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Paper 1

Lie groups in some problems of
mathematical physics

N. H. IBRAGIMOV*

Doctor of Science Thesis
[Doktorskaia dissertatsia]

Delivered as lectures for students of
Novosibirsk State University
Novosibirsk, 1972

Abstarct. This course of lectures is dedicated to applications of Lie groups
to various problems of mathematical physics. One of basic topics is develop-
ment of a general theory of invariants of arbitrary continuous transformation
groups in Riemannian spaces. Then we deal with Hadamard’s problem on
finding differential equations satisfying the Huygens principle. A solution
to Hadamard’s problem is given in the class of equations possessing a non-
trivial conformal group. Finally, we discuss the questions on derivation of
conservation laws for differential equations.

In addition to the traditional course of equations of mathematical physics
the reader is supposed to be acquainted with foundations of the theory of
Lie group analysis of differential equations.

Preface

About a hundred years ago Sophus Lie started to investigate continuous
transformation groups. One of the reasons that incited him to develop this

*Author’s note to the English translation: 1 edited the translation of Chapters 1, 2
and 5. I also made small changes in these chapters.



2 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

new field of mathematics was an attempt to extend the Galois theory for
algebraic equations to differential equations. Another reason was to dwell
upon properties of transformations in geometry and mechanics.

In the beginning (1869-1871) S. Lie investigated known at the time
examples of continuous groups, namely, groups of motions (translations,
rotations) and projective transformations in geometry, tangent transforma-
tions, etc. He introduced the general notion of continuous transformation
groups in 1871, and by 1884 he developed the well-known theory of con-
tinuous local groups for the most part. This theory together with its most
important applications was represented in the fundamental work of Lie and
Engel [91], [92], [94].

From the very beginning the initiation and development of the theory of
continuous groups was encouraged by its successful application in various
fields of mathematics and mechanics. Already in 1869 Lie noticed that the
majority of ordinary differential equations with known methods for their
integration admit certain continuous transformation groups. Then he dis-
covered that similar relations exist for partial differential equations of the
first order. Later on, together with elaborating the general theory of contin-
uous groups, S. Lie took up systematic investigation of differential equations
admitting continuous transformation groups. The results obtained in this
field ([89], [90], [95], [91], [92], [94], [131], [137], [109], [110], [111] etc.) led
to the modern theory of group properties of differential equations.

Our prime interest will be the following two applications of Lie group
theory. The first one is the theory of continuous groups of motions in
Riemannian spaces; developed by Killing [82], the theory proved to be ex-
tremely efficient both in geometry and in related interdisciplinary issues.
The second one is the Noether theorem [107] on existence of conservation
laws for the Euler-Lagrange equations of functionals, invariant with respect
to continuous transformation groups.

The present lecture notes are devoted to further consideration of issues
related to application of Lie group theory in Riemannian geometry and
theory of differential equations. The basic problems considered below focus
on the following topics:

1. Theory of invariants of arbitrary continuous transformation groups in
Riemannian spaces;

2. Group properties of linear and nonlinear differential equations of the
second order;

3. The Huygens principle for linear hyperbolic differential equations of the
second order;

4. Connections between invariance and conservation laws for differential
equations.
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We take the notions of groups of isometric motions (often called briefly
motions) and conformal transformations in Riemannian spaces as a starting
point of our investigation of the first topic. These notions can be formu-
lated as follows. A continuous group G of point transformations in an
n-dimensional Riemannian space V,, is called a group of isometric motions
in the space V,, if transformations of the group G keep the values of all the
components

Gij, i)jzla"wna

of the metric tensor of the space V,, unaltered. Likewise, a group G of trans-
formations in V,, is called a group of conformal transformations if transfor-
mations of the group G preserve the values of all ratios

9ij
9pq

of the components of the metric tensor of the space V,,. These definitions
lead to the following formulation of the problem of invariants of continuous
transformation groups in Riemannian spaces.

Given an arbitrary continuous point transformation group G in a Rie-
mannian space V,. Determine which functions of components of the metric
tensor g;; of the space V,, are invariant with respect to all transformations
of the group G.

In connection with this problem I introduce the following two basic no-
tions: the defect 6 = §(V,,, G) and the invariant family of spaces G(V,).

The defect serves to determine the number of all functionally indepen-
dent invariant functions for the group G of transformations in the space V,;
this number equals to

%n(njtl)—d

The invariant family of spaces G(V},) is the smallest set of n-dimensional
Riemannian spaces which is invariant with respect to transformations of the
“extended” group G (see § 6) and contains the space V.

For instance, if G is a group of isometric motions in V,,, then § = 0 and
the invariant family of spaces consists of one space V,,, i.e. G(V,) = V.
It is also manifest that for groups of conformal transformations § = 1 and
the invariant family of spaces G(V},) coincides with the family of all spaces
conformal to V,.

Let us turn to the second topic. Although the problem of group classifi-
cation of partial differential equations of the second order has been repeat-
edly considered in literature, it is not solved completely yet. At the same
time, different problems of geometry and mathematical physics prompt
some classes of second-order equations which are of particular interest to
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researchers. One of these classes consists of equations with two independent
variables. Group properties of these equations were investigated by Lie [89]
(linear equations) and Medolaghi [104] (linear equations admitting an infi-
nite group). Another important class is composed by linear homogeneous
second-order equations

g7 (z)ug; + b (x)u; + c(z)u =0
with n > 2 independent variables = = (2/,...,2"). Group properties of
these equations were investigated by L.V. Ovsyannikov [110], [111].
We will dwell upon group properties of semi-linear partial differential
equations of the second order

g (x)ug; + bz(az)uz +(z,u) =0

with an arbitrary number n > 2 of independent variables. Coefficients of the
equation are supposed to be analytic functions of x. Equations of this type,
occurring in relativistic quantum mechanics [124], have been considered by
several authors (Jorgens [80], Strauss [128], Lions [99]). In these works, an
exceptional role in various respects plays the nonlinear wave equation

Ou+u®=0
which is invariant, like the usual linear wave equation
Lu =0,

with respect to the group of conformal motions in the flat space V,,. Equa-
tions of the second order invariant with respect to the conformal transfor-
mations in the space V,, with the metric tensor g;;(z) (where g;;¢°* = oF)
will play a significant part in what follows. Therefore, together with in-
vestigating group properties of general equations, we will dwell upon these
“conformally invariant” equations in different spaces V,.

Group invariance properties of second-order equations are closely re-
lated to the Huygens principle which is understood here in the sense of
Hadamard’s “minor premise” [41], [42], [43], [44]. Namely, a linear hyper-
bolic differential equation of the second order is said to satisfy the Huygens
principle if the solution of the arbitrary Cauchy problem for this equation
is defined at every point z by the Cauchy data at the intersection of the
initial manifold with the characteristic conoid outgoing from x. The notion
of the Huygens principle in the above sense appeared in works of Kirch-
hoff [83], Beltrami [15], [16], who demonstrated on the basis of the explicit
formula for the solution of the Cauchy problem that the wave equation
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Uu = 0 satisfies the Huygens principle. Hadamard formulated the problem
of finding all linear hyperbolic equations of the second order satisfying the
Huygens principle. Until recently only separate examples of such equations
have been known [126], [127], [39], [71]. According to Hadamard [41], [42],
[43], [44], [45], the Huygens principle holds only for an even number n > 4
of independent variables. In this connection, the case n = 4, having a di-
rect physical meaning, is of special interest. An important result for this
case was obtained by Mathisson [102]. Approximately at the same time
and independently of M. Mathisson the same result was obtained by L. As-
geirsson [6], A. Douglis [28] but published much later. Another proof of the
same result was given by Hadamard [46]. He demonstrated that in the four-
dimensional flat space V} (this corresponds to the case of equations whose
principal part has constant coefficients) only the wave equation satisfies the
Huygens principle. This solves Hadamard’s problem for the flat space V.

We will also consider the case n = 4 and demonstrate that in any Rie-
mannian space Vj, having a “non-trivial” conformal group (i.e. the con-
formal group which is not a group of motions in any space conformal to
the space V}), only the conformally invariant equation satisfies the Huygens
principle.

Further, issues related to the well-known Noether theorem [107] on con-
servation laws for differential equations are considered. The theorem states
that if a functional

is invariant with respect to an r-parameter continuous transformation group
G, in the space of variables

v=(2,...,2"), u= (..., u™),

then there exist r independent conservation laws for the Euler-Lagrange
equations of the functional [[u]. Meanwhile a definite formula is given for
calculating the conserved quantities via the Lagrange function £ and co-
ordinates of infinitesimal generators of the group G,. In what follows we
will deal with conservation laws given only by these formulae. Keeping in
mind that the Euler-Lagrange equations in this case are also invariant with
respect to the group G, one can see that the Noether theorem provides
the sufficient condition for the group G,, admitted by the Euler-Lagrange
equations of the functional I[u], to correspond to r conservation laws. Such
condition is the invariance of the value of the functional [[u] on all (smooth)
functions u = wu(x) with respect to the group G,. Examples demonstrate
that such invariance of the functional is not a necessary condition for exis-
tence of the mentioned conservation laws, and hence, all these conservation
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laws can be derived from the Noether theorem. This leads to the problem
under consideration on finding the necessary and sufficient conditions of
existence of conservation laws.

The whole material is divided into five chapters. The first chapter intro-
duces the basic notions of the theory of continuous groups, group symmetry
properties of differential equations and Riemannian geometry.

The second chapter considers the problem of invariants of continuous
transformation groups in Riemannian spaces. The most significant result
for the theory is formulated in Theorem 1.12 of Section 8.2. It allows one
to calculate the defect 6(V,,, G) via components of the metric tensor of the
space V,, and coordinates of basic infinitesimal generators of the group G.
In particular cases it is possible to construct explicitly an invariant family
of spaces G(V,,), which allows to construct all invariants. This is illustrated
in a number of examples in § 9 and § 10.

The third chapter deals with symmetries of second-order linear and semi-
linear partial differential equations with several variables. Upon obtaining
the determining equations for symmetries in the general case, we turn to
considering conformally invariant equations. The theorem on uniqueness
of conformally invariant equations in spaces V; with nontrivial conformal
group (see § 14) proved here is used in the following chapter.

The fourth chapter presents the solution of Hadamard’s problem for dif-
ferential equations with four independent variables when the corresponding
spaces Vy have a nontrivial conformal group. In particular, the chapter in-
cludes the case considered by M. Mathisson, because any flat space V, has
a nontrivial conformal group.

The fifth chapter tackles the problem on conservation laws. The proof of
the following statement (see Theorem 1.22 in Section 22.2) holds a central
position in this chapter: when the Euler-Lagrange equations of the func-
tional /[u] admit a group G, then this group furnishes r conservation laws
if and only if the extremal values of the functional [[u] are invariant with
respect to the group G,.

Further we mostly use standard notation. In case if a new notation
is introduced it is explained in the text. The functions occurring in the
text are sufficiently smooth, unless otherwise stated. Note also that all
considerations are local.

The author is grateful to L.V. Ovsyannikov for discussing of basic results
of the present work in different times.
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CHAPTER 1
Preliminaries

This chapter gives the fundamental notions from the theory of continu-
ous groups, symmetry properties of differential equations and Riemannian
geometry.

Literature: Pontryagin [117], Ovsyannikov [109, 110], Eisenhart [31, 29].

§ 1 Continuous groups of transformations

1.1 Local groups

Let us consider a Hausdorff topological space (G. The system of local coordi-
nates in space G is the pair (u, ), consisting of the open set U C G and of
a topological mapping of ¢ of the set u on the open set of the r-dimensional
Euclidian space R". The open set U is referred to as a coordinate vicin-
ity, and the real numbers z°, (i = 1,...,r), being coordinates of the point
o(x) € R, are called coordinates of the point x € G in the system of
coordinates under consideration.

Definition 1.1. A topological space G is called a local group if there exist
an element (unity) e € G, the neighborhoods U,V (where V' C U) of the
element e and if the group operation U x U — G is defined so that

1) (a-b)-c=a-(b-c)forall a,b,ceV.

2)e-a=a-e=aforalacl.

3) For any a € V there exists an inverse element a~! € U such that

1 1

a-a - =a " -a=e.

4) The mapping (a,b) — a - b~! is continuous on U x V.

Let us consider a local group GG and assume that it has a known system of
local coordinates (U, ¢), where e € U, and ¢ is such a topological mapping of
the coordinate vicinity U on the open sphere R? with the center at the point
0 € R?, that ¢(e) = 0. Let W € V be such a vicinity of the unity e that the
mapping W x W — U is known and it is analytical, i.e. the coordinates ¢
of the element ¢ = a - b are analytical functions ¢' = ¢'(a,b) (i =1,...,7)
of the coordinates a’, b’ for the elements a,b € W. Then, one can say that
analytical coordinates are introduced in the local group G.

Definition 1.2. A local group G where analytical coordinates are intro-
duced is called an r-dimensional local Lie group and is denoted by G,..
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1.2 Local transformation groups
Consider a mapping
f:R"xB— R", (1.1)

where B C R? is an open sphere with the center 0 € R", and define the
mapping 7T, of the space R" into itself by the equation

T,x = f(z,a); x€R", a€ B. (1.2)

Definition 1.3. The set G, of transformations (1.2) is called a continuous
r-parameter local transformation group in R? if G, is a local Lie group with
respect to the group operation defined by

(Ta : Tb)ZL‘ = Ta<Tbl').

For the sake of simplicity we assume that the mapping (1.1) meets the
condition f(x,0) = x so that T} is a unity of the group G,. In what follows,
continuous local transformation groups will be simply referred to as groups
and will be considered in canonical coordinates.

1.3 Lie’s theorem for one-parameter groups

Let the mapping (1.1) determine a one-parameter transformation group G,
in the space R". Let us define the vector field £ : R™ — R"™ by the formula

&(x) = M ) (1.3)

da |,_o
Theorem 1.1. (Lie’s theorem). The function f(x,a) satisfies the equation

of _

L _en.

Conversely, for any continuously differentiable vector field € : R® — R", the
solution f of the system of first-order ordinary differential equations

df

R 14

T —e() (14)
with the initial condition

flao =7 (1.5)

determines a one-parameter group.
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The definition of the vector £(z) yields
Tox = x + a&(z) + o(a).

Therefore, the increment of function F': R™ — R™ ubnder the transforma-
tions of the group G, is

AF(z) = F(Tyx) — F(x) = aF'(z) - £(z) + o(a),
where
OF*
o

is the derivative of the mapping F. Let us introduce the infinitesimal gen-
erator (or simply the generator, for the sake of brevity) of the group G :

i

0

X = fi(ﬂf)@, (1.6)

acting on functions F' = F(x) by the rule

XF(a) = €0 2 = Fa) g()

and write

AF =aF(x)+ o(a).
It follows from this equations that

OF (T,x)

= = XF(z). (1.7)

a=0

1.4 Manifolds in Euclidean spaces

Let us accept the following geometrically illustrative definition of a manifold
in the Euclidian space consistent with the general definition of a manifold.

Definition 1.4. A set M C R" is called a p-dimensional manifold in the
space R™ (p < n) if for any point = € M there exist an open manifold U C R
containing x, the open manifold V' C R and a diffeomorphism ¢ : U — V
such that

oUNM)={z eV z'™ = =2"=0}

It follows from this definition that for any point x of the manifold M
there exist an open set U C R" containing x, an open set W C RP, and a
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one-to-one differentiable mapping g : W — R™ (a coordinate system in the
vicinity of the point x) such that
gW)y=UnM (1.8)
and
rank¢'(y) =p forall yeW.

Definition 1.5. Let g : W — R"™ be a coordinate system in the vicinity of
the point = g(y) of the p-dimensional manifold M in the space R™. Let
us denote by V" the m-dimensional vector space of m-dimensional vectors
dz € R™ with the origin at the point z € R™. The condition (1.8) guarantees
that the set

M, ={dx € V;': dv=4g'(y)dy, dyeV]}

is a p-dimensional subspace of the space V' and does not dependent on the
choice of a coordinate system. The vector space M, is called the tangent
space to the manifold M at the point x. Elements of M, are termed tangent
vectors to the manifold M at the point z.

The following theorem will be useful.
Theorem 1.2. Let ¢ : R" — R™ P be a differentiable mapping such that

rank ¢/ (z) =n —p

for all x € R™ satisfying the equation

Y(z) = 0. (1.9)
Then the set M = 1~1(0) of all solutions of the equation (1.9) is a p-
dimensional manifold in the space R"™.

1.5 Invariant manifolds

Definition 1.6. A manifold M C R" is referred to as an invariant manifold
for the transformation group G, in the space R" if Tx € M for any point
x € M and any transformation 7' € G,.

Theorem 1.3. Let G; be a one-parameter group of transformations in R"
with the vector field £ defined by Eq. (1.3). A manifold M C R" is an
invariant manifold for the group G if and only if the vector £(x) belongs,
at every point x € M, to the space M, tangent to M at the point z, i.e.

&(xr) € M, for all xze M. (1.10)

Corollary 1.1. The manifold M defined by Eq. (1.9) is invariant with
respect to the group G with the generator (1.6) if and only if

X@)|,, =0. (1.11)



1: LIE GROUPS IN MATHEMATICAL PHYSICS (1972) 11

1.6 Invariants
A simpler notion of group invariants plays an important part in the study
of invariant manifolds.

Definition 1.7. A function J : R* — R is referred to as an invariant of
the transformation group G, in R" if

J(Tx) = J(z)
for any point x € R™ and for any transformation 7' € G,.

Theorem 1.4. The necessary and sufficient condition for the function J to
be an invariant of the group G; with the operator (1.6) is

XJ =0. (1.12)

Thus, in order to find the invariants of the group G one should solve
the linear homogeneous partial differential equation of the first order
o 0J
“(z)=— = 0.
€055
This equation has n — 1 functionally independent solutions and the general
solution is their arbitrary function.

§ 2 Lie algebras

2.1 Definition of an abstract Lie algebra

Definition 1.8. A Lie algebra is a vector space L with a given bilinear
multiplication law (the product of the elements a,b € L is usually denoted
by [ab] and is termed the commutator of these elements) which satisfies the
skew symmetry property
[ab] = —[ba]
and the Jacobi identity
[[ablc] + [[bc]a] + [[calb] = 0.

If the vector space L is finite-dimensional and its dimension is dim L = r,
then the corresponding Lie algebra is called an r-dimensional Lie algebra
and is denoted by L,. If eq, ..., e, is a basis of the vector space L of the Lie
algebra L, then

leiej] = cfjek,
where cfj (i,7,k = 1,...,r) are real constants called structure constants of
the Lie algebra L,.

In what follows only finite-dimensional Lie algebras will be considered,

unless otherwise stated.
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2.2 Lie algebras of r-parameter groups

Let us consider Lie algebras corresponding to continuous transformation
groups. Let GG; be a one-parameter subgroup of the group G, of transfor-
mations (1.2) in the space R™ and assume that ¢ is the vector (1.3) corre-
sponding to this one-parameter subgroup. Selecting various one-parameter
subgroups of G, one obtains an r-dimensional vector space L, of the vectors
¢ with usual summation and multiplication by real numbers. The vectors

0f(z,a)
o) = ——— , oa=1,....r7 2.1
tole) = o) (2.)
where a = (a',...,a") is the parameter of the group G,, can be taken as

the basis of the vector space L,.

Theorem 1.5. The set G, of transformations (1.2) is an r-parameter con-
tinuous local group if and only if the vector space L, of the vector fields &
is a Lie algebra with respect to the product defined by the formula

[Enl(x) = ' (2)€(x) — &' (x)n(x), (2.2)

where £ and 7’ are derivatives of the maps £ and 7, respectively.

This theorem simplifies the study of continuous transformation groups
by reducing the problem to the study of Lie algebras.

Often it is more convenient to consider a Lie algebra of the corresponding
linear operators (1.6) instead of a Lie algebra of the vectors (1.3). In this
case, the linear combination AX + pY of the operators

0

0 0
ozt’

oxt

X=¢ Y 417

corresponds to the linear combination A + un of the vectors € and n with
real constant coefficients A and p. The commutator of the operators,

XY] = XY - VX, (2.3)

where XY is the usual composition of linear operators, corresponds to the
multiplication (2.2). In coordinates, the commutator (2.3) is written

XY] = (X7 — vED)-2

— (2.4)
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§ 3 Defect of invariance

3.1 Definition of the defect

Let us assume that G is a group of transformations in the space R", and
M C R"™ is a p-dimensional manifold. Consider the problem of a (local)
variation of the manifold M under transformations of the group G.

We denote the manifold obtained form M via the transformation 7' € G
by T' (M), and the manifold obtained form M via all transformations of the
group G by G(M). Thus:

T(M)= U Tz, G(M)= U T(M). (3.1)

Definition 1.9. (By L.V. Ovsyannikov [112], §17). The number
0 =dimG(M) — dim M (3.2)

is called the invariance defect (or simply defect) of the manifold M with
respect to the group G.

In order to specify the dependence of the invariance defect § on the
manifold M and the group G we use the notation § = 6(M, G).

Let us assume that the manifold M is given by Eq. (1.9) and the group
G, has generators

Xazfg(x)%, a=1,...,r (3.3)

The following theorem provides a convenient method for calculating the
invariance defect of the manifold M with respect to the group G,.

Theorem 1.6. The invariance defect of the manifold M with respect to
the group G, is given by [113]

(M, G,) = rank | X, 07 ,. (3.4)

Here the index M means that the rank of the matrix |X,¥7]| is calculated
at points of the manifold M, and the rank is considered as the general rank.

3.2 Partially invariant manifolds

The following theorem extends Theorem 1.3 to r-parameter groups.
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Theorem 1.7. A manifold M C R" is an invariant manifold of the group
G, if and only if that vectors £(x) of the corresponding Lie algebra L, are
contained in the tangent space M, at every point z € M :

E(r) e M, for all (€L, xzelM.

Corollary 1.2. The manifold M given by Eq. (1.9) is invariant under the
group G, with generators (3.3) if and only if

XVly=0 (a=1,...,7). (3.5)
Then we also say that Eq. (1.9) is invariant under the group G,.

By virtue of Eq. (3.4), one can write the invariant manifold test (3.5)
in the form
5(M,G,) = 0.

If this condition is not satisfied and if 0 < 6(M,G,) < n — dim M, then
the manifold M is called a partially invariant manifold of the group G,. In
this case the defect ¢ is the codimension of the manifold M in the small-
est invariant manifold of the group G, containing M. The latter invariant
manifold is G,.(M) by construction.

3.3 Nonsingular invariant manifolds

Theorem 1.8. A function J : R™ — R is an invariant of the group G, with
generators (3.3) if and only if

X J=0, a=1,...,r (3.6)
Furthermore, if (locally)
rank €, ()] = R,

then the group G, has t = n — R functionally independent invariants
J, ..., J! (a complete set of invariants), and any other invariant of the
group G, is a function of these basic invariants.

Definition 1.10. An invariant manifold M of the group G, is said to be
nonsingular if (locally)

rank |&; |1 = rank €.

In what follows, only nonsingular invariant manifolds given by Eq. (1.9)
are considered.
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Theorem 1.9. Any nonsingular invariant manifold can be given by an
equation of the form

d(J, ..., T =0, (3.7)

where J1,...J! is a basis of invariants of the group G,..

Proof. See [112], Theorem 31 in §14.

Theorem 1.9 allows one to construct all invariant manifolds of the group
G,.. To this end, it is sufficient to find a basis of invariants of the group G, by
solving the characteristic systems for Eqgs. (3.6) and to consider the general
equation of the form (3.7). This procedure for obtaining invariant manifolds
is used when basic generators of the group G, are given. If, vice versa, a
manifold M is given then the group G, leaving invariant the manifold M is
is obtained from Egs. (3.5).

§ 4 Symmetries of differential equations

4.1 Prolongations of groups and their generators

Let z = (z%,...,2") and u = (u!,...u™) be independent and dependent
variables, respectively, and R"*™ be the space of all variables (x,u). We use
the usual notation for partial derivatives:

p ouP
R

(t=1,....,n; k=1,...,m),

so that the derivative of a map

is the matrix

We will also identify u’ with the set of all partial derivatives. If
®: R — R

and the map
F:R"— R!

is defined by the equation



16 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

then @/ stands for the “partial” derivative of ® with respect to x when w is
fixed, and ®! denotes the “partial” derivative of ® with respect to u when
x is fixed. In this notation, denoting ' = F’, we have:

=0+ (4.1)
In coordinates, Eq. (4.1) is written

o>, 0D

Di®) = G T g

Hence, D; is the differential operator (“total differentiation” in z?)

_0 2
- Ot L Ouk

D;
Let G, be a continuous transformation group

f(x,u,a), f(x,u,0)=ux,

= p(z,u,a), (r,u,0)=u

S]]
I

(4.2)

|

in the space R™"™. The transformation (4.2) will also affect the derivatives
u¥. This yields a continuous transformation group of the points (z,u,u’)
which is called the “first prolongation” of the group G, and is denoted by
G,. If GGy is a one-parameter subgroup of the group G, with the generator

o 0 & 0
X =€)+ 1w (1.3
where ’ ) " )
. Of'(x,u,a . 0pt(z,u,a
- _wzua) 44
¢ oa o g da o (44)

then the generator of the corresponding one-parameter subgroup G, of the
group G, has the form

> 0
X=X k_~_ 4.5
tog (4.5)
where ¢ = ||¢¥| is given by
C=n—u-¢. (4.6)

According to Equation (4.1), the “prolongation formula” (4.6) is written:

C=m,+m, v — (& + &, ),
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and in the coordinate notation it has the form:

k k J J
¢k = il —l—ulai u? <(‘3£ + 19 ), (4.7)

SSls —u U —
! oxt L oul 7\ Ozt Loul

or
G = Di(n*) —ufDy(&),
wherei =1,...,n; k=1,...,m.If one considers derivatives up to the order

q instead of the first-order derivatives, one obtains a continuous transfor-
mation group referred to as a g-th prolongation of the group G,..

