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Abstract

In the present investigation, we introduce a new class of meromorphic parabolic starlike functions with a
fixed point defined in the punctured unit disk A* := {z € C : 0 < |z| < 1} by making use of the Srivastava-
Attiya Operator ;. We obtained Coefficient inequalities, growth and distortion inequalities, as well as closure
results for functions f € Mj (A, B,7). We further established some results concerning convolution and the
partial sums.

Keywords: Meromorphic functions, starlike function, convolution, positive coefficients, coefficient inequalities,
integral operator.

2010 MSC: 30C50. (©2012 MJM. All rights reserved.

1 Introduction

Let § be a fixed point in the unit disc := {z € C : |z| < 1}. Denote by H() the class of functions which are
regular and

A ={feHO: f®) =f (&) -1=0}

Also denote by
Se={f € A(§) : f is univalent in },

the subclass of A(§) consist of the functions of the form
f@)=E=8+) au(z—8)", 1.1)
n=2

that are analytic in the open unit disc . Note that Sy = S be a subclass of A consisting of univalent functions in .
By S¢ (7) and K¢(7y), respectively, we mean the classes of analytic functions that satisfy the analytic conditions

() A

and z € for 0 < v < 1, introduced and studied by Kanas and Ronning [11]. The class S; (0) is defined by
geometric property that the image of any circular arc centered at § is starlike with respect to f(§) and the
corresponding class K¢ (0) is defined by the property that the image of any circular arc centered at § is convex.
We observe that the definitions are somewhat similar to the ones introduced by Goodman in [8] and [9] for
uniformly starlike and convex functions, except that in this case the point § is fixed. In particular, £y = K(0)
and S5 = §*(0) respectively, are the well-known standard class of convex and starlike functions(see [21])).

*Corresponding author.
E-mail addresses: gmsmoorthy@yahoo.com (G.Murugusundaramoorthy), janani.t@vit.ac.in (T.Janani).
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Let X denote the class of meromorphic functions f of the form
1 &
f2) =+ ) anz", 1.2)
n=1

defined on the punctured unit disk A* := {z € C: 0 < |z| < 1}.
Denote by X¢ be the subclass of A(§) consist of the functions of the form

1 o0
f(Z)=27§+Zan(z—§)”,an20;z#§. (1.3)
n=1
A function f of the form is in the class of meromorphic starlike of order v (0 < ¢ < 1) denoted by ZE (7),
if
_ /
_%<(Zf?zj)c<z>> >q, z-§eA:=A"U{0} (1.4)

and is in the class of meromorphic convex of order v (0 < v < 1) denoted by Zlg('y), if

(z - §)f”(2)) N
—R|1+—7F—)>7 z-§€A:=A"U{0}.
( 7(2) g § {0}
For functions f(z) given by and g(z) = (ziig) + Y1 bu(z=38)", (by > 0) we define the Hadamard
product or convolution of f and g by
1 [o 0]
(F*8)@) = ;g + L anbaz=5)"

n=1

The study of operators plays a vital role in the geometric function theory and its associated fields. Many
differential and integral operators can be written in terms of convolution of certain analytic functions. It is ob-
served that this formalism brings an ease in further mathematical investigation and also helps to understand
the geometric properties of such operators better.

We recall a general Hurwitz-Lerch Zeta function €(z, s, a) defined by (see [24])

®(z,s,a) := i Z (1.5)

(aecC\{Z;};scC,R(s)>1 and |z| =1)

where, as usual, Z; := Z\ {N} (Z := {0,+1,£2,£3,..};IN := {1,2,3,...}). Several interesting properties
and characteristics of the Hurwitz-Lerch Zeta function ®(z, s, 4) can be found in the recent investigations by
Choi and Srivastava [5], Lin and Srivastava [12], Lin et al. [13]], and see the references stated therein.

For the class of analytic functions denote by A consisting of functions of the form

f(z)=z+ Z ayz",(z €)
n=2
Srivastava and Attiya [23] introduced and investigated the linear operator:

Tsp: A— A

defined in terms of the Hadamard product (or convolution) by

Tspf(z) = Gps * f(2) (1.6)

where, for convenience,
Gps(z) := (1 +b)°[®(z,5,b) — b ] (1.7)

(ze;becC\{Z,};scC;fcA).For f € Aitis easy to observe from and that

Tspf(z) =z + ’i (Tl:rl;)s anz", (z€.) (1.8)
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It is well known that the Srivastava-Attiya operator J; , contains, among its special cases, the integral opera-
tors introduced and investigated earlier by (for example) Alexander [1]], Libera [14], Bernardi [4], and Jung et
al. [10].
Motivated essentially by the above mentioned Srivastava-Attiya operator, in this paper we define a new
linear operator
in terms of Hadamard product given by
T5 f(2) = G+ f(2) (1.9)
(z=8e€A:=A"U{0};bcC\{Z,};scCfely,
where, for convenience
gi,p(z) = (1+b)°[®p(z,5,b) — b (1.10)

and

1 (-5 (=%
®,(z,5,b) = b5+ 0 by +(2+b)9+""

For f € ¥, itis easy to observe from the above equations (1.9) and (1.10) that

1 o
T f(2) = — et Y Ci(man(z-¥8)", (z—§eA:=A"U{0}) (1.11)
n=1
where
Cn = | (2P Y (1.12)
B I \n+1+0 '
and (throughout this paper unless otherwise mentioned) the parameters s,b are constrained as b € C\
{Z,};seC.

Motivated by earlier works on meromorphic functions by function theorists(see [2} 3} 7, [15} 16, [17, [18} 19,
20, 25])), we define the following new subclass of functions in Z¢ by making use of the generalized operator
N/

For0 <y <Tland0 < A < 1/2, we let M} (A, B,7) denote a subclass of ¥¢ consisting functions of the
form satisfying the condition that

B (z-9(Ff(2) + Az - )(szf(z))
§R(( NISF@) + Az - (T @) ) (119
(z = (T f(2) + Az - 5*(T;f(2)"
TNz e -grey T
where J; f is given by (L.11).
Further shortly we can state this condition by
(g gt
where

G(z) = (1-MNTf(2) + Az = (T f(2) = Z (nA = A+ 1)Cy(n)an(z = §)", an =0.  (1.15)

It is of interest to note that, on specializing the parameters A, B and s,b we can define various new sub-
classes of Z¢. We illustrate two important subclasses in the following examples.

Example 1.1. For A = 0, we let M;(0,B,v) = M;(B, ) denote a subclass of Zg consisting functions of the form
satisfying the condition that

(=BT
%( 7if(2) >>

(z—-8§)(Tpf(2)

T f(z) +1{+ (1.16)

where J;) f (z) is given by (L.T1).
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Example 1.2. For A = 0,8 = 0 we let M3} (0,0,7) = M;(7) denote a subclass of g consisting functions of the form
satisfying the condition that

_R ((z - 5)(‘75f(z)>,) > (1.17)

J; f(2)
where J;) f (z) is given by (L.T1).

In this paper, we obtain the coefficient inequalities, growth and distortion inequalities, as well as closure
results for the function class M3 (A, B, y). Properties of certain integral operator and convolution properties of
the new class Mj (A, B, y) are also discussed.

2 Coefficients Inequalities
In order to obtain the necessary and sufficient condition for a function f € Mj(A, B,7y), we recall the
following lemmas.
Lemma 2.1. If 7y is a real number and w is a complex number, then ® (w) > v < [w+ (1 — )| —|w— (1+)| > 0.
Lemma 2.2. If w is a complex number and <y, k are real numbers, then
R (w) > klw— 1|+ < R{w(1 +ke?) —ke®} >, —r<0< .
Analogous to the lemma proved by Dziok et.al [7], we state the following lemma without proof.

Lemma 2.3. Suppose that v € [0,1), r € (0, 1] and the function H € X¢(7) is of the form H(z) = ﬁ +Y o1 bu(z—
8", 0<|z—=§| <r withb, >0 then

oo

Y (n+ bt <1—1. (2.1)

n=1
Theorem 2.1. Let f € X be given by (1.3). Then f € MG (A, B, ) if and only if

[ee)

Y (1 +B) + (v + B)l(nA = A+1) Cj(n)ay < (1—2A)(1— 7). (2.2)

n=1

Proof. If f € M; (A, B,7), then by (1.14) we have,

(E45)

(z—-3G'(2)
G(z)

—i—l’—i—’y.

Making use of Lemma[2.2]

(z—8)(1+pe)G'(2) + pe*G(z)
(s )

where G(z) is given by . Substituting for G(z), G'(z) and letting |z — §| < r — 17, we have

{ (1-20)(1 =) =L n(1+B) + (v + B)l(nA — A +1)Cj (n)an } =0
(1—2X) — 2 (nA — A+ 1)Cy(n)ay '

This shows that holds.
Conversely, assume that holds. Since —R(w) > v, if and only if |[w+1| < |w — (1 —27)|, itis sufficient
to show that

w+1
— — — — < _ .
’w(lZ'y)’ <land |w—(1-29)|#0for |z—§| <r<1, (z-=§) €A
Using and taking w(z) = (Zi{)(l+ﬁei2g/)<z)+ﬁeiec<z) we get
’ w+1 ’ Yori(mA =A+1)[(n+1)(1+ B)]Cj(n)an -1
w—(1-27)| - 20-7{1-20) Lo (A A+ D1+ )+ (B+27 —DCyman —

Thus we have f € Mj(A, B, 7). O
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For the sake of brevity throughout this paper we let
dn(A, B, y) i= [n(1+ ) + (v + B)J(nA = A +1) (2.3)

di(AB,y) = (147 +2B)

unless otherwise stated.
Our next result gives the coefficient estimates for functions in M; (A, B, ).

Theorem 2.2. If f € M} (A, B,7), then
b o (1=m-20)
= dn(A B, )G (1)
The result is sharp for the functions f,(z) given by
1 11—
z) = +
W)= T A BTG
Proof. 1If f € M;(A,B, ), then we have, for each n,

[e9)

du(A, B, 7)C(n Z (A B, 7)Ch(n)an < (1—79)(1=2A).

n=123,....

(z—-9)", n=1273....

Therefore we have
o =ma-21
= @A, B, 7)Cy(n)

1 (1-7@1-21) n
z) = + zZ—

M= . mpmcm © Y
satisfies the conditions of Theorem fu(z) € M} (A, B,7) and the equality is attained for this function. [

Since

Theorem 2.3. Suppose that there exists a positive number v
v=inf {d:(A,B,7)Cy(m)} . (2:4)

If f € Mj(A,B,7), then

g - DR < ey < 4 EEAZ2D, g
" L A=) s 1 (A=) (1-2))
e HICTEE PR (12— 8=
Ifv =di(A, B,7)C(1) = (14 +2B)C3(1), then the result is sharp for
fla) = 2+ VOS2 (o 5

z=§ (I+7+2B)C(1)
Proof. Let the function f given by we have
1 [e9)
< - < .
F)l < fr Lo <} an
Since,

1%

§ g < 1m0 =20)

Using this, we have

Similarly
1 (1-9)(1-2A)
> |- A\ =
IOk =
The result is sharp for function withv =dy(A, B,7)Ci(1) = (1+v+2B)Ci(1).
Similarly we can prove the other inequality |f'(z)]. O
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3 Radius of starlikeness

In the following theorem we obtain the radius of starlikeness for the class M; (A, B, 7). We say that f given
by is meromorphically starlike of order p, (0 < p < 1), in |z — §| < r when it satisfies the condition (I.4)
injz—§| <r.

Theorem 3.1. Let the function f given by (1.3) be in the class M3 (A, B,y). Then, if there exists

(1= p)du(A, B,7)C3(n) ] 7T

rnA,y,p) = ;g{ T o)1 =) (1= 20) (3.1)
and it is positive, then f is meromorphically starlike of order p in |z — §| <r <r1(A, 7, p).
Proof. Let the function f € M5 (A, B, v) be of the form (I.3). If 0 < r < r1(A, 7, p), then by
_ S
it (L= p)da(A B, 7Gi(m) .
(n+p)(1—7)(1-2A)
for all n € N. From we get
n+ prn+1 < le (/\/ ,B/ ’)/)CZ(TI)
I—p" = -p-24)
for all n € N, thus
- o dn(A, B, 7)Cy(n)
1< — 7 4, <1 (3.3)
Z (1-7)(1-24)

because of (2.2). Hence, from (3.3 and . f is meromorphically starlike of order pin [z — §| < r < r1(A, 7, p).
O

Suppose that there exists a number 7, ¥ > r1(A, 7, p) such that each f € Mj(A, B, ) is meromorphically
starlike of order p in |z — §| < 7 < 1. The function

1 (1—79)(1-2A)
Z_g dn(/\,ﬁ,’)/)CZ(Vl)
is in the class Mj (A, B, ), thus it should satisfy with 7 :

(z—8)"

flz) =

[e9)

Y (n+p)as" T <1-p, (3.4)

n=1
while the left-hand side of becomes

)1 -27) (1 -7 (1 —21) (A —p)du( B 7)C) (1)

A=7A=24), _1_
AT W w1 A CRd O e N T T we Ty

which contradicts with (34). Therefore the number r1(A, 7y, p) in Theorem cannot be replaced with a
greater number. This means that r1(A, 7, p) is called radius of meromorphically starlikness of order p for the
class M (A, B,7).

4 Results Involving Modified Hadamard Products

For functions

@) =

+Y a,(z—8)"a,; >0 (4.5)
z—-§ n=1

we define the Hadamard product or convolution of f; and f, by

(fxf2)(z) = — T + Y anpan(z—8)"
n=1
Let
w(n,A) = PAZATD ooy (4.6)

(1-27)
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Theorem 4.2. For functions f;(j = 1,2) defined by @, let f1 € M3 (A, B,v) and fo € M{(A,B,6). Then f1 * fo €
M (A, B,17) where
_q_ 1-7A-9)B+p)
1= T A T 2p) A+ 6+ 2P (L A) — 20— 1)(1—9) @n

and ¥(1,7A) = ﬂ The results is the best possible for

1 1—7v
he = Tt A rpvan C Y
1 1-6

LE = et arsrapwan ¢ Y

where ¥(1,A) = 10(21/2

Proof. In the view of Theorem 2.1} it suffices to prove that

o [n(1+B) + (7 +B)]
n; (1-1n)

where 7 is defined by (.7) under the hypothesis. It follows from and the Cauchy’s-Schwarz inequality

that
) £ 101 B) ¢ (r-+ 21+ ) + (0 )
n—1 (1=7)(1-9)
Thus we need to find largest 7 such that

Y(n,Aay1a,2 <1

Y(n,A)y/an1a,2 < 1. (4.8)

ni [n(1 +£)+;7()17 +B)] W (1, A ) 102

= (14 B) + (v + B2 [n(1+ B) + (6 + B)I'/2
< n;l (1 = 7)(1 — (5) ‘IJ(”/ A)\/ Ap1an2
< 1.

By virtue of it is sufficient to find the largest 7, such that
(1-y)(1-9)

(1 +B) + (v + B)Y2[n(1+ B) + (6 + B)]V/2¥(n,A)
o mA+p)+(r+ + B2 [n(1+B) + (6 + B)]'/2 1—1
a (1-7)(1-9) [n(1+B)+(n+ )

which yields

<1 (1-M(1-8)2n+1+p)
- A+ B)+(r+BIA ) + O+ BY (I A) — (1 =7)(1=0)(n+1)

for n > 1 where ¥ (1, A) is given by and since ¥ (n, A) is a decreasing function of n (n > 1), we have

— (1-1)(1- &)@ +)
I+9+2B8)1+5+28)¥(L,A) —2(1—79)(1—9)

and ¥(1,A) = 1 (212, which completes the proof. O

Theorem 4.3. Let the functions f;, (j = 1,2) defined by @ be in the class Mj(A,B, ). Then (f1 * f2)(z) €
M (A, B,17) where
- (1= 776 +p)
(1479 +2B)7¥(1,A) —2(1 - 7)?

with¥(1,A) = 15(212\

Proof. By taking d = v in the above theorem, the results follows. O
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For functions in the class M3 (A, B,y) we can prove the following inclusion property.
Theorem 4.4. Let the functions f;(j = 1,2) defined by @) be in the class M3 (A, B, 7). Then the function h defined
by
Z n1t )z —§)"

n=1

is in the class M} (A, B, 8) where

4(1—7)2(1+B)
s=l- 147 +2B12¥(1,A) +2(1— )% (4.9)

and ¥(1,1) = 2.

b R

Proof. In view of Theorem 2.1} it is sufficient to prove that

fﬁﬂmAﬂ“1+?f§f+ﬁ”(ﬁﬂ+é2w<1 (410)

n=2

where f; € M} (A, B,7) (j =1,2), we find from and Theorem 2.1} that

00 2 00 2
ngl [T(Tl,)\) [n(1+,31)i(y7+ls)] } ai,j < ngl I:lif(n,/\) [H(l+ﬂl>i(y'7+5)} a,;| < 1, (4.11)
which would yields
> 1 1+B)+(v+8)] 1°
Zz[ PRyt @y'ﬁ”}m%+ﬁﬂgl (4.12)
On comparing and it can be seen that inequality will be satisfied if
n(l+p) +(0+ 1 n(1+p)+ (y+p) 1°
T(”J‘)[ ( ,[31)_; B (ap1 +5) < 5 [‘I’(n,/\)[ ( !31)_ ’(Y'Y P (a1 + a5,)-
That is, if
a2
21— 7 Pl(n+ 1)1+ )] i

O LT B) £ (o + BT (n, A) + 2(1— )

where ¥ (1, A) is given by and ¥(n, A) is a decreasing function of n (n > 1), we get (4.9), which completes
the proof. 0

5 Closure Theorems

We state the following closure theorems for f € M (A, B,y) without proof ( see [Z, [16} [18]).

Theorem 5.5. Let the function fi(z) = g + Yot Anx(z — §)" be in the class Mj (A, B,y) for every k = 1,2,...,m
Then the function f defined by

f(z) =

Z— +Zank ank>0)

belongs to the class Mj (A, B, 7y), where a,, . = % Yilqank (n=1,2,.).

Theorem 5.6. Let fy(z) = ﬁ and fu(z) = % + %&E%(z =8 forn=1,2,.... Then f € M;(A,B,7) if

and only if f can be expressed in the form f(z) = Y.;° o infu(z) where 17, > 0and Y57 o 1n = 1.
Theorem 5.7. The class M} (A, B, ) is closed under convex linear combination.

Now, we prove that the class isMj (A, B, v) closed under integral transforms .
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Theorem 5.8. Let the function f(z) given by be in Mj (A, B, ). Then the integral operator

1
F(Z):c/0 u®f(uz)du 0<u<1,0<c< o)

is in M} (A, B,0), where
_ A+ +n[(v+p)+ A +pA+en)]+ (c+D(y+B) +cpl—7)
n2(L+p) +nl(y+p) + 1+ )1+ B+ (A +e)(y +p)+c(1-7)
The result is sharp for the function f(z) = ﬁ + %(z -35).

Proof. Let f(z) € Mj(A,B,7). Then

It is sufficient to show that

ay < 1. (5.14)

Since f € M} (A, B, ), we have
(A, B,7)Cp(n)

n
- - 7 <1.
1—7)(1—2A)“”—1

Note that is satisfied if
cdu(A,B,OCsn) _ dulA, B )Ci)
T (I=ma=-24)°

Solving for 6, we have

cmA+P) +n[(v+ B+ A+B A+ e+ e+ D (v +B) +cB(1-17)
n?(1+B) +n((y+B)+ (1 +c) A+ )]+ (1 +c)(v+p) +c(1-7)

A simple computation will show that ®(n) is increasing and ®(n) > ¢(1). Using this, the results follows. [

= ¢(n).

