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Abstract. The main purpose of this work is to provide the general solutions of a class of linear
functional equations. Let n > 2 be an arbitrarily fixed integer, let further X and Y be linear
spaces over the field K and let oy, 3; € K, i = 1,...,n be arbitrarily fixed constants. We
will describe all those functions f, f; j: X XY — K, 4,5 = 1,...,n that fulfill the functional
equation

f (ZO@'ImZ&M) =Y fii(ziy))
i=1 i=1

i,j=1
(e X,y €Y,i=1,...,n).

Additionally, necessary and sufficient conditions will also be given that guarantee the solu-
tions to be non-trivial.
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1. Introduction

As Janos Aczél wrote in his famous and pioneering monograph [1]: ‘Functional
equations have a long history and occur almost everywhere. Their influence
and applications can be felt in every field, and all fields benefit from their
contact, use, and technique.” Almost the same can be said about the class of
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linear functional equations. This area is one of the most investigated topic in
this field, several authors have studied this class, see e.g. [2-10,14,18-20].

The main purpose of this paper is to describe the general solutions of a class
of linear functional equations. More precisely, we are interested in the following
problem. Let n > 2 be an arbitrarily fixed integer, let further X and Y be
linear spaces over the field K and let «;, 3; € K, i = 1,...,n be arbitrarily fixed
constants. Assume further that for functions f, f; j;: XxY - K,4,j=1,...,n,
the functional equation

n n n
/ (zaixi,z@ S ) meXaeVi—1...n)
=1 =1

i,j=1
(1)
is fulfilled.
This equation belongs to the class of linear functional equations, which was
thoroughly investigated by L. Székelyhidi in [15-17]. For the sake of complete-
ness, here we briefly recall the main results from Székelyhidi [15].

Definition 1. If G,S are groups and n is a positive integer, then a function
A: G™ — S is said to be n-additive if it is a homomorphism in each variable.
Let F: G™ — S be a function, then the function ¢: G — S defined by

o(x)=F(z,...,x) (x € G)
is said to be the diagonal of F and it is denoted by diag(F'). Further, let
Ak(l',y):A(lL',,lL'7 y?ay) (ZL’,yGG)
—— ——
k times n — k times

Remark. Let G, S be groups, n be a positive integer and A: G™ — S be an
n-additive function. Then for all k¥ € Z and arbitrary 7 € {1,...,n} we have
A (xla s Ti—1, kxi7xi+17 v 7wn)
=kA (xla sy L1, Ly L1y -+ 'axn)
(x1,...,2n € G).
For a function f, rng(f) denotes the range of f.
Definition 2. Let G,.S be Abelian groups, let n be a non-negative integer. A

function f: G — S is said to be of degree n, if there exist functions f;: G — S
and homomorphisms ¢;,1;: G — G such that

rng(y;) C rng(y;) (i=1,2,....,n+1) (%)
and the functional equation
n+1

f(@) + Z fi(wi(z) +1i(y)) =0 (z,y € G) (2)

holds.
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Definition 3. Let G,.S be Abelian groups, let n be a non-negative integer. A
function f: G — S is called a (generalized) polynomial of degree n, if for all
k=0,1,...,n there exists a k-additive mapping Aj: G¥ — S such that

f="" diag(Ay),
k=0

where 0-additive functions are understood to be constant functions.

Theorem 1. (Theorem 3.6 of [15]) Let G,S be Abelian groups and suppose
that G is divisible. Let n be a non-negative integer. A function f: G — S is of
degree n if and only if it is a polynomial of degree n.

Theorem 2. (Theorem 3.9 of [15]) Let G, S be Abelian groups and suppose that
G is divisible and S is torsion free. Let n € N be a non-negative integer and
let @;,1; be homomorphisms of G onto itself such that

rng(wjowfl—cpjoapfl):G (i#74,4,7=1,...,n+1). (%2)
Functions f;: G — S (i =0,1,...,n+ 1) satisfy the functional equation

n+1

f0($)+Zfi (pi(x) +1i(y)) =0 (z,y € G)

if and only if for all k =0,1,...,n andi=0,1,... ,n+1 there exist symmetric
k-additive functions A,(;): G* — S such that

fi = zn:diag (Ag’)) (i=0,1,...,n+1)
k=0

and the equations
n+1

A0+ 3 AD (pi@)viy) =0 (2.y€G)
=1

hold for all j =0,1,....nand k=75,j+1,...,n.

Observe that Eq. (1) can be reduced to the form (2). Indeed, suppose that
n = 2 (or substitute zero in place of the variables except a distinguished pair)
and consider the following family of homomorphisms

a0 T
(e} ) = : S X, S Y7 5 e K).
¥a,5(2.Y) (0 5) <y) (reX,yeY,a,fckK)
With these notations (1) can be re-written as
f (‘palﬁl (11) + Pas,fBs (V)) = f171(g01,1(11)
+¢0,0(v)) + f1.2(¢1,0(0) + 0,1 (v))

+f2,1(p0,1(0) +910(V)) + f2,2(00,0(0) + ¢1,1(V))
(u,ve X xY).
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At the same time (as it can be seen in the following subsection), we cannot
state that the functions involved are polynomials. This is because of the fact
that the homomorphisms ¢, g defined above in general do not fulfill the range
condition (%), nor range condition (%-). What is more, they are injective
if and only if o, 8 # 0 and in such a situation 90;,15 = pq-1,3-1. Notice that
Eq. (1) involves the projections ¢1,0, ¢o,1 and ¢ o. None of these are injective.
This shows that Theorems 1 and 2 cannot be applied in our situation.

2. Special cases of the original equation
2.1. The one-variable sub-case

In this sub-case let n € N;n > 2 be arbitrarily fixed, X be a linear space over
the field K and suppose that for functions f, f1,..., f,: X — K the functional

equation
f(Zaixl) :Zfl(.%‘» (Il,...,l‘nEX) (3)
i=1 i=1

holds with certain constants aq,...,a, € K.
Observe that without loss of generality

f(0)=f1(0)=...=fa(0) =0 (*)
can be assumed. Otherwise we consider the functions

(@) = f(z) = f(0)

fl(x)fﬁ(x)—fl(()) (v € X)

fa(@) = fu(z) — f1(0)
They clearly vanish at zero and they also fulfill the above functional equation.
Therefore from now on we always suppose that (%) holds.

As we will see, the solutions of Eq. (3) heavily depend on whether or not
there are zeros among the parameters ayq, . .., a,. We may (and also do) assume
that these parameters are arranged in the following way: there exists a non-
negative integer k£ < m such that o; # 0 for i = 1,...,k, but a; = 0 for all
i=k+1,...,n.

Proposition 1. Let n € N,n > 2 be arbitrarily fized, X be a linear space over
the field K and suppose that for functions f, f1,..., fn: X — K the functional
Eq. (3) holds with certain constants as,...,a, € K and assume that () is
also satisfied. Suppose further that a; # 0 fori=1,...,k, but a; = 0 for all
i=k+1,....,n. Then
(i) in case k = 0, all the functions f1,..., fn are identically zero and f: X —
K is any function fulfilling f(0) =0,
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(i) in case k =1, all the functions fa, ..., fn are identically zero and f, fi:
X — K are any functions vanishing at zero and fulfilling
floaz) = fi(z)  (z e X),
(iil) otherwise, there exists an additive function x: X — K such that
flx)=x(z) and fi(z) =x(ax) for i=1,...,k
and the functions fixy1,..., fn are identically zero.

Conversely, the mappings f, f1,..., fn: X — K vanish at zero and they also
fulfill (3).

Proof. In case k = 0 Eq. (3) reduces to

S file) =0 (21,20 € X).
=1

Since we have independent variables, this immediately yields that the involved
functions have to be constant functions. In view of (x) this means that they
have to be identically zero and the only information we get for the function f
is that f(0) = 0.

