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Abstract We perform complete group classification of the general class of quasi lin-
ear wave equations in two variables. This class may be seen as a broad generalization
of the nonlinear d’Alembert, Liouville, sin/sinh-Gordon and Tzitzeica equations. In
this way we derived a number of new genuinely nonlinear invariant models with
high symmetry properties. In particular, we obtain four classes of nonlinear wave
equations admitting five-dimensional invariance groups. Applying the symmetry
reduction technique we construct multi-parameter families of exact solutions of these
equations.

1. Introduction

It was Sophus Lie who was the first to utilize group properties of differential
equations in order to actually solve them (to construct their exact solutions). He
computed the maximal invariance group of the one-dimensional heat conductivity
equation and utilized this symmetry to construct its explicit solutions. Saying it the
modern way, he performed symmetry reduction of the heat equation. Nowadays
symmetry reduction is one of the most powerful tools for solving nonlinear partial
differential equations (PDEs).
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The majority of fundamental equations of mathematical and theoretical physics
admit wide symmetry groups. It is the rich symmetry that enables developing a
variety of efficient methods for mathematical analysis of linear differential equations.
However, linear equations give mathematical description of physical, chemical or
biological processes in a first approximation only. To provide a more detailed and
precise description a mathematical model has to incorporate nonlinear terms. What
is more, some important mathematical physics equations have no linearized versions
at all. A well-known example is the system of Yang-Mills equations.

Hyperbolic type second-order nonlinear PDEs in two independent variables
are utilized to describe different types of wave propagation. They are also used
in differential geometry, in various fields of hydro- and gas dynamics, chemical
technology, super conductivity, crystal dislocation to mention only a few applications
areas. However the list of models (equations) is surprisingly narrow. By the most
part it is comprised by the Liouville, sine/sinh-Gordon, Goursat, d’Alembert and
Tzitzeica equations and a couple of others. From the group-theoretical viewpoint
the popularity of these very models is due to the fact that they have non-trivial Lie or
Lie-Bécklund symmetry. By this very reason they are either integrable by the inverse
problem methods (see, e.g.,[1-3]) or are linearizable [4-6]) and completely integrable
[7,8].

In this connection it seems to be a very important problem to select from the
reasonably extensive class of nonlinear hyperbolic type PDEs those enjoying the best
symmetry properties. Saying ‘reasonably extensive’ we mean that this class should
contain the above enumerated equations as particular cases, on the one hand, and
it should contain a wide variety of new invariant models of potential interest for
applications, on the other. The list of the so obtained invariant equations will contain
candidates for realistic nonlinear mathematical models of the physical and chemical
processes enumerated above.

The history of group classification methods goes back to Lie. The first paper on
this subject is [9], where Lie proves that a linear two-dimensional second-order PDE
may admit at most a three-parameter invariance group (apart from the trivial infinite-
parameter symmetry group, which is due to linearity).

The modern formulation of the problem of group classification of PDEs was
suggested by Ovsyannikov in [10]. He developed the regular method (we will refer to
it as to the Lie—Ovsyannikov method) for classifying differential equations with non-
trivial symmetry and performed complete group classification of a class of nonlinear
heat conductivity equations. In a number of subsequent publications more general
types of nonlinear heat equations were classified (a review of these results can be
found in [11]).

Analysis of the papers on group classification of PDEs reveals that the majority
of them deal with equations whose arbitrary elements (functions) depend on one
variable only. The reason for this fact is that application of Lie-Ovsyannikov method
to PDEs, which contain arbitrary functions of several variables, is not always possible.
To achieve a complete classification one either needs to specify the transformation
group realization or somehow restrict arbitrariness of functions contained in the
equation under study.

Recently, we developed the efficient approach enabling to overcome this difficulty
for low dimensional PDEs [12, 13]. Utilizing it we have obtained the ultimate solution
of the problem of group classification of the general quasi-linear heat conductivity
equations in two independent variables.
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In this paper we apply the approach mentioned above to perform group classi-
fication of the most general quasi-linear hyperbolic type PDE in two independent
variables.

2. Group Classification Algorithm

We begin this section by formulating the problem to be solved. Then we briefly
review the already known results. Finally we give a short description of our approach
to group classification of PDEs (for the detailed account of the necessary facts, see
([131)).

While classifying a given class of differential equations into subclasses, one can
use different classifying features, like linearity, order, the number of independent
or dependent variables, etc. In group analysis of differential equations the principal
classifying features are symmetry properties of equations under study. This means
that classification objects are equations together with their symmetry groups. This
point of view is based on the well-known fact that any PDE admits a (possibly trivial)
Lie transformation group. And what is more, any transformation group corresponds
to a class of PDEs, which are invariant under this group. So that performing
group classification of a class of PDEs means describing all possible (inequivalent)
pairs (PDE, maximal invariance group), where PDE should belong to the class of
equations under consideration.

We perform group classification of the following class of quasi-linear wave
equations:

Uy = Uy, + F(t, X, U, 1y). (1.1)

Here F is an arbitrary smooth function, u = u(¢, x). Hereafter we adopt notations

du 9, ’u
TR ux:i,utr:a?,n--

Our aim is describing all equations of the form (1.1) that admit non-trivial symme-
try groups. The challenge of this task is in the word all. If, for example, we fix the form
of a desired invariance group, then the classification problem simplifies immensely.
A slightly more cumbersome (but still tractable with the standard Lie-Ovsyannikov
approach) is the problem of group classification of equation with arbitrary functions
of at most one variable.

As equations invariant under similar Lie groups are identical within the group-
theoretic framework, it makes sense to consider non-similar transformation groups
[14, 15] only. The important example of similar Lie groups is provided by Lie
transformation groups obtained one from another by a suitable change of variables.
Consequently, equations obtained one from another by a change of variables have
similar symmetry groups and cannot be distinguished within the group-theoretical
viewpoint. That is why, we perform group classification of (1.1) within a (locally
invertible) change of variables preserving the class of PDEs (1.1).

The problem of group classification of linear hyperbolic type equation

u; =

U, + A(t, x)u, + B(t, x)u, + C(t, x)u=0 (1.2)

with u = u(t, x), was solved by Lie [9] (see, also, [16]). In view of this fact, we consider
only those equations of the form (1.1) which are not (locally) equivalent to the linear
equation (1.2).
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As we have already mentioned in Introduction, the Lie-Ovsyannikov method of
group classification of differential equations has been suggested in [10]. Utilizing this
method enabled solving group classification problem for a number of important one-
dimensional nonlinear wave equations:

Uy = Uy + Fu); [17] —[19]
uy = [f(wuyly; [20] —[22]
Uy = fux)ue; [22,23]

Uy = Fuue + H(uy); [24]
uy = Fuy); [22]
Uy = U'te, + f(u); [25]
up + fu, = QW) + hwuy; [26]
Uy = (f(x, wuy)y. [27]

Analysis of the above list shows that the most of arbitrary elements (= arbi-
trary functions) depend on one variable. This is not coincidental, indeed, the
Lie—Ovsyannikov approach works most efficiently for the case when arbitrary ele-
ments are functions of one variable only. The reason for this fact is that the obtained
system of determining equations is still over-determined. So that it can be effectively
solved using the same technique that is applied to compute maximal symmetry group
of PDEs containing no arbitrary elements.

The matter becomes much more complicated for the case when arbitrary elements
are functions of two (or more) arguments. By this very reason group classifications of
nonlinear wave equations

Uy + Mgy = g(U, Uuy); [28,29]
Ui = [f(u)ux + g(x, u)ly; [30]
Uy = [, Uy + g(x, uy) [31]

are not complete.

We suggest the new approach to problem of group classification of low dimen-
sional PDEs in [12, 13]. This approach is based on Lie—Ovsyannikov infinitesimal
method and classification results for abstract finite-dimensional Lie algebras. It
enabled obtaining the complete solution of group classification problem for the
general heat equation with a nonlinear source

=y, + F(t, x,u, uy).

Later on, we performed complete group classification of the most general quasi-linear
evolution equation [32-34]

uy = f(t, x,u, ) + g, x, u, uy).

A starting point of our analysis is a well-known fact that solutions v, = (z,,
&,M4), a=1,...,n of the determining equations (we denote them as DE) for
symmetry operators

O=1(t,x,u)d, + &, x,u)d, + n(t, x, u)d,
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admitted by (1.1) span a Lie algebra ¢. So without any loss of generality we can
replace DE with the (possibly infinite) set of systems of PDEs

DE,
[Oi, Oj1=Cf; Ok

or, equivalently,

DE,

Oitj — Qjti = Ch w,

0i&j — Qj& = C &,

Oimj— Ojni = Cikj Nk-
In the above formulas the indices i, j, k take the values 1, ..., n (n > 1is a dimension
of the corresponding Lie algebra), Cl-k,- are structure constants of the Lie algebra ¢ and
Qu = Ta(t, x, u)d; + &4 (1, X, W) dx + 14 (1, X, U)D.

If we solve the (over-determined) system of PDEs given above for all possible
dimensions n > 1 of all admissible Lie algebras, ¢, then the problem of group
classification of Equation (1.1) is completely solved. In other words the problem of
group classification of the general wave equation (1.1) reduces to integrating over-
determined systems of PDEs in question for all n =1, 2,..., ny, where ny is the
maximal dimension of the Lie algebra admitted by the equation under study. More

formally, our algorithm for group classification of the class of PDEs (1.1) consists of
the following steps (for more details, see [34]):

I. Using the infinitesimal Lie method we derive the system of determining
equations for coefficients of the first-order operator that generates symmetry
group of Equation (1.1) (Note that the determining equations which explicitly
depend on the function F and its derivatives are called classifying equations).
Integrating equations that do not depend on F we obtain the form of the most
general infinitesimal operator admitted by Equation (1.1) under arbitrary F.
Another task of this step is calculating the equivalence group £ of the class of
PDEs (1.1).

II. We construct all realizations of Lie algebras A, of the dimension # < 3 in the
class of operators obtained at the first step within the equivalence relation
defined by transformations from the equivalence group £. Inserting the so
obtained operators into classifying equations we select those realizations that
can be symmetry algebras of a differential equation of the form (1.1).

III. We compute extensions of the realizations constructed at the previous step
to realizations of higher dimensional (n > 3) Lie algebras. Since extending
symmetry algebras results in reducing arbitrariness of the function F, at some
point this function will contain either arbitrary functions of one variable or
arbitrary constants. At this point, we apply Lie-Ovsyannikov classification
method to derive the maximal symmetry group of the equation under study
thus completing its group classification.

Performing the above enumerated steps yields the complete list of inequivalent
equations of the form (1.1) together with their maximal (in Lie’s sense) symmetry
algebras.

@ Springer



258 Acta Appl Math (2006) 91: 253-313

We say that the group classification problem is completely solved if it has been
proved that

1) The constructed symmetry algebras are maximal invariance algebras of the
equations under consideration;

2) The list of invariant equations contains only inequivalent ones, namely, no
equation can be transformed into another one from the list by a transformation
from the equivalence group &.

3. Preliminary Group Classification of Equation (1.1)

The first step of the algorithm is looking for the infinitesimal operator of symmetry
group of Equation (1.1) in the form

O=1t(t,x,u)d, +&@, x,u)d +n(t, x, u)d,, (2.1)

where 7, &, n are smooth functions defined on an open domain 2 of the space V =
R? x R! of independent R? = (¢, x) and dependent R! = (1) = u(¢, x) variables.

Operator (2.1) generates one-parameter invariance group of Equation (1.1) iff its
coefficients t, &, 1, € satisfy the equation (Lie’s invariance criterion)

o' — ¢ —tF, —&F, —nF, —¢*F, =0, (2.2)
(1.1)

where
¢' = Di(n) — u, Dy (t) — uy D,(§),
¢* = Di(n) — u Di(7) — ux Dy (§),
¢ = Di(¢") = e Dy (1) — ure D (§),
" = Di(¢") — trx Dx(7) — thex D ()
and Dy, D, are operators of total differentiation with respect to the variables ¢, x. As

customary, by writing we mean that one needs to replace u,, and its differential

a.n
consequences with the expression u,, + F and its differential consequences.

After a simple algebra we represent (2.2) in the form of system of four PDEs:
D) &=t =N =0,
2 w—-6=0 &—-1.=0,
) 2nu + ek, =0,
) N — N — 2Ny + (0w — 20)F —TF —§Fy
—nFy — [ + ux(u — E)1F,, = 0. (23)

It follows from Equation (1) that t = 7(¢, x), § = &(t, x),n = h(t, x)u+r(t, x). In
the sequel we differentiate between the cases F, , # 0and F, ,, = 0.

Case F, ., # 0. It follows from (3) that t, = h, = 0. Taking into account these
equations and also Equation (2), we obtain t = At + A1, & = Ax + Ay, h=h(x),
where A, A1, A, are arbitrary real constants.
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Case F,,, = 0.If this is the case, then F = g(¢, x, w)u, + f(t, x, u), where f and g
are arbitrary smooth functions.

Given the condition g, # 0, it follows from (3) that 7, = &, = 0. So that taking into
account Equation (2) we arrive at the already known expressions for z, &, A.

If g, = 0, then f,, # 0, since otherwise (1.1) becomes linear.

Let g = 0. It follows from (3) that n = A(x)u + r (¢, x). Equation (4) now reads as

Fio —Fox — 20Uy +[h =2t f —tfi —&fe — [hu+r]f, =0.

As functions t,&, h,r, f do not depend on u,, we have &' = 0. Hence n = nu +
r(t, x), where m is an arbitrary real constant. Furthermore, if g = g(t, x) # 0, then
it is straightforward to verify that system of Equations (3), (4) is equivalent to the
following equations:

2h = —1¢8, 2hy = -1, — 18 — &«
(htt _hxx)u+rtt — Iy + f[h_ 21’!] - Tﬁ‘ _gfx - [hu+r]ﬁ4 - (hxu+rx)g =0.

Integrating Equation (2) yields t = ¢(0) + ¥ (o), &§ = —p(0) + ¥ (o), where ¢, ¢
are arbitrary smooth functions of § =t —x,0 =t + x. So we prove the following
assertion.

THEOREM 1. Provided F,,,, # 0, the maximal invariance group of Equation (1.1)
is generated by the following infinitesimal operator:

O =AM+ A1) + (Ax + A2)9y + [h(x)u + 1 (¢, X)]0,, 2.4)

where A, M1, Ay are real constants and h = h(x), r =r(t,x), F = F(t, x, u, u,) are func-
tions obeying the constraint

d’h dh
Fxx — EM—ZEM)C‘I—(/’!—Z)\,)F

—MH+A)EFE —0Ox+ A1) Fe—(hu+r)F,

Ty —

_(rx + dlu + (h - )\)ux) Fux =0. (25)
dx

If F=gt, x,wu,+ ft,x,u), g, #0, then the maximal invariance group of
Equation (1.1) is generated by infinitesimal operator (2.4), where A, L, A, are real
constants, and h, r, g, f are functions satisfying the system of two equations

=20 — g = (At +A)g + Ox + A)gy + (hu +r)gu,
—h'u+ry —ro+ (h =20 f = (M +201) fi + Ox + 22) f
+hu+r)f,+gHu+ry). (2.6)

Next, if F = g(t,x)u, + f(t,x,u), q 20, fuu # 0, then the infinitesimal operator of
invariance group of Equation (1.1) reads as

O =71, x)3 + &, x)0x + (h(t, Ju~+r(t, X))y,
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where t,&, h, r, g, f are functions satisfying the system of PDEs
—6=0 &§—-1.=0,
2h = —1c8, 2hy = —T,8 — 18 — &«
(hye —hy)u+ry —ree+ fh—21) —tf;
—&fe — (hu+r) fu — (hyu +ry)g = 0.

Finally, if F= f(t, x, u), fiu # 0, then the maximal invariance group of Equation (1.1)
is generated by the infinitesimal operator

0 =9 + ¥ ()10 — @) — ¥ (0)]0x + [ku + r(t, x)]0u,

where ke R, 0 =t —x, o =t + x and functions ¢, ¥, r, f and constant k satisfy the
following equation:

T —Tox + [k =2¢" =291 f — (o +¥) fi +

do

+(@—¥) fi — (ku+r)f, =0, (p/=%! "

_ 4
=0
Summing up the above considerations we conclude that the problem of group

classification of Equation (1.1) reduces to the one of classifying equations of the more
specific forms

Uy = Uy + Ft, x, 0, 1), Fuu, #0; 2.7)
Uy = Uy + g, x, Wy + f(t, x,u), g #0; (2.8)
Uy = Uy + 8, Dty + f(t, X, 1), §#0, fuu #0; (29)
Uy = Uy + f(E, x,u), fin 0. (2.10)

Consider the last two equations. Using the change of variables
f=t—x, X=t+x, u=v@,x)

we reduce them to the equations

1, _
VUrx Zf(tsxv U),
I _ L, __
iz = —Zg(t,x)(v,-—v,z)—i-zf(t,X, v). (2.11)
Now making the change of variables
f=1, x=x, 3(, %) =A{ X)v,

where A = exp[—1 [ g(f, X)dx], we transform (2.11) to become

~ 1 -1 N DU D ~ -1

Ui = Zg—A A7 v;—ZgA A;v—l—ZA Azgv+ A" f.

