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ON THE SUPER-STABILITY OF TRIGONOMETRIC
HILBERT-VALUED FUNCTIONAL EQUATIONS
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(Communicated by J. Pecari¢)

Abstract. We generalize the super-stability result for cosine functional equation mappings with
values in the field of complex numbers to the case of an arbitrary Hilbert space with the Hadamard
product. On the other hand, by an example we prove that this generalization is not true for sine
functional equation.

1. Introduction

A stability problem in functional equation theory have been first raised by S. M.
Ulam in [21] and D. H. Hyers [1 1] who proved the stability of a linear functional equa-
tion. Generalizations of this result appeared then in many papers. Hyers’s theorem was
generalized by Aoki [1] for additive mappings and by Th.M.Rassias [17, 18, 19] for lin-
ear mappings by considering an unbounded Cauchy difference. J. A. Baker, J. Lawrence
and F. Zorzitto [4] have proved the super-stability of the exponential functional equa-
tion: If (G,.) is group and a function f: G — R is approximately exponential function,
i.e., there exists a nonnegative number ¢ such that

lf(x+y) = f)fO)] < o

for x,y € G, then f is either bounded or exponential. The super-stability of the cosine
functional equation (also called the d’ Alembert equation):

f+y)+fx—y) =2f(x)f(y): (L)
is investigated by Baker [3], and again is proved under a simple new technique by

Gavruta [6, 7].

THEOREM 1.1. Let G, be a uniquely 2 divisible Abelian group, C the field of
complex numbers and let o > 0 be given. If a function f:G — C satisfies the inequality

fx+y) +fx—y) =2/ fO)< o (1.2)
forall x;y € G, then either

1+v1+2x

<
< =25
forall x € G or f is a solution of (1.1).
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R. Badora and R. Ger [2] generalized this result, by replacing 6 with functions
6(x) or 8(y) in (1.2). In the other way, the cosine functional equation is generalized
by replacing f(x)f(y) with f(x)g(y), g(x)f(y) or g(x)g(y) in the equations (1.1) and
(1.2). The above cosine type equations have been investigated by Badora, Ger, Kan-
nappan, ([3], [2], [10]) and others. The super-stability bounded by constant for the sine
functional equation

faty)fx—y) = f(x)? = f(v)?
is investigated by Cholewa [8], and is improved in Badora and Ger [2], and Kim [15].

Let H be a Hilbert space with a countable orthonormal basis {e, : n € N}. For two
vectors x,y € H, we have the Hadamard product (named after French mathematician
Jacques Hadamard), also known as the entrywise product on Hilbert space H as the

following:
+oo

X*y= Z (x,en)(y,en)en

n=1
forevery x,y € H. The Cauchy-Schwartz inequality together with the Parseval identity
insure that Hadamard multiplication is well defined. In fact,

ey < Z|xen ”22\<y,en>\2>1/2=||xuuy||.
n=1

The super-stability of Hilbert-value functions with the Hadamard product has been
started in [20]. In fact, it has been shown in [20] that if G is a semigroup and a function
f: G — H satisfies the inequality

1 Cey) = F ) = f ()| < e

for some 6 > 0 and for every x;y € G, then either there exist an integer k > 1 such that

[(f(x),ex)| <251+ 1+ ) forall x € G or f(x.y) = f(x) = f(y) forall x;y € G.

In the present paper we state a super-stability result for the approximately cosine
Hilbert-valued functional equation by Hadamard product, see Theorem 2.4 below. As
a consequence, we prove if a surjective function f : H — H satisfies the inequality

1f+y) +f(x=y) =2f ()« f() | <

for some o > 0 and for all x;y € H, then it must satisfy the following cosine functional
equation with this product:

FOo4y)+ (=) =2f () f(y).