4.2 Groups admitted by differential equations

Let u(?) be the set of all partial derivatives of the order o of the variables

ul, ..., u™ with respect to z',..., z".

Definition 1.11. A system of differential equations
F'(z,u,...,u?)=0 (v=1,...,N) (4.8)

is said to admit a group G, of transformations (4.2) or to be invariant with
respect to the group if the manifold in the space of variables (z,u, ..., u(®)
determined by Eqgs. (4.8) is invariant with respect to the gth-order prolon-
gation of the group G,.

The basic property of the group G, admitted by equations (4.8) is that
any transformation of the group G, maps every solution of Eqgs. (4.8) into
a solution of the same equations.

Let us consider the problem of finding a group admitted by a given
system of differential equations restricting ourselves to the case of first-order
equations

F'(z,u,u’)=0 (v=1,...,N). (4.9)

The condition of invariance for equations (4.9) with respect to the group
(1 with the infinitesimal generator (4.3) has the form

XF”\(M) =0 (v=1,...,N),

or, in in the expanded form:

OFY L OF"  OF"
(£ oz " ou G (%f)

=0. (4.10)
(4.9)

Substituting the values of ¢* form (4.7) in Egs. (4.10) one obtains a system
of linear homogeneous differential equations with respect to the unknown



18 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

functions £(x, u) and n*(z,u) which is called the determining equations for
the group G admitted by Egs. (4.9).

An important property of determining equations is that the complete set
of their solutions generates a Lie algebra with respect to the product (2.2).
Therefore, as it follows from Theorem 1.5, the family of the corresponding
transformations (4.2) is a continuous local group. The resulting group G,
is the widest transformation group of the form (4.2) admitted by the system
of equations (4.10).

Likewise, one can obtain the determining equations for the group ad-
mitted by systems of higher-order differential equations. The procedure
requires the gth-order prolongation of the group Gj.

Remark 1.1. The solution of determining equations can lead to an infinite-
dimensional Lie algebra L. Then, the system of differential equations under
consideration is said to admit an infinite group.

§ 5 Riemannian spaces

5.1 Metric tensor and the Christoffel symbols

Let gi; be a symmetric tensor defined on an n-dimensional differentiable
manifold M. The manifold M together with the quadratic form

ds® = gij(z)dx'dz’ (5.1)

given in a neighborhood of every point of M is called an n-dimensional
Riemannian space and is denoted by V,,. The tensor g;; is called the metric
tensor of the space V,, and the form (5.1) is referred to as the metric form
of the space. The quadratic form (5.1) is independent on the choice of the
system of coordinates and defines the “length ” ds of the tangent vector
dr = (dz*,...,dz"™) to the manifold M at x.

We will be particularly interested in Riemannian spaces V,, of the signa-
ture (— - - - —+). The latter means that there exists a system of coordinates
in a vicinity of every point x € V,, in which the metric form (5.1) at x is
written

ds®* = —(dz')* — ... — (dz" ") + (da™)*.

Such spaces V,, are known as spaces of a normal hyperbolic type [41], for in
this case linear differential equations of the second order

gij(a:)uij + bz(x)uZ + ¢(x)u =0,

where g% is defined by the equations g;z¢" = 07, have the normal hyperbolic
type.
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Let us interpret the metric form (5.1) as the square of the distance
between the infinitesimally close points  and x + dx with the coordinates
2t and ¢ + dat, respectively. Then the length of the curve

oi=a't), te<t<t; (i=1,...,n), (5.2)

in the space V,, is given by the integral

t1

s:/ﬁﬁ, (5.3)

to

where

. o dxi(t
L= /gij(x)iiad, i'= xdt() (i=1,...,n).

If the curve (5.2) is an extremal of the integral (5.3), i.e. is a solution of
the Euler-Lagrange equations

d (0L oL .
%(%J—%fm (i=1,...,n), (5.4)

it is called a geodesic curve connecting the points o = z(ty) and x; =
x(t1) of the space V,,. If we parametrize the curve (5.2) by its arc length
s measured from the point ¢, i.e. we set t = s, we obtain from (5.4) the
following equations of geodesics in the space V, :

ds? ik ds ds

The reckoning shows that the coefficients of these equations are given by

L (O09m | OGmk Ogjk -
! o ~ — =1,...,n. .
( axk ax‘] axm Y Z7j7k Y 7n (5 6)

—0 (i=1,...,n). (5.5)

jk—§9

They are known as the Christoffel symbols.

5.2 The Riemann tensor

By means of Christoffel symbols one can determine the covariant differenti-
ation in the Riemannian space V,, which maps any tensor again to a tensor.
We denote the covariant differentiation by a lower index after the comma.
In this notation, the covariant derivatives, e.g. of scalars and covariant and
contravariant vectors are written as follows:

o
oxt’

avi =
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Q5 = %_ak ij 1
J T Qi

In what follows, we write only one comma in case of a repeated covariant
differentiation, e.g.

ki
a +a T,

ai,jk = (ai7j)7k .

For scalars a the repeated covariant differentiation does not depend on
the order of differentiation:

However, repeated differentiation for tensors depends on the order of differ-
entiation, namely

[
Qi jk = Qikj + QR
J

afjk = afkj - alR;jk:a
etc, where

ort,  ort
! k A i Al
R, = (’*)xlj - axl;j + 150 — T (5.7)
are the components of a tensor called the Riemann tensor and known also
as the Riemann-Christoffel tensor.

It follows from the above formulae of repeated differentiation that suc-
cessive covariant differentiations of tensors are permutable if and only if the
Riemannian space V,, is flat, i.e

R, =0 (i,jkl=1,...n). (5.8)

)

Contracting the indices [ and & in the Riemann tensor Rﬁjk one obtains

the Ricci tensor
Rij=RE, (i,j=1,...,n). (5.9)

ijk

Multiplying the Ricci tensor by g and contracting both indices, one obtains
the scalar curvature of the space V,, :

R = g"R;;. (5.10)

Note, that in what follows Riemannian spaces are considered locally.
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CHAPTER 2
Generalized motions in Riemannian spaces

This chapter is dedicated to the problem of invariants of continuous
transformation groups in Riemannian spaces. Groups that have at least one
invariant will be called groups of generalized motions. The most significant
result for the theory is encapsulated in Theorem 1.12.

Literature: Killing [82], Eisenhart [29], Petrov [116], Ibragimov [50, 51,
53, 54].

8§ 6 Transformations in Riemannian spaces

6.1 Representation of a metric by a manifold

The following interpretation of the metric tensor of a Riemannian space V,
is convenient for our purposes.

Let ' and y;; be real variables. Consider real valued functions g;;(x)
defined on an open set of the space R" and satisfying the conditions

det|gi; ()| # 0, gij(x) = gzi(x) (5 =1,...,mn).

Let G be the n-dimensional manifold in the space of the variables z’,y;;
defined by the equations

vij = gij(x) (5,5 =1,...,n). (6.1)
Definition 1.12. The manifold G given by equations
vi; = gij(x) (,7=1,...,n)

is said to be equivalent to the manifold G and written G ~ G if the system
of differential equations

ofF of

has a continuously differentiable solution

f:(f17"'7fn)7

satisfying the condition det f’ # 0, where f’ is a derivative of f.
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According to Definition 1.12, the set of all manifolds G determined by
equations (6.1) is separated into classes of equivalent manifolds. Every class
of equivalence is termed a metric tensor and is denoted by gi;. If G ~ G,
then the manifold G (or Egs. (6.1) which is the same) is said to define the
metric tensor of the Riemannian space V;, in the system of coordinates {z},
and the manifold G in the system of coordinates {z} with z = f(x), where
f is the solution of Egs. (6.2). When a coordinate system is fixed, a point
xr = (z',...,2") can be identified with a point of the Riemannian space V.

Let us determine the extent of arbitrariness to which one defines a co-
ordinate system in a Riemannian space V,, by specifying a manifold G (i.e.
the functions g;;(z);7,7 = 1,...,n). Let us assume that a change of coordi-
nates T = f(x) leaves the function g;;(z) defining the manifold G unaltered.
According to Egs. (6.2), it means that the function f satisfies the equations

k £l
gkl(f)g‘ii%:gij(m) (i,j=1,...,n). (6.3)

We will see further (see Lemma 1.4 in Section 8.1) that Eqs. (6.3) define
transformations preserving the metric form of the Riemannian space V,, with
the metric tensor g;;, i.e. the isometric motions in the space V,,. Thus, we
have the following result.

Theorem 1.10. A manifold G given by Eqs. (6.1) defines a system of
coordinates in a Riemannian space up to isometric motions.

From a local viewpoint, specifying a Riemannian space is equivalent to
specifying its metric tensor. Hence, functions g¢;;(x) define a Riemannian
space V,, in a certain system of coordinates. Therefore, a Riemannian space
V,, in a given coordinate system can be identified with a manifold G.

6.2 Transformations of the metric

Let Gl ‘ .
= fYz,a) (i=1,...,n) (6.4)

be a group of transformations in R™ and let V,, be a Riemannian space with
a metric tensor g;;(x). We will consider (6.4) as a group of transformations
of points in the space V,, in a given system of coordinates {x}. Namely, any
point « € V,, with the coordinates z*¢ is mapped to the point z € V,, with
the coordinates 7' in the coordinate system {z}.

Transformations of the group Gy will also affect vectors tangent to the
space V,,. Let us find the corresponding transformation of the lengths of
tangent vectors. Let

dr = (dx', ..., dz")
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be the tangent vector at the point x € V,,, and
dz = (dz*, ..., dz")

be the corresponding tangent vector at the point & = f(x). The components
of the vector dz are ,
. 0f'(x,a)

dzi = 9
v oxk

The length of the vector dzx in the space V,, is given by

da”.

ds® = g;j(z)dz'da?
and the length of dz is given by
ds® = g;;(z)dz'd7’ . (6.5)

In order to compare the quantities ds? and ds? one should express them
through components of the differential at one and the same point, e.g. at
Z. Due to the invariance of the metric form with respect to a change of
coordinates we have:

ds® = g;;(z)dz'd7’ (6.5
where g,;;(Z) are components of the metric tensor in the system of coordi-
nates {z}, defined by Eqgs. (6.2). The equations (6.5) and (6.5") yield that
the change of the length ds of the tangent vector dx is completely deter-
mined by the difference of the functions g;;(z) and g;;(z), (4,5 =1,...,n).

6.3 Extension of group actions on metric manifolds

Thus, investigation of the change of the tangent vector length is reduced to
investigation of the corresponding transformation of functions g¢;;(z) under
the action of (6.4). It is even more convenient to consider the transformation
of the manifold G given by Eqgs. (6.1) rather than that of the functions
gi;(z) themselves. It is clear from the previous section that transformations
of z' sould be accompanied by the transformations of the variables y;;(i,j =

1,...,n) as components of a covariant tensor of the second order. Therefore
it is convenient to introduce the group Gy of extended transformations
7' = f'(z,a),
_ Off(x,a) Of(z,a
Yij = Uni (z,0) 0f(z,9) (6.6)
ox? oxJ

in the space of the variables =, y;;(i,7 = 1,...,n). (It is suggested to verify
that the transformations (6.6) corresponding to the group of transforma-
tions (6.4) form a local group).
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Let us find the generator X of the group G;. We will write the generator
of the group G in the form

’ 0
X =& s 67
() (6.7
where af( )
. “(z,a
! =——'7 L =1,...,n.
@) = S| =1
According to Eqgs. (6.6), the generator X of the group G has the form
— o, 0
X =g o,
f oxt + nj@yij
where 5
Yij .
Nij = 8—a] » (i,j=1,...,n).

It is assumed here that the expressions for the quantities ¥;; are obtained
from Egs. (6.6) via 2, y;; and the group parameter a. Let us assume that
these expressions are substituted into Eqs. (6.6). Then, differentiating the
resulting identities with respect to the parameter a at a = 0 and using the
notation (6.7) and the conditions ¥;;|,—0 = y;; we obtain

s ot et

ol
k5l 1
M10; 05 + Yri =07 + Yrid; o i + Unj O + Yik Eyv i 0,

ox

Lo aey
nij__(yik%“‘ykj% (t,7=1,...,n).

whence

Thus, the group G of the extended transformations (6.6) has the generator

k!E kl’
Y:“”E"(W%()“%%(vaj'

, , ; : 6.8
Ox? O 7 oxt (6.8)

The equation (6.8) implies that if X and Y are generators of two one-
parameter groups, then

(X Y]=[X,Y].
Hence, if G, is a group of transformations (6.4) with a Lie algebra L,, then
Eqgs. (GE)) furnish a group G, of transformations with an isomorphic Lie
algebra L,. Indeed, if the commutators of a basis X, (o« =1,...7) of L, are

[(XaXs] = cip Xy (a,8=1,...7),

then the operators X, given by (6.8) span a Lie algebra L, with the same
structure constants ¢, 3 because

[Xo Xp] = [Xo, Xp] = 15X, (a,8=1,...,7).
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§ 7 Transformations preserving harmonic co-
ordinates

7.1 Definition of harmonic coordinates

Before considering the issue of invariants of continuous groups of trans-
formations in Riemannian spaces let us demonstrate that the viewpoint,
accepted in the above paragraph, on the Riemannian space and groups of
transformations in it can be used in investigating transformations preserv-
ing harmonic systems of coordinates in Riemannian spaces. Here harmonic
coordinates are considered locally [87] omitting conditions on the infinity
accepted by Fock [32] in connection with the problem of uniqueness of har-
monic coordinates.

Let us consider a simplest problem leading to the notion of harmonic
coordinates. Let the scalar function u(z) be defined in the Riemannian
space V,,, and

Nqu = giju,ij = gijuij - gjkfékui
be the second differential Beltrami parameter. If V), is a flat space, then
ng = 0 in the Cartesian system of coordinates, so that the first derivatives
of u are not included into Ay(u). In a general case, the conditions eliminating
the first derivatives of u from Asu have the form

I'=g¢* T, =0 (i=1,...,n). (7.1)

The values ', as well as Christoffel symbols T'%,, are not tensor compo-
nents. Therefore, equations (7.1) represent some conditions selecting special
systems of coordinates. Systems of coordinates that meet these conditions
are referred to as harmonic. It is known [87], that harmonic coordinates
exist in any Riemannian space.

Let us write conditions (7.1) in terms of the manifold G of the space V,,
in a more convenient form. Let us transform expressions for I'¥ invoking
that covariant derivatives of the metric tensor equal to zero:

ij

ij _ dg
kT Ok

Assuming that £ = j here and summing over j from 1 to n, one obtains

gt 1 .0y :
J dOVI9L i (i=1,...n).

+ g”F{k + ¢/'T% = 0.

+

oxd 1/|g|g oxd

Here we applied the equalities

9l
rgjzn—‘g‘ (i=1,...

oxt
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where g = det |g;;|. Thus,

4 ij
i1 9/lglg”) (=1, )

\/m ozl

and equations (7.1) take the form

9(1glg") .
———= =0 =1...n). 7.2
- (i=1..n) (2
Consequently, a system of coordinates {x} in the Riemannian space V,,
is said to be harmonic if and only if functions g;;(x)(i,5 = 1,...,n) deter-
mining the manifold G (see § 6) satisfy the system of differential equations

(1.2).

7.2 Definition of a group conserving harmonic coor-
dinates

Let us assume that G is a continuous transformation group in the Rieman-
nian space V,,, {z} is a harmonic system of coordinates in the space V,, and
the manifold G is defined by equations (6.1) in this system of coordinates.
Transformation T € G takes the manifold G over to a manifold T(g) ~ G
with a system of coordinates {Z} corresponding to it. The resulting system
of coordinates {Z} is not harmonic in general, for both equations (7.1) and
equations (7.2) are not covariant (i.e. not invariant with respect to arbitrary
transformations of coordinates). It may occur further, that if there exist
two harmonic systems of coordinates in the space V,,, then transformations
of the group G leave one of the systems of coordinates harmonic and turn
the other one into a nonharmonic system of coordinates. Therefore, among
all transformation groups in the space V,, we single out those groups that
preserve harmonic coordinates as follows.

Definition 1.13. A group G of transformations in the space V;, is called
a group preserving harmonic coordinates if with all transformations T € G
any harmonic system of coordinates in V,, goes into a harmonic system of
coordinates again.

In what follows, we find the most extended group G in every space V,,
preserving a harmonic system of coordinates. First, let us prove several
auxiliary statements.
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7.3 First lemma

Lemma 1.1. Let us assume that a manifold M in the space R" is defined
by equations
Vi (r)=0 (oc=1,...p),

let N C M, and and G, be a continuous transformation group in the space
R It T, € M for all T € G, and all y € R, then

XY’ \y=0 (c=1,...,p) (7.3)
for all infinitesimal generators X of the group G,.

Proof. It is sufficient to consider a case with a one-parameter group G,
with the operator X. According to the lemma conditions

VI (Ty) =0 (o=1,...,p)

for all points y € N and all transformations 7" € G;. Therefore, according
to (1.7),
0(T.y)

da |,_o

Xy7(y) =

=0 (o=1,...,p)

for every y € N.

7.4 Second lemma

Lemma 1.2. The most extended group G of transformations in an ar-
bitrary Riemannian space V,,, with the extended group G admitted by a
system of differential equations

I/ lyly™)

0 =0 (i=1...n) (7.4)

I~

where y = det |y, |v7] = lyi; |, v = 3", consists of linear transforma-

tions ' ' '
T =aa"+0 (i=1,...n), (7.5)

where a}, b’(ik = 1,...n) are arbitrary constants.
Proof. Let us introduce the notation
2 = \y]yij (1,j=1,...n),

;) = 9ok (1,7, k=1,...,n),
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and write Equation (7.4) in the form
69 =0 (i=1,...,n). (7.6)
Transformations (6.6) of the extended group G in variables 2% take the form

T = fi(z,a), (7.7)

T\ wOf'(z,a) 0f(z,a)
J <;> T T gk oxt
where J (£) is a Jacobian of the transformation ' = f*(z, a).

Let us find operators of the group G of transformations (7.7). Write
these operators in the form

— ) 0
X == Z—. K —
§ ozt ' 9z
where y ,
ij _ 97" i ot
77 = et .
da a=0 da a=0
Acting by the operator % ‘a:O on equalities (7.7), one obtains

g:aﬁ@WU nuzzmﬁiz ﬁ@g__m@i
da |,_, ok ok ok’
so that
. w08 (x) 08 (x) 0 (x)\ O
X = ¢ —_ ik jk g . )
¢ (x)é?x’ * (Z oz 2 ozF 7 T oxk ) 92 (7.8)
Let
X=X+¢Y 0
" 007
be an operator of a group obtained by dilating the group G to values
07(i,5,k = 1,...,n). The invariance conditions for equations (7.6) with

respect to the group G have the form
X079 =Gl =0 (i=1....m).

According to the prolongation formulae of operators to the first deriva-
tives and by virtue of (7.8) one has

» 0% L 0% 0%l
1 il Jl A
kTS oxloxk Tz oxlozk : oxloxk

k oxt kol kot Ok

(7.9)

+0 +0
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so that the invariance conditions for equations (7.6) take the form
e
OxIOx*

The values z*,2%(i,7 = 1,...,n) in equations (7.10) play the part of inde-
pendent variables. Therefore, these equations are equivalent to equations

82 gz
0xI Oxk

determining an n(n + 1)-parameter group of linear transformations (7.5).

=0 (i=1,...,n). (7.10)

=0 (i,j,k=1,...,n),

7.5 Third lemma

Lemma 1.3. It is necessary and sufficient that equations (7.4) are invariant
with respect to the group G for the group G of transformations in the space
V,, to preserve the harmonic coordinates.

Proof. Let equations (7.4) be invariant with respect to the group G. Then,
any transformation T € G takes any solution of equations (7.4) into a
solution of the same equations § 4. Thus, if the manifold G, defined by
equations y;; = g;j(x) (ij = 1,...,n), determines a harmonic system of
coordinates in the space V,, so that the functions g;;(z) satisfy equations
(7.2), then a manifold T(G) ~ G for any T € G will be derfined by equations
Uij = §i;(Z), where functions g;;(Z) satisfy equations (7.2) in variables z'.
It follows that the resulting system of coordinates {Z} is harmonic for any
T € G, i.e. the group G preserves harmonic coordinates in the space V,.

Let us assume now that the group G preserves harmonic coordinates
in the space V,,. We apply Lemma 1.1 and take a manifold in the space
of variables 27,27 07 (i,j,k = 1,...,n) given by equations (7.6) as M,
and take the class of all representatives of the metric tensor of the space
V. (i.e. of manifolds G equivalent to each other) governed by equations
(6.1) where g;;(x) satisfy equations (7.2) as N C M. According to our
assumption, the group of transformations in the space of variables z*, 2/, 6/
(i,5,k = 1,...,n), resulting from prolongation of the group G to the first
derivatives 9,? , translates any point of manifold N to a point of M so that
we are under the circumstances of Lemma 1.1. Hence, equations (7.3) are
satisfied and have the form

X079y =y =0 (=1,....n), (7.11)

in the given case. Here the quantities C;ij are calculated according to Equa-
tion (7.9).
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Note that linear transformations of coordinates translate a harmonic
system of coordinates in the space V,, into a harmonic one. On the other
hand, one can easily see that a manifold resulting from some manifold G
upon various linear transformations (7.5) coincides (locally) with the space
of variables x*,y;; (i,7 = 1,...,n). Therefore, taking a manifold contained
in N as G one can see that the values 2, 2% (i,j = 1,...,n) play the part of
free variables on N. Therefore, upon substitution of values (7.9) of quantities
G, equalities (7.11) take the form

ij 8251

0xI0x* | -

and are equivalent to (7.10). Thus, if a group G preserves harmonic coordi-
nates in space V,, then, equation (7.10) holds, and consequently, equations
(7.4) are invariant with respect to the extended group G.

7.6 Main theorem

Theorem 1.11. The most general group preserving harmonic coordinates
in the space V,, for any Riemannian space V,,, consists of linear transforma-
tions (7.5).

Proof. The theorem follows from Lemma 1.3 and Lemma 1.2.

§ 8 Groups of generalized motions

8.1 Isometric motions

Given a group G of transformations in a Riemannian space V,,. First, let us
find out how to formulate the condition that a group G is a group of motions
in the space V,, in terms of the manifold G in space V,, and the extended
group G. A group G is referred to as a group of motions in the Riemannian
space V,, if all transformations of the group G preserve the value of the basic
metric form of the space V,, : ds* = ds? [82], [29]. According to formulae
(6.5) and (6.5"), the group of transformations

' = fx,a) (i=1...,n) (8.1)

is a group of motions in the space V,, with the metric tensor g;;(z) (4,7 =
1,...,n) if and only if

9i;() =gi;(x) (i,j=1...,n) (8.2)
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for all transformations (8.1).
Let us multiply both parts of equations (8.2) by

of of
oxk Ox!

and sum over indices 7, j from 1 to n. As a result, invoking equations (6.2)
one obtains equations (6.3). If f. # 0, then multiplying equations (6.3) by

o(f oty
ozxk ox!

and summing over 4, j form 1 to n one obtains equations (8.2), thus proving
the following statement.

Lemma 1.4. A transformation group (8.1) is a group of isometric motions
in the space V,, if and only if the equations (6.3) hold.

Let G be a one-parameter group of transformations (8.1) with the in-
finitesimal generator (6.7). If Gy is a group of isometric motions in the
space V;, then by Lemma 1.4 equations (6.3) hold identically with respect
to the parameter a. Differentiating these identities with respect to a when
a = 0 one arrives to Killing equations

3gw ock ok

k
g +z]a]+g]kal

—0 (i,j=1...,n) (8.3)

with respect to coordinates £(x) of the infinitesimal generator X of the
group Gy and components g;;(x) of the metric tensor of the Riemannian
space V,,. As it is known in Riemannian geometry, a continuous group G, of
transformations in the space V,, is called a group of motions in the space V,
if and only if the Killing equations (8.3) hold for all infinitesimal generators
of the group G,. These equations are independent of the choice of system
of coordinates. Indeed, taking into account that £ represent components of
a contravariant vector and using the identities

dg;; ock ock

k
€8k+ ”83+g]k<9@

=&, +&: (,j=1...,n), (8.4)

where & = ¢ix&"F are covariant components of the vector £, one can write
equations (8.3) in the tensor form

§ij+&i=0 (,j=1...,n) (8.5)
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Lemma 1.5. In order for the group G of transformations in the Rieman-
nian space V,, with the metric tensor g;;(x) to be a group of motions in this
space it is necessary and sufficient that the manifold G given by equations
(6.1) is invariant with respect to the extended group G.

Proof. The necessary and sufficient condition of invariance of the manifold
G with respect to the group G consists in satisfaction of equations

X(gij(z) —yij)lg =0 (i,7=1,...,n)

for all infinitesimal generators (6.8) of the group G. These equations coincide
with the Killing equations (8.5) by virtue of identities (8.4).

8.2 Generalized motions. Defect

Let us consider the general situation. Given a Riemannian space V,, with
the metric tensor g;;(z) in a system of coordinates {z} and a group G, of
transformations (8.1) in the space V,,. Let us check how the corresponding
manifold G varies with transformations of the extended group G. Every
transformation 7' € G leads to the manifold T(G) (see § 3) equivalent to
the manifold G. This follows from the definition of equivalence (6.1) and
from construction of the group G. If the group G is a group of motions in
the space V,,, then according to Lemma 1.5, T(G) = G for any T € G.
In the general case, the set

G(9) = U T(9)
Ted
of all images T(G) of the manifold G is a manifold in the space of variables
z',y;;(i,5 = 1,...,n), containing the manifold G. As it is mentioned above
in § 3, G(G) is the smallest invariant manifold of the group G containing
the manifold G.

Let us obtain a formula for the defect § = §(G,G) of the manifold G
with respect to the group G. Since dim G = n, definition of the invariance
defect of the manifold G with respect to the group G in the given case is as
follows:

§ =dimG(G) —n.
Infinitesimal operators of the group G, are written in the form

: 9]
X, = §é(x)% (a=1,...,7), (8.6)

and [€qij(x) + Eaji(x)| indicates a matrix with columns numbered by the
index o and rows numbered by the double subscript ij. Here, indices ¢ and
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j after the comma indicate covariant differentiation in the space V,, like in
the Killing equations (8.5). The following lemma provides the unknown
formula of the defect.

