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ANALYTICAL SOLUTION OF SPACE-TIME FRACTIONAL
FOKKER PLANCK EQUATIONS BY GENERALIZED
DIFFERENTIAL TRANSFORM METHOD

MRIDULA GARG - PRATIBHA MANOHAR

In the present paper, we use generalized differential transform method
(GDTM) to derive solutions of some linear and nonlinear space-time frac-
tional Fokker-Planck equations (FPE) in closed form. The space and time
fractional derivatives are considered in Caputo sense and the solutions are
obtained in terms of Mittag-Leffler functions.

1. Introduction

The Fokker-Planck equation (FPE), first applied to investigate Brownian motion
[6] and the diffusion mode of chemical reactions [14], is now largely employed,
in various generalized forms, in physics, chemistry, engineering and biology
[21]. The FPE arises in kinetic theory [7], where it describes the evolution of
the one-particle distribution function of a dilute gas with long-range collisions,
such as a Coulomb gas. For some applications of this equation one can refer
the works of He and Wu [11], Jumarie [12], Kamitani and Matsuba [13], Xu et
al. [23], and Zak [27]. The general FPE for the motion of a concentration field
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u(t,x) of one space variable x at time ¢ has the form [21]

u P 0?
o = _EA(X)+ﬁB(X) u(t,x), (D

with the initial condition given by
u (O,X) = f(x) ) x € R, @)

where B (x) > 0 is called the diffusion coefficient and A (x) is the drift coeffi-
cient. The drift and diffusion coefficients may also depend on time. Mathe-
matically, this equation is a linear second-order partial differential equation of
parabolic type. Roughly speaking, it is a diffusion equation with an additional
first-order derivative with respect to x.

There is a more general form of Fokker-Planck equation which is called the
nonlinear Fokker-Planck equation. The nonlinear Fokker-Planck equation has
important applications in various areas such as plasma physics, surface physics,
population dynamics, biophysics, engineering, neurosciences, nonlinear hydro-
dynamics, polymer physics, laser physics, pattern formation, psychology and
marketing (see [8] and references therein). In the one variable case, the nonlin-
ear FPE is written in the following form

du d 0?
—=|—-5A —B
o oAU+ 55 B(xtu) fu(tx), 3)
with the initial condition given by
u(0,x)=f (), xeR )

Due to vast range of applications of the FPE, a lot of work has been done
to find numerical solution of this equation. In this context, the works of Buet et
al. [4], Harrison [10], Palleschi et al. [20], Vanaja [22], and Zorzano [31] are
worth mentioning.

It has been observed that diffusion processes where the diffusion takes place
in a highly nonhomogeneous medium, the traditional FPE may not be adequate
[1, 2]. The nonhomogeneities of the medium may alter the laws of Markov dif-
fusion in a fundamental way. In particular, the corresponding probability den-
sity of the concentration field may have a heavier tail than the Gaussian density,
and its correlation function may decay to zero at a much slower rate than the
usual exponential rate of Markov diffusion, resulting in long-range dependence.
This phenomenon is known as anomalous diffusion [3]. Fractional derivatives
play key role in modeling particle transport in anomalous diffusion including
the space fractional Fokker-Planck (advection-dispersion) equation describing
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Levy flights, the time fractional Fokker-Planck equation depicting traps, and
the space-time fractional equation characterizing the competition between Levy
flights and traps [15, 28]. Different assumptions on this probability density
function lead to a variety of space-time fractional Fokker-Planck equations.

The non-linear space-time fractional FPE can be written in the following
general form

D¥u= |—DPA(x,t,u) + DB (x,t,u)| u(t,x), Q)

wheret >0, x>0, 0 < <1,1 <2B <2. It can be obtained from the general
Fokker-Planck equation by replacing the space and time derivatives by Caputo
fractional derivatives D and Df defined by (6). The function u (¢, x) is assumed
to be a causal function of time and space, i.e., vanishing for + < 0 and x <
0. Particularly for o = B = 1, the fractional FPE (5) reduces to the classical
nonlinear FPE given by (3) in the case x > 0.

Recently several numerical methods have been proposed for solutions of
space and/or time fractional Fokker-Planck equations [24-26, 30]. In the present
paper we obtain closed form solutions of a linear space-time fractional and a
non-linear time fractional FPE using generalized differential transform method
[17-19]. The differential transform method was proposed by Zhou [29] to solve
linear and nonlinear initial value problems in electric circuit analysis. This
method constructs an analytical solution in the form of a series. It is different
from the traditional higher order Taylor series method, which requires symbolic
computation of the necessary derivatives of the data functions and takes long
time in computation whereas the differential transform is an iterative procedure
for obtaining analytic Taylor series solution. The method is further developed by
Momani, Odibat and Erturk in their papers [17—-19] for solving two-dimensional
linear and non-linear partial differential equations of fractional order.

