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Abstract. The sine addition formula on a semigroup S is the functional
equation f(zy) = f(z)g(y)+g(z)f(y) for all z,y € S. For some time the solutions
have been known on groups, regular semigroups, and semigroups which are gener-
ated by their squares. The obstacle to finding the solution on all semigroups arose
in the special case that g is a multiplicative function. We overcome this obstacle
and find the general solution on all semigroups using a transfinite induction ar-
gument. A new type of solution appears which is not seen on regular semigroups
or semigroups generated by their squares.

We also give the general solution of the sine subtraction formula f(zo(y)) =
f(z)g(y) — g(x) f(y) on monoids, where o is an automorphic involution. The so-
lutions of both equations can be described in terms of additive and multiplicative
functions, with a slight new twist. The general continuous solutions on topolog-
ical semigroups are also found. A variety of examples are given to illustrate the
results.

1. Introduction

The sine addition formula on a semigroup S into a (commutative) field K
is the functional equation

(1) flzy) = f(x)g(y) + g9(x) f(y), =y€S,

for two unknown functions f,g: S — K. We use multiplicative notation for
the semigroup operation, since .S is not assumed to be commutative. This
functional equation generalizes the trigonometric identity

sin(x + y) = sin(z) cos(y) + cos(z) sin(y), z,y € R.

Key words and phrases: semigroup, prime ideal, topological semigroup, sine addition formula,
sine subtraction formula, monoid.
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534 B. EBANKS

The sine addition formula has attracted much interest, due both to its
fundamental nature and to its connections with other trigonometric func-
tional equations. It also has applications to other branches of mathematics
such as the theory of function algebras (see [5, section 4.3]). It has been
studied extensively (both individually and as part of a system of equations)
for the past century, beginning with the case S = (R,+) and K = R. For
references to early works on this equation see [1, Section 3.2.3]. Over the
years regularity assumptions on the functions have been weakened, and do-
mains have been generalized to groups and eventually to semigroups. It was
solved on Abelian groups by Vincze [6], and on general groups by Chung,
Kannappan, and Ng [3]. The most current result on semigroups was given
by Stetkeer and the author [4] (see Lemma 2.1 below). Our main goal is to
give the general solution of (1) on all semigroups.

A secondary goal is the solution of the sine subtraction formula

(2) flzo(y)) = f(@)g(y) — g(2) f(y), =z,y €S,

which generalizes the identity
sin(x — y) = sin(z) cos(y) — cos(z)sin(y), =,y € R.

We solve (2) for unknown functions f,g: S — C, where S is a monoid and
o: S — S is an automorphic involution. That ¢ is an involution means
cgoo(x)=xforall z € S.

For additional discussions of these functional equations and their history,
see [2, Ch. 13], [5, Ch. 4], and their references.

The outline of the paper is as follows. In the next section we present some
background information, including the current state of knowledge about (1).
Lemma 2.1 shows that the missing piece of the solution of (1) occurs in the
case that ¢ is multiplicative. The complete solution of (1) for that case is
given in Theorem 3.5, which shows that all solutions can be described in
terms of additive and multiplicative functions. Corollary 3.10 sums up the
general solution of (1) on semigroups. In section 4 we give the general solu-
tion of (2) on monoids. The paper concludes with a variety of applications
and examples of these results on various kinds of semigroups.

2. Background and setup

The basic building blocks for solutions of the sine addition and subtrac-
tion formulas are the homomorphisms of S (or one of its sub-semigroups)
into the additive and multiplicative semigroups of K. A function A: S — K
is additive if

Azy) = A(z) + A(y), forall z,y € S,
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and a function m: S — K is multiplicative if
m(zy) = m(x)m(y), forallz,yeS.

If m is multiplicative and m # 0 then we call m an ezponential. A significant
role is played by the nullspace

Iy, :={x €S |m(z) =0}

of a multiplicative function m. If the nullspace is nonempty then it is an
ideal (two-sided) which we may call the null ideal of m.

For any field K let K* = K \ {0}.

For a topological semigroup S and a topological field K, let C(S, K) de-
note the algebra of continuous functions mapping S into K. We abbreviate
C(S,C) as C(9).

The current knowledge about (1) is summed up in the following, which
is [4, Lemma 3.4 and Remark 3.5]. Recall that a monoid is a semigroup with
an identity element. A semigroup S is reqular if for every a € S there exists
an x € S such that ara = a.

LEMMA 2.1. Let S be a semigroup, and suppose f,qg: S — C satisfy the
sine addition law (1) with f # 0. Then there exist multiplicative functions
my,mo: S — C such that
M1 +mg
9= 9 .

Additionally we have the following.

(i) If my # ma, then f = c(my —ma) for some constant ¢ € C*.

(ii) If my = ma, then letting m := my we have g =m. If S is a semi-
group such that S = {zy | z,y € S} (for instance a monoid), then m # 0 (i.e.
m is an exponential).

If S is a group, then there is a nonzero additive function A: S — C such
that f = Am.

If S is a semigroup which is reqular or generated by its squares, then
there exists an additive function A: S\ I, — C for which

0 forx e I,.

fla) = {A(w)m(w) forx e S\ I,

Furthermore, if S is a topological group or semigroup (regular or gener-
ated by its squares), and f,g € C(S), then my,ma,m € C(S). In the group
case A € C(S) and in the second case A € C(S\ Ip,).

Note that C can be replaced here by any quadratically closed commuta-
tive field of characteristic different from 2 (see e.g. [2, p. 212]).
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So we see that (1) is completely solved (for complex valued functions)
on semigroups in the case mq # mo, that is, when ¢ is the arithmetic mean
of two distinct multiplicative functions. The remaining case, in which ¢ is a
multiplicative function m, reduces the sine addition formula to the special
case

(3) flzy) = f(x)m(y) + m(x)f(y), =,y €S

This equation also has been solved on groups and certain types of semi-
groups. Our primary goal is to find its solution on all semigroups.

Prime ideals of S play a key role in the study of (1) and (3), so we define
them now. An ideal I of a semigroup S is called a prime ideal if I # S and
whenever xy € [ it follows that either x € I or y € I. This means that an
ideal I is prime if and only if S\ I is a (proper nonempty) sub-semigroup
of S.

