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1.Introduction

Gandarias [5] has studied Type-IT hidden symmetries of the two dimensional Burgers equation
Up + Uy — Ugy — Uy = 0. (1.1)
In [4], applications of (II]) have been discussed.

In this paper we provide a detailed symmetry analysis of the two dimensional Burgers equation
with variable damping, viz.,

U+ utly + a(t)u — Uyy — Uy = 0. (1.2)

One of the significant application of Lie symmetry groups to differential equations is to achieve
a complete classification of its symmetry reductions. The symmetry properties and reductions
of certain differential equations have been recently investigated (See references 10-12 in [1]). As
described in [8], the classification of group invariant solutions requires a classification of subalgebras
of the symmetry algebra into conjugacy classes under the adjoint action of the symmetry group.

This paper is organized as follows. In section 2, we perform a symmetry classification of (I.2)) and
a classification of one-dimensional, two-dimensional, three-dimensional subalgebras of the symmetry
algebra. In section 3, we tabulate the reductions of (L2) under one-dimensional, two-dimensional,
three-dimensional subalgebras. We summarize the results in section 4.

2. The symmetry albegra and classification of subalgebras

Equation (L.2]) is assumed to be invariant under Lie group of infinitesimal transformations (Olver
[7], Blumen and Kumei [3])

l’;k :$Z+E§Z(Iayat>u)+0(€2)a L= 1’273’4’ (21)
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where & = £,& = 1,6 = 7,& = ¢. Then the fourth prolongation pr¥V of
V=1(2,y,tu) O+ &(z,y, t;u) O +n(z,y,tu) Oy + ¢(x,y,t;u) O, (2.2)

must satisfy
pT(4)VQ(ZE, Y, t; u) |Q(:c,y,t;u)=0 = Oa (23)

where  is the RHS of (L2]). The following system of 12 detemining equations are obtained from

2.3) (See [6])-

(1)u =0,

(§2)u =0,

(€3)u =0,

(1)uu =0,

(53)3/ - Oa

(&3)e =0,

—(&2)t — u(&2)e + (§2)ee + (§2)yy — 2(d1)y,u = 0,

¢1 — (&) — w(&)e + 2u(&2)y + (§1)aw + (§1)yy — 2(01)zu = 0,
us + agr + 2ua(&a)y + (1) — ua(r)u + w(d1)e — (A1)ae — (01)yy =0,
(€1)y + (§2)= =0,

—(&1)z + (§2)y =0,

Solving these determining equations we get

5 = gl’ + Cco + /e_fadtdt, (24)
q

no= Syt (2.5)
T = qt+r, (2.6)

o _g — [ adt
= 2u + c1e 5 (27)

under the condition that

(gt + 7)oy =0 (2.8)

Thus we have the following theorems:

Theorem 1. If a(t) = «, a real constant then symmetry algebra L. of (L2) can be written as
L.=Vi+Vo+ V3+V, where V] = —e;‘;“am + e~ 9, Vo = 0, V3 = 0, and V; = 9, provided
q=0,7r#0

Table 1- Commutator table for the Lie algebra L.:




Vi Va V5| Va
vl 0 Oéovl 0 0
Vol —agV1 | 0 0 |0
Va0 0 0 |0
Vil o0 0 0 |0

Theorem 2. If «(t) # 0 is an arbitrary function of time t, then the general element of the
symmetry algebra L of (L2) can be written as L = V; + V5 + V3 where V; = [ el —edtqtp, + el —adty,
Vo =0, and V3 = 0,.

It should be noted here that the generators Vi, V5, V3 commute.

The problem of enumeration of all subalgebras of a given finite-dimensional Lie algebra L is
essential for the group analysis of differential equations. For this group Int L of the inner automor-
phisms can be found. Under the operation of an automorphism, every algebra transforms into a
subalgebra of the same dimensionality.

