2) # 4
(iii) p(2X\) = ¢(2)p(A) for all A > 0.
Obviously, if p > 0 and p # 2, then the homogeneous function H of degree p belongs to H, with
p(t) =tP.
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Corollary 3.6. Let X be a real normed space. Assume that the mapping f : X — Y satisfies the following
nequality

1Dqf(2,y, 2) | < H(l[zll; l[yll, 1]

for all z,y,z € X with f(0) =0, where H € H,. Then there exists a unique quadratic mapping Q : X =Y
satisfying equality (1.1) and the following inequality

H({Jl, [l )

(3.11)

forallz e X.

Proof. Setting ¢(x,y,z) = H(||z||,||y|,]lz]])- By Theorem 3.1, it suffices to verify that ¢ satisfies the
condition (3.2). Therefore, we have

o0
O (,y,2) =Y 472k, 270y, 27 2)
k=0

o0
=Y ATRHE 2], 28|yl 2% 21)
k=0

<Z4 (2 H (], Iy, 21}
fz4 o2y (2, lyl, 12])

—Z( DV (ol 1)

{4H(4x|| LD hen =1, o(2) < 4,

2)
4H (lzll iyl lI=l)

(3) 24 when j = -1, p(2) > 4.

Therefore, the inequality (3.11) holds true. O

Remark 3.7. In the preceding proof, the equality ¢(2/%) = (2)7% is applied. Indeed, when j = 1, it is
obvious by the condition (iii). When j = —1, since 1 = (1) = ¢(2)¢(3), we know that ¢(271) = ¢(2)71.
Furthermore, we can infer that ¢(27%) = (2)~* by the mathematical induction.

4. Stability of Eq. (1.1) in a non-Archimedean space

Here, we will establish the Hyers-Ulam stability of Eq. (1.1) in a non-Archimedean space. First of all,
we recall some basic notions that are used in the following [I8] [19].

A non-Archimedean field means that a field K endowed with a function (valuation) |- |4 : K — [0,00)
which satisfies the following conditions:
(i) |r]a = 0 if and only if r = 0;
(i) [rsla = |rlalsla;
(iii) |r + s|a < max{|r|a,|s|a} for all r,s € K.
Remark 4.1. According to the above conditions, it is easy to know that |1|4 = | — 1|4 =1 and |n|4 <1 for
all n € N.

Let X be a vector space over a scalar field K with a non-Archimedean non-trivial valuation | - [4. A
function || - ||4 : X — R is called a non-Archimedean norm (valuation) if it satisfies the following conditions:
(NA1) ||z||a = 0 if and only if z = 0;
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(NA2) [[rz||a = |r|al|z||a for all r € K and z € X;
(NA3) ||z + ylla < max{||z| 4, |ly|la} for all z,y € X (strong triangle inequality (ultrametric)).
Correspondingly, we call the pair (X, || - ||a) a non-Archimedean space. In addition, by (NA3), we can
obtain that
ln — wmlla < max{llazsr — alla:m < j <n—1}

for all n,m € N with n > m. Thus, a sequence {z,} in a non-Archimedean space is Cauchy if and only
if the sequence {x,+1 — z,,} converges to zero. A sequence {z,} is said to be convergent if for any € > 0,
there exist a natural number ny € N and x € X such that ||z, — z||a4 < € for all n > ngy. Furthermore, a
non-Archimedean space (X, | - |l4) is said to be complete if every Cauchy sequence in X is convergent.
Throughout this section, we assume that G is a group and (X, || - [|4) is a complete non-Archimedean
space. Especially, in the following, when j = —1, it requires that G is a group with the division by two.

