ON SPECTRAL SYNTHESIS IN VARIETIES
CONTAINING THE SOLUTIONS OF
INHOMOGENEOUS LINEAR FUNCTIONAL
EQUATIONS

GERGELY KISS AND CSABA VINCZE

ABSTRACT. As a continuation of our previous work [20] the aim
of the recent paper is to investigate the solutions of special in-
homogeneous linear functional equations by using spectral syn-
thesis in translation invariant closed linear subspaces of addit-
ive/multiadditive functions containing the restrictions of the solu-
tions to finitely generated fields. The idea is based on the funda-
mental work of [3]. Using spectral analysis in some related varieties
we can prove the existence of special solutions (automorphisms) of
the functional equation but the spectral synthesis allows us to de-
scribe the entire space of solutions on a large class of finitely gen-
erated fields. It is spanned by the so-called exponential monomials
which can be given in terms of automorphisms of C and differ-
ential operators. We apply the general theory to some inhomo-
geneous problems motivated by quadrature rules of approximate
integration [6], see also [7] and [8].

1. INTRODUCTION AND PRELIMINARIES

Let C denote the field of complex numbers. We are going to invest-

igate the family of functional equations of type

n p
> aif(oiz+By) =¢- Y a'y"™ (x,y€C),
i=1 =0

where «; and §; (i = 1,...,n) are given real or complex parameters,
p=1,...,2n—1 and ¢, € C is a constant depending on p. For some
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2 GERGELY KISS AND CSABA VINCZE

technical reasons we pay a special attention to the case of p =1, i.e.
(2) Yoaiflaw+py) =c-(x+y)  (v,y€C),
i=1

where ¢; is rewritten as ¢ for the sake of simplicity. The problem of
solving the family of equations (1) as p runs through its possible values

1,...,2n — 1 is equivalent to the solution of equation
(3) F(y) = F(z) = (y — 2) Z a; f(cuz + Biy),
i=1

where z,y € C and f,F' : C — C are unknown functions. It is mo-
tivated by quadrature rules of approximate integration [6], see also [7]
and [8].

Remark 1.1. In order to substitute x = 0 or y = 0 into (1) we agree
that 0° := 1. Such a special choice reproduces the pair of equations

n

(4) > aif(air) =c, 2" and > a;f(Biy) =¢,-y" (v, €C)

i=1 =1

that are consequences of (3) for monomial solutions of degree p. For a
more detailed survey of the preliminary results see [20].

Let (G, *) be an Abelian group; C% denotes the set of complex val-
ued functions defined on G. A function f : G — C is a generalized
polynomial, if there is a non-negative integer p such that

(5) Ngi o Dy f=0

for any g1,...,gp+1 € G. Here A, is the difference operator defined by
A, f(x) = f(g*xx) — f(z) (x € G), where f € C® and g € G. The
smallest p for which (5) holds for any ¢i, ..., g,+1 € G is the degree of
the generalized polynomial f. A function F' : G — C is p-additive,
if it is additive in each of its variables. A function f € C% is called
a generalized monomial of degree p, if there is a symmetric p-additive
function F' such that f(z) = F(z,...,z) for any z € G. It is known
that any generalized polynomial function can be written as the sum of
generalized monomials [13]. By a general result of M. Sablik [12] any
solution of (3) is a generalized polynomial of degree at most 2n—1 under
some mild conditions for the parameters in the functional equation:

(1) a1,...,n,B1,..., 8 € Ror C,
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(3)

Q; 51‘

see also Lemma 2 in [7]. The generalized polynomial solutions of (3) are
constituted by the sum of the diagonalizations of p-additive functions
satisfying equations of type (1).

In what follows we are going to use spectral synthesis in translation
invariant closed linear subspaces of additive functions on some finitely
generated fields containing the restrictions of the solutions of functional
equation (2). Note that the translation invariance is taken with respect
to the multiplicative group structure. We will use spectral synthesis in
some related varieties of equation (1) for any p > 1 too. The idea is
based on [3]. To describe the space of the solutions of the inhomogen-
eous equation we need a non-zero particular solution in the first step.
In some special cases it is enough to use spectral analysis to find such
a solution [20]. Otherwise the spectral analysis proves the existence
of special solutions (automorphisms) of the functional equations in the
homogeneous case; see e.g. [1], [4], [16] and [20]. This means that
we have only some necessary conditions for the existence of a nonzero
solution of the inhomogeneous problem and we need the application of
spectral synthesis in the varieties to give the description of the solu-
tion space on a large class of finitely generated fields. It is spanned
by the so-called exponential monomials which can be given in terms
of automorphisms of C and differential operators. Unfortunately, the
description of all exponential monomials spanning the entire space of
the solutions seems to be beyond hope in general; see Example 2 in
subsection 4.2. Our results give an explicit and unified technic to solve
the problem of finding solutions at all: it is based on the spectral ana-
lysis in the first part [20] of the investigations and the present paper
completes the solution of the problem by the application of spectral
synthesis.

1.1. Varieties generated by non-trivial solutions of linear func-
tional equations. The varieties we are going to investigate have been
constructed in our previous work [20] for the application of the so-called
spectral analysis. In what follows we summarize the basic steps of the
constructions. Let G be an Abelian group. By a wvariety we mean a
translation invariant closed linear subspace of C¢.
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1.1.1. Varieties of additive solutions. Let a finitely generated subfield
K C C containing the parameters oy, 8; (i = 1,...,n) be fixed. If V}
is the set of additive functions on K then it is a closed linear subspace
in C¥; for the proof see [3].

Definition 1.2. Let S; be the subset of Vi, where f € Sy if and only
if there exists ¢ € C such that

(7) Zaif(aiaﬁ—ﬁiy):é'(x—l—y) (x,y € K).

i=1

By Lemma 2.3 in [20], S; is a closed linear subspace of V;. Let
= {z € K : z # 0} be the Abelian group with respect to the
mulmphcatlon in K. We also put V}* : f € Vi} and ST =
. f € S1}. By Lemma 2.5 in [20] % and S} are varieties in
CK Recall that the translation invariance is taken Wlth respect to the
multiplicative group structure, i.e. if fe St, then the map 7, frze
K* — f(ax) also belongs to Si for every a € K*.

Definition 1.3. S is the subspace of Sy belonging to the homogeneous
case ¢ = 0.

1.1.2. Varieties generated by higher order monomial solutions. Let a
finitely generated subfield K C C containing the parameters «;, S;
(¢ =1,...,n) be fixed. If V, is the set of p-additive functions on K
then it is a closed linear subspace in C%, where G = K x ... x K is
the Cartesian product of K with itself (p-times); for the proof see [3].
For any p-additive function F}, let us define F; as

FY(wy, ... wp) = Fy(Weqy, - - Wo(p)),
where ¢ is a permutation of the elements 1,... p.

Definition 1.4. Let S, be the subset of V,, where Fp € Sy if and only
if there exists ¢, € C such that

g a;F p (T, ) =6 Ty T,
g az ﬁzylw-wﬁiyp):Ep'yl'-“'ypy

n
P\ ~ ~
E ai<l)Fg(ai$17-~7ai$la5iy1w~~7ﬁiypl) =Cp Ty T Y1 Yp—i
i=1

(l=1,...,p—1) for any permutation o of the elements 1,...p.
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Sp 1s a closed linear subspace of V). If the sets V¥ and S} consist
of the restrictions of the elements in V,, and S, to G* := K* x ... X
K* (p—times), respectively then they are varieties in C". Lemma 2.8
in [20] shows that S is the variety in C%" generated by the restriction
of symmetric p-additive functions to G* provided that the diagonaliz-
ations are the solutions of functional equation

(9) Z ai f(our + Biy) = ¢ - Z 'y~ (x,y € K).
i=1 1=0

for some ¢, € C.

