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Abstract

Using a new method and transformations of conditional equivalence, we carry out
group classification in a class of variable coefficient (1 + 1)-dimensional nonlinear diffusion-
convection equations of the general form f(x)u; = (D(uw)uy)s + K(u)uy. We obtain new
interesting cases of such equations with localized density f, having large invariance algebra.
Examples of Lie ansétze and exact solutions of these equations are constructed.

1 Introduction

Solving problems of group classification is interesting not only from mathematical point of view,
it also has own applied importance. In physical models there often exist a priori requirements
to symmetry groups which follow from physical laws (in particular, from Galilei or relativistic
theory). Moreover, modelling differential equations could contain parameters or functions which
have been found experimentally and so are not strictly fixed. (It is said that these parameters
and functions are arbitrary elements.) At the same time mathematical models have to be enough
simple for the aim to analyze and solve them. Solving problems of group classification makes
possible to accept for the criterion of applicability the following statement. Modeling differential
equations have to admit a group with certain properties or the most abundant symmetry group
from possible ones.

In this paper we consider a class of variable coefficient nonlinear diffusion-convection equations
of the form

f@)uy = (9(x)D(w)ue )z + K (1)t (1)

where f(x), g(x), D(u), K (u) are arbitrary smooth functions of their variables, f(x)g(z)D(u)#0.
The linear case of (1) (D, K = const) was studied by S. Lie [1] in his classification of linear
second-order PDEs with two independent variables. (See also modern treatment on this subject
in [2].) That is why we assume below (D, K,,) # (0,0), i.e. (1) is a nonlinear equation.

Moreover, using the transformations ¢ = t, ¥ = [g(z)dr, @ = u, equation (1) can be
reduced to

F(@)a; = (D(u)iz)z
where f(Z) = g(z)f(z) and §(Z) = 1. (In an analogous way any equation of form (1) can be
=1
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reduced to one with f(%) .) That is why without loss of generality we restrict ourselves to
investigation of the equation

f(@)ur = (D(u)ug), + K(u)ug. (2)
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Apart from their own theoretical interest equations (2) are used to model a wide variety of
phenomena in physics, chemistry, mathematical biology etc. For the case f(x) = 1 equation (2)
describes the vertical one-dimensional transport of water in homogeneous non-deformable porous
media. When K (u) = 0 this equation describes stationary motion of a boundary layer of fluid
over a flat plate, an eddy of incompressible fluid in porous medium for polytropic relations of gas
density and pressure. The outstanding representative of the class of equations (2) is the Burgers
equation which is a mathematical model of a great number of physical phenomena. (For more
detail refer to [3]-[7].)

Investigation of the nonlinear heat equations using symmetry methods started in 1959 with
Ovsiannikov’s work [8] where he studied symmetries of equation

u = (f(w)ue)e- (3)
In 1987 I.Sh. Akhatov, R.K. Gazizov and N.Kh. Ibragimov [9] classified the equations

up = G(Ug ) Ugy. (4)
V.A. Dorodnitsyn (1982, [10]) carried out group classification of the equation

e = (G(u)uz)s + g(u). (5)

A. Oron, P. Rosenau (1986, [11]) and M.P. Edwards (1994, [12]) presented the most extensive
list of symmetries of the equations

up = (G(u)tg)z + f(u)tg. (6)

The results of [8, 10, 11] were generalized by R.M. Cherniha and M.I. Serov (1998, [13]) who
classified the nonlinear heat equation with convection term

u = (G(u)ug)s + f(wus + g(u). (7)

S.K. El-labany, A.M. Elhanbaly and R. Sabry (2002, [3]) considered some symmetry properties
of equation (1).

It should be noted that equations (1)—(7) are particular cases of the more general class of
equations

ur = F(t,z,u, up )ugy + G(t, 2, u, uy). (8)

Group classification of (8) is adduced in [17]. However, since the equivalence group of (8) is
essentially wider than ones for (1)—(7) the results of [17] cannot be directly used to symmetry
classification of equations (1)—(7). Nevertheless, results of [17] are useful to find additional
equivalence transformations in the above classes.

Equations of form (2) have been also investigated with different from classic Lie symmetry
points of view. So, potential symmetries of subclasses of (2) where e.g. either f =1 or K =0
were studied by C. Sophocleous [14, 15, 16].

Inspired by the recent work [3] we decided to continue the investigation of Lie symmetries.
We carried out the complete group classification, found conditional equivalence transformations
and exact solutions of equations (2). We obtained a lot of new interesting cases of extensions of
maximal Lie symmetry group for these equations. For example, we determined equations which
have the density f localized in the space of x and are invariant with respect to four-dimensional



Lie symmetry algebras. We carried out the reduction on these operators and found some exact
solutions.

Our paper is built as follows. First of all (Section 2) we describe the method used here. Then
(Sections 3) we significantly enhance the results of [3] and give the complete group classification
of class (2). Since the case f(x) =1 has a great variety of applications and was investigated by
a number of authors we collect results for this class together in Section 4. Section 5 contains
the proof of the main theorem on group classification of class (2). The conditional equivalence
transformations are investigated in Section 6. The results of group classification are used to find
exact solutions of equations from the class (2) (Section 7).

