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Abstract

We perform preliminary group classification of a class of fourth-order evo-
lution equations in one spatial variable. Following the approach developed
in [1] we construct all inequivalent partial differential equations belonging to
the class in question which admit semi-simple Lie groups. In addition, we
describe all fourth-order evolution equations from the class under consider-
ation which are invariant under solvable Lie groups of dimension n <= 4.
We have constructed all Galilei-invariant equations belonging to the class of
evolution differential equations under study. The list of so obtained invari-
ant equations contains both the well-known fourth-order evolution equations
and a variety of new ones possessing rich symmetry and as such may be used
to model nonlinear processes in physics, chemistry and biology.

Key words: Group classification, Symmetry group, Solvable Lie algebra, Semi-
simple algebra, Fourth-order parabolic type equation.

1. Introduction

In the present paper we study the class of fourth-order parabolic type equations
Ut = —Ugzzx —FF(t,x,U,Um,UII,Uwa) (1)

admitting nontrivial Lie symmetries. Hereafter we adopt the following notations,
u=u(t,z), uy = Ou/Ot, u, = u/dz, Uy, = 0*u/dz* and so on, and F is a smooth
function of the indicated variables.
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(NCET-04-0968) and NWU Graduate Innovation and Creativity Funds (07YZZ17).
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The class of partial differential equations (1) is a generalization of a num-
ber of important mathematical physics equations. It contains, in particular, the
Kuramoto-Sivashinsky equation (KS)

L,
Ut = —Uggpx — Uga — iu;p
KS equation has been derived by Kuramoto [2, 3] to model phase turbulence in the
Belousov-Zhabotinsky reaction. Later on Sivashinsky generalized KS equation for
the case of two and more spatial dimensions while studying propagation of a flame
front for the case of mild combustion [4, 5|. The equation in question has also
been utilized for describing long-wave motions of the liquid thin film over a ver-
tical plane, bifurcation and chaos, and reaction-diffusion problems. The extended
Fisher-Kolmogorov equation (eFK)

3
Ut = —Uggge + Ugy — U + U

is applied to model phase transitions and other bistable phenomena [6], What is
more, it has important applications in the theory of instability in nematic liquid
crystals [7]. Another typical example is the Swift-Hohenberg equation (SH)

Up = —Uppgw — gy — u° + (K — 1)u, K €R,

which has been suggested by Swift and Hohenberg in studies of Rayleigh-Bénard
convection [8], and has been used for describing various non-equilibrium systems
in optics, for modeling chemical reactions with diffusion, and in biology. In recent
years, Eq.(1) has attracted a lot of interest within a mathematical community and
has been studied intensively (see, for example, [9]-[13]).

In the present paper we perform preliminary group classification of the class
of partial differential equations (1). To this end we describe all possible forms of
the function F'(¢,x, ..., Uz ) such that Eq.(1) admits Lie symmetry groups of the
dimension n <= 4.

Group classification has already become a universal and convenient tool for
analysis of partial differential equations (PDEs). There exist a wealth of excellent
references on different aspects of group classification ranging from the classical
papers by Lie [14, 15] and Ovsyannikov [16] to the more recent papers by Akhatov,
Gazizov and Ibragimov [19, 20], Torrisi et al [21, 22] and Ibragimov and Torrisi
23, 24]. A more detailed account of the results on group classification of differential
equations can be found in [1, 25].

Ovsyannikov introduced the concept of equivalence group which is in the core
of the majority of approaches to the problem of group classification of PDEs. His
method works at its best when the equivalence group of an equation under study
is finite-dimensional and is not very efficient otherwise. So that the equations with
arbitrary elements depending on two and more arguments cannot be efficiently
handled within the Ovsyannikov’s approach. To overcome this difficulty Zhdanov



and Lahno [26] developed a different purely algebraic approach enabling to classify
classes of PDEs having infinite-dimensional equivalence groups.

The above mentioned paper was followed by numerous publications classifying
the broad classes of heat conductivity [1], Schrodinger [27], KdV-type evolution [28],
nonlinear wave [29] and general second-order quasi-linear evolution [25] equations.
Here we adopt the approach of [26] in order to classify the class of PDEs (1).

Our classification algorithm is implemented as three major steps. The first step
is calculating the maximal equivalence group admitted by Eq.(1). We remind that
equivalence group of Eq.(1) is the Lie transformation group which preserves the
class of PDEs (1). In addition, we compute the most general symmetry group of
(1) together with the classifying equations for F'.

The second step is essentially based on the fact that the explicit forms of com-
mutation relations defining low dimensional abstract Lie algebras are well known
(see., e.g., [30]-[32]). Using these we describe all inequivalent realizations of sym-
metry algebras by basis operators admitted by Eq.(1).

At the third step, inserting the canonical forms of symmetry generators into
the classifying equations and solving them, we derive the explicit forms of invariant
equations. Also we need to make sure that the corresponding symmetry algebras
are maximal in Lie’s sense.

Note that some elements of this approach have been utilized to perform group
classification of the nonlinear d’Alembert (Fushchych and Serov [33]), nonlinear
Schrodnger (Gazeau, Gagnon and Winternitz [34, 35]), generalized Burgers (Qu
[36]) and multi-component wave (Zhdanov, Fushchych and Marko [37]) equations.

The paper is organized as follows. In Section 2, we derive the classifying equa-
tion for the function F' and compute the maximal equivalence group admitted by
Eq.(1). In Section 3 we provide a complete description of equations of the form
(1) invariant under semi-simple algebras. Section 4 is devoted to the classification
of equations invariant with respect to solvable symmetry 1-, 2- and 3-parameter
groups. In Section 5, we obtain the equations invariant under four-parameter sym-
metry groups. The next section is devoted to Galilei-invariant equations of the
form (1). The final section contains a summary and conclusions.

2. The classifying equation and equivalence transformation

It is a common knowledge that the most general Lie transformation group admitted
by Eq.(1) is generated by vector fields of first-order differential operators

where 7,& and 7 are arbitrary smooth functions. Following the infinitesimal Lie
approach we construct the fourth-order prolongation pr¥X of the infinitesimal
operator X, keeping only the necessary terms

pr(4)X =X+ ntaw + nmaux + 00,

Ugx

TTrxT
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where

dﬁ#
I
-

(1) — weDy(7) — uy Di(§),

and the symbols D; and D,, stand for the total differentiation operators with respect
to t and x, correspondingly,

Dt = 615 + Utau + uttﬁut —+ uxtﬁuz 4+ ... s
D, = 0, + u 0y + U0y, + UgyOy, + - - ..

The infinitesimal invariance criterion of Eq.(1) with respect to the Lie symmetry

X requires that the prolonged field pr¥ X annihilates (1) on its solution manifold,

namely,
priVX(A)a =0, A=+ tgoge — F.

