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Introduction

Modeling phenomena in nature with partial differential equations is one of the central problems
of mathematical physics and applied mathematics. One can even say that mathematical physics
in its classical form was created in order to provide a rigorous mathematical foundation for de-
scribing different phenomena in physics, chemistry and biology by partial differential equations.
However, when one has to decide which differential equation fits in the best way as a model
for the process under study, one has to select from a broad class of possible partial differential
equations. Even if one has taken into account all the peculiarities of the process under study
(which is hardly possible!l), there is still great freedom in choosing possible models. One of the
principal criteria for choosing the partial differential equations modeling real processes is the
symmetry selection principle. By this we mean that from the whole set of admissible mod-
els, those models which have the highest symmetry should be selected. This point of view is
supported by the fact that the most successful mathematical models in theoretical and applied
science have a rich symmetry structure. Indeed, the basic equations of modern physics, the
wave, Schrodinger, Dirac and Maxwell equations are distinguished from the whole set of partial
differential equations by their Lie and non-Lie (hidden) symmetry (see [ for more details on
symmetry properties of these equations).

The effectiveness of the symmetry (group-theoretical) approach to the classification of ad-
missible partial differential equations relies heavily upon the availability of a constructive way
of describing transformation groups leaving invariant the form of a given partial differential
equation. This is done via the well-known infinitesimal method developed by Sophus Lie [E, E]
(see, e.g., [Hl-[A]). Given a partial differential equation, the problem of investigating its maximal
(in some sense) Lie invariance group reduces to solving an over-determined system of linear
partial differential equations, called the determining equations. However, if the equation under
study contains arbitrary elements (functions), then one has to solve an intermediate classifica-
tion problem. Namely, it is necessary to describe all the possible forms of the functions involved
such that this equation admits a non-trivial invariance group.

In principle, the classification problem is solved with the help of the Lie algebra approach.
However, since the determining equations involve some arbitrary functions, there is an evident
need for a modification of the basic Lie technique in order to obtain an efficient and systematic
way of classifying these arbitrary elements. The idea of this modification was suggested by So-
phus Lie himself. Indeed, his way of obtaining all ordinary differential equations in one variable
admitting non-trivial symmetry algebras [B, ] tells us what is to be done in the case at hand.
We should first construct all the possible inequivalent realizations of symmetry algebras within
some class of Lie vector fields. If we succeed in doing this, then the symmetry algebras will be
specified, so that we can apply directly Lie’s infinitesimal algorithm, thus getting inequivalent
classes of invariant equations. In this way, Sophus Lie obtained his famous classification of real-
izations of all inequivalent complex Lie algebras in the plane [B, fi]. Recently, Lie’s classification
was exploited by Olver and Heredero [ff] in order to classify nonlinear wave equations in two
independent variables that are invariant with respect to transformation groups not changing the
temporal variable.

A systematic implementation of these ideas for partial differential equations has been worked
out by Ovsjannikov [[l]. His approach is based on the concept of an equivalence group, which
is a Lie transformation group acting in the extended space of independent variables, functions
and their derivatives, and preserving the class of partial differential equations under study. It
is possible to modify Lie’s algorithm in order to make it applicable for the computation of
this group [[f]. Next, one constructs the optimal system of subgroups of the equivalence group.
The last step uses Lie’s algorithm for obtaining specific partial differential equations, that (a)



belong to the class under study, and (b) are invariant with respect to the subgroups mentioned
above. This approach has been applied to a number of equations of nonlinear gas dynamics
and diffusion equations (Akhatov, Gazizov and Ibragimov [§, f]). Ovsjannikov’s ideas have also
been exploited by Torrisi and co-workers in order to perform a preliminary group classification
of some nonlinear diffusion and heat conductivity equations [, [[I]]. Ibragimov and Torrisi
have obtained a number of important results on the group classification of nonlinear detonation
equations [[J] and nonlinear hyperbolic type equations [[[J]. There is a number of papers (see,
e.g., [[4] and the references therein) devoted to a direct computation of equivalence groups of
some PDEs. Since the transformations of the equivalence group are used in their finite form,
this approach has the merit of giving the possibility of finding discrete equivalence groups or
even non-local ones.

However, the possibility of implementing Ovsjannikov’s approach in its full generality pre-
supposes that we are able to construct the optimal system of subgroups of the equivalence
group. So that, even for the case when the equivalence group has a finite number of parameters,
there arise major algebraic difficulties, since for a number of known finite-parameter Lie groups
the classification problem has not yet been solved (to say nothing about infinite-parameter Lie
groups, where this problem is completely open). Consequently, there is an evident need for Ovs-
jannikov’s approach to be modified so that it can be applied to the case of infinite-parameter
equivalence groups.

In the paper [[[J] we have developed a new approach that enables us to solve efficiently the
symmetry classification problem for partial differential equations even for the case of infinite-
dimensional equivalence groups. It is mainly based on the following facts:

e If the partial differential equation possesses non-trivial symmetry, then it is invariant under
some finite-dimensional Lie algebra of differential operators which is completely determined
by its structural constants. In the event that the maximal algebra of invariance is infinite-
dimensional, then it contains, as a rule, some finite-dimensional Lie algebra.

e If there are local non-singular changes of variables which transform a given differential
equation into another, then the finite-dimensional Lie algebra of invariance of these equa-
tions are isomorphic, and in the group-theoretic analysis of differential equations such
equations are considered to be equivalent.

What we have suggested in [[[J] is a preliminary classification of inequivalent realizations
of low-dimensional Lie algebras within some specific class of first-order linear differential op-
erators. This class is determined by the structure of the equation under study. Its elements
form a representation space for realizations of Lie algebras of symmetry groups admitted by the
equations belonging to the class of partial differential equations under study. A natural equiv-
alence relation is introduced on the set of all possible realizations. Namely, two realizations
are called equivalent if they are transformed into each other by the action of the equivalence
group. In other words, solving the problem of symmetry classification of partial differential
equations having some prescribed form, is equivalent to constructing a representation theory
of Lie transformation groups (or Lie algebras of first-order differential operators) realized as
symmetry groups (algebras) of the equations in question.

The first aim of the present paper is to give a detailed exposition of our approach. A full
understanding of the techniques applied requires some basic facts from the general theory of
Lie groups and algebras, some of which are dispersed in the literature and are not available in
English (this is the case for the papers of Mubarakzyanov and Morozov). So, in addition to the
exposition of the classification results, we give a survey of results on the structure of Lie algebras
(with special emphasis on low-dimensional Lie algebras), which are of vital importance for the
effective implementation of our approach.



The second aim is obtaining a complete description of the nonlinear heat conductivity equa-
tions of the form
up = F(t, 2, u, ug)ug, + G(t,x,u, uy) (0.1)

that admit non-trivial symmetry group. Hereafter u = wu(t,z), F, G are sufficiently smooth
ou ou 0%u
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Note that the above equation is, in some sense, the most general evolution equation in one
dimension. Indeed, any equation of the most general form

functions of the corresponding arguments, u; =

up = H(t, z,u, Uy, Ugy) (0.2)

which admits at least one-parameter symmetry group, not changing the temporal variable, can
be reduced to the form (D.]) by a non-point transformation. So that our group classification
of equations (P.I)) will also cover invariant equations of the form (0.3) excepting for the small
subclass of equations whose symmetry algebras are spanned by operators with non-vanishing
coefficients by g-t

The principal scheme of the paper is as follows. Section I contains a general description of
our approach. In the next section we give a brief overview of the necessary facts from the general
theory of Lie algebras. Section III is devoted to group classification of PDEs (D.1]). We consider
subsequently, the cases of semi-simple, semi-direct sum of semi-simple and solvable and solvable
symmetry algebras thus getting the full solution of the classification problem for nonlinear heat
conductivity equations belonging to the class (0.]). The last section contains discussion of the
results obtained and some conclusions.

I Description of the method

The approach to the classification of partial differential equations which we propound is, in fact,
a synthesis of Lie’s infinitesimal method, the use of equivalence transformations and the theory
of classification of abstract finite-dimensional Lie algebras. It constitutes a constructive solution
of the problem the group classification of partial differential equations possessing large classes
of arbitrary elements and admitting non-trivial finite-dimensional invariance algebras.

The realization of group classification in the proposed approach consists in the implementa-
tion of the following algorithm:

I The first step involves finding the form of the infinitesimal operators which generate the
symmetry group of the equation under consideration, and the construction of the equiva-
lence group of this equation. To find the form of the infinitesimal operators one uses the
usual Lie algorithm. As a result we obtain a system of linear partial differential equa-
tions of first order, which connect the coefficients of the infinitesimal operators with the
arbitrary term of the equation. In what follows, we call this system the characterizing
system of the equation. In order to construct the equivalence group £ of the equation
under consideration, one can use the infinitesimal as well as the direct method.

II In the second step, one carries out the group classification of those equations of the given
form which admit finite-dimensional Lie algebras of invariance.

For this, one carries out a step-by-step classification of finite-dimensional Lie algebras
within the specified class of infinitesimal operators, up to equivalence under transforma-
tions of the group £. In this, one has to see if each algebra obtained in this way can be an
invariance algebra of the equation at hand before proceeding from the realization of Lie



algebras of lower dimension to the realization of Lie algebras of higher dimension. This
eliminates superfluous realizations of Lie algebras. Also, those realizations of Lie algebras
which are invariance algebras of the equation will, as their dimension increases, correspond
to greater fixing of the arbitrary term.

This procedure is continued until the arbitrary term in the equation is completely deter-
mined or until it is no longer possible to extend the realization of Lie algebras beyond a
given dimension within the specified class of infinitesimal operators.

IIT The third step is then to exploit the characterizing system or the infinitesimal method of
Lie in order to find, for each of the particular choices of the arbitrary term, the maximal
invariance algebra of the equation under consideration. Furthermore, the equivalence
of the equations obtained in this manner is determined. We note that, in as much as
equivalent equations have isomorphic invariance algebras, we may test the realizations of
the invariance algebras for equivalence rather than the equations themselves.

Note that similar ideas have been used by Gangon and Winternitz [[[§] in order to classify
symmetries of nonlinear Schroddinger equations having variable coefficients.

II Lie-algebraic structures involved in the classification algo-
rithm

Let us take a more detailed look at the second step of the algorithm. As is clear from what has
been said above, carrying out this step assumes that there is a classification of non-isomorphic
finite-dimensional Lie algebras (in particular, we are interested in a classification of Lie algebras
over the real numbers).

One of the central theorems which deals with the structure of Lie algebras is the Levi-Mal’cev
theorem:

Theorem 2.1 Let L be a finite-dimensional Lie algebra over R or C, and let N denote its
radical (the largest solvable ideal in L). Then there exists a semi-simple Lie subalgebra S of L
such that

L=S&N (2.1)

Equation (P.)) is called the Levi decomposition of the Lie algebra L, and the semi-simple sub-
algebra S is called the Levi factor.
The Levi-Mal’cev decomposition gives us

[N,N]C N, [S,S]c S, [N,S]CN,

so that any Lie algebra L is the semi-direct sum L = S &N of its maximal solvable ideal N and
the semi-simple subalgebra S. We see then that this result reduces the task of classifying all Lie
algebras to the following problems:

1) the classification of all semi-simple Lie algebras;
2) the classification of all solvable Lie algebras;

3) the classification of all algebras which are semi-direct sums of semi-simple Lie algebras and
solvable Lie algebras.



II.1 Semi-simple Lie algebras.

Of the problems listed above, only that of classifying all semi-simple Lie algebras is completely
solved. We have the well-known theorem due to Cartan:

Theorem 2.2 (Cartan’s theorem) Any semi-simple complex or real semi-simple Lie alge-
bra can be decomposed into a direct (Lie algebra) sum of ideals which are mutually orthogonal
simple subalgebras. Here, orthogonality is with respect to the Cartan-Killing form (X,Y) =
Tr(ad X,adY).

Let L be a semi-simple Lie algebra. Then, by Cartan’s theorem, we have

L=5®5&...45,,

where Sy, ..., are simple Lie algebras. Thus, the problem of classifying semi-simple Lie alge-
bras is equivalent to that of classifying all non-isomorphic simple Lie algebras. This classification
is known (see, for instance, [[[7])).

There are four sequences of classical Lie algebras A, (n > 1), By(n > 1), Cp(n > 1), Dyp(n >
1) and five exceptional Lie algebras Ga, Fy, Fg, E7, Eg which together exhaust all the simple
complex Lie algebras. There are some isomorphisms between some of these algebras. Indeed
[(§] there are the following isomorphisms:

A1 =2 B =01, Ba=Cy, A3= D3, Dy A1 0 A

and there are no other isomorphisms between the series.
The dimensions of the classical complex Lie algebras A,, B, C;, and D,, are given in the
following table:

Algebra A B, Ch Dy,
Dimension | n(n+2) | n(2n+1) | n(2n+1) | n(2n — 1)

The dimensions of the exceptional Lie algebras are all even: dimGe = 14, dimF; =
52, dim Eg = 78, dim E7 = 133, dim Fg = 248.

To describe the real simple Lie algebras one uses the fact that every simple Lie algebra over
the reals R is either a simple algebra over the complex field C (considered as an algebra over
R), or it is the real form of a simple Lie algebra over C.

