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GROUP ANALYSIS OF THE ONE-DIMENSIONAL BOLTZMANN
EQUATION: III. CONDITION FOR THE MOMENT QUANTITIES TO
BE PHYSICALLY MEANINGFUL

K. S. Platonova® and A. V. Borovskikh*

We present the group classification of the one-dimensional Boltzmann equation with respect to the function
F = F(t,z,c) characterizing an external force field under the assumption that the physically meaningful
constraints dx = cdt, dc = F dt, dt = 0, and dr = 0 are imposed on the variables. We show that for all
functions F, the algebra is finite-dimensional, and its maximum dimension is eight, which corresponds to
the equation with a zero F.
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1. Boltzmann equation

We perform a group analysis of the one-dimensional Boltzmann equation [1]
fitefs+Ffe=0 (t,x,c€R), (1)

which describes the evolution of a fluid particle distribution (here, ¢ is the time, x is the spatial coordinate,
¢ is the momentum, and f(t,x,c) is the phase density of the particles). We assume that the function
F(t,z,c) responsible for the force field is given (but still arbitrary).

We first say a few words about the original statement of the problem and related problems. We are in
fact interested not in the symmetry groups of the Boltzmann equation itself but in their behavior in passing
from the Boltzmann equation to a system of equations for the moment functions

+oo
§ Mt x) = / f(t,z,c)c de. (2)

— 00

Of course, it is most promising to consider the three-dimensional equation, but because we here start to
consider the statements of absolutely new problems, we first try to do this for the one-dimensional equation.

We stress that the group analysis is always related to a certain transformation of the problem, namely,
some arbitrary functions must be introduced. It is well known that equations for which some relations may
vary or even be empirical laws are often used in mechanics. These relations can be written analytically
only approximately starting from some hypotheses. In this case, the mathematical statements are usually
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based on using arbitrary functions (of course, constraints of the form of positivity, monotonicity, etc., can
be imposed on these functions, but they are arbitrary in their origin). In the group analysis, this is simply
a rule determined by the technique; this rule works most efficiently in the case of minimal constraints
on the class of functional relations that can be varied, while inappropriate, “excessive” assumptions can
seriously complicate the analysis. Moreover, using arbitrary functions sometimes results in the mechanical
classification of equations being replaced with their mathematical classification, for example, with symmetry
groups, as in Ovsyannikov’s famous work [2]. We therefore first consider the Boltzmann equation with an
arbitrary function F (¢, z, ¢).

The second specific property of group analysis is a significant extension (compared with the physical
statement of the problem) of the class of changes of variables (changes of coordinate systems in the physical
language). This drastically simplifies the calculations but generates a problem of interpreting the results
from the standpoint of physical meaning. We are sometimes on the edge of this meaning and sometimes
even over the edge. The results of group analysis must therefore be constantly reviewed to determine
whether the physical meaning is lost, and if so, then why it is lost.

The group analysis of Eq. (1) conducted in [3] is a clearly convincing example of such problems. It is
easy to see that Eq. (1) is a linear homogeneous partial differential equation for the function f, which is
solved in the standard way consisting in finding a change of variables (¢, x, ¢) converting (1) into the simplest
equation f; = 0. Therefore, at the first glance, the group analysis of such an equation is trivial: all equations
are equivalent to one another, and the symmetry groups of all equations are isomorphic to the symmetry
group of the simplest equation, which is easily found. But there is one oversight here. Admitting arbitrary
transformations of the variables (¢, z, ¢), we can very easily lose the same physical meaning because ¢ is the
velocity of a particle in a space where the coordinates are given by z and stretching the axis 2 (while time
does not vary) assumes also recalculating c.

We can give an analogous, more clearly convincing example in the three-dimensional case: how can
the coordinate system in the space of variables x be rotated without rotating it in the space of velocities?
But this is not written “in the equation,” and it is impossible to overcome this absurdity using purely
mathematical tools. A way out is to impose an additional condition of transformation invariance on the
additional relation dz = c¢dt (and simultaneously on the relation de¢ = F dt, with which it forms Newton’s
second law).

It thus turns out that a group analysis of Eq. (1) without the conditions

dx = cdt, de=Fdt (3)

(which, as shown in [3], gives a quite different result compared with the same analysis with these conditions
taken into account) is senseless from the physical standpoint (by the way, precisely this point was apparently
neglected by the authors of [4], where they reduced the left-hand side of the equation to the simplest form).
Similarly, one more condition now related to not the Boltzmann equation itself but moment func-
tions (2) appears “from nowhere” (from the mathematical standpoint). These quantities have physical
meanings in an appropriate medium (the function j () is interpreted as the mass density, j(!), as the mo-
mentum density, and j, as the energy density) and are calculated by integrating over the velocities of
the corresponding characteristic particles located at a given point of space at a given time, i.e., we formally
integrate over the straight line ¢ = const, x = const. But for arbitrary changes of variables, this straight line
transforms into an unknown curve in the space (¢, x,¢), and the integral (together with the corresponding
quantity) becomes physically meaningless. To preserve the physical meaning, we must therefore supple-
ment the problem statement with the condition that these straight lines are invariant, i.e., introduce the

invariance condition for the relations
dt =0, dz = 0. 4)
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There is another factor of physical nature. The quantity
f(t,z,c)dzde (5)

also has the physical meaning of the number of particles located in the phase volume dx dc at time ¢, and
this quantity by assumption must be invariant under the change of variables (because a change of variables
is only a change of the coordinate system and the set of particles treated as a physical object does not
change in this case). One more condition thus arises.

As aresult, the original problem becomes nontrivial. We note that some of the listed conditions simplify
the analysis, and some (e.g., the last one) strongly complicate it. To take this analysis to an effective result,
we must therefore manipulate the conditions, namely, use some of them, temporarily “forget” the others,
and return to them when some preliminary classification results are obtained.

Here, we consider Eq. (1) with only the set of conditions (3) and (4), and the situation where the
invariance condition for quantity (5) is added will considered in a separate paper.

2. Symmetry groups and equivalence groups of Eqgs. (1) and (3)

We first recall the basic definitions and the results obtained in [3], [5].

The symmetry group of a differential equation Y = 0 is the group G of transformations taking the
equation Y = 0 to itself. We then say that the equation is invariant under the group G.

Each one-parameter subgroup of G is generated by a vector field £ calculated as the derivative with
respect to the parameter of a one-parameter group at the zero value of this parameter. The one-parameter
group itself is reconstructed from the vector field as a solution of a system of ordinary differential equations
with the right-hand side equal to &.

We here deal with a transformation of the space of variables (¢, x, ¢, f), and the corresponding compo-
nents of the vector field are denoted by (7,¢, o, n). A one-parameter subgroup is reconstructed from the
vector field as a solution of the system of equations

t=1(t,z,c f), =&t x, e f), ¢=alt,z,c f), f=nltxcf) (6)

(the dot denotes differentiation with respect to the group parameter). With the vector field, we usually
associate the differential operator

== T(ta z, ¢, f)at + g(ta z,C, f)am + a(t,x, ¢, f)ac =+ T](tvxv (& f)afa (7)

in terms of which the invariance condition for the equation ¥ = 0 becomes succinct, i.e., ZY |y—o = 0
(operator (7) can then be standardly continued to the space of variables that also contain the derivatives;
the derivatives are f;, f, and f. in our case).

The set of all operators generating one-parameter groups forms a Lie algebra, i.e., a linear space
invariant under the operation of commutation of operators (satisfying the Jacobi condition). If this space is
finite-dimensional, then it can be used to reconstruct the connected component of the group, which contains
the identity transformation, as a locally parameterized set (manifold) of the same dimension. Here, we do
not construct the group itself (because we do not need this below) but classify the group, as usual, in terms
of the Lie algebra of operators (7).

The transformations taking any equation of form (1) to an equation of the same form but with another
function F form a group called the equivalence group of the family of equations of form (1). The equivalence
group permits dividing the original family into classes of mutually equivalent equations by reducing the
classification of all equations to the classification of the set of representatives of the corresponding classes.
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This group already acts in the space of five variables (¢, z, ¢, f, F) and is generated, as the symmetry group,
by the algebra of operators

S =7(t,z,¢, )0 + &t ¢, )0y + alt, @, ¢, [ + n(t, 3¢, O + ®(t, 2, ¢, f, F)OF.

As the starting point, we consider two main results in [3] and [5] about the symmetry group and the
equivalence group for Eq. (1) supplemented with relations (3).
We let
Df:8t+cagg +]—'(‘9¢ (8)

denote the differential operator generating Eq. (1).

Theorem 1. The Lie algebra of the group of symmetries of Eq. (1) preserving differential relations (3)
comprises two terms: an infinite-dimensional subalgebra of transformations of an unknown function

Ef = T](tv z,c, f)afa (9)

where 1(t,x,c, f) is an arbitrary function satisfying the condition Dzn = 0, and an infinite-dimensional
subalgebra of transformations of the independent variables

Etze =10+ (8+cr)0y + (Drf + F1)0k, (10)
where 7(t,z, ¢, f) is an arbitrary function and (¢, x, c) satisfies the condition
D%B — FDrB — Fu3 = 0. (11)

Theorem 2. The equivalence algebra of Eq. (1) preserving differential relations (3) comprises two
terms: an infinite-dimensional subalgebra of transformations =y = n(f)0y of the function f and an infinite-
dimensional subalgebra of transformations of the independent variables t, x, ¢, and F,

Srne = =B+ (B — cB)0x + (Bi + ¢B2)0e + D230, (12)

where [((t,x,c) is an arbitrary function.

3. Symmetry groups and equivalence groups
of Egs. (1), (3), and (4)

We now present the main result.
The invariance condition for relations (4) implies the conditions 7. dc+7¢ df = & dc+ &y df = 0 for any
dc and df for both the symmetry algebra and the equivalence algebra, which obviously implies 7 = 7(t, x),

§ = &(t,x).
Therefore, the symmetry subalgebra (10) under which condition (4) is invariant becomes Z; , . =
70y + €0 + (Dx(§ — ¢7) + F1)0,, where 7(t,2) and £(t,x) are arbitrary functions satisfying the equation

~Fr = Fol = Fele + ko — e = 10) + F(€e — 27 — 3em) +
+ &it + 20kt 4 CPluy — Tt — 26Ty — Ty = 0, (13)

which is obtained from (11) by substituting 5 = ¢ — e7.

889



For algebra (12), it turns out that §.. = 0, and the change § = £ — ¢7 results in the subalgebra

()

with arbitrary functions 7 =

te=TO +E0p + (& + c(x — T1) — 72) 0 + Di—(& —c7)0F (14)

7(t,x) and & = £(t,x). As can be seen, this condition quite significantly

improves the situation: the equivalence group reduces to the group induced by diffeomorphisms in the

space (t,z), and the symmetry group is induced by a subgroup of the group of diffeomorphisms, which

is determined by Eq. (11). As is seen below, a sufficiently large equivalence group permits an efficient

classification of equations.