Lemma 1.6.

0(G,Gr) = rank [€ai () + &aja(2)]. (8.7)
Proof. According to Theorem 1.6
0(G,G,) = rank [ Xa(gi;(2) — vij)lo-

Substituting the values (6.8) of operators X, here and applying equations
(8.4) we arrive to formula (8.7).

Corollary 1.3. If g~ G, then
5@ G,).

In other words, the defect ¢ is independent of the choice of system of coor-
dinates in the space V,.

Proof. Every column of the matrix £, ; + £aj] is a covariant tensor of
the second rank &, ; + &, (o is fixed). Therefore, with the change of
coordinates in space V,,, all columns of the matrix undergo linear transfor-
mation independent of the number « of the column. Obviously, this does
not change the rank of the matrix. According to the formula (8.7) this
implies that transformation of the manifold G to the equivalent manifold g
leaves the defect § unaltered.

Thus, the invariance defect ¢ of the manifold G with respect to the group
G, being initially set in some system of coordinates, depends only on the
space V,, and the group G, and not on the choice of the system of coordinates
indeed. Hence, we can write 0 = 6(V,,, G,) and discuss the defect ¢ of the
space V,, with respect to the group G, of transformations in the space V,,.

Invoking that the metric tensor g;; of the space V,,, as well as the in-
finitesimal generators (8.6) of the group G,, are independent of the choice
of system of coordinates and applying Lemma (1.6) with its Corollary, one
arrives to the following result.

Theorem 1.12. Let a group G, of transformations in the space V,, with
the metric tensor g;; have a Lie algebra spanned by infinitesimal generators

o,
Xazggaﬂ, a=1...,r
Then the defect § of the space V,, with respect to the group G, is governed
by the following formula:

6(Va, Gy) = rank |£aij + Eajil- (8.8)
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In particular, this theorem together with the Killing equations (8.5)
leads to the conclusion that a group G, is called a group of motions in the

space V,, if and only if 6(V,,,G,.) = 0. If
1
Vo, G,) < §n(n +1).

Then, the group G, is referred to as a group of generalized motions in the
space V,.

8.3 Invariant family of spaces

Let us assume that G is a group of generalized motions in the Riemannian
space V,,, and d = §(V,,, G) is the corresponding defect. We suppose that a
definite system of coordinates {x}, with the metric tensor of the space V,,
that includes components g; ;(z) (i, = 1,...,n) and with the manifold G
defined by equations (6.1), is introduced into the space V. According to
Section 8.2, the smallest invariant manifold of the group G, containing the
manifold G, is the manifold é(g) with the dimension

dim G(G) =n + 4. (8.9)
Let us consider a manifold G* C G(G) given by equations

Yij = gi;(x)  (i,5=1,...,n).

Here, the manifold G* is not necessarily equivalent to G. According to 6.1,
the manifold G* defines the vector Riemannian space V* in the system
of coordinates {z}. Choosing various manifolds G* C G(G) we obtain a
d-parameter family of n-dimensional Riemannian spaces. The family is
independent of the choice of system of coordinates in space V,, by the con-
struction and is referred to as an invariant family of spaces for the pair
(Y,,, G) and is denoted by G(V,,).

The invariant family of spaces G(V},) is characterized by the following
properties resulting directly from its definition.

1. V, € G(V,).
2. If V* € G(V,), then G(V) € G(V,,).

3. G(V,) is the smallest family of n-dimensional Riemannian spaces with
the properties 1 and 2.

The property 2 provides that 6(V*,G) < 6(V,,,G) for all V. € G(V,). In
some cases, the following possibilities of a particular interest are realized.
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I. There exist such V. € G(V,) that 6(V,*,G) = 0. In other words, a
group G of generalized motions in space V,, is a group of motions in
some space V' € G(V,,). In this case, the group G is called a trivial
group of generalized motions in V,.

II. For any V. € G(V},), one has §(V.*,G) = 6(V,,, G), so that G(V}}) =
G(V,) for all V. € G(V,).

The second case plays an important part when one has to consider the
whole family G(V},) at once rather than one separate space V,,. We will have
to deal with such a situation in sections 10.5 and 14.5, where the group G
will be represented by a group of conformal transformations in the space
V,,, which naturally emerges when on considers differential equations of the
second order.

8.4 Invariants of generalized motions

Let us consider the problem of finding invariants of the group G of trans-
formations in a Riemannian space V,,. According to (6.2), investigation of
the change of infinitesimal elements of the space V,, (or, in other word, el-
ements of spaces tangent to V,,) under transformations of the group G is
reduced to the investigation of the change of components g;; of the metric
tensor. Invariants of the group G of transformations in the space V,, are
such functions

J = J(gij)

of %n(n + 1) components g;; (¢i;; = gji;4, 7 = 1,...,n) of the metric tensor
of space V,,, that satisfy the condition

J(9i(2)] = J[g:5(7)] (8.10)

for all transformations (8.1) of the group G. For example, there are exactly
in(n + 1) functionally independent invariants J;; = g;; (i,j = 1,...,n) for
groups of motions, for groups of conformal transformations such invariants
are in(n+1)—1 relations of g;;/gu of components of the metric tensor (see
below).

Equation (8.10) has a simple geometric meaning. It signifies that the
value of function J at the point z € V,, obtained from the point = € V,, upon
group transformation (8.1) coincides with the value of the same function at
the point x. In this case the value at the point z (the right-hand side of
equation (8.10)) is written in the system of coordinates {z} according to
considerations above in Section 6.2.
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It is convenient to investigate invariants in terms of the manifold G of
the space V,, and the extended group G of transformations (6.6. Let us
consider a function J = J(y;;) and a point p on the manifold G with the
coordinates ', y;; = gij(z) (i,5 = 1,...,n). Transformation G € G takes
the point p into the point p € T(G) with the coordinates %, 3;; = §i;(Z)
(1,7 =1,...,n). Equation (8.10) indicates that the value of the function .J
on the projection of the point p into the space of variables y;;(i,j = 1,...,n)
coincides with the value of the same function on the projection of the point
Q € G with the coordinates ', y;; = g;;(%) (i,j = 1,...,n). This holds for
all x € V,, and all T' € G. Therefore, identifying the projection of a cut of
the manifold G(G) by a hyperplane z = const. on the space of variables y;;
(1,7 = 1,...,n) with the cut itself, one can define the invariant of the group
G of transformations in the Riemannian space V,, as such function J(y;;),
that takes one and the same value at all points of the manifold G(G) when
x € V, is fived. This yields the following procedure for finding invariants.
According to § 3, the invariant family of spaces G(V},) represents a family
of Riemannian spaces depending on 6 = §(V,,,G) of arbitrary functions.
Eliminating these arbitrary functions, one finds %n(n + 1) — § correlations
between components of the metric tensor which are the same for all spaces
of the family G(V},). Meanwhile, the number of these invariant correlations
cannot be more than in(n+1)—4, for G(G) is the smallest invariant manifold
of the group G containing the manifold G. The resulting correlations are the
unknown invariants. Thus, a group G of transformations in the space V,, has
sn(n + 1) — §(V,,, G) functionally independent invariants J(g;;), by means
of which one can express any other invariant.

Let us demonstrate the above procedure for obtaining invariants by
means of a group of conformal transformations. Given a group of con-
formal transformations G in space V,, with the metric tensor g;;. As it will
be shown in § 9 in the given case, the invariant family of spaces G(V},)
coincides with the family of all spaces V,* conformal to the space V,,, and
the defect §(V,,,G) = 1, so that G(V},) depends on one arbitrary function.
This arbitrary function appears in the given case as follows. Let us assume
that the space V,, in the system of coordinates {z} is determined by the
manifold G, governed by the equation y;; = g;;(z) (4,5 = 1,...,n), and that
the space V,* is conformal to the space V,,. Then, one can find such a mani-
fold G* determining the space V;, which is defined by equations y;; = g;;(2),
where

9;;(x) = o(z)gij(x), o(x)#0 (,j=1,...,n). (8.11)
Arbitrary choice of the function o provides the invariant class G(V},).

Now let us eliminate the arbitrary function ¢ from equations (8.11)

that determine the invariant class G(V,,). We suppose that, for example,
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g11 # 0. Then, equations (8.11) yield o(z) = ¢i1(x)/g11(z) when i = j = 1.
Substituting this value of ¢ into the remaining equations (8.11) one arrives
to the equations

g:](x) _ gij(x)
gi1(r)  gu(w)

(i,j=1,...,n).

Hence, the values g;;/g11 remain unaltered upon transformation of the space
V,, to any conformal space V* and in the given case we have the following
invariants, well known in Riemannian geometry:

9ii
g11

Jij = (i<jyi=1,...,n;j=2,...,n).

In the following two paragraphs we will dwell upon several examples of
groups of generalized motions.

8 9 Groups of conformal transformations

9.1 Conformal transformations as generalized motions

A group G, of transformations (8.1) in the space V,, with a basic metric
form (5.1) is called a group of conformal transformations in the space V,,
if equation ds? = v(z, a)ds* holds with all transformations of the group G,
when the function v(x,a) # 0. According to 6.2, this equation is equivalent
to the fact that

6ij(Z) =v(z,a)gi;(z) (,7=1,...,n)

for every transformation (8.1) of the group G,. Multiplying these equalities

by 2098 and summing over 4, j, one obtains

dx* Dzl
aft af’
0l o, ) LD ODED) ) goa)ht =1, ).
by virtue of equations (6.2). Now let us differentiate the resulting equalities
with respect to parameters a® (o = 1,...,r) when a = 0. Finally, we denote
fo(x) = %ﬁa)‘a:o and obtain the generalized Killing equations
gai,j + gaj,z’ = HaGij (91>

(a=1,...,m0,7=1,...,n)

with respect to infinitesimal generators (8.6) of the group G, of conformal
transformations in the space V,,. Here the same notation as in 8.1 is used.
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In the same way as Killing equations (8.5) characterize a group of motions,
the generalized Killing equations (9.1) give a necessary and sufficient con-
dition in terms of infinitesimal generators for the group G, to be a group of
conformal transformations in space V,.

Let us find the defect 6(V;,, G,) of a group of conformal transformations.
We assume that at least one of the functions p,(x) in equations 9.1 is not
vanishing (if all p,(x) = 0, then the group G, is a group of motions, for in
this case equations (9.1) coincide with the Killing equations (8.5)). Then,
we have 6 = rank |{q; j + &aji] = rank |pagi;| = 1 according to the formula
(8.8). Therefore, according to 8.3, the invariant family of spaces G, (V},)
represents a one-parameter family of n-dimensional Riemannian spaces in
the given case.

Let us demonstrate that the family G,.(V},) is governed by equations

Y _ 9inl2) (i=1,.
Y11 g11() ’

Camp=2,...n), (9.2)

where g;;(x) is the metric tensor of the space V;, (it is assumed that g11(x) #
0). One can take y;; as an arbitrary parameter of the family G,(V},). The
family of Riemannian spaces determined by equations (9.2) contains the
space V,,, for equations (9.2) hold when y;; = ¢,;(x). Therefore, in order to
proof that the invariant lass G,.(V},) is given by equations (9.2) it is sufficient
to show that equations (9.2) determine the invariant manifold of the group
G,.

Let Gy be a one-parameter group G,, X be an infinitesimal generator
(6.8) of the extended group G so that functions &'(x) (i = 1,...,n) satisfy
the generalized Killing equations (9.1). Let us write equations (9.2) in the
form

iy = 9ip(2)

" gu(x)

The invariance conditions of the manifold given by these equations with
respect to the group G, have the form

yn—Yp =0 (=1,...,nyp=2,...,n).

Y77DZ’P|(9.2):0 (2:1?7n7p:277n)
First, let us consider these conditions for ¢ = 1. We have

- og" gk gip(x)  OEF
lelp‘(ga) = <y1k% + Ypk ol 291]1)(%) Yk

_|_
(9.2)

L Y ( 1091p(x)  gip(x) gk@gn(a?)> ‘

g11(z) ok g11(z) ok
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The right-hand expression in the first braces can be rewritten by means of
equation (9.2) in the form

Y 3 og" 9ip 55k
<g 8 p+gpka 2919 axl N

Therefore, using the identities (8.4) and equations (9.1) one obtains

X¢1p‘ (9.2) zll [gll<§1 p T gp 1) - 291p£1 1]

Y11
= 97[911 g — G1p - gl =0 (p=2,....n).
i1

Likewise, one obtains equations

= afk afk 9i 3fk
X¢ip|(9.2) = (ym% + Ypk E Qﬁylk@

+
(9.2)

_i_& ék agzp Gip gzp kagll _
oxk  Oxk Ok

Yy
gll lg11(&ip + &) — 29z‘p§1,1] =0
11

for values i = 2,...,n.
Thus,

Xthipl(9.2) = 0.

It means that equations (9.2) determine the invariant manifold of the group
G. Since this is true for any one-parameter subgroup of the group G,
equations (9.2) set the invariant manifold of the group G,.

Let us assume that V* is a space of the family G, (V},) determined by
equations (9.2). If we write equations determining the corresponding man-
ifold G* of the space V* in the form

and introduce the notation

r) = 911 (@)
o) =" @)
equations (9.2) yield
gij(x) = o()gi; (). (9-3)

Thus, the metric tensor gj;(z) of any space V;; € G,.(V,,) satisfies equations
(9.3). On the contrary, if any Riemannian space V* has a metric tensor
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g;;(z) determined by equations (9.3), then the manifold y;; = g;;(x) lies in
the manifold defined by equations (9.2). At the same time, an arbitrary
function o(z) # 0 in equations (9.3) corresponds to a one-parameter arbi-
trariness in equations (9.2). Since equations (9.3) determine the family of
all spaces conformal to V,, when an arbitrary function o(z) # 0, the invari-
ant family of spaces G..(V},) for the group G, of conformal transformations
in the space V), coincides with the family of all spaces conformal to V/,.

9.2 Spaces with trivial and nontrivial conformal group

The invariance defect for a group of conformal transformations in the space
V,is 0 = I (see 9.1). Therefore, in the given case, one of the two possibilities
mentioned above at the end of 8.3 is carried out by all means.

If G, is a group of conformal transformations in the space V,, and the
condition (I) in 8.3 holds, then the group G, is a group of motions in a space
V¥ conformal to the space V,,. In this case, the group G, is referred to as
a trivial conformal group in the space V,,. If condition (II) holds, the group
G, is not a group of motions in any space conformal to V,,. Then, the group
G, is called a nontrivial conformal group in the space V,,, and the space V,,
is termed as a space with nontrivial conformal group.

In what follows four-dimensional Riemannian spaces of a normal hyper-
bolic type with a non-trivial conformal group are considered. The descrip-
tion of these spaces by R.F. Bilyalov will be given here (see [116], Ch.VII,
where bibliography is also given). We will formulate Bilyalov’s result in
terms of contravariant components g of the metric tensor, invoking appli-
cation of Riemannian spaces in investigation of differential equations of the
second order with higher coefficients ¢ (x). The result is as follows: the
space Vj of the signature (— — —+) has a nontrivial conformal group if and
only if a metric tensor of the space is reduced to the form

lg”| = (9.4)

where functions f,,h satisfy the condition fh — ©? > 0, by means of
transformation of coordinates and shift to a conformal space. In this case,
only the values 6, 7, 15 can take the maximum order of the conformal group.

Let us reduce tensors of the form (9.4) to a more convenient form. First,
let us show that instead of the three functions f, ¢, h one can take only two.
Indeed, noting that h(z?) # 0 due to the inequality fh — ¢* > 0 and
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introducing the coordinates
=t =02 =237 = /h(x4)d3:4

we reduce tensor 9.4 to the form

971 =

> o oo
OB - O
o€ ©
oo o>

Then, if we turn to a conformal space with the metric tensor g;; = hg;;, we
obtain the space V;* with a tensor in the form (9.4) with the function h =1
and with arbitrary f(z*) and ¢(2*) satisfying the condition f — ¢? > 0.

If we change the coordinates:

el=zt4+7 22=7) 2=z HA=z'-2z

and introduce the individual notation

=2, T'=y, T =2z =t
the above result concerning spaces with a nontrivial conformal group can
be finally formulated as follows.

Theorem 1.13. The space V} of a normal hyperbolic type has a nontrivial
conformal group if and only if there exists a conformal space V" with a
metric tensor written in a certain coordinate system in the form

—1 0 0 0
i 0 —flz—t) —plz—1t) 0 2
| — _

0 0 1

The maximum order of the conformal group can assume only one of the
three values: 6,7 or 15.

9.3 Conformally flat spaces

Further, the following theorem will be useful.

Theorem 1.14. [130] The order of the group of conformal transformations
in the space Vj, takes its maximum value (n + 1)(n + 2) if and only if the
space V,, is conformal to a flat space.
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For the sake of brevity we will term Riemannian spaces conformal to a
flat space as conformally flat spaces. For our further reference, let us write
out basis infinitesimal generators of the group of conformal transformations
in conformally flat spaces V,,. Obviously, it is sufficient to consider only a
flat space.

Let us assume that a Cartesian system of coordinates is introduced in
a flat n-dimensional Riemannian space S,, so that the metric tensor of the
space is defined by equations

yijzéij (i,jzl,...,n),

where §;; is a Kronecker symbol. (We assume that S,, has a positive defi-
nite metric form (5.1). When the form is indefinite, e.g. S, has a normal
hyperbolic type, one can obtain a positive definite form by introducing the
corresponding number of imaginary coordinates). In this system of coordi-
nates, all Christoffel symbols Fé-k are equal to zero, and &; = &', Therefore,
the generalized Killing equations (9.2) have the form

oc  ogl

O + Ol - lu(x)(slj (Zaj =1,... ,TL) (96)
for every operator
. 0
X=¢ ‘
£(0)

of the group of conformal transformations in the space S,. The general
solution of these equations is well-known and can be written as follows:

§ = A;(2z"27 — [x?6Y) + afa? + b’ + ¢ (i=1,...,n), (9.7)

where
z> = (@) + ...+ (z")? al =—a
and b, ¢, A;, a} (i <j) are arbitrary constants.
According to the above theorem, the solution of (9.7) depends on 3(n +
1)(n+2) arbitrary constants. If we set consecutively one of these constants
equals to 1 and others equal to 0 we obtain the following generators of the
group of conformal transformations in the flat space .S, :

0 -0 )
o o _ i Yo
X; ol Xii=uw o T 5 (1 <),
9 . )
— At - L 2 ¢ S
Z :Baxi, Y, = (22'z |x|0 )_&icj’ (i,j=1,...,n). (9.8)
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Note that in order to obtain the generators of the group of conformal
transformations in a flat space with an indefinite metric form it is sufficient
to change the corresponding coordinates z° to imaginary ones in the obove
operators. Thus, there is no need to solve Eqgs. (9.1) again for spaces with
an indefinite form.

§ 10 Other examples

10.1 Generalized motions with defect 2

Let us assume that the coordinates & (x) (o = 1,...,7) of operators (8.6)
of the group G, (r > 2) of transformations in the space V,, (n > 2) satisfy
the conditions

Eakg + otk = fagr  (k,l=1,...,n—1),

Sai,n + fan,i = VaZin (Z = 17 cee an)a (101)

foralla=1,...,r.

If po(x) = vo(z)(a = 1,...7), then equations (10.1) coincide with the
generalized Killing equations (9.1) for groups of conformal transformations.
Here we consider the case when p,, # v, for at least one value of a. Moreover,
we assume that the vectors = (p1, ..., p.) and v = (v4, ..., v,) are linearly
independent. One can easily verify that in this assumptions

rank |§ai; + ozl = 2,

so that §(V,, G,) = 2 according to Eq. (8.8).

10.2 Examples of generalized motions in the flat space

Let us demonstrate that there exist a group with the properties mentioned
in Section 10.1. Consider a flat n-dimensional space S,(n > 3) with the

metric tensor g;; = ;5 (4,7 = 1,...,n). Then, the equations (10.1) for every
value of o are written in the form
ok o
ogn ogk B
%‘F%—O (k’—l,...,n), (103)
0 _v, (10.4)

o™ 2
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Throughout this section the indices k, [ run over the values from 1 ton — 1.
In particular, if the summation is assume in these indices, it is also taken
over the values from 1 ton — 1.

Equations (10.2) for £!, ... £"~! considered as functions of the variables
xl, ... 2" ! have the form (9.6). As for the variable 2™ upon which the func-

tions £¥ depend as well, plays the role of a parameter. Therefore, according
to Egs. (9.7), the general solution to Eqgs. (10.2) has the form

&8 = Ay(a™) 2252 — p?0") + af (22! + b(a™) 2" + F(a™) (10.5)
(k=1,...,n—1),

where
pPr= ()P @ i (a") = —ag(a),
and A;,af(k <1),cf(k,l=1,...,n—1) and b are arbitrary functions of z".
The equations (10.3) provide an over-determined system of equations

for the function £™. The compatibility conditions of this system are written

o [ogk  o¢! B . B
Upon substituting the values
ok ¢!
% — % = 4(Al.l’k — Akl’l) + 2(1;f

obtained from Eqs. (10.5) they become
2At — Ay +af =0 (ki i=1,...,n—1),
where the dot indicates differentiation with respect to z”. It follows:
Ay =0, af =0,

hence all A and af in (10.5) are constants. Equations (10.3) are easily
solved now and yield

Sz——b p—ch "azh + f(z)",

where f(z") is an arbitrary function. Thus, the general solution for equa-
tions (10.2) and (10.3) has the form
&F = Ay(22F 2t — p26M) + afat + b(a™) + F (™), k=1,...,n—1,

n—1

£ = b — 3t + S, (10.6)

1

e
Il

The functions p(x) and v(z) are obtained from equations (10.2) and
(10.4), respectively. This completes the solution of Egs. (10.2)-(10.4).
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Remark 1.2. Egs. (9.1) provide the invariance conditions of the manifold

defined by Eqs. (9.2). Therefore, Egs. (9.1) are the determining equations.

Hence, the set of all solutions for Eqs. (9.1) is a Lie algebra with respect to

the commutator of the operators X. On the contrary, the set of the operators
0

or?

corresponding to the functions (10.6) is not a Lie algebra.

X=¢

10.3 Particular cases from Section 10.2

Let us extract from the set of solutions (10.6) a subset that spans a Lie
algebra. We will set

ay =0, *=0(kl=1,....n—1), b=0,

and assume that the constants A;(l = 1,...,n — 1) and the function f(z")
are arbitrary. The operators
0

Xy = f(xn)%

determine an infinite transformation group on a straight line x™. It is well
known from Lie’s theory that the maximum order of a finite subgroup of this
infinite group equals to three. One can take the operators corresponding to
the functions f = 1, f = 2", f = (2™)? as generators of this three-parameter
subgroup. Taking arbitrary A;(l =1...,n — 1) and the indicated values of
the function f(z™) one obtains the following (n + 2)-parameter group G, 1o
with the generators

. a _ na o n28
Xl_axw Xp=2 oz’ X = (") dxn’
o)
k.l kl
Y, = (22%2" — p*6 )@ (k=1,...,n—1). (10.7)

These operators have the following commutators:
[XIXQ} = X17 [X1X3] = 2X27 [XQXS] = X37
(X, Y] =0, [YiYi]=0(p=1,23;k,l=1,...,n—1),

so that operators (10.7) provide a basis of a Lie algebra indeed.
Substitution of the operators (10.7) in Eq. (8.8) yields

0(Sn, Gpia) = 2.

Hence the group G, 2 with the generators (10.7) provides an example of a
group satisfying the conditions of Section 10.1.

We will discuss the invariant family of spaces and the invariants of the
resulting group at the end of Section 10.5.
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10.4 More particular cases from Section 10.2

Consider a particular case of equations (10.2)-(10.4) by letting p = 0. Then
Egs. (10.5) yield
p=4A;(x™)xt + 2b(z™),

so that the condition = 0 provides
A=0,(l=1,....,n—1), b=0.

Substituting these values of A;,b in Eqgs. (10.6) we obtain the following
general solution to Egs. (10.2), (10.3) when =0

F—afal 4+ ™), k=1,...,n—1,

= — i (™)t + f(a™). (10.8)

Here af, cf(2™), f(2™) have the same meaning as in Egs. (10.6).

The set of the generators with the coordinates (10.8) does not span a Lie
algebra (see Remark 1.2 in Section 10.2). One can single out from the set
of solutions (10.8) the subsets that compose three Lie algebras given below.

The algebra of the dimension

r:n+%(n—2)(n—3)

spanned by the operators

0 0
_ Az Az™ 1 _
Xi=e %—)\e T (A = const),
0
Xi: 83}1 (i:2,...,n),
9 9
i 9 0 _
Xijx ot L By (1 <jyi,j=2,....,n—1). (10.9)
The algebra of the dimension r = oo spanned by the operators
0
Xk_% (kzl, ,n—l),
0 e O
Xkl xw—x% <k<l,k,l: y ,n—l),
O
Xy=f(a")=— (10.10)
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where f(x™) is an arbitrary function.
The algebra of the dimension

r:(n—1)+%(n—2)(n—3)

spanned by the operators

n @ /(.. ,.1 6
X1 = h(.’lf )% —h (JJ >$ 83571’
0
X, = — =2,...,n—1
i ol (Z ) y TV )7
— la .k 9 . — _
Xu=algm —abog (k<lkl=1...n—1) (10.11)

where h(z") is a fixed function and A/(z™) is its derivative. Depending on
the choice of the function h(z™) one obtains different Lie algebras.

Furthermore, there are Lie algebras with the bases obtained from the
operators (10.9) and (10.11) by replacing the variable z! by any of the
variables 22, ..., 2" !, as well as the Lie algebra of the group of isometric
motions in .S, corresponding to v = 0.