In case k > 1, our equation can be written as

k n
f(zlazxz> :Zlfj(xj) (1’177{En€X)

With the substitution
1 =... =T = 0
we obtain that
n
0= Y fi(z;)  (@ks1,-. 70 € X),
Jj=k+1

which (similarly as above) yields that the functions fxi1,..., f, are identically
zero. Using this, the functions f, fi1,..., fi fulfill

k k
f(ZaixZ') ZZfl(fL'Z) (ml,...,mkEX). (4)
i=1 =1
If kK =1, this is nothing but

flaaz) = filx)  (zeX),

showing that in this case there is nothing to prove.
Assume that k£ > 2 and let 4,5 € {1,...,k} be different integers. Then
Eq. (4) with 2y =0 for l € {1,...,k}\ {7,7} is

flaiz; + ajay) = filz:) + fi(x;) (zi, 25 € X)),
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which, after introducing the functions

= x
fl(x)fz(al> (xeX,l=1,... k)
can be reduced to the system of Pexider equations

f(xl +xj) = ﬁ(xz) +E(xj) (xiaxj S X,Z,] S {Lak}aZ #J)
This means that there exists an additive function y: X — K such that
f(@)=x(z) and fi(z) =x(ayz) for i=1,... k.

3. The two-variable case with n = 2

In this section we will focus on the functional equation

floazr +agzo, fryr + P2y2)
= fra(w,y1) + fra(@, y2) + fo1(@2,y1) + fa2(22,92)
($17$2€X>y1a92€y)7 (5)

where f, f1.1, f1,2, f2,1, f2o2: X XY — K denote the unknown functions and
i, ae, (1, B2 € K are given constants.
Observe that without loss of generality

f(070> = f@j(0,0) =0

can be supposed. Otherwise we consider the functions

J(m,y):f(x,y)—f(0,0) (x € X,yeY).

fij(@,y) = fij(@,y) — fi;(0,0)
They clearly vanish at the point (0,0) and they also fulfill the same functional
equation. Similarly as before, from now on we always suppose that all the
involved functions vanish at the point (0, 0).

This section will be divided into two parts. In the first one, we will con-
sider the so-called degenerate cases, where at least one of the parameters
aq,ag, 01, B2 is zero. After that the non-degenerate case will follow, that is,
when none of the above parameters are zero.

3.1. Degenerate cases
3.1.1. The homogeneous case ; = a3 = 31 = B2 = 0. In case a3 = ay =
B1 = B2 =0 Eq. (5) reduces to

fia(@r,y) + fie(xn,ve) + foa (e, y1) + fa2(r2,y2) =0
(z1,22 € X,y1,2 €Y).
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Proposition 2. Let X and Y be linear spaces over the field K and fi 1, f1,2,
fa1, fo2: X XY — K be functions such that

fia(x,y) + fie(@nye) + for(xe,y1) + fa2(22,y2) =0
(r1,22 € X,y1,92 €Y). (6)

Then and only then for all i,j = 1,2 there exist functions x; ;: X — K and
Gij: Y — K vanishing at 0, such that

fi,j(x7z) = Xi,j(x) + Ci,j(z) (1' € X>Z S Yﬂ.aj = 132)

as well as

X1,2(7) +x1,1(7)

Xz2,2(7) + x2,1(7)

C21(2) + C11(2)

C2.2(2) + C1,2(2)

Proof. For i,j € {1,2} let us define the functions x; ;: X - Kand ¢;;: ¥ —
K through

Xij(x) = fi;j(x,0) and ¢ ;(2) = fi;(0,2) (zreX,zeY).
With the notation

(reX,z€Y).

0
0
0
0

E($179€2,y1792)
= fii(@r,y) + fre(@n,ye) + faa (22, y1) + fao(22,42)
(15171'2 S X7y17y2 S Y)v

identities

0

0

0 (reX,z€Y)
0

give that

X1,2(x) + x1,1(x) =
X2,2(%) + x21(z) =
C21(2) + Cra(2) =
C2.2(2) + Ci2(2) =

Moreover, equations
E(x1,0,1,0) =0
81?3(2)7311;}2; ; 8 (21,72 € X,y1,92 €Y)
E(0,22,0,y2) =0

yield that
fij(@,2) = xi,5(@) + Gi,5(2) (reX,zeY,i,j=1,2),
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where we used the previously proved identities, too. O

3.1.2. The case &3 = az = (1 = 0 and B2 # 0. In such a situation (5)
reduces to

£(0, Baya) = fra(zr,y1) + fr2(xi, y2) + fa,1(z2,y1) + fo,2(x2, y2)
(r1,22 € X 91,92 €Y).

Obv10usly, B2 = 1 can be assumed, otherwise we consider the functions
f1 25 f2 2: X x Y — K defined through

f1,2(m72) = f1,2 xZ, é
fap(x,2) = fa2 (=, é

Proposition 3. Let X and Y be linear spaces over the field K and f, fi 1, f1,2,
fo1, fa2: X xY — K be functions such that

FO0,92) = fia(z,yn) + fre(z, y2) + fo1(z2, 1) + fo.2(22,92)
(1’1,$2 S X, Y1,Y2 € Y)

(reX,z€Y).

Then and only then for all i,j = 1,2 there exist functions x;;: X — K and
Gij: Y — K such that

fij(@,2) = xij(2) + G 3(2) (r€X,2€Y,i,j=1,2)
as well as
x1,2(%) + x11(x

(z) =
X2.2(%) + X2, 1({? (reX,z€Y).

C21(2) + Gz
C2,.2(2) + Cr2(z (0,2)

Proof. For i,j € {1,2} let us define the functions x; j: X - Kand (;;: Y —
K through

Xij (%) = fij(z,0) and G ;(2) = fi;(0,2) (zeX,z€Y).

Furthermore, let

0
0
0
f

E($17$2,y1792)
= f(0,y2) — fia(zi, 1) — fre(@,92) — fo1(w2,y1) — fo,2(22,42)
(1,22 € X, 91,92 €Y)
to obtain the following system of equations
(.231,0 y1,0) = 0
($1,0 0 yg)
(0 x2,Y1, )
E(0,22,0,12) =

(mlaxQ S X7y17y2 € Y)7
0
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or equivalently

fra(zi, 1) + fr2(21,0) + f2,1(0,91) =0
fr2(z1,y2) + fi,1(21,0) + f2.2(0,y2) = £(0,y2)
fo, 1(%2,:!/1) + f2,2(22,0) + f1,1(0,91) =0
f22(w2,92) + f2,1(22,0) + f1,2(0,92) = £ (0,92)

for all z1,z2 € X,y1,y2 € Y. Finally, the system of equations

E(x1,0,0,0) = O
E(0,22,0,0
E((O C(U)2y1 ; (z1,22 € X,y1,92 €Y)
E(0,0,0,y2) = 0
yields that
fr2(21,0) + f1,1(21,0) =0
f2.2(22,0) + f21(22,0) =0
f21(0 y1)+f11(0; 1):0 ($17$2€X7y1’y2€Y)7
f2.2(0,y2) + f1.2(0,92) = £ (0,92)
which in view of the above definitions completes the proof. O

3.1.3. The case a1, a2 7 0 and 31,32 = 0. In such a situation (5) implies
that
flaawy + agw2,0) = f11(21,0) + f12(21,0) + f21(22,0) + f22(72,0)
(1’1, To € X)
because the left hand side does not depend on y; and ys.

~_ Obviously, a1, a2 = 1 can be assumed, otherwise we consider the functions
f1 2, f2 2: X XY — K defined through

fia(z,2) = fia a??
f1,2(33 z) = Sig o2
7 o (xeX,zeY).
for(z,2) = fan 5 ?
f22(w,2) = fae O%,Z

Proposition 4. Let X and Y be linear spaces over the field K and f, fi 1, f1,2,
fo1, fa2: X XY — K be functions such that

flxr +22,0) = fi1(x1,0) + f1,2(21,0) + f2,1(22,0) + f2,2(22,0)

((El, ZTo € X)
Then and only then there exists an additive function x: X — K such that
f(2,0) = x(x)

Jia(2,0) + f12(2,0) = x(z) (z € X).
f2,1(2,0) + fa,2(2,0) = x(z)
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Proof. Consider the functions x, ¢,1: X — K defined through

X(SL’) = f(xa 0)
o(r) = f1,1(2,0) + f12(x,0) (z € X)
Y(x) = fo1(z,0) + f22(z,0)

to get the following Pexider equation

X(x1 + z2) = p(x1) + Y(a2) (z1,29 € X).
Since all the functions Y, ¢, ¥ vanish at zero, we get that ¢ = 1) = x and the
function x has to be additive. O

To finish the discussion of Eq. (5) in this special case, apply Proposition 2
to the functions

fi»j(x’y):fi,j(xay)_fiJ(va)v (J?EX,:I/EY)
where f; j(x,0) were determined in Proposition 4.

