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Hosemeno, 1mo mpobjeMa OMUCY BCiX OMEpaTopiB pPeIyKIli, TOOTO omepa-
TOpiB HEeKJIACHIHOI (YMOBHOI) cHMeTpil, TOBIIBLHOTO JIHIHHOTO piBHSIHHS 3
YaCTUHHUMH MOXiTHUMH JIPYTOTO MOPSIAKY 3 ABOMa HE3aJI€?KHUMH 3MiHHU-
MU €KBiBaJIEHTHa B TIEBHOMY CEHCI PO3B’SI3aHHIO BUXIJHOTO PiBHSIHHSI.

The problem on description of the reduction operators, i.e. the operators
of nonclassical (conditional) symmetry, of an arbitrary second-order linear
parabolic partial differential equation in two independent variables proves
to be equivalent, in some sense, to solving the initial equation.

1. Introduction. The notion of nonclassical symmetry (called also
Q-conditional or, simply, conditional symmetry) was introduced in [1]
by the example of the one-dimensional linear heat equation and a par-
tial class of operators. A precise and rigorous definition was suggested
later (see e.g. [4,5,14]). In contrast to classical Lie symmetry, the system
of determining equations on the coefficients of conditional symmetry
operators of the heat equation was found to be nonlinear and less over-
determined. First this system was investigated in [12] in detail, where the
system was partially linearized and its Lie symmetries were found. The
problem on conditional symmetries of the heat equation was completely
solved in [3]. Namely, in the both arising cases the maximal Lie invari-
ance algebras of the determining equations were calculated and the
determining equations were reduced to the initial equation with nonlocal
transformations. Results of [3] were in [2,6,7] extended to a class of linear
transfer equations which generalize the heat equation. Thus, for these
equations the “no-go” theorems on reduction of determining equations
for coefficients of conditional symmetry operators to the initial equations
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were proved in detail and wide multi-parametric families of exact solu-
tions were constructed with non-Lie reductions. It was observed in [13]
that the proof of the theorem from [3| on linearization of determini-
ng equations in case of conditional symmetry operators with vanishing
coefficients of 0; are extended to the class of one-dimensional evolution
equations. This theorem was also generalized to multi-dimensional evolu-
tion equations [8] and even systems of such equations [11].

In this paper we investigate the class of second-order linear parabolic
partial differential equation in two independent variables, which have the
general form

Lu = uy — a*(t, 2)uge — a*(t, 2)uy — a®(t, x)u = 0, (1)

where the coefficients a’, i = 1,2, 3, are (real or complex) analytic func-
tions of t and z, a® # 0. The “no-go” theorems on reduction of determi-
ning equations for coefficients of conditional symmetry operators to the
initial equations are proved for class (1). All possible reductions to ordi-
nary differential equations are described.

Conditional invariance of a differential equation with respect to a vec-
tor field is equivalent to that any ansatz associated with the vector
field reduces the equation to a differential equation with the lesser by
1 number of independent variables [14]. That is why, below we use the
shorter and more natural term “reduction operator” instead of “operator
of conditional symmetry” and say that an operator reduces a differential
equation in case the equation is reduced by the associated ansatz.

2. Determining equations for reduction operators. Prelimi-
nary description of reduction operators of equations (1) is given by the
following theorem.

Theorem 1. Any reduction operator of equation (1) is equivalent to ei-
ther an operator 0y + g (t, 2)9x + (g%(t, x)u + g3 (t, x)) Dy with the coeffi-
cients g1, g% and g> satisfying the system

Lg' + Ha' + algt + 2azgz + a% =0,

Lg* — Ha® — %' —af =0, (2)

Lg% —a%® =0,

where L = 8; — a?0yy — a'8, + H and H = 2g} — (a2g" + a?)/a?, or
an operator O, + n(t, x,u)0,, where the function n is a solution of the
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equation

e = a’ (7790:8 + 20N + 7727]uu) + ai (7736 + nnu)
+(a'n)e +a’(n —un.) + agu. (3)

Proof. In the case of two independent variables ¢t and z, reduction ope-
rators are written as Q = 7(¢, z,u)0: + £(¢, x,u)0x + n(t, x,u)d,, where
(1,€) # (0,0). The conditional invariance criterion for equation (1) and
the operator @ has the form [4]

QL] 1o o, gui—o, biQuI=0. D.qi—0 = * (4)
where Q) is the standard second prolongation of Q, Q[u] = n—7u; —Eu,
is its characteristic, D; and D, denote the total differentiation operators
with respect to ¢t and x. All equalities hold true as algebraic relations
in the second-order jet space J() over the space of the independent
variables (¢,z) and the dependent variable wu.

