J. Math. Computer Sci., 23 (2021), 328-340

Online: ISSN 2008-949X

D) Journal of Mathematics and Computer Science

yourna/ or
S
ogu:,l_ng pel

Pusicanoss
Journal Homepage: www.isr-publications.com/jmcs

On the stability of a sum form functional equation related ® Checkforupdates

to nonadditive entropies

Dhiraj Kumar Singh®*, Shveta Grover®

aDepartment of Mathematics, Zakir Husain Delhi College (University of Delhi), Jawaharlal Nehru Marg, Delhi 110002, India.
bDpepartment of Mathematics, University of Delhi, Delhi 110007, India.

Abstract

In this paper we intend to discuss the stability of
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where f: I -+ R, g: I = R, h: I — R are unknown mappings; M : I = R, M : I — R are fixed multiplicative mappings both
different from identity mapping; (p1,...,Pn) € Tn, (d1,...,qm) € T'm ; 1 > 3, m > 3 are fixed integers.
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1. Introduction

Let IN denote the set of natural numbers; R denote the set of real numbers; I denote the closed unit
interval [0,1], iie, [ = [0,1] ={x e R:0 < x <1} Forn € N; let I, = {(p1,...,pn); P1 =0, 1 =
n
1,...,m; ) pi = 1} denote the set of all n-component discrete probability distributions.
i=1
A mapping a: I — R is said to be additive on I or on the unit triangle A = {(x,y) : 0 <x < 1,0 <y <
1,0 < x +y < 1} if it satisfies a(x +y) = a(x) + a(y) for all (x,y) € A. Similarly, a mapping A : R — R is
said to be additive on R if it satisfies A(x +y) = A(x) + A(y) for all x € R, y € R. An interesting relation
between these fore mentioned additive mappings was given by Daréczy and Losonczi [4]. They proved
that there exists a unique additive extension of the additive mapping a : I — R to the set of real numbers.
A mapping ¢ : I — R is said to be logarithmic on I if it satisfies {(0) = 0 and ¢(xy) = €(x) + £(y) for all
x €10,1],y € 10,1].
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A mapping m : I — R is said to be multiplicative on I if it satisfies m(0) = 0, m(1) = 1 and
m(xy) = m(x)m(y) for all x € ]0,1[, y € 10, 1[.

Over the years, the exploration of an approximate solution which is in close proximity of the exact
solution of an arbitrary functional equation has gained a lot of momentum. This problem was initially
raised in reference to group homomorphisms by Ulam (see [24]) during his comprehensive presentation
at the University of Wisconsin in 1940. In the following year Hyers [7] answered this problem for linear
mappings f : E — E’ on Banach spaces E and E’. He considered a perturbation of the given transformation
by considering the inequality |f(x +y)—f(x)—f(y)|| < & for all x € E, y € E. Then using this inequality
he provided an affirmative answer to Ulam’s problem. With this seminal idea proposed by Hyers [7], the
stability problem entered the corpus of functional equations and laid the foundation for a new domain of
research referred as “Hyers-Ulam stability problem” in the literature.

It needs to be highlighted that Hyers” methodology, also known as the direct method is widely used
for discussing the stability of functional equations. Following Hyers’” approach, numerous research pa-
pers in reference to the stability problem of functional equations have appeared. Some of their results and
methods can be found in the book of Hyers, Isac and Rassias [9]. In brief, these papers reflected upon:
generalizations; new methods; significance and applications. Notwithstanding all these endeavours, re-
searchers missed discussing the stability problem for sum form functional equations. In this direction,
Maksa [15] presented an affirmative answer to Ulam’s open problem by developing an interesting result
similar to that of Hyers’. This was a significant breakthrough that opened a new area of research known
as “Stability problem for sum form functional equations”.

Recently few significant contributions that have appeared in this field are as follows. Dutta and Kumar
[5] deployed Gavruta’s perspective to establish the stability of a functional equation; Najati and Sahoo [16]
investigated the stability for functional equations by following Hyers” approach; Narasimann [17] briefly
reflected upon generalizations of Hyers’ result, followed by establishing the stability of a generalized
k-additive functional equation. Further it is worth mentioning that stability problem for the sum form
functional equations is a new area of research which is comparatively less explored. There are many
sum form functional equations for which the stability problem needs to be addressed providing ample
opportunities to the researches. Intrigued by one of these, the objective of this paper is to discuss the
stability of functional equation

n
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where f: I - R, g: I =+ R, h: I = R are unknown mappings; M; : I — R, My : I — R are fixed
multiplicative mappings both different from identity mapping; (p1,...,Pn) € Tn, (d1,.-.,qm) € Tm ;
n > 3, m > 3 be fixed integers. We would now like to reflect upon the significance of functional equation
(A) which motivated us to study it.