Table 1
Case F(t,z,c) Basis of the symmetry algebra
E1 = 0, Z2 = Oy,
1 F=0 .:3—t8t, .:4233835,
S5 = 20, + tzd,, Z¢ = txd; + 220,
57 = x@t, ES = taﬂc

Representatives of classes of functions for which (1) has an eight-dimensional symmetry

group.
Table 2
Case F(t,z,c) Basis of the symmetry algebra
E1 =0, Zo=20,,
2.1 F = Ac® A
=3 = tat + — 1338r
ac E1 :ata 522617
2.2 F=Ae 53 = tBt + (C.U — t/a)ﬁw
3cta E1 =0, Ez=0y,
23 F=Aexp / Ziberd | == (@t (a—b)t)d; + ((a—2b)z—dt)d,
A E1 =08, Sp=td+ -0,
2.4 F== o Ty
x Z3 =t°0; + txd,
- 4 -
2.5 _7::14(14—(2—’_7&0)2)3/2 =1 :at__817 :2:t8t+2$8r5
t* 4 2ax 3 = —axd; + 3tz +t3/a)0,
= 2

_ t2 2 1\ 3/2 :1=(t +1)8t+t$8r,
2.6 ]-':A((m ;)L;Cl“L ) o = tad; + (22 + 1)0s,

e+ + Eg = —x@t + tax

Representatives of classes of functions for which (1) has a three-dimensional symmetry

group (here A is an arbitrary constant).

Theorem 3. The symmetry algebra of Eq. (1) preserving conditions (3) and (4) is finite-dimensional

for any function F(t,z,c). The finite-dimensional nontrivial symmetry algebras have equations with func-

tions F(t, x, ¢) belonging to the classes whose representatives are given in Tables 1-3 (up to transformations

from the equivalence group (14)).

In each case 1-4 shown in the tables, it is assumed that the function

F does not belong to the preceding class. For other functions F(t,x,c), Eq. (1) does not have nontrivial

symmetries preserving conditions (3) and (4).
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Table 3

Case F(t,z,c) Basis of the symmetry algebra
3.1 F = Fle) E1=0, Ea=0,
3.2 F= Tic) S =0y, Ep =t + 10,
A F = F(t,c) = =0,
F =F(z,c) Hi =0

Representatives of classes of functions for which (1) has two- and one-dimensional sym-
metry groups (here F and T are arbitrary functions).

4. Proof of the theorem

A direct substitution in expression (13) verifies that all functions F (¢, z, ¢) listed in the theorem cor-
respond to the indicated symmetry algebras. Therefore, we must in fact show that Egs. (1) with the
corresponding functions do not have wider symmetry algebras than those presented in the theorem.

We first show that the first statement of the theorem holds: a symmetry algebra of Eq. (1) that
preserves (3) and (4) cannot be infinite-dimensional (even more, cannot have a dimension greater than
eight) for any function F(¢,x, ¢).

We further use the Lie—Olver classical result, i.e., the classification of Lie algebras of groups of trans-
formations of a two-dimensional space. Lie obtained this result in [6] (for a complex space) and then refined
it to the real case in [7]. In fact, we need only a simple consequence of this result: all these Lie algebras
except one have two-dimensional subalgebras. The exception is the algebra with the structure so(3), which
we consider separately.

In what follows, we mainly focus on equations admitting two-dimensional symmetry groups, from which
we can distinguish the separate families given in Tables 1 and 2.

4.1. Finite dimensionality of the symmetry algebra. We assume that Eq. (1) with a certain
function F(t,z,c) has a symmetry algebra of dimension at least seven. We can then write at least seven
equations of form (13) for each operator = = 709, + £%0,, i = 1,...,7. We can regard the obtained system
of equations as a linear homogeneous algebraic system for 5y, F,, Fe, c¢Fe, ¢2F. — 3cF, F and the unity.
Because this system has a nontrivial solution, its determinant is zero:

! fl ftl fglc - Ttl _Tg} fglc _(gtlt + C(2gtlm - Ttlt) + 02( glcgc - 27}135) - CBT%x)

& G- ol & (6 ) + (€, — 27) — Ery)

Because 7 and £ are independent of ¢, this condition implies four different determinants each of which is
zero. We rewrite the condition that the columns in each of these determinants are linearly dependent as a
differential equation that must be satisfied by all pairs (7%, £%) (the last component ensures that the solution
of this system is nontrivial, and we can hence state that the last column can be expressed in terms of the
others). We obtain

ftt = L%I(Ta f)v 251596 — Tt = L%I(T’ 5)7 fzz = 2Ty = L?l (7—’ 5)7 Taw = LAlll(Ta 5)7 (15)

where ij(T, ) denote linear differential operators (generally with variable coefficients) of the order i with
respect to derivatives of 7 and of the order j with respect to derivatives of &, and these differential operators
are indexed by k.
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The obtained system of differential equations has only a finite-dimensional space of solutions. This can
easily be verified as follows. Using the matching conditions for the derivatives of the function £ in the first
three equations, we obtain the two relations

Tt = Lgl(ﬂ £), Ttte = Lgl(ﬂ £).

Supplementing them with the relations

Tixx = Lgl (7—7 5)7 Trxx = L§1 (7-7 5)7

which are obtained by differentiating the last equation in (15) and the first three equations in (15), we
obtain a linear system for the functions 7 and ¢ in normal form such that the dimension of its solution
space does not exceed the number of the initial conditions for 7 and £ and their derivatives (derivatives up
to the second order with respect to 7 and up to the first order with respect to £). The total number of
such initial conditions is nine, but there are in fact eight of them because the last equation in (15) implies
that the initial condition for 7, is uniquely determined by the others. Therefore, the dimension of the
symmetry algebra considered here can be at most eight.

As previously noted, all finite groups of the plane transformations were classified in [6]. The refinement
of this classification in [7] showed that all finite real Lie algebras of the groups of transformations of the
plane R? either are one-dimensional or have a two-dimensional subalgebra or are equivalent to the rotation
algebra 50(3,R). The functions F (¢, z, ¢) associated with two-dimensional and one-dimensional algebras are
considered further below, and in the next section, we determine equations of form (1) associated with the
algebra with the structure so(3,R).

4.2. Equation admitting the symmetry algebra so(3,R). It is convenient to use the s0(3)
realization
21 = —x0; + t0,, Ep = tad; + (2% + 1)0,, E3 = (t2 +1)0; + ta0,. (16)

An advantage of this algebra is that Eq. (13) is homogeneous for it.
We now verify which functions F(t, z, ¢) have this algebra. Substituting the operators =1, Zq, and =g
in (13), we obtain the system of equations

2 Fp —tFy — Fo(l+ )+ 3cF =0,
teFy + (1 + 2%)Fy + cFe(x — tc) + 3teF =0,

(14 ) Fy + taFy + Felw — te) + 3tF = 0.
We construct a linear combination to reduce this system to the form
aF —tFy — Fe(l1+ ) + 3¢F =0,
(L4 +2°)Fy + Folt + cx) = 0,
1+ +2)F +c(1+ 2+ 2%)Fp + 3F(t +cx) = 0.

It follows from the last equation that F = ®(z — ct, ¢)(1 + 2% +t2)73/2, and substituting this expression in
the first equation yields
ac®y 4 (14 )P, — 3c¢® = 0,
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where a denotes the first argument of the function ®. We hence have

2\3/2 a’ (1+ 02)3/2‘1’(@110;2)2)
O(a,c) = (1+c°)=0 T = F= (EREEwDEE

Finally, substituting the obtained expression in the second equation in the system, we already obtain the
ordinary differential equation 2%’(b)(1 + b) — 3¥ = 0, which obviously implies ¥ = N (1 + )3/ and hence

the function
(x —ct)2+ 1+ c%)3/2

(1+a2+41¢2)3/2 7

F=N

given in the statement in the theorem.
Conversely, the substituting such a function F in expression (13) immediately implies that the constant
term is zero in this equation because of its irrational dependence on c, i.e.,

gtt = 2€t$ — Tt = gww — 2Tty = Tue = 0,

whence 7 = At?+Btx+... and £ = Atz+Bx?+. .., where the ellipsis denotes linear functions. Substituting
7 and ¢ in (13) yields the abovementioned algebra. We note that the last reasoning is unnecessary because it
follows from the results in [6], [7] that the only finite-dimensional algebra of transformations of R? containing
50(3) is the algebra so(3) itself.

4.3. Equations with two-dimensional commutative symmetry algebras. As previously noted,
any finite-dimensional symmetry algebra except s0(3) contains a two-dimensional subalgebra. Therefore,
we first determine all equations admitting a two-dimensional symmetry algebra and then seek equations
with algebras of greater dimensions among them.

Choosing an appropriate basis, we can reduce any two-dimensional algebra = = AZ; + B=5 to one of
two canonical cases: [Z1,Z2] = 0 (commutative algebra) and [Z;, Z3] = E2 (noncommutative algebra). We
further consider each of these two cases.

We first assume that the algebra is commutative. Without loss of generality, we can then assume that
it has the form = = A0, + B0;. Indeed, one of the operators can be reduced to the form Z; = 0, by a
change of variables in the equivalence group, and the corresponding change t = (¢, z), Z = (¢, x) is then
determined as a solution of the system of equations Z1¢ = 0, 229 = 1. The commutation conditions for
the operator 2o = 720, + 20, then imply that 7o = 72(t) and & = &2(¢). In this case, we can find a change
of variables in the equivalence group taking (72, &2) to (1,0) and preserving the first vector field,

o(t) = /%(t) dt,  Y(t,x) =z — 28 dt

Hence, we can immediately assume that we have an algebra with the basis d;, d,. Substituting the basis
components in Eq. (13), we obtain F = F(c¢). Obviously, for any such function F, the corresponding
symmetry group contains at least the two-dimensional algebra chosen above. In the set of these functions,
we distinguish the functions whose algebra has at least two dimensions.

4.4. Large symmetry algebras containing a two-dimensional commutative algebra. We
substitute the function F(c¢) in Eq. (13) and simplify the result as

—Fel&t + e — 1) — P7e) + F(&a — 21 — 3ema) +

+ € + (280 — Tit) + 2 (Epe — 2T4z) — 3 Tox = 0. (17)



Further using the fact that the function F is independent of ¢ and = to fix some values of these variables
in (17), we can hence solve the obtained ordinary differential equation, obtain the ansatz for F, substitute
this function back in Eq. (17), and obtain a system of differential equations for 7 and £. As a result, there
are rather many branchings of the versions leading to the same functions in many cases. Therefore, to
reduce the reasoning, we first consider some function classes distinguished in advance and then show that
the symmetry algebra cannot have dimension greater than two for the functions that do not belong to these
classes.

We note several changes of variables (which are useful below) in the equivalence group of Egs. (1), (3),
and (4) that permit “simplifying” F(t, z,¢) (the words “change of variables takes F; to Fy” always mean
that the change takes Eq. (1) with 77 to Eq. (1) with F):

x + at, ¢ = c+ a takes F(t,x,c) to F(t,T — at, ¢ — a).

1. The change t =t, T

2. The change t = t, T = & — at?/2, ¢ = ¢ — at takes F = a to F = 0.

x, T =t ¢é=1/ctakes F(t,z,c) to F(t,z,¢) = —c3F(z,t,1/¢).