During the construction of optimal systems for a given Lie algebra L a special role is played
by the center Z. The point is that every vector z € Z is inveriant relative to an automorphism
A € IntL. Thus the central elements generate subalgebras (ideals), which cannot changed by any
automorphisms. They can be included as a direct term in any subalgebra of the Lie algebra L. Thus
if the optimal systems are known for the factor algebra L./Z, then they can be considered as known
for the entire Lie algebra L. It is sfficient to describe methods for constructing optimal systems only
for Lie algebras with null centers [8].

Case 1. « is a constant.

We assume that o = . The commutator table gives the following information about the
structure of the Lie algebra L.. The Lie algebra L. can be written as L. = Z® Ly where Z = {V3, V,}
is the center of the Lie algebra and Ly = {V}, V5}

We shall proceed to construct the optimal system now. First the mapping ad(V) is calculated
by the equation ad(V) < x >= [z, V], where V is the general vector, V = V!V; + V2V, and x € L,
and it turns out to be

. Oéo‘/2 —aon
ad(V)= ( 0 0
The genaral automorphism of the group Int L? can find by construting one-parameter groups of
Automorphisms A;(t) for every basis vector V;, V5

To find the group A;(t) correspondingto Vi, it is neccessary to solve the equation 0z = [z, V],
solving we get the matrix of automorphism



wo= (5 )

To find the group A,(t) correspondingto V5, it is neccessary to solve the equation 9z = [z, V],
solving we get the matrix of automorphism

Here it is convenient to assume ¢ = aioa in A;(t) and t = aiolnb in Ay(t)

1 1
A= Al(a—oa)oAg(a—O)lnb (2.9)

The genaral automorphism A € IntL? is obtained and it depends on two parameters, a, b:
b —a

0 1
Now, it is possible to find the components of the vector ' = A(z) in the bais {V;, V5 }:

A:

' = bt —ar?, 2 =a? (2.10)

The decomposition of the space L?, on the classes of similar vectors, can be found using the
invariance property of the killing form.
The killing form is
1
= K(x.x) = (a?), (2.11)

o5}

and is invariant of the group IntL?. Since K(z,y) # 0, it is not degenerate and the algebra L? is
semi simple. The vectors are separated into two disjoint classes:

1) K(z,2) >0, 2) K(z,2)=0

A representative of class (1) is V5 and a representative of class (2) is V3. Hence ©, = {V3, V4 }.
Thus the sub algebras of the symmetry algebra L. is given in the following table:

Table 3 Classification of subalgebras of symmetry algebra L.

Dimension Subalgebra




1-dimensional subalgebra Ly = (aV3+ bV + V)
Ly = (aV5 +bV) + Va)
L3 = (aVs 4+ bV})

2-dimensional subalgebra Ly = (aVs + bVy, Vq)
Ls = (aV3 + bVy, V)
Lg = (V3,Va)

3-dimensional subalgebra L; = (aV5 + bVy, Vi, Va)

Case 2. « is arbitrary

The commutator table gives the following information about the structure of the Lie algebra L.
The Lie algebra L itself a center hence a maximal ideal. Thus the subalgebras of the symmetry
algebra can be classified as in table 4.

Table 4 Classification of subalgebras of symmetry algebra L

Dimension Subalgebra
1-dimensional subalgebra Ly = (aVh + bVa + cV3)
2-dimensional subalgebra Ly = (W1, V5)

Ly = (V1,V3)

Ly = (V2,V3)
3-dimensional subalgebra Ly = (V1, Vo, V3)

3. Symmetry reduction for (1.2

For brevity, we present only two representative reductions that too for the case when « is
arbitrary below. The complete details of reduced equations for each subalgebra when « is either a
constant or any function of ¢ are presented in table forms. When « is arbitrary, the reductions to
PDEs and then to ODEs are given respectively in Appendix-A and Appendix-B. Similarly, when «
is a constant, the respective reductions are given in Appendix-C and Appendix-D.