If Mi(p) =p and Mz(q) = q for all p € I, q € I, then (A) reduces to the functional equation

DD fpia) =D gla)+_hipi), (1.1)
j=1

i=1j=1 i=1

where f: 1 = R, g: I = R, h: I — R are unknown mappings; (p1,...,pn) € Tn, (q1,...,qm) € m;n =3,
m > 3 be fixed integers. Nath and Singh [18] have obtained the general solutions of (1.1). Indeed it plays
a significant role in characterizing the Shannon [20] entropies Hy : I, = R, n € IN defined as

n
Hn(pll---/pn) = _Zpilogzpi ((p11-~~/pn) €l 010g20 = 0). (1.2)
i=1

The relation of these entropies (1.2) with the general solutions of (1.1) is clearly established by the first
author of this paper in [18].
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Further if g = f, h = f; My(p) = p%, Ma(q) = qP for fixed positive real powers o # 1 and B # 1
satisfying the conventions

0%:=0, 0P:=0, 1%:=1, 18 :=1, (1.3)

then (A) reduces to the functional equation given by Behara and Nath [2] that is

Y D flpig) =D pfY fla)+)_ab Y fpi), (1.4)
i=1  j=1 j=1  i=1

i=1j=1

where f : I — R is an unknown mapping; (p1,...,Pn) € Tn, (q1,...,qm) € Tm; 1 = 3, m > 3 be fixed
integers. Behara and Nath were first who came across this functional equation and found its continuous
solutions which plays a key role in characterizing the entropies of type («, 3). Forn € N, (p1,...,pn) € T,
an entropy of type (o, 3) is defined as

(217 —21-F)~ <ZP1 ip{g>/ if oe # B,
i=1

HE P (pr, e pn) = n
—28=1 5 pPlog,ps, if o = B,
i=1

where H™P) : T, - R; a and B are fixed positive real powers satisfying (1.3) and 0P log, 0 := 0.

Losonczi and Maksa [13] were first who obtained the general solutions of (1.4) without assuming any
conditions on the mapping f : I — R for « # 1, B # 1 and n > 3, m > 2 being fixed integers. Then,
Kocsis and Maksa [11] discussed its stability. Further, Kocsis [12] also considered a generalization of (1.4)
by studying

n
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where f : I — R is an unknown mapping; M : I = R, M5 : I — R are fixed multiplicative mappings both
different from identity mapping; (p1,...,Pn) € Tn, (q1,.-.,qm) € I'm ; 1 = 3, m > 3 be fixed integers.
In this paper [12], he obtained its general solutions and also discussed its stability. A more inspiring and
novel generalization of (1.4) was observed by Singh and Dass [21].

We observe that functional equations (1.4) and (1.5) were addressed a number of times and studied
comprehensively resulting in emergence of new aspects but no one discussed its Pexiderized form, i.e.,
(A), which seems to have missed the attention. Further as (A) is arising from (1.4) and (1.5), it is useful in
the characterization of entropies of type («, 3), so it seems interesting to study (A).

Singh and Grover [22] have obtained the general solutions of (A) when the multiplicative mappings
M;: T —= R and M; : I = R are power mappings. Indeed they have added more stimulating aspects to
the functional equation by first demonstrating its relation with the expected value of a random variable
and then connecting its general solutions not only with entropies of type (o, 3) but also with diversity
index. In what follows, we shed some light on the phenomenon of diversity index.

An index of diversity is a nonnegative real valued mapping with probability distribution as its domain
which indicates the differences within a sample space. As a matter of fact, there is spectrum of definitions
on index of diversity and its applications. We would prefer references [6, 10, 19, 23] for the readers to
be familiar with the concept of diversity index and its various fields of research. Thus, it can easily
be concluded that (A) is related to entropies of type («, 3) and diversity index which is a quantitative
measure that has evolved with a multidisciplinary approach over the years. This evokes our interest to
discuss functional equation (A) in detail. We notice that the general solutions are obtained but stability is
yet to be established. So, in this paper we discuss the stability of (A).

The rest of the paper is structured as follows. In Section 2, we mention few preliminary results which
will be used in the upcoming sections. In Section 3, we discuss the stability of the functional equation (A)
for n > 3, m > 3 being fixed integers.
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2. Preliminary results

In this section, we state some known previous results which will be used in the upcoming section.

Result 2.1 ([14]). Suppose a mapping ¢ : I — IR satisfies the functional equation Z d(pi) = ¢ for all

(p1,---,pn) €T, n>3a ﬁxed znteger and cq a real constant. Then there exists an addztzve mapping a : R — R
such that d(p) = (p)—%a + S forallp € L.