Splitting the above relation by independent variables yields an over-determined
system of linear PDEs, whose general solution is presented below.

Proposition 1. The most general invariance group of (1) is generated by the
infinitesimal operators

X =00+ (Fa+ p(0)) 0.+ n(t, 2, u)o, 2)

where T, p and n are real-valued functions satisfying the classifying equation

3

1

1 1
+ < — Ny Uy + ZT’UI — 77I> F, - (p + ZT.CE) F,—1F, —nkF, (3)
+ (e — T)EF 4 A0putlpmr + AN UpUpze + 3Nuutly + 6N paulss
+ 6N U Uz + 12700 U Use + Dol + Mgt + 6wl

1

where and hereafter the dot over a symbol denotes differentiation with respect to its
argument.



Now the group classification problem of Eq.(1) reduces to constructing all pos-
sible solutions of the determining equation (3). The problem however is that (3)
is the under-determined system of one PDE for three unknown functions 7, p and
7. In addition, unknown function F'is to be determined, as well. To overcome this
difficulty we adopt the approach developed in [26] and utilize the classical results
on classification of abstract low order Lie algebras for constructing Lie symmetries
of the form (2). With explicit forms of symmetries in hand we can proceed to
integrating the classifying equation and get the explicit forms of F.

We derive the maximal equivalence group of Eq.(1) directly. Let

D(T,Y,U)

t=T(t x,u), T=Y(t z,u), u=U(tuzu), Dl )
T, U

70 (4)

be an invertible point transformation preserving the form of (1), so that the trans-
formed equations has the same form (1)

U = —lgaze + F (8, 2,0, Uz, Uzz, Uziz)- (5)
In the sequel, we use the notation ¢ = +1.

Proposition 2. The mazimal equivalence group of Eq.(1) reads as

T=T(@t), 7=

PN

r+Y(t), u=U(tx,u), (6)
where T > 0 and U, # 0.

Proof. Computing u, according to (4), we obtain

~ Toug + Yyuz — U,
U, — Tyi; — Yz

Uy

Since F is an arbitrary function of its arguments and is independent of Uz, we
necessarily have
Uy = f(ta'%a ﬂaﬂj)
for some f. This implies that T, = T, = 0. Consequently, T'= T'(t) and T" # 0.
Next, making the change of variables (4) with account of the fact that ¢t = T'(¢)
yields

w =T(U, — Yyiz) " s 4 01(F, 2, 0, 1z),
Upzzzr = — (Yollz — Uu)_5(YzUu - YuUm)4aiiii + ‘92(75, T, 0, Uz, Uz, Uzzz ),

where #; and 6, are smooth functions of given arguments. Substitutions the ob-
tained expressions into (5), we get

T(Y,a; — U)* — (YU, — Y, U,)* = 0.
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As T,Y and U do not depend on u,, coefficients of 7z in the above polyno-
mial must vanish, separately, which yields the system of determining equations for
functions T,Y and U:

TY, =0, TU!- (Y,U,-Y,U,)*=0.

Since T # 0, it follows from the first equation that Y, = 0 and the original system
reduces to a single equation ‘

(T - YUt =o.
In view of the fact that U, # 0 (otherwise (4) is not invertible) we get 7' — Y = 0.
Therefore, T > 0 and Y = Tz + Y (t). The theorem is proved. O

Consider next the one-dimensional Lie algebras generated by (2). The trans-
formation (6) reduce vector field (2) to the form

X = 7T0:+ H(TTT1 +7) (& -Y)+7Y + epT}l} Oz
€. 1,

We consider the cases n = 0 and 1 # 0 separately.
Case 1. n = 0. Choosing U = U(u), we have

3 . 1 .. . »
X =71T0; + LI(TTT_l +7)(Z-Y)+7Y + epT4} O;.

If 7 = 0, then inequality p # 0 holds, since otherwise operator (2) vanishes identi-
cally. Choosing as T" a solution of equation | p]Ti = 1 yields the operator X = €d;.
Making use of the space reflection © — —z we get X = ;.

In the case when 7 # 0, we can put € = 1 in (6). Taking solutions of

7| T=1, 7Y +pli=0, T>0

as T and Y, yields the operator X = €0;.
Case 2. n # 0. Provided 7 = p = 0, we choose U as a solution of nU, = 1 and
thus arrive at the operator X = 9;. Otherwise, we choose U to satisfy

U, + (%x%—p) Uy + U, =0, U,#0

and we get the operator from Case 1.

It is straightforward to verify that €d;, d,, 0, cannot be transformed one into
another with the transformation (6).

We summarize the above results in the following lemma.



Lemma 1. Within the point transformation (6), the vector field (2) is equivalent
to one of the following canonical operators

€0y, Oy, Oy (7)

Thus there are three inequivalent realizations of one-dimensional Lie algebras
by operators (2). Integrating the classifying equation for each symmetry opera-
tor yield the corresponding inequivalent equations from the class (1) which ad-
mit one-dimensional Lie algebras. In a sequel we adopt the notation A,; =
(X1, Xs, -+, Xj) to denote an ith realization of a k-dimensional Lie algebra with
X; (i=1,2,---,k) being its basis elements.

Theorem 1. There are three inequivalent equations of the form (1) invariant under
one-dimensional Lie algebras:

A% = <8t> U = —Uggea + F(IE, U, Ug, Ugg, umcx)a
A% = <ax> DU = T Uggax + F(ta U, Ug, u:canuxxx)a

A? = <au> DU = —Ugpgr T F(t; T, Ug, umxvuxa;ac)

where F' is an arbitrary function. Furthermore, the corresponding symmetry algebra
15 maximal in Lie’s sense.

3. Classification of equations invariant under semi-simple Lie algebras

The lowest dimension semi-simple Lie algebras are isomorphic to one of the follow-
ing two algebras

s0(3) :  [X1, Xo] = X3, [X4, X3] = —Xo, [Xp, X3] = Xi;
sI2,R) 0 [X1, Xo] = 2X,, [X1, X3] = —2X5, [Xo, X3] = X

The following assertion holds.

Theorem 2. There exists no realization of the algebra s0(3) that can be a symmetry
algebra of (1). Furthermore there are at most two inequivalent realizations of
sl(2,R) by operators (2), which are admitted by Eq.(1). The realizations and the
corresponding invariant equations read as

1 1
s'(2,R) = (~200; — 520,,0,, —£°0; — Stad, — 0, :

1 1
Up = —Ugpppn + F[u2 + (24 — ixuz)u] + ;G(wl,w%wg),

W = Ty — AU, Wy = T gy — 120, wy = T3Ugpe — 24,

s°(2,R) = (—2ud,, 0, —u>d,) :



3 u2

Up = —Upgpe + 4 3— + u,G(t,x,2 %)
Uy Uy u?

27

The algebras s'(2,R) and sI*(2,R) are the maximal invariance algebras of the
corresponding PDFEs, provided that the functions G are arbitrary.