2 Description of method

Let us describe the classical algorithm of group classification restricting, for simplicity, to the
case of one differential equation of the general form

Here © = (x1,...,x;) denotes independent variables, u is a dependent variable, u(y) is the set
of all the derivatives of the function u with respect to z, which have order no greater than n,
including u as the derivative of zero order. L is a fixed function of z, u,) and 6 ;). 6, denotes
the set of all the derivatives of order no greater than p of arbitrary (parametric) functions
(%, umy) = (0 (2, u@y), - - -, 0% (2, u(,))) satisfying the conditions

S(@,ugmy, 0g) (2, um))) =0, S =(5,...,5). (10)

These conditions are formed by r differential equations on 6 where z and w,) play the role
of independent variables. It was follows we call the functions 6(z,u(,)) as arbitrary elements.
Denote class of equations of form (9) with the arbitrary elements 6 satisfying constraint (10)
as L|g.

Let the functions 6 be fixed. Each one-parametric group of local point transformations which
keeps equation (9) invariant corresponds to an infinitesimal symmetry operator of the form

Q =&z, u)0z, + n(z,u)0,.

(here the summation over the repeated indices understood). The complete set of such groups
generates the principal group G™** = G™**(L,0) of equation (9). The principal group G™**
has a corresponding Lie algebra A™#* = AM&X([ #) of infinitesimal symmetry operators of
equation (9). The kernel of principal groups is the group

err — err(L7 S) — ﬂ Gmax(L79)
0:5(0)=0

for which the Lie algebra is

Akor — Akor(L’ S) — ﬂ Amax(L’ 9)
0:5(0)=0

Let G°1UY = G°awv([, S) denote the local transformations group keeping the form of equations
from L|s.



The problem of group classification is to find all possible inequivalent cases of extensions of
AMaX e, to list all G®9"Y-inequivalent values of  which satisfy equation (10) and the condition
AmaX(L, 9) 7& Akor'

In the approach used here group classification is implementation of the following algo-
rithm [2, 18]:

1. From the infinitesimal Lie invariance criterion we find the system of determining equations
on the coefficients of Q. It is possible some of the determining equations does not contain
arbitrary elements and therefore can be integrated at ones. Others (i.e. equations con-
taining arbitrary elements explicitly) are called classifying equations. The main difficulty
of group classification is the need to solve classifying equations with respect to coefficients
of the operator Q and arbitrary elements simultaneously.

2. The next step involves finding the kernel algebra A*" of principal groups of equations
from L|g. After decomposing the determining equations with respect to all the uncon-
strained derivatives of arbitrary elements one obtains a system of partial differential equa-
tions only for coefficients of the infinitesimal operator (). Solving this system yields the
algebra Aker,

3. In order to construct the equivalence group G ®1"" of the class L|s we have to investigate
the local symmetry transformations of system (9), (10), considering it as a system of
partial differential equations with respect to ¢ with the independent variables x, w).
Usually one considers only trasformations being projectible on the space of the variables x
and wu. Although in the case 6 depending, at most, on these variables it can be assumed
the transformations of them depend on 6 too. After restricting ourselves to studying the
connected component of unity in G4, we can use the Lie infinitesimal method. To find
the complete equivalence group (including discrete trasformations) we are supposed to use
the more complicated direct method.

4. If A™® i an extension of A" (i.e. when A™*(L,0) # A*®) then the classifying equa-
tions define a system of nontrivial equations on 6. Depending on their form and number
we obtain different cases of extensions of A¥'. To integrate completely the determining
equations we have to investigate a large number of such cases. In order to avoid cumber-
some enumeration of possibilities in solving the determining equations we use a method
which involves compatibility investigation of the classifying equations [19]-[22].

The results of applying of above algorithm is a list of equations with their Lie invariance
algebras. The problem of group classification is assumed to be completely solved if

i) the list contains all the possible inequivalent cases of extensions;

i) all the equations from the list are mutually inequivalent with respect to the transformations
from G eawv;

ii1) the obtained algebras are the maximal invariance algebras of their equations.

In the list there can exist equations being mutually equivalent with respect to local trans-
formations which do not belong to G ¢V, Knowledge of such additional equivalences allows to
simplify further investigation of L|g essentially. Constructing of them can be considered as the
fifth step of the algorithm of group classification. Then, the above enumeration of requirements
to the resulting list of classification can be completed the following one:



iv) all the possible additional equivalences between the listed equations are constructed in
explicit form.

One from the ways to find additional equivalences is based on the fact that equivalent equations
have equivalent maximal invariance algebras. The second way is to study conditional equivalence
transformations in the class L|g. Let us give their definition. Consider a system

S/(x>u(n)’9(ql)(x’u(n))) :07 S,: (Si,...,S;,/), (11)

formed by r’ differential equations on 6 with z and u(p) as independent variables. Let
GV (L, (S, S")) denote the equivalence group of the subclass L|g s of L|s, where the func-
tions # satisfy systems (10) and (11) simultaneously.

Notion 1. We call the transformations from G (L,(S,S")) as (strong) conditional equiva-
lence transformations of class L|g. The local transformations which transform equations from
Lig s to L|g are called weak conditional equivalence transformations of class L|g.

3 Results of classification
Consider a one-parameter Lie group of local transformations in (¢,x,u) with an infinitesimal
operator of the form

Q = St(ta z, U)at + gx(t7 z, u)a:c + 77(t7 z, u)a1u

which keeps equation (2) invariant. The Lie criteria of infinitesimal invariance yields the follow-
ing determining equations for &¢, €% and n

fd-g-g -0

Dy + Dyt — D (285 — ff) + Dyt — %Dugx =0,
Jz D,
9 T ¢t JTex _ U
f77t _Knm _anw =0,
fx T T T x
K <7§ +§x _fi +D(§xx_277:cu) _2Du77:c _Kun_fft =0.