3. The change

4. The change t = x, T = e, ¢ = ae®/c takes F(c) = ac + be? to F(c) = —be.

5. The change t = sin(ut)eP*, & = cos(ut)eP*, ¢ = ng;((ﬁf));ﬁzgzgzg, where u = VDG, takes F =
Dé + G with DG > 0 to F = 0.

Hence, we separately consider the symmetry algebras corresponding to Eq. (1) with F(¢) in one of the six
classes listed below in Lemmas 1-6. We recall that all further results are formulated up to transformations
in the equivalence group.

Lemma 1. In the set of functions of the form F(c) = Qc® + Ac* + B + Dc? + Ec + G, the following
functions have a symmetry algebra of dimension at least two:

e F(c) = Bc® + Dc? + Ec + G: Equations with any functions F of this form are equivalent to the
equation with F = 0, whose algebra is eight-dimensional (see Table 1).

e F(c) = Qc’: The algebra is three-dimensional in this case, 21 = 0y, 2o = 0, 23 = t0; + (3/4)20,.

e F(c) = Ac*: The algebra is three-dimensional in this case, =1 = 0;, 2o = Oy, Z3 = t0; + (2/3)2:0,.
Proof. We substitute a function F of the prescribed form in Eq. (17):

—(5Qc* + 4Ac + 3B +2Dc + E) (& + c(&p — ) — T) 4 &t + (2600 — Tot) +

+ Cz(fzz - 2Ttm) - CBTzz + (QCS + AC4 + B03 + D02 + FEc+ G)(fz — 27 — 367'95) =0.

We obtain a polynomial in ¢ identically equal to zero, and all of its coefficients of powers of ¢ are hence
Z€r0,

2Q7—w = 07 4@61 - 3Q7—t - ATw = 07 5Q§t + 3A§w - 2ATt = 07
4A& — By +2B&y + D1y + T3 = 0, 3B& + D&y 4+ 2ETy — &gy + 274, = 0, (18)
2D§t + ETt —+ 3GTI — 2&51 + Tt — 0, Eft — Gfr —+ 2GTt — ftt = 0
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1. If @ # 0, then F is a polynomial of degree five and always has a real root, denoted here by ¢ = M.
We change the variables t = t, T = z — Mt, and ¢ = ¢ — M, which takes F to a function of the form
F = Qc® + Ac* + Bc® + Dc? + Ec (with new coefficients). System (18) then becomes

Ty = 07 4@61 - 3Q7—t - ATw = 07 5Q§t + 3A§w - 2ATt = 07
4A& — By + 2BE, + D1y + 74 = 0, 3B& + DEéy + 2B, — £ + 274, = 0,

2D& + Bty — 2840 + 11t = 0, E& — & = 0.

The first relation implies 7 = 7(t), and then
3
é-: ZTt{E—f—TL, 15QTtt$+20Qnt+ATt:0 — e = 0, n=———-+no.

The remaining four equations are k(5Q B —2A42) = 0, k(5Q D — AB) = 0, k(10QE — AD) = 0, and AEk = 0.
The case k = 0 leads to a two-dimensional algebra. If k£ # 0, then

242 243 241

B = — = — = —
5Q 2502’ 25003

The equation AEk = 0 implies A = 0, i.e., T = kt +m, £ = 3kx/4 + n9 is a three-dimensional algebra for
F =Qc.
2. Let @ =0 and A # 0. Then (18) implies the equation 7,, = 0 and the system

A&, —21) =0, 4A¢& — By +2B¢, =0, 3B& 4+ DEy — &4 = 0,

2D§t —+ ETt — 2&51 + Tt — 0, Eft — G&I + 2G7't — ftt = 0

It follows from the first equation in this system that & = 27:2/3+n. Substituting this expression in the next

equation, we obtain 8 Atz +12An,+ By = 0, which implies 7 = kt+m and n = —Bkt/12A+nsy. The other

equations reduce to the algebraic equations k(8AD — 3B?) = k(6AE — BD) = 0 and k(16AG — BE) = 0.
If k = 0, then the algebra is two-dimensional. If k # 0, then

3B2 B3 B*

D=1 “ T2 O mom

For the function F = A(c + B/4A)*, we hence find that 7 = kt + m, £ = k(2z2/3 — Bt/12A) + ny is a
three-dimensional algebra. A change of variables of form 1 reduces this function to a function of the form
F = Ac* for which 7 = kt +m, £ = 2kx/3 + ny is a three-dimensional symmetry algebra.

3. We now consider the case Q@ = A =0, B # 0. A change of variables of form 1 reduces the polynomial
to the case G = 0. We use a change of variables of form 3 to reduce F = Bc® + Dc? + Ec to the form
F =B+ Dc+ Ec?, ie., to cases 4-6 considered below.

4. Let Q = A= B =0and D # 0. The change of variables t = ¢, Z = « + Ft/2D, ¢ = ¢+ E/2D
reduces F to the form F = Dc? + G. Further, we have the following cases:

a. Let DG < 0. Then we can shift the variable c to reduce F to the form F = Ec + Dc?. We use a
change of form 4 and obtain F = —Dc. We then apply change 4 repeatedly and obtain F = 0.

b. Let G = 0. Then changes of forms 3 and 4 reduce this case to the case F = 0.
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c. Let DG > 0. Then a change of form 5 reduces this case to the case F = 0.

5. Let Q = A= B =D =0and E # 0. With regard to a change of variables of form 1, we can assume
that F = Ec. By a change of variables of form 4, a function of this form reduces to F = 0.

6. Let Q = A=B=D=F =0. Then F = @, and a change of variables of form 2 reduces this
function to the case F = 0.

7. Let F = 0. System (18) is simplified to Ty = 0, {uw = 2740, 2&1 = T, and & = 0 in this case. The
solution of this system has the form 7 = kitx + ko + mit2 + mat + ms, € = k12? + mite + nz + L1t + 1o
and determines the algebra given in Table 1.

The lemma is proved.

Lemma 2. For functions of the form

K
Fle)=Ar + B+ D+ EBe+ G+ ——, K0 19
() = Ac* + Bc® + Dc* + Ec+ o # 0, (19)

the symmetry algebra is two-dimensional (except the cases equivalent to those listed in Lemma 1).

Proof. We first change the variables ¢ = ¢, £ = x + Mt, and ¢ = ¢ + M. This change belongs to the
equivalence group and takes F of form (19) to the form

K
F(c) = Ac* + B® + D + Ec+ G + —. (20)
c
Substituting this function in (17) and multiplying by ¢, we obtain

—(4Ac +3Bc? +2Dc+ E) (& + (€ — 7)) — E10) + K(& + (€ — 1) — 212) +
+ Kc(€, — 271 — 3ery) + (€t + (260 — Tot) + 2 (€ne — 2Tta) — BT ) +

+ (Ac* + Be® + D + Ec+ G) (&, — 27 — 3cry)c? = 0. (21)

This polynomial is zero for all ¢. In particular, we obtain K& = 0 for ¢ = 0. The derivative of the
polynomial at ¢ = 0 is also zero, K(2¢, — 31;) = 0. Because K # 0, we have & = 0 and 2§, = 37;.
Differentiating the second relation with respect to ¢, we obtain 74y = 0, i.e., 7 = k(x) + tm(x), which implies
&€ = (3/2) [ m(z)dx + 1. Substituting these formulas in (21), we obtain

/

%CQ + (5Ac* + 4Bc® 4+ 3D + 2Ec+ G)— + (K" +tm")c +

m
2
+ (—Ac® + D& + 2Ec® + 3Ge + 4K) (k' +tm') = 0,

and equate the coefficients of powers of ¢ to zero. The obtained system consists of six equations

Ak +tm/) =0, Am =0, 2Bm + (k" +tm") + D(K' +tm’) =0,

3Dm +m/ +4E(K +tm’) =0, Em +3G(K' +tm') =0, Gm + 8K (K +tm') = 0.

If A # 0, then m = 0, k = const, and the algebra is two-dimensional for any function of form (20). We
hence assume that A = 0.
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The last of the six equations in this system is a polynomial in ¢ identically equal to zero, and (because
K # 0) its coeflicients are hence zero, i.e., m = const and k = —(Gm/8K)x + k1. We substitute the
obtained formulas for k£ and m in the remaining equations of the system:

DGm 4EGm 3G*m 5m  Gm

2 + 8K
If m = 0, then all these relations hold for any function of the form F(c) = Bc® + Dc? + Ec+ G + K/c, but
the algebra is two-dimensional. But if m # 0, then

po3C°  ,_EG_ & _nG_ ¢
8K’ - 6K 16K? 16K 256K3
We substitute the obtained coefficients in F(c) and simplify the results. We see that the symmetry algebra
is three-dimensional and has the form 7 = —Mmax + 2mt + k1, £ = 3ma + [ for
K Ge\' K
=—(1+—) ==+ M)
Fl(e) c<+4K) c(+ c)

The obtained function F is indeed equivalent to the polynomial function considered in Lemma 1. To
verify this, we use the abovementioned change of variables t = x, T = ¢, ¢ = 1/c of form 3 and reduce F to
the form F = K (c+ M)*. Using the change of variables t = ¢, Z = x + Mt, ¢ = ¢ + M of form 1, we then
transform F to the function F = Kc¢*. The lemma is proved.

Lemma 3. For functions of the form F(c) = (¢ — a)®/c? with a # 0, the symmetry algebra is three-
dimensional, and its basis is 21 = 0, Z3 = 0, Z3 = (3at + x)0; + 4axd,.. An equation with this function
is equivalent to the equation with the polynomial function F(c).

Proof. Substituting F(c) of the prescribed form in Eq. (17) and multiplying it by ¢3, we obtain
—5c(c—a) (& + c(&x — 1) — A1) +2(c — )3 (& + c(&p — ) — 1) +
+(c—a)® (& — 274 — 3erp)e + (€t + c(26e — Tot) + 2 (Exe — 2T2) — ETox)® = 0. (22)

For ¢ = 0, we have a°¢ = 0. Because a # 0 by the conditions of the lemma, we derive ¢ = &£().
We differentiate Eq. (22) with respect to ¢ and again substitute ¢ = 0, which implies 3, = 47 whence
7 = 3&,t/4 + k(x). Substituting the obtained ¢ and 7 in (22) and simplifying the results, we obtain

5(c —a)? (c% — _3§th — Cka) —2(c—a)® (% — cgfzzt - ckr> +

+ (c—a)5(% +c 54 +30kr> + (CQ% + 8 54 +cgkm)(32 =0.

This is a polynomial in ¢, and its coefficients are equal to zero,
(c —a)*(3c + 2a) (% - ckz) +(c—a)® <%I + 3ckm> + (CQ% + c?’km>62 =0,

5a(c — a)*€pe — *€ppe = 0.

We obtain £ = nx + [ from the last equation for ¢ = 0. We then have k = kjx + ko and n = 4ak; from
the first equation for ¢ = a. As a result, the symmetry algebra 7 = ki(3at + ) + ko, £ = 4kjax + 1 is
three-dimensional up to changes of variables in the equivalence group.

