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LIE-BACKLUND SYMMETRY, REDUCTION, AND SOLUTIONS OF
NONLINEAR EVOLUTIONARY EQUATIONS

W. Rzeszut,! 1. M. Tsyfra,”> and V. A. Vladimirov* UDC 517.9

We study the problem of symmetry reduction of nonlinear partial differential equations used to describe
diffusion processes in an inhomogeneous medium. We find ansatzes reducing partial differential equa-
tions to systems of ordinary differential equations. These ansatzes are constructed by using the operators
of Lie-Bicklund symmetry of the third-order ordinary differential equations. The proposed method en-
ables us to find solutions that cannot be obtained by using the classical Lie method. These solutions are
constructed for nonlinear diffusion equations invariant under one-, two-, and three-parameter Lie groups
of point transformations.

1. Introduction

It is known that the method of classical [1] and nonclassical (conditional) symmetry [2—-5] is an efficient tool for
finding the exact solutions of nonlinear partial differential equations. This method is based on the construction of
special ansatzes obtained in the form of general invariant or conditionally invariant solutions reducing the original
partial differential equations to equations with smaller numbers of independent variables and, in particular, to ordi-
nary differential equations. The method of conditional Lie-Bécklund symmetry of the evolutionary equations with
two independent variables was proposed in [6, 7]. Within the framework of this approach, the evolutionary partial
differential equations are reduced to systems of ordinary differential equations. For the applications of this method
to nonlinear diffusion equations, see, e.g., [8]. The relationship between the generalized conditional symmetry of
evolutionary equations and consistency of the system of equations was studied in [11]. The procedure of reduc-
tion of nonlinear evolutionary equations to systems of ordinary equations was proposed in [9]. This procedure is
based on the Lie-Béicklund symmetry of ordinary linear homogeneous equations and offers the theoretical-group
substantiation of the method of “nonlinear separation of variables.”

In the present paper, we use the method proposed in [10], which can be interpreted as a generalization of the
Svirshchevskii method. It is based on the Lie-Bédcklund symmetry of ordinary differential equations, which are not
necessarily linear and homogeneous. In the general case, they are nonlinear. Moreover, this method can be applied
not only to the evolutionary equations but also, generally speaking, to any partial differential equations and admits
generalizations to the multidimensional cases [13, 14].

We demonstrate the efficiency of application of this method by using, as an example, the equation that de-
scribes the processes of nonlinear diffusion in inhomogeneous media.
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2. Application of the Method with the Use of Ordinary Differential Equations of the Third Order
Consider an ordinary differential equation of the third order
Ugze — U (T, U, Uy, Ugy) = 0, €))

where u(t, ) is a function of an independent variable x and a variable ¢. In the analyzed case, ¢ can be interpreted
as a parameter. We seek the function U in the form

_ L Jo 5, J1 5,32
U= Z a]07]17]2($)u Uy Uzys

J0,J1,J2€Z

where aj, j, j,(z) are smooth functions that should be found. Assume that Eq. (1) admits the Lie-Bicklund
symmetry operator X = F'(z,u, Uy, Uz, )0y, Wwhere F' is the right-hand side of the evolutionary equation

up = F(x,u,ug, tgy). 2)

In the present paper, we illustrate the efficiency of the proposed method by analyzing an example of the

following diffusion-type equation:
H(z
U = ( ( )> +7](337U7ux)' (3)
u Trxr

Consider a function H of the form

1
N Cox? + Ciz + Cy’

H(z)

where C1, Cs, Cy € R are real constants. For C; = Cy = 0, Cy = —1, and n = 0, Eq. (3) turns into
the well-known nonlinear differential equation with variable heat-conduction coefficient that describes nonlinear
diffusion processes and is used in the problems of plasma physics and solid-state physics, as well as in many other
applied problems. This equation possesses the infinite Lie—Bicklund symmetry and, with the help of a certain
transformation, is reduced to the linear heat-conduction equation.

The criterion of invariance for Eq. (1) has the form

XO) (e — U@, u, g, tzg))| =0, )

Ugza=U

where X ®) is the third-order extension of the Lie-Bicklund symmetry operator X. The procedure of finding of
the function U is quite cumbersome. In the present paper, we omit this procedure and present only the final result
in the following formulation:

Proposition 1. Equation (1) admits the Lie—Bdcklund symmetry operator

- (1)

1
N 02$2 +Cl.%'+007

where

H(x)




LIE-BACKLUND SYMMETRY, REDUCTION, AND SOLUTIONS OF NONLINEAR EVOLUTIONARY EQUATIONS 387

if it has the following form:

3
Upp Uy us 6(2C2x + Ch)
=9 —12—=
Yz U u? + Cox? + Crz + C) Uz

18(2Coz + C1) u2  6(10C322 4+ 10C 1z — 2CoCy + 3C3)

T o2+ Ciz+Co u (Caz? + Chz + Co)? e

_amhx+cg@0ﬁ?+5am—3aﬂb+2cﬁu
(021‘2 + Cl.%' + 00)3 ’

and C1,C5,Cy € R are real constants.