6 Partial Sums

Silverman [22] determined sharp lower bounds on the real part of the quotients between the normalized
starlike or convex functions and their sequences of partial sums. As a natural extension, one is interested to
search results analogous to those of Silverman for meromorphic univalent functions. In this section, motivated
essentially by the work of Silverman [22] and Cho and Owa [6] we will investigate the ratio of a function of
the form to its sequence of partial sums

1
z=§

k
fi(z) = + ) an(z-¥)" (6.15)
n=1

when the coefficients are sufficiently small to satisfy the condition analogous to

[09)

Y du(A, B, 7)Ci(n) an < (1 —7)(1 —2A).

n=1

[ filz

More precisely we will determine sharp lower bounds for <m) and R (W) . In this connection we make

use of the well known results that Gfgg;) >0, (z—§e€A)ifand only if w(z) = ¥ cu(z — §)" satisfies
n=1

the inequality |w(z)| < |z — §|.
Unless otherwise stated, we will assume that f is of the form (1.3) and its sequence of partial sums is

denoted by (6.15).
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Theorem 6.9. Let f(z) € M3(A,B, ) be given by satisfies condition, and suppose that all of its partial

sums don’t vanish in A. Moreover, suppose that

2_2nil lan] - dk+(11():i)gc_z<2];\4)— 2 ”él |an| >0, for all k€ N.
Then, ‘o ( ’ N
z B 1-1-2 -
! (fk(z)> =1 dk+1()\,ﬁ,'y)cl57(k+1) (z—=8€A4)
where

(1-7)(1-21), if n=1,2,3,...k
d A’/ 7 Z .
B { A (A, B, 7)Ch(k+1), if n=k+Lk+2,....
The result is sharp with the function given by
1 (1-7)(1-2A)
z) = +
f@) == di1 (A, B, 7)Cy(k+1)

(Z _ g)k+1.
Proof. Define the function w(z) by

_da(ABNGEHD [fE) [, (1-p-2))
e =T [mz) (1 dk+1(A,ﬁ,v)CZ(k+l)>]

de1 (ABYC (k1) &
k+(117’y>(17h2)\> n:%rl ay(z — g+t

14 f an(z — §)nt1
n=1

It suffices to show that R(w(z)) > 0, hence we find that

=1+

b (BN 2
iy Xl
<— s <1
e OABNChD) &
22 % |ay| - G R,
R

1+ w(z)
e

From the condition (2.2),it readily yields the assertion (6.17) of Theorem[6.9}
To see that the function given by (6.19) gives the sharp result, we observe that for z = re™/ (k+2)

fla) _ o, (=70 -24) __ (A=ma-=24)
fv(2) i1 (A, B, 7)Ch(k +1) A1 (A, B, 7)Ch(k +1)

when r — 1~ which shows the bound (6.17) is the best possible for each k € IN.

(z=3)" =1

We next determine bounds for f(z)/ f(z).
Theorem 6.10. Under the assumptions of Theorem 6.9, we have

fk(2)> dra (A B )Gk + 1)
R > z—w € N),
( f(2) )~ depa (A B ) Cp(k+1) + (1= 7)(1 =24) ( )
The result is sharp with the function given by .
Proof. By setting
i1 (A7) Gy (k+1)
w(z) = (1 4 B (4B )Gk + 1)) [fk(z) i
B 1-9)(1-2A 1 (AB,7)C (k+1)
=020 ) [fl&) " 1y S EGED

proceeding as in Theorem|[6.9] we get the desired result and so we omit the details.

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

O

Remark 6.1. We observe that, if we specialize the parameters A and p as mentioned in Examples 1 and 2 , we obtain the
analogous results for the classes M (B, v) and M (y). Further specializing the parameters s, b various other interesting
results (as in Theorems[2.1]to[6.10]) can be derived easily for the function class based on interesting integral operators.
Further by taking |§| = d and |z — §| = r +d < 1, one can easily prove analogous results as in Theorems[2.1]to[6.10}

The details involved may be left as an exercise for the interested reader.
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Invariant solutions of Barlett and Whitaker’s equations
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Abstract

Lie symmetry group method is applied to study the Barlett and Whitaker’s equations. The symmetry
group and its optimal system are given,and group invariant solutions associated to the symmetries are ob-
tained. Finally the structure of the Lie algebra symmetries is determined.

Keywords: Lie group analysis, Symmetry group, Optimal system, Invariant solution.
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1 Introduction

Enzymes electrodes are powerful tools for understanding the mechanism and kinetics of fast reactions.
Owing to their specicity and sensitivity, enzyme elec-trodes including various amplication, schemes have
been developed for many applications such as electrochemical immunoassays, [1} 2] water pollutant detection,
[3,14]15, 6} 7] and monitoring of biological metabolities [8,9}[10,11]. The sensitivity of enzyme electrodes is very
often increased by incorporation of a substrate-recycling scheme and several strategies including chemical,
enzymatic, or electrochemical recycling have been developed. In the view of numerous application of such
bio-sensor with amplied response,we are interested in investigating the concentration s and p in order to
improve the metrological characteristics further.

In addition, this theoretical approach is of practical interest since this kind of bio-sensor can be used for
the determination of phenolic compounds and catecholamine neurotransmitters in the field of environmental
control and clinical analysis [12, 13} 14} 15} 16} [17, 18| 19} 20, 21, 22]]. Such a theoretical and kinetic analysis is
a powerful approach to rationalize functions of biosensors. Desprez and Labbe [23] obtained the analytical
expression concentration and current for the limiting cases only. The purpose of this communication is to
derive a simple accurate polynomial expressions of concentrations generated at a enzyme electrode using Lie
Symmetries.

2 Lie Symmetry of the System

We consider the BWEs (Barlett and Whitaker’s equations) [24], Desprez and Labbe [23], describing the
concentrations of s and p at steady state as follows (with one independent and two dependent):

s s @p s
dx2  was+1 dx2  as+1

1 1 mKg
=, =_, A= , 2.2
TTA YT \ K.Er (2.2)
*Corresponding author.

E-mail addresses: m_nadjafikhah@iust.ac.ir (Mehdi Nadjafikhah), omid_chgini@mathdep.iust.ac.ir (Omid Chekini).

BWEs

=0, (2.1)

where
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x is varible, s and p are functions, and v, A, &, K, m, K., and E; are constants. Let
v =3§(x,5,p)ox +T(x,5,p)0s + @(x,5,p)9p, (2.3)

be a general vector field on the space of independent and dependent variables. we need the second prolonga-
tion:

PrPv = v 4+ %9, + ¢ 0p, + T 05, + 9™, (2.4)
of v, with the coefficients

Tx + TpPx + TsSx — Sx8x — ngppx - §55325,

¢ = @x+ @ppx+ Pssx — palx — EpPa — Px§ss,
T = 2Typpx + 2TusSx — Sx8ax — ngssi + Tpppi + PaxTp + Tsssi - §Sss;°’( + SxxTs
—28xx8x — 2x8xpPx + 2PxTspSx — Sxipppi - ZngszoS?c — Pxx§pSx (2.5)
—38xx8s8x — 28xx§pPx + Taxs
= 2QxpPx + 2¢xs8x — Px8xx — 2§xpp3< + (Ppppg( - gpppi + Prx@p = 2Pxxx + q’sssyzc

+SxxPs — 2Px8xsSx + pr(Pspsx - 25x§sppi - 3Pxx§ppx - 2Pxx§ssx
_ngssspzc - Sxxgspx + Qxx-

Applying Pr@v to equations , we find the infinitesimal criterion system. determining equations
yields:

Pss = Tpp = §ss = Spp = Ssp = 0,
Top — Sxp = Tos — 28xs = 28xp — Ppp = 8xs — ¢sp =0,
—25K Et8p + 2TapmKs + 2T pms = 25K Et§s + 2@xsmKs + 2¢xsms = 0,
27xsmKs + 2Txsms — 3sKEt§s — SxxmKs — §xxms + KcEts§y = 0,
35K Et§p — sKeEi§s 4 2¢xpmKs + 2¢xpms — §xxmKs — §xxms = 0, (2.6)
—TK E{Ks — 2K Es&Ks — 2K E;s%E — K EtsTyKs
—KCEtSZTp + Txxng + 2T mKgs + TxmeZ + K EtsTsKs + KCEtSZTS =0,
TK EtKs — KcEts@pKs — KcEs® @y + 2K Eys8xKs + 2K Es*Ex
+KcEts@sKs + KCEtsz(ps + goxxmKsz + 2@ ymKss + goxxms2 =0.

The solution of the above system gives the following coefficients of the vector field v:
9=Cox+Ci(s+p)+Cy, T=0, F=0C 27)

where Cy, - - - , C4 are arbitrary constants; Thus the Lie algebra G of the electoenzymatic processes involved in
a PPO-rotating-disk-bioelectrode equation is spanned by the four vector fields

The commutator table of G is

Table 1. Commutation relations satisfied by infinitesimal generators

[, ] \4! V2 v3 V4
Vi 0 V3 0 0
Vo —V3 0 0 \¥
V3 0 0 0 V3
V4 0 —V3 —V3 0

Thus, G is a solvabel algebra with derived series G > G() > {0}, where Gl = Span{v,,v3} = R?, and
G/GW = R? are abelian, thus G is semidirect product of R? by itself.
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The one-parameter groups G; generated by the base of G are given in the following table.

Gq (x,s,p) — (x+¢,5,p),

Gy (x,s,p) — (x,5,xe+ p),

G3 (x,s,p) — (x,5,p+¢), 2.9
Gy (x,s,p) — (x,5,—s +e(s+p)).

Since each group G; is a symmetry group and if s = S(x), p = P(x) are solutions of the equations (2.1), so are
the functions

1) s=S(x—c¢), p=Px—e),

2)  s=S5(x), p = P(x) + xe,

3) s = 5(x), p=DP(x)+e, (2.10)
4 s=50), p = e(S(x) + P(x)) - S(x),

where ¢ is a real number.

3 Optimal system of

As is well known, the theoretical Lie group method plays an important role in finding exact solutions
and performing symmetry reductions of differential equations. Since any linear combination of infinitesimal
generators is also an infinitesimal generator, there are always infinitely many different symmetry subgroups
for the differential equation. So, a mean of determining which subgroups would give essentially different
types of solutions is necessary and significant for a complete understanding of the invariant solutions. As any
transformation in the full symmetry group maps a solution to another solution, it is sufficient to find invariant
solutions which are not related by transformations in the full symmetry group, this has led to the concept of
an optimal system. The problem of finding an optimal system of subgroups is equivalent to that of finding
an optimal system of subalgebras. For one-dimensional subalgebras, this classification problem is essentially
the same as the problem of classifying the orbits of the adjoint representation. This problem is attacked by
the naive approach of taking a general element in the Lie algebra and subjecting it to various adjoint trans-
formations so as to simplify it as much as possible. One of the applications of the adjoint representation is
classifying group-invariant solutions.

The adjoint action is given by the Lie series

2
Ad(exp(evi)vy) = v —e[vi, vj] + = [vi, [vi, Vil = B.1)

where [v;, v;] is a commutator for the Lie algebra, ¢ is a parameter, and i,j = 1,- - - , 4. The adjoint table

Table 2. Adjoint relations satisfied by infinitesimal generators

[, ] Vi Vo V3 V4
Vi Vi Vy —€V3 V3 V4
A%} V] +€V3 Vo V3 V4 — €V)
V3 A\l A4 V3 V4 — €V3
vy Vi vy efvs vy

with (i, j)-th entry indicating Ad(exp(ev;)v;) and ¢ is a real number. Here we can find the general group
of the symmetries by considering a general linear combination c1vy + - - - + c4v4 of the given vector fields.
In particular if g is the action of the symmetry group near the identity, it can be represented in the form
g =-exp(cyvy) o---oexp(cyvy).

Let Ff : G — G defined by v — Ad(exp(ev;)v) is a linear map, for i = 1,...,4. The matrices M; of F,
i=1,---,4, withrespect to basis {vy,--- ,v4} are

0
, (8.2)

[ R R
oo = o
—_
OO O -
o = o
O = O™
_ 0o o o
oo o
oo = o
= O O
- o o o
[ I R R
o o % o
o %o o
- o o o
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respectively, by acting these matrices on a vector field v alternatively we can show that a one-dimensional
optimal system of G is given by

1) vy, 2) vs, 3) v+ vy, 4) v — vy, 5) vi +avy, a € R. (3.3)

4 Conclusion

In this article group classification of (2.1) and the algebraic structure of the symmetry group is considered.
Classification of one-dimensional subalgebra is determined by constructing one-dimensional optimal system.
The structure of Lie algebra symmetries is analyzed.
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Abstract

In this paper, we obtain the generalized Ulam - Hyers stability of a 2 - variable AC - mixed type functional
equation

f2x+y2z+w) - f(2x —y, 2z —w) = 4[f(x +y, 2+ w) — f(x —y,z—w)] = 6f(y, w)
in Quasi - Beta normed space using direct and fixed point methods.

Keywords: Additive functional equations, cubic functional equations, Mixed type AC functional equations,
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1 Introduction

One of the most interesting questions in the theory of functional analysis concerning the Ulam stability
problem of functional equations is as follows: when is it true that a mapping satisfying a functional equation
approximately must be close to an exact solution of the given functional equation?

The first stability problem was raised by S.M. Ulam [24] during his talk at the University of Wisconsin in
1940. In 1941, D.H. Hyers [8] gave an first affirmative answer to Ulam problem for Banach spaces. It was
further generalized and excellent results were obtained by a number of authors.

Over the last seven decades, the above problem was tackled by numerous authors and its solutions via
various forms of functional equations including mixed type additive and cubic functional equations were
discussed. We refer the interested readers for more information on such problems to the monographs [} 4} |6}
7,009,110, 11} 16} 17, 19, 21} 123, 25].

Very recently, M. Arunkumar et.al., [3] first time introduced and investigated the solution and generalized
Ulam-Hyers stability of a 2 - variable AC - mixed type functional equation

fRx+y2z+w) - f2x —y,2z—w) =4[f(x +y,z+w) - f(x —y,z—w)] - 6f(y,w) (1.1)

having solutions

f(x,y) =ax+by (1.2)

*Corresponding author.
E-mail addresses: jrassias@primedu.uoa.gr (John M. Rassias), annarun2002@yahoo.co.in (M. Arunkumar), ramsdmaths@yahoo.com
('S. Ramamoorthi), hemsjes@yahoo.co.in(S. Hemalatha).
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and
f(x,y) = ax® + bx*y + cxy* + dy® (1.3)

in Banach space using direct and fixed point approach.
The solution of the AC functional equation (1.1) is given in the following lemmas.

Lemma 1.1. [B] If f : U? — V be a mapping satisfying and let g : U?> — V be a mapping given by

g(x, x) = f(2x,2x) — 8f(x, x) (1.4)

forall x € U then
g(2x,2x) = 2g(x, x) (1.5)

forall x € U such that g is additive.
Lemma 1.2. [B] If f : U? — V be a mapping satisfying and let h : U? — V be a mapping given by

h(x,x) = f(2x,2x) — 2f(x, x) (1.6)

forall x € U then
h(2x,2x) = 8h(x, x) (1.7)

forall x € U such that h is cubic.

Remark 1.1. [B] If f : U? — V be a mapping satisfying and let g, h : U*> — V be a mapping defined in and
then

Florx) = (1, ) ~ g(x,) 1.9
forall x € U.

In this paper, the authors established the generalized Ulam-Hyers stability of the 2-variable AC functional
equation (L.1) in Quasi-Beta Normed spaces using direct and fixed point methods are discussed in Section 3
and Section 4, respectively.

2 Preliminary results on quasi-beta normed spaces

In this section, we present some preliminary results concerning to quasi-f-normed spaces.
We fix a real number  with 0 < 8 < 1 and let K denote either R or C.

Definition 2.1. Let X be a linear space over K . A quasi-B-norm || - || is a real-valued function on X satisfying the
following:

(@) ||x||>0forallx € Xand || x ||= 0ifand only if x = 0.
(i) || Ax| =|A|P.| x| forall A€ Kandall x € X.

(iii) Thereis a constant K > 1suchthat | x +y [|[< K(| x|+ |y )
forall x,y € X.

The pair (X, || - ||) is called quasi-B-normed space if || - || is a quasi-B-norm on X. The smallest possible K is called
the modulus of concavity of || - ||.

Definition 2.2. A quasi-B-Banach space is a complete quasi-B-normed space.

Definition 2.3. A quasi-B-norm || - || is called a (B, p)-norm (0 < p < 1) if
Fx+y IP<lx |IP + Iy |IP

forall x,y € X. In this case, a quasi-B-Banach space is called a (B, p)-Banach space.

More details, one can refer [7, 25] for the concepts of quasi-normed spaces and p-Banach space.
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3 Stability results: Direct method

In this section, we investigate the generalized Ulam-Hyers stability of the functional equation using
direct method.

Through out this section, let us take U is a linear space over K and V is a (, p) Banach space with p—norm
- |l - Let K be the modulus of concavity of ||. ||;,. Define a mapping F : U> — V by

F(x,y,z,w) = f2x+y,2z4+w) — f2x —y,2z —w) —4f (x +y,z+ w)
+4f(x—y,z—w) +6f(y, w)
forall x,y,z,w € U.

Theorem 3.1. Let j = +1. Let F : U> — V be a mapping for which there exist a function a : U* — [0, 00) with the
condition

.1 ; ; i anj
nlgx;lo ?zx(Z”/x,Z”fy,Z”]z,Z”]w) =0 (3.1)
such that the functional inequality
|F(x,y,z,w)lly <alx,y,zw) (3.2)

for all x,y,z,w € U. Then there exists a unique 2-variable additive mapping A : U*> — V satisfying the functional

equation and

K" & 5(2kx)P
_ _ 14
If2n,26) =87 ) = A < 2 B S (3.3)
v
where 5(2x) and A(x, x) are defined by
525 x) = 4P w(2Mx, 28 x, 2K x, 2K x) + (2K x, 20H Vi, 2Ky, 2K+ D) (3.4)
A(x,x) = lim %( F(U iy, 2 i) _ g f(2Mix, 2" ) (35)
n—o0
forall x € U.
Proof. Assume j = 1. Letting (x,y,z, w) by (x, x, x, x) in (3.2), we obtain
Il f(3x,3x) —4f(2x,2x) +5f(x, %) ||y < a(x,x,x,x) (3.6
for all x € U. Replacing (x,y, z, w) by (x,2x,x,2x) in (3.2), we get
|| f(4x,4x) —4f(3x,3x) + 6f(2x,2x) —4f(x,x)[|y < a(x,2x,x,2x) (3.7

for all x € U. Now, from and (3.7), we have
|| f(4x,4x) —10f(2x,2x) +16f(x, x) |},
<K (4/3 || f(3x,3x) —4f(2x,2x) + 5f (x, x)||, + || f(4x,4x) — 4f(3x,3x) + 6f(2x,2x) — 4f (x,x)||;/)
< K(4ﬁoc(x, x,x,x) + a(x,2x, x,2x)) (3.8)
for all x € U. From (3.8), we arrive
|| f(4x,4x) —10f(2x,2x) + 16f (x, x) |, < Ké(x) 3.9)

where
5(x) = 4Pa(x, x,x, x) + a(x, 2x, x, 2x) (3.10)

for all x € U. It is easy to see from that
|| f(4x,4x) — 8f(2x,2x) — 2(f(2x,2x) — 8f(x,x))|ly, < Kd(x) (3.11)

for all x € U. Using in (.11), we obtain
lg(2x,2x) 286, 0l < K8(x) (6.12)
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for all x € U. From (3.12), we arrive

<k’ (3.13)

H g(2x,2x)
v 26

5 —8xx)

for all x € U. Now replacing x by 2x and dividing by 2 in (3.13), we get

g(2%2x,2%x)  ¢(2x,2x) 4(2x) (3.14)
22 2 ||, T 2B '
for all x € U. From (3.13) and (3.14), we obtain
2%y, 2%x g(2x,2x 2%y, 2%x 2x,2x
[#€520 i <K<H ) gt + 320 82320
v v v
K? 5(2x)
< — .
< 28 [5(x) += } (3.15)
for all x € U. Proceeding further and using induction on a positive integer n , we get
n n n n—1 k n oo k
Hg(Z x;lZ x) x| < K" 5(2kx) < K" 5 (S(ka) (3.16)
2 v 2P = 2 2b = 2
g(2"x,2"x)

for all x € U. In order to prove the convergence of the sequence { }, replacing x by 2"x and

dividing by 2™ in (3.16), for any m,n > 0, we deduce

2}’[

g(2m . 2mx, 2 . QM)

g(zn—‘rmxl 2n+mx) B g(zmx’ me) " "
H 2(n+m) om v 2m,5 on g(Z x,2"x) v
Kt @ 5(2k+m ) 0
>~ 27}9 W — as m — oo
k=0
. 8(2"x,2"x) . . .
for all x € U. This shows that the sequence S (lsa Cauchy sequence. Since V is complete, there
exists a mapping A(x, x) : U? — V such that
— Jim $2'%2'%)
A(x,x)fnh_{rolo on , Vxel

Letting n — co in (3.16) and using (T.4), we see that (3.3) holds for all x € U. To show that A satisfies (T
replacing (x,y, z, w) by (2"x, 2"y, 2"z, 2” ) and dividing by 2" in , we obtain

1
o F(Z”x,Z”y,Z"z,Z"w)HV < 2704(2”9(, 2"y, 2"z, 2"w)

for all x, y, z,w € U. Letting n — co in the above inequality and using the definition of A(x, x), we see that A
satisfies (I.T) for all x,y,z,w € U. To prove A is a unique 2-variable additive function satisfying (1.1)), we let
B(x, x) be another 2-variable additive mapping satisfying (I.1) and (8.3), then

|AGex) =BGy < 535 {HA ny,2Mx) — f(z"+1x,2"+1x)+8f(2”x,2"x)HV
+ Hf (2", 2 ) — 8F(2"x, 2"x) — B(Z”x,Z"x)HV}
2Kn+1 00 5(2k+n )

2F & o)

—0 as n— oo

for all x € U. Hence A is unique.
For j = —1, we can prove a similar stability result. This completes the proof of the theorem. O

The following Corollary is an immediate consequence of Theorem B.1| concerning the stability of (T.1).
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Corollary 3.1. Let F : U? — V be a mapping and there exists real numbers A and s such that

IE(x,y,2,w))lly

A,
AP+ [y + [z + ]} s<lors>1 (3.17)
APy Iz Pl P, S<% or S>%/' '
ALl Pyl Pl + (Tl + 1yl + ][ + [lzl*} ), s< g or s>
forall x,y,z,w € U, then there exists a unique 2- variable additive function A : U?> — V such that
Km2A4f +1)\"
2k '
(Kn“(‘*ﬁ 2Pt L))
282 — 2Ps| ’
2x,2x) — 8f (x,x) — A(x,x) |}, < 3.18
12 22) = 8320 = AN <300 as 4 oo g\ (318)
2|2 — 2P4s|
K"2A(5 - 48 4 22B5 4 2485+ 4 0) 7| |x[|% "
2|2 — 2B4s|

forallx € U.

