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Abstract

:

Let X be a commutative normed algebra with a unit element e (or a normed field of characteristic different from 2), where the associated norm is sub-multiplicative. We prove the generalized Hyers-Ulam stability of a mean value-type functional equation,   f ( x ) − g ( y ) = ( x − y ) h ( s x + t y )  , where   f , g , h : X → X   are functions. The above mean value-type equation plays an important role in the mean value theorem and has an interesting property that characterizes the polynomials of degree at most one. We also prove the Hyers-Ulam stability of that functional equation under some additional conditions.
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1. Introduction


In 1940, Ulam gave a lecture on several unresolved important problems at a math seminar at the University of Wisconsin, and in 1960, about two decades later, Ulam published a book [1] detailing the topics covered in the lecture. The following question about the stability of group homomorphism is described in a relatively specific manner in the book:


Assume that   G 1   is a group and   G 2   is a metric group equipped with the metric   d ( · , · )  . Given an arbitrary constant   ε > 0  , can we choose a constant   δ > 0   such that for every function   h :  G 1  →  G 2    satisfying   d ( h ( x y ) , h ( x ) h ( y ) ) < δ   for all   x , y ∈  G 1    there exists a group homomorphism   H :  G 1  →  G 2    with   d ( h ( x ) , H ( x ) ) < ε   for all   x ∈  G 1   ?







Just in the next year, Hyers [2] partially solved Ulam’s problem for the approximate additive functions in the case of both   G 1   and   G 2   being Banach spaces. Indeed, a problem of mathematical “stability” for the case of the additive functional equation was investigated. It was proved that if a function   f :  G 1  →  G 2    of a vector space   G 1   into a Banach space   G 2   satisfies the inequality   ∥ f ( x + y ) − f ( x ) − f ( y ) ∥ ≤ ε   for some   ε > 0   and for all   x , y ∈  G 1   , then there exists an additive function   a :  G 1  →  G 2    such that   ∥ f ( x ) − a ( x ) ∥ ≤ ε   for any   x ∈  G 1   .



Considering these historical backgrounds, the additive Cauchy functional equation   f ( x + y ) = f ( x ) + f ( y )   is said to have (or satisfy or meet) the Hyers-Ulam stability in the class of functions   f :  G 1  →  G 2   . This terminology is also applicable for other functional equations. Readers who want to know a more accurate definition of such a terminology should refer to [3,4,5,6,7].



The following functional equation


     f ( x ) − g ( y ) = ( x − y ) h ( x + y )     



(1)




plays an important role in the mean value theorem and has an interesting property that characterizes the polynomials of degree one and two. Aczél proposed this functional equation in 1963 and then Haruki independently studied it (see [8,9]). We summarize the result of Aczél in the following theorem:



Theorem 1.

([8,9]) Assume that X is a field of characteristic different from 2. The functions   f , g , h : X → X   satisfy the functional Equation (1) for any   x , y ∈ X   if and only if there exist   a , b , c ∈ X   such that   f  ( x )  = g  ( x )  = a  x 2  + b x + c   and   h ( x ) = a x + b   for any   x ∈ X  .





In Section 3, we will prove the generalized Hyers-Ulam stability of the functional equation


     f ( x ) − g ( y ) = ( x − y ) h ( s x + t y ) ,     



(2)




where s and t are fixed nonzero scalar parameters. In addition, we prove the Hyers-Ulam stability of the functional Equation (2) under some additional condition.



We note that this functional Equation (2) is introduced in detail in book [10] and that this equation is a significant extension of (1).




2. Preliminaries


We notice that the generalization of the functional equation (1) was handled by Kannappan, P. K. Sahoo and Jacobson [11] (see also ([10], Theorem 2.5)).



In this section, we will introduce the result of a recent study on the stability problem of an extended form of functional Equation (1).



From now on, we assume that X is a commutative normed algebra over  K  with a unit element e (or a normed field of characteristic different from 2), where  K  is assumed to be either  R  or  C . We recommend readers to refer to ([12], Chapter 10) for a detailed definition of normed algebra.



As usual, we assume throughout this paper that the space X is equipped with the sub-multiplicative norm   ∥ · ∥  , i.e., the norm satisfies the following inequality


     ∥ x y ∥ ≤ ∥ x ∥ ∥ y ∥     








for all   x , y ∈ X  , which causes the multiplication to be a continuous operation in X.