It remains to note that a change of form 3 takes our function to F(c) = (ac — 1)5, and a subsequent
change of form 1 takes it to a polynomial function of degree five. The lemma is proved.
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Lemma 4. For functions of the form

3c+a

—d A
cZ2+bc+d “ 70,

F(c) = Aexp/

in the case where F(c) is not a function given in Lemmas 1-3, the symmetry algebra is three-dimensional,
and its basis is E1 = 0, B2 = 0y, 3 = (x + (a — b)t)0¢ + ((a — 2b)x — dt)0,.

Proof. Using (c¢* + be + d)F, = F (3¢ + a) and substituting this relation in Eq. (17), we obtain

F(—=(a+30)(& + (& — ) — 7a) + (& — 27 — 3era)(d + be+ ¢2)) +

+ (&t + (2600 — T0) + A (Exw — 2T1) — CTan)(d + be+ %) = 0.

The following two cases are possible.

1. If the multiplier of F is nonzero, then F is a ratio of polynomials: the polynomial in the numerator
is of degree five at most, and the polynomial in the denominator is of degree two at most. This is possible
only if the denominator in the integrand for the function F has two real and distinct roots (otherwise, F
is a transcendental function). We obtain F under the assumption that ¢ + bc +d = (¢ —m)(c — n):

a+3n _ (a+3m)

F=Ac—n)=m(c—m) n»-m .

Because the roots are distinct, the degrees of the polynomials must be integer. The sum of the degrees is
equal to three, and hence only three variants are possible: the degree of one of the polynomials is equal to
zero and the degree of the other is equal to three (then b = (2a/3) +1,d = a(a+3)/9 or b = (2a/3) — 1,
d = a(a — 3)/9); the degree of one of the polynomials is —1 and the degree of the other is four (then
b= —a—5n,d=n(a+4n), n # —a/3); the degree of one of the polynomials is —2 and the degree of the
other is five (then b = —(a + ™)/2, d = n(a + 5n)/2, n # —a/3). An algebra with such relations between
the degrees was already studied in Lemmas 1-3 (the last case reduces to the case described in Lemma 3 by
the changet =t, T =x —nt, ¢ =c—n).

2. We assume that the coefficient of F is zero, i.e.,
(Bc+a)(& + c(éx — 1) — 210) = (€ — 27 — 3ery) (2 + be + d). (23)
Expanding and equating the coefficients of like powers of ¢ to zero, we obtain the equations
26, — (a —3b)1, = 74, 3& + (a — b)&y = (a — 2b)7y — 3d7y, a&y = d€, — 2dr;.

We express the derivatives of £ in terms of the derivatives of 7 as

a—3b)1, + T a—3b d(a — 3b)7, — 3dT,
MR R (B 5.

We obtain a&; from the second and third relations and equate the obtained expressions to each other.
Reducing to a common denominator and grouping, we obtain the equation (a(a—3b)+9d)((b—a)r,+7¢) = 0.
Because a(a — 3b) + 9d # 0 (otherwise, F is a polynomial), we obtain (b — a)7, + 7 = 0, i.e.,, 7 =
7(z + (a — b)t). In this case, the relations for the derivatives become &, = (a — 2b)1,, & = —d7,.
It follows from the consistency condition that the equation

((a —2b)(a—b) + d)Tep = 0
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must be satisfied. If the coefficient of 7., is zero, then the denominator in the integrand, which determines F
in the condition of the lemma, has two distinct roots, and F(c) is a polynomial. But if (a —2b)(a—b)+d # 0,
then 7,, = 0. In this case, 74y = (@ — b)7pe = 0 and 7y = (a — b)%7,, = 0. These relations imply
T=m(z+ (a —b)t)+k, & =m((a — 2b)x — dt) + 1.

We return to formula (17). If m = 0, then we obtain the two-dimensional translation algebra for all
F. If m # 0, then the equation becomes the trivial identity 0 = 0, and the algebra 7 = m(x + (a — b)t) + k,
& =m((a — 2b)x — dt) + | turns out to be three-dimensional. The lemma is proved.

Lemma 5. For functions of the form F(c¢) = Ac* with A # 0 and a # —1,0,...,5, the symmetry
algebra is three-dimensional, and its basis is Z1 = 0;, 23 = 0y, Z3 = t0; + ((a — 2)(a — 1)"12)0,.

Proof. Substituting F(c) of the given form in Eq. (17), we obtain

aAc“fl(ét +e(ép — ) — C2Tw) — Ac*(&p — 21 — 3eTy) — Ept —

- C(2€tr - 7-tt) - C2(€zz - 27—tz) + CBTrr = 0.

We have a polynomial in the variable ¢ identically equal to zero, and all its coefficients are therefore zero,
including the coefficients of ¢®*! and ¢, and as a result, 7, = 0 and (a — 2)7; = (a — 1)&;. This implies
7=7() and £ = (a — 2)(a — 1)tz + n(t).

We again substitute the obtained formulas for 7 and ¢ in (17) and equate the coefficients of the
remaining powers of ¢ to zero for a # —1,0,. .., 5, which implies 7 = mt+k and £ = m(a—2)(a—1)"1z+n.
The obtained algebra is three-dimensional for any function F(c) = Ac® with a # —1,...,5. We note that
the cases a = 0,1,...,5 were already considered in Lemma 1 and the case a = —1 was considered in
Lemma 2. The lemma is proved.

Lemma 6. For functions of the form F(c¢) = Ae® with A # 0 and a # 0, the symmetry algebra is
three-dimensional, and its basis is 21 = 0y, 23 = 05, 23 = t0; + (x — t/a)0,.

Proof. Using the relation F. = aF and substituting it in Eq. (17), we obtain

f(gac — 27 — aé-t - c(afm —ats + 3Tw) + 020,7'1) +

+ gtt + C(Qé-tw - Ttt) + 02 (gww - 27—t$) - 037_11 = 0

Because the function e““ cannot be represented as a ratio of polynomials, we have A # 0 and a # 0. We
have the relations 7 = 7(¢) and £ = 7z + [(¢) and the equations 7 + a&; = 0, & = 0, and 2&, — 7 = 0.
From the first equation, we derive 7 = kt +m, | = —kt/a+1;. The second and third equations are satisfied,
i.e., the algebra 7 = kt + m, £ = kx — kt/a + [ is three-dimensional. The lemma is proved.

4.5. Proof that the symmetry algebra is precisely two-dimensional in other cases. Because
for F = F(c), Eq. (13) is satisfied for any constant 7 and &, the symmetry algebra contains a two-dimensional
commutative algebra. To complete the consideration of the algebras containing a two-dimensional commu-
tative subalgebra, we must show that the dimension of the symmetry algebra is precisely equal to two in
the cases other than the cases considered in the lemmas in the preceding section. For this, we assume that
Eq. (17) is satisfied for some nonconstant functions 7(¢, ) and £(¢, ). We substitute them in the equation
that we take as an equation for F:

—FA+FB+D=0. (24)
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1. We first assume that A = 0. We then have 7, = & = 0 and v = £, = const, and this constant is
nonzero by the assumption that at least one of the functions 7 and £ is nonconstant. But it then turns out
that B is equal to this constant, D = 0, hence F = 0, and the symmetry algebra was already obtained in
this case in Lemma 1.

2. We now assume that A # 0. Differentiating (24) with respect to x and ¢, we obtain the system of
three equations for F and F,

~FA+FB+D=0, —FAy+FBy+Dy=0, —F.A+FB,+D;=0. (25)

The following three cases are possible: system (25) is inconsistent, all three equations are equivalent to each
other, and there are at least two equations nonproportional to each other. We are not interested further
in the first case, because there are no functions F(c) satisfying such a system. We therefore consider the
remaining two cases.
2.1. Let BA, = B, A and BA; = B;A. Then the function B is proportional to A with a coefficient
depending only on c:
() (& + (€ — 1) — 1) = €4 — 271 — BT, (26)

2.1.1. Let 7, # 0. Then we fix the corresponding values (¢, z) and obtain

3c+a

W)= m o

where a, b, and d are constants. Substituting the obtained expression in (26),
Be+a)(& + (& — ) — 1) = (& — 21 — 3era)(® + be + d),

expanding, equating the coefficients of like powers of ¢, and expressing the derivatives of £ in terms of
derivatives of 7, we obtain

(a — 3b)
6

d(a — 3b)1, — 3dm:

gw: 9

& =

ezt n 32” T (b—a)re+7) —dra,  afs =

We can determine a&; from the second and third relations and equate the obtained expressions to each
other. Reducing to a common denominator and grouping, we obtain the equation

(ala—3b) +9d)((b — a)1 +7¢) = 0.

2.1.1a. We first assume that a(a — 3b) + 9d = 0. If 3b = a and consequently d = 0, then 2§, = 7,
3¢ + 20, = bry, and a&; = 0. Subtracting the first equation multiplied by b from the second, we obtain
& = 0, which implies the third equation. As a result, we have £ = £(z) and 7 = 2.t + C(x). Substituting
these formulas in Eq. (17), we obtain

CFe(€p 4 2¢€pat + cCy) — 3F (€ + 2¢€pat 4 cCr) — 3¢%Eny — 263 Eppat — 2 Crp = 0.
The left-hand side contains a polynomial in t. We equate its coefficients to zero,
Cfcgww - 3-7:§ww - szmx = 0; cy:c(é-w + ccw) - 3-7:(§w + CCw) - 302611 - cgcww =0.

If the coefficients of F. are zero in both equations, then & = const, C' = const, and the algebra is two-
dimensional. If at least one of them is nonzero, then the solution of the equation has the form F =
Mc? — Pc?, which was already considered in Lemma 1.
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If 3b # a, then we change the variables t = ¢, £ = x — (3b — a)t/3, and ¢ = ¢ — (3b — a)/3. We obtain
#(c) = 3/c, while (17) with the new functions 7(¢,z) = 7(¢t,z) and £(£,2) = £ — (3b — a)7/3 is taken to
itself. Up to changes of variables, we again obtain F = M¢c® — Pc? from the equivalence algebra,

2.1.1b. We now assume that a(a — 3b) +9d # 0 and (b — a)7, + 7 = 0, ie., 7 = 7(z + (a — b)t).
We then have £, = (a — 2b)7, and & = —dr,. It follows from the consistency condition that the equation
((a—2b)(a—b)+d) T2z = 0 must be satisfied. If the coefficient of 7,5 is zero, then £ = (a—2b)7(x+(a—b)t)+C.
We change the variables k = a—b to simplify the expressions. Then 7 = 7(v+kt) and £ = (k—b)T(x+kt)+C.
Substituting the obtained expressions in Eq. (17), we obtain

Fe(d+cb+ )7 = Fla+3c)7" — (a—b+c)(d+cb+ )" =0,

ot 3 -/ _ (a430) 4.
B M - (c—a+2b)(c—bFa) ]
F eXp(/(c—a+2b)(c_b+a)dC>< +/Q(a b+c)e + - dc)

We apply the change of variables t = ¢, £ = x + (a — b)t, ¢ = ¢ + a — b, which belongs to the equivalence
group and takes F to the form F(c) = (M(c+ a —b) — Q)c(c+ a —b), i.e., F is a polynomial. This case
was considered in Lemma 1.

If (a —2b)(a—b)+d # 0, then 7, = 0, and we have the equations 7, = (a — b)7z, = 0 and
7t = (a — b)*74, = 0, which implies 7 = m(z + (a — b)t) + K, £ = m((a — 2b)z — dt) + C.