There is a very close relationship between prime ideals and exponentials
on semigroups. If m: S — K is exponential, then the nullspace I, is an
ideal if it is nonempty. Furthermore if I,,, # ) then it is easy to see that the
null ideal I, is a prime ideal. Conversely, if I is a prime ideal of S, then
there exists an exponential m: S — K such that I = I,,, (just take m(x) =1
for x € S\ I and m(z) =0 for x € I).

A function f on a semigroup S is said to be Abelian if f(2r1) - Tr(n)) =
flxy--ay) foralln €N, (z1,...,2,) € S™, and permutations 7 on {1,...,n}.
The next result shows that for any semigroup S and any solutions f,m:
S — K of (3) with m multiplicative, the function f is Abelian. (Note that
additive functions and multiplicative functions into a commutative ring are
always Abelian.)

LEMMA 2.2. Let S be a semigroup, let R be a commutative ring, and
let f,m: S — R be a solution of (3) with m multiplicative. Then for every
n > 2,

(4) f(z1 - zp) = Zf(x]) H m(zy), for all (z1,...,x,) € S™.

j=1 ke{l,...,n\{j}
Consequently f is Abelian.

PrROOF. We proceed by induction. For n = 2, equation (4) states that
f(x1z2) = f(z1)m(x2) + f(x2)m(z1), which is (3). Now suppose (4) is valid
for some n > 2. Then by the inductive hypothesis and (3) we have

flxr-wpg1) = f((21 Tn)Tpg1)

= f(z1- - 2p)m(Tpt1) + f@pp)m(zy - 2)
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:Zf(xj) H m(xp)m(Tps1) + f(ng1) H
k=1

Jj=1 ke{l,...,n}\{j}

n+1

= Z f(z;) 11 m(zy,)

ke{l,...n+10\ {5}

for all (x1,...,2n41) € S"™. Therefore we have (4) for all n > 2. Clearly
this implies that f is Abelian, since the right hand side of (4) is symmetric
in all its variables. [J

Lemma 2.2 allows us to operate as if S were commutative, since our
variables appear only as arguments of Abelian functions. To describe this
license to permute variables in the argument of an Abelian function we in-
troduce the following notion. Define the relation ~ on semigroup S by x ~ y
if and only if there exist s1,...,s, € S and a permutation 7 on {1,...,n}
such that z =s1--- s, and y = s5(1) "+ Sg(y). It is clear that if z ~y then
o(x) = p(y) for any Abelian function p: S — K. We read the statement
T~y as “x rearranges to y.”

The following simple observations will be useful in the next section.

LEMMA 2.3. Suppose f,m: S — K satisfy (3) with m multiplicative.
If o ~pw with p€ I, and we S\ I, then f(x)= f(p)m(w). More-
over, if x ~ piwy and T ~ powy with p1,pe € L, and wi,wy € S\ I, then

f(p1)m(wr) = f(p2)m(wz).

PROOF. If  ~ pw with p € I, and w € S\ I, then by (3) we get
f(@) = flpw) = f(p)m(w) + f(w)m(p) = f(p)m(w),
since m(p) = 0. The second statement follows immediately since f(p;)m(w;) =

f(z) fori=1,2. O

3. General solutions of (3) and (1)

For any g € S, the monogenic semigroup generated by ¢ is
q):={q" | neN}.

Note that for additive A: S — K and multiplicative m: S — K we have
A(¢™) =nA(q) and m(q") = m(q)"™, so the values of A and m on (gq) are
completely determined by their respective values at q.

If (g) is infinite then it is isomorphic to (N, +). This is sometimes called
the free monogenic semigroup because it is a free semigroup with one gen-
erator.
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If (g) is finite then we say that ¢ is periodic. Then there exist positive
integers k # n such that ¢* = ¢. If k is the smallest positive integer such
that ¢¥ = ¢ for some n > k, and if r is the smallest positive integer such
that ¢* = ¢*", then we refer to k as the index and r as the period of the
finite monogenic semigroup

(@) ={a.¢*....d"" 1}

In this case {¢*,...,¢"* 1} is a cyclic subgroup of S.

LEMMA 3.1. Let g € S, and suppose f,m: S — K satisfy (3) with m
multiplicative. Then we have the following.

(i) If ¢ € S\ Ip,, then there exists an additive function Aq: (q) — K such
that f = Agm on (q).

(i) If q € L, then f(¢") =0 for all n > 2.

Note that the value f(q) may be unspecified for some q € I,.

PRrOOF. For part (i) suppose g € S\ I,,. Then m(q) # 0 and thus m(x)
# 0 for all z € (q). Dividing (3) by m(xy) = m(z)m(y) # 0 for z,y € (q),
we see that

Ag(x) =

defines an additive function A,: (¢) — K.
For part (ii) suppose q € I,,, so m(q) = 0. For any n > 2, putting x; =
<o =x, =qin (4) we get

m(z) for all z € (q)

O
Now define

I,%I::{yz|y,zelm} and P, :=1I,\ I>.

We can think of P, as the set of “prime-like” elements of I,,,, in the sense
that they cannot be realized as the product of two elements of I,,,.
We introduce the notion of a sub-solution pair for (3).

DEFINITION 3.2. Let f,m: S — K be a solution of (3) with m multi-
plicative, and let £ be the empty function from the empty set to K. Suppose

(i) T is a sub-semigroup of S; and

(i) if T\ I, # 0 then Ap : T'\ I, — K is additive, otherwise Ap = £.

We call (T, Ar) a sub-solution pair for (3) if

Arp(x)m(z) forx e T\ I,
(5) f(z) =1 fl(pym(w) forx ~pw € P, withp e TN P, weT\ I,
0 for x € TN I2,.
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The middle line of (5) is justified and consistent by an application of
Lemma 2.3 on T

By Lemma 3.1 we see that if ¢ € .S with m(q) # 0 then ({(¢), f/m) is
a sub-solution pair for (3). In this case the last two lines of (5) are vacu-
ous. On the other hand if m(q) = 0 then ({g),€) is a sub-solution pair for
(3), where the first two lines of (5) are vacuous and the value of f(q) is
unspecified (unless (¢) is a cyclic group, in which case f(q) = 0).

