Journal of Informatics and Mathematical Sciences
Volume 1 (2009), Numbers 2 & 3, pp. 157-163
© RGN Publications

(Invited paper)

On a Problem of Roger Cuculiere

Roman Ger

Abstract. In the February 2008 issue of The American Mathematical Monthly
(115, Problems and Solutions, p. 166) the following question was proposed by
Roger Cuculiere:

Find all nondecreasing functions f from R to R such that f (x+f(y)) =
FF )+ f(y) for all real x an y (Problem 11345).

In the present paper we establish the general Lebesgue measurable solution,
monotonic solutions as well as a description of the general solution of the
functional equation in question.

1. Introduction

In what follows the symbols R and Z will stand for the set of all real numbers
and all integers, respectively. Moreover, the floor and ceiling functions are defined
by

|x]:=max{fneZ:n<x}, xeR,
and
[x]:=minfneZ:x <n}, xeR,
respectively. Finally, id will denote the identity mapping on R.

The following question was asked by a French mathematician Roger Cuculiere

(see [2])
Find all nondecreasing functions f from R to R such that
fe+fON=rFGN+f), x,y€R. (1.1
I have submitted a solution of a considerably generalized Cuculiere’s problem
pretty soon after the question was published. Nineteen months later, in the October
2009 issue of The American Mathematical Monthly (116, Problems and Solutions,
p. 753) a solution given by Richard Stong [6] has appeared with the following
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Editorial comment. Roman Ger (Katowice, Poland) analyzed solutions of this
functional equation that are not necessarily nondecreasing. The Lebesgue
measurable solutions are: (i) constant 0; (ii) identity function f(x) = x; or
(iii) f(x) = an(x), where a is any positive real and n : R — Z is defined by
n(x):=ng(x —ka)+k for x € [ka,(k+1)a), ke Z,

and ng : [0,a) — Z is an arbitrary Lebesgue measurable function vanishing at 0.
There are also solutions that are not Lebesgue measurable (assuming the axiom of
choice).

In the present article we wish to offer the details by establishing the general
Lebesgue measurable solution; it is an easy task to get monotonic solutions from
them. Finally, a description of the general solution of the functional equation (1.1)
will be given.

2. Measurable Solutions

The following result establishes the general Lebesgue measurable solution of
Cuculiere’s equation.

Theorem 2.1. Let f : R — R be a Lebesgue measurable solution to the functional
equation (1.1). Then either f =0 or f =id or f(x) = n(x)a, x € R, where a is an
arbitrary positive real number and n : R — Z is defined as follows
n(x):=nyg(x —ka)+k for xe€lka,(k+1)a), keZ,
and ng : [0,a) — Z is an arbitrary Lebesgue measurable function vanishing at O.
Conversely, each function of that type yields a Lebesgue measurable solution to
equation (1.1).

Proof. Let f : R — R be a solution of (1.1). On setting x = y = 0 we get
the equality f(0) = 0, whence f2(x) := f(f(x)) = f(x), x € R. Consequently,
equation (1.1) reads now as

fx+f)=rfx)+f(), xyekR 2.1
Replacing here x by f(x), in view if the equality f2 = f, we arrive at
fUC+HfON=FfC)+f), x,y<eR. (2.2)

In particular, (2.2) implies that the set Z := f(R) forms a subsemigroup of the
additive group (R, +). As a matter of fact, (Z,+) is a subgroup of (R, +) because
of the equality

—f)=f(=f(¥)), yeR,

resulting from (2.1) on setting x = —f (). Now, the equality f2 = f says nothing
else but

flz)=z forallzeZ. (2.3)
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Put F(x) := f(x) — x, x € R. By means of (2.1), for every x,y € R, we have
Flx+f(y) = flx+f(y)—x—f(y)
= f)+f)—x—f(y)=F(x).

