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Equality of Cauchy mean values

By LASZLO LOSONCZI (Kuwait)

Abstract. The Cauchy Mean Value Theorem for divided differences (see e.g. [2])
states the following:

Suppose that x1 < --- < xy, and fF*~1), g(=1) exist, with g~V £0, on [x1, 2]
Then there is a t € [x1,xn) (moreover t € (x1,zn) if T1 < Tpn) such that

[mla s 7x’ﬂ]f — f(nil)(t)
[x17"'7mn]g g(n—l)(t)

where [T1,...,%n]f denotes the divided difference of f at the points x1,...,Zn.

. fln=1 . . .
If the function ST 18 invertible then

-1
f(nfl) ([ml,...,mn]f)
t =
g("*l) [xl,...,l’n]g
is a mean value of x1,...,zy. It is called the Cauchy mean of the numbers x1,...,xn
and will be denoted by Dy 4(x1,...,2zn).

Here we solve the equality problem of Cauchy means for n > 3 i.e. we solve the
functional equation

D¢ g(z1,22,...,20) = Dp g(x1,22,...,2n) (z1,22,...,2n € I)

under differentiability conditions.

1. Introduction

As it is well known, the Cauchy mean value theorem of the differential
calculus states the following.
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If f, g are continuous real functions on [x1, 2| which are differentiable
in (r1,%2), and g'(u) # 0 for u € (x1,x2) then there is a point t € (x1,x2)

such that )
f(t) _ flaz) = f(21)
g'(t)  glx2) —g(z1)
Assuming now that ch—: is invertible we get

= <f’>1 <f(172) —f(l’l)) '
g’ g(z2) — g(x1)
This number t is called the Cauchy mean value of the numbers x1,xs and
will be denoted by t = Dy 4(z1,x2).
It is possible to define the Cauchy mean value for several variables.
To do so we need a mean value theorem for divided differences.

For a function f : I — R, I being a real interval, the divided differ-
ences of f on distinct points x; € I are usually defined inductively by

[21] 5 := f(z1),

[Z1, .. &p_1]f — [T, ..., Zn]f
T1 — Tn

[Z1,...,2,]f = (n=2,3,...)
(see e.g. AUMANN and HAUPT [1] §3.17, their expression contains an extra
factor n — 1 on the right).

This definition must be modified if two or more points of [x1,...,z,]f
coincide: if at most r points x; coincide, the definition is then framed on
the assumption that f is (r—1)-times differentiable on I. In the case n = 2
for example we obtain

fz1) — f(x2)

[xl,l’g]f = 1 — T2 (xl 7& 1.2),

f(z1) (z1 = 72).

A full definition, as the ratio of two determinants, can be found in SCHU-
MAKER [7].
Some basic properties of the divided differences are as follows:

(1) A divided difference [z1,...,2,]s is independent of the order of its
arguments xi,...,Ty.
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(2) The second line of the above inductive definition remains valid pro-
vided only that x1 # x,.

(3) A divided difference is a linear functional, i.e. we have
(1, ..y Znlaftbg = Q[T1, ..., Tplf +0[T1,. .., 2p]4
for arbitrary constants a, b and arbitrary (suitably differentiable) func-

tions f,g.

(4) (Mean value theorem) If f is (n — 1)-times differentiable on I and
x; € I(i = 1,...,n), then there is a ¢t between the smallest and
largest x; (strictly between if the z; are not all the same) such that

_ g

[z1,..., 0]y CEER

(5) The “Leibniz rule” for divided differences

n

(@1, ..., 0]ty = Z[l’l,...,,fbi]f S 7Ty
i=1
(6) The rule of adding an extra point to a divided difference:

[Z2,...,ZTnlg = [21,.. ., 2pln,  h(z) = (z—x1)g(2).

(7) Differentiation with respect to a singly-occurring entry results in a
repetition of that entry

d
d—%[:cl,...,xn]f =[z1,..., 2,2y (k=1,...,n).
(8) If f(»=1) is continuous then [z, ..., Zy)f is a continuous function of
(l’l, e ,.ZL'n).
(9) If f is analytic then [x1,...,2,] is analytic in (z1,...,2zy).