The real classical Lie algebras play an important role in the group analysis of differential
equations. Below, we give a more detailed description of these Lie algebras. The symbol Ly
denotes a compact simple Lie algebra.

I. Real forms of the algebras si(n,C) (= A,—1, n > 2)

1) Ly = su(n), the Lie algebra of all skew-symmetric matrices Z of order n with Tr Z = 0 of
order n with Tr Z = 0.

2) sl(n,R), the Lie algebra of all real matrices X of order n with 7Tr X = 0.

3) su(p,q), p+ q=mn, p > q, the Lie algebra of all matrices of the form

VAR

VAR
where 7, Z3 are skew-symmetric matrices of order p and ¢ respectively, Tr(Z; + Z3) = 0,
and Zs is an arbitrary matrix of order q.



IV.

2)

su*(2n), the Lie algebra of all complex matrices of order 2n of the form

AR
~Zy 7

where Z1, Zy are complex matrices of order n with Tr(Z; + Z1) = 0.

. Real forms of the algebras so(2n,C) (£ D,, n > 1)

Ly, = so(2n), the Lie algebra of all real skew-symmetric matrices of order 2n.

so(p,q), p+ q = 2n, p > q, the Lie algebra of all real matrices of order 2n of the form

X1 X

XTI X3
where all the X; are real matrices, and Xy, X3 are skew-symmetric matrices of order p
and ¢ respectively, and X5 is an arbitrary matrix of order q.

s0*(2n), the Lie algebra of all complex matrices of order 2n of the form

VAR
—Zy Z4

71 skew-symmetric and Zo Hermitian.

. Real forms of the algebras so(2n + 1, C)w (= B, n > 1)

Ly = so(2n + 1), the Lie algebra of all real skew-symmetric matrices of order 2n + 1.

so(p,q), p+q=2n+1, p > q, the Lie algebra of all real matrices of order 2n + 1 of the

form
X1 Xo
XTI X3

where all the X; are real matrices, and X, X3 are skew-symmetric matrices of order p
and ¢ respectively, and X5 is an arbitrary matrix of order q.

Real forms of the algebras sp(n,C) (2 Cp, n > 1)

Ly, = sp(n), the Lie algebra of all matrices of order 2n of the form

Z1 2o
Zy — 2T

where all the Z; are complex matrices of order n and Z5, Z3 are symmetric.

sp(n, R), the Lie algebra of all real matrices of order 2n of the form

X X
X3 —Xx{

where X1, Xo, X3 are all real matrices of order n, and Xo, X3 are symmetric.



3) sp(p,q), p+q=mn,p > q, the Lie algebra of all complex matrices of order 2n of the form

Z11 Zi2 213 Zus
Ziy  Zn  Zli Zm
—Z13 Zuu Zy 2
Ziy  —Zu —Zy L

where the Z;; are complex matrices, Z11 and Zj3 are of order p, Z12 and Z14 are p X ¢
matrices, Z11 and Zgy are skew-Hermitian, and Z13 and Zy4 are symmetric.

The structure of the above real, simple classical Lie algebras is such that every algebra of a
higher dimension contains, as a subalgebra, an algebra of the same class but of lower dimension.
This allows us to proceed step-by-step when we study the realizations of these algebras as
vector fields, at each stage extending the realizations of lower dimension to realizations of higher
dimension. If at some stage in this procedure the chain stops, then this implies that there are
no realizations within the given type of vector fields of Lie algebras of higher dimension.

In searching for realizations of the classical simple Lie algebras over R, it is important to
take into account the isomorphisms for the lower-dimensional classical Lie algebras:

»
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It is not difficult to see that the Lie algebras of the first two rows have the lowest dimension
n = 3. Thus, in constructing realizations of the classical simple Lie algebras over R one may
begin with the algebras

50(3) = (e1,ez,€3), [e1,e2] = e3, [ea,e3] = e, [e3,e1] = ea;
sl(2,R) = (e1,e2,e3), [e1,e3] = —2e2, [e1,€2] = e1, [e2,e3] = e3.

Maximal compact subalgebras play an important role for the structure of the simple (and
semi-simple) Lie algebras. We have:



Theorem 2.3 (Cartan’s Theorem) A semi-simple real Lie algebra has a decomposition of
the form

L=K+P, (2.2)
where

[K,K|C K, [K,Pl]CcP, [P,P]CK, (2.3)

and

(X,X)<0 for X#0 in K,
Y,Y)>0 for Y #0 in P. (2.4)

If the conditions (2.3), (B-4) are satisfied, then K is a mazimal compact subalgebra of L.

The decomposition (R.3) for a real semi-simple Lie algebra is called the Cartan decomposition.

Consider as an example so(3,1),which is the Lie algebra of the Lorentz group. Denoting by
K; (i = 1,2, 3) the generators of the compact algebra so(3), and by N; (i = 1,2, 3) the generators
of the Lorentz boosts, we obtain the commutation relations

Ki, K] = €K,
(K, N;| = eidVi,
[Ni,Nj] = —6,'le1.

Thus, when looking for realizations of the Lie algebra so(3,1), one may use the realizations
obtained for the Lie algebra so(3).

In the table below we give the maximal compact subalgebras of the real classical Lie algebras
which are non-compact:

No/o L K No/o L K
1 sl(n,R) so(n) 5 s0*(2n) u(n)
2 | sulp,q) | sulp)®Dulq) | 6 |sp(n,R) u(n)
3 su*(2n) sp(n) 7 sp(p,q) | sp(p) ® sp(q)
4 so(p,q) | so(p) ® so(q)

Here, u(n) is the Lie algebra of the unitary group U(n), and s(u(p) @ u(q)) is the set of all
elements x € u(p) ® u(q) such that Trz = 0. Note that the matrix e;;, defined as a matrix of
order n with 1 in the (7, ) position and zeroes in all other entries, is an element of u(n).

Because of their large dimension, the exceptional Lie algebras do not play as important a role
as the classical simple Lie algebras do in the group analysis of differential equations. For this
reason, we only mention briefly the real forms of the algebras of the type Gs, Fy, Eg, F7, Eg, and
we consider those subalgebras whose realizations one may use for the construction of realizations
of the real exceptional simple Lie algebras. More details about these algebras can be found in
. |

The algebra G2 has real compact form g2 and one real non-compact form g,. Moreover,
g2 N g = su(2) ® su(2).



The algebra F has real compact form f; and two real non-compact forms f:l, fi. We also
have fy N f1 22 sp(3) @ su(2), f4 N f1 = s0(9).

The algebra FEg has real compact form eg and four real non-compact forms e%, eg, eg/, etV
Moreover, eg N eg = sp(4), eg Neg = su(6) @ su(2), eg Neg = 50(10) SR, efV Neg = fi.

The algebra E7 has real compact form e; and four real non-compact forms 6/7, e;, e;/. We
also have e; N ey 2 su(8), e; Ner =2 s0(12) ® su(2), e; Ner = eg ® R.

The algebra Eg has real compact form eg and two real non-compact forms eé,eg. Also,
eg Meg = ey @ su(2), eg Neg = s0(16).

I1.2 Solvable Lie algebras.

The problem of classifying solvable Lie algebras up to isomorphism is, as far as we know, com-
pletely solved only for real Lie algebras of dimension up to and including six (see for example
[L9-[R4]). The difficulty in the classification of these algebras is, above all, connected with
the fact that the number of non-isomorphic Lie algebras increases considerably with increasing
dimension, beginning with dimension five. Thus, according to [R], there are 66 classes of non-
isomorphic real, solvable Lie algebras of dimension five. Furthermore, for dimension six, there
are 99 classes of non-isomorphic algebras just amongst the real solvable algebras containing a
nilpotent element [2J].

Let us consider in more detail at the structure of solvable Lie algebras over the field R with
dimension no greater than five. We give a method of searching for their realizations in the class
of differential operators.

Let L, denote a solvable Lie algebra of dimension n, over a field of characteristic zero. It is
known ([[I§]) that there exists a series of subalgebras

L,D>LyD...D Ly DLy={0}

such that each subalgebra L; (i = 1,...,n — 1) is an ideal of the algebra L;,;. This series is
called the composition series of the algebra L,,.

The existence of the composition series for a real solvable Lie algebra allows us to make
the following important conclusion: if, in the given class of differential operators, there is a
realization of the solvable Lie algebras with dim L < m, and there is no realization for algebras
with dim L = m + 1, then those realizations which appear give a complete description of the
realizations of solvable algebras in the given class of vector fields.

Further, we shall use the following notation: Aj; = (e1,...,ex) denotes a Lie algebra of
dimension k, e; (j = 1,...,k) is its basis, and the index i denotes the number of the class to
which the given Lie algebra belongs.

Fixing the type of the algebra Ay ;, we shall give only the non-zero commutation relations
between the basis elements. Among the solvable Lie algebras over R of lowest dimension, we have
only one algebra which is one-dimensional A; = (e;), and two algebras which have dimension
two:

As1 = (e1,e2) = A1 & Ay =2A;

Ao = (e1,e), [e1,e2] =en.

Further, we shall call decomposable Lie algebras those algebras which can be decomposed as
a direct sum of solvable algebras of lower dimension. We give a list of all solvable Lie algebras,
up to and including dimension five, in Appendix 1.
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It is clear that the search for realizations of solvable Lie algebras over R must be begun with
the description of the inequivalent forms of the general infinitesimal operator, up to equivalence
under the transformations of £. Each of the operators obtained will be a basis for the inequivalent
realizations of one-dimensional Lie algebras. Further, the completion of the basis operators of
each of the one-dimensional Lie algebras, by an infinitesimal operator of the most general form,
is done by extension of the realizations of the one-dimensional Lie algebras to realizations of
two-dimensional Lie algebras. In doing this, in order to simplify the form of the second basis
operator one uses those transformations from £ which leave invariant the form of the first basis
operator.

Analogously, the realizations of the two-dimensional Lie algebras which one obtains, are
extended to realizations of three-dimensional solvable Lie algebras, and then the realizations
of the three-dimensional Lie algebras are extended in the same way to realizations of the four-
dimensional algebras, and so on.

In the extension of the realizations of Lie algebras of lower dimension to realizations of
decomposable solvable Lie algebras is done simply by adding to each realization a basis operator
which commutes with all the other basis elements.

For the construction of the realizations of non-decomposable solvable Lie algebras, as is
shown by an analysis of their structure above, one may also carry out the extension of the
realizations of Lie algebras of lower dimension to realizations of non-decomposable solvable Lie
algebras of higher dimension.

I1.3 Semi-direct sums of semi-simple and solvable Lie algebras.

Lie algebras which are semi-direct sums of semi-simple and solvable Lie algebras can be divided
into two classes:

1) those Lie algebras which are direct sums of semi-simple and solvable Lie algebras (decom-
posable algebras);

2) algebras which cannot be written as a direct sum of semi-simple and solvable Lie algebras
(indecomposable algebras).

Since decomposable algebras have the structure
L=S&N

where S is the Levi factor and N is the radical (maximal solvable ideal of L), then a complete
description of these algebras is easily obtained by combining the semi-simple and solvable Lie
algebras. However, since the classification of solvable Lie algebras has only been done partially,
there is a corresponding incompleteness in the classification of decomposable Lie algebras. The
classification of indecomposable Lie algebras has been done only as far as for Lie algebras of
dimension eight ([2f]). These are Lie algebras whose Levi factor is sl(2, R) or so(3).

We give a complete list of these algebras in Appendix 2. We use the following notation:

sl(2,R) = (e1,e2,e3); [e1,ea] = 2ea, [e1,e3] = —2e3, [e2,e3] = €1

s0(3) = (e1,e2,e3); [e1,ea] = es, [e1,e3] = —ea, [e2,e3] = e1.

We note that the basis of si(2, R) given here differs from that given previously, but it is not
difficult to see that they are isomorphic. Indeed, if we make the transformations

e1 — 2e2, ea — e3, €3 — €1

11



then we have an isomorphism from the basis given here to the basis given previously.

In denoting the radicals N = (eq, ..., ey,) (m = dim N —3), we keep to the notation used for
the classification of solvable algebras given above. Moreover, the corresponding commutation
relations for the basis operators of N can easily be obtained from those given by replacing the
index i by the index ¢+ 3. Thus, in listing the algebras which are semi-direct sums of semi-simple
and solvable Lie algebras, we give only those commutators [e;,e;] = cfjek,i =1,2,3;5,k =
4,...,m which are non-zero.

Taking into account the above classification of finite-dimensional real Lie algebras, we take
a closer look at the second step of the algorithm for the group classification of differential
equations.

After having completed the first step of the algorithm, we have the general form of the
infinitesimal symmetry operator (together with a defining system) for the given equation, and
we have group £ of equivalence transformations of this equation.

At the beginning of the second step we have to bring the symmetry operator to the simplest
form, using transformations from £. We note that it is well-known ([]) that linearization of the
vector field is not possible since the group £ is a subgroup of all the local transformations of the
manifold V' of dependent and independent variables which enter into the differential equation.
Thus, we will obtain, up to equivalence, some finite set of simplest forms for the symmetry
operator.