In other words, each member of Z yields a period for F. Clearly, Z is either closed
or dense in R. It is well known that a closed subgroup of (R, +) is either trivial
(Z = {0}) or coincides with R or has the form aZ for some positive real number
a. Obviously, Z = {0} states that f = 0, whereas the equality Z = R forces F to be
constant, whence f = id because F(0) = f(0) = 0. Having Z = aZ we infer that
there exists a surjection n : R — Z such that

f(x)=n(x)a forxeR.
Jointly with (2.1) this implies that
n(x+n(y)a)=n(x)+n(y), x,yeR. 2.4)

Since n is surjective there exists an x, € R such that n(x,) = 1. On setting y = x,
in (2.4) we get

n(x+a)=n(x)+1 forallxeR
whence, by an easy induction,

n(x +ka)=n(x)+k forall xR and all k € Z.
With ng := n|(g ,) we have then ny(0) = 0 and

n(x)=ny(x —ka)+k forx e [ka,(k+1)a), k €Z.

Now the measurability of f forces n and a fortiori n, to be measurable.

Finally, in the case where Z is dense in R, the function F has a dense set of
periods and being measurable it has to be constant almost everywhere with respect
to Lebesgue measure in R. Thus, there exists a ¢ € R and a nullset E C R such that

f(x)—x=F(x)=c forallx eR\E.

Fix arbitrarily a t € R and take any x off the nullset E U (t — E). Then both x and
y :=t — x are in R\ E whence, by means of (2.1),
flt+c) = f(x+y+c)
fe+fON=Ff0C)+f(y)
=x+ct+ty+c=t+2c.

In particular, by putting here t = —c, we obtain 0 = f(0) = ¢, and consequently
f(t)=t forallteR,

as claimed.
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Since it is a straightforward matter to check that 0, id and na with n described
in the assertion yield Lebesgue measurable solutions of equation (1.1), the proof
has been completed.

To derive monotonic solutions from Theorem 2.1 it suffices to observe that a
nondecreasing function n, : [0,a) — Z has to satisfy the inequalities

0=n4(0) <nyg(x)<n(a)=1 forall xe[0,a),
whence ny(x) € {0, 1} for all x € [0,a). Put
b :=sup{x € [0,a) : ny(x) = 0}.

If b =0, then f(x) = a[%x-|, x € R, whereas for b = a we get f(x) = aL%xJ,
x €R.
Finally, in the case where b € (0, a), we have to distinguish two possibilities:

no(b)=0 or ny(b)=1.

Then, accordingly,

x—>b

f(x)=a[ xeR,

-‘, x€R, or f(x)za{—x—i_(z_b)J

which leads to the following

Theorem 2.2. Let f : R — R be a nondecreasing solution of the functional equation
(1.1). Then either f =0 or f =idor f(x) = a| 2], x € R, or f(x) = a[ £2],
x € R, where a, b are arbitrary reals with a > 0 and b € [0, a).

Conversely, each function of that type yields a nondecreasing solution to equation
(1.1).

This coincides (jointly with the symbols used) with Stong’s solution presented
in [6]. Comparing the statements of Theorems 2.1 and 2.2 we see that the family
of Lebesgue measurable solutions to equation (1.1) is considerably larger than that
of monotonic ones. What about (possible) nonmeasurable solutions? As we shall
see in the sequel, they do exist actually.

3. A Description of the General Solution

Observe that there exist nonmeasurable solutions to equation (1.1). Actually, it
suffices to take any additive function a : R — R such that f|; = 1 where H stands
for a Hamel basis of the reals such that 1 € H. Plainly, a is discontinuous because
it is nonconstant and assumes rational values only; hence it is nonmeasurable but
being a projection (a(a(x)) = a(x), x € R) the function a satisfies (1.1) since

a(x +a(y)) = a(x) +ala(y)) =ala(x)) +aly), x,y€R.

This gives rise to look for the general solution of equation (1.1) without any
regularity assumption. The description of such solutions may easily be obtained
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from the fact that, because of the equality f2 = f, equation (1.1) may also be
written in the form

fa+fN=f)+fFB), xyeR

which becomes simply a Cauchy equation on the “cylinder” R x Z and it remains to
apply Theorem 2 from the paper of Jean Dhombres and Roman Ger [4] (see also
Jean Dhombres [3]) which we quote here explicitly, for the sake of completeness.