Definition 1.5. SS is the subspace of S, belonging to the homogeneous
case ¢, = 0.

1.2. Applications of spectral analysis. Let (G, *) be an Abelian
group. A function m: G — C is called exponential if it is multiplic-
ative: m(z *y) = m(z)m(y) for any =,y € G. If a variety contains
an exponential function then we say that spectral analysis holds in this
variety. If spectral analysis holds in each variety on G, then spectral
analysis holds on G. The main results of [20] (Theorem 3.3 and The-
orem 4.1) are based on the application of spectral analysis in the variety
Sy (p=1,...,2n—1). They can be summarized as follows!.

Theorem 1.6. The existence of a nonzero additive solution of (2)
implies that there exist a finitely generated subfield K C C containing o
and B; (1 =1,...,n) and an automorphism ¢: C — C as the extension
of an exponential element in S} such that

n

(10) Z a;p(ax + By) =¢- (x+y) (xv,y € K)

i=1

for some ¢ € C. Especially,
i=1 i=1

If ¢ =0 then

(12) Z a;p(ox + Piy) =0 (z,y € C),

=1

ISince the variety S contains the restrictions of additive functions, the expo-
nential property results in an automorphism of C by an extension process.
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i.e. ¢ is the solution of the homogeneous equation on C. If ¢ # 0 then
¢(z) =2 (x € K) and

i=1 i=1

Conversely, if (13) holds then f = (¢/¢) - x is a nonzero particular
additive solution of (2) on C.

The result says that if there are no automorphisms satisfying (11)
with é = 0, i.e. S¥ is trivial® for any finitely generated subfield K C
C containing the parameters a; and §; (i = 1,...,n) then the only
nonzero additive solution of (2) must be the proportional of the identity
function provided that (13) holds. In what follows we are interested
in another possible case: if ¢ = 0 for any exponential function in S
then the exponentials give only translation parts in the solution of the
inhomogeneous equation on K and we need to apply spectral synthesis
in the variety S} to decide the existence of a nonzero particular solution
of the inhomogeneous equation on finitely generated fields containing
the parameters a; and 8; (i = 1,...,n). The higher order analogue of
Theorem 1.6 formulates the consequences of the application of spectral
analysis in S;: the existence of a nonzero monomial solution of degree
p > 1 of (1) implies that there exist a finitely generated subfield K C C
containing «; and f3; (i = 1, ..., n) and some automorphisms ¢;: C — C
(¢=1,...,p) such that

n p
(14) Z a;diag ¢(a,x + Biy) = &, - Z zlyP! (z,y € K)
i=1 1=0

for some ¢, € C, where the product ¢ = ¢; - ... ¢, is an exponential
function in S; and diag means the diagonalization of the mappings.
Especially

(15)
Zaicbl(ai) Cofplas) = Zai%(ﬁi) o 0p(Bi) =
Z “ (Jlj) Go(1) () -+ Poy (d) - Do) (Bi) + - - - - Do) (Bi) = G,

2The so-called characteristic polynomial method helps us to investigate such an
existence problem in terms of polynomials whose coefficients depend algebraically
on the parameters «; and §; (1 =1,...,n); [17], see also [15], [18] and [19].
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where [ =1,...,p—1 and o is an arbitrary permutation of the indices.
If ¢, = 0 then
(16) Z a;diag ¢(cz + Biy) =0 (x,y € C),

i=1

i.e. diag ¢ is the solution of the homogeneous equation on C. If ¢, # 0
then ¢1(z) = ... = ¢p(x) =z (z € K) and
(17)

S aal =3t = Zai(ﬁ)aéﬁf‘l — 6,40 (I=1,....p—1)
i=1 i=1 i=1
Conversely, if (17) holds then f(z) := (¢/¢,) - 2P is a nonzero partic-
ular monomial solution of degree p of (1) on C; see Theorem 4.1 in
[20]. In what follows we are interested in the application of spectral
synthesis in the variety S;. It is spanned by the so-called exponential
monomials which can be given in terms of automorphisms of C and
differential operators. The conditions for the exponential monomial
solutions are formulated on a finitely generated field K C C containing
the parameters a; and ; (i = 1,...,n). Therefore both the exponen-
tial function and the differential operator solutions provide solutions of
the functional equation on C by some (typically transfinite) extension
processes. Note that the direct application of the discrete spectral the-
ory (analysis and synthesis) to C is not possible (see [10, 11]) but any
solution on C can be naturally embedded in the varieties by a simple
restriction. Therefore we also restrict our investigations to finitely gen-
erated fields to provide the area for the application of spectral theory
(analysis and synthesis).

2. SPECTRAL SYNTHESIS IN THE VARIETY CONTAINING ADDITIVE
FUNCTIONS

An exponential monomial is the product of a generalized polynomial
and an exponential function. If a variety V C C¢ is spanned by expo-
nential monomials belonging to V' then we say that spectral synthesis
holds in the variety V. If spectral synthesis holds in each variety on
G, then spectral synthesis holds on G. If spectral synthesis holds in a
variety V' then spectral analysis holds in V', as well. Lemma 2.2 in [14]
states the explicit result as follows.

Lemma 2.1. Let p be a nonzero generalized polynomial, m is an expo-
nential function on the Abelian group G; if the exponential monomial
p - m belongs to the variety V. C CY then App - m also belongs to V;



8 GERGELY KISS AND CSABA VINCZE

especially V' contains the exponential function m after finitely many
steps of applying the difference operator to the polynomial term.

The following result was proved in [3].

Theorem 2.2. Suppose that the transcendence degree of the field K
over Q is finite. Then spectral synthesis holds in every variety on K*
consisting of additive functions with respect to addition.

To give a more precise description of the solutions of functional equa-
tion (2) we also need the notion of differential operators.

2.1. Differential operators on a finitely generated field K. Sup-

pose that the complex numbers t4, ..., ¢, are algebraically independent
over Q. The elements of the field Q(¢1,...,t,) are the rational func-
tions of tq,...,t, with rational coefficients. By a differential operator
on Q(t1,...,t,) we mean an operator of the form

where 0/0t; is the usual partial derivative, the sum is finite, the coeffi-
cient is a complex number in each term and the exponents i1, . .., 4, are
nonnegative integers. If iy = ... = i, = 0, then """+ /9t - Otin

means the identity operator on Q(¢y,...,t,). The degree of the differ-
ential operator D is the maximum of the numbers i1 +. ..+1, such that
Ciy..in, # 0. It is clear that 0/0t; is a derivation on Q(ty, . . ., t,) for every
1=1,...,n,ie. it is an additive function satisfying the Leibnitz rule.
Therefore, any differential operator on Q(t1, ...,t,) is the complex lin-
ear combination of finitely many maps of the form dy o ... o d, where
di,...,dy are derivations on Q(tq,...,t,). This observation motivates
the following definition.

Definition 2.3. Let K be a subfield of C. We say that the map
D : K — C is a differential operator on K, if D is the complex linear
combination of finitely many maps of the form d; o ... o di, where
dy,...,d; are derivations on K. If kK = 0 then d; o ... o d; means the
identity function on K.

Differential operators in the sense of formula (18) and Definition 2.3
mean the same objects on K = Q(t1,...,t,) as the following Proposi-
tion shows; see [3].

Proposition 2.4. Let K be a subfield of C and suppose that the ele-
ments ty,...,t, € K are algebraically independent over Q. If D is a
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differential operator on K then the restriction of D to Q(ty,...,t,) is
of the form (18).

Definition 2.5. The action of a field automorphism ¢: C — C on the
differential operator

19 D = Civein " 71 o
(19) Z oty -+ otin
1s defined as

it tin

(20) D? = Z ¢

where ¢, ;= ¢(ci,..q,) for any coefficient of D.