For a given function   φ : X × X → [ 0 , ∞ )  , we set


      Φ s   ( x , y )     =    φ    1  2 s    ( x + y )  ,  1  2 s    ( x − y )   + 2 φ    1  2 s    ( x + y )  , 0              +  φ    1  2 s    ( x + y )  ,  1  2 s    ( y − x )   + φ    1  2 s    ( y − x )  ,  1  2 s    ( x − y )               +  φ    1  2 s    ( y − x )  , 0  + 2 φ   0 ,  1  2 s    ( x − y )   + φ   0 ,  1  2 s    ( y − x )       








for all   x , y ∈ X  , where s is a nonzero scalar parameter.



For the case when   s = t  , the generalized Hyers-Ulam stability of the functional Equation (2) was investigated in a recent paper [13], as we see in the following theorem.



Theorem 2.

Assume that a function   φ : X × X → [ 0 , ∞ )   satisfies the condition


       lim  n → ∞    1  2 n    Φ s   ( x ,  2 n  e )  = 0      








for any   x ∈ X  . If functions   f , g , h : X → X   satisfy the inequality


      ∥ f ( x ) − g ( y ) − ( x − y ) h ( s x + s y ) ∥ ≤ φ ( x , y )      








for all   x , y ∈ X  , then there exist uniquely determined   a , b ∈ X   such that


          ∥ f  ( x )  − s a   x 2   − b x − g  ( 0 )  ∥ ≤ φ  ( x , 0 )  ,          ∥ g  ( x )  − s a   x 2   − b x − f  ( 0 )  ∥ ≤ φ  ( 0 , x )  ,         h ( x ) = a x + b         








for all   x ∈ X  .





We mention that we were able to prove the main theorem of this paper by getting idea and motivation from the proof of Theorem 2.




3. Generalized Hyers-Ulam Stability of (2)


It is well known that the stability theorem of Hyers has been generalized for the additive functional equation by including the case when the set of Cauchy differences is not bounded (see [14,15]). In this section, we generalize the ideas from [7,13,14,15] and prove a general theorem on the stability of functional Equation (2).



Let X be a commutative normed algebra over  K  with a unit element e (or a normed field of characteristic different from 2), where  K  is either  R  or  C . Moreover, we assume that the space X is equipped with the sub-multiplicative norm   ∥ · ∥  .



Suppose   φ : X × X → [ 0 , ∞ )   is a function. For all   x , y ∈ X  , we will use the following notation


      Φ  s , t    ( x , y )     =    φ    1  2 s    ( x + y )  ,  1  2 t    ( x − y )   + φ    1  2 s    ( x − y )  ,  1  2 t    ( x + y )               +  φ    1  2 s    ( x + y )  ,  1  2 t    ( y − x )   + φ    1  2 s    ( y − x )  ,  1  2 t    ( x + y )               +  φ    1  2 s    ( x − y )  ,  1  2 t    ( y − x )   + φ    1  2 s    ( y − x )  ,  1  2 t    ( x − y )               +  2 φ    1  2 s    ( x + y )  , 0  + 2 φ    1  2 s    ( x − y )  , 0              +  2 φ    1  2 s    ( y − x )  , 0  + 2 φ   0 ,  1  2 t    ( x + y )               +  2 φ   0 ,  1  2 t    ( x − y )   + 2 φ   0 ,  1  2 t    ( y − x )   ,     








where s and t are nonzero scalar parameters. Moreover, for any fixed   s , t ∈ K \ { 0 }  , we assume that


           lim  n → ∞    ∥  r  − n   ∥   Φ  s , t    ( x ,  r n  x )  = 0      (  for   ∥ r ∥ > 1 ) ,          lim  n → ∞    ∥   r  − n    ∥ = 0 =   lim  n → ∞    ∥  r  − n   ∥  φ  ( x ,  r n  y )       (  for   ∥ r ∥ > 1 ) ,          lim  n → ∞    ∥  r n  ∥   Φ  s , t    ( x ,  r  − n   x )  = 0      (  for   0 < ∥ r ∥ < 1 )         



(3)




for all   r , x , y ∈ X  , where   r  − 1    denotes the multiplicative inverse of r.



The proof of the following theorem is strongly based on the proof of ([13], Theorem 2.1) or ([7], Theorem 2) or ([10], Theorem 2.3).



Theorem 3.