Proof. Consider first inequivalent realizations of the algebra so(3). Taking opera-
tors (2) as its basis X; (i=1,2,3), inserting the latter into the commutation relations
of s0(3) and solving equations obtained we obtain all possible realizations of the
algebra under study.

In view of Lemma 1, we can assume without any loss of generality that one of
the basis operators, say X, is of the one of three canonical forms €d;, 9, and 9,,.

Let X7 = 0; and X5, X3 be of the general form (2). Inserting them into the
first two commutation relations of so(3) yields

Xy =4acostd; + [—axsint + beos(t + ¢)|0, + ¢(z,u) cos(t + ¢ (z,u))0,,
X3 = —4dasintd; — [ax cost + bsin(t + ¢)]|0, — ¢(x, u) sin(t + ¥ (z, u))0,.

Here a, b, c are arbitrary real constants and ¢, 1 are arbitrary real-valued smooth
functions. Substituting X5, X3 into the last commutation relation implies that
—16a® = 1 which has no real solution a. Thus, there are no realizations of s0(3) in
the case when X; = 0,.

The same assertion holds for X; = —0;, 9, or d,. Consequently, there are no
realizations of algebra so(3) within the class of operators (2) and, therefore, Eq.(1)
does not admit so(3).

The case of the algebra s[(2,R) is treated in a similar way which yields two
inequivalent realizations given in the formulation of the theorem.

Solving the determining equations for each of the above obtained realizations
we arrive at the invariant equations presented in the formulation of the theorem.
The assertion is proved. Il

Corollary 1. The invariant equations listed in Theorem 2 exhaust the list of all
possible inequivalent PDEs (1), whose invariance algebras are semi-simple.

Proof. It is a common knowledge that there exist four types of classical semi-
simple Lie algebras, A, 1, B,, C,, D,, and five exceptional semi-simple Lie alge-
bras, GQ, F4, E@, E’?’ ES [31]

e A,_1 (n > 1) has four real forms of the algebra sl(n,C): su(n), sl(n,R),

su(p,q) (p+q=n,p = q), su(2n).
e B, (n > 1) contains two real forms of the algebra so(2n + 1, C): so(2n + 1),

so(p,q) (p+q=2n+1p>q).
e C,, (n > 1) contains three real forms of the algebra sp(n, C): sp(n), sp(n,R),

sp(p.q) (p+g=np=q).
e D, (n > 1) has three real forms of the algebra so(2n, C): s0(2n), so(p,q) (p+

q = 2n,p > q), 50*(2n).



The lowest dimensional semi-simple Lie algebras admit the following isomor-
phisms

50(3) ~ su(2) ~ sp(1), sl(2,R) ~su(1,1) ~s0(2,1) ~ sp(1,R).

Hence, realizations of the algebra s[(2, R) exhaust the set of all possible realizations
of three-dimensional semi-simple Lie algebras admitted by (1).

The next admissible dimension for classical semi-simple Lie algebras is six.
There are four non-isomorphic semi-simple Lie algebras, namely, so(4), so*(4),
50(3,1), and s0(2,2). As s0(4) ~ s0(3) @ s0(3), s0*(4) ~ s0(3) & sl(2,R), and
s0(3, 1) contains so(3) as a subalgebra, these algebras can not be invariance algebras
of Eq.(1). Thus s0(2,2) is the only possible six-dimensional semi-simple algebra
that can be admitted by (1).

As 50(2,2) ~ sl(2,R) @ sl(2,R), we can choose s0(2,2) = (@, K;|i = 1,2,3),
where <Q1,Q2,Q3> = 5[(2,R), <K1,K2,K3> = 5[(2,R) and [QZ?KJ] = 0, (Z,] =
1,2,3). Taking @1, Q2, @3 to be the basis operators of the realizations of s[(2,R)
given in the formulation of the theorem, and K, K,, K3 be of the general form
(2), after some algebra we prove that realizations of s[(2,R) cannot be extended
to a realization of s0(2,2). Consequently, Eq.(1) does not admit six-dimensional
semi-simple Lie algebras.

The same assertion holds true for eight-dimensional semi-simple Lie algebras
sl(3,R), su(3) and su(2,1).

As su*(4) ~ s0(5,1) D so(4), the algebra A, ; (n > 1) has no realizations
by operators (2) except for those given in the formulation of the theorem. There
are also no realizations of the algebra D, (n > 1), since the lowest dimensional
algebras of this type so(4), s0(2,2), s0*(4) have no realizations within the class of
differential operators (2).

The similar reasoning yields that there are no new realizations of the algebras
B, (n > 1) and C,, (n > 1), that can be symmetry algebras of Eq.(1). This follows
from the fact that the algebra By contains subalgebras isomorphic to so(4) and
50(1,3), and from the following properties of the algebra Cs

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

To complete the proof, we need to consider the exceptional semi-simple Lie
algebras Go, Fy, Fg, 7, Es. Here we only consider the first two algebras and others
are handled in the same way. The algebra G5 has a compact real form g, and one
noncompact real form ga, where ga N g ~ su(2) @ su(2) ~ so(4). Since Eq.(1)
cannot admit so(4) as an invariance algebra, G5 has no realization by operators
(2). Fj has a compact real form f; and two noncompact real forms fa, f4 with
fi0 fa ~ sp(3) @ su(2) D s0(3), f2N fu ~ sp(9). Thus Eq.(2) cannot admit a
realization of an algebra of the type Fj. The same assertion holds for the remaining
exceptional semi-simple Lie algebras Fg, E7, Es.

The corollary is proved. O]



4. Classification of equations invariant under low-dimensional solvable Lie
algebras

Using the concept of compositional series for a solvable algebra we can construct all
possible realizations of solvable Lie algebras admitted by Eq.(1) starting from the
one-dimensional ones and proceeding to the solvable Lie algebras of the dimension
2,3,4,... (for more details, see [1]).

In this section we describe inequivalent Eqs.(1) which are invariant under solv-
able Lie algebras of the dimension up to four. Since equations invariant with respect
to one-dimensional algebras have already been constructed, we start by analyzing
two-dimensional solvable algebras.

4.1. Equations with two-dimensional Lie algebras

There are two non-isomorphic two-dimensional Lie algebras,
Agy s [X1, Xo] =0, Aga [X1, Xo] = Xo.

As both A7 and A, contain the algebra A;, we can assume that the basis
operator of the latter is reduced to a canonical form.

We consider in detail the case of A, 1, while for the case of algebra A, we
present the final results only.

Let X7 = 9, and X5 be the operator of the most generic form (2)

Xo =7(t)0 + [7/4x + p(t)]0, + n(t, z,u)0,.