The defect of groups corresponding to all extracted algebras is equal to
0 = 1. Among these groups there is an infinite group corresponding to an
infinite-dimensional Lie algebra spanned by the operators (10.10). One can
readily verify that the manifold given by equations

Yy =0x (i=1,...,nk=1...,n—1)

is the smallest possible invariant manifold of the extended group G corre-
sponding to the group G, with the generators (10.10). It means that (see
Section 8.3) the invariant family of spaces G (S,) is the set of the spaces
V., with the metric tensor

g =0 (1=1,....mk=1,... ,n—1),

gnn = 0(T),
where o(x) is an arbitrary function of z = (x!,... 2"). The components
g (1=1,...,n;k =1,... ,n—1) of the metric tensor provide the invariants

of the group G, of transformations in the space S,,. There is no difficulty in
understanding the geometrical meaning of these invariants. If we consider
an n-dimensional sphere with the radius p and the center z € S, :

(dz')? + ...+ (da™)?* < p?,

then the transformations of the group G, turn this sphere into an ellip-

soid with the semi axes equal to p in the subspace S,,_; of the variables

xl, ..., 2" ! and the semi axis of an arbitrary length in the direction of z™.
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10.5 Generalized motions with given invariants

Let us consider an example on finding a group of generalized motions with
given invariants. Consider the flat space S, with the metric tensor g;; = d;;
and find a group G of generalized motions with the defect 6 = 2, invariants
of which are

Jkk:gﬁ (]{7:2,...,71—1>.
g1

According to Section 8.4 the invariant family of spaces G(S,) is determined
by the manifold G(G) defined as follows:

i =0 (k#4 k=1,....n—1;i=1,...,n),
yk =y (B=2,...,n—1). (10.12)

In order to find the group with the above invariants one has to investigate
the invariance conditions of the manifold defined by Egs. (10.12) with
respect to an unknown group G with generators X. These conditions are

+ oc* 3 ,
Xyi 1012) = ygs g (k74 9) (10.13)

(there is no summation over the index 7 in the last term) and

k 1
Xy — ykk)}(m_m = 2uny (% — %) (k=2,...,n—1) (10.14)
(there is no summation over k in the right-hand side of this equation).
Setting expressions (10.12) and (10.13) equal to zero and invoking that 4
and v,, are free variables, we obtain invariance conditions of the manifold
determined by equations (10.12) with respect to the group G in the form of
the following equations:

ock ogh o

@—F%_O (k#l,k,l—l,...,ﬂ—l), (10.15)

o¢r o

e 0, pp 0 (k=1,....,n—1), (10.16)

o¢* o
(k=1,...,n—1), nosummation in k. (10.17)

ok ¥
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The general solution of equations (10.15)-(10.17) generates a Lie algebra
since these equations represent the necessary and sufficient conditions of
invariance of some manifold. One can see that the system of equations
(10.15), (10.17) coincides with equations (10.2). Therefore, their general
solution is given by the formulae (10.5). Substituting (10.5) into equations
(10.16) we see that all coefficients

Ay, oaf (k<l), b & (kil=1,...,n-1) (10.18)

are constants and &" depends only on x". Thus, the system of differential
equations (10.15)-(10.17) has the following general solution:

8 = Aj(22F2t — p?o™) +afdt bt +F (k=1,...,n—1),
&= f(am). (10.19)

This solution depends on

1
En(n +1)

arbitrary constants (10.18) and one arbitrary function f(z™). As a result,
we have an infinite group with the generators

0 0
Xkl:xl@—xk@ (k<l, k,l:L...,n—l),
0 k.l kl 0
Xk:%, Yk:(Qxx —p25 )% (k?,:]_,...,n—l)7
0 0
— 2k — .
Z =z Sk Xy f(xn)&r" (10.20)

The groups with the generators (10.7) and (10.10) considered above are
subgroups of the group with the generators (10.20). The groups with the
generators (10.7) and (10.20) have one and the same defect 6 = 2 and
consequently the same invariants. Indeed, all invariants of a group G of
transformations in the space V,, are invariants of any subgroup G’ of the
group G. If

o(Vy,G) =46(V,,, G

then the groups G and G’ have one and the same invariants.
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Open problems: Classification of Riemannian
spaces according to generalized motions

The following problems on local and global classification are important not
only for better understanding groups of generalized motions and the global
properties of spaces with nontrivial conformal group, but also for geometry
of partial differential equations.

Problem 1.1. Classify Riemannian spaces with respect to their local groups
of generalized motions.

Such problem in case of groups of isometric motions and conformal trans-
formations has been considered in Riemannian geometry for a long time (see
([116]) and the references therein). In these cases the Killing equations and
the generalized Killing equations serve as a starting point in investigation
of groups of isometric motions and conformal transformations, respectively.

In case of generalized motions equation (8.8) containing a higher degree
of arbitrariness than, e.g., generalized Killing equations (9.8), is the ana-
logue of Killing equations. The thing is that according to § 9, generalized
Killing equations (as well as Killing equations for groups of motions) de-
termine not only the defect but also the corresponding invariant family of
spaces. Therefore, beginning to consider problems of classification of Rie-
mannian spaces with respect to groups of generalized motions one comes
across the arbitrariness connected with the choice of an invariant family of
spaces. This complicates the problem to a great extent.

Problem 1.2. Investigate global properties of the Riemannian spaces Vj
of normal hyperbolic type having locally a nontrivial conformal group, i.e.
such that there exists a nontrivial local group of conformal transformations
in a neighborhood of every point x € Vj. In particular, I think that «f Vj
s a topologically 1-connected space with locally nontrivial conformal group,
then the dimension of the maximal conformal group is the same at any point
in Vy. Clarify if this hypothesis is correct or false.
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CHAPTER 3
Group analysis of second-order equations

This chapter is dedicated to investigation of symmetry properties of
partial differential equations of the second order. Theorem 1.17 on unique-
ness of linear conformally invariant equations in four-dimensional spaces of
normal hyperbolic type with nontrivial conformal group, proved in Section
14.3, will be used in the next chapter.

Literature: Lie [89], Ovsyannikov [110, 111], Ibragimov [52, 58].

§ 11 Determining equations

11.1 Determining equations for semi-linear equations

Consider the second order semi-linear differential equations

Lu] = ¢" (z)u;j + b'(x)u; + (v, u) =0 (11.1)

with n > 2 independent variables z = (z!,...,2"). We will assume that

their coefficients are analytic functions and the matrix |g%(z)| is non-
degenerate in some domain of the variables x. In what follows, the usual
notation for partial derivatives is used:

ou 0%u

ozt’ I 000

U;

It is convenient to write Eq. (11.1) in the following covariant form:
Llul = g% (@)u gy + a'(e)u + (e, u) = O, (11.2)

where indices after the comma indicate covariant differentiation in the Rie-
mannian space V,, with the metric tensor

gi(x),  where |gi;| = g”7]~".
Due to the covariance of Eq. (11.2), the quantities
at=b+g", (i=1,...,n) (11.3)

behave as the components of a contravariant vector in the space V,, [111].
In what follows, all considerations are made in terms of the Riemannian
space V,,. The space V,, connected with a linear second-order equation was
used by Hadamard [41] in investigation of the Cauchy problem and later
by Ovsyannikov in investigation of group properties of linear second-order
differential equations [110], [111].
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Generators of the group G admitted by equations (11.1) are written in
the form

: 0 0

Let us denote by X the prolongation of the operator X to the derivatives
of w up to the second order. The invariance condition of Eq. (11.1) with
respect to the group G (i.e. the determining equation, see § 4) is written in
the same form as in the case of a linear second-order equation (cf. [110]):

X Lu] = AL[u], (11.4)

where A is an arbitrary function. Extending to Eq. (11.4) Ovsyannikov’s
analysis of the determining equation for linear equations ([111], § 27) we
arrive at the following statement.

Lemma 1.7. The determining equation (11.4) yields:
A=Mazu), €=E(), n=o@)utr(r).

Therefore the admitted operator X has the form

0 0
X = fl(x)% + [o(z)u + T(l’)]% : (11.5)
where the unknown functions £'(z), o(z), 7(z) are to be found by solving
the determining equation (11.4).
The repeated action of the prolongation procedure given by Eqs. (4.5),
(4.7) provide the following second prolongation of the operator (11.5):

~ 0 = ~ 0
X =X , X =X Y
+ g’b aul 9 + g’b] aul‘] Y
where
k 3
G =D (a(m)u + T(x)) —urD;(€%) = ou; + uo; + 1, — uy, o
and

Gij = Di(G) — wirD;(€") = ousj + uio; + ujo;

o k o k 82 k
+uoy; + Tij — (uzki + ng;i) s

— U - -
0zt 0xI

oxd oxt
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Note that in order to calculate the twice prolonged operator X one has
to apply the prolongation formula (4.7) only to the variables u; and not to
all dependent variables u, u; in the operator X.

Substituting the resulting expressions of operators X and X into equa-
tion (11.4) and collecting the like terms one has

0q¥ Q€ L O&T iy
(gk R T ”g”) v

g 02 W% . Ob
ij . jk _ v J .
+ (2g 05 = 9" o b’axj +ob' +& 8xj) u;

+(gijaij + bZO'l)u + X(lp) + gijTZ’j + biT,‘

All variables z,u,u;,u;; (i < j;4,7 = 1,...,n) in this equation are inde-
pendent. Therefore Eq. (11.4) is equivalent to the system of equations

k dg" kj 3 ki 3

. . s ij ij AR
e 5k 9 g 7997 =X (i,j=1,...,n), (11.6)
) 0% ¢ b ,
ij .k . i j o i .
29%0; — 9" 5o Vg o+ €5 =N (i=1...n), (1L7)
(905 + bo)u+ X () + g7, + by = Mip. (11.8)

This system is obtained by equating the coefficients of u;;, u; and the terms
free of u; and ;.

11.2 Covariant form of determining equations

Let us rewrite equations (11.6)-(11.8) in a tensor notation introduced by
writing equations (11.1) in the form (11.2). Equations (11.6) provide that
A = A(z). Using the notation
p(x) = o(z) = M), a; = gria®, & = gri€*
and
Kij = CLi’j — Cljﬂ' (Z,j = 1, e ,n),

one can write equations (11.6) and (11.7) in the covariant form:

Cij+&i=ngy (,j=1,...,n) (11.9)
and 5 . .
—-n , o
Gi= 7y Hi— 5(%5‘7),1‘ 3 G& (i=1,...,n), (11.10)
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respectively [111].
The compatibility conditions for equations (11.10) have the form

Uij:U,ji (Z,]:L,n)

)

and yield the following auxiliary system of equations:
(Kilfl),j - (Kjl§l>,i =0(,j=1,....n). (11.11)
Upon application of the identity ([111], § 28):
g0+ do; =B+ pE,

where

1/, 1, n—2
F=——-|ad+zda+———R]|,
2(a,ﬁ—Qaa +2(n—1) )

and R is a scalar curvature of the space V,,, equation (11.8) is rewritten
(EE;i+pE)u+ (X +p—o)+ g'ri; +a't; = 0. (11.12)

Equations (11.9)-(11.12) represent a system of determining equations of
the group G admitted by equation (11.2).

11.3 General discussion of conformal invariance

Suppose that a group G is admitted by equation (11.2). Then, coordinates
¢(x),0(x), 7(z) of infinitesimal generators (11.5) of the group G satisfy all
the determining equations (11.9)-(11.12). Since equations (11.9) represent
the generalized Killing equations determining a group of conformal trans-
formations, then the “contraction” G° of the group GG with the infinitesimal
generators

0
ox?
satisfying equations (11.9) is a subgroup of a group of conformal transfor-
mations in the space V,,. One can easily verify that if operators of the form
(11.5) generate a Lie algebra, then the corresponding operators (11.2) gen-
erate a Lie algebra as well. Meanwhile, the group G° coincides with all the
group of conformal transformations in the space V,, if and only if equations
(11.11), (11.12) are satisfied identically by virtue of equations (11.9). In case
if the group G° coincides with all the group of conformal transformations
in V,, we say that equation (11.2) is conformally invariant.

Given two equations of the form (11.2) with the higher coefficients g% (x),
g (z) where g;;(x), gi;j(x) are elements of the corresponding inverse matri-
ces so that ¢;,¢'* = (5{ and §;,°% = (5Z . If equations (6.2) are solvable for

X°=¢(2)

(11.13)
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functions g;;(z) and g;j(x) then according to 6.1 one and the same Rie-
mannian space V,, corresponds to the considered equations (11.2) whatever
values the coefficients a’(z) and functions ¥ (z,u) take. Equations of the
form (11.2), to which one and the same Riemannian space V,, corresponds,
will be further referred to as equations in space V,.

Note that in every Riemannian space V,, there exists at least one confor-
mally invariant equation (11.2). One can easily verify this fact by taking all
coefficients a* equal to zero and setting the function 1 equal to 4&—:21)Ru.
Then, equations (11.11) and (11.12) are satisfied identically for any oper-
ator (11.5) and for the operator (11.5) with the function 7(z) satisfying
L(7) = 0, respectively. Therefore, operators (11.13) generate all the group
of conformal transformations in space V,, so that the constructed equation is
conformally invariant. In what follows, we will dwell upon conformally in-
variant equations in various Riemannian spaces and find all these equations
in spaces under consideration V/,.

11.4 Equivalent equations

The problem of group classification of Eqs. (11.2) is simplified if we use the
following transformations preserving the form of Eqs. (11.2):

a) 7' = f'(z) (i=1,...,n), u=p(@)u+h(z),
b) L[u] = v(z)L[u)], (11.14)

&I

where 4
af*
oxI

o(x) #0, v(z)#0, detH #0.

Two equations are said to be equivalent if one of them is obtained from
the other by certain transformations (11.14). Then, all equations of the
form (11.2) (or of the form (11.1), which is the same) split into classes of
equivalence to be considered further.

§ 12 Linear equations with maximal group

12.1 Standard form of Eq. (11.2) with maximal group

According to 11.3 and § 9, conformally invariant equations in conformally
flat spaces V,, are equations (11.2) admitting a group of the maximum order.
Since the equivalence transformation (b) in 11.4 corresponds to the shift to
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a conformal space ‘N/n, we arrive to the fact that if equation (11.2) admits a
group of the maximum order it is reduced to the form

Au A+ a'(z)u; +(z,u) =0 (12.1)

with some coefficients a’(z) and the function ¢ (x,u). Here A indicates the
operator

n 92
A= +—
ZZ:; (8$Z)2 )

where + and — are allocated in correspondence to the signature of the space
V,.. As it was numerously mentioned in the above chapter, one can restrict
oneself to consideration of spaces V,, with the positively defined metric form.
Therefore, we admit that an n-dimensional Euclidian space corresponds to
equation (12.1).

12.2 Determining equations for the linear equation

In the next section, we will be interested in linear equations admitting the
group of maximal order. First we note that the general linear equation of
the second order

g7 (z)uz; + a'(z)u,; + c(x)u+ flx) =0
can be reduced to the homogeneous equation
Lu] = ¢ (z)u; + a'(x)u; + c(z)u =0 (12.2)

by the equivalence transformation @ = u + h(z), where h(z) is solution of
equation
g (z)h;; +a'(x)h,; + c(x)h + f(z) = 0.

Therefore, in what follows, we will consider Eq. (12.2). In order to preserve
the homogeneity of Eq. (12.2) we will use, as equivalence transformations,
the transformations (11.14) by letting h = 0 in (a).

The determining equations (11.9)-(11.11) are independent of the func-
tion ¢ (x, u) and are the same for both linear and nonlinear equations (11.2).
Equation (11.12) contains the function ¢ and for the linear equation (12.2)
it takes the form

(&'H; + pH)u+ L[] =0, (12.3)

where

H(z) = E(x) + c(z).
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Variables x and u in equation (12.3) act as independent variables, there-
fore this equation is equivalent to the following two equations

&'H,; +puH =0, (12.4)

L[r] = 0. (12.5)

Equations (11.9)-(11.11) and (12.4), (12.5) are determining equations
admitted by the linear homogeneous equation (12.2) [110]. Assuming that
£ =0 (i=1,...,n) in these equations, we obtain x = 0,0 =const. Mean-
while, all the determining equations are satisfied. It means that the group
G admitted by (12.2) contains the infinite subgroup G* with the generators

0 0
X = ug X, = T(x)% ,

where 7(z) is an arbitrary solution of equation (12.5). This subgroup is an
invariant subgroup of the group G [111]. In what follows, instead of the
group G, its factor-group G/G™ is considered with respect to the invariant
subgroup G*. Correspondingly, the function o(z) in operators (11.5) is de-
termined with the accuracy up to the constant summand and the function
7(x) = 0. Therefore, in case of linear equations (12.2), the infinitesimal
generator has the form

X = 5’(3:)% + a(x)u% : (12.6)

12.3 Conformally invariant equations

Let us find all linear conformally invariant equations of the second order
in the space V,,(n > 3) having a group of conformal transformations of the
maximum order (n+1)(n + 2). According to the above reasoning, certain
equivalence transformations take these equations to the form

Au = a'(x)u; + c(z)u = 0. (12.7)

In order to find all conformally invariant equations among equations (12.7),
one has to determine all coefficients a’, ¢ satisfying the determining equa-
tions.

Equations (11.9) for a flat space have already been considered in § 9.
Their general solution £’ is known and leads to operators (9.8). In order to
find the remaining unknown functions (functions ¢ in operator (12.6) and
coefficients a’, ¢ of equation (12.7)), one has to investigate the remaining
determining equations (11.10), (11.11) and (12.4).
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First let us consider equations (11.11). By definition of a covariant
derivative 5.2

O(K &t
(Kug'),; = —(axlf)

Therefore, one can also write equations (11.11) in the form

O(Kaug')  O(Kg")
oxJ ox?
Let us rewrite these equations in a more convenient form for further calcu-
lations using the identities

(9K iq 8K 4l a K li
ox! ox? oxI
that follow immediately from definition of the tensor Kj;. Invoking these
identities, one can write equations (11.11) in the form
0K, o o
Ki— +K;y— =
ox! L ox? + FOwi
Since coordinates &' of the operator (12.6) are known, one can derive coeffi-
cients a’ of equation (12.7), which is invariant with respect to the conformal
group, from equation (12.8). With this purpose we substitute values of £
sequentially for operators (9.8) of the conformal group. First let us take the
operators of translation X; = %. For these operators £ = 6F, where the

index [ under ¢¥indicates the number of the operator X;. Therefore, in this
case equations (12.8) have the form

ox!

Taking into account these conditions and writing equations (12.8) for the
operator

— Ku&'T?.

=0 (i,j=1,...,n).

=0 (i,5,l=1,...,n),

¢ 0 (i,j=1,...,n). (12.8)

=0 (i,j,l=1,...,n).

0
_
7
with the coordinates &' = z!(l = 1,...,n) we obtain

Kljéﬁ + Kdé; - O,

whence
Kij=0 (i,j=1,...,n). (12.9)

As it is well known, satisfaction of equations (12.9) is the necessary and
sufficient condition for
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On the other hand, the equivalence transformation
Liu) =e “Lue’] =0

of equation (11.2) transforms coefficients a; of this equation according to
the formula 5
v
dZZCLZ—Fanz (zzl,,n)

If we take v = —%, we obtain an equation of the form (12.7) with the
coefficients a* = 0. Suppose that such equivalence transformation has been
already carried out so that in equation (12.7) a* =0 (i =1,...,n).

Now let us consider equation (12.4) with the translation operators X; =
a?;i' One has p = 0 for these operators by virtue of equations (11.9). There-
fore, equation (12.4) has the form

0H :
axi—O (i=1,...,n).

o)
oz

Taking the dilation generator Z =
one obtains from (12.4):

and using the resulting conditions,

H=0,

since by virtue of equations (11.9) pu # 0 for the operator Z. By definition
of the function H (see 12.2), one has H = ¢(x) for equation (12.7) with the
coefficients a’ = 0(i = 1,...,n) so that in equation (12.7) ¢ = 0.

Thus, if equation (12.7) is conformally invariant, it is equivalent to the
equation

Au = 0. (12.10)

The above reasoning holds for the case of the space V,, of an arbitrary
signature.

It remains to consider equations (11.10) determining the function o(z)
in operator (12.6). Substitution of the coordinates &' of operators of trans-
lation X, rotation Xj;, and dilation Z into equations (11.9) shows that
p =const. for these operators. Therefore, equations (11.10), that in the
given case have the form

(90_2—n8_u
ort 4 Oz’

provide that ¢ =const. for the mentioned operators. This constant can
be chosen arbitrarily for according to 12.2 the function o(x) is determined
with the accuracy up to the constant summand. Taking into account this
arbitrariness we take o = 0 for all operators of translation and rotation,
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and 0 = 2_7” for the dilation generator, respectively. The choice is made
for the sake of uniformity with the case of nonlinear conformally invariant
equations, see the following section. Equations (11.9) provide p = 4z for
operators Y;, so that in this case 0 = (2 — n)z’+const. Let the arbitrary
constant be equal to zero and o = (2 — n)a’.

Thus, the group G, admitted by equation (12.10), has the following basis

operators

0
P
C Ot
p—y '] —_ z— ]
Xy =g —a'es (1<),
Y; = (22'27 — ||a:||25”)i +(2- n)mlu2 (t,7=1,...,n)
7 ax] au’ Y ) Y
Zogd 22,0 (12.11)

ox’ 2 ou
The above result concerning linear differential equations admitting a
maximum order group can be formulated as follows.

Theorem 1.15. Any linear conformally invariant differential equation of
the second order in the space V,,(n > 3) with a conformal group of the
maximum order 1(n + 1)(n + 2) is equivalent to equation (12.10). The
factor group G/G* of the group G admitted by equation (12.10) over the
infinite invariant subgroup G* represents 3 (n + 1)(n + 2)-parameter group
with the basis infinitesimal generators (12.11).

Note that the condition n > 2 is of importance. If n = 2 the conformal
group is infinite, therefore we do not consider this case directly. Group
classification of linear equations of the second order with n = 2 was made

by S. Lie [89].

8§ 13 Nonlinear equations with maximal group

13.1 Preliminaries

Let us consider nonlinear equations of the form (11.1) and find among them
all conformally invariant equations in space V,, (n > 3) with a group of
conformal transformations of a maximum order. According to Section 12.1,
we will consider equations of the form (12.1). The reasoning used in Section
12.3 while solving the determining equations (11.11) for the linear equation
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(12.7) holds in the case of the equation (12.1) as well. Therefore one can
assume that ¢ =0 (i = 1,...,n) in Eq. (12.1) and consider the equation

Au+(x,u) =0 (13.1)

with an arbitrary function v (z,u).

Let us find all nonlinear equations (with respect to the function ¢ (z, u))
for which equation (13.1) is conformally invariant. In order to determine
such functions 1 one has to investigate equation (11.12) and operators (11.2)
will run all the set of operators of a conformal group of transformations in
a flat space V,.

Function E (11.2) occurring in equation (11.12) is equal to zero in the
given case. Therefore equation (11.12) has the form

oY oY

ot (outn)o-+(p—0) +Ar=0, (13.2)

and our problem is reduced to investigation of the latter equation.

13.2 Classifying equations

Let us write equation (13.2) for all infinitesimal generators of the group of
conformal transformations in a flat space V,,. According to formulae (9.8)
and equations (11.9) and (11.10), operators (11.5) have the following form
(there is no need to consider the rotation operators here):

0
+ (O'Z'u + Tz‘)_7

X, = —
ox’ ou
o= (200 — o) + (0 + 2~ maut m) o (i =1, )
Oxk ou T
.0 0
Z =x'— o o) =, 13.
xaxl+(0u+7)8u (13.3)
where o,(a = 0,1,...,2n) are arbitrary constants and 7, are arbitrary

functions of x.
Substituting operators (13.3) into equation (13.2) we obtain

ov oy o

5 +(0iu—l—n)% —op+ A1, =0 (i=1,...n), (13.4)
i Oy o _

T %+(O'OU+TO)%+<2—0'0)'¢+ATO—O, (135)

(20'a" — [?0™) 5% + (s + (2 = n)2")u + Tupi] 5o+
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[(24+n)2" —opi] + ATy =0 (i=1,...,n). (13.6)

If we multiply every equation (13.4) by z* with the corresponding number
1 and make summation with respect to ¢ from 1 to n, and then eliminate
2'2% from the resulting equality and equation (13.5), we arrive to equation

oz’
(z'0; — op)u+ 2’ — To]g—w + (0, — 7oy — 2)h+
u
+(z' A1 — AT,) = 0. (13.7)

instead of equation (13.5). Further, by virtue of equations (13.5) and (13.4),
one has

(et — 125 O oo + ) — 20 (um )] 0L +

ozk ou
+(22%(0y — 2) — |z|?03)0 + |2|PAT; — 22°A1, (i=1,...,n).
Therefore equations (13.6) can be written in the form

A A 0
[(|$|20i +(2—n—20,)x" + opyi)u+ |x|27',~ —22'T + Tn_t'_i]%— (13.8)

—[|z]Poi + (2 = n — 20,)2" + o i]tb + |2PAT — 22 AT, + AT = 0

13.3 Separating the classifying equations into two cases

Let us solve equations (13.4), (13.7) and (13.8). Write equations (13.7) and
(13.8) in the form

oY B
oY B .
Ai%—pﬂ/}—{—Bi—O (i=1,...,n), (13.10)

respectively. Here
p(z) = 2'o; — 0,, q(x) = 2’1, — 7, B(zx) =2'A1; — AT,
pi(z) = |20 + (2 — n — 20,)2" + Oy,
gi(z) = |2)?7 — 22"7, + Toss,
Bi(z) = |z*A1; — 22' AT, + A7y (i=1,...,0), (13.11)
A= p(r)u+q(z),
Ai(x) =pi(z)u+gi(z) (i=1,....,n). (13.12)
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One can assume that A # 0 in what follows. Indeed, if A = 0, then
by definition (13.12) values A, p(xr) = 0. Then equation (13.9) provides
Y = %B (x), i.e. we arrive to the case of linear equations considered in the
previous section.

Let us consider two cases separately:

1°.A4,=0 (i=1,...,n)

2°. A; # 0 at least for one value of 7.