Hence we conclude that the following assertion holds true.
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ASSERTION 1. The problem of group classification of Equations (2.9), (2.9) is
equivalent to the one of classifying equations

Uy =g(tsx)ux+ f(t,x, u), 8x #0, fuu #07 (212)
Uix = f(t, X, u)? fuu ?é 0. (213)

Note that the constraint g, # 0 is essential, since otherwise (2.12) is locally
equivalent to (2.13).

Summing up we conclude that the problem of group classification of (1.1) reduces
to classifying the more particular classes of PDEs (2.7), (2.8), (2.12), (2.13). In what
follows, we provide full calculation details for Equations (2.9) and (2.10) only. The
reason is just to save space and still be able to present all details of the algorithm.

First, we consider Equations (2.8), (2.12), (2.13).

4. Group Classification of Equation (2.8)

According to Theorem 1 the invariance group of Equation (2.8) is generated by
infinitesimal operator (2.4). And what is more, the real constants A, A, A, and
functions A, r, g, f satisfy Equation (2.6). System (2.6) is to be used to specify both
the form of nonlinear term (2.8) (i.e., the functions f, g) and the functions 4, r and
constants A, A1, A, in (2.4). It is called the system of classifying equations.

Efficiency of the Lie method for calculation of maximal invariance group of PDE
relies essentially on the fact that routinely the corresponding system of determining
equations is over-determined. This is clearly not the case, since we have only
one equation for four (!) arbitrary functions and three of the latter depend on
two variables. By this reason the straightforward application of Lie—~Ovsyannikov
algorithm is not possible.

Next, we compute the equivalence group £ of Equation (2.8). This group is gener-
ated by invertible transformations of the space V preserving the differential structure
of Equation (2.8) (see, e.g., [14]). Saying it another way, a group transformation
from &

D(t, X, v)

f=oal, x,u), X = B(t, x,u), v=U(, x, u), m #0,

should reduce (2.8) to an equation of the same form
vii = vz + & X, v)vs + fE T v), & #0

with possibly different £, g.

Ovsyannikov prove [14] that it is possible to modify the Lie’s infinitesimal
approach to calculate the equivalence group in the essentially same way as the
invariance group. We omit simple intermediate calculations and present the final
result.

ASSERTION 2. The maximal equivalence group € of Equation (2.8) is
t=kt+k, x=¢ckx+k, v=Xxu+Y({, x), (3.1

where k #0, X#0, e ==*1,k k|, k, € R, and X, Y are arbitrary smooth functions.
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This completes the first step of the algorithm.

4.1. Preliminary Group Classification of Equation (2.8)

First, we describe equations of the form (2.8) which admit one-parameter invariance
groups.

LEMMA 1. There exist transformations (3.1) that reduce operator (2.4) to one of the
six forms:

OQ=m(d +x03y), m#0; Q=109 +po, >0

Q=0 +o@udy, o #0; Q=0

O=oc@X)udy, 0#0 Q=0(tx)d, 6#0. (3.2)

Proof can be found in [35].

THEOREM 2. There are exactly five inequivalent equations of the form (2.8) that
admit one-parameter transformation groups. They are listed below together with one-
dimensional Lie algebras generating their invariance groups (note that we do not
present the full form of invariant PD Es and just give the functions f and g)

Al = (1o, +x3y) 1 g =x7'g(W, W),
f = x_zf(lﬁ, M), lﬁ = tx_lv gu 7& 0;

AT = (3 + Box) g =g, w), f=Fm,uw),
n=x-pt, >0, g, #0;
A} = (0 +o@ud,) : g =—20"0c"" In|ul + g(p.x),
f=('c"Y2uln?ul —o'o'g(p, ¥)uln|ul — o 'o"uln|ul + uf(p, x),
p =uexp(—to), o #0;
A= (0 :g=80tw, f=ft,w, g.#0;
A = (0()udy) 1 g = —20'c  Injul + &, x), f=(c'c"")uln?|u]
—(oc 0" + o7 'o'g(t, x)uln|u| + u f(t, x), o' #0.

Proof can be found in [35].
In a sequel we will need the following technical lemma.

LEMMA 2. There are no realizations of semi-simple Lie algebras by operators of the
form (2.4).

Proof. To prove the lemma it suffices to check that there are no realizations of
the lowest order simple Lie algebras by operators (2.4). The commutation relations
defining these algebras are [36]:

50(3) = (e1, ez, e3) : [e,er] =e3, [e1,e3] = —ea, [e2,€3] =ey;

sI2,R) = (e1, ez, e3) : e, e2] =2es, [er, e3] = —2e3, [er,e3] =e;.
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We start by noting that one of the basis operators ey, e;, e3 can be reduced to one
of the five operators (3.2) (see, Lemma 1). We consider in detail the case of operator

10, + x0, (3.3)

only, since the remaining cases are handled in a similar way.
Let the basis operator e; of the algebras so(3) and s/(2, R) be of the form (3.3).
Computing the commutator of e; and Q of the form (2.4) yields the relation

ler, Ol = —A10; — A20x + [xW u+ xry + tr,19,.

To satisfy the first two commutation relations for each of the algebras under study,
the basis operators e;, e3 have to be of the form

10 + 20y + (y (X)u + u(t, x))0dy,

where o, @y € R, y and p are smooth functions. It is straightforward to verify that
these operators cannot satisfy the third commutation relation for either algebra
sl(2,R) and so(3).

The lemma is proved.

THEOREM 3. There are no nonlinear equation (2.8) invariance algebras of which are
isomorphic to semi-simple Lie algebras or contain them as subalgebras.

Proof. Suppose the inverse. Let (2.8) be an equation the invariance algebra of
which contain a subalgebra that is semi-simple Lie algebra L. Then by properties of
semi-simple Lie algebras there exist linear combinations of the basis elements of L
forming the basis of either so(3) or s/(2, R). However, due to Lemma 2 there are
no realizations of the algebras so(3), s/(2, R) by operators (2.4). We arrive at the
contradiction which proves the theorem.

It follows from Theorem 3 and Levi-Maltsev theorem (see, e.g., [36, 37]) that
nonlinear equation (2.8) can admit invariance algebras of the dimension higher than
one provided, (i) these algebras are isomorphic to real solvable Lie algebras, or (ii)
their finite dimensional subalgebras are real and solvable. Using this fact and also the
concept of compositional row for solvable Lie algebras we can perform hierarchical
classification of invariant equations starting from the lowest dimensional solvable
Lie algebras and increasing dimension by one till we exhaust all possible invariant
equations. We start by considering two-dimensional solvable Lie algebras.

There exist two inequivalent two-dimensional solvable Lie algebras [37, 38]

Ay = (e, er) @ [e,e] =0;
Asy = (e1,e) : [er,e2] = e

To construct all possible realizations of the above algebras we take as the first basis
element one of the realizations of one-dimensional invariance algebras obtained
above. The second operator is looked for in the form (2.4). In the case of commutative
algebra A, there is no difference between operators e; and e,, while for the algebra
A, these operators require separate analysis. We give full computation details for
the case when one of the basis elements is of the form A] given in Theorem 2.
Algebra A, . Let the operator e; be of the form (3.3) and the operator e, read as
(2.4). It follows from the relation [e;, e;] = 0 that A; = A, = x#' =0, tr; 4+ xr, = 0.
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Consequently, we can choose the basis elements of the algebra under study in
the form (td; + xdy, (mu +r(¥))d,), where m e R, ¥ = tx~'. Provided m = 0 the
operator e, becomes r(y)d,. As established earlier, this realization does not satisfy
the determining equations. Hence, m # 0. Making the change of variables

f=t ¥=x, v=u+mlr@y)

reduces the basis operators in question to the form 79; + X3z, mvd,. That is why we
can restrict our considerations to the realization (9, + xd., ud,).

The second determining equation from (2.6) after being written for the operator
ud, takes the form ug, = 0, whence it follows that this realization does not satisfy the
determining equations. So the realization A} cannot be extended to a realization of
the two-dimensional algebra A; ;.

Algebra A,,. If operator ey is of the form (3.3), then it follows from [e}, e;] = e
that A=A = A =0, xh =h, tr, +xr, =r.

Next, if the operator e, reads as (3.3), then we get from [e;, e;] = e, the erroneous
equality 1 = 0.

So the only possible case is when e, = (mxu + xr(¥))d,, m # 0, ¥ = tx~!, which
gives rise to the following realization of the algebra A,,: (td, + xd, xud,). This
algebra is indeed invariance algebra of an equation from the class (2.8) and the
functions f and g read as

g=—2x""Inful +x7'g(y), f=xuln’|u| —xgWHulnlul +x2uf(y), y=tx".

Analysis of the remaining realizations of one-dimensional Lie algebras yields 10
inequivalent A, ;- and A;,-invariant equations (see the assertions below). What is
more, the obtained (two-dimensional) algebras are maximal symmetry algebras of
the corresponding equations.

THEOREM 4. There are at most four inequivalent A, i-invariant nonlinear equation

(2.8). Below we list the realizations of A, and the corresponding expressions for f
and g.

1) (3, 0@)udy,,):g=—20'c"Inul,
f=('"c"Yuln?ul— o 'o’uln|ul + uf(x), o' #0;
2) (8.0:):8g=8w), f=fw, g.#0;
3) (am o + uau) 8= g(w)’ f = eXP(f)]E(CU), w = eXP(—[)’ gw 7& 0;
4) (o (X)udy, & — %ko(xwx)uat» :g=—20"c""Inul + ki + g(x),

f=('oHumm?u —olo"ulnul — oo’ (kt + g(x))uln |ul

1 1 1 _
+u [Eka/a”t + Zk%z + Ekg(x) + f(x)} ,

k0, o' #£0, w:/a*‘dx.
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THEOREM 5. There exist at most six inequivalent A, ,-invariant nonlinear equation
(2.8). Below we list the realizations of A, and the corresponding expressions for f
and g.

1) (60, + xd, k' x[ud,) : g = x~ (=2kIn |u] + §()),
f=x"2u(=k* 10 [u] 4+ kg (¥) In [u] + k(k — 1) In |ul + f()),
k#0, o =tx7l;

2) (3 + Boy, exp(B~'xX)ud,) : g = —2B"In|ul + &(n),
f=B72uln® lul — (872 + B~ gm)uln |u] + u f(n),
B>0,n=x—Bt

3) (=13 — X0y, 0+ ) : g =n"'8w), f=n"2fw), p=0,
n=x-—pt, gu#0;

4y (—td; — xdy, 8 +mx'ud,) : g = x7'Qmy + g(w)),
f=x""[-2myu —2my — 2 — g(w) + exp(myr)g(w)],
m>0, o=uexp(—my), ¥ =tx~', g, #0;

5) (3¢, e ud,) : g = —2Injul + (), f =uln®|u
—uln|u|(14 &) +uf@);

6) (=13 — X0y, 0) : g =t7'gw), f=172Fw), g #0.

4.2. Completing Group Classification of (2.8)

As the invariant equations obtained in the previous subsection contain arbitrary
functions of at most one variable, we can use the standard Lie—-Ovsyannikov approach
to complete group classification of (2.8). We give the computation details for the case
of the first A, -invariant equation. The remaining cases are handled in a similar way.

Putting g = —20’c 'In|ul, f=(c'c Huln®|u| — o 'o"uln|u|+uf(x),0c =0 (x),
o’ # 0 we rewrite the first determining equation to become:

—2K 4200’0 In|u| = —20x + A2) (0’0 ™), In|u| — 2ho'o ™" — 2ro’oc " u".

Ash= f(x),o0 =0(x), r =r(t, x), A, A, € R, the above relation is equivalent to the
following ones:

W=cc'h r=0, a'c7'=—Ox+r)c'c7"Y.

If o is an arbitrary function, then A =1, =r =0, h = Co, C € R and (9, o (x)ud,)
is the maximal symmetry algebra of the equation under study. Hence extension of
symmetry algebra is only possible when the function ¥ = ¢’c ! is a (non-vanishing
identically) solution of equation
(ax+ Py +ay =0, o, e R, |a|+|B| #0.
If & # 0, then utilizing displacements by x we can get 8 = 0, so that ¥ = mx~!, m #
0. Integrating the remaining determining equations we get
g= —2mx~'1n|u|, f= mx " [muln® [u| — (m — Duln|u| + nul, m #0, m,neR.
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The maximal invariance algebra of the obtained equation is the three-dimensional
Lie algebra (d;, |x|"ud,, td; + xd,) isomorphic to Az ;.

Next, if « = 0, then 8 # 0 and what is more ¥ = m, m # 0. If this is the case we
have

I, 1
g=Inlu|, f= Zuln lul — Zuln|u| +nu, n € R.

The maximal invariance algebra of the above equation reads as

1
(0, 0y, €Xp <—§x> uoy,).

It is isomorphic to As,.

Similarly we prove that the list of inequivalent equations of the form (2.8)
admitting three-dimensional symmetry algebras is exhausted by the equations given
below. Note that the presented algebras are maximal. This means, in particular, that
the maximal symmetry algebra of Equation (2.8) is at most three-dimensional.

Aj-invariant equations

D)ty = thx + uy Inful + Juln® ful — Julnul +nu (n € R) @ (3, dy, exp (—3x) udy);
2) uy = tyy +m[In|u| — tlu, + ”'Tzu[(ln lu] —t)(n |u| —t — 1)] + nu(m > 0,
n€R): (O, & + udy, exp (—3mx) udy).
Aj 4-invariant equations
)ty = thr + x 71210 u| + mx~t + nluy + x2uln |u]
+(mx 't +n—2)x2uln|u| + %mzx"‘tzu + %m(n —)xtu+ px~u
(m#0, n,peR): (13 + x0y, x 'ud,, 0 — Zx~" In|x|ud,).
Aj s-invariant equations
D)ty = Uy + |u|™uy + nlu] " (m#£0, n e R): (3, Oy, 18, + x0, — m~'ud,);
2) Uy = Uyy + € Uy +ne* (n € R) : (3, dy, 13 + X0 — 8y);
3wy = tyy — x 210 |u| — mx~ 't — nlu, + x2uln? |u|
—x2(mx~ 't + myuln |ul + ux 2 [Zx 72 + Z(n— Dx~'t + p]
(m,n, p e R) : (td; + x0y, xudy, d; + %x’luau).
Ajz-invariant equations

D)ty = Uy — 2mx "'y In |u| + mx~2[muln? lu| — m — Duln |u| + nu)
m+#0,1;neR): (0, |x|"udy, 13 + x0y);

2) Uy = Uy — X 2k +In|u| — mx~'t — nlu, + k2x2uln® |ul
—kxmtx' + k+n— 1uln|u| + %m(k— 24+ n)ix3u
+1m?2x*u+ pxu (k| #£0,1;m#0,n, peR):

(td; + x 0y, |x|*ud,, 9 + S X udk).

This completes group classification of nonlinear equation (2.8).
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5. Group Classification of Equation (2.12)

Omitting the intermediate calculation details we give the determining equations for
symmetry operators admitted by Equation (2.12).

ASSERTION 3. The maximal invariance group of PDE (2.12) is generated by the
infinitesimal operator

O =t +EX)dx + [R(O)u +1(t, X)]y, (4.1)
where t, &, h, r, f, g are smooth functions satisfying the conditions

rlx+ f[h_ft _gx] :grx+fﬁ +Efx+[hu+r]fus
he =118 + 18 + 8. (42)
ASSERTION 4. The equivalence group £ of (2.12) is formed by the following
transformations of the space V:
) 1=T@), x=Xx), v=UOu+Y({t,x), TX'U #0;
2) t=Tx), x=X@), v=Vx)PF, x)u+ Y, x), T'X'V #£0,

D(t,x) = exp[—/g(t, x)dt], g« #0. (4.3)

Given the arbitrary functions g and f Equation (4.2) holds only whent =h =& =
r = 0. This means that in the generic case the maximal invariance group of Equation
(2.12) is the trivial group of identical transformations.

We begin symmetry classification of (2.12) by constructing equations that admit
one-dimensional invariance algebras.