Then the commutation relation implies that 7 = p = 1, = 0. Therefore 7, p
are constants and n = n(xr,u). So without any loss of generality we can put
Xy = 0, + n(z,u)d,, where and hereafter ¢ = const. Before simplifying X, with
equivalence transformations (6), we seek those equivalent transformations which
preserve the basis operator of the algebra A;

- ) 1. .. .

Hence, T =1 and Y = U, = 0. Consequently, we can take T'=t, U = U(z, u) and
Y = const. Performing this transformation yields

X2 — XQ = GCaj + (CUx + UUU)&J

If n = 0, we choose U = U(u) thus getting X, = ;. Provided 1 # 0 and ¢ = 0,
we can take U as a solution of nU, = 1 and get ;. When n # 0 and ¢ # 0, we
select U to satisfy cU, + nU, = 0,U, # 0, whence we conclude that the operator
0z is admitted by Eq.(1). Thus within the action of equivalence group of Eq.(1),
we get the following two-dimensional invariance algebras, (0, 0.), (O, Oy)-

10



Consider now the case when X; = d, and X, is an operator of the form (2).
Inserting X, Xy into the commutation relation yields that Xo = c0; + p(t)0, +
n(t,u)0,. The equivalence transformation, which leaves X invariant, reads as

t=t, a=a+Y(t), 0=U(tu)
with U, # 0. This transformation reduces X, to the form
Xy = cO0; + [cY + p(t)]05 + (cUy + nU,) 0.

We consider the cases n = 0 and 1 # 0 separately. If n = 0 and ¢ = 0, then
X, = p(t)9;. Tt is straightforward to verify that the so obtained two-dimensional
Lie algebra, (0., ¢(t)0.), cannot be invariance algebras of an equation of the form
(1). Provided n = 0 and ¢ # 0, we can choose solutions of PDEs U; = 0 and
&Y 4+p=0as U and Y and thus get X, = ed;.

Similarly, the case n # 0 and ¢ = 0 leads to the operator X, = p(1)0; + 0.
Next, if 7 # 0 and ¢ # 0, then the operator X, = €d; is obtained.

Turn now to the remaining case X; = 0,. With the choice of X, of the form

(2), the commutation relation implies Xy = 7(¢)0; + [7/4x + p(t)]|0y + n(t, x)0,.
Note that the transformation

F=T(t), T=eliz+Y(t), i=u+U(tz)

belongs to the equivalence group of (1), which preserves X; and converts X, into
TT0; + {Z(TT_lT + )@ —Y) 7Y +epT7 | 0;
1.

Choosing T', Y and U suitably, we can reduce the operator X, to one of the
forms, 0z, €0; and n(t,x)0;. This completes the analysis of the realizations of the
algebra As 1. The case of Ay is treated similarly.

Substituting the so obtained basis operators into the classifying equation and
solving the latter yields the corresponding invariant equations.

Theorem 3. There exist four Abelian and five non-Abelian two-dimensional sym-
metry algebras admitted by (1). These algebras and the corresponding invariant
equations are given below

Ayy = (00,0,) Up = —Ugage + G(U, Ug, Ugy, Ugaz),

A3, =(0,,0 ) - Ut = —Uggee + G(T, Uz, Uz, Uzaa),

A5y = (0, g(1)0y + ) - U = —Ungra + § ULy + G(t, Uy, Una, Ugea),

A5y = (00, 9(t,2)80), go # 05 W = —Uppae + (Guawe — 90)95 e + G(L, 7,01, w0),

11



w1 = (gxux:c - gx:cua:)g;la

—1
Wy = (gxumzx - gzx:pux)gg; y

Ay = (—t0, — %&C, ) Up = —Uggze + T G (U, TUg, T Uy, T Uy ),
2 -1 1 1 3

A2,2 = <_4tat - l'ar, am> : Uy = —Ugzax +t G(U, t4um> t2ua:x7 t4ux:m:)7

A5, = (—udy, d,) : Up = —Uggze + UG (t, 2, UL Mgy, U, Usae),

A5y = {0y —udy, 0y) : Up = —Uggee + € “G(t, € Uz, € Upy, € Uz ),

A3y = (€0, — udy, 0,) - U = —Uggar + UsG(T, €Uy, €My, €Mty

4.2. Equations admitting three-dimensional solvable Lie algebras

We consider the cases of decomposable and non-decomposable Lie algebras sepa-
rately.

4.2.1 Three-dimensional decomposable algebras

There exist two non-isomorphic three-dimensional decomposable Lie algebras, Az
and A3_2,

A3.1 : [X’MX]] =0 <Z7] = 17273) (A3.1 - Al @Al @A1)7
Aso [ X1, Xo] = Xo, [X1, X3) = [Xo, X3 =0, (As2=A20d A).

It is a common knowledge that any three-dimensional solvable Lie algebra con-
tains two-dimensional solvable algebra. So that to describe all possible realizations
of three-dimensional solvable algebras admitted by Eq.(1) it suffices to consider all
possible extensions of two dimensional algebras listed in Theorem 3 by vector fields,
X3, of the form (2). Then for each of the so obtained realization we simplify X3
using equivalence transformations which preserve the operators X; and X,. Having
performed these two steps we obtain the following list of invariant equations (1):

As1— invariant equations

Ayy = (0, 0,,0,) :
F = G<ul‘7 umm u:r;a:x)a
Ag.l = <at7 alug(x)8u>7 g/ % 0 :

(4) "
g g g

"

As,— invariant equations

Al = (—td, — %ax,at,a@ :

12



2 3
F = gG(iL”ux,{E Ugg, T uzxx)a

A2, = (—4t8, — 20,,0,,0,) :
1 1 1 3
F = S G o [ o1t [ 110z,

A3 = (—4t0, — 20y, 0y, |t| 10, + O) :

uu, 1 1 1 3
+ —G(|t LUy, (T2 Uggs [T 2 Ugra ),
T O e W, e )

A§.2 = (—u0y, Oy, 0y) :

ux:): uzzx
F=u,G(t,—, ),
Uy Uy

Ag.Q = <_uau7au>at> :

u.rar /U/xl'm
F =u,G(x, —, ),
Uy Uy

Ag.Q = <ax — U0y, au,eixg(t)au% g#0:

/

F=—1+ L), + e Gt 0 (tne + ), 6 (tpss — y)),
g

/

F=-% (24 njug)u, + u,G(t, =22, 222,
g Uy Uy
A8, = (0p — u0y, Oy, Oy)
F =e "G(e" Uy, € Uyy, € Upyy),
A3, = (e0; — udy, Oy, e g(2)0,), ¢ #0:
_9W -« g’ "

g g g
ALY = (€0; — udy, Oy, 0n)
F = e "G(e e, €y, e Upey),
ALY = (€0, — 10y, 04, 01 + N0y), N #£ O
F = GG Ny, Ny, e Nuy,,),

AéQZ = <€at — u@u, 3u, (9,5) :

