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Gauss-composition of means
and the solution of the Matkowski-Suto problem

By ZOLTAN DAROCZY (Debrecen) and ZSOLT PALES (Debrecen)

Abstract. In this paper the so-called Matkowski—Sut6 problem is completely
solved, that is, continuous and strictly monotonic functions ¢ and 1 defined on an open
real interval I are determined such that the functional equation

(1) o (s@(w);w(y)> 4yl (w(@;w(y)) —rty

holds for all z,y € I.

The above equation belongs to the class of so-called composite functional equations
that does not possess a regularity theory such as known for non-composite equations.
The main results of the paper offer new methods to obtain higher-order regularity
properties of the unknown functions ¢ and . First, based on Lebesgue’s theorem on the
almost everywhere differentiability of monotonic functions, the local Lipschitz property
of ¢ and v and their inverses is shown. Then the differentiability of these functions is
proved in a subinterval of I. Finally, using Baire’s theorem on the continuity properties
of derivative functions, the continuous differentiability of ¢ and i in a subinterval is
deduced. After these regularity properties, the equation is solved in the subinterval so
obtained with earlier methods of the authors. The proof is then completed by using the
extension theorem due to the authors and Gy. Maksa.

The main result obtained is a generalization of that of SUTO (1914) and MAT-
KOWSKI (1999).

As application, the connection to Gauss composition of means, the equality prob-
lem of quasi-arithmetic means and conjugate arithmetic means is discussed and solved.
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Introduction

In 1995 on the 5th International Conference on Functional Equations
and Inequalities (Muszyna, Poland) the picnic that is a traditional part of
the program was held on a cloudy, rainy day. In the half open log-cabins
built for such events participants from all over the world were eating,
drinking, talking and later on singing in almost every dense set around
the open fireplace. In this surrounding Janusz Matkowski proposed the
following problem to the Hungarian participants among whom there were
a couple of us working in the area of the theory of means: When will the
sum of two quasi-arithmetic means be equal to the double of the arithmetic
mean?

In order to understand the problem, we need to define the notion of
quasi-arithmetic mean for a non-empty, open interval I C R. A function
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M : I? — I is called a quasi-arithmetic mean on the interval I if there
exists a strictly monotone and continuous function ¢ : I — R such that

M(z,y) =¢ " (W) =: Ay (z,y)

holds for all z,y € I, where o~ ! denotes the (existing) inverse of the

function ¢. In this case the function ¢ is called the generating function of

the quasi-arithmetic mean A,. If ¢(z) = z (z € I) is the identity function,

then the mean generated by ¢ is the well known arithmetic mean defined

by

r+y
2

Thus, the Matkowski problem is as follows: Determine all those strictly

A(.%‘,y) =

(z,y €I).

monotone and continuous functions @, : I — R for which the functional
equation

(M-S) Ap(z,y) + Ay(z,y) =2z +y  (z,y€l)

holds.

Matkowski noted that he was able to solve the problem only if he made
some further (regularity and smoothness) assumptions about the generat-
ing functions ¢, 1) which are obviously not natural since the formulation
of the problem does not involve such assumptions.

In that moment many of us inscribed this problem into our minds,
and this also meant that we have been thinking about the solution since
then with more or less intensity.

The following interesting and important statements about the func-
tional equation (M-S) are fairly clear:

(i) the equation (M-S) is symmetrical, since the roles of the functions ¢
and v, furthermore the variables x and y are interchangeable;

(ii) If the pair ¢ and ¢ is a solution of (M-S) on an interval I, then their
restrictions to any nonvoid open subinterval K C I are also solutions
of (M-S) on interval K;

(iii) The equation (M-S) contains two unknown functions (with given prop-
erties) and two independent free variables and it also involves an
iteration (that is the composition) of the inverses of the unknown



160 Z. Daréczy and Zs. Péles

functions, which evidently makes the investigation of this functional
equation much harder.

At the same time, the fact that the problem can be stated with rel-
atively few notions is a really nice characteristic, so it can be included
among the “elementary” mathematical problems. Based on this last es-
tablishment we felt that it was worthwhile to look into the precedents and
origins of the problem.

First we came upon the work of O. SUTO ([63], [64]) presented in 1914,
in which he gave analytical solutions for the functional equation (M-S). His
result was the same as MATKOWSKI's statement ([40]), who examined the
equation by assuming that the functions are twice continuously differen-
tiable.

Searching for preceding works in this topic, we were trying to find
out what makes the Matkowski—Sutd problem interesting. On one hand,
this is naturally the question of a subjective judgment, on the other hand,
we find all those mathematical problems “interesting” that have a consid-
erable history. We have already mentioned the concept of iteration (see
(iii)). For well-known means, iteration was known from GAUSS’ defini-
tion of arithmetic-geometric mean (medium arithmeticum-geometricum)
([20]). He attained this definition by using an iteration on the arithmetic
and geometric means. Furthermore, a number of people dealt with the
generalization of the Gauss-iteration taking two “abstract” means and ex-
amining the convergence of the Gauss-iteration. Based on this result, we
formulate the concept of general mean values and the definition of Gauss-
composition of two means, which, in a special case, includes the Gauss-type
arithmetic-geometric mean. The result of the Gauss-composition, if such
exists, is again a mean. Since it is true that the Gauss-composition of any
two quasi-arithmetic means always exists we can formulate the following
problem:

Let us find all those the quasi-arithmetic means whose Gauss-compo-
sition is also a quasi-arithmetic mean.

According to the “invariance” equation, this problem turns out to be
essentially equivalent to the Matkowski—Sut6 problem. This observation
opens up further possibilities of research, since an analogous problem can
be considered for classes of mean values other than the quasi-arithmetic
means as well.
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The fifth of HILBERT’s famous problems ([24]) — published in 1900
— can also be mentioned among the preliminaries. Substantially, Hilbert
asked if the continuity of certain functions having further algebraic prop-
erties, for example, satisfying a functional equation like in the case of Lie’s
groups, results the differentiability (smoothness) of these functions. This
can be looked at as a rather general question and it is still being studied
nowadays. JANOs AczEL ([3]) wrote a summary of this problem, from
which it turns out that ANTAL JARAI's examinations ([26]-[32]) involving
fairly general functional equations without iteration may be listed among
the solutions of Hilbert’s fifth problem. However, when the functional
equation does contain iteration, the solution is known only if the equa-
tion is of a special type. These can be examined only with very special
methods and in these cases the statement, which is implicitly stated in
Hilbert’s fifth problem, may not hold (see e.g. [6], [7], [39], [38], [53], [54],
[56]). In our opinion, the functional equation (M-S) is a possible example
of Hilbert’s fifth problem, which contains iteration, and the result after all
proves Hilbert’s hypothesis.

Now we will give a brief summary of the history of our research on
the Matkowski—Sut6 problem. Our first substantial result was achieved at
the end of 1998 when we showed that if one of the generating functions of
the equation (M-S) is continuously differentiable, then the problem can be
solved ([18]). Our second important result was the formulation and proof
of the extension theorem, which is a joint result with GyurLA MAKSA
from 1999 ([16]). In this we relied on the solutions of DAROCZY’s special
question ([14]) due to C. T. NG ([45]) and M. SABLIK ([55]). Afterwards,
our research came to a halt. Although we had some new results with
the Matkowski—Sutd problem, these did not give really new methods for
answering the original question.

The end of the century was a turning point in our research. At that
time we gave up our previous approach and started using the methods
that were developed by the second author ([47], [49]) for another area of
functional equations. This way we managed to prove further regularity
properties for the solutions of (M-S). This was possible due to the fact
that the equation (M-S) has an implicit monotonicity property. Further-
more, because of the monotonicity property of the unknown functions, we
can apply Lebesgue’s famous theorem, which states that monotone func-
tions defined on an interval are almost everywhere differentiable. From
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this, using nontrivial and very fine methods, we showed that on some non-
void subinterval K C I the solutions are differentiable with nonvanishing
derivatives. The last step was to show the continuity of the derivatives on
some subinterval. The continuity turned out to be the consequence of the
Baire Category Theorem, the properties of the functions of Baire Class 1,
and a functional equation derived from (M-S) for the derivatives of the
unknown functions.

In summary of the historical review we can say that the solution of
the Matkowski—Suto problem is a result of a lot of distressing skepticism
(for example in the summer of 2000 Matkowski estimated that the prob-
ability of having non smooth solutions was about 50 percent) and some
very pleasing recognition and proofs. We recommend that our readers get
acquainted with the details of this work by studying our paper.

Acknowledgment. We are indebted to Professor ANTAL JARATI for his
valuable advices and suggestions during the preparation of our work.

1. Gauss-composition of mean values

1.1. Gauss’ arithmetic-geometric mean

Let z,y € Ry be arbitrary and

T i=x, Y1 =Y,

(2) Tn +
Tp41 1= "Ty”, Yn+1 = V/Tn¥n (n € N).

Then there exists the common limit

(3) lim z, = lim y, =1 A® G(z,y),
n—oo n—oo

which is called the arithmetic-geometric mean on the set of the positive

real numbers R, .

The arithmetic-geometric mean played an important role in the his-
tory of mathematics. In 1791, the 15-year-old Gauss approximated
A ® G(v/2,1) to twenty decimal-place accuracy. In 1799, he noticed that
the product of the, by that time well known, approximate value of the
famous lemniscate constant

L‘_/l dt
o Jo VIt
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and the approximate value of A®G(v/2,1) coincides with the approximate
value of § to several decimal-place accuracy. On May 30, 1799 he remarked
in his diary that if the equation

(4) L-A®GW?2,1)= -

could be proven, then a new area of mathematics would be born. On
December 23, 1799 he wrote in his diary that he had proven the equation
(4). Thus, a new route opened to establish the Gauss theory of the elliptic
integrals and functions. The events that followed are presented in a number
of excellent papers, e.g. in [20], [67], [68], [11], [8], [60], [66].

As it is widely known, Gauss finally found the general formula for
A®G

dt
Va2 cos? t +y2sin’t

(5) ARG(z,y) = ( > (x,y € Ry).

Since it is desirable for a lot of practical problems to calculate the elliptic
integral in (5), which has no exact expression, therefore, even before Gauss,
several mathematicians dealt with numerical questions of integrals of this
type. Due to the fact that the Gauss-iteration converges quickly to the
arithmetic-geometric mean A ® G, Gauss’ discovery plays an important
role in numerical analysis as well (cf. [68], [11]).

It has already been realized by Gauss that the mean A ® G satisfies
the functional equation

(6) A®G( *y

VA7) = A8 Gla.g)
for every x,y € R;. The functional equation (6) can be called invariance
equation. It’s crucial role will be shown later on.

The bibliography of the arithmetic-geometric means up to 1927 is
given in [20]. Its publisher, H. Geppert, also included his detailed obser-
vations on and historical review of Gauss’ works.

The generalization of the Gauss-iteration is examined in the follow-
ing articles [12], [60], [11]. Recently, Matkowski’s research has also been
pointing in this direction ([40], [41]), but he does not refer to these pre-
liminaries.
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After this historical overview, we will give the concept of the Gauss-
iteration with the help of the general definition of means, and we will
examine its convergence. When convergence holds, we define the Gauss-
composition of two means and consider its invariance property. We will
finish this part by looking at some well-known examples.

1.2. Gauss-composition of mean values

Let I C R be a nonvoid open interval.

Definition 1.1. The function M : I? — I is called a mean on I if it
satisfies the following properties:

(M1) min{z,y} < M(z,y) < max{z,y} if z,y € I,

(M2) M is continuous on I2.

Definition 1.2. The function M : I? — I is called a strict mean on I
if it is a mean on I and

(SM) min{z,y} < M(z,y) < max{z,y} ifz#y; x,yel.

