LINEAR FUNCTIONAL EQUATIONS WITH
ALGEBRAIC PARAMETERS

GERGELY KISS

ABSTRACT. We describe the solutions of linear functional equa-
tions with algebraic parameters.

1. INTRODUCTION

Let K be a subfield of the field of complex numbers. We investigate
the functional equation

(1) Zaif(biery) =0

where a; € C, b; € K are given and f : C — C is the unknown function.
We shall also consider the more general equation

n

(2) Z a; f(bx+cy) =0

i=1

where a; € C, b;,¢; € K are given and f : C — C is the unknown
function. Our aim is to describe the solutions, at least for some classes
of these equations, on the field K. Note that every solution defined on
K can be extended to a solution on C. Indeed, since C is a linear space
over the field K, the identity on K can be extended to C as a linear
function over K. Let ¢ : C — K be such an extension. It is clear that
if f satisfies (2) for every z,y € K, then f o ¢ satisfies (2) for every
x,y € C.

In this paper we shall consider those equations of the form (2) for
which the solutions are generalized polynomials on K.
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By a generalized polynomial on an Abelian group A we mean a
function f : A — C such that, for a suitable n, we have

(3) Ah1 Ce Ahn_Hf(ZL') = O

for every hy,...,hpi1,x € A. Here A, denotes the difference operator,
Apf(z) = flx +h) — f(x).

The smallest n for which there are elements hq,..., A, satisfying

(3) is called the degree of f. We shall restrict our attention to those
equations (2) whose parameters satisfy the following condition.

A The numbers a4, ..., a, are nonzero, and thereisan 1 <7 <n
(4) such that b;c; # bjc; holds for any 1 < j <mn, j #1i.

The following result is an easy consequence of [8] (see also [1], [5] and
[9]):
Theorem 1.1. Suppose (4). If

n
Z a; f(bx+cy) =0
i=1
1s true for every x,y € K, then fis a generalized polynomial on K of
degree at most n — 2.

Note that if ¢; = 1 for every ¢ = 1,...,n, then (4) is satisfied when-
ever a,...,a, # 0 and the numbers by, ..., b, are distinct. That is,
equation (1) with different by, ..., b, always satisfies condition (4), and
thus its solutions are generalized polynomials.

In Section 2 our aim is to describe the solutions when b; and ¢; are al-
gebraic numbers. We show that in this case the space of the solutions of
(2) is spanned by the injective homomorphisms (shortly isomorphisms)
of K or the products of them. (See Theorem 2.3, Theorem 2.7.)

These results make it possible, at least in principle, to find every
solution of a functional equation satisfying condition (4) when b;, ¢; are
algebraic numbers, since the number of these isomorphisms and of their
product is finite.

We say that the equation (2) is trivial if every additive function is a
solution of the functional equation. Examples of trivial equations are

3f(x + /2y) — f(62 + (3V2 +5V3)y) + 5f(x +V3y) =0

and

2f(x+y) — fx+2y) —2f(z + 7y) + f(z + 2wy) = 0.
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In Section 3 we prove that the trivial equations also have the property
that the set of their additive solutions is spanned by those solutions
which are injective homomorphisms. This amounts to show that the
set of all additive functions is spanned by injective homomorphisms
(3.1).

In Section 4 we show that, in general, the set of additive solutions is
not always spanned by the injective homomorphism solutions. In The-
orem 4.3 we prove that there are equations with this property for every
field K containing transcendental numbers, showing that Theorem 2.3
is best possible.

Note that the set of the solutions of (2) is a linear space over C,
but not necessary translation invariant with respect to the addition.
There are important cases such as (1) with distinct by, ..., b,, when
the space of solutions is translation invariant. (In general, if the points
(bi,c;) € C? lie on a line not going through the origin (0,0), then
the space of solutions is translation invariant.) Translation invariance
sometimes simplifies the description of the space of solutions (see, e.g.
Remark 2.9).

We remark that the results presented here were motivated by the
paper [4].

2. THEOREMS IN ALGEBRAIC CASE

The proofs of this Section are based on some results of polynomial-
exponential functions on groups.