Result 2.2 ([15]) Let 0 < € € R, n > 3 be fixed integer and \ : I — R be a mapping which satisfy the functional

inequality

Z V(pi ‘ < ¢ forall (p1,...,pn) € Tnh. Then there exist an additive mapping A1 : R — R and a
mapping Bl ]R — R such that |B1(p)| < 18¢ forall p € R, B1(0) = 0 and P(p) — P (0) = A1(p) + B1(p) for all
pel

Result 2.3 ([12]). Let Ap : R — R be an additive mapping, M : I — R a multiplicative mapping, B : R = Ra
bounded mapping and c; € R. If A2(p) = M(p) +ca forall p € 1, then Ay(p) = dp, p € R for some d € R and
M(p) =00r M(p) =p, p € L. Also if Ay(p) = M(p) + Ba(p) for all p € 1, then Ax(p) = dp, p € R for some
d € Rand M(p) =0or M(p) =p%, p € Iforsome 0 < x € R.

Result 2.4 ([12]). Let M1, M; : I — R be fixed multiplicative mappings, M1 # My, A3 : R — R be an additive
mapping and cz € R. If M1(p) — Ma(p) = As(p) + c3 holds for all p € 1, then My and M, are zero or identity
mappings on 1.

Result 2.5 ([25]). If f is a solution to the functional equation
f(p+q) = flp) +f(q),

which is bounded over an interval [a, b, then it is of the form f(p) = cap for some real number cy.

Result 2.6 ([3, 11]). Suppose that B, ¢’ € [0,+o0[; G: I — R and

IG(pq) —pPG(q) —qPGp)I<e’,  (pqel.

Then there exists a logarithmic mapping € : I — R and a mapping B3 : R — R such that |B3(p)| < 4ee’ (e, a
natural base of the logarithmic mapping) and G(p) = pPL(p) + Bs(p) forall p € L

Result 2.7 ([22]). Let n > 3, m > 3 be fixed integers; My : I — R, My : I — R be fixed multiplicative mappings
different from identity mapping and f : 1 — R, g: I = R, h : I — R be real valued mappings satisfying the
functional equation (A) for all (p1,...,Pn) € Tn, (q1,...,qm) € Tm. Then for all p € 1, any general solution
(f, g, h) of functional equation (A) is of the form (for My = My)

i) f(p) = Ma(p)l(p) +[g(1) + (m—1)g(0) + h(1) + (n — 1)h(0)]M2(p)
+ai(p) +f(0), ay(1) = —nmf(0),
(i) g(p) = Ma(p)t(p) + [g(1) + (m—1)g(0)IM2(p) + az(p) + g(0),
_ (01)
az(1) = —mg(0),
@(iii) h(p) = Ma(p)t(p) + [h(1) + (n —1h(0)]M2(p) + az(p) + h(0),
az(1) = —mh(0),
and (for My # My)
i) f(p) = d(Mi(p) —Ma(p)) + [g(1) + (m —1)g(0)+ h(1) + (n — 1)h(0)]
xMa(p) + a4(p) +1(0), ag(1) = —mmf(0),
(i) g(p) = d(Mi(p) —Ma(p)) + [g(1) + (m —1)g(0)]M2(p)
1 (x2)

+ g
+as(p) +g(0), as(1) = —mg(0),

@(iii) h(p) ={d—I[g(1) + (m—1)g(0)]}(M1(p) —M2(p))
+[M(1) + (n —1)h(0)]M2(p) + as(p) +h(0), as(1) = —mh(0),
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where a; : R = R (i = 1,2,3,4,5,6) are additive mappings; { : I — R is a logarithmic mapping and d is an
arbitrary real constant.

3. The stability of the functional equation (A)

In this section we discuss the stability of functional equation (A). For this we refer to survey paper of
Hyers and Rassias [8] and Hyers, Isac and Rassias [9]. Indeed in the sense of [9] we consider a perturbation
of (A) given by the functional inequality

22 flpuay) ZM1 p) Y gla)) = Malgy) Y hip)| <e B)
i=1j=1 = j=1 j=1 i=1

forall (p1,...,Pn) €Th, (q1,...,qm) € I'm; n >3, m > 3 be fixed integers and ¢ be a positive real number.

Our aim is to find the solutions of inequality (B) and observe: What is the difference between the solutions
(given by Result 2.7) of equation (A) and inequality (B)? If the difference between their solutions is only a
bounded mapping, we would say that functional equation (A) is stable. Following this we establish the
stability of (A) and prove the main result of this section.

