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Abstract

We perform complete group classification of the general class of quasi linear 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.

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
(PDESs).

The majority of fundamental equations of mathematical and theoretical physics admit wide sym-
metry 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-Backlund 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].
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In this connection it seems to be a very important problem to select from the reasonably exten-
sive 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 Ovsyan-
nikov 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 classi-
fication 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 dimen-
sional 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.

In this paper we apply the approach mentioned above to perform group classification of the most
general quasi-linear hyperbolic type PDE in two independent variables.

1  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 ([13])).

While classifying a given class of differential equations into subclasses, one can use different clas-
sifying 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 equa-
tions 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 triv-
ial) 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:

U = Ugy + F(t, 2, u, uy). (1.1)

Here F' is an arbitrary smooth function, u = wu(t,x). Hereafter we adopt notations u; = %, Uy =

Ou _ 0%u
E,Utt—w,....

Our aim is describing all equations of the form (1.1) that admit nontrivial symmetry 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 simplify 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

Uty + A(t, z)ur + B(t, x)ug, + C(t, z)u =0 (1.2)

with w = u(t, z), 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).

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:

Ugt = Uge + F(u); [17] — [19]
ug = [f (u)uz]e; 20] — [22]
u = f(Ug)Usgy; [22, 23]

uy = Fug)uze + H(uy); [24]
ugt = Fugy); [22]
Upy = Uy Uy + fu);  [25]
ug + f(u)ur = (g(w)ug)z + h(u)ug; [26]
ug = (f(x,u)ug) - [27]

Analysis of the above list shows that the most of arbitrary elements (= arbitrary functions) depend
on one variable. This is not coincidental, indeed, the Lie-Ovsyannikov approach works most efficiently
for the case when arbitrary elements 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

Ut + Mgy = g(uv um); [287 29]
ug = [f(w)uz + g(x,u)]s; [30]
uy = f(2, Uz )Uze + g(T, uy) 31]

are not complete.

We suggest the new approach to problem of group classification of low dimensional 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

Up = Ugy + F(t, 2, u,uy).



Later on, we performed complete group classification of the most general quasi-linear evolution equa-
tion [32]-[34]
Uy = f(ty x, U, u:c)umc + g(t) Z,U, ux)

A starting point of our analysis is a well-known fact that solutions v, = (74,&4,74), a = 1,...,n
of the determining equations (we denote them as DE) for symmetry operators

Q =T1(t,z,u)0 + &(t, z,u)0p + n(t, T, u)0,

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,

or, equivalently,
DE,

Qi — Qi = Cf 7.,

Qi&; — Q& = ij &k,

Qinj — Qimi = Cf M-
In the above formulas the indices i, j, k take the values 1,...,n (n > 1 is a dimension of the cor-
responding Lie algebra), ij are structure constants of the Lie algebra ¢ and Q, = 7,(t,x,u)0; +
Ea(t, x,u)0p + na(t, z,u)0y.

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 Eq.(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,...,ng, where ng 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 n < 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.
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 £.

2 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
Q =7t z,u)0 + (¢, x,u)0z + n(t, x,u)0y, (2.1)

where 7, &, 7 are smooth functions defined on an open domain € of the space V = R? x R! of indepen-
dent R? = (t,z) and dependent R! = (u) = u(t, z) variables.

Operator (2.1) generates one-parameter invariance group of (1.1) iff its coeflicients 7, £, n, € satisfy
the equation (Lie’s invariance criterion)

Sptt_SOII_TFt_éFx_nFu_(PIFuw =0, (2-2)

where

¢! = Dy(n) —uDy(r) — uy Dy(€),

" = Dz(n) —wDy(7) — uz Dy (§),
o' = Di(¢") = uuDi(1) — ue Dy(),
2 (¢") = Ute Dy (T) — Uge Dy (€)

AS)
&
8
|
3

and Dy, D, are operators of total differentiation with respect to the variables ¢, z. As customary, by

writing we mean that one needs to replace uy and its differential consequences with the expression

(1.1)
uz, + F and its differential consequences.

After a simple algebra we represent (2.2) in the form of system of four PDEs:

§u = Tu = Nuu =0,

—& =0, &—1, =0,

204y + T2 Fy, =0, (2.3)
Nt — New — 2UgNeu + [Ny — 27) F' — TFy — £F,

—nFu = [N + Uz (Nu — &) Fu, = 0.

It follows from equation (1) that 7 = 7(t,x), £ = £(t,x),n = h(t,x)u + r(t,x). In the sequel we
differentiate between the cases Fy, , # 0 and F,,_,, = 0.

Case Fy y, # 0. It follows from (3) that 7, = h;y = 0. Taking into account these equations and
also equation (2), we obtain 7 = A + A\;,{ = Az + A2, h = h(x), where A\, A1, Ay are arbitrary real
constants.

Case F,,,, = 0. If this is the case, then F' = g(t,z,u)u, + f(t,z,u), where f and g are arbitrary
smooth functions.




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

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

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

Tttt — Topx — 2h'ux + [h — QTt]f — Tft — éfa: — [hu + T]fu =0.

As functions 7,&, h,r, f do not depend on u,, we have h’ = 0. Hence n = mu + 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:

2hy = =729, 2he = —Teg — 79t — &G

(htt - hxw)u + 1y — Tex + f[h - 27—t] - Tft - Efm - [hu + T]fu - (h:pu + T:E)g =0.

Integrating equation (2) yields 7 = ¢(6) + ¢ (o), £ = —p(0) + ¥(0), where @, 1) are arbitrary smooth
functions of 0 =t — x,0 =t + 2. So we prove the following assertion.

Theorem 1 Provided F, ., # 0, the mazimal invariance group of equation (1.1) is generated by the
following infinitesimal operator:

Q= (At ~+ X)0 + (A\x + A2)0g + [h(z)u + r(t, )]0, (2.4)

where X\, \1, A2 are real constants and h = h(x), r = r(t,z), F = F(t,z,u,u;) are functions obeying
the constraint

d’h dh
e L 2%1@ +(h—2\)F
—M+XN)EF— (Ax+ X)) Fy — (hu+1) F, (2.5)

dh
—(ry + %u + (h—MNug) F,, =0.

If F = g(t,z,u)uy + f(t,x,u), g, # 0, then the maximal invariance group of equation (1.1) is
generated by infinitesimal operator (2.4), where X\, A\1, Ao are real constants, and h,r, g, f are functions
satisfying the system of two equations

—2h" — Ag = (At + A1)ge + (Az + X2)ge + (hu + 7)gu,
—h w41y — e+ (B =20\ f = A+ M) fi + Az + Xo) f (2.6)
+(hu+7)fu+ g(h'u+ry).

Next, if F = g(t,x)uy + f(t,z,u), ¢ Z0, fuu # 0, then the infinitesimal operator of invariance group
of equation (1.1) reads as

Q=1(t2)0+&(t,x)0y + (R(t,x)u+r(t,x))0y,
where 7,&, h,r, g, f are functions satisfying the system of PDEs
Tt =& =0, &—1=0,
2ht = =729, 2hg = —Teg — TGt — &G,

(hit — haz)u+ 1y — 1700 + f(R—27) — T f3
—&fz — (hu+7)fy — (hgu+15)g = 0.

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

Q = [0(0) + ¢(0)]0: = [0(0) = $(0)]0r + [Fu + r(t, 2)]Ou,



where k € R, 8 =t—x, o =t+x and functions p,¥,r, f and constant k satisfy the following equation:

Tit — Tax + [k — 250/ - 2¢,]f —(p+P)fe +

d d
o= W) fa = (ku+1)fu =0, ¢ =2, w’:%

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 = Ugy + F(t,x,u,uy), Fypu, 7 0; (2.7)
U = Ugg + 9(t,x, w)ug + f(E,x,u), gy #0; (2.8)
Uy = Ugy + gt x)ug + f(t,z,u), g#0, fuu #0; (2.9)
U = Uge + f(t,m,u), fuu #O. (2.10)

Consider the last two equations. Using the change of variables
t=t—z, T=t+xz, u=uv(t71)

we reduce them to the equations

Viz

Vg g(t,T)(vg —vz) + %f(f, T,v). (2.11)

Now making the change of variables
t=t =z, (1) =A{L7T),

where A = exp [—1 [ g(¢,Z)dz], we transform (2.11) to become
Vg = 1 AA7 ) b5 — ! ATIAGD lAflA— o+ A1
tz = 49 t ] Vz 4.9 iU+ 1 zgv + f
Hence we conclude that the following assertion holds true.

Assertion 1 The problem of group classification of equations (2.9), (2.10) is equivalent to the one of
classifying equations

Uty = g(tvl')ux + f(t,IE,U), 9z 7£ 0, fu’u 7£ 0; (212)

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).



3  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, A1, A2 and functions h,r, g, f satisfy equations (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 h,r and constants A, A1, A9 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 generated 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=a(t,z,u), z=p06tmzu), v=U(x,u), (75’7

should reduce (2.8) to an equation of the same form

with possibly different f , 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 mazimal equivalence group € of equation (2.8) is
t=kt+k, T=ckr+ky v=X(@)u+Y(tx), (3.1)
where k #0, X #£0, e = %1,k k1, ko € R, and X,Y are arbitrary smooth functions.
This completes the first step of the algorithm.
3.1 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 siz forms:

Q= m(toy +50,), m£0; Q=0+ 00 >0
Q=0 +o(x)udy, 0 #0; Q=0 (3.2)
Q=0c@)udy, oc#0; Q=0(tz)0,, 6F0.

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 PDEs and just give the
functions f and g)

Al = (0 +20;) :g=1 ,
f=a2f(,u)p =t~ gy # O;

A} = (0 + B0:) 1 g = gn,u), | = fln,u),
n=x—pt, B>0, gy #0;

A3 = (0 + o(x)udy) : g = —20'c L In |u| + G(p, v),
f=(c'c™)2uln? [u| — o'c " G(p, z)uln [u| — oo uln |u| + uf(p, x),
p =uexp(—to), o #0;

A= (0:) g =g(t,u), f=F(tu), Gu#0;

A = (o(z)udy) : g = =200 In|u| + §(t,z), f= (oo~ ")>uln? |u]
—(o7 Yo" + 07 o' §(t, z))uln ju| + uf(t,z), 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,e2,e3) : [e1,e2] =e3, [e1,e3] = —ea, [e2,e3] =e;
sl(2,R) = (e1,€ea,e3) : [e1,ea] = 2eq, [e1,e3] = —2es, [e2,e3] = e€1.

We start by noting that one of the basis operators ej, ez, e3 can be reduced to one of the five
operators (3.2) (see, Lemma 1). We consider in detail the case of operator

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

le1,Q] = —A10; — XaOy + [xh'u + 27y + t1r4] O,

To satisfy the first two commutation relations for each of the algebras under study, the basis operators
e2, €3 have to be of the form
10 + @20, + (y(x)u + p(t, )0y,

where oy, a9 € R, v 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 equations (2.8) invariance algebras of which are isomorphic to
semi-simple Lie algebras or contain them as sub-algebras.

Proof. Suppose the inverse. Let (2.8) be an equation the invariance algebra of which contain a sub-
algebra 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 si(2,R). However,



due to Lemma 2 there are no realizations of the algebras so(3), sl(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 sub-algebras 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|

Agq = (e1,e2) : [er,ea] = 0;
Azo = (er,e2) : [e1,e2] =ea.

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 Ay there is no difference between operators e;
and eg, while for the algebra As o 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 As ;. Let the operator e; be of the form (3.3) and the operator ey read as (2.4). It
follows from the relation [e1, e3] = 0 that Ay = Ao = zh’ =0, tr; + zr, = 0. Consequently, we can
choose the basis elements of the algebra under study in the form (td; + 0, (mu + r(v))d,), where
m € R, ¢ = tz~!. Provided m = 0 the operator ey becomes r(1))d,. As established earlier, this
realization does not satisfy the determining equations. Hence, m # 0. Making the change of variables

t=t, T=x, v=u+m r@)

reduces the basis operators in question to the form t9; + 70z, mvd,. That is why we can restrict our
considerations to the realization (t0; + 20y, udy).

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 As 1.

Algebra Ajo. If operator e; is of the form (3.3), then it follows from [e1, ea] = es that A = A\ =
Ao =0, zh' = h, try +xry =r.