13
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4.2.2 Three-dimensional non-decomposable algebras

There are seven non-isomorphic non-decomposable three-dimensional real solvable
Lie algebras. The list of these algebras is exhausted by one nilpotent Lie algebra,

Azz: [Xo, X3l = Xy, [X1, Xo] = [X1, X3] =0,
and six solvable Lie algebras (only nonzero commutation relations are given),
Azq: [X, X3l = X0, [Xo, Xa] = X1 + Xy,
Az [Xl,X3] = X1, [XQ,X3] = Xo,
Aze: [X1, X3l = X1,  [Xp, X3] = =X,
Asz: [ X1, X5 =Xq, [Xo, X3l =¢Xo, (0< g <1),
Azg [Xl,X:a] = — Xy, [X27X3] = Xi,

Az [X1, X3l = qXi — Xy, [Xo, X3] = X1 +¢Xo, (¢>0).
All these algebras contain a two-dimensional Abelian ideal as a subalgebra. Thus
we can use our classification of Ap;— invariant equations to construct Egs.(1),
which admit non-decomposable three-dimensional solvable Lie algebras. We skip
intermediate calculations and present the final result, the list of invariant equations

and the corresponding symmetry algebras.
Az 3— invariant equations

Aé.?’ = <aa:7 8t7 taz + au> .
F = —uuy + G(uyg, Ugy, Uggs ),

A§.3 = (Oy, O, N0y +t0y), A >0

F — § + G(“g:,uxxyu:r::m:)a

A3 5 = (O, Oy, g(1)0; + 20,,) :

1
= _Eglui + G(t7 Uzz, ua:xz),
Ag‘S = <au7 a:]ca A0 + $8u>, A # 0:

F = G()\uz - t; Ugy, uxmx)7

AD = (A30, + Oy, 0y, BMIO, + M3 20, + (1 — M3u)D,), A #0:
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A
F= —gt%uux F TGN Uy — 5, Uy, L Uy ),

A = (D, [9(a) — 10,0, g #0:

(4) . 1 1Zi "
g g

AT = (D, —200, ;) :
F = G(t, ugg, Uggs),
A5 5 = (O, (et — )0y, 0y)
F = —eu, + G(t, Uy, Usaz ),

latwauaax - Q_Lau> :
xz X

Ag.3 = <_
4 1
F = ——Uggez + _G(t7 TUgy + Quma TUgzy + 3uxm)
T x
As4— invariant equations
1
AL, = (04, 0,,t0, + Z:L‘(‘?m + (u +)d,) :

32’

F =4n|u,| + G(

1
F=t1G(uy — It 1] Tt [£]2 U ),

2

2

5 3 _1 _2
F = —d'uu, + a PeaG(u, — a, a’e™ oy, a'e” @ty ),

where a = a(t), @ # 0 and o’ +2(2 + a)a’? = 0,
1 g L .

1, _3 1 1
F = Zt Yuug, + [t| ™2 G (ug, [t|* U, [t|2 Upas),

A§.4 = <auv _xau, ax + u8u> .
F =e"G(t, e “Ugy, € “Usaz),

AS, = (04, [g(x) — €t]Oy, €0 +ud,), g #0:

15



" I
g

Uy + e G(x, e N (Fuy — Upy), e_“(g

4) _
g €

g/

I
Ass— invariant equations

1
Ai13.5 = <au7 ata Zfat + Zwax + l@u) :

A2 = (D, O, MO, + 20y + udy) -
F = t_%G(uxu |t|iuzxa |t|%uxwa:)a
A3 5 = (O, 9(2)0y, €0, + udy), ¢ # 0

g(4) g// ﬁ

F="—u, + "Gz, (Zup — tga), 0™

Asze— invariant equations
1 1
Az = (0p, 04,0, + Z:E&,; —ud,) :

-8 5 6 7
F=u G(:E Uz, T Ugy, L umzx)u

A2, = (0,, \|t|20, + 0y, 40, + 20, — ud,), A€ R :
A1 _5 1 3
S _Et QUUx—f-t 4G(|t|2uxa|t|4uxxatu1’xa:)a

Agﬁ = <au> e2xg(t)8u, O + u8u>, g#0:

/
F = (2g_g + 8)uy + € G(t, e " (Upy — 2Uz), € " (Ugze — 4Uz)),

A3 s = (04, g(2)0y, €0y +udy), ¢ #0:

4) " "
g + 26g et —et g —et g
= U, + e G(T, 07 (FUp — Uge), € (T U — Usaa))-

F
As7— invariant equations
1 1
Az 7 = (0, 0u, 10 + Z:c81> :
.4 Ugy Ugzy
F= umG(uv u_%a U_§)7

1
A%.? = <at7 817 tat + 113(91 + u8u> .
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4 o4
Yo Uge U
3

[N}
8
&
~—

u u

N

1
AS . = (0h, 0y, 1O, + Zxax + qudy,), ¢ #0, £1:
F— 3;4(‘1*1)G(a:(1*4q)ux, x(2*4q)um, 36’(374@%11),
Ab = 0y, N5 0y + Oy, A0, + 20, + qudy), ¢ #0, £1, e R

1 _ _ _
F = 20 = DI w4 IG5 g, 17 g, 1175 ),

AS - = (0, e (1)D,, 0y + udy), g A0, ¢ #£0, £1:
gl

F p— —

[(1 —q)g

where w1 = e “[uge — (1 — q)ug], wo = e “[upee — (1 — q)*uy],

+ (1 = @)%up + e"G(t, wi,wy),

AS = (04, e g(2)D,, €0, + udy), ¢ #0, ¢ #0, £1:

4) +€(1 — 1" "
g g(/ q)gum + eetc;«(m’e—st(g_um _ uxx), e—et(g_/um o uxxac))

/
Asg— invariant equations

F =

14+ a?

Oé/

Ail%.8 = <a:m Qaa: + au: -

Oy — ax0y + (qu — x)0,) :

F = —cuuy + (1 + ) 2G(wy, ws, w3),

where o = a(t) with o/ # 0 satisfies 2aa’? + (1 4+ o?)a” = 0,

e

w1 = (14+a®)uy —a, wy = (1+a*)2up,, ws = (14 a®) Upes.

Az g9— invariant equations

1+a?
Ailﬂ) = (O, @0z + O, — O/Oé O+ (¢ — a)x0, + [( + qQ)u — x]0y), ¢ >0
F = —c/uty + (1 + ) 2639 G 01wy, wy),

where o = a(t) with o/ # 0 satisfies (2o — 4¢)a? + (1 + a*)a” = 0,
wi = (14+a*)u, —a, wy=(1+ a2)%e_qamamum,
ws = (1 + a?)2e-2aarctanay,

Note that the nonlinear ordinary differential equation

(2a —4g)a” + (1 +a®)a” =0
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can be solved by quadratures. Its general solution is given by the following implicit
formula:

a(t)
/ e_4qarctanz(1 + 2;2>dZ + Clt =+ Cg = O, {017 02} CR.