The following mean value theorem (the Cauchy mean value theorem
for divided differences) is due to LEACH and SHOLANDER [2] (see also
RATZ and RUSSELL [6], PALES [4], [5]).
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Theorem LS. Let 1 < --- < x, and assume that f(”_l), g("_l)
exist, with g~ (u) # 0, on [z, ,]. Then thereis at € [x1, x,] (moreover
t € (x1,2y) if 1 < x,) such that

(21, o]y FrD()
(21, s walg g O(E)

S ()
9= (u)

L (f(”—1)>1 ([ml,...,xn]f>
g(n=1) [T1,. .., Tnlg

is a mean value of x1,...,z, which, by property (1), is symmetric in its

Supposing that the function u — is invertible we get that

variables. It is called the Cauchy (or difference) mean of the numbers
Z1,...,%, and will be denoted by Dy 4(x1,...,2,). This mean value was
first defined and examined by LEACH and SHOLANDER |[2] (they called it
extended (f,g) mean of x1,...,x,).

The aim of this paper is to solve the functional equation (the equality
problem of Cauchy means)

Dy g(z1,...,2,) = Drc(z1,...,2p) (X1,... 2y €1)

if n > 3 is fixed.

The equality problem of two variable Cauchy means is much harder
than the present one since for n = 2 the third derivative of the functional
equation does not give an independent equation. This problem is compa-
rable to the two variable equality problem for Gini means, solved by the
author [3].

2. The main result

Our main result is
Theorem 1. Suppose that I is a real interval, n > 3 is a fixed natural
number,
(i) f,9,F,G: I — R are n + 2 times continuously differentiable on I,
(i) gV (u) # 0, GV (u) £ 0 for u € I and

. (n=1)  p(n-1) o L
(i) the functions L g have non-vanishing first derivative on I.

g(n—l) 7 G(n—1)
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The functional equation
(1) Df7g(x1,x2,...,:vn):DF,G(xl,:rg,...,xn) ($1,x2,...,$n61)

holds if and only if there exist constants «, 3, v, 6 with ad — 3y # 0 such
that for all x € 1

(2) gV (z) = yFO=D (z) + 6G=) (z)

is satisfied.

Remark 1. The conditions (ii) and (iii) impose further restrictions on
the constants «, 8, v, § which we do not specify here.

Remark 2. We need to assume (1) only for the values z1,x2 € [z — ¢,
x+e NI, zg=---=ux, =z for all x € I where € is a positive number.

. ceey s . . (n—1) n—
Remark 3. Condition (iii) implies that the functions J;(ni,l), % are

invertible on I. The derivative of either ratio cannot have both positive
and negative values by the intermediate value property of the derivative.
Any of these ratios is either positive or negative on I hence it is strictly
monotonic therefore invertible.

To prove the necessity of (2) we deduce a system of differential equa-
tions for the unknown functions f, g, F', G and solve it.

Our calculations will be simpler if we use an integral representation of
divided differences equivalent to the one given by STEFFENSON [8, p. 17]:

w1, anlp = [ fOTD () dp
57[1

where

n—1

Sp_1:= {M:(,ul,...,,un_l):,ukzo, k=1,...,n—1 and Z,ukgl}
k=1

is a simplex in R"~! and

n—1 n—1 n—1
T SN <1—zuk)
k=1 k=1 k=1
The corresponding formula in [8] uses the variables ¢y, ..., t,, with

k
ty =1— Ej:l -
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Using this we have
fnny ! n FD(t) dp

3 D ctn) = (e
3) $9(@15 - @) <g(n—1)> T g D(t)dp
Sn—1

First we calculate some partial derivatives of Dy ,. Suppressing the de-
pendence from f, g let us introduce the simplified notation

M(z1,22,...,2,) = Dy g(x1,22,...,2,) = Y (R(z1,29,...,2,))

f(nfl)
g(n—l) 9

_ _ K
where h = R=7,

n—1
K(z1,29,...,2y) = / fn=b (:L‘n—i-Z[Lk(l‘k—a?n)) dy,
s . k=1

n—1
L(xl,ﬂfg,...,xn) = / g(n_l) <xn+zuk(wk_$n)) d:u’

S 1 k=1

and 1= (p1,- -, fn—1)-
Let us denote the partial derivatives of M (z1, z2,...,x,) with respect

to x1,x121 etc. at the point (z,z,...,x) by My, M,z etc. respectively.
Then we have

Lemma 1. Suppose that (i), (ii), (iii) and (1) hold then we have

nM;, =1,
n?(n+1) h" g™

11

h 2
n3(n+1)(n + 2)Mgc§$2 = (n?—3n— 2)7 + (—=n?® 4+ n+6) (lﬂ)

2

g ) o)
(n+1)
2 gy~
+ (2n 8n)g(n_1)

where all derivatives of h, g are taken at the point x.
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PROOF. We start with the formulae