Let M; : I? — I (i = 1,2) be given means on I. Moreover let (z,y) € I?
be arbitrary. Then the iteration sequence

I =z, Y1 =Y,
(7)
Tpi1 = Mi(2n, Yn), Ynt1 = Ma(Tn, Yn) (n € N)
is said to be the Gauss-iteration determined by the pair (Mj, Ms) with
the initial values (z,y) € I°.
Let I,, be the closed interval determined by x,, and y,,. Then, because
of property (M1) of means, we have

In+1 - In (n € N)

The Gauss-iteration (7) is said to be convergent if the set (I, is a
singleton for any initial value (z,y) € I?2. By Cantor’s theorem, this is
true if and only if

(8) lim z, = lim y, = M; ® Ma(x,y),
n—oo

n—oo

where M; ® M, : I? — I is a function.
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Theorem 1.3. If My and My are given means on I and the Gauss-
iteration determined by the pair (M7, Ms) is convergent, then the function
M; @ My : I? — I is a mean on 1.

PROOF. It is clear that My @ Mo : I? — I satisfies the property (M1),
therefore, we only have to prove its continuity.
By their definition the following functions

= M (y), g = M ()

are means on /. For n = 1, with the notations z; = z =: Ml(l)(x, y) and
Y=y =: Mél)(x,y), it is evident. If we suppose that our statement is
true for n, then, by (7), we have

Tpt1 = Ml(xTwyn) = M, (Ml(n)(xay)aMQ(n) (xuy)) = M1(n+1) (‘rvy)7
Yn+1 = M2(xnayn) = Mo (Ml(n)(xay)vMQ(n) (x,y)) = M2(n+1)(xay)a

whence, by the continuity of the composite function, the statement is true
for (n+1) as well.
Now let

on(z,y) == min{an, yn}, wnlz,y):=max{z,,ynt  (n€N).

Then ay, : I? — I is a monotone increasing, and w,, : I? — I is a monotone
decreasing sequence of continuous functions, and both of them converge to
the function M; ® Ms : I? — I. Thus, M; ® M, is semi-continuous from
below and semi-continuous from above on I2, therefore, it is continuous.

O

Definition 1.4. If My and M> are means on I and the Gauss-iteration
determined by the pair (Mj, Ms) is convergent, then the uniquely deter-
mined mean M; ® My : I? — I is said to be the Gauss-composition of M,
and M5 on I.

Theorem 1.5. If M7 and M5 are means on I and one of them is a strict
mean on I, then the Gauss-iteration determined by the pair (My, M) is
convergent.

PROOF. We can assume that M; is a strict mean on I. Using the
notations of the proof of the previous theorem we have that for every
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(x,y) € I?, because of the monotone increasing and monotone decreasing
property of ay,(x,y) and w,(z,y) respectively, the following limits exist

CY([E,y) = nlggo Ckn(il},y) and U.)(Ilﬁ,y> = HILH;O wn(l',y),

moreover, a(x,y) < w(z,y).
Contrary to our assumption let us suppose that there exists (xq, yo) €12
such that a(xo,y0) < w(zo,yo). Then, for every n € N

9) an (0, 90) < a0, y0) < w(wo,%0) < wn(®o,yo)-

Since M, is strict,

a(wo, yo) < M (04($0,yo)aw($0,yo)) < w(Z0,%0),
a(zo, yo) < My (w(zo,0), a0, %0)) < w(o, yo)-

Thus, by the continuity of M; and by the well-known limit properties,
there exists N € N such that

a(zo,y0) < Mi(an(xo,y0), wn (20, 0)) < w(To, o),
(o, yo) < My (wn (2o, 90), an (0, y0)) < w(Zo,0)-
Because either xy = an(xg,yo) or xn = wn(x0,yo), the previous inequal-
ities imply
a(z0,Y0) < TN41 = M1(N+1)($o,yo) < w(o, Yo)
which contradicts (9). Therefore, our proof is complete. O

Theorem 1.6. Let My, and My be given means on I, and suppose
that the Gauss-iteration determined by the pair (M, Ms) is convergent.
Then, the Gauss-composition My ® M, satisfies the invariance equation

(10) M1®M2(M1($7y)7M2(x7y)) :M1®M2(J,‘,y)

for every x,y € I. Furthermore, if F : I> — R is such a continuous function
for which F(x,xz) =z, (x € I) and it satisfies the functional equation

(11) F(M1($,y),M2($,y)) = F(‘T7y)
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for every x,y € I, then

F(.’E,y) = Ml & Mg(l',y)
for all xz,y € I.

PROOF. (i) Since M; ® My is a mean on I (Theorem 1.3), therefore,

nhi{olo Ml X M2($n>yn) = Ml ® MQ(MI & MQ(xay%Ml & M2($ay))
= Ml ®M2(1“ay)
for all z,y € I. Thus,

My @ My(Mi(z,y), Ma(z,y)) = Jim My @ M (241, Yns1),

wherefrom we get (10).

(i) Assume that F : I? — R satisfies the stated conditions of the
theorem. Then

nh—>ngo F(ajnyyn) = F(Ml & MQ(x7y)’Ml ® M2($7y))
= M; ® Ms(z,y)
for every x,y € I. But, from (11)

F(xn+17yn+1) = F(Ml(xn,yn)yMZ(xn,yn)) = F(xn;yn)

= F(xn—layn—l) == F(J),y),
thus,
F(z,y) = lim F(zn,yn) = My ® Ms(z,y),
hence, the proof is complete. O

1.3. Examples for the determination of the Gauss-composition
In this paragraph we are going to recall some known examples from
the literature to show applications of our previous theorem.

Example 1.7. Let I :== R, and

2zy
Ml(way) = .’L'—i-y’ MQ(x7y) =
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if z,y € R4. Then M, is the harmonic and M5 is the arithmetic mean on
R4 and

(12) M ® Mg(iﬂ,y) = \/@ (l’,y € R-l—)

Indeed, the function F(z,y) := /zy (z,y € R,) is continuous and
F(z,z) =z (if x € Ry), furthermore,

2zy z+y
F(M ), Mot ) = o 2L Y~ ey,

thus, by Theorem 1.6, (12) holds (because M; and M, are both strict
means on I, therefore, the Gauss-iteration is convergent).

Example 1.8. Let I =R, and

r+y
2

r+y

My (z,y) == 5

My (z,y) :=

for every x,y € Ry. Then the Gauss-iteration, determined by the pair
(My, Ms), is convergent, because both means are strict. We have the
following statement (SCHWAB-BORCHARDT theorem [60], [11]):

—, if0<z<y,
arccosa
Ml ®M2(I,y) = xz, 1f?/ =,
/:I;2_ 2
y fo<y<ux.

area cosh g ’

The proof of this formula is equivalent to checking the corresponding in-
variance equation.

Ezample 1.9 (CARLSON [12]). Let I =R,y and

r+y
':E’
2

r+y

Ml(x7y) = 9

My(z,y) :=

Y

for every z,y € Ry. Then the Gauss-iteration, determined by the pair
(My, M), is convergent, and

if x #y,

Ml X Mg(.’IJ,y) -

x, ify==x
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for every x,y € R;. The corresponding invariance equation can be checked
again by a direct computation.

Further examples for the solution of the invariance equation can be
found in [11], [60].

2. Classes of mean values

2.1. Quasi-arithmetic means

The most widely known mean, on a nonvoid open interval I C R, is
the arithmetic mean

r+vy

A(xvy) = 2

(x,y €I).

The generalization of this mean is the well-known concept of the quasi-
arithmetic mean values. Let CM(I) denote the class of all continuous and
strictly monotone (real valued) functions defined on interval I.

Definition 2.1. The mean M : I? — I is called quasi-arithmetic mean
on [ if there exits ¢ € CM(I) such that

(13) M) = (P22 ) < gy

for every z,y € I-re. In this case ¢ € CM(I) is said to be the generating
function of the quasi-arithmetic mean (13).

The quasi-arithmetic means constitute the most known class of mean
values and there is a rich bibliography relating to them: [1], [5], [2], [4],
[23], [19], [25], [34], [43], [52], [65], [33]. Their characterization is solved by
the famous AczEL theorem ([1], [2]):

Let M : I? — I be a continuous function having the following proper-
ties:
(i) M(z,z) ==z, if z €1,
(ii) M(xvy) = M(yvx)7 if xy €l
(iii) x — M(x,y) is strictly monotone increasing on I for every fized
yel,
(iv) for all x,y,u,v € I, the bisymmetry equation holds

M (M (z,y), M(u,v)) = M(M(z,u), M(y,v)).
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Then there exists ¢ € CM(I) such that M is of the form (13). Con-
versely, if M is a quasi-arithmetic mean on I, then the properties (i), (ii),
(iii), and (iv) hold and M is continuous.

In the future we will use the notation M € QA(I) if M : I*> — I is a
quasi-arithmetic mean on I.

Definition 2.2. Let ¢, € CM(I). If there exist constants o # 0 and
(G such that

(14) P(x) =ap@)+5  (zel),

then we say that ¢ is equivalent to 1 on I; in notation: ¢(x) ~ 9(x) if
xelore~1onl.

The following result is known ([23], [13]).

Theorem 2.3. Two quasi-arithmetic means on I are equal to each
other if and only if their generating functions are equivalent on 1.

That is, if ¢, € CM(I) and A, (z,y) = Ay(x,y) for every z,y € I,
then ¢(x) ~ 1¢(z) for € I, and conversely, if ¢ ~ 1) on I, then A, = Ay
on the set I2.

The most known quasi-arithmetic means are the homogenous quasi-
arithmetic means. Then I = Ry and the M : Ri — R4 mean is homoge-
nous if

M(tx,ty) =t M(x,y)

holds for every z,y,t € R;. It is known, that a quasi-arithmetic mean on
R, is homogenous if and only if it has the form

z? —i—yp)’l’ :
, fp#0

(15) Hy(z,y) := < 2
Ty if p=20

for some p € R (see [23], [48]). (15) is usually called a power mean or a
Holder-mean in Ry .

(«'177y € R+)

Let us note it here, that the notion of nonsymmetric quasi-arithmetic
mean on I could be defined as it follows. The M : I? — I mean is said to be
nonsymmetric quasi-arithmetic mean if there exists a constant 0 < A < 1,
A # £ and a function ¢ € EM(I) such that

(16)  M(z,y) =~ (Mp(@) + (1= Nep(y) = Ag(z,y;0) (z,y € I).
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Then A is called the weight and ¢ € CM(I) is said to be the generat-
ing function. Sometimes (16) is called a weighted quasi-arithmetic mean
(quasi-arithmetic mean with generating function ¢ and weight \).

We note that the (weighted) quasi-arithmetic means are strict, so,
for any two such means, there exists the Gauss-composition. At the same
time the arithmetic-geometric mean illustrates that the class of the quasi-
arithmetic means is not closed for the Gauss-composition, since A ® G is
not a quasi-arithmetic mean. This statement follows from the corollary of
Theorem 2.9 below.

2.2. Some further classes of mean values

Definition 2.4. The M : I? — I mean is called a conjugate-arithmetic
mean on [ if there exists ¢ € CM(]) such that

(17)  M(z,y)=¢! <s0(l‘) +o(y) — ¢ <x—£y>) =: A7 (2,y)

for every x,y € I. In this case the function ¢ € CM([) is called the
generating function of the conjugate-arithmetic mean (17).

Similarly to Theorem 2.3, it is true, that two conjugate-arithmetic
means are equal if and only if their generating functions are equivalent
([13]). It is obvious that the conjugate-arithmetic means are strict means.
In the case of I = R4 the homogenous conjugate-arithmetic means are
also known (see [13]).