Further, using the determining equations, we find from the equation at hand, equations which
admit the operators we have obtained as symmetry operators. With this, we will obtain the
group classification of the differential equations of the given form which admit one-dimensional
Lie algebras of invariance.

The list of simplest forms of the symmetry operator which we find, allows us to take one of
the symmetry operators in its simplest form, when we consider the realizations of Lie algebras
of higher dimension. Moreover, we may first consider realizations of semi-simple and solvable
Lie algebras.

When we consider realizations of semi-simple Lie algebras, we must, as well as looking at
those semi-simple Lie algebras which appear in our list, also take into account semi-simple Lie
algebras which are direct sums of semi-simple Lie algebras which do not appear in the list given
above.

We take a closer look at low-dimensional semi-simple Lie algebras. As we noted above,
the semi-simple Lie algebras of lowest dimension are the algebras sl(2,R) and so(3), both hav-
ing dimension 3. Then we have Lie algebras of dimension 6 (the algebras so(4) = so(3) &
s0(3),s0(3,1),s0(2,2) = sl(2,R) @ sl(2,R), so*(4) = so(3) @ sl(2,R)); dimension 8 (the alge-
bras su(3),sl(3,R), su(2,1)).These algebras can be found in our list. However, the semi-simple
Lie algebras of dimension 9 (the algebras so(4) ®so(3), so(4)®sl(2,R), so(3,1)® so(3), so(3,1) @
sl(3,R), s0(2,2) @ so(3),s0(2,2) @ sl(2,R)) are not to be found in our list.

For solvable Lie algebras, one may extend realizations of lower dimensional algebras to
realizations of higher-dimensional algebras according to the scheme given above. Moreover, for
solvable Lie algebras of higher dimension, the composition series play an important role: if
there is a realization in terms of operators of a given class of solvable Lie algebras of dimension
m — 1, but no realization of a solvable Lie algebra of dimension m, the there will, a priori, be
no realizations of solvable Lie algebras of dimension greater than m.

When looking at the realization of Lie algebras which are semi-direct sums of semi-simple
and solvable Lie algebras, one must extend a given realization of semi-simple Lie algebras by
operators which will be basis operators of the corresponding radicals. Moreover, it is only
necessary to take into account those radicals which are isomorphic to solvable Lie algebras
which have realizations in the given class of vector fields.
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Finally, we note that since the classification of solvable Lie algebras, and those algebras
which are semi-direct sums of semi-simple and solvable Lie algebras, is incomplete, then it is
not possible to give a complete group classification of differential equations within the present
framework. However, the problem of the complete group classification of, for instance, scalar
equations in two-dimensional space-time which are invariant under finite-dimensional Lie alge-
bras, is constructive in this approach.

IIT Classification results

First of all let us mention some papers in which group classification of particular equations of
the form (D.J]) has been carried out.

F
Ovsjannikov (1959) F=F(u), G= Ccll_uui 4];
Akhatov et al (1987) F=F(u), G=0 [§;
: dF o
Dorodnitsyn (1982) F=F(), G= Tol T g(uw) [B7);
Oron & Rosenau (1986),
dF
Edwards (1994) F=Fu), G-= %ui + f(wu, B3 B);
F
Gandarias (1996) F =u", G= Cfl—uui + g(z)u™u, + f(x)u® BI];
F
Cherniha & Serov (1998) F = F(u), G = Ccll_uui + f(u)ug + g(u) [BQl:
Zhdanov & Lahno (1999) F =1, G =G(t,z,u,uy) [3].

We shall apply the algorithm described above in order to perform an exhaustive group
classification of invariant equations of the general form (D.I]). That is, we shall describe all
inequivalent forms of functions F, G such that the corresponding equation admits a non-trivial
symmetry group.

III.1 Computation of the equivalence group admitted by equation ([0.1))

The first step of the algorithm is the determination of the most general form of the infinitesimal
symmetry operator admitted by the PDE (0.1)). To this end, we use Lie’s method [B]-[H and
look for a symmetry generator in the form

Q =71(t,z,u) 0 + &(t, x,u) Oy + n(t, x,u) Dy, (3.1)

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 (B.I]) generates a one-parameter symmetry group of

equation (D.0)) iff

i [TFy 4+ EF, +nFy + 0" Fy |uge — @™ F — 7Gy — Gy — NGy — 9" Gy,

Pt G 0, (3.2)

x

where

¢! = Dy(n) —uDy() — uz Dy(€),
" = Di(n) —wDy(7) — ug Dy (8),
™ = Dy(¢") — ute Do (T) — g Dz (€)
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and Dy, D, are operators of total differentiation in ¢t and x respectively.
After simplifying (B.9) we arrive at the following assertion.

Lemma 3.1 The symmetry group of the nonlinear heat equation PDE is generated by the
infinitesimal operators of the form

Q =a(t) 0y + b(t,z,u) 0y + c(t,z,u) Oy, (3.3)
where a, b, ¢ are real-valued functions that satisfy the system of PDEs

(2by + 2uzby — a)F = aFy + bF, + cFy, + (¢p + ugey — ughy — uibu)Fuz,
et — Ugby + (cy — @ — Uzpby)G + (Ugpbpr — Cop — 2UpCyy — uicuu + (3.4)
+2uibm + uibuu)F = aGy + bGy + cGy + (¢ + uzcy — uzh, — u?cbu)Guz.

. .. da . d’a
In the rest of this paper we use the notation a = a0 a= T2
In order to construct the equivalence group £ of the class of PDEs (D.]) one has to select
from the set of invertible changes of variables of the space V

F=alt,z,u), 7= p(tau), v=nltu), % 40, (3.5)

those changes of variable which do not alter the form of the class of PDEs (D.1)).
Lemma 3.2 The mazimal equivalence group & of the class of PDEs (1) reads as
t=T(), z=X(t,z,u), v=U(t z,u), (3.6)

D(X,U)

here T ——
where T # 0, Dz, )

£0.

Proof. Let (B.J) be an invertible change of variables that transforms equation (D.]) into another
equation of the same form (D.1), namely,

vy = F(t,%,v,vz)vzz + G(t, %, 0, 7,). (3.7)
Computing u, according to (@) we get

_ Uiy + 'Ufﬁx - Vx
r = - .
Tu — Vgl — 'Ufﬁu

(3.8)

As the functions F, G in ([0.]) and F, G in (B-7) are arbitrary functions of the corresponding
arguments, we must have that

Uy — g(_vjv’U)Uf)

for some function g. This implies that o, = ay, = 0 in (Bg). Consequently, o = T'(t), T # 0.
Next, making the change of variables (B.H), where ov = T'(t), we arrive at the relations

,Vz), (3.9)

where 61, 65 # 0, 03 are some functions of «, (3, v and of their derivatives. Then, inserting
U, Ugg from (B.9) into (D)), we arrive at a PDE of the form (B.7). The lemma is proved.
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II1.2 Classification of equations (0.]]) invariant under semi-simple Lie alge-
bras

Now we proceed to solving the classification problem for the nonlinear heat-conductivity equation
(P3)). Our first step is to construct realizations of finite-dimensional real Lie algebras whose
representation space is spanned by operators of the form (B.d). It should be noted that the
realizations are constructed up to equivalence as determined by the transformations (B.6). In
the second step, we choose those realizations which are invariance algebras of PDE (D.1) and
thus specify the form of the functions F,G. Finally, in the third step, we find the maximal
symmetry groups of the equations we obtain, and thus complete the group classification of PDE
03

By the Levi-Mal’cev theorem, we need only consider the cases of semi-simple, solvable and
semi-direct sums of semi-simple and solvable symmetry algebras. This will yield an exhaustive
description of invariant equations of the form (D.I). In this subsection, we analyze the case of
semi-simple symmetry algebras. As semi-simple Lie algebras can always be decomposed into a
direct sum of simple Lie algebras (which is the content of Cartan’s theorem), we begin with the
lowest dimensional simple Lie algebras s/(2,R) and so(3).

We begin by proving the following useful lemma:

Lemma 3.3 There are changes of variables (3-8), that reduce an operator to one of the
operators below:

Q = 0, (3.10)
Q = 0. (3.11)

Proof. Making the change of variables (B.G) transforms operator (B.3) to the following one:
Q— Q =aT dp + (aX; + bX, + cXy) Oz + (aUy + bU, + cUy,) Oy (3.12)

Suppose a # 0. Then, choosing in (B.) the function T to be a solution of the equation
T = a~! and the functions X and U to be independent fundamental solutions of the first-order
PDE
aYy +bY, +¢Y, =0, Y =Y(t,z,u),

we find that the operator (B.19) takes the form @’ = ;.

Now suppose a = 0. Then b% + ¢% # 0. If b # 0, then choosing in (B-§) a particular solution
of PDE bX, + cX, = 1 as the function X and a fundamental solution of PDE bU, + cU, = 0 as
the function U, we transform (B.12) to become Q' = 9;.

If b= 0, ¢ # 0, then making the change of variables (B.6)) with ¢ =t, Z = u, v = x, we again
get the case b # 0.

By the direct calculation we can verify that there is no transformation from &, that reduce

operator (B.10) to the form (B.11)).

The lemma is proved.

Theorem 3.1 Within the equivalence relation £, there exists only one realization of the algebra
s0(3) by operators of the form (B.3):

(O, tanu sinx 0, + cosx dy, tanwu cosx d, —sinxz dy,), (3.13)

It is the invariance algebra of an equation from the class ([0.1). Furthermore, the most general
form of the functions F,G allowing for PDE (P-1) to be invariant under the above realization is

given by
2 2
2w+ 1 a——
1se—|—c ujg ’ 1w—|— w? tan u 1 w2G(t)7 W = Ug SECU. (314)
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Provided the function G is arbitrary, the realization (B-13) is the mazimal symmetry algebra of
the corresponding equation ).

Proof. The Lie algebra so(3) = (Q1,Q2,Q3) is defined by the following commutation relations:
[Q1,Q2] = Q3, [Q1,Q3] = —Q2, [Q2,Q3] = Q1. (3.15)

To describe all inequivalent realizations of the algebra so(3) we take operators of the form (B.J)
as the basis elements Q; (i = 1,2,3) of so(3) and then study the restrictions imposed on their
coefficients by relations (B.15). We also use transformations (B.6) in order to simplify the final
forms of the basis elements.

In view of Lemma 3.3, we can take one of the basis elements of the algebra so(3) (say, Q1)
either in the form 0; or 0,.

Let Q1 = 0;. Using the first two commutation relations from (B.13) yields

Q2 = AcostO;+ [becost+ Bsint] 0, + [ccost + ysint] Oy,
Q3 = —Asint0;+ [~bsint + Fcost] 0, + [—csint + ycost] Oy,

where A = const € R, b= b(z,u), ¢ = c(x,u), f=p06(x,u), v=y(x,u) are arbitrary smooth
functions.Then, using the third commutation relation, we arrive at the equation A> = —1 which
has no real solutions A. Consequently, in the case when the operator Q)1 is equivalent to the
operator 0y, there are no realizations of the algebra so(3).

Turn now to the case Q1 = 0,. As a straightforward calculation shows, the most extensive
subgroup of the equivalence group £ not altering the form of () is of the form

t=T(t), z=x+ X(t,u), v="U(t,u), T#0, U, #0. (3.16)
Using the first two commutation relations from (B.15) we get

Q2 = acos(x+ )0y + Beos(z + 0) 0y,
Qs = —asin(x+7)0, — fsin(x + 6) Oy, (3.17)

where a = a(t,u), v =v(t,u), 8 = B(t,u), 6§ = 6(t,u) are arbitrary smooth functions. Now,
either 3 =0 or B #0.If 3 =0, the third commutation relation givews o> = —1, which has
no real solutions. Consequently, G # 0.

Choosing in (B.16) X = 6 and furthermore, taking an arbitrary solution of the equation
U, = 371, as U, we simplify the forms of the operators Q2, Q3 to obtain

Q2 = acos(z+7y) 0y + cosx Dy,
Qs = —asin(x+7v)0; —sinzd,,
where o« = «(t,u), v = 7(t,u) are arbitrary smooth functions (here and in the following, we

keep the initial designations for the transformed operators to simplify the notation).
The third commutation relation for the operators @1, ()2 which we have obtained, yields

the equations cosy = 0, a? + ay siny = —1, whence
Q2 = tanfu =+ a(t)]sinz 0, + cosx Oy,
Q3 = tanfu =+ a(t)]cosz 0, — sinz 9,

where a(t) is an arbitrary smooth function.
Finally, putting T =¢, X =0, U = u+ &(t) in (8.16) we find that the above realization is
equivalent to (B.13).
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To complete the proof we have to verify whether there exists an equation of the form (p.J)),
whose symmetry algebra contains subalgebra (B.13). Invariance of (D.1]) with respect to the one-
parameter group having the generator (1 means that F' = F(t,u,u,), G = G(t,u,u,). Writing
down condition (B.4) for the operators @2, Q3 we get the following system of PDEs:

F, —ugtanul,, = 2tanuF,

(1 +u2sec’u)F,, = —2u,sec? uF,

U sec? uG + ugy tan u(1 — 2uZ sec? u)F = (1 4+ u2 sec® u)G,,,
(1+2u2sec? u)F = Gy — uy tan uG, .