Let (G, *) be an Abelian group, and let C¢ denote the linear space of
all complex valued functions defined on G equipped with the product
topology. By a variety on G we mean a translation invariant closed
linear subspace of C%. We say that the function f : G — C is additive,
if f is a homomorphism of GG into the additive group of C. A function
is a polynomial if it belongs to the algebra generated by the constant
functions and the additive functions. A nonzero function m € C¢
is called an exponential if m is multiplicative; that is, if m(x xy) =
m(z)-m(y) for every x,y € G. An exponential monomial is the product
of a polynomial and an exponential, a polynomial-exponential function
is a finite sum of exponential monomials.

Lemma 2.1. Let (G, %) be an Abelian group, V' be a translation invari-
ant linear subspace of C(G), and let Zi]\ilpi -m; € V, where p1,...,pm
are nonzero generalized polynomials and my, ..., m; are distinct nonzero
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exponentials on G. Then (Ap, ... Appi) - m; €V for every i and for
every hy,..., hy € G.

If p; is not constant, then there is a nonzero additive function A :

G — C such that A-m; € V and m; € V.

Proof. Since m; is a nonzero exponential, m;(x) # 0 for any x € G. If
p(z)m(x) € V, then p(x * h)m(z * h) and ¢ - p(x)m(z) is in V for any
c# 0 € C, because V is a translation invariant linear space. Thus, the
equation
p(z x h)m(z *x h) — m(h)p(x)m(x) =
=(p(z * h) = p(x))m(x)m(h) = (App(x)) - m(x)m(h)

shows that App(z)m(z) € V. The iteration of this process proves the
first statement of the lemma. It is well known that for every generalized
polynomial p there exist an integer £ and an additive function A such
that Ay, ... Ap,p=Aand Ay, ... Ay, Ay, pis a nonzero constant for

some hi, ..., hg,hyry € G. Thus, if p-m € V, then A-m and m are in
V', which completes the proof. [

The following proposition will be used frequently (see [3, Theorem
14.5.1]).

Proposition 2.2. Let K C C be a finitely generated field and ¢ : K —
C be an injective homomorphism. Then there exists an automorphism
¥ of C such that V¥|x = ¢.

Theorem 2.3. Let by,...,b,,c1,...,c, be algebraic numbers satisfying
(4), and put K = Q(by,...,b,). Then every additive solution of (2)
defined on K 1is of the form

di¢1 + - - - + dp i,

where dy,...,dp are complex numbers and ¢1,...,¢p : K — C are
injective homomorphisms satisfying

(5) Zal¢](bl) =0 and i&iqu(ci) =0
=1 =1

for every j € {1,...,k}.

Remark 2.4. [t is clear that all injective homomorphisms satisfying
(5) are solutions of (2).

Proof. If f is an additive solution of (2) on K, then

0=> aif(bix+cy) =Y aif(bx) + ) aif(ciy)
i=1 i=1 i=1
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for every z,y € K. By substitutingz = 0andy = 0we get >, a;f(ciy) =
0 and Y, a;f(bx) = 0, respectively.

Let V denote the set of additive functions f : K — C satisfying
(6) > aif(bih) =0and Y a;f(c;h) =0
i=1 i=1

for every h € K. We denote K* = {x € K : © # 0}; then K* is an
Abelian group under multiplication. Let

V*={flg~: feV}
We prove that V* is a variety on the Abelian group K*.

It is clear that V'* is a linear space and that V* is translation invari-
ant. Indeed, if f is additive and satisfies (6), then x — f(ax) is also
additive, and also satisfies (6) for every a € K*. Let g : K* — C be a
function in the closure of V*. Extend g by ¢g(0) = 0. Let a,b € K* be
such that a + b is also in K*, i.e. a+ b # 0. Since g € clV*, for every
€ > 0 there exists f € V* such that

|f(a) — gla)] <&, |f(b) — g(b)| < e and |f(a+b) — gla+b)| <e.

Now, f(a)+ f(b) = f(a+0b) because f is additive, so |g(a+b) —g(a) —
g(b)| < 3e. This is true for every e, therefore g(a + b) = g(a) + g(b).
This holds for every a,b € K with a,b,a+b # 0 and then, by ¢(0) = 0,
it follows that ¢ is additive on K. A similar argument shows that ¢
satisfies (6). This means that V* is closed, and thus V* is a variety.