Investigating the compatibility of system (12) we obtain an additional equation 7, = 0 without
arbitrary elements. Taking into account this equation, system (12) can be rewritten in the form

E=E=€=0 nu=0, (13)
26 - g+ L = Do, (14)
Dijag + Kne — fre =0, (15)
(DK — KuD) 7 = K& = 2Dutty + D€L, = [€7 = 2D = 0. (16)

Integration of equations (13) not containing arbitrary elements results in

g=¢t), €=, n=n'(t)ut+n’t) (17)

Thus, group classification of (2) reduces to solving classifying conditions (14)—(16).

Splitting system (14)—(16) with respect to the arbitrary elements and their non-vanishing
derivatives gives the equations & = 0, € = 0, n = 0 on the coefficients of operators from Aker
of (2). As a result, the following theorem is true.



Theorem 1. The Lie algebra of the kernel of principal groups of (2) is A*" = (0;).

The next step of algorithm of group classification is the finding of equivalence transformations
of class (2). To find these transformations, we have to investigate Lie symmetries of system which
consists from equation (2) and additional conditions

ft:fu:07 Dt:szoa Kt:KIEZO

Using the classical Lie approach we find the invariance algebra of the system above, which
forms the Lie algebra of G'®4Y for class (2). Thus we obtain the following statement.

Theorem 2. The Lie algebra of GV for class (2) is
AT — (9, Dy, Dy, O + fOy, ©0, —2f0f — KOk, u0y, fOf + KOk + DOp). (18)
Therefore, G ®"Y contains the continuous transformations:
t=te™ +¢e1, T =x€5 +e9, U =ue® +e3,
F= fesi20ter P DetT K = Keo5teT,

where €1,...,e7 are arbitrary constants. For class (2) there also exists a nontrivial group of
discrete equivalence transformations generated by four involutive transformations of changing
sign in the sets {t, D, K}, {z, K}, {u} and {f,D,K}. It can be proved by the direct method
that GV coincides with the group generated by the both continuous and discrete above
transformations.

Theorem 3. The complete set of inequivalent with respect to the transformations from G e4%v
equations (2) with AP £ AKX s exhausted by cases given in Tables 1-3.

In Tables 1-3 we list all possible G -inequivalent sets of functions f(z), D(u), K (u)
and corresponding invariance algebras. Numbers with the same arabic figure correspond to
cases which are equivalent with respect to a local equivalence transformation. Explicit formulas
for these transformations are adduced after the Tables. Moreover, the cases numbered with
different arabic figures are inequivalent with respect to local equivalence transformations. In
order to simplify presented results, in the case f(x) = 1 we just use the conditional equivalence
transformation # = x — et, K = K + ¢ (the other variables are not transformed) from G;""
(see Section 4). Other conditional equivalence transformations are considered in Section 6.

Below for convenience we use double numeration T.N of classification cases and local equiv-
alence transformations, where T denotes the number of table and N does the number of case
(or transformation) in Table T. The notion “equation T.N” is used for the equation of form (2)
where the parameter-functions take values from the corresponding case.

The operators from Tables 1-3 form bases of the maximal invariance algebras iff the cor-
responding sets of the functions f, D, K are G °®V-inequivalent to ones with more abundant
invariance algebras. For example, in Case 3.1 (u,v) # (0,0) and A # —1 if v = 0. And in
Case 3.2 (u,v) ¢ {(—2,-2),(0,1)} and v # 0. Similarly, in Case 2.1 the constraint set on the
parameters p, v and A coincides with the one for Case 3.1, and we can assume that gy =1 or
v = 1. In Case 2.2 we consider v = 1 immediately.

After analyzing the obtained results, we can formulate the following theorem.

Theorem 4. If an equation of form (2) is invariant with respect to a Lie algebra of dimension
no less than 4 then it can be reduced by means of local transformations to one with f(x) = 1.



Table 1: Case D(u) —V

N | K(u) f(x) Basis of A™#*

1 4 4 Oy

2a \ es” O, €t + Oz

2b D e 2etre™” O, YtOr — €"0x

2¢ D e (e + Y)Y | O, (v +2)t0 — (67" +7)e" s
2d 0 |z |” O, (v + 2)t0: + 204

2e 1 z ! O, eft(at — x0z)

3a 0 1 Oty Oz, 2t0; + x0s

3b | D e Oty 260y — O, €”0s

Here v, #0, € =0,1mod G, v =41 mod G°™". Additional equivalence transformations:
1.2b -2 (K=0,e=1):t=t, Z=7e * d=u
2.2c—2a(K=-D/(v+2),e=1): (
3.2d - 2a (K=-D/(v+2),e=1):
4. 2e — 2a (K = t

5

—D,e=1):t=¢,F=Inlz|+t, 4=u;

Table 2: Case D(u) = et

N | p| K(uw fx) Basis of A™#*

1 V| e’ || > Oty (A — v+ p— 2v)t0 + (b — V)20 + Ou

2 |V e 1 Oty Oz, (b —2)t0s + (1 — 1)x0z + Ou

3 |1 u 1 Oty Oz, t0s + (x — t)0r + Ou

4 1 ce® \ O, tOr — Ou

5a | 1 0 (=) Oy, t0; — Ou, atdy + (Bx® 4+ y12 + 70)0z + BxOy

5b | 1 et f2(:c) O, t0r — Ou, atdy — (Be™% 4+ v1 + 70e®)0z + B %0u
5¢ | 1 1 z! O, xOz + Ou, € (0 — 20y

