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Abstract. We consider Aichinger’s equation

m+1

f(xl +o +xm+1) = Zgi(xlfoI’” /E/' o /xm+1)
i=1

for functions defined on commutative semigroups which take values on commutative groups. The solutions
of this equation are, under very mild hypotheses, generalized polynomials. We use the canonical form of
generalized polynomials to prove that compositions and products of generalized polynomials are again
generalized polynomials and that the bounds for the degrees are, in this new context, the natural ones. In
some cases, we also show that a polynomial function defined on a semigroup can uniquely be extended to
a polynomial function defined on a larger group. For example, if f solves Aichinger’s equation under the
additional restriction that x1,- -+ , X;41 € IR’;, then there exists a unique polynomial function F defined on R”
such that Fipp = f. In particular, if f is also bounded on a set A C R" with positive Lebesgue measure then
its unique polynomial extension F is an ordinary polynomial in p variables with total degree < m, and the
functions g; are also restrictions to R} of ordinary polynomials of total degree < m defined on R”™.

1. Introduction

Compositions and products of generalized polynomials defined on commutative groups are again
generalized polynomials, and the proper bounds for their degrees are known. This is not trivial (although
it may be not impossible) if you deal with a definition based on Fréchet’s unmixed differences functional
equation. Things become easier if we consider Fréchet’s mixed differences functional equation, which is, in
quite general cases, equivalent to the unmixed equation (see, e.g., [2], [3], [4], [5], [6], [7], [10], [12], [15]). The
proof recently appeared in a paper by Aichinger and Moosbauer [1]. In their paper, the authors introduced

the following wonderful functional equation, that characterizes generalized polynomials of degree < m on
commutative groups:

m+1

f(xl +e+ xm+1) = Z gi(xl/xZ/ e r&\i/ T /xm+1)/ (1)
i=1

where X; means that the function g; does not depend on x;, and they used this equation to prove that the
composition f o g of the generalized polynomials (defined on commutative groups) f, g is a generalized
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polynomial and deg(f o g) < deg(f) - deg(g). This same result, with a different proof that does not use
(1), had already been proved by Leibman in [16], but the authors of [1] were unaware of that paper.
Moreover, in his paper Leibman also proved that if we consider a composition of several polynomial
functions f; : Gi.1 — G, i = 1,2,...,k, and Gy is nilpotent (with no other extra hypotheses on the first groups
Go, G1, ..., Gx-1, that may be non-commutative and quite general, indeed), the composition fy o fy_10---0 fi
is also a polynomial function, but no precise estimation of its degree was given. Indeed, the question if
compositions of polynomial functions defined on arbitrary groups are again polynomial functions was
posed by Leibman in [16] and is still open.

The new equation (1) was -as the authors confirmed me- proposed by Aichinger and motivated by some
algebraic problems that are solved in [17]. I was delighted since I find this equation so nice and natural
(e.g., note that (x + y + 2)* = [2yz + 2°] + [2xz + 22| + [2xy + ¥*] = 1(y, 2) + 92(x, 2) + g3(x, y) and, in general,
if you take f(x) = x™ evaluated on x1 + .... + X.41, you get a sum of monomials, each one depending on at
most m variables) but I never had seen it anywhere before. On the other hand, it is also clear that under
strong regularity assumptions on f, ordinary polynomials are the only solutions of Aichinger’s equation.
For example, if we assume that f : R — R belongs to C"*D(RR), g; : R” — R belongs to C"*D(IR™) for
i=1,---,m+ 1, and these functions satisfy (1), then G(x1, -+, Xu+1) = f(x1 + - - + Xy41) satisfies that

&m-%—lG (1)
= fmDe 44y =0
axlaxz . axm+1 f ( 1 m+1)
which implies that f = 0, and henceforth f(t) = ag + ait + - - - + a,t" is an ordinary polynomial of degree
<m.
A similar result can be demonstrated for smooth functions defined on IR” for each p > 1. In that case,
the space of solutions is