Solving the first two equations of the above system gives

2
sec’u ~
F=—-=SF(t
14+ w? ®),
. . . 2w? +1 - _
where w = wu, secu. Integrating the fourth equation yields G = T tanuF'(t) + G(t,w).
Finally, solving the third equation we get the form of G(¢,w)
G(t,w) = V1+w2G(t).
Thus PDE (D.J]) is invariant with respect to the algebra (B.13) iff
2 _ 9 2 1 B B
F = %F(t), G = % tanuF (t) + V1 + w?G(t), w = ug secu. (3.18)

with arbitrary smooth functions F'(t), G(t) provided that F(t) # 0.

Evidently, the change of variables (B.1¢) with X = 0, U = wu does not alter the forms of
the operators of the realization (B.13). Choosing a solution of the equation T =Fas T, we
get F(t) = 1. By direct computation one shows that if the function G(t) is arbitrary, then
the algebra (B.I3) is the maximal invariance algebra admitted by the equation obtained. The
theorem is proved.

Theorem 3.2 There exist five inequivalent realizations of the algebra sl(2,R) by operators
(B-3), which are admitted by PDEs of the form ({0-1)

(2t 0y + 2 0y, —12 0 —tx Oy + 220y, Op), (3.19)
(2t 0y + 20y, —t20; + x(2x® — 1) 0y, Op), (3.20)
(200, — 0y, —22 0y + 2Udy, Oy, (3.21)

(22 0y — u Oy, (u_4 — :1:2) Or + xu Oy, 0z), (3.22)
(200, —udy, —(u™ +2%) 0y + 2udy, 0. (3.23)

The forms of the functions F,G determining the corresponding invariant equations are given as
follows:
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sl(2,R) F G

F(w) 72 {G(w) — 2uF(w) +u? — uw} , W=2u— Tug

1 .
w3 72 {—Zw 43w 2+ w_lG(u)] , W= TUy

N
QI
I
[\
S
&
IS
BN

- . 10w? + 1
ut (14 40?) 7 u V14 4w?G(t) — 852 _:_2 , w=u"Su,
- 10w? — 1
wt (1 —4w?) ™! u[\/\l—éleIG(t)—i- 8:)2—2]’ w = u"3u,

If the functions F, G are arbitrary, then the corresponding realizations of the algebra sl (2,R) are
mazimal invariance algebras of the respective PDEs (.4). Furthermore, the mazimal symmetry
group admitted by the third PDE from the above list

Up = u_4um — 2u_5u92£
is the five-dimensional Lie algebra sl(2,R) @ Lo, where sl(2,R) is given in ([3.21) and Ly =
<47f O + u@u, 8t>

Proof. The Lie algebra sl(2,R) = (Q1, @2, Q3) is defined by the following commutation
relations:

[Q1, Q2] =20Q2, [Q1, Q3] = —-2Q3, [Q2, Q3] = Q1. (3.24)

In view of Lemma 3.3 we can choose the operator (3 either in the form 0; or 9,.

Let Q3 = 0;. Imposing the second commutation relation from (B.24) gives (up to equivalence
under &) the operator @ either equals to 2t 9; or 2t 0y + x 0.

If Q, = 2t 0, then it follows from the remaining commutation relation that Qs = —t2 d;, so
that we obtain the realization (2t9;, —t29;, 0;). However, PDE (D.Il) can admit this algebra
only when the condition F = 0 holds. This contradicts the assumption F' # 0 and, consequently,
there are no corresponding invariant equations within the class (.J)).

If now Q1 = 2t0; + x0,, we get (up to equivalence under &) the realization (2¢t0; +
0y, —t20; — txdy, O;) and the realizations (B19), (B:20) of the algebra sl(2,R). Substi-
tuting into the invariance conditions (B.4) shows that the first realization cannot be admitted
by PDE (D.1)). This leaves us with the realizations (B.19), (B-20).

The most general equations (D.1]) invariant with respect to realizations (B.19), (B.20) are
given by:

F=Fw), G=az"2 {é(w) — 2uF (W) 4 u? —uw} , W= 2u — Tu,,
- 1 . .
F=w3F(u), G=zx2 [—Zw + 3w 2 F(u) + w_lG(u)} , W= TUg.
It is not difficult to show that the change of variables

t=t, x=z, u=Uw), U #0, v=u(tx)
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does not alter the form of the basis operators of the realization (B.20). So, choosing the function
U to be a solution of the equation (U")? = F(U), we can transform PDE (0.1) invariant under
(B-20) in such a way that F = 1.

We now turn to the case Q3 = 0. Using the commutation relations (B.24) we find that
the inequivalent realizations of sl(2, R) within the class of operators (B.d) are exhausted by the
realization (2x0,, —220,, 0,) and by the realizations (B.21)), (B.29), (B.23). The invariance
conditions (B.4) show that the first realization cannot be an invariance algebra of PDE of the
form (D.J). The remaining realizations are invariance algebras of PDEs (0.]]) under proper
specification of the functions F, G :

F=u"F(t), G=—-2u"u2F(t)+uG(t), (for the realization (3.21));  (3.25)
1 - [ - 10w +1 -
Fe— Y B, G=ul|VIta2G) — %;F(t)] ,

ot (1 + 4w?) I 8w? 4 2
w = u"3uy,, (for the realization (B.23); (3.26)
1 - [ . 10w? — 1 -
FP=———-F(t G=u|y/|l —4w?|G(t)+ ——=F(t
w = u 3y, (for the realization (B23)). (3.27)

As the change of variables
t=T, z=z, v=U(t)u, T#0, U#O

does not alter the form of the basis operators of the realization (B.2]), we can use it in order
to simplify the forms of F,G. Choosing the functions 7" and U to be solutions of the equations
U=UG(t), U#0, T = FU* we obtain ' =1, G =0 in (B:25).

Similarly, using the change of variables

t=T(t), T=z, v=u

which preserve the form of the basis operators of the realizations (B.23), (B.23) we can choose
F=1in (B29), (B:27).

Computing the maximal invariance algebra of the PDE which admits the realization (B.21))
we get the five-dimensional Lie algebra which is the direct sum of sl{(2,R) having the basis
elements (B.21) and the two-dimensional solvable Lie algebra Lo = (4t 0; + u 0y, Oy).

The remaining invariant equations contain an arbitrary function. If there are no additional
constraints on this function, then the realizations (B.19), (B.24), (B:23), (B:29) of sl(2,R) are
easily shown to be the maximal invariance algebras of the corresponding invariant equations.

The theorem is proved.

Theorem 3.3 The realizations of the algebras so(3) and sl(2,R), given in Theorems 3.1, 3.2,
ezhaust the set of all possible realizations of semi-simple Lie algebras by operators ([5.3) which
are admitted by PDEs of the form ({0.1).

Proof. The simple Lie algebras of the lowest dimension admit the following isomorphisms:
su(2) ~ so(3) ~ sp(1), sl(2,R) ~ su(l,1) ~ so(2,1) ~ sp(1,R).

JFrom this it follows that the realizations given in Theorems 3.1, 3.2 exhaust the set of all
possible realizations of three-dimensional simple Lie algebras which are symmetry algebras of

()2
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The next admissible dimension for simple Lie algebras is six. There are four distinct six-
dimensional simple Lie algebras over the field of real numbers, namely, so(4), so(3,1), so(2,2),
and so*(4).

As so(4) = so(3) @ so(3), we have so(4) = (Q;, Ki| ¢ = 1,2,3), where (Q1, Q2, Q3) =
50(3), (K1, K2, K3) = s0(3), and we have the commutation relations, [Q;, K;] =0, 4,5 =1,2,3.
Making use of Theorem 3.1 we put the basis operators Q; (i = 1,2,3) to be equal to the
corresponding basis operators of realization (B.13). Next, the commutation relations [Q;, K. il =
0, (i,j =1,2,3) imply the following form of the operators Kj:

Kj = aj(t) 8t, a; 75 O, j = 1, 2,3 (328)
Using the change of variables
t=T(t), =z v=u,

(which does not change the form of operators (B.13)), we can transform the operator Kj to
become K; = 0;. Checking the commutation relations for the algebra so(3) yields that

Ky = MXcos(t+ M) 0y, Kz = —Asin(t+ A1),

where {\;,A\} C R with A2 = —1. Consequently, there are no realizations of the algebra so(4)
within the class of operators (B.J), which are symmetry algebras of (D.)).

We have the relation so*(4) ~ so(3) @ sl(2,R). So, in order to construct realizations of
s0*(4) we have to describe realizations of the algebra si(2,R) by operators of the form (B.2§).
Now, in proving Theorem 3.2, we established, in particular, that there is a unique realization of
sl(2,R) by operators (B.28), (2t 0;, —t? 9, O;), which, however, cannot be admitted by a PDE
of the form (D.1). This eliminates so*(4).

The algebra so(3,1) admits the Cartan decomposition (Q1, Q2, Q3)+(N1, Na, N3), where
(Q1, Q2, Q3) = s0(3), [Qi, Nj] = Ni, [Ni, Nj] =—Qx, i,j,k = cycle(1,2,3). Thus, taking as
Q; (i =1,2,3) the corresponding basis operators of realization (B.1J) and computing the forms
of the operators Ny, No, N3, we get within the equivalence relation £ the following relations:

Ny =cosud,, No=—secu cosxd,+sinu sinxd,, N3=secu sinxd, + sinu cosx Jy,.

Imposing the invariance conditions (B.4) for the operator Ny gives that F' = 0, contradicting our
initial assumption F' # 0.

In studying realizations of the algebra so(2,2) we use the fact that so(2,2) ~ sl(2,R) @
sl(2,R). In view of this, we can choose the basis operators of this algebra so that so(2,2) =
<Qi, Ki | 1= 1,2,3>, where <Q1, Qg, Q3> = SZ(Q,R), <K1, KQ, K3> = SZ(Q,R), and s [Ql Kj] =
0, i,5 = 1,2,3. Now we can take as (1, Q2, Q3 the corresponding basis operators of the realiza-
tions of sl(2,R) given by (B.19)-(B-23). However, as further analysis shows, these realizations
cannot be extended to a realization of so(2,2) which could be a symmetry algebra of PDE of
the form (D.1]).

Thus there no are realizations of six-dimensional simple Lie algebras by operators (B.3),
which are symmetry algebras of (D).

The same assertion holds true for the simple Lie algebras of dimension eight (sl(3,R), su(3),
su(2,1)), which is the next admissible dimension for real simple Lie algebras.

As su*(4) ~ so(5,1) and since the algebra so(5,1) contains so(4), we conclude that the
algebras A,_1 (n > 1) have no realizations by operators of the form (B.J), which generate
symmetry algebras of (0.])), except for those given in Theorems 3.1 and 3.2.
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There are also no realizations of the desired form for simple Lie algebras of the type D,, (n >
1), since the lowest dimensional algebras of this type (so(4), so(2,2), so*(4)) have no realizations
within the class (B.3) which could be symmetry algebras of (D.)).

By the same reasoning, we conclude that the realizations (3.13), (B.19)—(B.23) exhaust the
set of all possible realizations of the simple Lie algebras B, (n > 1) and C), (n > 1). Indeed,
taking the least possible value of n and putting n = 2 we see that the algebras of the type B,
contain subalgebras that are isomorphic to so(4), so(1,3). The same assertion for the simple
Lie algebras of the type C), (n > 1) follows from the relations:

sp(2,R) ~s0(3,2), sp(1,1) ~so(4,1), sp(2) ~ so(5),

if we take into account that the algebras so(3,2), so(4,1), contain so(3, 1), and that the algebra
so(5) contains so(4).

To complete the proof we have to consider the exceptional simple Lie algebras Ga, Fy, Eg,
Er, Es.

We consider in detail the first two algebras, the remaining algebras being treated in the same
way.

A Lie algebra of the type G2 contains a compact real form g and a non-compact real form
gh. We also have go N gh ~ su(2) @ su(2) ~ so(4), from which we conclude that G2 has no
realizations by operators of the form (B.J) which are symmetry operators of (D.)).

A Lie algebra of the type Fj contains a compact real form f; and two non-compact real
forms f1, fi. We also have fjN fq ~ sp(3) @ su(2), fi N f1~ so(9). Hence, it follows that the
algebra Fj has no realizations within the class of operators of the form (B.3) which are admitted
by PDE of the form (D.1)).

The theorem is proved.

II1.3 Equations invariant under semi-direct sums of simple and solvable Lie
algebras

In order to describe equations of the form (D.1]) which are invariant with respect to the Lie
algebras that are semi-direct sums of simple and solvable Lie algebras, we could follow the same
strategy as in the previous section. However, with Theorems 3.1-3.3 in hand, the most effective
way is a direct application of the Lie infinitesimal method in order to specify the arbitrary
functions of one variable, given in Theorems 3.1, 3.2, with the aim of obtaining all the possible
extensions of the algebras so(3), sl(2,R) admitted by PDEs (D.])). In this way we will get all
the possible equations of the form (D.I]) admitting Lie algebras which are semi-direct sums of
simple and solvable Lie algebras.

