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DERIVATION PAIRS ON RINGS AND RNGS

BRUCE EBANKS

Abstract. We generalize a classical result about derivation pairs on function
algebras. Specifically, we describe the forms of derivation pairs on rings and
rngs (non-unital rings) which are not assumed to be commutative. The proofs
are based on knowledge of the solutions of the sine addition formula on a
semigroup. Examples are given to illustrate the results.

1. Introduction

Motivation for this article comes from a classical result in the theory of
function algebras. Let A be an associative unital algebra over the field C of
complex numbers. A derivation pair on A is defined to be a pair of linear
functionals f,g: A — C satisfying

(1.1) flxy) = f(x)g(y) +g(x)f(y), =,y€A

Let A denote the set of multiplicative linear functionals m: A — C such that
m # 0. If g € A and (f,g) is a derivation pair, then f is called a point
derivation on A at g. The following result seems to have been found first by
Glaeser 2] for commutative A. It was later rediscovered by Zalcman [4], and
Stetkeer [3, Theorem 4.10] noted that the commutativity assumption on A
can be deleted.

PROPOSITION 1.1. Let A be a complex associative unital algebra. Any pair
f, g of linear functionals satisfying on A with f # 0 has one of the forms
(a) f=9m and g =m/2,

(b) f=v(m2—m1) and g = (m1 + m2)/2, or
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(¢) f is a point derivation at m and g = m,

where v € C\ {0} and m,mq, mq € A with my # mao.

Our goal is to prove results similar to Proposition [I.I] on more general
algebraic structures which need not possess a vector space structure.

R is rng (or non-unital ring) if (R, +) is an Abelian group, (R, -) is a semi-
group, and multiplication distributes (on both sides) over addition. If R has a
multiplicative identity element then R is a ring. We denote the multiplicative
identity by 1 (or 1g if there is more than one ring in the picture). We do not
assume that (R, -) is commutative.

If R and R’ are rngs, we say that a function f: R — R’ is additive if
fle +y) = f(x) + f(y) for all z,y € R. A function f: R — R’ is multi-
plicative if f(zy) = f(z)f(y) for all x,y € R. If f: R — R’ is both additive
and multiplicative, then f is a rng homomorphism (so we include the trivial
rng homomorphism f = 0). Let H @1(\}%, R’) denote the set of all rng homo-

morphisms of R into R, and let Hom(R, R') denote the set of non-trivial
homomorphisms.

If R and R’ are rings, then f: R — R’ is a ring homomorphism provided
f is a rng homomorphism and f(1g) = 1r/. For consistency of notation we

let @(R, R’) denote the set of all ring homomorphisms of R into R’, since
the zero mapping is excluded.

Let f,g: R — R’ where R, R’ are rngs. Generalizing the definition used in
the theory of function algebras, we say that (f,g) is a deriwation pair (from
R into R') if f is additive and

(1.2) flxy) = f(x)g(y) +g(x)f(y), =,y€R.

Obviously this equation is identical to except for the domain and co-
domain of the functions. If ¢ € Hom(R, R') and (f,¢) is a derivation pair,
then we say that f: R — R’ is a point derivation at .

We observe that if R is a ring, R is a sub-ring of R’, and f is a point deriva-
tion (from R into R’) at the identity function, then f is simply a derivation
from R into R'.

Equation is known in the functional equations literature as the sine
addition formula on the semigroup (R, -). Here we use different terminology
since R also has an additive structure and f is also assumed to be additive.

We do not assume that a rng is equipped with a vector space structure,
nor do we assume anything about the function g other than (i.e. we
do not assume that g is additive). Our main results are Theorem and
Corollary which generalize Proposition to the setting of rngs and
rings, respectively. We illustrate the application of these results with some
examples on rngs and rings in the final section of the paper.
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2. Preliminaries

If X is a topological space and R is a topological rng, let C'(X, R) denote
the algebra of continuous functions mapping X into R. Let C'(X) = C(X, C).

For any rng R let R* := R\ {0}.

For any semigroup S define S? := {xy | z,y € S}.

A domain is a rng in which ab = 0 implies that a =0 or b = 0.

We use a basic result about the sine addition formula on a semigroup S.
A function m: S — C is multiplicative if m(zy) = m(z)m(y) for all z,y € S.
The following result is a corollary of 3| Theorem 4.1].