Since the b}s are algebraic numbers, the field K is a finite algebraic
extension of the field Q. If 3, ..., By is a basis of K as a linear space
over Q and if f : K — C is additive, then

frifi+.. +rnfy) =7 f(Br) + ... +rnf(Bn)

for every rq,...,ry € Q. Therefore, the values of f at any point of
K are determined by the values f(3;),..., f(On). Since the set of all
functions mapping {1, ..., Oy} into C has dimension N it follows that
the set A of all additive functions defined on K forms a finite dimen-
sional vector space over C. This implies that V, as a linear subspace of
A is also finite dimensional. Consequently, V* is a finite dimensional
translation invariant linear space of functions defined on K*. By [§]
and [2], it follows that every element of V* is a polynomial-exponential
function.

In other words, every element f € V* can be written as a finite
sum f = Zj]‘ilpj -mj, where py,...,py are nonzero polynomials and
maq,...,my are distinct exponentials on K*.
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By Lemma 2.1, mq,...,mys € V*. Therefore,

(7) m;(zy) = m;(x)m;(y)

for every j and z,y € K*. If we define m;(0) = 0 then m; becomes
additive on K, and thus m; is a homomorphism of the field K into C.
Since m; # 0, it must be an injective homomorphism. The condition
m; € V* implies that m; is a solution of (2), and thus satisfies (5).

We prove that each p; is constant.

Suppose that p; is not constant. Then, by Lemma 2.1, there is a
nonzero additive function A on K* such that A -m; € V*. Due to
Proposition 2.2, if K C C is a finitely generated field and ¢ : K — C
is an injective homomorphism, then there exists an automorphism
of C such that ¢|x = ¢. Therefore, m; can be extended to C as an
automorphism. We shall denote the extension also by m;.

We put d = m;j 'o(A-m;) and d(0) = 0. We show that d is a derivation
on K. Since m; is an automorphism, it is an additive function, and then
mj ' is also additive. Since A-m; € V*, thus A -m; also additive, and
the composition d is also additive; that is, d(x + y) = d(z) + d(y).
Since A is additive on K* with respect to the multiplication, we have
A(xy) = A(x) + A(y) for every x,y € K*. Therefore,

d(xy) = (my" o (A-my))(zy) = my ' (A(zy) - ma(zy)) =
®) =mi " ((A(z) + A(y)) - ma(x)ma(y))
=mi(A(x) -ma(x)) -y + mi (Ay) -

= d(z)y + d(y)z

for every x,y € K*. Clearly, d(xy) = d(z)y + d(y)z holds in the cases
x =0 or y =0 as well. Therefore, d is a derivation on K.

On the other hand, it is well known (and it is easy to check) that
on algebraic extensions of Q the only derivation is the identically zero
function. However, the function A is not identically zero and m; is an
automorphism, thus d cannot be identically zero. This contradiction
shows that p; must be constant, which completes the proof. [

Now we are interested in the solutions of (1) of arbitrary degree. In
order to generalize Theorem 2.3 we need some technical lemmas.

Let K be a subfield of C. A function f; : K — Cis called a monomial
of degree k, if there exists a nonzero, symmetric and k-additive function
Fy, : K* — C such that fy(z) = Fy(z,...,x) for every x € C. It is well-
known that if f is a generalized polynomial of degree m, then it can
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be written of the form f = fy+ > ", fi, where f; is constant and fj
is a monomial of degree k (k=1,...,m) (see [6]).

Lemma 2.5. Suppose that f = fo+> 1, [k is a solution of (2), where
fo is constant and fy, is a monomial of degree k (k =1,...,m). Then
each of fo,- .., fm is a solution of (2).

Proof. [4, Lemma 2.1.] O

Lemma 2.6. Let f(z) = Fi(z,...,x) be a monomial, where F}, is

k
symmetric and k-additive. In this case

R\Fe(z1, @0, ..y xk) = D Ay o Ay ()
for every t € C.