So we insert the corresponding forms of the functions F, G into invariance conditions (B.4)
and then investigate the consistency of the system of determining equations which are obtained
in this way. Substituting formulas (B.I4) into the first equation of (B.4) yields the following
system of PDEs:

(@) 2by —a—2c tanu =0,
(b) by + cpsec?u =0,
(¢) 2¢,—a=0.

1
It follows from (c) that ¢ = §du + ¢(t, ). Then the compatibility requirement for equations (a)

and (b) gives @ = 0, ¢4z + ¢ =0, whence

a=0, b=][f(t)sinx — g(t)cosz]tanu + h(t), c= f(t)cosx+ g(t)sinz,
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where f, g, h are arbitrary smooth functions of ¢.

Next, substituting the expressions obtained for F' and G into the second equation from
(B.14) we see that aG =0, f =§=h=0. Hence it follows that extension of the symmetry
algebra is only possible if G = A, A\ = const. In this case, the maximal symmetry algebra of
the corresponding PDE is the four-dimensional Lie algebra so(3) @& L1, where so(3) is given in
B-13), and L; = (0y).

We get similar results for PDEs invariant under the realizations (8.20), (B:29) and (§.23).
Namely, extension of the symmetry algebra is only possible when G = X, A = const. Moreover,
the maximal invariance algebras are the four-dimensional Lie algebras of the form sl(2,R)® L1,
where Ly = (9,) when si(2,R) given by (B.20), and Ly = (9;) when si(2,R) is given by (B.29)
or (B:23).

We turn now to the remaining case of PDE (].1)) invariant with respect to realization (B.19)
of the algebra sl(2,R). Inserting the corresponding expressions for F' and G into (B.4), we find
the following equations:

(A — 2Bw)F = (C + Dw + Bw?)F, (3.29)
(E + Bw)G — (C + Dw + Bu?)G =
= K+ Lw+ (M + Nw+ Pu? + Sw¥)F — 2u(C + Dw + Bw?)F, (3.30)

where

A = 2xb, —xza+4ub,, B =b,,
C = 2xc—x%cy — 2u(b+ zc, — xby) + 4u’b,,
D = b+ zc, — xb, — 4ub,,
K = —a3c; + 22%ub + 2?uc, + xu®(cy — 20, + a) — 2uby,,
L = —2%b —xc+ub+ ux(b, — a) + u?by,
E = 2b+x(cy —a) — 2uby,
M = 2uE —2xc+ 23cyy — 2x2u(bm —2¢py) — 4xu2(2bxu — Cyu) — 8u3byy,
N = 2uby + 2% (bys — 2¢pu) + 420(2b4y — Cun) + 120%by,
P = —x(2byy — cyu) — 6Uubyy, S = by,
];:' = d—F, ézg, w = 2u — TUy.
dw dw

. . 1
If F' is an arbitrary function of w, then we have A = B = C' = D = 0It follows that b= 5:17(1,
c = 2%¢(t). Equation (B.30]) now takes the form

K+ Lw =0,

where 1
K = —2% + 23u(i +2¢), L= —§x3(d + 2¢),

so that, ¢ = 0, & + 2¢ = 0. Thus realization (B:1J) of the algebra s/(2,R) is the maximal
invariance algebra of the corresponding PDE ([0.1)).

Thus, extension of realization (B.19) is only possible when not all of the coefficients A, B, C, D
in (B.29) vanish as a result of (B.29), (B.30). In order to classify all these cases we note that
(B-29) is equivalent to the following relation:

(k — 2mw)F = (n + pw + mw2)l;:', (3.31)
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where the coefficients k,m,n,p are constant. Indeed, since F is a function of w only, relation
(B.29) can be valid if and only if all its coefficients have the form const. X R(t,z,u) with some
non-vanishing function R. If all the coefficients in (B.29) are equal to zero, then we get the case
of an arbitrary function F. Consequently, extension of the invariance algebra is only possible
when the function F(w) satisfies an equation of the form (B:31), where k,m,n,p, are constants
not vanishing simultaneously.

Summing up, we conclude that the problem of the group classification of PDEs (D.1]) invariant
under realization (B.I9) of the algebra sl(2, R), reduces to classifying all admissible forms of the
function F. Solving this problem requires simple but very tedious computations and so we give
only the result, omitting the intermediate calculations. The admissible forms of the functions
F(w) are:

F = 1;
F = %
F = lexpw;
F = M4+ a)™h (3.32)
= A 2a
 (wHa)? p<_w+oz>7
F = A exp (_a arctan a)
(w+a)?+ 52 g3 B )
Po_ A wH+a—p0 7

where {a, A\, 5} C R, aA\f #0. .
On analyzing the above cases, we conclude that the only forms of the function F' from the
list (B.32) that provide an extension of invariance algebra of the equation under study are:

F=1 F=uw.

We finally find that there exist five nonlinear equations of the form (D.]) invariant under four-
dimensional algebras and two nonlinear PDEs admitting five-dimensional Lie algebras. Below
we the give these equations together with their maximal symmetry algebras Ly ax.

2 2 a2
sec” u 14 2ug sec” u
up = Ugg + tanu 4+ A\y/1+uZsec?u, A € R
Tl u2sectu T 1+ uZsecu v ’ ’

Linax = 50(3) & Ly, so(3) has the form (B.13), L1 = (04);

1
up = :E_gu;?’um - Z:E_lux + 3x_4u;2 + )\:L"_?’u;l, AER,

Lax = sl(2,R) ® L1, sl(2,R) has the form (B.20), L1 = (Ou);
u? 10uu? + u” 5
— _ @ ~2 /4,6 2
up = 5 +4u%um SuZ + 208 + A\u ub +4u2, A e R,
Lax = sl(2,R) @ L1, sl(2,R) has the form (B.22), L; = (0y);
2

U 10uu? — u
7“ S
ub —4u2 T 8uZ — 2uS

7
up = + A2/ |[ub — 4u2], X € R,
Liax = sl(2,R) @& L1, sl(2,R) has the form (B.23), L1 = (9;);
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Uy = N2u — uglug, + [4y — 4N — 1)z 2u? + [1 + 2X — 4y]z Luu, +yu2, X #0, v €R,
Liax = sl(2,R) ® Ly, sl(2,R) has the form (B.19), L1 = (29, + 2ud,);

Uy = u_4um — 2u_5u§,

Luax = s1(2,R) @ Loy, sl(2,R) has the form (B.21)), Lo = (4t 0; + u 0y, 0;);

Ut = Upy + x_luux — %2 - 23:_2u,
Liax = sl(2,R) @&Lys, sl(2,R) has the form (B.19), Loo = (t0, + [tz (u +2) — 2] Dy, 01 +
o7 Hu+2)9,).
The above formulas provide the full solution of the problem of describing all PDEs of the type
(P1)) admitting symmetry Lie algebras which are semi-direct sums of semi-simple and solvable
Lie algebras.

II1.4 Classification of equations (P.1)) invariant with respect to solvable Lie
algebras

To complete the classification of invariant PDEs of the form ([.1]) we have to construct all possible
inequivalent realizations of solvable Lie algebras within the class of operators (B.J) which are
invariance algebras of (D.1]). First, we shall perform a preliminary classification: we shall describe
inequivalent PDEs (D.])) admitting one-, two- and three-dimensional solvable invariance algebras
and then proceed to classifying equations invariant with respect to higher dimensional solvable
Lie algebras.

I11.4.1 Preliminary classification

Equations (D.1]) invariant with respect to one-dimensional algebras have already been con-
structed, so that we can start by considering two-dimensional solvable Lie algebras. As men-
tioned in Section II.2 there are two inequivalent solvable Lie algebras

A2.1 : [61,62] = 0; (3.33)

Ag.g : [61,62] = €9.

As each of the above algebras contains the algebra A;, when studying realizations of two-
dimensional Lie algebras we can take as one of the basis operators either % or %. Consider in
more detail the case of the algebra As .

Let e; = 0, and ey be an operator of the form (B.3). Then it follows from (B:33) that within

a choice of a basis of the algebra A1 we can put
ea = b(z,u)0; + c(x,u)0,. (3.34)

Since operator (B.34)) can be treated as the non-zero vector field acting on smooth functions
of x,u, we can choose es = 9, thus getting the realization (0, d,,).
Now take the case ey = J, and ey is an operator of the form (@) Using the commutation

relation (B-33) yields
eo = a(t)0y + b(t,u)0y + c(t, u)0y. (3.35)
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If a # 0, we make the change of variables
t=T(), T=x+ X(t,u), v="U(t,u), T#0, U, #0, (3.36)

where T'= a1, aX; + 22X, +b=0; aU; + cU, =0, U, # 0. This reduces operator (B.-39) to the
form ey = 0.
If in B.34) a =0, ¢ # 0, then we put "=t in (B.3() and take as X and U solutions of the
equations
cXy+b=0, cU, =1,

which reduces operator (B.35) to es = 0,.

Finally, turning to the remaining case, when a = ¢ = 0 in (B.35). There are transformations
of the form (B.3) which transform operator (B.33) to the form ey = 95 (if b, = 0) or to ez = vz
(if b, # 0).

Summing up we conclude that, up to equivalence defined by transformations of the group &,
there are four inequivalent realizations of the algebra Ag 1 : (94, Oy), (Oz, Ou)y (Oz, t0s), (O, udy).

The conditions (B.4) imply that the third realization, (,,td,), cannot be an invariance
algebra of PDEs of the form (D.J)). The equation invariant under the fourth realization is

up = uy 2 F(t, )z + ugG(t, ). (3.37)
and is linearizable by the change of variables
t=t, T=u, v==x.

Thus we see that there exist two inequivalent realizations of the algebra As; which are
invariance algebras of nonlinear PDEs of the form (D.1)):

Aby = (O1,0u);
A%.l = <8waau>-

The corresponding forms of the functions F', G are given in Table 1.
The same reasoning gives all inequivalent realizations of the abstract Lie algebra Aso. The
full list of these contains three realizations which are admitted by PDEs of the form (D.1)):

A%Q = <—7f8t — $6m, 6t>;
A2, = (=t — 20y, 0y);
A%Q = <_‘Ta:c - uau; a:c>

The corresponding forms of the functions F and G are given in Table 1.
Let us note that provided the functions F', G are arbitrary, the corresponding realizations of
the two-dimensional Lie algebras are maximal invariance algebras of these equations.
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Table 1. Invariance of ([0.3) under two-dimensional solvable Lie algebras

Algebra F G
Ay | Flug) Gz, uy)
A3, | Fltuy) G(t, ug)
A, cF(u,w) | 271G (u,w), w=zu,

A%, tF(u,w) | t7'G(u,w), w = tu,

A%Q uzﬁ(ta ux) U’G(ta u:L‘)

We begin the search for realizations of three-dimensional solvable Lie algebras As = (eq,
eg, e3) by considering decomposable algebras As 1, As.o.

Evidently, in order to get all the possible realizations of these algebras within the class of
operators (BJ), it suffices to extend the realizations already known for the two-dimensional
algebras A%, = (e1,e2) (i = 1,2) (for the algebra As;) and AL, = (e1,e9) (i = 1,2,3) (for
the algebra As ). This follows from the definition of decomposable solvable Lie algebras. As a
result we get one realization of the algebra As; and six inequivalent realizations of the algebra
As.o, which are admissible as invariance algebras of PDEs (@)

A%,,l = ataauaax>7
Ail))'Q = —t(‘?t — x@x, 8t, 8u>7

b
W
[\

I

(

(

(—t0y — udy, O, xudy);
A3, (=t — uOy, Oy, tOy + x0y);

(

(

(

I
W
(3]

I

—t0p — 10y, Oz, Oy);
—20; — U0y, Oy, O4);
—20; — uOy, Oy, txdy).

5 _
A3.2 -
6 _
A3.2 -

The explicit forms of the invariant equations (.I]) are determined by the forms of the func-
tions F', G which are given in Table 2, where F, G are arbitrary smooth functions.

One can verify by direct computation that the realizations given above are the maximal
invariance algebras of the corresponding equations, provided the functions F and G are arbitrary
smooth functions.

As mentioned in Section II.2, there are seven abstract non-isomorphic non-decomposable
Lie algebras. All of them contain the two-dimensional commutative ideal As1 = (eq, e2). Thus,
to construct their realizations within the class of operators under consideration, it suffices to
describe all the possible extensions of the realizations of Ao 1 with the operator es of the form
(B-3). Moreover, we have to consider both the realizations A%, = (er,es) (i = 1,2), and
Ab | = (é1,&) (i =1,2), where & = ey, & = e;. We will consider in more detail the procedure
for constructing realizations of the Weyl algebra As 3, which is a nilpotent Lie algebra.
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Table 2. Invariance of ([0-]) under three-dimensional decomposable solvable Lie algebras

Algebra F G
A, o F(w) e 1G(w), w=zu,

A2, | ule™F(z) | e™[G(z) — W?F(2)], w=u"u,

A3, t~ 122 F(w) 7 'G(w), w=t""22u,
A, tF(w) t71G(w), w = tu,
A3, 22 F (ug) G (uy)

AS, 22F(t) ot g In fug| + 2u,G(t)

We begin with the realization Al ;. If e; = 0;, ea = Oy, then it follows from the commutation
relation [e2, e3] = e1, where e3 is of the form (B.3), that the equation b,0, + ¢,0, = 9, holds
true. Since this equation cannot be satisfied for any choice of the functions a, b, ¢ contained in
es, this realization cannot be extended to that of a three-dimensional solvable Lie algebra. Next,
if e1 = Oy, e9 = O, then ez = l;(x)@x + [t + é(x)]0dy, and we obtain, up to equivalence under &,
the following three realizations of the algebra As s:

(Ou, O, Oy + t0y),
<auvat7tau>7
<aua ata (t + :L')au>

Checking conditions (B.4) we find that the second realization from the above list cannot be
an invariance algebra of PDE (D.]). Moreover, the equation admitting the third realization is
necessarily linear.