2. Preliminaries

Definition 2.1. Caputo fractional derivative of order « is defined as [5]:

DEf(x) = — /x:(ﬂm)(g) dE,(m—1<a<m)meN. (6)

F(m—OC) x_é)(xferl

Definition 2.2. The Mittag-Leffler function which is a generalization of expo-
nential function is defined as [16]:
Zl’l

Eq(z) = ;F(am—l) (a € C,Re(ax) >0). (7)
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Definition 2.3. Generalized differential transform [17-19] is as given below:
Consider a function of two variables u (¢,x) which is analytic and differentiated
continuously with respect to ¢ and x in the domain of interest, then the general-
ized differential transform of the function u (¢,x) is given by

r(ak+1)1r(ﬁh+1) [(D?)k (Df)h“(m)] . ®

(to.x0)

Ua,ﬁ (kvh) =

where 0 < &, B < 1,(D%)* = D¥.D...D¥ (k times) and Uq.p (k,h) is the trans-
formed function.
The inverse generalized differential transform of U, g (k, /) is given by:

x) = i i Up.p (k,h) (1 —10)** (x —x0)" . 9)

k=0h=0

We now mention a theorem which gives the conditions under which the
exponent law holds for Caputo derivative.

Theorem 2.4. [9] Suppose that f (x) = (x—xo)* g (x), where A > 0 and g (x)
has the generalized power series expansion g (x) = Yo a, (x —xo)"* with ra-
dius of convergence R > 0,0 < o < 1. Then

DIDPf(x) =DYP £ (x), (10)

for all (x—xp) € (0,R), the coefficients a, = 0 for n given by na + A — =0
and either

A>p,p=max (B +[v],[B+7])

or

A<pap=0fork=0,1,.., {%} ,
where [x] denotes the greatest integer less than or equal to x.

Lemma 2.5. [17-19] Some basic properties of the generalized differential trans-
form are as given below:
let Uy g (k,h),Vy g (k,h) and Wy, g (k,h) be the generalized differential trans-
forms of the functions u (,x),v (¢,x) and w (¢, x) respectively, then
(@) if u(t,x) = v(t,x) £w(t,x), then Uy g (k,h) =V, g (k,h) =Wy g (k,h).
(b) If u(t,x) = av(t,x), a is constant, then Uy g (k,h) = aV g (k,h).
(c) Ifu(t,x) =v(t,x)w(t,x), then

Uqp (k,h) = Z‘E)Zvaﬁ (nh—s)Wep (k—r,s).
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@) If u(t,x) = (t — 10)"* (x— x0)™P ,ny, > € N, then
Uqp (k;h) =6 (k—n1)6 (h—n2),
where 0 is defined as

1, whenk=0
8 (k) = { 0, otherwise

(e) If u(t,x) = (D¥)" v (t,x) where 0 < o < 1,m € N, then

I'(a(k+m)+1)
I'ak+1)

Ua,li (k7h) - Va,ﬁ (k+m7h) '

O fu(t,x)= (D,@)nv(t,x) where 0 < f < 1,n € N, then

LB (h+n)+1)
'(Bh+1)

Uoc,ﬁ (k,h) = V(x,ﬁ (k,h+n).

3. Applications

In this section, we shall apply this method for solving linear/nonlinear fractional
FPE.

Example 3.1. Consider the linear space-time fractional FPE:

D%u(t,x) = {—ij <pxﬁ> + (Df)z (qxzﬁﬂ u(t,x), (11)

wheret >0, x>0,0<a<1,1<2B<2,p,q€ ]R,Df‘,DfC3 are Caputo fractional
derivatives defined by (6) and initial condition is

u(0,x) =x"1 a>1, (12)

where (a—1) /B is a nonnegative integer. Applying generalized differential
transform (8) with xo = 0 = 7y, to both sides of time fractional FPE (11) and
making use of properties of generalized differential transform given in Lemma
2.5, equation (11) transforms to

_ T(ak+1) r(B(ht1)+1) &
Uap (k+1,1) = masnin [_p (Bh+l) L 0(h=5)Usp (ks)

13
+qF(B /l+2 +1 Z 6( ) (k ( )
g’ s (3)]
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The generalized differential transform of initial condition (12) is given by

Uaﬁ(O,h):ﬁ(h—aﬁl). (14)

Utilizing the recurrence relation (13) and the transformed initial condition (14),
for k =1,2,... we obtain

— a1l
whenh = B (15)

bk
U, k,h) = I'(ak+1)
o.p (k;) { 0 otherwise

where b = q(a),g — p(a)g, with (a) g denoting pochhammer symbol. From the
inverse transform given by equation (9), we have

u(t,x) = Z Z Uap (k, h) 1% xP"h, (16)
k=0h=0

Using the values of Uy, g (k, ) from equation (15) in equation (16) and the def-
inition of Mittag-Leffler function (7), a solution of linear space-time fractional
FPE (11) is obtained as

u(t,x) =x""Eq (b1%),b=q(a),p — p(a)g.- (17)

A more general solution of linear space-time fractional FPE (11) is

u(t,x) = Zx“_lEa (bt*),b=q(a)g —p(a)g,I= {a €R| aEl € Z+U0}.

acl
(18)
Further in view of Theorem 2.4 we find for equation (11) and its solution that

2
(D)IC3 ) x2Btra-1 — D)ZC'B x2B+a=1 "hence the linear space-time fractional FPE (11)

can also be written as
D%u(t,x) = [—DE (pxﬁ) +D? (qxzﬁﬂ u(t,x), (19)

wherer >0, x>0,0<a<1,1 <2B <2,p,q € R, which under condition (12)
has the solution given by (18).