For a sub-semigroup 7' C S and an element y € S\ T, let (T,y) denote
the semigroup generated by T'U {y}. We show that a sub-solution pair for
(3) on T can be extended to a sub-solution pair on (7', y).

PROPOSITION 3.3. Let f,m: S — K be a solution of (3) with m multi-
plicative, and let (T, Ar) be a sub-solution pair. Let g € S\T and T' = (T, q).
Then there exists an additive function Ap : T'\ I, — K such that (T, Ap)
1s a sub-solution pair.

Proor. We divide the proof into two cases, depending on the location
of gq.
Case 1: ¢ € S\ I,. By Lemma 3.1 there is an additive function A,: (¢)
— K such that f = A;m on (g). Since T” contains both 7" and (g), our
first step is to extend Ar to Ap: (T'\ I,,) U{q) — K by the definition Ay :=
Ap U A,. Thisis not a problem if (T'\ I,,,) N (g) = 0. If there exist t € T'\ Iy,
and ¢’ € (g) such that ¢t = ¢/, then we have to check our definition of A7 for
consistency. In this case we have

Ap(t)ym(t) = f(t) = f(¢’) = Ag(d))m(q’) = Ag(¢)m(2).

Since m(t) # 0 this implies Ap(t) = A,(¢’), so the additive functions Ar
and A, agree at points where the underlying sub-semigroups intersect, thus
A7 is well-defined.

Next we will extend A to an additive function Az : T\ I,,, — K. For
this we need to consider arbitrary products of elements from 7'\ I,,, and
(q). Since these elements only appear as inputs to Abelian functions, any
such product x can be rearranged to an element of the form t¢’ for some
teT\ I, and j €N, thus x ~t¢’. For any x ~tq’ € T'\ (T U {(q) U IL,),
by (3) we have

ftd?) = fF&)m(d’) + f(a)m(t)
= Ar(t)m(t)m(¢’) + Ar (¢’ )m(@’)m(t) = [Ar(t) + Ar(¢’)] m(te’).
Defining Az : T'\ I, = K by A := Ar on (T'\ I,,,) U (g), and by
Ari(tq’) == Ar(t) + Ar(q’)
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on T\ (T'U(q) U L,), we see that A/ is additive and f = Apm on T"\ I,y,.
This proves the top line of (5) on T".

Verifying the third line of (5) on 7" is quite simple. If x € 7" N I2,, then
x =y'Z for some y/, 2" € I;,. Then (3) yields

fl@) = f(y'2) = f(")m() + f(z")m(y') = 0,

since m(y') = m(2') = 0.

Verification of the second line of (5) on 7" is even easier. Suppose
x~pw eT' NP, with p e T"NP,, and w’ € T\ I,,, Then applying
Lemma 2.3 on T" we get f(x) = f(p')m(w’).

This completes Case 1.

Case 2: q € I,;,. Since I, is an ideal we have in this case 7'\ I,,, =T\ I,
so defining Ay := Ay we immediately get f = Apm on T"\ I,,,. This gives
the first line of (5) on 7.

The second and third lines of (5) hold on 7" by the same calculations as
in Case 1.

Therefore (7", Ap/) is a sub-solution pair. [

Define a partial order < on the set of sub-solution pairs by (77, A4;) <
(Ty, Ag) if Ty C Ty and Ay agrees with A; on Tj. The next step is to show
that every chain of sub-solution pairs has an upper bound.

LEMMA 3.4. Let A be a linearly ordered set and suppose {(Tx,Ax) |
A € A} is a chain of sub-solution pairs for (3). PutT =|JT)\ and A =] Ax.
Then (T, A) is a sub-solution pair for (3), and (Tx,Ax) < (T,A) for all
AeA.

PrOOF. The relation (T, Ay) < (T, A) for all A € A is obvious, so we
just have to show that (7, A) is a sub-solution pair for (3).

To verify the first line of (5) on T, suppose « € T'\ I,;,. Then there exists
A € A such that x € Ty \ I,,, so

F() = Ax@)m(x) = Alz)m(x).

For the second line of (5) on T, suppose = ~ pw € T'N P, with p €
TNP, and w € T\ I,,. Then there exist A, A2 € A such that p € T\, N P,
and w € Ty, \ I,. Taking A\ = max{A1, A2} we have p € TN Py, w € Th\ I,
so pw € Ty N P, and therefore f(z) = f(p)m(w).

For the third line of (5) on T, suppose x € T'N I2,. Then there exists
A € A such that z € T\ N 12, thus f(z) = 0.

Therefore (T, A) is a sub-solution pair for (3). O

Now we come to our first main result.
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THEOREM 3.5. Let m: S — K be multiplicative. Then f: S — K satis-
fies (3) if and only if f is an Abelian function of the form

A(x)m(z) forxze S\ I,
6) f(z)=< f(p)m(w) forx ~pw € P, withp € P, we S\ I,
0 for x € 12,

for some additive function A: S\ I, — K.
Furthermore, if S is a topological semigroup, K is a topological field, and

fime C(S,K), then A€ C(S\ In, K).

PROOF. Suppose f,m: S — K is a solution of (3) with m multiplicative.
Lemma 2.2 shows that f is Abelian. If m = 0 then that same lemma shows
that f(xy---x,) =0 for all n > 2 and all z1,...,x, € S = [,,. In this case
the first two lines of (6) are vacuous and the third line holds.

Now we assume m # 0, so m is an exponential. By Lemma 3.1 we
have for any ¢ such that m(q) # 0 a sub-solution pair ({(g), f/m) for (3).
Lemma 3.4 shows that every chain of sub-solution pairs for (3) has a least
upper bound, so by Zorn’s Lemma the collection of all sub-solution pairs has
a maximal element, say (7', A). We claim that 7' = S. If this is not the case
then there exists an element y € S\ T, and by Proposition 3.3 there exists a
sub-solution pair (7", A") such that (T, A) < (7', A’) with T  a proper subset
of T', contradicting the maximality of (T, A). Thus we have a sub-solution
pair (S, A) of the form (6) for additive A: S\ I,, — K.