Definition 2.5. The M : I? — I mean is called a mized-arithmetic
mean on [ if there exists ¢ € CM(I) such that

. oty
(18) M(z,y) =¢ " (Qp( )+90(y?))+<p( Z )> =: AD(z,y)

for every x,y € I. As it is usual, ¢ € CM(I) is the generating function of
(18), which uniquely determines the mixed-arithmetic mean disregarding
the equivalence. These means are also strict.

The previously mentioned two classes and the class of the quasi-
arithmetic means are contained in the next concept ([17]).
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Definition 2.6. Let @ > —1. The mean M : I? — I is said to be a
quasi-arithmetic mean of order « if there exists ¢ € CM(I) such that

(19) M(z,y) = (,071 <90(x) + QO(QCUL";CW’ (mJ2ry)> —. AL(pa)(x,y)

for every z,y € I. Then the function ¢ € CM(I) is called the generating
function of (19).

It is clear that for a = 0 we have Afpo ) = A, (quasi-arithmetic case),
for a = —1 we have Af{l) = A7, (conjugate-arithmetic case), and for o = 1

we have Ag) = AE (mixed-arithmetic case).

Theorem 2.7. Let « > —1. If ¢,¢b € CM(I), then Ac(pa)(:c,y) =
Afpa) (x,y) for every (z,y) € I? if and only if p ~ 1) on I.

This theorem states that the quasi-arithmetic means of order « are
uniquely determined disregarding the equivalence of their generating func-
tions.

Definition 2.8. Let us denote by P(I) the set of continuous functions
f:I — Ry. The mean M : I? — I is called a quasi-arithmetic mean
weighted with a weight function if there exist ¢ € CM(I) and f € P(I)
such that

f(@)o(x) +f(y)e(y)
f(@) + f(y)

(20) M(as,y):w( )z: Aps(ay) (wye D).

In the particular case p(z) =z (z € I), we have the means

f@)x + f(y)y
f(@)+ f(y)

which are called the Beckenbach—Gini-means ([9], [10], [21]). These are
determined by the weight function f € P(I). A characterization theorem
for the Beckenbach—Gini means can be found in the paper of PALES and
VOLKMANN ([50]). Now we mention some further special cases:

IfpeR, I =Ry and f(x) = 2P~1, then we obtain the mean

M(z,y) = = Gy(r,y)  (v,y€l)

P +yP

Ly(z,y) = W

('rvy € R+)
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called Lehmer-means ([37]).
If I =Ry and f(x) :=2a", p(x) :=2°"" (s # ), then A, ¢ reduces to
the mean

_1
<.le iy> ) if:E,yGR_HS#T‘,
xa’l” y’l’
G Y) =
e v In(a) + y* In(y)
exp< e ), ifr,ye Ry, s=r,

which is termed the two-parametric Gini-means ([21]).
Another class of two parametric means on I = R, the so-called
Stolarsky-means ([61], [62]) are defined as follows:

( q(xp_yp)>plq .
2 J 7 ’d if — T — 0,
<p(xq_yq) pa(p — a)(x —y) #
mp_ N |
( (In( y ) : if p(x —y) #0, ¢ =0,
Spq(z,y):= < g(In( xq—yq > , if q(x —y) #0, p=0,
1 2PIln(z)—y? In(y .
exp< + p) " ()>7 lfq(x—y)#O,pzq,
p e =y
VY, 1fq;—y7éo’p:q:0’
x, ifx—y=0.

The mean Sy ; is usually called the logarithmic, while the mean S;; is
called the identric mean. The power mean H,, is also contained in this
class since it is easy to check that S», , = H), for all p € R.

2.3. The generalized Matkowski—Suté problem

Let K be a given class of mean values on the open interval I C R.
We do not define the general concept of the class of mean values, instead,
we will always think of one of the classes of mean values introduced in
Section 2.2. These classes are defined with the help of generating functions,
weight functions and parameters. Let us suppose that the elements of K
are strict means on I. Then, for any M7, My € X there exists the Gauss-
composition M; ® My : I? — I, which is a mean on | (Theorems 1.3
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and 1.5). The Matkowski-Sut6 problem for the class of mean values X is
the following: Characterize all those means My, My, M3 € X for which

(21) M, = My ® Ms

holds, that is, find those means My, M3 € X whose Gauss-composition is
also a mean belonging to X.

The problem in this form is too general, since it could be asked about
any class of mean values X containing strict means that have not been
defined yet. Let us illustrate this on an easy example.

Let I := Ry and X = {H, : R2 — Ry | p € R}, where H), is the
class of power means defined in (15). The elements of this class are strict
means on R, and depend on a single parameter p € R. The generalized
Matkowski—Suto problem for power means is to find the parameter triplet
D,q,s € R such that

(22) H,=H,®H,
holds on the set ]Ri. In the case p # ¢, the solution to this problem was
found by LEHMER [37]. For the general case, we have the following result.

Theorem 2.9. For the triplet (s,p,q) € R? the equation (22) holds
on the set Ri if and only if

s#0 then p=q=s; andif
(23)
s=0 then p+q=0.

PROOF. (i) First let us suppose that s # 0. Then, from (22)
Hp(z,y) + Hi(z,y) = 2° +y°

for every x,y € R,. Therefore, by the substitutions u := z°®, v := y® and
the notations a := £, b := <, we have

(24) Hll(uﬂ]) +Hb(ua U) =u+v

for every u,v € Ry. Taking the derivative of (24) with respect to u, we
have

- o) o) () () )
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for every u,v € Ry. Thus, after the substitution v = 1, we get
(25) Ho(1,0)% + Hy(1,0)' 70 = 2.

If a = b, then, from (22), a = b = 1. If a # b, because of the symmetry, we
can assume that @ < b. Then (24) implies the inequality a < 1 < b. Thus,

(26) lim Hy(1,v)' 7" = 0.

vV——+00

On the other hand,

0 if a =0
lin H,(1,0)'7*={ 400 if0<a<1
2% ifa <0,

which is a contradiction because of (25) and (26). Therefore, the case
a # b is not possible, which means a = b = 1. Hence, £ = 1 =1, that is
the first part of (23) holds.

(ii) If we assume that s = 0, then, by (22),

(27) Hp(xay)Hq(:E?y) =Ty

holds for every z,y € R;. Thus, the case pg = 0 implies that p = ¢ = 0,
hence, let us suppose that pg # 0. Then, by (27), we have

Hq(xv y) = H—p(xa y)

for every z,y € R, wherefrom ¢ = —p follows. Thus, we have proved the
second part of (23) as well. O

Example 1.9 is a special case of this theorem with the choice s = 0,
p = 1, ¢ = —1, that is, the Gauss-composition of the arithmetic and
harmonic mean is the geometric mean. Let us note that the arithmetic-
geometric mean H; ® Hy = A®G is evidently not a power mean (moreover,
it is not a quasi-arithmetic mean). Because if A ® G is a quasi-arithmetic
mean on R, then, by its homogeneity property, it has to be a power mean.
But the triplet (s,1,0) € R? does not satisfy any cases of (23), therefore,
A ® G is not a quasi-arithmetic mean on Ry .
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The original Matkowski-Suto problem is the following. Let M; and
M5 be two quasi-arithmetic means on I, and our question is when the
Gauss-composition of these means will be equal to the arithmetic mean,
that is, when the invariance equation

AO(Ml,Mg) =A

holds. In more details, this means finding those functions ¢,y € CM(I)
which satisfy the following functional equation

) (L) o (M)

To best of our knowledge, the equation (28) was examined first in 1914
by O. Suto ([63], [64]). He wrote the following about it: “The analytic
functions ¢, ¥ and their inverses are supposed to be one-valued, as ever

we do: cp_l so(m);rsO(y)

) is a mean of z and y in certain sense.” In 1995

the functional equation (28) was rediscovered by MATKOWSKI ([40]), who

unambiguously defined the following problem referring to the equation.
Matkowski—Suté problem: Find all those functions ¢,v € CM(I)

for which the functional equation (28) holds for every z,y € I.

The solution of the Matkowski—Sut6 problem would give an answer for
the following more general Matkowski-Suto-type problem as well: Char-
acterize all those quasi-arithmetic means My, My, and Ms on I for which
the identity

My, = My @ M;

holds, that is, the Gauss-composition of the quasi-arithmetic means My
and Mz is again a quasi-arithmetic mean on I.

3. The Matkowski—Suté problem

3.1. The Matkowski—Suté problem with respect to quasi-arithmetic
means

Let ¢,1) € CM(I). We will say that the pair (¢,v) € EM([)? is a
Matkowski—Suté pair if the functional equation

(29) o1 (@(x);w(y)> Lyt (w(:v) —gw(y)) sty
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holds for every x,y € I. It is evident that if (p,7) € CM(I)? is a
Matkowski-Sutd pair and f ~ ¢, g ~ % on I, then (f,g) € CM(I)? is
also a Matkowski-Sutd pair since A, = Ay and Ay, = A, on I?. There-
fore, it is enough to characterize the Matkowski—Sut6 pairs disregarding
the equivalence of the generating functions.

The first result is due to SUTO ([64]).

Theorem 3.1. If a pair (p,v) € CM(I)? is a Matkowski-Suté pair
and the functions p, v are analytic on I, then there exists p € R such that

(30) p~xp and Y~x_p, onl
where

x ifp=0
(31) () i= { v pso  CED

The following result is due to MATKOWSKI ([40]). Its regularity as-
sumptions are much weaker than that of Sutd’s theorem.

Theorem 3.2. If a pair (p,v¢) € CM(I)? is a Matkowski-Suté pair
and @, 1 are twice continuously differentiable on I, then there exists p € R
such that (30) holds.

Our paper [18] improved these two theorems in the following way.

Theorem 3.3. If a pair (¢,v) € CM(I)? is a Matkowski-Suté pair,
moreover, either ¢ or 1 is continuously differentiable on I, then there exists
p € R such that (30) holds.

After this result, we were not able to make further generalization in
this direction. To show another possible direction we need the following
definition.

Definition 3.4. Let M, N : I? — I be two mean values. We will say
that M and N are strictly comparable on I if

M(z,y) < N(z,y)

for every x,y € I, and values x # y, where <€ {=, <,> } is a relation
defined on the set of real numbers.

With the help of the above mentioned concept of comparability DA-
ROCZY and MAKSA ([15]) proved the following theorem.
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Theorem 3.5. If (p,9) € CM(I)? is a Matkowski—Suté pair and the
quasi-arithmetic means M := A, and N := A, are strictly comparable
in I, then there exists p € R such that (30) holds.

Theorems 3.3 and 3.5 are independent of each other in the following
sense: we can not prove directly that if (¢,1) € €M(I)? is a Matkowski—
Sutd pair and either ¢ or 1 is continuously differentiable on I, then A,
and Ay, are strictly comparable in I or if (¢, ) € €M (1)? is a Matkowski—
Sutd pair and A, and Ay, are strictly comparable in I, then either ¢ or v
is continuously differentiable on I.

3.2. Continuously differentiable solutions

Let us suppose that for the (p,1) € CM(I)? Matkowski-Sutd pair
it is true that ¢, are continuously differentiable on I, and ¢'(z) # 0
Y'(x) # 0 if © € I. This condition is somewhat more special than that of
Theorem 3.3, but later we will see that it is enough to solve the Matkowski—
Sutd problem.

Theorem 3.6. If (¢,7) € EM(I)? is a Matkowski-Suté pair, and ¢,
¥ are continuously differentiable on I and ¢'(x) # 0, ¢'(x) # 0 for z € I,
then there exists p € R such that (30) holds.

To prove this theorem we need the following lemmas.