P _ i 4i i , .
MW =0 Y @y tit5 -t cay,;, e Rforall (i, i) € NP},

m,
it tip<m

the set of ordinary polynomials in p variables with total degree < m. We prove this result as a corollary of
the following surprising theorem (for the proof, see [18, Theorem 14]):

Theorem 1.1 (Prager and Schwaiger). If K is a field and f : KP — K is an ordinary polynomial separately in
each variable (which means that for any 1 < k < p and any point (ay, -+ ,ax-1, k41, ,ap) € KP1 the function
flay, -+, a1, X, g1, - -+, ap) is an ordinary algebraic polynomial in xy) then f is an ordinary polynomial in p
variables provided that K is finite or uncountable. Furthermore, for every countable infinite field K there exists a
function f : K?> — K which is an ordinary polynomial separately in each variable and is not an ordinary polynomial
in both variables jointly.

In fact, if we assume that f : R” — R belongs to C+1)(IRP) and satisfies (1) with xj=(x1j,-+-,xpj) €ERP,
j=1,---,m+ 1, for certain smooth functions g; € C"*D(R"™), i = 1,--- ,m + 1, then forany 1 < k < p
and any point (ay, -, ak_1, 41, "+ ,ap) € RP~1, the function h(t) = flai, -+ ,ak-1,t, a1, -+, ap) is an ordinary
algebraic polynomial in ¢ of degree at most m since

hty + -+ tyaa) = flar, -+ @1, b+ oo+ b, G, -+, ap)

m+1
a Af—1 Afe+1 ap
f ( 7ty rti/ 7ty )
=m+1 m+1 "m+1 m+1
m+1

Z gi(tll t2/ e /E/ Tty tm+1)/
i=1
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where

gi(tll t2/ e /E/ Tty tm+1)

= g a k-1 Afe+1 ap a k-1 Af+1 Ap
— g . -
"m+1 "m+1 "m+1 "m+1 "m+1 m+1""" " m+1 Tm+1
M g1 Afy1 ap a Ar—1 A1 ap
sLit1, ‘ s bm+1, o )

m+1" "m+1 m+1" "m+1" "m+1 "m+1 m+1" "m+1

which means that h and g;, i = 1,---,m + 1 (that are smooth functions) solve Aichinger’s equation in the
one-dimensional setting. Then, using Theorem 1.1, we conclude that f is an ordinary polynomial of p real
variables. Once this is known, it is easy to check that the total degree of f is at most m.

It follows that Aichinger’s equation is of interest when the regularity assumptions on f are impossible
(because we do not have any topology) or are weak.

Remark 1.2. In their paper [18, Theorem 14], Prager and Schwaiger construct, for every countable infinite field
K = {xo,x1, -+ ,Xn, -}, a function f : K*> — K of the form

i

j
flxi, xj) = Zai,kxl; = Z bj,kx;(
k=0

k=0

with a;; = 1 for all i € N. Obviously, this function is an ordinary polynomial separately in each variable, and they
demonstrate that it is not an ordinary polynomial in both variables jointly. We claim that, if K has characteristic zero,
char(K) = 0, then f is not a generalized polynomial, which is a stronger statement (the question is still open for fields
with positive characteristic). The proof depends on Aichinger and Moosbauer’s bound on the degree of a composition
of polynomial functions. Indeed, if f were a generalized polynomial with deg(f) = m < oo, then given i > m we
would have that gi(y) = f(xi, y) = Yi_o aixy* is a polynomial of degree i (it is at this point that use that char(K) = 0).
Now, g; = f o E;, where E; : K — K2, Ei(y) = (x;, y) is a polynomial function of degree deg(E;) = 1. Hence

i = deg(g;) = deg(f o E;) < deg(f) - deg(E;) = deg(f) = m,
which contradicts i > m.

In this paper we consider Aichinger’s equation for functions defined on commutative semigroups which
take values on commutative groups. In section 2 we prove that, when the domain of the function is a
commutative unital semigroup, Aichinger equation characterizes polynomial functions. In section 3 we
introduce the canonical form of generalized polynomials and we use it to prove that a polynomial function
defined on a cancellative commutative semigroup can uniquely be extended to a polynomial function
defined on a larger group. For example, if f solves Aichinger’s equation under the additional restriction
that x1, -+ ,Xu41 € lR’i, then there exists a unique polynomial function F defined on IR? such that F R = f.
Here, R, =]0,00[ is the set of strictly positive real numbers. Finally, we devote section 4 to pr0V+e that
compositions and products of generalized polynomials defined on commutative semigroups are again
generalized polynomials, and that the bounds for the degrees are, in this new context, the natural ones.