Since (1) is an evolution equation, there are two principally different
cases of finding Q: 7 # 0 and 7 = 0.

If 7 # 0 we can assume 7 = 1 up to the usual equivalence of reduction
operators. There is only one unconstrained variable in (4). We choose the
derivative u, as such variable and express the other derivatives being
in Q(2yLu via (t,7,u) and u, on the constrained set of J2).

_ N — Euy — aluy — a®
5 .

up =1 —&Uy, Ugg

a

Splitting in the obtained equation with respect to w, results in the

determining equations for coefficients £ and n which imply &, = 0,

Nuu = 0, ie. &€ = gl (t,x), n = ¢*(t,x)u + ¢g3(t,z). Further splitting
with respect to u leads to system (2).

The condition 7 = 0 gives £ # 0 since (7,&) # (0,0). Therefore, wi-
thout loss of generality we can put £ = 1 in view of the usual equivalence
of reduction operators. All derivatives being in Q) Lu are expressed on
the constrained set of J() via the variables (¢, 2, u):

Up =1, Upe =N +0u, W = a®(0e +1mu) + a'n + a®u

After substituting these expressions to the equation QyLu = 0, we
obtain equation (3). O
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Note 1. We can essentially simplify and order investigation of reduction
operators, additionally taking into account Lie symmetry transformati-
ons in case of a single equation [9] and transformations from the equi-
valence group or the whole set of admissible transformations in case of
a class of equations [10]. Up to the equivalence relation generated by
the equivalence group of class (1) on the set of pairs “(an equation of
form (1), its reduction operator)”, it is enough to investigate only the
subclass of equations (1) with az =1, a; = 0.

3. No-go theorems. There is a connection of system (2) and equati-
on (3) with initial equation (1) via non-point transformations.

Theorem 2. Nonlinear coupled system (2) is reduced by the transfor-
mation

1,2 1,2 1,2 1,2
1 _ QU Vg — UgaV 1 2 2vmvmm — VeV 0
g =-a 1,,2 1,2 4, 9 =-a 1,,2 1,2 T8,
VIUZ — U0 VUL — ViU
1 1 1 5
02 VU Uiy (5)
3 2 2 2
g° = ——— VLU
o N

2 1

to the uncouple linear system of three copies vi —a?v? , —a*vt —a%v® =0
of equation (1) for the functions v' = vi(t,x), and the functions v' and
v? being linearly independent. Hereafter i = 1,2, 3.

Note 2. Let W(p!,...,¢") = det(@lilgok/axlfl)k’flzl be the Wronski-

an of the functions ¥ = <pk(t, r), k = 1, n, with respect to the variable z.
Then transformation (5) can be rewritten as

1_ o (W (', v*))s 1 2 _ o W (vg,v3) 0
g = W (vl 02) @ 9= V[/(111,112)—|—a7

3 _ 42 W(v',v% %)

W (v, v?)
Proof. For any tuple of functions g* = g*(¢,x) there exists functions v*
determined by (5). Really, relations (5) can be rewritten in the form

Qui=0, Qu*=0, Qv’=g’ (6)

where @ =Q—L =00, +(a'+g")0, +a"—g?. (Here Q = 0;+¢' 0, —g?
and L = 0; — a®(t,7)0pr — at(t,2)0, — a®(t,z) are linear differential
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operators acting in the space of functions of (¢,). Q is associated wi-
th the operator @ and L is taken from equation (1).) System (6) with
respect to v’ is a system of three uncoupled second-order linear ordi-
nary differential equations with the independent variable z, and ¢ being
treated as a parameter. We can take any fundamental tuple of solutions
of the equation Qv = 0 as (v!,v?) and any partial solution of the equati-
on @v = ¢% as v3. The functions v’ are determined by (6) ambiguously,
namely up to the transformations

P = Pt e, B3 =03+ Pl (t)v? or

P =@t v = 0%+ (1),
where ¢P? and 9 are arbitrary functions of ¢, |pP9] # 0, (gP9) = (¢P9) 71,
15‘1 = —yPpPl. Hereafter p,q = 1,2 and the summation over the repeated
indices is implied.