3.1.4. The case a1,31 # 0 and a2, B2 = 0. In such a situation (5) implies
that

floazy, fryr) = fra(z,v1) + fi2(21,0) + f2,1(0,91) (rre X,y €Y)

because the left hand side does not depend on xo and ys.

Obviously, due to similar reasons as previously, oy, 31 = 1 can be assumed.
The proof of the following proposition is a straightforward calculation, so we
omit it.

Proposition 5. Let X and Y be linear spaces over the field K and f, fi 1, f1,2,
fo1: X xY — K be functions. The functional equation

flxr,y) = fin(zn,yn) + fre(zn, 0) + f2,1(0,91) (1€ X,y1 €Y).

1s fulfilled if and only if there exist functions x: X — K and (:' Y — K such
that

x X
f2,1(0,2) = ((2) (reX,zeY).

fiaz,y) =0,
fi2(z,y) = fi2(z,y) — fi2(z,0),
= ’ reX,yeyY),
fﬂé,l(x,y) :f2,1(xay)_f2 1(Oa )a ( )
22(2,y) = fa2(z,y),
where f1 2(z,0) and f21(0,y) are given in Proposition 5.



On a class of linear functional equations

3.1.5. The case a1, 2,31 # 0 and B2 = 0. In such a situation (5) implies
that

flonzy 4+ aoxe, Siyr) = fra(zy,y1) + fi2(21,0) + fo1(22,y1) + f2,2(22,0)
($1 S X7yl S Y)a

because the left hand side does not depend on ys.
Obviously, due to similar reasons as previously, a1, as, 5y = 1 can be as-
sumed.

Proposition 6. Let X and Y be linear spaces over the field K and f, fi.1, f1,2,
fo1, fa,2: X XY — K be functions. The functional equation

flxr +x2,91) = fii(@,y1) + fr2(x1,0) + fa,1(x2, 1) + f2,2(22,0)
({)31,1‘2 € X7y1 S Y)

is fulfilled if and only if there exists a mapping A: X x Y — K additive in its
first variable and there are functions x, x1,1,Xx2,1: X — K and (,(1,1,(2,1: Y
— K wvanishing at zero so that x is additive and

f(z,2) = Az, z) + x(z) + ((2)
fia(z,2) = Az, 2) + x1.1(x) + (1.1(2) (xeX,z€Y)
f2a1(2,2) = Az, 2) + x2,1 (%) + (2,1(2)

and also
x(z) = f(z,0)
SIE
X2,1(T 2,1(7,0
() = Ga() + Galn)  FEXEEY)
f12(2,0) = x(z) — x1,1(7)
f2,2(2,0) = x(2) — x2,1(2)
hold.

Proof. With the substitution y; = 0 our equation yields that

flx1+22,0) = fi1(x1,0) + f1,2(z1,0) + f2,1(z2,0) + fa2(z2,0)
(r1,29 € X,).

From this we immediately get that
flzy +z0,01) = J?l,l(xlayl) + E,1($2>y1) (x1,20 € X,y1 €Y),
where the functions f, fm, fg,l: X xY — K are defined by
e, y) = f(a,y) - f(2,0)

]31,1(90,11):fl,l(ff,y)—fl,l(x,o) (reX,yeY).
f2,1($1y) = f2,1(x7y) - f2,1($»0)
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This means that the functions f, fm, ng fulfill a Pexider equation on X for
any fixed y € Y. Thus there exists a mapping A: X x Y — K additive in its
first variable and functions ¢, i,1,¢2,1: ¥ — K such that

C(2) = C11(2) + C2,1(2) (z€Y)
and
B ]7(.%', Z) = A(CL‘, Z) + C(Z)
]il,l(x,z) = Az, 2) + ¢11(2) (reX,zeY).
faa(z,2) = Az, 2) + (22(2)
In terms of the functions f, f1,1, f2,1 this means that
f(z,2) = A(z, z) + x(z) + ((2)
Jia(x,2) = Az, 2) + x11(2) + C11(2) (reX,z€Y),
foa(z,z) = Az, 2) + x21(2) + (2.2(%)

where

x(z) = f(,0)
x11(x) = fia(z,0)  (z€X).
x2,1(2) = f21(z,0)

Observe that x is additive. Indeed, using the above, the forms of f, f11 and
f2,2, our equation with y; = 0 and the fact that A is additive in its first
variable, we obtain that

x(@1 + z2) = x1,1(x1) + fir2(21,0) + x2.1(22) + f2,2(22,0) (x1,22 € X),

that is, y fulfills a Pexider equation. Since x(0) = 0, this means that x has to
be additive. Thus, using again the form of the functions f, fi 1, f2,1 and our
equation with xo = 0, we get that

fi2(z,0) = x(z) — x1,1(2) (z € X).
Similarly, our equation with z; = 0 implies that
f22(2,0) = x(z) — x2,1(2) (z € X).
O

To finish the discussion of Eq. (5) in this special case, apply Proposition 2
to the functions

Ill(xvy) =0,

fra(z,y) = fr2(z,y) — fia(2,0),

fiz,l(x,y):(), (reX,yeY)
f22(2,y) = fa2(x,y) — f2.2(2,0),

where f1 2(z,0) and f32(z,0) are given in Proposition 6.
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3.2. The non-degenerate case

After making the degenerate cases clear, we can now focus on the case a,
g, (41, P2 # 0 and provide the general solution of the functional equation

flarzy + ooz, Bryr + B2y2)
= fia(@,y1) + fre(z,ye) + fa1 (22, y1) + fo,2(72,2)
(.’1/'17.’1,'2 S X>y1a92 S Y)7

where f, fi.1, f1,2, f2,1, fo,2: X XY — K denote the unknown functions and
i, ae, (1, B2 € K are given constants.

Obviously, it is enough to consider the case a3 = as = 1 = B2 = 1, that
is, to consider the following functional equation

[ (x1+ 22,1 +92)
= fii(x,y1) + fre(en,ye) + fa1 (w2, y1) + fo2 (w2, 2)
(1,22 € X,y1,92 €Y).

In this subsection we always assume that the characteristic of the field K

is different from 2.

Proposition 7. Let X and Y be linear spaces over the field K. Then functions
fifia, fi2, fo1, foo: X XY — K satisfy the functional equation
[z + 22,91 + y2)
= fr1(z1,91) + fr2(@1, 92) + foi (@2, y1) + fo2(22, y2)
(z1,22 € X,y1,2 €Y). (7)
if and only if
fz,2) = Az, 2) + x(z) + ((2)
fig(x,2) = Az, 2) + x5 () + Gi i (2)
where the mapping A: X XY — K is a bi-additive function and fori,j € {1,2}

X>Xig: X — Kas well as (,¢5: Y — K are functions such that x and ¢ are
additive functions and x;,; and ¢; ; vanish at the point (0,0) and

X(l‘) = Xl,l(x) + leg(.%‘) = X2,1($) + X2,2($)
C(z) = G11(2) + (1(2) = G2(2) + (2,2(2) (reX,z€Y)
are also fulfilled.

(xeX,zeZ),

Proof. Assume that the functions f, fi1, fi.2, fo,1, fo0: X x Y — K fulfill
functional Eq. (7) for any x1,29 € X and y1,y2 € Y. With the substitution
1o = 0 we obtain that
f (w2 +21,91)
= faoa(w2,y1) + fo2(22,0) + fr1(21,y1) + f12(21,0)
(xl,x2 e X,y € Y),
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which immediately implies that
flea+z1,11) = J?z,;($27y1) + fAl,Jl(xhzh) (r1,22 € X,y1 €Y),

where the functions EI, f; are defined by

éi(x,z)=f1,1(3372)+f1,2(9570) (reX,z€Y).