LEMMA 3. There exist transformations (4.3) reducing operator (4.1) to one of the
seven canonical forms

Q = 10, + X0y; Q= 03 Q = 0y + fudy;

Q =0y +e€uo,, e =0,1; Q=tud,,

Q=ud,, OQ=rt,x)d, r#0. (4.4)

Proof. Transformations (4.3) reduce operator Q (4.1) to become

O=1T'+EX % +[U +Uhu+ Y, + €Y, + Urlo,. 4.5)

Provided o -£& #0, we can choose non-vanishing identically solutions of the
equations

T =T, eX' =X, tU+hU=0, tY,+&Y,+Ur =0
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as T, X, U, Y thus getting operator Q (4.5) in the form O = 7d; + X0z If 7 #0,
and & = 0, then taking the solutions of the equations

tT'=1,tU+hU=0U#0), tY,+Ur=0

as T, U, Y reduces operator (4.1) to the form Q = d;. If t =0, & # 0, then under
W # 0 we get the operator Q = 9; + fvd,. Next, if & = 0, we arrive at the operator
Q = 03z + €vd,, where eithere =0 ore = 1.

Finally, the case t = & = 0, gives rise to the operators Q = fvd,, O =vd,, Q=
r(t, X)9,. Rewriting them in the initial variables we get the operators listed in the
statement of lemma. The lemma is proved.

THEOREM 6. There exist at most three inequivalent nonlinear equation (2.12)
that admit one-dimensional invariance algebras. The form of functions f, g and the
corresponding symmetry algebras are given below.

Al = (o, +xd):g=t""'8w), f=t7fu, o), o=tx"", g, #0, fu #0;
AT =(3):g=8), f=fx.u). §#0. fuu #0:
A= (3 Ftud) g =x+8g1), f=e"f(t,0), o=e"u, fo, #0.

Proof. 1If Equation (2.12) admits one-parameter transformation group, then the
latter is generated by infinitesimal operator (4.1). According to Lemma 3 there
exist equivalence transformations (4.3) reducing this operator to one of the seven
canonical operators (4.4). Now we need to solve determining Equation (4.2) for
each of these operators. The first three operators yield invariant equations and
corresponding symmetry algebras given in the statement of theorem. The next two
operators give rise to inconsistent equations.

Finally, the remaining operators yield that the functions f and g are linear in u,
which means that the corresponding invariant equations are linear.

It is straightforward to verify that for the case of arbitrary functions f, g the
corresponding one-dimensional algebras are maximal in Lie’s sense.

The theorem is proved.

We proceed now to analyzing Equation (2.12) which admit two-dimensional
symmetry algebras.

THEOREM 7. There exist at most three inequivalent nonlinear equation (2.12) that
admit two-dimensional symmetry algebras, all of them being A, ,-invariant equations.
The forms of functions f and g and the corresponding realizations of the Lie algebra
Ay, are given below

AL, = (10, + X0y, 120, 4+ x>0, + mutd,) (m € R) :
g=I[mt+k—mxlt™'¢t—x)"", k#0,
f=1t—xI" x| ™" f(w),

o =ult = x|7"|x|", foo # 0
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AL, = (10, + xdy, 20, + mtud,) (m € R) :
g=t"lkx +mt], k#0, f=1tI"2x|™" f(w),
o = 17"x", fow #0;
A3, = (13 + Xy, X7y + tud,) :
g =) \mx —1) meR), f=x"exp(~1x"") f(w),
w=uexp(tx™"), foo #0.

To prove the theorem we need to extend realizations A’i (i =1, 2,3) torealizations
of the algebras A, ;, A, by operators (4.1). We skip the calculation details.

Note that if the functions f are arbitrary, then the invariance algebras given in the
statement of Theorem 7 are maximal.

Now we can complete the group classification presented in Theorem 7 utilizing
the Lie-Ovsyannikov classification routine. Consider in some detail the case of A} ,-
invariant equations (the remaining cases are treated in a similar way). The second
determining equation from Equation (4.2) reads now as

(t = x)h, =t [m@ — x)*+kx(t —x)] + t[—t"2mt — x)® — 2kt "'x + kt72x?] + k&.
(4.6)
Differentiating right- and left-hand sides of (4.6) twice by x yields

h=m—-k ', —t72t) + k&".
Hence we get £ = 0 and
£ = Mx*+ X+ A3, A, ro A3 ER,
h=m—=kt 't +rkt+rs, A4 €R.

With account of the above facts we obtain from (4.6) that T = 22 4 Azt + A3. So it
follows from (4.6) that the coefficients of infinitesimal operator (4.1), which generates
symmetry group of A} ,-invariant equation, read necessarily as

T =M%+ Mot + A,
£ = X2 4 Aox + A3,
h=mit+ m—rst™ 4+ m— iy + s, A, Ao, Az, As €R.
Consequently, the first determining equation from (4.2) takes the form
(aw+b)f,—af=c, (4.8)
where a, b, c € R, |a| + |b| # 0. On the other hand, it follows from (4.8)
(aw + b) fou =0,

whence f,, =0. We arrive at the contradiction which proves that there is no
extension of the realization A}, in question to a higher dimensional invariance
algebra of the Equation (2.12). Analyzing A3,- and A2,-invariant equations we
arrive at the same conclusion.

Consequently, there are no nonlinear equations of the form (2.12) whose maximal
invariance algebras are solvable Lie algebras of the dimension higher than two. Next,
as the algebra s/(2, R) contains two-dimensional subalgebra isomorphic to A, there
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are no nonlinear equation (2.12), whose invariance algebras are either isomorphic to
s{(2, R) or contain it as a subalgebra. Finally, we verify that there are no realizations
of the algebra so(3) by operators (4.1).

Summing up the above reasonings we arrive at the following assertion.

THEOREM 8. A nonlinear equation (2.12) having non-trivial symmetry properties is
equivalent to one of the equations listed in Theorems 6 and 7.

This completes group classification of the class of nonlinear PDEs (2.12).

6. Group Classification of Equation (2.13)

As earlier, we present the results of the first step of our group classification algorithm
skipping derivation details.

ASSERTION 5. Invariance group of Equation (2.13) is generated by the infinitesimal
operator

O =1(1)d +EX)0y + (ku+r(t, x))dy, (5.1)
where kis a constant and 7, &, r, f are functions satisfying the relation
Fx k=t —&E1f =tfi +&fc + lku+rlf,. (5.2)

ASSERTION 6. Equivalence group £ of the class of Equation (2.13) is formed by the
following transformations:

1) t=T@0®), x=Xx), v=mu—+ Y({,x),
2) t=Tkx), x=X@), v=mu+Y(t,x), T'X'm#0. (5.3)

Note that given an arbitrary f it follows from (5.2) thatt = & = k=r =0, i.e., the
group admitted is trivial. To obtain equations with non-trivial symmetry we need to
specify properly the function f. To this end we perform classification of equations
under study admitting one-dimensional invariance algebras.

LEMMA 4. There exist transformations from the group £ (5.3) which reduce (5.1)
to one of the four canonical forms:

Q=20+ 0, +€ud, (¢€=0,1);
Q:81+6uau (5207 1);

Q = Uy, Q = g(t, X)0y (g 75 0).
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Proof. Utilizing transformations (1) from (5.3) we reduce the operator Q to one
of the following forms:

Q=0+0+€vd, (¢=0,1):
0 =09+¢€vd, (€=0,1);
Q0 =0z +e€vd, (6=0,1);
Q0 =vd,, Q=g(t %)d, (g #0).

Next we note that the change of variables7 = ¥, ¥ =7, ¥ = v which is of the form (2)
from (5.3) transforms the second operator into the third one. Rewriting the obtained
operators in the initial variables completes the proof.

THEOREM 9. There exist exactly two nonlinear equations of the form (2.13) admitting
one-dimensional invariance algebras. The corresponding expressions for function f
and invariance algebras are given below.

Al = (0,40, +eud,) (€=0,1): f=e"fO,w), 0=t—x, ©=eu; f,, #0;
A2 = (3 +eud,) (e=0,1): f=e"f(x,0), w=eu, f,,#0.

To prove the theorem, it suffices to select those operators from the list given in
Lemma 4 that can be invariance algebra of nonlinear equation of the form (2.13).
To this end we need to solve Equation (5.2) for each of the operators in question.

The first two operators yield A}- and A3-invariant equations. The last two opera-
tors gives rise to linear invariant equation (2.13), which are not taken into account.

What is more, if the function f is arbitrary, then the algebras A} and A} are
maximal invariance algebras of the corresponding equations.

Next, we classify nonlinear equations admitting symmetry algebras of the dimen-
sion higher than one. We begin by considering equations whose invariance algebras
contain semi-simple subalgebras. It turns out that the class of operators (5.1) contain
no realizations of the algebra so(3). Furthermore it contains the four inequivalent
realizations of the algebra s/(2, R) given below.

1 1
(D <8[7 532[3“ —56_2[3t>§

1 2t 1 -2t
(@) 3z,§€ (3r+3u),—5€ (0 — ) )

1 2t 1 —2t
3 Bz,ie (81+x8u),—§e 0y — x0y));

1 1 1 1
) <a[ + 9, Eez’a, + Ee”‘ax, —56_2[& — Ee—“ax +e[e™ — e—”]au>, €=0,1.

Before starting analysis of s/(2, R)-invariant equations we briefly review the group
properties of the Liouville equation

U = re", L #0. (54)
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It is a common knowledge that the maximal invariance group of this equation is the
infinite-parameter group generated by the following infinitesimal operator [39]:

O =h()d, + g(x)dx — (W + &)y,

where h and g are arbitrary smooth functions. Note that due to this fact the Liouville
equation can be linearized by a non-local change of variables (see, e.g., [11, 40, 41]).

After a simple algebra we obtain that realizations (1), (3), (4) with € = 1 cannot be
invariance algebras of a nonlinear equation of the form (2.13). Realization (2) is the
invariance algebra of equation

Uy = fe ™, f#0,

which reduces to Equation (5.4) via the change of variables
1 ~
t=t, x=x, u= —E(v—ln|f|), v =uv(t, x).

Finally making use of the change of variables
f=e ™, = v=u
we rewrite (4) under € = 0 to become
(8 + By, 13y + X0y, 128, + x%0,).
The corresponding invariant equation reads as

U =t —x) 2 fu), fuu #0. (5.5)

If the function f is arbitrary, then the above presented realization is the maximal in-
variance algebra of the equation under study. Using the Lie-Ovsyannikov algorithm
we establish that extension of symmetry is only possible when f = Ae 4 2. However
the corresponding equation is reduced to the Liouville equation by the change of
variables

t=t, x=x, u=v(,x)+2In|t — x|.

Thus the only inequivalent nonlinear equation (2.13) whose invariance algebras
contain semi-simple subalgebras are given in (5.4) and (5.5), where f is an arbitrary
smooth function of u.

To complete group classification of Equation (2.13) we need to describe equations
whose invariance algebras are solvable Lie algebras of the dimension higher than
one. We begin with those realizations of two-dimensional Lie algebras A,;, Az,
which can be admitted by nonlinear equation (2.13).

It turns out that the class of operators (5.1) contains one inequivalent realization
of the algebra A, which meets the invariance requirements, namely,

(0; + €1udy, 9y + €2ud,) (€1 =0,1; € =0,1).
The corresponding invariant equation reads as
Uy = exp(ert + €2x) f(w), ® = uexp(—eit — ex). (5.6)

Analysis of Equation (5.6) with arbitrary f(w) shows thatunder ¢, + €, # 0 the above
realization is its maximal invariance algebra. Provided €; = €, = 0 the equation takes
the form

Uiy = f(u) (57)
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and its maximal invariance algebra is the three-dimensional Lie algebra of the
operators

(0r, Oy, £0; — Xx0x),

which is isomorphic to A3 .

It is a common knowledge (see, e.g., [17-19]) that (5.7) admits extension of its
symmetry if it is equivalent either to the Liouville equation (5.4) or to the nonlinear
d’Alembert equation

Upe = AMul™™, A #£0, n£0,—1. (5.8)

The maximal invariance algebra of (5.8) is the four-dimensional Lie algebra
1 1
(tal - 7148147 xax - 7uau’ at’ 8x>
n n

It is isomorphic to the algebra A, & A,.
Extension of symmetry algebra of Equation (5.6) with ¢j =1,¢, =0, is only
possible when:

Upe = e ™ u™ L £0, m£0, —1; (5.9)

u, = re' exp(ue™), A #0. (5.10)

The maximal invariance algebra of (5.9) is the four-dimensional Lie algebra of
operators

1
(at + uau’ e,mat’ axs xax - *uau%
m

which is isomorphic to A,, & A,,. Note that the change of variables

mox=x, u=v,Xx)

f=e
reduces the above equation to the form (5.8).
The maximal invariance algebra of (5.10) is spanned by the operators

(at + Matu a)n xax - etau)

and is isomorphic to A; ® A,».

Analyzing A;,-invariant equations we arrive at the following conclusion. The class
of operators (5.1) contains six inequivalent realizations of the algebra A,, which
meet the invariance requirements

(1) (=13 + X0y, 9);

(2) (=13 — x0x, 9 + dx);

(3) (—td; — x0x + udy, 0 + 0x);

@) (=10 + 0y, 31);

(5) (=13 — x0x — udy, ;);

(6) (=19, — x0x, 9). (5.11)
Equation invariant under realization (1) reads as

Uiy = exp(x~'u). (5.12)

Its maximal symmetry algebra is the three-dimensional Lie algebra

(—t0; + x0,, 0, X0y + ud,)
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isomorphic to A,, @ A;. Note that the change of variables

t

f=x, x=¢€, u=v@,x)

reduces (5.12) to the form (5.10).
Equation invariant under the second realization of A,, is of the form (5.5). We
have already obtained this equation while describing s/(2, R)-invariant equations.
Realizations (3) and (4) give no new invariant equations as well.

New invariant equation are obtained when we consider the fifth realization from
(5.10). It has the form

Uy = x_lf(w), w=x"'u.

If the function f is arbitrary, then the realization in question is the maximal
invariance algebra of the above equation. Further extension of symmetry properties
is only possible if f(w) = A|w|™*! which gives the following invariant equation:

Upe = Alx| 7" 2 u™, A £0, m#£0, -1, =2.
Its maximal symmetry algebra is the three-dimensional Lie algebra having the basis

m+1

(0, 10, + X0y + 1dy,, X0y + ud,).
This algebra is isomorphic to A, & A;.
We sum up the above results in the following assertion.

THEOREM 10. The Liouville equation u;, = Ae", A # 0, has the highest symmetry
among Equations (2.13). Its maximal invariance algebra is infinite-dimensional and
spanned by the following infinite set of basis operators:

0 = h(t)d, +g(x)dx — (W'(t) + &' (x))du.

Here h and g are arbitrary smooth functions. Next there exist exactly nine inequivalent
equations of the form (2.13) maximal invariance algebras of which have dimension
higher that one. These equations and their invariance algebras are given in Table 1.

7. Group Classification of Equation (2.7)

The first step of the algorithm of group classification of (2.7)
Uy = Uy + F@, x,u,uy), Fuu #0

has been partially performed in the second chapter. It follows from Theorem 1 that
the invariance group of Equation (2.7) is generated by infinitesimal operator (2.4).
What is more, the real constants A, A;, A, and real-valued functions & = h(x),r =
r(t,x), F = F(t, x, u, u,) obey relation (2.5). The equivalence group of the class of
Equation (2.7) is formed by transformations (3.1).

The above enumerated facts enable using the results of group classification of
Equation (2.8) in order to classify invariant equations of the form (2.7). In particular,
using Lemmas 1 and 2 it is straightforward to verify that the following assertions
hold true.
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Table 1 Invariant equation (2.13)

Number  Function f Symmetry operators Invariance algebra type
1 el f(w), w=ue™, fow #0 Bt + udy, dx Ay
et f(w)a O + udy, dx + udy Ap
©=ue""F fop #£0
3 (t — )73 (o), — 19y — X + udy, O + Oy Ass
= =0, fou #0
4 x1 f(w), o =x"lu, —t0; — X0y — udy, o Ar»p
fow #0
5 t =072 f@W), fuu #0 B + Oy, 13y + xdy, 512, R)
123[ + Xzax
6 exp(x_lu) —10r + X0y, O, X0x + udy Aror ® Ay
7 A== 2 gLy £ 0, U 13 — udy. Ay ® Ay
m#0,—,1-2 x3x+m7+1u3u
8 Fa. fuu #0 3, O, =19 — X0 Azg
9 AMu™ 1 L £0,n 50, -1 1 — Luduxdy — Lududr 0r Az @ Agp

THEOREM 11. There are at most seven inequivalent classes of nonlinear equation
(2.7) invariant under one-dimensional Lie algebras.

invariance algebras.