7

Remark 2.6. Note that if L C K C C are fields and D is a differential
operator on L, then D can be extended to K as a differential operator.
This is clear from the fact that every derivation can be extended from
L to K. If K is the algebraic extension of L, then the extension of the
differential operator is uniquely determined.

3. APPLICATIONS OF SPECTRAL SYNTHESIS FOR ADDITIVE
SOLUTIONS OF LINEAR FUNCTIONAL EQUATIONS

Now we are going to apply spectral synthesis to the functional equa-
tion

n

(21) Y aiflaz+By)=c-(x+y)  (z,y€K)

i=1
and the related variety S7. Recall that K C C is a finitely generated
subfield containing the parameters oy, 5; (i =1,... ,m), Vi is the set of

additive functions on K, S; C Vi, where f € S; if and only if there
exists ¢ € C such that

(22) Zaif(aix—l—ﬂiy):é-(x—l—y) (x,y € K)

i=1
and ST is the variety containing the restrictions of the elements in S; to
the multiplicative subgroup K* of K. Since K is a finitely generated
field we can apply Theorem 2.2 to conclude that spectral synthesis
holds in S}. Therefore it is spanned by exponential monomials. By
Theorem 4.2 in [3] we have the following basic theorem.

Theorem 3.1. The function fe ST is an exponential monomial on
K* if and only if f = ¢ o D|g~, where ¢: C — C is the extension of
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an exponential function in ST to an automorphism of C and D is a
differential operator on K.

In what follows we are going to test the most simple generating
elements: if there is a solution of the form ¢ o D then it is also a
polynomial exponential function of the form p - m by Lemma 4.2 in
[3]. As Lemma 2.2 in [14] shows, if the generalized polynomial p is not
constant, then Ap,p - m is also a solution. In the most simple case p is
additive and the polynomial exponential function p - m can be written
into the form ¢ od where d: K — K is a derivation; the details can be
found in [5].

Proposition 3.2. Suppose that

n

(23) Zaif(aimqtﬂiy)zé-(x—l—y) (x,y € K)

i=1
has a nonzero exponential monomial solution of the form ¢ o d, where
¢: C — C s the extension of an exponential function in ST to an
automorphism of C and d : K — K is a deriwation. If ¢ # 0 then
¢(z) == (v € K),

(24) zn:aiozi = Zn: aiﬁi =0
=1 i=1

and
(25) Z a;d(oy) = Z a;d(3;) = ¢ # 0.

Conversely, if & # 0 then (24) and (25) imply that f = (c¢/¢) - d is a
nonzero particular additive solution of (21).

Proof. If y = 0 then
(26) Z aif(aix) =c-u,

where f is of the form ¢ o d and we have that

n n

Z a;p(d(cyz)) =¢-x, ie. Z a;p(d(ay)x + aud(x)) = ¢ - x

i=1 i=1

(27) (Z ai¢<d<ai>>> o(x) + (Z aiqs(az-)) $(dw) = &-x.

i=1 i=1
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If # = 1 then
(28) Zn:aigb(d(ai)) =¢, ie & o)+ <Z a,-gb(ozi)) ¢(dr) =¢-x
which Z:eans that

29 (Z ai¢<ai>) o(da) = &+ (o = 9(a)).

In a similar way,

(Z ai¢(%~)> o(dy) =¢- (y — 9(y)),
(30) =1

(Z ““““”) dldley)) = ¢ (ay = o))

Expanding both sides of the second equation in (30), equations (28) -
(30) imply that ¢(z) = x in case of ¢ # 0. On the other hand

iaiai =0 and iaid(ai) =¢
i=1 i=1

in the sense of (28). The corresponding relations for 5;’s can be derived
in a similar way by substitution x = 0. The converse of the statement
is trivial. 0

Remark 3.3. The proof of the previous theorem shows that the res-
ult and its consequences can be formulated by separating the terms
containing x and y, respectively.

Corollary 3.4. If ¢ # 0 for an exponential monomial ¢ od in S, then
the space of the additive solutions of equation (21) is

c
--d+ S?,
c

where Sy C Sy is the subspace belonging to the homogeneous case ¢ = 0.

Remark 3.5. If ¢ # 0 then equation (24) shows that any exponential
function in S} solves the homogeneous equation because

n n

Y aidlan) =Y aip(B;) #0

=1 i=1
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gives a contradiction in the sense of Theorem 1.6. In case of ¢ =0
> aig(on) = aid(B;) =0,
i=1 i=1

(31) . .
D ao(d(:) = 3 as(d(B) =0,

i.e. both the exponential function ¢ and the exponential monomial ¢pod
are the solutions of the homogeneous equation. It is useful to apply the
inverse automorphism on both sides to unify (31) for the application
of the characteristic polynomial method:

Y o N adai =) ¢ (@) =0,
i=1 =1

Z ¢ a;)d(oy) = Z ¢ as)d(B;) = 0

[17], see also [15], [18], [19].

Corollary 3.6. A derivation d: K — K is a solution of (23) on K
with ¢ # 0 if and only if

(33) iaiai = i azﬂi =0
=1 i=1

and

(32)

n n

(34) > aid(a;) =) ad(By) = é# 0.

i=1 i=1

3.1. An observation on differential operators and field iso-
morphisms. Before testing the generating element ¢ o D of S} we
need the following key lemma. Let t1,...,t; be an algebraically inde-
pendent system. For the sake of simplicity let us introduce the following
abbreviations:

0 0
81 8—t1, .. ,(9k = a_tk
In the sense of Proposition 2.4 any difference operator on Q(t1, ..., )
is of the form
J1 Ik
=0 jr=0

and it has a unique extension to the algebraic closure of Q(t1, ..., ).
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Lemma 3.7. Suppose that

N1 Tk . .

J1=0 Jx=0

is a differential operator on Q(t1,...,ty) with the uniquely determined
extension to the field K, where Q(t1,...,tx) C K and K is contained
in the algebraic closure of Q(tq, ..., tg). If

D(z) = c- ¢(x)
for any x € K, where ¢ is a nonzero compler number, ¢p: C — C is

an automorphism then c;, ., = 0 4if j1+ ...+ Jjm > 1, co.0 = c and
o(r) =z (x € K).

Proof. First we show the statement for £ = 1. For the sake of simpli-
city let t; =t and 0; = 9. We have that

J
(35) chaj(a:)+co:v:c-¢>(a:).
j=1
If # = 1 then ¢y = c. Substituting z =#/, j = M,..., N:
M!
W—_J)"CJ'tM_J+"‘+M'Cl‘tM_1+C'tM — C"UM,
N! N—J N-1 N _ N
m.cJ.t ++N01t +Ct = -0 ,
where v = ¢(t). Let us divide the equations by tM ...tV respectively:
M! v\ M
Qi Mt = e (3)
N! _J 1 N v\ N
m'CJ't ++N01t +c = C<;)

Using the notation ¢; - 7 = p; we can write

M' M o\ M
muJ++ .M1+C — C(;) ,

N! N v\ N
m‘/ﬁj‘f‘"“i‘ e A C(;) .