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

So the only possible case is when ey = (mazu + 27(1)))dy, m # 0, ¢ = tz~!, which gives rise to the
following realization of the algebra Aso: (t0; + 0, zud,). This algebra is indeed invariance algebra
of an equation from the class (2.8) and the functions f and g read as

9= -2 Inful+27'5(0), f =2 2uln®ful - 2 2G(¢)ulnu] + 2 2uf(w), ¢ = te~.

Analysis of the remaining realizations of one-dimensional Lie algebras yields ten inequivalent Ao -
and Ag o-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 As1-invariant nonlinear equations (2.8). Below we
list the realizations of Aa.1 and the corresponding expressions for f and g.

1) (8, 0(x)udy,) : g =200 In|ul,
f= ("o Huln? u| — o 'o'uln ju| + uf(z), o #0;
2)  (0,00) g =g(u), f=flu) gu#0;
3)  (0n,0r+udu):g=3w), f=exp(t)f(w), w=exp(—t), o #0;
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D (o(x)udu,dr %ka(x)w(x)u8u> g = —20'0 " n fu| + kt + §(x),
f=('cH2uln?ju| — o to"uln ju| — o~ o’ (kt + §(z))uln |ul

1 1 1 ~
+uLhﬂf%+4Hﬂ+2@um+ﬂ@,

k#0, o #0, 1/1:/01dx.

Theorem 5 There exist at most siz inequivalent Ag9-invariant nonlinear equations (2.8). Below we
list the realizations of Aa.1 and the corresponding expressions for f and g.

1) (0, + 20y, k™ |2[Fudy) : g = a7 (=2k In [u] + (1)),
f=a2u(=k*In” |u| + k() In |u] + k(k — 1) In |u| + f(1)),
k#0, ¢ =te !

2) (O + B0y, exp(B~'w)udy) : g = —26""1n|ul + g(n),
f=B"2uln’ [ul — (872 + B~ g(n)uln |u] + uf(n),
p>0, n=x—pt

3) (=t — 20y, 0 + B0:) : g =0 G(u), f=n"2f(u), B >0,
n=x—pt gu#0;

4) (—t0y — 10z, 0 + mx~ udy) : g = 271 (2mah + g(w)),
f=a7=2mpu — 2map — 2 — §(w) + exp(mep)g(w)],

m >0, w=uexp(—m)), ¥ =tz G, #0;

5) (D, e"udy) : g = —2In|u| + §(t), f = uln?|u|—
—uln fu|(1+§(t)) + uf(t);

6) (—t0, — 20,,0z) : g = t7'G(u), f=1t"2f(u), Gu # 0.

3.2 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 Ay -invariant equation. The remaining
cases are handled in a similar way.

Putting g = =200 'In|ul, f = (¢'c " Yuln?|u| — o o "uln|u| + uf(z), o = o(x), o’ # 0 we
rewrite the first determining equation to become:

—2h' +2X\d’c M In ju| = —2(A\z + o) (0’o V), In|u| — 2ha’o! — 2rd’o T u L
As h = f(x),0 = o(x), r=r(t,z), A\, \a € R, the above relation is equivalent to the following ones:
W =doth, r=0 X'o'=—z+ X)o7,

If o is an arbitrary function, then A = Xo =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 ¢ = 0’c~! is a (non-vanishing identically) solution of equation

(az+B)Y' +ayp =0, a,B€R, |af+[8] # 0.

11



If o # 0, then utilizing displacements by = we can get 3 = 0, so that ¢y = ma™!, m # 0. Integrating
the remaining determining equations we get

g=—2mz ' Inlu|, f=mz2[muln®|ul — (m — Duln|u| +nu), m#0, m,n €R.

The maximal invariance algebra of the obtained equation is the three-dimensional Lie algebra (9,
|| udy, tOy + x0y) isomorphic to Ag.7.
Next, if o = 0, then 8 # 0 and what is more ¢ = m, m # 0. If this is the case we have

1 1
g=Inlu|, f= Zuln2 lu| — 1u1n\u| +nu, n € R.

The maximal invariance algebra of the above equation reads as

(O, Oz, exp (—;l’) UOy).

It is isomorphic to Ass.

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.

Ag o-invariant equations

1) U = Ugy + ug In fu| + Fuln® ju| — Tuln|u| +nu (n € R) : (O, Oy, exp (—57) udy);
2) g = Uy + mIn u| — tJug + 2u[(Inul — £)(In |u| — ¢ — 1)] + nu(m > 0,
n € R) : (Oy, O + udy, exp (—%maz) uOy,).
As 4-invariant equations
1) ug = Ugy + 27 210 Ju| + ma ™M + njuy + 27 2uln |ul
+(mz~lt +n —2)2 2uln |u + Im22 =20 + tm(n — 3)a3tu + pr—2u
(m#0, n,p €R): (td + 20y, v~ udy, 0 — T~ In|z(ud,).
As s-invariant equations
1) ug = Uge + |u|™ug + njul1T2™ (m #£0, n € R) : (04, Op, t0; + 0, — m™ ud,);
2) Upy = Uy + €Uy +ne* (n € R) : (O, Or, tO; + £0p — Oy);
3) Uy = Ugy — 210 Ju| — ma— 't — nju, + z2uln? |yl
—z2(ma~ "+ n)uln |u| + uz™? [Za 22 + 2(n — )z~ 't + p]
(m,n,p € R) : (t0 + £0y, xudy, O + %ffluﬁu}.
Ag 7-invariant equations
1) ugy = Uy — 2ma ™ ug In [u| + mz=2[muln? ju| — (m — 1)uln [u| + nu
(m #0,1;n €R) : (O, |z|™udy, 0 + x0y);
2) Upt = Upy — 2 2k + In [u| — ma— ' — nju, + k2 2u1n? |ul
—kz2[mtz™! + k+n—1uln |u| + im(k — 2+ n)tz3u
+im* e+ pr~?u (k| #0,1;m #0,n,p € R) :
(t0; + 20y, |z|*udy, O + ﬁmx_lu&).

This completes group classification of nonlinear equations (2.8).
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4  Group classification of equation (2.12)

Omitting the intermediate calculation details we give the determining equations for symmetry opera-
tors admitted by equation (2.12).

Assertion 3 The mazimal invariance group of PDE (2.12) is generated by the infinitesimal operator
Q= 7(t)0 + §(2) 0y + [R(t)u + r(t, 2)]0u, (4.1)
where 7,&, h,r, f, g are smooth functions satisfying the conditions

Ttx+f[h_7't_€a:] :grx+7ft+§fx+[hu+r]fuv (4'2)
ht =719 + Tgt + £Ga-

Assertion 4 The equivalence group € of (2.12) is formed by the following transformations of the
space V:

=U)u+Y(t,z), XU +#0; (4.3)

(1)  t=T(), z=X(x),
t =U(2)®(t,z)u+Y(t,x), X'V #0,

2)
B(t,0) = expl- [ g(t.0)dt) g, 20

Given the arbitrary functions g and f equation (4.2) holds only when 7 = h = £ = r = 0. This
means that in the generic case the maximal invariance group of (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 10y + x0y; Q= 0;; Q = Oy + tudy;
Q = Op+euby, e=0,1; Q = tuld,, (4.4)
Q = udy, Q=r(tx)dy, r#0.

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

Q=1T"0; +&X'0z + [(tU' + Uh)u + 7Ys + €Y, + Ur|0,. (4.5)
Provided o - £ # 0, we can choose non vanishing identically solutions of the equations
T =T, ¢X'=X, U +hU =0, 7Y, +&Y, +Ur =0

as T, X,U,Y thus getting operator Q (4.5) in the form Q = t9;+ Zdz. If 7 # 0, and & = 0, then taking
the solutions of the equations

T"=1, 7U +hU =0 (U #£0), 7Y+ Ur =0

as T,U,Y reduces operator (4.1) to the form Q=08.1If7 =0, £+0, then under &/ # 0 we get the
operator Q = 05 + tvd,. Next, if k' = 0, we arrive at the operator Q = 5 + €vd,,, where either € = 0
or e =1.

Finally, the case 7 = & = 0, gives rise to the operators Q = tvd,, Q = vd,, Q = 7(t, T)0y.
Rewriting them in the initial variables we get the operators listed in the statement of lemma. The
lemma is proved.
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Theorem 6 There exist at most three inequivalent nonlinear equations (2.12) that admit one-dimen-
sional invariance algebras. The form of functions f,g and the corresponding symmetry algebras are
given below.

A% = <t6t + l‘&p) ‘g = t_lg(w)’ f = t_2f(uaw)a W = tx_la !}w 7£ 07 fuu 7& 0;
A = @) :g=3d), f=Ff(zu), §#0, fuu#0;
A‘;’ = (O +tudy):g=x+g t),f:emf(t,w), w=e @y, fww;ﬁO.

Proof. If 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
equations (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 equations (2.12) which admit two-dimensional symmetry algebras.

Theorem 7 There exist at most three inequivalent nonlinear equations (2.12) that admit two-dimen-
sional symmetry algebras, all of them being As o-invariant equations. The forms of functions f and g
and the corresponding realizations of the Lie algebra Aso are given below

Aby = (t0 + 20,120, + 220, + mutd,) (m € R) :
g=[mt+ (k—m)ajt 't —2)", k#0,
f=t—a|™ 27" f(w),
w = ult —z|""|z|™, foo #0;
A3y = (tO + 20y, t20; + mtud,) (m € R) :
g =tk +mt], k#0, f=[{"?z[""f(w),
w =t 2™, fuw # 0;
A3y = (tO + 20y, %0, + tud,) :
g=(tz)"'(mz —t) (meR), f =1 exp(~tz~")f(w),
w=wexp(tz), fo, #0.
To prove the theorem we need to extend realizations A} (i = 1,2, 3) to realizations of the algebras
As 1, Ag s 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-Ovsyanni-

kov classification routine. Consider in some detail the case of Al ,-invariant equations (the remaining
cases are treated in a similar way). The second determining equation from (4.2) reads now as

(t —x)2hy =t Imm(t — ) + ka(t —2)] +7[—t2m(t — x)* — 2kt o + kt 22 + k& (4.6)
Differentiating right- and left-hand sides of (4.6) twice by x yields

hy = (m— k)t r —t727) + k€.
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Hence we get £” = 0 and

€ = M2?+ Mz + A3, M, A2, A3 €R,
h = (m—kt '+ Nkt+X, M ER.

With account of the above facts we obtain from (4.6) that 7 = A\;t2 4 Aot + A3. So it follows from (4.6)
that the coefficients of infinitesimal operator (4.1), which generates symmetry group of Al ,-invariant
equation, read necessarily as

T = /\1t2 + )\Qt + )\3,
5 = )\11‘2 +>\2£L'+)\3,
h = mAt+ (m—E)Xst ™+ (m—E)Xa+ Mg, A, A2, A3, M €R.

Consequently, the first determining equation from (4.2) takes the form

{71t — )7 H((m — k) Xg + M) (tr — %) — (m — k)Agt 122

—kAsz + mAgtlw + 7t — x| 7" |z},

—z 7t —2) 7 ((m — k) + A\ (tx — 2?) (4.7)
—(m — k)Ast ™ a? — kdsx + mAst]f

=t— x|_m+2|x|m[rm — t_l(m + kx(t — x)_lrx].

It follows from (4.7) that if the functions f are arbitrary, then the maximal invariance algebra of the
equation under study coincide with the realization Al ,. What is more, an extension of the invariance
algebra is only possible when the function f obeys the following equation:

(aw+B)fos —af =c, (48)
where a,b,c € R, |a| + |b| # 0. On the other hand, it follows from (4.8)
(aw +b) fuu = 0,

whence f,, = 0. We arrive at the contradiction which proves that there is no extension of the
realization Al , in question to a higher dimensional invariance algebra of the equation (2.12). Analy-
zing A3 o- and A3 ;-invariant equations we arrive at the same conclusion.

Consequently, there are no nonlinear equations of the form (2.12) whose maximal invariance alge-
bras are solvable Lie algebras of the dimension higher than two. Next, as the algebra si(2,R) contains
two-dimensional subalgebra isomorphic to Ay 9, there are no nonlinear equations (2.12), whose invari-
ance algebras are either isomorphic to sl(2,RR) 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).

