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THE COSINE-SINE FUNCTIONAL EQUATION
ON SEMIGROUPS

BRUCE EBANKS

Abstract. The primary object of study is the “cosine-sine” functional equa-
tion f(zy) = f(z)g9(y)+g(z)f(y)+h(z)h(y) for unknown functions f,g,h: S —
C, where S is a semigroup. The name refers to the fact that it contains both
the sine and cosine addition laws. This equation has been solved on groups
and on semigroups generated by their squares. Here we find the solutions on a
larger class of semigroups and discuss the obstacles to finding a general solu-
tion for all semigroups. Examples are given to illustrate both the results and
the obstacles.

We also discuss the special case f(zy) = f(z)g9(y) + g(z)f(y) — g(x)g(y)
separately, since it has an independent direct solution on a general semigroup.

We give the continuous solutions on topological semigroups for both equa-
tions.

1. Introduction

Let S be a semigroup. The cosine-sine functional equation is

(1.1) f(zy) = f(x)g(y) + g(x) f(y) + h(z)h(y), forall z,y € S,

where f, g, h: S — C. This equation generalizes both the sine addition formula
(h = 0) and the cosine addition formula (g = 1 f). Equation (1.1)) was solved
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by Chung, Kannappan, and Ng (|I]) for the case that S is a group. Their
result was extended by the author (J2]) to the case that S is a semigroup
generated by its squares. The main goal of the present work is to extend that
result to a larger class of semigroups. We also discuss the obstacles to finding
the solution on a general semigroup.

We treat separately the special case h = ig of , namely

(1.2) f(zy) = f(x)g(y) + g(x) f(y) — g(x)g(y), forall z,y € S.

The solutions of are described by Stetkeer ([6]) in terms of exponentials
and solutions of the sine addition formula. Using the recent solution of the
sine addition formula by the author, we flesh out that description. We arrive
at the solutions of by this route rather than as a corollary of our result
about , for two reasons. The first is because the method in [6] is direct
and elementary, and the second is that is solved on a general semigroup
(with no extra conditions).

The functional equations above are of the Levi-Civita type, which includes
all functional equations of the form

n

flzy) = ng(x)hk(y), for all z,y € S,
k=1

for unknown functions f,gg,hr: S — C and any positive integer n. If S is
an Abelian group and {g1,...,9,} and {hy,..., h,} are linearly independent,
then it is known (see [7, Theorem 10.4]) that all solutions of such equations are
exponential polynomials. An exponential polynomial is a linear combination
of exponential monomials, which are terms of the form (A;)™ ---(Ag)™* x
with x exponential, each A, additive, and each n; a nonnegative integer.

The authors of [I] showed that the solutions of on any group are
exponential polynomials, whereas in [2] we showed that this is not generally
the case on semigroups. For example, where a solution of on a group
contains a term Ay, with A additive and x exponential, on a semigroup we
may see instead the term

oy [A@XE) i@ 0
4 0 if x(z)=0

(or even more complicated, see Proposition , where A is an additive func-
tion defined on the subsemigroup where y is nonzero. Such a function ¢ need
not be an exponential polynomial (for more see [4]). So there is an increase
in complexity of solution forms of Levi-Civita equations as we move from the



32 Bruce Ebanks

world of groups to the larger world of semigroups. To solve (|1.1)) we will im-
pose certain conditions (introduced just after Lemma on S that enable us
to maintain some control over this increased complexity. It should be noted
that every group satisfies the conditions we shall impose on S.

The outline of the paper is as follows. The next section introduces some
notation, terminology, and the solution of the sine addition formula on semi-
groups. In the short section 3 we combine Stetkaer’s result about with
the general solution of the sine addition formula to get a more complete pic-
ture of the solutions of . Section 4 contains preparations for our primary
objective, namely the solution of on semigroups satisfying certain con-
ditions. The solution is given in Theorem [5.1} The final section contains some
examples applying our results about and , and an example illustrat-
ing the complications that can arise when trying to solve on a semigroup
not satisfying the conditions in Theorem [5.1]

2. Notation, terminology, and preliminaries

Throughout this paper S denotes a semigroup. If S is a topological semi-
group, C(S) denotes the algebra of continuous functions from S into C. Let
C*=C\{0}.

For any subset 7' C S define T? := {tit5 | t1,t2 € T}, so the notation T2
will not be used to denote the direct product T x T in this article.

A function A: S — C is additive if A(zy) = A(x) + A(y) for all z,y € S.

A function y: S — C is multiplicative if x(zy) = x(x)x(y) for all z,y € S.
A multiplicative x # 0 is called an exponential on S. Unlike the situation on
groups, an exponential on a semigroup can take the value 0 on a non-empty
proper subset. We define the nullspace of an exponential x: S — C by

I, :={z e S| x(z) =0}

If I, # 0 then it is an ideal (two-sided) of S. In fact it is a prime ideal,
meaning that I, # S and S\ I, is a subsemigroup of S. There is an intimate
connection between exponentials and prime ideals. We have already noted that
if x: S — C is exponential and I,, # () then I, is a prime ideal. Conversely, if
I is a prime ideal of S then there exists an exponential x: S — C such that
I, = I, namely let x(z) =1 for x € S\ I and x(z) =0 for z € I.
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In order to describe some of our solutions on semigroups we partition the
nullspace into the disjoint union I, = If( U PS) U P>(<1+), where

PM ={pe I, \I}| forallwe S\ I, we have pw € I, \ I3},
PSJF) :={p € I, \ I] | there exists w, € S\ I, such that pw, € I7}.