Theorem 4.2. Let j € {—1,1} be fized and ¢ : G x G x G — [0,00) be a function such that
. —jn Jn Jn Jn _

and the limits

: —jk ik ik ik - -
$0) (z) = len_wo max{|4\éAk¢(2j'ka:,29.kx,21'kar) :0 <k <n}, j =1, (4.2)
limy, 00 max{|4] 7 (2752, 2752, 27%2) : 0 < k < n}, j=—1,
exists for each x € G. Suppose that the mapping f : G — X satisfies the inequality
Dy f(z,y,2)lla < Y(x,y, 2) (4.3)
for all z,y,z € G. Furthermore, f(0) = 0 in the case j = —1. Then there exists a quadratic mapping
Q : G — X such that
1 A
1f(z) — Q)[4 < m‘lf(”(:r) (4.4)
for all x € G. Moreover, if
litm o0 1imy, o0 max{[4] 74 (27F 2, 27k 2 27k2) :m <k <n+m} =0, j =1, (45)
limyy, 00 limy, 00 max{\4|2jk¢(2jkx, 27k 2k x)y cm <k <n+m}=0, j =—1, '

then @Q is the unique quadratic mapping satisfying the equality (1.1).

Proof. By (4.1), it is easy to know that f(0) = 0 when j = 1. In fact, putting x = y = z = 0 in (4.3) we can
obtain f(0) = 0 due to the condition (4.1) implies that lim, o [4|,"%(0,0,0) = 0 and the fact |4|," > 1.
Using the same method as in the proof of Theorem 3.1, we get

1 1 1
2n—1 — f(o" H < 2n—1 ’2n—1 ’211—1 4.
‘ gn—1 I x) 4nf( z) A |4‘Z¢( €T Z ) (4.6)
for all x € G and n € N. Similarly, we can obtain that
T T T T T
4n il _41171 H < 4n—1 (7 al 7) 4.
| s - s )|, < ke (o o o (47)

for all z € G and n € N. From (4.1), (4.6) and (4.7), it follows that the sequence {477" f(2/"x)} is a Cauchy
sequence in X. The completeness of X implies that the following expression

Q(x) := lim 477" f(27"z)

n—oo
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is well defined. Now, we claim that
1f () = 477" f(27") || 4
{ A max{|4| 1 (27Fa, 27k 2, 27k 2) 0 < k < n},  j=1, (4.8)
|41, max{|4|5 (2% z, 29k, 27k 2) 1 0 < k <n}, j=-1
for all n € Nand x € G. Substituting n = 1 in (4.6) and (4.7), it is easy to verify that (4.8) is true for n = 1.

By mathematical induction, we can assume that the inequality (4.8) holds true for some n € N. Therefore,
it follows from (4.6) and (4.7) that

£ () = 47300 £ D) | o

< max{|| f(x) — 477" f(27") | a, |47 (2 w) — 470D f( I D) | 4}

|4|] max {%{%wﬂjkw) :0 <k <n}, W@(Tlm, 2nx, 2"x)}, j =1,
max{|4|), max{|4|}% (272, 27k 2, 27k ) : 0 < k < n}, ]4|’}‘g0<2n%, ST, garT )y J = —1

max{ -

|41

- max{[4]Fp (2K e, 200, 20k ) 0 <k <41}, =1,
|4y max{[4[5 v (2% 2, 2%z, 27k 2) 0 <k <n+1},  j=-1,

which proves the validity of the inequality (4.8) for n + 1. By letting n — oo in (4.8) and using (4.2), we
get (4.4).
Replacing = and y by 2/"x and 2/"y in (4.3), respectively, we have

H4‘j"f <2j" (:c A JQF Z)) +47ing <2j”( i A 5 )) + 4‘J"f<23”(a: + z))
A A 1 , A 3 . )
347 @I) — AT p(Iy) - S|
< ]4\2jn<p(2j”x,2j”y,2j"z).
Taking the limit as n — oo in the previous expression and using (4.1), we know that @ satisfies the equality
(1.1).

To show the uniqueness of Q. Assume that @' is another quadratic mapping satisfying (4.4). Then we
can obtain

lQ(x) — Q)4
= 47" QE@ M) — Q' (2" w) |4
< 437" max{[|Q(2"x) — f(27"x)| 4, |1 (2" w) — Q' (2" x)||.a}
o b {limn_>Oo max{|4| 1 (2ka, 282, 2Fx) cm <k <n+m}, j=1,
T 44 | limyo e max{[4¥ (2 Rz, 2 R, 27 F2) im <k <n+m}, j= -1
=0.