I 1(:c,z) = fa1(z,2) + f2,2(x,0)

This means that there exists a function A : X x Y — K which is additive in
its first variable and a function (: Y — K vanishing at zero such that

f(z,2) = AV (x,2) + ((2) (xeX,z€Y).

Substituting this form into Eq. (7), with x5 = 0 and a similar argument we
receive that

AN (2, 2) = Az, 2) + x(z) (xeX, z€Y),

where A: X x Y — K is a bi-additive mapping and y: X — K is a function
that vanishes at zero.
All in all this means that

flz,2) = Az, 2) + x(z) + ((2) (xreX,z€Y).

Additionally, Eq. (7), first with y; = y2 = 0 yields that x has to be additive
and secondly, with ;7 = x5 = 0 we receive that the function ¢ also has to be
additive.

Define functions Fy 1, F' 2, F2,1, Fo 2 on X x Y through

)

) (zeX,z€Y)
) ng) ¢(2) rEAE

)

to deduce that they fulfill functional Eq. (6). Due to Proposition 2, for all
1,7 = 1,2 there exist functions x; ;: X — K and (;;: ¥ — K vanishing at
zero such that

Fij(w,2) = Xij(@) + Gy(2) (@€ X,z€Y,ij=12),
that is, for the functions f; ; we have

fivj(‘r7z) = A(.T,Z) +Xi,j(gj) +Ci,j(z) (Zvj € {1’2} re X, z€ Y)
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Finally, using the equations in Proposition 2 for the functions X; ; and Ei,j,
the identities

f(z,0) = x(z) = f1,1(2,0) + f12(2,0) = x1,1(x) + x1,2(2)
f(z,0) = x(z) = f2,1(2,0) + fa2(x,0) = x2,1(x) + x2,.2(2)
f(0,2) = ((2) = f1,1(0,2) + f2,1(0, Z) C1,1(2) + ¢21(2)
f(0,z :C( ) = f1,2(0,2) + f22(0,2) = Cl 2(2) + (2,2(2)
fulfilled by all x € X,z € Y complete the proof. O

3.3. Related equations

3.3.1. The functional equation of bi-additivity. As a trivial consequence of the
results of the previous section we get the following.

Corollary 1. Let X and Y be linear spaces over the field K with char(K) # 2.
A mapping f: X xY — K fulfills the functional equation of bi-additivity, that
is,
f(z1+ 22,91 + y2)
= f(z1,y1) + f(@1,92) + f(z2,91) + f(22,Y2)
(1,22 € X, 41,2 €Y)
if and only if [ is bi-additive.
3.3.2. The rectangle equation. Let X and Y be linear spaces over the field K
and let f: X xY — K be a function.
Then the functional equation
fle+uwy+v)+flz+uy—v)
+f (e =y + ) + @ —uyy —v) = 4f (2, )
(r,y € X,u,v €Y),
or equivalently (provided that char(K) # 2)

4f<x1+x27y1—5y2>

= fx1,y1) + f(z1,92) + f(z2,y1) + f(72,2)
(r1,22 € X,y1,2 €Y).

is called the rectangle equation.

Indeed, both of the above equations express the following: the value of f at
the center of any rectangle, with parallel sides to the coordinate axes, equals
the mean of the values of f at the vertices.

This equation as well as its generalization were investigated (among others)
in [2,5,14].

With the aid of the results of the previous section, we obtain the following
straightaway.
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Proposition 8. Let X andY be linear spaces over the field K with char(K) # 2
and f: X XY — K be a function. The function f fulfills the rectangle equation,
i.e.,

2 ’ 2
= fx1,y1) + f(x1,y2) + f(w2, 1) + f(22,92)
(xlny S X7 Y1,Y2 S Y)7

Af ($1+I2 y1+y2>

if and only if there exists a bi-additive mapping A: X x Y — K and additive
functions x: X — K and (: Y — K such that

flz,2) = Az, 2) + x(z) + ((2) (xeX,zeY).
Remark. In case char(K) = 2, the rectangle equation reduces to the equation

f(ac—&-my—i—v)—l—f(x—i—u,y—v)
+flz—u,y+v)+ flea —u,y—v)=0 (r,y € X,u,v €Y),

or equivalently
f(xi,y1) + f(w1,y2) + f(@2,y1) + f(22,92) =0 (r1,22 € X,y1,92 € Y).

Thus, Proposition 2 yields that there exist functions y: X — Kand (: Y — K
such that

flzy) =x(@)+(ly) (eXyeY).
The Cauchy equation on X X Y.

Proposition 9. Let X and Y be linear spaces over the field K and f,g,h: X X
Y — K be functions. Then the functional equation

fxy + 2,91 +y2) = g(x1, 1) + h(22,2) (z1,22 € X,y1,92€Y) (8)

holds if and only if there exist additive functions x: X — K, (: Y — K such
that

f(x,y) = x(z) +¢(2)
g(z,y) = x(x) + ((2) (zeX,zeY).
h(z,y) = x(z) +¢(2)

4. On the reduction of equations with n > 2 to the two-variable case

In this section we intend to investigate the following problem. Let X and Y be
linear spaces over the field K, let further o;, 3; € K, i = 1,...,n be arbitrarily
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fixed constants. Assume further that for functions f, f; ;: X xY = K, i,j =
1,...,n, the functional equation

(Za meﬂzyl> = Z fi,j(xiayj) (xl € Xayi S KZ = 17"'7”)

1,j=1
9)
is fulfilled.

We will show that in case n > 2, the results of the previous section can
be applied. Indeed, let A, x, u,v € {1,...,n} such that A # x and p # v, but
otherwise arbitrary. In this case Eq. (9) with the substitutions

;i =0ifi# A\ K and y; =0if 5 # p,v
yields that

f (Oé,\],‘)\ + ar@xfmﬁuyu + ﬁuyll)
= f)\,p,(x)\ay,u) + f)\,u(x)\ayl/) + fﬁ,u(xn7yu> + fﬁ,u(xm7yl/)

+ Z fA,j(xA7O)+ Z fﬁ,j(mmo)

JF v JFuY
+ Z fi,u(07yp,) + Z fi,V(Ovyu)
T#EN K (e W

for any zx,z. € X and y,,,y, € Y. Consider the functions m, f,:,: XXY —
K defined by

f;,l/t(xvz) fk,,u x, Z Z f)\j xZ, O Z fi,/t(ovz) (:Z? GX?’Z € Y)

VETRZ T#EN K

and

f:/l,(sc,z) frw(z,2) Z fr,j(x,0) Z fin(0,2) (reX,z€Y)

NEJTRY iFEN R

to receive that

f (OOJE)\ + kT, 6,uyu + 6uyu)
= f)\,u(l'/\ay,u) + f/\,u(w)nyu) + fﬁ,u(xmyu> + fn,u(wmyu> (10)

is satisfied for any z,z, € X and y,,y, € Y. This equation can however be
handled with the aid of the results of Sect. 3.
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5. The case of a single unknown function in the equation: existence of
non-trivial solutions

Let X and Y be linear spaces over the same field K and consider the following
functional equation

flarzy + ooz, Bryr + B2y2)
=yf (1) +y2f(21,92) +v21 f (02, y1) + Y22 f (72, y2)
(r1,22 € X,y1,12 €Y), (11)

where f: X x Y — K denotes the unknown function and aq,as, 51,02 € K
and v1.1,71,2, 72,1, 72,2 € K are given constants.

Recall that due to the linearity of the above equation we may (and we also
do) suppose that

f(0,0)=0
holds. Otherwise the function

f(x,y):f(x,y)—f(0,0) (IEX,yEY)
can be considered. This function clearly vanishes at the point (0,0) and it
fulfills the same functional equation, too.