6a | 1 0 1 O, t0r — Ou, 2t0¢ + 10z, O

6b 1 6“ 672% 8t7 t@t — 81“ 2t8t — 89“ 696895

6c | 1 e e (e "+ 4)73 | Oy, tDy — Ou, (7% +7)€%0s + Dy, — (7% +74)%e%0s + (7% + )0y
6d | 1 0 z~3 Oy, 10y — Ou, 20y — Ou, 2202 + Oy

Here A #0, € € {0,1} mod G°*™Y, o, 3,71, = const and

—30x — 271 + « dx}

Bz 4+ vz + Yo

et ot o)
Be= + v1 + yoe®

(@) = exp{ (@) = exp{

Additional equivalence transformations:

1.5b—ba:t=t &=e % 4 =u

. hic—ba(a=y=1,8=mn=0,fl=z): t=¢" g =c'z, i = u;
.6b—ba:t=t F=e" a0

2

3

4. 6c = 6a: t=t, 2 =—1/(e " 4+~), i=u—Inle ® +7];
5

Uu;

. 6d - 6a: L=t &=—1/x, 4 =u—In|z|



Table 3: Case D(u) = u*

N L K(u) f(x) Basis of A™**
1 v u” || * O, (4 A — 20 — A)t0y + (10 — V)20 + udy
2 v u” 1 Oty On, (—20)t0r + (u — )20z + udy
3 v Inwu 1 Oty Oz, ptd + (ux — )0z + udu
4 \ eut \ O, ptdr — udy
5a v 0 3 (x) O, ptdy — udy,
atdy + (1 + p)Bz> + nz +70)0x + Brud,
5b v ut f4(x) O, utdy — udy,
atdy — (14 p)Be™ + 71 + 10e”) 0z + fe” “udy
5¢ u#—3/2 1 z7! O, e (0 — 20x), pax0s + ulu
6a u#—4/3 0 1 O, utOy — uby, Oy, 2t0; + Dy
6b u#—4/3 u e % O, ptd: — udy, 2t0r — Oz, €0y
6¢ -1 0 e’ O, tOr + Uy, Or — YUuOy, 2t0: + 0y — YTUD,,
6d -1 uwt e 2w tye™” O, 10t + udy, €0y + YUuOy, 2t0r — Or — ye~ 0y
Ge | u#—-4/3,—1 0 |m|741++3: O, ptdy — ulu, (2+ u)tds — (1 + p)x0s,
(14 p)z?0s + zud,
6f | p#—4/3,—1 | u* 6*211% Oty itdy — udu, (24 w)tdr + (1 + p) (e +7)e* s,
(em@ ) 1Hnm
—(14p) (e 4+7)%e%0s + (7% + 7)udy
6g -3/2 1 z ! O, 67’5(@ — 20z), 320z — 2u0y, et(m28x — 2zudy)
7a —4/3 0 1 O, 4t0; + 3udy, Or, 260y + 20y, x20s — 3xud,
7b —4/3 w43 e 2 Oy, 4t0; 4 3udy, 2t0; — Ox, € (0r + 3udy), €0y
8 0 Uu 1 Ot, Oz, 2t0t + 0z — Uy, t0x — Ou,
120, + tx0y — (tu + )0y

Here ¢ =0,1mod G,

3 _ —(443u)fr — 271 + «
P = exp{/ (14 p)Bz? + 12+ e

A#0, o, 3,71,7 = const and

} . @) =exp {/ (2+ p)fe” = 2oe” — a dx} :

(1+ p)Be== 4+ y1 + yoe®

u # 0 for Cases 4-6. Additional equivalence transformations:

t

1.5b—ba:t=t &=e % 4 =u

2.5c »hala=y=1,B8=m=0,fl=c7): t=c & =cla, & =u
3.6b—6a:t=t F=e ", 0=u

4. 6c = ba: t=t, F=2x, i =e""u;

5. 6d — 6a: fzt:ﬁzefﬂﬂze'yeizu;

6. 6e — 6a: i=t, & =—1/z, @ =|z| TFu;

7.6f = 6a:t=t2=—1/(e"+7),4=]|e"

8. 6g —ba:t=c',T=—e"/x, 04 =|e'x| THru

9.7Tb »Ta:t=t, d=e % d=u




Table 4: Case f(z) = 1.

N | D(u) | K(u) Basis of A™**

1 \4 v O, Oz

2 \ 0 Ot, Oz, 2t0r + 10y

3 et e Ot, Oz, (10— 2)t0r + (0 — 1)x0z + Ou

4 e U Oty Oz, t0: + (x — )0z + Ou

5 6“ 0 8t7 8367 t@t — 81“ 2t8t + max

6 ut u” Oty Oz, (u—20)t0r + (0 — )20z + udu

Ta ut 0 Oty Og, t0; — uy, 2t + x0x

™ | w2 u™? | O, Ou, 2t0; + udy, e *(0z + udy)

8 | w3 0 By, Oy, 40; + 3udu, 2t0; + 10y, 20z — 3TUdy
9 ut Inu | O Oz, ptde + (ux — )0z + udy

10 1 u Oty Oz, t20; + txdy — (tu + )y, 2t0; + 20y — udy, 10z — Oy

Here p,v = const. (p,v) # (—2,-2), (0,1) and v # 0 for N = 6. u # —4/3 for N = 7a. Case 7b can be reduced

to 7a by means of the conditional equivalence transformation t = ¢, & = €, @ = ¢ “u.