In studying the realization A3 ; we have to take into account the existence of two possibilities.
The first possibility is e; = 0,,es = 0, and the second one is ey = 0y, e2 = 0,. However, the
above realizations are transformed one into another by the change of variables

t=t, T=u, v==x. (3.38)

So we may consider without loss of generality the second realization only. Performing the
necessary computations yields a realization of the algebra Ass which can be admitted by a
nonlinear equation of the form (D.)): (Dy, Oz, O + 20y,).

We conclude that there are two inequivalent realizations of the algebra Asgs, which are
invariance algebras of nonlinear PDEs from the class (0.1)),

Abg = (0,010, + 0y);
Ay = (84O, 1Oy + 20y,

The forms of the functions F' and G defining the corresponding nonlinear heat conductivity
equations are given in Table 3.
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Table 3. Invariance of ([0.]) with respect to the Weyl algebra

Algebra F G

A%,'g F(uyg) x4+ G(uy)

Az | FO) | —5ui +G()

The remaining non-decomposable solvable Lie algebras are treated in an analogous way. We
present below those of their inequivalent realizations which are admitted by nonlinear PDEs of
the form (D.1). In Table 4 we give the various forms of the functions F', G defining the forms of
the invariant equations.

ALy = (0u, 00,0, + 20y + [t + uldy);

A3y = (0w, 00,10 + [t + ulOu);

A3y = (O 00, 2t0; + (x + u)Dy + udy);

Ady = (00y O, (& + w8y +ud,);

Ays = (04, 00,10 + 10y + udy);

A2 = (By, B, tO) + udy);

A3s = (O, 0u,2t0; + 20y + ud,);

Al = (0y,04,10; + 0, — udy);

AZs = (01, 04,10, — udy);

Ag.ﬁ = (O, 0y, tO; + £0y — udy);

Ade = {0y, 04,20, —udy);

AL, = (04,0, qtd; + 10y +udy) (q # 0,£1);

A7 = (Ou,0p.qtd +udy) (g #0,£1);

A3 = (O, O, tOr + 20y + qudy) (0 < |q| < 1);

Adr = (0w, 00,0, + qudy) (0 < |q| < 1);

Ayg = (0n,0u,0i + udy — 0y);

A§.8 = <arvauauam $6u>§

Aly = (02,0u,0 + (u+q2)0s + (qu —)8y,) (¢ > 0);
(

Ay = (02,04, (u+qu)dy + (qu —)dy) (¢ > 0).

Let us note that if the functions F, G from Tables 3, 4 are arbitrary, then the corresponding
realizations are the maximal invariance algebras of the equations obtained.

II1.4.2 Complete classification of nonlinear PDEs (|0.1)) invariant with respect to
solvable Lie algebras

The next step of our approach to the group classification of nonlinear PDEs of the form (D.1)) is
to describe equations which are invariant under four-dimensional solvable Lie algebras.
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Table 4. Invariance of under non-decomposable three-dimensional solvable Lie algebras

Algebra F G

A3y o F (uy) Glug) +In fz|

A3y ug ' F(x) Ga) + Infuy|

A3, u; 2F(w) ume_%é(w), w=2u;' —Inlt|

A3 4 ug PF(t) exp(2u; ") uz G(t) exp(ug ')

ZER uy ' F(w) G()

As F(uy) 672G ()

Al zF(w) 12G(w), w=22u,

A3 g u, F(x) uzG(x)

A3 tF(w) t72G(w), w = t2u,

A3 g ug ' (t) [us[G(t)

A37 >~ F (ug ) 2| 9G (uz) (¢ =# 0,%1)

A3 [z |4 F () [ua|'1G(x), g # 0, %1

A3 tF(w) |t171G (W), w = [t (0 < |g] < 1)

447 a7 (1) jus [ FTG() (0 < gl < 1)

Al (1+u2) 1F(w) VIF+u2G(w), w=t+ arctan u,

A3 g (1+wu3) " F (1) VI+u2G(t)

T )
w =t +arctanu, (¢ > 0)

A2, exp(—2q1al$tjgl ua) F (1) V1 F uZ exp(—qarctan u,)G(t), (¢ > 0)

As we mentioned in Section I1.2, there are ten decomposable and ten non-decomposable, non-
isomorphic, solvable four-dimensional Lie algebras. Since nonlinear equations of the form ([.1)
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which admit three-dimensional solvable algebras contain arbitrary functions of one argument, it
is only natural to expect that PDEs admitting four-dimensional algebras will depend on arbitrary
parameters at most. In other words, the arbitrary functions in question will take specific forms
dictated by the extension of symmetry group. This is, indeed, the case for all the invariant
PDEs except for the equation

up = F(ug) gy (3.39)

Group classification of PDEs of the form (B.39) has been carried out in [§] and we give below
the results obtained in the form of theorem.

Theorem 3.4 ([§]) Provided F is an arbitrary smooth function, the mazimal invariance algebra
admitted by (3.39) is the four-dimensional Lie algebra

A B (2t0; 4 20, + ud,).

An extension of the symmetry algebra of PDE ([3.39) is only possible for the three cases given
below:

F=expu, : e5=1t0 —x0y;
F=ul : e5=ntd—udy, n>-1, n#0;
_exp(narctan u,)

F
14 u2

es = Nty — udy — x0y, n > 0.

In view of this result, we will exclude from further consideration equations which are equiv-
alent to an equation of the form (B.39).
Consider first the decomposable solvable four-dimensional Lie algebras

4A1 = A31 @ Ay, A3 @ Ay,
2459 = Ag 9 @ A2_2, Az D A (Z =3,4,... ,9).

On analyzing extensions of the realization Al for the algebra 4A4; and of the realizations

¢, (i=1,...,6) by an operator e, of the form (B.3), we conclude that there are no realizations

of the algebras 44 and A3 ® A; which could be invariance algebras of PDEs of the form (@)

Studying realizations of the algebra 2As 5 yields four inequivalent realizations admitted by

PDEs from the class (D.1)). We give these realizations below, as well as the corresponding forms
of the functions F', G.

2435 = AL, (—ud, + kxd,) (k#0):
F = Ax!w\_k, G = ﬂx_llw\l_k, A#£0,0 € Ryw = zuy;
245, = A3,D (v0,):
F=Xu"lexpw, G= (6 — )\w2) expw, AN#0,0€ Rw= zu” Mg,
245, = A3, (—ud, +ktd;) (k#0,1):
F= At\w[l%kk, G = ﬂt‘l\wlﬁ, w=tuy, A#0,0¢€ R;
243, = A3oD (—ud, +10,) :
F =X, G=u;lnltuy|+ Pus, A#0, BER.

Now, in order to complete group classification of the PDEs given above, one has to compute
their maximal invariance algebras. To this end, it is necessary to solve the determining equations
(B-4) for each choice of the functions F, G. Note, that we have simplified the forms of the
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functions F, G with the use of transformations from the corresponding equivalence groups which
are subgroups of £. As a result, we get the following simplified forms of the above invariant
equations:

2A%.2 FUp = ’x‘l_k‘uﬂc‘_kuxw + Mx‘_k’ux’l_kv BeR, k#0;

242, tuy = 2%u exp(W)uge + (B — w?) expw, w=zu lu,, BER;
k k k

2435 : g = E [T g | T gy + €t TF [0 [TF, €= 0,1, k#0,1;

2A§_2 DUy = Mgy + ug In|tug|, XN #0.

Inserting the functions F, G defining the above PDEs (B.40)-(B.43) into the determining

equations (B-4) and analyzing the equations obtained, we arrive at the following conclusions.

1. If & # 0,2, B # % or k = 2,8 # 2 in (B40), the realization 2A}, is the maximal
invariance algebra of the nonlinear heat conductivity equation ([B.40). If k = 2,6 = %, then
the maximal invariance algebra of the equation in question is five-dimensional. Its basis if
formed by the operators of the realization 243, (k = 2) and the operator 4xud, — u%d,,.
However, this algebra is isomorphic to the Lie algebra si(2, R) @ Aso and the change of
variables )

t=t, T = u, v=oalz|1, a#0

transforms its basis operators to become basis operators of the realization of si(2, R)® L 1,

where sl(2, R) is the realization (B.21]) and Lsq = (4t0; + ud,, d;). Thus equation (B.40)

with k =2, 0= % is equivalent to an invariant PDE obtained in the previous section.

Finally, if K # 0,2 and 8 = % in equation (B.4(), then the latter is transformed by
transformations from the group £ to the form (B.39).

2. If 3 # —2 in equation (B.40), the realization 2A3, is the maximal invariance algebra
of this equation. Given the condition § = —2, the maximal invariance algebra is the
five-dimensional Lie algebra spanned by the operators

(O, —xudy, 220, + In ]a:2u]a:u8u, 2t0y + 2u0y, — X0y, tOp + udy).
The change of variables
t=t, T=—x ! v=2""Inlu| + 227 (1 + In|z|)
reduce equation (B.41]) with 3 = —2 to the equation
vz = exp(vz) vz,
which is contained in the class of PDEs (B.39).

3. The realization 243 , (k # 0, 1) is the maximal invariance algebra of PDE (8.43), provided
e = 1. If e = 0, then its maximal invariance algebra is the five-dimensional Lie algebra
spanned by the operators

3 1tk
2455 (k#0,1) &([t[*10y).
However, with this choice of ¢, equation (8.43) is reduced through the change of variables

to equation

which belongs to the class of PDEs (B.39).
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4. The realization 243, is the maximal invariance algebra of PDE (B:4J). Analyzing the
algebra A3 3@ A; we find that it has no realizations which are admissible for PDEs (].1)).
Next, we get a realization A%. @ (0,) of the algebra Ass @ A; but the corresponding
invariant equation

Up = Uy, lum

belong to the class of PDEs (B.39). Studying realizations of the algebra As7; & A; we get
the nonlinear heat conductivity equation

U = Uy, 2um + uml,
whose maximal invariance algebra is the five-dimensional algebra having the following

basis elements:
A5 = A37 (4=2) © (0,,€70s).

A similar analysis of the remaining decomposable solvable four-dimensional algebras yields
eight inequivalent realizations that are maximal invariance algebras of nonlinear PDEs of
the form (D.J]). We list the nonlinear PDEs (D.1)) whose maximal invariance algebras are
four-dimensional decomposable solvable Lie algebras in Table 5.

We turn now to non-decomposable algebras. There are ten non-isomorphic non-decompos-
able solvable four-dimensional Lie algebras A4 = (e;|i = 1,2, 3,4) (the full list is given in Section
I1.2). Their structure implies that studying realizations of these algebras can be carried out
by extension of the (already known) realizations of three-dimensional solvable algebras Az =
(e1,ea,e3) by the operator ey of the form (B.J). Moreover, one must use the following extension
scheme: A4.i = A3.1—:B <€4> (Z = 1, e ,6), A4.Z‘ = A3.3—:B <€4> (Z = 7, 8,9), A4.10 = A3,5-:B <€4>.

There exists only one realization of the algebra As 1, and it is the maximal invariance algebra
of the PDE

ur = F(ug)uze + G(ug), (3.44)

so that nonlinear PDEs invariant under realizations of the algebras A4, (i = 1,...,6) must
belong to the class of equations (B.44).

Direct computation shows that the algebra A41 has no realizations that are admitted by
PDEs (D.1)). For the remaining abstract Lie algebras from the class under study we get seven
realizations which are invariance algebras of nonlinear PDEs of the form (D.1]).

Alp = A31P (qt0; + 20: + (u+2)du) (q#0,1);
Afy = A3 B (10, + (t+ )0 + qudu) (g #0,1);
Al s = A3 1D (t0, + 20,);
Al s = A3, D (t0, + udy);
Afg= A4 (0 + (t+2)05 + (z +u)dy);
Ajs=A31D (t0, + prds + qudu) (p<q, p-q#0; p,g,# 1);
Ale = A31® (@t + (pr + u)ds + (pu— 2)8u) (q# 0; p > 0).
The corresponding forms of the functions F', G defining invariant equations (0.1) are given in

Table 6. Note that, for the sake of completeness, we give in Table 6 equation (B.39), whose
maximal invariance algebra for arbitrary F is

1 1
Als = A3,D (0 + §:E5m + §u8u>.
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Table 5. Invariance of (P-1) under decomposable four-dimensional solvable algebras

Algebra F G
24}, (k#0.2) o]t | BlelHug i+, 6 # kL
2A%.2 (k‘ = 2) ac_lu;2 ﬂw_2u;1,ﬁ o %
243, *u"texpw (B—w?)expw, w=zutug, 3 # -2
243, (k #0,1) [T iy | TF 72 g | 77
243 At, A#0 Uy In [ty |
A3, © () uy! In ||
A3, ® () uz® exp(2u; ) ug exp(u; ')
Al ® (O) Ua u2
A3 6 ® () ug ' |tz |
A3, 6 (0x) (g #0,%1,2) || 9 |1
Af7(0) (0< g <) g 77 g | 7T
A3 @ (0r) (L+ui)™ VIitui
A3 @ (0y) (¢>0) eXp(—?qfl;cztan Uz) V/1+ u2 exp(—qarctan uy)

As we have already mentioned, the realizations of the algebras Ay; (i = 7,8,9) are con-
structed by extension of the realizations of the algebra As 3 by an operator e4 of the type (B-3).
Also, while considering the realizations of Ass3 = (e, e2,e3), we have taken into account the
isomorphism of this algebra given by e; — e1, ea — —e3, e3 — eo.