Theorem 3.1. Let n > 3, m > 3 be fixed integers; € be a positive real number and My : I - R, My : I =+ R
be fixed multiplicative mappings different from identity mapping. Suppose f : 1 - R, g: 1 - R, h: I = R
be mappings which satisfy the functional inequality (B) for all (p1,...,pn) € Tn, (q1,...,qm) € T'm. Then, (for
My = M,)

@) flp)—~(0) =Mz(p)t(p) + [g(1) + (m —1)g(0) + h(1) + (n — 1JR(0)]M2(p) + a1(p) + ba(p),
(i) g(p) —9g(0) =Mz(p)t(p) +[g(1) + (m—1)g(0)IM2(p )+az( ) +b2(p), (B1)
(i) h(p) —h(0) = Ma(p)t(p) + [(1) + (n —1h(0)IM2(p) + a3(p) + b3(p),

and (for My # My)

@) flp)—~(0) =d(Milp) —Ma(p)) +[g(1) + (m—1)g(0) + h(1)
+(n—1)h(0)]Mz(P)+a4(P)+b4( ),
(i) g(p) —9g(0) =d(Mi(p) — Mz(P))+ 1)+ (m—1)g(0)]Mz(p) + as(p) + bs(p), (B2)

[g(
(i) h(p) —h(0) ={d—I[g(1)+ (m—1)g(0)

1)g(0)]}(M
+h(1) + (n— 1)h(0)] 2(p

1(p) — Ma(p))
) + ag(p) +bs(p),

where a; : R — R (1 = 1,2,3,4,5,6) are additive mappings; b; : R — R (j = 1,2,3,4,5,6) are bounded
mappings; { : 1 — R is a logarithmic mapping and d is an arbitrary real constant.

Proof. Letus putp; =1, po =--- = pn = 0in (B). We obtain
Z{f(qj)ﬂn—l)f(m—g(qj)—[h(1)+(n—l)h(on Mz(qj)} <e
j=1

for all (q1,...,qm) € m. By Result 2.2, there exists an additive mapping A; : R — R and a mapping
B} : R — R such that [Bj (q)| < 18¢, B{(0) = 0 and

f(q) —g(q) — [h(1) + (n — 1)h(0)]M2(q) — f(0) + g(0) = A1(q) + B{(q).
From this, one can easily obtain the expression

f(q) = g(q) +A1(q) + B1(q) + [R(1) + (n — 1)R(0)]M2(q), (3.1)
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where B; : R — R is a bounded mapping defined as B1(x) = B} (x) + f(0) — g(0). Using (3.1), inequality
(B) can be written as

ZZ (pqu Zzgl(plq) ZMl Pi) Zg )
i=1j=1 i=1j=1 = j=1
(3.2)
— {Z h(pi) — [h(1) + ZMZ pi }Z Ma(q;)| < e
i=1 —
for all (p1,...,Pn) € Th, (q1,...,qm) € 'm. Now substituting q; =1,q2 = --- = qm = 01in (3.2), we have

> {Q(Pi) +(m—1)g(0) + A1 (1)pi + Bi(pi) + (m —1)B1(0)
i=1

~[g(1) + (m—1)g(0)IM1 (ps) — h(pt) + [h(1) + (n—l)h(owz(pi)}\ <

for all (p1,...,pn) € Tn. By Result 2.2, there exists an additive mapping A, : R — R and a mapping
B3 : R — R such that B (p)| < 18¢, B5(0) = 0 and

g(p) +A1(1)p+Bi(p) —[g(1) + (m—1 )9(0)]M1(P)—h(p)
+ [h(1) + (n — 1)h(0)IM2(p) — g(0) — B1(0) + h(0) = Az(p) + B3 (p).

From this, we can easily obtain the expression

h(p) = g(p) — A2(p) — B2(p) + A1(1)p + Ba(p) — [g(1) + (m —1)g(0)]M1(p)

+ (1) + (n —1)h(0)]Mz(p), (3.3)

where By : R — R is a bounded mapping defined as Ba(x) = B3(x) + g(0) + B1(0) — h(0). Substituting
(3.3) in inequality (3.2), we get

> > Glpig))+ ) D Bilpigy) +A(1) =Y Mi(pi) ) Glgj)— ) Ma(qj)
i=1j=1 i=1j=1 i=1 j=1 j=1
(3.4)
x [Z G(pi)— ) Balpi)+ ) Bilpi) —Az(1) +A1(1)} <e,
i=1 i=1 i=1
where G : I — R is a mapping defined as
G(x) = g(x) —[g(1) + (m —1)g(0)]M(x) (3.5)

for all x € I. By Result 2.2, there exists a mapping Az : Iy X R — R, additive in the second variable and a
mapping Bz : Iy x R = R, bounded in the second variable by 18¢ with B3(p1,...,pn;0) =0, such that

ZG(PiQ)-FZBl(PiQ)+A1(1)q—(G(Q)—G(O))ZMl(Pi)—MZ(Q)[Z G(pi)
i1 i1 i1 i1
_ (3.6)
—ZBz pi) +Z}31 pi) — Az(1) + Aq(1 )]—HG(O)—HBl(O)

