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More about some functional
equations of multiplicative symmetry

By N. BRILLOUET-BELLUOT (Nantes)

Abstract. In the present paper, we consider the following functional equations
of multiplicative symmetry:

1 flaf)=flyf(x)) (z,y€K)
(2) fl@f)=f).fly) (z,y€K)
where K = R or C. The continuous solutions f : R — R of these equations have

been already determined and some partial results concerning their continuous solutions
f : € — C have been obtained.

We show here that we may obtain the continuous solutions of these equations with
similar arguments in the real and in the complex case. Moreover, in the case K = C,
we determine the nonconstant continuous solutions of (1) and (2) under the hypothesis
that f(C) \ {0} is connected, which leads to a generalization of a previous result of
J. Dhombres.

1. Introduction

Let G be a set endowed with a binary operation *. Following
J. G. DHOMBRES (cf. [3]), we say that a function f: G — G is a multi-
plicative symmetric function on (G, ) if it satisfies the functional equation:
flex f(y) = f(y* f(z)) for all z, y in G. In particular, if f satisfies a
functional equation of the following type: f(xx f(y)) = F(z,y) (z,y € G)
where F': G X G — G is a symmetric function (possibly depending on f),
then f is a multiplicative symmetric function on (G, ).
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In [4], J. G. DHOMBRES considered the multiplicative symmetric func-
tions on the group with zero (R,.). He obtained the continuous solutions
f R — R of the following functional equations:

(1) flxf(y) = fly-f(x)  (z,y €R)
(2) fl@.fy) = f(x).fly)  (z,y €R).

In [3], he gave partial results concerning the continuous solutions
f : C — C of these functional equations under the hypothesis f~1(0) = {0}
if f is not constant. We have completed his results in [2] under the same
hypothesis.

In the present paper, we put under similar arguments the two cases.
Also, concerning the complex case, we consider here a more general class
of solutions of (1) and (2).

In the whole paper, K is either R or C and U will denote
{z € C;|z| =1}

2. The functional equation (2)

We have first the following result concerning the functional equation
(2):

Theorem 1. A function f : K — K is a continuous solution of the
functional equation

(2) ffy)=f2).fly)  (z,y€K)
if, and only if f=0or f=1

(i) f(xz) = az(x € K)where a is an arbitrary element of K

or
e in the case K =R
(ii) f(z) = Sup(—bzx,cz) (x € R) where b and c are arbitrary nonnegative

real numbers satisfying ¢ > —b

e in the case K = C and if f(C) \ {0} is connected
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0 ifr=0orifx#0
X
and ——— €N
(i)  flz) = || 1+4P

z 1+ . z N

where (3 is an arbitrary real number, 1) : U — [0, +00[ is an arbitrary
continuous function and N' = 1)=1(0).

Remark. A simple example of a continuous function ¢ : U — [0, +o0 |
for which N is not empty is the following: ¥(z) = |1 — z| (z € U).

PROOF of Theorem 1. The only constant solutions of (2) are f =0
and f = 1.

Let f: K — K be a nonconstant continuous solution of (2).
By taking x = y = 0 in (2), we obtain f(0) = 0 or f(0) = 1. If we suppose
f(0) = 1, we see, by taking x = 0 in (2), that f is identically equal to 1,
which is not the case. Therefore, we have

(3) f(0) = 0.

Let us define N = f=1(0) and M = f(K)\ {0} = f(K \ N).
M is a subgroup of (C\ {0}, .). Namely, if f(y) # 0, we get by taking

725 i place of # in (2): F&) = f (ﬁ)

Let us prove now that M is closed in C\ {0}. Let {z,}nen be a
sequence of K \ N such that the sequence {f(z,)}nen converges to z in
C\ {0}. We have by (2): f(%.f(zn)) = f (%) .f(zn). Using the
continuity of f, we get f(xg) = f(%“)z . Since f(xg) # 0, we have

f (%o) # 0. Since M is a subgroup of (C\ {0}, .), we deduce that z
belongs to M. Therefore, M is closed in (C\ {0}, .).

So, M = f(K)\ {0} is a closed subgroup of (C\ {0}, .).