13.4 Solution of classifying equations in the first case

Let us consider the first case. According to formulae (13.12) and equations
(13.10), the following equations hold when A; =0 :

,01'20, gi:0, B,,zO (izl,...,n),

or, according to notation (13.10)

2|20+ (2—n—20,)2" + 0,0 =0 (i=1,...,n), (13.13)

2?7 — 22T, + T =0 (i=1,...,n), (13.14)

|z|?AT; — 22' AT, + ATy =0 (i=1,...,n). (13.15)

Equations (13.13), by virtue of the constancy o,(o = 0,1,...,2n), provide
2—n

7= , 0a=0 (a=1,...,2n). (13.16)

Therefore, one can write equations (13.4) and (13.9) in the form

op 1 n+2 .
8:131'__272( ¢—B)—ATZ (i=1,...,n) (13.17)
and oY 1 2
n +
%_Z< . gZJ—B), (13.18)

respectively. The consistency conditions for equations (13.7) and (13.8)
have the form

n+ 2 n—2 dq n+ 2 0B\ o

whence, when the function 1 (zu) is nonlinear,

n—2 dq

TTi+%:O (i=1,...,n) (13.19)
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and 5 9B
%mﬁ%:o (i=1,...,n)
with respect to functions 7;. Introducing the notation
2 2 .
= = T — 13.2
p= o= 5 (@' = ), (13.20)
one can write equations (13.19) in the form
Iy
== (i=1,...,n). 13.21
= oo ) (13.21)

Equations (13.20) and (13.21) yield

2 )
Ap = ﬂ(QAgp + ' A1, — AT,),

whence
n+2

B = 1'Ar, — A1, = — 5

Agp.
Equation (13.18) takes the form

o n+2¢+Ap
ou n—2 u—g

The general solution of this equation is given by the formula
Y = K(z)(u— @)= — Agp, (13.22)

where K (z) is an arbitrary function. Substituting formula (13.22) into
equations (13.17) one obtains

n+2 aK

whence K =const.
Thus, in the case 1° the conformally invariant equation (13.1) is equiv-
alent to equation
Au—i—K(u—gp)%g —Ap=0

with the arbitrary function ¢(z) and the constant K. Finally, the equiva-
lence transformation

~—

u=u—px
provides the following equation
Au+ Kuns =0, (13.23)

One can easily verify that equation (13.23) admits a group with the basis
operators (12.11).
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13.5 Solution of classifying equations in the second
case

Let us consider the case 2°. To be specific, it is assumed that A; # 0.
Eliminating % from equations (13.9) and (13.10) when ¢ = 1 one obtains

Differentiation with respect to u yields

0
(p1(p+2) = pp1)Y + (Ai(p+2) — Apl)a—i + pB1 — Bpy = 0.

Substituting here the values of Alg—lﬁ and Ag—lﬁ from equations (13.10) and
(13.9), respectively, one obtains

p1yp — By = 0.

Then, equation (13.10) leads to 1) = ¥ (z), provided that i = 1 and invoking
the condition A; # 0.

Thus, the case 2° leads only to a linear function .

13.6 Formulation of the result

Results of § 12, § 13 can be formulated in the following theorem.

Theorem 1.16. Any conformally invariant equation (11.1) in the space
V(n > 3) with a conformal group of the maximum order 3(n+1)(n+2) is
equivalent to the equation

Auoyu = Au+ Kuns =0, (13.25)

where A is the Laplace operator and K is an arbitrary constant. Equation
(13.25) admits a group with basis infinitesimal generators (12.11).

Remark 1.3. If the constant K # 0, then a conformal group with opera-
tors (12.11) is the most extended group admitted by equation (13.25). In
this case, the constant K can be considered equal to either +1 or —1 de-
pending on the sign of K. Indeed, one has only to consider the equation
resulting from transformation @ = |K|" u instead of equation (13.25) to
which it is equivalent. When n =6+ 8[,1=0,1... (and only with such n)
the constant K # 0 can be reduced to +1 using the corresponding dilation
of w.
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§ 14 Conformally invariant equations

14.1 General conformally invariant equation

It was demonstrated in § 12 that equation (12.10) is the only linear confor-
mally invariant equation of the second order (with the accuracy to equiva-
lence transformation) in a flat space V,,, which is also conformally flat. Let
us find out which equations (12.2) are conformally invariant when the space
V,, is not conformally flat. To this end we have to investigate equations
(11.11) and (12.4) that impose limitations on coordinates £'(i = 1,...,n),
in addition to generalized Killing equations (11.9), if equation (12.2) is set.
However, we assume that operators of a conformal group are given, i.e. so-
lutions of equation (11.9), and we consider equations (11.11) and (12.4) as
differential equations to determine coefficients a’ and ¢ of the conformally
invariant equations (12.2).

Equations (11.11) and (12.4) are linear and homogeneous with respect
to functions K;; and H. Therefore, these equations have a trivial solution

Ky;=0 (i,j=1,...,n), H=0. (14.1)

As it was mentioned in 12.3, when K;; = 0, equivalence transformations
can reduce coefficients a’ of equations (12.2) to zero. On the other hand,
according to 11.2 and 12.2 one has

1/0. 1. n—2
H=c—~(d +-=da;+ ——2_R), 14.2
c 2<a71+2aa—|—2(n_1) ) (14.2)

for equation (12.2), so that when a* =0

n—2
H=c—- "R
T

Thus, the following lemma holds.

Lemma 1.8. If equation (12.2) satisfies conditions (14.1), then it is con-
formally invariant and equivalent to equation
iy n—2

Au=g%u;; + —Ru = 0. 14.3
Remark 1.4. The notation A in equation (14.3) is due to the fact that
this operator, corresponding in case of Euclidian space with the Laplace
operator, is a natural generalization of the Laplace operator (or a wave
operator in case of the space V,, with the signature — ...—4) on Riemannian
spaces [57].
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14.2 Conformally invariant equations in spaces with
trivial conformal group

In general case, Eq. (14.3) is not the only linear conformally invariant
equation in the space Vj,. Let, e.g. the space V, be a space with a trivial
conformal group. Select a space V,, conformal to the space V,,, where the
conformal group coincides with a group of motions so that in equations
(11.9) = 0. Consider equation (12.2) in the space V,, with the coefficients

. n—2
a (t=1,...,n), c =1 + A,
where A is an arbitrary constant. The resulting equation
Au+ Au =0 (14.4)

is conformally invariant. Indeed, for equation (14.4) H = X =const., so
that by virtue of condition u = 0, equation (12.4) holds; equations (11.11)
obviously hold as well. B

Let us assume that the spaces V,, and V, have metric tensors g;;(x),
and g;j(x) = o(x)g;j(x) where o(z) # 0, respectively. Multiplying equation
(14.4) by the function o(x) and writing the resulting equation as equation
(12.2) in space V;, (in this case only coefficients a’ change), one obtains a
conformally invariant equation in space V,,. When A\ # 0 this equation is
not equivalent to equation (14.3) in space V,,. Indeed, equivalence trans-
formations modify the values K;; as tensor components, and function H is
multiplied by a nonzero function. Therefore, one has

H7£07 Kij:Oa

for the resulting equation in space V,,, so that conditions (14.1) do not hold
for this equation though they hold for equation (14.3).

Thus, in any space V,, with a trivial conformal group, there exist a linear
conformally invariant equation of the second order, other than equation
(14.3).

14.3 Conformally invariant equations in spaces with
nontrivial conformal group

One has a different situation for spaces with nontrivial conformal group. In
particular, the following theorem holds.

Theorem 1.17. Any linear conformally invariant equation in every Rie-
mannian space V; of normal hyperbolic type with nontrivial conformal group
is equivalent to equation (14.3).
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Proof. We have to prove that if equation (12.2) in space V; with nontrivial
conformal group is conformally invariant, then conditions (14.1) hold for
this equation. As it was mentioned in 14.2, equations (14.1) are invariant
with respect to all equivalence transformations. Therefore, according to
Theorem 1.14, it is sufficient to consider spaces V; with a metric tensor g%
of the form (9.5). Let us introduce the coordinates

1

T =+, x2:y, 3 4

=z, x°  =x—1.
One can easily verify that infinitesimal generators of a group of conformal
transformations in the indicated spaces include the following four operators
(the remaining operators are not required here):
0 0 0 0
Xi=— (i=1,2,3), Xy=20'—— +2°— +2°—. 14.5
ox? ( ) ! Ox? + Ox? + Ox? (14.5)
Let us solve equations (11.11), written in the form (12.8), for operators
(14.5). Taking operators X;(i = 1,2, 3) one obtains

(9Kij
ox!

=0(,j=1,...,41=1,23) (14.6)

By virtue of equations (14.6), operator X, for which &* = 0, yields

! ¢!

ZJE):L‘Z+ L0 0 (@ )

or, upon substituting the values of coordinates &' of the operator Xy,

3
2(Kyj + 0} + Kud}) + > (Koj6f + Kiad§) = 0.

a=2
These equations can be also written in the form
2K;j + K156, + Kn6) — Ky4j6; — Kud; =0 (i,j =1,...,4),
whence, invoking the skew symmetry of the tensor K;;, one has
Ki;j=0 (i,7=1,...,4).

Now let us solve equation (12.4). We have pu = 0 for operators X;(i =
1,2,3), therefore equation (12.4) for these operators takes the form

OH
- = =1,2,3).
o 0 (d ,2,3)
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Using these equations we write equations (12.4) for operator X, in the form
uwH = 0.

Substituting coordinates ! of the operator X into generalized Killing equa-
tions one obtains that pu # 0. Therefore,

H=0.

Thus, conditions (14.1) hold for any conformally invariant equation
(12.2) in the considered spaces V,.

14.4 Relationship between conformally invariant equa-
tions in conformal spaces

The relations between operators A in spaces conformal to each other can
be of help in investigating equation (14.3). These relations are given by the
following theorem.

Theorem 1.18. Let us assume that the two spaces V,, and \7n are conformal
to each other and have metric tensors
gij(x) and gi;(x) = e®Pgi(x) (i,j=1,....n),

respectively, and operators A and A are calculated in spaces V,, and ‘7” by
formula (14.3). Then,

Au=e"2 "Alue = ?). (14.7)

Proof. We have

_nt2g s < n729> n—2 _920
2 2 _ =
€ g~ | ue i + 4(n 1)6 Ru

g 1 1
e~ gl {Uij + (n —2)u0; + é(n —2)ub;; + Z(n — 2)%ub;0; —

n—2

me’wRu. (14.8)

1
_Ffjuk - i(n - 2)uFfj«9k} +
Using the formulae ([29], § 28)

i 20 ~ij
g =€"g7,
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PZ’ = ff] — 076, — 5;?61' + 35900, (14.9)
R=e¥[R—2(n—1)g"7(0; — T50,)+
(n = 1)(n - 2)376:0;),

connecting the corresponding values in spaces V,, and ‘7,1, one can write the
right-hand side of equation (14.8) in the following form:

gij{ul-j — ffjuk + nuzﬂj - §z‘j§klukel+

1 1 ~

n—2
4(n—1)
The resulting expression equals

{i% —2(n —1)§" (0 — TE0,) + (n — 1)(n — z)g“eiej} .

ikl (wij — ffjuk) + Ru = Zu,

n—2
4(n—1)
so that equation (14.7) holds.

14.5 Nonlinear conformally invariant equations

The nonlinear equation

i n—2 n+2
A(K)U =g Juﬂj + mRu + Kun—2 = 0, (1410)
generalizing equation (13.25) to an arbitrary Riemannian space, as well as
linear equation (14.3), is conformally invariant for any space V,,. Meanwhile,
infinitesimal generators of the group admitted by equation (14.10) have the
form (12.6) with the function

2—n
4

where p is determined by equations (11.9). One can readily verify that de-
termining equations (11.10)—(11.12) are satisfied, i.e. that equation (14.10)
is conformally invariant. The constant K in equation (14.10) can be re-
garded to take one of the following three values 0,1, —1, similarly to the
case of equation (13.25).

Operators A in spaces conformal to each other are also connected by
equation of the form (14.7). Indeed, using equation (14.7) and definition of
operator Ay in equation (14.10), we obtain

o= 4,

Z(K)U = 6_%“6A(K) (uenT_20> .
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Open problem: Semi-linear conformally
invariant equations

Problem 1.3. Find all semi-linear conformally invariant equations of the
form (11.1) in every Riemannian space Vj of normal hyperbolic type with
nontrivial conformal group.

Solution of this problem would be an addition to results concerning
conformally invariant equations given in § 13 and § 14.

CHAPTER 4
The Huygens principle

In this chapter, the emphasis on a connection between the conformal
invariance and the Huygens principle on existence of a rear wave front in the
light propagation in curved space-times. Using this connection, Hadamard’s
problem on the Huygens principle is solved in four-dimensional Riemannian
spaces with nontrivial conformal group. An explicit solution to the Cauchy
problem is given for conformally invariant equations.

Literature: Hadamard [41, 46], Mathisson [102], Asgeirsson [6], Douglis
[28], Stellmacher [126, 127], Giinther [38, 39], Ibragimov and Mamontov
[71], Ibragimov [57, 58, 59].

§ 15 Hadamard’s criterion

15.1 Definition of the Huygens principle

Let us consider the following Cauchy problem for a linear hyperbolic equa-
tion of the second order

Llu] = ¢ (z)u; + a'(x)u,; + c(z)u =0 (15.1)
with n independent variables x = (z,...,2"). Find the solution u = u(x)
of equation (15.1) that satisfies given values

(15.2)

ulys oy
on an (n — 1)-dimensional space-like manifold M. I use here the notation

o
C Ov

Uy
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for the derivative of w in the direction of the normal v to the manifold
M, while u|y; and w, |y indicate the values of the corresponding functions
on the manifold M. The functions (15.2) are called the initial data, or
the Cauchy data, and the manifold M is termed an initial manifold or a
manifold bearing the initial data.

As in the previous chapter, V,, indicates an n-dimensional Riemannian
space with the metric tensor g;;(x), where g;; are elements of the matrix
lgi;jl = |g"| ' Equation (15.1) will be called an equation in the space V.
Since in this chapter only hyperbolic equations (15.1) are considered, the
corresponding spaces V,, are spaces of a normal hyperbolic type.

Hadamard’s theory [41] of the Cauchy problem for equation (15.1) is
called a local theory meaning that it is limited by consideration of such
domain U of points z, that any two points of the domain U can be connected
by a unique geodesic (in the space V) totally belonging to the domain U. In
what follows, all considered points = belong to such domain U by default.

Hadamard’s formula for solving the Cauchy problem provides that in a
general case the value of the solution u of an arbitrary Cauchy problem for
equation (15.1) at the point x, depends on the values of initial data in that
part M, of the manifold M which lies inside the characteristic conoid with
the apex at the point x,.

Definition 1.14. If solution of an arbitrary Cauchy problem for equation
(15.1) at every point x, depends on initial data only on the intersection of
the characteristic conoid with the apex at the point x, with the initial man-
ifold M (i.e. on the border M,), then equation (15.1) is said to satisfy the
Huygens principle or that the Huygens principle holds for equation (15.1).

15.2 Formulation of Hadamard’s criterion

Hadamard [41] proved that when n is odd, the Huygens principle does
not hold for any equation of the form (15.1). This principle can not hold
also when n = 2 [42]. In this connection, note that equations with two
independent variables, considered by Hornich [49] as equations satisfying
the Huygens principle, have peculiarities in the initial manifold. Therefore,
the Cauchy problem for these equations cannot be considered with arbitrary
initial data. Thus, the Huygens principle does not hold in the above sense.

For even n > 4, Hadamard [41] derived the necessary and sufficient
condition of validity of the Huygens principle in terms of an elementary
solution of equation

L*v] = ¢g%v; + a*v,; + cfv =0 (15.3)
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conjugate to equation (15.1). The elementary solution (in Hadamard’s
sense) of equation (15.3) when n > 4 is even and the pole is at the point

r, = (zl... 2") has the form

%
Fn—2

2

—WigT. (15.4)

v =

Here V(z,,z) and W (x,,z) are analytical functions with respect to z,
['(x,, x) is the square of the geodesic distance between the points z,,z € V.
The Hadamard’s criterion of validity of the Huygens principle consists in
fulfilment of the equation

W (z,,2) =0 (15.5)

for all points x,, z.

Further we consider the case n = 4. Therefore, let us write the Hadamard
criterion for this case more explicitly using the formula that determines func-
tion V' in elementary solution (15.4). For n = 4 this function is determined
by the following formula ([41] § 62-68):

T

V =exp —i /(L*[F] —c'T - 8)% , (15.6)

To

where integration is made along the geodesic connecting the point z, and
x, and I'(z,,x) is considered as a function of z. Equations expressing the
function W via the function V' [41] provide that, when n = 4, equation (15.5)
is equivalent to the condition that V' (z,,z), being a function of z, satisfies
the conjugate equation (15.3) at all points x lying on the characteristic
conoid with the apex at x,. However, the characteristic conoid with the
apex at the point z, for equation (15.1) consists of all points x satisfying
equation

[(z,,z) = 0. (15.7)

Thus, the Hadamard criterion of validity of the Huygens principle for
equation (15.1) with n = 4 is written in the form of the equality

L*[V] —0, (15.8)

I'zo,r)=0

which must hold for all points x,.

In what follows, the Hadamard criterion is used in the form of equation
(15.8).
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§ 16 Geodesic distance

16.1 Introduction

According to formula (15.6), in order to use the Hadamard criterion in the
form (15.8) one has to know the function I'(z,x) which is the square of
the geodesic distance between the points x,, x € V4. We intend to use the
Hadamard criterion in case when the space Vj, corresponding to equation
(15.1), has a nontrivial conformal group. We can limit our consideration to
spaces V; with the metric tensor g¥ of the form (9.5) because the Huygens
principle is invariant with respect to equivalence transformations (see 12.2)
of equation (16.1) [41], [46]. In this section the function I'(z,, x) is calculated
for spaces Vj with the metric tensor (9.5).

16.2 Outline of the approach

The general approach for computing the geodesic distance is as follows. Let
us assume that the point z, € V,, is fixed, and the geodesic line passing
through the fixed point z, and an arbitrary point z € V,, is parametrized
by means of the length of the arc s counted from the point x,. Note that
we consider such vicinity of the point x, where any point is connected with
7, by the only geodesic. Then coordinates ¢ of the point z are functions

' =2'(s) (1 = 1,...,n) satisfying the system of differential equations (see
5.1)
2zt dad da® .

and the initial conditions

da’

Yoo = 2°, =a' (i=1,...,n). 16.2
Pleg=al, G ot ) (16.2)
Here T, are Christoffel symbols of the space V;, and the constant vector
a=(a',..., a") satisfies the condition

gij(r,)alad =1, (16.3)

resulting from definition (5.1) of the arc length in the space V,,. Indeed, one
has

along the geodesic parametrized by means of the arc length. Substituting
these vales of differentials into formula (5.1), reducing the resulting equality
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by ds? and then assuming that s = 0, one obtains equation (16.3) by virtue
of conditions (16.2).
Let
' =2(s;20,0) (i=1,...,n) (16.4)

be the solution of the problem (16.1), (16.2). The values o' can be obtained
(see, e.g., de Rham [25], § 27) as functions
o =Y(s;x0,x) (i=1,...,n) (16.5)

from equations (16.4) when |«| are sufficiently small. Substituting the val-
ues (16.5) of quantities o’ into condition (16.3) and solving the resulting
equation

Gii (o) (83 0, ) (8520, 7) = 1 (16.6)

with respect to s, one obtains the square of the geodesic distance
[(2,,7) = [s(x,7)]?

between the points x, and = in the space V,.

16.3 Equations of geodesics in spaces with nontrivial
conformal group

Let us turn back to spaces Vj with the metric tensor (9.5). The following
notation is used further:

xo:(ganaCﬂ—)’ x:(l‘7yaz7t)v a:(a7ﬁ7776)7
fo:f(é._TL f:f(l'—t),..., (167)
A =det|g] = >~ f.

According to formulae (5.6) the following non-zero Christoffel symbols
(and symbols that differ by interchange of lower indices) are obtained

1/1Y 1 7o\ 1/
]‘_%2:5(&)7 F%3:_§<Z>7 F;)B:i(K)a

1 1\, v ¢
It =-T5 = 5 {A (Z) + X} , Tiy=-T5 = -l - 5

/ /

¥ pe
F?z = —F§4 = ﬂ7 Fi’g = —F§4 = —ﬂ,

Ih=Ty (i,j =2,3), (16.8)
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where the prime indicates differentiation with respect to the argument
(o) = d‘gg’) etc. By virtue of formulae (16.8), one can write equations

(16.1) in the form

d2_93+1l/d%0 dz ﬂdﬁ_% dz _
a2 "2\ A ) \ds ‘pds ds  Fds)ds

A
d
— | = 0
5 {A( wds)] |
_gp dz _0
ds2 ds  Tds)ds
dQ(I—t)
—— 2 =0 16.9
00 (69)
where J a( .
ap _ U x
ds—gp s etc.

16.4 Solution of equations of geodesics

Let us solve the system of equations (16.9). Using the initial conditions
(16.2) and notation (16.7) one obtains

r—t=(—7+ (a—90)s, (16.10)

dz dy  vp,— 3 A
(pds ds A,

from the second and the fourth equations of the system (16.9). Thus

(16.11)

Pz yp,—Bdy
ds2 A, ds’

so that p )
s
- = (1o = D)+ Bo = 7o) (16.12)
and p .
d—"o = Lo =87 + (Beo =710 (16.13)
Due to equality (16.10), solutions of equations (16.13) and (16.12) have
the form
y=n+a(F—F,)+b>—d,) (16.14)
and

z=C+a(®—P,) +bla—0)s, (16.15)
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respectively, where

P — B _ Boo—/o
a = m, b= —(a — (S)AO’ (1616)

and F, ® are primitives for functions f and ¢, respectively. Here, as well as
in § 3, the following notation is used: F, = F'({ —7), F'= F(x —t) etc.

By virtue of equations (16.11) and (16.12) the first equation of the sys-
tem (16.9) takes the form

d2$ YPo — 6 1 / !
12 + A2 5(’7% —B) '+ (Bpo —1fo)¢'| =0,

whence,

«

r=E¢4 (a+ Pa— ; 6a2fo)s - %aQ(F — F,) —ab(® —d,). (16.17)

Substituting expressions (16.10) for  — ¢ into formulae (16.14), (16.15),
(16.17), and the value of x resulting from (16.17) into equation (16.10), one
arrives at the form (16.4) of solution of the system of equations (16.9) with
the initial conditions (16.2).

16.5 Computation of the geodesic distance

Let us write equation (16.3) now. The inverse matrix for (9.5) has the form

-1 0 0 O
i og 0
L = _ A2
”gU”_ P i O ) A_QO f
A A
0 0 0 1

Therefore, substituting elements g;; of this matrix into equation (16.3) and
using the notation (16.16) one obtains

gij(mo)'a? = —a® + 6% + KW — 20670, + 72 f,) =

= —(a—=0)(a+ 0 + Ba+b),
so that equality (16.3) takes the form

—(a=0)(a+d+ fa+b) =1 (16.18)
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Equations (16.16) provide

B =(a=20)(afo+bp,), 7= (a—10d)(ap,+b),

and formulae (16.14) and (16.15) yield
a =

[(y = m)(a=d)s — (z = ()(® = D],

b:

[(Z - C)(F - Fo) - (y - 77)((1) - (I)o)]a

where

A= (F—F,)(a—268)s—(®— d)%
When s is small formula (16.21) provide

A=A, (a—0)%* + o(s?).

VOL. II1

(16.19)

(16.20)

(16.21)

(16.22)

On the other hand, equation (16.18) provides that o — § # 0, and non-
degeneracy of the matrix |¢g”| entails that A, # 0. Thus, formula (16.22)
demonstrates that function A is non-vanishing when s # 0 is sufficiently

small.
Equalities (16.19) provide that

Ba+ b = (a — ) (a®f, + 2abp, + b?),
and equations (16.17) and (16.19) yield

90 — 25 =8
S

Therefore writing o + 6 = 2« — (o — §), one has

a+d+ PBa+b=
1

— (a = 8)(a*f, + 2aby,) + é[a2(F — F,) +2ab(® — ®,)].

= g[2(:1: —&) — (a—0)s+a*(F — F,) + 2ab(® — ®,) + b*(a — 4)s].

Substitute the values of (v — d)s from formula (16.10) and the values of a
and b from formula (16.20) into the resulting expression for a+ + Ba + ~b.

One has

a+(5+ﬁa—|—’}/b:é{w—f—l-t—T—l-l[(y—n)Q(l’—f—t—FT)—

A

_2(y - 77)(2 - C)((I) - (I)o) + (Z - C)Q(F - Fo)]} :
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Substitute this value a + d + fa + b and the value for a — 9 resulting from
(16.10) into equation (16.18) and multiply the latter by s?. Finally we arrive
to the following formula of the geodesic distance I' = s :

D(@o,2) =2 —7)" = (= ¢)°

B x—&E—t+T
(xr—&—t+1)(F—F,) —

(CI)_CI)O)Q [(x_f_t+7>(y_77)2
=20 = @,)(y — 1)z = Q) + (F = F)(= = O] (16.23)

§ 17 Conformal invariance and the Huygens
principle

17.1 Validity of Huygens’ principle in spaces with
nontrivial conformal group

Let us demonstrate that the Huygens principle holds for the equation (14.3)
in every space V; with the metric tensor (9.5), which means in every space
Vy of normal hyperbolic type with nontrivial conformal group. In doing so
we will verify the Hadamard criterion in the form (15.8).

First let us rewrite equation (14.3) in spaces under consideration Vj in
a convenient form. Find the scalar curvature of these spaces. One has

R = gYRij = Ru — Riy — f Ry — 2pRy3 — R,
Let us calculate the Ricci tensor (5.9) by formula

ory. Ty I Pk _ ik
Rij = O onk Uil — Tl

and using the relations (see (16.8))

k k
ory,  ark

sz _Fllj ort  Ox!