For the Hilbert-value sine functional equation, the situation is different. For every sep-
arable Hilbert space H and 6 > 0, we give some unbounded Hilbert-value function
f: C — H satisfying the inequality

[f(x+y)x fx—y) = f(x) = f(x) + )« )] <6

which dose not satisfy the following sine functional equation:

Fx+y)*flx—y)=fx)* f(x) = f) * f()-
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2. Main results

The addition rule cos(x +y) + cos(x —y) = 2cosxcosy for the cosine function
may be symbolized by the functional equation

Fo+y)+f(x=y) =2f()f(¥). 2.1
This equation is called the cosine functional equation or d’ Alembert equation. In 1968,

PI. Kannappan [10] determined the general solution of the cosine functional equation
(2.1): Every nontrivial solution f: R — C of the functional equation (2.1) is given by

70 = () +m(~x)

where m : R — C\{0} is an exponential function.

DEFINITION 2.1. For a Hilbert space H and a semi-group (G,.), we say a func-
tion F : G — H satisfies the cosine functional equation when

F(x+y)+F(x—y)=2F(x)xF(y); (2.2)
for every x,y € G.

The following proposition characterizes the Hilbert-valued function satisfying the
cosine functional equation:

PROPOSITION 2.2. Let H be a separable complex Hilbert space and the mapping
F : R — H satisfy the cosine functional equation (2.2) then either F =0 or there exist
a positive integer N such that

M=

nm=§5mw+wem%

forall x € H where m,, : R — C\{0} is an exponential function for n=1,2,...,N.

Proof. Let {e, : n € N} be an orthonormal basis for H. For every integer n > 1,
consider the function ¢, ® F : R — C by

(en @ F)(h) = (F(h),en)

for every h € H. Since F satisfies the cosine equation (2.1), e, ® F' dose so for every
integer n > 1. Indeed, for n > 1 and x,y € H we see that
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+
8

(en @F)(x+y) + (en @ F)(x—y)

3
I
_

IMf T4

<F(x+y) +F(x_y)ven>en

(2F (x) ¥ F(y), en)en

+
8

(F(x),en)(F(y);€n)en

=
31

(en @ F)(x)(en @ F)(y)en-

3
Il
_

This yields that
(en@F)(x+y)+ (en @ F)(x—y) = 2(ea @ F)(x)(ex @ F)(y)

for every n > 1. Hence, either
1
(en®@F)(x) = E(m,,(x) +my(—x)) (2.3)

forall x € R or (e, @ F)(x) =0 forall x € R; Here mj,, : R — C\{0} is an exponential
function. The continuation of proof depend on the dimension of H. In fact, if H is
infinite dimensional, since

(en @ F)(x) = (F(x),€n) =0

for every x € H as n — +oo the equation (2.3) is not possible for infinitely many
positive integer n and hence there exists some positive integer N such that e, @ F =0
for every integer n > N. Thus, F' can be represented as

~+oo
F(x)= Z(F(x),en>en = Z(F(x),en>en

n=

._

3
Il

—_

N
z (my (x) +mp(—x))en

In the case that, H is of finite dimensional type the proof is clear. [l

In the following theorem we generalize the well-known Baker and Gavruta super-
stability result for trigonometric mappings with values in the field of complex numbers
to the case of an arbitrary Hilbert space with the Hadamard product.

For simplicity and avoiding the complicated formulas and expressions in the proof
of theorems of this paper, the following notations is used frequently: Let o« > 0 and

A, B be two complex numbers. We use the notation A 2 B for indicating the relation
[A-B|<a.
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LEMMA 2.3. For every two complex numbers A,B and o > 0 the following state-
ments hold:

(i)If A= B then BXA,

.. (231 (0% og+0n

(ii)) If Ay ~ By and Ay = B then Aj+A; ~ B+ B;
[€5)

(231 [0%) o+
(iii) If Ay ~ B and Ay ~ B then A} =~ " Aj;.

1

THEOREM 2.4. Let G be a semigroup and let o0 > 0 be given. If a function
f: G — H satisfies the inequality

1fCe+y) +fx=y) =2f () * f() ]| < @ (2.4)
forall x;y € G, then either there exists an integer k > 1 such that
|(F()en)| <2711+ V420 2.5)

forall x € G or
fr+y)+flx—y) =2f(x) = f(y)
forall x;y € G.

Proof. Assume that (2.5) is not true. Hence, for every integer k > 1 there exists a
ay € G such that

|(flar)en)| > 211+ V1 +2a).