In this way, we get three inequivalent realizations of the algebras A4 7 and Ayg

Ao = AL ap (0, + (x — )0, + (2u — %t2)8u>,

A%, = A33D (—0; + 20y + 2udy),
1
ALy =A% (—(1+tH)0 + (¢ — )20, + (2qu — 53:2)8@ (g >0),
which are maximal invariance algebras of nonlinear PDEs (D.1). The corresponding forms of the
functions F', G are given in Table 6.

Next, we have constructed four inequivalent realizations of the algebra A4 g that are admitted
by nonlinear PDEs from the class (D.1)):

Alg=AbyD (t0 + qud, + (1 + q)ud,) (¢ € R),
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A2 g = AL oD (t0; + KOy +udy) (k#0),
A3 g = A 3B (20, +udy + kY0 + 20,)) (k #0),
Al g = A2:D (1 — Q)tds + 20, + (14 @Qudy) (gl # 1).

The realizations A% g, A} ¢ are the maximal invariance algebras of nonlinear heat conductivity
equations belonging to the class of PDEs (D.1]), and the corresponding forms of the functions F,
G are given in Table 6.

The PDE invariant with respect to the realization A} ¢ reduces to the form

wp = Mg |27 Mgy + o+ e|ug|?, (3.45)

where e =0, A ==+1, provided g =0,1 ande=0,A=dxlore=1,A#0 if ¢ #0,1.

Investigating the maximal symmetry admitted by (B.49)we find that for ¢ # —% the realiza-
tion A} g is its maximal invariance algebra. If ¢ = —5, the change of variables (B.3§) reduces
PDE (B.49) to the Burgers equation

vp = \Ugz — VVz.

The maximal invariance algebra of the Burgers equation is the semi-direct sum of the algebra
sl(2, R) and a two-dimensional solvable radical.
The equation invariant under the realization A3 ¢ is

up = +exp(2kuy)ug, + x + eexp(kuy), k#0,e=0,1.

If € = 1, then the realization A3 g is the maximal invariance algebra of this equation. For € = 0,
the change of variables

_ 1
I — ﬂe%t’ T=—x v=—2ku+2ktx, k#0,

reduces the equation in question to the PDE
vy = % exp(vz)vaz,

which belongs to the class of equations (B.39).
Finally, after extending the realizations of the Lie algebra Ass = (e1, ez, e3) by an operator
e4 of the form (B.3), we obtain a realization of the algebra A419 of the form

Al1g = A3 5D (2kt0, + udy — 20y), k>0,
which is the maximal invariance algebra of the equation

exp(2k arctan u, )
U+ =
! 1+

Uy - ﬁ|t|_%«/1 + u2 exp(karctanu,), k>0, 8 #0.

We give in Table 6 a complete list of inequivalent PDEs of the form (D.1]), whose maximal
invariance algebras are non-decomposable four-dimensional solvable Lie algebras.
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Table 6. Invariance of ([0-]) under non-decomposable four-dimensional solvable Lie algebras

Algebra F G
Al exp(2 — q)uy exp(l — q)ug, q#0,1
1
Azzm |tz | 2T (1_Q)_1ux Infug|, q# 0,1
Al exp(—uy) exp(—uy)
A? 1 — Uy In |ty |
4.3 T T
AL, exp Uy —%u%
1 2p—1 q—1
Ays |ue| =7 lug|sP,p < q,p-q#0, pg#1
A3 F(ux) 0
Alg zadll _12?55 ctane] | A0 expl(q — p) arctan ug), g # p, p > 0
xX
Al Mg, A#£0 T + Uy In |uy|
A3 + exp(—2t) —su?
Als (g # —3) £, [24 x
Als (g#0,1) Aug?7, A #0 T+ |ug|?
A2 Mug|™H A#£0 x—klnlug|, E#0
A3 + exp(2k
4.8 p(2kuy) z +exp(kug), k#0
14q
Ajs (lal #1) [t ™=a —gu}
ALy (g >0) + exp(—2q arctan t) teXp(—12—'q_z;£ctan t_ Tu?
Al Lo eXp(ij_r(;gan U] ﬁ|t|_%\/1 + u2 exp(k arctan ug), k >0, 5 #0
xX

In order to complete the group classification, we have to analyze nonlinear equations of the
form (D.1]) which admit five-dimensional invariance algebras. In Section II1.3 we have constructed
two nonlinear heat conductivity equations whose invariance algebras are five-dimensional semi-
direct products of semi-simple and solvable Lie algebras. According to the results of [P{] there
are three more PDEs belonging to the class (B.39), admitting the five-dimensional algebras

A2 =
A =

A2 D (10, — 20y);
Aﬁ,g,% (ntdy — udy), (n>—1,n #0);
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A} = A3.p (ntdy +udy — 20,), (n>0),

and there is one PDE admitting the realization A} . It is not difficult to verify that all the
algebras AL (i = 1,...,4) are solvable five-dimensional Lie algebras. Moreover, the algebra
A} is decomposable Al ~ A37 @ Ags and the algebras AL (i = 2,3,4) are non-isomorphic
non-decomposable five-dimensional solvable Lie algebras (see, e.g., [B]])

A2 ~ Asza(p =2), A2 ~ As33(p=2+n,q= —n)
A3 ~ As35(p = 2,9 = n).

Consequently, the PDEs invariant with respect to the above algebras are inequivalent. We
give in Table 7 a complete list of nonlinear PDEs of the form (D.1) whose maximal invariance
algebras are five-dimensional.

IV  Some conclusions

Surprisingly, the number of inequivalent nonlinear PDEs of the general form under consideration,
and which admit non-trivial symmetry groups is reasonably small. Summarizing the results of
our group classification of nonlinear heat conductivity equations of the form (0.J]) we conclude
that

1. There are two inequivalent nonlinear PDEs (D.1)), that admit a one-dimensional invariance
algebra.

2. There are five inequivalent PDEs ([.1]) given in Table 1, which are invariant with respect
to two-dimensional Lie algebras. Note that all two-dimensional Lie algebras are solvable.

3. Nonlinear heat conductivity equations (D.1]) invariant under three-dimensional Lie algebras
(note that a three-dimensional Lie algebra is either semi-simple or solvable).

(a) There are six PDEs (D.1]) admitting three-dimensional semi-simple invariance algebras
(see Theorems 3.1 and 3.2).

(b) There are twenty eight equations (D.1), given in Tables 2-4, which are invariant with
respect to three-dimensional solvable Lie algebras.

4. Nonlinear heat conductivity equations (0.]) invariant under four-dimensional Lie algebras
(note that there are no semi-simple four-dimensional Lie algebras).

(a) There are five PDEs (0.1]) admitting four-dimensional invariance algebras, that are
semi-direct sums of semi-simple and solvable Lie algebras (see PDEs given at the end
of Section III.3).

(b) There are thirty equations (D.1]) given in Tables 5,6, which are invariant with respect
to four-dimensional solvable Lie algebras.

5. Nonlinear heat conductivity equations (D.1) invariant under five-dimensional Lie algebras
(note that there are no semi-simple five-dimensional Lie algebras).

(a) There are two PDEs (D.1) admitting five-dimensional invariance algebras, that are
semi-direct sums of semi-simple and solvable Lie algebras (see PDEs given at the end
of Section II1.3).
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(b) There are four equations (D.1]) given in Table 7, which are invariant with respect to
five-dimensional solvable Lie algebras.

Table 7. Invariance of ([0.) under four-dimensional solvable Lie algebras

Algebra F G
A3 uz’ ug
A2 exp Uy 0
A3 ur, n>—1, n#0 0
A4 exp(n arctan uy)

5 2 , N 2 0 0
1+

We have shown that there are no nonlinear PDEs of the form (D.]) admitting invariance
algebras of the dimension higher than five. Consequently, the classification of invariant nonlinear
heat conductivity equations (D.I) presented above is complete in the sense that any PDEs of
the form (@), which possess non-trivial Lie symmetry, can be reduced to one of the canonical
forms given above.

Furthermore, we have shown that the results on group classification of particular equations
from the class (0.1)) obtained in [§, [[3], [Rf]-[BI] can be derived from our considerations. That
is to say, for each invariant PDE (D.I)) obtained in the papers enumerated above we can give
an invariant equation from our list which is equivalent to it. The procedure of looking for a
corresponding change of variables is purely algebraic. We start with identifying the invariance
algebra by determining whether it is semi-simple, or solvable, or a semi-direct sum of semi-simple
and solvable algebras, and then we find the corresponding realizations of the Lie algebras of the
same dimension as the algebra under study. Comparing the two realizations, it is not difficult to
find the explicit form of the change of variables connecting these realizations (and, consequently
transforming the corresponding invariant equations into one another).

One more point is that our classification is in full accordance with the results of Sokolov
B and Magadeev [BJ]. These papers discuss, in particular, estimates for the dimension of the
symmetry algebras of evolution PDEs with one or more spatial variables.

Another important point is the so called quasi-local or non-local symmetries of nonlinear heat
conductivity equations. One can construct a number of these kind of symmetries as indicated in
and combine them with non-local transformations like the Legendre, Laplace and Béacklund
transformations [f, B4). As mentioned in the introduction, there is an intriguing possibility
of reducing the problem of group classification of the general second order evolution equation
(02) to that of PDE (0.1]). Moreover, the ”singular points” of this reduction are the quasi-local
symmetries of (0.1) which might correspond to usual Lie symmetries of (0.J). However, these
very important questions go beyond the scope of the present paper and, in fact, can be a basis
of a separate paper.

Let us stress again that it is our belief that the models most adequately describing real
processes should possess the highest symmetry. That is why the most probable candidates for
the roles of such models are PDEs admitting four and five-dimensional invariance algebras. The
corresponding list of PDEs contain the well-known equations (like the Burgers equation) and
several principally new equations which certainly deserve further investigation.
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The questions mentioned above are under now study and will be reported on in future
publications.
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Appendix 1: solvable Lie algebras.

Three-dimensional solvable Lie algebras (L = (ej, ez, e3)) over R
The set of three-dimensional solvable Lie algebras consists of the following two decomposable
Lie algebras:

Asn = A9 A & A = 3Aq;
Azy = Aso® A1, ler,es] = eo,

and the following eight classes of non-decomposable Lie algebras:

A3 le2, 3] =

Az4 le1,e3] = le2, e3] = e1 + ea;

Azs ¢ ler,e3] = 2, €3] = ea;

Aze : len,e3] = [e2, €3] = —ea;

As7 ¢ ler,es] = 2, e3] = gea (0 < g < 1);

Ass le1,e3] = —e2, ez, e3] = ex;

Asg [e1,e3] = qge1 —ea, [ea,es] = e + qea, (¢ >0).

We note that the algebra As 3 is nilpotent. Note also that we have As; (i = 3,4,...,9) such
that <€1, €2> = Ag.l = 2A1.

