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abstract

In this paper, the third and fourth generalized symmetries of the Fokker-Planck equa-
tion are directly computed. We show how to get higher order generalized symmetries by
using of the recursion operators, and we derive some exact solutions.
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I. INTRODUCTION

Symmetries play an important role in the mathematical analysis of differential equations, first with
the work of Lie, symmetry groupe method and their recent generalizations have prouved useful in un-
derstanding conservation lows' 4, in constructing exact solutions® 7 and in etablishing integrability of
certain systems of differential equations.

The aim of this paper is to determine third and fourth generalized symmetries of the Fokker-Planck
equation®?

Up = Ugy + TUL + U, (1.1)

and using of recursion operators, higher order generalized symmetries are derived with some polynomial
solutions. The Fokker-Planck equation also known as the Kolmogorov Forward equation describes the
time evolution of the probability density function of position and velocity of a particle and it can be
generalized to any other observable, too.

This paper is organized as follows. In section two, Invariance criterion of an evolutionary equation
is recalled. The third section is devoted to determine the third generalized symmetries admitted by
equation (1) and how these symmetries can be obtained from Lie point symmetries. Finally in section
four, we compute the fourth generalized symmetries, we use recursion operators to construct higher order
generalized symmetries and we give some exact solutions.
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II. GENERALIZED SYMMETRIES OF THE EQUATION (1.1)

Lie point symmetries group transformations are characterized to act on the space of independent and
dependent variables. Here we extend the group transformations to act not only on space of independent
and dependent variables, but also on derivatives of dependent variables. The associated vector fields
of such transformations is known as generalized symmetry (Lie-Backlund symmetries). To compute
generalized symmetries First we begin by definition :

Definition A generalized vector field

0 0 0
V = ¢&lul— + nu] = + plu] —, 2.1
Elu) o+ lul 2 + olu) o (2.1)
where the square brackets will serve to remind us that £, n and ¢ depend on z,t,u and derivatives of wu,
is a generalized symmetry of an evolutionary equation

uy = Plul, (2.2)
if and only if
PrV(us — Plu])|y,—pluj=o0 = 0. (2.3)

where P depends in z, t,u and derivatives of w with respect x, and Pr(V') denotes the extension of V.
For mathematical convenience, to search for generalized symmetries, we adopt to do this with V' not
in the form (2.1) but in it’s canonical form (also called evolutionary form) given by

0

Vo=Qlul . (2.4)

where

Q= ¢ — fug — Nuy. (2.5)

The above choice is based on the following theorem.
Theorem? A generalized vector field V is a symmetry of a system of differential equations if and only
if it’s canonical form is Vj,.

III. THIRD GENERALIZED SYMMETRIES

Determination for three order generalized symmetries admitted by the Fokker-Planck equation, needs
that any time derivatives in the characteristic @) is ignored, because it can be replaced by exploiting
the right-hand side of equation (1.1) itself. For example, u; is replaced by wuz, + xuy, + u, ug with
Ugppe + TUge + 2u, and so on.

Now if we put

Q = Q(xvtauauzauzz,uzmm)v (31)
the condition of invariance (2.3) becomes :

which must hold for all solutions of the equation (1). The operator D,, denotes the total derivation given
by

0 0 0
Da— %+ua%+uamaiux+... (33)

After substituting for time derivatives their expressions in the equation (3.2), equating coefficient of
various powers of derivatives of u starting with higher order, and analyzing the equation (3.2), the
coefficients of terms involving the fourth derivative wyz.., lead to

Q = M(t)ugzs + N, (3.4)
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with M is a function depending only in the time, and N is a function depending on x, t, u, u; and g,

Combining equations (3.4) and (3.2), the coefficient of terms u2

with N7 and H are functions depending on (z,t) and (z,t,u,u,) respectively. The remaining term
involving the third derivative ug,, yields

UgzaUgzr ANd Ugpzr Uy give

M'(t) 4+ 3M(t) — 2% =0, (3.6)

substituting equation (3.5) in equation (3.2), and equating coefficient of 2, and u,,u, to zero, then (3.5)
becomes

