Proceedings of Institute of Mathematics of NAS of Ukraine 2004, Vol. 50, Part 1, 40-46

The Structure of Lie Algebras and the Classification
Problem for Partial Differential Equations

Peter BASARAB-HORWATH ', Victor LAHNO ¥ and Olena MAGDA 8

¥ Department of Mathematics, Linkéoping University, S-58183 Linkiping, Sweden
E-mail: pehor@masi.liu.se

¥ Poltava State Pedagogical University, 2 Ostrograds’kogo Str., 36003 Poltava, Ukraine
E-mail: lvi@pdpu.septor.net.ua, laggo@poltava.bank.gov.ua

§ Institute of Mathematics of NAS Ukraine, 3 Tereshchenkivs’ka Str., 01601 Kyiv-4, Ukraine
E-mail: magda@imath.kiev.ua

We have solved completely the problem of the description of quasi-linear evolution differen-
tial equations in two independent variables that are invariant under so(3) and sl(2,R) Lie
algebras.

1 Introduction

The basic idea is to combine the standard Lie algorithm for point symmetries with the equiva-
lence group of the given type of equation in order to give a classification of evolution equations
in some canonical form [1].

We consider third-order evolution equations of the type

Ut = F(t7x7u7 U:mua:a:)uwzz +G(t,x,u,uz,um). (1)

Hereafter u = u(t,z), F', G are sufficiently smooth functions of the corresponding arguments,
2 3
Ut:%’ux:%7“9695:%’“1‘1‘3::%’}7#0-
The first step of the algorithm is the determination of the most general form of the infinites-
imal symmetry operator admitted by the PDE (1). To this end, we use Lie’s method and look
for a symmetry generator in the form

Q= 7_<t7xau)8t +§(t7xau)ax +77(t,x,u)8u, (2)

where 7, £, n are arbitrary, real-valued smooth functions defined in some subspace of the space
V = X @ R! of the independent variables X = (¢,z) and the dependent variable R! = (u).

As a result, we find that the operator (2) generates a one-parameter symmetry group of
equation (1) if

Spt — [TF + EFp +nFy + 0" Fu, + 0" Fu,, JUsee

— O F —7Gy — Gy — Gy — "Gy, — ™G =0,

ut=Fuzz+G

Uz
where

¢! = Dy(n) — usDy(1) — uz Dy(8),

¢" = Dy(n) — utDy(7) — uz Ds (),

™" = Dy(¢") — ute D (T) — g2 D1 (),
@ = Dp(¢™) = Uzat Do (T) — Ugza Dz ()

and Dy, D, are operators of total differentiation in ¢t and x respectively.
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We then find the following results:

Theorem 1. The symmetry group of the equation (1) is generated by the infinitesimal operators
of the form

Q = 7(t) Oy + &(t, 2, u) 0y + n(t, x,u) Oy, (3)
where T, £, n are real-valued functions that satisfy the system

(7i — 364 — 3ualy)F + TF, + EFy + nFy, 4 (N + e (nu — &) — u2€0) Fu, + (e

+ Uy (2020 — Eoa) + UE(Muw — 2600) — U Eun + Uz (M — 2&5) — BUgUzpéu) Fu,, =0,
—1t + Uabt = (0 — Tt + U2ba) G + F(Nzaw + o (3ewu — Exaa) + 3U2 (Mowu — Exou)

2 (M — 3Exun) — U + Btz (s — Enr) + 3zt (N — 3w

— Bl uZEun — 3U2,E0) + TGy + EGy + Gy + (11 + e (N — &) — u2€) G,

+ (Nae + e (22 — &oa) + U2 (Nuu — 26eu)

— Ui + e (M — 26) — Bugtge€u) G,y = 0. (4)

As one can see from equation (4) unless F' and G are functions of one variable, it is well-
night impossible to make the usual step of splitting this equation in terms of powers of the
derivative u,. This is where it is necessary to add a further element into the argument. The
idea is simple: given that we are not able to derive the Lie invariance algebra by first obtaining
the defining equations form (4), we then begin by specifying a Lie algebra and then requiring that
it be symmetry algebra of (1). Given a Lie algebra, we then look at the possible representations
of this Lie algebra within the class of operators of the form given in (2), and it is in this step that
we make use of the equivalence group of equation (1). This gives us canonical representations
of the symmetry algebra candidates. The final step is to calculate the allowed forms for the
function F' and G for a given canonical representation of our chosen Lie algebra. This procedure
yields canonical forms of evolution equations which are inequivalent under point transformations
of the equivalence group of equation (1). Then, for each such canonical evolution equation, one
can calculate the maximal symmetry algebra.