The left hand sides of the equations are polynomial expressions in M,
..., N, respectively (the degree of the polynomial is the degree J of
the differential operator). The right hand sides of these equations are
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exponential expressions in M, ..., N, repectively. It follows that ¢
must be zero or v =t and v/t = 1. In both cases we get that

M)
—a M M 0
P P P X o e =
N! oo N 0
N—J) H1

If N — M = J then it is a quadratic matrix. Using that
M(M—-1)+M = M?* M(M~—1)(M—2)+3M(M—1)+M = M>,

we have that its determinant is the same as that of the usual Vandermonde-
matrix

M .. M

NS ... N
The nonzero determinant implies that p1; = 0 for any j =1,...,J, i.e.
c1 =...=cy =0 and ¢y = ¢ as we have seen above. Using that the

extension of D to K is uniquely determined it follows that D(x) = c-x
(x € K) and, consequently, ¢(z) = = (x € K). We sketch the inductive
step for k£ = 2. Let D be a differential operator of the variables t; and
to. If one of the variables, say s, is keeping constant then we can repeat

the previous procedure by the substitution of t} -2, ... tV.tJ> where
N — M = J;. We have that for any 7, =1,...,J;
Ja
LI S
i = Chja 77—yttt =0,
= (J2 — J2)!
ie.

J.

22 Sl nein
lejz(J_~)|2 =Y

j2=0 27 J2)

where the left hand side is a polynomial expression of the variable 5.
This means that ¢;,;, = 0, where j; = 1,...,J; and jo = 0,...,Js.
Changing the role of the variables: cj,;, = 0, where j;, =0,...,J; and
jo = 1,...,J5. Therefore D(z) = ¢ - x for any x € Q(t1,t3). Using
that the extension of D to K is uniquely determined it follows that
D(xz) = c-z (x € K) and, consequently, ¢(x) =z (z € K). O

Remark 3.8. Lemma 3.7 is of the same type as the statement in
2] about the linear independency of the iterates of any nonzero real
derivation.
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In what follows we are going to test the generating elements of the
form ¢ o D by the transcendence degree of the parameters oy, ..., a,,
B, ..., By over the rationals.

3.2. The case of transcendence degree 0 (algebraic paramet-
ers). Suppose that the parameters aq, ..., an, f1, ..., B, are algebraic
numbers over the rationals.Since there is no nontrivial derivation on

the field
K= Q(Oﬁl,uwanvﬁla"wﬁn)

, any element ¢po D € Sy reduces to ¢; see e.g. [5] and [9]. By subsection
1.2 this means that

Z ai¢(ai) = Z @i¢(5i) =c

and we have two possibilities: if ¢ # 0 then ¢(z) = z (z € K) and any
solution of (21) must be of the form

(36) -x+zcj-¢j(x) (z € K)

[N

provided that Y " a;o; = Y i a;8i = ¢ # 0 (Theorem 1.6). The
second term in (36) contains the linear combination of automorphisms
satisfying
(37) Zai¢j<@i) = Zai%‘(ﬁi) =0.

i=1 i=1
According to the characteristic polynomial method [17], see also [15],
[18], [19] there is only finitely many different ¢,’s, i.e. the space SY is
finitely generated. If

(38) zn:(li()éi = i aiﬁi =0
i=1 i=1

then both the exponential functions and the differential operators solve
the homogeneous equation®. Therefore we have no solutions of (21)
with ¢ # 0.

Remark 3.9. Suppose that K is a finitely generated field containing
the algebraic parameters oy, ..., a,, and Sy, ..., B, such that K con-
tains at least one transcendental number to provide the existence of

3This means that they belong to S9.
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nontrivial differential operators. Then we can formulate the following
result too: any solution of (21) must be of the form

provided that Y " a;oy = Y7 ;5 = ¢ # 0, the automorphism ¢,
satisfies (37) and D, is an arbitrary differential operator on K for any
j=1,...,n. Observe that if the automorphism part ¢ solves the ho-
mogeneous equation then ¢ o D is also a solution of the homogeneous
equation for any differential operator D. The case of algebraic para-
meters is closely related to the theory of spectral analysis because of
the trivial action of the differential operators on algebraic elements.
The transcendence degree of the embedding (finitely generated) field
has no any influence in this sense. In case of (38) we have no solutions
of (21) with ¢ # 0.

3.3. The case of higher transcendence degree. Suppose that the
transcendence degree of the parameters aq, ..., a,, b1, ..., Bp is k,
i.e. we have a field extension L = Q(ti,...,t;) such that ¢y, ..., t
are algebraically independent over the rationals and the algebraic clos-
ure of L contains the parameters a;’s and ;’s. Let us introduce the
abbreviations

0 0
—a—tl,,ak—a—tk

By a simple induction we have that

2]

B) o= (})owe ) e k)

k=0

where K is a finitely generated field containing the parameters a; and
Bi (i=1,...,n) such that L C K and K is contained in the algebraic
closure of L. Using formula (39)

O O (ay) = Ot ... O} (Z (‘7 ’“) o ()0 (y)> =

[
=0 \'F

Jk J1 . .
Y.y G:) - Gi)a{l LLOF T (@) O (y) (z,y € K).

lk:(] 11:0
Recall that the action of an automorphism ¢ on a differential operator

J1 Ji
- E ' § J1 Jk
D= . lemjkal c. ak

Jj1=0 Jk=0
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is defined as

J1 Jg
¢ _ / J1 Jke
DP=) "> oo

=0 jr=0
where ¢} . = ¢(¢;,..q,) for any coefficient of D; see formula (20).
In what follows we frequently need the following family of differential
operators generated by D:if 0 <my < Ji, ..., 0 <my < Ji then
Tk J1 i — in—
o 3535 () o (Yo i
Jji=m1 Je=my !

especially Dy o = D. Therefore

Jk J J1—m j—m
m1 g Z Z .. ]k(mk) <m1>all 18# "

]1 m1 ]k mE

Proposition 3.10. Suppose that

n

(40) Zaif(ozivaﬁiy):E-(x—l—y) (x,y € K)
i=1
has a nonzero exponential monomial solution of the form ¢ o D, where

¢: C — C s the extension of an exponential function in ST to an
automorphism of C and

J1 Ji

Jj1=0 Jrk=0
1s a differential operator on K by its uniquely determined extension to
the algebraic closure of L. If ¢ # 0 then ¢(z) =z (x € K),

(42) Z&l mi.. mk Zal mi.. mk _O

z'fml—l—...—l—meland

n n

(43) ZaiD¢(@i) = Z a; D?(B3;) = ¢

=1 i=1

Conversely, if ¢ # 0 then (42) and (43) imply that f = (c/¢) - D? is a

nonzero particular additive solution of (21).

Proof. If y = 0 then equation (40) reduces to

n

(44) Z a;f(oux) = &-

=1
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where, by our assumption, f is of the form ¢ o D,

J1 Ji '
D= Z .. Z leu.jkail .. 82’“

=0 jp=0
Substituting in (44)

=1
ZG’Z Z¢Cﬂ1 )o@ O () = ¢
=1 j1=0 Jk=0
Zazz Z¢CJ1 Jk Z Z( ) (?1>
i=1  j1=0  j,=0 k=0  1,=0 1

BOP L O ()o@ B () = -
Applying the inverse automorphlsm ¢ ! to both sides

Z¢ alz ZcmZ Z() Gll)

J1=0 Jx=0 lr=0 11=0

Il ()0 O (x) = oL (@) ).
If ¢ # 0 then, by Lemma 3.7,

8{1—m1 a]k my (041) =0

/\O...O = Z ¢ az Z Z C]1 ]kajl aljgk (Oéz> - ¢_1(E)
Jj1=0 Jk=0
ifm;=...=my =0and ¢'(z) =z (z € K). Taking the action of ¢
on both sides of the equations it follows that

Zal o om (@) =0 (my + ...+ my > 1) and ZaiD‘z’(ai):&
i=1
because of Dy o = D and ¢(z) = x for any z € K. Note that the
terms of the form '™ ... 97" ™ (a;) also belongs to K (see Remark
3.16). The corresponding System of equations for the parameters 3;’s
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can be derived in a similar way by substitution x = 0. The converse of
the statement is trivial. O

Corollary 3.11. If ¢ # 0 for an exponential monomial ¢ o D in S
then the space of the additive solutions of equation (21) is

-D? + 57,

(eI NeY

where Sy C Sy is the subspace belonging to the homogeneous case ¢ = 0.