Q = M (t)uges + N1(t, )ty + Nouy, + Hy, (3.7)

where Ny and H; are functions depending on (¢,z) and (¢, z,u) respectively. We introduce the above
equation in (3.2), the coefficient of u,, yields

0%N, ONy 0N, 0Ny
a2 +28x T 72N17W70’ (38)

equation (3.7) in (3.2), and equating the coefficient of u2 to zero, we conclude that H; is linear in u, thus
expression (3.7) of @ becomes

Q = M (t)ugzs + N1(t, T)ugy + Na(t, z, Jug + Nyu+ Ny(t, x), (3.9)

for some functions Ny and N3 depending on the space x and time ¢. Substituting (3.9) in (3.2) this
immediately allows us to write
02Ny ON, ON, ON3

o2 Ty N T2y, =0 (3.10)

— =0, (3.11)

53 Tr 5o+ Ni=0. (3.12)

On solving equations (3.6), (3.8), (3.10), (3.11) and (3.12), we obtain
M(t) = cse’ + cge™" + 13 + crpe™, (3.13)
Ni(t,z) = (2cs€’ + 3c1e3 + cge ™) + cae?t + cge ™ + cg, (3.14)
No(t,x) = (3c1€® + csel)a? + (2c2€" + c6)x
+3c1€3" + (c5 + c3)e + cre ™, (3.15)
Ns(t,z) = c132® + cpe® 22 + (3c1€3" + czel)x + coe® + ¢y, (3.16)

where ¢y, ..., c1g are arbitrary constants.

Consequently, all third order generalized symmetry of Fokker-Planck equation (1.1) has it’s character-
istic as a linear constant coefficient combination of characteristics
Q1 = A Uppe + 37Uy + 3(2% 4 up + 2(2? + 3)ul,
Q2 = 2 {ugy + 2zuy + (2% + 1)u},
Q3 = e'(ugy + zu),
Q4 =u,
Qs = e{Uare + 20Uzs + (2% + Dug},
Q6 = Ugy + TUy,
Q7 = e 'uy,
Qs = ¢ {Ugan + TUga },
Qo = € > Uqy,

—3t
QIO =€ Uz,

11



A. Ouhadan et al. African Journal Of Mathematical Physics Volume 7 N° 1(2009)9-17

and an infinite family of characteristics

Qs =B, (3.27)

with [ is an arbitrary solution of the Fokker-Planck equation (1.1).

Note that all linear combination of Q2, @3, Q4, Qs, @7, @9, and Q3 can be obtained directly as constant
linear combination of characteristics arising from canonical form of generators of the Lie point symmetries
obtained in'?

= —¢ t 0 o) 2t8 2t,..2, 0
Vi = Pa —|—exu6u Vy = e? xai—ke —e“'Tuy,,
-2t 8 72t8 ul _ 9
Vs =—e"rg te e Tug, Va= g
_ o _ ,—t 0
‘/:5*“37” Vé*e oz’

and an infinite generators with the form:

0

5 (3.28)

Vi = Bz, 1)
where ((x,t) is an arbitrary solution of the equation (1.1) .

For example, if we consider

0 0 0
Vo =e?la— + ¥ — — X a?u—,
ox ot ou
then it’s canonical form is
0
(—e?'2%u — e zu, — e*tuy) =,
ou

on substituting u; by uz, + zu, + u, we obtain that the characteristic of V5 is —@Qs. If we do the same
of all V;, we remark that Lie point symmetries are included in the third generalized symmetries via their
canonical form.

IV. FOURTH GENERALIZED SYMMETRIES

In this case, to obtain fourth generalized symmetries, we include the fourth derivative s 4., in the
characteristics (), that is to consider

0

s (4.1)

V = Q(z,t,u, Uz, Uz, Uzaws Uszas)
As in the previous case, the invariance condition is
DiQ = Dy @ + 2D, Q + Q,
and the only distinction isn’t more than in this case it will be appear more of terms than in the last case.

For example:

0 0 0 9
D,Q = 762 +u 37@ + Uy 81? + ...+ Utzmmauin

we remark in this case that it appear u;zqqq, but in the previous case only we have g qq.