A} = (td, + xdy) :

A} = (3, + kd,) (k> 0) :

A = (3y) :

Al = () :

Below we give the full list of the invariant equations and the corresponding

F = t_2G(€,u, w), & = tx7 o= xuy;

F =G0, u,uy), n=x—kt;

F = G(ts u, ux);

F = G(x, u, uy);

A} = (3 + fOudy) (f #0):

F=—tf'u+t>(f)%u —2tf'u, + e’ G(x, v, w),

v=eu, w=u"u,— f f ' Inul;

AS = (f)udy) (f #0):

F=—f"'f"uln|u|

=27 flugInul + £ uln® |u] + uG(t, x, w),

w=u'u, — f flinul;

Al = (f(t,0)8,) (f #0) :

w:ux_f_lfxu-

F= f_l(ﬁt - fxx)u + G(t,x, a)),

Note that if the functions F and G are arbitrary, then the given algebras are maximal

(in Lie’s sense) symmetry algebras of the respective equations.
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THEOREM 12. An equation of the form (2.7) cannot admit Lie algebra which has a
subalgebra having a non-trivial Levi factor.

With account of the above facts we conclude that nonlinear equation (2.7) admit
a symmetry algebra of the dimension higher than one only if the latter is a solvable
real Lie algebra. That is why, we turn to classifying Equation (2.7) whose invariance
algebras are two-dimensional solvable Lie algebras.

As the calculations are similar to those performed in the third section, we present
the final result only. Namely, we give the form of invariant equations and the
corresponding realizations of the two-dimensional invariance algebras.

1. A, -invariant equations

Al = (0, + x,, ud,):  F=xuG(E, ),
E=tx"', o=u"xu;

A} = (D + xdy, 0(E)d) (0 £0, E=1x7"):
F=x"[o""((1-£)0" - 260 u+ G, w)],

w = E0'u+ oxuy;

A3y = (B + ki, ud,) (k>0):  F=uG, o),
n=x—kt, o=u"uy;
A3, = (9 + kde, o) (k> 0, n=x—kt, ¢ #0) :
F=(0*-1"o 'u+ G, 0), o =gu, —¢'u;
A3y = (3 + kdy, 3y + ud,) (k> 0):
F=¢"G(w,v), n=x —kt, o =ue™, v=uuy;
Ay = (0, 0):  F=Gu u);
AS = (B, udy): F=uG(t,0), o =u""uy;
A3 = (0, @(D)3) (9 £0) :
F =9 '¢"u+G(t,uy);
A = (0 8u): F=Gx,u);
AP = (0, fud) (f #0):
F = —u""u; + uG(x, o);

w=u"u,— ff"Inlul;
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A = (0 + FOude, gud,) G = f1f —g g #£0):
F=—g'¢"uln|u|l —2g ' g'u,Inul
+g (¢ uln’ |u| — 2 fotu, +2 £8¢'g tuln |ul
+ 128 u+ f(g'g" — 7 fHtu+uGlx, o),

Y, —g'g 'nju| —tf8;

w=u
AR = (3 + Fudy. e7d,) (f #0):
F=[f—tf" +02(f)lu—2fu, + ¢’ Gx, w),
w=e"(u, —tfu;
AP = (f()udy, gud,) 6= f'g—g f#0):
F=—u'u’—-6"5u,
+87'Lf"g — & f'lulnu] + uG(t, x);
AY = (0O, YD) (@'Y — @Y #0) :

F=¢7 "0 u+Gt,x,uy), ¢"v — gy =0.
1I. A, ;-invariant equations

Ady = (td + xdy, xud,): F=x""uln?|u]
—2x 'ueInu| + 17 2uGE, o), £ =tx7;
w= xu’lux —In|ul;

A3, = (10 + X0, 19(E)D) (9 #0, E=1x7"):
F=17(1-8)9"'62¢' + ¢ u+17GE, w),
w = xpuy +E¢'u;

A3, = (8 + kdy, exp(k~'x)ud,) (k> 0):
F = k2uln® |u| — 2k 'u, In ju| — kK 2uln |u)
+uG(n, ®), n=x —kt, o =u""uy — k" Inul;

A3, = (0 + kb, €'pm)d) (n=x—kt, k>0, ¢ #0):
F=((k*=1g"¢™" —2kg'p™" + 1) u+ G, w),

, o, dy
W=QUy —QU, ¢ = —;
dn
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A3, = (—td — xdy, & + kdy) (k> 0) :
F= n_zG(u, W), N =Xx—kt, o =u,n;

AS, = (—18, — X0y + mudy, & + kdy) (k> 0, m # 0) :
F = "G, w), n=x — kt,
o =ulnl", v=un""

A;.z = (3, €udy): F=uln®ul —uln|u| — 2u,In|ul
+uG(t, @), o =u"'u, —In |ul;

A3, = (0, €'@0d) (p #0) :
F=@'¢ —Du+ Gt 0), o=u—u

AY, = (=13 —xdy, 3y):  F=17Gu, tuy);

AL, = (=10, — x0y + kudy, ), (k#0):

F=t|7* G, ), v =t|u, o= |t/ u,;

Ay = (3, €'d): F=u+Gx u);
A = (=13 —xdy, &) F=xGu,0), ®=xuy;
AP = (0 + fOud,, e"9,) (f #0):
F=—(tf" —2(f* =+ ) u—2fu,
+e' ' Gx, 0), @ = e (uy — f/(t+ fHu);
ANy = (—13, — x3y, 3 + kx"'ud,) (k > 0);
F = —2ktx73u+ K*x~*u + 2ktx"2u,
+x7? expktx G, w), v = exp(—kx_lt)u,
o =xu""uy +1nul;
ATy = (k(td, + x9,), [xF ud) (k#0, 1) :
F=—k2(1 - kx2uln|ul — 2k "x ", In|u
+k 72 uln® Ju) + x*uG(v, w),

Y, —k 'In |ul;

AL, = (k(td, + x3,), 1t1¥ @(6)d,) (k #0,1, ¢ #0,

V= tx’l, w=Xu

E=tx):F=[k'(k"' =D +26k " =D ¢
+82(1 — &)’ 9" It Pu + 172 G(E, w),

o = xpu, + E¢'u.
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In the above formulas G stands for an arbitrary smooth function. As customary
the prime denotes derivative of a function of one variable.

7.1. Group Classification of Equation

Uy = Uyy — u’lui + A(X)uy + B(x)uln |u| + uD(t, x)

Before analyzing Equation (2.7) admitting algebras of the dimension higher than two
we perform group classification of the equation

Uy = Uy — U 12 + A(x)u, + Bx)uln [u| + uD(t, x). (6.1)

Here A(x), B(x), D(t, x) are arbitrary smooth functions. Note that class of PDEs
(6.1) contains A}’ -invariant equation. What is more important this class contains a
major part of equations of the form (2.7), maximal symmetry algebras of which have
dimension three or four. We make use of this fact to simplify group classification of
Equation (2.7).

LEMMAS. Ifthe functions A, B and D are arbitrary, then maximal invariance algebra
of PDE (6.1) is the two-dimensional Lie algebra equivalent to AY, and (6.1) reduces
to A} -invariant equation. Next if the maximal symmetry algebra of an equation of the
form (6.1) is three-dimensional (denote it as As), then this equation is equivalent to one
of the following ones:

L Az~ Asy, Az = (0, f(x)udy, p(x)udy),
A=—0"l¢', B=0o"'p, D=0,0= flo— fo' #0,
,0 — g0/~f‘// _ gﬂ”f/;
IL. A3 ~ Azq, Az = (f(X)udy, 9(x)udy, 0, + ¥ (x)ud,),

A=—0"'¢/, B=0c""p,

D=to"[o"y —yp —oy],

o=fo—¢'f#0,p=f"¢—¢"f,

Yy = [y #0, oY — oy’ #0;

III. D=x2GE), E=tx"!, G #0:

1) Az~ Azs, Az = (10, + Xy, udy, |x|'""ud,),
A=nx"'(n#1), B=0;

2) Az~ Azz, Az = (td, + x3, ud,, uln|x|d,), A=x"', B=0;

3) Az~ Azg, Az = (18 + x93y, /[x[udy,, /1x]1n |x|ud,),
A=0, B=jx7%

4) Az~ Asg, Ay = (13 + xdy, /Ix[ cos(2 B In|x|)ud,,
VIxIsin(3BIn|x))ud,), A=0, B=mx2, m> ;, p=+Am—1;

5) Az~ Aszq, Az = (13 + x0x, (VXD Pud,, (VIxD)'Pud,),
AzO,B:mx‘Q,m< %7m7é07ﬂ :\/1—477’1’

6) Az~ Asg, Az = (13; + X0y, cos(v/mIn|x|)ud,,
sin(y/mln [x)ud,), A=x"", B=mx"2, m> 0;

7) A~ Asg, Az = (10, + xy., x|V, [x|7V"ud,),
A=x"!', B=mx2%, m<0;

8) Az~ Ass. Az = (10, + x0x, (VXD "udy, (Ix)' "
xIn|x|ud,), A=nx"'(n #0,1), B= i(n — 1) x7 %
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9) As~ Asg, Ay = (13, + xdy, (/IXD' " cos(3 B In|x|)ud,,
(VIXD'"sin(3B1n |x)udy), A=nx"'(n #0,1),
B=mx2(m> {(n— 1%, =/4m— (n— 1%

10) Az ~ Asq, Az = (t3, + x0y, (WIXD'P"ud,, (V/Ix])!"+P
xudy), A=nx"'(n#£0,1), B=mx?
(m<y(n—1>%m#0),B=n-1>2>—4m.

IV. D= G(t),

1) Az~ Az;, Az = (0, udy, xud,),
A= B=0;

2) Az = Az, Az = (Ox, udy, eud,),
A=—-1,B=0;

3) Az~ Asg, A3 = (0y, cos (x)udy, sin (x)ud,),
A=0, B=1,;

4) A3 ~ A3_(,, A3 = (Bx, exuau, e*xuau),
A=0, B=-1;

5) Az~ Asy, Az = (0, exp (3X) udy, exp (3x) xudy),
A=-1,B=1;

6) Az~ Asz, Az = (3, exp (51 + B)x) udy. exp (3(1 — B)x) ud,),
A=—-1,B=m@m< 1), m#0,8=1—4m;

7) Az~ Aszg, Az = (dy,exp (%x) cos(%ﬂx)ua,,, exp (%x) sin(%ﬂx)uau),

A=-1, B=m(@m=> 1), p=+Am—1;

V. D=Gn),n=x—kt, k>0,

1
2)
3)
4)
5)
6)

7)

Az ~ Azs, Az = (0 + ko, ud,, xud,),

A= B=0;

Az = Azn, Az = (0, + KOy, ud,, e*ud,),

A=-1, B=0;

Az ~ Azg, Az = (0; + k0y, cos (x)ud,, sin (x)ud,),
A=0, B=1;

A3 ~ A3A6, A3 = (0, + kax, e*ud,, €_Xuau),
A=n,B=—1;

Az ~ Az, Ay = (3 + k0y, exp (3x) udy, exp (3x) xud,),

A=-1, B=;;

Az ~ Azz, A3 = (3 + kdx, exp (3(1 4+ B)x) udy, exp (3 (1 — B)x) udy),
A=-1,B=m@m<1), m#0,p=1—4m;

Az ~ Aszg, Az = (3 + kdy, exp (3x) cos(4 Bx)udy,

exp (%x) sin(%ﬂx)uau), A=-1, B=m(@m > %) B = /4dm —1.

-

Proof. Inserting the expression

F = —uilui + A(X)u, + B(x)uln |u| + uD(t, x)

into classifying Equation (2.5) we get the system of determining equations for the
functions h(x), r (¢, x) and constants A, A, A,:

r=0 Ax+M)A+1A=0,
(X +A)B +20B=0, h"+ Ah' + Bh = —(At + A1) D, — (hx + A2) Dy — 24.D.

@ Springer

(6.2)



Acta Appl Math (2006) 91: 253-313 281

First, we consider the case of arbitrary functions A, B, D. The left-hand side of
the fourth equation from Equation (6.2) depends on x only. Since D is arbitrary, the
relation D, # 0 holds. Hence it immediately follows that the constants A, A, A, must
be equal to zero. As a consequence, the fourth equation becomes the linear ordinary
differential equation for the function & = h(x)

'+ Ah' + Bh = 0. (6.3)
The general solution of the above equation reads as
h=C f(x)+ Goex), C,CGeR,
(f(x), p(x)) being the fundamental system of solutions of the equation
y'+ A+ By=0, y=y). (6.4)
Inserting the expression for 4 into (6.3) yields
A=—0""o', B=o"'(¢'f" = f'¢"),

where o = ¢f' — ¢’ f # 0, which proves the first part of the lemma.
Suppose now that D = 0. If at least one of the functions A or B is arbitrary, then
A = A, = 0 and the function 4 is a solution of (6.3). This completes the proof of the
case I of the second part of the lemma statement.
Provided functions A and B are not arbitrary, it follows from the second and third
equations of (6.2) that one of the following relations
1) A= B=0;
2) A=n, B=m, m,n €R, |n|+ |m| #0;
) A=nx"', B=mx"2, mneR, |n|+|m| #0 6.5)

holds. With these conditions the maximal invariance algebra of (6.1) has the dimen-
sion higher than three. Consequently, without any loss of generality we can suggest
that D # 0. Integrating the equation

(A + A D, + (Ax + A2) Dy + 24D = H(x),
under D # 0 yields the following (inequivalent) expressions for the function D(z, x) :

D=x?2GE)+x? [xH(x)dx, § =tx7!;

D=Gm)+k' [Hx)dx,n=x—kt, k>0;

D= G@t) + [ Hx)dx,

D =tH(x) + H(x). (6.6)

The change of variables
=t X=x, u=0x)v(,x), 60#0, (6.7)
where 0 is a solution of equation

710" —0720")* + A07'0' + BIn|0| + A(x) = 0,
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preserves the form of Equation (6.1). We use this fact to simplify the form of the
function D

D=x7G(§), § =tx"";

D=G®»), n=x—kt, k> 0;

D = G(1),

D =tH(x). (6.8)

If the function D is given by the one of the first three expressions, then H(x) =0
and £ satisfies (6.3).
Given the condition D = t H(x), we have

W+ AW 4+ Bh=—-MH, Ox+x)H +30H=0.

So that the maximal invariance algebra of the corresponding Equation (6.1) is three-
dimensional iff A = A, = 0, which yields the case II of the second part of the lemma
statement.

Turn now to the case when D =x"2G(£), & =tx~'. Then the (non-vanishing
identically) function G obeys the equation

(€ — )G’ +21,G = 0. (6.9)

If G is an arbitrary function, then A; = A, = 0. In addition we have A # 0 (otherwise
the maximal invariance algebra is two-dimensional). Hence we get

xA+a=0 xB +2B=0.

Consequently, the functions A and B are given by either first or third formula from
(6.5). Analyzing these expressions yields 10 cases of the case III of the second part of
the lemma statement.

If the function G is not arbitrary, then integrating Equation (6.9) we get

G=p, peR, p#0;
G=pE—-—q) 2 p#0,q=0.

Given the condition G = p the parameter X, vanishes. Hence in view of the require-
ment for the maximal algebra to be three-dimensional it follows that A vanishes as
well. This yields the case when A and B in (6.1) are arbitrary functions (the case
I of the second part of lemma statement). If G = p(& —q)%, p#0, then A; =
A2q. Hence we conclude that the maximal invariance algebra of the corresponding
Equation (6.1) is three-dimensional iff the functions A, B are given by formulas 3)
from (6.5) (which implies that A; = A, = 0) and we get the case III of the second
part of the lemma statement. Next if A, B are given by formulas 2 from (6.5) (which
implies that A = 0, D = p(t — gx)~?), then we arrive at the case IV (under g = 0) or
the case V (under g > 0) of the second part of the lemma statement.
Turn now to the case D = G(), n = x — kt, k > 0. If these relations hold, then

A0G' +2G) + (A — kr))G' = 0.

Hence it follows that if G is an arbitrary function of n, then A = 0, A, = kX,. That is
why, the maximal invariance algebra of (6.1) is three-dimensional iff either A= B =
0 or the functions A, B are given by formulas 2 from (6.5). Thus we have derived all
equations listed in the case V of the second part of the lemma statement.
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The cases when either G = p (p # 0) or G = pn~? (p # 0) yield no new invariant
equation (6.5).
Consider now the last possible case D = G(t). If this is the case, then the equation

AM+r2)G +20G=0

holds. Hence if follows that if G is an arbitrary function, then A = A; = 0. Conse-
quently, the maximal invariance algebra of Equation (6.1) is three-dimensional iff
A, B are given by the formula 2 from (6.5). This yields all invariant equations from
the case IV of the second part of the assertion of the lemma. If either of the relations
G=p(p+#0)or G= pt~? (p # 0) hold, then no new invariant equations admitting
three-dimensional maximal invariance algebras can be obtained.

To complete the proof of the lemma we need to establish non-equivalence of
the obtained invariant equations. To this end it suffices to prove that there are
no transformations from the group &, reducing their invariance algebras one into
another.