Four-dimensional solvable Lie algebras (L = (e1, e, €e3,e4)) over R

Amongst the four-dimensional Lie algebras there are 10 decomposable algebras: 4A4; =
As1 @ A1, Ago @ 2A1 = Ao ® Agq, A2 ® Ao = 2429, A3, ® Ay (i = 3,4,...,9); and 10
non-decomposable solvable Lie algebras:

Ay le2, e4] = €1, [63, eq] = e2;

Asz le1,e4] = [e2,e4] = €2, [e3,e4] =ea+e3, ¢#0;

Ay le1, eq4] = [63, eq] = e;

Agy [e1,eq] = [e2,e4] = €1 + €2, [e3,e4] = ea+ e3;

Ays le1, e4] = le2,e4] = qea, les,eq] =pe3, —1<p<q<1, p-q#0;

Age le1,e4] = qe1, [e2,eq] = pes —e3, [e3,eq] = ez +pe3, ¢#0, p>0;

Ay [e2,e3] = €1, [e1,e4] =261, [ea,e4] = €2, [e3,eq] = €2 + e3;

Ays [e2, €3] = le1,e4] = (1 4+ q)er, [ea,eq] = €2, [e3,eq] = qes, [q| <1;

Agg [e2, €3] = le1,e4] = 2qer, [e2,eq] = qez —e3, [e3,eq] = €2 +qe3, q>0;
Ag10 le1,e3] = [e2,e3] = €2, [e1,e4] = —e2, [e2,e4] = e1.
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Five-dimensional solvable Lie algebras (L = (e1,e2,...,e5)) over R

The set of non-isomorphic five-dimensional Lie algebras is exhausted by 27 types of de-
composable algebras: 5A1, Az o @ 341,249 @ Ay, A3; ® 241 (i = 3,4,...,8),A3,; ® Ago(i =
3,4,...8),As; ® Ay (1 =1,...,10); and 39 non-decomposable solvable algebras:

Asa le3,e5] = e1, [es,e5] = ea;
As.2 le2,e5] = e1, [e3,e5] = ea, [es,e5] = e3;
As3 [e2,e4] = €3, [e2,e5] =e1, [es,e5] = ea;
As.4 le2,e4] = €1, [e3,e5] = e1;
Ass [e3,eq] = €1, [e2,e5] =e1, [e3,e5] = e;
As 6 les,ea] = e1, [e2,e5] =e1, [es,e5] = ea, [eq,e5] = es;
Asz ¢ [er,es] =e1, [ea,e5] = pea, [e3,es] = qes,
lea,es] =res, —1<r<q<p<1, rpq#0;
Ass le2,e5] = e1, [e3,es5] =e3, [es,e5] =pes, 0<|p| <15
As.9 le1,e5] = e1, [e2,e5] =e1+es5, [e3,e5] = pes, [es,e5] =qeq, 0F# q <p;
As.10 [e2,e5] = e1, [e3,e5] = ea, [e,e5] = ey;
As11 le1,e5] = e1, [e2,e5] =e1+e2, [e3,e5] =e2 +e3, [es,e5] =pes, p#0;
As 10 le1,e5] = e1, [ea,e5] =e1 +ea, [e3,e5] =ea+es, [es,e5] =e3+ ey;
As.13 le1,e5] = e1, [e2,e5] = pea, [e3,e5] = qe3 —rey,
les,e5] = qeq +res, |p| <1, p-r#0, q=>0;
As.14 le2,e5] = e1, [e3,e5] =pe3 —eq, les,e5] =e3+pes, p>0;
As.1s le1,e5]) = e1, [e2,e5] = e1 +ea, [e3,e5] = pes,
[eg,e5] = es +peq, —1 <p <1,
As.16 le1,e5] = e1, [e2,e5] =e1 +e2, [e3,e5] = pes — qeq,
lea,e5] = qez +pes, p>0, q¢#0;
Asa7 le1,e5] = pe1 —e2, [e2,e5] = e1 +pea, [e3,e5] = qes — ey,
lea,e5] =7Te3 +qes, T7#0, p,q€R;
As.1s le1,e5] = pe1 —e2, [e2,e5] = e1 +pea, [e3,e5] = e1 +pe3 — ey,
[es,e5] = ea +e3 —pey, p € R;
As19 @ ez es] =e1, ler,es] = (1+pler, [e2,e5] =e2, [e3,e5] = pes,
les,e5] = qeq, pER, q#0;
As20 @ lez,es] =e1, ler,es] = (1+plea, [e2,e5] =e2, [e3,e5] = pes,
leases] =e1 + (L +ples, p,g€R;
As21 lea,e3] = e1, [e1,es5] =2e1, [ez,e5] =ea +e3, [e3,e5] =e3+eq, [es,e5] = ey;
As.22 [e2,e3] = e1, [e2,e5] =e3 [64765] = ey;
As.23 le2,e3] = e1, [e1,e5] = 261, [e2, 5] = e2 + e3,
les, e5] = e3, [es,e5] = pes, p# 0;
As.24 [e2,e3] = e1, [e1,e5] = 2e1, [ea,e5] = ez +e3,
[es,es5] = es, [eq,e5] = eeq +2eq4, €= +1;
As.25 le2,e3] = e1, [e1,e5] = 2per, [e2,e5] = pea +e3, [e3,e5] = —ea + pes,
lea,e5] = ges, pER, q#0;
As26 @ [ea,e3] =e1, [er,e5] = 2per, ez, e5] = pea +e3, [e3,e5] = —ea + pes,
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e4, 65 = €e1 + 2peyq, € ==x1, peR;

[ ]
As.27 [62, 63] = €1, [61, 65] = €1, [63, 65] =e3 +eq, [64, 65] = e1 + e4;
As.28 le2,e3] = €1, [e1,e5] = (1 +pler, ez, e5] = pes,
les,e5] = e3 +eq, [es,e5] =e€q, pER;
As.29 le2,e3] = e1, [e1,e5] =e1, [e2,e5] =e2, [e3,e5] = ey;
As.30 le2,e4] = €1, [e3,eq] =ea, [e1,e5] = (2+p)e1, [e2,e5] = (1 +p)ea,
[e3,e5] = pes, [es,e5] = eq,p € R;
As 31 le2,e4] = €1, [e3,e4] = €2, [e1,e5] = 3e,
[e2,e5] = 2ea, [es,e5] =e3, [e4,e5] = €3 + eq;
As.32 le2,e4] = €1, [e3,e4] = €2, [e1,e5] =e1, [ea,e5] = ea,
[es,e5] = pe1 +e3, p € R;
As.33 le1,ea] = €1, [es,eq] =pes, ez, e5] = ea,
les,e5] = ges, p,q € R, p*+¢* #0;
As.34 le1,eq] = pe1, [ez,eq] = €2, le3,eq] =e3, [e1,e5] =e1, [e3,e5] =e2, pER;
As 35 le1,e4] = pe1, ez, eq] = €2, [e3,eq] =e3, [e1,e5] = qeq,
[e2,€5] = —e3, les,es] = ea,pg € R, p* + ¢ #0;
As.36 le2,e3] = e1, [er,eq] =e1, [ea,eq] =e2, [ea,e5] = —ea, le3,e5] = e3;
As 37 [e2,e3] = e1, [e1,eq] = 2e1, [ea,eq] = e,
le3,e4] = €3, [e2,e5] = —e3, [e3,e5] = ea;
As .38 le1,e4] = €1, [e2,e5] = ea, [es,e5] = e3;
As30 @ [e1,eq] =e1, [ea,eq] =e2, [e1,e5] = —e2, [ea,e5] =e1, [eq,e5] = e3.

Appendix 2: Lie algebras which are semi-direct sums of semi-
simple and solvable algebras.

1. Lie algebras of dimensions 5 and 6.

sl(2,R) €Ay1 : [er,es] =eq, [e2,e5] =e4, [e3,e4] =e5, [e1,e5] = —e5;
s0(3) €Asz1 @ [e1,e5] = €6, [e2,eq] = —es, [e3,e4] = €5, [e1,e6] = —es,
le2,e6] = €4, [e3,e5] = —eu;

81(27]‘:{’) G:_A3Z : [61764] == 64, [62,65] g 64’
i =3, A33 = (g, e1,¢5) [e3, 4] = €5, [e1,e5] = —es,
i =5, Az5 = (es,e5,€6);

sl(2,R) €Az1 : [e1,eq] = 2es, [e2,e5] = 2eq, [e3,€4] = €5,

le1,e6] = —2es, [e2,e6] = e5, [e3,e5] = 2es.
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2. Lie algebras of dimension 7.

so(3) €Ass(p=q=1) le1,e5] = eq, [e2,e4] = —ep, [e3,e4] = €5,
le1,e6] = —es5, [e2,e6] = e4, [e3,e5] = —ey;
1
so(3) &4A; le1, 4] = 26T lea, e4] = 265 le3, eq] = 66,
fe1, 5] = ¢, [e2, e5] = —2e4, [es, 5] = —2
e1,e5] = Seg, [ea,e5] = —5ea, [es, es] = —ger,
1
le1, e6) = —5¢5 lea, e6] = 367> le3, e6] = —564
1
le1,e7] = —5¢ lea, e7] = —566 les, er] = 653
sl(2,R) €Ay le1,e4] = eq, [e2,e5] = ey,
i=5:A45(¢g=1), le3, eq] = e5, [e1,e5] = —es,
i=8:A458(¢=1),
A48 - <667647€5767>a
sl(2,R) €Ay s le1, e4] = 2e4, [e2,e5] = 2e4, [e3,e4] = es,
Ass(p=q=1) le1,e6] = —2es, [e2,€6] = €5, [e3,e5] = 2eq;
sl(2,R) €44, le1, e4] = e, [e2,e5] = ey, [e3,e4] = es,
le1,e5] = es5, [e2,e6] = 2e5, [e3,e5] = 2eq,
[61)66] = —¢€g, [62767] = €g, [e3a66] = 3€7a [61,67] = _367;
sl(2,R) €44, le1,e4] = eq, [e2,e5) = €4, [e3,e4] = €5, [e1,e5] = —es,
le1,e6] = €6, [e2,e7] = eq, [e3,e6] = €7, [e1,e7] = —e7.
3. Lie algebras of dimension 8.
50(3) €As.7 le1,e5] = e, [e2,e4] = —eq, [e3,e4] = €5,
As7(p=q=1) le1,e6] = —es, [e2,e6] = ea, [e3,e5] = —eu;
1 1
50(3) &As; le1,e4] = €T lea, e4] = 265
. 1
i=4:A54 = (eg, €4, €7,€5,€6), les, e4] = 566 le1,e5] = 566
. 1 1
=T A5_7(p =q=r= 1)7 [62765] = _5647 [63,65] = 5677
. 1 1
i=17:A517 (p=4¢q, r=1), le1, e6) = —565 [e2, €6]) = 267
1 1
A5.17 - <e47667e57e77e8>7 [63766] 2647 [61767] - _5647
le3, 7] = —e6, e, er] = =
€9, e —€ €3, e = —€x.
2,e1] = —5¢6, [es, e1] = ges;
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so(3) &bA;

81(2, R) & As;

i=4:A54 = (eg,eq,e€6,€5,€7),
i=17,8:Ai(p=1),

Asg = (eg, €1, €4, 5, €8),

1=9:= As,

1=13,19,20: A5, (p=1),

As.i (i =19,20) = (es, €4, €5, €7, €5),

Sl(2, R) G As57

Sl(2, R) G:-Ag,_i

i — 4 . Ag4,
1=1: A5,1,
1= 3= A5,3,

i=15:A515 (p=1)

i=T7:457 (p=q=1, -1<r<1)
1=17:A517 (p=¢q, r=1,p>0)
As; (1 =T7,17) = (eq4, €, €5, €7, €8);

81(2, R) & As;

Z‘Z4Z§A5,4
i=T7:As7(p=q=1r=1)

sl(2,R) €54,

1 1

[61764] = 5677 [61765] - _5667
le1,e6] = 2e5 — eg, [e1,e7] = —2ey,
1

[e1, e8] = 3eq, [e2,eq] = 566

1
lea, e5] = 36T lea, e6] = —2ey,
le2, e7] = —2e5 — eg, [e2, 3] = e,
[637 64] — 2657 [637 65] = _2647
[63766] = ér, [63)67] = —€¢;

[61,64] = €4, [62,65] = €4,

le3, e4] = es5, [e1,e5] = —es;

le1, e4] = 2eyq, [e2,e5) = 2ey4, [e3,e4] = e5,

le1,e5] = —2eq; [e2,e6] = e5, [e3,e5] = 2es;
[e1,e4] = eu, [e2,e5] = ey,

[63764] = €5, [61765] = —¢€s,

le1,e6] = eq, [e2,e7] = es,

[63766] = e, [61767] = —er,

[61, 64] = 364’ [62, 65] = 364,

les, eq] = es, [e1,e5] = es;

le2, e6] = 2e5, les, e5] = 2eq, [e1,e6] = —ep,
le2, e7] = e, [e3,e6] = 3er, [e1,e7] = —3er;

e1,eq] = dey, [e,e5) = deu,
=es5, le1,e5] = 2es;

[e1, e4]
[es, e4]
le2, e6] = 3es, [e3, es] = 2eg,
le1, e7]
les, €]



le2, e8] = e7, [e3,er] = 4es;

sl(2,R) &5A; [e1,e4] = 2ey4, [e2,e5] = 2ey,
[es,eq] = es5, [e1,e5] = —2es;
[e2,e6] = es5, [es,e5] = 2eq,
le1,e7] = e7, [ea, e5] = e7,
[es, e7] = es, [e1,es] = —es.

In giving the type of the radicals, we have followed the rule that the bases of the radicals

consist of the operators ey, ..., e, whenever the basis is not given explicitly; where it is given
explicitly, then the basis operators are ordered as in the corresponding solvable algebra. For
instance, in the algebra sl(2, R) & A5 17 we have written As 17 = (eq4, €, €5, €7, €g). This means
that the basis operators satisfy the commutation relations which define the algebra As 17 given
in the list of solvable algebras. To obtain the commutation relations for the algebra As 17, we
replace the operators ey, e5, g, €7, eg as follows:

€4 — €1, €6 — €2, €5 — €3, €7 — €4, €8 — €5.

Furthermore, for the five-dimensional radicals N = (ey, es, eg, €7, eg) we use the notation

= Asg lea,es] = eq, [es,e8] =e5, les,es] = pes,
le7, es] = e + per, p # 0;
54 @ [ea,es] =es, [eg,e7] = €es, €= =£l;
= As3 ¢ [es,es] =es, [er,es] =e5, les,er] = es;
= Asy lea,e7] = es, [es,e6] = —3es.
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