Proof. See [3, §9, Lemma 2.] J

Theorem 2.7. Let b;,c; (1 =1,...,n) be algebraic numbers satisfying
(4), and put K = Q(by,...,bp,c1,...,¢,). Let f be a solution of (2)
defined on K. If the degree of f is at most k, then f is the linear
combination of products of at most k injective homomorphisms of K
which products are also solutions of (2).

Proof. Suppose that there is a solution of (2) of degree k. By Lemma
2.5, there is a solution which is a monomial of degree k. Let fi(x) =
Fi(x,...,x) be a solution, where F} is nonzero, symmetric and k-
additive. Our aim is to show that F}, is the linear combination of
functions of the form ¢; - - - ¢g, where ¢1,...,¢r : K — C are injec-
tive homomorphisms such that the terms of the linear combination are
solutions of (2) as well.

Let V be the set of all functions S : K*¥ — C such that S is k-
additive and the function x — S(s1z, soz,. .., spx) (v € K) satisfies
(2) for every sq, S9,...s, € K. We prove that Fj, € V. By Lemma 2.6,

M
k- Fp(s1m, s0m, ..., s57) = N 2Dgpn - - Dgn f1(0) = Z + fr(ejx)
=1

with suitable ey,...,ey € K. Thus Fy(six,ssx,...,skx) is a linear
combination of functions of the form fi(ex), which are also solutions
of (2). Therefore, Fy(siz, sax, ..., sgx) is a solution, and thus Fj € V.
Let

(K ={(x1,...,23) 21,..., 2 € K\ {0}}.
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Then (K*)* is an Abelian group under multiplication by coordinates. It
is easy to check that V* = { S|k« : S € V'} is a translation invariant,
closed, linear subspace of C'((K*)¥); i.e. it is a variety. Since F, € V,
V* is nonzero.

Since the bjs and ¢}s are algebraic numbers, the field K is a finite
algebraic extension of the field Q. Let (1,..., 8y be a basis of K as a
linear space over Q. If E} : (K*)* — C is k-additive, then

Ey(x,...,x) = Ey(rfi+...+ry0n,....,11B1+ ... +7n0N) =
= (Tl)kEk(ﬂl,...,ﬁl)—f-...—i‘(’I“N)kEk(ﬁN,...,ﬁN) =

= Z (HTZ‘S> Ek(ﬁu?’ﬂlk)

(1,3 )ETF \5=1

for every r,...,ry € Qand I = {1,..., N}.

Therefore, the values of Ej, at any point of (K*)* are determined
by the values Ex(01,...,01),. .-, Ex(Bn, ..., Bn). Since the set of all
functions mapping {(f1,...,01),---,(On,...,0n)} into C has dimen-
sion N*. it follows that the set &, of all k-additive functions defined
on (K*)* forms a finite dimensional vector space over C. This implies
that V*, as a linear subspace of & is also finite dimensional.

Consequently, V* is a finite dimensional translation invariant, closed
linear space of functions defined on (K*)*. By [8] and [2], it follows
that every element of V* is a polynomial-exponential function.

In particular, Fj, = Zle P; - M;, where P, ..., P, are nonzero poly-
nomials and M, ..., M are distinct exponentials on (K*)* with re-
spect to the multiplication.

We shall prove that every exponential element of V* is of the form
¢1(x1)P2(72) . .. dr(wk)| () Where ¢; is an injective homomorphism
for every j € {1,...,k}. We shall also prove that every exponential
monomial element of V* is a constant multiple of an exponential. This
will imply

L
Fe(zy, ... x) = ch cp1(x1) ... r (k)
j=1
for every xq,...,x, € V*. Putting 1 = ... = 2, = & we obtain

(9) fu(@) = Fy(x,...,z) = ch-¢1(x)...¢k(x)
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for every x € K*. Since (9) is also true for x = 0, this will complete
the proof.

Let M(xy1,2a,...,x;) be an exponential element of V*. Then M is
multiplicative in each coordinate, that is

M(x1y1, T2y, - - - Tpyx) = M(21, 22, . 2) M (Y1, Yo, - Yi)
for every x;,y; € K*. Therefore,
M(zy,xg,. .. 25) = M(z1,1,..., ) )M(1,2q9,...,1) - M(1,1,... 24) =
= my(x1)me(xa) - - - my(xg)

for every z1,...,x, € K*. We extend m; to K by putting m;(0) = 0.
Then each m; is an injective homomorphism, because it is additive by
the k-additivity of M, and it is multiplicative as well.