As we have already mentioned in Section 3 there exist nine non-isomorphic three-
dimensional solvable Lie algebras A;; = (e}, ez, e3) (i =1,2,...,9). We analyze in
some detail the case of the algebra Aj 3. The list of invariant equations and algebras
contains three algebras which are isomorphic to A; 3, namely,

Ll = (tat + xaxa Llau, uln |x|au);
L, = (Ox, U0y, XUJy);
L, = (9, + ko, ud,, xud,) (k > 0).
Denote the basis elements of the algebra L, as ey, e;, e3. Suppose that there is a

transformation ¢ from the group £ transforming L, into Ls;. In other words we
suppose that there exist constants «;, 8;, §; € R (i = 1, 2, 3) such that the relations

ple)) = Zaiéi, p(e) = Zﬂiéia p(e3) = Z(Siéi
izl izl i—1

and

o) 0y a3

A=B1BBs|#0
81 6, 83

hold. In the above formulas é, = d; + kds, €, = vd,, €3 = X¥vd,. Equating the coeffi-
cients of linearly independent operators dr, ds, 9, yields that «; = ; = §; = 0. Hence
we get the contradictory equation A = 0. This means that realizations L, and Lj are
non-isomorphic. Analogously, we prove that L and L, (as well as L; and L;) are
non-isomorphic.

The remaining algebras are considered in a similar way. The Lemma is proved.

In what follows we will use the results on classification of abstract four-dimensional
solvable real Lie algebras Ay = (e}, e, €3, e4) [42, 43]. There are 10 decomposable

4A1 =3A10 A1 = A3 D A1, Ap ®2A, =A@ Ary = A30 D A,

240, =A@ Aoy, A3, DA (=3,4,...,9);
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and 10 non-decomposable four-dimensional solvable real Lie algebras (note that we
give below non-zero commutation relations only).

Ay
Aso e

Ay
Agy

Ays e

Ay

Ayq

Ayg

Ago

Ago

[e2, es] = €1, [e3, e4] = €3

le1, ea] = ger, lea, es] = e2,

les,es] = ex+e3, g #0;

ler, es] = €1, [e3, eq] = e;
[er, eal = €1, [ez,e4] = €1 + €2,

les, es] = ex +e35

ler, es]l = €1, [e2, e4] = qea,
les,esl = pes, —1<p=qg=1, p-q#0;
[e1, es] = ger, [ez, ea] = pe; — e,
les, esl = €2+ pes, ¢ #0, p=0;
le2, e3] = €1, [en, es] = 2ey,

[e2, ea] = €2, [e3,e4] = €2+ €33

le2, ezl =e1, [er,ea] = (1 + q)er,
le2, e4] = €2, [e3,es] =qe3, |q| < 1;
le2, 3] = €1, ler, es] = 2gey,

[er, e4] = ger —e3, [e3,es] =ex+qe3, g =>0;

ter,es] = e, [er,e3] = e,

[e1, e4] = —ez, [e2,e4] = ey.

THEOREM 13. Equation w, = uy, — u~'u? has the widest symmetry group amongst
equations of the form (6.1). Its maximal invariance algebra is the five-dimensional Lie

algebra

A§ = (3, By, 19 + Xy, XUy, Udy).

There are no equations of the form (6.1) which are inequivalent to the above equation
and admit invariance algebra of the dimension higher than four. Below we give all
inequivalent equation (6.1) admitting four-dimensional together with their symmetry

algebras.

I. D=0,

1) Ay~ A3 ® Ay, Ay = (9,9, uch(Bx)d,, usinh(Bx)d,),
A=OvB=_ﬁ2’ /3 #0,

2) Ay~ Asg @ Ay, Ag = (3, dy, ucos(Bx)dy, usin(Bx)d,),
A:O,B:ﬂz, B #0;

3) Ay~ Ay @ Ayy, Ay = (3,0, udy, e ud,), A=1,B=0;

4) Ay~ A34®0 Ay, Ay = (0, 0y, e *ud,, xe *ud,), A=2,B=1;
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5) Ay~ Az9® Ay, Ay = (0, 0y, ue ¥ cos(Bx)dy,, ue " sin(Bx)d,),
A=2,B=mm>1, B=Vm—1;

6) A4~ A37® Ay, Ay = (0, 3y, ue *ch(Bx)a,, ue " sinh(Bx)a,),
A=2, B=m, m>1, m#0,=+V1—-m

7) As~ Asa, Ay = (0,18 + x0y, /IX[udy, uy/1x[In|x|9,),
A=0, B=jx7%

8) Ay~ Ays, As= (3,18 +xdy, [x|Pud,, |x|>Pud,), A=0,

B=mx2, m<i, m#0, B=.,/1 —m

4
9) Ay~ Ase, Ay = (0,19 + Xy,
VIxlcos(BIn|xudy, /Ix]sin(B1n|xud,), A=0, B=mx?, m> 1, B=
/ 1.
m — e
10) Ay~ A4z, Ay = (0,10, + x0y, uln|x|dy, ud,), A=x""', B=0;
11) Ay~ Az7 @ A1, Ay = (0,10 + X0y, |x|l—nuau’ udy),
A=nx"!', B=0,n#0,1;
12) Ay~ Ags, Ay = (3, 13 + x0, 1x[20 " ud,, [x|>uln |x[3,,),
A=nx"!, B=1(n—1)*x72, n#0,1;
13) Ay~ Ags, Ay = (3,13, + x0y, x| ud,, x| 20Pup,),
A=nx"', B=mx2, m< %(n— D2, m#0, n#£0, f=+/(n— 12 —4dm;
14) Ay~ Asg. Ay = (8,19 + xdy, [x|207 cos(B In |x|)udy,
|x|20- sin(B In |x|)ud,),

A=nx"', B=mx2, m+#0, n#0, m> i(n—l)z, B = m—i(n—1)2;

II. D=ktx3, k>0,

1) Ay~ Agy, Ay = (0 — Ykx~'udy,, 13, 4+ x0y, xud,, ud,), A= B=0;
2) Ay~ Aga, As= (3 — ghx udy, 19 + X3y, /IX[udy, /¥ In |x[udy),
A=0, B=1x7%

’

3) As~ Aus, Au= (0 — Gx b, 10 + xd, 113 ud, 162 Pub),

A=0, B=mx"?, m#0,-2, m< 1 B = %—m;

4) Ay~ Ags, Ay= (0 + shkx' (1 +31n|x|u)d,, 10, + x9y,
x*ud,, x"'ud,), A=0, B=—-2x"7%

5) As~ Asg Ay= (0 — 7E5x"udy, 13, + x0y, /[X[ucos(B1n |x|)d,,
VIxlusin(BIn|x)d,), A=0,B=mx?, m> 3, B=,/m—1;

6) Ay~ Agz, Ag= (8, — kx"'ud,, 13, + xdy, ud,, uln|x|d,),
A=x"1, B=0;

7)) Ay~ A4 ® A, Ay = (3, + kx7'(1 4+ 1n|x))udy, td, + x3y, ud,,
x'ud,), A=2x""', B=0;

8) A4~ A37® Ay, Ay = (0, + n—fzx‘luau, 3 + x3y, udy, |x|'"ud,),
A=nx"',B=0,n#0,1,2;

9) As= Ass, Ay = (3 — Skx~'In® [x|udy, 10, + x0x, x " udy, x~ In|x|ud,),
A=3x"!, B=x"2%

10) Ay~ Asp, Ay = (0 — (ni]fz)zx_luau, 18, + X0y, |x|2 "M ud,,

|x|%“_”) In|x|ud,), A=nx"!, B= %(n —12x72, n#£0,3;
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11) A4 ~ A4A5a A4 = (tat +xax, a[ - ﬁx_luaua |x|%(1—n+ﬂ)uau,

x| Puy,), A=nx"!, B=mx2, n#0,2, m#n—2, m< {(n—1y>,
B=+(n—1)*—4m;
12) Ay~ Ags, Ay = (19, + X0y, 0 + 55,7 In |x|udy, x~'udy, [x*"udy),
A=nx"!', B=mn—-2x2, n#0,2,3;
13) Ay~ Asg, Ag= (10 +X0r, 0 — 5mamnx ™ Uy,
1 1
Ix|20"ucos(B In |x[)dy, x|z usin(B In |x])d,),
A=nx"', B=mx 2 n#0, m#0, m> f(n— 172,

p=\m—tn—1%
III. D=kt, k>0,

1) Ay~ Ay, Ay = (0x, & — $kxudy, xudy,, ud,), A= B=0;

2) Ay~ Ayz, Ag= (0,0 — kxud,, e *ud,,ud,), A=1, B=0;

3) As~ Ass @ A Ay = (3y, 8 — kB ?udy, 1 cos(Bx)dy, usin(Bx)dy),
A=0, B=p p#0:

4) Ag~ Az ® Ai, Ay = (0x, 0 + kB2udy, uch(Bx)dy, usinh(Bx)d,),
A=0, B=—p% B#0;

5) Ay~ Ass® Ar, Ay = (3, 0 — 4kudy,, exp (—3x) udy, x exp (—1x) udy),
A=1, B= %;

6) Ay~A3;7 @A), Ay=(dy, d—km ' udy,, exp (—1(1—p)x) udy,
exp (—1(1+p)x)ud,), A=1, B=m, m< 1, m#0, p=1—4m;

7) Ay~ Az0® Ay, Ay = (3y, 0 — km~'udy,, exp (—3x) cos(Bx)udy,
exp (—2x) sin(Bx)udy),

1 .
A=1,B=m,m>z,/3= —

IV. D=ki2, k0,
Ay~ Ayg (g = —1), Ag = (0x, 10; + X0y, Xudy, udy), A= B=0;
V. D=m(x—kt)™2, k>0, m#0,
Ay~ Aug (g=-1), Ay = (0, + kOy, td, + x0y, xud,, ud,), A= B=0.

Proof. According to Lemma 5 to get the list of inequivalent equations of the form
(6.1) we need to analyze the cases when either D = 0 or D does not vanish identically
and is obtained through Equation (6.8).

If D =0, then the function 4 satisfies Equation (6.3) and the functions A, B are
given by one of the formulas (6.5). It follows from (6.2) that five is the highest possible
dimension of an invariance algebra admitted by (6.1). Equation admitting this algebra
is equivalent to the following one:

Upp = Uy — u"ui. (6.10)

This proves the first part of the assertion of theorem.

The remaining expressions for the functions A, B from (6.5) yield the 14 sub-cases
of the case I of the second assertion of the theorem.
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The fourth expression for the function D given in (6.8) within the equivalence
relation (6.7) boils down to either D = ktx~3, k> 0 or D = kt, k > 0. The function
h satisfies one of the equations

h' + AW + Bh = -\ H,

where either H = kx—3 or H = k. Analysis of the corresponding expressions for the
functions A, B (6.5) yields expressions listed in the cases II and I11.

Next the function D given by the third formula from (6.8) simplifies to D =
kt=? (k # 0) whence we get the results listed in the case IV of the second assertion
of the theorem. Similarly, the second expression for the function D gives rise to the
formulas of the case V.

The first expression for D from (6.8) gives no new invariant equations.

What is left is to prove that the so obtained invariant equations are inequivalent.
We skip the proof of this fact.

Theorem is proved.

7.2. Nonlinear Equations (2.7) Invariant Under Three-dimensional Lie Algebras

Class of PDEs (2.7) does not contain an equation whose invariance algebra is
isomorphic to a Lie algebra with a non-trivial Levi ideal (see, Theorem 12). That
is why, to complete the second step of our classification algorithm it suffices to
consider three-dimensional solvable real Lie algebras only. We begin by considering
two decomposable three-dimensional solvable Lie algebras.

Note that while classifying invariant equation (2.7) we skip equations belonging to
the class (6.1) which has been analyzed in the previous subsection.

7.2.1. Invariance Under Decomposable Lie Algebras

As Az 1 =3A1= A1 ® A1, A3r= A, ® A, to construct all realizations of Az it
suffices to compute all possible extensions of the (already known) realizations of the
algebras A, = (e1, e;) and A,, = (ey, e). To this end we need to supplement the
latter by a basis operator e; of the form (2.4) in order to satisfy the commutation
relations

le1, e3] = [e2, €3] = 0. (6.11)

What is more, to simplify the form of e; we can use transformations from £ which
do not alter the remaining basis operators of the corresponding two-dimensional Lie
algebras.

We do not present full calculation details. Instead, we give several examples
illustrating the main steps which we need to perform in order to extend A,; to a
realization of As ;.

Consider the realization A} |. Upon checking commutation relations (6.11), where
e3 is of form (2.4), we get

M=l =r(t,x)=0, h=k=const.

Consequently ez is the linear combination of e, e;, namely, e; = Ae; + ke, which
is impossible by the assumption that the algebra under study is three-dimensional.
Hence we conclude that the above realization of A}, cannot be extended to a
realization of the algebra A; ;.
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Turn now to the realization A7 ,. Checking commutation relations (6.11), where e3
is of form (2.4), yields the following realization of Aj;:

(18, + X3, 0 (53 Y (§)), & =1x7",

where y'c — yo’ # 0. However, the corresponding invariant equation (2.7) is linear.

Finally, consider the realization A3 . Inserting its basis operators and the operator
e3 of the form (2.4) into (6.11) and solving the obtained equations gives the following
realization of As:

<8ts 8)(7 uau)

Inserting the obtained coefficients for e; into the classifying Equation (2.5) we get
invariant equation

Uy = tyy + uG(®), ®=u""uy,

where in order to ensure nonlinearity we need to have G, # 0.

A similar analysis of the realizations Aé_l @i=4,5,...,12,14) yields three new in-
variant equations. For two of so obtained Aj j-invariant equations the corresponding
three-dimensional algebras are maximal. The other two may admit four-dimensional
invariance algebras provided arbitrary elements are properly specified.

Handling in a similar way extensions of A, up to realizations of A3, results in
10 inequivalent nonlinear equations the maximal invariance algebras of which are
realizations of the three-dimensional algebra As, and four inequivalent equation
(2.7) admitting four-dimensional symmetry algebras.

We perform analysis of the equations admitting four-dimensional algebras in the
next sub-section. Here we present the complete list of nonlinear equation (2.7)
the maximal symmetry algebras of which are realizations of three-dimensional Lie
algebras Az and Aj;.

Aj -invariant equations

A%,l = (0, Oy, udy) :
F=uGw), o=uu,
A3} = (3, (D)3, Y(1)D)
o=v'o—vY¢' #0, 0'=0:
F=¢"9"u+G(t,uy).

Aj-invariant equations

A}, = (3, By, €*ud,) :
F= —u_lui —ulnlul + uG(w),
w=u"u,—Inlul:

A3, = (—td — x8y, & + kdy, ud,) (k> 0):

F = un72G(w), n=x—kt,
w = nu"ux;
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A3, = (=t — xdy + mudy, 3 + kdy, |n|"dy)
m=x—kt, k=m=0ork>0,me R):
F=m(k? = D)(m+ Dnu+|n| " Gw),

o = |n|" (mu + nuy);

A3, = (dy, € udy, 3 + mud,) (m > 0) :
F = —u"ui —uy +uG(w),
w= u_lux — In |u| + mt;

A, = (—td — Xy, By, udy) :
F=uGw), o=tu"u,;

AS, = (—td — xdy, 8 + kx'udy, ud,) (k> 0) :

F = 2ktx2uy — 2ktxu+ kK22x*u + x2uG(w),
o= xuuy + ktx™!;

A}, = (—t3 — xy, & + kx"'udy, exp(ktx="d,) (k > 0) :
F =2ktx2u, + (K*t*x~* = 2ktx3 + kK> Du +

+x2expktx NG(w), »=exp(—ktx " (xu, + ktx 'u);
1
ALy = (L 00+ ko), €0, €"0,) (k> 0.0 = x — ki) :

F=k-Du+ G, o), o=u,—u;

A§_2 = (3 + f(x)uau,e<1+f<)f>>’au, f(x)ef(x)lau) ,
F=—@f"=(fY = A+ HPu—2fu + ¢! Glx, w),
w=eTu— fa+ fuw, f"+2f+f=0, f#0;

AW = (k(td, + x3,), 1t1F " 1E]F 0, 1€ 7 3) (k#£0; 1) :

F:[l—k 1 —k?

2 2 ],—2 )
&t (1—5)]: u+12GE, w),

2

w:|$|g;kl[xux+ u], g=rtx"".
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7.2.2. Invariance Under Non-decomposable Three-dimensional Solvable
Lie Algebras

There exist seven non-decomposable three-dimensional solvable Lie algebras over
the field of real numbers. All these algebras contain a subalgebra which is the two-
dimensional Abelian ideal. Consequently, we can use the results of classification of
A, j-invariant equations in order to describe equations admitting non-decomposable
three-dimensional solvable real Lie algebras. We remind that equations of the form
(6.1) have already been analyzed and therefore are not considered in the sequel.