4 Group classification for subclass with f(xz) =1

Class (2) includes a subclass of equations of the general form
u = (D(u)ug), + K(u)ug. (19)

(i.e. the function f is assumed to be equal to 1 identically). Symmetry properties of equa-
tions (19) were studied in [11, 12]. But we do not know any work containing correct and
exhaustive investigation on the subject. Now let us single out the results of group classification
of equations (19) from the above section.

Theorem 5. The Lie algebra of the kernel of principal groups of (19) is AX" = (9;,0,).
Theorem 6. The Lie algebra of GlequiV for the class (19) is
AN — (8, 8y, Dy uBy, 10y — Ok, 200y + 10, — KO, t0; — DOp — KO). (20)
Gy E T generated by the transformations:

t=teles +e1, T=ugxeq+ert+ey, U=ues+es,

N _ 21
D=De;', K=Kejleg! —en, 1)

where €1, ..., €7 are arbitrary constants, 4e5¢6 # 0.
The complete set of Gy -inequivalent cases of extensions A™** of equations (19) is given
in Table 4.

5 Proof of Theorem 3

Our method is based on the fact that substitution of the coefficients of any operator from
Amax\ Aker into the classifying equations results in nonidentity equations for arbitrary elements.
In the problem under consideration, the procedure of looking over the possible cases mostly
depends on equation (14). For any operator () € A™?* equation (14) gives some equations on D
of the general form

(au+b)D,, = cD, (22)



where a, b, ¢ = const. In the whole for all operators from A™2* the number k of such independent
equations is no greater then 2 otherwise they form an incompatible system on D. k is an invariant
value for the transformations from G°®Y. Therefore, there exist three inequivalent cases for
the value of k: k=0, k =1, k = 2. Let us consider these possibilities in more details, ommiting
cumbersome calculations.

k = 0 (Table 1). Then the coefficients of any operator from A™®* are to satisfy the system

n=0 2 -g+Le—o ket pe - rg -0 (23)
Let us suppose that K ¢ (1, D). It follows from the last equation of the system (23) that
&2 =& = 0. Therefore, the second equation is a nonidentity equation for f of the form f, = puf
without fail. Solving this equation yields Case 2a.
Now let K € (1, D), i.e. K =¢eD + 3 where ¢ € {0,1}, § = const. Then the last equation
of (23) can be decomposed to the following ones

§ow =82, P&+ & =0.

The equation (§%(fz/f + 2¢))z = 0 is a differential consequence of the reduced determining
equations. Therefore, the condition f,/f 4+ 2e = 0 is a classifying one.

Suppose this condition is true, i.e. f = e 2% mod G°MY, There exist three different possi-
bilities for values of the parameters € and (:

6:17ﬁ7’é0; 6:1’ﬁ:0; 5:0(thenﬁ:0m0deqUiV)’

which yield Cases 2a, 3b and 3a respectively.

Let ¢ = 0 and f,/f # 0. Then either our consideration is reduced to Case 2a or f = z#
mod G°Y where p # 0. Depending on value of the parameter 3 (8 = 0 or 8 # 0 and then
i = —1) we obtain Case 2d or Case 2e.

Let e = 1 and f,/f # —2. Then b = 0 and f,/f = (C1e® + Cy)~! — 2 where we assume
C1 # 0 to exclude Case 2a. Integrating the latter equation depend on vanishing Cy and results
in Cases 2b and 2d.

k = 1. Then D € {e“ u*, u # 0} mod GV and there exists Q € A™* with n # 0.
Let us investigate the first possibility D = e* (Table 2). Equation (14) implies 1, = 0, i.e.
n = n(t,z). Therefore, equations (14)—(16) can be wrote as
26—+ e — e+ Ko — =0,
f (24)
(K — Ku)n— K& — f& + €&, — 2n:) = 0.
The latter equation looks with respect to K like K, = vK + be* + ¢, where v,b,¢c = const.

Therefore, K is to take one from five values.

1. K = e + e + 9 mod G where v # 0,1. (Here and below »; = const, i = 0,1.)
Then n = const, »; = 0, and either s = 0 if f # const or 35 = 0 mod G{*™" if f = const that
imply & = 0, &, = 0, therefore f = |2|* mod G (Cases 1 and 2).

2. K = u+ e + ». In the way analogous to the previous case we obtain s = 0, f =1
mod G 35 = 0 mod Gy (Case 3).

3. K = ue" + »1e" + »y mod G4V, It follows from system (24) that = 0 for any operator
from A™#* i.e. we have the contradictory with assumption 1 # 0 for some operator from A™?*,
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4. K = € + »y. Then n* = ¢! (t)e ™ + (O(t), & = ol (t)e” + o°(t) — ¢*(t)e™". It can be proved
that ¢} = ¢ = o} = ¢!, =0, either s = 0 if f # const or s = 0 mod G{™ if f = const, and
therefore o = 0. The first equation of (24) implies that the function f is to satisfy [ (I = 0,1,2)
equations of the form

Jz _ Be™" —a — 2vye”
J Bt e

with non-proportional sets of constant parameters («, 3,70,7v1). The values [ = 0 and | = 1
correspond to Cases 4 (¢ = 1) and 5b. [ = 2 and there is an additional extention of A™** in
comparison with [ = 1 iff f is a solution of the equation

fz Age™?