/

M, = (h1) (R)Ry,,
Mg = (™))" (R)RZ, + (™) (R)R.z,
M,2,, = (h™1)" (R)Ru, B2, +2 (h™")" (R) Ry, Raya,
+ (1) (R) Ry Ryz + (h71) (R) Ryza,

where R and its partial derivatives R,,, R, etc. are taken at the point
(z,z,...,z). Since

(h_l)// B h”(hil)
(W(h=1))3
S Ul W L
(W=t (W(h1))P
we have
( 1
Mxl = ﬁRzp
h// 9 1
Mo = = G s + Rt

h/l/ (h/l)Z 9
Mx%:w - <_(h,)4 + SW szRzl
h//

1
UK B

hl

(2R561R361$2 + Rfoxz) + Rx%xg
where the derivatives of h have to be taken at h™'(R(x,x,...,z)) =
M(z,z,...,z) = x.

As R = %, the derivatives Ry, Ray, Ry2, Raya,, Ry2,, are rational
functions of K, L and their partial derivatives. For example

K2L? — KLL,> — 2K, LL,, + 2K L3,
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Using the integral formulae of Section 2 and differentiating behind the
integral sign (k times with respect to x; and [ times with respect to x3)
we have

Kk (w1, x) = fOTRHD(g) / i iy .
Snfl

It is easy to check that for any continuous function p

1 1—p 1—pr——pn—2
/ p(ﬂl,uz)duz/ / (1, p2) dpin—1 - . . dpg dpiy
Sn_1 0 0 0
NG e
— 1 — )"
= / / p(p1, po) (nl_ 3)2, dpg dpuy .
0 0
Hence we obtain that
(n—1) (n)
K(x,x,...,x):fi(x), Kml(x,x,...,x):f ($),
(n—1)! n!
f () SO ()
Kx2($,.f[],...,f[]): n' , Kzlm2(x,.'1},...,$):m,
(n+1) (n+2)
K (x,z,...,x) = fi(;r)’ Ky, (z,2,...,2) = fi(x)
1 (n+1)! e (n+2)!

We obtain analogous expressions for L and its derivatives. Substitut-
ing these and ("1 = pg(n=1)  fn) = p/g(r=1) L pg(") ete. into (5) we
obtain that

2 20n—1) , g™
R 2= h" ! .
T nn+1) + n?(n+1) g1

In a similar way we find that

1
R, =R;, = Eh/,
R — ]' h// _ 2 / g(n)
T p(n+ 1) n?(n+1) gr=1)’
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R 2 h/// 2n2 —38n " g(n) + h/ g(n—i-l)
g(n—l) g(n—l)

T+ )n+2) S+ 1)(n+2)

o2 ton+12 L[ g™\’
n3(n+1)(n+ 2) g(n=1)

Substituting these expressions into (4) we obtain the statement of Lem-
ma 1.

The calculations presented in Lemma 1 were partially checked by the
software package Maple V. O

Lemma 2. Suppose that (i), (ii), (iii) and (1) hold then for all u €
J:={H(z):x € I} we have

(6) R

(n2—3n—2)-/:/((5)) + (—n2 4+ n+6) <N((;‘))>
_6n ' (u) ' (u)
+(—6n +12) 7w 3
" 7'(u)\? 7" (u)
—2n? n giu n? —8n g\u
+(—2n° 4+ 2n + 12) g(u)> +(2 8 )g(u)
=(—2n n é’(u) 2 n° —sn é”(u)
\_( 2n2 + 2 HQ)(G(U)) +(2n% -8 )é(u)
where

(8) h=h(HT1), g=g¢"V(HT), G=c"V(H).

PROOF. By Lemma 1 the equation (1) implies that for all x € T

W), 9@ @), Ga)

) W (z) g(n=1(x) H'(x) GV (z)
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(n? —3n —2) IZ:/((;)) + (—n%* +n+6) (Z/(m) >

() g™ (x)

W (@) gD (x)
g™ () \*

9(”1)(96)>

+(—6n +12)

+(—2n? + 2n + 12) (

(") (z
+(=2n? 4+ 2n + 12) (G?nlg (a:)>
+(2n? — 8n)m
From (8) we obtain that
R {h”(H—l) B H”(H—l)]
poo H(HZY) [W(HTY) H(H) ]
" 1 WYHTY  R(HY) H'(H™!

