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Abstract. We suggest a systematic procedure for classifying partial differential equations (PDES)
invariant with respect to low-dimensional Lie algebras. This procedure is a proper synthesis
of the infinitesimal Lie method, the technigue of equivalence transformations and the theory of
classification of abstract low-dimensional Lie algebras. As an application, we consider the problem
of classifying heat conductivity equations in one variable with nonlinear convection and source
terms. We have derived a complete classification of nonlinear equations of this type admitting
nontrivial symmetry. It is shown that there are 3, 7, 28 and 12 inequivalent classes of PDEs of the
type considered that are invariant under the one-, two-, three- and four-dimensional Lie algebras,
correspondingly. Furthermore, we prove that any PDE belonging to the class under study and
admitting the symmetry group of a dimension higher than four is locally equivalent to a linear
equation. This classification is compared with existing group classifications of nonlinear heat
conductivity equations and one of the conclusions is that all of them can be obtained within the
framework of our approach. Furthermore, a number of new invariant equations are constructed
which have rich symmetry properties and, therefore, may be used for mathematical modelling of,
say, nonlinear heat transfer processes.

1. Introduction

Traditionally, group-theoretical (symmetry) analysis of differential equations has consisted of
two interrelated problems. The first problem consists of finding the maximal Lie transformation
(symmetry) group admitted by a given equation. The second problem is one of classifying
differential equations that admit a prescribed symmetry gr6up The principal tool for
handling both problems is the classical infinitesimal routine developed by S Lie (see, e.g.,
[1-3]). It reduces the problem to finding the corresponding Lie symmetry algebra of
infinitesimal operators whose coefficients are found as solutions of some over-determined
system of linear partial differential equations (PDESs).

Solving a classification problem for some grodp provides us with an exhaustive
description of differential equations that are invariant with respect to this group and,
consequently, allows analysis by means of the powerful Lie group technique. This is not
just a matter of curiosity but the fundamental result that is used intensively in applications.
An experimentalist, who believes that nature is governed by symmetry laws, is provided with
a criterion (symmetry selection principle) for choosing a proper nonlinear model describing
a real process under investigation. Normally, a researcher has some freedom in choosing the
nonlinearities of the model and it would only be natural to take those nonlinearities that provide
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the highest symmetry for the model. The classical example is the Lorentz—Hsikiastein
relativity principle, which is to be respected by a physically meaningful model of relativistic
field theory. From the point of view of the group theory the above principle is a requirement for
amodel under study to be invariant under the Poiagaoup (for more details, see, e.g., [3,4]).
Consequently, finding all possible Poineanvariant equations yields a complete account of
all possible ways to model processes of relativistic field theory by PDEs.

In the overwhelming majority of papers devoted to solving classification problems, a
representation of symmetry group (symmetry algebrg) is fixed. Given this condition,
the problem is solved by a straightforward application of the Lie algorithm. However, it
becomes much more complicated if no specific representation of the symmetry ajgsbra
given. Then, utilizing the Lie algorithm directly, one arrives at the major difficulties coming
from the necessity to find the maximal symmetry algebra and solve the classification problem,
simultaneously. A principal idea enabling one to overcome the above difficulties was suggested
by S Lie. Indeed, his method for obtaining all ordinary differential equations in one variable
admitting non-trivial symmetry algebras [5, 6] instructs us what needs to be done in the case
in question. First, we should construct all the possible inequivalent realizations of symmetry
algebras within some class of Lie vector fields. If we succeed in doing this, then symmetry
algebras will be specified, so that we can directly apply the Lie infinitesimal algorithm thus
obtaining inequivalent classes of invariant equations. In this way, S Lie obtained his famous
classification of realizations of all inequivalent complex Lie algebras on a plane [5,6]. Recently,
Lie’s classification has been used by Olver and Heredero [7] in order to obtain a classification
of nonlinear wave equations in (1+1) dimensions that admit non-trivial spatial symmetries (i.e.
symmetries not changing the temporal variable). What is more, Gonzalez-ebpé8, 9]
have classified quasi-exactly solvable models on a plane making use of their classification of
real Lie algebras on a plane [5, 6].

A systematic implementation of these ideas for PDEs has been suggested by Ovsjannikov
[1]. His approach is based on the concept of the equivalence group, which is the Lie
transformation group acting in the properly extended space of independent variables, functions
and their derivatives and preserving the class of PDEs under study. It is possible to modify
the Lie algorithm in order to make it applicable for computing this group [1]. In the second
step, the optimal system of subgroups of the equivalence group is constructed. The next step
consists of utilizing the Lie algorithm for obtaining specific PDEs belonging to the class under
study which are invariant with respect to the above-mentioned subgroups.