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

flzy) = f(@)g(y) + g(x) f(y), zy €S,

with f # 0. Then one of the following three cases holds, where m, my,mo: S —
C are multiplicative functions with my # me and m # 0.
(a) There ezists o € C* such that f = a(mi — ma) and g = (m1 + ma)/2.
(b) g =m and f is a (nonzero) solution of f(xy) = f(x)m(y)+m(x)f(y) for
allx,y € S.
(c) S# 5%, g=0, f(xy) = 0 for all x,y € S, and there exists xg € S\ S?
such that f(zg) # 0.
Cases @, (@, and are mutually exclusive.
Furthermore, if S is a topological semigroup and f € C(S5), then g, mq,
ma, m € C(S5).

Note that case cannot occur if S has an identity element, since $% = S
in that event.

The form of f in case (b)) is described in detail in [I, Theorem 3.1], but
the description is rather complicated and Proposition [2.1] is sufficient for the
present needs.

3. Main results

We start with a simple lemma.

LEMMA 3.1. Let R, R’ be rngs, and suppose f,g: R — R’ is derivation
pair with f # 0. If R is a domain then g is additive.
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PRrOOF. By (1.2), the additivity of f, and the distributive law in R, we
have

(f(2)g(y) + g(x) f(y) + (f(2)g(2) + g(x) f(2))
= f(zy) + f(zz) = fzy + 22)

(y +2))

)9(y +2) +g(x) f(y + 2)

x)g
g(y +2) + g(x)(f(y) + £(2))

= f(
= f(
= f(x)
for all x,y,z € R. Hence

f@)(9(y) +9(2) —gly+2)) =0, x,y,z€R.
Since f # 0 we see that g is additive. O

Our first main result is the following.

THEOREM 3.2. Let R be a rng. Any derivation pair (f,g) on R into C

with f # 0 has one of the forms below, where ¢ € %(R,C) and ¢1,ps €
Hom(R,C) with ¢1 # ¢o.
(i) There exists v € C* such that f = v(p1 — ¢p2) and g = (p1 + ¢2)/2.
(il) g = ¢ and f is a (nonzero) point derivation at ¢.
(iii) For R # R? we have g =0, f is a point derivation at 0, and there exists
zo € R\ R? such that f(xq) # 0.

Conversely, in each case (f,g) is a derivation pair with f # 0.

Cases , , and are mutually exclusive.
Furthermore, if R is a topological rng and f € C(R), then g, ¢1, ¢2,

» € C(R).

PROOF. Suppose f,g: R — C is a derivation pair with f # 0. By
Lemma [3.1] we see that g is additive. Applying Proposition [2.I] on the semi-
group (R, ), we have three cases to consider.

In case () we have f = y(m; —ms) and g = (m1 +mo)/2 for some vy € C*
and multiplicative functions my, mo: R — C with m; # ms. Since f and g
are both additive we see that my = g+ f/(2v) and mg = g — f/(27) are also
additive. Therefore my, my € Hom(R, C). Defining ¢; := m; we have solution
class .

In case (]ED since g is multiplicative, additive, and nonzero we have g €
EO?”L(R, C). Thus we are in solution class .

Case immediately gives solution class .

The converse is easily verified, and the mutual exclusivity and topological
statements follow from Proposition 2.1 O



Derivation pairs on rings and rngs 273

For rings we have the following corollary. (Recall that the zero map is not
a ring homomorphism.)

COROLLARY 3.3. Let R be a ring. Any derivation pair (f,g) on R into
C with f # 0 has one of the forms below, where ¢, p1, P2 € I?o?z(R, C) with
$1 # @2, and v € C*.
(@) f=7(¢1— ¢2) and g = (¢1 + ¢2)/2.
(b) f=7¢ and g = /2.
(¢) f is a (nonzero) point derivation at ¢ and g = ¢.

Conversely, in each case (f,g) is a derivation pair with f # 0.

The cases are mutually exclusive.
Moreover, if R is a topological ring and f € C(R), then g, ¢1, p2,¢ € C(R).

