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A FUNCTIONAL EQUATION RELATED TO
AN EQUALITY OF MEANS PROBLEM

JANUSZ MATKOWSKI (Zielona Géra and Katowice)

Abstract. The functional equation
F@) - Fy) _ (=) +C)
z-y H(z) + H(y)
where F,G, H are unknown functions is considered. Some motivations, coming from the
equality problem for means, are presented.

Introduction. In this paper we consider the functional equation
F(a) - F(y) _ Gz)+G)
Ty H(z) + H(y)
where F,G, H are unknown real-valued functions defined in a real interval
and H is positive (or negative). The main result of Section 1 (Theorem 1)
gives a general solution. A motivation for these considerations is given in
Section 2 where we show that some special equality of means problems lead
to this equation.

1. A functional equation

THEOREM 1. Let I C R be an interval. The functions F,G : I — R and
H :I—(0,00) satisfy the functional equation
(1) F(z) - Fy) _ G(z) +C)
z-y H(z)+H()'
if, and only if, one of the following cases occurs:

zyel,z#y,

(i) H is arbitrary and there are some constants a,b € R such that
G(z)=aH(z), F(z)=az+b, z€l;
(i) H s a constant function, i.e.
H(z)=a, z€l,
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for some a € (0,0¢) and there are constants b,c,d € R, b # 0, such
that

G(z)=bz+c, F(z)——z+ z+d z€el;
(iii) there are 7o € I and k,m,p,q € R, m # 0, such that, for allz € I,
H(w) = kHo(z - z0),  G(x) = k[mGo(x — w0) + pHo(z — z0)],
F(z) = mFo(z — o) + p(z - z0) + ¢,
where the function Hy : T — zg — (0,00) is given by
Ho(z) := V1+bx+az?, z€l-ux,
for some a,b € R and a® + b* # 0, and the functions Go, Fy :
I —a0— R are given by
Go(a) o 2100 = 1)+ alF(s) + 1 [Fo(o) + 1]
" @[Ho(s) — 1] + s[Ho(z) + 1] [Ho(s) +1]”
l‘Gu( )

H@) +1'

where s € I — 29, s # 0, is fized.

Proof. Assume that the functions F, G : I — R and H : I — (0,00)
satisfy equation (1).

Suppose that there is a nontrivial subinterval J C I and a constant a € R
such that G(z) = aH(z) for all z € J (that is, G is proportional to H on J).
Then, by (1), we have F(z) = az + b(x € J) for some real b. Suppose that
there is y € T\ J such that F(y) # ay + b. From (1) we get

az+b— F(y) - aH(z) + G(y)
z-y H(z)+H(y)’
whence, for all « € J,
[F(y) — ay = b]H(2) = [G(y) — aH )}z + [yG(y) + bH(y) - F(y)H(y)).
It follows that, for some real c,d,
Hz)=cz+d, cel
Inserting this function in the previous equation we obtain
[cF(y) +aH(y) - G(y) - acy - bz
+[F)H(y) + dF(y) - yG(y) — bH(y) - ady — bd) = 0
for all z € J. It follows that
CF(y) +aH(y) — G(y) — acy —be =0

z €1 —xzo;

Fo(z) == zel—ux,

z€J,

and
F(y)H(y) + dF(y) - yG(y) — bH(y) — ady — bd = 0.
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If ¢ = 0 then from the first of these equations we get
Gly) = aH(y)-
If ¢ # 0 then again from the first equation,
1
F(y) = J[GW) - eH(y) +acy +bd].
Inserting this value in the second equation we obtain
G(y) = aH(y)-

Thus we have shown that if G is proportional to H on any nontrivial subin-
terval of I, then G is proportional to H on the whole I. It follows that
F(z) = az + b and G(z) = aH(z) for all z € I. It is easy to see that for
arbitrary H : I — (0,00) these functions satisfy (1).

Now we can assume that G is not proportional to H on any nontrivial
subinterval of I.