(Note that pw € S\I, is impossible for p € I, since I, is an ideal if nonempty.)

A function F': S — C is Abelian if for every n > 2, permutation 7 on
{1,...,n},and x1,...,2, € S we have F(z(1) - Trn)) = F (21 2,). Note
that all additive functions and multiplicative functions are Abelian.

Define the relation ~ on a semigroup S by x ~ y if and only if there exist
S1y...,8n € S and a permutation 7 on {1,...,n} such that z = s;---s, and
Y = Sz(1) " Sx(n). It is clear that if x ~ y then F(x) = F(y) for any Abelian
function F': S — C. We read the statement x ~ y as “x rearranges to y.”

The following proposition is [3, Theorem 2.1]. The description of h in
part (iii) gives an indication of the additional complexity of solutions of Levi-
Civita functional equations on semigroups as opposed to groups.

PROPOSITION 2.1. Let S be a semigroup, and suppose h,g: S — C satisfy
the sine addition law

(2.1) h(zy) = h(z)g(y) + g(x)h(y), =,y €S,

with h # 0. Then h and g are Abelian and there exist multiplicative functions
X1, X2: S — C such that g = % In addition we have the following.

(i) For x1 # x2 we have h = ¢(x1 — x2) for some constant ¢ € C*.
(ii) For x1 = x2 = 0 = g we have S # S? and

hz) = {ho(x) forz e S\ S?,

0 for x € S?,

where ho: S\ S% — C is an arbitrary nonzero function.
(iii) For x1 = x2 =: X # 0 we have g = x, and h has the form
A(z)x(xz) forx e S\ I,
h(z) = < p(z) forx € PS),
0 forx € Ii U PSH,

where A: S\ I, — C is additive, p is the restriction of h to P)El), and
the following two conditions hold.
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(I) If x ~ pw with p € PS—H and w € S\ I, then h(z) = 0.
(I1) If © = pw with p € PS) and w € S\ I, then z € PS) and
p(x) = p(p)x(w).
Note the possibility that some values of p may be chosen arbitrarily.
The converse statements are also true if h # 0 in part .
Furthermore, if S is a topological semigroup and h € C(S), then g, x1, X2, X €

C(S), Ac C(S\ I,), and p € C(P).

The function p in part can take arbitrary values at some, none, or all
points of P>(<1), as demonstrated by examples in [3].

NOTATION 2.2. Let @4, ,: S — C denote a function having the form of h
in part of Proposition where x: § — Cis an exponential, A: S\ I, —
C is additive, p is the restriction of h to P,El), and conditions (I) and (II) hold.

Note that if S has no prime ideals (for instance if S is a group) then
DAy = Ax.

3. The solution of (|1.2)

We treat equation (|1.2)) first, since the solution is found directly (i.e. with-
out reference to ((1.1)) on a general semigroup. The next result is [6, Theo-
rem 5.1], modified slightly to eliminate an overlap between cases (c¢) and (d).

PROPOSITION 3.1. Let S be a semigroup. The solutions f,g: S — C of
(1.2) are the following pairs of Abelian functions, where x, x1,x2: S — C are
exponentials such that x1 # x2, ¢: S — C is a solution of the (special) sine

addition formula ¢(zy) = ¢(z)x(y)+x(x)d(y) such that ¢ # 0, a € C\{0,1},
and B € C\ {0, £1}.

(a) f is any function such that f(S?) = {0}, and g = 0.

(b) f is any nonzero function such that f(S%) = {0}, and g = 2f.

(c) o
= 200 — 1

X and g= ax.

(d)

2
54;1&1 —Xx2) and g= %(m 2+ 2 v~ xa).

le(Xl‘i‘XQ)"' 5

2
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() f=¢+x and g=x.

()
f=%¢+x and g=¢+x.

All of the following except the topological part follows directly from Propo-
sitions B.I] and 2.1

COROLLARY 3.2. Let S be a semigroup. The solutions f,g: S — C of
(1.2) are the following pairs of Abelian functions, where x, x1,x2: S — C are
ezponentials such that x1 # x2, a € C\ {0, 3}, and 8 € C\ {0, £1}.

(a) f is any function such that f(S?) = {0}, and g = 0.
(b) f is any nonzero function such that f(S?) = {0}, and g = 2f.

(c) a?
f:2a—1X and g = ay.
(d)
2 1
fZ;(X1+X2)+64;1(X1—X2) and 9:§(X1+X2)+§(X1_X2)'

(e) For some ®4,, , # 0 we have
f=Pay,+x and g=x.

(f) For some ® 4 ,, # 0 we have

1
f = §®A7X7p + X and g = ¢A7X7p + X'

Furthermore, if S is a topological semigroup and f,g € C(S), then x, x1, X2 €
C(S), Ae C(S\ L), and p € C(PM).

PROOF. The only things needing proof are the topological statements for

parts , (]ED and @) For part we have

2 _
g—fzﬁwl(xl—m)'

Since 2 # 1 and x1 # X2, the continuity of y; and Yy follows from |5
Theorem 3.18].
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In part (@ we get immediately that x and ®4, , are continuous. By

definition this yields that « — Ax/(z) is continuous on S\ I, and p € C’(PS)).
Since x(z) # 0 for x € S\ I, we have A € C(S\ I,).