Theorem 3.7. If (p,1) € CM(I)? is a Matkowski-Suté pair and ¢,
¢ are continuously differentiable on I, and ¢'(x) > 0, ¢'(x) > 0 for x € I,
then, with the notations

Ji=pI), f=¢op !, g=¢ op

the continuous functions f,g : J — Ry satisfy the functional equation

@ 2 (M50 60) - o) = fg(o) - FE)

for every u,v € J.

ProoOF. Differentiate the functional equation (29) first with respect
to z and then with respect to . This is possible because of the assumptions
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of the lemma, and we have that the equations

o (x) W)
2 (A ) T W Ay

and

©'(y) N V' (y)
20/ (Ap(z,y)) 20 (Ay(2,y))

hold for every x,y € I. Multiplying the first equation by ¢’ (y), the second
equation by ¢’ (x), and subtracting the new equations from each other, we

have

o ()0 (y) — & () ()
(33) 20/ (A, ()

for every x,y € I. Let u = p(z), v =p(y) (u,v € J := ¢(I)) be arbitrary
and f:=¢ o=t g:=1" ol then from (33) we get that

=Y'(y) — ' (x)

uU+v
21 (3% (66) = 9(w)) = Fa)g(v) = F0)g(w
holds for every u,v € J, that is, the functional equation (32) is satisfied.
In this case, because of the assumptions stated in the lemma, the functions
f,9:J — Ry are continuous. 0

Lemma 3.8. If the continuous functions f,g : J — R4 (defined on
the nonvoid open interval J C R) satisfy the functional equation (32) for
every u,v € J, then there exists a constant ¢ > 0 such that, for every
u € J,

(34) f(u)g(u) = c.

Proor. If g(u) = g(v) (> 0), then, from (32) it follows that f(u) =
f(v). Therefore, there exists a function F': g(J) — Ry such that

(35) f(u) = F(g(w)) it weld

If g is constant on J, then f is also constant on J and (34) is evidently
satisfied. Therefore, we can assume that g is nonconstant on J. Then, by
the continuity of g, K := g(J) is a nonvoid interval in R .
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We will show that the function
F:K—>Ry

is differentiable on K.
Let x € K and let (x,,) C K be a sequence that converges to = from
the left (x,, < z) (or from the right x,, > z). It is enough to show that

F(xn) — F(z)

Ty — T

converges to a limit value depending only on .
Assume that z,, < x for all n € N and let

zo = inf{x, | n € N} = min{z,}.

Then there exist up € J and u* € J such that g(ug) = xo and g(v*) = x.
We can assume that ug < u* (the other case could be discussed similarly).
Let

H:={teJ|u <t<u*andg(t) =z}

Then H is a closed set and H # () because of u* € H. Let
u :=inf H,

then the inequality u > wug is clearly satisfied. By the continuity of the
function g, we have g(u) = x, and if ug < t < u, then g(t) # z. The
function g attains every value between x and zg on the closed interval
[ug, u|, whence, there exists u, € [ug,u[ such that g(u,) = z, (n € N).
We will show that u,, — © as n — oo.

Assume that this is not satisfied. Then there exists a subsequence
(un,) (M1 < ng < ng < ---) converging to @ such that @ # u and thus,
@ < u. Therefore, by the continuity of g we have g(u,, ) — g(u) (kK — o0)
and g(un, ) = xn, — = = g(u) (kK — o00). Wherefrom g(u) = g(u), which
contradicts the definition of u. Thus, indeed, u,, — u if n — oc.

By these preliminaries and by equation (32),

Up + U _ f(un)g(u) — f(u)g(un) _ F(xn)x — F(x)mn
2f< 2 >_ g(u) — g(un) T —
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Since f is continuous, we have that

lim f <“ - “) — f(u) = Flg(u)] = F(a).

n— oo 2

Thus the limit

F(z,) - F
lim —(;1: ) (z) = F'(x)
n—00 Ty — X
exists and
2F(x) = —aF'(z) + F(x),
that is,

In(zF(x))]) =0

for every x € K. Therefore, there exists ¢ > 0 such that

c
Flz) = <.
() =

This, with (35), yields the statement of the lemma. O

Lemma 3.9. If the continuous function f : J — R, satisfies the
functional equation

g (M) - ) (- ) —o

for every u,v € J, then there exist p,q € R such that

(37) flu)=pu+qg>0 ifuel

PROOF. (37) is obviously always a solution of (36) (where, if p = 0,
then ¢ > 0). If f is constant, then there is nothing to prove. Therefore,
contrary to the assumption let us suppose that there exists a nonconstant
continuous solution f : J — Ry of (36) which is not affine, that is, it
does not have the form (37). Then there exist o < 3 («, 3 € I) such that

f(a) # f(B) and

Graph(f) # Graph(L),

where
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and
Graph f := {(u, f(u)) |u € J}, Graph L := {(u, L(v)) | u € J}.
It is clear that

(a, f(@)), (B, f(B)) € Graph(f) N Graph(L),

thus, since f is continuous, there exist a* < #* (a*, * € J) such that

(", f(a%)), (87, f(87)) € Graph(f) N Graph(L),

and for every value t € Ja*, %[ we have (¢, f(t)) ¢ Graph(L). For example,
we can assume that f(t) > L(t) if t € |a*, 5*[ (the other case can be
discussed similarly). In (36) let uw = o, v = §*. Then, by f(a*) # f(8*),

we obtain

L(a®) + L(B") = f(*) + f(B") = 2f (a* ;rﬂ> > 2L (a* ;ﬂ>

= L(a™) + L(5Y).
This contradiction completes the proof. O

Now we are ready to prove Theorem 3.6.

PROOF of Theorem 3.6. We can assume that ¢’(z) > 0 and ¢'(z) > 0
for every x € I. If for example ¢'(z) < 0 (z € I), then, since ¢ ~ —¢p
on I, we can replace ¢ by —p to get the desired inequalities. According
to Lemma 3.7, f := ¢’ oo~ ! and g := ¢/ o 9y~ satisfy (32) for every
u,v € J := p(I). By Lemma 3.8, there exists ¢ > 0 such that (34) holds
for every w € J. Then with the substitution g(u) = 7(ay from (32), we
have that the continuous function f : J — Ry satisfies (36); therefore, by
Lemma 3.9, there exist p,q € R such that

flu)=pu+q>0, ifuel
Thus,

r 1y .

@ op (u) =putgq, ifucl,

wherefrom, with the notation z = ¢~!(u) € I, we obtain

(38) o'(z) =pp(z)+q, ifzel
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If p =0, then, by ¢ > 0 and (38), we have
o) =qr+r, ifzel
for some constant r € R. Hence,
p~xo onl.

If p # 0, then, by (38), we have
o(z) = ceP” — g, iteel
p

for some constant ¢ # 0, that is,
p~xp on I.

Finally, it is easy to prove that if (¢,v) € €M(I)? is a Matkowski-Suto
pair and ¢ ~ xp, on I, then 1) ~ x_,, on I. Therefore, the proof is complete.
O

3.3. The extension theorem

The previous examinations and results will be strengthened by the
extension theorem derived in this section. In the introduction we have
already mentioned the following very important characteristic that can be
deduced from the structure of the functional equation (29). We are now
going to discuss it in more details.

Let K be a nonvoid open subinterval of I. If (p,1) € EM(I)? is a
Matkowski-Sut6 pair then the restriction (¢|x,%|x) € CM(K)? is a Mat-
kowski—Sut6 pair on the interval K, that is, (29) holds for every z,y €
K. In the sequel, instead of (@|K,¢\K) € CM(K)?, we will simply write
(,1) € EM(K)?.

On the other hand, it is clear that a pair (¢,%) € CM(I)? on any
nonvoid open interval K C I is a Matkowski-Suto pair, if ¢ ~ x, and
P ~ X—p on K for some p € R. From this, the following very natural
question arises: Let (¢,%) € CM(I)? be a Matkowski-Sutéd pair and let
K C I be a nonvoid open interval. Suppose that

oK ~ Xp, YK ~ X—p on K

for some p € R. Is it true then that the relations ¢ ~ x,, and 9 ~ x_, hold
on I, too? The positive answer to this question generalizes Theorems 3.3
and 3.5 in the following forms.
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Theorem 3.10. If (¢,v) € CM(I)? is a Matkowski-Suté pair and
there exists a nonvoid open interval K C I such that one of the restrictions
of p and 1) to K is continuously differentiable on K, then there exists p € R
such that (30) holds.

Theorem 3.11. If (¢,v) € CM(I)? is a Matkowski-Suté pair and
there exists a nonvoid open interval K C I such that the quasi-arithmetic
means M = A, and N = A, are strictly comparable in K, then there
exists p € R such that (30) holds.

To prove the extension theorem, we need the following lemmas.

Lemma 3.12. If (p,v) € CM(I)? is a Matkowski-Sut6 pair and there
exists a nonvoid open interval K C I such that ¢ ~ x, and ¢ ~ x_, on K

for some p € R, then there exists a Matkowski-Suté pair (1) € CM(I)?
such that ¢ ~ @ and ¥ ~ 1 on I, and

B(2) = xpl2), B(2) = xple) ifz K.
PROOF. There exist constants A; # 0 and B; (i = 1,2) such that
p(z) = Aixp(x) + Br,  (x) = Aox—p(2) + B2

for every x € K for some p € R. Let

~ 1 By 1 By

o(x) == A—lap(m) o and  1(z) == i (x) — A—Q ifxel.

Then, by ¢ ~ & and ¥ ~ 1, we have that (, {/Jv) € CM(1)? is a Matkowski—
Suto pair and, for every x € K,

Fa) = - (A (@) + Br) = 1 = (o),
9) = - (Axop(0) + Ba) = 2 = x-p(0) a

Lemma 3.13. Let ¢ : [A,B] — R (A < B) be a continuous and
strictly monotone increasing function that satisfies
B-A

(39) T OB )
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Furthermore, suppose that the function

(40) f():=p(t) -t  (te[A B])

satisfies the functional equation

(41) flx+y—Ay(2,y) = f(Ap(2,y))

for every x,y € [A, B]. Then there exists o € R such that

1
(42) o(x) = . +o
holds for every x € [A, B].

PpPrOOF. We note that the functional equation (41) is in fact an
equation with respect to the unknown function ¢.

Let ¢([A, B]) = [a, ] where ¢(A) = a and ¢(B) = 3, and since ¢ is
strictly increasing therefore, o < . Furthermore, let

(43) g(w) = o (w) ifue B

Then, by (41), with the substitutions x := ¢~ (u), y := ¢~ (v), we get

e(twreno - (552) - et - o)

Lol utv) utv g futw
4 o )T 2 7 2
for every u,v € [a, 3], whence

(1) glu+a)-g (52 ) = (st + 00 -20 (“50) + 1)

Now let
B B—Au+Aﬁ—Ba
B« B -«

if u € [, B]. It is easy to see that

(45) b(w) :

—g(u)

(46) b(a) = b(B) = 0
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and, by (3)

B-A
(47) T = > 1.

f—a —
Hence, (45) implies g(u) = Tu-+n—>b(u), where ) := Ag:f“,

from (44) we obtain that

and therefore,

Tu+n—b(u)+7v+n—b(v)—7u;v —n—l—b(u;—v)

— g (rutn—b(w) + o+ g —b(o) —2(r 2 g —p(1E))

+“_2H’) - g(2b<“;“”) — b(u) — b(v) + “;”)

follows for every u,v € [a, ]. Rearranging this equation, we have

(48) b <2b <“"2H’> ~ b(u) — b(v) + “;”)

= (1= 7)b(w) + (1 — 7)b(v) + (27 — 1)b (”;“)

for all u,v € [a, ], where, by (47), 7 > 1. The unknown function b :
[a, ] — R is continuous and satisfies (46) and (48). We will show that
b(u) = 0 for every u € [a, (]
On the contrary, assume that there exists vg € |a, 3] such that b(vg)#£0.
Then there are two possible cases : (i) b(vg) >0 or (i) b(vg) < 0.
In case (i) let
max b(u) =M >0
u€fa,f]
and

S = {u | u € [a, 5], b(u) = M}, Uug := sup S.