A further development of the Ovsjannikov approach has been undertaken by Akhatov
etal[10,11]. They obtained a number of classification results for nonlinear gas dynamics and
diffusion equations. These ideas have also been utilized by Torrisi, Valenti and Tracinain order
to perform preliminary group classification of some nonlinear diffusion and heat conductivity
equations [12, 13]. lbragimov and Torrisi have obtained a number of important results on
the group classification of nonlinear detonation equations [14] and nonlinear hyperbolic-type
equations [15]. Note that there is a number of papers (see, e.g., [16] and the references therein)
devoted to a direct computation of equivalence groups of some PDEs. Being somewhat more
involved, this approach has the merit of providing the possibility of findisgreteequivalence
groups or even non-local ones.

The Ovsjannikov approach works smoothly provided an equivalence group is finite-
dimensional. However, if the class of PDEs under study contains arbitrary functions of several
arguments, then it could well be that it has an infinite-parameter equivalence group. The
problem of subgroup classification of infinite-parameter Lie groups is completely open by now
which makes a direct application of the Ovsjannikov approach problematic. Consequently,
there is an evident need for the latter to be modified to become applicable to the case of
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infinite-parameter equivalence groups.

A possible way of modifying the Ovsjannikov approach is suggested by the manner in
which physicists construct nonlinear generalizations of the linear wave equations. They take
a specific representation of the Poiriegroup realized on the solution set of the linear model
and require that its nonlinear generalization should inherit this symmetry (for further details
see, e.g. [3]). This approach makes the classification problem fairly easy to implement, since
a representation of the symmetry algebra is fixed. A logical step forward is notdagfieri
a specific realization of the symmetry algebra but to fix the class of Lie vector fields within
which this realization is searched for. It is this idea that enabled researchers to find principally
new nonlinear realizations of the Euclid [4], Galilei [4, 17, 18], extended Galilei [17, 18],
Schidinger [17, 18], Poincé&r[4] and extended Poindafl19, 20] algebras. These results, in
their turn, yield broad classes of new Galilei- and Poigeavariant nonlinear wave equations.

What we suggest in the present paper is a proper combination of the above-described
approaches that enables a systematic treatment of a classification problem for the case of
an infinite-parameter equivalence group admitted by the class of PDEs under study. We
perform group classification for the class of parabolic-type equations describing nonlinear
heat conductivity processes

Uz Zuxx+F(taxauvux) (11)

whereu = u(z, x) is a smooth real-valued function, = d0u/dt, u, = du/dx and so on,

F is a sufficiently smooth real-valued function. As shown below, a direct application of
the Ovsjannikov approach is not possible since the equivalence group admitted by the above
equation is an infinite-parameter one. Due to this reason, a complete group classification has
only been obtained for particular cases of (1.1) [21-25].

The paper has the following structure. In section 2 we introduce the general method
and necessary definitions and notions. Section 3 is devoted to computing and analysing the
equivalence group admitted by the class of PDEs (1.1). In section 4 we carry outthe preliminary
group classification of (1.1): namely, we give a complete description of locally inequivalent
nonlinear PDEs of the form (1.1) that are invariant with respect to one-, two- and three-
dimensional Lie algebras. In section 5 we present all inequivalent PDEs (1.1) admitting four-
dimensional Lie algebras. Next, for each of the equations obtained we compute the maximal
Lie symmetry algebra, thus obtaining the complete group classification of the corresponding
models.

2. Description of the method

Our approach to group classification of PDEs is based on the following facts:

e A PDE having a nontrivial symmetry admits some finite- or infinite-dimensional Lie
algebra of infinitesimal operators whose type is completely determined by the structure
constants. Furthermore, if the symmetry algebra is infinite-dimensional, then, as a rule, it
contains some finite-dimensional Lie algebra (for example, the centreless Virasoro algebra
contains the algebrd (2, R)).

e Abstract Lie algebras of up to five dimensions have already been classified [26—28].

e Equivalence transformations preserving the particular class of PDEs under study do not
change the structure constants of the Lie algebra admitted.