Let us consider the mapping h defined by: h(z) =e* (x € C). his a
continuous homomorphism from the additive group (C,+) onto the mul-
tiplicative group (C \ {0}, .). Therefore, h=1(M) is a closed additive sub-
group of (C, +). We deduce that we have the following possibilities (cf. [1]):
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() At (M) =
(i) h=Y(M) = aZ where a is some nonzero complex number;
(iii) h=Y(M) = aZ + bZ;
(iv) h=Y(M) = aR + bZ where {a,b} is a basis of the real vector space C;
(v) h=H(M) = C;
(vi) R=H(M) = {0}.

Since f is continuous and satisfies (3), M is not reduced to 1 and the
case (vi) cannot occur. Also, since M U{0} = f(C) is connected, the cases
(ii) and (iii) cannot occur.

e In the case K = R,
only the cases (i) and (iv) can occur with ¢ € R and Im(b) € 7Z (Im(d)
denotes the imaginary part of b). We deduce either f(R) =R or f(R) =
[0, +00].

In the first case, we have by using (2): f(zz) = z f(z) (z,z € R).
This leads to the solutions (i) by taking = = 1.

In the second case, by using (2), we have for all z > 0:

flx)=f(1)z and f(-z)=(=f(-1)) (-2)

which leads to the solutions (ii).

e Let us consider now the case K = C.

If ~Y(M) = C, we have M = C\ {0}.
We have by (2): f(zz) = z f(z) (z,z € C). With z = 1, we deduce the
solutions (i) of (2).

If h~Y(M) = aR where a is some nonzero complex number, we have
M = {e*; X € R}.

Let us write: a = a + 18 with a € R and g € R.

If « = 0, we have M = U. This case cannot occur since, by the
continuity of f, f(C) = M U {0} is connected.

Therefore, we have « # 0. For each z in C\ N, there exists a unique
real number A such that f(z) = e)‘a, namely \ = W Therefore, we
have

(4) F(z) = e3mUF@D = | f(z)|1+i% (z € C\ N).
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(2) implies: f(z.e*) = e*.f(x) (A € R; x € C) and therefore
(5) [f(z.?)| = | f(2)] (A€ Rz eC).

Now, using (5), we may write for all z in C\ {0}:

’f(.f(})’ = ‘f <|x|1:1;12 eghﬂﬁ))‘ = ‘;(}| f (’x|1]—;&—z§> ' .

If we define the function ¢ : U — [0, 400 [ by ¢(z) = |f(z)| (z € U), we
see by (4) that f has the expression (iii) given in Theorem 1.

Conversely, it is easy to see that all functions of the form (iii) are
continuous solutions of (2) since, for y in C\ {0} such that % ¢ N,

we have f(y) = |f(y)|""".
If h=Y(M) = aR+bZ where {a, b} is a basis of the real vector space C,
we have M = {e**"0; n € Z, X € R}.

Therefore, for each x in C\ N, there exist n in Z and A in R such
that:

(©) fla) = o,

Let us write a = a +ia’; b= [+ i’ with «, o/, 8, /' in R.
If o = 0 we have by (6) for z in C\ N:

(7) |f(@)] = e,

By the continuity of f and (3), the set {|f(z)];z € C} is an interval of R
containing 0. By (7), this set is included in {0} U {e"?;n € Z} which is
a discrete set of points. Since f is not identically zero, this case cannot
occur.

Therefore, we have o # 0. Using (6), we get A = L(In(|f(z)|) — np)
and Arg(f(x)) —np — Ao/ € 27Z.

We deduce: Arg(f(x)) —n <ﬁ’ — ﬁ%) — %l In(|f(z)|) € 2nZ.

Therefore, for each x in C\ N, there exists n in Z such that:

(8) f@) = |f@)+E ()
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Note that, since {a,b} is a basis of the real vector space C, we have
g — ﬁ%/ # 0. Since f(C)\ {0} is connected, the set {f(m)|f(a:)\*1*i%/;
x € C\ N} is a connected subset of U. By (8), this set is included

in {em(ﬁl_ﬁ%) ;n € Z} which is a discrete set of points of U. Therefore,
there exists some ng in Z such that we have:

) f(@) = | f(@)[FF ™85 (2 eC\N).