Now we will provide an example to illustrate that the functional equation (1.1) is not stable for s = 1 in
condition (ii) of Corollary 3.1}

Example 3.1. Let a : I — K be a function defined by

_ ] omx iffx] <1
w(x) = { i, otherwise

where y > 0 is a constant, and define a function f : K*> — K by

el n
flo,x)=Y" “(inx) forall xe€K.
n=0
Then F satisfies the functional inequality
[F(x,y,z,w)lv < 32 p (|| + [y[ + [z[ + [w]) (3.19)

forall x,y,z,w € K. Then there do not exist a additive mapping A : K?> — K and a constant p > 0 such that
[f(2x,2x) — 8f(x,x) — A(x, x)|v < p|x] forall xe K. (3.20)
Proof. Now

o)< Y T =Y L=

n=0
Therefore we see that f is bounded. We are going to prove that f satisfies (3.19).

Ifx=y=2z=w=0then 3.19|) is trivial. If |x| + |y| + |z| + |w| > % then the left hand side of 3.19|D is less

1
than 32p. Now suppose that 0 < |x| + |y| + |z| + |w| < 5 Then there exists a positive integer k such that

1
7 < x|+ |yl + |z| + |w| < (3.21)

k-1’

1 1 1 1
so that 28 1x < X 21y < 5 21z < 5 21w < 5 and consequently

2y, w), 2 N x+y,z4+w), 2 W x—y,z—w),
21 02x +y,2z + w), 21 (2x — v, 2z — w), € (—1,1).
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Therefore foreachn =0,1,...,k — 1, we have

2"(y,w), 2" (x+y,z+w),2"(x —y,z —w),
2"2x+y,2z4+w),2"(2x —y,2z —w), € (-1,1)

and

a2"2x+y,2z+w)) —a(2"(2x —y,2z —w)) —4a(2"(x + y,z + w))
+4a(2"(x —y,z —w)) +6a(2" (y,w)) =0

forn =0,1,...,k — 1. From the definition of f and (3.21), we obtain that

fx+y,22 4 w) — f2x —y, 22— w) ~ A (x 4y, 2+ ) +4f (x g,z — w) + 6f(y,w)|

< i 21” a2"(2x+y,2z4+w)) —a(2"(2x —y,2z —w)) —4a (2" (x + y,z + w))
n=0
+4a(2"(x —y,z — w)) +6oc(2"(y,w))‘v
< i 2% a2"(2x+y,2z4+w)) —a(2"2x —y,2z —w)) —4a (2" (x + y,z + w))

+4a(2"(x —y,z —w)) + 6a(2" (y, w))‘v

[e) 1 2
< Zkz—nléu=16u><g=32u(\x|+lyl+IZI+IWI)~
n=

Thus f satisfies ﬂ) forallx,y,z,w € Kwith 0 < |x| + |y| + |z]| + |w| < %

We claim that the additive functional equation (1.1) is not stable for s = 1 in condition (ii) Corollary
Suppose on the contrary that there exist a additive mapping A : K? — K and a constant p > 0 satisfying
(B20). Since f is bounded and continuous for all x € K, A is bounded on any open interval containing the
origin and continuous at the origin. In view of Theorem 3.1} A must have the form A(x,x) = cx for any x in
K. Thus we obtain that

|f(2,2x) = 8f(x,%)[v < (p +[c]) [x]. (3.22)

But we can choose a positive integer m with mpu > p + |c|.
Ifx e (O,zm%l) ,then2"x € (0,1) foralln =0,1,...,m — 1. For this x, we get

0 n m—1 n
fon 20 - sfex) = ¥ M5 2 T HEE <> (ot 1e) »

which contradicts (3.22). Therefore the additive functional equation (1.1)) is not stable in sense of Ulam, Hyers
and Rassias if s = 1, assumed in the inequality condition (ii) of (3.17). O

A counter example to illustrate the non stability in condition (iii) of Corollary [B.1]is given in the
following example.

1
Example 3.2. Let s be such that 0 < s < T Then there is a function F : K?> — K and a constant A > 0 satisfying

s s s 1-3s
[F(x,y,z,w)|y < Alx|3 [y[4 [z]4 [w]* (3.23)

forall x,y,z,w € K and

. |f(2x,2x) — 8f(x,x) — A(x, %)|y

= 4o (3.24)
x#0 |x|

for every additive mapping A(x, x) : K? — K.
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Proof. 1f we take

[ (x,x)In|x, x| if x#0,
f(x’x)_{ 0, if x=0.
Then from the relation (3.24)), it follows that
2x,2x) — 8f(x,x) — A(x, 2n,2n) — 8f(n,n) — A(n,
sup |f(2x,2x) — 8f(x,x) — A(x, x)|y > sup [f(2n,2n) —8f(n,n) — A(n,n)|y
x#0 |x‘ nelN |n|
n#0
2,2)In |21, 2n| — 8n(1,1) In|n,n| —n A (1,1
~ sup n(2,2)In |21, 20| —8n(1,1)In |n,n| —n A(L,1)|y
nelN |n|
n#0
= sup [(2,2)In|2n,2n| -8(1,1)In|n,n| - A(1,1)|, = oco.
ni]laT
n

We have to prove (3.23) is true.
Case (i): If x,y,z,w > 0in (3.23) then,

f2x+y,2z+w) — f2x —y,2z—w) —4f(x+y,z+w) +4f(x —y,z —w) +6f(y, w)|,
=|2x+y2zz+w)In]2x+y,2z+w| — 2x —y,2z —w) In|2x — y,2z — w|
—4(x+yz+w)n|x+y,z+w| +4(x—yz—w)In|x —y,z—w|+6(y,w)In |y, w||, .

Set x = v1,y = v,z = V3, w = vy it follows that

lf2x+y,2z+w)— f2x —y,2z —w) —4f(x +y,z+w) +4f(x —y,z—w) + 6f(y, w)|,
= |(201 + v, 203 + v4) In |201 + vy, 203 + V4| — 201 — V2, 203 — v4|In |207 — vy, 203 — VY|
—4(v1 + vp, 03+ v4) In|v1 + v, U3 + Vg | + 4|V — V2, U3 — V4| In|v] — Vp, U3 — VY|
+6(v2,v4) In |0p, V4] -
= |f(Qu1 + 2,203+ v4) — f(201 — V2,203 — v4) — 4f (V] + V2, U3 + Vg)
+4f(v1 —vp,v3 —vg) +6f(v2,04) |y
< Aor] [0z Jos|i Jog] T

s s s 1-3s
= Alx|4 [y|4 |z[% Jw] .
Case (ii): 1f x,y,z,w < 0in (3.23) then,

f2x+y,2z+w) — f2x —y,2z—w) —4f(x+y,z+w) +4f(x —y,z —w) + 6f(y, w)|,
=|2x+y2zz+w)In2x+y,2z+w| — (2x —y,2z —w) In |2x — y,2z — w|
—4(x+yz+w)n|x+y,z+w| +4(x—yz—w)In|x —y,z—w|+6(y, w)In|y,w||, .

Set —x = vy, —y = vy, —z = V3, —w = vy it follows that

lf2x+y,2z+w) - f2x —y,2z —w) —4f(x +y,z+w) +4f(x —y,z—w) + 6f(y, w)|,
= |(=2v1 — vy, —2v3 — vg) In| — 201 — vy, —203 — V4]

— (=201 + vy, —2v3 + v4) In | — 201 + vy, —203 + V4]

—4(—v1 — v, —v3 — v4) In| — vy — vy, —U3 — V4]
+4(—v1 + vy, —v3 +v4) In| — V1 + vy, —V3 + V4]
+6(—v2, —v4)In| — vy, —v4||y .

= |f(—2v1 — vy, —2v3 —v4) — f(—201 + vy, =203+ v4) —4f(—vV1 — V2, —U3 — V)

+4f(—v1 + 02, —v3 +vg) + 6f(—02, —v4) |y
<Al =orli [ = oofF [ —vslF |~ oy T

= Ml [y[¥ [elf o] 7.
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Case (iii): If x,z > 0,y,w < 0then2x+y,2z4+w,x+y,z+w > 0,
2x —y,2z—w,x —y,z—w < 0in (3.23) then,

lfx+y,2z+w) - f2x —y,2z —w) —4f(x +y,z+w) +4f(x —y,z—w) + 6f(y, w)|,
=|2x+y2zz+w)In|2x+y,2z+w| — 2x —y,2z —w) In |2x — y,2z — w|

—4(x+yz+w)n|x+y,z+w| +4(x -y z—w)ln|x —y,z—w|+6(y, w)In |y, w|| .

Set x = vy, —y = v,z = v3, —w = vy it follows that

Fx+ 1,22+ w) — f(2x —y,22 — w) — 4f (x + 9,2+ ©) + 4f (x — v,z — W) + 6 (y, )]
= |(201 — v2, 203 — v4) In(201 — v, 203 — vy)

—(2u1 + v2,203 + v4) In| — (201 + V2,203 + v4)|

—4(v1 — v2,v3 — vg) In[v1 — vz, V3 — V4|
+4(v1 + 02,03+ v4) In| — (v1 + V2,03 + V4)|
+6(—v2, —v4) In(—v2, —v4) |y .

= |f(2v1 —vp,2v3 —v4) — f(2U1 + V2,203 + Vy) — 4f(v1 — V2, U3 — Vs)

+4f(v1 + 02,03 +04) + 6f(—0v2, —04)|y

E E 1-3:
< AMop|i | = va|d [vs|d | — vy T

s E E 1-3s

= Alx| [y|4 |z]* [w] 7.

Case (iv): Ifx,z>0,y,w <0then2x+y,2z4+w,x+y,z+w <0,
2x —y,2z—w,x —y,z—w > 0in (3.23) then,

lfx+y2z+w)— f2x—y,2z—w) —4f(x+y,z+w)+4f(x —y,z—w) +6f(y,w)|,
=|2x+y,2z+w)In2x +y,2z + w| — (2x —y,2z — w) In |2x — y,2z — w|
—d(x+yz+w)n|x+y,z+w|+4(x—y,z—w)In|x —y,z—w|+6(y, w)In|y,wl||, .

Set x = vy, —y = vy, z = v3, —w = vy it follows that

[f2x+vy,2z4+w) — f2x —y,2z—w) —4f (x+y,z+w) +4f(x —y,z—w) +6f(y,w)|,
= [(201 — 02,203 — v4) In| — (201 — V2, 203 — vy

—(2v1 + v3,2v3 + v4) In |201 + vy, 203 + V4]

—4(v1 — 02,03 —vg) In| — (01 — vz, V3 — vy)|
+4(v1 + v2,v3 +v4) In |07 + V2, V3 + V4]
+6(—v2, —v4) In(—vp, —v4) |y, .

= |f(2v1 — v2,203 — v4) — f (201 + vy, 203 + v4) —4f (V] — V2, U3 — V4)

+4f (v + 02,03 +04) +6f(—v2, —04)|y,

< AMor]i [ = vai [o3] | — 0] T

= Alx|¥ | [z]3 fw] 5"

Case (v): If x = y = z = w = 0in (3.23) then it is trivial.

O
Now we will provide an example to illustrate that the functional equation (1.1) is not stable for s = — in
condition (iv) of Corollary 3.1}

Example 3.3. Let a : KK — K be a function defined by

ux, il < -
a(x) = I 4

,  otherwise
4
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where y > 0 is a constant, and define a function f : K?> — K by

0 n
flrx) =Y "‘(;x) forall xeK.
n=0
Then F satisfies the functional inequality
1 1 1 1
By, z,w) v < 8 p (113 lylF 2/ [wlF + {Ix| + |y] + o] + |21} (3.25)

forall x,y,z,w € K. Then there do not exist a additive mapping A : K?> — K and a constant p > 0 such that

[f(2x,2x) = 8f(x,x) — A(x, x)|v < p|x] forall xe K. (3.26)
Proof. Now
B ST
=0 \2” =0 2" g 2°

Therefore we see that f is bounded. We are going to prove that f satisfies (3.25).
If x =y =z = w = 0 then (3.25) is trivial.

1
If |x|% |y|i \z\% |w|% +{lx| + ly| + |w| + |z|} > 5 then the left hand side of (3.25) is less than 8. Now suppose

1
that 0 < |x|% |y|% \z\% |w\% + {|x] + |y + |w| + |z]} < 5 Then there exists a positive integer k such that

1

1
% < < Jx|® [yl# J2]% fwlf + {|x| + ly| + o] + |z]} < T (3.27)
1 1 1 1
so that 26~ 1|x|T |y|% |z|7 |w] < 5 27N <5, 2Nyl < 5, 27Nl < 5,

1
21| < 5 and consequently

2k_1(y, w),Zk_l(x +y,z+ w),Zk_l(x —y,z—w),
11
2"*1(2x +y,2z+ w),2ki1(2x —y,2z—w), € (—4, 4> .
Therefore for eachn =0,1,...,k — 1, we have
2"y, w), 2" (x+y,z4+w),2"(x —y,z —w),

and

a2"2x+y,2z+w)) —a(2"2x —y,2z —w)) —4a(2"(x +y,z+ w))
+4a(2"(x —y,z—w)) +6a(2"(y,w)) =0

forn =0,1,...,k — 1. From the definition of f and (3.27), we obtain that

|f@2x +y,22+w) = fl2x—y, 22— w) 4 (x +y, 2+ w) +4f (x —y,2 —w) + 6f (v, )|

agk
N‘,_‘

Il
=}

<

a2"2x+y,2z+w)) —a(2"(2x —y,2z —w)) —4a(2"(x +y,z + w))

n

+4a(2"(x —y,z—w)) + 6a(2"(y, w))‘v

a2"(2x+y,2z4+w)) —a(2"2x —y,2z —w)) —4a (2" (x + v,z + w))

IA
hgk
N‘H

3
Il
~

+4a(2"(x — y, 2~ w)) +6a(2"(y,)|
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16 1 16 2 1,01 11
_Z oo = = S = s (il 2l Gl (1 byl ol + 1)

Thus f satisfies (3.25) for all x, y,z, w € K with

1
0 < Jxl¥ [yl [zl wl® + {lx] + [y| + || + |2]} < 5.

We claim that the additive functional equation is not stable for s = 411 in condition (iv) Corollary
Suppose on the contrary that there exist a additive mapping A : K? — K and a constant p > 0 satisfying
(26). Since f is bounded and continuous for all x € K, A is bounded on any open interval containing the
origin and continuous at the origin. In view of Theorem A must have the form A(x,x) = cx for any x in
K. Thus we obtain that

|f(2x,2x) = 8f(x,x)[v < (o + [c]) [x]. (3.28)

But we can choose a positive integer m with mu > p + |c|.
Ifx e (O, = 1) then2"x € (0,1) foralln =0,1,...,m — 1. For this x, we get

f(2x,2x) —8f(x,x) = i Z_; —myx> (p+c]) x

which contradicts (]3.28|D. Therefore the additive functional equation (]1.1|D is not stable in sense of Ulam, Hyers

|
and Rassias if s = 7 assumed in the inequality condition (iv) of (3.17).

O

Theorem 3.2. Let j = +1. Let F : U> — V be a mapping for which there exist a function a : U* — [0, 00) with the
condition

nhm %W(Z’”x 2"y, 2%z, 2" w) = 0 (3.29)
such that the functional inequality
IE(x,y,z,w)|ly < a(x,y,z,w) (3.30)

for all x,y,z,w € U. Then there exists a unique 2-variable cubic mapping C : U> — V satisfying the functional

equation and
K" &2 5(2x)P
e 221t -l = g5 3. 331

where 5(2%x) and C(x, x) are defined by

5(2Mx) = 4Pa(2Mx, 28 x, 28 x, 2K x) 4+ w(2Mx, 20+ Vi x, 2Ky, 2K+ Dy (3.32)
C(x,x) = lim %( FUDiy, 20 Dix) — 2 (2" x, 2" x)) (3.33)

forall x € U.

Proof. 1t is easy to see from that

|| f(4x,4x) —2f(2x,2x) — 8(f(2x,2x) —2f(x,x))|, < Kd(x) (3.34)
for all x € U. Using in (3.34), we obtain
[Ih(2x,2x) — 8h(x, x)|y, < Ké(x) (3.35)

for all x € U. From (3.35), we arrive

< k%) (3.36)

Hh(Zx,Zx) ()
v 8

8

for all x € U. The rest of the proof is similar to that of Theorem [3.1] O
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The following Corollary is an immediate consequence of Theorem [3.2]concerning the stability of (L.T).

Corollary 3.2. Let F : U? — V be a mapping and there exists real numbers A and s such that

1E(x,y,2,w0))lly

A
AP+ [y [P+ (2] + ([} s<3 or 5>3 (3.37)
AP Yz Pl S<g or s>y
ALy 11zl P Heol[* + [ + [yl + [[w][* + [lzl*} }, 1 or s>y
forall x,y,z,w € U, then there exists a unique 2- variable cubic function C : U?> — V such that
K"8A(4F +1)\"
78 '
(K”s)\ (41 4 2B+ LA\
8P|8 — 26| ’
2x,2x) — 2f(x,x) — C(x, x)||}, < (3.38)
| F(2x,2%) = 2f (x,%) — C(x, 0} RIS 4 25 o\
8|8 — 2645
K"8A(5 - 48 +22Fs 1 04541 1 )[4\ "
8P|8 — 2P4s|

forallx € U.

Now we will provide an example to illustrate that the functional equation (l.1) is not stable for s = 3 in
condition (if) of Corollary 3.2}

Example 3.4. Let a : I — K be a function defined by

= 1 <

U, otherwise

where y > 0 is a constant, and define a function f : K?> — K by

[ee] 2n
=) a(8nx) forall x e K.
n=0
Then F satisfies the functional inequality
16 4 x 8
Gy, zw)lv < =552 (3P + [y + 2 + ) (3:39)

forall x,y,z,w € K. Then there do not exist a cubic mapping C : K* — K and a constant B > 0 such that
|f(2x,2x) — 2f (x,x) — C(x,x)|y < B|xf? forall x e K. (3.40)

Proof. Now

n=0
Therefore we see that f is bounded. We are going to prove that f satisfies (3.39).

Ifx =y =z =w = 0 then (3.39) is trivial. If |x|*> + |y|*> + |z[® + |w|? > 3 then the left hand side of 3.39|D is
16 x 8u
7

less than
such that

1
. Now suppose that 0 < [x[> + |y|® + |z|*> + |w|? < g Then there exists a positive integer k

iz SIP P+ 2P + P < o (3.41)

the rest of the proof is similar to that of Example[3.T] O
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A counter example to illustrate the non stability in condition (iii) of Corollary [3.2)is given in the fol-
lowing example.