Now we prove that each P; is constant.

Suppose, e.g. that P; is not constant. Then, by Lemma 2.1, there is
a nonzero additive function A on (K*)* such that

dzr, o oi) = Aler,. o zi) o) i) € V.
The additivity of A means that is,
(10) A(z1-y1,22-Y2,y -y Tk yg) = Ay, 22y o, xk) + A(Y1, Y2, - - -5 Uk)

for every xy,..., %, y1,...,yn € K*. We prove that in this case d =0
which is a contradiction.

Then d(z1,1,...,1) = A(z1,1,...,1)my(z1) is a polynomial expo-
nential of the case of Theorem 2.3, therefore d(z,1,...,1) = 0 and
since my(x1) # 0, A(x1,1,...,1) = 0. This is true for every coordi-
nate. Using (10), we obtain that

Az, 9, ..y xp) = Az, 1,0, )+ -+ AL, 1, ..o x,) =0
for every xy, w9, ..., 2, € K*, therefore d must be zero. [

Lemma 2.8. If ¢1,..., ¢, : K — C are injective homomorphisms then
the product ¢1 - - - ¢ is a solution of (2) if and only if

(11) Y oai]Tes0) [] ¢5(c) =0

=1  jeJ j'¢J

for every J C {1,... k}.

Proof. See [4, Lemma 3.4] O
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Remark 2.9. In the special case when the functional equation can
be written of the form (1) the situation is slightly simpler, since the
condition (11) takes the following form:

(12) > aidy, .., () =0
i=1

for every choice of the integers 0 < j; < -+ < j, < k (0 < s < k).
Consequently, if we take the injective homomorphism solutions of (1),
then forming the products at most n — 1 of them gives a basis of the
space of the solutions. Furthermore, the conditions (12) imply that
every subproduct of a product which is a solution of (1) must be a
solution, as well.

3. TRIVIAL FUNCTIONAL EQUATIONS

In this section we present another class of equations such that the
set of its additive solutions is spanned by those solutions which are
injective homomorphisms.

Theorem 3.1. The variety Vi generated by the automorphisms of C
contains every additive function.

Proof. The variety V is the closure of the set of linear combinations of
the automorphisms of C. This means that whenever f : C — C is such
that, for every yy,v2,...,y, € C and € > 0 there are automorphisms

O1, P2, . . ., O satisfying

=

F(y) =D i dmlys)| <e

m=1

for every j = {1,...,n}, then f € Vz. We have to show that every
additive function on C has this property.

It is enough to prove that if K is finitely generated, then the variety
Vi, generated by the injective homomorphisms of K into C contains
every additive function on K. Indeed, for given points y1, 42, ...,yn €
C, we may take the subfield K generated by these points. If we can
guarantee that the restriction of a given additive function f to K is in
the variety Vi for every finitely generated subfield K of C, then, by
Proposition 2.2, V¢ contains the function f.

We will prove the following stronger statement by induction on the
number of generators of K : if a function f € Vi and the points



LINEAR FUNCTIONAL EQUATIONS WITH ALGEBRAIC PARAMETERS 11

Y1,Y2, - - -, Yn € K are given, then there are injective homomorphisms
¢1, P2, . .., Op and there are complex numbers ¢y, ..., c) such that

f(yj) = Z Cm * ¢m(yj)

for every j = {1,...,n}. It is clear that the statement is true for
K = Q, since every additive function on Q is of the form c¢ - Id, where
Id denotes the identity function of QQ. Let us assume that the statement
is true for a finitely generated K. We prove the statement for K (53)
and for K (t), where (3 is an algebraic number, and ¢ is a transcendental
number.

Case 1: [ is an algebraic number, and |K(3) : K| = n. Then
K@) ={ag+af+ - +a, 1" a; €K (i=0,...,n—1)}.

Let the additive function f : K(3) — C and the numbers y;,...,yn €
K(B) be given.