Furthermore, the linearity of the investigated equation implies that the
identically zero function is always a solution. In this section we would like to
study under what conditions Eq. (11) admits a non-identically zero solution.
Clearly, in every case the results of the previous sections can be applied with
the choice

fi’j(xay):'yi,jf(xvy) (‘TEvaEY)'

This means that the assumption that the function f is not identically zero will
imply algebraic conditions for the involved parameters ay, as, 81,82 € K and

Y1,1571,2, 72,1, 72,2 € K.
Similarly as before, first we consider the so-called degenerate cases.

5.1. Degenerate cases

5.1.1. Thecase ay = a3 = (31 = B2 = 0. Incase vy =as =1 =[G =0
Eq. (11) reduces to

yif(@n, ) Fvef(@ny2) Fv21f (e, 1) + 2.2 f(22,2) =0
(x17w2 S X7y17y2 S Y)7

where ; ; € K for any 4, j € {1,2}.
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Proposition 10. Let X and Y be linear spaces over the field K, v; ; € K be
given constants such that not all of them are zero and f: X xY — K be a
function such that

Y f (@, yn) e f (@, y2) + 2 f (w2, 1) +y2,0f (22, y2) =0
(‘T17x2€X7y1ay2€Y>‘ (12)

Then and only then there exist functions x: X — K and (: Y — K vanishing
at zero such that

flz,z) = x(z) + ((2) (reX,z€Y).
Furthermore
(i) either the following system of linear equations
M1+72=0
Y2,1 + 2,2 =0

1s fulfilled or the function x is identically zero.
(i) either the following system of linear equations

Y11+ 72,10 =0
Y12 +722=0
is fulfilled or the function ¢ is identically zero.
Proof. In view of Proposition 2 we get that there exist functions xy: X — K
and (: Y — K vanishing at zero such that
flx,2) = x(x) + {(2) (xreX,z€Y).
Using this representation of the function f, Eq. (12) yields that
Y11 (X(@1) + C(y1) + 71,2 (X(21) + C(y2))
72,1 (x((2) + ¢(11)) + 722 (X(22) +((y2)) = 0
(x1,29 € X,y1,y2 €Y),
or equivalently
x(@1) (11 +m2) + x(22) (72,1 +72,2)
+C(y1) (v, +72,1) + C(2) (1,2 +72:2) =0
(z1,72 € X,y1,2 €Y).

Since we have independent variables, we get that

Y11 +7,2=0
72,1+ 72,2 =0
is fulfilled or the function x is identically zero. Similarly,
Y11+ 721 =0
T2 +722=0

holds or the function ( is identically zero. O
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5.1.2. The case a; = a2 = (31 = 0 and B2 # 0. In such a situation (11)
reduces to

f(0, Bay2) = yi1f(z1,91) + i 2f (@1, y2) + Y21 f (22, y1) + V2,2 f (22, Y2)
(x1,22 € X,y1,2 €Y).

In view of Proposition 3, the proof of the following proposition is straightfor-
ward and similar to that of Proposition 10. The basic step is to consider f
as the sum of single variable functions (Proposition 3) and substitute such a
special form of f into the functional equation.

Proposition 11. Let X and Y be linear spaces over the field K, B2,v;; € K be
given constants such that not all of them are zero, and f: X xY — K be a
function such that

f(0, Bay2) = yi1f(z1,91) + i 2f (@1, y2) + Y2, f (22, y1) + V2,2 f (22, Y2)
(z1,22 € X,y1,52 € Y). (13)

Then and only then there exist functions x: X — K and (: Y — K vanishing
at zero such that

f(x,2) = x(z) + ((2) (reX,z€Y).
Furthermore

(i) either the following system of linear equations

Y11 +71,2=0
Y21+ 722 =0

is fulfilled or the function x is identically zero.
(ii) either the following system of equations

71,1+ 721 =0
((B2z) = (71,2 + 72,2) C(2)

is fulfilled or the function ( is identically zero.

(z€Y)

5.1.3. The case a1, s # 0 and 31, B2 = 0. In such a situation (11) reduces
to
flarmy + asxs,0)
=y (w1, 1) +Y12f (21, 92) + Yo f (22, 91) + Y22 f (22, y2)
(581,932 S X,yl,yg S Y)

As before, taking f as the sum of single variable functions (Proposition 4),
substitute it into the functional equation.
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Proposition 12. Let X andY be linear spaces over the field K, oy, a2, ; € K
be given constants such that not all of them are zero and f: X XY — K be a
function such that

flarzy + agxs, 0)
=y11f(@1, 1) + v2f (@1, 92) + 2,0 f (@2, 41) + Y2,2f (22, 42)
(r1,72 € X,y1,02 €Y). (14)

Then and only then there exists an additive function a: X — K and a function
(:' Y — K vanishing at zero such that

flz,y) =a(z) +Cly)  (reXyeY).
Furthermore the above additive function a has to fulfill
a(a1my + agwa) = (1,1 +71,2)a(zr) + (y2,1 + v2.2)a(r2)
for arbitrary x1,x2 € X and for the mapping ¢ alternative (ii) of Proposi-
tion 10 is fulfilled.

5.1.4. The case a1,31 # 0 and as, 32 = 0. In such a situation (11) reduces
to
flaazy, Byr)
=y11f (@1, 91) + 2/ (21,92) + 2,1 f (T2, y1) + 72,2 f (22, Y2)
(1,22 € X,y1,y2 €Y).
To prove the following result, consider f as the sum of single variable func-

tions (Proposition 5) and substitute it into the functional equation.

Proposition 13. Let X and Y be linear spaces over the field K, aq, 2,7 ; € K
be given constants and f: X xY — K be a function such that

flarz, Biyr)
=y11f(@1,91) + 2f(T1,92) + v2,1f (T2, y1) + 2,2 f (02, Y2)
(1,22 € X, 11,42 €Y). (15)
Then and only then
(A) 72,721,722 =0 then f: X XY — K is an arbitrary function fulfilling
flawz, Bry) =y f(@,y) (zeXyeY),

(B) or there exist functions x: X — K and : Y — K vanishing at zero such
that

flxy) =x(@)+C(ly) (reX,zeY).
Furthermore the mappings x and C also fulfill

x(a1w) = (v1,1 +71,2)x(w)
C(£12) = (71,1 +72.1)¢(2) (reX,z€Y)

and
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(i) either
Y21 +722=0
or x s identically zero;
(ii) either
M2+ 722=0
or ( is identically zero.

5.1.5. The case a1, 2,31 7 0 and B2 = 0. In such a situation (11) reduces
to

flarzy + aoxa, Biyr)
=v1f(@, 1) F e f(@,y2) 20 f (@2, 1) + 92,2/ (22, 42)
(1,22 € X,y1,y2 €Y).
Proposition 14. Let X and Y be linear spaces over the field K, o1, o, 51, Vi ;
€K, i,j =1,2 be given constants and f: X xY — K be a function such that
flarzy + aoza, Bry1)
=y1,1f(@1,91) + 712f (1, 92) + 21 f (22, 91) + 72,2 f (22, Y2)
(1,22 € X,y1,y2 € Y). (16)

Then and only then there exists a mapping A: X XY — K additive in its first
variable, further there are functions x: X — K and (: Y — K vanishing at
zero such that x is additive and

f(@,y) = Alz,y) + x(z) +¢ly) (@€ X,yeY).
Furthermore, we have that
C(Bry) = (m1,1 +721)C(y) (yey)
and also
(71,2 +72,2) C(y) =0 (yey),

yielding that v1 2 + 72,2 = 0 or ¢ is identically zero. Additionally, the alterna-
tives below also hold

(A) either v12 and 22 are zero, that is, Eq. (16) has the form
flawzy + agza, f1y1)
=m1f(@1, 1) + 2,1 f (2, 91) (r1,20 € X,91 €Y)
and the identities
Alarz, B1y) + x(a1z) = 11,1A(z,y) + 711X (2) (xeX,yeY)
and
Alazz, Bry) + x(azz) = 72,1 A(2,Y) + 72,1 x(2) (zxeX,yeY)
have to hold;
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(B) orvi12 and vz,2 do not vanish simultaneously and then the mapping A has
a rather special form, namely there exists an additive function a: X — K
such that

Alz,y) =alw)  (veX)
and therefore
f(@,y) = a(z) + x(2) +(ly) (e X,yeY)

where the identities

alorz) + x(a1z) =y 10(x) +y1.1x(2) (zreX,yeY)
and

a(azw) + x(@21) = 1210(2) +121x(x)  (z€X,yeY)
have to hold.

