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ALTERNATIVE FUNCTIONAL EQUATIONS. A SURVEY

GI1AN Luici FORTI

Dedicated to the memory of Professors Roman Ger, Luigi Paganoni and Jirg Rdtz

Abstract. This paper provides a survey of several results on alternative func-
tional equations, related to the Cauchy equation and to the quadratic equation,
and involving one or more unknown functions.

1. Introduction

A general functional equation in a single unknown function can be written
in a short form as

F(f)=6(f),

where the variables or the domain of the function f are not explicitly indicated.
The function f and all other functions appearing in F and G are defined on
a set X, which can have various algebraic and topological structures, and
the range of f and that of F(f) and G(f) is another set Y with its possible
structures.

Supposing that X is in some sense the natural domain of f, in many
problems which can be modelled by a functional equation, some constraints
on the domain appear. Thus, the functional equation F(f) = G(f) on X
becomes

F(=6(f) on SCX
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for a certain subset S. In this way we obtain what is commonly called a func-
tional equation on a restricted domain or a conditional functional equation.
The condition, that is the set S, can have various forms: S can be given ex-
plicitly, without any relation to the unknown function f, or it can be given
implicitly, depending on the unknown function itself. An ample treatment of
these problems can be found in the two papers [16] and [I7] by Jean Dhombres
and Roman Ger.

As a simple but important example we show here the Mikusinski functional
equation:

(1.1) fle+ylf(@+y) = flz) = fly)] =0,

where z,y € G, (G, +) is an abelian group, and f: G — K, K being the real or
complex field. This equation is a conditional Cauchy equation, the condition
being f(x + y) # 0. Instead of writing equation (1.1) as a product, one can
write

(1.2) flx+y) #0= f(z+y) — f(z) - f(y) =0,

and this form has a meaning also when the range of f is in a group. The
form of Mikusinski’s equation can be called more expressively alternative
equation: either the first condition or equation is true (in the following we will
use the name equation also for conditions like that before) or the second one
is true.

This paper deals with the alternative functional equations, which can be
written as

Fi(f1) # Gi(fr) = Fa(f2) = Ga(f2)-

Here we can have f; = fo, as for the Mikusinski’s equation, or f; # fs.
Obviously in the first case the two functional equations must be different.
Of course there is no reason for considering only two equations. Thus we
are led to the following definition:
Consider a finite number N of functional equations F;(f;) = Gi(fi), i =
1,2,..., N, with the condition that if f; = f;, then the i-th equation is differ-
ent from the j-th one. The alternative equation generated by them is

Filh) £ Gif1) = [Falf2) # Galfa) = [+ = [Fw(fn) = G (Iw)]]-

If the set where F;(f;) and G;(f;) are taking values admits the possibility
of a difference and consequently has a zero element, we can write &(f;) =
Fi(fi) — Gi(fi) and the alternative equation becomes

L3) &) £0= [B(R) £0= [ = [En(fy) = 0]].
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Moreover, if the set of values is an integral domain, equation (|1.3) can be
written in the form

N

[ =o.

=1

In the following we mainly consider the simplest case N = 2 (some excep-
tions will appear). The paper is divided in two main parts: £;(f) - E2(f) =0
and & (f1) - E2(f2) = 0, that is only one unknown function is involved, or two
different functions. In the latter case we can have £ = &s.

In this survey only results are reported, without proofs. Moreover, we will
always use the additive notation for groups also when they are not abelian.

The starting point of this paper are the survey paper published by Marek
Kuczma in 1978 ([45]) and the books of Marek Kuczma ([46]) and of Janos
Aczél and Jean Dhombres ([1]), they are the source of inspiration of the present
survey.

We finish this Introduction with two stability theorems, one for the Cauchy
equation and the other for the quadratic equation, which will be quoted several
times in the following.

DEFINITION 1.1. Let (G, +) be a group and B a Banach space. We say
that the pair (G, B) has the property of stability of homomorphisms in the
sense of Ulam-Hyers if for every function f: G — B such that

If(z+y) = flz) = fy)l < K

for every z,y € G and for some K, there exist ¢ € Hom(G, B) and K’ de-
pending only on K such that

If(z) = g(@)]| < K’

for all x € G.
Analogously, we say that the pair (G, B) has the property of stability of
the quadratic functional equation if for every function f: G — B such that

If(x+y)+ flz—y)—2f(z) -2f(y) < K

for every x,y € GG and for some K, there exists a quadratic function q: G — B
and K’ depending only on K such that

[ f(z) —q(2)|| < K’
for all z € G.

THEOREM 1.2 (|23], [25]). Let B and H be two Banach spaces. Then the
pair (G, B) has the property of stability of homomorphisms or of the quadratic
equation if and only if (G, H) has the same property.
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Note that the pair (G, B) has the property of stability of homomorphisms
or of the quadratic equation if G is a commutative group or an amenable
group, for other possibilities see [27].

THEOREM 1.3 (|23]). Suppose that the pair (G, B) has the property of
stability of homomorphisms and let

flx+y) - f(z) - fly) € M,

where M is a bounded subset of the Banach space B. If g is the only homo-
morphism of G in B such that f(x) — g(x) is bounded, then g(x) € C(—M),
where C(—M) is the convexr hull of the set —M.

THEOREM 1.4 ([25], [67]). Suppose that the pair (G, B) has the property
of stability of the quadratic equation and let

fle+y)+fz—y) —2f(2) - 2f(y) € M,

where M is a bounded subset of the Banach space B. If q is the only qua-
dratic function such that f(z) — q(z) is bounded, then q(x) € $C(—M). More

precisely, q(z) € { > - mie Myi > 1,mo = —2q(0)}.

2. Alternative equations with one unknown function

2.1. Mikusinski’s equation

The first equation to be treated is the already mentioned Mikusinski’s
equation. This equation arises from the problem of determining the self-maps
of the plane which preserve collineations (see [45] for a detailed description).
This equation in the form

(2.1) fla+y) #0= fx+y) — f(z) - f(y) =0

when f: G — H, (G,+) and (H, +) groups, has been solved by L. Dubikajtis,
C. Ferenc, R. Ger and M. Kuczma in [I8]. Their result is the following:

THEOREM 2.1. Let (G,+) and (H,+) be groups (not necessarily commau-
tative). A function f: G — H satisfies the equation (2.1)) if and only if either
it is additive (i.e. f(x +y) — f(x) — f(y) =0 for all z,y € G), or it is of the
form

0, xz€Z,
f(x)—{ ¢, vre€G\Z,
where Z is a normal subgroup of G of index 2, and ¢ € H is an arbitrary
constant.
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Hence, when the group G has no normal subgroups of index 2, equa-
tion is equivalent to the additive Cauchy equation. Indeed if f(z+y) =0
for all z,y € G, taking y = 0 we see that f is identically zero, so it is additive,
otherwise

flx+y) = f(z)+ fy).

We say in this case that (2.1)) has only ¢rivial solutions.
K. Lajko and Zs. Péales in [47] investigated the equation

(22 1(55Y) #0=27(F1E) — p@) — 1) =0,

that they called Mikusinski-Jensen equation, where I is a real open interval,
z,y € I and f: I — R. They proved that equation (2.2)) is equivalent to
Jensen equation

r+y
2

i.e., it has only trivial solutions.

21 (557) = @)+ f),

2.2. Alternative equations related to the Cauchy equation

Mikusinski’s equation is a type of Cauchy alternative equation. A general
alternative Cauchy equation can be expressed in the following form

(2.3) o(f(@), fy), flz+y) #0= f(z+y)— flz) — fly) =0,

where f: G — R, (G,+) is a group, (R,+,-) is an integral domain, and
©: R® — R is a given function. In the case of Mikusinski’s equation we have
o(u,v,w) = w, and in this case it is sufficient that p: H3 — H, where H is a
group.

The case ¢(u,v,w) = w — au — b, that is the equation

(2.4) fx+y) —af(x) =bf(y) #0= flz+y) - f(z) - f(y) =0,
where a,b € R are constants, was solved in [42]:

THEOREM 2.2. Let G be a commutative group and R an integral domain of
characteristic zero. A function f: G — R satisfies equation if and only
if either it is additive on G, or a+b =1 (1 is the unit if R) and f = const,
ora+b=0 and

0, ze€Z,
ra={ > Teh
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where Z is a subgroup of G of index 2, or a4+ b= —1 and f has the form

0, T € Z,
flx)=X ¢, xz€l,
—c, T € 2o,

where Z is a subgroup of G of index 3, and Z1, Zs are the cosets of Z in G.
The constant c is arbitrary.

R. Ger in [40] and [41] solved equation (2.3) when ¢: R® — R is an
arbitrary centroaffine function, that is the alternative equation

(2.5) cf(x+y) +af(x)+bf(y) #0= flz+y) - f(z) - fy) =0,

where f: G — R, G and R as before, and a,b,c € R.
Ger’s result is the following:

THEOREM 2.3. Let (G, +) be a commutative group and (R, +,-) an integral
domain and let f: G — R be a solution of equation . The following cases
are the only possible ones.

(i) a=b=c=0 and f arbitrary;
(ii) a,b,c arbitrary and f additive;
(i) c—a—b=0 and f constant;
(iv) b= —a, c=0 and f has the form

0, =€,
f(”f):{ o 1eG\Z

where Z is a subgroup of G of index greater than 2 and o € R\ {0};
(v) char R=2,b# —a,c=a—0b, and f is as in (iv);
(vi) b= —a, c arbitrary and f is as in (i) with Z of index 2;
(vii) a=b=0, c#0 and f is as in (vi);
(viii) e=a+b and f has the form

07 S Za
flz)=X o, x€,
—a, T € Ly,

where Z is a subgroup of G of index 3, and Zy,Zs are the cosets of Z
in G and 2a # 0.

If the function ¢ is affine but not centroaffine, the method used by Ger is
not working, in particular when ¢(u,v,w) = w —u— v — 1 and R is the real
line R. Actually the behaviour of the solutions of the equation

(2.6) fle+y) = flz) = fly) =1#0= f(z+y) - f(z) - fly) =0,
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when f: R — R is different from the previous case: the function f(z) = [z]
([-] is the greatest integer less then or equal to x) is a non-additive solution of
whose range is infinite, while the non-additive solutions of equation (2.5))
have range of cardinality at most 3.