Since every y; is a sum of terms of the form b- 3* (b € K), therefore,
by additivity, it is enough to represent f at the points b;; - 3 for
every b;; € K (j=1,...,N, i =0,...,n—1). For every fix 4, the
function f(z-/3") is an additive function on K. Thus, by the induction
hypothesis, there are injective homomorphisms ¢4, ..., ¢y of K into
C, and there are complex numbers c¢; ,,, such that

M
(13) Fbig-B) = Cim dm(biy)
m=1

for every i1 = 0,...,n—1 and j = 1,..., N. We need to represent
every term on the right hand side of (16) by some linear combination
of values of injective homomorphisms of K (3) at the point b; ; - 3°. Let
the roots of the minimal polynomial of 3 be 8 = 3y, ..., 3,_1. We put

Vs (aotar B+ +an-18""") = dm(ao)+dm(ar) B+ +dm(an—1)37 "

for every ag,...,a,-1 € K and kK = 0,...,n — 1. Then 9, is an
injective homomorphism of K (/) into C for every m and k. We show
that there are numbers x,, , such that

M n—

—_

T kUi (0i.58°);

0

(14) f(bii5)

m=1

i

that is,
-1

xm,kqsm(bi,j) . ﬂ]lg

3

M=

f(bi,jﬁi) =

1 k=0

3
I
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By (13), it is enough to find x,, satisfying the equations

n—1
Cim * d)m(bz,g) - Z zm,k‘d)m(bi,j) : ﬂllg
k=0

forevery i = 0,...,n—1, 75 =1,...,N and m = 1,..., M. That is,
T, has to satisfy

n—1
(15) Cim = Y T - B
k=0

forevery i =0,...,n—1and m =1,..., M. Since the determinant of
the system of equations (15) is nonzero (Vandermonde) for every fixed
m, these systems are solvable. If z,, is a solution, (14) shows that f
is represented on the set {b;;3'} as a linear combination of injective
homomorphisms.

Case 2: If t is a transcendental number, then every element of K (t) is
a rational function of the variable ¢ with coefficients from K.

Let f: K(t) — C be an additive function. Let the rational functions
Yty Yn € K(t) be given. Let ¢(t) be a common multiple of the
denominators of the rational functions y;.

Since every y; is a sum of terms of the form b - t'/q(t) (b € K),
therefore, by additivity, it is enough to represent f at the points b; ; -
t'/q(t) forevery b;; € K (j=1,...,N, i=0,...,n—1). For every fix
i, the function f(z-t'/q(t)) is an additive function on K. Thus, by the
induction hypothesis, there are injective homomorphisms ¢y, . .., ¢as of
K into C, and there are complex numbers ¢; ,,, such that

M
(16) i t/at)) = Y i Sunlbiy)

m=1
for every ¢ = 0,...,n — 1 and 5 = 1,..., N. We need to represent

every term on the right hand side of (13) by some linear combination
of values of injective homomorphisms of K (¢) at the points b; ; -t*/q(t).
Let tg,to,...,t,_1 be algebraically independent elements over K, and
put

mi(r(t)) = (dm o 7)(t)

for every r € K(t), m =1,...,M and k = 0,...,n — 1. Then ¢,
is an injective homomorphism of K(¢) into C for every m and k. We



LINEAR FUNCTIONAL EQUATIONS WITH ALGEBRAIC PARAMETERS 13

show that there are numbers z,,; such that

M n—1
(17) FOiit'/a) = )t st i (it /q(1));
m=1 k=0
that is,
M n—1 tl
b,tl/q xmk¢m i, ) 7k
) =0, 0 o)
By (13), it is enough to find x,, satisfying the equations
tl
(18) Cim * ¢m Lm k¢m , )
Z Y fm(altr)

for every : = 0,....,n—1, j = 1,...,N and m = 1,..., M. Let z,;
satisfy

n—1
(19) Cim = szk -t
k=0

for every i = 0,...,n —1 and m = 1,..., M. Since the determinant
of the system of equations (19) is nonzero (Vandermonde) for every
fixed m, these systems are solvable. If z,, is a solution, then put
Tk = Zmik - ®m(q(t)). Then (17) shows that f is represented on the
set {b; ;t'/q(t)} as a linear combination of injective homomorphisms.