Proof. Using Proposition 6 we immediately get that there exists a mapping

A: X xY — K and there are functions y: X — K and (: Y — K vanishing
at zero such that x is additive and

flzy) = Alz,y) +x(2) +C(y) (zeX,yeY).
Using that A is additive in its first variable and Proposition 7, from Eq. (16)
we derive that
Alanzy, Bryr) + Aoz, biy1) + x(a1z1 + aow2) + ((Biyr)
=714, y1) +yax(@1) +71,1¢(v1)
+71,24(71,¥2) + 712x(21) +71,2C(y2)
+y2,1A(x2, y1) + Y2,1X(22) + 72,1 (Y1)
+72,2A(72, Y2) + V22X (72) + 72,2¢(y2)
(21,29 € X,y1,y2 €Y). (17)

Observe that this equation with 7 = x5 = y; = 0 implies that

(M2 +722)Cy2) =0 (12 €Y),
SO 71,2 + 72,2 = 0 or the function ( is identically zero. Similarly, Eq. (17) yields
with 1 = x5 = yo = 0 that
C(Bry1) = (o +721)C(y1)  (y €Y).

Here while proving the last two identities we used that x(0) = ¢(0) = 0 (cf.
the proof of Proposition 6) and the fact that A(0,y) =0 for all y € Y since A
is additive in its first variable. Put zo = y; = 0 into (17) to obtain that
A(ar21,0) + x(a121)
= 71,1421, 0) + v11x(21) + 71,2421, Y2) + y12x(71)
(1,22 € X,y1,y2 €Y)
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or in other words,

—71,2A(x1,y2)
=71,14(x1,0) + v 1x(z1) + 7 2x(21) — A(121,0) — x(aq21)
(Il S X, Y2 € Y)

Similarly Eq. (17) with 21 = y; = 0 yields that
A(aox,0) + x(aaz2)

= 72,1 4(72,0) + 72,1 x(22) +72,24A(22, Y2) + 72,2x(72)
(IQ S X, Y2 € Y)

or equivalently
—2,2A(z2,y2)

=721 4(x2,0) + y21x(22) + Y2,2X(22) — A(a222,0) — x(2x2)
(1‘2 S X, Y2 € Y)

From these latter two identities the following alternatives can be deduced
(A) either 71 2 and 72 2 are zero and Eq. (16) has the form
flonz + aoza, fryr) =y, f (21, 91) + 2,1 f (22, y1) (z1,22 € X,y1 €Y)
and the identities
Alanz, bry) + x(az) = v0A(@,y) + ax(z) (e X,yeY)
as well as
Az, fry) + x(a2x) = 12,1A(2,y) +12ax(2) (€ X,yeY)

follow immediately from (17) with 9 =y = 0 and x1 = y2 = 0, respec-
tively.
(B) or the two-variable mapping A can be represented as

Afz,y) =a(z)  (zeX,yeY);

A being additive in its first variable. This is possible if and only if a: X —
K is additive. This means that

f(z,y) = a(z) + x(z) + ((y) (reX,yeY).

Using this representation and Eq. (14) first with xs = yo = 0 and after
that with 1 = yo = 0 we get the identities

a(ayr) + x(a1z) = y11a(x) +y1,1x(2) (reX,yeY)
and

a(oex) + x(a2z) = y210(z) + v2,1x(2) (zeX,yeY).
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5.2. The non-degenerate case

In view of the above results, now we can focus on the case ay, s, 31,082 # 0
and investigate the existence of nontrivial solutions of functional equation

flarzy +agxe, Bryr + B2y2)
=yf (@) +y2f(21,92) +v21 f (02, 91) + Y22 f (72, y2)
(1'17.’1}2 S X7y173/2 S Y)7

where for 4, j € {1,2}, the constants ; ; € K are given.

Here we will make use of the results of Sect. 3.2, therefore (as in Sect. 3.2)
we always assume that the characteristic of the field K is different from 2. As
a direct application of Proposition 7 we derive the following.

Proposition 15. Let X and Y be linear spaces over the field K, o, 8,75 € K,
i,7 = 1,2 be given constants and f: X XY — K be a function such that

flarzr +ag e, Sy + B2 y2)
=m1f(@,y1) + 2 f(@,92) 2,0 f (@2, 91) +y2,2f (2, 92)
(331,.132 S X,yl,yg S Y) (18)

Then and only then, there exist a bi-additive function A: X x Y — K and
additive functions x: X — K and (: Y — K such that

f(@,2) = Alz,2) + x(z) +((2) (e X, z€Y).
Furthermore the following identities also have to be fulfilled

x(az) = (y1,1 +71,2) x(@)
X(2x) = (72,1 +72,2) X ()
C(Brz) = (71,1 +72,1) C(2
C(B2z) = (11,2 +72,2) C(2
Az, Bjz) = i jA(z,y)

Remark. While investigating whether Eq. (11) admits a non-trivial solution or
not we always got three types of conditions. One of them is a purely algebraic
condition, namely we have to check if the parameters v; ; fulfill a system of
homogeneous, linear equations.

The second type is about the existence of a non-trivial semi-homogeneous
additive function. More precisely, this condition is always of the following
form: let X be a linear space over the field K and let a: X — K be an additive
function such that

(2) (xeX,z€Y,i,j=1,2).
(2)

a(ax) = Ba(z) (x € X)

with certain fixed scalars a, 3 € K. For which values of o and (§ will the
function a be non-trivial (that is, non-identically zero)? This question was first
investigated in Daréezy [6] if X = K = R. These results were later generalized
and extended in the papers [7-10,14,19,20]. To the best of our knowledge,
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this problem has not been investigated for fields with nonzero characteristic.
To this we provide a solution in Sect. 6.2.

Our third condition is similar to the second one, namely it concerns the non-
triviality of a semi-homogeneous bi-additive function. The attached existence
problem will also be discussed in the last section.

6. A necessary and sufficient condition for the existence of non-zero,
bi-additive semi-homogeneous mappings

According to the characteristic property
Alosz, Biy) = v Az, y) (zeX,yeY,i,j=12)

of the bi-additive term in the solution (see Proposition 15), it is natural to
investigate the problem of existence of such a non-zero mapping over the field
K.

Definition 4. Let X and Y be linear spaces over the field K. An additive func-
tion a: X — K is called semi-homogeneous if there exist elements «, 8 € K
such that

a(ax) = Pa(x) (z € X).
Similarly, a bi-additive function A: X xY — K is called semi-homogeneous

if there exist elements «, 3 and v in the field K such that
Alaz, By) =vA(z,y) (ze€X,yeY) (19)

6.1. The case of fields with characteristic zero

In this subsection we restrict ourselves to the case of fields with zero charac-
teristic. According to this, let K be a field of characteristic zero. Then it is
an extension of the field Q of the rationals and we can consider the subfields

Q(«) and Q(B) in K.

We will also use the following.

Proposition 16. Let K be a field of characteristic zero. Then K is embeddable
into C if and only if the transcendence degree of the field extension K/Q is
less than c.

Remark. From the previous proposition we immediately get that if K is finitely
generated over Q, that is if K = Q(aq, ..., ay), then K is embeddable into C.

Theorem 3. Let K be a field of characteristic zero and suppose that X and Y
are linear spaces over K. There exists a non-zero bi-additive mapping A: X X
Y — K satisfying (19) if and only if v can be written as the product of alge-
braically conjugated elements to o and B over Q, respectively.
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Proof. Suppose that vy can be written as the product of algebraically con-
jugated elements to « and (§ over Q, respectively. This means that v =
01(a)d2(p), where d1: Q(a) — K and d2: Q(8) — K are injective homomor-
phisms. Taking X and Y as linear spaces over Q(«) and Q(3), respectively,
we can write that
p1 O‘ Tj (6)
Yy = Z s (B) Yi,

jeJ J

i€l l

where
(i) I and J are finite index sets such that |I| =k and |J| =,
(i) pi, i € Q[z] for any ¢ € I,

(iii) rj, s; € Q[z] for any j € J,

(iv) @1,...,z belong to a basis of X as a linear space over Q(«),
(v) y1,...,y; belong to a basis of Y as a linear space over Q(03).