Remark 3.12. Equations (42) and (43) can be considered as linear
systems of equations for the unknown quantities ¢y g, ..., €, 55 -
c,...s, in the expression of the solution D?®. Following the lexicographic

ordering we have upper triangle matrices from the definition of D, ,,
n

The coefficients of ¢/ in equations (42) and (43) are Z a;c; and

mi...Mg
i=1

Z a;3;, respectively. Suppose (for example) that the matrix contain-
i=1
ing «;’s is regular, i.e. Z a;a;; # 0. For an upper triangle fundamental

i=1
matrix Cramer’s rule says that

(Z?:1 aiai)Nil c

/ _ o~ _
CO...O e C e

(2?21 aiai)N Z?:l aiai’

where N = J;-...-Jyand ¢j,_j, = 01if jy +...+ jp > 0. Therefore we
have two possible cases:

zn:ai&i = zn:az‘ﬁi # 0
i=1 i=1

and D? reduces to the proportional of the identity:

D%z)=c -z (v €K), where ¢ = nc = ¢

Zizl a; Z?:l a; 3; '

Otherwise
n n
Zaiai = Zazﬂi =0
i=1 i=1

and we can reduce the order of the upper triangle matrices of systems
(42) and (43): ¢, , can be arbitrarily choosen and we can delete the first
column and the last row to give a reduced system of linear equations
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ey , / :
for the unknown quantities ¢y oy, -+, €}, ;5 -+ €, ;. This means

that if D is an at least first order differential operator then

n n
E a0 = g aifi =0
i=1 i=1

implies that any exponential function ¢ must be in S, i.e. ¢ is the
solution of the homogeneous equation on K. By contraposition, if there
is an exponential function in S§ with ¢ # 0 then it must be the pro-
portional of the identity function on K together with the exponential
monomial ¢ o D, i.e. D is a differential operator of degree zero.

According to the technical difficulties of the discussion of the mat-
rix forms of (42) and (43) we omit the details in general. The case
of transcendence degree 1 can be entirely solved by the technic of lin-
ear systems of equations as we shall see in subsection 3.3.1; see also
subsection 5.2.1. In case of the higher transcendence degree we omit
the further theoretical computations but we present how the method
is working in explicit cases; section 4.

Remark 3.13. If ¢ = 0 then
(45) Z ¢_1(ai)Dm1...mk (az) = Z ¢_1(ai)Dm1...mk (51) == O
i=1 i=1

for any 0 < m; < J; (i = 1,...,k). These equations can be also con-
sidered as linear systems of equations for the unknown quantities cq, g,

oy Cjrojnr -+ Cay; cf. Remark 3.12. The diagonal elements of the

fundamental matrices are Z ¢ (a;)a; and Z ¢~ (a;)B;, respectively.
i=1 i=1

They have zero determinant because of Z a; (o) = Z a;p(B3;) = 0,
i=1 i=1

where ¢ is the extension of an exponential function in S{* to an auto-

morphism of C; cf. equation (32).

Unfortunately the action of ¢ is hard to compute in general. We need
to apply the characteristic polynomial method to (45). This results in
a system of polynomial equations. The transcendence degree [ of a;’s
over the rational gives the number of the variables of the polynomials.
Their coefficients depend on

e the particular actions

Of ™ AT () or OO (By)
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of the differential operator (see Remark 3.16),

e the coefficients of the defining polynomial of an algebraic ele-
ments u over Q(aq,...,q;), where ay,...,q form a maximal
algebraically independent system and u is choosen such that
the missing outer parameters belong to the simple algebraic
extension Q(ay, ..., a)(u),

e the (rational) coefficients of the polynomials p; and ¢;, where

aj:pj(al,...,ak)/qj(al,...,ak) j:l—l-l,,n

For the details we can refer to [17], see also [15], [18], [19]. Practically
we simultaneously determine the actions w; = ¢~'(ay), ..., w; =
¢ (a;) and the quantities co_o, - .-, Cjy_jry - - CJi..J, as the solutions
of a system of (multivariate) polynomial equations. They constitute
an exponential monomial in SY by the composition ¢ o D.

Remark 3.14. The proof of the previous theorem shows that the res-
ult and its consequences can be formulated by separating the terms
containing x and y, respectively.

Corollary 3.15. A differential operator

N1 T . .

Jj1=0 Jk=0
is a solution of (40) on K with ¢ # 0 if and only if

n

(46) Z a’iDmL--mk (al) = Z aiDml...mk (51) =0

i=1
ifmi+...+mp >1 and

n n

(47) > a;D(o) =Y a;D(B;) =& # 0.

i=1 i=1
Remark 3.16. To compute the particular action of a differential op-

erator on an algebraic element u over L = Q(ty,...,t;) we need its
defining polynomial

U™ 4 T ™ 1o = 0.

Then

m—1
(mu™ '+ (m — V)rpu™ 2 4 4 11) 0 (u) + Z(@irj)uj =0,
§=0

where 7; = p;(t1,...,tx)/q;(t1,. .., tx) is a rational fraction and 0;r;
means the usual partial differentiation. Observe that 0;(u) is also an
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algebraic number over L = Q(t1, ..., tx) because the algebraic numbers
form a field and m = deg u implies that

mu™ "+ (m— Dy u™ % 4 .+ #£0.

Moreover 9;(u) € Q(t1,...,t)(u) and the process can be repeated
to compute the action 9] ...3/*(u) of the higher order term of the
differential operator.

3.3.1. The case of transcendence degree 1. This special case gives the
best result from the viewpoint of the application of the general theory.
It is due to the relatively simple matrix form of the equations and the
uniquely determined main terms in the differential operators. Suppose
that the transcendence degree of the parameters aq, ..., oy, B, ..., Bn
is 1, i.e. we have a field extension L = Q(¢) for some transcendental
number over the rationals such that its algebraic closure contains the
parameters «;’s and f3;’s. In case of k = 1 systems (42) and (43) can
be written in a more detailed form (cf. Remark 3.12). For example

(48)
e Z a;o; + ¢ Z a;0(a;) + ¢ Z a;0%(a) + ...+ ¢ Z a;0” (o) = ¢
i=1 i=1 i=1

i=1

¢ Zai@i + (1> c Z a;0(qi) + ... + Cf](l) ZaiatFl(O‘i) =0
=1 =1 =1

J n
Ct]—l a; o + <J . 1) Ci] Z aia(ai) =0
i i=1

=1

The corresponding system of equations containing the parameters
Bi’s is of the same form. Since we have upper triangle matrices the
following result can be easily concluded®.

Proposition 3.17. Suppose that

n

(49) > aif(am+By)=é- (x+y) (v,y€K)

i=1

4Recall that K is a finitely generated field containing the parameters o;’s and
Bi’s such that L C K and K is contained in the algebraic closure of L.
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has a nonzero exponential monomial solution of the form ¢ o D on K,
where ¢: C — C is the extension of an exponential function in Sy to
an automorphism of C and

J
(50) D= ¢ c;#0
j=0

is a differential operator on K by its uniquely determined extension to
the algebraic closure of L. If ¢ # 0 then ¢(z) =z (x € K),

iaiai = 0, iaza(al) = 0, iaiGQ(ai) = 0, ey iaia‘]_l(ai) = 0,
=1 =1 i=1

i=1

Zalﬂi = O, Zaﬁ(ﬂl) = O, Zaﬁz(ﬂl) = 0, caey Zaia"’l(ﬁi) = 0,
=1 =1 =1 =1
i.e. the coefficients cqy, ..., c;_1 can be arbitrarily choosen and

C c

(52) ;ai{?](ai) = ;aiaJ(ﬁi) #£0, ;= 2?21 a;07 (a;) = Z?:l @07 (B;)’

where ¢; = ¢(c;). Conversely, if ¢ # 0 then (51) and (52) imply that
f = (c/¢)- D? is a nonzero particular additive solution of (21), where

J
D? = Zc}@j, d; #0,

=0
the coefficients cyy, . .., c;_; can be arbitrarily choosen and c’; is determ-
ined by (52).