Let (v!,v2,0?) be a fixed solution of (6), where the parameter-functi-
ons g' = g'(t,x) satisfy system (2). We will show that the functions P?
and 99 (or pP? and 1/;‘1) can be chosen in such way that the functions
9% = 0 will satisfy equation (1), i.e. Lo* = 0.

The left parts of equations (2) can be rewritten with representati-
on (5) as

1 2“2—1 2”1—2 2 271925—1 2%1;—2 3 _ A7..3
R =a"5R +a”"5R°, R"=a"TR +a SR, R°=QLv",
v v v v

where
(i) (1)
= (). = ().

Two first equations R! = R? = 0 of (2) is a linear system of algeb-
raic equations with respect to the values R' and R? with the non-vani-
shing determinant (a?)?W (v!,v?)/(vtv?). Therefore, its unique solution
is R' = R? = 0. Integration the latter equations and the equation R? =
QLv3 = 0 with respect to x leads to the conclusion that Lo = (*P(t)vP,
where (P are functions of t. If the functions $P¢ and 7 being in the
“ambiguity” transformations satisfy the system of ODEs @P? = (4374,
Y8 = (3139 then L' = 0.
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And vice versa, if the functions v* = v(t,z) satisfy the equation
Lv = 0, and the functions v' and v? being linearly independent, then
the corresponding expressions R', R? and R? vanish identically. It means
that the functions ¢g° = ¢'(t,2) determined by (5) give a solution of
system (2). O

Theorem 3. Nonlinear equations (3) is reduced by composition of the
nonlocal substitution n = —®,/®,,, where ® is a function of (t,z,u), and
the hodograph transformation

the new independent variables: t=1t, &=z, x=0®,

the new dependent variable: U =u (7)

» plays the role of a parameter.

We do not adduced the proof of theorem 3 since it has already proved
for both some equations [3] or subclasses [6] from class (1) and much more
general classes of evolution equations [8,11,13].

4. Ansatzes and solutions. Inverting of theorem 3 gives the followi-
ng true statement [8,11].

Theorem 4. For any one-parametric family of solutions of equation (1)
there exists an operator Oy + n(t, x,u)0, which reduces equation (1) and
with respect to which the family of solutions is invariant.

An ansatz associated with the operator 0, +nd,, where n = -, /P,
and the function ® = ®(¢,x,u) is obtained from the one-parametric
solution u = f(¢,x, ») of equation (1) with the inverse hodograph trans-
formation to (7), has the form u = f(t, z, p(w)), w = t. Here w and ¢ are
the new (“invariant”) independent and dependent variables correspon-
dingly. Substitution of the ansatz to equation (1) implies the reduced
equation ¢, = 0, i.e. ¢ = C' = const. As a result, we obtain the obvious
one-parametric solution u = f(¢,z, C).

Theorems 3 and 4 can be united to the single statement.

Theorem 5. For any equation of form (1), there exists one-to-one
correspondence between one-parametric families of its solutions and re-
duction operators with zero coefficients of 0;. Namely, each operator of
such kind corresponds to the family of solutions which are invariant
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with respect to this operator. The problems of construction of all one-
parametric families of solutions of equation (1) and complete descripti-
on of its reduction operators with zero coefficients of 0y are completely
equivalent.

An ansatz associated with the operator d; + g1, + (¢%u + ¢*)9,, has
the form u = vlp(w) + v3, w = v?/v!. Here w and ¢ again denote the
new (“invariant”) independent and dependent variables. The functions
v® = vi(t, x) are solutions of equation (1), which are connected with the
reduction operator coefficients g* = ¢*(¢, x) via transformation (5), and
v! and v? being linearly independent. Integration of the corresponding
reduced equation ¢, = 0 gives ¢ = Cow + C1, where C7 and Cy are
arbitrary constants. After substituting the expression for ¢ to the ansatz,
we obtain the two-parametric solution

u = C1v* + Cov? + 5. (8)

And vice versa, given a two-parametric solution of form (8), the coeffi-
cients g', g? and ¢ are unambiguously repaired by formula (5).