Taking into account the above facts we formulate the following approach to group
classification of nonlinear heat conductivity equations (1.1):
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(1) First of all we find the most general form of infinitesimal operators admitted by PDEs
(1.1). To this end we solve those determining equations that do not involve the function
F. This yields a clasg to which any symmetry of (1.1) should belong. Next, using an
infinitesimal or direct approach we construct the equivalence géaupf the class of
PDEs (1.1). Evidently, the groug< sets an equivalence relation @r(two elements of
G¢ are called equivalent if they are transformed into one another with a transformation
from G¢). We denote this relation &

(2) In the second step, we find realizations of one-, two-, three-, four- and five-dimensional
Lie algebras within the class up to the equivalence relatian To this end we use
the classification of low-dimensional abstract Lie algebras obtained by Mubarakzyanov
[26,27]

(3) Next, considering the obtained realizations of low-dimensional Lie algebras as symmetry
algebras of the PDE (1.1) we classify all possible forms of functiBnthat provide
invariance of the corresponding PDE with respect to this algebra. As a result, we get
a complete classification of PDEs (1.1) admitting Lie symmetry algebras of up to five
dimensions.

(4) In the final step, we apply the Lie infinitesimal algorithm for obtaining the maximal
symmetry algebras admitted by those PDEs (1.1) that are invariant with respect to four-
and five-dimensional Lie algebras. This is done straightforwardly, since the corresponding
invariant PDEs (1.1) contains no arbitrary functions.

Note that the above approach does not allow for a complete group classification of
PDEs (1.1), since there might exist realizations of higher symmetry algebras that do not contain
four- or five-dimensional subalgebras. In fact, to get a full solution of classification problem
one still has to be able to perform an exhaustive description of all inequivalent subalgebras of
the Lie algebra of the infinite-parameter equivalence grédp However, in the case under
consideration our approach enables one to solve completely the group classification problem
for (1.1), since there are essentially no nonlinear PDEs of the form (1.1) whose symmetry
algebra has a dimension higher than four.

It is also clear, how to modify the above approach in order to classify PDEs admitting
some prescribed symmetry algebra (say, the Galilei algebra). In the second step, one has to
fix the corresponding structure constants and find all inequivalent realizations of the Galilei
algebra within the clast. Next, the maximal symmetry algebra is computed which yields the
complete classification of Galilei-invariant PDEs of the form (1.1).

3. General analysis of symmetry properties of equation (1.1)

As the first step of the group classification of the PDE (1.1), we find the most general form of
the infinitesimal operator of the Lie transformation group admitted. Furthermore, we construct
the equivalence group of the class of PDEs (1.1).

Following the general Lie algorithm [1, 2] we are looking for an infinitesimal operator of
the maximal symmetry group admitted by (1.1) in the form

Q=10 +‘§ax +no, (31)

wheret = ©(t,x,u), &€ = £(t, x,u), n(t, x, u) are real-valued smooth functions defined in
the spaceX ® U of independent, x and dependent = u(z, x) variables. The criterion for
equation (1.1) to be invariant with respect to operg?qi3.1) reads as

(wt_(pxx _TFt _SFx_nFu_wau,\.)klAl) =0. (32)
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Here

@' = D,(n) — u; D;(t) — u, Dy (§)

(px = Dr(n) - Mer('L') - uxDx(é) (33)

(pxx = Dx((p“\) — MZXDX(T) - uxxDx(g)
whereD,, D, are total differentiation operators defined in an appropriately prolonged space
XQU:

D, =0, tu 8u+u au,+uxaux+"'

t t t 1t 2 (34)

Dx = ax + uxau + uxxau,c + utxau, +.-.

Splitting (3.2) in a usual way and solving equations that do not invélyeve get the
forms of the coefficients, & of the operatoiQ

T = 2a(t) E=al)x+b@)
da

wherea(?), b(t) are arbitrary smooth functions aadr) = 3. Furthermore, the functions
a(t),b@),n= f(, x,u)andF (¢, x, u, u,) have to satisfy the PDE

fi — uy(ax +b) +(fu— 2a)F = fax ¥ Zuxfxu +uffuu +2aF,
+(a-X+b)Fx+fFu+foux+Mx(fu_C'Z)Fu (35)

Consequently, the maximal symmetry group admitted by equation (1.1) is generated by
an infinitesimal operator of the form

Q = 2a(1)9, + (a(t)x +b(1))dx + f(t, x, u)d, (3.6)

functionsa, b, f, F fulfilling relation (3.5).

Evidently, if we impose no restrictions on the choice of the functionthen the
infinitesimal operatoQ equals zero and, consequently, the symmetry group of the nonlinear
heat conductivity equation (1.1) reduces to a trivial group of the identity transformations.
Non-trivial symmetry groups appear, if we specify the sourde an appropriate way.