The above method requires a list of inequivalent Lie algebra presentations (in terms of commu-
tation relations). All simple (and therefore all semi-simple) finite-dimensional real and complex
Lie algebras have been classified [2,3]. However, the list of solvable Lie algebras is far from com-
plete, and as far as we can ascertain, they are given in the work of Morozov and Mubarakzyanov
and Turkowski [4-10]. The work of Morozov and Mubarakzyanov are, as far as we are aware,
not translated from the original Russian. Here, the solvable Lie algebras up to and including
dimension six are classified. Our method is constructive in the sense that we are able to use
the low-dimensional Lie algebras up to dimension five in order to give our complete point sym-
metry classification, and we conclude that no non-linear evolution equation of the form (1) has
a point-symmetry invariance algebra of dimension greater that five. We note that a classification
in terms of contact symmetries has been given by Magadeev [11].

2 Some previous work

The problem of group classification of such equations was discussed by many authors (see for
instance [1,12-18]). Work on classification using the equivalence group has been done by Torrisi
and his co-workers [20-22]. The methods of Torrisi et al are based on the infinitesimal repre-
sentation of the equivalence transformations, in contrast to our approach which involves finite
forms of the equivalence transformations.
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3 Results

In this section we give some results and show how the equivalence group of the equation plays
its role in the classification of representation of a given Lie algebra. First, we begin with the
description of the equivalence group of equation (1).

Lemma 1. The mazimal equivalence group &€ of equation (1) reads as

t="T(t), T =X(tz,u), v=U(t,z,u), (5)

; D(X,U)
where T # 0, D) # 0.

The next step is to give a canonical form (linearization) for a vector field, with respect to the
allowed transformations (5). This is given in the following result:

Lemma 2. There are changes of variables (5), that reduce an operator (3) to one of the operators
below:

Q =0, (6)
Q = 0. (7)

Proof. Making the change of variables (5) transforms operator (3) to the following one:

Q — Q/ = TT(?{ + (TXt + fXa: + UXu)af + (TUt + éUw + nUu)av' (8)

Suppose 7 # 0. Then, choosing in (5) the function T to be a solution of the equation T =71

and the functions X and U to be independent fundamental solutions of the first-order PDE
TY; +5Yx+77Yu:07 Y:Y(t,m,u),

we find that the operator (8) takes the form Q' = 0;.

Now suppose a = 0. Then ¢2 4+ 7% # 0. If b # 0, then choosing in (5) a particular solution of
PDE £X,; +nX, = 1 as the function X and a fundamental solution of PDE ¢U, 4+ nU, = 0 as
the function U, we transform (8) to become Q' = 05.

If £ =0, n # 0, then making the change of variables (5) with t = ¢, Z = u, v = x, we again
get the case £ # 0.

By the direct calculation we can verify that there is no transformation from &£, that reduce
operator (6) to the form (7). [

Example 1. s/(2,R). Now we give an example of the calculations involved. We do this using the
Lie algebra sl(2,R) which is the Lie algebra with basis (Q1, @2, @3) satisfying the commutation
relations

[Q1, Q2] = 2Q2, (Q1, Q3] = —2Qs, [Q2,Q3] = Q1. 9)

First, we take one operator from the basis and put it into canonical form. So let us choose Q3
for this purpose (this is done for purely practical reasons.) By Lemma 2, we can choose @3 in
one of two canonical forms: Q3 = 0; or Q3 = 9.

We consider in detail the case Q3 = 0;. With this choice of (3 we proceed to find the
allowable forms for Q3 or Q3. So put

Ql = T(t)at + f(ta T, u)aﬂv + n(ta x, u)au

The second commutation relation in (9) then implies that

F=2 = £=7=0.
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Therefore, 7(t) = 2t + ¢, ¢ = const and £, n are independent of ¢. So we take

The next step is to find a canonical form for @; under the equivalence transformations (5).
However, we must now use only those equivalence transformations of (5) which preserve the
form Q3 — Q3 with

Qs = T + X0z + U9, = 05

which yields 7' = 1, X; = U; = 0. Thus we take T(t) = t, X = X (z,u), U = U(z,u). Under this
type of transformation we find

Q1 — Q1 =207 + (X, + 1 Xu)0z + (EUz + nUy) 0.
We now choose X and U so that
Xy + Xy = X, ¢U, +nU, = 0.
This gives us the canonical form
Q1 = 2t0; + 705.
This means that we can, up to an equivalence transformation of equation (1), take
Q3 = 0, Q1 = 2t0; + x0;.
Finally, we need to determine @J2. We put
Q2 = at)0 + B(t, z,u) 0y + (t, x,u)0,.
The commutation relation [Q2, Q3] = Q1 gives
alt) = —t* 4 ¢, B = —at+b(z,u), v =y(z,u).
Thus we may take
Qo = —t20; + (b(x,u) — xt)0, + y(x, u)0,.
Then we use the relation [Q1, Q2] = 2Q2. From this we obtain

3

b(x,u) = m(u)z’, y(z,u) = n(u)z?

and we have
Q2 = 20, + (m(u)a® — xt) 0y + n(u)2?9,.

