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Abstract: The objective of the present paper is to develop the solutions of generalized fractional kinetic equations involving
the generalized Mittag-Leffler function and I-function. The use of mathematical physics in distinguished astrophys-
ical problems has attracted astronomers and physicists to special attention on available mathematical tools that can
be used in solving several problems of astrophysics. The manifold generality of the generalized Mittag-Leffler and
I-function is discussed in terms of the solution of the above fractional kinetic equations. Special cases involving the
generalized Mittag-Leffler function, H-function, Fox H-function and generalized M-series are considered. The ob-
tained results imply the known results more precisely.
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1. Introduction

In last few decades fractional kinetic-equations have been extensively used in describing and solving various
problems of applied sciences. Fractional calculus and special functions have also contributed a lot to mathematical
physics and its various branches. Nuclear reactions are highly energetic process involving subatomic particles found
within the nuclei of atoms, are in two general forms. One in which reactions involve the splitting of atomic nuclei
in to smaller subatomic particles, called Fission and another one is the process which create larger atoms from the
nuclei of smaller atoms, called the Fusion. In the fusion the nuclei of two or more atoms collide with sufficient force,
they fuse to form a single, larger nucleus. During this process part of mass of the fused nucleus is converted in to
energy. This produced energy is released as heat, light and various forms of radiation. Such nuclear reactions require
extremely high temperature to induce the necessary immense collisions. Because such immense amount of heat en-
ergy are required, fusion reactions are also known as thermonuclear reactions. The stars themselves are formed and
fueled by thermonuclear reactions. Thus thermonuclear fusion play an important role in the formation of stars and
to keep them shining for billions of years. A star can be taken as a symmetric gas sphere in thermal and hydrostatic
equilibrium with negligible rotation and magnetic fields. The star is characterized by its mass, luminosity, effective
surface temperature, radius, central density and central temperature. The Steller structures and their mathematical
models are investigated on the basis of the above characteristics in addition to some additional information related to
the equation of state, nuclear energy generation rate, and opacity. The assumption of thermal equilibrium and hydro-
static equilibrium indicate that there is no time dependence in the mathematical model, which involve mathematical
equations describing the internal structure of the star ([1-3]). Energy in such stellar structures in being produced by
the process of chemical reactions. Computation of such chemical reactions is of the prime importance as it plays
the central role in the evolution of such stellar structures. The two important nuclear reactions in stars, during their
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evolution, are pp chain (proton-proton chain) and CNO cycle (involves nuclei of carbon, nitrogen and oxygen). The
total energy production and luminosity of the star is based on the pp chain and the composition of stellar plasma
described by CNO cycle. The production and destruction of nuclei in such chemical reactions can be described by
the reaction- equations. Solution of such reaction- (Linear/nonlinear) equations determine distribution function of

d
the dynamical states of single particle. The linear reaction- equation d_y = y9, lead to new insights into generalized
X

Boltzmann-Gibbs statistical mechanics which is called nonextensive statistical mechanics. Recently, Ferro et al. [4]
studied that a very small deviation from the Maxwell-Boltzman particle distribution and the use of nonextensive sta-
tistical mechanics can be applied to describe the modified nuclear reaction rate of stellar plasmas which is consistent
with need of the modification of the nuclear reaction rates of stellar plasma and their chemical composition. If an
arbitrary reaction is characterized by a time dependent quantity N = N(t) then it is possible to calculate the rate of

dN
change of ar by mathematical equation

T 1
ar - 4rp (1)

where d is the distruction rate and p is the production rate of N.

Haubold and Mathai [5] have established a functional differential equation between rate of change of reaction,
the destruction rate and the production rate as follows

dN

i =—-d(Ng)+pNy), 2

where N = N(t) the rate of reaction, d = d(N) the rate of destruction, p = p(N) the rate of production and N; denotes the
function defined by N,(t*) = N(t—t*), t* > 0.