Proor. By Theorem we have three solution classes to consider.
In class , if ¢1, 2 € Hom(R,C) then we are in case @ If on the other

hand one of ¢1, ¢s is in %(R, C) while the other one is 0, then we are in
case (]ED
Class carries over as our case .
Class is eliminated since R has a multiplicative identity, thus R = R?.
The rest follows from Theorem O

The results above leave open the question of what forms the point deriva-
tions take. The answer to that question depends heavily on the rng or ring.
For that reason we give some examples in the next section.

4. Examples

In this section we illustrate the application of Theorem [3.2] and Corol-
lary to some rngs and rings which are not covered by Proposition since
they are not algebras over C.

Our first two examples deal with sub-rng U and sub-ring T of M (2,7),
where

(4.1) U::{(S 8>|a,b€Z}, T;:{(S [é)|a,b,c€Z}

under the usual addition and multiplication. The rng U does not have a two-

sided identity but it has left identity (1) 8 .

First we identify the homomorphisms and point derivations of U and T
into C. If f: T'— C, let f|y denote the restriction of f to U.
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LEMMA 4.1. Define hy,ho: T — C by

hy (g Ié) = a, ho (8 g) =c

for all a,b,c € Z. We have the following.

(a) Hom(U,C) = {Iulu}.

(b) Hom(T C) = {h1, ha}.

(¢) If f: U — C is a point derivation at hy|y, then f = 0.
(d)

()

If f: T — C is a point derivation at hy or ho, then f = 0.

e) If f: U — C is a point derivation at 0, then f = 0.

PROOF We combine the proofs of @) and (]ED First suppose that
RS Hom(T C). Since ¢ is additive we have

o6 0)=e[ (6 0)+ 6 0)+ (0 %))
_a¢<(1, 8>+b¢<8 (1)>—|—c¢<8 ?)

=ao+ b+ cy

for all a,b,c € Z, where a, 3,v € C. Then by multiplicativity we get for all
a,b,c,a’,b',c € Z that

/ /
aa'a + (ab' + b )B + ey = ¢ <aa ab C—ic_,bc>

a b a v
=¢ <0 c> ¢ <0 c’)
= (aa+bB + cy)(d'a+b' B+ v).

It follows that a = a2, ay = 0, 8 = 0, and v = ~2. Since ¢ # 0 we have
(o, 7) € {(1,0),(0,1)}, thus ¢ € {hy, he} and we have part (b]). By restriction
to U, the same calculations (with ¢ = ¢ = 0 and v non-existent) prove

part @
We also combine the proofs of and (d). Let f: T — C be a point
derivation at h;. Since f is additive, we find as above that

¥ (8 i) = ady + bdy + b3
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for all a,b,c € Z, where 61, d2, d3 € C. Using this form in (1.2)) with g = hy we
have

b / b/
aa'dy + (ab’ + bc')oa + e b5 = f[ (8 C) (C(L) c’> }

/ /
(5 e (o 2)
= (ad1 + bda + cd3)a’ + a(a'dy + b'62 + ¢ 63)

for all a,b,c,a’,b',c € Z. Tt follows that §; = 63 = d3 = 0, so f = 0. By
restriction to U, the appropriately modified calculations prove part .
Similar calculations show that the point derivation f: T" — C at hy is
f =0, thus we have part @
To prove @ suppose f: U — C is a point derivation at 0. By with

10
g—Oanda:—(O O) we get

0—f<(1) 8>-o+0-f(y)—f[<(l) g)y} = f(y)
for ally € U. O

With those preliminaries we now have the following.

EXAMPLE 4.2. With U as defined in (4.1) we get the forms of non-
trivial (i.e. f # 0) derivation pairs on U mto C by using the results of

Lemma [4.1f(a)), (d), (@ in Theorem 3.2} Classes (ii) and (iil) are eliminated since

f =0 there. Thus we are left with only class llb Wthh ylelds the solutions

b b a
f(g 0)27“’ 9(8 0):2

for all a,b € Z, where v € C*.

EXAMPLE 4.3. With T as defined in we get the forms of non-trivial
derivation pairs on T into C by using the results of Lemma (]ED,@ in
Corollary Class is eliminated since f = 0 there. In class @ we have
the solutions

a b a b 1
f<0 C):y(a—c% g(O C>:2(a—|—c), for all a,b,c € Z.