As we mentioned in the introduction, there are different ways to construct the equivalence
groupG:¢ for the class of PDEs (1.1). We use the direct method for finding the gsgup

Let

x*

T =a(t,x,u) & =P8, x,u) v=1y(t,x,u) (3.7)
be an invertible change of variables that transforms the class of PDEs (1.1) into itself:
vr = vge + G(T, €, v, vg). (3.8)

Computing the derivative, yields

Vot +vgfr — Y

Vi — V0, — Vg By .

On the other hand, in view of the arbitrariness of functiont follows from (3.8) that the
relation of the form

Uy =

Uy = g(T’ S’ v, UE)
holds. Hence we conclude that in (3c%) = @, = 0, Ore = e (?), ¢ = ‘(’j—‘j # 0.
Computing the derivatives,, u,, taking into account the relations = o, =0 < o =
a(r), a # 0 we get
Uy = ve&(yvu — vsBu)H+ 0T E v, )
Uy = Vee B2 — veB) ™+ 2B Bu (Ve B — V) Vi — veB) 2
+B7 (Ve Be — ¥2)?(Vu — veBu) "3} +02(T. &, v, ve)



7410 R Z Zhdanov ath V | Lahno

with some functior®,. Taking into consideration (3.8) yields the relation

&V = veBu)® = BL(Wu — veB)? + 2B BueBx — ) (Vu — VeBu) + BBy — 12)°.
As o, y, g do not depend on,, we can split the left-hand side of the above equationby
thus getting the system of determining equations for the functiofs y
@ — BV = veBu(yeBu — 2Bcva)
—2(& = B vuBu = 2B2vuBu
ap?=0.
Asa # 0, it follows from the last equation th@t, = 0. In view of this fact the system in
question reduces to a single equation
(@ —pAyZ=0.
Since transformation of variables (3.7) is invertible, the relatipnz 0 holds. Hence we

geta = B2. Consequentlyy > 0, 8 = ++/ax + p(¢). Summing up, we conclude that the
equivalence grouf¢ of the class of PDEs (1.1) reads as

T(1) F=eJTOx+X@1) i =U(t x,u) (3.9)

whereT'(t) > 0,U, #0,T = &L, ¢ = £1.
Note that the infinitesimal method for finding the infinitesimal operator of the equivalence
group yields the following class of operators (we skip the derivation of this formula):

E = a()d +[36(0)x +p(0]d; +1(t, x, w)d,
+[’71‘ — Nxx + (nu +Ol(f))F - Mx(%&(t)x + P(f)) - zuxnxu - uinuu]aF (310)
whereq, p, n = n(t, x, u) are arbitrary smooth functions.
Itis not difficult to convince oneself of the fact that transformations (3.9) can be obtained
from the group transformations generated by operator (3.10) under the condition that the latter
is complemented by the discrete transformation> —x. Consequently, both the direct

and infinitesimal approaches give the same equivalence group for the class of nonlinear heat
conductivity equations (1.1).

r

4. Preliminary group classification of equation (1.1)

In this section we classify equations of the form (1.1) that admit invariance algebras of up to
three dimensions. We start from describing equations admitting one-dimensional Lie algebras,
then proceed to investigation of the ones invariant with respect to two-dimensional algebras.
Using these results we describe PDEs (1.1) which admit three-dimensional Lie algebras. An
intermediate problem which is being solved, while classifying invariant equations of the
form (1.1), is describing all possible realizations of one-, two- and three-dimensional Lie
algebras by operators (3.6) within the equivalence relation (3.9). One more important remark
is that PDEs that are equivalent to linear ones are excluded from further considerations. Note
that we give the detailed calculations for the case of one-dimensional Lie algebras. For the
higher-dimensional cases we present the final results, referring the reader interested in full
details of the calculations to [29].

4.1. Nonlinear heat equations invariant under one-dimensional Lie algebras

All'inequivalent realizations of one-dimensional Lie algebras having the basis elements of the
form (3.6) are given by the lemma below.
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Lemma 1. There are diffeomorphisms (3.9) that reduce operator (3.6) to one of the following
operators:

0 = +3, (4.1)
0 =0, (42)

Proof. Let an operatoQ have the form (3.6). Making the transformation (3.9) we have
0 — O =2aTo; + [Za(X + 1T (T) %) + e(ax +b)ﬁ] 9
+[2aU, + (ax +b)U, + fU,]0;.