5. Classification of equations invariant under four-dimensional solvable Lie
algebras

Now we perform group classification of Egs.(1) admitting four-dimensional solvable
Lie algebras. To this end we use the realizations of three-dimensional solvable
algebras obtained in the previous section and the fact that any four-dimensional
solvable Lie algebra contains a three-dimensional solvable algebra.

5.1. Equations with four-dimensional decomposable algebras

The list of non-isomorphic four-dimensional decomposable algebras contains fol-
lowing ten algebras:

Apo @ Ags = 2455,

Asq @ Ay = 44,

Ago @ Ay = Agy @ 24,
As; @ Ay (i=3,4,---,9).

The complete list of Eqgs.(1) invariant with respect to the above algebras is given
below.
2A55— invariant equations

2AL, = (—td, — zam, Br, B, €40,,) -

Uy
F = ui — 6uium + AUy Uy + 3uigC + FG(WI’ wo),

T, o, o,
wr = _(ux - uﬂw)v Wy = _(ux + Upgr — ?’uzuxm)7
Uy Uy

2A2, = (—4td, — 20y, Oy, N|t|10y — udy, Dy)

A w 1 U LU
F=-"—wl Gt = 2 ==
T e G 37,

w = [t|iu,,

245 5 = (—udy, Oy, €0y, ey + 66@(% +1)0,) :
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4
F = —iux%—

y Gl(x+ )2, (3 +4)72222),

(x+4)3 ta Us Uy

2455 = 0y — udy, O, A@t,e§&t>, A#0:

F__f vt UaG( Uy Uy )
2A3.2 = (@x — U0y, Oy, Aat,(?%_xau), A 75 0:
A+1
F=— + Uy + € T G(e" (Ugy + Uz ), €7 (Ugze — Usz)),

Bl et

2A32 = <€at - uguaa’luﬁat + ’Ya:vae v 8u>7 5 7é —€, 7 7£ O :

1 4 4
F— (ef+1) —ey w +ee(%r—t)G(wl,w2)’
V(ef+1)
s _B,
Wy = =57 [YUze — (€6 4+ 1)uy], we = et=5 )['yQUM — (ef + 1)%uy).

Az o @ A;— invariant equations

Ag_Q @ Al = <_uau7 81“ 8x7 at) .

F= uxG(%, uxm),

Uy Uy
A§.2 @ Ay = (0r — u0y, Oy, Oy, € 0,) :
F =ty e G (g + 1), 1tz — 1),
Ad,(g=eM) @ Ay = (€D) — uOy, 0y, "0y, NOy + 0p), N #0

Uy + ee(/\a:—t)G(ee(t—/\x) (u:r:a: . )\ux)’ ee(t—)\:r:) (uxxx . )\2ux))
As 3 @ A;— invariant equations,
A2 @ Ay = (B4, 00, \Dy + 104, Oy + O, + §6u>, A>0, BER:

t
A3y & Ay = (O, O ADy + 204, B0+ O + 1 0u), A3 # 0

1 t
F = ——Uz+_+G Uggs Ugzx ),

AS (g =A2) @ Ay = (B, Nz — £)0y, 04, 0y + ADL), A0
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1
F = —XUJ; + G(u:cara uzxx)a

A;g @ Al = <aU7 _xaua aﬁm at) .
F = G(uwxy uzaxa:);

1 t
A, @A = <—Eau, Ou, Oy — %au, O + %&J) :

—4 TTT 1
€T X

F
As 4 @& Aj— invariant equations,
1
Ail’).4 ©® Al = <au7 81?7 tat + leax + (U + t)au, x46u> :

TUgy — Uy T Uppw — OU

6
F=4n|u,| + —u, + G ),
T

x3 ’ x3
A§,4 ® Ay = (Ou, =10y, Oy + u0y, € g(t)0y), g #0:

/
F= (g_ + Dge + €"G(t, e (Uppe — Upe)),
g

Ag.4 D Al = <au7 _xaua ax + ua1u at> .
F =e"G(e Uz, € “Upys),

AS (g = eAt) @ Ay = (O, (AT — 1)y, €0; + uDy, N0y + 0), A #£ 0 :

1
F - _Xua: + ee(t_)\z)G(ee()\m_t)ul‘xu eE(Am_t)ul?CCLU)‘

Ass ® A;— invariant equations
1
As s ® Ay = (D4, 0y, 10, + Zxax + u0y, 2%0,) :

Uy LUy — Uy T Uppy — Uy
F =6 4G
x

),

Y

3 3

A§.5 ¥ Al = <auag(x)8u7 Cat + uaua at>7 g, 7é 0:

g®

G g — ¢y
g’ Uy + (9/,ux - g/um)G(ZE, )

F =
g,(g/uw$ - g”ux)

Az @ A;— invariant equations,

1 1
Aé.G & Al - <at7 au, t@t + Zxax - u@u, gau> :
F = —2100u, + 273G (2° (2Ugy + 5y), 2° (2% Use — 30u,)),
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A%G(g = 1) D Al = <a’u7 eQJCau: 89[: + uaw at> :
F =8u, +e*G(e " (Ugy — 2Uy), € “(Ugge — 4uy)),
Alglg=e 7" & Ay = (0,50, 0, + udy, 0 + 80s), B #0:

F = +e€(t_%)G(eE(%_t) (s + 2€uy,), eG(%_t)(ﬁQUQ;m —4du,))—

(% + B) g

As7 @ A;— invariant equations

1
AL, @ Ay = (0, 0,,t0; + Zx&v, Oy)

Upy U
4 zx  Uzzx
F=u,G(—,—5),

uz U’:E

1
A3 © AL = (01, 00,10, + 700, + udy,ud,)

4 2
u Ulgy U“U

F = —C;G(—;w, ;”),
u u? us

1
A§.7 @ Al = <ata 81.” tat _l_ Zxax + quau7 x4qau>7 q 7£ Oa j:l :

(49 —3)(4q — 2)(4g — 1)

3 Uy + VG (wy, wo),
x

F =

wy = 21 [z, — (4 — Dug),

Wy = x(l—4q) [x2umﬁx - <4q - 2) <4q - 1)“1]5
A57(g=1)® Ay = (04, €970y, 0, + udy, 0r), ¢ #0, +1:

F=(1- q)?’ux +e"Ge *(Upe — (1 — @)uz), € “(Ugge — (1 — q)2ux)),
ela=1)

)@ Ay = (D, TR, €D, + udy, 0 + 50,), ¢ #0, +1:

e(g—1)°
63

wi = "5 Bugy — (g — Dugl, wa = e“F7[B%up00 — (g — 1)%ug).