5 Group classification of equation (2.13)

As earlier, we present the results of the first step of our group classification algorithm skipping deriva-
tion details.
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Assertion 5 Invariance group of equation (2.13) is generated by the infinitesimal operator
Q =71(t)0 + &(x)0y + (ku + r(t, x))0y, (5.1)
where k is a constant and 7,&,r, f are functions satisfying the relation
P + [k — 7 = &f = 7fi + Efe + [ku+ 7] fu (5.2)

Assertion 6 FEquivalence group £ of the class of equations (2.13) is formed by the following transfor-
mations:

(1)
(2)

Note that given an arbitrary f it follows from (5.2) that 7 = £ = k = r = 0, i.e., the group
admitted is trivial. To obtain equations with nontrivial symmetry we need to specify properly the
function f. To this end we perform classification of equations under study admitting one-dimensional
invariance algebras.

t), z=X(x), v=mu+Y(tx),
T(z), z=X({t), v=mu+Y(tz), T'X'm#0. (5.3)

&Kl

SHH
Il
N~

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

= O+ 0y +eud, (e=0,1);
O+ eud, (e =0,1);
udy, Q= g(t,z)0y (g9 #0).

O OO
Il

Proof. Utilizing transformations (1) from (5.3) we reduce the operator @) to one of the following forms:

= O+ 0z +evd, (e=0,1):
Or +evd, (e=0,1);
Oz + €vd, (e =0,1);

(

OO OO
Il

Next we note that the change of variables { = #, ¥ =%, @ = 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.

A% = (04 0y +€udy) (e=0,1): f= edf(ﬁ,w), 0=t—2x, w=e “u; fww #0;
AT = (Ot eudy) (€=0,1): f=e"f(z,0), w=e ", fou #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 A2-invariant equations. The last two operators gives rise to
linear invariant equations (2.13), which are not taken into account.

What is more, if the function f is arbitrary, then the algebras Al and A? are maximal invariance
algebras of the corresponding equations.
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Next, we classify nonlinear equations admitting symmetry algebras of the dimension 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 si(2,R) given below.

1 1
(1) <8t, 562{/&5, —56727580;
1 1
(2) (0, §€2t(3t + Ou), —iefzt(at —0));

1 1
(3) (O, 56%(& + x0y), —56_2'5(@ —20y));

1 1 1 1
(4) (O + Oy, 56%@ + 5627”033, —56_%&5 — 56_295695 + 6[6_29[: - e_Qt]&L), e=0,1.

Before starting analysis of sl(2,R)-invariant equations we briefly review the group properties of
the Liouville equation
Uz = Ae¥, N #£ 0. (5.4)

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]:

Q = h(t)0 + g(x)0z — (W' + g')0u,

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 e = 1 cannot be invariance
algebras of a nonlinear equation of the form (2.13). Realization (2) is the invariance algebra of equation

ure = f(w)e ™, f#0,

which reduces to equation (5.4) via the change of variables

1 -
t=t, z=u, u:—§(v—ln]f]), v=o(t,x).

Finally making use of the change of variables
t=e2 z=e2 ov=u
we rewrite (4) under € = 0 to become
(O + Oy, 0y + 0, 120; + 220).
The corresponding invariant equation reads as

Uty = (= x)_QJZ(u)7 fuu # 0. (5.5)

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

t=t, z=z, u=v(t,z)+2Inlt — x|

Thus the only inequivalent nonlinear equations (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 w.
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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 Ay 1, A2, which can be admitted by nonlinear equations (2.13).

It turns out that the class of operators (5.1) contains one inequivalent realization of the algebra
Ao 1 which meets the invariance requirements, namely,

(O + €1u0y, Oy + €2udy) (61 =0,1; €2 =0,1).
The corresponding invariant equation reads as

Uty = exp(ert + e2x) f(w), w = uexp(—eit — eax). (5.6)

Analysis of equation (5.6) with arbitrary f(w) shows that under e; + €2 # 0 the above realization is
its maximal invariance algebra. Provided €; = e = 0 the equation takes the form

Uty = f(u) (5.7)
and its maximal invariance algebra is the three-dimensional Lie algebra of the operators
<8t, &r, t@t — l'ax>,

which is isomorphic to Asg.
It is a common knowledge (see, e.g., [17, 18, 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

e = AMu"™, AN#£0, n#0,-1. (5.8)

The maximal invariance algebra of (5.8) is the four-dimensional Lie algebra
1 1
(t0y — —uly, 0y — —uy, O, Oy).
n n

It is isomorphic to the algebra As o @ Ass.
Extension of symmetry algebra of equation (5.6) with e = 1, e = 0, is only possible when:

U = e ™" N£0, m#£0,-1; (5.9)
g = Melexp(ue™), A #0. (5.10)

The maximal invariance algebra of (5.9) is the four-dimensional Lie algebra of operators
mt 1
<8t +u3u,e 8t,8x,l’8x - *an_L),
m
which is isomorphic to Ao @ Ags. Note that the change of variables
t=e™ =g u=0(1)

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

(O + uOy, O, ©Oy — eté?u)

and is isomorphic to A7 @& Ags.
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Analyzing As o-invariant equations we arrive at the following conclusion. The class of operators
(5.1) contains six inequivalent realizations of the algebra Ag o which meet the invariance requirements

(1) (~t0r + 20y, Or);

(2)  (~t0r — 20z, 0¢ + Ou);

(3) (—t0y — x0y + uy, O + Oy); (5.11)
(4) (=t + Oy, Op);

(5) (—t0y — 0y — uOy, O4);

(6)  (—td — 20y, 0).

Equation invariant under realization (1) reads as
Ugy = exp(z 1 u). (5.12)
Its maximal symmetry algebra is the three-dimensional Lie algebra
(—t0y + 20y, O, xOy + udy)
isomorphic to As o @ A;. Note that the change of variables
t=x, z=2¢", u=v(t,x)

reduces (5.12) to the form (5.10).
Equation invariant under the second realization of Ay is of the form (5.5). We have already
obtained this equation while describing sl(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
U =z f(w), w=az"tu

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|lw|™! which
gives the following invariant equation:

|—m—2|u|m+1

Uty = A|T , A£0, m#0,—1,-2.

Its maximal symmetry algebra is the three-dimensional Lie algebra having the basis

m—+ 1

<8t, t0; + 10y + U0y, v0y + u8u>
This algebra is isomorphic to Ao ® Aj.
We sum up the above results in the following assertion.

Theorem 10 The Liouville equation uy, = Ae¥, X # 0, has the highest symmetry among equations
(2.13). Its mazimal invariance algebra is infinite-dimensional and spanned by the following infinite
set of basis operators:

Q = h(t)9 + g(2)0y — (W' (t) + ¢'(2))0u.

Here h and g are arbitrary smooth functions. Next there exist exactly nine inequivalent equations of the
form (2.18) mazimal invariance algebras of which have dimension higher that one. These equations
and their invariance algebras are given in Table 1.
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6 Group classification of equation (2.7)
The first step of the algorithm of group classification of (2.7)
Ut :Umx—f—F(t,x,u,UI), Fulux #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, A1, A2 and real-valued functions h = h(x),r = r(t,z), F = F(t,x,u,uy) obey relation (2.5). The
equivalence group of the class of equations (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.

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

Below we give the full list of the invariant equations and the corresponding invariance algebras.

Al = (t0; +x0,): F=t2G(u,w), E =tz w=zuy;
Al = (O +k0y) (k>0): F=GMnuug), n=1z—kt
A3 = (0,): F =Gt u,up);

A‘ll = (0): F=G(z,u,uy);

Ay = <<9 f(@)udy) (f #0) :

= —tf"u+t2(f)2u — 2tf uy + Gz, v,w),
v:e_tfu w=u"tuy — ff 1 n|ul;
A = (f@ud (f£0): F=—f"fulnlul
—2f 7" flug In ful + £72(f)uln® [u] + uG(t, z,w),
w=u"tu, — ff 1 In|ul;
Al = (f(t,2)0) (F#0): F=f""(fu~ fau)u+G(t,z,0),
w =y — [ fru.

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.

Theorem 12 An equation of the form (2.7) cannot admit Lie algebra which has a subalgebra having
a nontrivial 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 equations (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.
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I. A; -invariant equations

Ay, = (tO + 20y, udy): F=1"%uG(& w),
E=tx b, w=utauy;

A3y = (t0+ 20y, 0(€)du) (0 #0, =tz
F=220"((1=-&)0" — 260" Ju+ G(&w)],

/
w=&o'u+ oxuy;

A3, = (0 + KOy, udy) (E>0): F=uGn,w),
n=1x—kt, w=u tug;

Ay = (O +kDp, 0(0)Du) (k> 0, n=a2—kt, p#0):
F =k -1)¢"o lut Gn,w), w=pus — ¢'u;

A3 = (0 + KDy, Oy +udy) (k> 0):

F=e"G(w,v), n=x —kt, w=ue ", v=1uuy,;

A3y = (B, 0n): F=Gluug);

AL = (0, udy) . F=uG(t,w), w=1u tuy;

A3y = (e 0(1)0u) (0 #0)

F =o' u+ Gt ug);

Ag.1 = (O, Ou): F =G ug);

Ay = (B, f(x)udu) (f #0):
F=—u'u? +uG(z,w);
w=u"tuy — ff 1 In|ul;

Ay = O+ f(a)udu, g(x)ude) (6= f7f —g7'g' #0):
F=—g'¢"uln|u|l — 297 g'u, In |u|

—|—g_2(g V2uln? [u| — 2f0tu, + 2f8¢ g tuln |u
+287Pu+ fg7 g — [t + uG(a,w),
w=utu, —g'g " n|u| — tfs;

Ay = {0+ F(@)udu, e0u) (f #0):
F=[f2—tf"+ 2" u — 2tf'uy + e G(z,w),
w=e"Y(u, —tf'u);

Ay = (f(@)udu, g(z)udu) (6= f'g—g'f#0):
F=—utu? —610u,

g =g fuln |u] + uG(t, @);

Al = (e, V(1)) (9" — v’ #0)

F=¢p'Wu+Gt,z,u), "¢ — @ =0.
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II. Ay s-invariant equations

1
A2.2

2
A2.2

5
A2.2

6
A2.2

9
A2.2

10
A2.2
11
A2.2

12
A2.2

13
A2.2

14
A2.2

(t0y + £0,, zudy) : F =z 2uln?|ul

—20  ug Inful + t2uG(€,w), €=tz !
w=zu tuy —In|ul;
(0 + 20y, t0(£)Du) (9 #0, E=tz™"):
F=t7(1-8)p"¢(2¢' + & u+t72G(¢,w),
w = rpuy + EQ"u;
(O + kO, exp(k™tx)ud,) (k> 0):
F =k 2uln? [u| — 2k ug Inu| — k2w 1n |ul

Yug — k7t n |ul;

+uG(nw), n=x —kt, w=u"
(0 + KOy, €'o(n)0y) (=2 —kt, k>0, ¢#0):

F= ((k2 — D"t =2k’ + 1) u+ G(n,w),

(—t0 — 20y, O + kdy) (k> 0):
F=n"2G(u,w), n=x—kt, w=um;

(—t0 — 20y + mudy, Op + kOy) (kK >0, m#0):
F=n7""Gv,w), n=x—kt,

w=uln™, v =ugln|""

(0p, €®udy): F =uln?|u| —uln |u| — 2ug In |u
+uG(t,w), w = u"tu, — In |ul;

(0, €*p(t)0u) (¢ #0) :

F=(p " —Du+Gt,w), w=1u, —u;

(—t0y — x0,, 0p) 1 F =1t"2G(u,tuy);

(—t0 — 20y + kudy, Oy), (k#0):
F=t|727*G(v,w), v = [t|*u, w = [t|* u,;

(O, €'0y) 1 F =u+G(x,ug);

(—t0y — x0,, 0y): F =22G(u,w), w = Tuy;
(O + fle)udu, " FD1D,) (f #0)
F=—(tf"=(f)? -0+ ) u—2tfu,
+eG(z,w), w=e (uy — f(t+ fHu);
(—tdy — 20y, O + kx~'ud,) (k> 0);

F = —2ktz3u + k2?2 4w + 2kt %u,

a2 exp(ktz )G (v,w),v = exp(—kx " 1t)u,

w = zu uy +1n|ul;
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AV = (k(t0, + 20y), |z|F udy) (k#0,1):
F=—-k21-Ekz uln|u| — 2k 2 u, In |ul

+k 722 2u1n? ju| + 27 2uG (v, w),

-1 1

v=tx Uy — k71 In |ul;
ALy = (k(t0, + 28y), [t p(€)0u) (k#0,1, o #0,
E=te ) F=k k' 1) +26(k7" =)oy
+E(1 = %0 "t P u + 172G (¢, w),

w = xpu, + EQ'u.