Then b(ug) = M and uy < (. Thus, there exists € > 0 such that ug —
g,ug + ¢ € Ja, B[. Substituting the values u := uy — ¢ and v := ug + € into
(48), we obtain the equation

b(2M — b(uo — 5) — b(uo + 6) + UO)
=(1—=7)b(up —¢) + (1 —7)blug +¢)+ (27 — 1) M.
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By the definition of the number uy,
v(e) :=2M — b(ug — ) — b(up +¢) > 0,
and from the previous equation we have
(49) b(v(e) +uog) = (1 —7)(2M —v(e)) + (27 — 1)M
=M+ (7 —1)v(e).
For 7 > 1 the equation (49) leads to a contradiction, because the maximum
value of the function b is M and v(e) > 0. If 7 = 1, then, by (49),

ug +v(e) € S and ug + v(e) > ug, which contradicts the definition of wy.

Thus, case (i) is not possible.
If (ii) holds, then let

min b(u) =m <0
u€la,f]

and
T:= {u | u € [a, 5], b(u) = m}, ug := inf T

Then b(up) = m and o < ug. Whence, there exists ¢ > 0 such that
ug — &,ug + € € |a, B[. Substituting the values u := ug —e and v := ug +¢&
into (48), we get

b(2m—>b(ug—e)—b(up+e)+uo) = (1—7)(b(uo—e)+b(ug+¢)) + (27 —1)m.
Then, by the definition of the number ug, we have
v(e) :=2m — b(ug — ) — b(ug +¢) <0,
and thus, from the previous equation, we obtain
b(uo + v(e)) =m+ (1 —1)v(e).

If 7 > 1, then, from the previous equation, we would obtain that b has
smaller values than m, which is not possible. If 7 = 1, then, by v(e) < 0,
up +v(e) < up, and in this point b has the value m, which contradicts the
definition of ug. Therefore, case (ii) also leads to a contradiction.

Whence, we proved that b(u) = 0 for every u € [« 5]. Therefore, by
(45), (47) and (43), we have

e '(u)=gu)=Tu+n,  ifuclop
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thus, by the notation o := —2
p-

1
o) =—-z+o0, ifxzelA B,
T

that is, (42) holds. Hence, our proof is complete. O
Now we are ready to state the extension theorem ([16]).

Theorem 3.14. If (¢,9) € CM(I)? is a Matkowski-Suté pair and
there exist a nonvoid open interval K C I and p € R such that ¢ ~ X,
and ¢ ~ x_p, on K, then ¢ ~ x, and ¢ ~ x_, on 1.

PROOF. Because of Lemma 3.12, we can assume that

(50) o(x) = xp(z) and Y(z)=x_p(z) ifzeK.

Moreover, we can also assume that the open interval K is maximal, that is,
there is no strictly larger interval where the above equalities are satisfied.
We are going to show that then K must be identical with I.

Let K = ]a,b[ and suppose that K # I. Then either a or b or both of
them are elements of I. We only consider the case when a € I, the other
cases can be handled similarly. Choose a number b* with a < b* < b.

Because of the continuity and strict monotonicity, there exists 0 <
0 < b— a such that

o(r) + ¢(y)
2

hold for every = € [a — d,a] C I, and y € |b* — §,b*[ C I.
Now there are two possible cases: (i) p#0 and (ii)) p=0.
The Case (i) can be handled relatively easily. Then (50) implies

Y(x) +¥(y)

(51) 5

€ p(K) and € Y(K)

1
(52) e H(t) = ’ logt, ifte p(K)CRy
and

1
(53) Yt = . logt, iftey(K)CR;.

Using (50), (52), and (53), by (51), from the functional equation (29), we
obtain

1 o(x)+er? 1 Y(x) +e Py

4 -1 —
(54) P 5 L loe 5 r+y
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for every x € [a — d,a], and y € |b* — 6,b*[. From (54) it follows that

Py (ePPy(x) — 1) = p(x) — €,
wherefrom

e’ Y(z) —1=0

for every x € [a—0,al, that is, ¥(z) = e P and p(z) = eP? if x € [a—0, a].
This means that the solutions of the form (50) can be extended from
K = ]a, b] to the open interval K7 := |a—d,b[ C I, which properly contains
K contradicting the maximality of K. This completes the proof in the
Case (i).

The investigation of Case (ii) is much more difficult. In this case (50)
implies

(55) olx)=v¢@x)=2 ifxe K =]a,b|.

Then the roles of the functions ¢ and 1 can be interchanged, and since
a € I, by the continuity,

(56) pla) = ¢(a) = a.

On the other hand, for every = € [a — §,a] and y € [b* — §,b*], (51), (29),
and (55) yield that

that is,
(57) o(x) +(x) =2z, ifxeK=[a-—24,al

The functions ¢ and ¥ are strictly increasing on I, thus, also on the interval
[a —d,a]. Let p(a —3J) =: ¢ and ¢(a —6) =: C. Then, by (57), c+C =
2(a — 0), thus, either ¢ or C is greater than or equal to a — 0. Since the
roles of ¢ and 1 can be interchanged, we can assume that

(58) pla—d)=c>a—04.

Now let z,y € [a — ¢, a] arbitrary. Then, by (57) and the Matkowski—
Suto6 equation (29), we have

¢4<2v—ﬂ@+ﬂy—¢@)

5 >=:v+y—z4@($,y),
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from which, applying (57) again, we obtain

Ty — W =22 + 2y — 24, (z,y) — p(v +y — Ap(z,y))

for every x,y € [a — d,a]. Rearranging the above equation, and defining
the function

ft)=¢(t)—t iftea—74,al,

we obtain

(59) flz+y—Ap(z,y)) = f(Ap(z,y))
for every x,y € [a — d,a]. Due to (56) and (58), we have

o a—(a—9) 6
T @ a0 a-c- "

Hence, the strictly increasing and continuous function ¢ satisfies the con-

ditions of Lemma 3.13 on the closed interval [a — §, a] =: [A, B], therefore,
we have

1
(60) ox)=—-x+0o ifx€la—0,al,

T

where 0 :=a — %. Form this and (57), we obtain

T

W(@) = 20 — () = <21>x0, if 2 € [a— 6,a].

Now let = € [a — d,a] and y € [a, b*] satisfy

90(96)-2%@0(?;) € o(la—0o,a]) and Y(x) —;w(y) e (la - 6,a]).
Then, by
e (s)=7(s—0) and ¥ l(s) = 27_7_ 1 (s+0)

and the Matkowski-Sut6’ equation (29), we get

leto+4y T (2—l)x—a+y
T<2—0>+2 1 5 +o | =x+y,
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L )y+ (= =9
Tror )Y \gr T T) 0T

Since the last equation holds for every y from some interval, therefore,

which implies

7— J—
2r —1

T+

and so necessarily 7 = 1 and o = 0. Hence,
o@)= (@) =z ifcela—da

that is, the solutions can be extended from K = ]a,b[ to K1 = |a — 4, b,
where K is a proper subset of K;. The contradiction obtained completes
our proof. O

4. The solution of the Matkowski—Sut6 problem

4.1. Regularity of functional equations and Hilbert’s fifth problem

The title of Hilbert’s fifth problem ([24]) is the following: Lie’s concept
of a continuous group of transformations without the assumption of the
differentiability of the functions defining the group. Hilbert refers to the
generality of the problem when he states that the functions defining a
continuous group of transformations satisfy such functional equations for
which the differentiability of the unknown functions need not be assumed
because their continuity seems to be sufficient.

In our opinion the Matkowski—Sut6 problem is a special case of Hil-
bert’s fifth problem, because it can be reformulated in the following form.

Let X C R be a nonvoid open interval on which three two variable
operations o; : X?> — X (i = 1,2,3) are defined with the property QA.
We say that an operation o : X2 — X has the property QA if it satisfies
the following conditions:

(QA1) o : X2 — X is continuous;

(QA2) o is commutative (i.e., zoy =yox for all x,y € X);

(QA3) o is reflexive (i.e., z ox = z for all x € X);

(QA4) o is cancellative (i.e., if zoy = x oz, then y = z for all z,y, z € X);
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(QA5) o is bisymmetric (i.e., (zoy)o (uowv) = (xowu)o (yow) for all
x,y,u,v € X).

Now we can reformulate the Matkowski—Sut6 problem in the following
form. Find those binary operations oy, os, and os defined on X with the
property QA which satisfy the following equation

(61) ao; b= (aogb)oy (aogb)

for every a,b € X.
According to AczEL’s theorem ([2]), an operation o : X? — X has
the property QA if and only if there exists f € CM(X) such that

aob=f" <W> = Ay(a,b)

for every a,b € X, that is, o : X? — X is a quasi-arithmetic mean. From
this, we have that the “invariance” equation (61) means the following.
Since o; is a quasi-arithmetic mean for every i, there exist generating
functions f1, fa, f3 € CM(X) such that

(62) Afl (a,b) = Afl (Afz (avb)7Af3 (av b))
holds for every a,b € X, that is, Ay, = Ay, ® Ay,. From (62), we obtain

fi(a) + f1(0) = f1(Ap,(a,)) + f1(Ag (a, b))

for every a,b € X; wherefrom, with the substitutions

x::fl(a)v y::fl(b)7 ‘T?yefl(X) =:1I,

and with the notations

= fao fit, = fyo fil,

we have that [ is a nonvoid open interval and ¢,v € CM(I) satisfy the
Matkowski-Sut6 equation (29). So the solution of problem (61) reduces
to the problem of solving (29), in which it is unnatural to make further
assumptions for the unknown functions ¢, ¥ according to Hilbert’s stipu-
lation. Therefore, it is of theoretical importance to study the solutions of
the functional equation (29) under the natural condition ¢, € CM(I).
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According to our preceding investigations, the Matkowski—Sut6 prob-
lem is solved if there exists a nonvoid open interval K C I, in which the
Matkowski-Sutd pair (¢,1) € €M(I)? is continuously differentiable and
their derivatives do not vanish in K.

Therefore, if we are able to show that the previous reqularity property
holds for any Matkowski-Suté pair (¢, 1) € CM(I)?, then this will lead to
the complete solution of the problem. This is the subject of the following
sections, and the result obtained will verify Hilbert’s fifth problem in this
case, too.

4.2. Locally Lipschitz property of Matkowski—Sutopairs

If (p,1) € CM(I)? is a Matkowski-Suté pair, then, from the Mat-
kowski-Sut6 equation (29), with the notations J := ¢(I) and u = ¢(z),
v=1(y) (u,v € J), we deduce that

o1 (1/)0 ¢ (u) -QHZJ o s@l(v)>

(63)

o+ - (5)

holds for every u,v € J. Without loss of generality, we may assume
that the functions (p,1) € CM(I)? are strictly monotone increasing on
I because, in the decreasing case, they can be substituted by equivalent
and increasing generating functions. Then ¢, v are strictly monotone
increasing on I, and ¢!, ¥~ ! are also strictly monotone increasing on
J := ¢(I), and on L := ¢(I), where J and L are nonvoid open intervals
in R. From these properties, one derives that the left side of (63), namely
the function

s ) <ww‘1(U)—2F¢O<p‘1(v)> (ue )

strictly increases on J for any fixed v € J. Therefore, the right side of
(63) is also strictly increasing in u, that is, the function

(64) et -t (U50) e

is strictly increasing on J for every v € J. Of course, o~ is also continuous
on J. This bears some further information about the function ¢ ~! (and
similarly about 1)~1). Therefore, the following theorem is fundamental.
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Theorem 4.1. Let J C R be a nonvoid open interval and let f : J — R
be a strictly increasing and continuous function such that, for any v € J,
the function

(65) we f) - £ ("50) wed

is strictly increasing.
Then, for every ug € J, there exist § > 0, and K, L > 0 such that
U :=lug — d,up + 6] C J, and for all u,v € U, u # v, we have

f(u) = f(v)

u—"v

< L.