= A3(p1/-~/pnz q) +B3(P1/~~~/pn/ q)
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forallq €L, (p1,...,pn) €Th. Letx €1, (s1,...,5n) € I'h and write q = s¢x, t =1,...,n consecutively in
n

(3.6); summing up the resulting n equations so obtained and then substituting the expression ) G(s¢x)
t=1

calculated from (3.6), it follows that

> > Glpisex)+ ) D Bilpisex) + Ar(1)x—n?G(0)—n?B1(0) — (G(x) — G(0)) Y Mi(ps) ) Mi(se)

i=1t=1 i=1t=1 i=1 t=1
n

:K3(p1/---/pnl Z pll cerPns StX)

+Ma(x) {Z M (ps) [Z G(st)— ) Balst)+ Y Bilst)—Az(1) +Aq(1)
t=1 t=1 t=1

i=1

+Z Ma(st)
t=1

+) My(ps) [A3(S1, cosX) +Bals, . snix) = ) Bi(sid) — Aq(1)x +nBl(0)]
i=1 t=1

n

> Glpi)— ) Balpi)+ ) Bilpi) —Az(1) + Aq(1)
i=1 i=1

i=1

for all x € I, (p1,...,pn) € Tn, (81,...,5n) € Th. Clearly the left hand side of the above equation is
commutative in p; and s¢, i=1,...,n; t =1,...,n (see p. 59. Aczel [1]). Thus the commutativity of p;
and sy, i=1,...,n;t=1,...,non the right hand side gives

—A3(s1,..., 8 %) [1 - Z Ml(pi)]
im1

n n
:Z§3(sl,...,sn;p1x Z (P1,---, P StX)
i=1 t=1

As(P1,-- -, PniX) [1 - Z M (st)

+iml(st) lsg(pl, i)=Y Balpx) 1)x+nB1(0)]
= =
—iMl(m) [Bss(sl,...,sn, i (s¢x) (1)x +nB1(0) 3.7)
+ My (x { iM i ] [;G(pl)—iBz(leilBl(pl)
Al - [ )—anMz(Pt)] ie(st)—illsz(st)

+Zﬁl(st) — Az (1) + Aq(1)

Here, we observe that the proof depends on the mappings M; and M,. So, we divide our discussion into
two cases.

Case 1. M; = M,. In this case, equation (3.7) gives

—As(s1,--,5n;%) [1 -y Mz(m)]

i=1

A3(P1, ..., PrX) [1 — Z Ms(s¢)

n n
=Y Bs(s1,...,sn;pix) — )_Bs(pr,..., Prisix) (3.8)
i=1 t=1
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I\/I:

+) Ma(st) [Bs(m, S PrsX 1(pix) — 1)X+n31(0)]

t=1

*ZMQ(‘pi) [83(31, e, S, X ZE StX )XJrTLBl(O)]

i=1
For fixed (p1,...,pn) € Th and (s1,...,8n) € I, the rlght hand side of (3.8) is bounded on I whereas its
left hand side is additive in x € I, consequently by Result 2.5, it follows that

[A3(p1,- -, PrsX) —XA3(p1,.- ., Pn; 1)) [1 -y MZ(St)]
= (3.9)

= [As(s1,...,5n;%X) = XAs3(s1,..., 50 1)] [1 -y MZ(pi)] -

Since the multiplicative mapping M, : I — R is different from identity mapping, it follows from Results

n
2.1 and 2.3, that [1 -y Mz(st)] does not vanish identically on I,. Thus there exists a probability
t=1

n
distribution (sj,...,s}) € 'n so that1— ) My(s}) # 0. Using this in (3.9), we get
t=1

+XA3(p1/ . /pn;]-)/ (310)

As(p1,..., pnix) = ap(x [1 —Z M2 (pi)
i=1

where ap : R — R is a mapping defined as
ClO(X) = [ A3(ST1 sy S;;X) _XA3(STI ceey S;kll 1)] [1 - Z M2 (S:)]

Clearly the mapping ag : R — R is additive with ag(1) = 0. On substituting the value of ‘Az(p1, ..., ps1)
calculated from (3.6) (for ¢ = 1) in (3.10), it follows that

+x[mG ZM2P1 Z 2(pi)