They have studied a special case of (2), for spatial fluctuations or inhomogeneities in the quantity N(t) are ne-
glected, given by the equation

dN;
dat

= —¢iN;(1). ®)
with the initial condition that N; (¢ = 0) = Nj is the number density of species i at time t = 0, ¢; > 0, known as standard
kinetic equation.

The solution of equation (3) is given by

Ni(t) = Noge i, )
An alternative form of the same equation can be obtained on integration

N(1) = No = ¢oD; ' N(1), 5)
where OD;1 is the standard integral operator. Haubold and Mathai [5] have given the fractional generalization of the
standard kinetic equation (5) as

N(t) = No = ¢”oD;" N(1), (6)

where OD;“v is the well-known standard Riemann-Liouville fractional integral operator (Oldham and Spanier [6] ;
Sambko et. al [7] ; Miller and Ross [8] ) defined by

1 t
oDV f(t) = m[ﬂ (t—w" ' f(w)du, Rv)>0, %

the solution of the fractional kinetic equation (6) in the computable series representation is given by (Haubold and
Mathai [5] )

= o Vi vE
N(t)_NOgOF(vk+l) (ct)¥”, (8)

due to the importance of kinetic equation in mathematical physics many authors have generalized the standard ki-
netic equation time to time.
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In the recent paper of Haubold and Mathai [5] have derived the fractional kinetic equation and thermonuclear
function in terms of well known Mittag-Leffler function. As an extension of the work of Haubold and Mathai [5] , Sax-
ena et al. [9] have generalized the standard kinetic equation with generalized Mittag-Leffler functions and R-function.
Further, Chaurasia and Pandey [4] established a computable fractional generalization of the fractional kinetic equa-
tion, which can be used to compute the change of chemical composition in stars like the sun. Further, Chaurasia and
Kumar [11] generalized and studied the kinetic equation with generalized M-series of Sharma [12] .

The F-function (Hartley and Lorenzo [13] ), the Mittag-Leffler function (Mittag-Leffler [4]), the generalized
Mittag-Leffler function (Prabhakar [15] ), the R-function, the Lorenzo-Hartley function (Lorenzo and Hartley [16] )
and the new generalized Mittag-Leffler function (Salim and Faraj [17] ) are some generalized function for fractional
calculus. Such function provide direct solutions and understanding for fundamental linear fractional order differen-
tial equations and related initial value problems. In this paper, we introduce and investigate the further computable
generalization of the generalized fractional kinetic equation. The fractional kinetic equation and its solution, dis-
cussed in term of the new generalized Mittag-Leffler function and I-function [18] , are written in compact and easily
computable form.

2. Definitions

Definition 2.1.
The Swedish mathematician Mittag-Leffler [14] introduced the function E, (z) defined as

00 Zk
EV(Z) = kzzomz eC 9)

A generalization of Ey (z) was studied by Wiman [19] where he defined the function E, ;(z)as

00 Zk
E. = — (g,v,4,€ C;R(v)>0,R(u) >0 10
vu(2) ];)mkw) (z,v, 1 ) (1) >0) (10)

Prabhakar [15] introduced the function E},’ u(2) in the form

Y
Eyu(2) = Z F(vk+u)k"

(z,v, 1, y € C;R(v) >0,Re(u) >0,Re(y) > 0)

(1D

Shukla and Prajapati [20] (see also Srivastava and Tomovski [21] ]) defined and investigated the function EZ:Z(Z) as

7,6 _ Yok Z*
Eyu(2) = Z o TOk+) K

(z,v,u, ye C;R(v)>0,R(uw)>0,R(y)>0,0€(0,1) UN)

(12)

A new generalization of Mittag-Leffler function was defined by Salim [22] as

M Y k
E (Z) E[) r(vkk%—u) (g_)k’ (13)
(z,v,u,0 € C,R(v) >0,R(u) >0,R(y) >0,R(6) > 0)

Further he introduced a new generalization of Mittag-Leffler function defined as

S Yqk zk
Ez =y — & = (14)
It kzzor(vkw) D ak
where z,v,1,,y,0 € C; min{R(v), R(w), R(y), R(O)} > 0;a,q > 0and g < R(v) + a.
Equation (14) is a generalization of equations (9) — (13).