In class (@ the solutions have the form

a b a b 1
f(O C)_ya, g(o c>_2a, for all a,b,c € Z,
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or

1
f(g ZC)):707 9(8 g):ZC, for all a,b,c € Z.

In each case v € C*.

Another rng example is the following. (It is not a ring since we exclude the
empty word.) Consider the free Z-module with basis B consisting of all non-
empty words over the alphabet L = {¢1,...,/,} for some positive integer n.
This Z-module becomes a Z-algebra by defining the multiplication as follows.
The product of two basis elements is defined by concatenation, for example
(0205)- (£30501) = £20303¢;. The product of two arbitrary Z-module elements is
then uniquely determined by the bilinearity of multiplication. Let Z(¢y, ..., {,)
denote the Z-algebra (which is a rng) so defined. For any word w € B and
letter ¢ € L, let Ny(w) denote the number of times ¢ appears in w counting
multiplicity (so for w = (33030, we have Ny, (w) = 3).

In the example we choose n = 2 for simplicity, but it extends to a general
positive integer n in the obvious way.

EXAMPLE 4.4. Let L = {p,q} and let Z(p,q) be the Z-algebra defined
as above. First we calculate the forms of rng homomorphisms from Z(p, q)
into C. Each ¢ € Hom(Z(p,q),C) is uniquely determined by the values of
¢(p) and ¢(q), which can be chosen to be arbitrary complex numbers. Let
a = ¢(p) € C and 5 := ¢(q) € C. Each element x € Z(p,q) has the form
T = Z?Zl ajw; for some n,aq,...,a, € N and basis elements wy, ..., w, € B.
Then we have

b(z) = Zaﬂb(wi) — ZajaNp(“’j)BNq(“’j).
j=1

j=1

If f is a point derivation at ¢ € Hom(Z(p,q),C), then f is uniquely
determined by the values of f(p) and f(q) (which are again arbitrary complex
numbers), together with ¢(p) and ¢(q). This statement follows from and
the additivity of f. Let v := f(p),d := f(q) € C. Then for any basis element

w =p1---py (With p; € {p, ¢} for each j) we get from that
Fw) = f1--pa)
= f(p1)o(p2- - pn) + &(p1) (P2 Pn)
= f(p1)o(p2) -+ ¢(pn) + &(p1)[f(P2)d(P3 - Pn) + G(p2) f(P3 - Pn)]

= Z f(p;) H o(pi)
i1 ie{Lleh )
= Np(w)ryaNp(w)*lﬂNq(w) + Nq(’lU)(SOzNP(w)/BN‘?(w)*l‘
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Then for z = 3

j=1ajw; € Z({p,q) we get by additivity that

k

f(.CL') = Zajf(wj>a

j=1

where each f(w;) is computed as above.

For ¢ # 0 these formulas for f and ¢ yield the forms of derivation pairs
from Z(p, q) into C in classes ({i) and of Theorem

For ¢ = 0 the formulas above yield f(w) = 0 for any basis element w of
length at least 2. So for a point derivation f at 0 satisfying f # 0 we have

v fw=p
flw)y=<6 ifw=gq
0 otherwise

with (v, 6) # (0,0). This is the form of point derivations at 0 in class of
Theorem [3.2]

For the next example we start with another lemma.

LEMMA 4.5. Consider the ring Z[v2] = {a + bv/2 | a,b € Z}, and let
R’ be a ring containing Z[\/2]. Then there are exactly two elements hy, hy €
Hom(Z[\/2], R'), namely

hila+bV2) :=a+bvV2, and hyla+bV2):=a—bV2, a,beZ.
Furthermore, if f: Z[\/2] — R’ is a point derivation at either hy or hy, then
f=0.

PROOF. Suppose ¢ € %(Z[\/ﬁ],]{’). Defining v := ¢(v/2), we get by
additivity that ¢(a + bv/2) = ag(1) + bp(v/2) = a + by for all a,b € Z, since
¢(1) = 1. Since ¢ is multiplicative we have for all a,b, ¢, d € Z that

ac+ 2bd + (be + ad)y =¢((a + bV2)(c + dv/2))
=p(a + bV2)p(c+ dV2)
=(a+by)(c+dv)
=ac + (bc + ad)y + bdy?.