As an example we compute extension of the realization A to all possible
realizations of non-decomposable three-dimensional solvable real Lie algebras. The
remaining realizations are handled in a similar way.

It is straightforward to verify that transformations

t=yt+y, X =¢€yx+ v, v=pxu+06(x), (6.12)

where v, y1, 2 € R, y #0, € = %1, p # 0, are equivalence transformations for the
realization A;f)l = (9, f(x)ud,) (f # 0). That is why, we can utilize the above trans-
formation to simplify the form of operator e;. As a result, we get three inequivalent
expressions for ez

— e3 =10+ x0+r(t,x)d, (ry Z0orr =0);
- 63:8x+r(t,x)8u(r[7&00rr:0);
- e3s=r(t,x)d, (rr #Oorr =1).

Lete; = 9, e = f(x)ud, and e3 = t9; + x9, + r(t, x)9,, then
le1, e3] = 3, + 1,0y, [er,e3] = —xf'ud, —rfo,.

Analyzing commutation relations for the algebras As; (i =3,4,...,9) we obtain
that the necessary conditions for Al to admit extension to a realization of A;s are
r=0, xf/=—f,0of Azgasr =0, xf'= f, and of A37asr =0, xf'=—qf (0 <
lg] < 1). So Aéf)] gives rise to the following realizations:

Azs e =0, er = x’luau, e3 = 10; + X0y;
Azg e = 0;, eo = Xuo,, e3 =10, + X0y;

Azz e =9, e = |x|7ud,, es =19, + x93, (0 < |g| < 1).
If e; =0, +r(t, x)0,, then
ler, e3] = ridu, lea, €3] = — f'udy, — rfo,.

Analyzing the commutation relations for As; (i = 3,4, ...,9) we come to conclusion
that the realization A% cannot be extended to a realization of the above three-
dimensional Lie algebras.

The same conclusion holds true when e3 = (¢, x)d, (r, # O orr = 1).

Let e; = f(x)ud,, e, = 9. If e3 =10, + x3, +r(t, x)3, (r, #0 or r = 0), then it
follows from commutation relations

ler, e3] = —(rf +xf'u)dy, [ex, es] =0 + 7.,
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that the only possible extension of the realization A}’ is the realization of As s:
(" by, By, 10, + xdy).

This realization coincides within notation with the already obtained one.
Next if e3 = 9, +r (¢, x)d, (r, # 0 or r = 0), then

lei,e3] = —(f'u+rfo, ler, e3]=rd,.

Analyzing the commutation relations for A;; (i = 3,4,...,9) we come to conclusion
that the realization Al cannot be extended to a realization of the above three-
dimensional Lie algebras.
The same conclusion holds true for the case e3 = r (¢, x)d, (r, ZOorr = 1).
Summing up the above considerations we see that the realization A}, can be ex-
tended to the following realizations of non-decomposable three-dimensional solvable
real Lie algebras:

Ll ~ A3.5, LI = (817 xiluaua tat +xax>;
L~ Asg, L* = (3, Xudy, td; + xd);
L’ ~ Ayq, L’ = (3, |x|™udy,, td, + x3;) (0 < |q| < 1).

Solving the corresponding classifying equations yields the following invariant
equations:

2

L' uy = sty — uilux —2x2uln|u| + x 2uG(w), o = xu"'u, + In|ul;

L% u, =ty — u’lui + x2uG(w),
w=xu""u, —Inul;
L uy = uy — u’lui —qg+ Dx"2ulnu| + ux>G(w),

o=xu'u,+qlnjul O<lg|<1).

Note that the algebras L!, 1.2, L are maximal (in Lie’s sense) invariance algebras of
the corresponding equations.

While classifying nonlinear equations invariant under non-decomposable three-
dimensional solvable Lie algebras we have discovered equations whose maximal in-
variance algebras are four-dimensional. For example, after extending the realization
A3, up to a realization of the algebra A;; we got the following realization of the
latter:

(Ou, Br, Ox + 10u).

The corresponding invariant equation (2.7) is u; = uy, + G(u,). However, the
maximal invariance algebra of this equation is the four-dimensional Lie algebra
(0;, 0y, 0y, 0y), which is a realization of A33; @ A;. Note also that we have obtained
the above invariant equation when classifying A3 ;-invariant equations.

By the above reason, we give below only those nonlinear invariant equations
the maximal symmetry algebras of which are three-dimensional non-decomposable
solvable real Lie algebras.
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A 3 3-invariant equations

ALy = (udy, & + kdy, md, + Kk "xud,) (k> 0,m+#0):
F=-—u'vd4+uGw), o=x—kt+mk*u"'uy;
A2 = (Udy, By, md, + xudy) (m > 0) :

F = —u’lui +uG(w), w=t— mu

1
A3y = (|t]70,, =117 In |21y, 1, + Xy + S0 :

1
F = —Zt’zu + uiG(S, w), & = tx = xui;

A§A3 = <8u1 _lau, at + kax) (k > 0)’

F =G0, uy), n=x—kt.
A 3 4-invariant equations

ALy = ("™ "8y, 8 + kdy, 3, + X3y + (mu + t|n]"")d,,)
m=x—kt, k>0,m#1):
F=k?*=1D(m—1D(m—2)n"2u—2kim— Dy >1n|n|
+nl"*G(w), ® = [nux — (m— Dulln| ™

A3, = (By, —t0y, O + kdy +udy) (k> 0):

F=¢Gnw), n=x—kt, o=e""uy;
3
A, = (1170, =117 In |21y, 1, + X, + Sud) -

1
F = —Zt_zu—f—u;lG(é},w), &= tx7' w :x_lui;

A%, = (kx'udy, 8 — kx " In |x|udy, td, + x3,) (k> 0)
F = —=3ktx3u—2x"uln|u| — u_lui + x2uG(w),
o= xu""uy + In|u| + ktx™;
A3, = (exp(ktx™")dy, 8 + kx~'udy, td, + xd, + (u + t exp(ktx~"))d,) (k> 0) :
F = k>x *u@® + x5 + 2x "ktx™" + Duy,
—}-Zkexp(kt)c_l)x_1 In|x|+x! exp(ktx_l)G(a)),

o = exp(—ktx V) (u, + ktxu).
@ Springer



Acta Appl Math (2006) 91: 253-313 293

A 3 s-invariant equations

Abs = (101" "8y, 8 + Kb, 10, + X0, + mudy) (k> 0, m# 1)
F=(*=1Dm—1)m—2n"u+n">Gw),
o = n|""nuy — (m—Nul,n = x — kt;

A3 = (B, 05, 13, + Xx0y)
F= uiG(u);

A} s = (8, Oy, 13, + X3y + mud,) (m #0) :
F=1ul'""5G), ©= |u|"ul'™";

AJs = (B, Bx, 13 + X3y + 3y,)
F =e¢2G(w), o = e“uy;

Als = (8, x 'ud,, td, +x8,) :
F=—u"v?—=2xulnul + x*uG(w),
o = xu"'uy + Injul;

ASs = (8 + kx7'udy, exp(ktx")d,, td, + xdy + ud,) (k> 0) :
F = kx*ulkt® — 2tx + kx®1 + 2ktx2u, + x~! exp(ktx_l)G(w),
o = exp(—ktx Y (u, + ktx2u);

A5 = (@O, ¥ ()3, 05 + udy) (@'Y — oY’ #0) :
F=¢"'9"u+u,G(t, o),

w=e"uy, ¢"v—ey" =0.

A 3 g-invariant equations

AL = (8 + kdy, 0" 0y, 13, + X8y + mud,) (k> 0, m# —1):
F=m(k?* — D) (m+ Dy u+ [n" > G(w),

o =n""[uy —n~"(m+ Dul,n = x — kt;
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A3 g = (3 + mx~"udy, xudy, td, + xd;) (m>0) :
F = —u_lu)zf —2mtx"u+ x*uG(w),
o= xu"'uy — Inju| + 2mrx";

A3 = (8 + kx7'ud,, exp(ktx")d,, td, + xd, — ud,) (k> 0) :
F = x7*[k*x* = 2ktx + k> u + 2ktx2u, + x 73 exp(ktx_l)G(a)),
w = exp(—ktx™ V) (x%u, + ktu);

Al = (€7'0y, €0y, 0 + kdy) (k= 0) :
F=u+G®n,uy), n=x—kt;

5 _1 3 1
A3 = (It]720u, |t]2 0y, 13; + x0x + Euau) :

3
F= Zlt—2u+ It GE w), & =tx', o=x"ul

A 3 7-invariant equations

Al = (0 + ko, [n|" "8y, 10, 4 X3, + mud,)
(k>0,m#q, 0<|ql <1):

F= (k-1 (m—q)(m—q—Dnu+|n"*Gw),
o =n"uy — (m—q@n~'ul, n=x—kt;
A2 = (3 + kx'udy,, exp(ktx~")d,, td, + xd, + qud,)
(k>0,0<|gl <1):
F = [kK2x 72 + k*x 4% — 2ktx 3 u + 2ktx2u,
+1x|772 exp(ktx ) G(w),
w = |x|""Texp(—ktx~ V) (uy + ktx2u);

1
A3 = (11298, 111" 7790, 10, + xd, + (1 + FDuda) (q # 0. £1) :

1 |
F =10 =02+ 111926, o),

1

1
E=tx"", w=t|"uy;
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1 1 1
A3 = (exp (5(61 - 1)t> 0y, exp (5(1 - q)t) Ou, O + ko, + 5(1 + q)ud,)

(@#0,£1;k>0):

1 1
F=2(—Du+exp (5(1 + q)t) G(n, w),
1
n=x—kt, o =exp <_§(1 + q)t) Uy

A3 = (9 + ko udy, 1X]7 MU, 19, + x0) (k= 0,q £ 0, £1) :
F=—u"'v2—q(q+ Dxuln|u| + k(g — 1)(q + 2)txu
+ux’G(w), »=xu"u, + qn|u| + k(1 — q)tx_l.
A 3 g-invariant equations

Aé_g = (costdy, —sintd,, d; + kdy) (k> 0) :

F=—-u+Gn,u),n=x—kt;
1
A%.s = (|t|% cos(In |¢])0,, —|t|% sin(In |¢])d,, t0; + x0, + 51431,) :

5
F=—217u+ 173G, ).
E=tx"", w=t|7u,.
A 3 9-invariant equations
Al = (sintdy, costd,, & + kd, + qud,) (k> 0,q > 0) :
F=—-u+e¢"Gnw), n=x—kt, o=eu,;

1
A2y = (lt]? sin(In [y, [¢]7 cos(In [¢])dy,, 19, + X0y + (5 + @uid)

@#0: F =2t 171G, o),

1
gE=tx"!, w=|t]>"u,.

7.3. Complete Group Classification of Equation (2.7)

The aim of this subsection is to finalize group classification of (2.7). The majority of
invariant equations obtained in the previous sub-section contain arbitrary functions
of one variable. That is why we can utilize the standard Lie-Ovsyannikov approach
in order to complete their group classification.
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7.3.1. Equations Containing Arbitrary Functions of One Variable

Note that we do not consider the equations belonging to the already studied class
(6.1).
As our computations show, new results could be obtained for the equations

Uy = Uy + uG(w), o =u""u,, (6.13)

Uy = Uy + G(uy) (6.14)

only. Below we give (without proof) the assertions describing their group properties.

ASSERTION 7. Equation (6.13) admits wider symmetry group iff it is equivalent to
the following PDE:

Upp = Uy + mu’lui (m#0,—1). (6.15)
The maximal invariance algebra of (6.15) is the four-dimensional Lie algebra

Ay~ A3s @ Ay, Ag = (0, Ox, 10; + X0y, Ud,,).

ASSERTION 8. Equation (6.14) admits wider symmetry group iff it is equivalent to
one of the following PDEs:

Urr = Uyxx + eux; (6.16)
Uy = Uy +mln|uy|, m> 0; (6.17)
Uy = Uy + |uel¥, k#0, 1. (6.18)

The maximal invariance algebras of the above equations are five-dimensional
solvable Lie algebras given below.

A2 = (3, By, By 13y, 13, + X0y + (U — X)By);

1
A3 = (3, Oy, By 13, 10, + X0y + Qu + Emrz)zm;

4 k-2
AL = (B, By B, 10y, 10, + X0, + 3 Ud).

Analyzing the remaining equations containing arbitrary functions of one variable
we come to conclusion that for any them to admit wider invariance group one of the
following conditions should hold true:

— equation in question is equivalent to PDE of the form (6.1), or
— equation in question is equivalent to PDE of the form (6.15).

Skipping the proof, we present two typical examples. We begin with the equation

Uy = Ugy + U+ G(Uy). (6.19)
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This equation is invariant under the four-dimensional algebra (;, d,, €'d,, e~'d,)
isomorphic to Az @ A;. Inserting F = u+ G(u,) into classifying Equation (2.5)
yields the system of two equations for G

WG =—h" =21, [(h—MNux +1]G — (h=20)G =71y —ree — 20 u, —r.

As G” # 0, the first equation implies that A = A’ = 0. The second equation takes the
form

(huy +r.)G —hG =1y — 1y — 1.

Upon differentiating the above equation twice with respect to u, we get (hu, +
r )G’ =0. As G" # 0, the relations & = r, = 0 hold. Hence we conclude that the
class of PDEs (6.19) does not contain equations admitting five-dimensional symmetry
algebras.

The system of determining equations for the symmetry group of A3 ,-invariant
equation

Uy = Uy +un 2Glw), n=x—kt, o =nu"'u,, k>0, (6.20)
is
0 2rw —n"'r)Gy — G =ry — oy,
(2 — kAo + 07 'W1G, — 200 — k)G = —2h'n"'w — K.
Differentiating the first equation with respect to  yields
(n*ro —n"'r)Guy =0,

whence in view of inequality G, # 0 we get r = 0. Next differentiating the second
equation twice by w we get

[ — ) 2w + 7' W1G e = 0,

whence it follows that G, = 0. Indeed, if this relation does not hold, we have A, =
ki1, W' = 0 and operator (2.4) takes the form

A0, + x0y) + A1 (0; + kdy) + Cudy,, A, A Cp eR, k>0.

As the above operator contains at most three arbitrary constants it cannot generate
a four-parameter Lie transformation group.

By the above argument we can restrict our considerations to the following class of
functions G:

G=Aw’+Bo+C, A#0,—1, B,CeR. (6.21)

Without any loss of generality we can suppose that A # —1 in (6.21) (since other-
wise (6.20) belongs to the class of PDEs (6.1)). Inserting (6.21) into the second
equation from (6.21) yields

2(A+ DK = B(h, — kA1), n°BH + Ph" =2C(h — khy). (6.22)
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If k > 0, then this system splits into the three equations (note that & = h(x))
W =0, B(hdy—kr)) =C(hy — ki) =0.

Provided | B| + |C| # 0 there is no way to extend symmetry of Equation (6.20). If, on
the contrary, B= C =0, then F = Au“u)%(A # 0, —1) and we obtain the equation
equivalent to (6.15). Under k = 0 system (6.22) takes the form

2(A+ Dx?H = amB, x*BH +H'x® = 2),C.

Hence
B?-2B

1
h=—MA+D'Bx'+C, CieR, C= — ",
22( + D7 Bx + 1 € 1AL

In this case Equation (6.20) does admit additional symmetry operator

B

9 — —— xud
T 2Ar T Mo

but the change of variables

B

t_:ta X = ) = Ua = - 3
X=x u=|x|"v v AT D

reduces it to the form (6.15).

So Equation (6.20) admits wider symmetry group iff it is either belongs to the class
of (6.1) or is equivalent to (6.15).

To finalize the procedure of group classification of Equation (2.7) we need to
consider invariant equations obtained in the previous section that contain arbitrary
functions of two variables.

7.3.2. Classification of Equations with Arbitrary Functions of Two Variables

In the case of equations with arbitrary functions of two variables the standard
Lie—Ovsyannikov method is inefficient and we apply our classification algorithm.
To this end, we compute extensions of three-dimensional solvable Lie algebras to
all possible realizations of four-dimensional solvable Lie algebras. The subsequent
step will be to check which of the obtained realizations are symmetry algebras of
nonlinear equations of the form (2.7). In what follows we utilize the results of the
paper [44], where all inequivalent (within the action of inner automorphism group)
four-dimensional solvable abstract Lie algebras are given.

We give full computation details for the case of Ajz¢-invariant equations. As shown
in the previous sub-section, there are two inequivalent Ajg-invariant equations,
namely,

Al = (e By, €' By, 0 + kdy)
(k>0): F=u+ G, uy), n=x— kt;

5 1 3 1
Asg = 0172 9y 111200, 10, + 05+ Sudu) :

3 3
F= Zr*2u+ [t 2GE, w), £ =tx™', 0 =x""ul.
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According to [44] the algebra Aj; ¢ is the subalgebra of the following four-dimensional

solvable Lie algebras: 2425, A3 6 @ A1; Asa(g = —1); Ags(q = —3).