3
Example 3.5. Let s be such that 0 < s < T Then there is a function F : K* — K and a constant A > 0 satisfying

E E E 3-3s
[ECoy,z,w)ly < Alx[* Jy[* |z|* [w] 3 (342)
forall x,y,z,w € K and
2 ,2 _2 7 _C 7

sip |f(2x,2x) f|ix3x) @)y _ +00 (3.43)

x#0
for every cubic mapping C : K? — K.
Proof. If we take

~f (x,x)%In]|x, x| if x#0,
f(x’x)_{ 0, if x=0.

Then from the relation (3.43), it follows that
2x,2x) —2f(x,x) — C(x,
sup 2520 =2 (5. ) = Clx )y

3
x£0 x|
2. ,2 _2 7 - C 7
+ aup U220 =25(00) ~Clnm)y
nelN |7’l‘
n#0
|n3(2,2) In|n,n| — 2n%(1,1)%In |n,n| — n3 C (1,1)|,,
= sup 5
nelN |1/Z‘
n#0
= sup |(2,2)Inn,n| = 2(1,1)%In|n,n| ~ € (1,1)] = oo
neN 14
n#0
Rest of the proof is similar to that of Example[3.2} O

Now we will provide an example to illustrate that the functional equation 1i is not stable for s = % in

condition (iv) of Corollary 3.2}
Example 3.6. Let o : K — K be a function defined by

. 3
i, il <>

4
%l, otherwise

a(x) =

where y > 0 is a constant, and define a function f : K2 — K by

) n
= Z zx(2nx) forall x e K.
n=0 8
Then F satisfies the functional inequality
9%6u x 8 3,3, 3 3
Gy, zw)ly < == (1T I3 J20T fwld + {2+ Iyl + o + [z }) (3.44)

forall x,y,z,w € K. Then there do not exist a cubic mapping C : K* — K and a constant p > 0 such that
|f(2x,2x) —2f(x,x) — C(x,x)|y < plx| forall x e K. (3.45)

Proof. Now

Z 28* Pl

Therefore we see that f is bounded. We are going to prove that f satisfies (3.44).
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Ifx=y=z=w=0then l) is trivial. If |x|% |y\% |z|% w|%
+{|xP+ P+ |wP + 2P} > 3 then the left hand side of (3.44) is less than 77/[ Now suppose that 0 <

1
\x|% |y|% |z|% \w|% + {|x|3 + 1y + |w] + |z|3} <3 Then there exists a positive integer k such that

(3.46)

1
3 3 3 3
< Jxl? lyi? 2l ooff + {1+ ol + 2P} <

gk+2 =
the rest of the proof is similar to that of Example[3.3] O
Now, we are ready to prove our main stability results.

Theorem 3.3. Let j = +1. Let F : U> — V be a mapping for which there exist a function a : U* — [0, 00) with the
conditions given in (3.1) and (3.29) respectively, such that the functional inequality

[F(x,y,z,w)lly < alx,y,z,w) (3.47)

forall x,y,z,w € U. Then there exists a unique 2-variable additive mapping A : U*> — V and a unique 2-variable cubic
mapping C : U?> — V satisfying the functional equation and

(3.48)

_ ]

2

KP | K" & §(28x)P KW &2 52N x)P
_ _ P ) -~
1f (x,2) = Alx,x) = Cxx)lly < o {2,3,; ZH Fir T &g

)
where 5(2x), A(x, x) and C(x, x) are respectively defined in , and for all x € U.

Proof. By Theoremsand there exists a unique 2-variable additive function A; : U?> — V and a unique
2-variable cubic function C; : U2 — V such that

K"P > 5(2kix)P

@520 - 87050 - a1t < g7 L o (3.49)
k=
K" & 52k x)P
_ _ P
lian20 -1t -Gl < gy 3 S (350)
=7
for all x € U. Now from and (3.50), one can see that
1 1 b
flx,x)+ -A1(x,x) — =Cq(x, x)
6 6 ”
 f(2x,2x) 8f(x,x) N Aq(x,x) N f2x,2x)  2f(x,x)  Ci(x,x) |
6 6 6 6 6 6 ”

I /\

e {||f(zx 2x) = 8f(x,x) = A1 (x, )|, + | £(2%,2%) - 2f (x,%) - Ca(x, %)} }

KP ) K" i 5(zkfx)r’+1<np > 52k x)P
6r | 2pr ; 2kp sﬁpk T, 8kip

1,
k=7~ =7

IN

for all x € U. Thus we obtain 1} by defining A(x, x) = 2L A1 (x,x) and C(x, x) = $Ci(x, x), 5(24x), A(x, x)
and C(x, x) are respectively defined in (3.4), and (3.33) for all x € U. O

The following corollary is the immediate consequence of Theorem [3.3} using Corollaries 3.1 and [3.2) con-
cerning the stability of (1.1).

Corollary 3.3. Let F : U? — V be a mapping and there exits real numbers A and s such that

IF(x,y,z,w))ly

A,
A1 + yll® + [zl + [ [w] I}, s#1,3
< (3.51)
Al I |21 o] 7, s # %, g;
A 1xIF Iy Bzl ] * -+ {11+ 1yl + w][® + z]1%}), s # 1,3
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forall x,y,z,w € U, then there exists a unique 2-variable additive mapping A : U? - Vanda unique 2-variable cubic
mapping C : U?> — V such that

[1f(x, %) = —C(x, x|}
KnHA 4ﬁ 172 8 1\
( {2/3 * 785]> '
K 1A( 4ﬁ+1 + 26541 4 2)||x|? 2 8 :
) ( P sﬁs—zﬁwD ’ 5
) [Kkra@eb +22ﬁ5)||x||4s 2 8 g '
( [zﬁ|22ﬁ45|+8ﬁ82ﬁ4S|D ’
K" 18A(5 - 4ﬁ 025 4 0B+ 4 ) A ][40 2 8 g
( 6 [zﬁz—zﬁ‘ls * 8ﬁ|8_zﬁ4S|D
forallx € U.

4 Stability results: Fixed point method

In this section, we apply a fixed point method for achieving stability of the 2-variable AC functional equa-
tion (1.1).
Now, we present the following theorem due to B. Margolis and J.B. Diaz [12] for fixed point Theory.

Theorem 4.1. [12]] Suppose that for a complete generalized metric space (Q), B) and a strictly contractive mapping
T : QO — Q with Lipschitz constant L. Then, for each given x € (), either

A(T"x, T" 'x) =0 ¥V n2>0,

or there exists a natural number ng such that

(i) d(T"x, T"'x) < oo forall n > ny ;

(ii) The sequence (T"x) is convergent to a fixed to a fixed point y* of T

(iii) y* is the uniqueﬁxed point of T in the set A = {y € Q) : d(T"x,y) < oo};
(iv) d(y*,y) < 1ipd(y, Ty) forall y € A.

Using the above theorem, we now obtain the generalized Ulam - Hyers stability of (L.T).
Through out this section let U be a normed space and V is a (, p) Banach space with p—norm ||. ||;,. Define
a mapping F : U? — V by

Fx,y,z,w) = f2x+y,2z4+w) — f2x —y,2z —w) —4f (x +y,z +w)
+4f(x—y,z—w)+6f(y,w)

forall x,y,z,w € U.

Theorem 4.2. Let F : U? — V be a mapping for which there exist a function a : U* — [0, o0) with the condition

1
Nm —a (i’ x, wi'y, wi'z, pi w) = 4.1)

n—oo l,{
where p; = 2ifi = 0 and p; = % if i = 1 such that the functional inequality
[E(x,y,z,w)lly < a(x,y,z,w) 42)
forall x,y,z,w € U. If there exists L = L(i) < 1 such that the function
x
x — y(x) =Ké (E) ,

has the property
v(x) <L piy (pix).- 4.3)
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for all x € U. Then there exists a unique 2-variable additive mapping A : U?> — V satisfying the functional equation

and

1-i \?
| £(2x,2%) = 8f (x,%) = A%, ) )< (f_ L) Y(x)? (44

forall x € U.

Proof. Consider the set
Q= {g/q:U* =V, 01(0,0) = 0}

and introduce the generalized metric on (2,
d(q1,92) = do(q1,92) = Inf{M € (0, 00) :[| g1 (x, x) — g2(x, x) [|< My(x),x € U}.

It is easy to see that ((), d) is complete.
Define T : Q% — Q by

1
Tqi(x,x) = ;%(#ix, Jix),
1
forall x € U. Now q1,42 € ),

d(g1,92) <M= | q1(x, x) — g2(x,x) [|< My(x),x € U.

1 1 1
= H,ql(uix,uix) — —q2(pix, pix) || < —My(pix),x € U,
Hi Hi Hi

< LMy(x),x € U,

:>H1 (nix -x)—l (Hix, pix)
y/]l HiX, Ui Hiﬂh HiX, Hi

= || Tq1(x,x) — Tqa2(x, x) [|[< LMy(x),x € U,
=dy(q1,92) < LM.

This implies d(Tq1, Tq2) < Ld(q1,92), for all 41,9, € Q. ie., T is a strictly contractive mapping on Q) with
Lipschitz constant L.

From (3.12), we arrive

‘ 8(2x,2x) < kW) 45)

2
for all x € U. Using for the case i = 0 it reduces to

—g(x,x)

2x,2x
SEE2) )| < L)
forall x € U,
ie, d(g,Tg) <L= 1 =d(g Tg) <L= L' < o. (4.6)

28
Again replacing x = 3 in {&5), we get,

s -2 (23], < () @

Using (4.3)) for the case i = 1 it reduces to

25 (55, = o

forall x € U,

ie, d(gTg) <1=4d(gTg) <1=L°<co. (4.8)

From and (4.8), we have

d(Tg,g) < L', (4.9)

Now from from the fixed point alternative in both cases, it follows that there exists a fixed point A of T in

) such that .
A(x,x) = Tim — (F (", u" V) - 8F (ulix, pl'x)) (4.10)

n—oo Vl
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for all x € U.
To prove A : U? — V is additive. Replacing (x,y,z, w) by (u?x, ul'y, u’'z, pw) in and dividing by u”,
it follows from that

EGerx, by, miz i)y o« wpy, iz, piw)

=0
M e M

1AGx,y,z,w)lly = lim

forall x,y,z,w € U i.e., A satisfies the functional equation (1.1).
According to the fixed point alternative, since A is the unique fixed point of T in the set A = {A € () :
d(f,A) < oo}, A is the unique function such that

1f(2x,2x) = 8f (x, x) — A(x, x) [y < My(x)

for all x € U and K > 0. Again using the fixed point alternative, we obtain

1
A(f, A) < T=—7A(f,Tf)

this implies

L1- i
<
Af,A) < T
which yields
Ll*i p
| F(2,22) 8 (x, %) — A(x, ) [} < (1 - L) )
this completes the proof of the theorem. O

The following Corollary is an immediate consequence of Theorem .2 concerning the stability of (T.1).

Corollary 4.4. Let F : U> — V be a mapping and there exists real numbers A and s such that

IE(x,y,z,w0))ly

A,
A |x]| + S+ 1|z]|® + [|lw|]°}, s<1 or s>1;
< { MU+ P+ P+ ) ! 3 w1
[Py P[] S<g or s>y
AL E Izl ol + {1 + 1 + ] * + izl } g O s>y
forall x,y,z,w € U, then there exists a unique 2- variable additive function A : U*> — V such that
(KA(4P +1))P
2+ zs+1 + SR
— 26s] ’
If(2x,2x) — 8f(x,x) — A(x, x)|}, < 4/5+22S K/\\|x\|45 (4.12)
2= 2P%]
(5- 4P 4 925 4 pds+1 —|—2)KA||x||4S P
|2 — 2P%]
forallx € U.
Proof. Setting
A
#(x,1,7, w) = AN+ HYIP + 1121 + (]}
A EETZ APyl |zl ol

AL IE NIl + {l1 + Nyl + el [ + 1111} }
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forall x,y,z,w € U. Now

a(pi'x, 1y, 1i'z, pi'w)
wi
A
PtA:‘l/
7 {Ipg U1 + gy + 1 2l + g} —0as n— oo,
= /\l n.|S 1S n,|s n,.1S = —0as n — oo,
R | 217 1y 21 [ ool ~) S 0as n— oo,
1
A — 0as n — oo.
o el Tty ) ol
1
{110l Nyl + Nzl + ool |
Thus, is holds.
But we have (x) = K& (%) has the property y(x) < L- p; v (;x) for all x € U. Hence
K/\ (4/5+1),
2+25+1 +45+1) HxHS
x X X x x x X ( ’
100 =Ko (3) =K (4 (3. 5.5:5) +e (30 5%)) = B () i,
S
K
ﬁ (225 +25+1 +24s+1 _’_5.4/3) HXH4S'
Now,
u KA (45 +1), 1
Hs lK/\ (2+23+l +4(54—1) Hst ]/lé_l’)’(X),
Lo (i) = 2 ' o
ﬂi V?571K24 (225 +4'B> Hx|‘4sr }45717(9()/
A pi (%)
y;}s 1K24s (225 2s+1+24s+1+5_4/3) HxH4s

Hence the inequality holds either, L = 25" fors < 2ifi =0and L =
Now from (@.4), we prove the following cases for condition (ii).
Case:l L =2"!fors < 1ifi=0

5o L fors >2ifi=1.

10
(12(5 21()5)1) I;\ (2+2s+1 +45+1) |x[[°

KA (242571 4 49F1) x| s
- 225

[1f(2x,2x) = 8f(x, x) — A(x, x)[| <

Case:2 L = fors >1ifi=1

251

(ﬁ)l_l KA

1
1- 2(=1)

KA (2_|_2s+1 +45+1) HXHS
25 —2

If(2x,2x) = 8(x, %) = A(x, )| < = (2427 45 e

Similarly, the inequality (4.3) holds either, L = 27! fors = 0ifi = Oand L = 1 ; fors =0ifi =1 for

condition (i), the inequality (4.3) holds either, L = 2%~ fors < 2ifi = 0and L = 245

fors>21fz—1for

condition (iii) and the inequality holds either, L = 2%~! fors < 2ifi = 0and L = 245 rfors >2ifi=1

for condition (iv).
Hence the proof is complete
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The proof of the following Theorem and Corollary is similar to that of Theorem (.2l and Corollary
Hence the details of the proof is omitted.

Theorem 4.3. Let F : U?> — V be a mapping for which there exist a function a : U* — [0, c0) with the condition

lim Lw(u?’x/ Wiy uiz piw) =0 (4.13)

n—oo y?n
where p; = 2ifi = 0 and p; = % if i = 1 such that the functional inequality
[E(x,y,z,w)lly < a(x,y,z,w) (4.14)
forall x,y,z,w € U. If there exists L = L(i) < 1 such that the function
x
x — y(x) = Ké (E) ,

has the property
() < Ly (i) (4.15)
Then there exists a unique 2-variable cubic mapping C : U?> — V satisfying the functional equation and

1-i \ P
| £(2x,2x) = 2f(x,%) = C(x,%) [y < (f_ L) Y(x)? (416)

forall x € U.

Corollary 4.5. Let F : U> — V be a mapping and there exists real numbers A and s such that

IE(x,y,2,w))lly

A
S s s S .
< A+ Ll + 1 ol s<1oor s>, w17)
AP HYIP 2]zl P, S<g or s>y
ALl Hy Izl Plol[* + {1l + [y [l + [Jw][* + Jlzl*} }, g or s>y
forall x,y,z,w € U, then there exists a unique 2- variable cubic function C : U?> — V such that
(KA(45+1)>”
(221 4 4B KA x| 7
1£(2x,22) ~2f(x, %) ~ Clx, )} < 52 | 418)
x,2x) —2f(x,x) — C(x,x) ||, < _
' 4ﬁ+225 JKA]|x|f*
2/54s|
5- 4ﬁ +225 4 o4+ )R x4 )
|8 — 2P4s|

forallx € U.
Now, we are ready to prove the main fixed point stability results.

Theorem 4.4. Let F: U?> — V bea mappmg for which there exist a function o : U* — [0, c0) with the conditions (4.1 (-)
and (4.13 (-) where p; = 2ifi = 0and p; = 5 Lif i = 1 such that the functional inequality

[F(x,y,z,w)lly <alx,y,z,w) (4.19)

forall x,y,z,w € U. If there exists L = L(i) < 1 such that the function

x — y(x) =Ko (%),
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has the properties (4.3 (.) and (4.15) Then there exists a unique 2-variable additive mapping A : U> — V and a unique
2-variable cubic mapping C : U2 — V satisfying the functional equation (1.1] (-) 1) and

1-i
I £x) = Ae) — Clox) < 250 (f_L> 1) (4.20)

forall x € U.

Proof. By Theorems@and there exists a unique 2-variable additive function A; : U?> — V and a unique
2-variable cubic function C; : U? — V such that

1-i \ 7
I£(2x,22) - 8f(x, ) ~ As (5, 0) [}, < (f_ L) ) @21)
and
Ll i\"P
I£(2%,2) = 2(x,%) = Ca(x, )l < (1 - L) ) @22)
forall x € U . Now from and {@22), one can see that
P
Hf x) + ;Al(x x) — %Q(x,x)
14
f(2x,2x) 8f(x,x) Aq(x,x) f(2x,2x)  2f(x,x)  Ci(x,x) ||
H 6 6+16}+{6_6_16}V
< o {1F2x,20) ~ 876, ) — A1) ) + 1120, 2) ~ 2 (x,%) - G )]}

KP [1-i =i \?
< 4 4
< {(1_L> r(0)F + (1_L> 7(x) }
for all x € U. Thus we obtain by defining A(x,x) = %Al(x,x) and C(x,x) = 1Ci(x,x), for all

x e U. O

The following Corollary is an immediate consequence of Theorem {4} using Corollaries 4.4 and (4.5 con-
cerning the stability of (1.1).

Corollary 4.6. Let F : U? — V be a mapping and there exists real numbers A and s such that

IE(x,y,z,w0))ly

A,

ALl + 11 + Nzl + [l ), s£LY @23
Al Fllyl €112l <] ol 5, N 2

Al FllylF1z0E] el <+ Ll + vl + el 1120}, s # 1,3

forall x,y,z,w € U, then there exists a unique 2-variable additive mapping A : U?> — V and a unique 2-variable cubic
mapping C : U?> — V such that

Hf(xlx) - A(x,x) - C(x,x)HV

<K2A(4ﬁ+1)[ 1D”
-~ @ 7 1_|_, ,
7
z+2s+1+4/3+1)1<2)\||x||5[ 1o, }’”
226 [8-2F|] )7
< ) (4.24)
4ﬁ+2251<2/\\|x\|4s 1 N 1
2 —2P%| |8 — 2P%]
54/3+225+24S+1+2)K2/\|x||45{ 1o, ]’“
6 |2 — 24| |8 — 2P4s|

forallx € U.
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Abstract

The purpose of this paper is to derive 3- dissection for (4% 4% (7% 9% =, (7%9%)= (9% q%)<" and
1
(43:9%)21(@%:0%)3!

Keywords: Partition functions, Generating functions.
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1 Introduction

X~y
In 2010, Chan [1] has studied on Ramanujan’s cubic continued fraction and defined a function a(n), as
d B 1

=i (@) (%) (1.1)

(12)

Through this paper, we assume

I
]j ; gl <1 (1.3)

Many properties of a(n) and b(n) are similar with the standard partition function p(n), the function p(n) is
defined to be the number of ways of writing n as a sum of positive integers in non-increasing order. Mathe-
matically it is defined as Y~ p(n)q" = [1,—1(1 — q)~!. It is convention that, one sets p(0) = 0 and p(n) =0
for n < 0. Chan[1] obtained the generating function of a(3n + 2), as

c- (4% 9°)% (4% 9°)3
; Bt 2)q =3 (@)% (4% 99)& (14)

This identity was prove by Cao[3] by using the 3-dissection for (4;9)e (4% ¢%)c- The outline of this paper is
as follows. In sections 2, we have recorded some well known results, those are useful to the rest of the paper.
In section 3, we state and prove three new theorems, which are not available in the literature.