(1,7, k=1,...,4),
one has
Ry = R44, Ry = Rzg = R33 = 0.

Therefore
R=0
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and equation (14.3) in the spaces V} has the form

Equations (16.8) provide the following components of values I'* = g% Ffj (k =

F1:F4:

1,/(1 P WA | 1\"
5(5) 2 (2) -3(5) =3¢ -n(5) -
= 55 = I8y,

I?=T°=

According to 12.3, upon equivalence transformation
Llu] = e " L[ue”]
with the function
v =In(—A)Y4,

equation (17.1) with the coefficients a® = 0(i = 1,...,4) turns into an
equivalent equation with the coefficients

a'=T" (i=1,...,4),

i.e. into equation A A

g”u,,-j + d’u7i = g”uij = O
If we substitute here the values (9.5) of coefficients ¢” and use Theorem
(1.17), the following lemma holds.

Lemma 1.9. Every linear conformally invariant equation of the second or-
der in space Vj of a normal hyperbolic type having a nontrivial conformal
group is equivalent to equation

Liu] = uy — ugy — f(z — t)uy, — 2p(x — t)uy, —u,, = 0. (17.2)

In what follows coefficients f and ¢ of equation (17.2) are considered to
be smooth functions satisfying the hyperbolic condition f — ¢? > 0.

Theorem 1.19. Let us assume that a Riemannian space of normal hy-
perbolic type has a nontrivial conformal group and that equation (15.1)
is conformally invariant in this space. Then equation (15.1) satisfies the
Huygens principle.
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Proof. According to Lemma 1.9 it is sufficient to consider equation (17.2).

Let us find the function V' in an elementary solution (15.4) according
to formula (15.6). As one can easily verify, operator L in equation (17.2) is
self-adjoint (L* = L), and ¢* = 0. Therefore,

L*I—=cT —-8=L[I-8.
Note that the function I', determined by formula (16.23), has the form
I'= (t_T)Q - (x—£)2+g(x—t,y,z)

Thus,
Ftt - F:C;E - 4
Invoking this equality, one has
r—&—t+T o
(x—&—t+71)(F—F,) — (®—9,)?

LI =8=2

(€ —t+7)f — 20— D)p+ (F— F)] 4
Making use of the function A, defined by formula (16.21), one can write

the resulting equation for L[I'] — 8 along the geodesic line in the form

dlnA_

4.
ds

LI —8=2s

Hence,

1 [ do 1 r dlnA 2 o |
0

where the parameter s corresponds to the variable point = = (z,v, 2, t).
According to the formula (16.22)

A0) _ . V=B (a =570+ o(0)

lim = (=) —A,.
o—0 o o—0 o
Therefore,
o s
In—| =1In + In[(a — )/ —A,],
VAl, = agy e VAl
so that
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Substituting here the values A(s) and (o — d)s from formulae (16.21) and
(16.10), respectively, and invoking the notation (16.7), according to formula
(15.6) one obtains the unknown function V' in the following form:

V=(@—-§—-t+71)x

flox—7)—@*&—T) ‘
\/<$_§—t+7')[F<l'—t)—F(f—'r)]_[(I)(x_t)_q)(é-_T)]g (173)

When ¢ = 0, f = 1 this formula naturally leads to the function V' = 1
known for the wave equation.

Function V, determined by formula (17.3) has the form V = V(z —
t,& — ). Since equation (17.2) is self-adjoint, the Hadamard criterion (15.8)
holds.

Beginning with Hadamard’s work [41] the following issue has been dis-
cussed in literature over and over again, namely existence of equations of
the form (15.1) with four independent variables not equivalent (see 11.4) to
the wave equation for which the Huygens principle holds. Therefore, it is
of interest to find out with what functions f and ¢ equation (17.2), which
according to Theorem 1.19 satisfies the Huygens principle with any f and
®, is not equivalent to the wave equation. This problem is considered in
the following subsection for equation (17.2) with the function ¢ = 0. In
this case it is possible to single out all functions f(x — t) for which equa-
tion (17.2) is not equivalent to the wave equation. For arbitrary equations
(17.2) it is also possible to obtain the necessary and sufficient conditions
of equivalence of equation (17.2) to the wave equation in the form of some
system of differential equations with respect to the functions f and ¢. With
this purpose one should act similarly to the case ¢ = 0, see Section 17.2.
However we will limit our consideration with a more simple case mentioned
above. Actually this topic is closely connected with a more general problem
of classification of equations (17.2) formulated in the end of this chapter.

17.2 Discussion of the equivalence to the classical wave
equation
Equivalence transformations (see 11.4) of equation (15.1) take the corre-
sponding Riemannian space V,, to a conformal space at most. Therefore,
equation (17.2) is equivalent to the classical wave equation
DuEutt_uxx_uyy_uzz:O

if and only if the space V; with the metric tensor (9.5) is conformally flat.
The necessary and sufficient condition for that is that the tensor of con-
formal curvature of the space Vj equals to zero ([29] § 28). This tensor,
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denoted by C’fjk, is expressed by means of the tensor of space curvature by

the following formula:
1
ijk = Rﬁjk + ﬁ(ééRik — 5]lng‘j + gikRé' - ginLH—
R
(n—1)(n—2)
Let us consider equations (17.2) when ¢ = 0. In this case, according to

formulae (16.8), only the following Christoffel symbols are other than zero
for the corresponding space Vj :

1/1\ 1 /1Y
F,22:F32:_§ (}) ) P§2:_F§4:§f (?) :

The prime here, as well as in § 16, indicates differentiation with respect to
the argument.

In order to make tensor ijk equal to zero it is necessary to make all
its components equal to zero. First, let us consider one component of the
tensor e.g. Cs,. Using expressions for the Richi tensor and scalar curvature

of the space V, given in 17.1, one has

1
C'2112 = R%m + ﬁRll’

Equations (5.7) and (5.9) in the considered case yield

1
Rhy = 5 R =1 {n Vi) + (mvR)2},
where h = % Therefore, equality C4,, = 0 has the form of the following
differential equation of the second order for the function A :

(InvVh)'! + (InvVh)'2 = 0.
This equation has the general solution
h(o) = (a + bo)?
with arbitrary constants a and b.
Calculation of all components of the curvature tensor R} of the space
Vy demonstrates that when f(o) = (a + bo)™2 and ¢ = 0, all components
of the Riemann-Christoffel tensor Réjk are equal to zero. Then, obviously,
Clo=0 (i,5,k1=1,...4).
Thus, equation (17.2) with the function ¢ = 0 is equivalent to the wave
equation if and only if
flz—t)=la+b(x—1t)]7,

where a and b are arbitrary constants satisfying the condition a® 4+ b* # 0.
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17.3 Solution of Hadamard’s problem

The problem on finding all equations (15.1) satisfying the Huygens principle
was formulated by J. Hadamard [41]. It is known as Hadamard’s problem.
The following theorem proved in [57] (see also [58]) solves Hadamard’s prob-
lem in the spaces V; with nontrivial conformal group.

Theorem 1.20. Equation (15.1) in every space Vj of a normal hyperbolic
type with a nontrivial conformal group satisfies the Huygens principle if and
only if this equation is conformally invariant, i.e. equivalent to equation
(17.2).

Proof. We have already proved that every conformally invariant equation
(15.1) in spaces V; with nontrivial conformal group satisfies the Huygens
principle (Theorem 1.19). Therefore, we have only to prove that if the space
V, of normal hyperbolic type has a nontrivial conformal group, and equa-
tion (15.1) in this space satisfies the Huygens principle, then this equation
is conformally invariant. According to Lemma 1.8, for this purpose it is suf-
ficient to prove that if equation (15.1) in the space Vj satisfies the Huygens
principle, then conditions (14.1) hold for this equation.

Let us proceed from the Hadamard criterion (15.8). Let us assume that
it holds for equations (15.1) with four independent variables. Then, this
equation satisfies the following conditions:

H=0.

Function H is determined via coefficients of equation (15.1) by formula
(14.2) and
9" (Rjipq + CijgLimp) =

Jq

5) 1 .
= Egpq (Kpquj — Zgijglemeql> (Z,j = 1, Ce ,4), (175)

where .
Lij = =Ry + £ Rgij, - Rjip = Ljpi = Liip,

and Cjjq, R;; and R are a tensor of conformal curvature (17.4), the Richi
tensor (9.5), and a scalar curvature (5.10) of the space Vj corresponding
to equation (15.1), respectively. Let us demonstrate that in case of spaces
Vi with nontrivial conformal group equations (17.5) provide that K;; = 0
(i,j =1,...,4). This will prove the theorem for together with the equality
H = 0, which as it was mentioned before is one of necessary conditions for
validity of the Huygens principle, we will have all equations (14.1).
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According to Theorem 1.19 conditions (17.5) for equation (17.2) hold.
On the other hand, all values K;; for equation (17.2) are equal to zero
since equation (17.2) is obtained from equation (14.3), satisfying the condi-
tions (14.1), by equivalence transformations. Hence, the right-hand sides of
equations (17.5) are equal to zero. However, in this case the tensor in the
left-hand side of equations (17.5), independent of minor terms of equation
(15.1), is equal to zero for all spaces V; with nontrivial conformal group.
Thus, if some equation (15.1) in a space V; with nontrivial conformal group
satisfies the Huygens principle, then, according to conditions (17.5), the
following equalities hold for this equation:

1 .
G Kpi Ky — Zgijglemeql) =0 (4,j=1,...,4),
or, upon substitution of the value (9.5) of the tensor g, equalities

KKy + [KyKoj 4 (Ko Ky + K3 Kyj)+

+K3iK3j — K4,L'K4j + Ngzj =0 (Z,] = 1, e ,4) (176)

Here, the notation
1
N=3 {[KY + Kl — AKGy + 20K15K13 — Ky — [K3, — 20KauKsy — K3, } .

is introduced. Writing equations (17.6) consecutively for values of indices

(i,7) = (1,2),(2,2),(2,3),(3,3), (4, 4),

one obtains the following system of equations

fK: + 20K 13K13+ Ky — Kiy — N =0, (17.7)
K+ K3y — K2, + %N =0, (17.8)
KoKy — KoaKyy — o2, — %N —0, (17.9)
Ki+ Ky — K3, + %N =0, (17.10)

K} + fK3, + 20Ky K3y + K3, + N = 0. (17.11)

Let us eliminate the value N first from equations (17.8) and (17.9) and
then from equations (17.8) and (17.10). As a result we obtain

K2 K3 — KoKz = o{ K3, — K7, (17.12)
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and
K§4_K123 :f{K224_K122 . (17-13)

Subtracting the left-hand side of equation (17.7) form the left-hand side of
equation (17.11) and invoking equalities (17.12) and (17.13) one obtains

K}, — A K} =0.
Whence, by virtue of the condition A < 0,
K1y = Ko =0. (17.14)
Therefore, equality (17.7) takes the form
(Kiz 4+ ¢K12)> — A+ K3, =0,

whence, as above,
K13 = —SDKlg, K24 =0. (1715)

Substituting these values K3 and Ky into equation (17.13), one obtains
K§4_A'K122:O,

so that Kj3 = K3y = 0. Now equations (17.14), (17.15) and the skew-
symmetry condition K;; = —Kj; of the tensor K;; provide the necessary
equalities

Kijj=0 (i,j=1,...,4).

In connection with the proved theorem note the following. Examples
drawn by Stellmacher [126], [127] demonstrate that in case of n > 4 inde-
pendent variable there is no one-to-one connection between the conformal
invariance of an equation and validity of the Huygens principle for this equa-
tion. Namely, the mentioned examples by Stellmacher represent equations
(15.1) in a flat space V,,(n > 6) satisfying the Huygens principle but not
equivalent to the wave equation in V,,, which means that according to The-
orem (12.3) they are not invariant with respect to the group of conformal
transformations in V,,. Nevertheless, one can observe the connection of the
Huygens principle with the invariance properties of the considered equa-
tions in this case either. Thus, when n = 6, the equation considered by
Stellmachr has the form

8

s g =0

where
5

5

_ 2 2 N2

Du:utt—g Ui, 1=t _E ()7,
i=1

=1
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i.e. it belongs to the class of equations that are invariant with respect to
groups of motions of the maximum order [111]. Passing over to dimensions
n > 6 one comes across equations satisfying the Huygens principle with even
weaker invariance properties. This is demonstrated by the corresponding
Stellmacher examples.

§ 18 Solution of the Cauchy problem

18.1 Reduction to a particular Cauchy problem

In this section we will solve the Cauchy problem
L[u] = 07 U‘t:o = g(a?,y, 2)7 ut|t=0 = h(l’, Y, Z) (181)

for equation (17.2) with smooth initial data g and h. As in the case with the
wave equation, we can restrict our consideration by the Cauchy problem in
a particular form

Liul =0, uli—g = 0, uls=0 = h(x,y,2). (18.2)
Indeed, for the operator under consideration
Liu] = uy — Uy — f(x — t)uyy — 20(x — t)uy, — s, (18.3)

the following identity holds

L (% + %) [u] = (% + a%) Llu]. (18.4)

Therefore, if v and w are solutions of the Cauchy problem (18.2) with the
data vi|i—o = g, Ww¢|t=0 = g» — h, respectively, then function

U=V + Uy — W (18.5)

is the solution of the Cauchy problem in a general form (18.1).

18.2 Alternative form of Poisson’s solution for the
classical wave equation
Let us choose f = 1, = 0 in operator (18.3), i.e. take the classical wave

operator
Ou = Ugp — Ugy — Uyy — Uz, (18.6)
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and consider the Cauchy problem
Ou=0, ul;=0=0, wly=nh(z,y,z).

It is well known that its solution is given by Poisson’s formula

1
w(z,y,z,t) = E//hds, (18.7)

where s; is a sphere of the radius ¢ with the center at the point (x,y, 2).
Introducing polar coordinates on the plane of variables (y, z) for the points
(&,m¢) lying on the sphere s;, one has

£=¢,
n=y+ pcost
(=24 psinb,

where coordinates (, p, 0) satisfy the conditions
E—a)+p* =t z—-t<&E<az+t, 0<0<2m

In these coordinates

ds = td¢ db,
so that the Poisson formula (18.7) is written in the form
u(z,y,z,t) = (18.8)
T+t 27

ﬁ/df/h(&,y—i—\/t2—(§—x)20089,z+\/tQ—(ﬁ—xPSin@) db.
r—t 0

We will obtain now a similar formula for the arbitrary operator (18.3).

18.3 Fourier transform and solution of the particular
Cauchy problem

First let us solve the Cauchy problem (18.2) acting formally without any
explanations. Then, we will verify in Sec. 18.5 that the resulting formula
gives the solution of the problem under consideration indeed.

The Fourier transformation

1 )
a(x, A\, p, t) = g/e‘(’\““Z)u(:c,y,z,t)dydz,
R2
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takes the Cauchy problem (18.2) into the Cauchy problem

Lla] =0, dlimg =0, Gylso = h(x, \, 1) (18.9)
for the operator

L[] = Gy — Gae + (FA* + 200 + p?) 1 (18.10)

with the independent variables x and ¢. Here A and p are considered as
parameters.
Upon change of variables

P = L P — 1) + 20 — 1) + p(a — 1)),

_ 1
equation L[] = 0 turns into equation
’&jf + 12 - O
with the known Riemannian function
R(E752,0) = J,(/4(T - )@ = ).

where J, is the Bessel function. Here, as well as in previouos sections F'
and ® indicate the primary functions for f and ¢, respectively. Turning
back to the previous variables x and ¢, we obtain the following Riemannian
function for equation L[a] = 0 :

R(¢,mm,t) =
Jo(V (@ — €+t —T)N(F, — F) + 2@, — ) + 12(6 — 2 — 7 + 1)]),

where

F,=F&—-71), F=F(r—1)etc.

Having the Riemann function one can solve the Cauchy problem (18.9)

using the formula

a4t
o) =5 [ BENBRE 00,00
T—t
Upon substitution of the value 4(&, A, i), this formula is written in the form
att
w(z, N, p,t) = ﬁ / R(£,0;z,1) / e IO (€, O dnd¢. (18.11)
r—t

RQ
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18.4 Inverse Fourier transform of the solution

The inverse Fourier transformation of the formula (18.11) provides the so-
lution of the initial Cauchy problem (18.2) in the following form

T+t

u(z,y, z,t) = i / df/]~h(§,n,§)dnd(, (18.12)
R2

r—1

where

1 .
]zé—/?ﬂWWMﬂ@ﬁm%%VQQJW¢WM
T
R2

Here Q(\, 1) indicates the quadratic form
QA 1) = @A + 20\ + 2y

with the coefficients

and
k=+vaz+t-¢§

Let us reduce the integral I to a more convenient form. The condition

of hyperbolic property of the operator (18.3) entails that the quadratic form
of X\ and p is determined by the formula

a(o; X, 1) = ()N + 2p(0) M + 1

and —A(o) has a discriminant and is positively defined. Hence, the quadratic

form
'3

Q) = [ alosx )i,
x—t
contained in the integral I, is also positively defined. Then, the discriminant
of the quadratic form Q(\, i) equal to a*c? — b? is positive. Keeping this in
mind, make the change of variables A\, u;n,( :

1 /- b a
A== (A ), = — i
a < N _bzﬂ> K N _b2/”L
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and 1
n—y=-n-y)),
—_— 1 b
C_Z:\/ﬁ a((—z)—a(n—y) ) (18.13)
In these variables B
Q _ )\2 + —2

and

dn d¢ = Va2c? — b2dn d¢, d\ dp =

Let us make use of the well-known formula of Fourier transformation
of spherically symmetric functions and properties of the Bessel function J,.
Making some standard calculations one obtains

d(k —p)

I = —
pvarc? —b?

o(pr)rdr =

Jo(k
\/7—b2 0/

where ¢ is the delta-function and
p=1/(h— ) +(C -2

Using the resulting value of the integral I, one can readily calculate the
inner integral of formula (18.12). For this purpose it is convenient to shift
to polar coordinates p,# on the plane of variables 7, ( :

n—17=pcosd, ( —Z=psiné.

Substituting here the values (18.13) of the quantities 7 — g and { — 2 one ob-
tains the functions n(p, §) and ((p,#). Now one can calculate the mentioned
integral. One has

/ 1 (€, O)dn d¢ =

R2
2w

=/dQ/I-h(é,n(pﬁ),é(p,@))mMPZ

0
2

- / W€ n(k,0), (k. 0))d6.

0
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Determining the values of functions n(k,#), ((k,0) from formulae (18.13)
one obtains

[ 1 wien oo dc -
R2
> b 2.2 _ 2
= /h(f,y +akcosb, z + ak cosf + MT_ksine)dH.
0

Using this expression and introducing the notation

A=/(z+t—-O[F(E) - Flz—1)],

r+t—¢&
A

one can write formula (18.12) for solution of the Cauchy problem (18.2) in
the following final form:

B= (@) — Dz —1)], C=+/t2— (x— &2 — B2, (18.14)

u(z,y, z,t) =
T+t 2T
T[h] = gy /df/ (&,y+ Acosf,z+ Bcosf + Csinf)df.  (18.15)
r—t

When f =1, ¢ = 0 formula (18.15) obviously coincides with the Poisson
formula (18.8).

18.5 Verification of the solution

Let us verify now that formula (18.15) determines the solution of the Cauchy
problem (18.2) indeed. One meets no difficulty in verifying the satisfaction
of initial conditions

u|t:0 = 07 Ut|t:0 = h(.'L'7y, Z)

for the function u determined by formula (18.15) and we will not dwell on
that.
Let us make a preliminary change of variables

a=x—t, f=xz+t
in order to check whether equations

Liul=0
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hold. Writing operator (18.3) in these variables one obtains
Liu] = 4uag + fa)uyy + 20(0)uy, + .. (18.16)

The formula (18.15) with the variables a, 3 takes the form

2w
1
u(a,y, 2, 3) = E/df/h(f,y—l—flcos@,z—kBcosé’+C’sin0)d€,
0

[0

where, according to notation (18.14),

A=/(B-&I[F(&) — F(a)],

B=""S00) — aa), 0= VB OE ) - P

A
One can check that functions A, B, and C' satisfy the equations
1 B C
ALAg = —— , Bg=—Agz, C3=—A3;,
s =—fla), Bs =545 Cs=—4s
1 1
AaBﬁ + AﬁBa = —5()0((1/), BaBﬁ + CaCﬂ = —Z, (1817)
ACYAB BaBﬁ CaCﬂ
A i —— B = — — .
af A ) af B ; Oaﬁ C

Now we can act by operator (18.16) on the function u(a, y, 2, 3) resulting
from the formula (18.15). One has

J6] 2
1
Uap = /{S + /(hyyAaAg cos® 0 + hy.[(AaCs+
T
« 0
ApC,) cosfsinf + (AyBs + AgBy) cos® 0] + h..[ B, B cos® 6+
(BoCjs + BsCy) cos Osin 0 + C,Cps sin® 0])dO} d€, (18.18)

where
27

S = /[hyAag cos @ + h,(Bagcosf + Cypsin6)]db.
0
Integrating by parts:

2 2 27

/hy cos 0df = /hyd(sine) = —/sin&d(hy) =

0 0 0
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27
/[hyyA sin? @ + h,,.(Bsin® @ — C'sin 6 cos 6)]d0
0

and doing the same with the second term of the integral S one transforms
the integral S to the form

2
S = /{hyyAAaﬁ sin® 0 + h,.[(AB.s + BA,s) sin® 6—
0
—(AC,3+ CAup) cosB - sinb] + h,,[BBag sin? 6—
—(BClyp + CByg) cosf - sinf + CC, cos® 0] }db.

Substituting the resulting expression of the integral S in (18.18) and
using equalities (18.17), one obtains

Jé] 2
1
Aunp = yym /dﬁ/—(f(oz)hyy +2¢(a)hy, + h,.)db. (18.19)
o 0

The function u(a,y, z, 3) is readily differentiated with respect to the vari-
ables y and z. Therefore, acting by the operator (18.16) on the function
u(a, y, z, ) and using Eq. (18.19), one obtains

Liu] = 0.

It should be noted that peculiarities occurring in (18.18) are integrable,
so that all the above operations are true.

Thus, one can see that the function u(z,y, z,t), determined by formula
(18.15), is the solution of the Cauchy problem (18.2) indeed.

18.6 Solution of the general Cauchy problem

The formulae (18.5) and (18.15) demonstrate that solution of the Cauchy
problem (18.1) for equation (17.2) has the form

u= (% + (%) Tlq - T {% - h] (18.20)

with the same operator 7" as in formula (18.15).
The resulting formulae let to find solution of the Cauchy problem for all
equations (15.1) when n = 4, the corresponding space V; has a nontrivial
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conformal group, and equation (15.1) satisfies the Huygens principle. In-
deed, we have demonstrated (Theorem 1.20) that every such equation is
equivalent to equation (17.2), for which the solution of the Cauchy problem
is known. However, equivalence transformations (see Sec. 11.4) consist of a
change of independent variables, a linear substitution of the function v and
a shift to a conformal space. Therefore, the solution of the Cauchy problem
for indicated equations (15.1) with n = 4, satisfying the Huygens principle,
is provided by formula (18.20) by the corresponding change of variables z
and y and application of Theorem 1.18.

§ 19 Spaces with trivial conformal group

19.1 Example of a space with trivial conformal group

In previous sections we considered equations (15.1) in four-dimensional Rie-
mannian spaces of normal hyperbolic type with nontrivial conformal group.
We could see that in every such space there exists the only linear equation of
the second order satisfying the Huygens principle. Now, let us draw exam-
ples of spaces V} of a normal hyperbolic type with a trivial conformal group,
where none equation of the form (15.1) satisfies the Huygens principle.

Let us take a space V; with the metric form

ds* = —(1 + t)da® — dy? — dz* +dt*, t>0. (19.1)

First let us demonstrate that this space has a nontrivial conformal group.
Denoting

3

a:lza:, x2:y, T° =z, x4:t,

as usually, we write the generalized Killing equations for the operator

-,
XZ&Z%

of a group of conformal transformations in this space in the form of the
following two systems of equations:

8_52 8_53 B 852 854 B 053 854 B

dz oy ot 9y o 0z
o2 _oe_oe _p

oy 9z ot 2 (19:2)
and
ogt 9 o¢t 9 o¢t  agt
(1+t)a_y+%_(1“)E+%_<1H)5_%_0’
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0 1

dr 2 2(1+1)

System (19.2) has the form of generalized Killing equations in a flat

three-dimensional space of variables (y, z,t). Therefore, (see § 9) system
(19.2) has the following general solution

I (19.3)

€ = Ay (y® — 22 +17) + 2A9yz + 243yt + By + Crz + Cat + ky,

63 = 2A1y2’ —+ A2(22 — y2 -+ t2) + 2A32’t + Bz — Cly + Cgt + kg,
Y = 2A 1yt + 202t + As(y® + 22+ t2) + Bt + Coy + Csz + ks, (19.4)

where A;, C;, k;(i = 1,2,3) and B are arbitrary functions of x. One can
determine these functions by means of the system (19.3).

Substituting expressions (19.4) into system (19.3) and investigating the
conditions of convergence of the resulting equations with respect to the
function &', one obtains

A=0 (i=1,2,3), Cy=Cy=0,

k; =const (i=1,2,3), B = ks.

Using these correlations, one arrives at the general solution of equations
(19.2), (19.3)

1
§1:§Bx+k1, ¢ = By + Cz + ky,

&€ =Bz—Cy+ks, & =B(1+1),
depending on the five arbitrary constants B, C,k; (i = 1,2, 3).

Thus, the space V; with the metric form (19.1) has a five-parameter
group Gj of conformal transformations. One can take

0 0 0 0 0
X1 97 XQ_G_y’ X3—$, X4_28_y_y&’
1 0 0 0 0

as basis operators of the group. It means that the space V} is a space with
a trivial conformal group. Indeed, according to § 9, spaces V; of normal
hyperbolic type with nontrivial conformal group has a conformal group
depending on 6,7 or 15 parameters.