In what follows, we have to differentiate between the cgées0 andf # 0, that is why
they are considered separately.

Case l. f =0. Choosingy = U(u) in (3.9) yields
O = 2aT9; +[2a(X + 3xT(T)" %) + eax + b)v'T]o;.

If a = 0, thenb # 0 (since otherwise the operatgris equal to zero). Therefore, choosing
T(r) in (3.9) as a solution of the equatiGh= |b(¢)|~2 we arrive at the operator

0 = +3;.
Within the space reflection — —x we may choos€’ in the formQ = ;.

Given the inequality: # 0, we put in (3.9 = 1. Choosindl'(¢), X (t) as solutions of
the system of ordinary differential equations

1 . -
- =0 22X +bOVT =0
2la ()]
we arrive at the operator
Q = +0;.

Case 2. f # 0. Provideda = b = 0, we can choos# in (3.9) as a solution of the PDE
fU, =1, thus getting the operator

0 = 0.
If the inequality|a| + |b| # 0 holds, then choosing in (3.9) as a solution of the PDE
2aU, + (ax +b)U, + fU, =0 U,#0
we come to the above-considered case.
Itis straightforward to check that the operators (4.1)—(4.3) cannot be transformed into one
another with a change of variables (3.9). The lemma is proved. |
Consequently, there are three inequivalent one-dimensional Lie algebras
Al=(ed)  A2=(3,)  A}=(3)  e==l
A simple calculation shows that the corresponding invariant equations from the class (1.1)
have the form
Ai U =Upe T F(x,u,uy) (4.4)
A% TUp = U Y F(, 0, uy) (4.5)
A u = up +F(t, X, uy). (4.6)
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4.2. Nonlinear heat equations invariant under two-dimensional Lie algebras

As is well known, there are two different abstract two-dimensional Lie algebras: namely,
the commutative Lie algebral,; = (Q1, Q2), [Q1, Q2] = 0 and the solvable one
Az2 = (01, 02), [Q1, Q2] = Q>.

Theorem 1. The list of two-dimensional Lie algebras having the basis operators (3.6) and
defined within the equivalence relation (3.9) is exhausted by the following algebras:

A31=(0,0)  A3;=(3,d,)

Ag.l = <8X’ ()l(l)ax + au) A‘211 = (auv g(t, -x)au> 8 75 const

do
=—#0

“= 7
A%.Z = (_tat - %xa)n 31) A%z = <_2tat — )Cax, 3A>
A3z = (—udy, d,) A%y = (B — udy, 3y)
A3, =(ed —ud,.d,)  e==%l.

A3 1 = (3, a(n)d,)

Now we derive all inequivalent nonlinear heat conductivity equations (1.1), that admit
two-dimensional Lie algebras as symmetry algebras.
For the realizationgl} ; and A2, the equations in question read as

A%_l TUp = Uy T F(u, Uy) 4.7)
A%_l CUp = Uy + F (X, uy) (4.8)

correspondingly.
Given the realizatiom3 , we may use the result of (4.5) thus obtaining constraint (3.5)
for the coefficient of the operat@®?, in the form

—au, = F,.
Hence it follows that
F = —quu, + F(t,u,)

with an arbitrary smooth function.
So the most general PDE (1.1) invariant with respect to the Lie algeg_nfaeads

Agl CUp = Uy, — Qun, + F(E, uy). (4.9
Treating the algebr::\‘z‘_l in a similar way we represent constraint (3.5) as follows:
& = 8ux T & Fu, g # const

Given the relatiorg, = 0, the functiorg is constant, i.e.g = const. This means that the
PDE (1.1) becomes linear. To avoid this we should impose the restrigtigh0. Hence,

F=(g — &g us + F(t, x) g #0.

Summing up, we conclude that the class of PDEs of the form (1.1) invariant with respect
to the algebrai$ , reads as

A3 iy =ty ¥ (8 — gux) 8y Ty + F (1, %) g # 0. (4.10)

We now turn to the algebra3 ;. Inserting the coefficients of the operai@s into (3.5)
yields

oau, =0
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Table 1. Equations (1.1) admitting the algebrasi, Az 2.

Algebra  FunctionF

AL, Gw). Gy #h AeER

A3, u2G(w), o=xu,, G#rw 2 1reR

A2, 76(), o=t? G#ijJw, rLeR

A3, —3t7 ol +17G (), o= tu?