Proposition. Let Y be a nonempty subset of an Abelian group (X,+) and let (Z,+)
be the subgroup generated by Y. Suppose (G,+) to be an Abelian group. A map
f : X — G satisfies the Cauchy equation

fix+y)=f(x)+f(y) forallpairs (x,y)eX XY,

if and only if f can be written in the form

f(x)=a(x - &(n(x))) +h(n(x)), x€X,

where h : X/Z — G is a function satisfying h(0) = 0O, the function a : Z — G is
additive, & is a lifting relative to Z with £(0) =0 and & : X — X /Z is the canonical
epimorphism.

Therefore, bearing in mind that in our case (X,+) = (G,+) = (R+) and Z is
just the range of the map f in question, with f(x) = x,x € Z (see (2.3)), we arrive
at

Theorem 3.1. Let f : R — R be a solution to equation (1.1) and let Z := f(R).
Then

fx)=x+g(n(x), xeR, (3.1

where T : R — R/Z is the canonical epimorphism and g : R/Z — R is a function
such that g(0) # 0 and g(n(x)) € Z — x for all x € R.

Conversely, for an arbitrary subgroup (Z,+) of the additive group (R,+) and for
an arbitrary function g : R/Z — R such that g(0) = 0 and g(n(x)) € Z — x for all
x € R, the function f given by (3.1) yields a solution of equation (1.1).

Proof. We know already (cf. the proof of Theorem 2.1) that the range Z := f(R)
of a solution f : R — R to equation (1.1) forms an additive subgroup of (R, +)
and that f satisfies the Cauchy functional equation

fx+y)=f(x)+f(y) forallpairs (x,y)eRx Z.
Consequently, by means of Proposition,
fl)=alx —&(n(x)) +h(n(x)), xeR,

where the symbols a,h, £ and 7 have the meaning described in the statement of
Proposition. Since we have also f(x) = x for x € Z (see (2.3)) we infer that
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the additive map a : Z — R has to be the identity on Z, whence (3.1) follows
by setting g := h — &£. Clearly, we have then g(0) = h(0) — £(0) = 0 as well as
gln(x)=f(x)—xeZ—xforall x eR.

Since the last part of the assertion is a subject of a straightforward verification
the proof has been completed.

4. Concluding Remarks

We terminate this paper with several comments.

(i) The latter result (Theorem 3) was obtained independently by Marcin
Balcerowski [1] with much longer proof because he was unaware of
Proposition as a potential tool.

(ii) The description of the general solution of equation (1.1) given in Theorem 4
is useless when one wishes to determine regular (say, measurable) solutions
to that equation. Such a situation is entirely analogous to that one with the
well known Hamel description of solutions to the classical Cauchy functional
equation (additivity) and the question of finding its Lebesgue measurable
solutions.

(iii) Marcin Balcerowski (oral communication) and Christopher Carl Heckmann
[5] have obtained, independently, the form of nondecreasing solution
of equation (1.1) in June, 2008 and second half of 2008, respectively.
Balcerowski’s description has not been expressed in terms of the floor
and ceiling functions. My solution of the (generalized) Cuculiere’s problem
(Theorem 2 of the present paper) has been submitted to the American
Mathematical Monthly in the first half of March 2008.

(iv) 1 wish to express my thanks to Nicole Brillouet-Belluot (Nantes, France)
for contacting me with Roger Cuculiere; he has kindly informed about
the background of equation (1.1). Namely, during the International
Mathematical Olympiad that was held in Mumbai (India) in 1996, one of
the problems presented was to find nondecreasing sequences of positive
integers solving equation (1.1). This motivated Roger Cuculiere to look for
nondecreasing real solutions of (1.1), defined on the real line, and to pose
his problem [2].
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