*Corresponding author.
E-mail addresses: mpchaudhary 2000@yahoo.com (M. P. Chaudhary), salahuddinl2@mailcity.com (Salahuddin).
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2 Preliminaries

Let us recall the definition of cubic theta function A(gq),B(g) and C(g)due to Borwein et al.[4], as

A(q) _ Zﬁ qm2+mn+n2 (2 1)
B(q) = i wm_nqm2+mn+”2; w = exp<23m) (2.2)
C(q) _ i qm2+mn+n2+m+n (2'3)
Borwein et al.[4] established the following relations

Aq) = A(g”) +29C(q°) (2.4)
B(q) = A(q°) —9C(q°) (2.5)

(7% )3
@ (4;9) 0 (26)
A(9)A(4%) = B(9)B(¢%) +qC(9)C(q°) (2.7)

3 Main results

Now we derive following results by applying 3-dissection

Theorem-I:

1 __AWPCEY) L PAWCE?) L 4iC*)CE?) (3.1)
(0% %) (q% 9% 3(3%49)3%(9'%,9'2)%  3(9%9%)3%(9'%9'2)3  3(4%9%)3,(9% 912)%

Theorem-II:

1 __PAQC®) L AC) 1°C(4°)C(4"®) (32)
(0% 8%)0 (3% %) 3(3%4°)%(4'%:9'8)%  3(9%97)%('%:98)3  3(4%;97)%(918;918)%, '

Theorem-I11:

1 _ gA@)C) g3 A(g)C(¢%)

73C()C(5)
T N (o R et M AT EN (T e EN A R e (33)

~

Proof of Theorem-I: In equation (2.6), by substituting ¢ = ¢*> and g = ¢*,we get the values of C(g?) and C(g*)

respectively. Now by multiplying C(4%) and C(g*), and after making suitable arrangement, we get

(4%)C(q*)
©)%(q'%9')%

In equation (2.4), by substituting g = %> and g = ¢*we get the values of A(4%) and A(q*) respectively. Now
by multiplying A(g?) and A(g*),we get

1 C
(7% 9%)e (g 04 9(q%9

(3.4)

A(P)A(g*) = A(g°)A(q") + 247 A(q"*)C(q°) + 24* A(4°)C(q") + 44°C(4°)C (") (3.5)

In equation (2.5), by substituting g = g> and g = g*,we get the values of B(g?) and B(g*) respectively. Now by
multiplying B(4%) and B(g*),we get

B(¢*)B(q*) = A(4°)A(9"%) — 4> A(q"*)C(4°) — 4* A(4°)C(q") + 4°C(4°)C (") (3.6)
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In equation (2.7), by substituting g = g2,we get the values of C(q?)C(q*), as

7*C(4*)C(4") = A(g*) A(q*) — B(4°)B(4") (37)
By the equations (3.5),(3.6)and(3.7), we get
C(g*)C(g") = 3A(9"*)C(7°) +34° A(4°)C(q"?) +34*C(4°)C(4") (3.8)

By substituting the value of C(¢?)C(g*) in equation (3.4), from equation (3.8), after simplification, we get the
required result as per equation (3.1), and we complete the proof of Theorem-I.

Proof of Theorem-II: In equation (2.6), by substituting ¢ = ¢> and g = q°®we get the values of C(g3) and C(g°)
respectively. Now by multiplying C(43) and C(g°), and after making suitable arrangement, we get
1 _ @)’ (3.9)
(0% 7)o (0% 9%)0 9(q%;0°)%(q'%:9™)%,
In equation (2.4), by substituting ¢ = q° and g = g% we get the values of A(g>) and A(q®) respectively. Now
by multiplying A(g>) and A(g®),we get

A(P)A(°) = A(q°)A(q"®) + 29°A(4°)C("®) + 24° A(q"*)C(q°) + 49°C(4”)C(4"®) (3.10)

In equation (2.5), by substituting g = ¢> and g = g°,we get the values of B(¢>) and B(g°) respectively. Now by
multiplying B(4%) and B(q°),we get

B(¢°)B(q°) = A(g")A(d"®) — 1°A(¢°)C(4"®) — 4 A(4")C(¢") + 4°C(g")C(q"®) (3.11)
In equation (2.7), by substituting g = °,we get the values of C(4%)C(4°), as
7°C(7°)C(q°) = A(g°)A(q°) — B(4°)B(q°) (3.12)
By the equations (3.10),(3.11)and(3.12), we get
C(7)C(°) = 3P°A(g")C(q"®) +3A(4"*)C (") +37°C(5")C(q"®) (3.13)

By substituting the value of C(4%)C(g°) in equation (3.9), from equation (3.13), after simplification, we get the
required result as per equation (3.2), and we complete the proof of Theorem-II.

Proof of Theorem-III: In equation (2.6), by substituting g = q% and g = q%,we get the values of C (q%) and C (q%)
respectively. Now by multiplying C (q%) and C (q% ), and after making suitable arrangement, we get

3.14
I IR T EN (20 (314

In equation (2.4), by substituting g = q% and g = q%,we get the values of A(q%) and A(q%) respectively. Now
by multiplying A(q%) and A(q% ), we get
1 2 1 2
A(g3)A(9%) = A(@)A(9) + 297 A(¢*)C(q) + 29 A(9)C(q%) +49C(9)C(q?) (3.15)

In equation (2.5), by substituting g4 = q% and g = q%,we get the values of B(q%) and B(q%) respectively. Now
by multiplying B(q%) and B(q%),we get

B(4°)B(7°) = A@)A(4%) — 43 A(*)C(g) — 43 A(9)C(4?) +4C(g)C(?) (3.16)

In equation (2.7), by substituting g = q%,we get the values of C (q% )C (q% ), as
1
3

g3C(g3)C(q5) = A(g3)A(g%) — B(g3)B(47) (3.17)
By the equations (3.15),(3.16)and(3.17), we get
C(q%)C(q3) = BA(4%)C(g) +3(43) A(9)C(q%) + 345 C(q)C(4?) (3.18)

By substituting the value of C (q% )C (q%) in equation (3.14), from equation (3.18), after simplification, we get
the required result as per equation (3.3), and we complete the proof of Theorem-III.
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The extended tanh method for certain system of nonlinear ordinary

differential equations
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Abstract

We propose a method to obtain Tanh-solution based on leading order analysis of Painleve test. The crucial
aspect is that this point of view gives “exactly truncation of the series expansion applicable to Tanh-method”.
This approach gives all possible leading orders of solutions. Each branches can be treated separately and
obtained closed form solutions.

Keywords: Ordinary differential equations, Tanh-method, Singularity analysis.
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1 Introduction

For many years, nonlinearity is playing an important role in various fields of mathematics, physics and
biology. Finding the exact solutions of the nonlinear ordinary differential equations and partial differential
equations are quite difficult. So far, many methods have been proposed by many authors for finding exact
solutions of nonlinear differential equations. We mentioned some of them here: tanh—expansion method
[1] — [7], the simplest equation method [11], the Jacobi elliptic—function method [12], the modified simplest
equation method [13], the exp—function method [14] — [16], the G’/ G-expansion method [18] and application
of the Hirota method for non integrable nonlinear differential equation [17]. Recently, Willy Malfliet et al.
and Abdul—Majid WazWaz [7] have successfully refined the tanh method for solving a lot of systems of
autonomous partial differential equations and obtained solutions of them successfully. For the first time, best
of our knowledge, we employ this method directly to ordinary differential equations. Here, we implement
the leading order analysis or ARS method to determine all leading orders in the expansion of all solutions
of differential equations. We remind the readers that we are not going to test the Painlevé property here.
Thus, the approach is equally applicable for both integrable and non-integrable differential equations. We
truncate the expression looking at the leading term. That is, if the leading term starts with 777, p > 0 then the
expression terminates at T7. To find the full expression of this expansion, we determine the each coefficients
of the expansion by comparing the various powers of ¢ and obtain an over-determined system of algebraic
equation for the unknowns. Solving them consistently, we can obtain the values of the coefficients uniquely.
Thus, tanh solution is determined uniquely for a given equation. If there are more than one leading orders
then each order will give the appropriate series solutions separately. Interestingly the present approach gives a
concrete way of finding all leading terms. That is if a given equation admits more than one branch of solutions
then it could be determined uniquely.

In this paper, we explain the extended tanh-method with all possible leading orders and apply to certain
physically important problems.

*Corresponding author.
E-mail addresses: krishapril09@gmail.com (K. Krishnakumar).
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2 Review of leading order analysis of Painlevé test [9]

Let us consider the system of ordinary differential equations

filx,y,2,%9,2,....) =0, (2.1)
fo(x,y,2,%9,%,....) =0, (2.2)
fa(x,y,2,%9,2,....) =0, (2.3)

where “** denotes derivative with respect to t. Assume that the leading order of the solutions are in the form

x ~ TP, (2.4)
y~ T, (2.5)
z~ T, (2.6)

where p, g and r are the integers to be determined and T = ¢ — ty. Substituting Eqs.(2.4)-(2.6) into Egs.(2.1)-
(2.3) then equating the all dominant terms then we can get the all possible choices of p, g and r. Some times
we may get two or more choices of p, g and r. We demonstrate these concepts with the following example

Example
Consider the third-order ordinary differential equation [9]
T4 x¥ —2x° + Ax® fax + B =0. (2.7
Substituting Eq.(2.4) in Eq.(2.7) then we get
p(p—1)(p—2)t" 2+ p(p— )T % =377 = 0. (2.8)

Equating the various powers of T and find p as follows

1. p —3 =2p — 2 this implies p = —1
2. 2p — 2 = 3p this implies p = —2.

Hence, there are two set of dominant terms (%, x#) and (x&, x3) which are balancing each other in Eq.(2.7) [9].

3 Review of extended Tanh-method [1] — [7]

Now we use the extended tanh-method [1] — [7] for finding the exact solutions of system of nonlinear
autonomous ordinary differential equations. we introduce a new independent variable

¢ = tanh(ut), (3.9)

then (3.10)

% = y(1_g2)dd§, (3.11)
d? d 22

e U b G U = (3.12)
d3 3 2 2 d 3 2\2 dz 3 2\3 d3

s = (=890 —1)%—6u§(1—€)7§2+u(1—§)@, (3.13)

a* d 72

i = - )E8 - 2) g+t (1= 8008 - 2) o

3
—12pte (1~ cz>3j§3 (1= (3.14)
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holds. Now consider the series expansion

) = Xi@ = Y a4
i=—p
q
i = Yid = Y b

where p, g and r which were identified from leading order analysis.

4 Applications
4.1 Example

Consider the system of ODE [9]
T4 x¥ —2x° + Ax® +ax + B =0. (4.15)

First, one has to change the given Eq.(4.15) in terms of new independent variable ¢ by using Eqs.(3.11), (3.12)
and (3.13). Thus, we obtain

3 2 2
"1/13 (1 o 62) X" 6}!3(;( (1 . §2> X' + x (Zﬂzg (1 . 52) X+ ‘u2 (1 . (—:2) x//)
+20 (1-¢2) (—1+38%) &' =227 + A2 ax + f =0, (4.16)
where “’* denote the derivatives with respect to new independent variable ¢.

Since, we have obtained two possible leading orders p = —1 and p = —2, it is evident that there are two
branches of solutions exist for Eq.(4.15). we treat each case separately.

Case (a) p=-1:
We assume that the solution of the form

x[f] =X[E] = a1 +ag+aé. 4.17)

On substitution Eq.(4.17) into Eq.(4.16) and collecting the coefficients of various powers of ¢ than we obtain a
system of over-determined equations for a;, where i = —1, 0 and 1.

—6ua_i + 2;42612,1 = 0

—2a3_1 + 2;4201,1‘10 = 0,

8ula_q 4 Aa® | — 2u%a* | — 64 jag +2p*a_1a; = O,

wa_q1 + 2 a_qay — 2;4211_1110 — 611_111% — 6(12_1111 = 0,

B— 2‘u3a,1 + aag + M% — Zag — 2y3a1 +2Aa_qaq

—4p%a_jay — 12a_qapa; = 0, (4.18)

aay + 2Aapay — 2y2a0a1 — 6a(2)a1 — 6a_1a% = 0,

8ulay +2u*a_qay + Aa — 2p%a3 — 6apga? = 0,

Zyzaoal — Za? = 0,

—6pa; + 2]/1251% = 0
Solving them consistently, we arrive at solutions of a; where i = —1, 0 and 1. We tabulate the results in

table(1).
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Table 1: Case (a): p=-1

Casds Values Conditions Solutions
i a_1=0,a=9, b= (—69984 — 108x +a?) NP EICE ) a+486,
150 ’ 10 30 ’
ap ==+ w, 1944 — «
10 )\ = T,
x + 486
H=E "5
ii 1 [3(a+486) | ,  (—69984 —108a +4?) o1 [3(a+486) 1 [a+486
11,1— E T, ‘B* 150 7| x[t]—9+§ 710 COt E 30 t
ag =9, 1944 —a
A=—15 1 [3(a+486) [1 [a+486
1 [3(a + 486) VT B oV e
M =Eo\ e 1 486
10 — 4= ® +
H=3V 730
iii | [3(a+486)  (—69984 — 108x +a?) B 3(w + 486) o + 486
ﬂ_]—:l: T, ﬁ_ 150 7| x[t]—9+ 10 30 t Vi
ap =9, y_ lotd—a
ap = 0 45
o + 486
=550




Case (b): p=-2
Assume the solution in the form

X[¢]

On substitution Eq.(4.19) into Eq.(4.16) and collecting the coefficients of various powers of ¢ than we obtain
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a8 +a & +ag+ a1+ ar,
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(4.1

9)

a system of over-determined equations for a; where i = —2,—1,0,1 and 2. The solutions are given in the
table(2).
Table 2: Case (b): p=-2
Casd Values Conditions Solutions
i | =0 —ag0, | T2, 58848 o 88 24 2] 12 L
0= o5t =02 =0 |\ P= s " T "5 | M T 5 T s 5| T o5 5
12 24 2
=S =4 A =24=F=
2= 25'M = *F55 H=T5
i L8812 po 7592 5888 o882 2] 12 a2
07 2527 25 = 625 625 | T3 T 55| s 5
24 2
,a1=ap =0,a_ 1—i£ )L:24’y:$g
i | gy By e 3| T2 58848 =212 ([t fan [t
0= 25427 M= 55 | P= g5 %= " 05 =257 25 5] 75
12 1
cmamsf | s | el
. 468 —162 2239488 82944
iv = 2 —=a, = - I i | 36 36t 3v6t
ap 25 /) a 25 ,'B 625 P 125 x[t] = _E < th [ 5 -l—tanh l5‘|
. . i361'\/6 N 1656 " 3iv6 e /e
-1 =" = = B = 468 162 36t 36t
25 25 5 206 162 h2 h?
+25+25 (Cot [5 + tan [5]
0 o= TP a g ma =0, | po 2230488 82044 x[t] = 792 72f nh [6\?1
0= 52 1= P s T T 105
648 72i\/6 1656 6iv/6 L6482 |6V
Ay = ———,01 = & A= —— = 25 5
25 25 25 5
792 6 6t
vi 792 B +72i\/6 B = 2239488 ‘e _829447 x[t] = 25 25 [ 5 1
0= 51T s 625 ' 125
oo e8|l 1656 6ive L 098 6f
2= Ty =m = —725/}4— 5 25
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4.2 Fourth order equation

Consider the fourth order ODE [19]

x® 4 x(X+B) — sz —

3(a+1)=0,.
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In [19] expensive studies have been made from geometrical and numerical point of view. However, no exact

analytical solutions been presented for Eq.(4.20). In this paper, we present a class of new exact closed form
solutions for Eq.(4.20). Due to the importance of this equation from geometric point of view, we believe that

the solutions presented here are significant in many ways. Painlené leading order analysis gives p = —2 for
Eq.(4.20). On substitution this value into X[¢] and follow the tanh procedure then we tabulate the results
below
Values Conditions Solutions
Cases
i | B —63 —101/21p°/2 5\F 213\ L
= —,0_1 = = 0 = —— —_ —_ —_
ap T a1=m - ( 3 ) l’] 5 7\/BCOth il7 Bt
5 /3B 1/4 1/4 T
o=ap =y 2 1/3 5\/PB 5\F 1/3
a_p =4ap —4- (2 1/4 2 /9 2L (2 1/4
2V 7 p==+7 (7) B +—@ 5 7\/Btanh 1 (7> Bl/4t
20/
0 =4y = 0,49 = 20 ﬁl, o ( 63 — 10+/218 ) V21
63
3 2 1/4
B, N —10\/;\/Btanh l () plt
2 — = -2 = =4+_ (=
7 p==+5 (7) p
G
A 3/2 [ Vo
) g = 0,49 = 20 ﬁ/ B ( 63 —101/21B )
21 a = 3
1 1/4
] 10 3[3 . 0 1/3 1/4 » 10\/7\/Bcoth [2 () ,B t]
-2 = = — 42 = — - =
7 p==E5 (7> p
2/p
: _ 3/2 x[f] = ——=
0 | L o ﬁl,a_lzo, . (~63+10v21p2) Nl
63 3 NEWE 1/4 "
3B RN —10\/;\/Btan lz <7) B t]
a, =104/ —,a_r=a; =0 _ . 1/4
7 p=E5i(5) B
2 \7
_ 3/2 x[t] = _20VE
0 | 4= —20 ﬁl,m:azzoaz( 63+ 10v215%/2) o
63 3\ 174 L
. 10 3‘3 ; 0 1 3 1/4 » —10\/7\/3(:01; [2 <7> ,B t‘|
-2 = /41 =Y — 4+ =
7 p=E5i (7) p
vi B —63 —10v/21p3/2 5\F 2 [1 3\ L
= 52 a4 1=a =4, =_2./2 (2
ag 1/1-1=a “:( = ) t] 5 7\/Bcot 1lz) B
5 /38 1/4
=ay, =4/ 1./3 1
6 =ay=2\/ p=ty <7) g/ —\/>ft l4 ( ) [51/41}]

(4.20)
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5 Conclusions

In this paper, we have successfully employed extended tanh-method by using leading order analysis of
Painlevé test. Thus we could able to find all possible branches of solutions for the given differential equations.
Also the choice of the leading term and truncation is indeed not arbitrary uniquely determined by the leading
order analysis. Our method is successful to find large class of solutions of certain well-known systems. Finally,
we remark that this approach can equally applied to nonintegrable systems as well including systems from
Biology [20].
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Abstract

This paper deals with the peristaltic pumping of a Jeffrey fluid in an asymmetric channel with permeable
walls under long wave length and low Reynolds number assumptions. The channel asymmetry is produced
by choosing the peristaltic wave trains with phase difference on the walls of the channel. The flow is investi-
gated in a wave frame of reference with the velocity of the wave. The effect of various parameters on the flow
characteristics are discussed through graphs.

Keywords: Peristalsis, Jeffrey fluid, Asymmetric channel, Permeable walls.
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1 Introduction

Peristaltic transport is a form of material transport induced by a progressive wave of area contraction or
expansion along the length of a distensible tube. Peristaltic pumping has been the object of scientific and
engineering research during the past few decades. The pumping of fluids through muscular tubes by means
of peristaltic waves is an important biological mechanism. Study of the mechanism of peristalsis from both the
mechanical and physiological viewpoints has been the object of scientific research. The waves can be short,
local reflexes or long, continuous contractions along the length of the organ. In the esophagus, peristaltic
waves push food into the stomach. In the stomach, they help mix stomach contents and propel food to the
small intestine, where they expose food to the intestinal wall for absorption and move it forward. Peristalsis
in the large intestine pushes waste towards the anal canal and is important in removing gas and dislodging
potential bacterial colonies.

Peristalsis plays an indispensable role in transporting many physiological fluids in the body such as urine
transport from kidney to bladder, the movement of chyme in the gastrointestinal tract, the transport of sper-
matozoa in the ductus efferentes of the male reproductive tract, the movement of ovum in the fallopian tubes,
the swallowing of food through oesophagus and the vasomotion of small blood vessels. Many modern me-
chanical devices have been designed on the principle of peristaltic pumping for transporting fluids without
internal moving parts. The problem of mechanism of peristaltic transport has attracted the attention of many
researchers since the experimental investigation of Latham [4]. Subsequently a number of analytical, nu-
merical and experimental studies of peristaltic flow of different fluids have been reported under different
conditions with reference to physiological and mechanical situations.

*Corresponding author.
E-mail addresses:  yvk.ravikumar@pilani.bits-pilani.ac.in (Y. V. Ravi Kumar), s1j592010@gmail.com (S. Rajender),  profs-
reenadh@gmail.com (S. Sreenadh), krishnagannamaraju@gmail.com (S. V. H. N. P. Krishna Kumari).
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The importance of the study of peristaltic transport in an asymmetric channel has been brought out by
Eytan and Elad [1] with an application to uterine fluid flow in a non - pregnant uterus. Mishra and Rao [6]
studied the peristaltic transport of a Newtonian fluid in an asymmetric channel. Srinivas [10] investigated the
nonlinear peristaltic transport in an inclined asymmetric channel. Peristaltic motion of a power-law fluid in
an asymmetric channel was investigated by Sreenadh et al. [11]. Ravi Kumar et al. [9] studied the unsteady
peristaltic pumping in a finite length tube with permeable wall.