A5, —ehudnjel +uG@), @ #£0. ©=eu,

A3, u,G(w), ©=¢€u,, G#ro !, reR

AS, G, o=€u, G#lol, reR, e==%1

A, uG(®), o= @u) e, 1>0, G#£const e==1

whencex’ = 0. This contradicts the assumptiarn£ 0. Consequently, there are no equations
of the form (1.1) admittingd3 ; as a symmetry algebra.

Treating the algebras, , (i = 1, ..., 5) in a similar way we get the following invariant
equations:
A%.z DU = Uy +ufﬁ(u,xux) (4.11)
A§.2 CUp = Uy, 1 F (u, tuf) (4.12)
A3, uy = up, +u F(t,x) (4.13)
Ag.z SUp = Uy U F (1, € uy) (4.14)
Ady iy =gy +u F(x, €uy) €e=41 (4.15)

whereF is an arbitrary smooth function.
Note that equations (4.10) and (4.13) are linear and, therefore, are excluded from further
considerations.

4.3. Nonlinear heat equations invariant under three-dimensional Lie algebras

We split the set of abstract three-dimensional Lie algebras into two classes. The first class
contains those algebras which are direct sums of lower-dimension ones. The remaining
algebras are included into the second class.

4.3.1. Equation (1.1) invariant with respect to decomposable algebrdhe first Lie
algebra class contains two non-isomorphic algebras: namgly, As,. What is more,
A3y = (Q1,02,03), [0:,0;] =0, j =1,23),i.e. 431 = A1 ® A1 ® A1 = 34
and Az> = (Q1, 02, Q3), Where [01, Q2] = Q2, [Q1,03] = [Q2,03] = 0, ie
Azpr = Az @ AL

We summarize the classification results of nonlinear heat conductivity equations (1.1)
invariant under the three-dimensional Lie algebras belonging to the first class in table 1, where
we use the following notations:

A3y = (3, 0, 3
A32 (=13, — Lxdy, 0, 0,)
— (=208, — xy, By, B)
< 219, — xd., 0y, |t|8x+3u>
= (0y — udy, 0y, a(1)dy) a#0
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A3, = (8 — udy, 3y, 3;)
Ag.Z - <€81 - Maua au, 8)5)
A;.ZZ <€al —l/lau, au, ar"')\ax) A>0

and what is mores = +1.

4.3.2. Equations (1.1) invariant with respect to non-decomposable algebiddsre we
consider those three-dimensional real Lie algebfas= (Q1, 02, Q3) that cannot be
decomposed into a direct sum of lower-dimensional Lie algebras. The list of these algebras is
exhausted by the two semi-simple Lie algebras

A33:[01, Q3] = 20> [01. 02l = O [02, 03] = 03

A34:[Q1, Q2] = O3 [Q2, Q3] = 01 [Q3, Q1] = Q2

and the nilpotent Lie algebra
A3s:[Q2, Q3] = 01 [Q1, Q2] =[0Q1, Q3] =0

and six solvable Lie algebras (non-zero commutation relations are given only)

Aze:[Q1, 03] = O1 [Q2, Q3] = 01+ 0>

Az7:[Q1, Q3] = 01 [Q2, Q3] = 0>

Azg:[Q1, Q3] = 01 [Q2, O3] = =02

A39:[Q1, 03] = 01 [02, 03] =q 0> O<lql <D
Az10:[0Q1, Q3] = - 0> [Q2, Q3] = 01

Az11:[01, 03] =q01— Q> [Q2, Q3] = 01+ q 0> q>0.

The classification results of nonlinear heat conductivity equations (1.1) admitting the
three-dimensional Lie algebras from the second class are summarized in table 2, where the
following notations are used:

A3g = (3,13 + 3x0,, —1%0, — txd, +x70,)

Als = (3, 8,10, +d,)

A3 = (D, 0,18, +1d,) A>0

ASo = (B, By, X0, + b(1)d,) b#0

A%e = (3, 3y, X3, + 13;) L#£0

A3 = (3, + 2010, Oy, X0, + 2AL[1d, + xd, — ud,]) A#£0

Alg = (3, 8, 13, + 3x0, + (u +1)d,)

A= (3, 3y — 3IN[t]0y, 260, + X0y +ud,)

Al = (Bu,ax,2t8t+x8 + (u+x)0,)

A36—(8u,aax,o¢ (@), + (1 +a)xdy +[(1 — )u +x]9,) o= o) a#0
and o?a +2)?=0

A37_(8,, 0y, 10; + xa +ud,)

A%; = (,, 8y, 260, + X, +ud,)

Ajg = (3, By, 13, + 3x0; — ud,)

Adg = (8., 0, +A1d,, 260, + xd, — ud,) reR
Alg = (3, 9y, 13, + 3x3,)
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Table 2. Equations (1.1) admitting three-dimensional Lie algebras from the second class.