Jr 29
o de =+

where either Ao = 0 or Ay = 3\ # 0. Integrating the latter equation gives Cases 6b and 6c.

5. K = 3. Then n! = ¢t (t)x+CO(t), €% = ol (t)x +0°(t) + ¢ (t)2?. It follows from compatibility
of system (24) that n; = &F = 0 if f ¢ {1, 1} mod G or sy = 0. The values f = 27!,
s # 0 result in Case 5c. If f & {~!, 1} mod G and s = 0, we obtain Case 1 with v = 0.

If f = const then s = 0 mod G ™. Below s = 0. The first equation of (24) holds that the
function f is a solution of a system of [ (I = 0,1,2) equations of the form

Jo  —3fr+a—2n

[ Bx2+ymz+7

with non-proportional sets of constant parameters («, 3,70,71). The values [ = 0 and | = 1
correspond to Cases 4 (¢ = 0) and ba. Additional extensions for | = 2 exist iff f is a solution of
the equation

f T Ao

f N )\1$ + )\0 '
where either Ao = 0 or Ao = 3A\; # 0. These possibilities result in Cases 6a and 6d.

Consider the case D = u# (Tables 3). Equation (14) implies n° = 0, i.e. 1 = nl(t,z)u.
Therefore, system (14)—(16) can be wrote as
fa 1 1 1 1
27 — &+ =, ulg, + Ky — foy =0,
t f t (25)
(K —uE)n = K& + (&, = 2(p + ng)u’ — f&F = 0.

The latter equation looks with respect to K like uK, = vK + bu* + ¢, where v,b,c = const.
Therefore, K is to take one from five values.

1. K = v + squ” + 59 mod G®Y, where v # 0,u. Equations (25) imply n' = const,
& = (p—v)n'z + o(t), &% = 0 (therefore, 5 = 0 since ' = 0), f = |z|* mod G,
&= (u+Au—2v—v)nt, Ao =0, and either 5 = 0 if A # 0 (Case 1) or » = 0 mod Gy if
A =0 (Case 2).

2. K = 1Inu+ su” + 39 mod GV, In the way analogous to the previous case we obtain
s =0, f =1mod G 35 =0 mod G;™" (Case 3).

3. K = u*Inu+squt + 39 mod G WY, It follows from system (25) that 7 = 0 for any operator
from A™#* i.e. we have the contradictory with assumption 1 # 0 for some operator from A™?*,
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4. K = ut+3q mod G, Then n' = (M(t)e ™ +(%(t), & = o' (t)e” +0°(t) — (n+1)¢ (e .
It can be proved that ¢} = ¢ = o} = &}, = 0, either » = 0 if f # const or s = 0 mod Gy
if f = const, and therefore o = 0. The first equation of (25) implies that the function f is to
satisfy [ (I =0, 1,2) equations of the form

fo (it 2)8e —a—29e

f (t1)Be™™ + 71 + o€

with non-proportional sets of constant parameters («, 3,70,7v1). The values [ = 0 and | = 1
correspond to Cases 4 (¢ =1) and 5b. [ = 2 iff f is a solution of the equation

fm Age™ "

Jo 22 o
o he®+ X

Looking over the inequivalent possibilities of integrating the latter equation results in Cases 6b,
6d, 6f, 7b.

5. K = 3q. Then n' = ¢*(t)x + O(t), &% = ot (t)z + o) + (u + 1)¢(t)z?. Tt follows from
compatibility of system (25) that n; = &F = 0if f & {z7!,1} mod G or s¢ = 0. The values
f =271, 29 # 0 result in Cases 5c and 6g. If f & {z ™1, 1} mod G MY and s = 0, we obtain
Case 1 with v = 0. If f = const then »p = 0 mod G;™". Below 3¢ = 0. The first equation
of (25) holds that the function f is a solution of a system of [ (I =0, 1,2) equations of the form

fo _ —Bu+4)Br+a—2m
f (w+1)Bz2 + x4+

with non-proportional sets of constant parameters («a, 3,70,71). The values [ = 0 and | = 1
correspond to Cases 4 (¢ =0) and 5a. [ = 2 iff f is a solution of the equation

fo_ N
f )\1%‘1‘)\0.

Looking over the inequivalent possibilities of integrating the latter equation results in Cases 6a,
6c, 6e, Ta.

k = 2. Assumption on two independent equations of form (22) on D yields D = const, i.e.

D =1 mod G®Y, K, # 0 (otherwise, equation (2) is linear). Equations (14)-(16) can be
wrote as

T ¢t & x _ —
26, — & + ff =0, Naw + K1e — f1e = 0, (26)

— Kun— K& + &, — f& —2n, = 0.

The latter equation looks with respect to K like (au + b)K,, = ¢cK + d, where a, b, ¢,d = const.
Therefore, to within transformations from G ™Y K is to take one from four values:

K=u"~4+x,v#0,1; K=Ihu+x; K=¢€¢"+x; K=u.

Classification for these values is carried out in the way like the above. The obtained extensions
can be entered in either Table 2 or Table 3.
The problem of the group classification of equation (2) is completely solved.

