Acta Universitatis Apulensis No. 28/2011
ISSN: 1582-5329 pp. 163-172

SYMMETRIES AND THE DIFFERENTIAL FORM FOR A
NONLINEAR DIFFUSION EQUATION WITH CONVECTION
TERM

V. G. GUPTA AND PATANJALI SHARMA

ABSTRACT. In this paper, The Differential Form Method is used to obtain the
determined equations of nonlinear diffusion equation with convection term. Later
on, the potential symmetries and Lie point symmetries have been discussed for the
problem by considering the four special cases of the problem. Finally, group invariant
solutions have been obtained.
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1. INTRODUCTION

In a pioneer work, Harrison and Estabrook [9], introduced the method of writ-
ing differential equations or system of differential equations in terms of differential
forms and finding their symmetries. Later on, Papachristou and Harrison [14-16],
generalized the method to vector valued or Lie algebra-valued differential forms
and used in the two-dimensional Dirac equation and the Yang-Mills free field equa-
tions in Minkowski space-time. Waller [17] used 1-form and contraction in nonlinear
diffusion equations arising in plasma physics. Edeled developed the theory of dif-
ferential forms, in [3-6], he explore the use of differential forms in physics. In [4,
5], he considered a method of characteristics in any number of dimensions using
isovector treatments. Web et al. [19] consider nonlinear Shraodinger equations for
a type of MHD waves, using the differential form method. In a paper [18], he also
analyzes a nonlinear magnetic potential equation with conservation laws, with the
Liouville equation as a special case. A generalized nonlinear Shrédinger equation
with attention to both symmetries and Backlund transformations were considered
by Harnad and Winternitz [8]. Pakdemirli et al. [12, 13] considered boundary layer
equations for non-Newtonian fluids, including arbitrary shear stress, power law fluid,
and other models. Ozer and Suhubi [11] considered nonvacuum Maxwell equations
with nonlinear constitutive relations.
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Recently, Davison and Kara [2] treated Burgers equation to obtain potential
and approximate symmetries using differential form method. In the present study,
to obtain the determined equations of nonlinear diffusion equation with convection
term, it is assumed that when the differential forms are zero then their Lie derivatives
are also zero. Later on, the symmetries of four special cases of the problem have
been considered. Finally, the group invariant solutions are obtained for all the cases
of the problem. This method save considerable work in complicated cases, specially
in cases where not all forms in the Ideal are of the same rank.

2. DETERMINED EQUATIONS OF DIFFUSION EQUATION WITH CONVECTION TERM

Consider the nonlinear diffusion equation with convection term in the following
form:

ur = (k(u)uz)z + q(u) (1)
where, k(u) and g(u) are arbitrary smooth functions. Equation (1) is used to model
a wide range of phenomena in physics, engineering, chemistry, etc.

For the case k(u) =1 and ¢(u) = 0, Eq.(1) reduces to classical Heat equation

Up = Ugy (2)

For the case q(u) = 0, Eq. (1) reduces to the standard nonlinear heat equation
up = (k(u)uz)s (3)

Lie Symmetries of Eq. (3) were completely described by Ovsyannikov [10]. For
constructing the differential forms of Eq. (1), we consider the following Auxiliary
system:

v = kuyg,

Uy = Vg +q (4)
We introduce the following 2-forms:

a=kdudt —vdxdt = ku, dxdt —vdzxdt

6 =dudx+dvdt+ qgdrdt = usdt doe 4+ v, dx dt + qdx dt

which gives the system (4) when annulled. Here we drop the wedge product A to
save writing. Consider the symmetry of Eq. (1) in the form:

0 0

0 0
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First, taking the Lie derivative of «, as
Lo =X|(da)+ d(X]|a)
=X |(—dvdxdt) +d(kodt — kTdu—vdt+vTdr)
=(—n+koy—v& —vn)dedt+ (pky+koy+Ekm—vE) dudt+ (kopy —v&) dvdt
+(k1p +vTy)dudr +v1, dvde — kT, dvdu

Since, when o = 8 = 0, we have dudt = ¢ dxdt and dudr = —dvdt — qdzdt.
Therefore

2
Lxa |a=p=0= (‘77+ koy —v& + vy — %ﬁu + %gbku —kqry —qu) dx dt
+(kopp —v& —kmp —v1,) dvdt +v1ydvdr — k7, dvdu
Also, when a = 3 =0, we have Ly« |o —g—0 = 0 and split the coefficients of dz dt,

dv dt, etc. to obtain

2
dzdt : _n+k¢x_vgm+v¢u_%gu‘i'%ﬁbku_qux_Uun:O (5)

dvdt: ko, —v&€ — kT —v7, =0 (6)
dvdr : vy, =0 (7)
dvdu: —k7, =0 (8)