The mapping A is defined by the formula of the semi-linear extension

PO D)y,
ZZ ) 55 (5(8)) 1700 ¥9)

11]1

and the values A(z;,y;) are not all zero.

Conversely, suppose that there exists a non-zero bi-additive mapping A: X x
Y — K satisfying (19). Let us fix elements z € X and y € Y such that
A(z,y) # 0. Taking the field L = Q(a, 83, A(x,y),v) we can define the bi-
additive mapping B: L x L — C as

B(u,v) = A(uz,vy) (u,v € ).
It can be easily seen that

B(awu, pv) = vB(u,v) (20)
is fulfilled for arbitrary u,v € L.
Let L* denote the multiplicative subgroup of L and let G = L* x L* be the
group equipped with pointwise multiplication. Then, for any (u.,v.) € G, the
translate mapping, that is,

(T(u* vy B) (u, v) = B(uu*,vv™)

also satisfies (20). Let V' be the set of restrictions of bi-additive mappings of
the form B: L x I — C satisfying (20). Then the set V is closed with respect
to uniform convergence on finite sets and the field L is countable. Therefore
V is a closed, translation invariant linear space, in other words, it is a variety
over a field of finite transcendence degree. From this we infer that spectral
analysis holds in V, i.e., there exists an exponential element in this variety,
see Laczkovich-Székelyhidi [12]. An exponential element in this variety is a
bi-additive mapping M : L x . — C satisfying (20) so that

M (wty, vvi ) = M (u, v) M (s, Vs )
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Using the notations 61(u) = M(u,1) and d2(v) = M(1,v), it follows that
M (u,v) = 01(u)d2(v), where §; and d2 are injective (field-) homomorphisms of
L. Using property (20)

YM (u,v) = M(ow, v) = b1(a)d2(8)M (u,v).
Therefore v = d1(«)d2(0) as it was stated. O

6.2. The case of finite fields of non-zero characteristic

If K is a field of characteristic different from zero then it is a field of prime
characteristic. First of all we collect those results from the theory of finite
fields, that we intend to use subsequently. Here we rely on the monograph
Lidl-Niederreiter [13]. For any field K, there is a minimal subfield, namely the
prime field of K, which is the smallest subfield containing 1. It is isomorphic
either to Q (if the characteristic is zero), or to a finite field of prime order Z,
(in case char(K) = p). Moreover, if p is a prime and n € N is arbitrary, then
up to isomorphism there exists exactly one finite field of order ¢ = p™. This
field is nothing but the splitting field of the polynomial ¢ — x over Z,. This
field is denoted by GF(q).

Let now a: X — K be a semi-homogeneous additive function, that is,
assume that for the additive function a we have

a(azr) = Ba(x) (x € X).

As we have seen in the proof of Theorem 3, the problem of existence of
semi-homogeneous mappings defined on the linear space X can be reduced to
the problem of existence of semi-homogeneous mappings defined on K. It can
be easily seen that additivity automatically implies homogeneity with respect
to multiplication by elements of the prime field. By the argument of [18], it also
follows that there exists an automorphism between the extensions of the prime
field with a and [, respectively, such that it maps « into 3. Conversely, such
an automorphism allows us to use the technique of semi-linear extension to
construct semi-homogeneous additive mappings. This criteria for the existence
of semi-homogeneous additive mappings does not depend on the characteristic
of the fields but it is worth investigating the problem of subfields in K in some
special cases as follows.

Let ¢p: K — K be an automorphism of K with ¢(8) = a. Then

(poa)(az) =p(B) (poa)(z) =a-(poa)(z)  (z€X).
This means that

(i) we have to guarantee the existence of an automorphism ¢: GF(p") —
GF(p™) for which

p(B) =«
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is satisfied;
(ii) we have to determine the homogeneity field (see Definition 6) of the
additive mapping poa: X — K.

Suppose that K ~ GF(p™) for some prime p and n € N.
To answer the above questions, for (i) we have to know the automorphism
group of GF(p™), while for (ii) we have to describe the subfields of GF(p™).

Definition 5. Let p be a prime and n € N. By an automorphism ¢ of GF(p™)
over GF(p) we mean an automorphism of GF(p™) that fixes the elements of
GF(p). More precisely, we require ¢ to be a one-to-one mapping from GF(p")
onto itself with

<p(a + b) = 90(0‘) + (p(b) (a’ bhe GF(pn))

and
pla)=a  (a € GF(p)).

Theorem 4. Let p be a prime and n € N. The distinct automorphisms of
GF(p™) over GF(p) are exactly the mappings vo,¢1,---,Pn—1 defined by

(pj(a):apj (a € GF(p"),j=0,1,...,n—1).

Remark. In other words, the above theorem says that the automorphism group
of GF(p™) over GF(p) is a cyclic group of order n generated by ;.

Let X be a linear space over the (not necessarily finite) field K and a: X —
K be an additive function. Then clearly, for any k € Z we have

a(kzr) = ka(x) (x € X).
Nevertheless, it may happen that a satisfies the same identity for all x € X
and also for some o € K\ Z, therefore we introduce the following.
Definition 6. Let X be a linear space over the (not necessarily finite) field K
and a: X — K be an additive function and
H, = {a € K|a(ax) = aa(z) for all z € X}.
This set is called the homogeneity field of the additive function a. Observe

that this term is well-motivated, since we have the following.

Although the following two statements are known in case K = R (see
Kuczma [11]), for the sake of completeness we present a short argument for
them.

Proposition 17. Let X be a linear space over the field K and a: X — K be an
additive function. Then H, C K is a field.
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Proof. Let «, 8 € H,, then
a((a — f)z) = a(ax) — a(fr) = aa(z) — Ba(z) = (a = fla(z)  (z € X),
yielding that o — 3 € H,,. Similarly, if 8 # 0, then

aa(z) = a(az) = a (ﬂgx> = Ba <Zx> (z € X),

@
from which B € H, follows. O

In some sense, the converse is also true, namely we have the proposition
below. The proof is based on the existence of Hamel bases of linear spaces.
Therefore, in any case it is needed, the Axiom of Choice is supposed to hold.

Proposition 18. Let X be a linear space over the field K, let further L. C K be
a subfield of K. Then there exists an additive function a: X — K such that
H, =L.

Proof. Let B be the Hamel basis of the linear space (X,L,+,-), which (ac-
cording to Corollary 4.2.1. of Kuczma [11]) does exist. Fix ¢ € K\ {0} and
define the function f: B — K by

flx)=c (x € B).

By Theorem 4.3.1 of Kuczma [11], there exists a homomorphism a from (X, L, +, -)
to (K,L,+,-) such that we additionally have that a|gp = f. Clearly, a is an
additive function and

alar) = aa(x) (re X,ael).

Thus L. C H,.
For the converse statement, let z € X be arbitrary, then z = Y | \b;,
where \; € L and b; € B for all =1, ..., n. Furthermore,

a(z) =a (i /\ibi> = Xn:/\ia(bi) = zn:/\if(bi) =c- zn:/\i cec-L,
i=1 i=1 i=1 i=1

or equivalently, a(X) C ¢- L.
Let now o € H, and by € B be arbitrary, then

a(aby) = aa(by) = af(by) = ac

On the other hand, since aby € X, the inclusion a(X) C ¢ - L implies that
there exists A € L such that a(aby) = Ac. Since ¢ was to be chosen nonzero,
this means that o = A € L. Therefore H, C L. O

Theorem 5. Let p be a prime and n € N. Then for all d|n, the field GF(p™)
admits exactly one subfield isomorphic to GL(p?) and GL(p") has no other
type of subfields. Furthermore, this subfield is the set of zeros of the polynomial
o~z in GF(p™).
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Finally, we provide necessary and sufficient conditions for the existence of
non-zero, bi-additive semi-homogeneous mappings.