(66) 0<K <

PROOF. (i) First, we prove the existence of the upper bound L.
Due to the condition of the theorem, if u < u’ (u,u’ € J), then

s -1 (“50) < gy -1 (S50,

that is,

Hence
(67) F(5) - ()] < 1) - s

for all u, v’ ,v € J.

Let ug € J be arbitrary. Then there exists r > 0 such that Jug—r, ug+
r[ C J. Since f is monotone, according to Lebesgue’s theorem, there exists
a point u* € Jug— %, up+ 5[ at which the function f is differentiable. Thus,
there exists 0 < ¢ < § such that if ju —u*| < ¢ and w,u* € J, u # u*,

then
flu) = f(ur)

uU— u*

= fw)] <1,
that is,

(68) [f () = f@)] < (If (@) + D)u— | = L7 |u—u],
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where L* := | f'(u*)| + 1. It is clear that (68) holds for every |u — u*| < p.
Now let x,y € Jug — §,uo + [ C J be arbitrary. Then, with the
notations v := 2y — u* and u := 2z — v = 2(x — y) + u*, we obtain

r r
o~ ol = |29 = u* — ol < [2(y — wo)| + fuo —u’| <27+ 5 =2+ 5 <,

thus, v € J and
o _

ju— '] = 2z — )| < 22

0.
From this, by (67) and (68), we have

@) -1l = (50 - (5]
< () — F(u") < Efu— ' = 2L°a 3,

that is, with the notations § := % and L := 2L*, we have proven the right
hand side inequality of (66).

(ii) In order to prove the left hand side inequality of (66), we shall
make use of the following observation. Since f : J — R is strictly mono-
tone increasing, therefore, f’ exists on a dense subset of J and it is posi-
tive. Indeed, if f’ were zero almost everywhere on a nonvoid open interval
H C J, then, according to what we have proved in part (i), f is absolutely
continuous, hence we would have

o) - 1) = | "pwdi=0  (nye H),

contradicting the strict monotonicity of f.
Thus, let up € J and r > 0 be such that Jug — r,ug + r[ C J. Let
u* € Jug — 5, up + 5[ be such a point at which f is differentiable and

f(u*) > 0.

Then there exists 0 < ¢ < % such that, if ju — u*| < ¢ (u # u*), then

From here, we obtain that
(69) £) — ) > P8



196 Z. Daréczy and Zs. Péles

for all ju —u*| < .
Now let u,u’ € Jug — 0, up + o[ and v := 2u* — u. Then

|v —ug| = [2u™ —u — up| = [2(u* — ug) + up — u| < 2u* — ug
tluo—ul <2z 4o <,
whence, v € J. Thus, by (67) and (69),

|/ —u| 20
= < — =
2 9 ¢

u —u+ 2u* .
2 "

which implies that

)~ Fw)] > ‘f (“5) -+ (“*)' - \f(“‘“”“) )

2 2
f'(u”)
2

u —u+2u* .
2

>

Therefore, with the choices § := ¢ and K := @, we can see that the
left hand side inequality of (66) holds, too. O

Definition 4.2. Let J C R be a nonvoid open interval and f: J — R.
The function f is said to satisfy the local Lipschitz condition on its domain
if, for every ug € J, there exist 6 > 0 and L > 0 constant such that
U :=ug — 6,up + 6] C J and, for all u,v € U,

(70) |[f(u) = f()] < Llu —v].

Theorem 4.3. If (p,1) € CM(I)? is a Matkowski-Suté pair, then ¢,
1, o=t 1 are locally Lipschitz functions on their domains.

PROOF. If ¢ and 1 are increasing, then, by (64), o~ ! : J — R satisfies
the conditions of Theorem 4.1. Thus, for all ug € J, there exist § > 0 and
K, L > 0 such that U := Jug — d,up + 6] C J, and, for any u,v € U, u # v,

“H(u) =7 H(v)

0<K<? <L

From the right hand side of this inequality, we have that the function
o~! . J — I satisfies the local Lipschitz condition with the Lipschitz
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constant L. From the left hand side of the inequality, we can deduce that
the function ¢ : I — J also satisfies the local Lipschitz condition with the
Lipschitz constant % > (. Since the roles of ¢ and v are interchangeable,
we obtain that functions 1~ and ¢ both have the local Lipschitz condition
on their interval domains.

If either ¢ or v is decreasing, then, replacing them by equivalent
strictly increasing generators, we have that they and their inverses are
also locally Lipschitz functions. U

Corollary 4.4. If (¢,7) € €M(I)? is a Matkowski-Suté pair, then in
all those points xo € I where ¢ (or 1) is differentiable, it must be true

that ¢'(wg) # 0 (or ¥/ (z0) # 0).

PROOF. If ¢ and 9 are increasing, then there exist 6 > 0 and K > 0
such that U :=Jug — 6,ug + [ C J, and for all z,y € U, x # y

0< K < P —ely)
<L

Thus, with the choice y = zg, we obtain

(@) = p(wo)

0< K < lim = ¢/(z0).
T—z0 T — X
For decreasing ¢ the proof is similar. O

4.3. Differentiability of Matkowski—Sut6 pairs

If (¢,v) € EM(I)? is a Matkowski-Sut6 pair, then, by the result of
the previous paragraph, the functions ¢, 1, ¢~ and ¢! satisfy a local
Lipschitz condition on their domains. It follows from this that the function
h :=1 0@~ is also locally Lipschitz on interval J := ¢(I). From this we
have that h € CM(I) “keeps null sets”, that is, for all measurable null sets
E C I the image h(FE) has zero measure (NATANSON, [44]). This property
plays an important role in the following examinations.

Definition 4.5. Let f:J — R (J C R is a nonvoid open interval) be
an arbitrary function. We say that ¢ € J is a point of symmetry for f, in
notation t € o(f) if, for all s € J; := (J —¢t) N (t — J), we have

(71) ft+s)+ f(t—s)=2f(t).
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Lemma 4.6. If f : J — R is a continuous function, then the set of all
points of symmetry for f is a closed set, that is, o(f) is closed in J.

PROOF. Let t,, be a sequence in o(f) converging to t € J. We intend
to show that then ¢t € o(f) holds, too.

Let s € Jy = (J —t)U (t — J). Then, due to the openness of J, we
have that s € (J —t,) U (t, — J) = J,, for all large values of n. Thus,

fltn +8)+ f(tn —s) =2f(tn).

Taking the limit n — oo and using the continuity of f, we get that (71)
holds, i.e., t belongs to o(f). O

The following result shows that, except at points of symmetry, the
solutions ¢, ¥ of the Matkowski-Suto equation are differentiable.

Theorem 4.7. If (p,1) € CM(I)? is a Matkowski-Sut6 pair, and
to € J := ¢(I) is not a point of symmetry for ¢!, that is, tog & o(¢ 1),

1

then ¢~ is differentiable at t.

PROOF. With the substitutions z := ¢~ 1(t + 5), y := ¢~ 1(t — s) for
any t € Jand s € J; :=(J —t)N (t — J), by equation (29), we have that

h(t+s)+h(t—s)>
2

(72) o )= (48t - s) — (

9

where h := o=l If t € o(h), then, by (72), t € o(¢~!). On the other
hand, if t € o(p 1), then, by (72), t € o(h). Whence,

o(h) = o).

Now let tg ¢ o(¢™!). For any function g : J;; — R, denote by N, the set
of all those points s € J;, in which g is not differentiable. For s € J;, let
us define the following functions

g1(s) == ¢~ (to + s),
g2(5) := 9~ (to — 5),
g3(s) := h(to + ),
94(s) == h(to — s)



Matkowski—Suto problem 199

Since the functions g; (i = 1,2, 3,4) are monotone, according to Lebesgue’s
theorem, Ny, (i =1,2,3,4) is a null set, that is, the set

4
N:=JN,, C 7,
i=1

has zero Lebesgue measure. Since tg ¢ o(¢ 1) = o(h) thus, the function

ho(s) o= T IERO =D

is nonconstant; therefore, its image Hy := hy,(Jy,) is a proper interval.
Let
C:={u € Hy | ¢! is not differentiable at u}.

Then, by Lebesgue’s theorem, C' is a null set, whence, the set Hp\C has
positive measure.
Let
D :=h ' (Ho\ C) C Jyy.

Then hy, (D) = Ho \ C. If D were a null set, then h;,(D) would also be
a null set, since hy, is a locally Lipschitz function due to Theorem 4.3.
Hence, D C I;, has a positive measure. Thus D \ N also has a positive
measure, hence D \ N is nonvoid, i.e., there exists

S()ED\N.

Then g1, g2, g3 and g4 are differentiable at sg and ¥~ is differentiable at
ht,(s0). According to (72),

(73) @ 1(t) = o (t+s0) + o Lt —s0) — <h(t + 50) JQr h(t — so))

for every t € J, furthermore, ¢! is differentiable at the points (o + so)
and (to — so), h is differentiable at the points (to + s¢) and (typ — sp), and
¢~ is differentiable at hy,(sg). Thus, we have that the right hand side of
(72) is differentiable at ¢ty because of the chain rule. Therefore, by (72),
™1 is differentiable at 5. Hence, the proof of the theorem is complete.

4

Now we are going to prove the following important theorem.
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Theorem 4.8. If (p,9) € CM(I)? is a Matkowski-Suté pair, then
there exists a nonvoid open interval K C I on which ¢ and v are differen-
tiable and ¢'(x) # 0, ¢¥'(z) #0 ifz € K.

PROOF. Let us consider the function ¢! : J — I, where J := o(I).
Then there are two possible cases:

(i) o(p~1) = J, that is, every t € J is a point of symmetry for ¢p~1; or

(i) o(p~1t) # J, that is, ¢! has a point of non-symmetry in J.
In Case (i), for all t € J and s € J;,

2071 () =t 4 5) + ot —9),

hence, by the continuity of =1, o= (u) = Au+B (A # 0, B are constants)
if u € J. Wherefrom, ¢ ~ xg and ¥ ~ xg on I. Thus, for all nonvoid
open intervals K C I, ¢ and 1 are differentiable, and their derivatives are
nonzero constant functions.

In Case (ii) there exists ¢y ¢ o(p 1), and with the notation G :=
{teJ|t¢go(e 1)}, by Lemma 4.6, we have that G is a nonvoid open
set. Thus, there exists a nonvoid open interval A C G C J such that,
by Theorem 4.7, ! is differentiable on A. Therefore, ¢ is differentiable
on some nonvoid open interval Ky C I and the corollary of Theorem 4.3
implies that ¢'(z) # 0 if z € Ky. Now consider the Matkowski-Suté prob-
lem on the nonvoid open interval Ky. Then ¢ and ¢ are interchangeable,
and the same consideration gives that there exists a nonvoid open interval
K C Ky C I in which 9 is differentiable and ¢'(z) # 0 if x € K. Thus,
the existence of the desired subinterval is proven in this case as well. [

4.4. Continuous differentiability property of Matkowski—Suto pairs

According to Theorem 4.8, it is sufficient to consider the case when
a Matkowski-Sutd pair (¢,1) € CM(I)? has the following property: ¢
and v are differentiable on I, with nonvanishing first derivatives. Since
¢’ and v’ have the Darboux property, we can assume that ¢'(z) > 0,
Y'(x) > 0 for x € I. Then, by Lemma 3.7, with the notations J := ¢(I),
fi=¢ op™t g:=1" op ! we have that the functions f,g : J — Ry
satisfy the following functional equation

a2 (M50 (o) - 9(w) = (o) - F)g(w

for every u,v € J.
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Definition 4.9. We will say that the function h : J — R is an element
of the set D(J) if
(i) h = doc, where ¢ € CM(J), and, with the notation I := ¢(J),
d: I — R is a derivative function, that is, there exists a differentiable
function D : I — R such that D’(xz) = d(z) holds for every x € I;

(ii) h(t) >0,if t € J.