Finally, in case @) we see that 2(g — f) = ®a,,, is continuous, thus
X € C(S) and the rest follows as before. O

Some examples are given in the final section.

4. Preparations for the solution of (|1.1))

Now we turn toward our primary goal of solving (1.1). The following is
a part of [I Lemma 4]. It is stated for groups but the same proof works for
semigroups.

LemMmA 4.1. If f,h: S — C satisfy

flzy) = f(=)f(y) + h(z)h(y), z,y €S,

then there exists a constant o € C such that

h(zy) = h(z)f(y) + f(2)h(y) + ah(x)h(y), z,y€ S

For the consideration of (|1.1) we shall impose the following conditions on
our semigroup S.

DEFINITION 4.2. Let S be a semigroup. We will say that S is compatible,
if S = 5?2 and for every prime ideal I C S the following condition holds.

(4.1) For each ¢ € I there exists w, € S\ I such that qw, € I*.

We say that a topological semigroup S is “topologically compatible”, or ¢-
compatible, if S = 5% and condition (4.1]) holds for every prime ideal I serving
as the null ideal of an exponential in C(S5).

Note that S = S? is satisfied for instance by every monoid (i.e. a semigroup
with identity element). Condition is satisfied for example by semigroups
with no prime ideals, and by semigroups in which I = I? for every prime
ideal I.

The next lemma shows that the solution of on compatible semigroups
will generalize the results of [I] and [2].
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LEMMA 4.3. The class consisting of groups and semigroups generated by
their squares is a proper subset of the class of compatible semigroups.

PRrROOF. Groups satisfy S = S? since they have an identity element, and
they trivially satisfy since they have no prime ideals. Suppose S is a
semigroup generated by its squares and I C S is a prime ideal. The proofs
that S = S? and I = I? are similar, so we prove only the second one. For any
x € I there exist a positive integer n and y1, . .., y, € S such that z = y? - - - 32,
since S is generated by its squares. Since [ is a prime ideal we have y; € I for
some 1 < j < n, therefore = (y7 ---y7_19;)(y;97 11 -~ ¥n) € [. Thus I = I?
and S satisfies . This proves that groups and semigroups generated by
their squares are compatible semigroups.

On the other hand, the semigroup S = (—1,1) under multiplication is not
a group and is not generated by its squares. Clearly S = S2. The only prime
ideal of S is I = {0}, and I = I?. Thus S satisfies condition and is
therefore compatible. O

By definition, if S is a compatible semigroup then P>(<1) = ) for every
multiplicative x: S — C. In such an event the form of h in Proposition (iii)
simplifies to

(4.2) h(z) = {A@)X(x) forw € S\ Ly,

0 for x € I,.

NOTATION 4.4. Let ®4,: S — C denote a function h of the form (4.2)),
where x: S — C is an exponential and A: S\ I, — C is additive.

From this point on we will generally state results in their topological ver-
sions. One can get algebraic (non-topological) versions by taking the discrete
topology. We have the following corollary of Proposition

COROLLARY 4.5. Let S be a t-compatible topological semigroup. If h,g €
C(S) satisfy the sine addition law with h # 0, then h, g belong to one of
the following families, where x1, x2, x € C(S) are multiplicative, A € C'(S\Iy)
is a nonzero additive function, and ¢ € C*.

(i) For x1 # x2 we have

X1+ X2

h=c(x1—x2) and g= 5

(i) For g = x # 0 we have h = ® 4, as described in Notation .
The converse statements are also true.
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PROOF. Part (i) carries over from Proposition but Proposition (ii)
is nullified by the imposed condition S = S2. Proposition [2.1{iii) carries over

to the current case since PS) = (). Furthermore A # 0 because h # 0. The
converse is easily verified. O

Next we consider a system of functional equations arising in the process

of solving (1.1J).

LEMMA 4.6. Let S be a t-compatible topological semigroup, and suppose
h € C(S) has the form h = ® 4, # 0 with exponential x € C(S). If f € C(S)

satisfies

(4.3) f(zy) = f(z)x(y) + x(@) f(y) + h(x)h(y), =,y€S,

then

(4.4) flz) = {(A/(:c) +1A@)?)x(z)  foraz e S\,

0 forxz eI,

where A" € C(S'\ 1) is additive.
Conversely, if f is giwen by (4.4) with additive A’: S\ I, — C and h =
D4y, then (4.3) holds.

PROOF. Suppose f,h satisfy (4.3) with h = ®4, # 0. For z,y € S\ I,
dividing ([£.3) by x(x)x(y) we get
f f f

;(:vy) = ;(m) + ;(y) + A(x)A(y), x,y€S\I.

Thus (f/x) — 34% =1 A’ € C(S\ 1) is additive, and we have the top case
of ([4.4). If I,, = 0 then we are done (with the bottom case of vacuous).
If I, # 0 and z,y € I,, then (4.3) yields f(zy) = 0 since x(z) = x(y) =
h(z) = 0. Thus f vanishes on I>2<. For any = € I, by t-compatibility there
exists w, € S\ I, such that zw, € I*. Thus by we get

0 = flzws) = f(x)x(wa) + x () f(we) + h(@)h(ws) = f(2)x(we)

since x(x) = h(z) = 0. Now x(w;) # 0 implies f(z) = 0 and we have (4.4).
The converse is a simple verification. (I

We introduce notation for the solution type of f above.