Assume that X is a commutative normed algebra over  K  with a unit element e and every element of   X \ { 0 }   is invertible (or assume that X is a normed field of characteristic different from 2), where the norm is sub-multiplicative and  K  is either  R  or  C . Suppose s and t are fixed nonzero scalar parameters satisfying    s 2  ≠  t 2   . Assume that   ∥ e ∥ = 1   and a function   φ : X × X → [ 0 , ∞ )   satisfies the conditions in (3). If functions   f , g , h : X → X   satisfy the inequality


      ∥ f ( x ) − g ( y ) − ( x − y ) h ( s x + t y ) ∥ ≤ φ ( x , y )      



(4)




for all   x , y ∈ X  , then there exists a unique element b of X such that


      ∥ f ( x ) − b x − g ( 0 ) ∥ ≤ φ ( x , 0 ) ,    ∥ g ( x ) − b x − f ( 0 ) ∥ ≤ φ ( 0 , x ) ,    h ( x ) = b      



(5)




for all   x ∈ X  .





Proof. 

Replacing y in (4) by 0 yields


     ∥ f ( x ) − x h ( s x ) − g ( 0 ) ∥ ≤ φ ( x , 0 )     



(6)




for each   x ∈ X  . Similarly, putting   x = 0   in (4), we get


     ∥ g ( y ) − y h ( t y ) − f ( 0 ) ∥ ≤ φ ( 0 , y )     



(7)




for all   y ∈ X  . Furthermore, it follows from (4), (6) and (7) that


      ∥ x h ( s x ) − y h ( t y ) − ( x − y ) h ( s x + t y ) − f ( 0 ) + g ( 0 ) ∥           ≤    ∥ f ( x ) − g ( y ) − ( x − y ) h ( s x + t y ) ∥ + ∥ x h ( s x ) − f ( x ) + g ( 0 ) ∥ + ∥ g ( y ) − y h ( t y ) − f ( 0 ) ∥          ≤    φ ( x , y ) + φ ( x , 0 ) + φ ( 0 , y )     








for all   x , y ∈ X  . For any element c of X, whenever h satisfies the last inequality, so does   h + c  . Hence, we may assume that   h ( 0 ) = 0  .



If we replace x and y in the last inequality with    1 s  x   and    1 t  y  , respectively, then we have


          1 s  x h  ( x )  −  1 t  y h  ( y )  −   1 s  x −  1 t  y  h  ( x + y )  − f  ( 0 )  + g  ( 0 )          ≤   φ    1 s  x ,  1 t  y  + φ    1 s  x , 0  + φ   0 ,  1 t  y           



(8)




for all   x , y ∈ X  . If we interchange x and y in (8), then we have


          1 s  y h  ( y )  −  1 t  x h  ( x )  −   1 s  y −  1 t  x  h  ( x + y )  − f  ( 0 )  + g  ( 0 )          ≤   φ    1 s  y ,  1 t  x  + φ    1 s  y , 0  + φ   0 ,  1 t  x           



(9)




for any   x , y ∈ X  .



Subtracting the left terms of (8) and (9) yields


      ∥ x h ( x ) − y h ( y ) − ( x − y ) h ( x + y ) ∥           ≤     | τ |   φ    1 s  x ,  1 t  y  + φ    1 s  y ,  1 t  x  + φ    1 s  x , 0                       +  φ    1 s  y , 0  + φ   0 ,  1 t  x  + φ   0 ,  1 t  y   ,     



(10)




where we set   τ =   s t   s + t    .



By replacing y in (10) with   − y  , we get


      ∥ x h ( x ) + y h ( − y ) − ( x + y ) h ( x − y ) ∥           ≤     | τ |   φ    1 s  x ,   − 1  t  y  + φ     − 1  s  y ,  1 t  x  + φ    1 s  x , 0                           +  φ     − 1  s  y , 0  + φ   0 ,  1 t  x  + φ   0 ,   − 1  t  y       



(11)




for every   x , y ∈ X  .



On the other hand, if we set   y = − x   in (10), then we get


     ∥ x h ( x ) + x h ( − x ) ∥    ≤     | τ |   φ    1 s  x ,   − 1  t  x  + φ     − 1  s  x ,  1 t  x  + φ    1 s  x , 0            +  φ     − 1  s  x , 0  + φ   0 ,  1 t  x  + φ   0 ,   − 1  t  x       



(12)




for all   x , y ∈ X  .