Ag.7(9 =€

F=] — Blug + e THG(wy, ws),

5.2. Equations with four-dimensional non-decomposable algebras

There exist ten non-isomorphic four-dimensional non-decomposable Lie algebras,
Ay (i=1,2,---,10):

Ayq (X, Xu] = X1,  [X5, X4] = Xo;
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[ ]

Ay (X0, Xy) = X1, [ X3, Xy] = Xy;

Ay (X1, Xy] = X1, [Xo, Xy = Xa + X, [ X3, Xy] = Xy + X5

Ay (X1, Xy) = X1, [Xo, Xy] = ¢Xo,  [X3, Xy] = pXG,
—1<p<qg<1, pg#0;

Ay (X1, Xy) = qXa, [Xo, Xy =pXo— X3, [X3, Xy =
q#0, p=0;

Ay (X, X3] = Xy, [Xi1, Xy] =2X1, [Xo, Xy = X,
(X3, Xy] = Xo + X5;

Ays [(Xo, X3] = X1, [X1, Xyl = (1+ )Xy, [Xo, Xy] = Xy,
[X3, Xu] = X5, [q| <15

Agg: [(Xo, X3] = X4,  [Xy, Xy] =2¢X,, [Xo, Xy] =¢Xo— X5,
(X3, X4] = Xo + ¢X3, ¢ > 0;

Aygao: [X1,X3] = X1, [XQ,XS.] = Xo, [X1,X4] = — Xy,

X1, Xy =qXa, [Xo, Xyl =Xo, [X5, Xyl =Xo+ X3, ¢#0;

[XQ, X4] - Xl-

Each of the above algebras can be decomposed into a semi-direct sum of a three-
dimensional ideal N and a one-dimensional Lie algebra. Analysis of the commu-
tation relations above shows that N is of the type Az for the algebras Ay; (i =
1,2,-+-,6), of the type As3 for the algebras A7, Ass, Ao, and of the type Ass
for the algebra A4 19. Thus we can extend the already known realizations of three-
dimensional Lie algebras to obtain exhaustive description of the four-dimensional
non-decomposable solvable Lie algebras admitted by Eq.(1). Below we present
the final result, the lists of invariant equations together with the corresponding

symmetry algebras.
A, 1— invariant equations

Alll.l = <8u7 a{xa ata ta{p + :Cau> .

F = —%’U/i + G(u:r:pa uaczm>7
A2 = (D, 20, Or, O + t2Dy)

1
F= §x2 + G(Ugy, Ugsz)-

A4 o— invariant equations

Aéll.Z - <at7 au7 82?7 4tat + Iam + (.T + u)8u> .
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3 2
F= uwxG(eumuxxa € uzuaca:x)a

AZZLQ = <8x7 auv at7 tat + ixax + (t + u)@u) :

U,3 3

4 zz Uzza
F = §1n|um| + G(?, —)7

x X

4
A%, = (8,0, ol 2|8, gty + %:gax Y udy), q#0:

F = —6u—§ + $4(%_1)G(WI,WQ),
x
4 4
wp = xl_E(xum + uy), wo = a:l_E(xQUmm — 2u,),

1
A}, = (241799, ,,0,,t0, + 790: + (t+ 1)), g #0, 1:

(49 —3)(4qg — 2)(4q — 1)

F=— 5 Uz +4Injz| + G(wy, ws),
x
TUge — (3 — 4q)u, T Uz — (3 — 4q)(2 — 4q)u,
w1 = 3 , Wo = 3 .
x x
A4 3— invariant equations
Al = (04,00, 04,10, + ud,) :
F = —ugn|u,| + uxG(%, ua:x:r;)7
ul' uﬂj
1
Af 5 = (0, 0u, —41n|2]0,, 10, + ng :
6 1 9 3
F=——u,+ —4G(a: Ugz + Ty, ToUggy — 22Uy ),
T x

A}y = (04,60, 0p, 0, + (te” +1)0,) :
F =u, +xe” +e*Ge " (Ugy — Uz), € “(Upge — Ugy)).

A, 4— invariant equations

1
Aéll.él = <au7 —41In |x|au7 ata tat + Zxacc + (u —4tln |'T|)8u> :

Uy TUgy + Uy T2 Upye — 2Usp
F:—81H2 |I"—6F—|—G( 3 s 3 )

A, 5— invariant equations,

1 1
Ays = (01,00, 0u, tO; + Zﬁ"ax +pud,), —1<p< P #£0:
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3—4p

1—p 2—4p
4p—1 4p—1
Uz" Uy Us” U,

F:uiliélpG( €T

1 1
A?l.5 - <at7 aI? alu tat + Zxax + Zua’u> .
u:EiEI
F= UixG(’%, uT)’
1
Al s = (01, 0, 2770, 80, + 170 T qudy), —1<p<q<1, pg#0:

Aq —4p — 1)(4q — 4p — 2)(4q — 4p —
(49 —4p—1)(4g —4p — 2)(4g — 4p 3)ux+x4(Q*1)G(w1,w2),

F = 3
W] = x1_4q[xum — (4q — 4p — Duy),
Wy = $1_4q[$2umx — (4 —4p — 2)(4q — 4p — D)u,).

A4 7— invariant equations

1
Alr = (0 O = W 10 + 20, 410, + 20, +2ud,)

u2 1 1
F=—=+ G Ugg, L4 Uy )
8 T (Uazs [] )

2
1
A7 = (O, a0y + 20y, —0,, —%at + (1 —a)z0, + (2u — §x2)8u> :

1
F = —éa’ui + of4e’%G(w1,w2),

1
W1 = Uy — @, Wy = €3 AP Upyy,
where a = a(t) with o’ # 0 satisfies a®a” 4+ 2(a — 2)a’® = 0

1
A3 L = (0, Da* — )0y, Oy, t0; + le(?z + (2u + Mt — 5152)8“), AN#£0:

24\ — 1 TUgy — Uy T Uppy — OU
_ 4 e - 4 TT T TTT x
F = 4)\1’ 111 |IE| + 4)\1‘3 Uy +x G( $7 ) 337 )7

Al = (O, (et — )0y, O, 480, + (z + 3€t)0, + (ewt + 2u — §$2)8u)

1 1 1 1
F=—eu, +-t+ G(uge + = In|t|, [t|3 tpes),
g1 Ol gl )

1
AL = Dy, —20y, Op, 40, + 20, + (2u — §x2)8u> :

1 1
_G(Ugy + — I |t [t 3 tsss),

F=—
e 1
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1 1
A2_7 = <_Eaua amax - %8u74t8t + xa:c ‘|’ (u ‘l’ §x)8u> .