According to the above mentioned definition, the unknown functions
f and ¢ in equation (74) are elements of D(J).
We intend to prove the following statement.

Theorem 4.10. If f,g € D(J) satisfies the functional equation (74)
for every u,v € J, then there exists a nonvoid open interval Jy C J in
which f is continuous.

PROOF. (i) If there exists a nonvoid open interval Jy C J such that f
is constant on Jy, then the statement is true. If there exists a nonvoid open
interval Jy C J such that g is constant on Jy, then let g(t) =: k if t € Jy,
where k£ > 0 is a constant. Substitute arbitrary values u,v € Jy (C J) into
(74). Then f(u)k — f(v)k = 0 for every u,v € Jy, whence it follows that
f is also a constant on Jy. Thus, f is continuous on Jg.

From now on we may assume that f and g are such functions that are
non-constant on any nonvoid open subinterval Jy C J. Denote by Dg(J)
all those functions from D(.J) for which it holds that they are non-constant
on any nonvoid open interval Jy C J. Hence, we only have to examine
equation (74) for those functions f, g that belong to Dy(J).

(ii) Thus, let f,g € Do(J) satisfy (74) for every u,v € J. Denote
C(g) :={t|t e J, gis continuous at t}.

Then g is of the form d o ¢, where d is a derivative and ¢ is continuous
and strictly monotone. Thus, g is continuous at the point ¢t € J if d is
continuous at ¢(t). Since the derivative function d is of Baire class 0 or 1,
thus, according to Baire’s theorem ([44], [46], [36]), the set of all points at
which d is continuous is a dense and Gy set in the interval ¢(.J), whence,
because ¢ is continuous and strictly monotone, C(g) is also dense Gs set
in J.
Now we will show that there exist points ug,v9 € C(g) such that

(75) 9(uo) # g(vo)-
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Contrary to our assumption, suppose that g(t) = k for every t € C(g),
where k > 0 is constant. Then, by (74), with the substitution u,v € C(g),
we have

Flu)k — F(v)k =0,

whence it follows that f(t) = for every t € C(g), where [ > 0 is constant.
Because of the property of the set C(g) for all u € J, there exists

v € C(g) such that “f* € C(g). Thus, by (74),

21(k — g(u)) = f(wk —lg(u)
for every u € J. From this

(76) Flu) = W T

If we substitute the function f of the form (76) back into the equation
(74), then we have

B —lg(u A
2 MZJZ(Q) (9(v) — g(u)) = mklg()g(”) N mklg()g(u)

for every u,v € J, wherefrom, with an easy computation, we obtain

(77) (k=9 ("5")) 00 gt =0

for every u,v € J.

Now let vy € J be fixed in such way that m := g(vg) # k holds. Such
a Vg exists since g is non-constant.

On the other hand, for every t € J and for every € > 0, for which
|t —e,t 4+ e[ C J holds, there exists u € |t — e,t + [ C J such that

U + Vo
g< 5 > #* k.
This last statement is valid because g is non-constant on any proper subin-
terval. Thus, by (77), we have g(u) = g(vo) = m. So, in any neighborhood
of any point t € J there exists u such that g(u) = m, and there exists

s such that g(s) = k # m, therefore, we deduce that g is a nowhere
continuous function, which is a contradiction.
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(iii) We proved in the previous part (i) that if f,g € Dy(J) are
solutions of (74), then there exist ug,vo € C(g) such that

g(uo) # g(vo)-

Therefore, there exist neighborhood U C J of uy and neighborhood V' C J
of vy such that, for any u € U and v € V', we have g(u) # g(v), because g
is continuous at ug # vg. Thus, by (74), for any v € U and v € V', we get

- (1Y) - } Sete) =t
2 2 gv) —g(u)

From equation (78), due to the given condition, it follows that f is contin-

uous on a nonvoid open interval. This is a consequence of JARAI'S work

[31], [32]. Jérai’s results are so general that it would be tiresome to check

its specialization for a certain case, so we derive here a direct proof using

Jarai’s ideas. With the notation

C(f) :=={u|ue€J, fis continuous at u}
let
U =C(f)nC(g)NnU and V3 :=C(f)NnC(g)NV.

Then the sets U; and V; are disjoint and are of second category and have
the Baire’s property ([46]). Thus, according to Piccard’s theorem ([51],
[35], [57]-[59], [28], [22]), there exists a nonvoid bounded open interval Jy
such that Jy C % C J. Whence, by (78), we have that f is continuous
on Jy. Indeed, let t € Jy be arbitrary and t,, — t (¢, € J). Then, we may
suppose that t, € Jy. Thus, t,, = %, where u,, € U; and v, € V7, and
t = %2 where u € Uy and v € Vi. The bounded sequences {u,} and {v,}
have convergent subsequences {u,, } and {v,, }, and because of u,, € Uy
and vy, € Vi, limg_oo up, = u* € U and limy_,o vy, = v* € V. Since

Un J’_vn * * * *
by = —5—t — “E (k — o0) and “F- = 4 therefore,

lim f(t,) = lim f (“” ;””> = lim f (u"’“ —QH)"">

— f(vnk )g(unk)
- g(unk)

1 fu)g(v”) = fo)g(u™) f (u +U*> _ ¢ <U+v)

2
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that is, f is continuous at t. O

Now we are ready to state the main regularity theorem on the solutions
of the Matkowski—Sut6 equation.

Theorem 4.11. If (p,v) € CM(I)? is a Matkowski-Suté pair, then
there exists a nonvoid open interval K C I such that ¢ and v are contin-
uously differentiable on K and their derivatives do not vanish in K.

PROOF. Let (p,1) € GM(I)? be a Matkowski-Suto pair. Then, be-
cause of Theorem 4.8, there exists a nonvoid open interval K; C I on
which ¢ and v are differentiable and ¢'(x) # 0, ¥'(x) # 0 if x € K;. We
can assume that ¢’(z) > 0, ¢/(x) > 0if x € K;. Then, by Lemma 3.7 with
the notations J := (K1), f := ¢’ op~ !, and g := 1’ o ¢!, we have that
the functional equation (32) (and (74)) holds, where f,g € D(K;). Thus,
according to Theorem 4.10, there exists a nonvoid open interval Jy C J
in which f is continuous. This means that the function f := ¢’ o @~ ! :
J — Ry is continuous on Jy C J. Whence, Ky := ¢ *(Jo) C K3 CIisa
nonvoid open interval, and

¢'(x) = fop(x)

for every x € Ko. Hence, by the continuity of the composite function, ¢’
is continuous on the nonvoid open interval Ko C I.

Now consider the pair (p,1) € CM(K2)? which is obviously a Mat-
kowski—Suto pair on K5. Then ¢ is continuously differentiable on K5 and
O (z) > 0if = € Ky. Applying our result for i, we have that there
exists a nonvoid open subinterval K C K, such that ¢ is continuously
differentiable on K, and ¢'(z) > 0 if z € K. Then the statement of the
theorem holds in the set K, hence, the proof is completed. O

4.5. The solution of the Matkowski—Sutd problem

The main result of our investigations so far is the solution of the
original Matkowski—Sut6 problem.

Theorem 4.12. If (¢,v) € CM(I)? is a Matkowski-Suté pair, that is,
the functions ¢, € CM(I) satisfy the functional equation

(79) o1 (@(x);w(y)> Lyt (w(:v) —gw(y)) sty



Matkowski—Suto problem 205

for every x,y € I, then there exists p € R such that
(80) ©~Xpy Y~ X—p, on L
This means that (79) is fulfilled if and only if there exists p € R such that

(81) Aw($7y) = Sp($7y) Aw(l‘,y) = S—p(xay)

for every x,y € I, where

x;—y ifp=20

(82) Sp(i{],y) = 1 ePT + ePy ) (-’B,y € I)
— log | —— ifp#0
P 2

PROOF. Because of Theorem 4.11, there exists a nonvoid open inter-
val K C I in which ¢ and v are continuously differentiable and o', do
not vanish on K. Hence, by Theorem 3.6, there exists p € R such that
© ~ Xp, ¥ ~ X—p hold on K, where the function x, is defined in (31). Ac-
cording to Theorem 3.14 (the extension theorem), this yields (80). Clearly,
(81) is a reformulation of this statement. O

An immediate but interesting consequence of our main result is the
following extension theorem.

Corollary 4.13. If (o) € CM(I)? is a Matkowski—Suto pair, that is,
 and v satisfy the functional equation (79) then there exists a Matkowski—
Suté pair (¢, ) € CM(R) such that ¢|;r = ¢, Y|k = P.

PrOOF. If (79) holds, then, for some p € R, we have (80). Hence,
there exist a, b, c,d € R with ac # 0 such that

o(z) = axp(z) + b, P(z) = ex—p(z) + d.
for all x € I. Defining {5,{5: R — R by

x) = axp(e) +b, d(@)=cx-p(x)+d  (zER),
we get the desired extension. O

It is also interesting to note that the means S, playing crucial role
in the solution are exactly the translation invariant means among quasi-
arithmetic means.

Now we are going to examine the solution of the general Matkowski—
Suté problem stated in Section 2.3 (and in 4.1) for the class of quasi-
arithmetic means.
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Theorem 4.14. If M; : I? — I (i = 1,2, 3) are quasi-arithmetic means
on I, then the identity

(83) M, = M ® M;
holds on I? if and only if there exist f € CM(I) and p € R such that

My(z,y) = Ap(2,y),
(84) My (2,y) = Axyor (2, 9);

Ms(x,y) = Ay_,or(2,y)
hold for every x,y € 1.

PROOF. Then there exist generating functions fi, fa, f3 € CM(I) such
that the invariance equation

(85) Afl(xﬂy) :Afl (AfQ(xay)7Af3(xay))

holds for every z,y € I. Thus, with the notations u := fi(x), v := fi(y),
u,v € f1(1) = J, ¢ := fao fi*, ¥ = fzo fi'', (85) holds if and only if
(p,1) € GM(I)? is a Matkowski-Sutd pair. Therefore, by Theorem 4.12,
there exists p € R such that ¢ ~ x,, and ¢ ~ x_, on J. Whence, with the
notation f := f1, f € CM(I), and because of

o=frofi'=faof " = fyofi "= fsof ",

we have
fa=pof~xpolf, fs=vof~x_pof

on I for some p € R. Thus, the equations (84) are satisfied, where

AXpOf(xay) = f_l(Sp(f($)7f(y)))

o (L 10), o
1 (1 log (epf(w) + epf(y)>> ifp£0
P 2

for every x,y € I. g
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We note that this theorem is a considerable generalization of Theo-
rems 3.1, 3.2, 3.3, and 3.5.

5. Applications and further problems

5.1. Some applications

Fist we consider the problem examined by DAROCzY ([13]) and Da-
ROCZY-PALES ([18]). Let I C R be a nonvoid open interval and let M :
I? — I be a mean. We ask when the mean M on [ is a quasi-arithmetic
and a conjugate-arithmetic mean at the same time?