A3(p1,---, Prix) = ao(x) [1 — ) Ma(ps)

i=1 =1 (3.11)
+A2(1)—nG(O)—nBl(O)—B3(p1,...,pn;l)}
From (3.11) and (3.8), we obtain
{83(81,...,Sn, ZBl StX +TLBl +X[Z —Kl(l)
(= )G(0) ~nB1(0) Bafst, .. 5ni1)| 3 My
{133(101,-- o) = 3 Bilpen) B )+X[Z 2(p) + (1)~ A (1) + (m—1)G(0)  (312)

i=1

n n
—nB1(0) —Bs(p1,..., Pn; 1)] } D> Ma(s)+ ) Balst,...,sn;pix) = ) Ba(p1,.., puisix)
t=1 i=1

t—1
+X[33(P1,---,Pn;1) —Ba(s1,...,5m;1) = )_Balpi)+)_ BZ(St)}
i1 t—1

forallx €I, (p1,...,pn) € Th and (s1,...,sn) € I'h. Now, we divide our discussion into two cases.
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n
Case 1.1. Coefficient of } Mj(p;i) vanishes identically. In this case, functional equation (3.12) yields

i1
B3(s1,...,8n;% :Z (sex) (0)—7{252(&)+Az(1)—A1(1)
= = (3.13)
+ (m—n)G(0) —nB;(0) —B3(51,...,sn;1)].
With the aid of (3.11) and (3.13), functional equation (3.6) reduces to
D Glpiq) —Glq) )_Ma(pi) —Ma(q) ) Gl(pi) +Ma(q {Z Ba(pi)
i=1 i=1 i=1
n (3.14)
= Y Blpo) + Aall) = Aa(1) + (m = mlg(0)] =0,
i=1
where G : I — R is defined as
G(x) = G(x)— G(0) — ap(x) + mG(0)x (3.15)

for all x € I. Clearly G(0) = 0 and G(1) = 0. Applying Result 2.1 on (3.14), there exists a mapping
E:R x I — R, additive in the first variable such that

G(pq) —M2(p)G(q) — Mz(q)é(pHMz(q)[ 5(p) —Bi(p) + [ Az2(1)
—A1(1) + (m 0)lp] =E(p;q)

with E(1; q) = —nMa2(q)[g(0)—h(0)] (follows by using the expressions By (x) = B} (x) + f(0) — g(0), B} (0) =
0 and Ba(x) = B3(x) + f(0) — h(0), B5(0) = 0). Also for q =1, (3.16) gives

(3.16)

B3 (p) = Bi(p) + [ Az(1) — A1(1) + (m—n)g(0)lp = E(p; 1). (3.17)

The left hand side of (3.17) is bounded on I, while the right hand side is additive in first variable “p”. Thus
by Result 2.5, it follows that E(p;1) = pE(1;1). Consequently we get, B5(p) — B] (p) = p(B;(1) — B (1)).
Thus (3.16) can be written in the form

G(pq) — Mz2(p)G(q) — M2(q)G(p) = E(p; q) —pMa(q)[B3(1) — B (1) + Az(1) — Ay (1) + (m —n)g(0)].  (3.18)

Also, it can be easily verified from (3.18) that

E(1;pq) — ™2 (pq)[B5 (1) — Bi (1) + A2(1) — A1(1) + (m —n)g(0)]
+Ma(1){E (p; q) — pMa(q)[B3 (1) — Bi (1) + Az(1) — Aq(1) + (m —n)g(0)]}
=E (rp; @) — pM2(q)[B3(1) — Bi (1) + A2(1) — Aq(1) + (m —n)g(0)]
+Ma(gHE (1;p) —TM2(p)[B3 (1) — Bi (1) + Az(1) — Aq(1) + (m —n)g(0)]}

(3.19)

forallp € I, q € [, r € I. Now, we assert that the right hand side of (3.18), i.e., E(p; q) — pMa2(q)[B5(1) —
By (1) + Az2(1) — A1(1) 4+ (m —n)g(0)] vanishes identically on I x I. To the contrary suppose that it does
not vanish and there exists some p* € I, q* € I such that E(p*;q*) — p*Ma(q*)[B5(1) — B (1) + Ap(1) —
A1(1) 4+ (m —n)g(0)] # 0. Then from (3.19), it follows that

My(r) Z{E (p*;q*) —p*Ma(q*)[B3(1) — B{ (1) + A2(1) — A1(1) + (m —n)g(0)])

X {E (rp*;q™) —rp"Ma(q")[B3(1) — BT (1) + Az(1) — A1(1) + (m —n)g(0)]
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+Ma(q"){E (1;p") —TMa(p*)[B3 (1) — Bi (1) + Az(1) — Ag(1) + (m —n)g(0)]}

CE(rp*q) +TMa(p"q") B3 (1) — B (1) + Aa(1) — Ar (1) + (m—n)g(on}

for all r € I. The additivity on the right hand side implies that mapping M, : I — R is additive. Using
n

this additivity we obtain 1 # Y Maj(s¢) = 1, a contradiction and so our assertion follows. Consequently
t=1