Let B:=2"'(1+V1+2a), fi(x) = (f(x),ex),and g =27 f;. Then 28> 28 = a,
B > 1 and |fi(ax)| > 2%B whence |gi(ax)| > B. By applying the Parseval identity
and definition of Hadamard product with relation (2.4), we find that each scalar-valued
function f; is approximately cosine, i.e.,

[fe(x+y) + fi(x —y) = 2fi(x) fi ()| < & (2.6)

for every x,y € G. Applying the notation of the preceding lemma, we can write
o
2fi() fe(v) = fi(x+y) + fe(x—y) 2.7)
for every x,y € G. If we put y = x in (2.6), we get
|e(20) + fi(0) = 2£i@)*| < e,
and hence

|8k (2x)] = 2% gi(x)* — gi(0)] — |gk(2x) + g1 (0) — 2 gy (x)?|
> 2 g (x)?] = |ge(0)] — 27%| fi(2x) + £ (0) — 2fi(x)?|
> 2 g (x) P = |gk(0)] — .

Since |gx(0)] < B, we have

184(2x)| = 4gk(x)* — (B + ) (2.8)
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Now for x = a; we have |gx(ax)| > B and so

|9k(2ax)| = 4lg(a) P — (B+ o) > 4gy(ar)|* — B+2B—B°
>

2l (ax)® +2(|gr(ax)|* — B*) + B > 2B.

Assume that

lex(2"ar)| = 2"B

(2.9)

for some integer n > 1. Then, if we replace x in (2.8) with 2"q; simultaneously, it then

follows from (2.9) that

ge(2" a)| = 4ge(2"ar) P — (B+ )

4(4"B%) — (B+2B*—2B) >2""'p.

Hence, (2.10) holds true for all n € N. Therefore,

(f(2"ax), ex)] > 2°4"B.

Fix k € N and put 1, = 2"a;, forall n € N. Let

2
>

An,k(x) = (fk(x+tn)+fk(x_tn))

1
2fk (tn)

forevery x € G. Let x be any element of G, then by (2.6) we conclude that

12£(0) fi(ta) — frlx +12) — flx — 1) < cx.

In the other word by (2.7),
210 feltn) = felx 1) + filx = 1),
By the relation (2.10), |fi(t,)| — +o° as n — oo, hence

limA, () = fi(x)-

(2.10)

2.11)

(2.12)

Let x,y € G and n € N be given. Then by using frequently the relation (2.12), we

obtain that

2fi(tn) 2 Ans(x+y) = 2 (x+y + 1) fi(tn) + 2 (x+y — 1) fi(tn)

L ety 20) + 2fu(x+y) + fulx+y— 28).

Similarly,

2fetn)* An(x — ) = 2f (x =y + 1) fi(tn) + 2 (x =y — 1) fitn)

2 il v+ 26) +2filx — ) + fil— vy — 21).
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Hence, by the preceding lemma,
2fi(tn)* (Ange(x + ) +Ani(x—y)) (2.13)
2 felx+y+26) +2fi(x+y)
+ fi(x+y—2t,) + filx—y+21,)
+ 2fi(x—y)+ filx —y —2t,).
On the other hand,
Afi(tn)* An g (A () = 2(fi(x+12) + f(x = 1) (r 0+ 10) + (7 — 1))
= 2fi(x+1n) fie(y +10) + 2 (x+12) f(y — tn)
+ 2fi(x =) fr (v +tn) + 21 (x = 1) f(y — 1)
Again by (2.7) and the preceding lemma we have

2fi (1) fi 1) = filx+y+26) + f(x—y)
2fe (1) fe(y — 1) = fi(x+y) + f (e y+28)
2fe(x—ta) ey 1)  filx+y) + fx—y —28)
2fe(x— 1) ey — 1) = fi(x+y—20) + f(x— ).