Remark 3.18. If ¢ = 0 then

n

(53) >_ 07 (@) Dmlei) = 3 67 (@) Din(B:) = 0

=1

for any 0 < m < J. The analogue result of (32) up to order J of the
differential operator can be easily concluded by using (48).

Corollary 3.19. A differential operator
J
D= chﬁj, cy#0
§=0

is a solution of (49) with ¢ # 0 if and only if (51) and (52) are satisfied
with ¢y = c}.
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Remark 3.20. Note that the existence of a uniquely determined main
term of the differential operator is an essential difference relative to the
case of higher transcendence degree; see e.g. subsection 4.2.

4. EXAMPLES

The following examples illustrate how the results are working in ex-
plicit cases. For the sake of simplicity we use their separated version
in the sense of Remark 3.3 and Remark 3.14. In case of transcendence
degree 1 we can describe the entire space of solutions (Example 1).
Otherwise the situation becomes more difficult because of the missing
main term of the differential operators (Example 2).

4.1. Example 1. Let ¢ # 0 be a complex number and consider func-
tional equation

(54) B f(tr) — 2 f (%) — tf(#P2) + f(t'n) = c - =,

ie. n=4anda; =3, as = —t%, a3 = —t,as =1, oy = t, g = 2,
as = 12, oy = t*, where t is a transcendental number over the rationals,
L =Q(t) and L C K such that K is a finitely generated field and it is
contained in the algebraic closure of L. Using that
4
Y a =ttt —t- 4t =0

=1

(55) :
D ad(ag) =t — 17 (2t) —t- (3?) + 4> = 0
i=1

but

4

(56) D aid(a;) = =247 — 6> + 126> = 4 £ 0

=1

we have, by Corollary 3.19, that the differential operator
c
D =cy+ 10+ 4—t282 (Co,Cl € (C)

is a non-zero particular solution of equation (54) and the space of the
4

solutions on K is D + SY. Equation Zaiai = 0 implies that any
i=1

exponential function in S; belongs to SY, i.e.

tPo(t) — t*(t*) — to(t°) + o(t") = 0.
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Substituting s = ¢(t) we have
s -1 —t- 45t =0 = s-(s—t)- (s> —1*)=0.

Therefore ¢(t) =t or ¢(t) = —t. To find the generating elements of
the form ¢ o D in S? we need to use system (53):

o If ¢(t) =t then ¢~ (a;) = a; (i =1,...,4) and we have

CO§ a7a1+01§ CL7 Ot7 +02§ CL7 z +CJ§ az z —

=1

4 4
ClZGiO{i"‘(1)szaia(ai)+...+0]< )Zala‘] 1 (o) =
=1 i=1 i=1

(57)
4 J 4
CJ_1iz=;aiOéi+ (J— 1)0J§0@6(O@) =0
4
cy Z a;a; = 0.
i=1
By equations (55) and (56) it follows that ¢y = ... = ¢; = 0, i.e.
D = Cco + Cla (Co,Cl € C)

o If ¢(t) = —t then ¢~ '(a1) = —a1, ¢~ '(az) = az, ¢~ '(az) = —a3
and ¢~ (ay) = a4. System (53) has vanishing diagonal elements
because of

Z¢ (a)o; = —t> t—2 2+t 3+t =0
but
4
D oM a)0(ay) = —t1 — 2 (2t) + 1+ (3%) + 417 = 4t £ 0.
i=1
Therefore ¢; = ... = ¢; = 0 and D reduces to the proportional of the

identity function on K.

This means that S is spanned by the extensions of ¢y, ¢ and ¢0D,
where ¢1(t) =t, ¢o(t) = —t and D(x) = cyz+c,0(x) (cp,c; € Cand z €
L).

4.2. Example 2. Let ¢ # 0 be a complex number and consider func-
tional equation

(58) (£} + )/ (x) — (£ + ) F((t1 + o)) + o f (B2) + 11 f(B32) = -,
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i.e. n = 4 and ay = t:f + t%, g = —(t% + t%), as = tQ, ays = tl,
a1 =1, ag =t + g, a3 = 12, ay = 13, where ¢; and t, are algebraically
independent numbers over the rationals, L = Q(y,t2) and L C K such
that K is finitely generated and it is contained in the algebraic closure
of L. First of all compute the possible coefficients of the corresponding
linear system of equations:

4
Z a; 0 = 0,
i=1
4 4
(59) Zaial(ai) = Zaiag(ai) = —(tl — t2)2,
i=1 i=1

4 4 4
Z Gialaz(Ch') = O, Z aﬁf(al) = 2t2, Z aﬁ%(al) = Ztl,
i=1 i=1 i=1

note that any higher order derivative must be zero because «;’s are at
most second order polynomials of the variables ¢; and ¢,. We are going
to use Corollary 3.15 to compute differential operator solutions

Ji J2

D=3 00k

J1=052=0
of degree one, two and three.

e If J; = Jy =1 then we have four equations for the coefficients
of D.

Using (59)

4 4
Z a;D11(a;) =0, Z a;Do1(o;) =0,

i=1 i=1

4
Z%’Dm(ai) =—ci(ti—t)?=0 = ¢;; =0,
i=1

4
Z a; Doo(cii) = —(cro + co1)(t1 — t2)* # 0

and a non-zero particular solution is (¢/¢) - D, where
D = coo + c1001 + €102,
Co0, C10 and Co1 € C such that ¢ := —(Cl(] -+ 001)(t1 — t2)2 7é 0.

e If J; = J; = 2 then we have nine equations for the coefficients
of D. Using (59)
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4

Z a; Dag(c;) = 0,

i=1

4
Z GiDm(Oéi) = _2622(t1 — t2)2 =0 = Coy = 0

i=1

4
Z a; Dyo(0) = —cor(tr —12)* =0 = ¢y =0,

i=1

4
Z a;Dia(c;) =0,

i=1

4
Z CLiDll(Oéi) = —2612(t1 — t2)2 =0 = Clo = 0,

i=1

4
Z a;D1o(c) = — (2c20 + ¢11) (1 —12)° =0 = ¢11 = —2e0,
i=1

4
Z a; Doz (i) = 0,

i=1

4
Z a; Doy () = — (2c02 + ¢11) (= 12)° =0 = 11 = —2cpo,
i=1

4
Z a; Doo(a;) = —(c10 + cor)(ty — t2)* — ena(ty + t2) # 0

i=1

and a non-zero particular solution is (¢/¢) - D, where
c
D = Coo + 01081 + 00182 - % (812 — 28182 + 822) s

where cqg, €10, o1 and ¢1; € C such that

¢:=—(ci0+ co1)(t1 — t2)* — ety + t2) # 0.