(3.18) reduces to G(pq) — Ma2(p)G(q) — M2(q)G(p) = 0 whose general solution is G(p) = Ma(p)¢(p) for
allp € ; £ : I — R being a logarithmic mapping. Thus, we obtain (3;) (ii) from (3.5) and (3.15) by
defining an additive mapping a; : R — R as az(x) = ap(x) —mg(0)x and bounded mapping b, : R — R
as by (x) =0. Further from (f31) (ii), (3.1) and (3.3) (with M1 = My); (1) (i) and (1) (iii) follows by defining
additive mappings a; : R — R as a;(x) = aa(x) + A1(x); a3 : R = R as az(x) = az(x) — Az(x) + A1(1)x
and bounded mappings b; : R — R as by(x) = ba(x) 4+ B (x) where [bi(x)| < 18e with b1(0) = 0 and
b3 : R — R as b3(x) = ba(x) — B5(x) + Bj (x) where [b3(x)| < 36¢e with b3(0) = 0.

n
Case 1.2. Coefficient of ) Mj(pi) does not vanish identically. In this case, the boundedness of the
i=1

mappings B3, By and B; in functional equation (3.12) yields < e forall (p1,...,pn) € Th

n
2 Ma(pi)
i=1
and some positive real number ¢. Then by Result 2.2 followed by Result 2.3, we get M, (p) = pP for some

positive real number 3 # 1 satisfying (1.3). On substituting M;(p) = Ma(p) = pP in functional inequality
(B) and proceeding similarly the functional equations (3.6) and (3.11) with ap(1) =0, gives

> Glpia)—aP Y Glp)—Glq))_pf =Bs(pr,...,pn;a) = )_Bi(piq)
i=1 i=1 i=1 i=1
+nB1(0) +qP [— Ba(pi) + ) Bilpi) —Aa(1) + Ay (1) — (m—n)g(O)} (3.20)
i=1 i=1

+4q [ZBz(Pi) +Az(1) = Aq(1) + (m —n)g(0) —nB;(0) —33(P1/---/Pn;1)],
im1

where G : I — R is a mapping defined as in (3.15). Further we observe that the right hand side of
functional equation (3.20) is bounded by 36¢(3 + 2n) (follows from (3.3) and the expressions Bj(x) =
B3 (x) +f(0) — g(0), B (0) = 0 with [B} (x)| < 18¢; Ba(x) = B3 (x) + f(0) —h(0), B5(0) = 0 with [B3(x)| < 18).
By Result 2.2, there exists a mapping As : R x I — R, additive in the first variable and a mapping
Bs: R x I — R, bounded in the first variable by 648¢(3 +2n) with B4(0; q) = 0 satisfying

G(pa) —aP G(p) —pP Glq) = As(p;q) +Bs(p; q) (3.21)
forallp € I, q € 1. Define a mapping E: I x [ — R as
E(p;q) = G(pg)—q® G(p)—p® G(q) (3.22)
for all p € I, q € I. It can easily be verified from (3.22) that
® E(p;q) + E(r;pq) = qP E(r;p) + E(vp; q) (3.23)
forallp e, q € Iandr e Il. From (3.21), (3.22), and (3.23), it follows that

A4(r;pq) — qP Ay(r;p) — Aslrp; q)

5o ’ L .- _ (3.24)
= q® By(r;p) + Bsalrp; q) — 77 A4lp; q) — 7" Balp; q) — Ba(r;pq).
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The left hand side is additive in r € I, while its right hand side is bounded on I. Consequently by Result
2.5, we find that left hand side is linear, i.e.,

As(ripq) = qP Ay(r;p) = As(rp; ) = [ As(1;pq) — P Au(Lip) — Aalp; q)l. (325)
Now, on replacing T by 1 in (3.24) and using 1P := 1, we get
As(1;pq) — 4" As(1;p) = 4" Ba(1;p) —Ba(1;pa) (3.26)

forall p € I, q € I. From (3.24), (3.25), and (3.26), we obtain

(rP —71)A4(p; q) = Ba(1;pq) —vq® Ba(1;p) — Balr;pq)
— 1P By(p; q) + Bal(rp; q) + qP Ba(r;p)

forallp € I, g € Iand r € I. In view of our assumption that 0 < 3 € R with 3 # 1, (3.27) yield
that additive mapping A4(p; q) is bounded in the first variable on 1. Thus by Result 2.5, we conclude that
mapping A4(p; q) must be linear which implies A4(p; q) = pA4(1;q) forall p € I, q € 1. However equation
(3.26) with p = 1 implies that mapping q — A4(1; q) is bounded by 648¢(3 +2n) on 1. Consequently (3.21)
gives

(3.27)