, W=2xU

In the above formulas G stands for an arbitrary smooth function. As customary the prime denotes
derivative of a function of one variable.

6.1 Group classification of equation
U = Ugy — U u2 + A(x)u, + B(x)uln ju| + uD(t, x)

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

Ut = Uge — U~ 02 + A(2)up + B(x)uln |u| + uD(t, ). (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 equations (2.7).

Lemma 5 If the functions A, B and D are arbitrary, then maximal invariance algebra of PDE (6.1)
is the two-dimensional Lie algebra equivalent to ALY and (6.1) reduces to A3 -invariant equation.
Next if the mazimal 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:
I Az~ Asq, Az = (O, f(2)uly, p(z)udy),
A=—0"19' B=0o"1p, D=0,0=f'¢o— f¢' #0,
p= Solfu - <P/,f/§
1I. A3 ~ A3.1, Ag = <f($)uau, @(x)uau, 875 + w(x)uc‘)u),
A=—0c"19', B=0o"1p,
D = toY 0"y — gip— o),
o=flo—¢f#0,p=f"d=¢"f,
[ =o' #0, @b — i’ #0;

III. D=272G(¢), ¢E=ta™!, G#0:
1) Ag ~ Ago, Ag = <t8t + 20z, UOy, |x|1_"u8u>,

A=nx=t (n#1), B=0;
2) Az~ As3, Az = (t0; + 20;,udy,uln|z|0,), A=2"1 B=0;

3) Az ~ As4, Az = (t0y + 20y, /||y, /|| In |2|ud,),
A=0, B=1z7%
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4) Az ~ Asyg, Ag = (t0; + 20y, \/|z] cos(3B1n |z|)ud
|z[sin(381n |z|)udy), A= 0,B =mz2,
m >, B=+4m—1;
5) Ag ~ Az, A3 = <t8t + 20y, (\/ ‘.’L‘DH_BU({“)U, (\/ ]az\)l‘ﬁuﬁu),

A=0,B=mz2, m<i, m=#0, f=+v1—4m,;
6) Ag ~ Azg, A3 = <t8t + x@x,cos(\/ﬁln \x|)u8u,

sin(y/mln |z))udy,), A=2"1,B=ma"2 m > 0;

7) As ~ Asg, Ag = (td, + 20y, |2|V™ud,, |z|~VIMud,),
A=z, B=ma2, m<0;

8) Az~ Azq, Az = (t0; + 0y, (\/|2)) " udy, (/]x[)' "
x In|zudy), A=nz~! (n#0,1), B=1(n—1)%2"%

9) Az ~ Asg, Az = (t0; + 20,, (\/|z])} ™" cos(1 B 1n |z[)ud,,
(V]2 " sin(381n |z))udy), A =na=! (n#£0,1),
B=ma"2 (m> 3(n—1)% 4m — (n — 1)2

10) Az ~ Az, Az = (19, +xar,(\/@1 B=nyd,, (\/m)1 n+B8
xudy), A=nz"! (n#0,1), B=mxz >
(m < 3(n—17% m#0), 8=/(n—1)>—4m.
IV. D =G(t),
1) A3 ~ Ass, Az = (0y,u0y,zudy),

A=B=0;

2) A3 = Azg, Az = (0z,u0y, € ud,),
A=-1, B=0;

8) Az ~ Azg, Az = (0q,cos (2)udy,sin (z)udy),
A=0, B=1;

4) Ag ~ Ase, As = (Or, € udy, e "udy),
A=0, B=—

5) Ag ~ Asy, A3z = (0, exp (%l‘) Uy, €XP (%az) Uy,
A=-1, B=1;

6) As ~ Asr, A = (O, exp (%(1 + ﬂ)x) Uy, eXp (%(1 — B)x) u0y),

A=-1,B=m (m<3), m#0,8=+1—4m
7) Az ~ Asg, Az = (O, exp (§m) cos(gﬁm)u&u,exp (5:1:) Sin(%ﬁx)u8u>,

A=-1,B=m (m> 1), f=+4m—1;
V. D=G(n), n=x—kt, k>0,
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1) Ag ~ Ass, A3 = (0 + kOy,u0y, xudy),

A=B=0;

2) Az = Aza, Az = (0 + kOy, u0y, e*udy),
A=-1, B=0;

3) Az ~ Assg, As = (0 + kOy, cos (x)udy, sin (x)ud,),
A=0, B=1,;

4) As ~ Asg, Az = (0 + kOy, €"udy, e~ "udy),
A=n, B=-1;

5) Az ~ Asy, As = (0 + kOy,exp (%x) UOy, eXp (%x) zudy),
A=-1, B= %;

6) As ~ A3y, Az = (0 + kO, exp (%(1 + ﬁ)x) UOy, eXp (%(1 — ﬂ)m) uOy),

A=-1,B=m (m< %), m#0,8=+1—4m;
7) Az ~ Asg, As = (0 + kOy,exp (32) cos(38z)udy,

exp (32) sin(38z)udy), A=-1, B=m (m> 1) 3=+4m —1.
Proof. Inserting the expression
F = —u 2 + A(z)uy + B(x)uln |u| + uD(t, z)

into classifying equation (2.5) we get the system of determining equations for the functions h(x), r(t, x)
and constants A, A1, Aa:

r=0, Az+X)A +IA=0, 62
Az + Xo)B'+2AB =0, h"+ AW + Bh = —(At+ \1)D; — (Az + \o) D, — 2A\D. '

First, we consider the case of arbitrary functions A, B, D. The left-hand side of the fourth equation
from (6.2) depends on z only. Since D is arbitrary, the relation Dy # 0 holds. Hence it immediately
follows that the constants A, A1, Ao must be equal to zero. As a consequence, the fourth equation
becomes the linear ordinary differential equation for the function h = h(x)

h" + AW + Bh = 0. (6.3)
The general solution of the above equation reads as
h=Cif(z) + Cap(x), C1,C2 €R,
(f(x),p(z)) being the fundamental system of solutions of the equation
y'+ Ay + By=0, y=uy(x). (6.4)
Inserting the expression for h into (6.3) yields
A=Y, B=o Mg " — ),

where o = of’ — ¢/ 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 = Ay = 0 and
the function h is a solution of (6.3). This completes the proof of the case I of the second part of the
lemma statement.
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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; (6.5)
3) A=nz"!, B=maz2 m,necR, |n|+|m|#0
holds. With these conditions the maximal invariance algebra of (6.1) has the dimension higher than
three. Consequently, without any loss of generality we can suggest that D # 0. Integrating the

equation
(At + A)Dy + (Ax + Ao) D, + 2AD = H(x),

under D # 0 yields the following (inequivalent) expressions for the function D(¢,z) :

D = 272G)+27? [zH(z)dx, £ =tz
D = G +k™ ' [H(z)dzs,n=1a—kt, k> 0;

D = G)+ [H(x)da, (6:6)
D = tH(z)+ H(z).
The change of variables
t=t, T=x, u=~0(x)v(t,x), 0#0, (6.7)
where 6 is a solution of equation
010" —072(0)? + A07'0' + BIn 0| + A(z) = 0,
preserves the form of equation (6.1). We use this fact to simplify the form of the function D
D = 272G(), E=tz7 Y
D = Gn), n=x—kt, k>0;
D o_ Git)), (6.8)
D = tH(x).

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

W' + AW + Bh = —MH, (Az+ \)H' +3\H = 0.

So that the maximal invariance algebra of the corresponding equation (6.1) is three-dimensional iff
A = Ay = 0, which yields the case II of the second part of the lemma statement.
Turn now to the case when D = 272G(¢), ¢ = tz~!. Then the (non-vanishing identically) function
G obeys the equation
()\25 — )\1)G, +2X2G = 0. (6.9)

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

A" +a=0, zB +2B=0.

Consequently, the functions A and B are given by either first or third formula from (6.5). Analyzing
these expressions yields ten cases of the case III of the second part of the lemma statement.
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If the function G is not arbitrary, then integrating (6.9) we get

G=p, peER, p#0;
G=pl—q) 2 p#0, ¢>0.

Given the condition G = p the parameter Ao vanishes. Hence in view of the requirement 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)72, p#0, then \; = X\aq. 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\; = A2 = 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—qx)~?),
then we arrive at the case IV (under ¢ = 0) or the case V (under g > 0) of the second part of the
lemma statement.
Turn now to the case D = G(n), n = x — kt, k > 0. If these relations hold, then

)\(nG/ + 2G) + ()\2 — k/\l)G/ =0.

Hence it follows that if G is an arbitrary function of n, then A = 0, Ay = kA;. 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.
The cases when either G = p (p # 0) or G = pn~2 (p # 0) yield no new invariant equations (6.5).
Consider now the last possible case D = G(t). If this is the case, then the equation

(At + )G +20G =0

holds. Hence if follows that if G is an arbitrary function, then A = A\; = 0. Consequently, 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=2 (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 As; = (e1,e2,e3) (i = 1,2,...,9). We analyze in some detail the case of the
algebra As 3. The list of invariant equations and algebras contains three algebras which are isomorphic
to As.3, namely,

Ly = (tO; + x0y,udy,uln|z|0y);
Ly = (0g,u0y,zudy);
Ly = (0 + kOy,udy,zud,) (k> 0).

Denote the basis elements of the algebra Lo as e, ea,e3. Suppose that there is a transformation ¢
from the group & transforming Lo into L3. In other words we suppose that there exist constants
a;, 3i,0; € R (i =1,2,3) such that the relations

3 3 3
pler) = D i, plea) = > Bidi, ples) =Y 5iéi
=1 =1 i=1
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and
ap Qg Q3

A=|p B2 B3 |#0
601 09 O3

hold. In the above formulas €; = 0; + kOz, €2 = v0,, €3 = Tvd,. Equating the coefficients of linearly
independent operators 0y, 0z, 0, yields that a; = 51 = §; = 0. Hence we get the contradictory equation
A = 0. This means that realizations Lo and L3 are non-isomorphic. Analogously, we prove that L
and Lo (as well as Ly and L3) 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 A4 = (e1, €2, €3,€4) [42, 43]. There are ten decomposable

4A1 =341 0 A1 =A31 DA, Ao D241 =As0 @ Agy = A3 D Ay,
2409 =A20® Aga, A3i® A (1=3,4,...,9);

and ten non-decomposable four-dimensional solvable real Lie algebras (note that we give below non-
zero commutation relations only).

Ay le2, e4] = €1, [63, eq] = ea;
Ayo le1,eq] = qe1, [e2,eq] = e,
le3,eq] = ea+e3, q#0;
Ay le1,eq] = €1, [e3,eq] = ea;
Ay le1,e4] = e1, [e2,e4] = e + e,
le3, eq] = ea + e3;
Ays le1,eq] = €1, [ea, eq] = gea,
]63,64]=p —-1<p<q<1, p-q#0;
Ay le1,eq] = qe1, [e2, eq] = pea — e3,
le3, eq] = e2 +P€3, q#0, p=0;
Ay le2,e3] = €1, [e1,eq] = 2er,
le2, eq] = €2, [e3,e4] = €2 + e3;
Agg ¢ ez es] =e1, [er,eq] = (14 q)es,
[e2, 4] = €2, es, ea] =ges, [q] < 1;
Ago ¢ [ez,es] =e1, [e1,eq] = 2ge,
le2, 4] = qea —e3, [e3,eq] = €2 +qe3, ¢ > 0;
Ag.10 le1,e3] = e1, [e2,e3] = ea,
[e1,e4] = —ea, ez, e4] = €7.