12
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From invariance condition, coefficients of all terms containing the five derivatives s ;z22, allow us to
write

Q= g(t)uwxaca: + Gl(xatvuvuxauxwauxxx)v (42)

for some functions g and G;. Combining (4.2) and (3.2), we see that coefficients of terms involving

2
Upppas UzzzeUzzx, UzzzesUzx, and Uggrr Uy lead to

G1 = f(t, ¥)uges + Ga, (4.3)
where G2 and f are functions depending on (z,t, u, u,, us,) and (¢, z) respectively. Then (4.2) becomes
Q = 9()Uzzaze + f(t, 2)Uses + Go. (4.4)

Examining the coefficient of w,,.., we conclude that

g (t) +4g(t) = 2%- (4.5)

Now, using the obtained equation (4.4) in the invariance condition (3.2), and from coefficient of terms
uixaﬁ? UggzpUgz, ANd UggrUy WE get

Go = h(z, t)ug, + Gs, (4.6)
for some functions G3 and h depending on (z,t,u,u,) and (z,t) respectively. Hence, @ becomes
Q = 9()Uswos + f(t, 2)Uaze + M(T, ) Uas + Gs. (4.7)
The coefficient of the remaining third derivative u,;, implies that

af _82f oh of

2

Substituting the above expression in the equation (3.2), we conclude from the coefficients of terms uz,

and ug,,u,; that
Gs3 = 0(z,t)u, + Gy, (4.9)
where 6 and G4 are functions depending on (z,t) and (z,t,u) respectively. Consequently, () becomes
Q = 9()Uazos + f(t, 2)Uaze + h(T, Uz + 0(2, t)us + Ga. (4.10)

Analyzing the coefficient of the last term involving the second derivative, we get

oh 9?h oh 00
equation (4.10) in (3.2), it remains
00 0G4 0G4 020 0?Gy 0?Gy 502Gy
a, Uz “ar a 2 r — 47 _o Ux 2 T
A TR R P R DA I e
00 0G4
B e + 224 1 0w, , 4.12
—|—:caxu —|—xax + Ou, + Gy (4.12)
we see that the coefficient of u2, leads to
Gy = a(t,z)u + B(t, x), (4.13)

for some functions a and (. If we observe the coefficient of u,, we find that

ol %0 o6 da
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from terms involving zero derivatives, we derive

da O« O

E:@—Fx%, (415)
s 0*p op
E—@‘an +ﬁ. (4.16)
We see that from equations (4.5) and (4.8), we must have
h(t,z) = hy(t)x® + ho(t)x + hs(t), (4.18)

where f1, f2, h1, ho and hs are functions depending on time ¢. Then equations (4.17), (4.18) and (4.8)
allow to

Fi(8) +2f1(t) = 4ha (2), (4.19)
F2(8) + 3f2(t) = 2ha(t), (4.20)

equations (4.11) and (4.18), lead to
0 = 01173 + 921‘2 + 931‘ + 04, (421)

the above equation and (4.14) yield to
a =zt + wr® + azz® + auz + as, (4.22)

where 01, ...,04 and aq, ..., a5 are functions depending on time ¢ only. Now substituting (4.22) in (4.15),
we get

ay = ke, (4.23)
g = ko, (4.24)
ag = kse?! + 6kie*t, (4.25)
oy = k46t + 3]€263t, (426)
as = kze? + 3ke* + ks, (4.27)
where k1, ..., ks are arbitrary constants. Equations (4.21) and (4.14) allow us to
0, = 4k e + kge?, (4.28)
0y = 3k263t + ki7€t, (429)
03 = 12k1e*" + (3kg + 2k3)e? + ks, (4.30)
04 = koe ™! + 3koe3t + (k7 + ky)el, (4.31)

with kg, ..., kg are arbitrary constants. Using (4.18), the above expressions and equation (4.11) we obtain

hy = 6k1e* + 3kge? + ko, (

ho = ki1e”t + 3kqe3! + 2k7el, (4.33)
h3 = k12672t + 6k164t + (3k6 + k3)€2t —|— kg —|— klo, (434)
)

with k19, k11 and kio are arbitrary constants. Hence, substituting the above equations in (4.19) and
(4.20), we get

f1 = 4]€164t + 3k662t + k136_2t + 2]€10, (435)
fo= k14€73t + k76t + k‘263t + klleit, (436)

with k1o, k13 and k14 are arbitrary constants. From equation (4.5) and taking in mind the above results,
we obtain that

g(t) = k164t + kGth + k/’13€_2t + k’15€_4t + k10, (4.37)
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where k15 is an arbitrary constant. Consequently, all fourth generalized symmetry has as it’s charac-
teristic, a linear constant coefficient combination of characteristics, Q1, ..., @10, @3 and the following five
characteristics :