Suppose that H is constant on some nontrivial subinterval J C I, i.e.
there is @ > 0 such that H(z) = a for all z € J. From (1) we get

20[F(z) - F(y)] = [G(@) +GW(z ~v), zye ] z#y.
Since
2a[F(z) - F(y)] = 2a[F(c) = F(2)] + 2a[F () - F(y)],

we hence get

[G(2) + GW)l(z - y) = [G(2) + G(2)](z - 2) + [G(2) + CGW)](z - v)
for all 2,y,2 € J,z # y # z # 2. Take arbitrary z,y € J,  # y, and
t € (0,1). Setting in the above equation z = tz + (1 — )y we get

Gtz + (1-t)y) =tG(z) + (1 - 1)G(y),

whence G(z) = bz +c (z € J) for some real b, c. We may assume that b # 0
as, in the opposite case, G would be proportional to H on .J. Equation (1)
implies that F(z) = £a? + £z + d(z € J) for some real d.

Now assume that there is y € I\ J. From (1) we get

2o+ Sa+d—F(y) _bz+c+Gly) sel
z—y T a+HE) !
which can be written in the form
YH(y) —a) 5 aby—2ac—2G(y) - cH(y)
2

a
+cy +yG(y) +ad — aF(y) + dH(y) — F(y)H(y) = 0.
Since b # 0, it follows that H(y) = a. Thus H(z) = a for all z € I, and
consequently there are real b,c,d such that F(z) = £a? + £z + d and
G(z)=bz+cforallzel.
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Now consider the case when on any nontrivial subinterval of I neither G
is proportional to H, nor H is constant.
Assume first that 0 € I.
Let us remark that if F, G and H satisfy equation (1) then, for all
m,p,q,7 €R, r >0, the functions Fi, G1 and H, defined by
® Fi(z) :=mF(z) +pz+q, Gi(e):=r[mG(z)+pH(z)],
Hi(z) :=rH(z)
also satisfy (1).
Therefore, for convenience, we may also assume that
F(0)=G(0)=0 and H(0)=1.
Hence, setting y = 0 in (1) we obtain
_ _aG(a)
(3) F(z)_H(z)+1" zed;
whence, from (1), forallz, y € I, o # y,
z[H(z) + H(y)] _ [vlH@=) + H@)]
o [ e ew- R
Replacing y in (4) by z € I, z # y, we get

+z— y]G(y),

z[H(z) + H(2)] 2[H(z)+ H(2)] |
[VH(I)+1 7z+z:[G(1) [7H(Z)+l TI*Z]G(Z),
whence
) G(r)=G(Z\Z[H(z)—l]+z[H(z)+1] _H(:t)+1

‘a[H(z) 1]+ 2[H(z) - 1] H(z)+1

Replacing G(z) in (4) by the right-hand side of (5), and simultaneously
G(y) by the right-hand side of (5) with « replaced by y, we obtain an equality
which after simple calculations gives
(6)  yz(z—9)H@)? + z2(z — 2)H@)* +29(y — ) H(2)*
=yz(z —y) + 2z(z — 2) + zy(y — z)

for all z,y,2 € I, z # y # z # . Obviously, (6) is satisfied for all z,y,2 € I.
Taking any fixed y,z € I, y # 2, we infer that H has to be of the form

H(z)=Vaz?+bz+c, z€l,
for some a, b, c € R. Since H(0) = 1 we hence get

(7) H(z) = Hyo(z) = Vaa?+bz+1, =ze€l,

and a® 4+ b? # 0 as H is not constant.
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Taking a fixed z 1= s € I, s # 0, in (5) we get
s{Ho(z) = 1] + 2[Ho(s) + 1! Ho(z) +1
2[Ho(s) — 1] + s|Ho(s) — 1] Ho(s) +1

G(z) =G(s

for & € I, whence

G() = qGo() where

®) ._ 8lHo(x) — 1] + z[Ho(s) +1] Ho(z) +1
Cole) = ) 1+ alHole) 1] B+ T’ Z T
and, by (3),
il . . _2Go(x)
) F(x) = qFp(z) where Fy(z):= o © el,

with ¢ := G(s) #0.
We have additionally assumed that F(0) = G(0) = 0 and H(0) = 1. In
view of (2) and the relevant remark we conclude that the functions
H(z) = kHo(z), G(z) = k[mGo(z) + pHo(z)],
F(z):=mFy(z)+px+q, z€l,
where k,m,p,g € R, am # 0, form a general solution of equation (1) if H is
not constant and 0 € I.

Assume that 0 ¢ I.