NOTATION 4.7. Let W4r 4,5 : S — C denote a function f of the form (4.4),
where x: S — C is multiplicative and A, A": S\ I, — C are additive.
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Thus Lemma[d.6|shows that the pair (f,h) = (¥4 4.y, P,y ) satisfies ([4.3).
Now we gather some linear independence results for typical solution func-
tions.

LEMMA 4.8. Let S be a semigroup, and let n € N. Suppose x,x’, x1,
X2s---sXn: S = C are distinct exponentials, A’, A: S\ I, — C are additive,
and @4, Varay: S — C are as defined above.

(a) {x1,X2,---Xn} 1 linearly independent.

(b) If A# 0 then {x,®a} is linearly independent.

(c) If A# 0 then {x',x,Pa} is linearly independent.

(d) If A#0 then {x,Pa,, Var ay} is linearly independent.

PROOF. Part (@) is part of |5, Theorem 3.18].
For part (@ suppose

ax +b®s, =0
for some constants a,b € C. Restricting to the subsemigroup S\ I,, we get
a+bA(x) =0, zeS\I,.

Thus a = bA =0, so b= 0 since A # 0.
For part suppose

(4.5) ax'+bx+cPa, =0
for some constants a, b, c € C. Then
(4.6) am(z) + b+ cA(z) =0, forze S\ I,

where m: S\ I, — C defined by m := x’/x is multiplicative. Using ({4.6)
several times we find that

0 =am(zy) + b+ cA(xy) = am(z)m(y) + b + cA(z) + cA(y)
= alm(z)m(y) —m(z) —m(y)] — b
= a[m(z) = 1][m(y) — 1] = (a +b),

0 alm(z) —1]im(y) — 1] =a+0b, forallz,yeS\I,.

If a # 0 then m is constant, say m(x) = p for all x € S\ I,. Putting this
into (4.6) we have ap + b+ cA = 0, so as before we find that ap + b = 0 and
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¢ = 0. Now (4.5)) yields ax’ + bx = 0, and by part @ this is possible only if
a =0b=0, a contradiction. Thus a = 0, and b = ¢ = 0 follows by part (]ED
Finally, for part @ let

ax + b(I>A7X + C\I/A/’A,X =0

for some constants a, b, ¢ € C. Restricting to the sub-semigroup S'\ I, we have
1
(4.7) a+bA(z) + c[A(z) + §A2(x)] =0, zeS\I,.

Since A # 0, each of the terms a,bA, cA’ in (4.7) is homogeneous of degree 0
or 1, while the term %AQ is homogeneous of degree 2 if ¢ # 0, hence ¢ = 0.
Now (4.7]) reduces to a + bA = 0, and since A # 0 we get a = b = 0. ([

The following will also play an important role in our solution of (1.1).

LEMMA 4.9. Let S be a t-compatible topological semigroup, and let x €
C(S) be multiplicative. If f,h € C(S) satisfy the pair of functional equa-

tions (4.3) and

(18)  hlrg) = h(@)(x + o)) + (+ SR @), my €S,

for some 6 € C, with f and h linearly independent, then they belong to one
of the following families, where x' € C(S) is multiplicative, A, A" € C(S\ I)
are additive, and ¢ € C*.
(a) For 6 # 0 we have h = ¢(x — x') and f = —ch + ® 4, where x # X' and
Dy, #0.
(b) For § = 0 we have h = ®4, # 0 and f = W4y # 0 (so x is an
exponential).
The converse is also true.

PROOF. We start with the “if” part. Since f, h are linearly independent we
have f # 0, h # 0. Note that can be viewed as the sine addition formula
with g := y + Sh. We divide the proof according to the cases (i) and (ii)
of Corollary for the solutions h of (4.8]).

Case (i): In case of Corollary we have h = ¢(x1 — x2) and g =
%(Xl + x2) for multiplicative x1,x2 € C(S) with x1 # x2 and ¢ € C*. Thus
we get,

co—1 cd+1
X1 — 5

1) 1
029—9:(X+§h)—*(X1+X2):X+ X2-

2 2
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By Lemma (a), this implies that y is equal to either x; or x2. Without loss

of generality suppose Y1 = x and ¢ = —% # 0. Now (4.3) and (4.8)), together
with the independence of f and h, show that

(h=0f)(xy) = (h—0f)(@)x(y) + x(x)(h — 5 f)(y)

with h — & f # 0. Applying Corollary [4.5]to the function h— 4§ f, we are in case
(i), so x # 0 and h — 6 f = ® 4, for additive A € C(S\ I,). Since § # 0 we
can solve for f here, and we get solution family @ after relabeling.

Case (ii): From Corollary [£.5(ii) we get ¢ = x1 = x2 =t X’ # 0 and
h = ®4 , for some exponential x’ € C(S) and additive A € C(S'\ I,/) with
A#0. Thuswehave():g—g:x’—(x—l—gh),so

0 /

Since h = ® 4 ,+ # 0, this contradicts Lemma [4.§{(c) unless 6 = 0 and x = x'.
Thus we have h = ® 4 .. Applying Lemmato (4.3) we get that f = W4 4
for some additive A’ € C(S'\ I;). Thus we have the solution forms in ([]).
For the converse, the verifications of and are straightforward.
The linear independence of f and h is confirmed by Lemma [£.8] O

Next we verify the solution families of (|1.1)) that will be found in our main
result. The method of proof parallels [I, Lemmas 1, 3, and 6.