4 1
F = ——uppe + —FG (w1, wa),
x|t|2

1
W] = TUgy + 2Uy — 2 In|t], wy = \tﬁ(xuxm + 3ty
A, g— invariant equations

1
Aéll.8 = <8$7 atu taw + au, tat + Z_ll'a;g — §U8u> :

ulE.’E u.l‘:l‘IB )
Y

F:—uux+|ux|gG( = 3
|Ux|4 |u$|2

1 5}
Ai.S = <8U7 ata Aaz + tauatat + z_lxa” + Zuau>a A>0:
1 1 Ugy Ugzx
F= ot el e
A |uz|t |ug|?

wt—qi“*ui T G T U T ),

Ai.S = <8u, 8:6, Aat + x@u, 4t8t + x(()m + 5u3u>, A §é 0:

F =

1 u U
F =\, —t]3iG L
| | (|Aum—t|% |/\um—t|%)

Al = O (O = 100 0ty + G0, + (14 qJud,), Mg 0, Jal <1
240 — 1

F= 4 23
AAGLS - <au7 ()\ZE4 - t>au7 atu uau>7 A 7& 0:

24\ — 1 T2 Uy — Oy
F=—F"-" T Tr 3 T G P B
4 23 U + (Tu U )G TUgy — Uy )

AZL.S = <au7 _:Uauv aa:a 4qtat + qxaﬂc + (1 + Q)uau>a IQ| < 1a q 7é 0:

34
q

Uy + :L“%G(xf (TUzz — BUy), .r*?’*%(xQumx — 6uy)),

1—3¢q g—1 2q—1
F =t Gt 1 tugg,t 40 Upyy),

Ai_g = (Ou, —x0y, Or, u0y,) :

F = u,,G(t, umx),

,U’J?.T
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Ai_g = (Oy, (et — )0y, Op, 4qt0; + q(x + 3€t)0, + (1 + q)udy), |q| < 1,¢#0:

1—-3¢q g—1 2q—1
F=—cuy +t 5 Gt % Uy, t 49 Upgy),

A}fg = (O, (et — )0y, Oz, ud,) :

F = —eu, + u.G(t, ua:xa:>7
ul?ﬂ?
1
Ay = (==0,,00, 0, — ~ 00,4010, + qd, +udy), lal <1, g # 0
4 e

G(t%(zumc + 2ux)a t%(‘ruu’mﬁ + 3“:{;1‘))’

F = ——Ugge T+
x

1
A}lQS = <_;au7 a’M) ag: - %au, U/au> N
TUzy + 2Uy

).

4 2
F = — —Ugzg T+ (uxac + _uw>G(t7
T T

Ay 9— invariant equations

1 1+ a? 1,
Apg = <au7 Oz, 00y + 0y, — ; Oy + (q - a)xax + (2qu — 513 )8u>, q=0:
(6%
1 . 9 quarctana
F = —5@ U, + mG(whw2)7

w1 = (1 + a2)uwl’ —Q, Wy = (1 + a2)%e—qarctanaum€x’
where a = a(t) with o’ # 0 satisfies (1 + a?)a” + 2(a — 2¢)a’® = 0.
Ay 10— Invariant equations

Aéll.lo = <au7 —tan xdy, Oy + udy, A0y + 0, + utan $6u>, AeR:

t—Ax

F = 8tanzu, + 4tan xuy,, + e sec 2G(wy,ws),

wy = M (cos Ty, — 28in TU1,),

Wy = e)‘m’t(cos Ty — 3 SIN TUyy — 2 COS TUy ).

6. (zalilei-invariant equations

One of the important requirements in the classical mechanics is the requirement
for the motion equation to satisfy the Galilei relativity principle. From the mathe-
matical standpoint this requirement means that the motion equation has to admit
Galilei group. Our approach enables to handle the problem of mathematical de-
scription of all possible PDEs of the form (1) that admit Galilei transformation
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group or, equivalently, the Galilei algebra of first-order differential operators (vec-
tor fields).

The Lie algebra g(1) = (T, P, G) is called the classical Galilei algebra if its basis
operators satisfy the following commutation relations:

T,P]=0, [T,G]=—P, 8)
[P,G] =0. 9)

The Lie algebra g(1) = (T, P,G, M) is called the extended classical Galilei algebra
if the commutation relations (9) hold and what is more the basis operator M
obeys the following commutation relations: Let an operator M satisfy the following
commutation relations:

(M.T] = [M,P] = [M,G] =0, [G,P]=M.

Below we give without derivation expressions for the most general PDEs of the
form (1) which are invariant under the Galilei algebras.

The list of inequivalent Eqs.(1) invariant under the classical Galilei algebra is
exhausted by the following five classes of PDEs:

1. Up = —Ugggy T Uy + f(uza Uz, uzxm);
T=0, P=0, G=—td,+0,:
2. Ut = —Ugggr — Uz T f(l’, Uz, u:cxz)a

T=0, P=0, G=(z—t0
3. Ut = —Ugggr + f(t + Ugy Uy u:ca;a:)7

T=0, P=0, G=0 —x0y;

1
4. U = —Uggaax — 5“2 + f(t, Ugy, ua::c:c>,
T=0, P=0, G=—t0, -2,
D. Ut = —Ugggr T f(t, Ugy, ua::c:c)y

T=98, P=20, G=—zd,

Here f is an arbitrary real-valued smooth function.
There are three inequivalent equations of the form (1) invariant under the ex-
tended classical Galilei algebra g(1):

]-- Uy = —Uggpx — Ui + f(uzza u$$$>7

1 1

ux:mc

1 1

2. U = —Ugpgy + —T — 4 + — f(Tuge + 2Uy, TUppr + 3Usz ),
2\ T T
A

T=8, X=-0, M=-"a, G:A@+@—A%Q>A#&
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1

— _ 2 .
3- Uy = Urrrx 4)\21‘ _I_ f(u:caz7 uxx:c)a
1 1 1

where f is an arbitrary smooth function.
Note that the corresponding symmetry algebras are maximal invariance algebras
provided f is arbitrary.

7. Concluding remarks

In this paper, we perform symmetry classification of the fourth-order parabolic
equation of the very general form (1). As a result, the broad classes of invariant
equations (1) are constructed together with their maximal symmetry algebras.
Symmetry properties of these equations can be briefly summarized as follows,

e there are three inequivalent equations admitting one-dimensional Lie algebra.
e two equations which admit semi-simple Lie algebras isomorphic to s[(2, R).

e there are nine equations admitting two-dimensional Lie algebras, among them,
four equations admitting Abelian algebras and five admitting non-Abelian algebras.

e there are forty-four equations admitting three-dimensional solvable Lie alge-
bras.

e there are fifty-seven equations admitting four-dimensional solvable Lie alge-
bras.

We have also established that the class of evolution equations (1) contains at
most eight inequivalent classes of PDEs obeying the Galilei relativity principle.
The corresponding equations are presented in the previous section.

Finally we mention that in order to complete group classification of the general
class of PDEs one needs to consider solvable Lie algebras of the dimension higher
than 4. This work is in progress now and will be reported elsewhere.
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