If the functions F, G : I — R and a nonconstant function H : I — (0, 00)
satisfy (1), then, for each @y € I, the functions Fy,Gy : I — 9 — R and
Hy i I — 30— (0,00) defined by

Fi(z) == F(z +20), Gi(z) = G(z +x0),
Hy(z) := H(z+x0), x€I-uo
satisfy (1) in the interval J := T — z, and 0 € J.

Hence, applying the previous step to the functions Fy,G1, H; we infer

that
H(z) = kHo(x — z0), G(z) = k[mGo(z — zo) + pHo(z — zo)],
F(z) = mFy(z — z0) +p(z — x0) + ¢

forallzel.

It is easy to see that the functions given in (i) and (i) satisfy (1). So, to
finish the proof it is enough to verify that the functions F, G and H given in

(iii)) satisfy (1). In the calculations, without any loss of generality, we may
assume that zo = 0, that is, H,G, F are given by (7)-(9) with arbitrary
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fixed ¢,8 €R, ¢ # 0. For z,y € I, x # y, we have
F(z) - F(y) _ G(z)+G(y)
z-y H(z)+ H(y)
_ [mFy(e) +pz+q] — [mFo(y) +py +]
z-y
_ k[mGo(x) + pHo(x)] + k[mGo(y) + pHo(y)]
kHo(z) + kHo(y)
_(, Folz) - Fo(y) _ (. Go(@) +Goly)
= (RO 1p) - (n T R )
_ M(FD(I) —Foy) _ Go(z) + Gu(y))
z—y Hy(z) + Ho(y) )"
Since Fy(x) = 2Go(z)/(Ho(x) + 1), the numerator of the expression
Fo(x) — Fo(y) _ Go(x) + Goly)
z-y Ho(z) + Ho(y)

Go(x)(Ho(y) + D(Ho(y) — 1) + y(Ho(z) + 1))
= Go(y)(Ho(x) + 1)[z(Ho(y) +1) + y(Ho(z) — 1)]-
Setting here, according to (8),
_ s[Ho(x)? — 1] + [Ho(s) + 1]z[Ho(z) + 1]
= a[Ho(s)2 = 1] + [Ho(z) + 1]s[Ho(s) + 1]
we see that the numerator is

Golw) :

m
&

ys(s = y)Ho(x)* + sz(z — ) Ho(y)® + zy(y — 2) Ho(s)’

—ys(s —y) — sa(x — 5) —wy(y — <),
which, in view of (6), vanishes for all z,y € I and s € I,s # 0. This
completes the proof. =

REMARK 1. If 5> —4a = 0 in the third part of the theorem then Ho(z) =
1+ %z for ¢ € I — x. In this case the function H is affine, while G and F
are rational functions of degree 2 and 3, respectively.

If o = 0 then Hy(z) = vI+ bz for z € I — 0.

REMARK 2. Let I,J C R be intervals and « : J — I be one-to-one and
onto. The functional equation

f@) - fy) _ 9(x) +9()

e T A2 S T

¥(z) =) Al@) +h(y)
with unknown f, g,k : I — R and a bijective function v : J — I is equivalent
to equation (1) with F:= foy~!, Gi=goy~!, and H:=hoyL
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REMARK 3. In part (iii) of Theorem 1, the function Go : I — 29 — R
can be written in the form
Hy(z) + 757(az+b) +1
o) o D T 04D
sHo(z) + (r— 1)z +s
where 7 = V1 + bs + as? for some s € R, s # 0, such that 1+ bs +as® > 0.
Tn this formula the function Hy occurs only two times.

i mie =g,

REMARK 4. Equation (1) can be written in the form
[F(z) = F@)|[H(z) + H(y)] - (¢ - y)[G(z) + G(y)] =0
forall z,y € I, # y. If we admit z = y then this equation becomes a special
case of a more general functional equation considered in [1, pp. 161-165].
However the method applied in [1] is not helpful in solving (1).

2. Some problems leading to equation (1). In this section we
present some special equality problems for means which can be reduced
to equation (1).

We begin by recalling the definitions of some means (cf. [3], [2])

Let I C R be an interval. A function M : I? — [ is called a mean in I if

min(z,y) < M(z,y) < max(z,y), =z,yel.
A mean M is called strict if these inequalities are sharp forall z,y € I,z # y,
and symmetric if M(z,y) = M(y,z) for all z,y € I.