IG(pq) — q® G(p) —p® G(q)l < 1296¢(3 +2n)

for all p € I, q € I. By Result 2.6, there exists a logarithmic mapping ¢ : I — R and a bounded mapping
by : R — R satisfying [ba(p)| < 4e{1296¢(3 —|—2n)} such that G(p) = pPL(p) + ba(p). Hence from (3.5)
and (3.15) we obtain (31) (ii) (with My(p) = pP) again by defining an additive mapping a; : R — R as
az(x) = ap(x) —mg(0)x. Moreover from ({31) (ii), (3.1) and (3.3) (with M; = My); (1) (i) and ($31) (iii)
(with Ma(p) = pP) follows by defining the additive mappings as in the previous case and the bounded
mappings as by : R — R as by(x) = ba(x) + Bj(x) where [by(x)| < 4e{1296¢(3 +2n)} 4 18¢; b3 : R — R as
bs(x) = ba(x) — B;(x) + Bj(x), where |b3(x)| < 4e{1296¢(3 +2n)} + 36¢.

Case 2. M; # M,. In this case, there will be no loss of generality in assuming n > m. Letting pry1 =
- =pn =01in (3.4). We get

Y D Glpigy) Zml pi) ) Glg5) =) Mald) ) Glpi)+ ) Mal(qj)
i=1j=1 = j=1 j=1 i=1 j=1
x [ Ba(pi) — )_Bi(pi) +Aa(1) — A1(1) + (m —m) [G(0) — B2(0) + B1(0)] (3.28)
i=1 i=1

for all (p1,...,Pm) € 'm, (q1,...,9m) € I'm. Now on interchanging p; and q;,i=1,...,m;j=1,...,min
the functional inequality (3.28), we have

Y D Glpigy) ZMl aj) )_G(pi) ZMszG qj)+ ) Ma(p
i=1j=1 i=1 i=1 j=1 i=1
X [ZBZ ZBl q5) + A1(1) + (m—n) [G(0)—B: (0)+B1(0)]] (3.29)
j=1
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Applying triangle inequality to functional inequalities (3.28) and (3.29), we obtain

{Z Mi(gj)—)_ Mz(q]')] > Glpi)— [Z Mi(pi)—)_ Mz(Pi)] > Glay)
j=1 =1 i1 iz1 =1

+> Ma(pi) [ZBl(q]')ZBz(q]')] — > Mal(q) [ZBl(Pi)—ZBz(Pi)] (3.30)
o1 - =1 =1 i1 im1
+[—A2(1)+A1(1)—(m—n) (6(0)— Ba(0) HZMz p) ZMz(qj)] < 2.
=1

Since M1 # M,, therefore we have [Z Mi(q;) — Z M2(q;) | does not vanish identically on I, (follows

from Results 2.1 and 2.4). Consequently there ex1sts a probability distribution (q7,..., q},) € I'm such that

[Z Mi(qf) — Z Ma(q ] # 0. Then (3.30) gives
j=1

m m m m . m
D Glpi)—c1) Mi(pi)+c2) Ma(pi)—cs [Z Bi(pi)—) B (pl)] —cq| < 2ec,
i=1 i=1 i=1 =1 i=1

[y

—1
m m
where 0 # ¢ = [Z Ml(q;.") - > Mg(q;‘)] € IR; c1, 2, c3, ¢4 are arbitrary real constants and (p1,...,pm)
j=1 =
€ M. B 7
By Result 2.2, there exists an additive mapping A5 : R — R and a mapping Bs : R — R such that
[Bs(p)| < 36¢c, B5(0) =0, and

B2(p) — B1(0) + B2(0)] 4 cap + As(p) + Bs(p).

G(p) — G(0) = 1My (p) — c2Ma(p) +c3 [ B1(p) —

Then again on using the expressions By (x) = B¥(x) + f(0) — g(0), B} (0) = 0 with [B}(x)| < 18¢; Ba(x) =
B;(x) + f(0) — h(0),B3(0) = 0 with [B}(x)| < 18¢ and taking d := c¢1, d := d — ¢y, the solution (f2)
(ii) holds from (3.5) by defining an additive mapping as : R — R as as(x) = As(x) + c4x; a bounded
mapping bs : R — R as bs(x) = Bs(x) + c3[Bj(x) — B (x)] + dMz(x) where bs(0) = 0 and [bs(x)| <
36¢(c + c3) + [dMa(x)| < 36¢(c + c3) + |d| (follows from Result 2.3). Further from (3.1) and (3.3), (82) (i)
and (f,) (iii) hold by defining the additive mappings as : R — R as as(x) = as(x) + A1(x); ag : R - R
as ag(x) = as(x) — Az(x) + A1(1)x and bounded mappings bs : R — R as bs(x) = bs(x) + B} (x) where
b4(0) = 0and [ba(x)] < 18e(2c+2c3+1) +1d]; b : R — R as bg(x) = bs(x) — B3 (x) + B¥ (x) where be(0) =0
and |bg(x)| < 36¢(c+ c3+ 1) +1d|. This completes the proof of Theorem. O
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