Conversely, suppose m is multiplicative and f is Abelian of the form
(6) for additive A: S\ I,, - K. The verifications that the pair (f,m) is a
solution of (3) are not very difficult. We omit the case xz,y € S\ I,,,, which
is straightforward. Suppose z € S\ I, and y ~ qw with ¢ € P,, and w €
S\ I,. Then wz € S\ I, and we have

f(zy) = f(zqu) = f(q(wz)) = f(g)m(wz)
= fl@m(w)m(z) = f(y)m(z) = f(x)m(y) + f(y)m(z)

since m(y) = 0.
Next, suppose x € S\ I,,, and y € I2,. Then y = gr with ¢,r € I,,, so

f(zy) = f(aqr) = f((zq)r) = 0= f(x)m(y) + f(y)m(z),
since (zq)r € I2, and m(y) = f(y) = 0.

Thirdly, suppose x ~ pv and y ~ qw for p,q € P,,, and v,w € S\ I,.
Then xy € I2, so we have

fzy) = 0= f(x)m(y) + f(y)m(z),

since m(x) = m(y) = 0.
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We leave the remaining verifications to the reader.

The topological statement is vacuous if m = 0. For m # 0 it follows im-
mediately from the equation f(z) = A(x)m(z) for x € S\ I,,, since m(z) # 0
shows that A = f/m is continuous on S\ I,,. O

REMARK 3.6. For the topological part of Theorem 3.5, if f # 0 then we
need only assume that f is continuous. Indeed, if f(yg) # 0 for some yy € S
then

1

m(x) = Fo) [ f(zyo) — f(x)m(yo)] forall z €S,

S0 m is continuous.

We have a small improvement to the part of Lemma 2.1(ii) dealing with
semigroups generated by their squares.

COROLLARY 3.7. Let fy,m: S — K satisfy (3) with m multiplicative.

If S is generated by its n-th powers for any n > 2, then there exists an
additive function A: S\ I, — K for which

forx e I,.

flz) = {gl(w)m(x) forxz e S\ I,

Furthermore, if S is a topological semigroup, K is a topological field, and
fimeC(S,K), then Ae C(S\ I, K).

ProOF. By Theorem 3.5 it suffices to show that P, is empty (or equiv-
alently 12, = I,,,). For any z € I,,, there exist y1,...,yx € S for some k € N
such that z = H?:l yj. Since m(z) =0 we have 0 = m(y1)" -~ m(yx)", so
m(y;) = 0 for some j. Writing z; =y} - -- ygb_ly;?_l and zo = Yy} Ui,
we have £ = 2129 € I,%T Therefore P, = () and the result follows. O

ExAMPLE 3.8. Let S =(—1,0)U (0,1) under multiplication, and sup-
pose f,m: S — K satisfy (3) with m multiplicative. It is easy to see that
S has no prime ideals. By Corollary 3.7 we have f = Am for some additive
function A: S — K, since S is generated by its cubes. (Note that S is not
regular and is not generated by its squares.)

If in addition K is a topological field and f,m € C(S,K), then A €
C(S,K).

The next result (which also has a simple direct proof) follows immedi-
ately from Theorem 3.5 and gives the general solution of (3) for the case
m = 0.
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COROLLARY 3.9. If m =0 then f: S — K satisfies (3) if and only if f
has the form

) fp) forz=peP,
J(@) = {0 forx e S\ Pp,.

In this case Py, = S\ {zy | z,y € S}.

In view of this result we will generally assume that m is an exponential
in applications of Theorem 3.5.

Now we arrive at our primary objective. Combining Lemma 2.1 with
Theorem 3.5 we get the general solution of the sine addition formula (1). We
choose K = C as co-domain here for convenience. Part (i) of the next result
requires that the co-domain be a quadratically closed field of characteristic
different from 2, while part (ii) is valid for any field as co-domain. If f =0
in (1) then g is arbitrary, so as in Lemma 2.1 we exclude that trivial case.

COROLLARY 3.10. Let S be a semigroup, and suppose f,g: S — C sat-
isfy the sine addition law (1) with f # 0. Then f is Abelian and there exist
multiplicative functions my,mo: S — C such that g = (mq +msg)/2. In ad-
dition we have the following.

(i) If my # ma, then f = c(my — mg) for some constant ¢ € C*.

(ii) If m1 = mo =:m, then g = m and f is given by (6) for some additive
function A: S\ I, — C.

The converse statements are also true if in part (ii) we choose A and/or
f(p) for some p € Py, so that f # 0.

Furthermore, if S is a topological semigroup and f € C(S), then g, mq,
ma,m € C(S) and A € C(S\ In).

PROOF. Most of this follows immediately from Lemma 2.1 and Theo-
rem 3.5. The continuity of g follows from that of f and the hypothesis f # 0
as in Remark 3.6. Then the continuity of mj,ms in part (i) follows from
the linear independence of distinct non-zero multiplicative functions (see [5,
Theorem 3.18(d)]). The only other thing needing justification is the claim
that f is Abelian in part (i), but the form of f makes this obvious. O

4. General solution of the sine subtraction formula

Now we come to our secondary objective.
Recall that the sine subtraction formula is the functional equation

(7) flzo(y)) = f(x)g(y) —g9(x)f(y), x,y€S,

for unknown functions f,g: S — K, where o: S — S is an automorphic invo-
lution. For any function ¢: S — K let ¢ = 3(¢+¢po00), po = 5(p—po0)
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be the even and odd parts of ¢, respectively (with respect to o). Then
$ = Pe + Po-

We start with a small lemma bringing out a few facts about ¢ when m
is even.

LEMMA 4.1. Let S be a semigroup with automorphic involution o, and
let m: S — K be a multiplicative function such that m oo =m. Then we
have the following.

(a) If € S\ Iy, then o(x) € S\ Ip,.

(b) If x € L, then o(x) € L.

(c) If x € Py, then o(x) € Pp,.

(d) If z € 12, then o(x) € 12,

ProoF. Parts (a) and (b) are obvious. For part (c), if = € P,, then
o(x) € I, by (b). Suppose (for a contradiction) that there exists = € P,
with o(z) € Iy, \ P, so o(z) = st € I2,. Then

r=oco00(zx)=o(st) = o(s)o(t) € I,

contradicting = € P,,. For (d), if # = st € I2, then o(x) = o(s)o(t) € I2,
by (b). O

The most current result for (7) on monoids is a combination of [5, The-
orem 4.12] and [4, Proposition 3.6], which give the solutions in the case
m = m oo only if S is a group or a monoid generated by its squares. Here
we present the general solution for all monoids by incorporating the findings
of Corollary 3.10.