Comparing the two last relations we see that

4 (1) A k(D An k() = fi(x+y+20) +2fi(x +) (2.14)
+ fie(x+y = 2t,) + fi(x —y +2t)
+ 2fi(x —y) + filx —y —2t).
Now by relations (2.13), (2.14) and part (iii) of the preceding lemma we conclude that

4 fie(tn)* An i (X)Ani (y) z 2fe(tn)* (A (x+3) + Api(x—y)).-

Hence,

12 (t)* (Ank (X +3) +Ang(x = ¥) — 4£i(ta)*Ap ik (X)An sk (v)] < 2

and consequently,

o4
Anie(x+) +Ani(x = y) = 24n1(X)An i (y)] <

2| fie(tn)
Since, | fi(tn)| — +o° and lim, A, ¢ (x) = fi(x) for every x € G, we conclude from the
above relation that
Je(x+y) + filx—y) = 2fi(x) fi ().
Therefore,

fx+y)+fx—y)=2f(x)*f(y). O

Notice that if f: H — H is a surjection function, then every component function
e, ® f is unbounded. In fact, for every positive integer n, there exists an x, € H such
that f(x,) = ne,, and so (e, ® f)(x,) = n. This led to the following corollary:
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COROLLARY 2.5. Ifa surjective function f:H — H satisfies the inequality
[f+y) +f(x=y) =2f ()« f) ]| < @
for some o > 0 and for all x;y € G, then
fx+y)+fx—y) =2f(0) = f(y)
forall x;y e H.

3. remarks on Hilbert-value sine functional equation

Recall that if (G,+) be a semigroup then a function f: G — C is said to be satisfy
in the sine functional equation when

FE+)fx—y) = fx)? = f()? 3.1)

forall x,y € G. P. W. Cholewa [8] observed the super-stability phenomenon of the sine
functional equation (3.1).

THEOREM 3.1. Let (G,+) be an abelian group in which division by 2 is uniquely
performable. Every unbounded function f : G — C satisfying the inequality

[F42)f(r=y) = F00* + f(0)*] < & (3.2)
for some & > 0 and for all x,y € G is a solution of the sine functional equation (3.1).

Unfortunately, there is no generalization of the preceding theorem for Hilbert-
value functions:

THEOREM 3.2. For every separable Hilbert space H and every number & > 0
there exists a function f : C — H satisfying the inequality

1F G4 y)* flx=y) = fx)  f(x) + F(v) = f) I < &
which dose not satisfy the following Hilbert-value sine functional equation:
F+y)xflae—y) = f(x)« f(x) = f(y) % f () (3.3)
Proof. Let {e,} be an orthonormal basis for H. Let € = /8 and pick a nonzero

element a € G. Define the functions f; : C — C by fi(z) =2 *x forevery k > 1 and
fo = €. Consider the Hilbert-value mapping f : C — H by

~+oo
f(x) = (fo(x), fi(x), 2(x),. . fi(x),...) = k;)fk(x)ei«

Notice that f is well defined and unbounded. In fact,

2 2 2
[FG)]” = &” + [x]
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for every x € C. On the other hand, every f;,k > 1 satisfies (3.1) hence we observe
that

(e y) = fx—y) = f(x) = f(x)+ f(p) = fO)1?

“+oo

= Y filx+ ) flx—y) — fil0)* + fi )

k=0
= [folx+2)folx—y) = folx)* + fo)*]* < &*.
and so
£ +y)* fx—y) = f(x) % f(x)+ f(y) = f)]| < €8 = 6.

Finally, since f; dose not satisfy (3.1), F also dose not (3.3) and the proof is com-
pleted. [

At the end of this paper let us consider the other type multiplication in a Hilbert

oo

space. In fact, for a separable Hilbert space H and two elements x = 2:[: | Xnen and
y= ZYZ’I yne, of H one can define the convolution product by

xey= (iﬁ(n)en) . (ii ﬁ(n)en> =§z(n)en

where the numbers Z(n) can be obtained by discrete convolution:

M=

2(n) = ) X(k)y(n—k).

k=1

Hence, it is interesting to study and to phrase the super-stability phenomenon for func-
tions with values in (H,e). For instance, it is desirable to have a sufficient condition for
approximately cosine mappings with values in (H,e) to satisfy the cosine functional
equation with the convolution product.
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