2.1. Determination of Solutions of the Equation u; = ( > + n(x,u,uy). We use the property
rx

(1)

H(z)

of reduction of the equation

where

T Oy + Crz + Cy’

to a system of three ordinary differential equations of the first order with the help of an ansatz in the form of
a general solution of the ordinary differential equation of the third order in Proposition 1. It is clear that, for
the operator of contact symmetry of this ordinary differential equation X = n(x, u, u,)0d, rewritten in the Lie—
Bécklund form, Eq. (3) is also reduced to a system of three ordinary differential equations with the help of the
same ansatz, i.e., the property of reduction of the modified equation is preserved.

Consider several special cases of Proposition 1.

Let Co = Cy = 0 and C; # 0. Then we can take H(z) = g, k = const. Thus, the ordinary differential

equation generated by the ansatz has the form

3 2
6 18 18 12
Ugzer = QM - 12% + —Ugy — = Uz — —3U. (6)
u U x xTu oz x
Its solution is given by the formula
1
u(z) ==+ (7N

a:\/gong + 1z + 4,007

where 1, 2, and 3 are arbitrary functions of the variable ¢. At the same time, the Lie algebra of the Lie group
of contact transformations, which is a symmetry group of Eq. (6), can be determined by the basis elements:

Xl — 'I,Lau, X2 — l'ux@u, X3 — 1,’2u38u’ X4 = $3U36u, X5 - $4U38u7 (8)
X6 = <E + u:c) o X7 = (2zu + 2%uy) Dy, ©)
T
2 9 4 4 2 2 9 3 2 2 2,,2 9 2
Xg — reus + druug + 4u 0y, Xo— ToUy + 3rung + 2u By, Xyo = ToUy + 20Uty + U 9,. (10

22y z3u3 rdu3
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Thus, the reduction method can be applied to an arbitrary equation from the class

10

K

up = (7> +Y aiXpu,  a;=const, i=1,...,10.
U/ xx i—1

We modify the original equation by adding the terms containing derivatives whose order is smaller than two.
In the present paper, we consider solely the characteristics of the operators of point symmetry. Thus, consider an
equation

U = (i) + a1u + agxrug + a4(azu)3, K,a; € R. (11
TU/ xx

For k # 0 and any a1, as, a4 € R, this equation admits a two-dimensional Lie algebra with the basis elements

Xl - 8t7

X9 = 220, — 3u0,.

Moreover, this algebra is maximal in the analyzed case, i.e., this is a Lie algebra of the complete symmetry group
of Eq. (11). In what follows, if we consider a group of point symmetry transformations of the diffusion equation,
then we always mean the complete group (i.e., the maximal Lie algebra) without repeating this remark.

If 2a1 # 3ay and a4 = 0, then the equation admits the following additional operator:

X3 = 6(2“1*3“2)1‘/(—@35895 + O + aluau).

If the conditions 2a; = 3a2 and a4 = 0 are satisfied, then the equation admits an additional operator of the form
, 1
X3 = —agx0y + 10 + | a1t + 5 u0y,.

Ansatz (7) reduces Eq. (11) to a system of three ordinary differential equations
5 +2(a1 — 2a2)p2 = 0,

@0 + 2(ay — az)po = 0,

1 3
cp’l — 55@% + 2Kp0p2 + 2 <a1 — 2a2> Y1+ 2a4 = 0.

For 2a; # 3ay and a4 = 0, we get the following solutions of the system of reduced equations:

w(w,t) = + ! L (12)

KA(t) . KA(t)
c3cos | ——~— ) — ¢gsin [ ——2—
2a1 — 3as 2a1 — 3az

351 2a1 — 3as 4 2a1 — 3as

T | coe2(a2—ar)ty2 4 9 A(t) x 4 coe2laz—ar)t
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where coca < 0, A(t) = /—cocze3®2720)t and ¢ + 3 > 0, or

1

u(z,t) = £ , (13)
B(t B(t
c3 cosh<2’i(3)> + ¢y sinh(zﬁ(;)
T | coe2(2a2—ar)ty2 4 2B(t) C:B—(t)CLQ a,iB_(waQ x + coe2laz—ar)t
inh| ————— h{ —————
c3 =i <2a1 — 3a2> + cgcos (2@1 — 30,2)
where coco > 0, B(t) = \/cocae327200t and ¢ + ¢} > 0.
3 3
For a; = 502 = 3@ and arbitrary a4 € R, we obtain the following solutions of the system of reduced
equations:
1
u(z,t) ==+ ; (14)
2v/—C c3 cos (\/—Ct) + ¢4 sin (\/—Ct)
Ty [Ccoetta? — - x + cope—
K c¢3sin (\/—Ct) — ¢4 COS (\/—Ct)
where C = r%cocy + kay < 0 and ¢3 + ¢3 > 0, or
1
u(z,t) =+ , (15)
2+/C c3 cosh (\FC’t) + ¢4 sinh (\@t)
xy | coe®a? — - T + cpe~
K c¢gsinh (\FCt) + ¢4 cosh (\FCt)

where C' = k2cocy + kag > 0 and cg + c?l > 0.