Now, taking the Lie derivative of (3, as

LxfB=X](dB)+d(X]B)
= X |(qududzdt) + d(¢dx — € du) +ndt — 7dv+ q&dt — qTdx)
= (pqu — Ot + N2 + ¢ + qre)dx dt + (& + nu + q&u)dudt + (e + 7 + g &) dv di
H(Pu + & — qru)dudr + (¢ + 7o — qTy)dvdz + (& — 7)dv dv

For a = 8 =0, we obtain
v
Lxa |a=ﬁ=0: ¢QU_¢t+nx+q7—t+%(€t+nu+qgu)_Q¢u+q27—u dz dt

M+ +q& — by — &+ qmu)dvdt + (dy + T2 — q7p) dvda + (§ — Ty) dudv
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Again, when o« = = 0, we have Lx |o —g=0 = 0 and split the coefficients of
dx dt, dv dt, etc. to obtain

v
dx dt : ¢QU_¢t+"7x+q7_t+g(£t+77u+qgu)_Q¢u+q27—u:0 (9)

dv dt : 77t+7't+qgv_¢u_fz+q7'u:0 (10)
dvdr : ¢+ 7o —q1, =0 (11)
dudv: & —1,=0 (12)

From Eq. (7) and (8), we observe that 7, = 0, which with Eq. (11) gives ¢, = —7»
and this together with Eq. (12), after combined with Eq. (6) gives

ktp+v1, =0
Separating coefficients of v gives 7, = 7, = 0, so that 7 = 7(¢).

Next, Eq. (5) and (9) can be put in the following form

2
N=kes — & +vou— Gt Ok (13)

k(@qu—de+q7 —qou) +v&+vq&u +kne +vn, =0 (14)
Putting Eq. (13) in (14), we get

U2 v
k(¢QU - ¢t +q7_t _q(ﬁu)_’—vgt"’_vqgu'i_k k(bx:c _ngx +U¢ux - ?gux + %d)x ku‘|

2 2

k
(15)
Collecting all the terms of Eq. (15) in power of v and setting their coefficients equal
to zero, we obtain

¢qu_¢t+q7t_Q¢u+km$:O (16)
1, 1 I
_qu - gwu + ¢uu - ﬁd)ku + E¢uku + E‘bkuu =0 (18)
1 1
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By separating the coefficients of ¢ in Eq. (17), we obtain &, = 0.
Finally, substituting Eq. (13) in (10) and solving together with the above equations
we write all the determined equations in the following simple and compact form

Oky + k (Tt - 2§x) =0 (20)
bt +q (¢u - Tt) — Oqu — k¢gz =0 (21)

where, 7 = 7(t),€ = &(2,1), ¢ = d(t, z,u) and ) = ke, — V€ + vy — Sy + Lok,
3. SOME PARTICULAR CASES

Next, consider the following four cases:
Case I: k(u) = %, q(u) = e
For this case, the solutions of determined equations (20)-(23), is obtained in the
form

7= Cy + btCy (24)
£=Cy+ (b; 1)x03 (25)
¢=—Cs (26)
n=- (b; l)ng (27)

Thus, we have the symmetry generators

X1 =0
X2 - 81
—1 1
Xy = btd; + (Z’Q)xaz 9, — (b—;)vﬁv

The symmetry X3 is the only genuine potential symmetry of the nonlinear diffusion
equation as it is the only potential symmetry for which one or more &, Tand ¢ depend
on the auxiliary variable v.

In the absence of the auxiliary variable v, i.e., for the case v = 0 the symmetry
generators called the Lie point symmetry generators. The commutation relation
between the Lie point symmetry generators or vector fields is given by the following
table:
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X X, X;
X, 0 0 b
Xy 0 0 0Dy,

x; —-bx; -&lx, o
The one-parameter groups G; (i = 1,2, 3) generated by the X; are given by using
exp(eX;)(xz,t,u) as follows
Gi:(xz,t+e,u),Gy: (x+€t,u),Gs: (:Eee(b_l)/Q,teeb,u —€)

Since each group G; is a symmetry group. The solution of equation corresponding to
its different symmetry groups G; (i =1,2,3) are obtained by using @ = g-u = g- f(x, t)
as follows

uV) = f(z,t—e), u® = f(z — 6,1), u® = flze ~D/2 ety _ ¢

Case II: k(u) = v, q(u) = u", where a,n # 0
For this case, the solutions of determined equations (20)-(23), is obtained in the

form
T=0C1+ 2(n — l)tC?,

E=Cr+(n—a—1)zCs
¢ = —2uCs
n=—-(n+a+1)vCs

28
29
30

(
(
(
(31

)
)
)
)

Thus, we have the symmetry generators
Xl - 8t7 X2 = 82,‘

Xs=2(n—1)0:+ (n—a—1)z0; —2ud, — (n+a+ 1)vd,

The symmetry X3 is the only genuine potential symmetry of the nonlinear diffusion
equation as it is the only potential symmetry for which one or more &, Tand ¢ depend
on the auxiliary variable v.