Equation has been investigated in the paper [22] in a rather more
general formulation. Let (G, B), (G,+) a group and B a Banach space, be
a pair with the property of the stability of homomorphisms. The following
alternative equation has been investigated:

(2.7) fle+y)—fl@)— fly) —b#0= fz+y) — f(z) — f(y) =0,

where f: G — B, b € B, b # 0, and ||b|| = 1. By Theorems and we
can reduce the problem to the case B = R, b = 1 and the range of f in the
interval [—1,0]. Hence the problem to be solved is

28) fle+y) —f@)-fly) -1#0= flz+y) - f(z) - fly) =0,
with f: G — [—1,0]. The result is given by the following theorem:

THEOREM 2.4. The function f: G — [—1,0] is a solution of equation ([2.8))
if and only if

0, HAS SO?
f(z)y=1{ cgopon(zx), € G\ (SoUS),
—1, x €5y,

where
(i) So is either empty or is a semigroup, Sy is either empty or is a semi-
group, SoNS1 =0, SgUSy #0, and H = SgU S1 is a normal subgroup
of G and w: G — G/H is the natural homomorphism;
(ii) ¢: G/H — R/Z is an injective homomorphism;
(iii) o: (R/Z) \ {0} — R is the only lifting such that for x ¢ H, —1 <
ogogom(x) <O0.

Clearly, by adding any additive map from G into R we have all solutions
without the restriction on the range. Among the solutions of equation ([2.7))
there are those which are constant and taking only the values —1 and 0. Then
the following theorem holds:

THEOREM 2.5. Equation (2.7) has solutions different from f(x) = —1 and
f(x) =0 if and only if G has a proper normal subgroup H such that G/H is
isomorphic to a subgroup of R/Z.

A natural question arises: what happens if the range is not in a Banach
space, that is if the stability results cannot be used? An answer was given
by L. Paganoni in [51] for the case f: Z — Z (and can be obtained from
Theorem [2.5)).
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THEOREM 2.6. A function f: 7 — Z is a solution of equation with
f(0) =0 if and only if it has one of the following forms:
(i) f(n) = [an], for some a € R;
(i) f(n) = [an] = x(gm)(n), with a =p/q, (p,q) =1, ¢>0;
(iii) f(n) = [an] — x(—qn)(n), with o =p/q, (p,q) =1, ¢ > 0;
where x 4 is the characteristic function of the set A.
For the case f(0) = —1, consider the function g(n) = —1 — f(n).

A further step is considering equation (2.6)) in this form

29  fla+y - fl@)-fly) —a#0=flz+y) - flz) - fly) =0,

where f: G — H, (G,+) and (H,+) are commutative groups, a € H, a # 0,
and f(0) = 0. Equation ({2.9) has been investigated in [31], a fundamental tool
is the following theorem of Kulikov (see |39, Corollary III.18.4]):

THEOREM 2.7. Every abelian group A is the union of an ascending chain
Ay <o <A, < of subgroups, where every A, is the direct sum of cyclic
groups.

From the following theorem

THEOREM 2.8. Let G be an abelian group which is the union of an as-
cending chain {Ay}. The function f: G — H is a solution of equation
if and only if for every x € G, f(x) = limy,_ o0 fn(x), where fr: Ay — H
are solutions of satisfying the compatibility condition fy,(x) = fn—1(z),
n=2,..., foreveryx € A,_1.

and Kulikov’s theorem, it is possible to assume that f is defined on a group
G which is the direct sum of cyclic groups , that is G = @ jed Aj, where all
Aj are cyclic groups. If Jy C J is the set of indices j for which A; is a finite
cyclic group of order m;, then G is isomorphic to

(7€GJ\9J0 Z> v (S?o ij)_

The next step proves that it is possible to suppose that all cyclic groups are
infinite and H is the subgroup generated by a, thus we obtain the following
situation: either

(2.10) fPz-z
jeJ

or

(2.11) f: Pz Zn,
JjeJ

for a certain m € N, and f(¢;(1)) = 0 for every j € J, where ¢;: Z — @jeJZ
is the natural injection from the j-th factor Z.
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We denote with S(J) and S(J;m) the classes of solutions in cases
and respectively; note that S(.J;2) consists of all functions f: P jegL—
Zs, hence from now on we assume m > 3. Moreover, f € S(J;m) if and only
if there exists a function g € S(J) such that f = 7, o g, where m,, is the
natural homomorphism 7, : Z — Z,,; the function ¢ is uniquely determined.

After these steps, the following theorem has been proved:

THEOREM 2.9. Let G be an abelian torsion-free group. The function f: G—
Z is a solution of equation with a = 1, if and only if f = [¢]—xu, where:
(i) ¢ € Hom(G,R);
(ii) either U = 0 or U C ¢~ Y(Z) \ {0} is a subsemigroup of G such that
r € Y Z)\U andy € p=Y(Z) and x +y € U imply y € U.

In the same paper explicit solutions are then given , when G =Z,, G = Q
and G = Zp~. Clearly the problem is to find or describe the semigroups U
with the properties stated in Theorem [2.9] This problem was attacked in the
paper [9]. Suppose that [J| = n, and let ¢ € Hom(€P;;Z,R) such that
0 Y2Z) \ {0} # 0, and denote by P(p) the set of all semigroups contained
in ¢~1(Z), satisfying (ii) of Theorem The following theorem holds true
(see [9)):

THEOREM 2.10. Assume |J| = n. Then U € P(p) if and only if there
exists a finite number k < n of non-zero linear functionals (1, ..., L, with £,
defined on R™ and D(l;11) = N(¢;), i =1,...,k — 1, such that

U={ucyp Z): li(u) >0, forsome i=1,...,k}
(D(-) and N(-) are the domain and the kernel of -, respectively).

If ¢ is injective, the following holds (without any restriction on the cardi-
nality of .J):

THEOREM 2.11. If o € Hom(P
¢~ (-N)}.
To conclude the study of the problem if ¢ is affine but not centroaffine,

the remaining case is ¢(u,v,w) = cw — au — bv — d. To present the result
proved in [2I] we introduce the following notations:

iesL,R) is injective, then P(p) = {¢~(N),

- S denotes the set of solutions of the equation

l9(z +y) —g(x) — g9(y) —d]lg(z +y) — g(z) — g(y)] =0,

where g: G — D, (G,+) abelian group and (D, +,.) domain of integrity,
d e D\ {0} (see [22]);
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- M denotes the set of functions of the form
Fz) = 0, €2,
a#0, ze€G\Z
The following has been proved:

THEOREM 2.12. Let f: G — D be a solution of

[cf(x+y) —af(z) —bf(y) —d][f(x +y) — f(z) — f(y)] =0,

where a,b,c,d € D. The following are the only possible cases:

(i) a,b,c,d arbitrary and f additive;

(ii) (c—a— b) divides d and f = «, with a(c —a —b) = d;

(iii) a=b=c#0, f is such that af = g, with g € S;

(iv) (¢ —a—b) divides d, CharD =2 and f € M, where Z is a subgroup of
G of index greater than 2, and o(c —a —b) = d;

(v) a=b#0, c=0, 2a divides d and f € M, where Z is a subgroup of G
and 2ac = d;

(vi) a=0b#0, 2a divides d and f € M, where Z is a subgroup of G of index
2 and 2ac = d.

Thus, equation has been solved when f: G — H, with G and H
commutative groups, or f: G — B, where B is a Banach space and G is
a group such that on the couple (G, B) the Cauchy equation is stable. It is
natural to ask to investigate equation when f: S — R and S is a group
or semigroup, where the Cauchy equation is not stable.

An answer for a special semigroup S has been given by V.A. Faiziev, R.C.
Powers and P.K. Sahoo in the paper [19]. Here f: S — R, where S is the
semigroup

S = {a,b|2a = a,2b =1b)

First it is proved that on S the Cauchy equation is not stable, then that any
solution f can be written as

f(z) =ayp(z) +0(x),
where 0: S — [-1,0], « € R, and 9: S — R is a function such that

Y(nz) =np(x), P(a) =1p(b) =0,
Y(nur) = P(nuz) = P(nuz) = P(nug) =n

where u1 =a+b, us =b+a,us=a+b+aand uy =b+a+0b.
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They proved the following theorem:

THEOREM 2.13. Let f: S — R be a function of the form f(z) = ay(x) +
d(x), where a is a positive real number. If f is a solution of equation (2.9),
then either oo = 1/q, or a = 2/q for some integer ¢ > 1. For any q € N, the

function f(x) = %w(aj) + d(z) is a solution of if and only if
(75(0‘)7 75(b)7 75(qu1)7 75(un), 76((1“3)7 75((]“4)) S 87
where

B ={(0,0,1,0,0),(0,0,0,1,0,0),(0,0,1,1,0,0), (0,0,1,1,1,0),
(0,0,1,1,0,1),(1,0,1,1,1,0),(0,1,1,1,0,1)},

and, for any i € {1,2,3,4}, and n € N,
5 d(qu;), ifn=0 (modgq),
(nu;) = —{%}, if n 0 (modgq).

For any odd q € N, the function f(z) = %1&(3:) +6(x) is a solution of (2.9), if
and only if

(=d(a), =6(b), —0(qu1), —d(quz), —d(qus), —0(qua)) = (0,0,1,1,0,0)
and for any i € {1,2,3,4}, and n € N,

Sinws) — d(qui), if n =0 (modg),
(nu;) = _{2771}’ if n 2 0 (modq).

A similar result holds for « < 0 ({t} is the fractional part of t).
Equations (2.6)—(2.9) concern functions whose Cauchy difference

Cf(z,y) == f(z+y) — f(z) - f(y)

can assume two different values: zero and d # 0. It is natural to pose the
following problem: find the functions f such that Cf(x,y) € V, where V is
a given set. In the following we present some results for special finite sets V.

Let f: G — B, (G,+) a group and B a Banach space, such that on the
pair (G, B) the Cauchy equation is stable, and let

V ={0,b,2b,..., Mb},

where b € B, b# 0, M € N and ||b]| = 1/M. This equation can be written in
the form (1.3), where

E(f)=C(f) —ib, i=0,..., M.