LEMMA 4.10. Let S be a semigroup, let x;,x,x : S — C be multiplicative
functions, let A, A": S\I,, — C be additive, and let f,g,h: S — C be a solution
of (1.1)) such that f,g,h belong to one of the following linear spaces V.

(a) If V = span{x1,x2, x3}, then there exist aj,b;,c; € C satisfying

ajy bl C1 bl 62 bg ajy 0 0
(49) a9 b2 Co a; a2 as = 0 as 0
as b3 C3 Cc1 Cy C3 0 0 as

such that

3 3 3
(4.10) F=Yaixi 9=> bixi, h=>»_ cix:
i=1 i=1 i=1
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(b) If V.= span{x’,x,®a,y}, then there exist a;,b;,c; € C satisfying

ai b1 C1 bl b2 bg ai 0 0
(411) ag bQ C2 a1 a2 as = 0 a2 asg
as b3 C3 Ci1 C2 C3 0 as 0

such that

f=aix'+ax+a3Pay,
(4.12) =b1X +bax + b3Pay,
h = Clxl + Ccox + 03(1)‘,47)(.

(c) If V = span{x,Pa,Var Ay}, then there exist a;,b;,c; € C satisfying

ar by b1 by b3 ap a2 as
(413) as b2 Co a; a2 as = as as 0
as b3 C3 Cc1 Cy C3 as 0 0

such that

f=aix+ax®Pay+azVa 4y,
(414) g= le + bZQA,X + bB‘I/A/,A,X)
h = c1X + CQQ)AX + 03\1’A’,A,X-

Conversely, in each case if f, g, h is such a linear combination with coeffi-
cients satisfying the stated condition, then the functions satisfy . More-
over if any one of f,g,h is zero then the corresponding coefficients can be
chosen to be zero.

PROOF. For part (@), let £ C {1,2,3} be chosen so that {x; | i € E} is a
basis for V. Then there is a unique representation of f, g, h in the form
with ap = by, = cx = 0forall k ¢ E. With f = > _paixi, 9= D ,cpbiXis
h =73 ,cpciXi , the linear independence of {x; | i € E'} implies that is
satisfied if and only if the constants {a;, b;,¢; | i € E} satisfy

aibj + biaj + CiCj = 5ijai,

where d;; = 1 and 6;; = 0 for j # 4. Combining this with a; = by = ¢, = 0 for
k ¢ E we have the constraint ([4.9).

In part (]ED, define v1 = X/, 72 := X, 73 1= P4y, and let £ C {1,2,3}
be chosen so that {v; | ¢ € E} is a basis for V. As before there is a unique
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representation of f, g, h in the form (4.12)) with ay, = by = ¢, =0forallk ¢ E.
Inserting these forms into (1.1]) we find after some rearrangement that

a3®ax(2y) = (2a1b1 + ¢f — ar)x' ()X (y) + (2a2b2 + ¢ — az)x(2)x(y)
+ (a1bz + biaz + cre2) [} () x(y) + x(2)X (v)]
+ (2a3bs + ¢3) P, (2)Pa,x (y)
+ (a1bs + braz + c163) X (2)Pax (1) + Pax ()X ()]
+

azbs + baas + cac3) X ()P A (y) + Pay(2)x(y)]-

Since @4 (2y) = Pa(z)x(y) + x(x)Pa(y) we can rewrite the preceding
equation as

0= (2a1b1 + ¢ — an)x'(@)x'(y) + (2a2b2 + ¢5 — az)x(x)x(y)
+ (a1bz + braz + cre2) [ (@) x(y) + x(2)x' ()]
+ (2asbs + )Py (2)Pax (y)
+ (a1bs + braz + c1c3) [ (2) P ax (y) + Paq (2)X (v)]
+ (azbs + bzaz + c2c3 — a3)[x(2) P (y) + Pay(@)x(y)]-

By the linear independence of basis elements, the coefficients of all nonzero
terms vanish. Combining this with ax, = by = ¢ = 0 for all k ¢ E, we
have (4.11)).

For part (c|) define 1 := x, 72 := ®ay, 73 := Yar 4, and let £ C {1,2,3}
be chosen so that {7; | @ € E} is a basis for V. Again there is a unique
representation of f,g,h in the form with ax = by = ¢ = 0 for all
k ¢ E. Here we find that is satisfied if and only if

a1x(@y) + a2®ax (zy) + azWar,a,x(zy)
= (2a1b1 + )x(2)x(y) + (2a2bz + 3)Pax (2)Pax (y)
+ (2a3bs + 3) Va4, ()W ar 4y ()
+ (a1b2 + brag + c1c2) [x(2)Pa,x (y) + Pax(z)Xx(v)]
+ (a1bs + bras + c1c3)[X(2) W ar, 4y (y) + Y ar 4 (2)x(y)]
+(

asbs + baaz + c2¢3)[Pa ()P ar 4 (Y) + Var ay(2)Pay(y)]
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Since War 4y (zy) = War ax (@)X () + x(2)¥ar, a5 (y) + Pax(y)Pay(y) and
Dy (zy) = Pay(x)x(y) + x(2)Pa,(y), the preceding equation reduces to

0= (2a1b1 + cf — ar)x(2)x(y) + (2a2b2 + ¢ — az) @4, (2)Pa,x (y)
+ (2a3bs + 3) Va4 (@) Va4 (y)
+ (a1bz + braz + c1c2 — a2)[x(2) P a,x () + Pax ()X (y)]
+ (a1b3 + braz + cics — az)[X(2)Var, 4,5 (y) + Var, a5 (2)x(y)]
+ (azbs + baag + c2¢3)[Pa (#)Var,ax (1) + Va4, (2)Pax (y)].