Thus 72 = 2, so we have ¢ € {hy, ho}.
Now suppose f: Z[/2] — R’ is a point derivation at h;. By additivity
we see that f(a + bv2) = af(1) + bf(v/2) = aa + bj for all a,b € Z, where
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o := f(1) and 3 := f(v/2). Thus by we have

(ac + 2bd)ox + (be + ad) B =f((a 4 bV2)(c + dV/2))
=f(a+bV2)(c+dV2) + (a+bV2)f(c+dV?2)
=(aa + bB3)(c + dV2) + (a + bV2)(ca + dp)
=2aca + (be 4 ad) (B + av/2) + 2bdBV2,

for all a,b,c,d € Z. Therefore « = f = 0, so f = 0. A similar calculation
shows that 0 is the only point derivation at hs. O

EXAMPLE 4.6. Let R = Z[/2]. By Corollary and Lemma {4.5| we find
that the derivation pairs (f, g) on R into C with f # 0 have one of the following
forms for all a,b € Z, where v € C*.

(a) f(a+0by2) =~band g(a+bv2) = a.
(b) f(a+bv2) =~(a+bv2) and g(a + bv2) = 3(a + bv2).
(¢) fla+bv2) =~(a—bv2) and g(a +bv2) = 3(a — bv2).

Finally, let Z[X;,...,X,] denote the polynomial ring in indeterminates
Xi,...,X, over Z. A product of the form X' .- XP» with py,...,p, € NU
{0} is called a monomial. Here we refer to the n-tuple (pi1,...,p,) as the
exponent vector. A polynomial is a finite linear combination of monomials
with coefficients in Z.

As was the case with Example [£.4] the next result is stated for the case
n = 2, but it is easily extended to any positive integer n. (Here 0° := 1 by
convention.)

LEMMA 4.7. Let R = Z[X1, X,].

(i) ¢ € @”L(R,C) if and only if there exist o, B € C with («, 8) # (0,0)
such that

¢(ZCPX{)1X§2) = Zcpaplﬁm

pel pel

for each nonempty finite set I of exponent vectors p = (p1,p2) and ¢, €
Z. Let ho,p denote the homomorphism so defined.

(ii) If f: R — C is a point derivation at he. g, then there exist v,6 € C such
that

(4.2) FOY_epXTPXE2) =" cp(pya? ™' 57 + pada? pP271)

pel pel

for each nonempty finite set I of exponent vectors p = (p1,p2) and ¢, €
Z. Conversely, the function f. ;a3 defined by (4.2) is a point derivation
athaﬁ.
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PRrROOF. Part (fif) is straightforward, so we omit the proof.
To prove suppose f is a point derivation at g = h,,g. We begin by
finding the forms of f(X7) and f(X%). By (1.2)) we have
FXT) = FODha,s(X0) + ha s (X] ) F(X)
= f(X{ Ha+ a7 f(X0)
= (F(X]7)ha,s(X1) + ha,s(X{7) f(X1))a + a7 F(X0)
FX]{%)a® + 20771 F( X))

= f(X1)e? 7+ (j = DT f(X0)
=yjol
where we have defined v := f(X;) € C. By a similar calculation we get
f(X%) = 0kB*1, where 6 := f(X3) € C.
Now by ([1.2) we have

FXIXE) = (X hap(XE) + has(X]) F(XF)
= jyad 18R 4 ksl pr Tt

for all j,k € NU{0}. By the additivity of f we arrive at (4.2)). d

Thus we have the following.

EXAMPLE 4.8. We get the forms of derivation pairs (f,g) on the ring
Z[X1,X3] into C by substituting the forms of homomorphisms and point
derivations given in Lemma [£.7] into the formulas of Corollary [3.3]

It is interesting to note the strong similarity between the results in Ex-
amples and even though the former is a non-commutative rng (and
not a ring) while the latter is a commutative ring. (In fact the results become
isomorphic if we add the empty word to Z(p, ¢) so that it becomes a ring.) The
reason for this is that if either f € @(R, C) or f is a point derivation at
o€ I’TO?’L(R, C), then f is what is termed an Abelian function, meaning that
fxy-an) = f(xra)y - Trp) foralln € N, 2q,..., 2, € R, and permuta-
tions 7 on {1,...,n}. This follows from (1.2)), the definition of multiplicative
function, and the commutativity of multiplication in the co-domain.
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