12



Table 5: Conditional equivalence algebras

Conditions Basis of A4
K=D Ot, Oz, Ou, uOu, t0r + fOr, (0> — 2f0y), fOf + DOp
K=D=¢" O, tO: + fOf, Oz, Ou+ fOf, 0z — 2f05, 220, + 10y — 3z0y
D=¢e" K=0 | 0 t0;+ fOy, Oz, Ou+ fOf, ©0z —2f05, ©°0y + 20y — 3005
D=K=u" O, 10y + fOf, Ou, Ou+ pufdy, € (0z —2f0y), e “((1+p)0z — udu + (2+u) fOr)
D=u" K=0| 0, t0;+ fOf, Ou, Ou+ pufds, 20y — 2f0s, (1+ 1)2°0s + xudy — (4 + 3p)2 05

6 Conditional equivalence transformations

When we imposed some restrictions on arbitrary elements we can find additional equivalence
transformations named conditional equivalence transformations (see Notion 1). A mentioned
above, the most simple way to find such equivalences between previously classified equations
is based on the fact that equivalent equations have equivalent maximal invariance algebras. A
more systematic way is to classify these transformations using the infinitesimal or the direct
methods. Examples of conditional equivalence algebras calculated by the infinitesimal method
are listed in Table 5.

To find the complete collection of additional local equivalence transformations including both
continious and discrete ones, we are to use the direct method. Moreover, application of this
method allows us to describe all the local transformations that are possible for pairs of equations
from the class under consideration. Now we formulate a number of simple but very useful
lemmas. (We mean the condition of nonsingularity is satisfied.)

Lemma 1. With respect to t any local transformation between two evolutionary second-order
equations (i.e. equations of the form w, = H(t,x,u, uy, Uy, ) where Hy,,, # 0) depends only on t.

Uz

Lemma 2. Any local transformation between two evolutionary second-order quasi-linear equa-
tions having the form u; = F(t, 2, u)uz, +G(t, x,u, uy) where G # 0 is projectable, i.e. t = T(t),
T=X(t,z), u=U(t,z,u).

Lemma 3. Any local transformation between two equations from class (2) is linear with respect

tou: t=T(t), T = X(t,x), & = Ut,x)u + U, x), and with respect to transformations from
GM™ we can assume the coefficient D is not changed.

Lemma 4. (U;,U;) # (0,0) for a local transformation between two equations from class (2)
only if D € {uM, e*} mod G eaWY,

As an example of discrete equivalence transformations we can give the following one:
U=u—=, T=—CI
in the couple of equations
up = €“(Ugy + u?c +uy) and e Tup = €“(ugy + u?c + ug).
Moreover, this transformation is a discrete invariance transformation for the equation

e " 2y, = e (Upy + ui + ug).

13



Table 6: Reduced ODEs for (27). a #0, ¢ = +£1.

N | Subalgebra Ansétze u = w Reduced ODE

1| (@) p(w) x (e?¢) =0

2 | (Q2) p(w) — In [¢] x (ef¢) = -1

3| (Qa) p(w) t =0

4 | (Qa) p(w) +21n|z| t @ = 2e?

5 | (Qe+aQs) | o)+ 2 nfal | Iz —alft] | 8 (o7 + (¢)? + 252¢/ 4 22getl) = oy
6 | (Qi+eQ) | @(w)+2In|z| ve e?((¢" + (¢')*)w? + 4w’ +2) = —ep'w

7| (Q2+¢eQs) pw) —ex z—elnft] | e”7%(@" + (¢)? — 269" + 1) = ey’

8 | (@1+¢Qs) pw) x — et e?(¢" +(¢)*) = —e¢’

We also investigated some transformations into other classes of reaction-diffusion equations.
So, using the discrete transformation @ = u + x/2, & = —z we can reduce the equation

—xz/2

e Uy :e“(um—l—ui+um).

to the reaction-diffusion equation

from the classification of Dorodnitsyn [10].

7 Exact solutions

We now turn to present some exact solutions of (2). Using our classification with respect to all
the possible local transformations (i.e. not only with respect to ones from G°WUV), at first we
can obtain solutions of simpler equations (e.g. 6a from Tables 2 or 3). Then we transform them
to solutions of more complicated equations (such as 6b, 6c, ...). To construct exact solutions
of the equations under consideration, we use both the classical Lie-Ovsiannikov algorithm and
non-classical methods.

So, consider equation 2.6a

up = (e%ug)y. (27)
Let us remind that for (27) the basis of A™** is formed by the operators
Q1 =0, Q2 =10 — Oy, Q3 =10z, Q1 =0, + 20,.

The non-zero commutators of pairs of these operators are only [Q1, Q2] = @1 and [@Q3, Q4] = Q3.
Therefore A™* is a realization of the algebra 249 [23]. All the possible inequivalent (with
respect to inner automorphisms) one-dimensional subalgebras of 245 1 [24] are exhausted by the
ones listed in Table 6 along with the corresponding ansétze and the reduced ODEs.

We succeeded to solve the equations 6.1-6.4 and 6.8. Thus we have the following solutions
of (27):

u=1In(c1x + ¢p), uw=In(—2%/2 4 c1z + o) — Int], u=1In

14



Table 7: Reduced ODEs for (29). a # 0, ¢ = +£1.