Just to fix some notation, we recall that (S, +) is a semigroup if + : SX S — S given by +(a,b) =a+bisan
associative binary law, which means thata + (b+c) = (a+b)+cforalla, b, c € S. Moreover, S is unital if there
exists 0 € Ssuchthat0+a=a+ 0 =aforalla € §, it is abelian (also named commutative) ifa+b =b+a
foralla,b € S, and it is cancellative if a + ¢ = b + cimpliesa = b for all 4, b, c € S. It is well known that every
cancellative semigroup S can be extended to a group G suchthatG =5-5 = {x—y: x,y € S} and that, if S is
commutative, G = S — S is also commutative. We say that G = S — S is a natural extension of the semigroup
S (see [9, p. 34]).

2. Aichinger equation on commutative semigroups

Given (S, +) a commutative semigroup and (H, +) a commutative group, we say that f : S —» His a
polynomial function (also named generalized polynomial) of degree < m — 1 if f solves Fréchet’s mixed
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differences functional equation:
Ap Ay, - Ay, f(x) =0forall by, hy,x € G.

A simple statement and proof of the characterization of generalized polynomials as solutions of
Aichinger’s equation is as follows:

Theorem 2.1. Let (S, +) be a commutative semigroup, and (H, +) be a commutative group. Let f : S — H be a map
and let m € {2,3,---}. Consider the claims:

(a) There are functions g; : sl 5 H i=1,2,---,msuch that f satisfies
m
f(xl+x2+"'+xm)Zzgi(xllxb”'/2/"'/xm) (2)
i=1

forall xy,--+ ,xy € S, where x; means that g; does not depend on x;.
(b) f satisfies:
A Apy - Ap flx1 +x0+ -+ +x5) =0 3
forall xi,--+ Xy, b1, hy €8.
(c) f satisfies Fréchet’s mixed functional equation:
A Apy - Ay, f(x) =0 4)
forall x,hy, -+, hy €8S.
Then (a) = (b). Furthermore:
o IfS+5=25, then (a) = (c).
o If S is unital, then (a) & (b) & (c).

Proof. Let us prove (a) = (b). For m = 1, (2) means that f(x;) is a constant and, of course, this implies that
Ap, f(x1) = 0 for all x1,h; € S. Assume that f satisfies (2) with m > 1, which means that

m
fxi+x4+ - +x,) = Zgi,o(xl,xz,--- JXiy e, X)
i=1

for certain functions g;9,i =1,--- ,m. Let h; € S and define Fi(x) = f(x + 1) — f(x). Then

Filxg +xp+ -+ %) = Ay flr+-+ xp)
= f((xl+h1)+X2+'--+xm)—f(x1+x2+...+xm)

m
= gl,O(xZ/x:’)/ e /xm) + Z !]i,O(xl + hl/x2/ e /xi/ e /xm)
i=2

m
_gl,O(XZI x3/ e /xm) - Z gi,O(xl/xZ/ e /55/ e /xm)
i=2

m
= Z(gi,o(xl + h11x27 o /5&;/ e /xm) - gi,O(xll-XZ/ T /Ec\i/ Ut /xm))
i=2

m
= Zgi,l(xlrx2/"' s Xipt e rxm)
i=2
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where
gia(x1,x2,- - JXiyt X)) = gio(x1 +hy,xz,- - Xy 2 Xm) = Gio(x1, X2, Xy ) Xm), 1 =2,3,-+ ,m.
We can repeat the argument as follows: take I, € S and define F»(x) = Ap,F1(x) = F1(x + hp) — F1(x). Then