Theorem 13 FEquation uy = Uzy — u*1u326 has the widest symmetry group amongst equations of the
form (6.1). Its mazimal invariance algebra is the five-dimensional Lie algebra

A% = (O, Oz, 10y + X0y, TUDy, 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 equations (6.1)
admitting four-dimensional together with their symmetry algebras.

I D=0,
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1) Ay~ Ass® A1, Ay = (0, 0r,uch(Bz)0,,usinh(Bz)d,),
A=0,B=-03% B#0;

2) Ay~ Aszs® A1, Ay = (0, Oy, ucos(Bx)0y, usin(Bz)d,),
A=0,B=p% B#0;

3) Ay~ Ao1 ® Asa, Ay = (04, 0n,udy, e *udy), A =1,B = 0;

4) Ay~ A3y ® Ay, Ay = (01, 0p, € udy, xe udy), A=2,B =1;

5) Ay~ Asg ® A1, Ay = (O, Oy, ue " cos(fx)0y, ue " sin(fx)0y),
A=2B=mm>1, B=+vm—1;

6) Ay~ As7 @ Ay, Ay = (0, Oy, ue *ch(Bx)0y, ue " sinh(fx)d,),
A=2 B=m, m>1, m#0,8=+v1—-m;

7) Ay~ Ayo, Ay = (01,10 + 20y, |x]u8u,u\/m1n ||y,
A=0, B= %33_2;

8) Ay~ Aus, Ay = (9,10, + 20y, |72 Pudy, 2|2 Pudy,), A =0,

B =ma"2, m<i, m # 0, ﬂ:\/i—m;

9) Ay~ Aye, Ay = (0, t0; + 20y,
|z| cos(BIn |z|)udy, v/|z| sin(F1n |z|)ud,),

A=0, B=mx"2, m>i, ﬁz,/m—i;
10) Ay~ Ays, Ag= <8t,t8t +x8x,uln]a:|8u,u8u>, A= x_l, B = 0;

11) Ay~ As7 DA, Ay = <8t, t0y + 20y, |x]1_”u8u, u8u>,
A=nz~!, B=0,n#0,1;

12) Ay~ Ays, Ay = (0,10 + 204, !$|é(1_n)u<9u, |x‘%(1_”)uln |z|0u),
A=nx"!, B= i(n —1)%2272, n#0,1;

13) Ay~ Ays, Ay = (0,10 + 204, !IE\%(l_nJrﬁ)uau, !x\%(l_"_ﬁ)uau%
A=nz"', B=maz2 m< %(n—l)Q, m#0, n#0,
B=+/(n—1)2—4m;

14) Ay~ Agg, Ay = (04,10; + 20y, 2|2~ cos(B1n 2| udy,
|x]%(17") sin(Bln |z|)ud,), A=nr"' B=ma"2

m#0, n#0, m>1(n—172 g=/m—1in-1%
II. D =ktx™3, k>0,

1) Ay~ Ay, Ay = <8t — %kxiluau,tat + x@x,xuau,uau), A=B=0;

2) Ay~ Aga, Ag= (0 — %kzxilué?u,t@t + 20y, \/|x|udy, \/|z|1In|z|ud,),
A=0, B=j27%

3) Ay~ Ags, Ag= (0 — miﬁwfluau,tﬁt + 20, \xl%’%uau, \x|%_ﬁu6u>,
AZO’ B:m$_27 m#07_27 m<%7 /8: \/i_ma

4) Ay ~ A4.2, Ay = <at + %k‘Sﬂ_l(l 4+ 31n |x|u)6u,t8t + 20,
22udy, v udy,), A=0,B =212
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5) Ay ~ Ay, Ay = (0 — mx_luau,tat + 20y, \/|x|ucos(B1n |z|)0y,

Flusin(@nel)u), A=0,B =ma=?, m>15=/m—k

6) Ay ~ Az, Ay = (0 — kx~ udy,t0; + 0., udy, uln |x|0,),
A=az"1 B=0;

7) Ay~ A3y @ Ay, Ay = (0 + kz7 (1 + In |2|)udy, t0; + 10y, udy,
v ud,), A=2r"1 B=0;

8) Ay~ Azr @ Ay, Ag= (0 + L5270y, 10 + 20y, udy, |z|'""udy),
A=nz ', B=0, n#0,1,2;
9) A4 = A4.4, A4 = <8t — %k[l}il ln2 \x!u@u,tat + x@m,
v by, z 7 In |z|ud,), A=3z"', B=az"%
10) Ay~ Ago, Ay = <8t = )Qx‘luau,tf)t + 20y, |x] (1-n ua,“
|ac]%(1_”) In|zjud,), A=nz"l, B=1i(n—1)%2"2 n+#0,3;
11) Ay ~ Ags, Aq = <t8t+:1:8$,8t bl o) 20,
|z|2 3(1-n— Dudy), A=nz"!, B=ma 2,
n#£0,2, m#n—2, m< (n—l ) (n—1)2 — 4m;
12) Ay ~ Ay, Ay = (t0 + 0y, Oy + ﬁx 1111 2|0y, 2~ udy, |z|> " udy),
A=nz7!, B=(n—-2)2"2 n#0,2,3;
13) A4 ~ A4 65 A4 = <t8t +fl?ax,at m
2120y cos(B1n [2])8y, |20 usin(B1n |z])d,),
A=nz"', B=maz2n#0, m#0, m> %(n— 1),
0= m—i(n—l)Q;

zud,,

II1. D =kt, k>0,

1) Ay ~ Ayq, Ay = (04,01 — %kx%@u,xuau,uau), A=B=0;

2) Ay~ Ags, Ay = (Oy, 0 — kxudy, e *udy,udy,), A=1,B = 0;

3) Ay~ Ass @ Ay, Ay = (04, 0; — kB 2u0y, u cos(Bx)0y, usin(Bz)d,),
A=0, B=pf?% B#0;

4) Ay~ Az ® A1, Ay = (Op, 0y + kB 2ud,, uch(Bz)0,, usinh(Bz)9,),
A=0, B=-03% pB#0;

5) Ay~ A3 @ Ay, Ay = (0,0 — 4kuau,exp( )uau,mexp( )u8 )
A=1, B= %;

6) Ay~ Az7® A1, Ay = (0,0 — km~'ud,, exp (—%(1 - ﬁ):ﬁ) Uy, €XP (—%(1 + ﬁ)x) U0y,
A=1,B=m, m<i m#0, 8=+1—4m;

7) Ag ~ A3 0@ A1, Ay = (0,0, — km~tud,,exp (—%m) cos(fBz)ud,
exp (—3z) sin(Bz)ud,),

A=1, B=m, m>%, ﬁ:\/m—%;

IV. D=Fkt2, k#0,
Ay~ Ayg (= —1), Ay = (03,10 + 20y, xU0y, udy), A =B = 0;

)
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V. D=m(z —kt)"2, k>0, m#0,
Ay~ Agg (= —1), Ay = (O + kO, t0¢ + 20y, xUDy, udy), 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
equations (6.8).

If D = 0, then the function h 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:

Ut = Upy — u_lui. (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 fourteen sub-cases of the
case I of the second assertion of the theorem.

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" 4+ Ah' + Bh = -\ H,

where either H = kz3 or H = k. Analysis of the corresponding expressions for the functions A, B
(6.5) yields expressions listed in the cases II and III.

Next the function D given by the third formula from (6.8) simplifies to D = kt=2 (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.

6.2 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 equations (2.7) we skip equations belonging to the class (6.1)
which has been analyzed in the previous subsection.

6.2.1 Invariance under decomposable Lie algebras

As A3 = 3A1 = Ay @ A1, Azs = Aso @ Aq, to construct all realizations of Agp it suffices to
compute all possible extensions of the (already known) realizations of the algebras A = (ej, e2) and
Ag 2 = (e, e2). To this end we need to supplement the latter by a basis operator ez of the form (2.4)
in order to satisfy the commutation relations

[61, 63] = [62, 63] =0. (6.11)

What is more, to simplify the form of es 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 Ao to a realization of As;.
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Consider the realization Al ;. Upon checking commutation relations (6.11), where e3 is of form
(2.4), we get
A =X =r(t,r) =0, h=Fk=const.

Consequently e3 is the linear combination of ej, es, namely, es = Ae; + kes 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 Aj .

Turn now to the realization A3 ;. Checking commutation relations (6.11), where e3 is of form (2.4),
yields the following realization of As1:

{0y + 20y, 0(€)Du, Y(€)Du), € =ta™},

where v'o — yo’ # 0. However, the corresponding invariant equation (2.7) is linear.
Finally, consider the realization A3 . Inserting its basis operators and the operator ez of the form
(2.4) into (6.11) and solving the obtained equations gives the following realization of Ag i:

(O, O, uOy).

Inserting the obtained coefficients for e3 into the classifying equation (2.5) we get invariant equation

Ut = Ugy + UG (W), w= u by,
where in order to ensure non-linearity we need to have G, # 0.

A similar analysis of the realizations A§.1 (i =4,5,...,12,14) yields three new invariant equations.
For two of so obtained Asi-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 As s up to realizations of Aso results in ten inequivalent
nonlinear equations the maximal invariance algebras of which are realizations of the three-dimensional
algebra As s and four inequivalent equations (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 equations (2.7) the maximal symmetry algebras of
which are realizations of three-dimensional Lie algebras Az, and Ass.

Az q-invariant equations

ALy = (0, 0,,ud,) :
F=uGw), w=utuy;
A3 = (O p(t)0u, (1)00)
o=v'p -1y’ #0, o' =0:
F = 'Yu+ Gt ug).

Ass-invariant equations
Ayy = (0r0n,c"udy)
F=—utu? —ulnjul + uG(w),
w=u"tu, —Inlul:
A3, = (—tdy — 0y, 0 + kOy,udy) (k> 0):
F =unG(w), n=x—kt,
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3
A3.2

5
A3.2

7
A3.2

8
A3.2

9
A3.2

10
A3.2

6.2.2 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. Conse-
quently, we can use the results of classification of A5 1-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

w = nu_lux;

(—t0y — 20y + mudy, Oy + kOy, |n| ™" Ou)

m=x—kt, k=m=0o0rk>0meR):

F=m(k* = 1)(m+ 1)n 2u+|n| > "G (w),

w = ™ (mu + nug);

(O, €U0y, O + mud,) (m > 0) :

F=—u1u2 —u, + uGw),

w=u"tu, — In|u| + mt;

(—t0y — 10y, Oy, udy) :

F=ut2G(w), w=tutu,;

(=10 — 20y, Oy + kx ™ udy, udy) (k> 0) :

F = 2ktz™2u, — 2kte"?u + k*t*r " + 27 2uG(w),

w = zu tuy + ktz ™

(—tdy — x0y, Oy + kx " udy, exp(ktz=1)d,) (k> 0) :

F = 2ktz2u, + (K*t?2~* — 2kta =3 + K2~ H)u +

a2 exp(ktz )G (w), w = exp(—ktz ) (zu, + ktz ™ u);
(%(&5 + k), e"* 0, €"9,) (k> 0,n =z — kt)
F=(F-Du+Gnw), w=us—u

(O + f(@)udy, 1D, f(2)e!D1D,) -

F=—(tf" =) = 1+ )?)u—2tf us + e/ G(a,w),
w=e(ug = f(t+ ), P27+ =0, [£0;
(k(t0s + 0y), [t1F €] O, €] 7 04) (K #0:1) :

1—k?
42

k—1
=

1-k
k

F= |8+ - (1= )t u+ G w),

k1 -1
w=|£| 2 {xux—l— u}, E=tx™.
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a similar way.
It is straightforward to verify that transformations

t=~t+ 7, T = eyx + 72, v =p(z)u+06(zx), (6.12)

where v,71,72 € R, v # 0, ¢ = £1, p # 0, are equivalence transformations for the realization
AL = (0, f(x)udy) (f # 0). That is why, we can utilize the above transformation to simplify the
form of operator es. As a result, we get three inequivalent expressions for es

1) es =t + a0y +r(t,z)0y (r¢ #0 or r = 0);
2) e3 =0, +r(t,x)dy (ry #0 or r =0);
3) es=r(t,x)dy (r #0 or r =1).
Let e = 0y ea = f(x)ud, and e3 = t0; + 0, + r(t, )0y, then
le1,e3] = O + 110y, e, e3] = —xf udy — 7f0,.