E’V/z Z(z) in terms of other functions:

Wright generalized function [23] as

da,y _ L) R NRI
Eupia() = g 202 e’ 2] (15)

Fox’s H-function [24] as

5, _T®

0,1),A=y,q)

0,1), 1-p,v), (1-6,a) (16)
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2.1. TheI-function and its relationship with other functions

Definition 2.2.
Rathie [18] introduced the I-function is defined as Mellin-Barnes contour integral:

M,N M,N (@1,Y1,A1) 0 (@p,y prAp) 1 “ee ¢
Iog 10 = T [e s e = — f 0@ £ dr, 17)
where
0 ML 0B =601 T T = a; +y ;1Y 18
g (T = by + 8O TTE_ (@) —y ;O
where A;,j =1,..., B j=1,...,Q are not, in general, positive integers. Clearly for non-integral values Ajor Bj, (17))

is not expressible as an H-function. Here t may be real or complex but is not equal to zero and an empty product is
interpreted as unity; PQ,M and N are integers such that 0 <= M = Q;0 < N < P;y; > 0(j = 1,...,P),6j >0(=
L,..,Q)aj(G=1,...,P)and b; (j=1,... ,Q) are complex parameters.

The contour in (17) is presumed to be the imaginary axis Re(¢) = 0 which is suitable indented in order to avoid
the singularities of the gamma functions and to keep these singularities at appropriate sides. For Aj not an integer, the
pole of the gamma functions of the numerator of (18) is converted to branch points. The branch cuts can be chosen in
order that the path of integration can be distorted for the contour Re(¢) = 0 as long as there is no coincidence of poles
from I'(bj — 6 &) and I'(1 - a;j +v;¢). The sufficient conditions for the absolute convergence of the contour integral
(17) is given by

M N Q P
V=Y IBjjl+ ) 1Ajyjl— ) IBjdjl— ) 1Ayl >0, (19)
=1 =1 j=M+1 j=N+1

this condition provides exponential decay of the integrand in (17), and region of absolute convergence of (17) is

Vn
largt| = — (20)
2
If we take B; (j=1,... ,M) and A; (j = 1,... ,N) unity in (17), I-function reduces to H-function (Gupta and Soni [25]

). When the exponents Aj =1 (j=1,... ,P)and B; =1 (j = 1,... ,Q) in (17) the I-function reduces to the familiar Fox’s
H-function defined by Fox [24] .

3. Extensions of generalized fractional kinetic equations
Theorem 3.1.
Let t,v,u,y,6 € C, min{R(v),R(u),R(y),R©6)} >0, >0,g > 0,c > 0,d > 0, then for the solution of the fractional

kinetic equation

q

N(1) = No t*~ B (=d¥ 1) = —¢" oD}V N(1), @1
has a solution of the form
1 v vyr o Vv
N(t) = Not'™ ) (=c"t") By ypipo(=d" t9). (22)

r=0

Proof. We know that (Erdélyi et al. [26] ) the Laplace transform of the Riemann-Liouville fractional integration is
given by

LioD;" f(t); p} = p~" F(p), (23)

where

oo

F(p) =[ e P¥ f(u) du. (24)
0
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Now taking Laplace transform of both sides of (21), we have

L{N(t); p} — No L{t"~ lEw@( d’t");p} = L{-c"oD;"N(); p}

ave’ k
N(p) —Nof o Pt k-1 Z (Y)qk( )

= —¢"pN(p),
i Tk @ - e NP

® (Y)gr (—dM)* f"" _ _ _
N — N _rqger 0 Pft‘/k*'ll lar= —¢"» "N
(p) °,§0F(vk+u)(6)ak 0 e ¢ p ' N(p)

% (1) gk (—d")*

N [1+c"'p™"] = N, _—
P P ° =0 (8)ax p¥rrH

® (y) gk (—d¥)*
N(p) = Ny Z Yq(k&)— {p—(vk+u) Z( D" (" —v)r}'
k=0 ak r=0

Taking Inverse Laplace transform of both side of equation (26), we have

L

HUN(p) = Ny Z Z (Cv)rp—(vk+vr+p)

00 (Y)qk(_dv)k {L—l [ 0
k=0 (6)ak r=0

Mgr(=a” o YRRVl
N(t) = Ny _— 1 -\
® kg’o 0 ak {rzb( ) (e Tvk+vr+pu)

N(t) = No "~ IZ( vty Ew,w( ave’),
r=0

which is equation (22), this completes the proof of Theorem.