One can readily indicate the space Vj, conformal to the considered space
Vi, where the group G5 with the basis infinitesimal generators (19.5) is a
group of motions. Note that if operator X with the coordinates £'(i =
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1,...,n) is an operator of a one-parameter subgroup of a group of conformal
transformations in a space V,, with the metric tensor g;;(z), so that the
generalized Killing equations with some function g

i+ &i=ngi; (,j=1,...,n)

hold, then operator X, with transition to a conformal space ‘771 with a metric
tensor

Gij(x) = eo(w)gij(x) (4, 5=1,...,n), (19.6)
will satisfy the generalized Killing equations in the space ‘7”, and the cor-
responding function fi equals
do
ox?

Therefore, the space V,, represents a space with a trivial conformal group if
and only if equations

fi=p+¢

.0
e =0 (a=1,.. .1 (19.7)
ozt
are conjugate for all operators
X, = Z’@i’ (a=1,...,7)

of the group G, of conformal transformations in the space V,,. If equations
(19.7) are conjugate, the group G, is a group of motions in a space V,,
with the metric tensor (19.6), where o(x) is the solution of the system of
equations (19.7).

In our case equation (19.7), written for operators X, X, X3 of the set
of operators (19.5), leads to the conditions o = ¢(t). Meanwhile, equation
(19.7) for the operator X, holds identically and for the operator X5 has the
form

do
1+tH)—+2=0.

Eliminating the constant addend which is not important here, one can write
the solution of the resulting equation in the form

o=1In(1+1t)">

Thus, the group G5 with the basis infinitesimal generators (19.5) is a group
of motions in the space V; with the metric form

1

ds® =
SR

[—(1 + t)da? — dy® — dz* + dt?).
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19.2 Invalidity of Huygens’ principle

Now, let us demonstrate that there exist no equations of the form (15.1)
satisfying the Huygens principle in space Vj with the metric form (19.1).
With this purpose, we make use of equations (17.5). Calculating the tensor

Sz'j = gpq(Rijm —+ Om me) (Z,j = 1, e ,4) (198)

ijq

in the left-hand side of equations (17.5) for the metric form (19.1), one
obtains that

5
St =471 +1t)Su, So2 = S33 = 55'44,
1

Spp=—————7- 19.9
MTAR(1 4 1) (19.9)
Equations (17.5) for the values of indices
(17]) = (1a 1)7 (27 2)7 (37 3)7 (47 4)7
respectively, will have the form
1 94
1—_|_t(K122+K123_K124)_N: _35447 (19.10)
L 2 2 2
L 2 2 2
1——HK13+K23 —K34—N - —5544, (1912)
L 2 2 2
1—_HK14+K24+K34+N: —3544, (1913)
where
L1 2 2 2 2 2 2
N = ) 1—+t<K12 + Ki3 — Kiy) + Ky — Ky — K3y | -
Subtracting term by term, one obtains from (19.11) and (19.12)
L 2 1 2 2

Addition of equations (19.11) and (19.12) term by term and substitution of
the quantities of expressions for N yields
1 4

K3, + 1—+th4 = —3 %, (19.15)
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In view of equation (19.14), equations (19.10) and (19.13) provide

1 4
1—HK122 + K3, = —§S44. (19.16)
Using equalities (19.10), (19.15), (19.16) and invoking that due to formulae
(19.9) Sy # 0, one arrives to the contradictory condition 67544 = 141S544.
Thus, one can see that whatever value of Kj;; is chosen, the necessary
conditions (17.5) of validity of the Huygens principle for equation (15.1) in
the space Vj with the basic metric form (19.1) do not hold. Hence, none
equation of the second order satisfies the Huygens principle in the space
under consideration Vj.

19.3 Schwarzschild space

Let us consider the well-known in physics Schwarzschild space as a next
example. Making the corresponding choice of the system of units, one can
write the metric form of the space in spherical coordinates as follows:

1! 1
ds? = — (1 - _) dr® — r?(df* + sin® 0dp?) + (1 - —) dt?.
T

r

The Schwarzschild space is a space V} of a normal hyperbolic type with a
trivial conformal group. A group of conformal transformations in the space
corresponds to a four-parameter group of motions generated by rotation in
a three-dimensional space of variables (z,y, z) and translation with respect
to time t = z*.

The Schwarzschild space satisfies equation
Rij:O (Z,]IL,ZL)

Therefore, tensor S;; for this space is also equal to zero according to formula
(19.8). Bearing this in mind one can demonstrate that the only solution of
equations (17.5) in this case is K;; =0 (4,57 = 1,...,4). It means that if the
Schwarzschild space contains equation (15.1) satisfying the Huygens princi-
ple then conditions (14.1) should hold for this equation, i.e. this equation
is equivalent to equation (14.3). However, the Hadamard criterion (15.8)
for equation (14.3) in the Schwarzschild space demonstrates that condition
(15.8) does not hold for this equation. This follows also from results of
McLenaghan [103]. Thus, the Schwarzschild space gives us another exam-
ple of the space V, with a trivial conformal group where equations of the
form (15.1) satisfying the Huygens principle do not exist.
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19.4 General discussion

In case when spaces V; have a nontrivial conformal group, we know all lin-
ear equations of the second order in these spaces satisfying the Huygens
principle. On the other hand, we do not know any example of the space
Vy with a trivial conformal group containing a second order equation sat-
isfying the Huygens principle. We have already drawn examples of spaces
V4 where such equations do not exist and the number of these examples
can be increased. In this connection the following question is of interest.
Do four-parameter Riemannian spaces of a normal hyperbolic type with a
trivial conformal group containing an equation of the form (15.1) satisfying
the Huygens principle exist?

The negative answer to this question for spaces Vj, satisfying the condi-
tion

RZ‘]’:O (Z,j:1774),

was given by McLenaghan [103]. The question remains open for the general
case.

Open problem: Classification of spaces with
nontrivial conformal group

In 17.2 we have found a family of equations (17.2) equivalent to the wave
equation which also has the form (17.2). Generally speaking, equations
(17.2) contain equations equivalent to each other. In order to find out how
broad the class of known second order equations satisfying the Huygens
principle is it is desirable to exclude from the class of equations (17.2) only
equations not equivalent to each other. Thus, the following classification
problem arises.

Problem 1.4. Divide the family of equations (17.2) into equivalence classes.

Note that there are at least three equations among (17.2) that are not
equivalent to each other. Indeed, let us assume that ¢ = 0 in (17.2) and
choose the function f(o) equal to 1,e7, e~ consecutively. As the solution
of generalized Killing equations demonstrates, the resulting spaces V; have
conformal groups of the order 15,7 and 6, respectively. It means that the
resulting spaces V are not conformal to each other and hence, the cor-
responding equations (17.2) are not equivalent to each other. Thus, the
number of classes of equivalence is not less than 3.
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CHAPTER 5
Invariant variational problems and
conservation laws

This chapter is dedicated to the theory of conservation laws for differen-
tial equations admitting continuous transformation groups. Theorem 1.22
(Section 22.2) holds a central position in the theory. It establishes a cor-
respondence between existence of conservation laws for the Euler-Lagrange
equations with a given functional and the invariance of extremal values of
this functional with respect to a continuous transformation group admitted
by the Euler-Lagrange equations.

Literature: Noether [107], Bessel-Hagen [17], Hill [47], Ibragimov [56]
(see also Candotti, Palmieri and Vitale [20]).

§ 20 Conservation laws

20.1 Definition of conservation laws

Consider a system of differential equations

Fi(z,u,u,...)=0,..., Fy(z,u,u,...) =0, (20.1)

where z = (z!,...,2"), v = (u},...,u™), and v’ is the collection of the

first-order partial derivatives
K our
(]

oxt (i

u

The dots indicate that Eq. (20.1) can contain derivatives of a higher order.
Definition 1.15. The system of differential equations (20.1) is said to have

a conservation law if there exists an n-dimensional vector A = (Al ... A")
with the components

A= Az,udd,. ), i=1,...,n,
that satisfies the condition
div A = D;(A") =0 (20.2)

at any solution u = u(z) of Egs. (20.1).
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Here and in what follows D; indicates the operator of total differentiation
with respect to the variable z* (see also Section 4.1):

8'+uki+u&i+... (i:l,...,n).

Di -
oxt b Ouk K 8u;?

Let us assume that one of the independent variables, e.g. !, in Egs.
(20.1) is time t and write Eq. (20.2) in the form

Dy(AY) + Do(A?) + -+ + D, (A™) = 0. (20.2%)

Proposition 1.1. Eq. (20.2%) implies existence of a function E(t, u,u/,...)
which does not vary with time on any solution u = u(x) of Egs. (20.1).

Proof. Consider an (n—1)—dimensional tube domain €2 in the n—dimensional

space IR" of the variables z = (¢,22,...,2") given by
Q= {:c ER": ) (#') =1t gtth},
i=2

where r,t; and t, are given constants such that r > 0, t; < t5. Let S be
the boundary of €2 and let v be the unit outward normal to the surface
S. Applying the divergence theorem to the domain €2 and using Equation
(20.2) one obtains:

/A~y da:/divA:O. (20.3)

S Q

Assuming that the components A’ of the vector A evaluated at solutions of
Egs. (20.1) decrease rapidly enough at the space infinity and letting r — oo,
we can neglect the integral over the cylindrical surface in the left-hand side
of Eq. (20.3). In order to obtain integrals over the bases of the cylinder
note that at the lower base of the cylinder (¢t = ¢;) we have

A sV = _A1|t:t17
and at the upper base (t = t3) we have
A sV = A1|t=t2'

Therefore, Eq. (20.3) entails that the function A*(z, u(z), v (z), . ..) satisfies
the condition

/ Aldx? .. da"

Rn—1

= / Alda? .. da™

t=t1 Rnfl

t=to
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for any solution u(z) of the system (20.1). Since ¢; and t, are arbitrary, the
above equation means that the function

E = / ANz, u(z), ' (), .. .)d2* - - - da” (20.4)
Rn—1

is independent of time for any solution of Egs. (20.1), i.e.

= 0. (20.5)

(201)

Di(E)]

This completes the proof.

Note that in the one-dimensional case (i.e. n = 1) the equations (20.2)
and (20.5) coincide (see § 24 - § 26). Moreover, a conservation law for Eqs.
(20.1) is often identified with Eq. (20.5) due to a physical significance of
the latter. In what follows we will consider conservation laws in the form
(20.2). If there exist p linearly independent vectors satisfying the condition
(20.2) the system (20.1) is said to have p independent conservation laws.

Remark 1.5. If

Al‘(zo.l) = A+ Do(h*) + -+ + Dy (h")
the conservation equation (20.2*) can be equivalently rewritten in the form
Di(AY) + Dy(A%) 4 -+ D, (A") = 0 (20.2*)
with 5 .
A2 = A2+ Dy(h?), ..., A"= A"+ Dy(h")

because, e.g.

DyDy(h?) = DyDy(h?).

If A' =0, the corresponding physical conserved quantity E defined by Eq.
(20.4) with A' replaced by A' vanishes. Therefore the conservation law
(20.2%) is trivial from the physical view point.

20.2 Historical notes

A general constructive method of determining conservation laws for arbi-
trary systems of differential equations (20.1) does not exist*. Therefore, one
has to make special investigation in each case.

*Excepting the direct method based on the definition (20.2) of conservation laws. It
was used in 1798 by Laplace. He applied the direct method to Kepler’s problem in
celestial mechanics and found a new vector-valued conserved quantity (see [88], Book II,
Chap. III, Egs. (P)) known as Laplace’s vector.
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It was observed already in the 19th century that conservation laws in
classical mechanics can be found using symmetry properties of the con-
sidered mechanic system, i.e. group properties of differential equations of
particle motions. On the other hand, it seems quite impossible to develop a
general theory leading to construction of conservation laws proceeding only
from symmetry properties of differential equations®. It turns out that it be-
comes possible if equations (20.1) are obtained, like equations of mechanics,
from the variational principle.

Klein [84] was the first to pay serious attention to connection between
properties of invariance of variational problems and conservation laws. This
question was investigated in a general form in Noether’ work [107]. Inspect-
ing the condition of the invariance of variational integrals with respect to
local continuous group of transformations of the independent of dependent
variables, E. Noether obtained the conservation laws of the form (20.2) for
corresponding Euler-Lagrange equations. This result is known in the liter-
ature as Noether’s theorem, more specifically, Noether’s first theorem.

Note, that the case when the variational integral is invariant with re-
spect to an infinite group containing one or several arbitrary functions of all
independent variables x!, ..., 2" is singled out specially in Noether’s work.
This case leads to dependence of some Euler-Lagrange equations on the re-
maining equations instead of conservation laws (Noether’s second theorem).
This case is omitted in further consideration.

The next section contains my own proof of Noether’s theorem. It differs
from the proof given by E. Noether and is based essentially on invariance
properties of differential equations rather than on techniques of variations
used by Noether.

§ 21 Noether’s theorem

21.1 Euler-Lagrange equations

For the sake of simplicity, let us limit our consideration by variational inte-
grals involving derivatives of the first order only:

lu] = /E(w,u,u’)dm. (21.1)

This limitation is not of a fundamental nature and further results are eas-
ily extended to the general case when the Lagrangian £ can depend on

* Author’s note to this 2008 edition: Such theory has been developed recently in [70].
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derivatives of any finite order. On the other hand, functionals of the form
(21.1) are of special interest for physical applications, for the most part of
equations considered there are deduced from the variational principle with
action integrals of the form (21.1).

Considering extremal values of the functional (21.1) with an arbitrary
area of integration {2 C R" one obtains the Euler-Lagrange equations

oL oL

which is a system of m equations of less than second order with respect to
functions u*(k = 1,...,m) with independent variables z'(i = 1,...,n). In
what follows any solution of the Euler-Lagrange equations (21.2) is called
an extremal of the functional (21.1).

21.2 Invariant functionals

Let GG, be an r-parameter local group of transformations

T = f(z,u,a),
u=p(r,u,a), (21.3)
where
f=U ") o= e™),
and let the group parameter a = (a',...,a") be such that

fl@,u,0) =2, ¢(z,u,0)=u

A basis of generators of the group G, are written in the form

i 9 _
X, = §a(x,u)axi +ne(x, u)auk (a=1,...,71) (21.4)
with
; of k dp*
= = — =1 k=1
ga da a:O’ N, Oa® a0 (Z ’ » T ’ ’m>
An equation
u = u(x), (21.5)

where u(z) is a vector-function function with given components u*(z)
(k = 1,...,m), defines an n-dimensional manifold in the space R™™™ of
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variables (z,u). The transformation (21.3) maps this manifold to an n-
dimensional manifold given by the equation

u = u(x).

The specific form of the function 4(Z) can be obtained by substituting the
function (21.5) in Egs. (21.3), but this orm is not of our interest for the
moment. The integral

/ﬁ(:z, u,u')dz, (21.6)

is called the transformed value of the functional (21.1). Here the domain
of integration ) is obtained form the domain 2 by transformations (21.3).
Note that the domain  also depends on the choice of the function (21.5)
if the function f in transformations (21.3) depends on u. We will have to
take this into account in our further considerations.

Definition 1.16. The functional (21.1) is said to be invariant with respect
to the group G, if for all transformations (21.3) of the group and all functions
(21.5) the following equality is fulfilled irrespective of the choice of the
domain of integration {2 :

/ﬁ(x,u,u’)d:c = /E(f,ﬂ,ﬂ')da‘:. (21.7)

21.3 Alternative proof of Noether’s theorem

The lemma that we are going to prove now sets the necessary and sufficient
condition of invariance of the functional (21.1) with respect to the group of
transformations (21.3) in terms of the generators (21.4) of this group and
the Lagrange function £. It has been proved by Noether [107] using the
technique of variations. An alternative proof of the lemma has been given
in [56]. It is presented below in a modified form.

Lemma 1.10. The functional (21.1) is invariant with respect to the group
G, with the generators (21.4) if and only if the following equalities hold:

oL

Suk

= D) =L,

i~ o~ P\ gur

(s —uf€l) =+ Di(AL) =0 (a=1,...,7), (21.8)

where
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and

A;:(n(’;—u?{é)w—l—ﬁfg (i=1,....,n; a=1,...,r). (21.9)

Proof. By using the change of variables  — =z in the integral (21.6_

(formulae (21.3) and (21.5)) we reduce the integration over the domain €2
to the integration over the domain 2 :

where

7 () = det |D.f7]

is the Jacobian of the change of variables. Then, due to arbitrariness of the
domain 2, Eq. (21.7) can be written in the following equivalent form:

L(z,u,u)dx = L(Z,u,u’)] <§> dx. (21.10)

Let us prolong the group G, of transformations (21.3) up to the group
G, of transformations of the variables (z,u,v, dr) as follows. The transfor-
mations (21.3) are extended to the first derivatives uf according to the usual
prolongation procedure described in Section 4.1, while the transformation
of the volume element dx is defined by the formula

di = J (i) dz.

X

The generators of the group ér are obtained by extending extending the
generators (21.4) of the group G,,

Xo = fé([E,U) 0

o T ()

our’

and have the following form:

~ 9 . 0
X, =X, + cgiw + Di(gg)dm% (a=1,...,7),

for, according to the rule of differentiation of determinants, we have

odzx
da®

_9(E)

e dx = D;(&,)dx.

a
a=0

a=0
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The coordinates *; of the operators X, are determined by the prolongation
formulae (4.7):

& = Di(ng) — ujDi(&)-
It is obvious now that Eq. (21.10) indicates that the function
L(x,u,u)dx

is an invariant of the group G, (see 1.6). Therefore, the following infinites-
imal invariance test should be satisfied for this function (see Section 3.3):

Xo(L(z,u,u)dx) =0 (a=1,...,7).

Substituting the expression for operators X, and its coordinates ¢, we have:

, OL x OL & % i OL i _
o P —l—naa =+ [Di(ng) — uyDi(& >]8 : +LD;(E)=0(a=1,...,7)
It can be verified that the following identities hold:
;0L x OL 1 0L _
£aaxi +1 oza + [Di(nl) — ubDi(€)] o +LD;(&) =
k)L L pyal =1 21.11
Ok — whel) 5+ DiAL) (a=1,..1), (21.11)

where A’, are given by (21.9). These identities lead to Eqgs. (21.8).

Theorem 1.21. Let the functional (21.1) be invariant with respect to the
group G, with the generators (2.4). Then the Euler-Lagrange equations
(21.1) have r linearly independent conservation laws (20.2), where the vec-
tors A, (a=1,...,r) have the components A’ determined by (21.9).

Proof. Egs. (21.8) yield that
@wA@bw) [(Nﬂmmzo (a=1,...,7) (21.12)

The linear independence of the operators (21.4) imply that the vectors
A, (e =1,...,r) are linearly independent (see also [107]).

Remark 1.6. Inspection of the transformed values (21.6) of the functional
(21.1) shows that one can have conservation laws even when Eq. (21.10)
does not hold. Namely, according to Bessel-Hagen [17], it was noticed by
E. Noether that it becomes possible if Eqs. (21.8) are replaced by equaions
of the form

(kb€ + DAY = DB (=11 (2113)
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with some vectors B, = (BL,...,B") (o = 1,...,r) depending on x,u,u’.
Then one has the conservation equation

[div (Aa = Ba)] 315 =0 (@=1,...,7) (21.14)

instead of (21.12).
It follows from the proof of Lemma 1.10, that if such a vector B exists
for a given operator

.0 0
X=¢— A
¢ Oxt b ouk’
it is obtained from equation
0 . .
<X + Cfﬂ> L+ LD;(&") = Di(B"). (21.15)
u;
For instance, if condition
x
L(z,u,u’)] (—) = M(a)L(x,u,u") + N(a;z,u,u’) (21.16)
x

holds instead of Eq. (21.10), then differentiation of Eq. (21.16) with respect
to the group parameter a at a = 0 leads to the equation

(5 + b ) £ £DUEY = o) 4 vivud), (2117
u;
where M aN )
_dM@) g ) = @ u)
da |,_, da a0

Thus, existence of the vector B satisfying the condition (21.15) in this case
is possible if the right-hand side of Eq. (21.17) has the form of divergence.
This kind of situations are considered in § 28.

§ 22 The basic theorem

22.1 Invariance of functionals is sufficient but not
necessary for conservation laws

If the functional (21.1) is invariant with respect to the group G, of transfor-
mations (21.3), then the Euler-Lagrange equations (21.2) are also invariant
with respect to this group. Therefore one can say that Noether’s theorem
sets the sufficient condition for validity of conservation laws (21.12) with the
vectors (21.9) for Euler-Lagrange equations (21.2) admitting a group with
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generators (21.4). The invariance of the corresponding functional (21.1) is
this conditions.

Examples show that the invariance of the functional is not a necessary
condition for validity of conservation laws. One of such examples is the
Dirac equation considered in § 29. Hence, the Noether theorem provides
not all the conservation laws (21.12) for Egs. (21.2) admitting a group G,
with generators (21.4) because the conservation equation (21.12) for vectors
(21.9) can be satisfied while the functional (21.1) will not be invariant with
respect to the group G,. The problem question then arises on finding the
necessary and sufficient condition under which the vectors (21.9) satisfy the
conservation equation (21.12). This condition has been found in [56] and is
discussed in the following section.

22.2 Necessary and sufficient condition for
conservation laws

Theorem 1.22. Let the Euler-Lagrange equations (21.2) admit the group
G, with the generators (21.4). The necessary and sufficient condition for the
vectors A, with the components (21.9) to satisfy the conservation equation
(21.12) is the invariance of the extremal values of the functional (21.1) with
respect to the group G,.

Proof. The invariance of the extremal values of the functional I[u] with re-
spect to the group G, means that Eq. (21.7) is satisfied for all extremals, i.e.
for all functions (21.5) solving the Euler-Lagrange equations (21.2). There-
fore let us write the necessary and sufficient condition for the invariance of
the differential equations (21.2) and the extremal values of the functional
(21.1) with respect to the group G, in terms of the generators (21.4).

Let us rewrite Eq. (21.10) in the following equivalent form:

L(z,u,u) = L(z,a,d)] (2) , (22.1)
where J (%) is the same Jacobian as in Eq. (21.10).

Since in our case the differential equations (21.2) are, generally speaking,
equations of the second order, we prolong the group G, of transformations
(21.3) up on the to the second-order derivatives of u = u(x). Then we
introduce an additional variable A and extend the action of the group G,
to the new variable A by the equation

AJ (%) — A (22.2)
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The resulting group is denoted by G,. It acts on the space of the variables
(z,u,u';u”, A). In this notation, the invariance of Eqs. (21.2) and of the
extremal values of the functional (21.1) with respect to the group G, means
that the system of equations

oL
A= L(z,u,u) (22.4)

define an invariant manifold of the group éT in the space of the variables
(x,u,u’,u", ). Let us write the invariance criterion (3.5) for this manifold.
To this end we have to find the generators of the group ér.

In order to reduce calculations in finding the generators, we observe some
peculiarities of the considered manifold. First of all, we see that the variable
A is not contained in Egs. (22.3), and hence Eq. (22.4) does not influence
the invariance conditions for the differential equations (22.3). Therefore the
invariance conditions (3.5) for Egs. (22.3) can be considered separately from
Eq. (22.4). These conditions are already satisfied because, according to the
conditions of the theorem, the Euler-Lagrange equations (22.3) admit the
group G,. Hence, the invariance conditions for the simultaneous equations
(22.3), (22.4) with respect to the group G, take the following form:

Xo(L(z,u,u’) — A)| 0 (a=1,...,7), (22.5)

(22.3),(22.4)
where )N(a(a =1,...,r) are the unknown generators of the group CN;'T.

Now we see the second peculiarity of the situation. It consists in the
fact that there is no need to make the second prolongation of the group G,
since, according to Eqgs. (22.5), it is sufficient to know the first prolongation
only. The second prolongation has been required only for formulating the
invariance condition for the extremal values of the functional (21.1) in terms
of the manifold defined by Eqgs. (22.3), (22.4). Using this peculiarity we

write the generators of the group G, in the form

= 0 0
Xo=Xo+¢ — 4+ N = =1,...,7),
+ Con an + aA (Oé T)
where ¢¥, are given by Eqs. (4.7) for every a = 1,...,r. Furthermore, the
coefficients ok
)\a:%}azo (04:1,...,7“)

are obtained by differentiating both parts of Eq. (22.2) with resect to a® at
a = 0. Using the rule for differentiating determinants and noting that only
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the left-hand side of Eq. (22.2) depends on the parameter a we get
ON _/x
[%‘f (;)]

Ao =—AD;(&) (a=1,...,7),

_0J (%)
A da®

a=0

] = Ao +AD;(£) = 0.
a=0
Thus,

and the generators of the group ér take the following final form:

~ 0 -0
— (R — o F D (6T = — (1)
XOé - X& + [Dl<no¢> U] Dl(ga)] an AD1(£a>8A7

(22.6)
where X, are the generators (21.4) of the group G,.

Using the expressions (22.6) of the operators X, and the identities
(21.11), one has

. oL l.
Xa(‘c - A)‘(QQA) = (772 - u?%)% + D'L(Aa) (227)

Therefore, the necessary and sufficient conditions (22.5) for the invariance
of the extremal values of the functional (21.1) with respect to the group G,
take the form

Di(Ala)l(QQ‘g) =0 (a = 1, c. ,7“),

i.e. coincide with the conservation equations (21.12). This proves our the-
orem.

Remark 1.7. Independence of conservation laws given by Noether’s theo-
rem follows from the linear independence of the operators (21.4) and from
Egs. (21.8). Under the conditions of Theorem 1.22, Egs. (21.8) do not
necessarily hold. As a result, not all conservation laws derived by means
of this theorem have to be independent. However, one can claim that the
number of independent conservation laws in the given case is no less than
in the Noether theorem. Indeed, all conservation laws resulting from the
Noether theorem are also obtained from Theorem 1.22.