Taking the limit as m — oo and using (4.5), we conclude that Q(z) = @'(x). The proof of the theorem is
now completed. 0

Corollary 4.3. Let j € {—1,1} be fized and let p : [0,00) — [0,00) be a function such that
p(127]at) < [p(122)F p(2)

forallt >0, and j-p(|2|a) < j-|4|a. Let X be a complete non-Archimedean space and let § be a positive
real number. Suppose that the mapping f : G — X satisfies the inequality

1Dqf (@5, )[4 < 8(p(llll4) + p(llylla) + p(]2]|4))
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for all x,y,z € X. Then there exists a unique quadratic mapping Q : G — X satisfying (1.1) such that

sp(lella) 51,

1£(2) — Q@)[la < { a5 .
p(|z]l4) 1
p(2la) > 7

forall z € G.
Proof. Letting ¢(x,y, z) = d(p(||z|la) + p(llylla) + p(||2]|a)). By Theorem 4.2, we have
lim [4]57" (27" x, 27y, 277 2)

n—oo
= lim 47" 5(p(12'[4llz]l4) + p(127[4llylla) + p(127 [4]|2]]4))
< li o an —
< lim [4],7p([2]a)" (2, y, 2) = 0
for all x,y,z € G. Moreover, by (4.2), we can obtain
PO () = limy, 0o max{|4|F (282, 282, 2F2) 1 0 < k < n}, j =1,
limy, o0 max{[4[¥ (2 %z, 27 %2 27k2) : 0 < k <}, j = -1,
_ w(xa$)x)a j:17
’4|A¢(§7§7%)7 j = -1
By (4.5), we get
1My, —s 00 limy,—soo max{]éluk@b(Qkx, 2kx k) :m<k<n+m}, j=1,
limy,—oo limy—s00 max{|4|’jl@b(2_ka:, 27kp 27ky) im <k <n+m}, j=-1,
) limyy oo [41 (27, 2™, 2™ ), =1,
| limseo 4] g2 Dy 2= (M) g 9= (mt) gy = 1,
=0.
Thus, all conditions of Theorem 4.2 are satisfied, and hence the corresponding conclusion holds true. O

Remark 4.4. The function p(t) = t?” (0 < p # 1), t > 0 is an appropriate choice for the function p given in
Corollary 4.3. Accurately speaking, when j = 1, we can choose p(t) = t??, t > 0, p > 1, when j = —1, we
can choose p(t) =t?P, t >0, 0 < p < 1, and with the further assumption that |2|4 < 1 under two cases.

Corollary 4.5. Let j € {—1,1} be fized and let p : [0,00) — [0,00) a function such that
p(12714t) < [p(1210)) p(2)

forallt >0, and j-[p(|2|4)]> < j-|4|a. Let X be a complete non-Archimedean space and let § be a positive
real number. Suppose that the mapping f : G — X satisfies the inequality

1Dgf(z,y,2)lla < d(p(llz]l4) - p(llylla) - p([2]|4))
for all x,y,z € X. Then there exists a unique quadratic mapping Q : G — X satisfying (1.1) such that

Sledlzlla))® j=1
Hﬂ@—Q@WAS{WﬁmW’ -
Tt I =1
for all x € G.
Proof. Letting ¥ (x,y,z) = d(p(||z|la) - p(llylla) - p(||z]|4)). Using the same argument as in the proof of
Corollary 4.3, we can easily obtain the required result. O

Remark 4.6. The function p(t) = % (0 <p#1),t>0is an appropriate choice for the function p given in
Corollary 4.5. Precisely speaking, when j = 1, we can choose p(t) = t*, ¢t > 0, p > 1, when j = —1, we can
choose p(t) =t?,t >0, 0 < p < 1, and with the further assumption that |2|4 < 1 under two cases.
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