Algebra 2A,,. The algebra 2A,, = (ey, €2, 3, e4) is defined by the following
commutation relations (note that we give non-zero relations only):

[e1, e2] = [e1, e4] = [e2, e3] = [e2,e4] =0, [e1, e2] = €3, [e3, e4] = es.
It contains a subalgebra As¢ = (e; — e3, ez, e4). That is why, we can choose the basis
operators of the realization of As¢ as e; — e3, es, e4. Next, we take an arbitrary
operator of the form (2.4) as e; + e3 and require for the commutation relations

[er —es,er +e3]1 =0, [e;+e3, el =er, [e1+e3,e4] =e4 (6.23)

to hold.
Realization Aj 4. In this case

ej —es=—03 —kd,, e =e""9,, es =¢€'d,,
e +e3 =M+ X))o + (Ax + X)) + (hu +71)0,.
It follows from (6.23) that
A=M=0, r=y=ym), h=-1.
Using the change of variables
f=t, X=x, v=u+ A,

where A = A(n) is a solutions of equation A;A’ + A = —y, we simplify the operator
e + e3 to become

ei+e3 =ady —ud,, o€R.

Requiring invariance under the above operator yields that o # 0 (otherwise G
would be linear in u, ). With this result in hand we rewrite the invariant equation to
become

G = exp(—a~'n) Hw), w= exp(a‘ln)ux.
Thus we arrive at the following realization of the algebra 2 A, :
(e7'0,, €' 8y, 3 + ki, ady, — udy,) (k= 0, a #0).
This algebra is admitted by the equation
Uy = Uye + U+ exp(—a ') G(w), n=x —kt, o= expla'nu,.
If the function G (G, # 0) is arbitrary, then the obtained realization is the maximal

symmetry algebra of the equation under study. What is more, there is no such G that
the above equation admits a wider invariance algebra.
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Realization A3 . In this case

1
ey —e3 = _tal _xax - Euauv € = |[|7%aus

e1 4 €3 = O+ 20 + O 4+ 22)0y + (e +1)0y, eq = |t]7 0.

It follows from commutation relations (6.23) that ,; =2, =1 =0, h=—1, r =

ey ). & =1,
Making the change of variables

f=t ¥=x, v=u—|t|yE)

we get r = 0 in e; + e3. Consequently, without loss of generality we can choose e; +
e3 = —ud,. Requiring for the Aj -invariant equation to admit the operator e; + e3
yields the constraint 20G,, = —G, whence G = |w|‘% H(§). Consequently, the func-
tion F is linear in u,. This means that Ag'ﬁ does not admit extension to a realization
2 A, that can be a symmetry algebra of an essentially nonlinear equation of the form
(2.7).

Algebra Asc @ A,. What we need to do here is to supplement the set of operators
ey, €3, e3 forming the basis of Aj¢ by the operator e, of the form (2.4) and verify the
commutation relations

[e1, es] = [e2, e4] = [e3,e4] = 0. (6.24)

Realization A‘3‘A6. It follows from (6.24) that h=A = A, =0, r =y(n), n=x —kt
in the operator ey so that

es =ady +y(n)a,, o el

If @ # 0, then e4 is equivalent to d,. Hence we get two possible realizations of the
algebra As;c @ A;:

(eitau, e'dy, 0, 0x);
(€7 0y, €0y,  + kdy, y (1) ).

Analyzing the above realizations we come to conclusion that the second one cannot

be invariance algebra of a nonlinear equation of the form (2.7). The first realization

is the maximal invariance algebra of the (6.19), if G is an arbitrary function.
Realization A3 . It follows from (6.24) that A; = A, = h = A = 0 and

r=ly @, £=ix",
so that the operator es necessarily takes the form e; = |¢| 3 v (£)9,. As the straightfor-
ward verification shows the so obtained realization cannot be invariance algebra of a
nonlinear equation of the form (2.7).
Algebra A4, (g = —1). We need to supplement the set of operators ey, ez, e4
forming the basis of A;¢ by the operator e; of the form (2.4) so that the following
commutation relation hold

[e1, e3] = [e2,e3] =0, [e3, e4] = ez + €. (6.25)
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Realization A3 . In this case

ep =e "9, e =e'd,, es=—0 — ki,

and it follows from (6.25) that the coefficients of e; satisfy equations h =1 = 1 =
A2 = 0, the function r being a solution of the equation

re+kr,=r+eé.

Further analysis shows that this realization cannot be invariance algebra of nonlinear
equation of the form (2.7).
Realization A3 . In this case

1 3 1
€ = |t|_§aua € = |t|§3u, ey = —10; — X0y — Euau

It follows from Equation (6.25) that the coefficients of the operator e; satisfy equa-
tions A = A; = A, = h = 0 and the function r is a solution of the equation

3 3
try + xry = Er—}- [t]z.

Further analysis shows that the so obtained realization cannot be invariance algebra
of a nonlinear equation of the form (2.7).

Algebra A3 (q = — %). We need to supplement the set of operators ey, e3, e4 form-
ing the basis of Aj¢ by the e, of the form (2.4) in order to satisfy the commutation
relations

[e1,e2] =0, [er,e3] =€y, [er,e4] =en. (6.26)

Realization A} 4. In this case

_ 1
ep=e'9,, es=¢ed, es= 58[ + Ekax
and the second commutation relation yields the false equality 1 = 0.
Realization A3 . In this case

1 3 1
ey =1t|720,, ey =1t|20,, e4=—10; — X0 — Euau

and again the second commutation relation from (6.26) cannot be satisfied.
Consequently, there is no extension of the realization of A;¢ to a realization of the

algebra Asg (g = —1).
The remaining equations containing arbitrary functions of two variables are

handled in a similar way. The results can be summarized as follows

— if the functions contained in the equations under study are arbitrary, then the
corresponding realizations are their maximal invariance algebras, and

— except for Equation (6.14), all the equations in question do not allow for
extension of their symmetry.
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Below we give the complete list of invariant equations obtained through group
analysis of equations with arbitrary functions of two variables.

7.3.3. Equations Invariant Under Four-dimensional Solvable Lie Algebras

Ay, @ 2A;-invariant equations

1) (0y, 0 +udy, €0y, e7'0): F=u+eGw), o=u"uy;
1
2) (o 0+ kd), e 1By, €70y, 0 + udy) (k> 0,7 =x — ki) :

F=((k*=Du+e"Gw), o=e"(uy—u.
2 A, »-invariant equations

1) (8, + eudy, 3y, €59,, 7%9,) (6 =0, 1; k> 0) :
F=(k*—Du+e'Go), o=e ", —u;

2) {(ody — udy, 9 + kdy, e "9y, €'9,) (k> 0,0 > 0) :
F=u+exp(—a 'nGw), n=x —kt, o = expla™"nu,.

Asz3 @ Ap-invariant equations
1) (8[, 8Xs aus lau) F = G(Mx)
Az 4 @ Aj-invariant equations

1) {9y, 0y, t0; + X0y + (U + X)0,, t3y,) :
F=t"'G(w), w=u,—Inlt|;

2) (0 + udy, Oy, tdy, 3y) 1 F=e'Gw), w=-e"uy;

3) (x7'9,, 0y — x (w4 1n|x|)y, t8; + X0y, tx713,) :

F=2x"'u, + x>+t % 'Gw), o =xuy +u—Injtx7".
Ajzs @ Aj-invariant equations

1) (dy, du, 13, + Xx + udy, 13y) . F =17 Gluy);
2) (x7'9,, 0y — x ud,, 18, + x0, tx7'9,) :
F==2x"2u+2t"uy + x 'w) In |t (uy + x"'00)]|

+t Y uy + x 'w)Glw), = xu, + u.
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Az @ Ap-invariant equations

1) (By, 1y, 13, + X0y, 8y) : F =1t72G(w), o =t 'uy;
2) (O, 0y, €0y, e7'0y) 1 F =u+ Guy).

As7 @ Ap-invariant equations
1 1 1
1) (exp —5(1 —q)t ) 9y, exp 5(1 —q)t ) 0y, 0 + 5(1 + q)udy, dy)
1 ) 1
(q#0,x1): F= Z(l —q)°u+exp 5(1 + )t | G(w),
1
w = exp —5(1 +q)t ) uy;
1
2) (B 112070 By 12008y, 19, + 20, 4 S (1 + qud)

1 ;
(g#0,4+1): F= Z(q2 — Dt 2u+1t1297Y G(w),

w= 1] Vuy;

1
t{qx—‘uau, (e, + x3y), £ 3

_1 +1
3) (|77 1&1% 9y, O —

1— q2
4q2

1
(gq#0,£1): F= |: @2 +x72):| u—+ j;qxflux

. - 1
HUE W Glo), E=tx"", w=E|T [xux-%%u]-

Az g @ Aj-invariant equations
1) (sintd,, costdy, 0, 0x) : F = —u+ G(uy).
Az g @ Aj-invariant equations

1) (sintd,, costay, 9 + qud,, dx)(q > 0) :

F=—-u+e¢"Gw), vw=eu,.
Ay -invariant equations

1
1) (04, =10y, 0x, O — tx0y) : F = G(w), o =ux+ 5[2;

1
2) (Oy, =10y, a0y + 51‘28,,, O + kxdy) (k>0,a >0):

F=a"(x —kt) + Gu,).
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Ay p-invariant equations

1 1, 1 1
1) <|t| z‘lau’ |t|218u, 8X7taf +xax+ 1+§q u+x|t|2q au>

1
(q#0.1):F=q(q~ 22U+ [t]2979 G(w),
o =170 Dy, — 2013

1
2) (3, v/1t18us /1110|218y, 13, + X0y + (q + 5) udy,)

1 3
(q#0): F= —Zt_zu + 97 Glw), o = |t]> Tuy.
Ay z-invariant equations

1
1) (3, 1112 8, =117 In |13y, 13, + X0, + S )

1 ,
F = —Zt_zu TG W), =t uy;

2) (B, 13y, 0, 10, + x0y) : F =17°G(w), ® = tuy;
3) (eXd,, 8, + kudy, B, +te*'d,, e *8,) (k#£0, B>0):
F = K*u+ 2k 'xek" + " G(w), o= e u,;

1
4y (e K1y, "3, a(dy + udy,) + 2kte"d,, =g @ + Kk0.)

(@#0, k>0): F=(k*—Du—4k*a"'ne" + e"G(w),

w=e "u,—u),n=x—kt.

Ay 4-invariant equations

3
1) (¢80, —1t12 10 [£]3y, Oy, 10, + XDy + [Eu —xlt|*In |t|] 3,) :

1 1
F= Zt_2u + 1t G(), @ = |t] 2uy + 5 In? 7).

Ay s-invariant equations

1) (0, |t|m—aau7 |t|lim+a8us 10; + x0y + mudy)
1 1
(m # E(l—i—a),i—l-(x;a £0):

F=m=-a(m—a— D ut||"2G), o=t "u,.
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Ay g-invariant equations

1, _ 1 _
1) (8, |t]2 sin(g ™" 1n |¢]) 8y, |¢]7 cos(g™" In|¢])dy, gtd, + qxdy

1
<5q+p>u3u> g#0,p=0):

1 _ ; _
F=_(Z+q4>f%+uﬂwfﬁhxm,w=nﬂ“ﬂwmy
A4 7-invariant equations
1
1) (3, —t3y, 8 + kdy, t3; + x0, + (2u — 5’2) 8,) (k=>0):

F=—Inlpg|+ Gw), o=n"u, n=x—kt.
A4 g-invariant equations
1) (0, + €udy, 0y, € 9,,te*d,) (e =0; 1) :
F=—-u+e¢"'Gw), w=e "u, —u);
2) (|x|"™99,, 8, t|x|™99,, td;, + xdy + mud,) (g #0, meR):
F=—m-q)(m—q—Dx"u+|x|"’Gw),
o = x|"""uy — (m— @)x""ul;
3) (0; + Koy, 0y, 10y, 10, + x0x + qudy) (k> 0,9 e R) :
F=mn"G), o=m'""u, n=x—kt
4y (x7'8y, 8 + 0y — x 'udy, tx 19y, 18, + x0y) :
F=2x""u, +x7'¢t —= 0)"'Gw), w=xu,+u;
5) {0y, —tdy, 0; + ko, + udy, ady + ud,) (@ #0,k>0) :
F =expla™'n +1)G(w), o =exp(—a~'n—tu,, n=x—kt.
Ay jo-invariant equations
1) (sintd,, costdy,, 0y + udy,, d; + ko )(k > 0) :
F=—-u+e¢"Glw), w=eu,, n=x—kt.

In the above formulas G = G(w) is an arbitrary function satisfying the condition
Fuu, #0.

8. Symmetry Reduction and Solutions of Nonlinear Wave Equations

Among the various applications of Lie symmetry groups the most prominent and
remarkable one is a possibility to construct exact solutions of nonlinear PDEs.
The basic idea is reducing multi-dimensional differential equations to ordinary
differential equations via special ansatzes (invariant solutions). A regular (but not
the only!) way to derive those ansatzes is to utilize symmetry group admitted by
the equation under study (for more details see, e.g., [14, 15]). Though the obtained
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ordinary differential equations are, as a rule, nonlinear, they possess in many cases
a residual symmetry allowing for constructing their general or particular solutions.
Inserting the latter into the corresponding ansatz yields the exact solution of initial
nonlinear multi-dimensional PDE. This method is often referred to in the literature
as symmetry reduction of PDE:s.

The majority of papers on exact solutions of Equation (1.1) deal with the PDEs of
the form

Uy = f), (7.1)
where f is a smooth function. The particular cases of the above equation are

the Liouville equation ( f(u) = e*),

the Bonnet (or sin-Gordon) equation ( f(u) = sinu),
the sinh-Gordon equation ( f(x) = sinhu),

the Tzitzeica equation ( f(u) = e* + e~ ).

It is a common knowledge that the Liouville equation is integrated in a closed
form. The sin/sinh-Gordon equations are integrable by the inverse scattering method.
Some exact solutions of the Tzitzeica equation were found in [4, 5].

A number of explicit solutions of Equation (7.1) different from those mentioned
above have been constructed in [45] (see, also [40] and the references therein). The
broad classes of exact solutions of Equation (7.1) under f(u) = Au* are obtained in
[46]. The case f = asin(u) + bsin () has been studied in [5, 12, 47].

In what follows we concentrate on constructing solutions of nonlinear wave
equation (2.7) having the richest symmetry properties. To this end we apply the
symmetry reduction method.

To perform reduction of PDEs (2.7) to ordinary differential equations we need to
describe all inequivalent one-dimensional subalgebras of the symmetry algebras of
the equations under study. What is more, basis operators of these algebras

T(t, X, )0 + &(t, X, u)0x + n(t, X, u)dy,
have to obey the following restriction [14]:
It + 1€l #£0 (7.2)

in some open domain  of the space V = R? x R! of independent R? = (¢, x) and
dependent R' = (u) variables.
As we proved in the previous sections, equations

Uy = Uy — U U3 (7.3)
Uy = Uy, + €™ (7.4)
Uy = Uy +mn|uy| (m > 0); (7.5)
Uiy = Uy + | (K #£0,1). (7.6)

enjoy the highest symmetry properties amongst PDEs of the form (2.7).
We consider in some detail the main steps of the symmetry reduction algorithm
for Equation (7.3). To classify one-dimensional subalgebras we utilize the method
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suggested in [44] and the lists of one-dimensional subalgebras of four-dimensional
subalgebras obtained in [44].
Equation (7.3) admits the algebra

Al = (A33® A)D (es),

where A3 = (e, €2, €3) = (Udy, dx, Xudy), Ay = (e4) = (9), es = 10, + x0y.
In what follows we need the commutation relations of the basis operators of the
algebra A3 ; @ A, with the operator es:

le1,es] =0, [ex,es] =ea, [e3,e5] = —e3, [e4,e5] = e4.

According to [44] the one-dimensional subalgebras of A3 @ A; defined within
the action of inner automorphism group of this algebra are (e;), {e; + aes), (€s),
(€2), (e2 + aeyq), (e3), (e3 + aes), (€2 + Bes), (ex + Bes + wey) («, B # 0). The above
subalgebras can be further simplified by using transformation group generated by
the operator es. For example, using the Campbell-Hausdorff formula we transform
e + aey as follows:

exp(fes)(e; + aey) exp(—0Oes) =e; + aele,.

Consequently, choosing & = — In |«| we simplify e; + aes to become e, + e4. Similarly,
we prove that we can put« = £1ine; + wes and 8 = 1 in e, + Bes, e3 + Bes + wey.