As before, the independence of basis elements implies that the coefficients of
all nonzero terms vanish, and we have the claimed (4.13]).
The converse statements are easily verified by substitution. ([

5. The solution of ([I.1]

Now we are ready for the main result. Observe that if f = 0 in (L.I)),
then h = 0 and g is an arbitrary function. We omit this trivial case from our
theorem.

We adhere closely to the plan of the proof used in [I, Theorem|. Much of
that proof is repeated here, for two reasons. One reason is for completeness,
but the larger reason is that we arrive at a solution family in part (c) that is
stated more concisely than the one in [I]. We comment on that point again
after the proof.

THEOREM 5.1. Let S be a t-compatible topological semigroup, and suppose
frg,h € C(S) satisfy with f # 0. Then f, g, h belong to one of the three
families below. In each family we can choose a basis B for V and coefficients
aj,bj,c; so that the coefficients are equal to O for each term not appearing in
B. In addition the functions xj, X, X'sPa, Yar,ay: S — C that appear in B
belong to C(S), where x, X', x; are multiplicative and A, A" € C(S\ I,) are
additive.

(a) fig9,h €V = span{x1,x2, X3}, namely
3 3 3
F=>ax;, 9= _bixjy h=> cx;
=1 =1 7j=1

with a;,b;,c; € C satisfying (4.9).



The cosine-sine functional equation on semigroups 45

(b) f,g9.h €V =span{x’,x,®a,}, namely
f=aixX +asx+a3Pay, g=0bix +bax+b3Pa,,

h=cx +cax+c3Pay

with a;,b;,c; € C satisfying (4.11)).
(€) f,9,h €V =span{x,Pa,, VY a,y}, namely

f=a1x+ax®Pay +asVar sy,
g=bix+b2®Pa, +b3Wara,,
h=cix+ca®Pay+czWaray,

with a;,b;,c; € C satisfying (4.13)).
Conversely, the functions in each family satisfy (1.1).

PROOF. Let f,g,h € C(S) be a solution of (1.1) with f # 0, and suppose
first that {f, h} is linearly dependent. Then h = Af and (1.1 can be written
as

f(zy) = f(@)k(y) + k(z)f(y), =z,y€S,

where k € C(5) is defined by
o— 1 2
=g+ 2)\ I

By Corollary there are two solution families. In case (i) we have f =
c(x1 — x2) and k = %(xl + x2) for a pair of distinct multiplicative functions
X1, X2 € C(S) and ¢ € C*. Thus we have f,g,h € span{xi, x2} and are
in family (a). In case we get that & = y is a (continuous) exponential
and f = ®4,. Thus f,g,h € span{x, P4}, giving a solution belonging to
family . From here on we assume that {f,h} is linearly independent, so

h # 0. Comparing the results of computing f((zy)z) and f(x(yz)) using (L.1),
and using the linear independence of f and h, we obtain as in [I] the pair of

functional equations

(5.1)  g(zy) = g(@)g(y) + af () f(y) + BLf (x)h(y) + h(z) f(y)]
+ vh(z)h(y),

(5.2)  h(zy) = h(z)g(y) + g(@)h(y) + Bf (@) f(y) + V[ (@)h(y) + h(z)f(y)]
+ 6h(z)h(y),
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for some constants «, 3,7, € C. Then computing g(z(yz)) and g((zy)z) using
equations (5.1)), (5.2)), and (1.1]), a comparison of those results brings us (again

using linear independence of {f, h}) to the conclusion that
(5.3) a+pB6—~2=0.

Next, using (1.1)), (5.1, and the linear independence of { f, h} we find that

the functional equation

(54) (Af+9)(zy) = A+ 9)(@)Nf +9)(w) + (uf +vh)(z)(uf + vh)(y)

holds if and only if the constants A, u, v € C satisfy
(5.5) Nipd=a, pur=04, andv?=\+1.

Now the proof divides into two main cases.
Case 1: Suppose 3 = 0. Now from (5.3)) we have a = 42, and the choice
(A, p,v) = (—7,0,0) yields a solution of ((5.5)). Therefore by (5.4) we have

(5.6) g=x+f

for some multiplicative y € C(S). Using this to eliminate g from (1.1)) and
(5.2)), we arrive at the pair of functional equations

(5.7) flazy) = 29f(2) f(y) + f(@)x(y) + x(@)f (y) + h(z)h(y),

(5.8) h(zy) = h(z)(x + 2vf + gh) () + (x +2vf + gh) (2)h(y).

Here we subdivide the proof again.