Since f(C) \ {0} is a multiplicative subgroup of (C \ {0}, .), we have for
all z in C\ N and for all p in Z:

flz)P = |f(:c)|p(1+i%) einop(B'=B%) — ‘f(x)’p(lﬂ'%) eino(B' =B%)

We deduce: ng(5" — ﬂ%) € 2nZ.
From (9), we get: M = e¢®® which is the previous case.

This completes the proof of Theorem 1.

Remark. Among the continuous solutions f : C — C such that f(C)\
{0} is connected, there are those such that C\ f~*(0) is connected. Let
us prove that the solutions of (2) of the form (iii) such that C\ f=1(0) is
connected correspond to the functions v : U — [0, +oo| such that U\ N is
connected.

Let N = f~1(0) and let us define the continuous function ¢z : C\

{0} = U by:
HOE ,m%ﬁ (z € C\ {0}).

We may remark that, for each z in U, we have @51({2’}) = {21+,
A €10, +00 [} which moreover proves that ¢ is onto.

We have U\ N = ¢g(C\ N). Therefore, if C\ N is connected, U \ N
is connected since ¢g is continuous.

Conversely, we have C\ N = @ (U\N) = {z AT 2 € U\ N,
A €]0,+00[}. Since the function (z,\) € Ux |0, +oo[ — 2AF#8 € C\ {0}
is continuous, C\ N is connected if U \ N is connected.

So, C\ N is connected if, and only if, U \ V is connected, which proves
the assertion.
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3. The functional equation (1)

Using Theorem 1, we may prove now the following result concerning
the functional equation (1):

Theorem 2. A function f : K — K is a continuous solution of the
functional equation:

(1) flefy) = flyf(x)  (2,y€K)

if, and only if either f is a constant function,

or
(i) f(z) =az (v € K) where a is an arbitrary element of K,
or
e in the case K = R either

(ii) f(z) = Sup(—bzx,cz) (x € R) where b and c are arbitrary nonnegative
real numbers satisfying ¢ > —b,

or
(iii) f(z) = d|z| (x € R) where d is an arbitrary negative real number,
e in the case K = C and if f(C) \ {0} is connected either

. B 0 ifz=0
(iv) fa) = { alz|0(|z]) ifz #0

where a is an arbitrary positive real number and 0 : |0, +oo[— U is
an arbitrary continuous function,
or
0 ifx=0or
if x # 0 and .
(v) flo)= [zl
_ . 1448 .

where p is an arbitrary integer in Z, n is an arbitrary positive inte-

X

eN

ger, 3 is an arbitrary real number, ¢ : U — [0,4o00] is an arbitrary
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2im

continuous function, which satisfies: (e"n x) = ¢ (x) (x € U) in the

case p # 0, and N = p=1(0).

PrROOF. Let f: K — K be a nonconstant continuous solution of the
functional equation (1).

We see, by taking y = 0 in (1), that f satisfies: f(0) = 0.

Let us define: N = f~1(0).

f satisfies the following functional equation:

(10) f@f(y-f(2)) = fx.f(y)-f(z) (29,2 € K)

since we have by (1):

Let us prove that this implies

(11) [l =1FWIfEL (Y2 € K).

Namely, if y or z belongs to N, we have by (10): f(z.f(y.f(2))) = 0 for
all z in K. This implies f(y.f(z)) = 0 since f is not identically zero.

If y and 2z do not belong to N, we may define the continuous function
h:(K\N)x (K\N)— K by

(12) b = T e k)
By replacing = by 5 in (10), we have

(13) f(@) = f(xh(y,2))  (z€K;y,zeK\N)

If we had h(y, z) = 0 for some y and z in K \ N, this would imply that f
is identically zero, which is not the case. Therefore, h takes its values in
K\ {0}. We deduce from (13):

(14)  f(x) = flz.(h(y,2)")  (r€K;y,z€ K\N;n€eZ)

If |h(y, z)| # 1 for some y and z in K \ N, the continuity of f at 0 would
imply that f is identically zero, which is not the case. Therefore, we have:
|h(y,z)| =1 for all y and z in K \ N. This proves (11).
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1) Let us suppose first that there exist y and z in K \ N such that
in the case K =R, h(y,z) = —1
in the case K = C, h(y, z) is not a root of 1.