Analyzing commutation relations for the algebras As; (i = 3,4,...,9) we obtain that the necessary
conditions for A% to admit extension to a realization of Az are r = 0, zf’ = —f, of Azg as
r=0, of = f, and of A3y as 7 =0, zf = —qf (0 < |q| < 1). So A9 gives rise to the following
realizations:

A3.5 .61 = 6t, €9 = x_luau, €3 — t@t + $az;
Asg : e1 =0, ea = xuly, e3 = tO; + x0y;
As7 : e1 =0, ea = |x\7qu8u, e3 = t0y + 20, (O < |q| < 1).

If e3 = 0y + r(t,z)0,, then
[617 63] - Ttaun [627 63] == _f/uau - Tfau

Analyzing the commutation relations for As; (i = 3,4, ...,9) we come to conclusion that the realization
ALY cannot be extended to a realization of the above three-dimensional Lie algebras.
The same conclusion holds true when ez = (¢, )0, (r: # 0 or r = 1).
Let e1 = f(x)udy, ea = 0p. If e3 = t0y + x0y + r(t, )0y (ry # 0 or r = 0), then it follows from
commutation relations
le1,e3] = —(rf + xf'u)0y, [e2,e3] = Iy + 110y

that the only possible extension of the realization A% is the realization of A3 s:
(7 udy, Oy, t0; + 20,).

This realization coincides within notation with the already obtained one.
Next if eg = 0y + r(t, )0y (ry # 0 or r = 0), then

ler,e3] = —=(f'u+7f)0u, le2,e3] =1y

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

The same conclusion holds true for the case es = r(t,x)0, (rt #0 or r =1).

Summing up the above considerations we see that the realization A3 can be extended to the
following realizations of non-decomposable three-dimensional solvable real Lie algebras:

L'~ Ass, L'= 0y, 'udy, t0; + 20,);
L? ~ Asg, L? = <8t,mu8u,t6t + m@x),
L3~ Asq, L = (04, |z|%udy, t0; + z0,) (0 < |q| < 1).
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Solving the corresponding classifying equations yields the following invariant equations:

LY o gy = uge —u 2 — 227 2un u| 4+ 272G (W), w = zutu, + In|ul;
L? © upy = Ugy — u_lui + $_2uG(w),

w=zu tu, — In|ul;
L gy = uge —u 2 — qlg + Do 2uln|u| + uz>G(w),

w=xu " u, +qlnlul (0<|g| <1).

Note that the algebras L', L%, 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 invariance algebras are four-dimensional.
For example, after extending the realization AJ; up to a realization of the algebra As3 we got the
following realization of the latter:

(Ou, O, Oy + t0y,).

The corresponding invariant equation (2.7) is uy = uze + G(uy). However, the maximal invariance
algebra of this equation is the four-dimensional Lie algebra (0, t0,, 0y, 0.), which is a realization of
As3PA;. Note also that we have obtained the above invariant equation when classifying As 1-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.
As s-invariant equations

Als = (udy, 0 + kOp,mOy + k aud,) (k> 0,m#0):
F=—u 2 +uGw), w=x—kt+mk*u " u,;
A25 = (udy, 0y, md; + zudy,) (m > 0):
F=—u 2 +uGw), w=t—mu tu,;
Ay = (820, —[t|7 W [ty t0; + 2, + %uau> :
F = —%t’Qu +udG(&w), € =t w = zu’;
Aly = (Ouy 10, 0y + ky) (k > 0);
F =G(n,ug), n=x — kt.

As 4-invariant equations

ALy = 0™ 0y, Oy + KDy, 10y + 20, + (mu + tln™ 1)y,
m=x—kt, k>0m#1):
F=(k*=1)(m—1)(m—2)n"%u—2k(m — 1)n™ 2 1n|n|
Hil" PG (W), w = [nug — (m = D)ulln| ™™

A3, = (Ou, —tOu, O + KOy +udy) (k> 0):

F=eGnw), n=x—kt, w=e"uy;

A3, = ([t|204, —|t|2 In [t|By, tD, + 20y + gu8u> :

1
F= —Zt*Qu—i—u;lG(f,w), E=tae !, w=a"tuZ
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ALy = (ka7 'udy, 0 — kx ™ In |z|udy, t0; + x0y) (k> 0):
F = =3kt 3u — 22 2uln |u| — v 2 + 27 2uG(w),
w = zu  uy 4 Inju| + ktz ™
A3, = (exp(ktz™1)dy, 0 + ka~'udy, t0; + 20, + (u+ texp(ktz™1))d,) (k> 0):

F =k u(t® 4+ 2%) + 20 Ykt + 1Duy,
+2k exp(ktz™ )z In |z] + 27 exp(ktz ™) G (w),

w = exp(—ktz 1) (uy + ktz?u).
Ass-invariant equations

ALy = (10" 0, Oy + KDy, 10y + 0, + mudy) (k >0, m#1)
F = (k* = 1)(m — 1)(m — 2)n%u + |n|" *G(w),
w=|n|""[nuy — (m — L)u],n = = — kt;

A?’).S = <6t7 Op, 10; + 1‘8m> :
F = u3G(u);

A3 = (0y,05,10, + 20, + mudy) (m £ 0) :
F=Jul' ™5 Gw), w = fug|™ '~

A§.5 = <8t7 a:ﬁa tat + xax + 8u> :
F=e2G(w), w=e"uy;

A§_5 = <(9t,x_1u8u,t8t + x0;) :
F=—u 2 -2z %uln |u| + 27 %uG(w),
w = 2u tuy + In Jul;

ASs = (O + kx udy, exp(ktz )0y, 10 + v0; + udy) (k > 0) :
F = kxtulkt® — 2tz + ka?] 4 2ktz2uy + 2~ Lexp(ktz )G (w),
w = exp(—ktz ™) (uy + ktzu);

ALy = (@(t)0u, 1 (t)Ou, Op + udy) ('t — o)) #0) :
F = ' u+u,G(t,w),
W= €_$Um7 S0//¢ _ (Pw// — 0

Asg-invariant equations
Asg = (O + kO, [n|" 10y, t0 + 20, + mudy) (k> 0, m # —1):
F=m(k*—1)(m+ 1)n u+ |n"?G(w),

w=n"""uy —n " (m+1)ul,n =z — kt;
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A2o = (0 +ma udy, zudy, td; + xdy) (m > 0):
F = —u 2 - 2mtz 3u + 27 2uG(w),
w = zu  uy — In|u| 4+ 2mtz L
A3 = (O + kax udy, exp(ktz™1)dy, t0; + £0y — udy) (k> 0) :
F = o7 Yk?2? — 2ktx + E**u + 2kte%u, + 273 exp(ktz ™) G(w),
w = exp(—ktz 1) (z%u, + ktu);
Aéﬁ = (e7'0y, €0y, 00 + kO,) (k>0):
F=u+G(n,ug), n=x—kt;
Ae = ([t7284, [t|284, 10, + 20, + %u&) :

3
F = Ztﬂu + ]t]*%G(f,w), E=te!, w=a"1u2

As7-invariant equations

Ay = (O + kOu, [0]™ 900, 10, + 20y + mud,)
(k>0,m#gq, 0<lgl<1):
F=(k—1)(m—q)(m—q—1)n"2u+ |n"2G(w),

1

Mg — (m— )~ ], n =2 — kt;

w=|n

A§.7 = (O + kzlud,, exp(ktazil)au, t0 + 20y + quiy,)
(k>0,0<]gl <1):

F = [k + K22~ 4? — 2kta—3u + 2kta2u,
+]z|7 2 exp(ktz ™) G(w),
w = |z|" T exp(—ktz ™) (uy + ktz%u);
1
Afg = (12900, [t]'" 2900, 10, + 20 + (1 + S0)udu) (q # 0,£1) :
F = Jala - 2t u + 1 2G(E w),
E=tz! w= \t\*%qux;
A 1 1 1
AS.? = <eXp i(q - 1)t 8u7eXp 5(1 - Q)t 8u7 Oy + kO + 5(1 + Q)uaLL)
(q# 0,413k > 0) ;

1 1
F=la- 1)%u + exp (2(1 + Q)t> G(n,w),
1
n=x—kt, w=exp (2(1 + q)t> Uy

A3 = (0 + kx  udy, x| Wdy, tO; + 10;) (k> 0,q #0,+1) :
F=—utu?—qg+ Dz 2uln|u| + k(g —1)(g + 2)tz3u

+ur 2G(w), w=zu tuy +qln|u| + k(1 — g)tz~ L.
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Asg-invariant equations
ALy = (costdy, —sintdy,d; + kd,) (k> 0):

F=—-u+G(n,ug),n=x—kt

1
A2, = (|t|2 cos(In [t|)By, —[t|2 sin(ln [¢|)Dy, L0y + 20y + Sudu)
F= —Zt_Qu + [t|72G (€, w),
-1 1
=txr ", w=[t|2uy

Asg-invariant equations
ALy = (sintdy,costdy, O + kdy + qudy,) (k> 0,q > 0):
F=—u+el'Gnw), n=x—kt, w=-c Tuy;
A2y = (|t|7 sin(Wn [t))dy, |#]2 cos(In|t])Dy, td; + 20, + (% + q)udy)
(0 #0): F = =220+ - 3G(g ),
E=ta™!, w= [tz %,
6.3 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.

6.3.1 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 = Ugy +uG(w), w= u g, (6.13)

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:
U = Uge +mu"u  (m #0,-1). (6.15)
The mazimal invariance algebra of (6.15) is the four-dimensional Lie algebra
Ay~ Ass @ A1, Ay = (0, 0y, t0p + 10y, udy).

Assertion 8 Fquation (6.14) admits wider symmetry group iff it is equivalent to one of the following
PDEs:

Ut = Ugy + e“”‘; (616)
U = Ugy + mln |’LLI|, m > 0, (617)
Ut = Ugy + |uz\k, k #0,1. (6.18)
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The mazximal invariance algebras of the above equations are five-dimensional solvable Lie algebras
given below.

A% = <6t7a$78u7tauvtat +1’8x + (u—x)8u>,
1
A? = (O, O, Oy, 10y, t0r + 10z + (2u + §mt2)8u>;

k—2
Ag = <8t78w7 au7t81utat + «Tag; + mu@@

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:

1) equation in question is equivalent to PDE of the form (6.1), or
2) 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
Ut = Ugy + U+ G(uy). (6.19)

This equation is invariant under the four-dimensional algebra (9;, 9,, €!d,, e~%9,) isomorphic to Az ¢®
Aj. Inserting F' = u + G(u,) into classifying equation (2.5) yields the system of two equations for G

WG = —h" =2\, [(h— Nug + ]G — (h —2\)G = 144 — 100 — 2h ug — 7.
As G” # 0, the first equation implies that A = A’ = 0. The second equation takes the form
(hug 4+ 14)G" — hG =144 — T3q — T

Upon differentiating the above equation twice with respect to u, we get (hu, +7r,)G” =0. As G" # 0,
the relations h = 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 A%Q-invariant equation

Ut = Upy + un_2G(w), n=x—kt, w= nu_lux, k>0, (6.20)
is
(77_27“w - n_lrm)Gw - 77_27’G =Tt — Tza,
(A2 — kA0 3w + 7RGy — 200 — kM) 3G = —20'n 1w — A",

Differentiating the first equation with respect to w yields

(77727“0') - Wﬁlrx)wa = 07

whence in view of inequality G, # 0 we get r = 0. Next differentiating the second equation twice by
w we get
(A2 — kA1) 3w + 07 W] Gww = 0,

whence it follows that G, = 0. Indeed, if this relation does not hold, we have Ao = kA1, A’ = 0 and
operator (2.4) takes the form

A0y + x0y) + M (0 + kOz) + Crudy, A AC1LER, k>0.
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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=Au*+Buw+C, A#0,-1, B,C€R. (6.21)

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

2(A+1)n*h' = B(\y — k\1), n°BH +1n°h =2C(\a — k\). (6.22)
If £ > 0, then this system splits into the three equations (note that h = h(z))
' =0, B(A2—k\)=C(2—k)\)=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'u2(A # 0,—1) and we obtain the equation equivalent to (6.15). Under
= 0 system (6.22) takes the form

2(A+ 1)a?h = \oB, 2Bl + W23 = 2),C.