)
W (H/(H-Y))? [h’(H—l) - UW(HY) H/(HY)

H'(HT) | <H"(H1)> ] |

CH'(HY) H'(H-1)

g (H(HY)

f]" 1 g(n+1)(H—1) g(n)(H—l) H//(Hfl)
gD (H-) o g=D(H-1) H'(H1)

|\

G (H(H))

é” B 1 G(n+1)(H_1) G(n)(H—l) H”(H_1>
G [G(”‘”(H‘l) - GD(HY H’(H‘l)} '

Substituting these expressions into (6) and (7), multiplying the first equa-
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tion by H'(H~') the second by (H’(Hfl))2 we obtain, after some calcu-
lations, exactly (9) and (10) at the point * = H~1(u). We remark that in
case of (7) we have to use, during the calculations, also (9). This shows
that (6), (7) and (9), (10) are equivalent by the transformation (8) (and
its inverse), proving Lemma 2. O

Now we can prove our main result.
PROOF. Necessity. If (1) holds then by Lemma 2 (6) and (7) are
satisfied. We shall solve this system of equations. Using (6) we get

é//

é/ ! é/ 2 B// g/ ! iL// g/ 2
= +l=] ==+ +|=+=

G G G 2n g 2h! g
~ 2 ~

~ ~ 2
hl// h/l
h' h'

i':L‘” (u)
h!(u)

With the notation w(u) =

in the form

(u € J) we can rewrite the last equation

2w — w? = 0.

The solutions of this separable equation are w(u) = —u%rc where ¢ is an

arbitrary constant and w(u) = 0. From

) 2
" —
W)l = w(wy = wte
h'(u) 0
by integration
(&
+d
- Au+ B
12 — ute -
(12) h(w) cus D wed)
au+b

where A, B, C, D are arbitrary constants.
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Rewriting equation (6) in the form

o o
(m )_lh(u):; { - if C' # 0

2 1 (u) 0 ifC=0
we get by integration that

G(w)
g(u)

(13) G(u)  Cu+D

(uelJ)

where P # 0 is a constant. From (12), (13) by h = %, H = %

and (8) we obtain that

fOD(@)  AH(@)+B _ AFCD(z) + BGO ()
g D(x) ~ CH(z)+D ~ CF1(z) + DGO (x)’
G () P PG (x)

¢ D(z)  CH(x)+D CF®(z)+ DG (z)
From the last equation

g D(z) = %FW—U(@ + %GW—U@) =~ FO D () + 66V (2)

and using this
(n-1) A n-1) B -1 (n—1) (n-1)
£ @) = BFOD (@) + L a0 (@) = a0 (@) 1 560D ()

proving (2).
. . (n—1)
Here the constants have to satisfy ad — 3 # 0 otherwise ’;(Ti) would
be a constant and not invertible.

To prove the sufficiency of (2) we notice that

_fY qpMe 4 gGnmD o H + 3

h = = =
gin=1)  yF0-1) 4 §Gn=1)  ~H+§

therefore htu) = H™* <M> .
a—u
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Thus, using the representation (2) we get with u =

K - —
D¢ g(v1,22,...,2,) =h ' (u) = H? (W) —Hg! (M>

K
L

a—vT al —vK
and
(Of=D(t) = Bg D (t))dp FO=D(t) dp
aL —vK [ (ag=D(t) —yfe-D@t))dp [ Gr=D(t)du’
Sn,1 Sn—l
Hence

J FUO() dp
Sn—

Dfag(xhx??"'?xn):H_l flG(nfl)(t)du
Sn—l
= DF’G(.Tl,IL‘Q,...,.Tn). |:|

3. Closing remarks

It is worth to specify our result for n = 3 since in this case the
regularity conditions of Theorem 1 are the weakest.
Theorem 2. Suppose that I is a real interval,
(i) f,9,F,G: I — R are five times continuously differentiable,

(i) g"(u) #0,G"(u) # 0 and

see . " " . . . .
(iii) the functions %, L7 have non-vanishing first derivative on I.

The functional equation

(14) Df,g(xl,l‘z,iﬂs) = DF,G(!E1,$2,$3) (561,932,$3 € I)

holds if and only if there exist constants «, 3, v, § with ad — 8 # 0 such

that for all x € I

f(x) = aF"(z) + G" (2)
(15)

g"(x) = yF"(z) + 6G" (x)

is satisfied.



230 Lészlé Losonczi : Equality of Cauchy mean values

Since (15) implies (2) it follows that if two Cauchy means are equal
for n = 3 variables then they are equal for n > 3 variables too (provided
that conditions (i)—(iii) of Theorem 1 and Theorem 2 are satisfied).

If two Cauchy means are equal for n = 3 variables then they are equal
for n = 2 variables as well if we assume the additional conditions

{ f'(¢) = aF"(c) + BG'(c)
g'(¢) = vF'(c) + 6G'(c)

at some point ¢ € I (and the existence of the two variable Cauchy means).
Namely these, together with (15) ensure the validity of (2) (hence also (1))
for n = 2.
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