In the absence of the auxiliary variable v, i.e., for the case v = 0 the symmetry
generators called the Lie point symmetry generators. The commutation relation
between the Lie point symmetry generators or vector fields is given by the following
table:

X1 Xo X3
X1 0 0 2(n —1)X1
Xo 0 0 (n—a—1)Xs
X3 2n—-1)X; —(n—a—1)X, 0
Table-2
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The one-parameter groups G; (i = 1,2, 3) generated by the X; are given by using
exp(eX;)(z,t,u) as follows

Gy:(x,t+eu),Gy: (x+e€t,u),Gs: (1‘66(”_“_1),15626("_1),ue_Qe)

Since each group G; is a symmetry group. The solution of equation corresponding to
its different symmetry groups G; (i =1,2,3) are obtained by using & = g-u = g- f(«, t)
as follows

ul) = flzt—e), u® = fa — e t), u® = e 2 f(ge (M7 ge2e(n=1))

Case III: k(u) =1, q(u) = e,
For this case, the solutions of determined equations (20)-(23), is obtained in the
form

T=C1+2tCs (32)
§=Co +2Cs (33)
¢ =—2Cs (34)
n=—vCj3 (35)

Thus, we have the symmetry generators
X1 =0;Xe =0,

X3 = 2t0; + 20y — 20, — vO,

The symmetry X3 is the only genuine potential symmetry of the nonlinear diffusion
equation as it is the only potential symmetry for which one or more £, 7and ¢ depend
on the auxiliary variable v.

In the absence of the auxiliary variable v, i.e., for the case v = 0 the symmetry
generators called the Lie point symmetry generators. The commutation relation
between the Lie point symmetry generators or vector fields is given by the following
table:

X3 Xo X3

X1 0 0 2X4

X5 0 0 X5

X3 —-2X7 —-X5 0
Table-3
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The one-parameter groups G; (i = 1,2, 3) generated by the X; are given by using
exp(eX;)(z,t,u) as follows

Gi:(z,t+eu),Gy: (x+et,u),Gs: (ze, te’S, u — 2€)

Since each group G; is a symmetry group. The solution of equation corresponding to
its different symmetry groups G; (i =1,2,3) are obtained by using & = g-u = g- f(«, t)
as follows

u(l) = f(.’I,',t - 6)7 u(2) = f(.ZL' - 67t)a u(3) = f(xe_e,t€_2€) — 2¢

Case IV: k(u) =1, g(u) = u", where n # 0
For this case, the solutions of determined equations (20)-(23), is obtained in the
form

36
37
38
39

T=C14+2(n—1)tCs
E=Cy+ (n—1)zC3
¢ = —2uCs

(
(
(
n=—(n+1)vCs (

)
)
)
)

Thus, we have the symmetry generators
X1 =0;Xe =0,

X3=2(n—1)0+ (n — 1)x0; — 2ud, — (n + 1)v0,

The symmetry X3 is the only genuine potential symmetry of the nonlinear diffusion
equation as it is the only potential symmetry for which one or more £, 7and ¢ depend
on the auxiliary variable v.

In the absence of the auxiliary variable v, i.e., for the case v = 0 the symmetry
generators called the Lie point symmetry generators. The commutation relation
between the Lie point symmetry generators or vector fields is given by the following
table:

X1 Xo X3
X, 0 0 bX,
Xo 0 0 o x,
x; —bx; -&Ux, o
Table-4
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The one-parameter groups G; (i = 1,2, 3) generated by the X; are given by using
exp(eX;)(z,t,u) as follows

Gi:(z,t+e,u),Gy: (x+€t,u),Gs: (weg(”_l),teQE("_l),ue_Qe)

Since each group G; is a symmetry group. The solution of equation corresponding to
its different symmetry groups G; (i =1,2,3) are obtained by using & = g-u = g- f(«, t)
as follows

uM) = f(z,t —e), u? = f(z —et), ul® = e_zgf(xe_g("_l),6_26("_1)t)
4. CONCLUSIONS

The Differential form method is easy to apply. One can simply write all the
differential equations as a set of first order equations and then the differential forms
can be written by inspection. The proposed method has been successfully applied
to analyzing the nonlinear diffusion equation with convection term. Potential and
Lie point symmetries have been obtained for the nonlinear diffusion equation with
convection term. Further, using Lie point symmetry groups, the solutions of the
problem have been obtained. The method is also easy to apply for symbolic compu-
tation for Lie point symmetry, cf. Edelen [7]. A useful computer program liesymm,
can be found in MAPLE, based on a paper by Carminati et al. [1], is use the pro-
posed method and also easy to apply for symbolic computation. Thus, it is possible
that the proposed method can be extended to solve a large class of problems in
nonlinear differential equations.
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