Hence
1 B*-2B
h = —-MA+1D)'Ba'+01, C1eR, C=—"—"—.
9 2( + ) €T + 1 1 € KR, 4(A+ 1)
In this case equation (6.20) does admit additional symmetry operator
B
O — ————x 'ud
IV )
but the change of variables
t=t T==x u=|z|"v I/——L
- ™ - I - ) - 2(A + 1)7

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 equations (2.7) we need to consider invariant
equations obtained in the previous section that contain arbitrary functions of two variables.

6.3.2 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 Agg-invariant equations. As shown in the previous
sub-section, there are two inequivalent Agg-invariant equations, namely,

A%.G = <€_t8ua etaua at + ka:c>
(k>0): F=u+G(n,uz), n=x— kt;

5
A3.6

1 1
(117200, [30u, 0% + 20, + Sud,)

3
F = Zt72u + ]t|*%G(§,w), E=ta™t, w=a1ul
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According to [44] the algebra Asg is the subalgebra of the following four-dimensional solvable Lie
algebras: 2459, A3 @ A3 Asa(q = —1); Ass(qg = —13).

Algebra 2As 5. The algebra 2459 = (€1, €2, €3, e4) is defined by the following commutation relations
(note that we give non-zero relations only):

le1, e2] = [e1, e4] = [e2,e3] = [e2,e4] = 0, [e1,e2] = €2, [e3,e4] = e€4.

It contains a subalgebra Az = (e1 — e3, €2, e4). That is why, we can choose the basis operators of the
realization of Asg as ey — e3, e, e4. Next, we take an arbitrary operator of the form (2.4) as e; + e3
and require for the commutation relations

[61 —e3,e1 + 63] =0, [61 + e3, 62] = eq, [61 + es, 64] = ey (6.23)

to hold.
Realization A3 ¢. In this case

e1 —e3=—0 —kOy, €3 =¢e '0y, es=e'0y,
€1 +e3 = (/\t + )\1)8t + ()\x + )\2)63; + (hu + r)@u

It follows from (6.23) that
A=M=0, r=y=90), h=-L

Using the change of variables

t=t T=uz v=u+A@n),

where A = A(n) is a solutions of equation \gA’ + A = —~, we simplify the operator e; + e3 to become
e1+e3=ad; —uly, a€R.

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

G = exp(—a~'n)H(w), w = exp(an)uy.
Thus we arrive at the following realization of the algebra 2A4s 5:
(€704, €'0y, 0y + kOy, a0y — udy) (k> 0, a #0).
This algebra is admitted by the equation
Ugt = Uy +u + exp(—a ')G(w), n =z — kt, w = exp(a”'n)u,.

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.

Realization A3 . In this case

1
e1 —es = —t0 — x0y — §u8u, eg = \t\‘%@u,
e1+e3 = (At + A0 + (Mo + A2)0y + (hu+ 1)y, €4 = [t]20,.

It follows from commutation relations (6.23) that Ay = Ao =A=0,h=—-1, r= |t|%7(f), ¢ =t L
Making the change of variables

t=t, T=ux, v:u—]t|%*y(§)
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we get 7 = 0 in e; + e3. Consequently, without loss of generality we can choose e; + e3 = —ud,.
Requiring for the A3 s-invariant equation to admit the operator ey + e3 yields the constraint 2wG,, =
—G, whence G = \w|_%H (€). Consequently, the function F is linear in u,. This means that A3 s does
not admit extension to a realization 2455 that can be a symmetry algebra of an essentially nonlinear
equation of the form (2.7).

Algebra Asg @ A1. What we need to do here is to supplement the set of operators e, es, e forming
the basis of As¢ by the operator e4 of the form (2.4) and verify the commutation relations

[61,64} = [62,64] = [63,64] =0. (6.24)

Realization A ;. It follows from (6.24) that h = A= \; =0, 7 =(n), n = x — kt in the operator
e4 so that

es = a0y +Y(N)0y, a€R.

If a # 0, then ey is equivalent to 0,. Hence we get two possible realizations of the algebra Agg ® Aj:

(€710, €0y, 0, 0,);
<e_taua etaua 8t + kaxa 7(n)8u>

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 equation (6.19), if G is an arbitrary function.

Realization A3 4. It follows from (6.24) that A\; = Ao = h = A =0 and

r=t2y(), &=ta},

so that the operator e4 necessarily takes the form e4 = \t\%'y(ﬁ)ﬁu. As the straightforward verification
shows the so obtained realization cannot be invariance algebra of a nonlinear equation of the form
(2.7).

Algebra Ay (¢ = —1). We need to supplement the set of operators ej, es, ¢4 forming the basis of
As ¢ by the operator e3 of the form (2.4) so that the following commutation relation hold

[61, 63] = [62, 63] =0, [63, 64] = e + e3. (6.25)

Realization A3 ¢. In this case

e1 = e !0y, ey =€y, es=—0 — kO,

and it follows from (6.25) that the coeflicients of es satisfy equations h = A = A\ = Ay = 0, the
function r being a solution of the equation

re +kry =7+ €.

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

1
e = |t|_%8u, ey = |t|%8u, e4 = —tO — 10y — §u8u.

It follows from (6.25) that the coefficients of the operator es satisfy equations A = A\j = g =h =0
and the function r is a solution of the equation

3 3
try + ary = §r+]tl2.
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Further analysis shows that the so obtained realization cannot be invariance algebra of a nonlinear
equation of the form (2.7).
Algebra Ayg (¢ = —%) We need to supplement the set of operators ey, e3, e4 forming the basis of

Az by the eg of the form (2.4) in order to satisfy the commutation relations
le1,e2] =0, [e2,e3] =e1, [e2,eq] = e2. (6.26)

Realization A3 . In this case

1 1
e1 = e '0,, e3=¢'0,, es= iat + 5/{830

and the second commutation relation yields the false equality 1 = 0.
Realization A3 . In this case

1
e = [0, e =[t|20,, es=—t0 — 20, — 51

and again the second commutation relation from (6.26) cannot be satisfied.
Consequently, there is no extension of the realization of A3 ¢ to a realization of the algebra Asg (¢ =
1
—32):
The remaining equations containing arbitrary functions of two variables are handled in a similar
way. The results can be summarized as follows

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

2) except for equation (6.14), all the equations in question do not allow for extension of their
symimetry.

Below we give the complete list of invariant equations obtained through group analysis of equations
with arbitrary functions of two variables.

6.3.3 Equations invariant under four-dimensional solvable Lie algebras.
Ao o P 2A1-invariant equations
1) (04,0 + udy, €'0y,e7'0y) : F=u+e'GWw), w=u "ug;
%) %(at +kDL), €MDy, €y, By + ud) (k> 0, = & — kt)
F=(-1Du+e"Gw), w=e " uy—u).
2 A5 o-invariant equations

1) (9 + eudy, By, eTH0,, 79, (e =0,1;k > 0) :
F=(—Du+elGw), w=e%(uy—u);

2) (a0 — Oy, O + kOy, e 10y, €'0y) (k> 0,a > 0) :
F=u+exp(—a " ')GWw), n =z — kt, w = exp(a” 1) u,.

As 3 P Aj-invariant equations

1) (O, Op, Oy, t0y) « F = G(uy).
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As 4 P Aj-invariant equations

1) (Oy, Og, tOp + 0y + (U + ) Oy, t0y,) :
F=t"1Gw), w=1u;—In|t|;

2) (O + By, 03,104, 0y) : F =e'G(w), w=-e "uy;

3) (x710y, 0, — 27w + In|z|)0y, t0; + 205, tx~10,,) :
F=2r" u, +22 +t '27'Gw), w=zu, +u—In|tz"|

As 5 @ Aj-invariant equations

1) (D, 0us 10y + 20y + by, tDy) : F =t 1G(uy);

2) <x_18u, Oy — x  udy, to, + 20y, tx_18u> :
F=—-22"2u+ 2t (uy + 27 ) In [t (uy + 27 )|
+t  (up + 27 ) G(W), w=2us +u.

Asg P Aj-invariant equations

1) (0p, tOy, 1Oy + 2053, 0y) = F = t_zG(w), w=t"tuy:
2) (0,05, €'0y,e710,) : F =u+ Gluy).

As7 @ Aj-invariant equations
1 1 1
1) (exp (—2(1 - q)t) Ou,y €XP (2(1 - q)t) Ou, O + 5(1 + q)udy, 0y)

(#£0,41): F= %(1 — )%u+ exp (;(1 + q)t> Glw),

1
o =exp (51 +0t) u
2) (0 13000, 12000, 10, + 2, + (1 + q)ud)
1
(4 #0,£1) : F = 2(¢* = Dt u+ (|26 (w),

w= \t\%(kq)um;

_1 g+l 1 1+qg
3) ([t al€] ™ B, 0 — *q Lo ud, —q(t0; + 2y), |€] 3 0,)
1—¢? 1
(g#0,£1): F = 4q2q 2+ 56_2)] u+ ;— qx_lux

itq a1 1
HFOW), €=t o=l [ou+ L2,

Asg @ Aj-invariant equations
1) (sintdy, costdy, O, 0g) : F = —u+ G(ug).
Asg P Aj-invariant equations

1) (sintdy, costy, Oy + qudy, 0,)(q > 0) :

F=—u+el'Gw), w=e Ty,
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Ay 1-invariant equations

1) (Ouy —t0y, 0z, Op — tx0y) : F =G(w), w=uy+ %tQ;

1
2)  (Oy, —tDy, s + §t28u,8t + k20,) (k> 0,a > 0):
F=a (2 —kt) + Gluy).
Ay o-invariant equations

1) (|t 290y, |t|290u, By, tD, + 20y + [(1 + ;q> u+ x|t|éﬂ B4

(q#0,1): F = Zalg — 2t + {2096 (w),
w = [t]20= D, — 22
2) (O, V/[t|0u, VIt I [t|0, £y + 20, + (q + ;) udy)
(0 #0): F = 3t 2+ (1 30w), w= |l u,.
Ay s-invariant equations
1) (B, |t|20u, —|t|2 I |t|Oy, t0; + 0 + %uaw :

1
F=—2tut 172G W), w = |t|2ug;

2) (O, 0y, Oy, t0; + 20,) : F =1t72G(w), w = tuy;
3) (M8, 0 + kudy, O, + teFtd,, e *0,) (k#0, 3> 0) :
F = ku+ 2kB tzeM + ektG(w), w=e Fuy,;

1
(e*tkLD,, €10y, a(Dy 4+ udy) + 2kte"d,, — o7 (0 + k0z))
(@#0, k>0): F=(k*—1)u—4k?a"ne" + "G (w),
w

=e Nuy —u),n =z — kt.

Ay 4-invariant equations
1 1 3 1
1) (|t|2 O, —|t]2 In|t|Oy, Op, L0y + 20 + |:2u — z|t|2 In \t@ Ou)

F = it_2u + |t|_%G(w), w= \t\_%ux + %an |t].

Ay s-invariant equations
1) (O, [t O, [t 7Oy, 10, + 20 + mudy)

(m# 3 (1+a), 5 +oi0£0):

F=(m-a)(m-—a—Dt2u4+ t|"2CG(w), w=[t|" ™u,.
Ay g-invariant equations

1) (D, [t]2 sin(g™ I |t])Du, [¢]2 cos(qg™" n [£]) Dy, gtd; + qud,
(;qﬂ)) udy) (q # 0,p 2 0):

]_ _ _
F:‘<4+qﬁt2wﬂwl@%@ww,w:uw“¥ﬁww

45



Ay 7-invariant equations

1
1) (Oyy —tOy, O + KOy, tOp + x0y + <2u — 2t2> Ou) (k>0):
F=—Inn+GWw), w=ntu, n=a—kt
Ay g-invariant equations

1) (Or + €uly, Oy, €50y, te*0y) (e =0;51) :
F=—-u+e'Gw), w=e “(uy—u);

2) (|2 90y, O, t|x|" 10y, 10y + £0y + mudy) (¢ # 0, m € R):
F=—(m-q)(m-q— 1)z u+|z["G(w),

w = [T ug — (m — g)a ™ u;

3)  (Or +kOy, 0y, t0y,10; + 20, + qudy) (k> 0,q € R) :
F=n""?Gw), w=[n'""tus, n=2x—kt;

4) (x_lﬁu, O + 0y — x by, tr 1, t0; + x0y)
F =2 u, +27'(t —2) 'Gw), w=2us+u;

5) (Oy, —tOy, O + kOy + u0y, 0y + udy) (a # 0,k > 0) :
F =exp(a 'n+1)G(Ww), w=exp(—a ' —tu,, n=x—kt

Ay qp-invariant equations

1) (sintdy, cos tOy, Oy + Uy, Op + kOz)(k > 0) :
F=—-u+¢e"Gw), w=e "Tuy, n=ux—kt.