Remark 3.2. Setting o = 1, equation (19) with condition (12) reduces to linear
space fractional FPE:

gl: = [—DE <pxﬁ> +D)2(ﬁ (pxzﬁﬂ u(t,x), t>0,x>0,1<2B8<2, (20)

with initial condition
u(0,x) =x"1a>1, 20
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and a solution as

—1
u(t,x) = Zx“_leb’,b:q(a)zﬁ —pla)g,I= {a € R| aT € Z+U0}. (22)
acl

Remark 3.3. Setting § = 1, equation (19) with condition (12) reduces to linear
time fractional FPE:

0 22
D%u(t,x) = — (px)+ B (qxz)] u(t,x), t>0,x>0,0<a<l1,p,geR,
(23)
with initial condition
u(0,x) =xla>1, (24)
and a solution as
u(t,x) = Y x'Eq (bt%),b = qa’ +a(q—p). (25)
a=1

Remark 3.4. Setting oo = 8 = 1, equation (19) with condition (12) reduces to
linear FPE:

ou 9 (pr)+ 82( lu(t,x), t>0,x>0,p,geR,  (26)
— = |—=(px)+ = (gx7) | u(t,x x
at ax p axz q b ) ) ’p’q )
with initial condition
w(0,x)=x""1a>1, (27)
and a solution as
u(t,x) = Zx“_leb’,b:qa2+a(q—p). (28)

a=1

Remark 3.5. Settinga = =1,a=2,p=1,q=1/2, equation (19) with con-
dition (12) reduces to linear FPE [26]:

Ju 0 2% [x*
i [—ax(x)+axz(2)]u(t,x), t>0,x>0, (29)
with initial condition
u(0,x) = x, (30)

and a solution as
u(t,x) = xe'. (31)
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Remark 3.6. Settinga = =1,a=3,p=1/6,9 =1/12, equation (19) with
condition (12) reduces to linear FPE [26]:

a a 32 2
a%‘z [_ax(g)Jraxz(Tz)}u(t,x), t>0, x>0, (32)

with initial condition
u(0,x) = x2, (33)
and a solution as

u(t,x) = x>l (34)

Example 3.7. Consider the nonlinear time fractional FPE:

d 92
D%u(t,x) = [—ax <3u— %) + 32 (xu)} u(t,x), (35)
where t > 0, x > 0,0 < o < 1,D¥ is Caputo fractional derivative defined by (6)
and initial condition is

u(0,x) = x. (36)

Applying generalized differential transform (8) with xo =0 =1y, 3 = 1, to both
sides of time fractional FPE (35) and making use of properties of generalized
differential transform given in Lemma 2.5, equation (35) transforms to

 T(ak+1)
Uar (k4 1.0) = S s D+ 1)
k h+1
-[—(h+1){3 Y iUO,?l (r,h—i—l—s)UaJ(k—ns)—éUaﬁl(sz)} (37)
r=0s=0

k hl
+(h+2)(h+1) Y Y Ugi(nh+1—5)Uq (k—r,s)} :

r=0s=0

The generalized differential transform of initial condition (36) is given by
Ug,1(0,h) =6(h—1). (38)

Utilizing the recurrence relation (37) and the transformed initial condition (38),
for k=1,2,... we obtain

—L __ whenh=1
Uy (kh) =4 Tk W . 39
a’l( ) { 0 otherwise (39)

From the inverse transform given by equation (9), we have

oo

u(t,x) =Yy i Ug.1 (k,h) %" (40)

k=0h=0
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Using the values of Ug | (k, 1) from equation (39) in equation (40) and the defi-
nition of Mittag-Leffler function (7), we obtain a solution of problem (35)-(36)
as

u(t,x) = xEq (t%). (41)

Remark 3.8. Setting oo = 1, problem (35)-(36) reduces to non-linear FPE:

Ju J X 2?2
== {_ax (3u—2)+axz(xu)]u(t,x), 1>0, x>0,  (42)
with initial condition

u(0,x) =x, (43)

and a solution as
u(t,x) =xe'. (44)

4. Conclusions

Analytical exact solutions of fractional FPE, with both space and time frac-
tional derivatives in Caputo sense, are obtained using generalized differential
transform method. The solutions are given in terms of Mittag-Leffler function.
It may be concluded that generalized differential transform method is a pow-
erful and efficient technique that provides closed form solutions of fractional
differential equations.
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