In the case K = R, we deduce from (13) that f is an even function.
In the case K = C, {(h(y,2))" }nez is dense in U. The continuity of f and
(14) imply: f(Az) = f(z) (z € C; A € U). Therefore, for all x in C\ {0},
we may write: f(z) = f(|z|e?A8@) = f(|z]).

So, in both cases, we have: f(z) = f(|z|) (z € K).

Let us define the continuous function ¢ : [0, +00) — [0, +00) by:

p(lz)) = [f(z)] = [f(@)] (= € K).

By (11), we have for all z and y in K:

e(lzl-e(ly) = £zl fAyDDI = |f (@ f(y))]
= f @[ W) = e(lz)-(yl)-

So, ¢ : [0,4+00] — [0,400[ is a continuous solution of the functional equa-
tion (2). By considering the proof of Theorem 1, we see that we have
either ¢ = 0 or ¢ = 1 or ¢(|z|) = a|z| (r € K) where a is some positive
real number.

@ =0 or ¢ =1 cannot hold since f is not constant.
We deduce |f(z)| = a|z| (x € K) where a is some positive real number.
Therefore, f vanishes only at 0 in this case and we have

e @A)
F@) = @)l gy = alel i (e K\ (0)
0 ifz=0

ie. f(z) = { ] , where a is some positive real number
alzx|f(|z|) ifx#0
and 6 :]0, 400 [ — U is some continuous function.
Conversely, it is easy to verify that all functions of this form are
continuous solutions of the functional equation (1).
If K = R, this gives the solutions (ii) with b = ¢ and the solutions
(iii) of (1).
If K = C, this gives the solutions (iv) of (1).
2) Let us suppose now that, for all y and z in K\ N, h(y, z) is

either equal to 1 in the case K =R
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or a root of 1 in the case K = C.
In the case K = C, we suppose that f(C)\ {0} is connected.
In this case, h(y, z) belongs to e*7Q for all y and z in C\ N. By (1), we
have

ff(z)  fw)f(z)

Let us fix y in C\ N. Since f is continuous and f(C) \ {0} is connected,

h(y,C\ N) = {ngcy(yt)) it e f(C)\ {O}} is a connected part of €2 which

is totally disconnected. Therefore, there exists a unique element A(y) of
e?™Q such that we have h(y, z) = A(y) (z € C\ N).

By using (15), we get h(y,z) = A(y) = h(z,y) = A(2) (y,z € C\ N).
We deduce that h is a constant function.

So, in both cases, by (11), (12) and (13), there exists X in e*"@ (A =1
if K = R) such that we have:

{ ff(y) =Af(2)f(y) (z,y € K),
fQAz) = f(=) (z € K).

Let us define g(z) = A\f(z) (z € K). By (16), g : K — K is a non-
constant continuous solution of the functional equation (2). By applying
Theorem 1, we get

(16)

either the continuous solutions (i) of (1),
or, in the case K = R, the solutions (ii) of (1),
or, in the case K = C, since g(C) \ {0} is connected,

=1 (o (i) weTim

where (3 is an arbitrary real number and ¢ : U — [0, +o0[ is an arbitrary
continuous function. Ny

If X is not 1, we have: A = e »  where p and n are some nonzero
relatively prime integers, n > 0. G = {2%(mn + kp); (m, k) € Z*} is a
subgroup of (R,+). By (16), we have ¢(e¥z) = (z) (z € U;g € Q).
Since p and n are relatively prime, there exists (m, k) € Z? such that mn+
kp = 1. Therefore, G is of the form G = 227 and ¢ satisfies Yle® i x) =
(@) (z € U).

We deduce then the continuous solutions (iii) of (1) by noticing that
A f is also a solution of (1) for all k in Z.

This completes the proof of Theorem 2.
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