Folxy+x2+ -+ xm) = ApFi(xa+--- +xy)
= Athhlf(xl +e Xy
= Fi(xi+@a+h)++x,)—Fi(x1 +x0+ + Xp)

m
= !]2,1(x1/x3/‘ ot /xm) + Z!]i,l(xLXZ + h2/' o /xi/ e /xm)
i=3

m
_92,1(x1/x3/ e /xm) - Z gi,l(x1/x2/ e /E/ e /xm)
i=3
m
= Z(gi,l(xllxz + h2/ toe /55/ toe /xm) - gi,l(xlleI o /&\i/ e /xm))
i=3

m
= Zgi,Z(xerZI." s Xipt oo rxm)
i=3

where

Gin(x1, %0, Xi, 0, Xm) = gin(X, X2+ Ho, oo XG0, Xm) — §ia(X1, X0, 000, X X)), 0= 3,000, 1
If we repeat this argument m times, we obtain that

A Ap Ay flxr+x0+ -+ x,) =0

forall xq,--- , Xy, h1,--+ ,hy €S, and (b) holds true. This proves (a) = (b).
If S+ S =S5, then (b) = (c) is trivial and, henceforth, (a) = (c) also holds true.
Let us now assume (c). Then for each z € S we have that

1
0=AgAy Ay f@) = ) (1)) (Gt + a1y + o+ ).

1,62, ,€m=0

Now, if we consider z as a constant, there is only one term, f(z + x; + X2 + - - + x;,;), in the sum that appears
at the third member of this formula, that depends on all variables x1, - - - , x,,. Thus, adding the reciprocal of
f(z+x1 +x2 + -+ + xy,) to both sides of the equality and taking reciprocals again, we get an expression of
the form

m
fE+xi+--+xy) = Zgi(z,x1,xz,~- Xy, X)
i=1

This means that, if f is a polynomial function of degree < m — 1 defined on the commutative semigroup S,
then all the translations (7. f)(x) = f(x + z) with z € S satisfy Aichinger’s equation (2). In particular, when
z =0 € S we get that f satisfies Aichinger’s equation. This proves (c) = (2) when 0 € S. m]

Remark 2.2. Theorem 2.1 above generalizes Lemma 4.1 of [1].
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3. Polynomial functions and an extension theorem

Given (S, +) a commutative semigroup and (H, +) a commutative group, a map A : S — H is k-additive
if

k _ k
A (xll”' /xS—1/x+y1xS+1/”' /xk) - A (x1,"' /x5—11x1x5+1/”' /xk)

k
+A (xll e /-xs—lr y/xs+1/ e /xk)

forallse({l,--- ,k}and x1, -+ ,xx, %,y € S. In other words, AF is k-additive if it is additive in each one of its
variables. These maps are natural generalizations of additive functions and they are named multiadditive
functions as soon as k > 1. By convention, we call 0-additive map to any constant function Ag : S — H.
Finally, A : S — H is symmetric if

A(xy, - x0) = AlXor), *  Xo)

for every permutation ¢ of {1,---,k}. For example, A(x,y) = x + y and B(x, y,z) = xy + xz + yz, where
X, Y,z € R, are symmetric maps.

Associated to any multiadditive function A : S* — H, we can consider its diagonalization diag(A)(x) =
A(x,--- ,x), which is a map defined on S. It is well known that if multiplication by m! is bijective on H then
every polynomial function f : S — H has a unique representation of the form

flx)=Ap+ diag(Al)(x) + -+ diag(A™)(x) (5)

where A : S¥ — H is a symmetric k-additive function for k = 1,--- ,m and m is the degree of the polynomial
function f. Moreover, every function of the form (5) is a polynomial function of degree at most m. The
term A(x) = diag(A¥)(x) is called monomial (of degree k) . Hence, if multiplication by m! is bijective on H,
every polynomial function of degree < m is a sum of monomials of degrees < m. We include a draft of the
proof of these results, just for the sake of completeness. The main idea of the proof is to use the following
technical result (whose proof can be found, e.g., in [8] for the case that S, H are Q-vector spaces, but that can
be easily adapted to the case that S is a commutative semigroup and H is a commutative group):