e If J; = J; = 3 then we have sixteen equations for the coefficients
of D.
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Using (59)

aiD33(ai> =0,

aiD32(O./7;) = —3033(t1 — t2)2 =0 = c33=0

- 114-

@
Il
MR

aiD31(O./7;) = —2C3Q(t1 — t2)2 =0 = C32 = 0,

M-

@
Il
—

a;iDso(a;) = —c31(ty —t2)* =0 = ¢35 =0,

M-

@
Il
—

aiD23(ai) =0,

M-

@
Il
MR

a;iDog(a;) = —3coz(t; —1t2)> =0 = 93 =0,

M-

@
Il
=

(IZ‘Dgl(Oéi> = —2022(t1 — t2)2 =0 = copo= O,

M-

@
Il
=

a;Doo(a;) = —(co1 + 3cso(ty —t2)> =0 = ¢z = —3ca0,

-

@
I
=

aiD13(ai> =0,

-

@
I
=

(liDm(Oéz) == —3613(t1 - t2)2 =0 = Ci3 = 0

-

@
I
-

a;D11(0;) = —2(cia +eon)(ti —t2)> =0 = c1p = —ca1,

-

@
Il
-

aiDlo(Oéi) = —(Cn + 2020)<t1 — t2)2 + 2t1012 + 6t2030 =0

M-

@
I
-

(c11 + 2¢90) (t1 — t2)2 = 2t1¢19 + 6t2c30,
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B

a;Dos(a;) =0,
1

(2

aiDOQ(O&L’) = —<012 + 3003)<t1 — t2)2 =0 = Cl1o = —3003,

-

1

(2

CLZ'DOl (Oéz) = —(CH + 2002)<t1 — t2)2 + 2t2021 + 6t1003 =0 =

M-

1

(c11 + 2¢02)(t1 — t2)2 = 2t9c91 + 6t1C03,
4

Z a; Doo(ai;) = —(co1 + c10)(t1 — t2)® + 2t1c02 + 2taca0 # 0
i=1
and a non-zero particular solution is (¢/¢) - D, where

C11 i1+ t2 2 2
— L2 (02 —0
2 (t — t2)2612( L)

% (0% + 30,02 — 30,07 — 3)

€00, C10, Co1, €11 and c1o € C such that

D= coo+61081+00182— (812 — 28182 + 822)+

i t1+¢
c:= —(010 + 001)(t1 - t2)2 - Cll(tl + t2) - 2t1 ;

c12 # 0.

4

The space of the solutions on K is D + S?. Equation Zaiai =0
i=1

implies that any exponential function in S; belongs to SY, i.e.

(60) (83 +3) — (8] +13)(s1 4+ 82) +ta- 57 +t1-55 =0,

where ¢(t1) = s; and ¢(t2) = sy are algebraically independent over the

rationals. Since the coefficient ¢5/t; of the normalized characteristic
polynomial

17— L2

13 1+t t
_ bttt 2o 4y)+ 2 2% 4y
th 3} 131
is transcendent it has algebraically independent roots; see [18] and [19].
Especially ¢(t1) = t1 and ¢(t2) = to are solutions of equation (60). To
find the generating elements of the form ¢ o D in S? we need to use
(45):

p(z,y)

If d)(tl) = tl and ¢(t2) = tg then qb_l(ai) = Q; (Z = ]_, Ce 74) Therefore

¢poD € SY, where D is one of the differential operators above provided
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that the surviving coefficients is choosen such that ¢ = 0. For example,
a differential operator of degree one in S} is

D = Coo + 01081 + 00162, where C10 + Co1 = 0.

5. SPECTRAL SYNTHESIS IN THE VARIETY CONTAINING MONOMIAL
SOLUTIONS OF HIGHER DEGREE

In what follows we are going to give a survey of the higher order
version of section 3. By Theorem 6.3 in [3] the space S, is spanned by
the functions of the form

(1,...,2p) = ¢10Dy(x1) - ... - pp0 Dp(xy),
where ¢ := ¢1 ... ¢, is an exponential element in S, and D, ..., D,
are differential operators on K, where K is a finitely generated field
containing the parameters «; and ; (i = 1,...,n).

5.1. The case of transcendence degree 0 (algebraic paramet-
ers). If the parameters «q, ..., ap, B1, ..., B, are algebraic numbers

then we have no non-trivial differential operators on K = Q(av, ..., ap, f1, - . .

cf. subsection 3.2. The analogue results can be easily formulated for
p > 1 by using the higher order version of Theorem 1.6; see also section
4 in [20].

5.2. The case of higher transcendence degree. Suppose that the
transcendence degree of the parameters aq, ..., ap, b1, ..., B is k,
i.e. we have a field extension L = Q(ty, ..., %) such that t1, ..., t; are
algebraically independent over the rationals, L. C K and K is contained
in the algebraic closure of L; especially it contains the parameters «;’s

and [3;’s.
Lemma 5.1. Suppose that ¢(x) =z (z € K); then
J1

Jk
¢poD(agw)=> ... Df . ()" ... 0" (x)

m1=0 my=0

for any x € K.

The proof is a straightforward calculation by formula (39). The
key step of the application of the higher order spectral synthesis is to
formulate the necessary and sufficient conditions for

ﬁp($1, c ,{,Ep) = ¢1 o D1<£L'1) Lt ¢p @) Dp($p)
to satisfy system (8). In what follows we discuss only the case of p = 2.
The case of p > 2 can be investigated in a similar way because of the

s Bn);
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inductive argument as follows. The first equation of system (8) implies
that

(61) > iy 0 Dy(iay) - ¢y © Dy(ias) = &+ 1 - 2
=1

In order to use the results in the previous sections let the variables
2o be considered as a non-zero given constant in K’; the most simple
choice is 5 = 1. Then

(62) Zgz’@ o Do(aix2) -¢1 0 Di(euar) = € - x1 - @2,

i=1

new coefficients

where the new constant is ¢-x9, i.e. ¢10D); satisfies one of the conditions
to be the additive solution of an inhomogeneous equation with some
new coefficients. If ¢ # 0 then we have, by Proposition 3.10, that
o1(z) =2z (x € K) and

(63)

Zai@ o) DQ(OQJ}Q) . <Di¢1> (O{Z) =0 if mi1 + ...+ mo Z 1
i=1

mi1...mik

Z @iy © Do(as) - DY () = & a5,

i=1

In a similar way, ¢s(x) = x (x € K) and, by using Lemma 5.1, the left
hand side of the first equation is the action of a differential operator at
Ty for any given myq, ..., my:

Jo1 Jog n
oS Ya (D;”)m (ai).(pfl) (0:)-0"2 .. (x) = 0.
meo1=0 mop=0 i=1 21 T2k ML Tk
Therefore
(64)
Sow(D),, L, @ (PF),, 00 =0
i—1 miy...mik ma1...Mmaj

if myp+...+my>1 and 0 <mgy < Jop, ..., 0 <migy, < Jop.
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On the other hand the second equation of (63) shows that ¢g o Dy
satisfies one of the conditions to be the additive solution of an inhomo-
geneous equation with some new coefficients. By Proposition 3.10

n

Zai (ng) (Ozz) Dfl(az) =0 if mo1 + ...+ Moy Z 1
.7 mai...Mak
DP2( . b1\ _ =
ZazD2 () - DY (o) = ¢
i=1

Equations (64) and (65) give that

o), 0 (02), (o) =0

= mll"'mlkz m21...7TL2k
(66) if my 4. map me L mgy > 1

> ;DY (ay) - D (o) = ¢.