We now return to relation (17). If m = 0, then we obtain a two-dimensional translation algebra for all
F. If m # 0, then the equation is simplified to F.(d + bc + ¢2) — F(a + 3c) = 0. Solving this equation, we

obtain
a—+ 3c

F=Mexp [ o s de

The symmetry algebra for such a function F was studied in Lemma 4.
2.1.2. Let 7, =0, & # 0. Then fixing the values (¢, ), we see that Eq. (26) implies ¢(c) = a/(1 + bc)
and

a(& +c(&e — 1)) = (& — 27¢)(1 + be).

Equating the coefficients of powers of ¢ to zero, we obtain
(b—a)y + (a—2b)7, =0,  a& =& — 27

From the second equation, we derive 21, = &, — a&;. Substituting this in the first equation, we obtain
a(§z + (a—2b)&) = 0.
2.1.2a. In the case a = 0, we obtain 7 = 7(¢) and £ = 2,2 + C(t). Substituting these relations in
Eq. (17), we obtain
—Fe(2mx + Cy + 1) + 27w + Cp + 3cm = 0.

The left-hand side contains a polynomial in z that is identically zero. This implies F.13; = 7¢ and
Fe(Cr+cmi) = Cyp + 3eryy. Because F = F(c), we obtain F = Kc+ M from these two equations. This case
was already studied in Lemma 1.

2.1.2b. In the case a # 0, we obtain 7, = (b—a){’ and & = £(t + (2b— a)x). Because 7 = 7(t), we have
(b—a)(2b —a)” =0.

2.1.2b(1). In the case b = a, we obtain 7 = C' and & = £(t + bx) and have

—Fe(1+cb)¢ +bFE + (14 cb)?¢" = 0.
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If ¢ = 0, then the algebra is two-dimensional. Otherwise, separation of variables in this equation gives
¢ =K¢ and F = (1 + ¢b)(Ke+ M + B), ie., F is a polynomial. This case was already considered in
Lemma 1.

2.1.2b(2). In the case 2b = a, we obtain 7 = —b&(t) + C and & = £(¢) and have

—fc(l + Cb)ft + 2b.7:§t + (1 + Cb)ftt =0.

If the algebra is not two-dimensional, then separation of variables gives £’ = K¢’ as before, and F(c) is
consequently a quadratic trinomial.

2.1.2b(3). Let & =0, i.e., let 7 = (b —a)mt + k and £ = m(t + (2b — a)z) + I. Substituting these
relations in Eq. (17), we obtain m[F.(1 + ¢b) — Fa] = 0. The case m = 0 corresponds to a two-dimensional
algebra. If m # 0, then we obtain F = M (1 + ¢b)®/® for b # 0 (a change of variables of form 1 can take this
function to F = Mc¢® considered in Lemma 5). For b = 0, the function reduces to F = Pe®® considered in
Lemma 6.

2.1.3. We assume that 7, = 0, & = 0. We use the assumption that A # 0 in (24) and A is the left-hand
side of Eq. (26). The condition &, — 7+ # 0 must then be satisfied, and we obtain ¢(¢) = a/c with regard
to (26). Hence, (a — 1)&; = (a — 2)7¢ = const.

If a = 2, then £ = [ and 7 = 7(t) # const. Substituting these relations in Eq. (17), we obtain
cF.m —2F1 — ety = 0. Because 7; # 0, we have 7 = Q1 and F = Dc? — Qc. The symmetry algebra for
such a function F was studied in Lemma 1.

Similarly, if @ = 1, then 7 = b and £ = £(x). Substituting these relations in Eq. (17), we obtain
cFoby — F&y — 2€4p = 0 and again have F = Dc? — Qc.

If a # 1 and a # 2, then we obtain an algebra of the form 7 = (a — 1)kt + 0, £ = (a — 2)kx + [ and
see that k # 0 (as previously noted, &, — 7w # 0). We return to the original relation, which now becomes
k(cFe —aF) = 0. This relation obviously implies F = M¢®, and this case was studied in Lemmas 1 and 5.

2.2. We now assume that at least two equations in system (25) are nonproportional to each other
(one of the relations BA, = B, A and BA; = B;A is not satisfied identically). We can then obtain our
ansatz for F(c). Because A # 0, it follows from the corresponding pair of equations that F is a ratio of two
polynomials for some fixed values (¢,z) (a polynomial of degree five is in the numerator, and a polynomial
of degree two is in the denominator). Because B # 0, it follows from the same pair of equations that F. is a
ratio of two polynomials for appropriate values (¢, z) (a polynomial of degree four is in the numerator, and a
polynomial of degree two is in the denominator). Differentiating the expression for F with respect to ¢ and
comparing it with the form of F., we see that only the following two cases are possible: the denominators
of both functions contain a constant or the fraction is canceled after separation of the integral part, i.e.,
the possible F are

Fle) =Qc® 4+ Ac* + B + D 4+ Ec + G,

Fle) = Ac* + B + D + Ec+ G +

c+ M’

The algebras corresponding to these functions were studied in Lemmas 1 and 2.

We have thus considered all possible functions F(c) to which there corresponds an algebra containing
a two-dimensional commutative subalgebra. We showed that all cases where this algebra is wider than a
two-dimensional one were already considered in Lemmas 1-5 and presented in Tables 1 and 2.
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4.6. Equations with two-dimensional noncommutative symmetry algebras. We assume that
Eq. (1) with a function F(¢,z,c) is associated with a two-dimensional noncommutative symmetry algebra
with the basis 21 = 1 0; +£10,, Z2 = T20; + £20,. Then, as in the case of a commutative algebra, we find a
change of variables t = (¢, z), T = 1(t, z) in the equivalence group such that the relations 73 = 0 and &; = 1
hold in the new variables. It follows from the commutation relation that 72 = 72(t) and & = —x + D(t).
We then use the change

(1) =exp(—/%), P(x) =z +9i(t), (Y1) + D) +¢u(t) =0,

which belongs to the equivalence group and does not change (71, £1), to reduce the pair of functions (72, £2)
to the form (—¢, —x). Substituting this in (13), we then see that this group is associated with the function
F(t,e) = T(c)/t. We must determine the 7 and £ that correspond to F of this form. We first express
F(t,c¢) in (13) in terms of T'(¢). Reducing it to a common denominator, we obtain

—Tot(& + &y — ety — 21,) + T(H(Ex — 27 — 3ery) +7) +
+ 12 (&g + 20€1 + Plpp — cTit — 262 Tie — A7) = 0. (27)
We further use Eq. (27) together with (13) and discuss the problem in terms of the function T'(c).

4.7. Equations with large symmetry algebras containing a two-dimensional noncommuta-
tive subalgebra. As in the commutative case, we separately consider the symmetry algebras correspond-
ing to Eq. (1) with functions T'(c) in some classes. All further results are formulated up to transformations
in the equivalence group.

In this case, we also use changes of variables that belong to the equivalence group of Egs. (1), (3),
and (4) and permit “simplifying” the function F(¢,z, ¢):

1. The change f = t, & = x + at, ¢ = ¢ + a takes F(t,x,c) to F(L, T — alf,c — a).

2. The change t = tT1/(a+1), = x, ¢ = ct~“ takes the affine family of functions F(t,c) = (Mc?+ac)/t
(g—2)a—1

to a linear family of functions F(f,¢) = M&((a 4 1))~ =1 .

3. The changet =t, T = x+ (t —tlogt)/m, ¢ = c—logt/m takes F(t,c) = MGTWA—% to F(c) = Me™®.
4. The change { =z, T = t, ¢ = 1/c takes F(t, ,¢) to F(f,&,¢) = —3F(z,t,1/c).

5. The change t

t,g’c:x—at2/2,E:c—attakes}':ato}_'zo.

Lemma 7. Functions of the form T(c) = Qc® + Ac* + Be® + Dc? + Ec + G that are reducible by a
change of variables to those described in Lemma 1 have a symmetry algebra of dimension greater than two.
The function T'(c) = Bc® — ¢/2 (corresponding to F = T(c)/t) is reducible to F(x) = A/xz3, whose algebra
is three-dimensional; its basis is =1 = 0y, Zo = t0; + (/2)0y, 23 = t20; + tz0,.

Proof. We substitute the ansatz T'(¢) in (27):
—(5Qc* +4Ac* + 3Bc? + 2Dc + E)té; —
— (5Qc” + 4Ac* 4+ 3Bc® + 2Dc* + Ee)(t&, — try) +
+ (2Qc8 + Ac® — D& — 2E¢* — 3Ge)tr, +
+(Qc® + Ac* + B + D 4 Ec + G)(t&, — 2tm +7) +

+ 12 (€ + (280 — Tot) + P (Epe — 2Tz) — 3 Tpz) = 0.
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Equating the coefficients of all powers of ¢ to zero, we obtain the equations
Qr =0, Q(3try — 4t + 1) + Att, =0, 5Qt& + A(3téy — 2ty — 1) = 0,
4AtE; + B(2t&, — try — T) + Dtr, 4+ t*71,, = 0,
3Bt& + D(t&, — 7) + 2Et1, — t* (&4 — 2712) = 0, (28)
2Dt& + E(try — 7) 4 3Gt7, — t7 (264 — 71t) = 0,
Bté + G(—téy + 2try — ) — t2& = 0.

1. Let @ # 0. Any polynomial of degree five always has a real root. We assume that T(M) = 0
and M € R. We apply the change of variables t = t, T = x — Mt, ¢ = ¢ — M of form 1, which takes
the equation with a function T'(c) of the form given in the conditions of the lemma to the equation with
T = Qc® + Ac* + Bc® + Dc? + Ec. For such a T'(c), the system of equations becomes

7. =0, 3ty — 4t +7 =0, 5Qt& + A(3té, — 2ty — 1) =0,
4At£t + B(2t€$ —tr — T) = 07 3Bt€t + D(tgw - T) - tQé—ww = 07
2Dt§t + E(tTt - 7') — t2(2§m - Ttt) - 0, Eft - té-tt =0.

The first two equations imply 7 = 7(¢) and £ = (37/4 + 7/4t)x + C(t). From the third, fourth, fifth, and
sixth equations, we derive 3t7y + 71, — 7/t = 0, i.e., 7 = kt +mt~ /3 and ¢ = ka + C(t). Moreover, we have
the equations

15QtY3C, = Am,  6At*3C, = Bm,  3Bt'3C,=Dm,  9Dt'3C, =2m(3E —1).