Kothandapani and Srinivas [3] have analyzed the MHD peristaltic flow of a viscous fluid in an asymmet-
rical channel with heat transfer. Wang et al. [14] have studied the MHD peristaltic motion of a Sisko fluid in
an asymmetric channel. Peristaltic motion of a Carreau fluid in an asymmetric channel is studied by Ali and
Hayat [7]. They used perturbation method to find the solution.

The study of peristaltic transport through and past porous media has become the important area of re-
search because of its vast applications in the study of biofluids. Misra and Ghosh [5] proposed a mathematical
model to study the blood flow taking the channel bounded by permeable walls. Gopalan [2] modeled the
tissue region in the blood vessels as porous medium. Ravi Kumar et al. [8] studied the peristaltic transport of
a power - law fluid in an asymmetric channel bounded by permeable walls. Ravi Kumar et al. [14] studied the
unsteady peristaltic pumping in a finite length tube with permeable wall. Many of the physiological fluids are
known to be non - Newtonian. Peristaltic transport of blood in small vessels is investigated by considering
various non - Newtonian fluids such as power - law, Casson, Herschel - Bulkley, Micropolar. Krishna Kumari
et al. [12, 13] considered Jeffrey fluid in their study. Jeffrey model is a relatively simpler linear model using
time derivatives instead of convected derivatives.

The present paper deals with peristaltic pumping of Jeffrey fluid, in an asymmetric channel with perme-
able walls. The channel asymmetry is produced by choosing the peristaltic wave trains with phase difference
on the walls. The governing equations are solved subject to relevant boundary conditions. The results are
numerically evaluated and discussed through graphs.

2 Mathematical Formulation of the Problem

We consider the motion of an incompressible viscous fluid in a two dimensional channel induced by si-
nusoidal wave trains propagating with constant speed c along the channel walls. The wall deformations are
given by

h1(X,t) = dy + a; cos 27” (X —ct) (Upper wall)
—— 27— -
hy(X,t) = dy + ap cos 7[(}( —ct)+0] (Lower wall) (2.1)

where a1, a; are the amplitudes of waves, A is the wave length, d; + dj is the width of the channel. The phase
difference 0 varies in the range 0 < 6 < 7,6 = 0 corresponds to symmetric channel with waves out of phase
and for ¢ = 7t the waves are in phase and further a1, a, d1, d> and 6 satisfy the condition

LZ% + a% +2ayay cos O < (dy + dz)z. (2.2)

Equations of motion
The constitutive equations for an incompressible Jeffrey fluid are

T = -pl+S
S N Wit
S = 1+A1<at+A28t2> (2.3)

where T and S are Cauchy stress tensor and extra stress tensor, P is the pressure, I is the identity tensor, A; is
the ratio of the relaxation to retardation times, A; is the retardation time and < is the shear rate.

In laboratory frame, the equations governing two dimensional motion of an incompressible Jeffrey fluid
are

=

9 —9 —a1- 9 9 - 5 _
9.0l vy 9 5. 24
p[8t+ ax ay} (5%v) (24)
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9 —0 =0 |= ap 0 = 90 —
—4+U=4+V=|V=—-—"S+ =(5w)+ =(5~ 25
Plat TR T ey ay T ax o) F gy ) (29)
and the equation of continuity is
ou ov
—_—+ == 26
0X - Y (26)

where Syy, Syy and Sy, are the stress components in laboratory frame.

We introduce a wave frame of reference (¥, y) moving with velocity c in which the motion becomes inde-
pendent of time when the channel length is an integral multiple of wavelength and the pressure difference
at the ends of the channel is a constant. The transformation from the fixed frame of reference (X,Y) to wave
frame of reference (¥, ¥) is given by

X=X-c,y=Y, u=U-c, o=V, p(x) = P(X,t) (2.7)

where 71, T are the velocity components in the wave frame (%,7), 7, P are pressures in wave and fixed frame of
references respectively.
Non - dimensionalisation of the flow quantities

Now introducing the non-dimensional quantities,

x_ZﬂX _Zu_gv_zé_Zmi _ 2md’p
D N L R [ N TPy W
_hT _E _Sd o @
hl—d/hZ d/S C/(Pl_dll(PZ_d' (28)

Using conditions (2.3) in (2.4) and (2.5), the equations of motion reduces to

d o]  dp 0 0
1Y {uax +Uay:| u= *a + a(SXX) + @(Sxy) (29)
d o]  adp O 0
0 [uax + Uay] v= 3y + a(sxy) + ®(Syy) (2.10)
and the equation of continuity
ou dv
3 o 0. (2.11)
Eliminating pressure from equations (2.9) and (2.10), we get
SRe a—ll’iJra—lpi V| = i—azi S| +6 i(s — Syy) (2.12)
dy dx  dx dy )= a2 ox2 )~ oxay Y TV ’
in which )
2 SAac (O 0 dP 9 || Y
S = T {1 T <ay ox axay )| axay (213)
[ e apa| (B oy
Sw = T, [H d <8y ox  ox ayﬂ <8y2 iy (2.14)
2 SAac (O @ oy @ \] Y
Sw = T, {1 T <8y ax axay )| axay (215)
Y 9’ 27td ocd
2 _ 2% ¥ Y Y - [ whid
Ve=94 w2t ek ) SR Re e (2.16)
Using the long wave length approximation and neglecting the wave number J, we get
92
0 1 %y dp
5 (mma) & .
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o 0 1 0 d
u p
— — | = 21
dy <1+)L1 ay) dx (219)
The corresponding boundary conditions are (Saffman slip conditions)
ou —«
— = —u aty = h; (upper wall 2.20
ou o
— = —=u aty = hy (lower wall 2.21
After non dimensionalisation the governing equations and the boundary conditions become
0 1 du dp
— — | = 2.22
dy (1 + A ay) dx (222)
The corresponding boundary conditions are
ou
P = —ac-u aty = hy (Upper wall) (2.23)
ou
P =wa0c-u aty = hy (Lpper wall) (2.24)

3 Solution of the Problem

Solving the equation (2.22) together with the boundary conditions (2.23) and (2.24), we get the velocity as
dp

P(1+A
u = %y2 +Cly+62, P =5 ﬂ (31)
where
c —P(1+ A1((hy + hy) c P((l-l—)\l)(hz—h1)+0€P0’((1+}\1)h1h2
1= 2 = .
2 200

The volume flow rate ‘g’ in the wave frame of reference is given by

I h2 +hihy +h5 (b +hp)?  (hp—h -hah
q:/ udy = P(1+ Ay)(hy — hy) | 0240 (Ut ha)” (h =) £agPol | g )
hy 6 4 200
From (3.2), we get
dp q
i 3.3
dx = (4 (ke —In)D (33)
where
D I’l% + hihy +h% n (h1 + hz)z " (hp — hy) + a0 - hohy
6 4 200 '
The instantaneous flux at any axial station is
hy
Qe t) = [+ Ddy = g+ I~ (3.4)
ha
The average volume flow rate over one period (T = %) of the peristaltic wave is defined as
—~ 1 (7 17
Q:—/ th:f/ (41— ho)dt = g +1+d. (35)
T Jo T Jo

The dimensionless frictional forces at y = hj and y = hy are given by
! —d
- 2 P
Flf/o h1< ph >dx

1 —d
_ 2 p
E = /O 3 < - )dx (3.6)
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4 Discussion of the Results

From the Eq. (3.6), we have calculated the pressure difference P as a function of time average flow rate Q
to study the effects of various parameters on pumping characteristics.

Figs. (2) - (4) are drawn to study the effect of Jeffrey parameter on pumping characteristics for the values of
6 = 0,7t/4, /6. It is observed that the pumping rate decreases with the increase in the Jeffrey parameter A4
for pumping (AP > 0) and as well as for free pumping (AP = 0). Further, observed that the pumping is more
for a Jeffrey fluid when compared with a Newtonian fluid. Fig. 2 corresponds to symmetric channel. From
Figs. (2) - (4) it is also observed that the pumping rate decreases as the symmetry of the channel increases.

The variation of pressure rise with time averaged flow rate (Q) is calculated from equation (30) for different
values of « (slip parameter) and is shown in Figs. (5),(6) and (7). We observe that the lesser the slip parameter,
the greater the pressure rise against which the pump works. For a given AP, the flux Q decreases with
increasing «. For a given flux Q, the pressure difference AP increases with increasing a.

The variation of Q with AP for different values of phase difference 6 is shown in Fig. 8. It is observed that
the pumping decreases as the phase difference 6 increases. For a fixed AP, Q decreases as 6 increases, this is
due to the asymmetry of the channel. Fig. 9 is drawn for the variation of the axial velocity u with y for varying
Jeffrey parameter A;. It is observed that maximum velocity decreases as A1 decreases. It is observed that the
velocity increases as slip parameter decreases from Fig. 10.

5 Conclusions

In this paper, peristaltic pumping of a Jeffrey fluid in an asymmetric channel with permeable walls has
been studied. The effect of various parameters on the pumping characteristics is discussed. The following
conclusions have been found and summarized as follows.

(1) Pumping rate decreases with the increasing Jeffrey parameter.
(2) The pressure rise decreases as the slip parameter increases.
(3) The axial velocity decreases as Jeffrey parameter increases.

(4) The axial velocity increases as slip parameter decreases.

v

3 },ﬁ HI(x.1)

‘:?
,z""’ ermeable wrall / [ =

\‘\___ \_____.«-’

g

Fig. 1: Physical Model
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I 2,=0.1
1. A,=0.2
1. 2,=0.3

N

T

Fig. 2 : The variation of Ap with Q for different values of A; with § = 0.

Fig. 3 : The variation of Ap with Q for different values of A; with 0 = 77/4.
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Fig. 4 : The variation of Ap with Q for different values of A; with 6 = /3.

Fig. 5: The variation of Ap with Q for different values of a with 6 = 0.



148 Y. V. Ravi Kumar et al. / Peristaltic pumping of a...

Fig. 6 : The variation of Ap with Q for different values of « with 6 = 7t /4.

Fig. 7 : The variation of Ap with Q for different values of « with 6 = 71/3.
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02 04 06 08 \0
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Fig. 8 : The variation of Ap with Q for different values of 7.

1.5 1.0 I 05 I V I .5 I 1.0
L a=01 ol
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Fig. 10 : The variation of the velocity u with y for different values of al with § = 7r/4.
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Abstract

We present an existence and uniqueness theorem for H- integral equations of fractional order involving
fuzzy set valued mappings of a real variable whose values are normal, convex, upper semi continuous and
compactly supported fuzzy sets in R”. The method of successive approximation is the main tool in our
analysis.

Keywords: Fuzzy mapping, fractional orders, Riemann-Liouville H-differentiability, Fuzzy H-integral equation,
Hausdorff metric, successive approximation.
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1 Introduction

Dubois and Prade [10] introduced the concept of integration of fuzzy functions. Alternative approaches
were later suggested by Goetschel and Voxman [13]], Kaleva [15], Nanda [21]] and others. While Goetschel and
Voxman preferred a Riemann integral type approach, Kaleva chose to define the integral of fuzzy function,
using the Lebesgue-type concept of integration. For more information about integration of fuzzy functions
and fuzzy integral equations, for instance, see [2} (8, [10} [13] [15, 21} 22} 24, 25] and references therein. On the
other hand, the first serious attempt to give a logical definition of a fractional derivative is due to Liouville, see
[14] and references therein. Now, the fractional calculus topic is enjoying growing interest among scientists
and engineers, see [1}[8][14} |16} 18, 23, 26].

By means of the fuzzy integral due to Kaleva [15], we investigate the fractional fuzzy integral equation,
for the fuzzy set-valued mappings of a real variable whose values are normal, convex, upper semi-continuous
and compactly supported fuzzy sets in IR”. We consider the fuzzy integral equation of Riemann-Liouville
fractional order generalized H-differentiability this equation takes the form

1 "8(5,y(5)
y(t)_f(t)+r(l—q)/() (F—5)1 ds, (1.1)
where f : [0,T] — E"and g : [0, T] x E" — E", and g € (0,1). The definition of E" is given in Section[2}

The paper is organized as follows: in Section ] auxiliary facts and results are given which will be used later.
In Section 3] the Riemann-Liouville H-differentiability is proposed for fuzzy-valued function and the some
of important results of it are provided. In Section [4 the main theorem on the existence and uniqueness of
solutions of equation is given.

*Corresponding author.
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2 Auxiliary facts and results

This section is devoted to collect some definitions and results which will be needed further on.

Definition 2.1. Let X be a nonempty set. A fuzzy set A in X is characterized by its membership function
A : X — [0,1] and A(x), called the membership function of fuzzy set A, is interpreted as the degree of
membership of element x in fuzzy set A for each x € X.

The value zero is used to represent complete non-membership, the value one is used to represent complete
membership and values between them are used to represent intermediate degrees of membership. Let P, (R")
denote the collection of all nonempty compact convex subsets of R” and define the addition and scalar multi-
plication in P, (IR") as usual. Let A and B be two nonempty bounded subsets of R". The distance between A
and B is defined by the Hausdorff metric

H;(A, B) = max < sup d(a,B), sup d(b,A)
acA beB

where d(b, A) = inf{d(b,a) : a € A}. Itis clear that (P,(R"),d) is a complete metric space [17].
A fuzzy set u € E" is a function u : R” — [0, 1] for which

(i) uisnormal,i.e., there exists an xg € R" such that u(xp) =1,

(ii) uis fuzzy convex, i.e., forx, y € R" and § € [0,1],
u(Bx + (1= B)y) > min(u(x), u(y))

(iii) u is upper semi-continuous, and
(iv) the closure of {x € R" : u(x) > 0}, denoted by [u]°, is compact.

For 0 < ¢ < 1, the a—level set [u]? is define by [u]7 = {x € R" : u(x) > v}. Then from (i) — (iv), it
follows that [u]7 € P (R") forall0 < < 1.
We define the supremum metric D on E" by

D(u,u) = Sup Hy([u]”, [1]7)
<y<

forall u,u € E". (E",D) is a complete metric space.

3 Riemann-Liouville Fractional H-differentiability

Now, we define fuzzy Riemann-Liouville fractional derivatives of order 0 < r < 1 for fuzzy-valued func-
tion f which is a direct extension of strongly generalized H-differentiability in the fractional literature [9].

Definition 3.2. Let x,y € E. If there exists z € E such that x = y + z, then z is called the H-difference of x and y, it is
denoted by z = x © y.
The sign & always stands for H-difference, also not that x © y # x + (—1)y.

Also,we define some notations which are used throughout the paper.

o L;(a, b),1 < p < oo is the set of all fuzzy-valued measurable and p-integrable functionsf on [a,b] where

: :
11l = ( /0 (d(f(t),O))”dt> .

o CFla,b] is a space of fuzzy-valued functions which are continuous on [a, b).

o ACF[a, b] denotes the set of all fuzzy-valued functions which are absolutely continuous.
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Definition 3.3. Let f : [a,b] — E, xg € (a,b) and ®(x) = ﬁ Ir %dt. We say that f(x) is fuzzy Riemann-

Liouville fractional H-differentiable about order 0 < q < 1 at x, if there exists an element (RLDZ+ f)(xo) € CF,0 <
q < 1suchthat forall0 <r <1,h >0

(i)
(4D f)(x) = tim 2N EREO) _ iy $0) 20 1)
or
(il
(LD )x0) = lim TELETLE) oy 20— WEE)

For sake of simplicity, we say that a fuzzy-valued function f is RL(1, q)-differentiable if it is differentiable
as in the definition 3.3|case (i), and is RL'(2, g)-differentiable if it is differentiable as in Deﬁnitioncase (ii).

Definition 3.4. Let f € L'(4,0),0 <a < b < o0, and let 0 < g < 1 be a real number. The fractional integral of
order g of Riemann-Liouville type is defined by (see; [16} 23]).

_ 1t f(s)
If(t) = ) /0 (=) ds.

Let us consider the r—cut representation of fuzzy valued function f as f(x;r) = [f(x;7), f(x;7)] for 0 <

r < 1, then we can indicate the Riemann-Liouville integral of fuzzy-valued function f based on its lower and
upper functions as follows:

Theorem 3.1. Let f : [a,b] — E bea fuzzy-valued function. The fuzzy Riemann-Liouville integral of f can be expressed
as follows:

(1f)(x;r) = [(1f) (x;7), (17f) (x;7)],0 < 7 < 1

1 [* f(Er)
D0 =555 |, G
ft;r)

(ITf)(x;7) = F(lq) /ﬂx = t)l—th'

Now, we define fuzzy Riemann-Liouville fractional derivatives of order 0 < r < 1 for fuzzy-valued func-
tion f which is a direct extension of strongly generalized H-differentiability [9] in the fractional literature.
Also, we denote by CF the space of all fuzzy-valued functions which are continuous on [a,b] and we as-
sume that all fuzzy-valued functions in this work are placed in CF. We define the fuzzy Riemann-Liouville
H-integrals of fuzzy-valued function as follows:

where

Theorem 3.2. Let f : [0,T] — E", xg € [0, T] and 0 < g < 1 such that forall 0 <r < 1.
(1) if f(x) be a RL(1, q) differentiable fuzzy-valued function, then
(*EDG) (xo;7) = [*E Dy f (x0;7), 5t Dy f (x0;7)],
(2) if f(x) be a RL(2, q) differentiable fuzzy-valued function, then
(*EDEf) (xo;7) = [REDJf (x0;7), 8" D f (x0;7)]-

Where

(RLDg£>(XO) _ 1_‘(117 q) % /Ox (xf(ti)th ‘x:xol

and

_ d [x
(RLDgf)(XO) = el"(llq)dx/o (xf(ti)th |x=xo -
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Rewrite Eq. in the form
y(t) = fF() +RF Lt y(h), t>0, (3.2)

is the standard Riemann-Liouville fractional H-integral operator. Notice that, since f is assumed

f(®)

(x—t)1-4

where RLIg

to be integrable and (x — )7~ ! is a crisp function, we deduce that

of integral (1.1)) is proved.

Theorem 3.3. Letf : [a,b] — E, xo € (a,b)and 0 < g <1 forall 0 <r <1, we have

is integrable and then, the existence

(1) if f is RL(1,q) H-integrable then
RER(F) (xosr) = [REE £ (xo;), RE I F (03 7)]
(2) if f is RL(2,q) H-integrable then
R f(xo;m) = [RMIF (0 1), K2 TG £ (o)

In this paper, we prove an existence and uniqueness theorem of a solution to the fuzzy integral equation
(1.1). The method of successive approximation is the main tool in our analysis.

4 Main Theorem

In this section, we will study Eq(1.1) assuming that the following assumptions are satisfied, Let L and T be
positive numbers:

(a1) f:[0,T] — E" is continuous and bounded.
(ap) g:10,T] x E" — E™" is continuous and satisfies the Lipschitz condition, i.e.,
D (g(t,ya(t), g(t,y1(1))) < L D (y2(t),y1(t)), t € [0, T],
wherey; : [0,T] — E",i=1, 2.
(a3) g(t,0) is bounded on [0, T].
Now, we are in a position to state and prove our main result in paper

Theorem 4.4. Let the assumptions (1) — (a3) be satisfied. If

=

then Eq(L.T) has a unique solution y on [0, T| defined as the following:

(1) In the case RL(1; q) differentiability, the successive iterations

wolt) = f(b)
yar1(t) = FO)+ R 0g(tya(), n=0,1,2,... (4.3)

(2) In the case RL(2; g) differentiability, the successive iterations

Jo(t) = f(b)
yn+1(t) = f(t) S RLIOqg(tfgn(t))r n=0,12,... (44)

are uniformly convergent to y on [0, T].
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Proof. (1) Case (1): If f is RE(1;q) differentiable
First we prove that y, are bounded on [0, T]. We have yy = f(¢) is bounded, thanks (a1). Assume that
Yu_1 is bounded. From (4.3) we have

Dn(t),0) = D (f(B)+" Kty 1(), 0)
D (£(t), 0) + D (*1ig(t,yu (1)), 0)

1 b 86,y a(5)
rag )y P (S 0) o

1 A t ds
g S, D a(0),0) | 5

IN IN
o)
=
=
+

IA

)
=
=

+

But

D(g(t,yn-1(t)), 0)

IN N
—~

<

=

—_

—
~—
(en))
= <
+

g
—~

oq

—~
(e
-
(e
=

So

T4 . A
sup [L D(y,-1(t), 0) + D(g(t, 0), 0)]

,0) +
) T(2—q) g<ter

O
~
=
=
-~
=
=
IA

T
—
~~
=
=

R o Ti=1 AL A
, 0) + sup D(y,-1(t), 0) + r2—q S'P D(g(t, 0), 0).
0<t<T q) 0<t<T

IN
S
=

This proves that y,, is bounded. Therefore, {y,} is a sequence of bounded functions on [0, T]. Second we
prove that y,, are continuous on [0, T]. For 0 < t < 7 < T, we have

D(yn(t), yn(7))

A
S
P
E:

" 8(s,yn-1(s)) d/gsynls
t—s
P8(s,yn_1ls d/gsyn1
F (t—s)1
(/gsynl )

IN
o
=
;.ﬂ

L (88, yn-1(5)) 8(s,yn-1(s))
< D<f<”'f<”>+r<1—q>/ol’< e S )
1 (86 na(s)
rrag ) P (A o) @
< DA+ gy 9B DIy (), 0
/ [(t—s)"9—(t—s)"1|ds
A~ [T ds
T S, D) [ g o
< D(f(t),f(x) + r(%_q)ut — (=0 _}1-0) _ (1=}
sup D(g(t,yn—1(t)), 0)
0<t<T
1

+——|t—7|* sup D(¢(t vy, 1(1), 0
r(2_(1)| \ Ogth (&(t,yn-1(t)), 0)
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D (f(#), f(7)) + r(zl_q)[z |t — 7|10 — p(1-0) _ (-0

sup D(g(t,yn-1(t)), 0)

IN

0<t<T
< D((0,1(0) + sl =707 = 110 <00
sup [L D(g(ya-1(t)), 0) + D(g(t,0), 0)].