N | Subalgebra Ansatze u = w Reduced ODE
1| (@) p(w) x (p7l¢) =0
2 | (@) p(w)t x (') =
3 | (Qs) p(w) t ¢ =0
4 | (Qa) p(w)/z? ¢ ¢ =2
5 | (Q2+aQu) | pw)t' ™ [t (p71¢) = —awy’ + (1 = 2a)p
6 | (Qu+eQ) | ow)/a? ze™ | (¢l w? —2= —ewy'
7| (Q2+¢Q3) p(w)t z—clnft] | (¢71¢) =p—ep
8 | (Qi+¢eQs) p(w) z—et | (p7l¢) = —ey’
e
u = p(x — et) where/ dp = w + cp.
ClL — €&y

Using them we can construct solutions for Cases 2.6b—2.6d easily. For example, with the trans-
formation 2.4 we obtain the corresponding solutions for the more complicated and interesting
equation

xT

e
sut = e"(Ug)z + e"uy (28)

(yer +1)
having localized density (Case 2.6¢):

1 (4]
et )2 e T+

C1
e T+

u=In + ¢

—Inle”™*+7|, uw=In (—2( + co> —In e " +7|—In ¢,

u=—Inle™ 4+ ~|3(co — 2t).

A singular value of the parameter p for Case 3.6a is u = —1. So, the equation

Uy
Ut = | —
u /x

is distinguished by the reduction procedure. Moreover, it is the equation from subclass 3.6a that
the Cases 3.6c and 3.6d are reduced to it. The invariance algebra of (29) is generated by the
operators

Q1 =0, Q2 =10 +udy, Q3= 0., Qs =20, —2u0,

and is a realization of the algebra 245 too. The reduced ODEs for (29) are listed in Table 7.
After integrating Cases 7.1-7.4 we have the following solutions of (29):

(29)

cix t 2t(C()Cl)2e:|:401m
u=coe, U= —— =0, U= o
(c+x/v2)2 (1 — ¢pet2ar)
2t
u = t(c tan(co + c1z) — 1) /2, w= #
x

Analogously to previous case by means of transformations 3.5 we obtain exact solutions of
equation 3.6d which look like:

x

2t(6061)2e:|:401x—'ye’z
(1 _ Coe:l:2clx)2 ’

A= T te_ﬂyei
u = copeSt* ¢ , Y

(cta/v2)?

u =
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Table 8: Reduced ODEs for (30). u # —1,—4/3, a #0, € = £1.

N | Subalgebra Ansatze u = w Reduced ODE

L | (@) p(w) T (") =0

2 | (Q2) p(w)t™ /" x (p"¢) = —¢/u

3 | (Q3) p(w) t ¢ =0

4 | (Qa) p(w)/z?/H ¢ ¢ = 2 prtt

5 | (Qe4aQa) | p(w)t® /e wjte | (o) = 2o — awy!
6 | (Qa+eQu) p(w)e** ze | (et) = —uewp + 2ep
T | (Qa4eQs) | @)t/ | per—Int | pP(e"e) + ¢ +o/u=0
8 | (Qi+¢eQs) p(w) x—et | (") = ey’

2t+c
T2

— e*:r

u = t(cy tan(co £ 1) — c)e ¢ /2,

Another example of equation with localized density is given by Case 3.6f . To look for exact
solutions for it, at first we reduce the equation 3.6a

up = (uf'ug), - (30)
As in the previous cases the invariance algebra of (30)
AT = <Q1 - ata QZ - Ntat - uazu Q3 - a:ca Q4 = Nmax + 2uau>

is a realization of the algebra 245 ;. The result of reduction (30) under inequivalent subalgebras
of A™#* is written down in Table 8.

For some of the reduced equations we can construct the general solutions. For other ones we
succeeded to find the particular solutions only. These solutions are following:

2/p
+ /-2 2
u = (Clﬂj + CO)l/(!H_l)v U = (CO M/(Iu i )x) )

Vit

2 1/p o [—2e 2/p
= =t/ —=(z—et .
! <c—2(2+u)t/u> ! <C 2 u+2($ ) )>

All the results of Tables 7, 8 as well as constructed solutions can be extended to equa-
tions 3.6b—3.6g by means of local equivalence transformations. So for the equation

6—21‘
: )4+3u u = (ufug), + uluy (31)
e T + ¥ 1+p

(Case 3.6f) by means of transformations 3.7 we obtain exact solutions in the form

(e +7) £ v/—2u/(n+2)
u = (c1a + co)/ WY, v ( }(e x+vl;/ - ) IR ) RACMON

=(e7® — 5t (¢ — —1/n
u=(e""+7) 1 (c—2(2+ pt/p)” 7,

2/p
po| =2 1 - 1/(14n)
= + = t r ",
u <c 5 u+2<e—m+fy+€>> (e +7)
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A number of exact solutions were constructed for equations from class (19) (f = 1) by meas
of nonclassical methods. Starting from them and using local transformations of conditional
equivalence we can obtain non-Lie exact solutions for more complicate equations (Cases 6b,
6c, ...).

So, King [26] suggested to look for solutions of the equation u; = (u="?u,), (3.6a, p = —1/2)
in the form u = (p!(z)t + ¢°(x))? where the functions '(x) and ¢°(z) satisfy the system of
ODEs ¢l = (p1)?%, ¢%, = ¢"¢!. A particular solution of this system is

A8 o p_a e
27 72 3

Therefore, equation 3.6f with 4 = —1/2 has the particular solution
u = (6t + c1 + coe )% (e +7)°.

Galaktionov [27] used the transformation u — 1/u to find exact solutions of (29). Using this
transformation one can reduce (29) to the equation

U = u2(u_1ux)x.

King [28] and Pukhnachev [29] obtained some interesting solutions of the latter equation. One
of these solutions is a travelling wave of the form v =1+ ce™ =Mt which generates the exact
solution of (29):

_ 1

- 14+ cemm—mzt'
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