Gian Luigi Forti

Via Theorems [I.2] and [I.3] the problem can be reduced to the following form
(see [22]):
find all solutions f: G — [—1, 0] of the equation

M

(2.12) [Tl +y) = @) = fw) — 51 =0

=0

As a first step it is proved that it is sufficient to determine the solutions
without zeros of (2.12)). If f is any such solutions, define

1+ 1
Ai—{ﬂi‘EG.—M <—7} M -1,
and g(a:):f(ac)—l—ﬁ', if z € Ay;

. M
Sif:{xeG:f(x):—ﬁ}, i=1,..., M, Hf:USif.

Then S ]{4 is either empty or a subsemigroup of G, and H/ is a subgroup of G.

THEOREM 2.14. Let f: G — [—1,0) be a solution without zeros of (2.12).
Then the following properties hold:
() & <g(e) <0, 2€G;
(i) 9(x + ) — g(z) - g(y) € {0, % };
(ii) H ={z € G: g(z) = =57 };
(iv) if Wo = {(z,y) €e Gx G : g(z+y)—g(x) —g(y) = 0}, then for every
ny,ne, (x,y) € WoN (A, X Ay,) implies x +y € U;i:lnjnrM A;;
(v) if Wi ={(z,y) € G x G : glx+y) —g(x) — g(y) = 77}, then for every
ni,ng, (z,y) € Wi N (An, X Ay,) implies x +y € U:L:l:?j:;rl_M A,
where A; =0, if i <0 ori>M —1.

Conversely, if g is a function satisfying (), and {A;},i=0,...,M—1,
is a family of pairwise disjoint sets with the properties and and such
that Ui]\ial A; = G, then the function f(z) = g(a:)—ﬁ, if x € A;, is a solution
without zeros of equation and Hf ={z € G: g(z) = —3;}.

This theorem does not really give the solutions of equation (2.12)), until
a procedure to split G into the sets A; is produced.
Note that the result presented in Theorem [2.4) is a consequence of Theo-

rem where M =1 (see [22]).

The next problem is to solve the equation

(2.13) flet+y) = fz) - fly) €V,
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where f: G — B, where as before B is a Banach space and G is a group where
the Cauchy equation is stable, and

V ={0,v1,v2,...,0,},

where v1,vs,...,v, are n independent vectors in B. After identifying the set

V with the standard basis in R”, so f: G — R", f = (f1,..., fn), by Theo-

rem (1.3 we can assume that the range of f is contained in C'(—V) (see [23]).
The following theorem holds:

THEOREM 2.15. A function f: G — C(=V) is a solution of equation
if and only if it has one of the following forms:
(i) f=1(0,...,0, f;,0,...,0), for somei=1,...,n, and f;: G — [—1,0] is
a solution of for V.={0,1};
(i) f = (0,...,0, f;,0,...,0, f;,0,...,0), for some i,j =1,...,n, i # j,
where f;, fj: G — [—1,0] are solutions of for V.= {0,1}, such
that fi(z) + fj(z) = =1 for all x € G.

(The solutions of ([2.13)) for V.= {0,1} are described in Theorem[2.4])

This result can be easily extended to the case V infinite of a special form.
Namely, let V' = {v;};cs be a Hamel basis of B, with ||v;|| =1 for all j € J.
As before it is possible to assume that each solution of (2.13) is bounded

and its range is contained in C'(—V'). For each subset I of J, p; denotes the
coordinate projection given by

pr(@) =pr( ) o) =Y g,

jEJ jeI

where ¢ € B, x = Zjejajvj. Moreover, define f; = pyo f, if f is a solution

of (2.13)), then f; is a solution of (2.13)) on the set p; (V).

From Theorem it follows immediately the

THEOREM 2.16. Let f: G — C(=V) be a solution of (2.13), with V =
{vj}jcs. Then f has one of the following forms:

(i) there exists k € J, such that for every i € J\ {k} it is f; = 0 and
fe(x) = Mg(z)v, where N\i.: G — [—1,0] is a solution of (2.13|) with
V ={0,1};

(ii) there exist k,h € J, such that for every i € J\ {k,h} it is f; = 0
and fr(z) = Mp(x)vk, fr(z) = A\p(z)vp, where Mg, Ap: G — [—1,0] are
solutions of (2.13) with V- = {0,1}, such that \g(z) + A\p(x) = —1 for
allx € G.

Another particular case for the set V' has been investigated in [II]. The
set V is a set of vertices of the unit cube in R3, If e, e, e3 is the standard
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basis of R?, we consider these sets:

Ul = {0761762783781 +es,e1 + 63}7
Uy ={0,e1,e2,€1 +e,e1 +€3,€2 + €3},
Us ={0,e1,e2,e1 +e3,€1 + €3},

Uy =1{0,e1,er,e1 +e3,e3 + e3}.

We assume that f: G — R? is a solution of in U; and that the Cauchy
equation is stable on G. This leads to consider f: G — C(—U;). Moreover,
we assume that f(0) = 0. Obviously if f = (f1, f2, f3) is a solution of
with V' = Uj;, then each f;, i = 1,2, 3, is a solution of with V' = {0, 1}
and with range in [—1, 0].

We have the following:

THEOREM 2.17. A function f: G — C(—=Uy) is a solution of equation (2.13))
with V- = Uy with f(0) =0, if and only if it has one of the following forms:
f=(f1,f2,0) or f =(f1,0, f3), where fi: G — [-1,0], i = 1,2, 3, are solu-
tions of (2.13) with V- ={0,1}.

If f=1(f1,0,f3) (or f=(0, fa, f3)) is a solution of (2.13) with V = U, or
with V' = Us, we define the following sets;

A= {iL' eqG: fl(x) = fg(iL') = O},
B = {LU €G: fl(x) 7é Oa fg(l') - O}a
C={ze€G: fi(z) = fs(x) = -1},
D={zeG: fi(z) = fs(x) ¢ {-1,0}},
(the analogous sets are defined for the other case). It is easy to see that A,C
and A U B are subsemigroups of GG, while AU B U C is a subgroup of G.
Moreover, these other conditions are satisfied:
x € A,y € B (or vice versa) implies z + y,y + x € A,
x € B,y € C (or vice versa) implies x + y,y + = € B,
(2.14) x € A,y € C (or vice versa) implies z +y,y + = € AUC,
z,y € D implieszc +y,y+2€ AUCUD,
x € AUBUC,y € D (or vice versa) implies = + y,y +x € D.

These conditions are also sufficient for f = (f1,0, f3) to be a solution. We
have

THEOREM 2.18. The function f: G — C(—Usz) is a solution of equa-
tion (2.13) with V' = Uy with f(0) = 0 if and only if it has one of the following

forms:

(i) f = (f1,f2,0);



Alternative functional equations. A survey

(i) f=(f1,0, /1), f = (0, f2, f2);

(iii) f = (f1,0, f3), f = (0, fa, f3), with the sets A,B,C and D (and the
analogous where the role of f1 is assumed by fa) satisfying the condi-
tions (2.14), where f;: G — [-1,0], i = 1,2,3, are solutions of the
equatz’ with V = {0,1}, with f;(0) =0, i =1,2,3.

In the case of the set Us we have the same result without the functions f =

(0, f2, f2) and f = (0, f2, f3).

For the last case Uy, we have

THEOREM 2.19. The function f: G — C(=Uy) is a solution of equa-
tion (2.13) with V' = Uy with f(0) = 0 if and only if it has one of the following
forms:

(1) f = (f17070)7 f - (vaQaO);
(11) f = (f1707f1)7 f = (07f27f2);
(111) f = (flaoaf?))f f = (07f2’f3)’
with the sets A, B,C and D (and the analogous where the role of fi is
assumed by fo) satisfying the conditions (2.14), where f;: G — [—1,0],
1 = 1,2,3, are solutions of the equation with V- = {0,1}, with

A natural question arises: do functions and sets described in (iii) of The-
orems [2.1§ and [2.19] actually exist? This is in general not known and may
depend on the structure of the group G. We show here that for G = Z
these sets, assumed all non empty, do not exist. First note that 0 € A, then
AUBUC = {na:n € Z} for some a > 1, otherwise we have D = (). Assume
that o € A, then na € A for all n > 0; this implies that C' C {na : n < 0}.
Let —ga =maxC, ¢ >0.If ¢ =1, 1ie., —a € C, then —na € C for alln > 0
and this implies B = ): a contradiction. If ¢ > 1 then (¢ — 1)a € A, —qa € C
and we must have (¢ — 1)a+ (—ga) = —a € A and this implies that A = oZ,
i.e., B = C = (): a contradiction. In the case a € C' we proceed in the same
way and arrive to a contradiction. The last possibility is « € B. In this case
no € AUB for alln > 0 and C C {na : n < 0}. If —a € C then we must
have —a + a = 0 € B: a contradiction. Hence —a € AU B and consequently
—na € AU B for all n > 0 and this implies that C' = ): a contradiction.

Still with values in R3, we can consider the following set

Vs ={0,e1,e2,e3,€e1 + €3,€1 +€3,€2+ €3}

(it is V3 D U;, i = 1,2,3,4), that is the set of all vertices of the unit cube
in R? except one: e; + e, + e3. Indicating with P;, i = 1,2, 3, the coordinate
planes in R3, we obtain the following result:

THEOREM 2.20. A function A function f: G — C(=V3) is a solution of
equation (2.13) with V- = V3 and with f(0) = 0, if and only if it has one of

the following forms:
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(i) f = (f1,0,0), f = (0, f2,0)f = (0,0, f3), where f;: G — [-1,0], i =
1,2, 3, are solutions of the equation (2.13|) with V- ={0,1}, with f;(0) =
0,:=1,2,3;

(ii) f(G) C P1UPUPs (but not in a single coordinate plane), and

3
H = U{x €G: fi(zx) e {-1,0}}

is a normal subgroup og G of index 4, such that (G/H) + (G/H) C H,
and if HD, i =1,2,3, are the cosets of H, we have that z € H implies
fi(x) =0,i=1,2,3, 2 € HY implies f;(z) = fr(x) = —1/2,i=1,2,3,
jFi, k#i,j#k, i,5,k € {1,2,3}.

Note that the condition f(0) = 0 cannot be eliminated, otherwise there
are solutions whose range is not contained in P; U Py U P3. For instance, if G
has a normal subgroup K of index 2, the function

. —eq, z e K,
f(l')— —%(el —|—62+83), LCEG\K,

is a solution of equation (2.13) with V' = V5 with f(0) # 0. It is an open
problem to treat this case. Moreover, if f: G — R™ with n > 4 and V,, the
analogues of V3 (the vertices of the unit cube except e; + es + - - + €,),
under certain conditions on the group G, there exist solutions whose range is
contained in the union of the coordinate hyperplanes, but it is not known if
these are the only possible solutions as for n = 3.