Theorem 3.1 (Polarization formula). Let A : S" — H be a symmetric m-additive function, and let A*(x) =
diag(A)(x) be its diagonalization. Then for all x,hy,--- , hy € S we have that:

N ifk >m
AhlAhz"‘AhkA(x)—{m!A(hll...,hm) ifk=m ©)

In particular, if H allows division by m!, we have that
1 * *
EAZHA (x) = A*(h) forall x,h € S. (7)

Note that (6) implies that, if multiplication by m! is either surjective in S or injective in H, any symmetric
m-additive function A is completely determined by its diagonalization diag(A) since m!A(hy,--- , hy) =
A(m'hy,--- , hy). In particular, ding(A) = 0 implies A = 0.

The following theorem is well known (see, e.g., [14]):

Theorem 3.2 (Canonical representation of polynomial functions). Let S be a commutative semigroup and H
be a commutative group. Assume that multiplication by m! is bijective on H. Let f : S — H be a polynomial function
of degree at most m. Then there exist k-additive symmetric functions A* : ¢ — H, k=0,1,2,--- ,m, such that

f(x) = A® + diag(A")(x) + - - - + diag(A™)(x) forallx €S (8)

Moreover, all these functions are polynomial functions of degree < m and the representation (8) is unique.
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Proof. The second claim follows from the polarization formula. To prove the first claim, we proceed by
induction on m. For m = 0is clear that A, f = 0 implies that f(x) = A° for a certain constant A’ € H. Assume
the result holds true for polynomial functions of degree < m —1and let f : S — H be a polynomial function
of degree at most m. Then Ay A, --- Ay, f(x) does not depend on x since Ay, Ay, Ay, - -+ Ay, f(x) = 0 for all
Xms1,X € S. Hence

A(x1/ e Ixm) = AxlAXZ e Axmf(x)

is well defined as a function A : S — H, and is symmetric since the operators A,, are pairwise commuting.
Moreover, A is m-additive since Ayy, = AyAy + Ay + A, implies that

AXlWl AxZ te Axmf

= Ay AL Ay D f DAy Ay f Ay Ay Ay f
= AqAy Do f+ Ay Ay A, f

= A, X2, Xm) + A(y1, X2, , Xim)-

A(xr + Y1, X2, , Xm)

and the symmetry gives the additivity with respect to the other variables. Our assumption that multi-
plication by m! is bijective on H implies that the operation y — Ly is well defined on H. Thus, we can
define A™(xq,- -+ ,Xy) = %A(xl, -+, Xy) -which is also m-additive- and f,,(x) = diag(A™)(x). The polarization
formula implies that

AX1AXZ e Ax,,,fm(x) = m!Am(xll e /xm) = A(xll e /xm) = A 1AXZ e Ame(‘x)
Hence

Ay Ay - A, (f = fn)(x) =0

and we can apply the induction hypothesis (note that, if the operation y — L is well defined on H, the
same holds with the operation y — £y = (&)L for 1 <k <m — 1) to claim that f — f,, = f — diag(A™) is of
the form A® + diag(A) - - - + diag(A™") for certain k-additive functions A* : S* - H,k=0,1,--- ,m — 1.

The uniqueness of the representation (8) also follows by induction using the polarization formula.
Indeed, if

f(x) = AY + diag(AN)(x) - - - + diag(A™)(x) = B® + diag(B")(x) - - - + diag(B™)(x) for all x € G,
where A¥, B¢ : Gk — H are k-additive symmetric functions, k = 0,1,--- ,m, then

Ay Ay, - Ay, f(X) = mlA™ (x1, - -+, X)) = m!B(xy, -+, xy) forall xq, -+, x,y € G.
Hence A™ = B" and we can apply the induction step to the polynomial function

f(x) — diag(A™)(x) = A° + diag(A')(x) - - - + diag(A™ 1)(x) = B® + diag(B")(x) - - - + diag(B"")(x).

Hence A* = B¥ fork = 0,1,--- ,m. This ends the proof. ]

Now we can use a recent result by Kurcharski and Lukasik [11, Theorem 6] to prove that polynomial
functions defined on cancellative semigroups can (uniquely) be extended to polynomial functions defined
on the natural extension of their domain.