Expressing C' from the first of these equations, we obtain C' = —Amt~/3/5Q + C}. The others then become
242 BA 3DA
— —B) =0 — —D) =0 — —2(3E—-1) ) =0.
n(Ggr)-0 w(5g-r)-n (5 -wen)
For m = 0, we obtain a two-dimensional algebra, and we therefore assume that m # 0. Then

242 _ BA 243 AY 1

B:— = = = — = — —.
50 50~ 2502 1250° T3

With regard to these relations, we can reduce the expression for T' to the form

AN 1 A A At 1
10 =0+ 5) +3(c+35) - (s 1)

Substituting 7 and £ in the last equation in system (28), we obtain (3E+4)A = 0. If A = 0, then B =D = 0,
E = 1/3, C = const, and the symmetry algebra 7 = kt +mt~1/3, ¢ = kx + C} is three-dimensional for
T(c) =Qc®+¢/3. If A+#0, then

4 AN 1 A
E=—§, T=Q<C+@> +§(C+@>,

and we derive 34* + 5%Q3 = 0 from (29). After a similar change of variables, we obtain the function
T(c) = Qc® + ¢/3, and the corresponding symmetry algebra has the same form as above. A change of
variables of form 2 (with ¢ = 5 and a = 1/3) permits reducing Eq. (1) to the equation with F = Qc®.
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2. Let @ =0and A #0. Then 7 = 7(¢) and £ = (271/3 + 7/3t)x + C(t), and we have the equations

12At¢, + B(tmy — 7) = 0, 9Bt& + 2D(try — 1) = 0,

6Dt§t + 3E(t7‘t - T) - t27-tt - 2t7't + 21 = 0, 3Etft + 4G(t7‘t - 7') - 3t2€tt =0.

Substituting ¢ in these equations, we obtain polynomials in . The first equation implies 274 + 7/t —7/t? =
0,i.e., 7=kt +mt /2 & = kx + C(t). We simplify these relations to

8AC; = Bmt=3/% 3BCy = Dmt=3/%,

8DC, = 3mt—*2(2E — 1),  EC, = 2Gmt™%/? +tCy,.

This implies C = —Bmt~'/2/4A + C1, and because m = 0 leads to a two-dimensional algebra, we can

assume that m # 0, and hence D = 3B%/8A, 2E — 1 = DB/3A = B3/8A2 and 6G = 3B(2E + 3)/16A.

Therefore,

Bmt~1/2
4A

is a three-dimensional algebra for the function T' = A(c+ B/4A)*+ (c+ B/4A)/2, which is reducible to the

form T = Ac* + ¢/2 by a change of variables in the equivalence group. The three-dimensional symmetry
1/2

=kt +mt /2, & =kx— +C

algebra has the form 7 = kt + mt~"/, £ = kx + C in this case. A change of variables of form 2 can also

reduce the corresponding equations to the equation with F = Ac?.

3. Let @ = A=0and B # 0. Then we obtain a polynomial of degree three, which always has a real
root. Let T(M) =0, M € R. We change the variables t = ¢, £ = x — M¢t, and ¢ = ¢ — M. This change
belongs to the equivalence group and takes 7' to a function of the form T = Bc?® + Dc? + Ec. The system

then becomes
B(2t&, —t1y — T) + Dt7y 4+ t*75, = 0,

3Bt + D(t&y — 7) + 2Et1, — t*(€pe — 2712) = 0, (30)
2tht + E(t’i’t - T) - t2(2§tm - Ttt) = 0, E& - tgtt =0.
3.1. Let E # —1,—1/2,0. From the two last equations in the system, we then obtain

tE—i—l 5 tE+2 2DtE+l
l =k(z)t™ t z — .
Flla), = k@m0 e ) fap

Substituting these functions in the second equation in system (30), we obtain
2

E+1 _
E(2E + 1)>"t

DE+2)BE+2) g 3 Ei3
— 2t —— Nt =0. 1
3E(E +1)? " +E+1n (31)

D(l, —m)t + (2(E 4 1)my — Ly )t — Dkt =2 + (33 +

3.1.1. If E # —2,—3/2,1, then the powers of the variable ¢ in Eq. (31) are not repeated. Equating the
coefficients of distinct powers to zero, we obtain the system

D(,—m)=0, 2E+1)my—1lse=0, Dk=0,

9D?
n(3B+ )> =0, DnyB3E+2)=0, ngy=0.

EQE +1
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3.1.1a. Let D = 0. Then n = 0 and I, = 2(E + 1)m + [;. Substituting these relations in the first
equation in system (30), we obtain

2B((2E + 1)m + 1)t + B(E — 1)kt ™" + kyot> % 4+ mg,t® = 0.

3.1.1a(1). If E = =3, then k = 0, m = [1/5, and hence | = l;2/5 + l2, and the algebra is two-dimen-
sional.

3.1.1a(2). If E # —3, then all powers of the variable ¢ are distinct, and hence k = 0, m = myz + ma,
and (2E + 1)mix + (2E + 1)ma + 13 = 0. Because E # —1/2, we have m; = 0 and [ = maox + I and again
obtain a two-dimensional algebra.

3.1.1b. Now let D # 0. Then k =0, m = maq, | = mox + 11, n = n1x + ng, and

2D?
nGB+ )>=Q m(3E +2) = 0.

EQE +1

3.1.1b(1). If n = 0, then the symmetry algebra 7 = mat, £ = maex + 17 is two-dimensional, and the last
equation is satisfied automatically.
3.1.1b(2). If n # 0 and nq = 0, then B = —2D?/(3E(2E + 1)) and

" 2Dn2tE+1 f TLQtE+1 + —|—l

T=mot — ————— = ——— + M .

T EQE+1) E+1 o

Substituting these relations in the first equation in system (30), we obtain E = —2, which is impossible.

3.1.1b(3). Let ny # 0, ny # 0, E = —2/3, and B = —3D?. Substituting these conditions in the first
equation in system (30), we obtain

3(E - 1) 2 E+2
m((E+D2 E@E+n> H2BDEa Ty e ) 0

This implies ny = 0, which contradicts the above assumption.
3.1.2. We consider the remaining cases.
3.1.2a. For E = —2, the last two equations in system (30) imply

=" i), = k@ m@)t -

Dn(x)
3t

Equation (31) becomes

2
DLy —m) — 3nuu)t — (2my + Low + DKV + (38 + 22 )™ — 0.
3 )%

Equating the coefficients of powers of ¢ to zero, we obtain the following two cases.
3.1.2a(1). If D =0, then n = 0 and I, = —2m + [;. Substituting these relations in the first equation
in system (30), we obtain k =0, m = [1/3, and [ = l;2/3 + l2, and the algebra is two-dimensional.
3.1.2a(2). If D # 0 and n = 0, then m = [, and k = —3l,,/D. Substituting these relations in the first
equation in system (30), we obtain

9B 3
4 D ) lgat? — 2t — —lywpst® = 0.
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This implies | = l12% + lox + I3 or I; = 0 (the algebra is two-dimensional) or B = —D?/9 and T'(c) =
—D?c3/9 + Dc? — 2¢. The change of variables t = t, = x — 3t/d, ¢ = ¢ — 3/ D reduces the equation with
this function T'(c) to the case T'(c) = —D?c*/9 + c¢. Further, we can again use a change of form 2 (with
g =3 and a = 1) to reduce it to F = Mc>.
3.1.2a(3). If D # 0 and n # 0, then B = —D?/9. A function of such a form was considered above.
3.1.2b. If E = —3/2, then Eq. (31) becomes

2D? 10D
D(ly — m)t + (= My — lag)t* + (—6nge — DE)EY/? + <3B + T)"tm — Tnzt1/2 =0.

3.1.2b(1). Let D = 0. Then n = 0 and [, = —m + ;. Substituting these relations in the first equation
in system (30), we obtain

B
2B(—2m + lo)t — %k(x)ﬁ/? + kgt ™% 4+ gt = 0.

Then m =1,/2, k =0, and | = l12/2 + I3 is a two-dimensional algebra.

3.1.2b(2). Now let D # 0. Then n = ny, k = 0, m = my, | = mix + Iy, and nq(9B + 2D?) = 0.
If n; = 0, then the algebra is two-dimensional. We therefore assume that B = —2D2/9. We have 7 =
mit — 2Dnyt=/2/3 and € = —2n,t~ Y2 4+ myx + [} in this case. Substituting these formulas in the last
equation in system (30), we obtain ny = 0. The algebra is two-dimensional in this case.

3.1.2c. If E =1, then Eq. (31) becomes

2D? 5D 3
D(l, —m)t + (4mr —lpe +3Bn + 3 n>t2 — Dkt~ ! — Tnzt3 + §nmt4 =0.

3.1.2¢(1). Let D = 0. Then T(c) = Bc® + c. A function of such a form is equivalent (if a change of
form 2 is used) to F = Be?.
3.1.c(2). Let D # 0. Then I, = m, k =0, n = ny, and l,, = —n1(B + 2D?/9), i.e.,

2D? 2 2D?
l:—nl(B—l—T)%—Fllm—l—lg, m:—nl(B—l—T)a:—I—ll.

Substituting these relations in the first equation in system (30), we obtain ni(B —2D?/9) = 0. If n; = 0,
then the algebra is two-dimensional, and we hence assume that ny # 0. Then B = 2D?/9. For the function
T(c) =2D*c*/9 + Dc? + ¢, the symmetry algebra

T = gDn1t<—2D$—t> + 11t E=ny (ﬁ — zDza:2> +lix+ 1o
3 3 ’ 2 9
is three-dimensional. The change of variables ¢ = ¢, T = « + 3t/2D, ¢ = ¢+ 3/2D reduces T'(c) to the form
T(c) = 2D%*c*/9 — ¢/2. This is the only case that is not reducible to F(c), and we distinguished it in the
statement of the lemma.

3.2.1. Let E = —1. From the last two equations in system (30), we obtain £ = n(z)logt + I(z) and
7 = k(z)tlogt +m(x)t + nytlog® t — 2Dn(z). After the substitution in the second equation in system (30),
we obtain

(3B + 2D2)n + D(ly — m+ 4dng)t + (2k, — lm)t2 + D(ny — k)tlogt — Dngtlog®t + 3ng,t? logt = 0.
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As a result, we obtain the system

n(3B +2D?) =0, D(l, —m +4n,) = 0, 2k — lyy = 0,
D(ng, — k) =0, Dn, =0, Nge = 0.

3.2.1a. Let D = 0. Then n = 0 and [, = 2k + ;. Substituting these relations in the first equation in
system (30), we obtain

B(3k 4 21y — 2m)t — 2Bkt logt + ky,t® logt + ma,t® = 0.

This implies m = [l;, k =0, and [ = [y + I, and the algebra is two-dimensional.

3.2.1b. Let D # 0. Then n =no, k= 0,1 =l1x +1ls, m = l1, and (3B +2D?)n = 0. If n = 0, then the
algebra is two-dimensional; otherwise, B = —2D?/3. The last equation in the system implies ny = 0, and
the algebra in this case is again two-dimensional.

3.2.2. Let E = —1/2. Then & = n(z)t'/? + I(x). From the third equation in system (30), we obtain
7 = k(@)tY/? + m(2)t + 2n,t3/? + 2Dnt'/?logt. Substituting this expression in the second equation in
system (30), we obtain

3
(EBn - Dk)tl/z + D(l, — m)t + 3Dn,t*/? +

+ (Mg — Ly )t? + 3n40t%% — 2D*nt' /2 logt = 0.

3.2.2a. Let D = 0. Then n = 0 and [, = m + [;. Substituting these relations in the first equation in
system (30), we obtain

3
B<2llt - Ektl/Q) + kpat®? + Mg t® = 0.

This implies £ = 0, [y = 0, m = mix + me, and | = m1x2/2 + mox + lo. The symmetry algebra
T = myxt + mat, £ = m1x2/2 + max + l2 is hence three-dimensional for T'(c) = B — ¢/2. We note that
the function obtained in item 3.1.2¢(2) coincides with this function up to a change of the notation.