The functional equation

[f(@+y))* = [f(=) + f)?

is equivalent to the alternative equation

(2.15) fle+y)+ @)+ fly) #0= flz+y) - f(z) - fly) =0.

We present here some results from [44]; these results generalize whose obtained
by E. Vincze in [66] and H. Swiatak and M. Hosszi in [64].
M. Kuczma proved the following

THEOREM 2.21. Let (S,+) be a semigroup and (H,+,-) be a commutative
ring without divisors of zero. If, moreover, the group (H,+) does not contain
any element of order 3 or does not contain any element of order 4, then the
only solutions of equation are the additive functions.

It is possible to drop the above limitations on the order of elements of H
and to obtain the following result:
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THEOREM 2.22. Let (S,+) be a semigroup and (H,+) be either a com-
mutative group or a group containing no element of order 2. Then a function

f:S — H satisfies equation (2.15) if and only if it is additive or, in the first

case, has the form

xeT,
f(z) = {d(+)c( ), a,ES\T,

where T+ T C T, (S\T)+S CcS\T,S+(S\T)C S\T,de H is an
element of order 3 and c: S — H is additive.
In the second case

0, zeT,
f(”f):{ d aeS\T,

where T and S\ T fulfil the conditions above, and d € H is an element of
order 3.

Similar equations have been investigated in [7], [57] and [58].
We now consider the following alternative equations of Cauchy type which
generalize equations (2.6 and (2.12), we deal with the equation

k
(2.16) flan oo+ +ap) = fw:) € {0,1}
=1
and the equation
b 1 2
(2.17)  flzy+zo+ -+ ap) — ;f(xi) c {o, s 1},

with & > 3 (equation has been proposed by Bogdan Choczewski), where
f: G =R, (G,+) a group where homomorphisms are stable (see [10]).

As a first step, by Theorem for equation (2.16|) we need only consider
functions f: G — R with range in the interval [— I O}. Setting in ,
x1 =9 =--- =1z} =0, we have —(k —1)f(0) € {0, 1}, hence either f(0) =0
or f(0) = 1 If f is a solution with f(0) = kil, then the function

g(x) = —f(x ) — 747 is a solution of with ¢(0) = 0, so we can assume
that f(0) =

Setting x3 = x4 =--- =2 =0 in , we see that f is a solution of the
equation

f(x1+22) — f(21) — f22) € {0, 1}.

If we identify R/Z with (—1,0], the range of f must be a subgroup of (—1, 0]
contained in [ - ﬁ, O]. If £ > 3 then there are no non-trivial subgroups of
this type, so we have the following:
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THEOREM 2.23. The only solution f of equation (2.16)), with f(0) =0 and
k > 3, is the zero function.

A function f: G — [— %,O] is a solution of (2.16) with k = 3, if and
only if

05 S Zv
f(x){—é, xeG\Z,
where either Z = G, or Z is a normal subgroup of G of index 2.

About equation (2.17) we have the following result:

THEOREM 2.24. A function f: G — [—ﬁ, 0], with f(0) = 0, is a solution
of (2.17) if and only if it has the following form:

0; T e LO?
f(x)=4{ ocogom(z), ve€ G\ (LoULy_1),
_ﬁa WS Lk—lv

where
(i) Lo is a subsemigroup of G with 0 € Lg;
(ii) Lg—_1 is a subset (possibly empty) of G such that K = Lo U Li_1 is a
normal subgroup of and kLyi_1 C Lp_1;
(iii) m: G — G/K is the natural homomorphism;
(iv) ¢: G/K — R/ZF) is an injective homomorphism;
(v) o: R/ZHF) — R is the only lifting such that for = ¢ K, —ﬁ <
cogpom(x) <.
(Z*) is the group k—ilZ)

A different form of equation ([2.17)), that is

k
(2.18) flar st ) =) flo) € {0.0=1)a, 20k~ )a -, (k= 1)},

where f: G — H, (G,+) and (H,+) abelian groups, a € H with infinite
order, has been investigated by C. Borelli (|8]). After the reduction to the
case H = Z, a = 1, the following theorem is proved:

THEOREM 2.25. Let (G,4+) be an abelian group whose non-zero elements
have infinite order. A function f: G — 7Z is a solution of equation (2.18|) with
a =1 and with f(0) =0, if and only if it has the following form:

f(x) = B(x) = (k= D) ([a(@)] + 1 = xLo(2)),

where B € Hom(G,Z), a« € Hom(G,R), Ly is a subgroups of G with Ly C
a~YZ) and such that (a=Y(Z)\ Lo)* C a=Y(Z)\ Lo (T* is the set of all sums
of k elements of T).
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A function f: G — Z is a solution of equation (2.18)) with a =1 and with
f(0)=—t,0<t<k—1, if and only if it has the form

f(@) = B(z) — (k = 1) ([a(@)] + 1 = xa(@) = xLo(7) — x5(2)) — 11 — Xk (2)),

where
(i) B € Hom(G,Z), a € Hom(G,R), A = oY (Z);
(il) K is the (possibly empty) coset of A given by K = {x € G : a(z) €
i T2}
(iii) Lo is a (possibly empty) subset of K, such that (Lo)* C Lo and (K \
Lo)* C K\ Lo;
(iv) S={rcG:alzr) € %5 +Z,u<t}.
In his paper [52] L. Paganoni obtained the following results. For every
a € R, we denote with ¢, the homomorphism of N or Z into R given by

¢a(n) = an. For ¢ € Hom(G,R), (G, +) abelian group, and K = {0,1,...,k},
\IJ[I;] is the class of functions ©: G — K such that

0
(m,y) € quﬂ n (GT X GS) =x+ye U Gr+s+i+ua I = 07 17

u=—k

where
Oy = {(2,9) € G x G: [¢z +y)] — [6(x)] - [6(y)] = i},
Gt={x€G:¢(w)=—t} (GtZQ) if t<0 or t>l<;).

The main result is given by the following

THEOREM 2.26. The function f: N — Z is a solution of equation

(2.19) flz+y) = f(z) - f(y) € K,

if and only if there exists « € R such that f(n) = [an]+1(n), where ¢ € \II[I;].
Moreover, a is unique.

Let (G,+) be an abelian group, a function f: G — Z is a solution of
equation (2.19), if and only if there exists p € Hom(G,R), such that f(x) =
[o(x)] + (x), where ¢ € \I/[I;]. This representation is unique.

We finish this section with some alternative equations related to Jensen
equation.
The first equation studied by P. Nakmahachalasint in [50] is

(2.20) f(z)+2f(z+y)+ fz+2y) #0 = f(z) —2f(z+y)+ f(z+2y) =0,

where f: S — G, (S,+) is a semigroup and (G,+) is a uniquely divisible
abelian group (the equation f(z) — 2f(z +y) + f(x + 2y) = 0 is obviously a
different way to write the classical Jensen equation).
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The following results are proved:

THEOREM 2.27. Let S = (a) be an infinite cyclic semigroup. Then f: S —
G is a solution of equation if and only if it has one of the following
forms:
(i) f(na) = ko + kin, for alln € N;
(ii) f(na) = (=1)"(ko + kin), for alln € N;
(i) f(na) = (1 —40,,)ko, for all n € N;
(iv) f(na) = (—=1)"(1 — 4n0)ko, for all n € N;
where ko and ki are arbitrary elements in G, and d;; is the Kronecker delta.
If S = (ala™ = a™*P) is a finite cyclic semigroup with index m and period
p, then f: S — G is a solution of equation , if and only if it has one of
the previous forms, with k1 = 0.
If G is a 2-divisible group, then f is a solution of if and only if it is
a Jensen function, that is f(x) —2f(x +y) + f(z +2y) =0 for all z,y € S.

Another equation has been investigated in [63], namely the equation

(221) flz—y) = Af(z)+ flx+y) #0= f(z —y) —2f(x) + f(x +y) =0,

where f: G — H, (G,+) a group, (H,+) a uniquely divisible abelian group
and \ is an integer different from 2. It is proved that if A ¢ {0, —1,—2}, then
equation is equivalent to the Jensen equation.

A generalization of equation , that is

(2.22) af(z—y)+Bf(x) +vf(r+y) #0= f(x—y)—2f(x)+ f(z+y) =0,

where f: G — H, (G,+) a group, (H,+) a uniquely divisible abelian group,
and (o, B8,7) # (k, —2k, k) for all k € Z, has been studied in [43]. One of the
results proved in that paper is given by the following theorem.

THEOREM 2.28. Let G = (g) be an infinite cyclic group. A function
f: G — H is a solution of equation if and only if either is a Jensen
function, or one of the following properties holds:
(i) B=a+~y and
(0) f(ng) = (=1)"a, for alln € Z and some a € H, or
(0) B=0 and
(I) {f(ng)}nez is the periodic sequence ...,a,b,a,b,..., for some
a,be H, or
(I1) {f(ng)}nez is the periodic sequence ...,2a—b,a,b,a,2a—Db,...,
for some a,b € H, or
(¢) B=2a and f(ng) = (—1)"(a+nb), for alln € Z and some a,b € H;
(ii) (8,7) = (0,) and {f(ng)}nez is the periodic sequence ..., a,—a,a,—a, ...,
for some a € H;
(i) (8,7) = (a,) and
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(¢) {f(ng)}nez is the periodic sequence .. .,a,b,—a,—b,a,b,—a, —b, ...,
some a,b € H, or

(©) {f(ng)}nez is the periodic sequence ..., a, —2a,a,—2a, ..., for some
a€ H, or
(©) {f(ng)}nez is the periodic sequence ..., —2a,a,a,...,a,—2a,..., of

odd period p > 5, for some a € H.

2.3. Alternative equations related to the Jordan-von Neumann
quadratic equation

This subsection is devoted to alternative equations in a single function,
involving the Jordan-von Neumann quadratic equation

flx+y)+ flz—y) =2f(x) +2f(y).

The first problem we deal with is the analogue of equation (12.6]), adapted
to the quadratic equation, that is

(223) flx+y) +flx—y)—2f(x) —2f(y) —1#0
= flz+y)+ flz—y) —2f(z) —2f(y) =0,

where f: G — R.