=1

System (8) implies similar equations containing the parameters fy, .. .,
Bn (pure case) or aq, ..., &y, B1, - . ., Bn (mixed cases). According to the
definition of D,,, m, the result is a non-linear (polynomial; especially

quadratic because of p = 2) system (66) for the quantities ¢}, ; ’s and
iy ion S Where

J11 J1k

o1 __ / J11 J1k
Di' = E E Ciry g - O,

Jj11=0 J1x=0

Jo21 Jok

P2 __ § § / J21 J2k
D2 —_— . . Cj21...j2kal onuak )

J21=0 Jok=0

C;n...jlk = ¢1<Cj11---j1k)7 C;'gl...j% = ¢2(Cj21---j2k)‘

5.2.1. The case of transcendence degree 1. For the sake of simplicity
consider the case of k = 1 (transcendence degree one), p = 2 and the
separated version of the functional equations as in section 4 (see also
Remark 3.3 and Remark 3.14). For any fixed index mg; system (66)
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results in a diagonal form like (48) with some new coefficients:

3a. (01

Z:1 N Vv

(67) new coefficients

N4 D (ay) DY (o) = &
" %/_/

=1 .
new coefficients

ma1 mi1

(Oéi) . (Dim) (ozl) =0 if mi1 + Moy 2 1

Therefore we can conclude that

ZCLZ‘C(Z‘ <Dg)2) (Oél> =0
i=1 et

iaia(&i) (Dg’Q)mm (i) = 0

(68)
Z aia‘]“_l(ozi) (D<2¢>2> (ozz) =0
i=1 e
n 0 if mo1 2 1
Zai@h(%) (D§>2) () =
i=1 ma ¢ if meo1 = 0
Taking the terms of the form a;07 (o) (i = 1, ..., n) as new coefficients

in the j;1th equation we can give similar conclusions by (48) in case of
each equation above:

Z@iaf =0 (ju1+Ju =0),
i=1

69 " : :
(69) Zaﬁj“(ai)ajm(%) =0 (ju +Jn < Ju + Jor),
i=1

n

cf]llcffm Z ai8J11<ai)aJ21(Oéi) =¢ (Jju +Jjoa = Ju + Jar).
i=1

These are necessary and sufficient conditions in case of transcendence
degree 1 for the generating elements of the space S;. The coefficients
can be arbitrarily chosen except the greatest one in both D; and D,
provided that system (69) holds.
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5.2.2. An explicite example. Let ¢ # 0 be a complex number and con-
sider functional equation

(70) tOf(tx) — t*f(#2z) — 2 f () + f(t'n) = ¢ - 2?

ie. n=4anda; =1% ay = —t* a3 = —t?, a1 =1, oy = t, ap = t,
as = t3, oy = t*, where t is a transcendental number over the rationals,
L =Q(t) and L C K such that K is a finitely generated field and it is
contained in the algebraic closure of L. Using that

4

Y aia] =102 =ttt =25 5 =0
=1
(71,
D ai0i0() =t — 17 (2) — 73 (37) + - (48%) = 0
=1

but
(72) > ad(a)d(aq) =10 —t*- (2) — £ (3)” + (4£°)* = 44° # 0

it follows that the generating elements of Sy are the products of first
order exponential monomials D{(z) = ¢,z + ¢,,d(z) and DZ*(zx) =
Cho + 5 0(x) such that ¢, - ¢y = 55, where ¢}, = ¢1(ci1), ¢ =
¢2(c21) and the differential operators are of the form D;(z) = ¢z +
6118(1’) and DQ(I) = C90T + 0218(1’).

6. CONCLUDING REMARKS

The spectral synthesis in 5; allows us to describe the entire space
of solutions of an inhomogeneous linear functional equation on a large
class of finitely generated fields, at least theoretically. In general we
need to solve inhomogeneous linear systems of equations to find the
solutions. The conclusions for the homogeneous case has been also
formulated step by step in terms of some remarks. The discussion of
the case of algebraic parameters (the transcendence degree is zero) is
relatively simple because of the trivial action of any differential operator
on algebraic numbers. The case of transcendence degree one gives the
best results independently of the degree of the monomial solutions. In
case of higher degree of transcendence the problem becomes much more
difficult because of the missing main terms of the differential operators
and the increasing number of the equations. Some explicit examples
are also presented to illustrate both the effectivity and the difficulties of
the method in practice. Computer assisted methods can be successful
for the formulation and the solution of large systems of linear equations
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belonging to the case of higher order monomial solutions and/or higher
degree of transcendence.

[1]

[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]

REFERENCES

G. Kiss and A. Varga, Existence of nontrivial solutions of linear functional
equations, Aequationes Math. September 2014, Volume 88, Issue 1, pp. 151-
162.

E. Gselmann and Zs. Péles, Additive solvability and linear independence of
the solutions of a system of functional equations, Acta Sci. Math. Szeged 82
(1-2), (2016), 101-110 34/2014

G. Kiss and M. Laczkovich, Linear functional equations, differential operators
and spectral synthesis, Aequationes Math. April 2015, Volume 89, Issue 2,
301-328.

G. Kiss, A. Varga and Cs. Vincze, Algebraic methods for the solution of linear
functional equations, Acta Math. Hungar. June 2015, Vol. 146 (1), pp. 128-
141.

G. Kiss, Linear functional equations with algebraic parameters, Publ. Math.
Debrecen 85/1-2 (2014), 145-160.

B. Koclega-Kulpa, T. Szostok, On a functional equation connected to Gauss
quadrature rule, Ann. Math. Sylesianae 22 (2008), 27-40.

B. Koclega-Kulpa, T. Szostok, On a class of eqautions stemming form various
quadrature rules, Acta. Math. Hungar. 130 (4) (2011), 340-348.

B. Koclega-Kulpa, T. Szostok and S. Wasowicz, On functional equations con-
nected with quadrature rules, Georgian Math. J. 16 (2009), 725-736.

M. Kuczma, An introduction to the Theory of Functional Equations and
Inequalities, Polish Scientific Publishers, Warsaw (1985).

M. Laczkovich and G. Székelyhidi, Harmonic analysis on discrete abelien
groups, Proc. Am. Math. Soc. 133 (2004), no. 6, 1581-1586.

M. Laczkovich, Local spectral synthesis on Abelian groups, Acta Math. Hung.
143(2014), no. 2, 313-329.

M. Sablik, Taylor’s theorem and functional equations, Aequationes Math. 60
(2000), 258-267.

L. Székelyhidi, On a class of linear functional equations, Publ. Math. (Debre-
cen) 29 (1982), 19-28.

L. Székelyhidi, Discrete spectral synthesis, Annales Mathematicae and In-
formaticae 32 (2005), 141-152.

Cs. Vincze and A. Varga, On Daréczy’s problem for additive functions Publ.
Math. Debrecen 75 (1-2) (2009), 299-310.

Cs. Vincze and A. Varga, Nontrivial solutions of linear functional equations:
methods and examples Opuscula Math. 35, no. 6 (2015), 957-972

Cs. Vincze and A. Varga, On the characteristic polynomials of linear func-
tional equations, Period. Math. Hungar. December 2015, Volume 71, Issue 2,
250-260.

Cs. Vincze, Algebraic dependency of roots of multivariate polynomials and its
applications to linear functional equations, accepted for publication in Period.
Math. Hungar.



36 GERGELY KISS AND CSABA VINCZE

[19] Cs. Vincze and A. Varga, On a sufficient and necessary condition for a mul-
tivariate polynomial to have algebraic dependent roots - an elementary proof,
accepted for publication in Acta Math. Acad. Paedagog. Nyhdzi.

[20] G. Kiss and Cs. Vincze, On spectral analysis in varieties containing the solu-
tions of inhomogeneous linear functional equations, submitted to Aequat.
Math.

GERGELY Kiss, MATHEMATICS RESEARCH UNIT, FSTC
UNIVERSITY OF LUXEMBOURG
6, RUE COUDENHOVE-KALERGI, [-1359 LUXEMBOURG, LUXEMBOURG

E-mail address: gergely.kissQuni.lu

CSABA VINCZE , DEPARTMENT OF GEOMETRY
INSTITUTE OF MATHEMATICS FACULTY OF SCIENCE AND TECHNOLOGY
UNIVERSITY OF DEBRECEN
DEBRECEN, H-4010 HUNGARY P.O. Box 12.

FE-mail address: csvincze@science.unideb.hu