KB(t) )

Setting ¢3 =0 and ¢4 70 in (13), we obtain a particular solution that contains the function tanh (2 3
al — oag

kB(t) kB(t)
2&1 - 3&2 2&1 - 3&2
of Eq. (11). This can be shown by setting c3 # 0 and ¢4 = 0 in relation (13). Note that solutions (15) have
a similar property.
By the condition of invariance of solution (12) under a certain one-parameter subgroup

Replacing tanh( ) in the obtained formula with coth( ) , we again obtain the solution

3
Z i Xi (u o u(x, t)) ‘u:u(x,t) =0,
i=1
we conclude that vy = as = a3 = 0. Thus, the solution (12) of Eq. (11) is not invariant and, hence, it cannot be
obtained with the help of the classical Lie method. In a similar way, we show that solutions (13), (14), and (15) are
not invariant.

Further, we consider a special case where C1 = Cy = 0 and Cy # 0. Thus, we can take H(z) = %,
x
k = const . In this case, the ordinary differential equation generated by the ansatz takes the form:
3 2
12 36 60 60
T L DL e T ) (16)
u x A TR x
Thus, we get the solution
1
u(z) ==+ (17

$2\/802332 + p12 + o

of the analyzed equation, where 1, @2, and 3 are arbitrary functions of the variable ¢.
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The Lie algebra of the Lie group of contact transformations of the symmetry group of Eq. (16) can be specified

by the basis elements as follows:

X1 = udy, Xo = 2,0y, X5 = 2%, X, = 2%u30,, X5 = 2%430,,
Xg = <2u + ux)au, X7 = (Bzu+ xzux)au,
T

2?u2 + dzuu, + 4u?
xbu3

2.2 2 2 2 2
reu 6xuu Yu Treu Sruu 6u
Xy = -t z+ 9y, Xo— st 2+ 0y Xyo =
xdud zoud

Oy.-

(18)

(19)

(20)

Thus, by using ansatz (17), we can apply the reduction method to an arbitrary equation from the class of

equations

10
K .
Up = (T) + g a; X;u, a; =const, ¢=1,...,10.
r°u/ xx i—1
1=

Consider the following equation from this class:
K
up = (T) + agzdu® + asz®ud + a7(3zu + x2u$), K,a; € R, Kk #0.
T U/ xx
For any a4, as, a7 € R, this equation admits a one-parameter Lie group with the infinitesimal generator
Y1 =0,

At the same time, if a4 # 0 and a7 = 0, then the equation admits the following additional operator:

3
Y] = (—2:32% - 21:) Op +10: + 3 <45L’a5 + 3)u6u.

a4 a4
At the same time, for a4 = 0, the equation admits the following two additional operators:
5 2
Yo = —x0, +t0: + §u8u, Y3 = 270, — 3zud,.
Moreover, if a4 = a5 = 0, then we additionally get the fourth operator
9 1
Y, = —artx“0, + 0y + | 3artr + 5 U0y,
Ansatz (17) reduces Eq. (21) to the system of ordinary differential equations
/ 1 2
Py + 2Kpop2 — B! + 2a5 + arp1 = 0,
4,011 + 2a4 + 2a7p9 = 0,

¢o = 0.

1)
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The solutions of the system of reduced equations have the form

coar + a 2 c a

Co o KCj
2 -2
1 ci1a4 coas | as(coar + as) —2¢okt
+ —+ 5 2.3 + e ’
4cg 2k 2K4ch

w1 = —2(cpay + as)t + c1,
@o = co, co#0,

or

2 1
Py = gmit?’ + aq(ar — HCl)tQ + (20%5 —cla7 — 2a5>t + ca,

w1 = —2a4t + cq,
$Yo = 0.

Substituting o (t), v1(t), and o (t) in (17), we arrive at the solutions invariant under the corresponding one-
parameter subgroup with generator in the form of a nontrivial linear combination of the operators {Y7,Y5,Y5,Y3,Y4}
if and only if a4 = a5 = 0 or a4 = o = 0; otherwise, they are not invariant solutions.