As in the case of the Cauchy equation, we assume that G is a group where
the quadratic equation is stable in the sense of Ulam-Hyers. The stability and
Theorem permit to reduce the problem to the case of a bounded function
f which we can assume to satisfy f(0) = 0 (if f(0) = —%, then the function
g(z) = —f(z) — % is a solution of equation with g(0) = 0) and that
f: G — K, where

o0

K:{—%Z%:ane{o,l}}c {—%,0}.

The general solution is obtained by adding any quadratic function, that is any
solution of the equation f(z +y) + f(x —y) = 2f(z) + 2f(y).
The following result is then proved (|24], [25]):

THEOREM 2.29. Non-zero bounded solutions of equation (2.23|) exist only
in these two cases:

(i) the group G has a normal subgroup Z of indez 2, and

f(x):{ (El igg’\z

47
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(ii) the group G has a subgroup Z such that the set (G\ Z) x (G\ Z) can be
split in two (disjoint) sets L and M with the properties that (x,y) € L
ife4+y¢ Z, and (z,y) € M if x —y € L; the solution is

0, T € Z,
f(x)—{ —%, reG\Z.

COROLLARY 2.29.1. If the group G is commutative, then case of The-
orem becomes the following: Z is a subgroup of G of index 3 and f has
the form given above.

The fact that f in is a real function is not a restriction. Indeed
if f: G — B, where B is a Banach space and in equation instead of
flx+y)+ fz—y)—2f(x)-2f(y)—1 # 0 we write f(z+y)+f(z—y)—2f(z) -
2f(y) — B # 0, with 8 € B, which can be assumed with norm 1, Theorem
proves that we can consider only the functions with range in the segment
having end points 0 and —/3/2; thus we are reduced to the one-dimensional
case.

A more general equation has been investigated in [26], that is

(2.24) fle+y) + flz—y) —2f(x) - 2f(y) € {0,1,2},

where f: G — R, (G, +) commutative group. Again by using stability we can
assume that f is bounded and its range is contained in the set

[ee]
{ SN T € {0,1,2) mo = —2f(0)}.
— & 6
It is useful to change f into the function k(x) = f%f(:v), so the range of k is

contained in the set

K—{3iai+1k(0)-a-e{012}}
244t 3 o R

1=1

and should be noted that the given representation of numbers in K is unique.

The equation ([2.24) becomes
(2.25) E(x +y) + k(x —y) — 2k(x) — 2k(y) € {-3,-3/2,0}.

We have k(0) € {0,3/4,3/2}; since j(z) = 3 — k(z) is a solution of (2.25)) with
4(0) = 2 — k(0), we obtain that k(0) = 3/2 implies j(0) = 0. Thus, we can
consider only the two cases k(0) = 0 and k(0) = 3/4.

We have the following result:

THEOREM 2.30. Let k be a non-trivial solution of equation (2.25), with
E(0) = 0. Then Z = {z € G : k(x) = 0} is a subgroup of G and each
element of G/Z has one of the following orders: 2,3,4,5,6,7,12. Moreover,
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the function k is constant on each coset of Z. If G/Z is a cyclic group, we
have these explicit forms for the solutions.

If[G:Z) =2, G|Z ={Z,H}, there are two non-trivial solution of (2.25)):
(i) k(Z) =0, k(H) = §;

(i) k(Z) =0, k(H) = 2.

If[G:Z)=3,G/Z ={Z,H,2H}, there are two non-trivial solution of (2.25)):
(i) kK(Z2) =0, k(H) =k(2H) =
(i) k(Z) =0, k(H) =k(2H) =

If|G:Z] =4, G/Z = {Z,H,2H,3H}, there are three non-trivial solution

of ([2:29):

1.
27

(i) k(Z) =0, k(H) = k(3H) = 5, k(2H) = 3;

( ) ( ):0; k( ) k(3 ) 1967k(2H)_%;

(ili) k(Z) =0, k(H) = k(3H) = 12, k(2H) = 2.
If|G:Z]=5,G/Z ={Z H,2H,3H,4H}, there are two non-trivial solution
of -

(i) k(Z2) =0, k(H) = k(4H) = £, k(2H) = k(3H) = 3;

(ii) k(Z) =0, k(H) = k(4H) = &, k(2H) = k(3H) = 2.
IfG:Z =6, G/Z = {Z H,2H,3H,4H,5H}, there are two non-trivial
solution of :

(i) k(Z2) =0, k(H) =k(5H) = £, k(2H) = k(4H) = , k(3H) =
(ii) k(Z) =0, k(H) =k(bH) = 7, k(2H) = k(4H) =1, k(3H) =
IflG:Z=7,G/Z={Z H,2H, 3H, 4H,5H,6H}, there are three non-trivial

solution of -

7 3.
87 87
1 §

(i) k(Z) =0, k(H)=k(6H) =3, k(2H) = k(bH) =%, k(3H) =k(4H) =2;
(ii) k(Z) =0, k(H) = k(6H) =2, k(2H) = k(5H) =2, k(3H) =k(4H) =5,
(ili) k(Z) =0, k(H) = k(6H) =%, k(2H) = k(5H)=2, k(3H) =k(4H) =%

IfG:Z =12, G/Z = {Z,H,QH,3H,4H,5H,6H,7H,8H,9H, 10H,11H},
there is one non-trivial solution of (2
k(Z) =0, k(H) =k(5H) = k(9H) 10, k(2H) = k(lOH) = i, k(3H) =

k(11H) = 12, k(A4H) = k(8H) =1, k(6H) = 2, k(7TH) =

The solutions described in Theorem in the special case when G/Z
is a cyclic group, can be considered fundamental solutions since they are the
blocks for constructing the solutions in the general case. The procedure is the
following. Given a commutative group GG, we choose a subgroup Z of G, which
will be the zero-set of the possible solutions. If the quotient G/Z is finite, then
it is (isomorphic to) the group

G/Z = ﬁcp?i,
i=1
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where C,. is the cyclic group of order r, and p;s are prime numbers (see, for
instance, [56], Theorem 5.1.13).

By Theorem [2.30], we have fundamental solutions only on the groups
02,03,04,05,06 = CQ X 03,07 and 012 = Cg X 04, thus if in Hle Cpm‘
we have cyclic groups different from the previous ones, it does not exist aﬁy
non-trivial solution of equation . Otherwise we have the fundamental so-
lutions on factor groups and we must check their compatibility, some examples
can be found in [26].

If the quotient group G/Z is infinite, we can use Kulikov’s structure the-
orem 2.7

In the case k(0) = %, we have the following:

THEOREM 2.31. Let k be a solution of equation with k(0) = 2, such
that k(G) does not contain L or 2. Then the set Z = {x € G : k(z) = 3} is
a subgroup of G. Moreover, k is constant on the cosets of Z.

If[G: Z) = 4 and G/Z is cyclic, G/Z = {Z,H,2H,3H}, split Z as ZHWUZ®@),
fir T € G\ Z and consider the coset T+ 7 = (T + ZW) U (T + ZP). If
—7ZW =4z 4+ 72®) = ZW) | the following function is a solution of :

3/4, x € Z,

15/32, z€z+2ZW, ze3z+ 23,
39/32, z€7+ 23, xe3z+2W,
9/8, x €T+ Z.

k(z) =

If|[G:Z]=5G/Z={Z,H,2H,3H,4H }, the following function is a solution
of :

k(Z) =3, k(H)=k(4H) = 35, k(2H) = k(3H) = Z.
IflG: Z) =6 and G/Z is cyclic, G/Z = {Z,H,2H,3H,4H,5H }, the following
function is a solution of :

k(Z)=3,k(H)=k(5H) =2, k(2H) = k(4H) = ;, k(3H) = 3.

M‘@

As in the case k(0) = 0, other solutions can be constructed by using the
structure of the group G.

Other alternative quadratic equations have been investigated in [65] and [62].

The first of these papers considers the following alternative equation:

(226) flz+y)+ flz—y)—2f(z) —2f(y) #0
= fle+y)+ flz—y)—2f(z)+2f(y) =0,
where f: G — Y, (G,+) is a 2-divisible abelian group and Y is a real (or

rational or complex) linear space. It is proved that equation (2.26]) is equivalent
to the quadratic equation.
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In the second paper the alternative equation which is investigated is

(2.27) fx+y) + flz —y) —af(x) —2f(y) #0
= flz+y)+ flz—y) —2f(z) +2f(y) =0,

where « is a given rational number different from 2. The mapping f is from
an abelian group (G, +) to a uniquely divisible abelian group (H,+). The
following result has been proved.

THEOREM 2.32. Let f: G — H be a solution of equation (2.27). Then
either f is quadratic or one of the following conditions holds:

(i) @« =0 and f is constant;
(ii) = —1 and there exists a € G such that f(a) # 0 and

[0, i3,
f(na) —{ f(a),

otherwise,

for all integers n;
(iii) o« = —2 and there exists a € G such that f(a) # 0 and

| o, if n is even,
f(na) = { f(a), otherwise,

for all integers n.

If the group G is cyclic infinite, then a function f is a solution of equa-
tion (2.27) if and only if it is either quadratic or has one of the forms above.

For more special groups we have the following

THEOREM 2.33. If G is a 6-divisible commutative group, then f is a solu-
tion of with a # 0, if and only if it is quadratic.

If G is a finite cyclic group of order m > 2, G = (g), a function f is
a solution of if and only if either it is quadratic or one of the following
properties hold:

(i) @ =0 and f is constant;
(ii) a = —1, 3|m and

_J 0, if3n,
f(ng) = { k, otherwise;

(i) o = —2, m is even and

F(ng) = { 0, ifn is even,

k, otherwise,

for all integers n and some k € H \ {0}.
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A series of alternative quadratic equations have been studied by F. Skof
and M. Varrone. The main result of the two papers [59] and [61] is the follow-
ing:

THEOREM 2.34. Let X be a real linear space. In the class of functions
f: X = R, each of the following alternative equations

[f(x+y)l=12f(2) +2f(y) — f(z —y)l,
|f(x—y)l = [2f(2) +2f(y) — f(z +y)l,
(2.28) [flz+y)+ flz—y) —2f(x)] = [2f(y)],
[f(z+y)+ flz—y) —2f(y)| = [2f ()],
[flz+y)+ flz—y)| = 2f(2) + 2f(y)],

18 equivalent to the quadratic equation.