3.1 Reduction under one dimensional subalgebra Vi + V5 + V3



The characteristic equation for aV; + bV + ¢V3 is
dx dy dt du

I i i A (3.1)
Integrating the characteristic equation we get three similarity variables
E=x—y(l+ /e_fo‘(t)dt), n=tu=ye SO L F p) (3.2)
In terms of the similarity variables, (I.2]) is reduced to
(14 (1+ / e~ Jemd g, B — FF, —a(n)F =0 (3.3)

We give a complete table of reductions to PDEs for all one dimensional subalgebras in Appendix-A.
3.1 Reduction under two dimensional sub algebra [V5, V5]

Consider the algebra given by V, and V3. Since [Va, V3] = 0, we begin with V5 = a%' The
similarity variables for this generators are given by & = y,n = t,u = F(&,n). Using these variables
(L2) reduces to a PDE

Fgg — Fn + Oé(?’])F = 0. (34)

In order to perform second reduction of the above equation, we firstly write V3 in terms of new
variables £, n and F'(&,n) as V3 =

Conclusions
The symmetry classification of the two dimensional Burgers equations with constant and variable

coefficients, viz.,

U+ Uy + QU = Ugy — Uy = 0, (3.5)

U+ uty +a(t)u = Uy — Uy, =0,

have been carried out. For, the symmetry algebras and their subalgebras, up to conjugacy, are
enumerated. Successive reductions to PDEs with two independent variables and then to ODEs of
both second and first orders are performed for each subalgebra. As most of the reduced equations
are of the standard forms or can be changed to canonical forms through simple transformations we
dispense with the problem of writing solutions to these equations.
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Appendix-A

‘Subalgebm ‘Reduced equation

‘/1 Fgg—Fn—a(n)on

Vé Fgg—Fn—(X<7])F:0

V:“‘) Fgg—Fn—FFg—(X(’r])F:O

‘/i+‘/2 Fgg—Fn—a<’r])F:0

‘/2‘|‘VEJ, 2F§§—Fn—FF§—CE(77)F:0

Vit Vs L+ (fe ToOM) e — F) — FFe — a(n)F =0
Vit VotV | 1+ 1+ [e JeWM ., — F, — FF; —a(n)F =0

Appendix B
‘ Subalgebra ‘ Reduced equation ‘
V1, V2] W, +a(r)W =0
[Vb‘/}»] Wr+a(T)W: 0
[V%V}»] Wr+a(T)W: 0
Vi, Vo, Va| | Wi+ a(r)W =0
Appendix C



‘ Subalgebra ‘ Condition ‘ Reduced equation

aVa+bVi+ Vi [a#0,6#£0 | (a®+ (b4 e M) Fge — FFe — F, — apF =0

a:0,b7é0 Fgg—Fn—OéoFZO

a#0,b=0| (> + " VFee — FF; — F, — agF =0

2
g

CL:O,bIO Fgg—Fnzo

a‘/:'),—FbV;l—i-VQ a;éO,b;éO Fgg—Fan—CLFF&-Fng—i-aFn—OéOF:O

a=0,b#0 F§§+an—FF§+bF§—aoF:0

a#O,sz F§§+an—FF§+&Fn—(IOF:0

GZO,bZO Fgg—Fan—FFg—CMQF:O

aVs + bV, a#0,b#£0 | (a*+b*)Fee —aFFy — F, — agF =0

a=0,bF0 | Fee— FFe — F,—agF =0

a#0,b=0 ]| Fee — Fy — agF =0

Appendix D

‘ Subalgebra ‘ Condition ‘ Reduced equation

[aV3 + bV, Vi a#0,b#0 | W, + oW =0

a=0,0#0 | W,+aW =0
a#0,b=0|W,4+aW =0

laVs + bV, Vo a#0,0#0| (a®>+ )W, —aWW, —agW =0
a=0,0#0| W, —WW, —aeW =0
a%0,b=0|W. —aW =0

[V, Vi W, + ooV =0

[aVs + 0V, Vi, Vo] |a# 0,040 | W, + oW =0