The relations among the elements «, 8 and 7y such that the semi-homogeneity
Eq. (19) is satisfied for some non-zero bi-additive mapping A: X xY — K are
more implicit as we will see in what follows.

Lemma 1. Let X and Y be linear spaces over the field K and let o, 3,~v € K be
given non-zero elements. There exists a not identically zero bi-additive mapping
A: X XY — K satisfying the semi-homogeneity Eq. (19) if and only if there
exists a not identically zero bi-additive mapping B: K x K — K satisfying
equation

B(au, fv) = vB(u,v) (v #0) (21)

Proof. Suppose that A: X x Y — K satisfies the semi-homogeneity Eq. (19)
and A(z,y) # 0 for a certain element (z,y) € X x Y. The bi-additive mapping
B: K x K — K defined by

B(u,v) = A(uzx, vy) (u,v € K)

obviously satisfies Eq. (21). Conversely, suppose that B: K x K — K satisfies
Eq. (21). Let {z,} . and {y,},cp, be Hamel bases in X and Y, respectively.
Taking the projections

X xY =K and 7y: X xY =K

onto the first coordinate of the elements with respect to the given bases it
follows that the mapping A: X x Y — K defined by

A(w,y) = B(rx(2),my(y))  (r€X,y€Y)
fulfills (19). O

Remark. Note that there is no need for any additional condition for the car-
dinality of the field K to prove Lemma 1.

From now on the results are strongly based on the cardinality condition for
K being finite. Let K = GF(g), where ¢ = p™ for some prime number p € N
and consider a (finite) basis by, ..., b,—1 of K over its prime field Z,. It is clear
that

(H) bi-additivity implies Z,-homogeneity for any bi-additive mapping B:
KxK— K.

Since the translation 7;,: K — K with respect to multiplication by the i*®
element of the given basis (i = 0,...,n — 1), that is,

Ti(z) =0 T (z € K)
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is a linear transformation, we can consider its matrix representation M"* given

by

Z mjk P

where for any possible indices we have mgzk) € Z,. According to property (H),

a simple calculation shows that Eq. (21) is equivalent to

n—1
B(bg, by) = Z @il > mGm B(b,,b,),
i,7=0 r,s=0
n—1 n—1
where k,1=0,...n—1, a = Zaibi and = Zﬁjbj with a;, 8 € Zy.
=0 j=0

Let ., (K) be the linear space of matrices of order n over the field K and
consider the linear mapping

Pa,gi %n(K) S Xr—Y = Pa,ﬂ(X); (22)
where
n—1
Ykt = Z i3 Z mym .
1,7=0 r,s=0

In a more compact form

n—1 T

Pup(X)= 3 aiffy (M@) XMW,

i,j=0
Equation (21) is obviously satisfied if and only if 0 # v € K is an eigenvalue
of P, 3. The corresponding (non-zero) eigenvector B € ., (K) can be cho-
sen as the matrix of a bi-linear mapping satisfying (21). To sum up, we can
formulate the following result as the answer to the problem of existence of a
non-identically zero bi-additive mapping satisfying (19).

Theorem 6. Let K = GF(q), where ¢ = p" for some prime number p and
n € N. Consider the polynomial

P(u,v,w) =det (P, , —w-id) (u,v,w € K),
where id stands for the identity mapping of the linear space of matrices of
order n over the field K. Then the following assertions are equivalent

(i) there is a not identically zero bi-additive mapping satisfying the semi-
homogeneity Eq. (21),

(ii) the characteristic polynomial of the linear operator P, g is reducible over
the field K by one of its non-zero roots,

(iii) P(a, B,v) =0.
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Remark. If the elements « and 3 are given, then the possible v’s are among the
roots of the characteristic polynomial P, g. The characteristic polynomial is
independent of the choice of the basis bg, ..., b,_1. Moreover it is a polynomial
over the prime field but the root v belongs to K in general. Setting the variables
« and 3 free, the roots of the multivariate polynomial P is independent of the
choice of the basis by, ..., b,_1. In other words the algebraic variety

P(x,y,2) =0

in K? contains all possible triplets for the solution of the semi-homogeneity
Eq. (19).

6.3. An example: the field GF(4)

The operations are summarized in the following tables:

+ 0 1 a 1+a
0 0 1 a 1+a
1 1 0 14+a a
a a 1+a 0 1
1+a 1+a a 1 0
and
0 1 a 1+a
0 0 0 0 0
1 0 1 a 1+a
a 0 a 14+a 1
1+a 0 1+4+a 1 a

Since 4 = 22 it follows that GF(4) is a two-dimensional linear space over its
prime field Z,. The basis we are going to use in the following is by = 1, b1 = a.
An easy computation shows that the translations 7y and 7y are represented by

the matrices
1 0 0 1
0 _ 1
M° = (0 1) and M" = (1 1),
respectively. Choosing elements

a=at+ar-a, =P+ a
where o, a1, 8o, 81 € Zs2, it follows that
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01 01
Pog(X) = apfoX + agr X 1 1) + a15 (1 1) X

o (1) (21)

where X = <x00 xm). Taking

10 T11
Yoo Yo1
Fap(X) = (yw y11> ’

7N

a direct computation shows that

Yoo = aoBoToo + aoBr1o1 + a1 Bor1o + 181711,
Yo1 = aofozor + o1 (zoo + 2o1) + a1fox11 + a1 fi (w10 + 211),
Y10 = aofoz10 + P11 + a1 Bo(zoo + w10) + @1 f1 (w01 + 211),
y11 = apfox11 + apBi(r10 + 211)

+a1fo(wo1 + 211) + a1 81 (o0 + To1 + 10 + 211)-

Therefore P, g is represented by the matrix

apfo apfr a1 o1
apfr  apfo + apbr a1y a1y + a1
a1/ a1/ apfBo + a1 8o apf1 + o B

a1y a1fo+arfr apf Farfr apfo + apf + a1 fo + o B
with respect to the basis

1 0 0 1 0 O 0 O
BOO:(O 0>7 Bo1=<O 0>7 ]3102(1 0)> B11=<O 1>~

Ifa=1+a,ie ay=a; =1and g =a,ie [fy=0, 3 =1, then we have the
matrix

0 1 0 1
1 1 1 1
0 1 0 O
11 0 0

and the characteristic polynomial is
Piiaa(t) =t —1)7 (1+t+t?).
This means that the possible choices are v = 1,a or 1 + a, that is, if X and
Y are linear spaces over the field K = GF(4), then there exist not identically
zero bi-additive mappings of the form A: X x Y — K such that
A((1+a)r,ay) = Az,y)  (r€X,yeY),
A((L+a)z,ay) = aA(z,y) (z€X,y€Y)
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A((1+a)z,ay) = (1 + a)A(z,y) (zeX,yeY)

Remark. GF(4) seems to be rich in semi-homogeneous biadditive functions in
the case of « = 1+ a and 8 = a. In general, if & and § are fixed, then the
characteristic polynomial is of degree n?, i.e. we have at most n? different
possible values for A. It is a polynomial dependence on n but the number
of elements in GF(p") increases exponentially. Therefore the probability of a
randomly chosen element in K to be a possible value for A tends to zero.

In this last section of the paper we investigated the existence of non-zero,
bi-additive semi-homogeneous mappings. If the field K is of characteristic zero
or K is a finite field, we could provide necessary and sufficient conditions. At
the same time, there exist infinite fields of prime characteristic (for example,
the field of all rational functions over Z/pZ). Therefore, we end this paper with
two open problems.

Open Problem 1. Let p be a prime and K be an infinite field of characteristic
p. Further, let X be a linear space over K and a: X — K be an additive
function. Find necessary and sufficient conditions for a to be a nontrivial,
semi-homogeneous additive mapping.

Open Problem 2. Let p be a prime and K be an infinite field of characteristic
p. Further, let X and Y be linear spaces over K and A: X xY — K be a
bi-additive function. Find necessary and sufficient conditions for A to be a
nontrivial, semi-homogeneous bi-additive mapping.
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