Supposed triviality of the above ansatzes and reduced equations is
connected with usage of the special representations for the solutions of
the determining equations. Under this approach difficulties in constructi-
on of ansatzes and integration of reduced equations are replaced by dif-
ficulties in obtaining of the representations for coefficients of reduction
operators.

4. Conclusion. The “no-go” results of this paper can be extended
with investigation of Lie symmetries and Lie reductions of determini-
ng equations (2) and (3). Indeed, the maximal Lie invariance algebras
of (2) and (3) are isomorphic to the maximal Lie invariance algebras of
equation (1). This result is well known for the linear heat equation [3].

Let us note also that the term “no-go” has to be treated only as
impossibility of exhaustive solving of the problem. At the same time,
imposing additional constraints on the coeflicients, one can construct
a number of particular examples of reduction operators and then apply
them to finding exact solutions of the initial equation. Since the determi-
ning equation has more independent variables and, therefore, more free-
dom degrees, it is more convenient often to guess a simple solution or a
simple ansatz for the determining equation, which can give a parametric
set of complicated solutions of the initial equation. (It is similar to si-
tuation with Lie symmetries of first-order ordinary differential equa-
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tions.) This approach was applied to interesting subclass of equations (1),
which arises under symmetry reduction of the Navier—Stokes equati-
ons [2,6,7], and allowed to construct series of multi-parametric solutions.

The research of the author was supported by the Austrian Science

Fund (FWF), Lise Meitner project M923-N185.

(1]
2]
(3]

[4]

[5

[6]

[7

(8]

[9

[10]

(11]
(12]
13]

14]

Bluman G.W., Cole J.D. The general similarity solution of the heat equation //
J. of Math. and Mech. — 1969. — 18. — P. 1025-1042.

Fushchych W.1., Popowych R.O. Symmetry reduction and exact solution of the
Navier—Stokes equations. I // J. Nonlinear Math. Phys. — 1994. — 1. — P. 75-113.

Fushchych W. I.; Shtelen W.M., Serov M.I., Popovych R.O. @Q-conditional
symmetry of the linear heat equation // Proc. Acad. of Sci. Ukraine. — 1992. —
N 12. - P. 28-33.

Fushchych W.I., Tsyfra I.M. On a reduction and solutions of the nonlinear
wave equations with broken symmetry // J. Phys. A: Math. Gen. — 1987. —
20. - P. L45-148.

Fushchych W.I., Zhdanov R.Z. Conditional symmetry and reduction of partial
differential equations // Ukr. Math. J. — 1992. — 44, N 7. — P. 970-982.

Popovych R.O. On the symmetry and exact solutions of a transport equation //
Ukr. Math. J. — 1995. — 47. — P. 142-148.

Popovych R.O. On reduction and Q-conditional symmetry // Proceedings of the
Second International Conference “Symmetry in Nonlinear Mathematical Phy-
sics” (Kyiv, July 7-13, 1997). — Kyiv: Institute of Mathematics, 1997. — 2. —
P. 437-443.

Popovych R.O. On a class of Q-conditional symmetries and solutions of evoluti-

on equations // Proceedings of Institute of Mathematics, Kyiv. — 1998. — 19. —
P. 194-199 (in Ukrainian).

Popovych R.O. Equivalence of Q-conditional symmetries under group of local
transformation // Proceedings of Institute of Mathematics, Kyiv. — 2000. —
V.30, Part 1. — P. 184-189 (see math-ph/0208005).

Popovych R.O., Vaneeva O.0., Ivanova N.M. Potential nonclassical symmetries
and solutions of fast diffusion equation // Phys. Lett. A, in press. — 8 p. (see
math-ph/0506067).

Vasilenko O.F., Popovych R.O. On class of reducing operators and solutions of
evolution equations // Vestnik PGTU. — 1999. — 8. — P. 269-273 (in Russian).

Webb G.M. Lie symmetries of a coupled nonlinear Burgers-heat equation
system // J. Phys. A: Math. Gen. — 1990. — 23. — P. 3885-3894.

Zhdanov R.Z., Lahno V.I. Conditional symmetry of a porous medium equa-
tion // Phys. D. — 1998. — 122. — P. 178-186.

Zhdanov R.Z., Tsyfra I.M., Popovych R.O. A precise definition of reduction of
partial differential equations // J. Math. Anal. Appl. — 1999. — 238, N 1. —
P. 101-123 (see math-ph/0207023).