Algebra  FunctionF

AL, 2 —x7u, +x72G(0), = 2u —xu,
A%‘s —uuy + G(uy)
As A +Guy), 2>0, Gy #0
A3s ~1bu2+G@), b#0
A3s Gw), w=t—tty, A#0 Gup#0
Ags —2uuy +173G(w), ®=ut?— 2’7, A#0
Al 2| G@), ©=x"tuy
A2 LYy + 172G

36 21 uuy + |t (Ux),
A3e |t|_%G(w), o=t G #constyo
A%y —duu, tafexp20HG(), o = ua — Jad
A%J G(w)’ w = x_luX» wa # 0

1

A:2’>47 172G (uy), Gu,(uA ?é 0
Alg x74G(w), o=x3%uy, Guy#0
A% i, +[72G(@), =tug, AER, 232+Gyy #£0
A3 wiGW). Gy #0
AZg G, o=ulu? G,#0
Agg XZ(q_l)G(w)s w = xl_unxa Gow 75 0
Agg _%}\(1 - q)lt\"%(“‘”uux + \l‘|%(q_2)G(a)), w= \t|%(1—’1)um A2+ G(%w #0
A310 ity (PHAD)TIG(@), @ = (P+AR) 1, A#£O
Ainn —auuy + (1 +a2)‘% expg arctan)G(w), o =u,(1+a?) —a

AZg = (3, dy, 10, + 3x, +ud,)
A3g = (01, 0y, 10, + X0 +qud,) g #0,+1
Abg = (8. 8, +Alt| 2700, 209, +x8, +qud,) O<lgl <1 reR
AL o= (3, ALDy + 3y, —A(2 + 1723, — Arxd, + (Mtu — x),,) A0
ALy = (B, @by + 8, —(@) (L +aP)d, + (q — )xdy + [+ g)u — x]8,)
q>0 a=a) & #0 and  (1+ada = 29(@)>

Note that the nonlinear ordinary differential equations

%3 +2()> =0 (4.16)
AL +a®a = 2g(@)? (4.17)

can be solved by quadratures. However, their general solutions are defined implicitly and
cannot be expressed via elementary functions.
The general solution of (4.16) reads as

/ exp(—2& Yy de = Ar+ g A, M} CR A#0
and the general solution of (4.17) is given by the formula

/a exp(—2q arctarg) dé = At + A A, 2} CR A #£0.
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Table 3. Nonlinear PDEs (1.1) admitting four-dimensional Lie algebras.

No Equation Maximal
invariance
algebra

1 U = Uyy + f/ﬁ?t In |tu | + ﬂ A},

e=1fort >0,e =—-1forr <0,8€R, A #0

2 U = Uyy — Ay (x +IN|uy]), A £ 0 Ai

3wy =g tAEXP(—uy), A £ O AS

4 Uy = Uyy + 21N uy| Aﬁ

5 Up = Uyy — Uy INJuy| + Auy, L € R Ai

2k—2

6w =gt AA0k£0, 5,1 AS

7 ur =un+4fltu)25 AZ

8 Uy :u”—uux+)u|ux|%

1#0 A%

L=0 Asg
9 Uy = gy + A +mJuc|, A > 0,m #0 Ag
10wy = e — (L= )72 02

A#£0,lgl #1,e=11>0,e=-1,1<0 A
11wy =uxx +m/Jt — Ay, h-m #0 AL

12wy =ugy — 3au?+ O —a)L+ad) L aeR A%

5. Complete group classification of equations (1.1) invariant under four-dimensional
Lie algebras

In this section we carry out group classification of nonlinear heat conductivity equations (1.1)
admitting four-dimensional Lie algebras. To this end, we use the known classification of
abstract four-dimensional Lie algebras [26] and the above-obtained classification of three-
dimensional Lie algebras which are symmetry algebras of nonlinear heat equations of the
form (1.1). Furthermore, for each invariant equation we compute the maximal symmetry
algebra in Lie’s sense, thus completing the classification.