0<t<T

The last inequality, by symmetry, is valid for all ¢, T € [0, T] regardless whether or not t < 7. Thus,
D(yu(t),yn(7)) — 0 as t — 7. Therefore, the sequence {y,} is continuous on [0, T]. For n > 1, we have

D(yns1(8),yn(D) = T(ll—q)D( /tg((st,gl()sq gstyf; )
< i [o (S, [,
< o tD(g(s,y,q(s)),g(s,ym(s))) e
< sy S DO sua o) [ 2
= moi?ETD(yn(t)/yn1(t))

LT-0\?
<r(2q)> sup D(ynfl(t)/yn—Z(t))

0<t<T

L7070 D(yq(t t 4.5
T2—q O»‘;lgT (1 (1), yo(t))- 5)

But

t
D) = ey 0 ([ ELE) as0)
1t (8, f()
b D( (F— sy ’0) s

1 ~ [t ds
) S, D)0 /0 Tt

IN

Thus

22 D900 < Fg

where

M = sup D(f(t),0) and N = sup D(g(t,0),0).

0<t<T 0<t<T
Therefore (4.5) takes the form
D t t R 7L T ' 4.6
< . .
(]/n+1( )/yi’l( )) = r<2_q> ( )

Next, we show that for each t € [0, T] the sequence {y,(¢)} is a Cauchy sequence in E". Let mq, my be
such that m, > my and t € [0, T]. Then, by using (#.6), we have
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D(yml (t)/ Ym, (t))

IN

D(Ymy (1), Ymy—1(£)) + D(Ymy—1(t), Yy —2(t))
+ oo+ DYy 41 (1), Yy ()

. I Tlffi my—1 I Tlfq my—2
. (r<2—q>) oK <r<2—q>>
19 \ ™
- () e (e
+ (f&?)”‘“}

19 \ ™21 g e
- ()|

T1‘7

The right hand side of the last inequality tends to zero as mj, my — co. This implies that {y,(t)} is
a Cauchy sequence. Consequently, the sequence {y,(t)} is convergent, thanks to the completeness of

the metric space (E", D). If we denote y(t) = lim yn( ), then y(t) satisfies (1 lb It is continuous and
(L1

bounded on [0, T]. To prove the uniqueness, let x( ) t) be a continuous solution of (1.1) on [0, T]. Then
x(t) = f(t) + R17g(t, x(1), t =0,

Now, for n > 1, we have

D(x(t),ya(h) = D@H*@ameH“@UWwU

< iy (2 [ ) o
< Hiw%KD@@Mmg&w@mui;q

< g S DO s 0) | t =
< LT sup Dx(t)a(t)

r2-gq) 0<t<T

LTy
< (fag) e, Pe0w0)

Since %g q) <1

lim y,(t) = x(t) = y(t), t< [0, T].

n—oo

This completes the proof.

(2) Case (2): If f is RL(2;q) differentiable, with the same argument as above, we can prove that the solution
is (£.4) with

lim §,(t) = £(t) = 9(t), t<[0,T].

n—oo
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Abstract

This paper studies the exact solution of the the(2+1)-dimensional hyperbolic nonlinear Schrodinger equa-
tion by the aid of Adomian decomposition method.
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1 Introduction

Nonlinear equations describe fundamental physical phenomena in nature ranging from chaotic behaviour

in biological systems, plasma containment in tokamaks and stellarators for energy generation, to solitonic
fibre optical communication devices. The construction of the exact solutions of nonlinear partial differential
equations (PDEs) is one of the most important and essential tasks which help us for better understanding of
nonlinear complex physical phenomena. In the past couple of decades, there are various mathematical tech-
niques have been developed to carry out the integration of these equations. Some of these commonly studied
techniques are Inverse Scattering Transform [5]], bilinear transformation[4]], the tanh-sech method[6} [7], ado-
mian decomposition method [3]], the tanh-coth method[8], homogeneous balance method[9], Exp-function
method [10], and many others.
The Adomian decomposition method was introduced and developed by George Adomian in [11} [12] and is
well addressed in the literature. A reliable modification of the Adomian decomposition method developed by
Wazwaz and presented in [3]. A considerable amount of research work has been invested recently in apply-
ing this method to a wide class of linear and nonlinear equations for detail see [13] [14] 15 [16, 17| 18] and the
references therein.

In this paper the Adomian decomposition method will determine exact solution to (2+1)-dimensional hy-
perbolic nonlinear Schrodinger equation. In Section 2, we described this method for finding exact solutions for

nonlinear PDEs. In Section 3, we illustrated this method in detail with the hyperbolic Schrédinger equation.
In Section 4, we gave some conclusions.

2 Adomian decomposition method for nonlinear PDEs

We first consider the nonlinear partial differential equation given in an operator form

Leu(x,y) + Lyu(x,y) + R(u(x,y)) + F(u(x,y)) = g(x,y), (2.1)

*Corresponding author.
E-mail addresses: ifti_cqu@hotmail.com (Iftikhar Ahmed).
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where L, is the highest order differential in x, Ly is the highest order differential in y, R contains the remaining
linear terms of lower derivatives, F(u(x,y)) is an analytic nonlinear term, and g(x, y) is an inhomogeneous or
forcing term. the decision as to which operator Ly or Ly should be used to solve the problem depends mainly
on two bases: (i) The operator of lowest order should be selected to minimize the size of computational work.
(ii) The selected operator of lowest order should be of best known conditions to accelerate the evaluation of
the components of the solution.For more detail see[3]. Assume that L, meet these two conditions, therefore
we set

Lyu(x,y) = g(x,y) — Lyu(x,y) — R(u(x,y)) — F(u(x,y)). (22)
Applying L,/ 1 to both sides of (2.2) gives
u(x,y) = & - Ly g(x,y) — Ly ' Leu(x,y) — L, 'R(u(x,y)) - Ly Fu(x, ), 2.3)
where
L= 9
u(x,0) aayz’
B — u(x,0) + yuy(x,0) L= @'
0 u(x,0) + yuy(x,0) + %yzuw(x,O) L= 337,
u(x,0) + yiy (x,0) + L2y (x,0) + 1121y, (x,0) [— %
y 4
Take the solution u(x,y) in a series form
u(x,y) =Y un(x,y), (2.4)
n=0
and the nonlinear term F(u(x,y)) by
F(u(x,y)) = Y An, (2.5)
n=0

where A, are Adomian polynomials that can be generated for all forms of nonlinearity and can be evaluated
by using the following expression

1 di’l n ;
A”:Ed/\n F Z(:)Aui ,n=0,1,2 (2.6)
1= A=0

Based on these assumptions, Eq. (2.3) become

o)

E i) =0 - Lg00) - 1L (£ ()

n=0
—L;lR ( OXO; un(x,y)) - Ly*1 < ofj An) .
n=0 n=0

The components u, (x,y), n > 0 of the solution u(x,y) can be recursively determined by using the relation

2.7)

up(x,y) = % — L, 'g(x,y),

2.8
Ukt (X,y) = —L;leuk — L;lR(uk) — Lgl(Ak), k > 0. ( )

Next find the components of Y, u,(x,y) by
n=0

uo(x,y) = %0 — L, 'g(x,y),

u(x,y) = —Ly’leuo(x,y) - Ly’lR (uo(x,y)) — Ly’le,
uy(x,y) = —Ly_leul(x,y) — Ly_lR (u1(x,y)) — Ly_lAl,
uz(x,y) = =L, Laua (x,y) — L, 'R (uz(x,y)) — L, Ay,
ug(x,y) —Ly’leug(x,y) - Ly’lR (us(x,y)) — Ly’lAg,,

where each component can be determined by using the preceding component. Having the calculated the
components u,(x,y), n > 0, the solution in a series form is readily obtained.
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3 Exact solutions for(2+1)-dimensional hyperbolic Schrédinger equation

In this section we obtain exact solution of (2+1)-dimensional hyperbolic nonlinear Schrédinger equation
by using the decomposition method. The hyperbolic nonlinear Schrédinger equation given by[1] is

. 1 1
it + Sthex = Sthyy + lulPu =0 3.1)

where u is a complex valued function, while x, y and ¢ are the independent variables. In order to seek exact
solution, we assume that u(x,y,0) = ¢/("**") Multiplying Eq.(3.1) by i, we may express this equation in an
operator form as follows

Liu(x,y,t) = %Lxxu(x, y,t) — %Lyyu(x, y,t) +iu(x, y,t)|2u(x, y,t) (3.2)

where L; is defined by L; = % and the inverse operator L, ! is identified by

= /t (-)dt
0

Applying L; ! to both sides of (3.2) and using the initial condition we obtain

u(x,y, t) = elmmy) 4 éLt_l(u(x, Y, ) xx — %Lt_l(u(x, Y, 1))y + il Hu(x, y, 1) Pu(x, g, t), (3.3)
where |u(x,y, f) |2u(x, y, t)is nonlinear term.
Substituting
(x,y,1) E (¥, 1) (34)
and nonlinear term
|u(x,y,t | u(x,y,t) Z Ay (3.5)

into (3.3) gives

Zun x,y,t) = elmxrmy) 4 L <Z un(x,y,t ) —;Lt_l<z un(x,y,t)> +il ! (Z An) (3.6)
xx vy

n=0

Adomian’s analysis introduces the recursive relation

uo(x, Y, t) — ei(mx+ny),
=4L;! - 3Lt L (Ag) k>0 G
U (X, y,t) = 5Ly (”k)xx 2t (”k)yy + 1L, (Ag), k> 0.
since u is a complex function so we can write
u? = ui (3.8)
where 17 is the conjugate of . this means that (3.5) can be written as
=) Ay (3.9)
n=0

By using formal technique to find adomian polynomial used in [3] we find that (3.9)has the following poly-
nomial representation

Ag = M%L_lo,

A1 = 2uguqilg + M%L_ll,

Ay = 2ugupilg + M%IZO + 2uouq ity + u%ﬂz,

Az = 2ugustig + 2uqupiip + 2uguoiiy + M%M_l + 2uguq ity + M%L_lg

(3.10)
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that in turn gives the first few components by

uo(x,y,t) — pi(mx+ny)
wn (1) = 317 (o) — 4L (uoy, ) + L (Ao), o
Mz(x,y, t) = %L;l (ulm) - %Lljl (ulyy> + ngl(Al)r .
us(x,,t) = SL;71 (na,) = 5171 (i, ) +iLi ! (A2),
we obtain
uo(x,y, 1) = M), Ay = 121y = eflmeny),
Uuq (x,y, ) = %L (_mZE (mx+ny)) _ th ( nze i(mx+ny) ) + lLt—l(ez(meLny)) Zt(— _ m?* + 1) (mx+ny)
— 272 3.12
up(x,y,t) = %L 1 (ulw) — 5L, 1 (”Uy) —i—zL = T)(% ”17 ) el (mx+ny) ( )
H 2 2
u3(x’y/ ) = %L ! (uzxx) - éLt ! (uZyy) + IL % (% 7717 1) (mx+71y)
Accordingly, the series solution is given by
u(x,y,t) = Z un(x,y,t) =u1 +uy +uz+ ...
n=0
2 VAV 2 2
_ ilmerny) |1 4 1 (17 m7 @07 (n% _m?
u(x,y,t)=e 1+ 1 (2 > +1)+ 2\ > +1] +.. (3.13)
that gives exact solution of (3.1) in closed form
. 2w
u(x,y,t) _ et(mx+ny+(7 > +l)t> (3.14)

4 Conclusion

The Adomian decomposition method is successfully used to establish new exact solution. The perfor-
mance of this method is found to be reliable and effective and can give more solutions, which may be impor-
tant for the explanation of some nonlinear complex physical phenomena.
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Recurrence relations of multiparameter K-Mittag-Leffler function
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Abstract

In this paper we evaluate the functional relation between Multiparameter K-Mittag-Leffler function
defined by [2] and K-Series defined by [3]. Also we evaluate the recurrence relations and integral repre-
sentation of Multiparameter K-Mittag-Leffler function. Some particular cases have been discussed.
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1 Introduction

In [8] the author introduce the generalized K-Gamma Function I (x) as

151 -1
Ti(x) = lim nik" (nk)k

,k>0,xe C\kZ™, 1.1
A \ (1)

where (x),  is the k-Pochhammer symbol and is given by
() = x(x + k) (x + 2k).cc..(x + (n —1)k),x e C,k € R,n € N*. (1.2)

K-Gamma function is given by,

Ti(x) = /oo t"’le’%dt,x € C,k € R,Re(x) >0, (1.3)
0
and it follows easily that
Li(x) = k%*lf(%). (1.4)
Fk(x+k) = ka(x). (15)
(X = K" (D (16)
_ Fk(x + le)
(%) k () (1.7)
nk(x)n-1k = () — (x = K)y . (1.8)
() nrje = (X)jx(x + jK) (1.9)

The Multiparameter K-Mittag-Leffler function defined by [2], as

*Corresponding author.
E-mail addresses: drksgehlot@rediffmail.com (Kuldeep Singh Gehlot).
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Definition 1.1. Let k € Ry = (0,00); aj,br,Bi € C; 1 € R G=1L12,.,p;r=12,.qi=12,.m). Then the
Multiparameter K-Mittag-Leffler function defined as,
) I—[]P 1) i 2"

(B1)m p
PR (@) (b e (B )iz ZH: (b) g T Ti(im + Bi)

where I(x) is the K-Gamma function given by (1.1) and (7y),, x is the K-Pochhammer symbol given by (1.2).

(1.10)

The series (1.10) is defined when none of the parameter b,(r = 1,2, ..,q) is negative integer or zero. If any
parameter 4; (j=1,2,.,p)in (1.10) is zero or negative, the series terminates into polynomial in z.
Convergent conditions for the series (1.10) are given by Ratio test,
() If p < g+ X", (%), then the power series on the right of (1.10) is absolutely convergent for all z € C.
G If p = g+ Z 1(1), then the power series on the right of (1.10) is absolutely convergent for all
R ER 2 < T (1) ¥ and KPSz = [T (1) %, Re(Dy (3) + D (B) - £y (%) >
2+qj;mfp.

2 Main Results

In this section we evaluate the functional relation between Multiparameter K-Mittag-Leffler Function and
K-Series. Also we evaluate the recurrence relations and integral representation of Multiparameter K-Mittag-
Leffler Function. Nine particular cases have been evaluated for different values of parameters.

Theorem 2.1. The functional relation between Multiparameter K-Mittag-Leffler function and K-Series is given by,
oKD @) ()1, (i) 2]

m M

B e a; b . i
= K P! (D (B ok ) 1)
And its counter part is given by
K (@) s (br)]_y, (Bir i)y 2]
= I D) K (k) (kb) Ly, (ks gy 2k 10, 22)

Proof. From equation (1.10), we have

0 I—[p_ a), g z"
n=0 Hrzl(br)n,k [TZ: Ti(min + Bi)

using equations (1.4) and (1.6), we obtain

. I k7 () 2"
A=) —

ﬁ,
O Iy ko (2 ) T K5 (i 4 8
m N

Ly & T (B G Ty

)3

A0 T1_ (4)n Ty T+ By

by q ,BI Nivm
I)rzl’(? k)z 17

7k21 1(

m 7& ) a;
A = kriz (1 k)pKa(yﬁW) [(?J)P :(

Y . kP—9—Ei k]

O

Theorem 2.2. Let b € C, € R and the convergent conditions of Multiparameter K-Mittag-Leffler function are
satisfies, then

pK(ﬁﬂ)mH[( ),1/(171’)7 1,([%1’771)1 1,(b ,8) ]
= b KB () (), (Bi i), (b + K, B2

+ﬁz— pK (@) (b, (Bi i), (b + K, B)i2]. (23)
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Proof. Consider the right hand side of equation (2.3) and using equation (1.10), we have
A =0 KED () (0], (Bin) s (0 + K, B3]

d
Bz p K (a) s (), (B, (b4 K B2,

A i I—[f=1(ﬂj)n,k z"
=0 Ty (0r) i T T (im + Bi) Tie(Bn + b+ k)
s 1—15;1 (aj)n,k z"

4—,32i z
dz n=0 HZ:1 (br)n,k H;nzl Fk(ﬂin + :Bi)rk(ﬁn +b+ k) '

A=Y T, (@) (B + b) 2"
= n=0 HZ:1 (bi’)n,k H;"Zl Ti(yin + Bi) T (B + b+ k) ’

using equation (1.5), we obtain

A= KB (@) ()T, (B i), (b, B); 2.