THEOREM 4.2. Let M be a monoid, and let o: M — M be an automor-
phic involution. The solutions f,g: M — C of the sine subtraction formula
(7) with f # 0 are the following pairs of functions, where m: M — C is mul-
tiplicative, b € C, and ¢ € C*.

(i) For m #moo (so m #0) we have

f=cm—moo), g:m+;nocr

+ b(m —moo).

(ii) For m = moo we have g = m+0bf where f has the form (6) with addi-
tive A: M\ I, = C. Furthermore Aoo = —A, f(o(p)) =—f(p) forp € Pp,
and either A # 0 or f(p) # 0 for some p € Py,.

Note that f and g are Abelian in each case.

Moreover, if M is a topological monoid and f € C(M), then g,m,moo €
C(M) and Ae C(M\ I,).

ProoF. We follow the general outline of the proof of [4, Proposition
3.6] (which in turn is based on [5, Theorem 4.12]). That proof starts by
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writing g as ge + g, and showing that f is odd. Next it shows that g, = bf
for some constant b € C, and that

f(xy) = f(x)ge(y) + ge(l”)f(y), x,y € M.

We now take the solution forms of f and g, from Corollary 3.10, so f is
Abelian and there exist multiplicative functions mq,mo: M — C such that
ge = (m1 +mz2)/2. If mg # my then we have f = ¢(m; — my) for some con-
stant ¢ € C*, since f # 0. Since f is odd (and nonzero) while g, is even, we
infer that mo = mjoo. Recalling g, = bf, renaming bc as a new b, and defin-
ing m := my we obtain the formulas in (i), which show that g is Abelian.
Moreover since m # m o ¢ we have m # 0, so m is exponential and we have
part (i). Conversely, it is easy to check that these formulas define a solution
of (7) with f # 0.

Now consider the case m; = mo =: m. Then g. = m where m: M — C
is multiplicative, and the form of f is given by (6) for some additive function
A: M\ I, — C. Moreover, since g, is even we find that m = moo. Further-
more, since f is odd we get from (6) that Aooc = —A, and f(o(p)) = —f(p)
for p € P,, by Lemma 4.1. Since g, = bf we have g = m+bf, so g is Abelian.
This gives part (ii).

We have to check that the formulas for f and ¢ in (ii) define solutions
of (7). Here we have g = m + bf, so equation (7) is equivalent to

(8) f(zo(y)) = f(x)m(y) — m(z)f(y), =,y€ M,

and this is the equation we check. By Lemma 4.1 and the fact that o is
an automorphism, o preserves the location of variables in each case to be
checked.

For the case z,y € M \ I, it is easy to verify that the given form of f
satisfies (8), so we omit that. Now consider the case x € M\ I,,, and y ~ qu
for ¢ € Py, and w € M \ I,,. Then using Lemma 4.1 (and that f is Abelian
and m oo = m) we see that

flza(y)) = f(zo(q)o(w)) = f(o(g)ro(w))
= fla(g))m(zo(w)) = = f(g)m(z)m(o(w)) = —f(g)m(w)m(z)
= —flqw)m(z) = f(z)m(y) — f(y)m(z),

since xo(w) € M \ I, and m(y) =0. The verification for the case x ~
pv € Py, and y € M \ I, is similar, so we omit it.

Next consider the case x ~ pv, y ~ qw for p,q € Py, and v,w € M \ I,,.
Then zo(y) € I2,, so we have f(zo(y)) =0 = f(z)m(y) —m(z)f(y) in accord
with (8), since m(z) = m(y) = 0.

If x€ M\ I, and y € I2,, let y = st with s,t € I,,. In this case we
have 20(y) = 20 (s)a(t) = (20(5))o(t) € I2,, s0 f(z0(y)) =0 = f(z)m(y) —
m(z) (y) because f(y) = m(y) = 0.
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The verifications of the remaining cases are similar. [

REMARK 4.3. It is easy to check that the variant f(o(y)z) = f(z)g(y) —
g(z) f(y) has the same solutions as (7).

In the remaining sections we present some examples illustrating the ap-
plication of our results to a variety of semigroups.

5. Semigroups with relatively few prime ideals

For the rest of the paper our main focus is on applications of Theorem 3.5
to various kinds of semigroups, with secondary attention given to illustra-
tions of Theorem 4.2. We will not mention applications of Corollary 3.10 at
all, since they follow readily. When discussing applications of Theorem 3.5
we generally assume that the multiplicative function m is an exponential,
since the (almost trivial) case m = 0 is handled by Corollary 3.9.

Several examples illustrating solutions of the sine addition and subtrac-
tion formulas on groups and semigroups which are regular or generated by
their squares were presented in [4], so we do not do that here. Instead we
present examples on semigroups which are not regular (hence not groups)
and not generated by their squares, so they are not covered by Lemma 2.1
or [4, Proposition 3.6].

When our examples involve a direct product of semigroups we use com-
ponentwise operations, and for topological semigroups we use the product
topology.

The fewest number of prime ideals a semigroup can have is none, so we
begin there. For semigroups with no prime ideals, the solutions of (3) have
the simplest possible form: If m is an exponential then f = Am for some
additive function A. All groups and infinite monogenic semigroups are of
this type, but there are others such as the following.

Let Ng = NU {0}, and let char(K') denote the characteristic of K.

EXAMPLE 5.1. (a) For any k € N let S = N¥ under (componentwise)
addition, and suppose f,m: S — K satisfy (3) with m exponential. It
is easy to see that S has no prime ideal. Therefore by Theorem 3.5
there exists an additive function A: § — K such that f = Am. The ad-
ditive functions on S are of the form A(zy,...,xx) = Z?:l Aj(z;) for ad-
ditive functions A;: N — K, and the exponential functions have the form

m(xy,...,z5) = H§:1 mj(z;) for exponentials m;: N — K. If char(K) =0
then Aj(x) = ajxz and m;(x) = (b;)* for constants a; € K, b; € K*.