Subcase la: Suppose v = 0. Now (5.7) and (5.8]) reduce to

flzy) = f(@)x(y) + x(2) f(y) + h(z)h(y),
() = h(@)(x + 5h) ) + (x+ S)(@)hiy).

with solutions given by Lemma If 6 # 0 then we have h = ¢(x — x’) and
f=—ch+ P4, with x,x,Pa, € C(5), for x # x’' (multiplicative), ¢ € C*,
and @4, # 0. In this case by we have f,g,h € span{x’, x,®a,} and
are again in solution family @ If 6 = 0 then we have h = ®4, # 0 and
f=Y4 a4, #0. Thus by we have f,g,h € span{x, ®a,¥a a,} and
are in family .

Subcase 1b: Suppose v # 0. Applying Corollary to yields two
solution families for the pair h, k, where k := x +2vf + 5h € C(S). The first
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family is h = ¢(x1 — x2), k = %(xl + x2) for distinct multiplicative x1, x2 €
C(S). Comparing the two equations for k, we see that f € span{xi, x2,Xx}-

Defining x3 := x and recalling , we have f,g,h € span{x1, x2, x3} and
are in family @ again.

The second solution family of from Corollaryis h=®4s,, k=X,
for some exponential x’ € C(S) and nonzero additive A € C(S\I,/). Equating
the two formulas for k here, we find that f € span{x’, x,®a,}. By we
have f,g,h € span{x’, x,®a } and (switching the roles of x and x’) are in
family (b)) again. This completes Case 1.

Case 2: Suppose 8 # 0. Choosing constants A, u, v satisfying we

rewrite as

(5.9) Af +9)(zy) = (A + 9)(@)(Af +9)(y) + vH(z)vH(y),
where v = 8 # 0 and H € C(S) is defined by

(5.10) vH := puf + vh.

From the independence of f, h we have H # 0, therefore A\f 4+ g # 0. Applying
Lemma 4.1/ to (5.9) we get

vH(xy) = (\f + 9)(@)vH(y) + vH(@)(M +9)(y) + qvH(@)vH(y)
for some n € C, that is
(5.11)  Hay) = H@)Af +g+ 5 H)(y) + O\ + g+ T H)(2)H(y).

Next we eliminate h from (1.1)) using (5.10]), resulting in

2 2

Fay) = F@) (9= EH+ 250 ) + (9= CH+ 5 1) (@) f(y) + H@)H(y).
Defining G € C(S) by
(5.12) G:_g—5H+2“V22f,

we can write the preceding equation as

(5.13) flzy) = f(2)G(y) + G(x) f(y) + H(z)H (y),
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which is again of the form (L.1)). The independence of f, H follows from (/5.10)).
In addition we can write (5.11)) in the form

2

(5.14) H(wy) = H(x)G(y) + G(x)H(y) + (A - 2%) [f(x)H(y) + H(z)f(y)]

+ (27” + nu)H(m)H(y).

We apply to (5.13) the results established for (1.1)) up to this point. In

particular we get the equation

H(zy) = H(z)G(y) + G(x)H (y) + 8" f () f(y) + " [f(x)H (y) + H(z) f(y)]
+0"H(x)H(y)

parallel to (5.2)) for corresponding constants 5*,v*,6* € C. Now comparing
the equation above with (5.14) we find that

2

0=—B"S@) () + (A= 2= =) [F@)H(y) + H@) S (y)]

+ (27“ o — 5*)H(m)H(y).
Since f and H are independent we therefore have g* = 0, so we are back
in Case 1 for the triple (f,G, H). Thus f,G, H belong to one of the families
@,@, or . Since f, g, h € span{f,G, H} by and , the functions
f, g, h belong to the same families. This finishes Case 2.

The converse is established by Lemma O

Note that the description of the solution in case here is simpler than
the one given in [I, Theorem|. We achieved this simplification by tracking the
solution closely and not splitting the function ¥4/ 4, into two terms. (In [IJ,
the function (A’ + A?)x was split into the terms A’y and A%x.) This point
is illustrated in the following corollary, which generalizes [I, Theorem| and
is an immediate consequence of Theorem Clearly any group satisfies the
conditions on S imposed here.

COROLLARY 5.2. Let S be a semigroup that satisfies S = S? and has no
prime ideals. If f,g,h: S — C satisfy with f # 0, then the solutions
belong to the following families, where x,x',x;: S — C are multiplicative
functions and A, A’: S\ I, — C are additive functions.
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(a) f’ga heV = Span{X1,X2aX3}; namely
3 3 3
F=>ax;, 9= _bixjy h=> cx;
j=1 j=1 j=1

with a;,b;,c; € C satisfying (4.9).
(b) f,g9,h €V = span{x’, x, Ax}, namely

[=ax +ax+asAx, g=>bix +bax+bsAx,

h = c1X' + cax + c3Ax

with a;,b;,c; € C satisfying (4.11)).
(C) f?ga heV = Span{X7 AX> (A/ + %A2)X}; namely

1
f=aix+aAx +az(A' + §A2)X,

1
g="bix+boAx + b3(A" + §A2)Xa

1
h=cix +caAx + c3(A' + §A2)X,

with a;,bj, c; € C satisfying .

Conversely, the functions in each family satisfy .

If in addition S is a topological semigroup and f,g,h € C(S), then we can
choose a basis B for V and coefficients a;, b;, c; in each part above so that the
coefficients are equal to 0 for each term not appearing in B, and the functions
appearing in B belong to C(S).