As it is proved in [60], the situation changes if in the equations the
absolute value is substituted by a norm in a linear space. We exhibit some
examples.

Assume f: R — FE, where (F,|| - ||) is a real normed space not strictly
convex, then there exists two linearly independent points a,b € E such that
lal = {16l =1 and [la + b]| = [[a]| + [|b]|. Define

s ={ e
This function is continuous, it is not quadratic, but it satisfies the equations
If(x+y)+ flz—y) =2f(@@)] =12/ W)
and
1f (@ +y) + flz—y)ll = 12f(x) + 2/ )]

The function

Fz) = 2az?, if x| <1,
7 @+ Da+ (22 —1)b, if 2] > 1,

is continuous, it is not quadratic, and satisfies the equation

1f(x+y)+ flz =yl = 12/ (x) + 2f ()]

When the range is in a real linear inner product space (H, || - ||), we have
the following
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THEOREM 2.35. Let f: X — H where X is a real linear space. Then f
satisfies the equation

1f (@ +y)ll =12 () +2f(y) — f(z —y)ll
if and only if it is quadratic.

We finish this subsection with an alternative equation connecting additive
and quadratic equations ([38]).
The equation is

(229) f(z+y)—f(x)—fly) #0= f(z+y)+ flr—y)—2f(z) -2f(y) =0,

where f: G — H, (G,+) and (H, +) abelian groups. Without loss of generality
it is possible to assume that G is free abelian.

From we have either f(0) = 0 or 2f(0) = 0. The first easy result
is that if f(0) # 0, then f is a quadratic map. So, from now on we assume
f(0) = 0. The following example is of great relevance:

Let f: Z — Z/5Z be the map f(k) = k + 5Z, where k is the unique
clement of {—1,0,1} such that k = k(mod 3). It is not difficult to show that
f is a solution of equation , where G =7 and H = 7Z/57, and that it is
neither additive nor quadratic.

We say that a map f involves f if its restriction to some cyclic subgroup
of G is equivalent to f (that is that there are two isomorphisms ¢: Z/57Z — H

and v: Z — K, where K is a cyclic subgroup of G, and f = ¢ o foy~1).

THEOREM 2.36. If there is no 2-torsion in H, then a solution of (2.29) is
additive or quadratic or involves f. Moreover, if < x > is the cyclic subgroup
of G where foz~ ~ f, then G =< x > +kerf and f is constant on each coset

of kerf.
Consider now the case when H is a 2-group.

THEOREM 2.37. If 2H = 0, then any solution f of (2.29)) is constant on
the cosets of 2G and is a quadratic map.

A second important example is the following:
Let g: Z — Z/8Z be the map defined by

0+8Z, if k=0 (mod 4),
Ak — 1+8Z, if k=1 (mod 4),
9k) =19 148z if k=2 (mod 4),
5+8Z, if k=3 (mod 4).

The map ¢ is a solution of equation (2.29)), where G = Z and H = Z/8Z, and
that it is neither additive nor quadratic.
The final result is given by the next theorem, where we have H =< f(G) >.
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THEOREM 2.38. Let f: G — H be a solution of equation . One of
the following holds:
(i) f is additive;
(ii) f is quadratic;
(iii) f involves f. Furthermore, H =< a > ©F, where < a >~ Z7./5Z and
2FE =0, and f is the sum of a map j: G =< a >, G =< x > +kerj,
and an additive map G — E;
(iv) H is a 2-group and kerf is a subgroup of G, f is constant on each coset
of kerf, G/kerf is cyclic and the map G/kerf — H induced by f is
equivalent to g.

2.4. The functional equation of the plurality function

Suppose that each of a group of voters, human or artificial, gives his or her
first choice among an ordered set A of n alternatives ai,as,...,a,. In order
to reach a consensus, a function assigns to each set of choices a subset of A
called the group’s consensus. The plurality function is the consensus function
which chooses as consensus all alternatives which receive the largest number
of first choices. So the plurality function (as all consensus functions) is a set
valued function. It is possible to consider it as having an n-term sequence of
0s and 1s (not all zero) as values, the k-th term being 1 if the k-th alternative
is chosen by group consensus from the sequence A = a,as, ..., a,. Thus the
domain may consist of ordered n-tuples, with a ¢ in component ¢, indicating
that the alternative a; was given as first choice by ¢ voters. If fractional votes
are allowed, then the domain would consist of non-zero rational, or even real,
vectors. In this case the plurality function is defined on R} \ {0}, with values
in {0,1}™ \ {0} (O is the null vector), the i-th term being 1 exactly if the
i-th alternative is chosen by group consensus. It is reasonable to require the
homogeneity condition f(rz) = f(z), for all positive r. F.S. Roberts in [53]
and [54], listed several axioms in order to characterize the plurality function
among consensus functions and he stated that it is of interest in the theory of
social choice to determine all functions f: R% \ {0} — {0,1}" \ {0} satisfying
the following two equations:

(2.30) @)« fly) #0= fla+y) - flz)~ fy) =0,

(2.31) flrz) = f(z),

for all z,y € R%} \ {0} and all » > 0, where for all u,v € {0,1}"\ {0} =: I,
itis uxv=vxu= (u1vi,uvs,...,uvy,) € {0,1}".

Obviously, we can at first consider only the first equation (2.30)) and in-
vestigate it for f: R’} \ {0} — R%. The first result in this direction has been
proved by Z. Moszner in [48]; the main result is given by the following
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THEOREM 2.39. Let f = (f1,..., fn), where f;: R} — Ry, and define
Zi ={(x1,...,xn) €RY : fi(w1,...,2,) #0}, i=1,...,n,

1= (ila-"ain>7 l: (jla"'ajn); 1y 50y J1s- -5 Jn € {07 1}) ll: (iljla--'a
injn) (if E C R, denote E* = E, E® = R" \ E). The function f satisfies
equation (2.30) if and only if

eXp[ail(ml)+"'+ain(xn)]7 x € Zi7
L1y Ln) = n
fil@s,o- @) {o, z R\ Z,

where a;1,...,a0in: R — R, ¢ = 1,...,n, are additive functions and the sets
Z; satisfy the following conditions:

ZyJ...UZ, =R,
and for each i,j with i-j # 0 it is
Zhn..NZr+ 70, .nZin c 20N Zindn,

In the same paper it is proved that if we assume the homogeneity of f for
a rational number r > 0, then f has its range in {0,1}". The same author in
[49] proved that this last result is true when r > 0 is algebraic. A. Bahyrycz
in [2] proved that the above result holds also for transcendental numbers r,
for n = 1,2, while for n > 3, for every transcendental number r there exists
a solution f of equation with f(rz) = f(z) and having range not
contained in {0,1}". Later, in the paper [4], it has been investigated under
which assumptions the function f, solution of @ , has its range in {0,1}".
From the expression of solutions given in Theorem [2.39] it follows that this is
possible if and only if all additive functions a;; are identically zero.

The homogeneity condition f(rz) = f(z) for some r # 1 and all z € R”
implies that for all i = 1,2,...,n, rZ; = Z;, and a;;(rz) = a;j(z), for x € Z;.

The following theorem holds:

THEOREM 2.40. A function f which is solution of equation (2.30)) with
flrz) = f(z) for some r # 1, has its range in {0,1}" if and only if the sets
Z; fulfilling the condition rZ; = Z;, satisfy the condition Z; C (r — 1)Z;,
1=1,...,n.

For the construction of the sets Z;, see [3].

The full system of the two equations (2.30) and (2.31) has been studied
in the two papers [36] and [37]. In these papers the fundamental sets for the
construction of the solutions are the level sets of f. The range of any solution

of (2.30)—(2.31) is in {0,1}", and denoting with a Greek letter «,f,.. .the
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elements of {0,1}", except 0 = (0,...,0) and 1 = (1,...,1), a partial order
has been defined as follows

a<pf & axf=a

If ax 8 =0, we say that « and S are orthogonal and write a L .
The following result holds:

THEOREM 2.41. Given a function f: R \ {0} — {0,1}"\ {0}, for every
a € {0,1}"\ {0}, let Ay = {z € R} \ {0} : f(z) = a}; obviously, the family
{Ao}a is a partition of R} \ {0}. The function f is a solution of the system
f if and only if the following properties are satisfied:
(i) for every a € {0,1}"\ {0}, A if not empty, is a convexr cone;
(ii) for every a, B € {0,1}"\ {0}, with a # B, a L 3, we have A, + Ag C
Ansp.

Unfortunately this result does not describe the solutions of the system
7, everything is delegated to the construction of sets satisfying
the conditions ({if) and of Theorem [2.41] In the paper [36] a full description
of these sets is given for n = 1,2,3. Just to give an idea we present here in
detail the case n =1 and n = 2.

For n = 1, there is obviously only one solution: f(x) =1, x € Ry \ {0}.

For n = 2, there are three indices: (1,0), (0,1) and (1,1). There are solu-
tions assuming one, two or three values.

(a) One value solutions: f(z) = «, z € R \ {0}, where « is one of the
previous three indices.
(b) Two values solutions: there are two different cases depending whether
(1,1) = 1 belongs to the range of the solution.
(b1) F(R2\ {0}) = {(0,1), (1, 0)}.
Let ¢ be a half-line in R? \ {0} from the origin and let V;, V5 be
the two disjoint convex cones (one possibly empty) whose union is
(R2\ {0}) \ {t}.

If both V; and V5 are nonempty, the solutions are

a, z e,
f(g): l_a) QGVQ,
aorl—a, ze€ct,

if one of the cones, say V5, is empty, the solutions are

f(l’)_{ Q, z eV,

l_ay geta

where o € {(0,1),(1,0)}.
(b2) f(]R?i- \ {Q}) = {(17 1)7 (170)} or f(R?i- \ {Q}) = {(17 1)7 (07 1)}
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Let u be one of the semi-axis of R% \ {0}, then the solutions are

- 17 QGU,
ﬂ@—{(Lmoumn,xewi\mD\m}

(¢) Three values solutions: let ¢, V; and V5 as in (b), with Vi, Vo # (), then

a, £€V1,
fle)=q 1—a, zels,
1, z €t

where a € {(0,1),(1,0)}.