All that remains to be done is to find a canonical form for QQ2. We do this using equivalence
transformations (5) which leave invariant the form of @1, Q3. These are given by

T(t) =t, X(tz,u) = q(u)z, U = p(u)

with g(u) # 0 and p(u) # 0. Under this transformation we find

Oy = 01 (q(u)m@ga ;z(u)ci(u) 5 mt—) o, + W) o
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There are two cases: n(u) # 0 and n(u) = 0. If n(u) # 0 then we may choose p(u) and q(u)
such that

which give us
Q2 = —t20; + (7 — Tt) 0z + 720,

If, however, n(u) = 0 then we have

5. — 2y ((1Wmu) +n(u)q) 5 2\ 5
Q2 = O + ( A t> Oz.

If now m(u) > 0 we may choose m(u) = ¢*(u) and we find

Qo = —?85-1— (5733 - ﬁ)af.
If m(u) < 0 then we choose m(u) = —¢?(u) and we find
Q2 = —F35+ ( — - a_:f)(?i«.

Finally, we note that t — —t, z — 2z, wu — wuis an equivalence transformation of equation (1),
and the last two canonical forms for ()9 are equivalent under this transformation. Summarizing
this calculation, we find that the algebra sl(2,R) has four canonical forms with Q3 = 0,

(20, + 20y, —t20; — tady + 220y, 1),
(2t0y + x0y, —t20, + :E(:c2 — )0z, O),
(2t0;, —t%0y, Oy),

(2t0; + 20y, —t20; — Dy, Of),

and these are inequivalent under the equivalence group given by (5). The canonical form Q3 = 0,
gives rise to a similar calculation, and three inequivalent representations for the Lie algebra
sl(2,R) are found. Other six realizations of the algebra s/(2,R) be able admitted by PDEs of
the form (1).

These results are summarized in the following:

Theorem 2. There exist siz inequivalent realizations of the algebra sl(2,R) by operators (3),
which are admitted by PDEs of the form (1)

20y + 20y, —t20; — txdy + 20y, 1),
2t0; + :):89;, 120y + z(2® — )0y, Oy),
220, — ,—T 8 + 2udy, Oy),

200, — u@u, ( x2)(‘9x + xudy, O),
2200, — udy, —(u™" +2%) 0y + 2udy, On),
220y, —120,, Oy).

—
\)

—
ot

{ )
{ )
{ )
{ 13)
{ )
{ )

The forms of the functions F', G’ determining the corresponding invariant equations are given
in Table 1, where F, G are arbitrary functions.
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Table 1.
sl(2,R) F G
(10) zF(w,v), % + 272G (w,v)
w="2u—au, v=2u— Uy,
(11) e 3u F (0,u), 0 = Ugpuy? + 3z u; ! 2 (% - 13) F(u o)+ —G(u d),
W= TUg, 0 = UggUy, - — 3T~ 1u
o =ugul— =
(12) wOF(t,w), w = u Uy, — 2u~%u2 uG(t,w) + (12u%u3 — Ju 3 uytg, ) F(t,w)
(13) ﬁﬁ(t, o), uG(t, 0)VI + 42 — u[1202w\/1 42
+4w=) 2
o= =01 =Sy p = u P, +2low + —otbe® ]ﬁ'(t,o)
2(1+4w?) 2 2 (144w7)3
(14) ﬁF(t7 op) if dw? > 1, uG(t,o1)vV4w? — 1 — u{lQalw\/leQ -1
we— 2
2 ~
w=u"3Uy, v =1u"Uyy, 01 = ﬁ +2lojw + 15(1&“77;;2}F(t70)
mF(t Lo9) if dw? <1 uGl(t, o) VT — 42 — u[1202w\/1 — 42
w?2)2
— .3 -5 _ 20-1002-1 15 6w’ —w } 2
= = = 2—w =2 21 — =L F
W=U" Uy U =U Uy, 02 i) + 2losw + 2 (g (t,02)
(15) u 3 (t,u) -3 uﬁm F(t,u) + G(t,u)

Theorem 3. There exists only one realization of the algebra so(3) by operators of the form (2)
which is an invariance algebra of (1):

(0z, tanusin 0, + cosxdy, tanwucosxd, — sinxdy,). (16)

Furthermore, the most general form of the functions F, G allowing for PDE (1) to be invariant
under the above realization is given by

secdu o~
=——F(t
1 9 2 2 2 N
G = watanu—i’)wwz(l—i—wz)lﬂ—i—w( ) _w(5—|—6w ) tan” u F(t, )

(w? + 1)3/2 (w? + 1)3/2
+ (W + 1)V2G(t, ),
where we have used the notation

Uz sec u + (14 2w?) tanu
T+

W = Uy SEC U, P =

Provided the function G is arbitrary, the realization (16) is the mazimal symmetry algebra of
the corresponding equation (1).

Our approach is, as we have demonstrated, a combination of the Lie point symmetry analysis
and an exploitation of the equivalence group of the equation to give possible canonical forms for
the various Lie algebras. Each representation of the Lie algebra is then tested as a symmetry
algebra, and is discarded if it gives no result (by which we mean, amongst other things, that the
equation admitting a given representation as symmetry algebra must have F' # 0 in (1)).

The present method gives a complete point-symmetry classification of (1), so that any evo-
lution equation of the form is necessarily point-equivalent under the transformations (5) to one
of the canonical forms for equation (1).
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