A mean M : I? — I in an interval I is called Lagrangean if there is a
continuous and strictly monotonic function f : I — R, a generator of the
mean, such that M = L], where

1Y
171 - f"‘(ﬁ £t dt) forz #y,
(z,g) = { =
T forz=y.
If F: I — R is a primitive of f then

I(z,y) = (”’%y”) aty.

A mean M : I* — [ is called a Cauchy mean if there are continuous
functions f,g: I — R, with g(x) # 0 for all z € I, and f/g one-to-one such
that M = CU/9l where

jog g = (1) (E@) = F@) . Cld -

e =({) (GF=EG): =#n Hmm=a
and F and G are primitive functions of f and g, respectively. The functions
£ and g are called the generators of the mean Cl/9!

Obviously, the Cauchy means are strict, symmetric, continuous, and
¢l = LIf]. Let us also note the following
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LemMA 1 ([6]). Let f,g: I — R be continuous, g # 0 and f/g one-to-
one. Then G, a primitive of g, is invertible, and

CVil(z,y) = G (ICT(G@),6W)), myel,
where L6 s the Lagrangean mean of the generator f o G,
Note that Clfdl = Clo:f] ([g]).
A mean M : I? — I is called quasi-arithmetic (cf. [4, Chapter I1]) if there

is a continuous and strictly monotonic function ¢ : I — R, a generator of
the mean, such that M = Al¥, where

A["’](z,y) =1 (M), z,yel

A mean M : I? — I is called a Bajraktarevié mean if there is a continuous
and strictly monotonic f : I — R in I and a continuous function g : I —
(0,00) such that M = B} where

] - 1 9@ (@) + g(y)f(z/))
ofan) = (HRELIBE), et

In general to solve the equality problem for some classes of means re-
quires strong regularity assumptions and leads to differential equations (cf.
[5] where a general equality problem of two Cauchy means, under the as-
sumption that the generators involved are six times differentiable, is solved
by reducing it to a Riccati differential equation).

The problems presented below are special cases of more general ones.

PROBLEM 1. Determine all generators f of the Lagrange means for
which LY are quasi-arithmetic.

Assume that LIl = Al that is,
) F(y)) :wl(sc(r);(y))_ sy Tieay,

1 ( F(z
-y
and that f, : I — R are strictly monotonic, differentiable and such that
fl¢'#0in I
Differentiating both sides, first with respect to z and then with respect
to y, we get

1 f@)(@—y) -~ F(x) +F(y) _ 1 ¢(z)
F(Ls(w,y)) (=z-y? ¢ (A¥(z,y)) 2’
1 (@0 -F@+FE)__ 1 )
f'(Ls(e,y)) (z-y)? FA¥(z,y) 2

for all 2,y € I, z # y. Dividing the first equation by the second we obtain
f@)(—y) - F(@)+Fy) _ ¢'(2)
fW-2)-F@)+F) ~ J@)’

zyela#ty,
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which can be written in the form

) Pit))
F(z) - Fy) 4(‘5 —()7_
g @I
Putting H := 1/ and G = f/¢' we get equation (1) and, applying
Theorem 1, we can solve Problem 1 (under the above regularity assumption
on f and ¢).

zyel,z#y.

REMARK 5. From the last equality we get

f(y
F(z) — F| + 7w
f"(—(z) (y)) % , myelaz#y,
Ly 7ot
which proves that LU) = BI/L .
PROBLEM 2. Determine all generators f,g of the Cauchy means for
which CUF9! are quasi-arithmetic.

If ClF9l is quasi-arithmetic then there exists a strictly monotonic and
continuous ¢ : I — R such that

Clril(z,y) = ¢“<M). zyel
By Lemma 1 we have
6@, 6u) = (L), ayer,

-1 o G-L
L6 (g ) = Go gt (W)’ z,y € G(I),

which proves the following

REMARK 6. The Cauchy mean Cl79l is quasi-arithmetic with generator
¢ if, and only if, the Lagrangean mean L/°6™"] is quasi-arithmetic with
generator o G~1.

This remark reduces the second problem to the previous one.

REMARK. Let us mention that the problem of equality of the Cauchy
means was considered in [5].
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