3.2.2b. Let D # 0. Then n =0, k = 0, and I, = m. The first equation in system (30) has the form
Dmy + tmy, = 0 in this case. Then m = mo, | = mox + 1, and the algebra is two-dimensional.

3.23. Let E = 0. Then & = n(x)t + l(x), and the third equation in system (30) implies 7 =
k(z)t + m(z) + nyt? — 2Dntlogt. Substituting these relations in the second equation in the system, we
obtain

—Dm + (3Bn + Dl — D)t + (—lyz + 2ky — 4Dny )t + 3n,,t> — 4Dnt* logt + 2D*nt logt = 0.

3.2.3a. Let D = 0. Then n = 0 and I, = 2k + [;. From the first equation in system (30), we obtain
B2(ly + k)t — m) + (maye)t? + t3kye = 0. Then k = —Iy, m = 0, | = —l1z + I3, and the algebra is
two-dimensional.

3.2.3b. Let D # 0. Then m =0, n =0, [, = k = ko, and the algebra is two-dimensional.

4. If Q= A= B =0and D # 0, then the change of variables t = ¢, = x + Et/2D, ¢ = c+ E/2D
takes T'(c) to the form T'= Dc? + G. System (28) is then simplified to

D7y + tTyy = 0, D(téy — 7) — t2(€xe — 2712) = 0,

2D§t + 3G7’z — t(2€tm — Ttt) = 0, G(—tfz + 22‘:7} — 7') — t2§tt = 0
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We derive 7 = e~ P*/t(t) 4 m(t) from the first equation, substitute it in the second equation, and obtain

t k(t 2k(t
£ =ePtn(t) +1(t) +a:m( ) + (- Dz + ®) e~ D/t
t t D
It remains to take the third and fourth equations into account. Substituting the obtained expressions in
the third equation, we obtain

2D 2D
_neDE/t 4 it

t

m 2m
<mt — 7) + 2Dl — 2my + T + tmy +

3D22%k  (14Dk  2Dk,\ 3(GD +2)k
R O R ) A

+ 10k, + tktt) e P/t = .
This relation (because D # 0) implies kK = n = 0, my — m/t = 0, and 2Dl; — 2m; + 2m/t + tmy = 0.
Therefore, m = myt, [ = [, and the algebra 7 = mqt, £ = myx + [ is two-dimensional.

5. Q@ =A=B=D=0and E # 0, then 7 = k(t)x + m(t). Using a change of form 1, we obtain
T(c) = Ec. A function of such a form is reducible to the zero function by a change of form 2.

6. fQ=A=B=D=F =0, then T(¢) = G. The equation with a constant function T'(c) is
reducible to the equation with the zero function by a change of form 3 (with M = 0 and m = 1/G).

We have thus shown that all functions of the form F = (Qc® + Ac* + Bc® + Dc? + Ec + G)/t with
a nonzero symmetry algebra except the function F = (Bc® — ¢/2)/t with the algebra 7 = myat + mot,
&€ = my2?/2 4+ maox + I3 are taken into account in the commutative case. We try to use admissible changes
of variables to simplify the form of the function. We apply changes of forms 2 and 4 to reduce it to F(z) =
A/x3, and the corresponding symmetry algebra has the form 7 = mt?/2 + mat + la, £ = (myt + ma)z/2.
The lemma is proved.

Lemma 8. For functions of the form T'(c) = Ac* + Be® + Dc? + Ec+ G + K/(c+ M) with K # 0
that are not reducible by a change of variables to the already considered functions, the symmetry algebra
is two-dimensional.

Proof. Asin the commutative case, using a change of form 1, we can assume that M = 0. Substituting
T'(c) of the given form in (27) and reducing to a common denominator, we obtain

—czt(élAc3 +3Bc? 4+ 2Dc + E)(& + &y — e — CQTw) + Kt(& + &y — e — csz) +
+ ?(Ac* + Bc® + D® + Ec + G)(t€, — 2try — 3tery +7) +
+ Kc(téy — 2ty — 3tery +7) + 262 (6t + (264 — i) + 2 (€pw — 2T12) — A7) = 0. (32)

The left-hand side of the equation contains a polynomial in c¢ identically equal to zero. Equating the
coefficients of ¢ and ¢! to zero, we obtain K& = 0 and K (2t&, —3tm;+7) = 0. Because K # 0, we divide the
second relation by ¢ and differentiate with respect to ¢ to obtain 3t?7; —tm+7 = 0, i.e., 7 = t f (z) +t/3g(x)
and &(z) = [ f(x)dz. Substituting these formulas in (32), we again obtain a polynomial in the variable c.
We write the coefficients of powers of ¢ as

Ag =0, A(tfe +13g,) =0, 4Bg — 3D(t°/3 fu 4+ tgs) — 3(t33 frw 4+ 12g2a) = 0,
3Dg = 3t°/3(2E + 1) f» + 2t(3E + 1)g.,

23E 4+ 1)g = 21G(t°* f, + tg.),  Gg=12K(t°/>f, +tg,).
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Let A # 0. Then g = f, = 0, and the algebra is two-dimensional. Let A = 0. The dependence on
t is explicitly manifested in the remaining four expressions. The last equation implies Gg = f, = g, =0
(because K # 0). The algebra is two-dimensional for g = 0, and we hence assume that G = 0. We similarly
obtain £ = —1/3, D = 0, and B = 0 from the other equations, i.e., the symmetry algebra 7 = ft + gt'/?,
¢ = fx + C is three-dimensional for T'(c) = —¢/3 + K/c. We use a change of variables of form 2 to reduce
the equation with T'(¢) = —¢/3 + K/c to the equation F(¢) = K/c and then use a change of variables of
form 4 to reduce the result to the equation with F(c) = Kc* whose symmetry algebra was obtained in
Lemma 1. The lemma is proved.

Lemma 9. For functions of the form T(c) = A(¢®> + ¢)*/? + ¢(c®* + g)/g with A # 0 and g # 0, the
symmetry algebra is three-dimensional, and its basis is 21 = 0y, Za = t0; + 10, 23 = txd; + (22 — gt?) /20,

Proof. We note that 3¢T = T.(c* + g) — (c® + g) and substitute T expressed in terms of T in (27):

To(—3t(c& + (& — 1) — A7) + (P + 9) (8, — 2tTy — Btery + 7)) —
— (& + g)(tx — 2ty — Btery + 7) + 3% (b + (260 — ) + € (baw — 271a) — ¢ 7ar) = 0.

Because T, is not a fractional rational function and is linearly independent of a fractional rational function,
the coefficient of T, is zero, the second term is hence also zero, and we obtain

tgw - 2tTt +7= 07 gt + 9Tz = 07 2t€w —tny — 7= 07 97z + t&tt = 07

t&p — 2ty + 7 — 3t%(2640 — T1t) = 0, To + t(€pw — 2742) = 0, Toz = 0.

It follows from the first, third, and seventh equations in the system that 7 = kyxt + kot. We have £ =
—gk1t?/2 + I(x) from the second equation. Substituting this relation in the first equation, we obtain
| = k12%/2 + kox + I;. The three-dimensional symmetry algebra

ki(x? — gt?)

T = k1$t + kzt, f = 5

+ /€QZIJ + ll
hence corresponds to the function T'(¢) of the form given in the lemma.
We successively apply changes of variables of the forms 2, 4, and 5 to reduce the equation with

T(c) given in the condition of the lemma to the equation with the function F = A(1 + i’;ﬁ_‘%c;;):;ﬂ. The

corresponding algebra has the form
t3 It
Tz—gk1$+/€2t+ll, fzkl 3t$+5 +2/€2$—?.

The lemma is proved.

Lemma 10. For functions of the form T(c) = Ac® + pc with A # 0 and a # —1,0,...,5 that are
not reducible by a change of variables to the already considered functions, the symmetry algebra is two-
dimensional.

Proof. Substituting T'(c) of the given form in (27), we obtain
—aAc" e + Ac*((a — )ty — (@ — 1)t&y + 7) + (a — 3) A ir, + (P& — pt&h) +
+ c(t? (280 — Tet) — ptTi + pT) + (2 (Epw — 2Tiw) — 2ptTs) — P74, = 0.
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Because the cases a = —1,0,1,...,5 have already been considered in Lemmas 7 and 8, the powers of ¢ are
distinct, and we obtain the system

& =0, 7. =0, (a—2)try — (a — 1)t + 7 =0, 2T +p(try — 1) =0, Evw = 0.

If p # —1, then we obtain 7 = kt+mt~P and & = nx+1 from the last two equations. Substituting the result
in the third equation, we obtain (a — 1)(k—n)t+ (1 — (a —2)p)mt~P = 0. Then k =n, (1 — (a—2)p)m = 0.
In this case, either m = 0 and the algebra is two-dimensional or p = 1/(a — 2) and the symmetry algebra
T =kt + mt= /(@2 ¢ = kx 4 1 is three-dimensional for T'(c) = Ac® + ¢/(a — 2). We use a change of
variables of form 2, which reduces T'(¢) = Ac* + ¢/(a — 2) to the commutative case F(c) = Ac®.

If p = —1, then we obtain 7 = kt + mtlogt, £ = nx+1 from the last two equations and substitute these
relations in the third equation. As a result, we obtain ((a —1)k+ (a —2)m — (a—1)n)t+ (a — 1)mtlogt = 0.
This implies m = 0, k = n, and the algebra is two-dimensional. The lemma is proved.

Lemma 11. For functions of the form F(c) = Ae* +p, A # 0, a # 0, that are not reducible by a
change of variables to the already considered functions, the symmetry algebra is two-dimensional.

Proof. Substituting T'(c) of the given form in (27), we obtain

Ae((tey — 2tT + T — at&y) — claté, — atry + 3t,) + ac’t,) + pté, — 2ty +
+ p7 4 260 + (202610 — tP 1y — 3ptTy) 4+ At e — 2t 11,) — At 1pn = 0.

Because T is not a fractional rational function and is linearly independent of a fractional rational function,
the coefficients of T and the remaining term are zero, and we have

t&y — 2ty + 7 — até =0, até, — atty + 3tm, = 0, 7 =0,
pt&e — 2ptTi + p7 + 76 =0, 281 — T = 0, Exa = 0.

This implies 7 = kt +m, & = kx +1(t) and l; = m/at, pm + tl; = 0. Then | = (mlogt)/a + I; and
m(p—1/a) = 0. If m = 0, then the algebra is two-dimensional. If m # 0, then p = 1/a, and 7 = kt + m,
& = kx +mlogt/a+ 1 is then a three-dimensional algebra for T'(c) = Ae® + 1/a. A change of form 3
reduces T'(¢) = Ae® + 1/a to the commutative case F(c) = Ae*. The lemma is proved.

4.8. Proof of the existence of an exact two-dimensional symmetry algebra in other cases.
We prove that all functions T'(¢) with the symmetry algebra of a dimension greater than two were considered
in Lemmas 7-11. We consider (27) as an equation for T' of the form —T.A +TB + D = 0. The following
versions are possible.