By (10)–(12), we have


      ∥ ( x + y ) h ( x − y ) − ( x − y ) h ( x + y ) ∥           ≤    ∥ − x h ( x ) − y h ( − y ) + ( x + y ) h ( x − y ) ∥                  +  ∥ x h ( x ) − y h ( y ) − ( x − y ) h ( x + y ) ∥ + ∥ y h ( y ) + y h ( − y ) ∥          ≤     | τ |   φ    1 s  x ,  1 t  y  + φ    1 s  y ,  1 t  x  + φ    1 s  x ,   − 1  t  y  + φ     − 1  s  y ,  1 t  x                   +  φ    1 s  y ,   − 1  t  y  + φ     − 1  s  y ,  1 t  y  + 2 φ    1 s  x , 0  + 2 φ    1 s  y , 0                   +  2 φ     − 1  s  y , 0  + 2 φ   0 ,  1 t  x  + 2 φ   0 ,  1 t  y  + 2 φ   0 ,   − 1  t  y       



(13)




for all   x , y ∈ X  . Substituting   u = x + y   and   v = x − y   in (13), we obtain


      ∥ u h  ( v )  − v h  ( u )  ∥  ≤  | τ |   Φ  s , t    ( u , v )      



(14)




for all   u , v ∈ X  .



For any   r ∈ X   with   ∥ r ∥ > 1   and   n ∈ N  , we set   v =  r n  u   in (14). Then we get


      ∥   r  − n   h  (  r n  u )  − h  ( u )   ∥ ≤ ∥   v  − 1    ∥ ∥ u h   ( v )  − v h  ( u )   ∥ ≤ | τ | ∥   r  − n    ∥ ∥   u  − 1    ∥   Φ  s , t    ( u ,  r n  u )  .     











If we let   n → ∞   in the last inequality, then it follows from (3) that


     h  ( u )  =  lim  n → ∞    r  − n   h  (  r n  u )      








and from this result, we obtain


     h  ( r u )  = r  lim  n → ∞    r  − ( n + 1 )   h   r  n + 1   u  = r h  ( u )      



(15)




for all   r , u ∈ X   with   ∥ r ∥ > 1  .



Analogously, assume that an element r of X satisfies   0 < ∥ r ∥ < 1   and n is a positive integer. If we set   v =  r  − n   u   in (14) (hence    v  − 1   =  r n   u  − 1    ), then we have


      ∥   r n  h  (  r  − n   u )  − h  ( u )   ∥ ≤ ∥   v  − 1    ∥ ∥ u h   ( v )  − v h  ( u )   ∥ ≤ | τ | ∥   r n   ∥ ∥   u  − 1    ∥   Φ  s , t    ( u ,  r  − n   u )  .     











In view of (3), if we let   n → ∞   in the last inequality, then we have


     h  ( u )  =  lim  n → ∞    r n  h  (  r  − n   u )      








and hence


     h  ( r u )  = r  lim  n → ∞    r  n − 1   h   r  − ( n − 1 )   u  = r h  ( u )      



(16)




for all   r , u ∈ X   with   0 < ∥ r ∥ < 1  .



Let   r ∈ X   be given with   ∥ r ∥ = 1   and   α ∈ K   with   | α | > 1  . If we set   v = α r  , then we have   r =  1 α  v  . Please note that   ∥ v ∥ = | α | > 1   and    0 < ∥   1 α   e ∥ =   1  | α |   < 1  . It then follows from (15) and (16) that


     h  ( r u )  = h    1 α  v u  = h   v  1 α  u  = v h    1 α  e u  =  1 α  e v h  ( u )  = r h  ( u )  .     











Since we assumed   h ( 0 ) = 0  , we may conclude that   h ( r u ) = r h ( u )   for all   r , u ∈ X  . If we put   r = x   and   u = e  , then we have   h ( x ) = a x  , where we set   a = h ( e )  . When   h ( 0 ) ≠ 0  , we have   h ( x ) = a x + b   with   b = h ( 0 )  .



We temporarily assume that   a ∈ X \ { 0 }  . If we substitute the last expression for h into (8) and replace x and y with   s x   and   t y  , respectively, then we get


     | s − t | ∥ a x y ∥ ≤ φ ( x , y ) + φ ( x , 0 ) + φ ( 0 , y ) + ∥ f ( 0 ) ∥ + ∥ g ( 0 ) ∥     








for all   x , y ∈ X  . In the last inequality, we put   x =  a  − 1    ,   y =  r n    for some   r ∈ X   with   ∥ r ∥ > 1   and for any   n ∈ N   and we obtain


      | s − t | ∥   r n   ∥ ≤ φ    a  − 1   ,  r n   + φ   a  − 1   , 0  + φ  ( 0 ,  r n  )   + ∥ f   ( 0 )   ∥ + ∥ g   ( 0 )   ∥ .      