If M is quasi-arithmetic mean on I, then there exists ¢ € CM(I) such
that

(x,y €1).

(86) M(z,y) = <"‘/’(x)+1/’(y))

2

If M is a conjugate-arithmetic mean on I, then there exists ¢ € CM(])
such that

87)  M(z,y)=¢" (cp(:zr) +o(y) — o <m;y>> (z,y € 1).

Thus, based on (86) and (87), our question is when the functional equation

83 v~ <W) = (m) o)~ ¢ (“’ : y))

holds for every z,y € I, where o, 1 € CM(I) are unknown functions.

The next result completely solves this problem. In order to describe
the result, we need the following notations:

If I C R is a nonvoid open interval, then let

PoI):={AeR|I+AXCRy} and P_-(I):={peR|-I+pCcRi}.
We note that for bounded I =]a,b] (a,b € R, a < b) we have
Pi(I):={XNeR|A>—-a} and P_-(I):={peR|p>b}.

If I is not bounded, then, in case of I = R we have Py (R) = P_(R) = ;
if I =]—o00,b[ (b €R), then PL(I) =0, P_(I) = {peR|pu>b}
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and at last, if I =Ja,00[ (a € R), then P, (I) = {A € R | A > —a} and
P_(I) = 0. Denote by H the harmonic mean defined, for x,y € R, by

2xy
Tty

H(x7y) =

Theorem 5.1. The mean M : I?> — I is a quasi-arithmetic and a
conjugate-arithmetic mean on I if and only if either

r+y

(89) M(z,y) = — (z,y € 1),

(90) M(z,y)=H(z+\y+A) — A (x,y el
for some X € Py (I), or

(91) M(z,y) = —H(—z+p,~y+p)+p  (z,yel)

for some p € P_(I).

PROOF. As it follows from the previous results, we have to give the
solutions of the functional equation (88) disregarding the equivalence of
the unknown functions p,9 € CM(I). In (88), let u = ¢(x), v = (y)
(u,v € o(I) =: J) be arbitrary and f := ¢~ !, g := Yot (f,g € CM(J)).
Then, by (88), for every u,v € J

(92) Af(u,v) + Ag(u,v) =u+wv

holds for the functions f, g € CM(J), that is, the Matkowski—Sut6 equation
is satisfied for the pair (f, g) € EM(J)?. Therefore, by Theorem 4.12, there
exists p € R such that f(u) ~ xp(u) if u € J, that is,

03 . u ifp=0 ;
(93) T sy @D

Hence, in case of p = 0, we have ¢ '(u) = au+b (u € J; a # 0, b
constants). Thus
x—b

(94) o(z) = ~z, ifzxel.
a
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If p# 0in (93), then
o Hu) = ael* +b,
where a # 0 and b are constant values. So

(95) x = sgnaelolalTPe@) L p

Now there are two possible cases: (i) sgna = +1 or (ii) sgna = —1. In
case (i), by (95), x —b > 0, that is, A :== —b € P, (I) and

po(x) +log |a| = log(z + N) (x eI,
whence

log |a

1
(96) o(z) = ]; log(z + \) — ~ log(x+ ), ifzel.

In case (ii) —x 4+ b > 0, that is u:=b € P_(I) and by (95)

pp(x) +logla| =log(—z +p)  (zel),

whence

log |a|

1
(97) o(z) = 5 log(—x + p) — ~ log(—xz+p), ifxel.
Then, in case of generating functions of type (94), we have the mean (89).
In case of generating functions of type (96) and (97), the solutions are the
means (90) and (91). These means are in fact conjugate-arithmetic and
quasi-arithmetic on I at the same time. Thus, the proof is complete. [

Now consider an economic application. We formulate the problem
as it follows: The amount S is divided up between two parties (goals) in
same way. Let us say these are x and y, that is, x +y = S. Now, because
of different reasons, the decision makers have to change their judgment.
They agreed on the following principles:

(i) The new amounts depend on the old ones, that is, the new X and
Y are some functions of the amounts z and y and the dividable amount S
remains the same, that is, X +Y = S = x + y holds.
(ii) The new amounts X and Y are the quasi-arithmetic means of
x and y (or equivalently to this they have the property QA). That is,
X,Y € QA and
X+Y=x+y.
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(iii) The value of S can be changed from time to time, the z and y
are arbitrary positive amounts satisfying the condition x + y = S, hence,
the first two conditions have to hold for all possible cases. That is, the
quasi-arithmetic means X and Y satisfy the Matkowski—-Sutd equation.
Thus, there exists p € R such that, with the notation

T4y

2 )
Sp(.ﬁlf,y) = 1 ePT 4 ePY
L og (
D 2

ifp=0

), ifp=#£0

we have
X(z,y) = Sp(z,y) and Y(z,y)=S_p(z,y) (v,y €Ry).

The result shows that after all the decision makers have to rule on a
parameter p € R, and according to it, they can determine the new dividing
amounts X and Y.

With the choice p = 0, they have X =Y, that is, the full amount has
to be divided equally between the two parties. For any other case (p # 0)

this is not true. For example, according to

pgriaoo Sp(x,y) = min{x, y}, pllrgo Sp(x,y) = max{z,y},
if first they decide to choose the value p = —oo, then the first group gets
the minimum of x and y and the second one gets the maximum. With
the choice p = +o00, we have the opposite result, that is, the first group
gets the maximum and the second one gets the minimum. That is, the
decision makers can change the original partitioning by simply reversing
the different amounts originally given to the two parties.
At last, with the choice p < 0 the first group always gets smaller value
than the second one and in the case of p > 0 the opposite state holds.
The following remark shows the importance of the economic point
of view. In fact the decision making committee does not have to know

who was favored by the original partition. The next table illustrates the
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possible cases:

1. group 2. group altogether
1. decision T Y r+y
2. decision
choice of
peR
T+Yy T +y
=0
p 5 7 Tty
p=—oco  min{z,y} max{z, y} T+y
p=+oco  max{x,y} min{z, y} r+y
1 ePr + eP¥ 1 e Pt +ePY
p<0 —log| ——— | < ——log| ——— T+Yy
p 2 P 2
1 eP® + ePY 1 e P e PY
p>0 —log| ———— | >——log| ———— T+Yy
P 2 P 2

At last, from these cases providing p € R, we have that the absolute
value of the difference of the amounts obtained by the two parties is the
following:

0, ifp=0
X — Y] = |z — b, if p=—o00 or p=+40c0

‘; log (;(1+coshp(y—x))> , ifp#0

Very likely it would be interesting to give some kind of economic reasoning
for this result.

As the third and last application, we solve the problem posed by
DAROCZY-MAKSA ([15]). Assume that the quasi-arithmetic means M
and N satisfy the equation M + N = 2A on the set I2. Then the following
statement holds:

(D-M) If there exist a,b € I, a # b such that M(a,b) = 2£2, then
M(x,y) = N(x,y) = L‘gy for every x,y € I.

According to Theorem 4.12, this statement is true, since in this case

there exists p € R such that M(z,y) = Sp(z,y) for every x,y € I. Thus,
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if exist a,b € I, a # b and M (a,b) = ‘%rb, then necessarily p = 0 and the
statement holds.
On the other hand the statement (D-M) implies Theorem 4.12. Let

us assume that the statement (D-M) holds. Then
D(ZL‘,y) :M(Zﬂ,y)—N(i',y) ($ay61)

is a continuous and symmetric function on I?, thus, on the following con-
nected set
A= {(z,y) €’ | z <y}

it is, too. Because of the (D-M) property, in case of D(a,b) = D(b,a) =0
(a,b € I, a #b), we have D(x,y) = 0 for every z,y € I, x # y. If now
D(z,y) # 0 for every z,y € I, x # y, then D(x,y) # 0 for (z,y) € A.
Since D : A — R is continuous and A is connected, therefore, D(x,y)
is sign-preserving on A, that is, e.g. D(z,y) > 0 if (z,y) € A. By the
symmetry, then D(z,y) > 0 for every x,y € I, © # y, that is, M and N
are strictly comparable on I. The other case is similar. Therefore, by result
of article [15], it follows that there exists p # 0 such that M = S, and
N = S_,,. Of course, this does not give a new proof of the Matkowski-Suto
problem, because we could not prove the statement (D-M) independently
of the solution of the (M-S) problem.

5.2. Further problems and results

In this paragraph we discuss such problems which, directly or indi-
rectly, are inspired by the Matkowski—Suto problem.

(A) The equality of quasi-arithmetic means of order «.

If « > —1 and ¢ € CM(I), then the quantity

T ap (54
o( )+s0(2yz:l v (55 )) (z,y €I)

(98> Agoa) (.%',y) = ()071 (

is called quasi-arithmetic mean of order o on I (see [17]). It is natural to
ask when two such means will be equal, that is, when the identity

(99) A (@)= AP (2,y)  (zyel)

holds, where a, 3 > —1 and ¢, 9 € CM(I). So far, we can solve this in two
cases: (i) a=f; (i) a = —1, 8 = 0. In case (i), we proved that (99) holds
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if and only if ¢(x) ~ 9(z) for x € I (unpublished). Case (ii) is already
discussed in Section 5.1, and solved with the help of the answer given for
the Matkowski—Sut6 problem. The remaining cases can be formulated as
it follows.

If 3=0in (99), then

- (90(37) +¢ly) +ay (T)) o (W) +w<y>> |

24+«

wherefrom, with the notations u = ¢(z), v = ¢(y) (u,v € ¢(I) =: J) and
f=vop™t g:=¢ ! (f g M(J)), we have

(100) 2+ a)As(u,v) —aAy(u,v) =u+w.

As we saw it before, the cases @ = 0 and f = —1 are known, so, the
interesting possibilities are o > 0 or 0 > « > —1. The next problem refers
to both of these cases:

Let 0 < XA < 1 be fixed. Characterize all those quasi-arithmetic means
My, My, M3 on I, for which

(101) My = AM; + (1 — \)Ms

holds. From (100), in case of a > 0, with the choices A\ := H#a, M, = Ay,
My := A, M3 := A, we have (101); and from (100), in case of 0 > o > —1,
with the choices A := HTQ (N # %), M, := A, My := Ay, M3 := A, we
have (101).

The examination of cases o # 0 and aw # § (o > —1, f > —1) is an
open problem.

(B) The generalized Matkowski-Sut6 problem is the functional equa-
tion

i« (B)
(102) AD) = AP ® A,

where a, 3,7 > —1 are unknown constants, ¢, 1, x € CM(I) are unknown
functions. If « = f =~y =0 and x(x) ~ x if z € I, then this is the original
Matkowski-Sut6 problem. In the case « = =+ (o > —1) and x(z) ~ =
if x € I DAROCZY and PALES [17] dealt with the problem and solved it
assuming the continuous differentiability of one of the generating function
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@ or 1. In the general case the problem is open, and we think that further
results can be obtained by refining the methods used in the solution of the
Matkowski—Suto problem.

(C) MATKOWSKI ([42]) dealt with the solution of the equation
(103) M = M, ® Ms

with respect to Beckenbach—Gini means, where

oy o i@z fily)y
Mi@y) = = e ¥ Ay

(1 =1,2,3) and f; : I — Ry (i = 1,2,3) are continuous functions. The
complete solution of this problem is unknown. Similarly, it seems to be
very hard to find all the solutions of the equation (103) in the class of
quasi-arithmetic means weighted with weight functions.

(z,y €1)

(D) As we have seen it before, we can characterize the solutions of the
equation (103) with respect to the class of one-parameter power means.
Therefore, it would be interesting to consider this equation in case of Gini
means or in case of Stolarsky means. The examination of these problems
seems to be promising since the strong tools of analysis (differentiability,
analytic property) are applicable.
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