In the general case the possibility of giving an analogous description seems
hopeless, so in the paper [37| has been presented a geometric-combinatorial
method for the construction of the solutions, that is for decomposing R \ {0}
as union of a finite number of disjoint convex cones satisfying the properties
and of Theorem The method proceeds by iteration through n
steps and it is too long and complex to be presented here.

2.5. Other types of alternative functional equations in a single
unknown function

In this subsection some other alternative equations are presented with
related results.
The first equation for functions from R into R is

(2.32) fl@+ f(@)y) f(@)f () [f(@) + f(@)y — f(z)f(y)] =0.

This equation has been investigated by N. Brillouét-Bellout and J. Brzdek
in [13] and they proved the following

THEOREM 2.42. A continuous function f: R — R is a solution of equa-
tion (2.32) if and only if it has one of the following forms:
(i) f=0;
(i) there is ¢ € R such that either f(x) = max{cx+ 1,0}, or f(x) =cx+1,
r € R;
(iii) there is a € (0,400) such that f(x) < 1 — £ for x € (o, +00), and
f(x) =0 for x € (—o0,q];
(iv) there is B € (—00,0) such that f(z) < 1— % for x € (—o0,p3), and
f(z) =0 for x € [B,+00).

In the paper [14] the authors study a generalization of equation (2.32)),
namely the equation

(2.33)  f(z+M(f(@)y)f @) f@)[f(z+M(f(2)y) - f(2)fy)] =0,
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where f: X — R, X is a real linear topological space, and M: R — R is
a continuous and multiplicative function.
At first has been considered the case M = 1, so equation (2.33)) becomes

(2.34) fle+y)f@) f@)lf(z+y) = f@)f(y)] =0

and it is proved the following result:

THEOREM 2.43. Let f: X — R be continuous and let S = {x € X : f(x)+#
0}. Then f is a solution of equation (2.34)) if and only if one of the following
statements is valid:

(i) there is a continuous functional g: X — R such that f = exp og;
(i) S+ScCX\S.

In the general case, that is M: R — R a continuous and multiplicative
function, with M (R) # {0}, the following theorem holds.

THEOREM 2.44. Let f: X — R be continuous, and f(u)f(v)f(u +
M(f(u))v) #0 for some u,v € X. Then f is a solution of equation if
and only if there exists a continuous linear functional L: X — R such that:

(i) in the case M(R) = {1}, f = expoL;
(ii) in the case M is odd, f(z) = M~ (L(z) + 1) for z € X, or f(z) =
M~ (max{L(z)+1,0}) for z € X;
(ili) in the case M is even and M(R) # {1}, f(z) = My ' (max{L(z)+1,0})
for x € X, where Mo = M0 4o0)-

Another alternative equation of Gotab-Schinzel type has been investigated
by J. Brzdek in [15]:

(235 f@I) £0= f(2fW)" +uf@)") = F@)1 @),

where f: I — R, is continuous, [ is a proper real interval, k and n are fixed
positive integers and f(xf(y)k + yf(x)") e Iif f(x)f(y) # 0. The following
result holds true:

THEOREM 2.45. In the previous conditions, f: I — R is a non-constant
continuous solution of (2.35)) if and only if there are s € R\ {0} and a real
interval K such that the function t: K — R, defined by

s(z™ —2%), ifn#k,
t(x) =19 sax"lnlz|, ifn==k,x#0,
0, if0e K,z =0,

for x € K, is one-to-one and one of the following two conditions is valid:
(i) 7y € K, for every x,y € K, t(K) =1, and f =t~ %;
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(i) 0 € K, K C[0,1), t(K) € {I;, 1y}, and
f(a) :{ t=Hx), ifxet(K),

0, otherwise,
for everyxz € I (I =1N(0,+00), I; =IN(—00,0)).
Furthermore, f is a constant solution if and only if f(x) =0 or, only in the

case where x +y € I for every x,y € I, f(z) = 1.
In the case I =R, the only continuous solutions are f(x)=0 and f(z)=0.

We conclude this subsection with the functional equation

(2:36) 1@ 1) = ) (5L

2

), FRSR,

introduced by I. Feny6 and completely solved by W. Benz in [5] and [6]. The
equation (2.36]) is not an alternative equation, however as is shown in [I]
a consequence of equation (2.36) is the alternative equation

(2:37) F@ ) # 0= 1(F) = p(2E),

whose only solutions are the constant functions. From this the following the-
orem was proved ([I, Ch. 6]):

THEOREM 2.46. A function f: R — R satisfies equation (2.36) if and only
if there exists a subset F' of R such that if x,y € F then both (x +y)/2 and
xy belong to F' and two constants a, 8 such that

(i) if0 ¢ F, orif 0 € F and FNR_ # 0, then f(z) = axr(x) for all
x €R;

(ii) if 0 € F and FNR_ = 0, then f(z) = axr(z) for all x # 0 and
f(0) =5

3. Alternative equations in more than one unknown function

The first (as far as we know) alternative functional equation in two un-
known functions was presented as an open problem in Kuczma’s paper [45],
with the phrase

It would be of considerable interest to solve the equation

(3.1) flx+y)—flx) = fly) #0 = g(z +y) —g(x) — g(y) = 0.

The solution is not known even for functions f,g: R — R.
Equation (3.1)) has been investigated and solved, under certain conditions,
in [32] and [33].
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Some definitions are needed in order to present the results. Here we use
the multiplicative notation as in the two quoted papers.

If (X, ) is a topological group and (S, -) is a group, we say that X € R(S)
if there exists a fundamental system U of open neighbourhoods of the identity
of X, with the following property:

ifa: U — S, U € U, satisfies the equation a(x)a(y) = a(xy) for z,y,xy €
U, then there exists b € Hom(X, S) such that by = a.

For any function ¢: X — S denote

Q, = {(7,y) € X x X : p(zy) # o(x)p(y)},
Hy =X\ (p1(2) Up2(Qy)),
K, =X\ (p1(Q) Up2() Ups(y)),

where p;: X x X — X, ¢=1,2,3, are the maps given by

pl(xay) =, pQ(xay) =Y, pB(xay) = Ty.

The sets H, and K, are either empty or are subgroups of X.
The following theorem holds:

THEOREM 3.1. Let (S,-) be a Hausdorff topological group and (X,-) a con-
nected topological group belonging to R(S). Furthermore, suppose that either

(i) X is locally connected, or
(ii) X is separable (i.e. X has a countable dense subset).

Finally, letY be a topological group which is a continuous homomorphic image
of X and (f,g) be a continuous solution of equation (3.1)) on Y. Then either
f or g belongs to Hom(Y, S).

Note that the continuity of f and g implies that (¢ and €, are open sets,
hence

p1(8dy) = pl(Q(})y p2(S2y) = pz(Q;%
p1(Sdy) = pl(Q;)v p2(Sdg) = pz(Q;)v
so it is natural to investigate the equation (3.1) under these weaker than

continuity conditions. This has been done always in [33] in the special case
when X = R", under the condition that one of the functions, say g, has the

property
(3.2) p1(82) = p1(2g),  p2(Sdy) = p2(827).

Assuming that (f,g) is a nontrivial solution of (3.1)), we have that H, # 0,
H, # R™ and H, is a proper closed subgroup of R". It is known(see, for
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instance, [12, Ch. VII, § 1.2, Corollary 2|) that given a proper closed subgroup
‘H of R™, there exists a bicontinuous isomorphism j of R” to itself such that

JH) =RV x ZTx {0}"7P77 0<p<n—1,0<g<n, 0<p+g<n

Since (f,g) is a solution of (3.1) if and only if also (f o j,g o j) is, we may
assume without loss of generality that

Hy, =RP x 27 x {0}"7P71.
The following result holds ([33]):

THEOREM 3.2. Let f,g: R™ — S be a pair of functions. Assume that g sat-

isfies condition (3.2)). The pair (f,g) is a non-trivial solution of equation (3.1)
if and only if f = foj, g=7goj, where j is an isomorphism of R™ into itself
and f, g have one of the following forms:

) o(z), x€RPx 29 x {0} Pa,
T ={ B LER s o,

and § = g1 ® g2, where p < n, a € Hom(R",S), fo: RP x Z7 x
{0}"=P=7 — S 4s an arbitrary function with fo # a, g1 € Hom(RP,S)
and go: R"™P — § is an odd function satisfying

g2z +y) = g2(2)g2(y) = 92(¥)g2(x), xe€R" P yeZx{0}" P79

— a(x), =xe€Vy, _ c(z), =€,
)= { aa(z), x € Va, g(w) = { Z(x), x € Vs,

or

F — ( )a € 77 = — ( )7 € vv
fo={ G T8 o=, 16
where Vi = {x = (x1,...,2,) € R" : x, > 0}. Vo = =V3, a,c €
Hom(R",S), a # e, v # e (e is the identity of S), aa(x) = a(x)a,
~ve(x) = c(x)y, for all x € R™;
(ii) _
{ g(( ; f; 1("”() | T EVUR™ x {(k+ Din))

or

8

f(z) =a**a(z), n—l ., (1.;

< e Ve UR" x {ki,
{ g@) = refa), T VRD Rk

where Vi, = {x = (x1,...,2,) € R" : k < 2z, < k+ 1}, k € Z,

a,c € Hom(R"™, S), a #e, v # e, aa(z) = a(x)a, ye(z) = c(x)y, for all

x € R™.
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COROLLARY 3.2.1. Let X be a topological group and o: R™ — X be a sur-
jective continuous open homomorphism. The pair (f,g) is a solution of equa-

tion 3.1) on X, satisfying the condition (3.2)) if and only if
flx)=Ffle7 (), g(z)=g(c " (2)),

where (f,q) is a solution of (3.1) on R™, f and g are constant on the cosets
of 0=1(0) and g satisfies the condition (3.2)).

The following example shows that without any topological condition on
the sets Qf and €, the class of solutions of equation (3.1) may be extremely
large and complex. Let X = S = R, and let H be a Hamel basis of R. Fix
ho € H, so every x € R is uniquely representable in the form

x = co(x)ho + Z ca()he, ho € H.
hatho

Define
f(@) =lco(x)], g(x)=Ico(x)]+ 1 ([t] is the integral part of ¢);

the pair (f,g) is a solution of and the sets {2y and 2, are disjoint and
dense in R?, so Q = Qf = 0.

Local forms of equation have been investigated in the papers [34],
[35] and [55].