(b) Let M = Ny x Ny under addition, and let o: M — M be the switch-
ing involution defined by o(z,y) = (y,x) for all (z,y) € M. The solutions
f.g: M — C of the sine subtraction formula (7) with m exponential and

f # 0 are given by Theorem 4.2, where in part (ii) we have f = Am since
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M has no prime ideal. The additive functions such that Aooc = —A #£ 0 are
of the form A(xz,y) = c¢(xz —y) for some ¢ € C*, and the exponentials m such
that m = m o o have the form m(z,y) = b**¥ for some b € C*.

In fact, if Sq,...,S; are semigroups with no prime ideals then their di-
rect product S7 X --- x Sy also has no prime ideal. So the previous example
generalizes to other direct products.

Other semigroups that may not have many prime ideals are semigroups
with a zero. We say a semigroup S contains a zero element, usually de-
noted 0, if 0-x=2-0=0 for all x€S. If S has a 0 then the only addi-
tive function on S is the zero function. (That follows from A(0) = A(x - 0)
= A(x) + A(0) for all x € S.) Moreover for any exponential m on S it fol-
lows from m(0) = m(x - 0) = m(z)m(0) for all x € S that either m(0) = 0 or
m = 1. Note also that if m is an exponential with null ideal I,,, = {0}, then
P,,, is empty since 0 = 02 € I2,.

In the next result and the following two examples, the singleton set con-
taining the zero element is the only prime ideal of S.

COROLLARY 5.2. Let S be a semigroup with zero element 0 and unique
prime ideal {0}, and let f,m: S — K satisfy (3) where m is exponential.
Then there exists an additive function A: S\ I, — K for which

) A(x)m(x)  forx € S\ Iy,
f@) = {0 forx € 1.

If S is a topological semigroup, K is a topological field, and f,m €
C(S,K), then A€ C(S\ I, K).

PRrROOF. The result follows from Theorem 3.5 after showing that P, is
empty for every m. If I,, = () this is obvious. If I, # () then the only re-
maining choice is I,,, = {0}, so P,, = () and the result follows. (Note that if
I, =0 thenm=1and f=0.) O

~ Our next example is the additive semigroup of extended natural numbers
N = NU {oo}, where n + 0o = 0o +n = 0o + 0o = oo for all n € N. Thus oo
is the zero element for N.

EXAMPLE 5.3. Let S = (N, +), let char(K) =0, and let f,m: S — K be
a solution of (3) with m exponential. Either m = 1, or m(oco) = 0 and there
exists b € K* such that m(s) = b° for all s € N. The unique prime ideal of S
is {oo}. The additive functions on S\ {oo} = N are of the form A(x) = cx
for some ¢ € K. Applying Corollary 5.2, if I,,, = {oo} we have

Flz) = {casz for x € N

0 for x = o0,
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for some constants b,c¢ € K with b # 0. In the case I, = ) we have m =1
and f = 0.

Now we consider an innocuous-looking semigroup, but it carries some
rather wild additive and multiplicative functions.

EXAMPLE 5.4. Let 0 <r <1, let S = ([0,r],-) with the usual topology,
and suppose f,m € C(S,R) is a solution of (3) with m exponential. Here
{0} is the unique prime ideal of S. Applying Corollary 5.2 we get f = 0 and
m = 11if I,,, = 0. In the case I, = {0} we have

Fa) = {gl@)m(x) for € (0.1

where A € C((0,7],R). In this case there are exorbitant numbers of unusual
continuous additive functions on (0, r] and exponentials on [0,7]. They can
be chosen rather arbitrarily on the interval (r2,7], subject only to being
continuous on (r% 7] and satisfying constraints at the endpoints (r and r?)
guaranteeing that they have continuous extensions to the respective full in-
tervals (0,7] and [0,7]. (For example the constraints on m are 0 < m(r) < 1
and lim,_, ,2y+ m(x) = m(r)*.)

The wildness of the additive and exponential functions in the previous
example is not merely due to the fact that S does not contain 1. For ex-
ample, the continuous exponentials from ([0,1),-) into R are rather tame:
m =1 or m(x) = x¢ for some real constant ¢ > 0.

Corollary 5.2 extends to direct products if we add one more assumption.

COROLLARY 5.5. For some integer n > 2, let Sy, ..., S, be semigroups
such that each S; has unique prime ideal {0;} consisting of a zero element.
Let S = S1 x -+ xSy, and suppose f,m: S — K satisfy (3) where m is an
exponential. If S; ={xy|x,y € S;} (for instance if S; is a monoid) for
each j, then there exists an additive function A: S\ I, — K such that

0 forx e I,.

(9) flz) = {A(x)m(x) for x € S\ In,

Moreover if each S; is a topological semigroup, K is a topological group,
and f,m € C(S,K), then A € C(S\ I, K).

PROOF. Again the result follows from Theorem 3.5 if we show that P,
is empty for every m. If I,,, = () this is obvious, so assume now that I,,, # (.
The list of prime ideals in .S consists of

I =81 x - 8j1 x {05} X Sjp1-++ X Sy
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for each j € {1,...,n} and all nonempty unions of the I;. By our hypothesis
on the S; we have IJ2 = 1I; for 1 < j <n. Suppose I, = UjeJ I; for some
subset J C {1,...,n}. Then

z-|Uzu| U ma|-Uz-Us-1.

jeJ j£keT jeJ jeJ

since ;I C I; = Ijz. Therefore P, =0 and we have (9) for additive
A: S\ I, » K defined by A := f/m. O

To set up the next example, we first identify the exponentials and addi-
tive functions we will need. On the monoid M = ([—1,1],-) the continuous
exponentials m: M — C have one of the three forms

(10)

m=1, mz)= |x|® forz #0 or m(z) = |x|*sgn(x) forxz #0
0 for z = 0, 0 for x =0,

where a € C has positive real part (written 9(a) > 0). Since M has a 0,
the only additive function on M is A = 0. On the sub-monoid M \ {0} the
continuous additive functions are of the form A(z) = clog|x| for some ¢ € C.

EXAMPLE 5.6. Let S =[—1,1] x [-1,1] under (componentwise) multi-
plication. The continuous exponentials have the form m(z,y) = mq(z)ma(y)
where each m; : [—-1,1] — C has one of the three forms in (10) with R(«) > 0.
The prime ideals of S are I = {0} x [—1,1], I = [-1,1] x {0}, and [; U 5.
For a given exponential m € C(S), the corresponding continuous additive
functions A: S\ I,,, — C are as follows, where ¢, ¢ € C.