O
Theorem 2.3. Let a € C and the convergent conditions of Multiparameter K-Mittag-Leffler Function are satisfies, then

pr K @)y 0+ (0,1, (Biy )iy, (1))

(/ir’?)mﬂ [(ﬂ]’)p

- p+lK j=1/ a; (bV)Z:y (Bi 771')1’11/ (k,1); 2]

q,

kz I"[’f;l(aj)
= W PRI (a4 ) (b )Ty, (B + 716, m0) 1 (1,1);2). (24)
r=1\"1

Proof. Consider the left hand side of equation (2.4) and using equation (1.10), we have

A= K (@) a4k 01y, (B )y, (K, 1);2]

— pa KR (@) (b, (Biom)i, (K, 1)32),
A o Hle(ﬂj)n,k z"

[(@+ ) — (@)nil,
120 11 (br)n e Ty Tic (it + Bi) Tic(n + k) ! !
using equation (1.8), we obtain

Hf:1 (aj)n,k z"

T (b e T Tie(nin + i) Tie(n + k)

A= le—[

replacing n by n + 1, we obtain

[nk(a +K)n—1l,

A= i H;;l(aj)n—&-l,k 2"
ST (b) ek TIPS Tie(i(n + 1) + Bi) T (n + 1 + k)

using equations (1.5) and (1.9), we obtain

[(n 4+ Dk(a +K)uil,

A i H]P:1(aj)1,k(ﬂj 5 e 2 (1 + 1)k(a + k), ]
ST (Br) 1k (b + ) T Ti(im + Bi + i) (n+ 1) i (n + 1)

kz ]—[le(a]-)
qfi . ;{3]{+17,17)m+1 [(a]« + k)le; (by + k)Z:l/ (Bi +1i,mi)itq, (1,1);2].
l—Ir:] (br)

A
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Theorem 2.4. Let B € C,Re(B) > 0,a € R and the convergent conditions of Multiparameter K-Mittag-Leffler

Function are satisfies, then
PR (@) (b) 1y, (Bio )i, (B + K )]

e p KT () (b, (B i) (B + 2K, 0);7]

= 2202 R [(a)!; (b1, (Bio i), (B+ 3K, )]

+2{a? + 20(B+ k) KB () (007, (Bi )iy, (B + 3K, a);7]
+B(B +2K) oK [(a)y5 (br) 1y, (B i), (B + 3k, );2]. (25)
Proof. From equations (1.10) and (1.5), we have

(B mr1 [(aj)]!‘]:ﬁ (br)Z:y (Bi,mi)iq, (B+k, a); 2]

p Kq,k

) P ) n
_ Z . _ H/=l (a])n,kz ' (2.6)
=0 I ;1 (br) i T2 Tk (i + Bi) (an + B) i (an + B)

Again,
pK(ﬁ/’ﬂnHl [(a])f:1’ (br)z:]’ (,Bi/ 171‘)?1:1, (‘B + 2k, “);Z]

q.k
_ i : Hf:1 (aj)n,k z" . 2.7)
=0 LT;—1 (b )i T2y Tk (7im + Bi) (an + B+ k) (an + B) Iy (an + B)

il I—[f:l(ﬂj)n,k z" 1 1 1

B n;J 1y ()i Ty Ti(in + Bi) L (an + B) k [ (an + ) (an + B +k)

using equation (2.6), we obtain

S = KR @)y (01 (i), (B+ K, w);2]

—k K (@) ()1, (B i), (B+ 2K, @); 2. 28)

Where .
[T ()i 2"
=1 (2.9)

°7 r;J Ty (br) e Ty Tic it + Bi) Tic(an + B) (an + B+ k)

Applying a simple identity 1 = m (uk+k) + (ulfk)' for u = an + B + k to equation (2.9), we obtain

i H]I'le (aj)n,k z"
S = Z 7

=0 LL;—1 (b )ik T2y Tk (7im + Bi) i (an + B)

k 1

% [(an+ﬁ+k)(a¢n+[3+2k) + (om—&-ﬁ—&-Zk)} !
Tt i

n=0 Hy:1(br)n,k [T Ti(nin + Bi) I (an + B)

{ Kan + ) (an+ B)(an + B+K) ]
(an+B)(an+ B+k)(an+Bp+2k)  (an+B)(an+B+k)(an+ p+2k)|’

using equation (1.5), we have

o0 le (@) 2" [n20® + 2na(B + k) + B(B + 2K)]

— . 2.10
=0 T1_y (br) i T Te(mim + Bi) T (an + B+ 3k) 210
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We express each summation in right side of (2.5) as follows;
Az KD 0D 5 (0, (B (B + 3, )]}
dz Pk j)j=17\Or)p=1,\Pis i) =1 &)
i T () (1 +1) 2"
n=0 H ( )nknl 1Fk(771n+13)rk(‘xn+ﬁ+3k)
2 K (a3 (b, (Bi i)y, (B + 3K, a);2]
+ pKﬁ”)’”“ [(”j)}g:l? (br)zzv (Bi, ni)iz1, (B + 3k, ); 2]
= Hle (a)nx(n+1)z"
n=0 HZ=1 (br)n,k H;nzl Fk(ﬂin + :Bi)Fk("m + ﬁ + Bk) '
2 KB (a3 (b1, (Biy i)y, (B + 3K, a)32]
_ i I (470 =" 2.11)
a0 Ty (00) i T Tic(mim + Bi) Ti(an + B+ 3k)

Again

2 K 0 00, (B, (B + 30321}

i T (a)n e (n +2)(n +1) 2
=0 Ty () Ty Te(min + Bi) Te(an + B+ 3k)

22 pK';fgk'U)mH [(ﬂ]’)]p:l} (br)zzlr (,Bi/ 771');‘11:1/ (.B + 3k, “);Z]

+4z K (@) (b, (Biy i) (B + 3K, 0)32]

+2 K @)y ()] (Bir i) (B + 3k, ); 2]

i (n2+3n+1)1—[p (@) 2"
=0 Ty (07) e Ty Tic(im + Bi) Tic(an + B+ 3k)

using equation (2.11)

2 R )33 by, (Bi )y (B+ 3, )]

2 KB (@) (0, (Bio )iy, (B + 3K, w); 2]

n? ]p 1(aj)nk z"

Z (2.12)
=0 T}y (0r) i TP Tic(gin + Bi) T (an + B+ 3k)
using equations (2.11), (2.12) in equation (2.10), we obtain

§ =222 K" [(ap)!_; (b)1_y, (B i)y, (B+ 3k, )3 2]

+2{a? + 20(B + k) } K () (BT, (Bir )y, (B + 3K, a);7]

+B(B+2K) pK B ()3 (01, (Bio )iy, (B + 3K, 0); 2.
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Theorem 2.5. Let € C,Re(B) > 0,a € R and the convergent conditions of Multiparameter K-Mittag-Leffler
function are satisfies, then

1
/0 PR KB (@) (b, (Bio )iy, (B ) ]t

= oK () (B, (B, (B + ko)1)

kK (@) (), (B i), (B + 2K, 0);1]. (2.13)

Proof. Put z = 1 in equations (2.8) and (2.9), we have
S = pKE @)y (o)1, (Bir i), (B + k)i 1]

e K (@) (b, (Bio ) s (B + 2K, ); 1]

0 H;?:1 (aj)n,k
=) = - : . (2.14)
=0 [ Ty—1 (br)nx TTLy Tk (im + Bi) Iic(an + B) (an + B + k)
Consider the left hand side integral,
1
A= /0 Pt K (@) (b1, (B i) (B a); ),
using equation (1.10), we have
00 4 )
A=Y Ty (a))n i 2" /1 pon+B+k—1 g
=0 TT g (0r) i Ty Tic(im + Bi) Tic(an + B) Jo
4= i H]P:1(aj)n,k z"
420 Ty (0) g Ty Tic(gin + Bi) Ti(an + B) (an + B+ k)
from equation (2.14), we obtain
A= KB (@) (b0, (Biom)Ty, (B+ k)1
ke pK I (@) (), (B i), (B + 2K, )3 1].
O

2.1 Particular Cases

The particular cases of this paper are given by particularzing the values of parameters, we obtain the result
for different known Mittag-Leffler Functions, given as:

(a) If we set k = 1, then we obtain the results for K-Series definded by [3].

(b) If wesetk =1,p =g =mand by = by = ... = by, = 1, we obtain the results for the 3M-Parameter
Multi-Index Mittag-Leffler function definded by [4].

(©Ifwesetk =1,p =¢q = 1,a; = p,by = 1, then we obtain the results for the Generalized Mittag-Leffler
function studied by [5].

dIfwesetk =1,p =g =1a =b; =1landy = ali, then we obtain the results for the Multi-Index
Mittag-Leffler function studied by [10].
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(e) If we set k = 1,m = 1, then we obtain the results for Generalized M-Series definded by [9].

f) If wesetp =g =m = 1,ay = §,b; = k, then we obtain the results for the K- Mittag-Leffler function
studied by [1].

(g) If wesetk =1,p =g =m = 1,a; = §,b; = 1, then we obtain the results for the Generalized Mittag-
Leffler function studied by [7].

(h) If wesetk =1,p = q =m = 1,40 = by = 1, then we obtain the results for the Mittag-Leffler func-
tion studied by [11].

(D Ifwesetk=1,p=qg=m=1,a1 = by =1and B = 1, then we obtain the results for the Mittag-Leffler
function studied by [6].
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Fractional integral inequalities for continuous random variables
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Abstract

By introducing new concepts on the probability theory, new integral inequalities are established for the
fractional expectation and the fractional variance for continuous random variables. These inequalities gener-
alize some interested results in [N.S. Barnett, P. Cerone, S.S. Dragomir and ]. Roumeliotis: Some inequalities for
the dispersion of a random variable whose p.d.f. is defined on a finite interval, J. Inequal. Pure Appl. Math., Vol. 2
Iss. 1 Art. 1 (2001), 1-18].
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1 Introduction

It is well known that the integral inequalities play a fundamental role in the theory of differential equations
and applied sciences. Significant development in this theory has been achieved for the last two decades. For
details, we refer to [4] [7, [11} [16] 19} 20} 21] 23] and the references therein. Moreover, the study of fractional
type inequalities is also of great importance. We refer the reader to [2,13} 16} (8} [10] for further information and
applications. Let us introduce now the results that have inspired our work. The first one is given in [5]; in
their paper, using Korkine identity and Holder inequality for double integrals, N.S. Barnett et al. established
several integral inequalities for the expectation E(X) and the variance 0 (X) of a random variable X having a
probability density function (p.d.f.) f : [a,b] — R*. In [13][14], P. Kumar presented new inequalities for the
moments and for the higher order central moments of a continuous random variable. In [15], Y. Miao and G.
Yang gave new upper bounds for the standard deviation o'(X), for the quantity 0?(X) + (t — E(X))2,t € [a, b]
and for the L7 absolute deviation of a random variable X. Recently, G.A. Anastassiou et al. [2] proposed a
generalization of the weighted Montgomery identity for fractional integrals with weighted fractional Peano
kernel. More recently, M. Niezgoda [18] proposed new generalizations of the results of P. Kumar [14], by
applying some Ostrowski-Gruss type inequalities. Other paper deal with these probability inequalities can be
found in [1},[17,22].

In this paper, we introduce new concepts on “fractional random variables”. Then, we obtain new inte-
gral inequalities for the fractional dispersion and the fractional variance functions of a continuous random
variable X having the probability density function (p.d.f.)f : [a,b] — R". We also present new results for
the “fractional expectation and the fractional variance”. For our results, some classical integral inequalities of
Barnet et al. [5] can be deduced as some special cases.
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2 Preliminaries

Definition 2.1. [12] The Riemann-Liouville fractional integral operator of order « > 0, for a continuous function h on
[a,b] is defined as
J (1)) = mis [H(t = 7) Th(T)dT; a>0,a <t<b,

@ 2.1
l(e)] = h), @D
where T(a) == [;° e “u* 1du.
We give the following properties:
JIPIR(E)) = ] Pln(t)], & > 0,6 >0, 2.2)
and
T TPIR(t)] = JPJ*[h(t)], & > 0,B > O. 2.3)

We introduce also the following new concepts and definitions:

Definition 2.2. The fractional expectation function of order &« > 0, for a random variable X with a positive p.d.f. f
defined on [a, b] is defined as

Exa(t) = J*[tf ()] = 1 f (t—0)*'tf(r)dT; a>20,a<t<b. (24)

In the same way, we define the fractional expectation function of X — E(X) by:

Definition 2.3. The fractional expectation function of order « > 0, for a random variable X — E(X) is defined as
Ex_px)u(t) = ﬁ fat(t -~ Yt —E(X))f(t)dt; a>0,a<t<b, (2.5)
where f : [a,b] — R™ is the p.d.f. of X.
For t = b, we introduce the following concept:

Definition 2.4. The fractional expectation of order & > 0, for a random variable X with a positive p.d.f. f defined on
[a,b] is defined as

b _
Exa = Exa = gy J, (b — 0" 'tf()dT; a2 0. (2.6)
For the fractional variance of X, we introduce the two definitions:

Definition 2.5. The fractional variance function of order « > 0 for a random variable X having a p.d.f. f : [a,b] — R*
is defined as
2 £) = « 2 ftt_ a—1 —E(X 2 d
0% a(t) = J*[(t = EX)f(B)] = g5 [, (t = D) (T = E(X))*f(1)dT
(2.7)
a>0,a<t<b.

where E(X) := f Tf(T)d is the classical expectation of X.

Definition 2.6. The fractional variance of order « > 0, for a random variable X with a p.d.f. f : [a,b] — R™ is defined
as

0% 0 = 1 Jy (b= D (T = E(X)2f(T)dT; >> 0. 2.8)

We give the following important properties:

(P1x) : If we take & = 1 in Definition 2.4, we obtain the classical expectation: Ex, 1 = E(X ).

(P2x) : If we take &« = 1in Definition 2.6, we obtain the classical variance: 0)2( =02 = [ ﬂb N2 f(T)dt
(P3x%) : For a > 0, the p.d.f. f satisfies J*[f(D)] = (br?i)

(P4x) : For &« = 1, we have the well known property J*[f(b)] = 1.
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3 Main Results
In this section, we present new results for fractional continuous random variables. The first main result is
the following theorem:

Theorem 3.1. Let X be a continuous random variable having a p.d.f. f : [a,b] — R*. Then we have:
(a) :Foralla <t <b,a >0,

J 1% (®) = (Expo0.a (D) < [If115 [éi; f)f) JIE = (182 (3.9)
provided that f € Leo[a, b].
(b) : The inequality
JHUf ()]0%a(8) = (Ex—p(x)a(h)? < %(t —a)?(J*[f (1)) (3.10)

is also valid foralla < t < b,a > 0.

Proof. Let us define the quantity

H(z,0) = (8(7) = &(0))(h(7) = h(p)); T,0 € (a,t),a <t <. (3.11)

Taking a function p : [a,b] — R, multiplying (3.11) by (t}fﬂ):;fl p(7); T € (a,t), then integrating the resulting

identity with respect to T from a to t, we can state that

1 t
L[ o H( ey
T(a) /a (3.12)

= J*[pgh(t)] = g(p)J* [ph(t)] — h(p)]*[pg(t)] + &(p)1(p)J* [p(£)]-
Now, multiplying (3.12) by (t}fgjil p(p); p € (a,t) and integrating the resulting identity with respect to p over
(a,t), we can write

t t
B [ =0 e pEpoH iy

(3.13)
=2J%[p(t)]]*[pgh(t)] — 2]*[pg(t)]]*[ph(t)].
In (3.13), taking p(t) = f(t),g(t) = h(t) =t — E(X),t € (a,b), we have
1 t ot . .
= [0 =0 o) x — pardp »
=2J*[f(O]J*[f(#)(t — E(X))?] — 2(]“[f(t)(t - E(X))])z-
On the other hand, we have
ot
2 L [T e o) p v
< ooty Ja Ja (8 =071t = ) (v = p)*ddp (315
< IIFIB 282 1412 — 2012
Thanks to (B.14), (3.15)), we obtain the part () of Theorem 3.1}
For the part (b), we have
1 t pt e .
s [ = = o) e p e -

< supp ey (7~ )PURFEN = (£ — 2HIF D]
Then, by and (B.16)), we get the desired inequality (3.10). O
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We give also the following corollary:

Corollary 3.1. Let X be a continuous random variable with a p.d.f. f defined on [a,b]. Then:
(i) : If f € Leo[a, b], then for any & > 0, we have

(b _ a)(a—l) ) Z(b _ a)2a+2 (b _ a)zx+1

2
T e~ Bxa < |5 i 3 ~( D )] (3.17)

(ii) : The inequality
(- , L, _1(-a*

T(a) X "Xa =372y (3.18)

is also valid for any a > 0.

Remark 3.1. (r1) : Taking a = 1 in (i) of Corollary 3.1} we obtain the first part of Theorem 1 in [5].
(r2) : Taking & = 1 in (ii) of Corollary[3.1} we obtain the last part of Theorem 1 in [5].

We shall further generalize Theorem [B.1|by considering two fractional positive parameters:

Theorem 3.2. Let X be a continuous random variable having a p.d.f. f : [a,b] — R™. Then we have:
(ax):Foralla <t <b,a>0,6>0,

JUF 010 (8) + TPLF(D)]0% (1) — 2(Ex—p(x),a (D) (Ex—g(x),6(1))
(3.19)

< IIFIR [ M5 P12 + £ I (] = 200 () P18
where f € Loo(a, b].
(bx) : The inequality

T D)ok 5 (1) + TPUF(D]0% o (1) = 2(Ex—E(x),0 () (Ex—£(x),8(F))
(3.20)

< (t=a)J* [fOPIF(1)]

is also valid for anya <t <b,a > 0,5 > 0.
Proof. Using , we can write
ot L [ =0 0P pope e s

= J*[p(O))]F[pgh(t)] + JP[p(D)]]*[pgh(t)] (3.21)

—J [ph(O1TP[pg (1)) — JP[ph(D)]]* [pg ().
Taking p(t) = f(t),g(t) = h(t) = t — E(X), t € (a,b) in the above identity, yields
ot [ o e e — oy

= J*LFOIPLF(B)(E = E(X))2] + TPLF(D*LF (5 — E(X))?] (3.22)

—2J%[f(£)(t — E(X)IJPIf (1) (t — E(X))].
We have also

/ / (t =)t = )P f(T)f(p) (x — p)?ddp

< 1tz Ju Jut — )P (T — p)2dtdp (3.23)

< AR [ TP 1) + éi;ﬂi J12) 20 (1P 1)
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Thanks to (3.22)) and ([3.23)), we obtain (ax).

To prove (bx), we use the fact that SUP he(a ] |(T — p)|> = (t — a)?. We obtain

1 Lot a1 -1 N2
T /0 /0 (t— 1)L (t — )P F(T)f(0) (T — p)Pddp -

< (t—a) T F(D]TPIf (1))
And, by and , we get . O

Remark 3.2. (r1) : Applying Theorem3.2|for « = B, we obtain Theorem B.1]
(r2) : Taking « = B = 1 in (ax) of Theorem 3.4, we obtain the first inequality of Theorem 1 in [5].
(r3) : Taking & = B = 1 in (bx) of Theorem 3.2} we obtain the last part of Theorem 1 in [5].

We give also the following fractional integral result:

Theorem 3.3. Let f be the p.d.f. of X on [a,b]. Then foralla < t < b,a > 0, we have:

(b —a)2(J*[f (1) (3.25)

N

JF(B]0% o () = (Ex_px)a(t)? <

Proof. Using Theorem 3.1 of [9], we can write

FlpO g (D] = J*pg(t)])?

. (3.26)
< 1(pe)) (M —m)

Taking p(t) = f(t),8(t) =t — E(X),t € [a,b], then M = b — E(X), m = a — E(X). Hence, (3.25|) allows us to
obtain

0.< UG~ EXP] — (U0 - EX)])

(3.27)
< U FON* (b — ).
This implies that
1
U (D1e%a(t) = (Ex-exa(D)® < U FON* (b a)*. (328)
Theorem [B.3)is thus proved. O
For t = b, we propose the following interesting inequality:
Corollary 3.2. Let f be the p.d.f. of X on [a, b]. Then for any « > 0, we have:
b—a)*h , 2 1 2
TD()UX’D‘ — (EXfE(X),IX) < 41_‘2(0() (b — ﬂ) & (329)

Remark 3.3. Tuking « = 1 in Corollary[3.2} we obtain Theorem 2 of [5].
We also present the following result for the fractional variance function with two parameters:

Theorem 3.4. Let f be the p.d.f. of the random variable X on [a,b]. Then foralla <t < b,a > 0, > 0, we have:
T F(B)]ok () + TPLF ()] ok 0 (1)
+2(a — E(X))(b — EQCO)*[F (OPIf(1)] (3.30)

< (a+b—2E(X)) (I () (Ex-£x)5(1) + PP (D] (Ex_£(0,0(1)) )
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Proof. Thanks to Theorem 3.4 of [9], we can state that:

2

M p®1PIpg2 (0] + PO (pg*(D)] — 2/ [pg(O)]/P P (1)
< [(MIe1p®] = 1*1pe(8)]) (P Ipg (D) = mIPlp()]) + (3:31)

(1ps()] — mplp()]) (MIELp()] ~ Plps(n)])]
In (3.31)), we take p(t) = f(t),g(t) =t — E(X),t € [a,b]. We obtain
EFOIPLEE (= B+ PO (¢ - E(X))?]
2S£ (1)t~ EPL (- EX))]]
(3.32)
< [(MPLF] = T £ = BCON) (JPLECE) (k= E(X))] = mIPLF(8)]) +

(LF0) (¢ — ECO)] - mps L)) (MIPLF®] - FBLF@) (¢~ EC0N)]

Combining (3.22)) and (3.32)) and taking into account the fact that the left hand side of ([3.22)) is positive, we
get:

JREOIPLF (1) (E = E(X))?]+ PO (D) (= E(X))?]
=2J*[f(H)(t = EX))JPIF (1) (t — E(X))]

(3.33)
< (ML = LA = (X)) (FPLEE) (¢~ E(X)] = mIPLF(8)]) +
(FRLF (= BN = my*£(1)]) (MJPLF(E)] = JLF(8)(t — E(X))]).
Therefore,
JLFOUPIFE)(E— EX)+ POV (1)t~ E(X))?]
< ML (O](Ex-ex,6(0) + PO Ex_pxa(1))
(3.34)

(L) (Ex—£00,6(8) + PO (Ex e (1)))

—2mMJ*[f(]JPIf(1))-
Substituting the values of m and M in (3.28]) , then a simple calculation allows us to obtain (3.30)). Theorem
is thus proved. O

To finish, we present to the reader the following corollary:
Corollary 3.3. Let f be the p.d.f. of X on [a,b]. Then foralla < t < b,a > 0, the inequality
0% () + (a = E(X)) (b — E(X))J*[f(1)]

(3.35)
< (a+b—2E(X))Ex_g(x)a(t)

is valid.
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