Theorem 3.2.

(25)

(26)

@27

(28)

(29)

Ifv>0u>0¢>0d>0,y;>0( =1,.,P)andb; > 0(j = 1,...,Q), then for the solution of fractional kinetic

equation

1 MN
N = Noth ™ Ty [-a¥e

(a1,71,41),.. (ap,yp,Ap)
(b1,61,B1) ..., (bQ,0Q, BQ)] —¢ OD "N,

has a solution of the form

M, N+1

N(t) = Nyt*! Z( ) Iy o

(-p,v;1),(a,y1,A7) .. (ap,y p,Ap)

dV vV
(b1,61,B1) ..., (0,6 0, Bg),(1-pu—vrv;1)

Proof. Applying the Laplace transform both side of equation (30), we get

Tr(vé+pw

_ v _—V
V§+u dé=—-c"p " N(p),

N(p) - No— f 0(&) (-d*)*

wWoo

N Lf e TvE+p)
N(p) = Trop™) 2mw ). 0 (=d") e dg,

r(vé+w

N(p) = No 3. (-1)" (cvp‘”)— f 0©) (-d") —Ce

r=0

dg,

Now taking Inverse Laplace transform both side of (33), we obtain the desired result(31).

(30)

(€29)

(32)

(33)
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4. special cases
Corollary 4.1.
Ifmin{R(v),R(v—w),R(¥),R(©)} >0, a,q,c,d > 0, then for the solution of equation

N - Not" H VB (=d¥ %) = ¢ oDV N(v), (34)

the following result holds If min {R(v), R(v— ), R(y),R(0)} > 0, a, q,c,d > 0, then for the solution of equation

N(t) = Not" F 1 E  (—d¥ 1) = —¢¥ oD N(1), (35)

v,V

the following result holds.

[0}
_ ,0,
N(8) = Not" Py (—¢" ) Eyyriypa(—d" 1). (36)
r=0

Ifwe puta =q=1in (21), then we arrive at the following result.

Corollary 4.2.
IfR(v)> 0, R(W> 0, R(y) > 0, c> 0 and d > 0, then for the solution of equation

N - Not"  E) (=d” 1) = =¥ oD ¥ N(D), 37)

the following result hold

(o0}
N = Not" ™' Y (=c" ") By y(—d” 2. (38)
r=0

If we take 6 = @ =q=1and c=d in (21), then we arrive at the following result obtained by Saxena et al. [9].

Corollary 4.3.
IfR(v)> 0, R(w > 0, R(y)> 0 and c > 0, then for the solution of the equation
N(t) = Ny t#! E;p(—()v t') = —c"oD;V N(2), (39)

the following result hold

N(H) = Not* 1EI'}

u (=c'tY). (40)

Ifwe set 6 = @ = q =7y =1in equation (21), then we arrive the results obtained by the Saxena et al.[27] .

Corollary 4.4.
IfR(v)> 0, R(u)> 0, c> 0 and d > 0, then for the solution of the equation
N(t) — Ny t’""lEv,p(—d"tV) =—c"oD;VN(p), 41)

the following result holds

ty—v—l

N(t) = Ng m [Ev,p—v(_dv ") - Ev,p—v(_cv ). (42)

when d =a =q=7y=1and c=d in equation (21), then we arrive at the following result given by Saxena et al. [27].
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Corollary 4.5.
IfRv) > 0, R(u) > 0 and c > 0, then for the solution of the equation

N(t)— Ny t“_lEV“u(—thV) =—c¢"oD;VN(D), (43)
the following result holds.