(a) If I,, = 0 then A =0.

(b) If I,,, = I then A(z,y) = ¢ log |x|.

(c) If I,,, = I then A(z,y) = colog |yl

(d) If I,,, = I U I then A(z,y) = ¢1 log |x| + ¢2 log |y].

(i) By Corollary 5.5 we get the continuous solutions of (3) on S for m
exponential and f,m € C(S) by plugging the above forms into (9).

(ii) Let 0: S — S be defined by o(z,y) = (y,x). By Theorem 4.2 and
Corollary 5.5 we get the continuous solutions of (7) for f € C(S) and f # 0
by plugging the above forms into the formulas of Theorem 4.2 using (9) in
place of (6). In Theorem 4.2 (ii) the exponential m satisfies m = m o g, so
it must have the form m =1 or

a o ;
m(z,y) = |xy] or zy # 0 or m(z,y) = |ry|® sgn(xy) for xy # 0
0 for zy = 0, 0 for xy = 0,
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where R(«) > 0. Since m # m oo in Theorem 4.2(i), in that part m must
have a form different from these. Also in part (ii), the condition Aoco = —A
is satisfied only if A(z,y) = B(log|z| — log|y|) for some § € C.

Some semigroups with a zero do not satisfy the condition S = {zy |
x,y € S} imposed in Corollary 5.5. The following is an example to which
Corollary 5.5 does not apply.

EXAMPLE 5.7. Let T=S x S where S= (N, +), and suppose char(K)=0.
S has unique prime ideal {oo}, and the exponentials on S and additive func-
tions on S\ {oo} = N were given in Example 5.3.

The prime ideals of T" are I} = {co} X N, I = N x {o0}, and I) U I5.

Nullspaces and exponentials on T', with corresponding additive functions
on T\ I, are the following, where by,bo € K* and ¢1,c2 € K.

(@) I, =0, m=1, A=0.

(b) Iy, = I, with m(z,y) = (b1)* and A(z,y) = cyz for all (z,y) € T\ I,.

(c) Iy, = Iz, with m(z,y) = (b2)¥ and A(z,y) = coy for all (z,y) € T'\ I,.

(d) I, = I U I, with m(z,y) = (b1)*(b2)¥ and A(z,y) = c1z + coy for all
(x,y) € T\ Ip,.

By Theorem 3.5 we get the solutions f,m : T — K of (3) for m expo-
nential by plugging the above forms into (6).

Note that in cases (b),(c),(d) we have nonempty P, given respectively
by Pr = {(00, 1)}, Pow = {(1,00)}, and Po, = {(00,1), (1,00)}, 50 (6) does
not reduce to (9). Thus for example in (b) the value of f(co,1) € K is
unconstrained.

Next we consider the upper-triangular matrix semigroup

TH(2,R) = { <8 2) (a,b,deRwith a,d > 0}.

A few calculations reveal that S =T (2,R) has exactly three prime ideals
1y, 15, 11 U Iy, where

11:{<82> ‘beR,dzO} and 12:{<38> (azo, beR}.

The prime ideal I; U I5 consists of the singular matrices in S.
To prepare for the next example we identify the requisite exponentials
and additive functions.

LEMMA 5.8. Let S =T7%(2,R) with the usual topology. The exponen-
tials m € C(S,R), corresponding nullspaces I,, and additive functions A €
C(S\ In,R) are the following, where p,q,d,v € R with p,q > 0.

(a) If I, =0, then m =1 and A= 0.
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(b) If I,, = Iy, then for all a,d >0, b e R, and ¢ > 0,

b b
m<8 d> =dad’ and A(g d> = ~loge.

(c) If I, = I3, then for all a,d >0, b€ R, and ¢ > 0,

b b
m<8d>:dq and A<gc>:610gc.

(d) If I, = I, Uy, then for all a,d > 0, b € R, and c1,cy > 0,

ab\ 54 crt b\
m<0d>—ad, and A(O 62>—’ylogcl+5log02.

PrOOF. Let m € C(S,R) be an exponential, and let O, I be the zero and
identity matrices in S, respectively. Then m(I) =1, and either m(O) =0
or m= 1.

If I,, =0, then m(O) # 0 so m = 1. The only additive function on S is
the zero function, since S contains a zero. Thus we have part (a). Henceforth
we assume that I, # 0, so m(O) = 0.

For the remaining calculations, to save space we use the abbreviation

ab
(a,b,d) := <0 d>
for elements of S.

If I,,, = I then for all @ > 0 and b € R we have
m(1,0,0)m(a,b,0) = m((1,0,0)(a,b,0)) = m(a,b,0),

so taking a # 0 we get m(1,0,0) = 1. Now for all b € R and a,d > 0 we see
that

m(a,b,d) = m(a,b,d)m(1,0,0) = m((a,b,d)(1,0,0)) = m(a,0,0) =: x(a)

defines a continuous function x: [0,00) — R with x(1) = 1. Since x is clearly
exponential and x(0) = m(O) = 0 we have the form of m given in (b) with
p > 0.

Now suppose A € C(S'\ I1,R) is additive. For d >0, b€ R, and a >0

we have
A(a,b,d) + A(1,0,0) = A((a,b,d)(1,0,0)) = A(a,0,0) =: a(a),

for some continuous function « : (0,00) — R. With (a,b,d) = (1,0,0) the
preceding equation gives 2a(1) = a(1), so a(1) = 0. Since « is clearly addi-
tive we have the form of A given in part (b).

Acta Mathematica Hungarica 164, 2021



552 B. EBANKS

Part (c) is parallel to part (b).
Finally, suppose I,,, = Iy U I5. Then for any aj,d; > 0 and b; € R (j =
1,2) we have

m(ay, by, dy)m(az, ba, d2) = m(aiaz, a1bs + bids, dyds).
Interchanging (a1,b1,d;) and (ag, be, ds) yields
m(alag, a1by + b1 ds, dldg) = m(agal, asby + bady, dgdl).