We present all the results on classification of inequivalent essentially nonlinear PDEs (1.1)
that are invariant with respect to four-dimensional Lie algebras (decomposable and non-
decomposable) in table 3, where we use the following notations:

Ai:(—zta,—xax,ax,—uauh\ |t|8x,8u> A0

ax_ atu Us atve)bt > )\§é0

s Qs By, 10, + 30y + ( +1)3,,)

Bus Dy Ory 10, +Udy)

By, Dy, Oy 13, + 3X0y +kud,) k#0351
O, Oy, X0y — 1|n|t|8x,2t8,+xax+2u8u)
Oy, Oy, 10y + 0y, 10, + 3x0x — FUdy,)

Ous Oy, 10, + Ay, 13, + 2x3x+%’u8u) A>0

AL = (3, 85, x8, + Alt|23D,, 219, +x8, + (1 +q)ud,) lgl # 1 A#0

A3 = (3, By, By, 208, + X0, + (u +x)8,)
=
= {
=
=
=
=
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At = (3, By, X3, + Ad;, 28, + x0, +3ud,), »#0
AR = (B, 8, X0, + ady, —(@) (L +0a)d; + (g — a)xd, +[2qu — 3x7]3,)

where ¢ >0 a=a(t) and o« # 0 isasolution of (4.17)
As = (By, 10y + 8, 8, —218, — X3y + udy, 120, +txd, — (tu — x)d,).

Note that, except for case 8 with= 0 the four-dimensional Lie algebras given in table 3 are
maximal symmetry algebras of the corresponding PDEs (for more details, see [29]). Case 8
with A = 0 gives rise to the Burgers equation that is linearizable through the (non-local)
Cole—Hopf substitution.

6. Concluding remarks

We have established that there are three classes of equations (1.1) invariant with respect to one-
parameter groups (formulae (4.4)—(4.6)), seven classes of equations (1.1) invariant with respect
to two-parameter groups (formulae (4.7)—(4.9), (4.11), (4.12), (4.14), (4.15)), 28 classes of
equations (1.1) invariant with respect to three-parameter groups (tables 1 and 2) and 12 classes
of equations (1.1) invariant with respect to four-parameter groups (table 3). Furthermore, we
have proved that the four-dimensional Lie algebras given in table 3 are maximal symmetry
algebras in Lie's sense admitted by the corresponding nonlinear heat equations with the only
exception being the linearizable Burgers equation.

In [29] we have proved that there are essentially no nonlinear equations of the form (1.1)
that admit invariance algebra of a dimension higher than four. To this end we utilize the Levi—
Maltsev theorem, some facts from the general theory of simple, semi-simple and solvable
Lie algebras and the above classification of inequivalent realizations of one-, two-, three- and
four-dimensional Lie algebras on the set of solutions of PDE (1.1). Consequently, the group
classification of invariant PDEs (1.1) obtained in the present paper is complete.

It is shown in [29] that the existing group classifications of subclasses of equations of
the form (1.1), that are due to Oron and Rosenau [22, 23], Dorodnitsyn [21], Serov and
Cherniha [25] and Gandarias [24], can be obtained from our classification as particular cases.

In the present paper we concentrate on studying essentially nonlinear heat conductivity
equations since the linear case is well investigated. However, it is fairly simple to recover the
corresponding results within the framework of our approach (see, e.g., [29]).

When classifying invariant equations (1.1) we utilize as equivalence transformations local
transformations of dependent and independent variables. Using non-local transformations, on
the one hand, may result in a reduction of a number of equivalence classes and, on the other
hand, may yield so-called quasi-local symmetries (for more detail on quasi-local symmetries
see, e.g., [11]). Consider, as an example, the following subclass of PDEs of the form (1.1):

Ml‘ :u,\‘x+fl(t)u+f2(t7x7ux) (6'1)
with arbitrary smooth functiong, f>. If we differentiate (1.1) with respect toand make a
change of the dependent variable

ux(tvx) - U(t’x) (62)
then we get a subclass of quasi-linear PDEs of the form (1.1)
U = Upx + f1(OV F for(t, X, 0) + fo, (8, x, V)V, (6.3)

Evidently, the above two classes of PDEs (6.1) and (6.2) are inequivalent in the sense of the
definition given in section 3, since transformation (6.2) is not local.

The technique developed in the present paper can be efficiently applied to carry out group
classification of arbitrary classes of PDEs in two independent variables, since their maximal
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symmetry algebras are, as a rule, low-dimensional and we can use the classification of abstract
low dimensional Lie algebras.

These and the related problems are now under study and the results will be reported in
our future publications.
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