In view of (3), we further have


     0  <  | s − t |    =     lim  n → ∞    | s − t | ∥   r  − n    r n   ∥          ≤     lim  n → ∞    ∥  r  − n   ∥   φ   a  − 1   ,  r n   + φ   a  − 1   , 0  + φ  ( 0 ,  r n  )   + ∥ f   ( 0 )   ∥ + ∥ g   ( 0 )   ∥           =    0 ,     








which leads to a contradiction. Therefore, we conclude that   a = 0  , i.e.,


     h ( x ) = b .     



(17)







Finally, in view of (6) and (17), we obtain


     ∥ f ( x ) − b x − g ( 0 ) ∥ ≤ φ ( x , 0 )     








for any   x ∈ X  . Similarly, by (7) and (17), we have


     ∥ g ( x ) − b x − f ( 0 ) ∥ ≤ φ ( 0 , x )     








for all   x ∈ X  .



Now we can prove the uniqueness of b as follows. If there exists    b ′  ≠ b   such that


      ∥ g  ( x )  −   b ′   x − f  ( 0 )  ∥ ≤ φ  ( 0 , x )       








for all   x ∈ X  , then


      ∥ x ∥  ≤  2   | b −   b ′   |    φ  ( 0 , x )      








for any   x ∈ X  . Taking   x =  r n  e   with   ∥ r ∥ > 1  , it follows that


     1 =   r  − n    r n   ≤   r  − n      r n   ≤  2   | b −   b ′   |      r  − n    φ  0 ,  r n  e  → 0     








as   n → ∞  , a contradiction. ☐





In Theorem 3, the difference between f (or g) and a linear polynomial is bounded by   φ ( x , 0 )   (or   φ ( 0 , x )  ). Instead of (3), we now assume that


      ∥   r  − 1    ∥ < 1     i f     ∥ r ∥ > 1      



(18)




for all   r ∈ X  . Under this condition (18), we prove the Hyers-Ulam stability of the functional Equation (2).



Corollary 1.

Assume that X is a commutative normed algebra over  K  with a unit element e and every element of   X \ { 0 }   is invertible (or assume that X is a normed field of characteristic different from 2), where the norm is sub-multiplicative. Assume that   ∥ e ∥ = 1   and the condition (18) is satisfied. For any fixed   ε > 0  , if functions   f , g , h : X → X   satisfy the inequality


      ∥ f ( x ) − g ( y ) − ( x − y ) h ( s x + t y ) ∥ ≤ ε      








for all   x , y ∈ X  , then there exists an element b of X such that


      ∥ f ( x ) − b x − g ( 0 ) ∥ ≤ ε ,    ∥ g ( x ) − b x − f ( 0 ) ∥ ≤ ε ,    h ( x ) = b      








for all   x ∈ X  .





We remark that the Euclidean norm defined on  R  is sub-multiplicative. We now introduce a characterization of polynomials of degree one as an application of Theorem 3.



Corollary 2.

Let s and t be fixed nonzero real numbers satisfying    s 2  ≠  t 2   . Suppose   φ : R × R → [ 0 , ∞ )   is a function satisfying the conditions in (3). A differentiable function   f : R → R   satisfies the inequality


       f  ( x )  − f  ( y )  −  ( x − y )   f ′   ( s x + t y )   ≤ φ  ( x , y )       



(19)




for all   x , y ∈ R   if and only if there exist real numbers b and c such that   f ( x ) = b x + c   for all   x ∈ R  .






4. Discussion


In the paper [13], the generalized Hyers-Ulam stability of the functional Equation (2) was studied for   s = t  . More precisely, if   s = t  , it was shown that f and g, which are the approximate solutions of the functional Equation (2), can be estimated by quadratic functions, and h is a linear function.



In the present paper, on the other hand, we studied the generalized Hyers-Ulam stability of the functional Equation (2) when the s and t are arbitrary constants other than 0. Moreover, we have proved in this paper that f and g, which are the approximate solutions to the functional Equation (2), can be estimated as linear functions and h is a constant function. These are different from the results in the paper [13].
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