Theorem 3.3 (Kurcharski and Lukasik). Let S be a cancellative commutative semigroup, H be a commutative
group, n € IN. Furthermore, let A, : S* — H be an n-additive symmetric function. Then, for any commutative group
Gsuch that S < Gand G = S — S, the function A, can be uniquely extended to an n-additive symmetric mapping of
G" into H. That is, there exists a unique n-additive symmetric function A, : G" — H such that

Ap(x1, -+, x0) = Ap(x1, -+, xp) forall xy,-++ ,x, €8S
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Corollary 3.4. Let S be a cancellative commutative semigroup and H be a commutative group. Let G=S — S bea
natural extension of S. Assume that multiplication by m! is bijective on H. Let f : S — H be a polynomial function of
degree at most m. Then there exists a unique polynomial function of degree at most m, F : G — H, such that Fis = f.

Proof. It is a direct consequence of Theorems 3.2, 3.3. O

Corollary 3.5. Let S be a cancellative commutative semigroup and H be a commutative group. Let G=S — S bea
natural extension of S. Assume that multiplication by m! is bijective on H. Let f : S — H be a solution of Aichinger
equation

m+1

f(xl +-- +xm+1) = Zgi(xll‘XZI"' /SC\I'/"' /xm+1)/x1/"' s Xm+1 € S
i=1

for certain functions g; : S™ — H. Then there exists a polynomial function of degree at most m, F : G — H, such
that Fis = f. Moreover, the functions g; are also polynomial functions of degrees at most m.

Proof. It is a direct consequence of Theorem 2.1 and Corollary 3.4. ]

When we apply Corollary 3.5 to functions defined on S = IR, with values on H = K (with, e.g., K = R
or K = C), we conclude that, if f : R, — K satisfies

m+1

For e+ xpan) = Y gila, 20,0, X e ) forallxy, o X € R ©)
i=1

then f is the restriction to R, of a unique polynomial function F : R? — K of degree at most m. In particular,
we can use the regularity properties of polynomial functions defined on the ordinary Euclidean space R”
(see, e.g., [13], [14]) to conclude that, if f is bounded on a set A C RY, with positive Lebesgue measure and is
a solution of Aichinger’s equation (9), there exists a unique ordinary polynomial F of p variables and total
degree < m (which is of course defined on the whole space IR”) such that gz = f, and the functions g; are

also restrictions to R} of ordinary polynomials of total degree < m defined on IR"".

4. Degree of the composition and product of polynomial functions

As we have already noticed, Aichinger equation was introduced in [1] to demonstrate, for commutative
groups, that compositions (and products) of polynomial functions are again polynomial functions, and to
obtain the natural bounds for their degrees. In this section, we present an alternative approach. Concretely,
we use Theorem 3.2, the canonical representation of polynomial functions, to prove the same result for
commutative semigroups.

If we assume that S is a commutative semigroup, G, H are commutative groups, f = fo+---+fu, f: S > G
and g = go+--*+gm, g : G — H are polynomial functions with f; = diag(A") and g; = diag(B/) for all i, j with
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A':S' - Gand B/ : G/ > H symmetric multiadditive functions, then

(o P® = Y g/} )

=0 =0

= Y B F,Y 0, Y )
=0 =0 i=0 i=0

= BI(fi, (%), fi, (%), -+, fi, (%))
=0 hy iy, =0

= Z B]'(Ahl(x,_” rx)/AhZ(xl"' /x)l"' /Ahj(xr”' /x))
=0 Iy iy, =0

S5 e
=0 hy iy, =0

where

h

o . )
C]‘l ](xl,hu U /xh],hj) = B](Ahl (xl,h]/ e /xh1,h1)/ e /Ah](xl,h/'/ e /xh/-,hj))

is (h1 + hy + - - - + hj)-additive. Obviously, it could be the case that C’;l"" i is not symmetric, but this is not a

problem since, if d(x) = diag(A)(x) for a certain k-additive map A, then d = diag(A*™)(x), where A*™ is the
symmetrization of A:

. 1
A (xg, -, xp) = a ZA(xo(l)/xa(Z)/“' s X))

0€Sk

which is k-additive and symmetric. It follows that g o f is a sum of monomials of degree at most nm, since
the maximum value of the sums /iy +--- + hjwith0 < h; <nand 0 < j <misnm. Hencego f:S > Hisa
polynomial function of degree at most nm.