This completes the proof. [

4. FURTHER CASES

Theorem 3.1 might suggest that if there are infinitely many injective
homomorphisms which are solutions of (2), then the variety generated
by these injective homomorphisms contains every additive solution as
well. Now we show that this is not true (see Theorem 4.3 below).

Definition 4.1. Let K denote a field over Q. We say that a function
d: K — C is a derivation if it has the following two properties:

(1) d(x +vy) = d(z) + d(y) and
(2) d(zy) = d(x)y + zd(y)

for every x,y € K.

Lemma 4.2. Let K C L be subfields of C. If d is derivation on K,
then it can be extended to L as a derivation.
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Proof. Well-known. See, e.g. [7, Proposition, p. 154]. [

Theorem 4.3. If K C C is a field which contains a transcendental
number, then there exists a linear functional equation

Z@if(bix +y)=0
i=1

such that b; € K for every 1 = 1,...,n, and there exists an additive
solution which is not contained by the variety generated by the injective
homomorphisms which are solutions.

Proof. Let us suppose that t € K is a transcendental number and
ai, . ..,a, are nonzero complex numbers satisfying

(20) Z =0, Zatz—o z:aztZ =

=1
We will prove that in this case the functlonal equation

(21) Zaz tr+y)=0

satisfies the requirements.

Every element of Q(t) is a rational function with rational coefficients
of the variable ¢. The operation dy = 7; is a well-defined derivation on
Q(t). It follows from Lemma 4.2 that We can extend dy from Q(%) to
K as a derivation. Then dj is a solution of (21). Indeed,

(22)

n

Zaz(do(tzx—i-y)) :iaido x—i—ZatdO Zazdo
i=1 i
= ZCLZZtZ 1d0 x—i—Zalt do Zaldo

by (20).

Let V' denote the variety generated by those injective homomor-
phisms which are solutions of (21) on K.

Suppose ¢ € V is an injective homomorphism. Then, by (20), we
have "7 | a;¢(t)" = 0, and thus ¢(¢) is a root of the polynomial p(z) =
S aixt. Let ug, ..., ug be the distinct roots of p. Suppose ¢(t) = ;.
If v € V is another injective homomorphism with ¢(¢) = w;, then
restrictions of ¢ and ¥ to Q(t) coincide. This easily implies that the
family of restrictions W = {g|gw) : ¢ € V} is finite dimensional. It
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is clear that if ¢q,..., ¢ are fixed injective homomorphisms such that
¢;(t) = u; (j =1,...,k), then the restrictions ¢;|gr) form a basis of
W as a linear space.

Suppose dy € V. Then there are complex numbers ¢y, ..., c; such
that
k
(23) > ity (w) = do(w)
j=1

for every w € Q(¢). Applying (23) with w = ¢* and using dy(t') = i-t"" 1,

we find
k k
Dot =) cpuy=i-t!
=1 =1

for every i = 1,2,.... Multiplying by 2 and summing for i = 1,2, ...

we obtain
k 00
i . i—1 1
E C]E uJZ—g VR A AN

i=1 i=1
as an equation between formal power series. However, for z small
enough both power series are convergent, and we obtain

0 1 z
(24) Z]1—u]z:a.l—tz:_(l—tz)Q

7=1

for every |z| < . The functions was defined with power series and
the intersection of domains of convergence contain a set that has a
non-isolated point. These implies that the functions are equal in the
union of the domains using Uniqueness Principle. This implies is that
equation (24) is an identity on the whole complex plane, since the last
term of equation (24) is a meromorphic function on the whole space
with a pole singularity in z = 1/t. Therefore,

k

1 —t2)%u;
Zgﬂ.w:_z
, 1 —u:z
j=1 J

holds for every z # 1/t and if z —  the left side tends to 0, but the
right is not.

This contradiction shows that dg ¢ V, which completes the proof. [J
FExample 1t is easy to check that the function equation
(25)  f(BPx+y)—2f(te+y)+Ef(r+y) = (E+1)°f(y) =0

satisfies the conditions of Theorem 4.3.
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