Now, restricting the investigations to functions from R into R, it is rather
natural to ask what happens if equation , which can now be written in
the form

(33)  [flz+y)—flz) = fWllg(x+y) —g(x) —g(y)] =0, z,y€eR,

is extended to the case of three functions, that is the equation

(34) [f(z4y)—f(x)—fW)lg(x+y)—g(x) —g(y)][h(x+y) —h(z)—h(y)] = 0,

with f,g,h: R = R.

In this case the situation is completely different: there exist C*° functions
solving and neither of them is additive on the whole R. An example is
given as follows.

Define

1 2
— x_2}+$, <z <2,

}, x >4,

r —4

}—l—a:, 0<x<l,
r x-—1
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then we construct these other functions:

z, lz| <1, |z| > 2,
flx) = fo(x), l<z<?2,
—folx), —2<a<-—1,

—go(x), x < —4,

g(z) =1 0, —4 <z <4,
go(x), T >4,
x, lz| > 1,
) ho(x), O<z<1,
h(z) =19 o, z =0,

—ho(z), —1<z<0.

These three functions are in C*°(R), neither of them is in Hom(R, R) and the
triple (f, g, h) is a solutions of equation (3.4)). Thus, while continuity is enough
to guarantee that equation (3.3 has only trivial solutions, even being in C'*°

is not enough for (3.4)).

We obtain only trivial solutions by further increasing the regularity of al
least one of the functions, indeed the following theorem holds (see [28§]):

THEOREM 3.3. Assume that the triple (f, g, h) is a solution of equation (3.4)),
with g and h continuous and not additive, and f real analytic, then f is ad-
ditive, that is (3.4) has only trivial solutions.

If f € CYR), we can write it in the form

o) = /Ox (1) dt + Frz + P,

where Fy = f'(0), F» = f(0), and ¢ is any continuous function with ¢(0) =0
(see [20]).

By using this representation for the three functions f, g and h, the Cauchy
differences of the C! functions assume the following forms:

x

f(x+y)—f(x)—f(y)Z/Ox[cb(ter)—cb(t)]dt—Fz:/o Oy (t)dt — Py,

ol +y) — g(e) — gly) = / bt y) — (Ot — Gy = / T, (0)dt — G,

x

bt 9) = o) =) = [ 0(e+) — o(Oldt— Ha = [ 0,0t~ Ha

0

Since for every solution (f,g,h) of (3.4) we must have Fy - G2 - Hy = 0, now
we consider the case Fo = Gy = Hy = 0, thus equation (3.4]) becomes

(3.5) /Ox <I>y(t)dt~/oxFy(t)dt~/Om , (t)dt = 0.
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In the paper [29] some classes of solutions of equation (3.5 (hence of
equation (3.4))) are presented. In order to describe some of those results some
notations are needed.

Ay ={zeR:¢(zx) #0}, A,={zecR:y(x)#0},
Ay = {z € R:(x) 0},
me=inf Ay, My=sup Ay, m,=infA,, M,=supA,,
my =inf Ay, My =sup Ay.

The first theorem considers the case
mg < Mg <my < M, <my < My
and says the following:

THEOREM 3.4. Under each of the following conditions the triple (¢,~,1)
is a solution of equation (3.5)):
(i) mg >0, my > My + M, and

Md> M“r
¢ww—/ +()dt = 0;
m¢ m.y
(11) Mw S 0, Mw S me -|—m7 and
M, M,
/ wwﬁ:/ +()dt = 0;
md, m.y

(ili) —oo < my < 0 < My < m, < M, < my < My < +oo, M, <
min{my, — Mg, me + my} and

" o)t = / b(t)dt = / " y(t)dt = 0

0 me M~y

(iv) —oo <mgy < My <0< my <M, <my <My < +00, mg > M, —my

and
[ = [ awa=o

me M~y

(v) —o0<mg < My <0< my <My, <my < My < +o0, My < my— My

and
/Mﬂwwhi/mv@ﬁzm

mw mw
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(Vi) —o0o <mgp < My <my <0< M, <my < My < 400, my > M, —mgy

and
/ " (bt = / (0t = /O i = o

me M~

(Vii) —oo§m¢<M¢§mv<0<M7§m¢<M¢<+oo,M¢§MV—M¢

and
/ " ottt = / (0t = / e =

me M~y

(vill) —oo <mg < My <my < M, <0 <my < My < +oo, Mg < m, —M,

and
/ "t = / ™ wn = o

My My

(ix) —oo <mgy < My <m, <M, <0< my <My <+oo, My, < mg+my

and
/ "yt = / ™ wan = o

m,y mw
(x) —00 < mgy < My < my < My < my <0< My < +oo, My <
min{m~ — My, m, +my} and

My

0 M,
stydt= [ iyt = / Y(t)dt = 0:

0 My M~y

(xi) —o0 <mgy < My <m, <My, <my <0< My <400, My < my— My
and

' Y(t)dt —/ Y(t)dt —/ " ()dt = 0.

0 My M~y

Other solutions are given by the following two theorems.

THEOREM 3.5. Assume my < mgy < My <0 <my < My < My, my <
mg — My, My > M, —mg, ¥(x) =0 for x € [a,b], where my < a < my— M,,
M, —mg < b < My. Moreover, suppose

/ ™ syt = / Y=o,

me M~y

Then the triple (¢,7,1) is a solution of equation (3.5)).



Gian Luigi Forti

THEOREM 3.6. Assume —00 < my < mg <m, <0< My < Mg < My <
+00, ¢(x) =0 for x € [m~, M,],
me Mgy

My M7
ot = [ ¢@wzﬁ v@w:A F(B)dt = 0,

0

and P(x) = 0 for x € [a,b], with a < min{mg — My, m, — My} and b >
max{M, — mg, My + My}. Then the triple (¢,v,%) is a solution of equa-

tion (3.5)).

By using the integral representation of regular functions from R into R, it
is possible to study two other alternative equations in two unknown functions.
The first equation is the following

(3.6) flx+y)+ flx—y)—2f(x) —2f(y) #0
= g(z +y)+g(r —y) — 29(x) — 29(y) =0,

this is the analogue of equation (3.3)), where instead of Cauchy equations we
have quadratic equations.
Assuming that f,g € C%(R), we can write

(3.7) Fa) = / F(#)dt + %:ﬁ b Com + G,
0
where f(0) = C3, 7 € C(R with 7(0) = 7/(0) = 0, and
— ’ Dy 2
(3.8) g(x)= [ o(t)dt+ -+ Doz + Ds,
0
where g(0) = D3, 0 € C'(R with ¢(0) = ¢/(0) = 0.

From (3.7)) and (3.8)) we can compute the quadratic differences of f and g,
obtaining

f(x+y)+f(x—y)—2f(x)_zf(y):/Oy[r(:c+t)+r(x—t)—2T(t)}dt—202y+203,
g(aH—y)—l—g(a:—y)—2g(a})—2g(y):/Oy[a(a:+t)+a(a:—t)—20(t)]dt—2D2y+2D3,
thus equation becomes
[/Oy[T(x b 1) 4 (@ — ) — 20(B)]dE — 2oy + 2Cs
X [/Oy[a(ac 1)+ oz —t) — 20(t)]dt — 2Day + 2Ds| = 0.

By analyzing the various possibilities for the coefficients Cs, C3, Ds, D3,
and by using the following
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LEMMA 3.7. Let F,,: R2 > R, n=1,..., N, be continuous functions. If
Hfj:l f; F,(t,y)dt = 0, for all (z,y) € R? and some a € R, then

Hﬁle F(z,y) =0, for all (z,y) € R2.
we can prove the following

THEOREM 3.8. The equation (3.6) has only trivial solutions of class C?,
that is either f(z) = ax?, © € R, or g(z) = B2, x € R, for some a, 3 € R.

The second equation connects additive and quadratic equations:

3.9) [f(z+y) = fle) = fW)] x [9(z +y) + 9(x —y) = 29(z) — 29(y)] = 0.
In this case we assume f € C1(R) and g € C%(R) and obtain the following

THEOREM 3.9. The equation (3.9) has only trivial solutions, that is either
f(x) =az, x €R, or g(x) = Bz%, x € R, for some o, 3 € R (see [30]).

4. Conclusions and open problems

As is clear from the previous sections, the investigation of alternative (or
conditional with the condition given by the unknown function(s)) is alive
and well and works have constantly been appearing for more than 60 years.
The equations which have been studied are mostly related to the additive
Cauchy equation and, more recently, to the quadratic or Jordan-von Neumann
equation. It would be interesting to investigate alternative equations where
other Cauchy equations are involved.

Reading the previous sections, a series of open problems naturally appears.

The functional equation

[c(f(x+y) —af(x) = bf(y) —d][f(x+y) — f(x) = f(y)] =0

has been investigated under the assumption that f: G — R where G is an
abelian group and R a domain of integrity (see Theorem , but we do not
have any general result when f is defined on a non commutative group.

The same problem appears for Cauchy differences assuming several values.

Some of the previous alternative equations involving the Cauchy equa-
tion were solved by using as fundamental tool the Ulam-Hyers stability. Thus
a natural problem is to investigate those equations when the additive equation
is not stable. The analogous question can be posed for the quadratic equation.

Going to equation , again the result is complete for commutative
groups, while the problem is open in case of non commutativity.

Looking at the results for the plurality function, we see that the crucial
point is a special decomposition of R™ (see Theorem and it would be
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very interesting to give a description (not only an iterative method) of these
decompositions.

Concerning the alternative equations with more than one unknown func-
tion, it is shown after Corollary that equation in a purely algebraic
setting can have infinitely many solutions: the problem of giving a full descrip-
tion of the solutions on a general group is completely open.

Finally, equations and have been solved under the assumption
of a certain regularity of the two functions f and ¢: what can be said if f
and g are only continuous functions? Furthermore, what happens in a purely
algebraic setting? We know that in this last case, depending on the groups
involved, there are other solutions, not only the trivial ones. As an example,
we have that f and g = f + %, where f is given in Theorem satisfy

equation ([3.6)).
Moreover, if we take f: Z — 7Z/8Z, given by

0+8Z, if k=0 (mod 4),

F(k) = 148Z, if k=1 (mod 4),
T ) 4+48Z, if k=2 (mod4),
5+8Z, if k=3 (mod 4),

then the pair (f, f) is a non trivial solution of equation (3.9).
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