With respect to the product of polynomial functions, things are easier since, if f; = diag(A’) and g; =
diag(B’) are monomials defined on S with values in C (or any other field extension K of Q), then fi(x)gi(x) =
diag(C"/)(x), where

Cl,](xll e /xil yl/ e 7 y]) = Al(xll e le)B](yll e 7 y])
is (i + j)-additive. Hence, if f, g : S — K are polynomial functions, f = fo+ -+ f4, g = go + - - - + g, then

n+m n+m

(f-9@ =Y. ) fi)g(x)=Y Y diag((Cy*")(x)

k=0 i+j=k k=0 i+j=k
is a polynomial function of degree at most n + m. Thus, we have proved the following:

Theorem 4.1. Assume that S is a commutative semigroup, G, H are commutative groups, and K is a field extension
of Q. Assumethat f,g:S — Kandf:S — G, g: G — Hare polynomial functions. Assume also that multiplication
by (degf)! is bijective on G and multiplication by (degg)! is bijective on H. Then f - g and g o  are polynomial
functions. Furthermore,

deg(f - 9) < deg(f) + deg(9)

and
deg(gof) < degg-degf.
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If, for functions f : S — K where S is a commutative semigroup and K is a field, we use AJ"*! f = 0 as the
definition of polynomial function of degree < m, then we can demonstrate (by induction on m) the formula

m

N (f - 9)(x) = Z (";)A;; fx) - A" g(x + ih)

i=0
and, as a corollary, we get that deg(f - g) < deg(f) + deg(g). Indeed, if deg(f) = n, deg(g) = m, then

n+m+1
1\ . ,
Az+m+1(f . g)(x) _ Z (7”1 + 711 + )Azf(x) . Az+m+l—zg(x +ih) =0
i=0
since i < n implies m +1 < n +m + 1 — i, which implies that all summands in the second member of the
equality above vanish. Morevoer, if we use A"f(x) = f(h) as a definition of generalized monomial of
degree n, the same idea can be used to demonstrate the following result:

Theorem 4.2. Let S, R be commutative semigroups and K be a field, char(K) = 0. Assume that f,g: S — K are
generalized monomials of degrees n,m, respectively. Then their product is a generalized monomial of degree n + m,
and the same holds with products of the form f(x)g(y) with f : S — Kand g : R — K generalized monomials.

Proof. A direct computation shows that

n+
n+m

A(F - 9)(%) )ALf(x) - AT g(x + i)

i

n-1
(” " m)A; FOO) - Al g(x 4 i) + (” ;m)AZ F) - Ag(x + nh)

Il
W
< 3
—_——

~

* ) (n ) m)Ai,f (x) - A" g + i)

_ n+m
n

)AZ f(x) - A} g(x + nh)

_ (m+m) nlf(h) - mlg(h) = (n + m)(f - g)(h),

n'm!

which proves that f - g is a generalized monomial of degree 1 + m. For the second claim, it is enough to take
into account that ¢(x, y) = f(x)g(y) can be written as ¢ = ¢ - P> where ¢1(x,y) = f(x) and ¢2(x, v) = g(y),

and that, under this notation, we have that

Aih,k)‘abl(x/ y) = A f(x) and A?h,k)¢2(xr y) = N,9(y)

and use Leibniz’s formula for ¢y - ¢o:

A‘(ﬂh-',—l?)1 ((P)(x/ ]/)

n+m
+ ; ' ;
Z (” i m)AEh,@(Pl(xf Y) Ay P2((x,y) + ik, K))
i=0

n+m n+m\ i .
= Z( l, )A;f(x).A;g "g(x + ik)

i=0

= (” ;m)AZ F) - Al'g(x + k)

= sy mig®) = (n-+ mLf g0

nlm!

= (n+m)ph, k).
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