6. Examples

Since the case of groups and the case of semigroups generated by their
squares were handled in [I] and [2] respectively, we use semigroups which are
not groups and not generated by their squares.

We start with two examples applying Corollary

EXAMPLE 6.1. Let S = (N,+) and suppose f,g: S — C satisfy (1.2).
There exist nonzero solutions in cases (&) and (b)) of Corollary since
S\ §% = {1} is nonempty. The exponentials on S have the form y(n) = b" for
some b € C*. Since S has no prime ideals, ® 4, reduces to simply Ax where
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A: S — C is additive. Such additive functions have the form A(n) = an for
some a € C. The solutions in cases f(]ﬂ) of Corollary are obtained by
substituting these forms into the formulas given there.

For the next example let P denote the set of primes, and for each p € P
define C},: N — Ny by

Cp(x) := the number of copies of p occurring in the prime factorization of x.

Then C), is an additive function on the monoid S = (N, ). For each z € S let
P, denote the set of prime factors of z, so z = Hper pCr(@)

ExXAMPLE 6.2. Let S = (N,:) and suppose f,g: S — C satisfy .
Exponentials x: S — C have the form x(z) =[] cp, x(p)©*@ for all z € S.
The empty product is understood to be 1, so x(1) = 1. The prime ideals
of S are of the form Upcq(pN) for nonempty proper subsets Q C P. For a

given exponential y, the additive functions A: S\ I, — C have the form
Ax) = Zper\Ix A(p)Cp(x) for all z € S\ I,. The empty sum is defined to
be 0, so A(1) = 0. The set PSH is empty, and the set P,El) = I\ I} consists
of the primes p € I, and their products with elements of S\ I,. Condition
(IT) of Proposition states that p(z) = p(p)x(w) for x = pw with p € P>(<1)
and w € S\ I,. Here the value of p(p) for each p € P NI, is arbitrary, and

the values of p at all other points of P>(<1) are determined by condition (II).
Solutions of (|1.2)) are obtained by substituting these forms into the formu-
las in cases f@ of Corollary Since S is a monoid, case @ yields only

f=9g=0 and case (]ED is vacuous.
Now we turn to examples illustrating our results about (1.1)).

EXAMPLE 6.3. Let S = (—1,0)U (0, 1) under multiplication and the usual
topology. Clearly S = 52 and S has no prime ideals, so we can apply Corol-
lary to get the solutions of with f # 0. The continuous exponentials
on S have one of the three forms

x=1, x(z)=|z|% or x(z)=|z|sgn(x),

where o € C has positive real part. The continuous additive functions on S
are of the form A(x) = clog|z| for some ¢ € C.

The next example has two prime ideals, Iy = {0} and I» = (—1,1), both
of which satisfy I = I?. We choose a topological version that eliminates I5 for
convenience. (The exponential x with I,, = I is defined by x(1) = x(—-1) =1
and x(z) =0for —1 <z < 1.)
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EXAMPLE 6.4. Let S = [—1,1] under multiplication and the usual topol-
ogy. Then S is t-compatible, so we can apply Theorem [5.1] to get the continu-
ous solutions of with f # 0. The continuous exponentials on .S have one
of the three forms

lz|*  ifx#0, |z|*sgn(x) if x #0,
x(x) = or x(z)=

=1,
X 0 ifx=0, 0 ifx=0,

where @ € C has positive real part. The continuous additive functions on
S\ {0} are of the form A(z) = clog|x| for some ¢ € C. The only additive
function on S is the zero function, so ®41 = W4 41 = 0. Thus solution
families (b)) and arise (non-trivially) only for y # 1.

The final example illustrates some of the complexity obstructing attempts
to solve on a general semigroup. We return to S = (N, -), which satisfies
S = S? since it is a monoid. As we saw in Example[6.2] we can get the solutions
of on S from Corollary But S is not a compatible semigroup, since
I = pN is a prime ideal for any prime p and pw € I \ I? for every w € S\ I,
thus condition of compatibility fails.

The following example exhibits solutions of that are not of the forms
in Theorem [5.1]

EXAMPLE 6.5. Let S = (N,-), let p # ¢ be primes, let I = pN U ¢N, and
let g: S — C be the exponential

g(ac):{l forx € S\ I,

0 forxel,
with null ideal 1. Let h: S — C be defined by

0 for x € S\ I,
h(aj): p(S) forx:S’wGI\I2, WithSE{p,(]},’WES\I,
0 for x € I?,

where p: {p,q} — C is not the zero function. Define f: S — C by

A(x) for x € S\ I,

i) 0'(s) for x = sw € I'\ I? with s € {p,q}, we S\ I,
€Tr) =
p(s)p(t) for z = stw € I*\ I with s,t € {p,q}, we S\I,
0 for x € I3,

for some additive A’: S\ I,, = C and a nonzero function p’: {p,q} — C.
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It can be checked that f, g, h satisfy (1.1)), with f # 0 and h = ®¢ 4, # 0.
Clearly neither f nor h has a form seen in Theorem [5.1

Things can get more complicated than the last example. For other semi-
groups (and exponentials x defined on them), all three pieces of the nullspace

partition I, = I>2< U PSJF) U P>(<1) are nonempty, and the interactions under
multiplication of elements from different pieces can complicate the picture
further. The proliferation of cases created by this situation makes the prob-
lem of solving on a general semigroup rather unwieldy.
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