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

7 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 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 PDEs.
The majority of papers on exact solutions of equations (1.1) deal with the PDEs of the form

Uty = f(u), (7.1)
where f is a smooth function. The particular cases of the above equation are
e the Liouville equation (f(u) = e"),

e the Bonnet (or sin-Gordon) equation (f(u) = sinu),
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e the sinh-Gordon equation (f(u) = sinhu),
e the Tzitzeica equation (f(u) = e* + e~ 24).

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 Tz-
itzeica equation were found in [4, 5].

A number of explicit solutions of equations (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
equations (7.1) under f(u) = Au* are obtained in [46]. The case f = asin(Au) + bsin ($Au) has been
studied in [5, 12, 47].

In what follows we concentrate on constructing solutions of nonlinear wave equations (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(t7 x, U)at + f(t, Z, u)ax + 77(757 xz, u)8U7
have to obey the following restriction [14]:
7]+ 1€] # 0 (7.2)

in some open domain € of the space V = R? x R! of independent R? = (¢, 2) and dependent R' = (u)
variables.
As we proved in the previous sections, equations

U = Ugy — u_lui; (7.3)
Uy = Ugy + "% (7.4)
Uy = Uy +mIn|uy| (m > 0); (7.5)
U = Ugg + |uel (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 suggested in [44] and the lists of
one-dimensional subalgebras of four-dimensional subalgebras obtained in [44].

Equation (7.3) admits the algebra

Ay = (As3® A1)D (es),

where Ag 3 = (e, e, e3) = (uy, O, zudy), A1 = (€4) = (01), €5 = tO; + x0,.
In what follows we need the commutation relations of the basis operators of the algebra As3® Ay
with the operator es:

le1,e5] =0, [e2,e5] = ea, [e3,e5] = —e3, [eq,e5] = eq.

According to [44] the one-dimensional subalgebras of A3 3 @ A; defined within the action of inner
automorphism group of this algebra are (e1), (e14aeq), (eq), (e2), (e2+aes), (e3), (es+aeq), (ea+Ses),
(ea + Pes + aey) (a, B # 0). The above subalgebras can be further simplified by using transformation
group generated by the operator e;. For example, using the Campbell-Hausdorff formula we transform
e1 + aey as follows:

exp(fes)(e1 + aey) exp(—fes) = e + aeley.
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Consequently, choosing § = —In |a| we simplify e; + aey to become e & e4. Similarly, we prove that
we can put = £1 in eg + aeq and S = £1 in ey + Pes, ez + fes + aey.

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 =e5+ ajer + ases + azesz + ageq, aq, 9, a3, 04 € R. (7.7)

Utilizing the automorphism exp(fe4) with a properly chosen 6 we have ay = 0 in (7.7). Next applying
the transformation exp(fies + 0ze3) to operator (7.7) reduces it to one of the following operators
es,e5 + aep (a#0).

So the list of the one-dimensional subalgebras of the five-dimensional algebra A} determined within
the action of inner automorphism group is exhausted by the following algebras: (e1), (e; £ e4), (e4),
(e2), (ea+ aeq), (e3), (estes), (eates), (eates+ aey), (es5), (es+aer) (a # 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

t=—t, T=x, V=1
t=t, T=-x, v=u
t=—t, T=—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 +ea), (ea), (e2), (e2+ aeq), (e3+ ea), (7.8)
(ea £ e3), (eates+ aey),(es),(es+ aer) (a >0).

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

(e1 +e4)0 F(t,z,u) =0
or

The complete set of first integrals of the above equation is w; = x, ws = e ‘u. Hence we get the
general form of invariant solution (ansatz) ws = ¢(w1). Solving this equation with respect to u we
finally have

u = elo(z). (7.9)
Inserting (7.9) into (7.3) yields ordinary differential equation for unknown function ¢
¢ =0T~ =0,
which is easily integrated

1
© = exp [2372 +C’1x+02} , C1,C5 € R.

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+2x2+6’1x+02] , C1,Cy e R.
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.
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8 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

I. Ut = Ugy + F(t, z,u,uy), Fyu, 7#0;

II. Ut = Ugy + g(t, x,u)uy + f(t,x,u), gy #0;
I1I. Uty = g(t, x)uy + f(t,x,u), go #0, fuu # 0;
IV. Uty = f(t,x,u),  fuu # 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.

If we denote as DE the set of PDEs II — III, then the results of application of our algorithm for
group classification of equations I-IV can be summarized as follows.

1) 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 twelve inequivalent equations
from DE invariant under three-dimensional Lie algebras. We give the lists of all inequivalent
equations from DE that admit one- and two-dimensional symmetry algebras.

2) 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.

3) 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 equations (1.1) are utilized for
constructing their explicit solutions. Namely, we perform symmetry reduction of all equations (1.1)
admitting five-dimensional symmetry algebras to ordinary differential equations and constructed multi-
parameter families of their exact solutions.
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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
€1+ eq) :u=exp [t+2a:2+01x+02},

(

(eq) : u = exp[Crx + Co,

(e9) :u = Cit+ Cy,

(e2 + aes), (a>0):u=Colt —aw + Cy|' ™,
{

1
€3+ e4) 1 u = exp [tw+12x4+01:c+02] ,
14
(eg —e3) : u = Crexp —§w cos(t + Ca),
1
(€9 + e3) : u = Cyexp <2$2> cosh(t + Cs),

1
(e2 + €3+ eq) : u=exp [C’l—i—Qin(t—x)],

1 +— 1—a?
(eg —es+aeq) (a#1,a>0):u=Cyexp (—23:2) |:COS (C’l + ozx) )

|
t—am)

1—a?

1
(ea +es+aeq) (¢ #1,a>0):u=Coexp (—2x2> |:COSh <C’1 +

€ -1
(e5>:u:exp{/ <01(772—1)+1(172—1)1n L4n —177] d7]+02}, E=ta

4 1—n| 2
¢ 1 |1+ -
<€5+61>:u:texp{/ [017724-277111 1_2‘—77] dn+Cs ¢,

3
(es5 + aer) 1 u = [t|%exp [/ g(n)dn + C’l] , where ¢ = tz™! and g¢(¢) is a solution of
the Riccati equation, €2(¢2 —1)g' = €%¢g® — 26(€2 — a)g + aa — 1).

Here e = ud,, ex = 0y, €3 = xudy, eq = 0, e5 = td + x0, and C1, Cy are arbitrary real constants.

Exact solutions of (7.4):

<€4> : u:01t+02,

(e2) :u = (z+ Cy)[l —In|z + Ci|] + Cq,

(ea +aes) (a>0,a#1):u=(x—at)ln|l —o?|
—(z—at+ Cy)[In|z — at + C1| — 1] + Cy,

ez +aeq) (a>0):u=a ‘tr + a’exp(a™lt) + Cit + Co,

(eg +ee3) (e==+1):u= %etQ +p(x), ¢ =ylx),
y—Inle —eY| = ex + Oy,
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(ea+ Bes-+eq) (34 0):u= 25+ (x — ) |5 + C1,

(e -+ fes +aca) (57 0,0 > 0,0 #1) u= 6 4 o), n=z—at,
o=y (n),y—|f-e|=p1-a*)""n+C,

(e5) :u = —zln|z| + Cit + =,

(e5 + ae3) (a>0):u=(at —z)In|z| +zpE), €=tz
(€2 = 1)¢" +exp[~€¢' + ¢ +ag — 1] =1 +at.

Here e; = 0y, ea = 0y, €3 = t0y, €4 = 0y €5 = tOy + ©0, + (u — x)0, and C1,Cy are arbitrary real
constants.

Exact solutions of (7.5):

(e1 +eq) :u=x+ Cit + Cy,

<64> U= Clt"‘CQ,

le2) 1= o(z), ¢ = f(x) /df:—mx—l—C

2/ - @ y P ) ln]f] 1,
(ea+eq4) :u=a—t+Ch,
<62+ae4>(a>0,oayél):u:go(n),n:x—at, <P/:f(77),

d
/ ln|ff| =7 fLoP (x — at) + C4,

1 1 1
(e3+aeq) (a>0):u=a 'to+ imt2(1 +Ina) + imt2 <ln t| — 2)
+Cit + Cy, a0 > 0,

1
(e5) :u= §m2 In |t| + t?¢, where ¢ = @(€) (€ = tz™!) satisfies equation

(& —1)@" +26(82 = 2)¢' — 20+ mIn || — gm =0.

Here e = 0y, e2 = 9y, e3 =t0,, e4 = 0, €5 = t0; + x0, + (2u + %mt2) Oy and C1, Cy are arbitrary
real constants.

Exact solutions of (7.6):

1
(€1 + eq) :u:§t2+x+01t+02,

(eq) 1 u = Cit + Cy,
(e2) iu=(2— k)1 + (k — D)) + Oy and k # 2,
u=Coln|z — C}| and k = 2;
(ea+aes) (a>0,a#1):u=(1-0a?)In|C; —z+ at| + Cy and k = 2,
1
u:% <;2__k1> o |x—at+01|%—|—02 and k #0,1,2,
(es+eq) iu=tx+t(Inlt| — 1)+ Cit+ Ce and k = —1,
u=txr—In|t|+ Cit+ Cy and k = —2;
u=tr+ (k> +3k+2) t|f 2 + C1t + Cy and k # 0,1, -1, -2,
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1 xX
(ea +e€e3) (e==%1):u= 26752/ f(m)dn + Cy, where f is defined by

df
[ ==
1 "
(g +eeg +aeq) (e==x1, a>0):u= 26t2/ f(z)dz + Cs,
n = x — at, where f is defined by / d‘(ﬂk =(1-a®)12 40,
c —
(e5) 1 u = ]tl%cp(@, ¢ =tz !, where ¢ is defined by
k—2 -2
2(¢2 " 2 / ke2k), 1k
1 p _rze 1 -
e - 1) +26 (€ - 122 ) o+ (CDFEHE + e =0
and k # 0,1,2,
¢ 1 1 1]
u—/ [01(1—772)+(1—772)1n‘+77‘—n] dn + Co,
4 1—n| 2

E=tz tand k=2,
3
(e5 + aer) (a>0):u—aln]t!+/ f(n)dn + Cy,

&=tz f= f(n) is a solution of Riccati equation
P =V f + 5+ 20°f +a=0and k = 2.

Here e; = 0y, €2 = 04, e3 =10y, €4 = 0, €5 = t0; + x0; + %u@u, k # 0,1 and C1, Cy are arbitrary
real constants.
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Table I. Invariant equations (2.13)

Number Function f Symmetry operators | Invariance algebra
type
1 el f(w), O + w0y, 0y Ao q
w= ueitv fww # 0
2 et“”f(w), Ot + u@u, A2.1
w=ue 7% fww #£0 Op + U0y,
3 (t—x)7%f(w), —t0p — 10y + u0y, Az2
w=(t — 2)u, fuu #0 O + 0x
4 7 f(w), —t0; — x0yp — U0y, Ao
w=z"lu, fww #£0 Oy
5 (t — )72 f(u), O + O, sl(2, R)
]Zuu?éo 10y + x0,,
tzat + .’Ezax
6 exp(z~1u) —t0; + 20y, Ao @ Ay
O, 20y + u0,,
7 Az| =™ 2 ™ Oy, t0; — %u@u, Az2 ® Ay
A#0,m#0,—,1-2 20, + Hud,
8 f(w), fuu # 0 O, Oy, —t0y — 20y Az
9 Mu["TH XN #£0,n #0,—1 0y — tud, Ago @ Az
x0y — %u&u
atv ax
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