Further, we consider the equation

up = <£) + aqu + agzud + azxud, K,a; €ER, a1 #0, Kk #D0. (22)
xxr

Equation (22) admits the operator Z; = 0 if a4 and as are arbitrary real numbers. If a4 = 0, then the equation
admits an additional operator

Zo = 220, — 3xud,.
In addition, if a4 = a5 = 0, then we observe the appearance of two more operators
Z3 = 10y — 2u0,, Zy = e2a1t(8t + a1udy,).
Ansatz (17) reduces Eq. (22) to the following system of differential equations:
5 + 2k00p2 — %w% + 2a1p2 + 2a5 = 0,

¢ + 2a1¢1 + 2a4 = 0,

©0o + 2a100 = 0.
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The solutions of this system are given by the formulas

2
_ €0k o —2ayt K a K CoR _
pa=c¢ 2a1t oay c2 — —5(2c1a4 — co| das — % [ (0, == 2ut
4ay ay ay

C% as Hai
= -—=+—,
400 ai 4a1

a4 _
1 = —— + cre 2t
al
_ —2a1t 0
©o = cpe , co#0,

or

2 2
c1a4k _ RCY _ as Rra
()02: <62— t)e 2a1t—71€ 4(z1t_7+4 4

al 4(11 al 4@:13 ’
a4 —2a1t
Yr=—-—— + cre a“ )
ax
Yo = 07

where F(O, z) is the upper incomplete gamma-function. The solution u(z,t) [obtained with the help of (17) and
the solutions g, 1, and o of the reduced system of equations] is not invariant for a4 # 0 or as # 0.
Finally, we consider the equation

U = (%) + asz*u® + asz®u® + azzbud, K,a; € R, a3 #0, k#0. (23)
Txr

For any a4 and as, this equation admits the following symmetry operator:
Wi = 0.
If a4 = a5 = 0, then the operator admits the additional operator
Wy = 20y — 2udy,.

Then ansatz (17) reduces Eq. (23) to the system of ordinary differential equations

1
90'2 + 2Kp0p2 — 5%@% + 2a5 = 0,

SOQ_ +2a4 = 07

<,06 + 2a3 = 0,
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which has the following solution:

2 2

_f <K/ <Cl - C(C)La4> + <Z4 — 4a5>> 2

oy = o2(ast? —cot) | 32 3 0 </§(—2a3t + co)> Lo
V 2A3k

+ ﬂ <—2a4t + 261 — COCL4>7
4asg as

p1 = —2a4t + cq,
$o = —2a3t + Co,

where erf (z) is the error function. To find the solution u(x,t) of Eq. (23), we substitute g, ¢1, and @9 in (17).
For a4 # 0 or a5 # 0, the obtained solution is not invariant under the one-parameter group with the infinitesimal
generator W1 = 0, and also under the one-parameter group with the generator oy W1 + aoWo, where 1 and ap
are arbitrary constants in the case where a4 = a5 = 0.

It is clear that we can also use the Lie—Bicklund operators of ordinary differential equations of the first order.
Thus, we consider a differential equation

Yy = wh® +v. (24)

It turns out that Eq. (24) admits the following Lie—Bécklund symmetry operator:

©= (‘1“ o (¢xw2 > | <%w2 v)ﬁ * 6>81”

provided that v and v satisfy the following system of determining equations:

e u,v
U = (euum)ﬂu Ut = < W ) . (25)

In this case, it follows from the results presented above that the reduction method can be applied to the non-
linear differential equation

%— %— ux
wt:eXp< /(/}2 v) ( 'lp2 ,U>$,l/)2+e Z v?

where u(t, ) and v(t, ) are the solutions of system (25).

3. Conclusions

In the present paper, we find the solutions of nonlinear evolutionary equations that describe the processes
of diffusion in nonlinear inhomogeneous media by the method proposed in [10], which is a generalization of
the Svirshchevskii method [9]. It is shown that this method enables us to obtain solutions that are not invariant
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in the classical Lie sense. To this end, we use the Lie—Bicklund symmetry operators of ordinary differential
equations of the third order. The ansatzes in the form of general solutions of ordinary differential equations reduce
the nonlinear diffusion equation to a system of three ordinary differential equations. It turns out that the solutions
obtained within the framework of this approach cannot be found by the classical Lie method only in the case
where the invariance algebra of the diffusion equation is one-dimensional, two-dimensional, or three-dimensional.
At the same time, if the algebra is four-dimensional, then the obtained solutions can be also found by the classical
Lie method, as shown in Sec. 2.1. These results agree with the results obtained in [12], where the solutions are
obtained by the method of conditional point symmetry.

It is clear that this method can be also used for the construction of some other classes of diffusion equations
and their solutions with the help of the Lie-Bécklund symmetry operators of other ordinary differential equations.
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