To complete classification of one-dimensional subalgebras we have to describe
all inequivalent subalgebras with non-zero projection on the basis operator es, i.e.,
subalgebras of the form

A =es+aje +are; +azez +ages, ap,ar, a3, a4 €R. (1.7)

Utilizing the automorphism exp(6e,4) with a properly chosen 6 we have oy = 0in (7.7).
Next applying the transformation exp(0;e; + 6,e3) to operator (7.7) reduces it to one
of the following operators es, es + ae; (@ # 0).

So the list of the one-dimensional subalgebras of the five-dimensional algebra
Al determined within the action of inner automorphism group is exhausted by
the following algebras: (e)), (€] £ es), (es), {€2), (€2 + xes), (e3), (€3 £ es), (€2 £ €3),
(e2 £ e3 + wey), {es), (es + aer) (o # 0). By direct verification we prove that the basis
operators of the algebras (e;), (e3) do not satisfy condition (7.2).

Finally, we make use of the fact that the discrete groups of transformations

f=—f,x=x, v=u
I=t, X=-x,v=u
f=—t,Xx=—x, v=u,

also belong to the equivalence group of (7.3). Using the above transformations
enables to further simplify the optimal system of inequivalent subalgebras

(e1 +eq), (es), (e2), (ex+aes), (e3+ eq),
(ex £ e3), (er ez + aeq), (es), (es + aey) (o > 0). (78)

The second step of the method of symmetry reduction is constructing the complete
set of invariants f(¢, x, u) for each inequivalent one-dimensional subalgebra. As a
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typical example, we consider the case of the subalgebra (e; + e4). To construct its
invariants we need to integrate the first-order PDE

(e1+ey) o Ft,x,u)=0
or
ukF,+ F, =0.

The complete set of first integrals of the above equation is w; = x, w; = e 'u.
Hence we get the general form of invariant solution (ansatz) w, = ¢(w;). Solving
this equation with respect to u we finally have

u=copx). (7.9)

Inserting (7.9) into (7.3) yields ordinary differential equation for unknown
function ¢

¢" =9 (@) -9 =0,
which is easily integrated

1
@ = exp [Exz—l—C]x—l—Cz], Ci,C eR.

Inserting the so obtained expression for ¢ into ansatz (7.9) yields the explicit form of
invariant solution of equation (7.3)

1
u=exp|:t+5x2+C1x+C2], CI,CZER.

The full list of so obtained exact solutions of (7.3) is given in the Appendix.
In a similar way we perform symmetry reduction and construct exact solutions of
Equations (7.4)—(7.6). These solutions are also listed in Appendix.

9. Concluding Remarks

Let us briefly summarize the results obtained in this paper.
We prove that the problem of group classification of the general quasi-linear
hyperbolic type Equation (1.1) reduces to classifying equations of more specific forms

L owy =uwee + F(t, x, u,uy), Fyu #0;
IL wy =ue + g0t x, wWu, + f&, x,u), gy #O0;
OL wy =g, X)uy + ft, x, 1), 8 #0, fuu #0;

IV. Uiy = f(ts X, Lt), fuu 7& 0.

The cases of PDEs that are essentially nonlinear in u, (the class of PDEs I) and
either linear in u, or do not depend on u, (the classes II-IV) need to be considered
separately.
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If we denote as DE the set of PDEs II-I11, then the results of application of our
algorithm for group classification of equations I-IV can be summarized as follows.

—  We perform complete group classification of the class DE. We prove that the
Liouville equation has the highest symmetry properties among equations from
DE. Next we prove that the only equation belonging to this class and admitting
the four-dimensional invariance algebra is the nonlinear d’Alembert equations. It
is established that there are 12 inequivalent equations from D& invariant under
three-dimensional Lie algebras. We give the lists of all inequivalent equations
from DE that admit one- and two-dimensional symmetry algebras.

— We have studied the structure of invariance algebras admitted by nonlinear
equations from the class I. It is proved, in particular, that their invariance algebras
are necessarily solvable.

—  We perform complete group classification of nonlinear equations from the class
of PDEs I. We prove that the highest symmetry algebras admitted by those
equations are five-dimensional and construct all inequivalent classes of equations
invariant with respect to five-dimensional Lie algebras. We also construct all
inequivalent equations of the form I admitting one-, two-, three- and four-
dimensional Lie algebras.

The results of group classification of the class of nonlinear wave equation (1.1)
are utilized for constructing their explicit solutions. Namely, we perform symmetry
reduction of all Equation (1.1) admitting five-dimensional symmetry algebras to
ordinary differential equations and constructed multi-parameter families of their
exact solutions.

Appendix. Exact solutions of Equations (7.3)-(7.6)
Below we present the lists of invariant solutions of nonlinear wave equations

(7.3)—(7.6), which are obtained using the symmetry reduction approach.
Exact solutions of (7.3):

1
(el+e4):u=exp|:t+§x2+C1x+C2i|,

(e4) : u =exp[Cix + (3],
(e2) :u=Cit + G,
(e +aes), (0 >0):u=GCGlt —ax + Clll_“z,

1
(63 +€4) T U =exp [tx—i— Ex4+C1x+C2:| s

1
(e —e3) :u = Cyexp <—§x2> cos(t + (),
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1
(e +e3) :u=Cexp <§x2> cosh(t + (),

1
(ez+eg+e4):u:exp[Cl-l-Exz:i:(t—x)],

1 t— 1o?
(e —es+aeq) (@ # 1,0 >0):u=Cyexp <—§x2> |:cos <C1+ 2 ONIC):I ’
a2 —

1 t— 1—a?
(e2+e3+aey) (@#1,a0>0):u=Cyexp <—§x2> [cosh (C1 + ]70”;)] ,
-«

£ 1 1+ 11!
(65)1u=eXP/ Cl(?lz—l)-lr*(nz—l)ln7)7 —-n| dn+ Gy, E=tx"",
4 1—n| 2
§ 1 1+ -
(es—i—el):u:texp:/ [C1n2+§n1n I_Z‘—n} dn+ Gy,

&
(es + aey) 1 u = |t|* exp [/ g(mdn + Cl] , where & = rx~! and g(&) is a solution of
the Riccati equation, £2(£2 — 1)g’ = £%g% — 2&(£* — a)g + a(a — 1).

Here e; = ud,, e, = 0y, e3 = xudy,, es = 9, es =19, + xd, and Cy, C, are arbitrary
real constants.
Exact solutions of (7.4):

(eq) tu=Cit + (G,

(e2) ru=x+CPHIl —Injx + C]] + &,

(ex+aes) (@>0,0 £ 1) :u=x—at)n|l —o?
—(x—at+C)[n|x —at + C| — 114+ C,,

(5 +aeq) (@>0):u=0atx +a? expa™'t) + Cit + Gy,

1
(e2+ees) (e=%1):u= Eetz + o), ¢ = y©x),

y—Inle —e¥| = ex + Cy,

1
(e2+Bes+es) (B#0):u= Eﬂt2+(x—r)1n|ﬁ|+cl,

(02 Bes +aes) (B # 0,0 > 0,00 # 1) s = 20" + (), n=x—at,

p=ym.y—m|p—e|=p1-a>)'n+C,
(es) :u = —xIn|x| + Cit + x,
(es +aes) (@ >0):u=(at —x)In|x| +xp), &= tx7,

(& —D¢" +expl—6¢' + ¢ +af — 1] =1 +at.
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Here ¢y =9,, e =9,, e3 =10,, €3 =0y es =19; + x3, + (u — x)d, and C;, C, are
arbitrary real constants.
Exact solutions of (7.5):

(e1 +e4) :u=x+ Cit + Gy,

(eq) :u = Cit + Gy,
d

(@) u=9¢x), ¢ = f), /—f:—merCl,
In|f]

(e +e4) :u=x—1t+ Cy,
(2 taeq) (@>0, a#D:iu=9mn), n=x—at, ¢ = f(n),

af m
[ i =@

1 1 1
(es+aes) (@>0):u=0o'tx+ Emt2(1 +Ina) + Emﬂ (ln t] — 5)
+Cit+ G, > 0,

1 . .
(es) 1 u = Emz In|t| + 2@, where ¢ = @(&) (¢ = tx~!) satisfies equation

3
E2(E2 — )¢ +26(82 — 2)¢' — 29 + mIn|E%¢'| — Sm=0.

Here e; = 0y, €2 = 0;, e3 =10y, €3 = dy, €s =13, +x0, + (2u + %mtz) 9, and Cy, C»
are arbitrary real constants.
Exact solutions of (7.6):

(e1 +es):u= %tz—i—x—i—Clt—i-Cg,

(eg) tu=Cit + Gy,

() :u=Q2—k "N Ci + (k- Dx)* + C, and k # 2,
u=Clnlx —Ci|and k = 2;

(es + aes) (o >0,oz;él):u=(1—oz2)ln|C1 —x+at|+ G and k= 2,
u=;%];<;2;_kl>7 Ix —at +Cy|T* + G and k #0, 1,2,

(es+es) iu=tx+t(njt|] -1+ Cit +Cand k= —1,
u=tx—Inlt|+ Cit + C; and k = —2;

u=tx+ k> +3k+2)" "+ Cit + C;and k #£0, 1, —1, -2,
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He
G,

1 X
(ep+€e3) (e==%1):u= Eetzf f(mdn + C,, where f is defined by

df
Y C,
/e—|f|k e
1 n
(er+€es+aey) (e==%1, a>0):u= EGIZ/ f(2dz+ C,,
_ . af 2-1
n = x — at, where f is defined by W_(l—a) z+ Cy,

(es) 1u= |t|%go(§), £ =tx~', where ¢ is defined by

k—2 k—2
2 2_1 n 2 2_ / _1k2k nk =0
£E " + s(s 7/{_1)‘/’ DR e
and k #£0,1,2,
§ 1 1+ 177!
u=/ [Cl(l—n2)+7<1—n2>ln‘—"‘—fn} dn+ G,
4 11— 2

& =tx 'and k=2,
&
(es +aer) (@ > 0) tu=alnli] +/ fendn + Ci.

£ =tx"', f= f(n)is asolution of Riccati equation
=D+ P2’ f+a=0andk=2.

re e =d, e =10, e3=1d, ey =30, es=1d +xd+2uj, k#0,1 and
C, are arbitrary real constants.

References

~

= O 0 00O\ W

—_ =

13.
14.
15.

. Novikov, S.P., Manakov, S.V., Pitaevskii, L.P., Zacharov, V.E.: Theory of Solitons. The Inverse

Scattering Method, Consultants Bureau, New York (1980)

. Whitham, G.B.: Linear and Nonlinear Waves. Wiley-Interscience, New York (1974)
. Calogero, F., Degasperis, A.: Solitons and the Spectral Transform I. North-Holland, Amsterdam

(1982)

. Andreev, V.K., Kaptsov, O.V., Pukhnachev, V.V., Rodionov, A.A.: Application of Group-

Theoretical Methods in Hydrodynamics (in Russian). Nauka, Novosibirsk (1994)

. Kaptsov, 0.V, Shan’ko, Yu.V.: Differential Equations 35, 1683 (1999)

. Ganzha, E.L: Theoret. and Math. Phys. 122, 39 (2000)

. Weiss, J.: J. Math. Phys. 25, 2226 (1984)

. Zhiber, A.V., Sokolov, V.V.: Russian Math. Surveys 56, 61 (2001)

. Lie, S.: Arch. for Math. 6, 328 (1881)

. Ovsyannikov, L.V.: Dokl. Akad. Nauk SSSR 125, 592 (1959)

. Ibragimov, N.H.: CRC Handbook of Lie Group Analysis of Differential Equations. V.1. Symme-

tries, Exact solutions, and Conservation Laws. CRC, Boca Raton (1994)

. Zhdanov, R.Z., Lagno, V.I.: (in Ukrainian), Dopov. Nats. Akad. Nauk Ukr. Mat. Prirodozn.

Tekh. Nauki, no. 3, 12 (2000)

Zhdanov, R.Z., Lagno, V.1.: J. Phys.A: Math. Gen. 32, 7405 (1999)

Ovsyannikov, L.V.: Group Analysis of Differential Equations. Academic, New York (1982)
Olver, P.J.: Applications of Lie Groups to Differential Equations. Springer, Berlin Heidelberg
New York (1986)

@ Springer



Acta Appl Math (2006) 91: 253-313 313

. Ovsyannikov, L.V.: (in Russian), Zhurn. Prikl. Mekh i Tekhn. Fiziki, no. 3, 126 (1960)

. Barone, A., Esposito, C., Scott, A.C.: Riv. Nuovo Cimento 1, 227 (1971)

. Kumei, S.: J. Math. Phys. 16, 2461 (1975)

. Pucci, E., Salvatori, M.C.: Internat. J. Non-Linear Mech. 21, 147 (1986)

. Ames, W.F., Adams, E., Lohner, R.J.: Internat. J. Non-Linear Mech. 16, 439 (1981)

. Ames, W.F.: Nonlinear Partial Differential Equations in Engineering, vol. II, pp. 87-142. Acad-

emic, New York (1972)

. Oron, A., Rosenau, Ph.: Phys. Lett. A 118, 172 (1986)

. Suhubi, E.S., Bakkaloglu, A.: Internat. J. Non-Linear Mech. 26, 567 (1991)

. Gandarias, M.L., Torrisi, M., Valenti, A.: Internat. J. Non-Linear Mech. 39, 389 (2004)
. Arrigo, D.J.: Internat. J. Non-Linear Mech. 26, 619 (1991)

. Kingston, J.G., Sophocleous, C.: Internat. J. Non-Linear Mech. 36, 987 (2001)

. Torrisi, M., Valenti, A.: Internat. J. Non-Linear Mech. 20, 135 (1985)

. Chikwendu, S.C.: Internat. J. Non-Linear Mech. 16, 117 (1981)

. Pucci, E.: Riv. Mat. Univ. Parma 12, 71 (1987)

. Donato, A.: Internat. J. Non-Linear Mech. 22, 307 (1987)

. Ibragimov, N.H., Torrisi, M., Valenti, A.: J. Math. Phys. 32,2988 (1991)

. Abramenko, A., Lagno, V.I., Samoilenko, A.M.: Differential Equations 38, 502 (2002)
. Lagno, V.I., Samoilenko, A.M.: Differential Equations 38, 384 (2002)

. Basarab-Horwath, P., Lahno, V., Zhdanov, R.: Acta Appl. Math. 69, 43 (2001)

. Lahno, V., Zhdanov, R.: J. Math. Phys. 46, 053301 (2005)

. Jacobson, N.: Lie Algebras. Interscience, New York (1962)

. Barut, A.O., Raczka, R.: Theory of Group Representations and Applications. PWN-Polish Sci-

entific, Warszawa (1977)

. Goto, M., Grosshans, F.D.: Semisimple Lie Algebras. Marcel Dekker, New York (1978)
. Fushchych, W.I., Shtelen, W.M., Serov, N.I.: Symmetry Analysis and Exact Solutions of Nonlin-

ear Equations of Mathematical Physics. Kluwer, Dordrecht (1993)

. Ibragimov, N.H.: CRC Handbook of Lie Group Analysis of Differential Equations. V.2. Appli-

cations in Engineering and Physical Sciences. CRC, Boca Raton (1994)

. Polyanin, A.D., Zaitsev, V.F.: Handbook of Nonlinear Partial Differential Equation. CRC, Boca

Raton (2003)

. Mubarakzjanov, G.M.: (in Russian), Izv. Vyssh. Uchebn. Zaved. Mat. 55, 95 (1966)

. Mubarakzjanov, G.M.: (in Russian), Izv. Vyssh. Uchebn. Zaved. Mat. 32, 114 (1963)

. Patera, J., Winternitz, P.: J. Math. Phys. 18, 1449 (1977)

. Nesterov, S.V.: (in Russian). In: Applied Problems of Mathematics, Proceedings of Moscow

Energy Institute, Moscow, p. 68 (1978)

. Polyanin, A.D., et al.: (in Russian), Handbook on Exact Solutions of Heat- and Mass-Transfer

Equations, Faktorial, Moscow (1998)

. Bullough, R.K., Caudrey, P.J.: Rocky Mountain J. Math. 8, 53 (1978)

@ Springer



	Group Classification and Exact Solutions of Nonlinear Wave Equations
	Abstract
	Introduction
	Group Classification Algorithm
	Preliminary Group Classification of Equation (1.1)
	Group Classification of
	Preliminary Group Classification of
	Completing Group Classification of (2.8)

	Group Classification of Equation (2.12)
	Group Classification of Equation (2.13)
	Group Classification of
	Group Classification of
	Nonlinear
	Invariance Under Decomposable Lie Algebras
	Invariance Under Non-decomposable Three-dimensional Solvable

	Complete Group Classification of
	Equations Containing Arbitrary Functions of One Variable
	Classification of Equations with Arbitrary Functions of Two Variables
	Equations Invariant Under Four-dimensional Solvable Lie Algebras


	Symmetry Reduction and Solutions of Nonlinear Wave Equations
	Concluding Remarks
	Appendix. Exact solutions of
	References