For ay,dy,a,d > 0, let ag = a/ay, dy = d/d;, and suppose a # d. Given any
y € R, choosing by = dy/[d1(d — a)] and by = —a1y/(d — a) in the last equa-
tion we get

(11) Y(a,d) :==m(a,0,d) = m(a,y,d), a#d>0,yecR,

for some function ¢: (0,00) x (0,00) \ {(z,x) | z > 0} — R*. Since m is mul-
tiplicative we see that 1 is componentwise multiplicative, so as long as a # d
we have v(a,d) = x1(a)x2(d) for multiplicative functions x1,x2 : (0,00)
— R*. Furthermore, for any a,d > 0 with a # d and any y € R we have

x1(a)x2(d) = m(a,yd/a,d) = m(a,y,a)m(1,0,d/a)
= m(av Y, a)Xl(l)XQ(d/a)'

Thus m(a,y,a) = x1(a)x2(a), showing that (11) holds also for a = d. Def-
inition (11) also yields that x1, x2 are continuous (and nonzero) on (0, c0),
so they have the form xi(z) = 2P, x2(z) = 27 for some constants p,q € R.
Thus at this point we have m(a,y,d) = aPd? for all a,d > 0 and y € R. Since
m is continuous and m(0,y, c¢) = m(c,y,0) =0 for all y € R, ¢ > 0, this rep-
resentation extends to a = 0 and d = 0 with p,¢ > 0. Thus we have the form
of m given in part (d).

If AeC(S\ (I1UIL),R) is additive, then by the same reasoning we get
the form for A shown in (d). O

Thus we have the following.

EXAMPLE 5.9. Let S =T%(2,R), and let f,m € C(S,R) be a solution
of (3) with m exponential. We show that P,, is empty. For any element

X € I we have
0b 00
x=(00)-x(02).
so X € I?. Similarly, if Y € I5 then
ab 10
v (50) = (on) v
therefore P, is empty in all cases.
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By Theorem 3.5 we have

AX)Ym(X) for X e S\ I,
£ - {AmX) \
0 for X € I,,,,
where A € C(S\ I)n,R) is additive. The forms of A and m are given in
Lemma 5.8.

6. Semigroups with many prime ideals

Let BT be the set of nonempty finite sequences of elements from a
nonempty set B. The elements of BT are called strings or words, and the el-
ements of B are called letters. We identify the letter £ € B with the string of
length one in BT consisting of that letter alone, so B C B™. Under the op-
eration of concatenation of strings, BT becomes a semigroup called the free
semigroup on B. For each letter ¢ € B, the set of all strings containing ¢ is
a prime ideal of B if B contains more than one letter. Furthermore, every
proper nonempty subset of B generates a prime ideal of BT, so the number
of prime ideals is 2Bl — 2, where |B| denotes the cardinality of B.

EXAMPLE 6.1. Let B™ denote the free semigroup on alphabet B. If
f,m: BT — K satisfy (3) with m exponential, then Theorem 3.5 provides
the solution form (6) for f in terms of an additive function A: B*\ I,,, — K.
The forms of multiplicative and additive functions on B are straightforward
to compute in terms of their values on the generating set B. For any string
w € Bt and any letter ¢ € B, define Ny(w) to be the number of times ¢
appears in w. Then m(w) = [],c,, m(£)Ne) for every w € B, so m is gen-
erated by its values m(¢) for £ € B. Similarly, if A: BT — K is additive
then A(w) = Y",c,, A(0)Ny(w) for all w € BY.

For a given exponential m, suppose w € P,,. Then w cannot be decom-
posed into a product uv such that m(u) = m(v) = 0. Thus w must contain
exactly one letter belonging to I,,,, and that letter must occur exactly once
in w.

If char(K) =0 then a simple example of an additive function on B*
(and by restriction to its sub-semigroups) is A(w) = L(w)1g, where 1f is
the multiplicative identity in K and L: BT — N is the length function, de-
fined by L(w) equals the number of letters in the string w € BT, counting
multiplicities. This is the additive function generated by taking A(¢) = 1k
for each letter /.

For our next application we return to the notion of periodicity, which was
introduced in Section 3. A semigroup S is said to be a periodic semigroup
if every element of S is periodic. Although each element has finite order,

Acta Mathematica Hungarica 164, 2021



554 B. EBANKS

the semigroup S itself may be infinite, in which case it has infinitely many
prime ideals.

COROLLARY 6.2. Let S be a periodic semigroup, and let char(K) = 0.
Then f,m: S — K satisfy (3) with m exponential if and only if f is Abelian
and

m(w orx ~pw € P, withp € P,,, we S\ I,
0 otherwise.

PROOF. By Theorem 3.5, f has the form (6). Let € S\ I,,,. Since x is
periodic, the monogenic semigroup (z) generated by z is finite. If A: S\ I,
— K is additive, then A(z™) = nA(x) for every n € N, but the set A((x)) is
finite, so A(x) = 0. Thus we have (12). O

For our final example we consider a familiar semigroup with infinitely
many prime ideals, namely the multiplicative semigroup S = (N, ) of posi-
tive integers. Since S is commutative the statement x ~ y becomes x = y.

Let P denote the set of prime numbers. Then pN is a prime ideal of S
for each p € P. If m: S — K is multiplicative then the nullspace I, is the
union of all pN for primes p such that m(p) = 0.

COROLLARY 6.3. Let S = (N,:). The functions f,m: S — K satisfy
(3) with m exponential if and only if and there exists an additive function
A: S\ I, — K such that

A(z)m(zx) forxz e S\ I,
flz) =< f(p)m(w) for x =pw withp € PN Iy, weS\IL,
0 for x € I2,.

PRrROOF. By Theorem 3.5, if I,,, = () then we have f = Am and we are
finished. Assuming I, is nonempty, we need to establish the middle line of
the form of f. If z = p'vw’ with p’ € P, and w’ € S\ I, then consider the
prime factorization of p’. Since m(p’) = 0 there exists a prime factor p of p’
such that m(p) = 0. Thus we have p’ = py for some y € S. Since p' € P,
it follows that y € S'\ I,,,. Now we have x = pw with w := yw' € S\ I,, as
claimed. [

Note that P, is generally not equal to P N I,,,. For example if m(3) =0
and m(2) # 0 then 6 € P,,, but obviously 6 ¢ P N I,,. In this case we have
f(6) = f(3)m(2), where f(3) can be any element of K.
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