N(]t“_l
N(t) =

[yt (=c¥6")+ (1+v =) By (=" 1)), (44)

Ifwe take Aj(j = N+1,...,P)and B;(j = 1,..., M) unity in equation (30), then we arrive at the result.

Corollary 4.6.
Ifv>0,u>0,¢>0,d>0,7;>0(j =1,..,P)and 6; > 0(j = 1,..,,Q), then for the solution of equation

(ajyj3Aj1,N» (@)Y IN+1,P

N(t) = Ny t“‘lflgg [—d” t

R e
(bijj)l,Mv(bjy(sj;Bj)M+l,Q] =—c oDy N, (45)

the following result holds

(.o} . .
_ u-1 vy M [_ v oy |AviDiagy AN N @Y IN+1,P

N(@) = Not rZO( ¢ 1) Hpyy g4 d’t (0,6 )1,m,(D},6 j;BjIM+1,Q,(1—p—vr,v;1) | (46)

For existence condition of H-function (Gupta and Soni [25] ).
Corollary 4.7.
Ifv>0,u>0,¢c>0,d>0,7; >0( = 1,..,P)and 6; > 0(j = 1,..,Q), then for the solution of equation

_1 MN v v | @Y APLN @Y NP _ v iy

N(@®) = Not# HRQ+1 —d't (bj,Bj1,m, (b},0 ;B m+1,0,A—,v;1) | —c oDy N(D), (47)

the following result holds
() .
_ u-1 v g [ vy (@Y jiAp1LN (@)Y IN+1,P

N(® = Not ;0( Y Hpua [ =47 {(,6))1,3007.8 B arsn o (1-p—vrviD | - (48)

For A; = Bj = 1in equation (47), we arrive at the result.
Corollary 4.8.
Ifv>0,u>0,¢>0,d>0,y; >0and 6j > 0, then for the solution of equation

1, MN v v | @Y PN+LP _ v .y

N(t) — Nott Hpo,q |—d't (b8 100w | = ~€ oD;V N(1), (49)

the following result holds
-1 O v vy r P MN v v |@riLp
N(t) — Nyt r;)(—c ™) Hpour =81 |,.5)1.000-p=vr) (50)

Finally, for existence condition of H-function, we refer to the book Srivastava et al. [28].

On specializing the parameters in above Corollary 4.8 suitable and then making some obvious changes there in,
we arrive at the result recently obtained by the Chaurasia and Kumar [11] .

Corollary 4.9.
Ifv>0,u>0,c>0andd > 0, then for the solution of equation

Vi
N(t) - Not" ' p M glay, ..., ap; by, ..., bo; —d"t") = =" ¢D;" N(1), (51)
the following result holds

1 o] V,u+rv
N() = Not"™ ' Y (=¢"t™")'p M qlar,...ap; by,... bg;—d" t*). (52)
r=0
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5. Concluding remarks

Kinetic equations are used in computation of chemical changes in star (like the sun). Haubold and Mathai
[5] investigated the standard kinetic equation which is suitable for incorporating changes in the Maxwell-Boltzmann
distribution function. Further Saxena, Mathai and Haubold [9, 27] investigated some other fractional generalizations
of the standard kinetic equation which contain the thermonuclear function as a time constant.

In this paper, we have introduced an extended fractional generalization of the standard kinetic equation and
established solution for the same. Fractional kinetic equations can be used to compute the particle reaction rate and
describe the statistical mechanics associated with the particles distribution function. The generalized fractional ki-

netic equation discussed in this paper, involves the generalized Mittag-Leffler function Ezzqa (-d” t")and I-function. It
can be seen that the fractional kinetic equation, discussed in this paper, contain a number of the known (and also new)
fractional kinetic equations involving various other special functions (the generalized Mittag-Leffler function, Mittag-
Leffler functions, H-function, Fox H-function and generalized M-series etc.). The results obtained in the present
paper provide an extension of the results given by Haubold and Mathai [5] , Saxena, Mathai and Haubold [9, 27] and
Chaurasia and Kumar [11] .
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