1. Let A=0. Then 7, =& =0, and 7 = &, = const, 7 = C1t + C3, and & = Cyx + Co. The constant
(' is nonzero by the assumption that at least one of the functions 7 and & is not constant. But it then
turns out that B = C3, D = 0, and hence T' = 0, which was already considered in Lemma 7.

2. Let A # 0. We differentiate the relation —T. A+ T'B + D = 0 with respect to x and ¢ and obtain a
system of three equations for T'(¢) and T.(c)

-T.A+TB+ D=0, -T.A, +TB, + D, =0, ~T.A; +TBy + Dy = 0. (33)

Three cases are possible: system (33) is inconsistent, all three equations are equivalent, or at least two of
them nonproportional to each other. The first case is not interesting for us, because there do not exist
functions T'(c) satisfying this system. We consider the remaining two cases.
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2.1. Let BA, = B, A and BA; = B;A. Then B is proportional to A with a coefficient depending only
on ¢, ¢p(e)t(& + c€y — ey — 21y) = t(&x — 274 — 3cT) + 7

2.1.1. Let 7, # 0. Then fixing the corresponding values (¢, z), we obtain ¢(c) = (3¢ +a)/(c* + bc + d),
where a, b, and d are constants. Using the obtained ansatz in (27), we obtain

t(3c+a)(& + &y — i — A1) = (2 + be+ d)((t€y — 2t + 7) — 3tery),
t(a& + c(3& + aly — amy) + (36, — 31 — ary)) =

= A(t&, — 2ty +7) + be(téy — 2t1y + 7) + d(t€, — 2ty + 7) — 3bc*tT, — 3detT,.
We equate the coefficients of powers of ¢ to zero and as a result obtain

2t8, — 7 = t(a — 3b) 1, + t7e, 3t& + t(a — )¢, — bt = t(a — 2b)1¢ — 3dtt,,

até = dt&, — 2dtm, + dr.

Using the change of variables t = t, £ = =z — (a — 3b)t/3, ¢ = ¢ — (a — 3b)/3, we obtain new functions
7(t,z) = 7(t,x) and £(t,7) = € — (a — 3b)7/3. Relation (27) is then taken to itself, and the obtained
equations become

T T B a(a — 3b)
gw_2t+27 gt_ < 9 +d Tz,

<@+d> <2(b— %)tm+t7’t—r> 0.

2.1.1a. We first assume that 9d + a(a — 3b) = 0, and then &, = 7/2t + 71/2, § = 0. We write the
consistency condition 7 + 7/t — 7/t> = 0 and find 7 = k(x)t + m(z)/t from it. The formulas for the
derivatives of £ are then simplified: & = 0, & = k(z), ie., £ = [k(z)dz. Substituting these expressions
in (27),
(m — ct®ky — ctmy) (3T — Tec) — 3k, — Atrhpe — 2em + 2¢%tmy, — AtPmy, = 0,

we obtain a polynomial in ¢ in the left-hand side. We then have
kew =0, k(3T — Tec+¢) =0, Mgz = 0, mg (3T — Tee — 2¢) = 0, m(3T — Tee — 2¢) =0,

ie., k= kix+ ko, m =mix+my. Let 3T — Toc — 2¢ = 0. Then T = Mc® +c. If 3T — T.c — 2¢ # 0, then
m = 0 and either T'(c) = Mc* — ¢/2 or k = ky. As a result, we obtain a two-dimensional algebra. The
algebras for such functions 7'(c) were determined in Lemma 7.

2.1.1b. We assume that 9d + a(a — 3b) # 0. Then 2(b — 2a/3)tr, + tr: — 7 = 0. We determine
7 = tk(x — 2(b— 2a/3)t). Substituting this expression in the formulas for the derivatives of the function &,

€=k — <b— 2—3a>tk’, € = —<M +d)tk’.

we obtain

9
We can write the consistency condition as 9(3b — 2a)k’ = (2(3b — 2a)? + a(a — 3b) + 9d)tk”, which implies
(2(3b — 2a)? + a(a — 3b) +9d)k"” = (2a — 3b)k’ = 0. By the above assumptions, only the following two cases
are possible.
If ¥ = 0, i.e., kK = const, then £, = k and & = 0, which means that 7 = kt, £ = kx + C is a
two-dimensional algebra.
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If k' # 0, then k” =0 and a = 3b/2, i.e., k = kyx + ko. We have &, = k1x + ko and & = —gkit, where
g = d—b%/4, which implies 7 = kitz + kot and € = ki (2% — gt?) /2 + kox +m. Substituting these expressions
in (27), we obtain k1 [T.(g + ¢?) —3Tc— (g + c®)k1] = 0. If ky = 0, then the algebra is two-dimensional. We
further assume that k1 % 0 and then

T(c) = eXp( IF = ) (M b [t dc) — M2+ g2+ @ (34)

z+yg

(if g = 0, then we obtain 7= M¢3 — ¢/2 with an already studied symmetry algebra). The function T'(c) of
form (34) was considered in Lemma 9.
2.1.2. Let 7, =0 and & # 0. Then ¢(c) = a/(1 + be), and we have

at(& + &y — ery) = (t(& — 21) + 7)(1 + be).

Equating the coefficients of powers of ¢ in the obtained polynomial to zero, we obtain at{; = t&, — 2t + 7
and (b—a)t&; + (a — 2b)tm + b = 0. Expressing 7; from the first equation and substituting it in the second
equation, we obtain

1 1
T= b — o o7 a(tE, + ta — 2b)& — 7) = 0. (35)
2 2 2t
2.1.2a. In the case a = 0, we obtain 7 = 7(¢), £ = (21 — 7/t)x + C(t). Substituting these relations
in (27), we obtain

Tc<(2tTtt — T+ %)x +tCy + ctry — C’T) —

2
— <2t27-ttt — tTtt + 27'15 — 77-)213 + tQCtt + C(3t27'tt — 22‘:7} + 27') =0.
In the left-hand side, we have a polynomial in z, i.e.,

2
Tc <2t7'tt — Tt + %) — (2t27ttt — tTtt + 27',5 — 7’7’) = 0,

T.(tCy + c(try — 7)) — t2Cyy — (3t — 2t +27) = 0.

Either we determine T'(¢) = Ec+ G from the first equation, which was already done, or the coefficient of
T is zero, 2t>1y — try +7 = 0, and then 7 = kt'/? 4+ mt. In this case, we consider the second equation,
2T.(2tY/2C, — ck) = 4t3/2C}; + ck. The solvability condition for the equation implies either k£ = 0 and again
T=FEc+GorCy+2tCyy =0 and T = —¢/2 4+ G, which was already considered above.

2.1.2b. In the case a # 0, we obtain £ = a7/t + C(t) for a = 2b. From the first equation in (35), we
obtain 2t?7, = 2t7 — ax(try — 7) — at?>C;. Because 7, = 0, we have tr; — 7 = 0, i.e., 7 = kt, C = const, and
the algebra is then two-dimensional for any function 7T'. For a # 2b, we have

b /
mT:(b—a})C

€:/ﬁ+0(t+(2b—a)m), T+
If also a = b, then 7 = kt, £ = —kt/a + C(t + ax), and relation (27),
~T.(aC" — k)(1 + ac) + aT(aC’ — k) + at(1 + ac)*C" =0,
implies T'(c) = (1 4+ ac)(Qc + M). This case was already considered above.
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If a # b, then using the relation 7 = 7(t), we obtain C' = Oy (t+(2b—a)z)+Cy and 7 = kt®/ (2= + Oy ¢.
We also (for b # 0) have & = —kt?/(?6=9) /b 4+ Oy + Cy. Substituting these relations in (27), we obtain
(a —b)(1 + cb)
k| Te(14+¢b) —al — ——F—= ) =0.
( (1+cb)—a 5 — 4

We assume that k # 0 (otherwise, the algebra is two-dimensional) and obtain

1+cb

T(c) = M(1+ cb)*/’ — T—

Up to a change of variables, we obtain a function of the form 7" = McP + ¢/(p — 2) from the equivalence
group, and the symmetry algebra of this function was determined in Lemma 10.

If b =0, then 7 = k — Chat and § = klogt/a — Chax + C2. Substituting these relations in (27), we
obtain T, — T'a+ 1 = 0, whence we obtain T'(c) = Me® + 1/a, which was considered in Lemma 11 and has
a three-dimensional symmetry algebra.

2.1.3. Let 7, = 0 and & = 0. In this case, the condition &, — 7 # 0 is satisfied by the assumption
that A £ 0, and we have ¢(¢) = a/c. Then (a — 1), = (a — 2)7 + 7/t = const = . If a = 2, then
T =1t, £ = lz + m, and this contradicts the assumption that &, — 7 Z 0. If « = 1, then 7 = bt and
¢ = &(x). Substituting these relations in (27), we obtain (T — T.c)(&x — b) + tc?E,r = 0, whence we have
either £ = lx 4+ m or [ = b (the algebra is two-dimensional) or T'(¢) = Mec. The symmetry algebra for this
function was obtained in Lemma 7.

Ifa #1and a # 2, then 7 = bt~ /(@2 1 1t/(a — 1), € = lz/(a — 1) + m. We return to relation (27),

which now becomes )
b(ch—Ta—l—ca_ 2) =0.

The case b = 0 leads to a two-dimensional algebra. Otherwise, assuming that b # 0, we obtain T'(c) =
Mc* + ¢/(a — 2). The corresponding symmetry algebra was obtained in Lemma 10.

2.2. We assume that there are at least two equations nonproportional to each other in system (33)
(one of the relations BA, = B, A and BA; = B;A is not satisfied identically). We can then determine the
ansatz T'(c): because A # 0, the corresponding pair of equations implies that T is a ratio of two polynomials
for some fixed (t,z) (a polynomial of degree five is in the numerator, and a polynomial of degree two is
in the denominator). And because B # 0, from the same pair of equations, we find that T, is a ratio of
two polynomials for the corresponding values of (¢,z) (a polynomial of degree four is in the numerator,
and a polynomial of degree two is in denominator). We differentiate the expression for T' with respect to
¢, compare the result with T,, and see that only the following two cases are possible. The denominators of
both functions contain a constant or the fraction is canceled after separation of the integral part, i.e., the
possible functions T are

K
T(c) = Qc® + Ac* + Bc® + D® + Ec + G, T(c)= Ac* + Bc® + D> + Ec+ G + —.
c

Such functions were already considered in Lemmas 7 and 8.
We have thus shown that all cases where there is a symmetry algebra of dimension greater than two
were considered in the lemmas in the preceding section.

4.9. Equations with one-dimensional symmetry algebras. If the symmetry algebra is one-
dimensional, then the generating operator is reducible to the form = = 9, by a change of variables,
and Eq. (1) with F(¢,¢) corresponds to an algebra of such a form. Therefore, up to transformations
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in the equivalence group, the family of functions F for which the symmetry algebra of the equation is
one-dimensional consists of functions F(¢,¢) that are not reducible to functions in the families given in
Tables 1-3. We note that the change of variables ¢ = x, T = ¢, which interchanges the roles of the “space”
and “time,” allows considering F(x,c¢) with the one-dimensional algebra and the basis & = 9, instead of
F(t,c).

The proof of Theorem 3 is complete.
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