Q11 = " {Upzz + 4TUzzs + 6(2? + Dug, + 42(2? + 3)u,

+(zt + 62 + 3)u}, (4.38)
Q12 = e {Uprzs + 3TUgrs + 3(2? + 1uge + (2 + 3)uy }, (4.39)
Q13 = Uszoz + 2TUsgz + (27 + 1)Uy, (4.40)
Q14 = ¢ " {Ugzos + TUgaa }, (4.41)
Q15 = € MUppga. (4.42)

Note that, to look for generalized symmetries, the order is predetermined, so to compute fifth generalized
symmetries needs to include .., in @ and it will be computationally intensive.

Searching higher-order generalized symmetries, can be done directly from low-order symmetries with-
out having to solve all equations encountered in previous subsections, that need an extensive algebraic
manipulations. However, one can use what are called recursion operators. We define a recursion operator
as an operator which maps any symmetry of a given equation into a symmetry of the same equation.
As equation (1.1) is a linear partial differential equation, higher-order generalized symmetries can be
generated from Lie point symmetries in their canonical form by using recursion operators:

Ry =e"tD,, (4.43)
Ry = D2 +xD,, (4.44)
Rs = e'D2 +e'x, (4.45)
Ry = e*D? 4+ 2e*' 2D, + e* (2% 4 1). (4.46)

Now let us show how characteristics of third and fourth generalized symmetries can be obtained by using
of above operators :

Q1 = R4Rsul, Q15 = Ri[ul, (4.47)
Q5 = RaRuul, Q11 = RoR7[ul, (4.48)
Qs = RaR1[ul, Q13 = RaRi[ul, (4.49)
Q10 = RaR7[ul, Q12 = RaRo[ul, (4.50)
Q11 = RaR3[u] (4.51)

As Rf ,i=1,...,4and j =0,1,2, ... are characteristics of generalized symmetries admitted by the equa-
tion (1.1), thus we can determine invariant solutions corresponding to these generators.

Example.l 1=1,7=3

In this case the symmetry generator is

e tu E
TrxT 8“’
then it’s similarity solution will have the form
u(z, t) = p1(t)z® + pa(t)x + pa(t), (4.52)

substituting the above equation in (1) we get the exact solution
u(z,t) = ae®z® + be*'x + ae® + ce*, (4.53)

where a,b and c¢ are arbitrary constants.
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Example.2 i=1,7=4

The generator corresponding j = 4 is

0

—t
€ u./l’ml/'l
ou’

so the similarity solution of the above generator will be a third order polynomial function in the variable
x

u(z,t) = s1(t)2® + so(t)2® + s3(t)x + s4, (4.54)
on substituting this in equation (1.1) we obtain the solution
u(z,t) = de*a® + ee®'2? + (3de™ + me* )z + e + kel (4.55)

where d, e, m and k are arbitrary constants. Consequently, we can repeat the procedure to derive higher-
order polynomial solutions of the equation (1.1). An additional solution of the Fokker-Planck equation
can be obtain from the generalized symmetry

0
Vo, = e {Uppe + 20ugy + (22 + 1)u$}%,
which is
22 x
w(z,t) =e 2 (I; + lee terf(—=)), 4.56
(z,1) (lh+12 f( \/5)) (4.56)
where [1,ls are arbitrary constants and er f is the error function.

V. CONCLUSION

The higher order generalized symmetries play an important role in the construction of some exact
solutions, to find them needs in general an extensive calculus. Using a recursion operator was of great
interest to generate higher order generalized symmetries from canonical form of Lie point symmetries
admitted by the Fokker-Planck equation. Employing higher order generalized symmetries generating by
recursion operator, so the higher order polynomial solutions can be obtained.
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