§ 23 Inverse Noether theorem

23.1 Degenerate and non-degenerate functionals

Theorem 1.22 answers the question about the nature of conservation laws
(21.12) completely. They arise as a result of invariance of extremal values of
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the functional [u]. Nevertheless, it is of interest to find out for which func-
tionals (21.1) Theorem 1.22 gives the same conservation laws as Noether’s
theorem. In other words, when the invariance of the functional is not only
sufficient but also necessary for the validity of the conservation equations
(21.12). If this property is met, I will say that the inverse Noether theorem
holds for the corresponding Euler-Lagrange equations (21.2).

Examples of differential equations for which the inverse Noether theorem
holds are equations of a free particle motion in classical mechanics, the wave
equation etc. This can be verified by inspecting all conservation laws of the
form (21.12) for the mentioned equations. However, one can use one general
theorem proved in [56] that gives many equations for which the inverse
Noether theorem holds. First, let us introduce the following definition.

Definition 1.17. The functional (21.1) is said to be non-degenerate if all
equations in the system of Euler-Lagrange equations (21.2) are second-order
equations, and degenerate otherwise.

Remark 1.8. Likewise, functionals are divided into degenerate and non-
degenerate if the corresponding Lagrangian depends on partial derivatives
of the order ¢ > 1. Namely, a functional [[u] is said to be non-degenerate if
all equations in the corresponding system of Euler-Lagrange equations have
the order ¢ + 1, and degenerate if at least one of Euler-Lagrange equations
for the functional [[u] is an equation of order < q.

The equations of mechanics and the wave equation mentioned above are
Euler-Lagrange equations of non-degenerate functionals. An example of a
degenerate functional is given by the Dirac equations (see § 29).

23.2 Inverse Noether theorem in non-degenerate case

The theorem mentioned in the previous section is formulated as follows.

Theorem 1.23. Let I[u] be a non-degenerate functional of the form (21.1)
and let the corresponding Euler-Lagrange equations (21.2) admit a group G,
with the generators (21.4). Then the functional [[u] is invariant with respect
to the group G, if and only if the vectors (21.9) satisfy the conservation
equation (21.12).

Proof. Let us use the notation and results obtained when proving Theorem
1.22. As it was demonstrated, the invariance of the functional [[u] with
respect to the group G, is equivalent to the invariance of the manifold
defined by Eq. (22.4) with respect to the group G, with the infinitesimal
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generators (22.6). Therefore, it is sufficient to prove that in case of non-
degenerate functionals the following identities hold:

)?a(ﬁ — A)‘( = X, (L — A)|(22.4,22.3) (23.1)

22.4)

Indeed, vanishing of the left-hand sides of (23.1) is the necessary and
sufficient condition of invariance of the manifold given by equation (22.4)
with respect to the group G,. On the other hand, according to equality
(22.7), the right-hand sides of (23.1) are equal to

Di(Ag)|(21.2) (a=1,...,7).

Therefore, the validity of the identity (23.1) entails that satisfaction of the
conservation laws (21.12) is the necessary and sufficient condition of invari-
ance of the functional (21.1) with respect to the group G,.

Let us demonstrate that equalities (23.1) are really satisfied in the con-
sidered case. The formulae (22.7) and identities (21.11) demonstrate that
expressions

)?a(g—A)|( (a=1,....7)

22.4)

can depend only on the variables z,u,u’. On the other hand, the non-
degenerate character of the functional I[u] means that all variables x,u, u’
act as free variables on the manifold defined by the Euler-Lagrange equa-
tions (21.2) in the space of variables (z,w,u’,u”). This, manifestly ensures
the validity of the identity (23.1), thus proving the theorem.

In the following sections contain a number of examples on finding the
conservation laws by means of the theorems proved above. The majority
of these examples deal with Fuler-Lagrange equations of non-degenerate
functionals. A case of a degenerate functional is considered in § 29.

§ 24 Classical mechanics

24.1 Free motion of a particle

Let us begin with the well-known conservation laws in classical mechanics.
The Lagrangian for a freely moving particle with a mass m has the form

L= %m > (@) (24.1)

Here, time ¢ is the independent variable, and the coordinates ¥ = (z!, 2%, z?)
of the particle are the dependent variables. The differentiation with respect
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to t is denoted by the dot, so that we can write v¥ = ¥, where the vector
¥ = (&', 22, 23) is the velocity of the particle. The Euler-Lagrange equations
(21.2) in the given case are the second-order equations

mi* =0 (k=1,2,3), (24.2)

and hence the functional (21.1) with the Lagrangian (24.1) is non-degenerate.
Writing the generators (21.4) in the form

0 0
X = f& + Uk@ (24.3)

and substituting in (21.9), we obtain the following expression for computing
conserved quantities:

A=m) i*n* - 1§x'k). (24.4)

Let us consider the group Gz composed by the translations of the coor-
dinates 2% (k = 1,2,3) and of the time ¢, as well as by the rotations of the
position vector ¥ = (x!, 22, 23) of the particle. The group G is obviously
admitted by Eqgs. (24.2). The generators of the group G are

0 0
Xk_@ (k_1a273)7 X4_a7
; ; (24.5)
Xy=a'— —a"—= s k1 =1,2,3).
kl T Oxk Z ol (k < lv kal ’ 73)

24.2 Computation of conserved quantities

Let us write out the conserved quantities (24.4) for the operators (24.5).
(a) Translations of space coordinates

The translation along the x! axis is generated by the operator X;. Sub-
stituting its coordinates

in (24.4) we obtain the conserved quantity

A =mol.
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Taking the translations along all axes of coordinates we obtain the vector
of the momentum
p=mv (24.6)

as a conserved quantity.
Thus, the invariance with respect to translations of coordinates yields
the conservation of the momentum.

(b) Time translation

The time translation has the generator X, with
521: 77k:07 (k:17273)

Accordingly, the formula (24.4) yields the following conserved quantity:

E=-m)» (), (24.7)

3
k=1

N | —

which is the energy of the particle. Here the quantity £ = —A is taken
instead of A. Thus, the invariance with respect to the time translation is
connected with the conservation of the energy.

(c) Rotations

First, let us consider the one-parameter group of rotations round the z3
axis. The generator of this subgroup is

X12:$2i_ 1 0

ozt~ " 922
The substitution in (24.4) yields the conserved quantity
My = 22p' — 2'p?.

Considering the rotations round the remaining axes one can see that the
group of rotations with the generators Xy, (k < 1) leads to the conservation
of the angular momentum

—

M=pxz, (24.8)

where p’ x T is the vector product of the vectors p and 7.
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§ 25 Relativistic mechanics

25.1 Lagrangian of a particle in a curved space-time

It is accepted in theoretical physics that a free particle in a curved space-
time, i.e. in a Riemannian space V} of normal hyperbolic type moves along
geodesic curves. If the basic metric form of a space Vj has the form

ds® = g;j(z)dz'dx?, (25.1)

and the particle under consideration has the mass m, then a free motion of
the particle in the space Vj corresponds to the Lagrangian

L =—mecy/gi(x)iidd, (25.2)

where ¢ is a constant equal to the light velocity in vacuum and the dot in
#* indicates the differentiation with respect to the parameter o of a curve

=2'0) (i=1,...,4)

in the space V4. According to Section 5.1, the Euler-Lagrange equations
(21.2) with the Lagrangian (25.2) are the equations of geodesic lines in V.
The parameter o taken along the trajectory of the particle is the in-
dependent variable in the given case (so that n = 1), and the coordinates
2'(i = 1,...,4) of the particle are the dependent variables. Like in the
previous section we are dealing with a non-degenerate functional here.
Since in the considered case the functional [[u] is equal to the integral
of the element of the length of the arc ds in the space Vj, one should take
a group of motions in the space Vj (see 8.1) as a group G, with respect to
which the functional is invariant. Therefore, the operators (21.4) are
X = f(2) 2 25.3
= () (25.3)
where the functions n'(z) (i = 1,...,4) satisfy the Killing equations (8.3).
In this case, the formula (21.9) for determining the conserved quantities
can be also simplified. One has

oL mc

e 1L
N

Parametrizing the curves in the space V4 by means of the arc length s one

has gyi*i! = 1 according to the Eq. (25.1). Then Eq. (21.9) is written:

(i=1,...,4).

A = —meg;i'ny . (25.4)
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25.2 Motion of a particle in the Minkowski space-time

Now let us turn to conservation laws of relativistic mechanics. The Minkowski
space-time is the space V; with the metric form

ds* = dt* — da® — dy* — d2°. (25.5)
I will use the following notation of variables:
2 3

$1:$, Tt =y, 0 =2, ot =t.

In what follows, we will use a connection the components

- dat
it = i =1,...,4
T s (i=1....4)
of the four-velocity with the components
dz*
H=— =1,2,3
U dt (ILL ? ) )

of the physical velocity ¢. In order to obtain this connection, let us write
the interval ds determined by Eq. (25.5) in the form

ds = c\/1 — [3dt,

where the notation ,

1 2
p= 2 Z(U“)
pn=1
is introduced. Substituting the expression of the interval ds into the defini-
tion of the four-velocity @ one obtains the desired connection:
vk 1

it = =1,2,3), i'= ——- 25.6
T (w ) T (25.6)
The group of motions in the space V; with the metric form (25.5) is the

10-parameter Lorentz group having the following basis of generators:

0
X’i - = == 17 .. ,4 y
5 )
0 )
"
Xw==2 D oy (u<v), (25.7)
0 1 0
I —
Xu=x Dk + g$“@ (u,v=1,2,3).
Note that here and in what follows the Roman letters ¢, j, k, ... run over

the values 1, 2, 3, 4, whereas the Greek letters p, v, ... run over the values
from 1, 2, 3, unless it is otherwise stated.
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25.3 Computation of relativistic conserved quantities

Let us compute the conserved quantities (25.4) corresponding to the oper-
ators (25.7).

(a) Translations of space coordinates

The generators X, of the translations of the spacial coordinates have the
coordinates 7, = ¢7. Accordingly, the formulae (25.4) provide the following
conserved quantities:

o . muot
A, = —mcega'dl, = —meg;, @' = meit = =
Thus, we have obtained the conservation of relativistic momentum
muv
— . 25.8
o= 71— (25.8)

(b) Time translation

The generator X, of the time translations has the coordinates 7’/ = 5;{,
and (25.4) yields the conserved quantity

A = —mcgyd's) = —mctit = — e .
1-p
We have obtained the conservation of relativistic energy
2
mc
E = . 25.9
— (25,9

(c) Rotations

The generator Xi5 of the rotations around the z-axis in the space of
variables x, ¥, z has the coordinates

n'=a? =z, P =n'=0.

The substitution in (25.4) yields the conserved quantity
Ajg = —me(—ita? + i%2') = pla? — plat

Calculating the conserved quantities (25.4) for all rotations, one obtains
the conservation of the relativistic angular momentum
ﬁ

M,=p, X T, (25.10)

which has the same form as in classical mechanics. Here again

7= (2 2%, 2°).



120 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

(d) Lorentz transformations

If we substitute the coordinates of the operator X4 in (25.4), we obtain
the conserved quantity
m

A= —me(—i's* + it2') = - (v't —2t).

®

It is manifest that using all generators X4 of the Lorentz transformations
we arrive at following conserved vector:

Q.= 1m_ (& — ). (25.11)

ey

Noting that &,, and hence the expression

&, m

2 1-3
is a constant of motion (i.e. a conserved quantity), we can take the vector

Go =T — Ut
as the conserved quantity instead of the vector (25.11).

If there are several particles that do not interact, the corresponding con-
servation law is known as the center-of-mass theorem. Thus, the invariance
with respect to the Lorentz transformations leads to the center-of-mass
theorem. As one can see from the expression for the conserved vector ¢,
in the case of one particle the center-of-mass theorem is equivalent to the
statement on uniformity of the particle motion.

§ 26 Particle in space of constant curvature

26.1 Symmetries

Let us find conservation laws for a free motion of a particle in a space with
a constant curvature K =const. Spaces V,, of constant curvature (and only
such spaces) have group of isometric motions G, of a maximum order [29]

1
— - 1).
r 2n(n~|— )

Therefore, like in relativistic mechanics, there exist 10 independent conser-
vation laws for a free motion of a particle in the space V; with a constant
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curvature K. If K = 0, the conservation laws will obviously coincide with
conservation laws of relativistic mechanics.

Let us write the metric of a space V, of constant curvature of normal
hyperbolic type in Riemann’s form

1
ds® = E(cgdt2 —da® — dy? — dz?), (26.1)
where
K , 2 _ 2,2 .2 2 2
<I>:1+Z7", r=ctT—a" -y — 2"
Denoting ! =z, 22 =y, 23> =2, 2* =t and @' = %7 we get from (26.1):

ds — ém — Bdt,

where ,
o _ 1 2
P="3=3 > @),
p=1
and ¥ is the physical velocity with the components
dxt
b= — =1,2,3).
= (e )

The components @ of the four-velocity 4¢ and the components v* of the
three-dimensional physical velocity are connected by the relations
) )
= " (u=1,2,3), at= ——- 26.2
T (w ) T (26.2)
It is known [82] that the following 10 operators generate the group of
isometric motions in the space V; with the metric form (26.1):

K ) ) 0
_ JT) . ui
Xu—<—2xx+(fl> 2)5)8:62.,

K 1 K
oo v (26.3)
X = x”i —at (u<v)
W Ozr oz K ’
0 1,0
Xu4_x4—+_ H— (May_lazvg)a

where p? = 2% + % + 2%

The operators X; (i = 1,...,4) from (26.3) differ from the generators of
translations given in § 25. Nevertheless, the conserved quantities resulting
due to the generators X; will be termed the momentum and energy.
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26.2 Conserved quantities

Let us compute the conserved quantities (25.4) corresponding to the oper-
ators (26.3).

(a) Momentum

The conservation of momentum corresponds to the operators X, with
the coordinates
K 4

K
UZ:((I)—Q)(VW-FE%“%V, nﬁz Ex“x )

Using the relations (26.2), one obtains the following conserved quantities
by the formula (25.4):

3
m
A: v, v 2 4
S VAR ZVIUW C”u)

m K [<
= m ((I) — 2)?]# + ? (Z z’v” — C%ﬁ) .T'u]

v=1

2 K
(12 e Bz — p
(1 @)p0+2(13 (@ - po — Ept)

where p, and &, are the relativistic momentum and energy defined by the
equations (25.8) and (25.9), respectively, Z-p, is the scalar product of three-
dimensional vectors ¥ = (z!, 22, 23) and p, = (pl, p?,p?) :

3
— - VR
X Po = E TP,
v=1

Thus, the momentum of a free particle in the space V; with the constant
curvature K has the form

2 K
I — [(——1)17——(5-17—31&)% (26.4)

or 2 K
_;K = <6 - 1) ﬁo - _(‘f'ﬁo - got)f'

If the curvature K = 0, Eq. (26.4) provides the previous relativistic mo-
mentum p,.
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(b) Energy

The conservation of energy corresponds to the operator X, with the
coordinates

K 1 K

The conserved quantity (25.4) in this case has the form

3
A= (Z B — xn)
pn=1

B m K ” o K ,
T oV 7 [5 —( +Eﬂ)]

B m 1 K _ o

Multiplying A by —c?, one obtains the following formula determining the
energy of the free movement of a particle with the mass m in the space Vj
of with the constant curvature K :

2

Vi—p

&F:P+5&«f—mﬂ (26.5)

29

or

K_ . .
Ex = [1—1-@1:'@—%)] Eo.

(¢) Angular momentum

The conserved quantity (25.4) for the rotation generator Xis has the

form
m 1

A=——(vl2? — 0%t = = (pla? — pPat).
Using the other rotation generators X,, we see that the invariance with
respect to the rotations leads to conservation of the angular momentum

defined by
- 1.
MK = 6M07
where the vector M, is given by (25.10). Using Eqs. (26.4) and the equation

T x ¥ =0, we can also rewrite

My = (& X Pr). (26.6)
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(d) Motion of the center of mass

It was mentioned in the previous section that the Lorentz transforma-
tions with the generators X4 lead to the relativistic center-of-mass theorem.
Let us compute the similar conservation laws in the space V, of constant
curvature. The operator X4 has the coordinates

Q.. (26.7)

§ 27 Nonlinear wave equation

27.1 Symmetries, Lagrangian and general form of
conserved quantities

Let us apply Noether’s theorem to the nonlinear wave equation
uy — Au+ Mu® =0, X\ = const., (27.1)

where
AU = Uy + Uyy + Uy

In this case the number n of independent variables equals 4, and the number
m of dependent variables equals 1.

If A\ =0, one has the usual linear wave equation. Sometimes, when it is
convenient, the space variables are denoted by x*(u = 1,2, 3) and time ¢ by
z* as we did before. The three-dimensional vector with the components z#
is denoted by .

Eq. (27.1) can be represented as the Euler-Lagrange equation (21.2) for

the functional (21.1) with the Lagrangian

A
L=|Vul* —ul + §u4, (27.2)

where Vu is the gradient of the function w :

Vu = (ug, ty, u,).
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According to Section 13.6, Eq. (27.1) with an arbitrary constant X is
invariant with respect to the 15-parameter group of conformal transforma-
tions in the flat space Vj of normal hyperbolic type (Minkowski space-time).
The generators (12.11) of this group are written

o N
Xz_% (1—17,4), Z—xaxl—u—au,
0 0
e v M
Xp=cz oo~ % B (n<v),
0 0
_ 4 _
Xﬂ4 =X —aﬁl}'“ —+ xuaIA (,u = 17 273)7 (273)

Y, = 22tz — (p* — t2)5“i]i - 2x“u2 (n,v =1,2,3),

ozt ou
0 0 0

_ 9.4 u 2, 42 9.4
Yy 2x$8x“+(p +t)8:r4 2$uau,

where p? = 2% + % + 2%
The vectors (21.9) satisfying the conservation equation (21.12) are four-
dimensional and have the coordinates

Al = 2<77 - uzgl)uu + gﬂﬁ (ﬂ = 17 27 3)7

| (27.4)
At = =2(n — w;uy + E1L.

27.2 Computation of several conserved vectors

One can readily evaluate the vectors (27.4) for all generators (27.3) of a
conformal group. I will illustrate the computation only for the operators

Xy, X, 2, Yai
Writing the operator X, in the form of (21.4) one obtains
=0 (p=1,23), =1 n=0.
Therefore, introducing the three-dimensional vector A = (A!, A2, A3), we
obtain from Eqgs. (27.4):
A= —2u,Vu, A'=|Vu]®+u}+ %u‘*.

Let us verify that the four-vector A = (/T, A%) with the above components
satisfies the conservation equation (21.12). We have:
0A*

D;(AY) = divA + —— -
(A = divA + =
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Using the usual notation a - b for the scalar product of three-dimensional
vectors and invoking that

divA=V-A, V- -V=A,
we obtain for our vector:

divA = —2u Au — 2Vu - Vuy,

0A4
e 2V - Vuy + 2upyy + 2 uduy.
Therefore, A
Di(Az)|(27_1) = 2ut(utt — AU, ‘I— >\U3)|(27.1) = 0,
i.e., the conservation equation (21.12) is satisfied.
According to Section 20.1, Eq. (20.4), the quantity
A
B = / <|Vu|2 +uf+5 u4>da:dydz (27.5)

R3

does not depend on time ¢ for solutions of Eq. (27.1) provided that these
solutions decrease rapidly enough at infinity.
For the operators X4, Z and Y} I will present only the quantities (20.4)
independent of time.
These quantities provided by the operators X ,4(x = 1,2, 3) compose the
vector \
E = /[:E(|Vu|2 +u? + §u4) + 2tu, Vuldzdydz. (27.6)
R3
Substituting the coefficients of the operator Z in the formula for A*
given in (27.4) and using the equation 7 - Vu = pu,, we obtain:

: A
At = 2(u + 2'uy)uy + t(|Vul|? — u? + §u4)

A
= 2uy(u+ & - Vu) + t(|Vul|® + u + §u4)

A
= 2u;(pu), + t(|Vul* + u} + 5144).

The corresponding quantity (20.4), using F; defined by (27.5), is written

Ey, =tE; 42 /(pu)putda:dydz. (27.7)

R3
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Similar calculations for the operator Y, yield:

At = 2u,[2t(pu), + (07 + t*)u]+
H? PVl — 4+ Sut) - 22 =

A
dtuy(pu)y + (p° + ) (|Vul* + uf + Su') — 2u®

Using the expressions (27.5) and (27.7), one can write the corresponding
invariant (20.4) in the form

A
B3 =t(2E, —tE)) + / [P (IVul]* + uf + 5u‘*) — 2u®|dxdydz.  (27.8)

R3
§ 28 Transonic gas flow

28.1 Symmetries

The following equation derived in [98] is widely used in investigating the
non-steady-state potential gas flow with transonic velocities:

—PrPrx — 2S0act + Pyy = 0. (281)
The group admitted by Eq. (28.1) is infinite and has the generators [101]

Xy =305 + (PO + F O 5.+ 27 (W
+ [P0+ 28" O + 31000 - 6] 5
X, =g Oy + o0 + 200y + 50" OF) 5
X, = h(t)a% + [20' (t)z + 21" (t)y?] % , (28.2)
X, = oltyy.
X, =105,

o 0 )
Xo =2l 4yl 9,0
0= e s, T ¥,
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Here f(t),9(t),h(t),o(t), 7(t) are arbitrary functions, and f’(t), f”(t), etc.
are the first, second, etc. derivatives.

28.2 Conserved vectors

Using the results of § 21, one can verify that all operators (28.2), except
X, lead to conservation laws. Application of Egs. (21.9) and (21.15) to
the operators Xy, X,, Xp,, X, X; provides the following vectors C'= A — B
(see Remark 1.6) satisfying the conservation equation

The components of the vectors C' along the ¢, x and y axes are denoted by
C',C?% and C3, respectively.

(C! = —3fO3 + (f'e+ f"y°) 0% + 20 + 2f ypay
+(f,(,0 o f”I2 _ 2f///xy2 _ %f(4)y4)90:c + Q(fHI + f”’y2)<p,
C? = S(Fle+ fy2)e8 4 (Fo + 3f e+ 2f ypy — 2

=2f"xy? — 1 fDy) (o + 502) + 3(fz + fyP) el
=370 + ("2 + 2f Day? + 3Oy,
C? = —flyel — 5yl — (f'e + f'y°)pupy — 21 ypupr
=3foyer + (f'2? + 2"y + 1 fDyt — flo)e,
\ —A(f"zy + 5 Yy e.

(C' = gyp2 —2(9"2y + 59"V pe + 9020y + 29"y,

C* = —(g"xy + 39"V )3 + 39'y95 + 39950y + 59V,
Cy +goiey — 2(9"zy + 59"Y% ) + 2(g" Yy + 5997 ),
% = — 5995 — 9 Yy — 91 0x — 395
L +2(g//$y _"_ %g///y?))gpy _ 2(9//1. _l_ g/// 2)(p
(C! = hp? —2(Wx + h'y*) o, + 21 ¢,
C? = =2(Wz+W'y*)pr + hed — (W + h'y?) @2
3l +2(R"x + 1"y,
C3 = 200z + W'y?) oy — by — 40" yp.
ct = —0YPa,

Ch

\

Co C? = —oyp, — 30y02 + o'y,
C3 = oYp, — TP
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Cl = —TQa,
C-{C% = —To— 5797 + 7',
C3 = TQy.

The extracted family of vectors C satisfying the conservation equation (28.3)
depends on five arbitrary functions f(t), g(t), h(t), o(t), 7(t). Thus, the
nonlinear equation (28.1) has the remarkable property of possessing an in-
finite set of independent conservation laws.

28.3 Computation of one of the conserved vectors

In this section I provide details of computing for one of the above conserved
vectors, namely C,. Other vectors are calculated likewise.
The Lagrangian for Eq. (28.1) has the form the function

1

2, (28.4)

1
L:—— 3— -
6%% P +2

Substituting in (21.9) the coordinates of the operator X, and the La-
grangian (28.4) we obtain

1
Al = —oyp,, A = —oypr — §0ysoi, A® = ayp,. (28.5)

The first prolongation of the operator X, has the form

= 0 0 0
X, = — —
o J() agp—i_a()ya@t—i_(j( )8803;

Noting that D;(¢") = 0 for the operator X,,, we see that the left-hand side
of Eq. (21.15) equals

0 0
XoL = —0'ype + 00, = - (=0'yp) + a—y(w)-
Hence, Eq. (21.15) is satisfied if we take the vector B with the components
B'=0, B>=-dyp, B’=o0p. (28.6)

The difference of the vectors with the components (28.5) and (28.6) provides
the vector C, from Section 28.2.
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28.4 Three-dimensional case

Proceeding as above, one can obtain an infinite family of conservation laws
for the three-dimensional transonic gas flow described by the equation

—PaPrr = 20zt + Pyy + Pz = 0. (28.7)
The Lagrangian of this equation has the form

1 1

1
L=—=0— 0, + =02 + . 28.8
P T Pia 0y o0l (28.8)

Eq. (28.7) admits an infinite group [86]. Consequently, it has an infinite
number of conservation laws.

I will derive here only the family of conservation laws corresponding to
the operator

0
Xy = w(y,Z)%,

which is admitted by Eq. (28.7) for an arbitrary solution v (y, z) of the
Laplace equation

wyy + wzz = 0.
Acting as in Section 28.3, we obtain the vector C'y, with the components

C' = —p,, C*=—¢ (sot + %wi),

OS = ¢90y - ¢y907 04 = QMOz - ¢z80-

The validity of the conservation equation (21.12) follows from the equation

oC! N 0C? n oc? N ocHt
ot ox oy 0z

§ 29 Dirac equations

29.1 Lagrangian

All examples considered in the previous sections deal with non-degenerate
functionals. We will consider now an example where the corresponding
functional is degenerate. The example is provided by the Dirac equations

,yk@ +miy =0, m = const. (29.1)
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Here the dependent variables are the components ¢* (k = 1,...,4) of the
four-dimensional complex vector . The independent variables are

! =z, x2:y, 2=z at=ict.
The coefficients 4% (k = 1,...,4) are the following complex 4 x 4 matrices:

00 0 — 0 0 0 -1

, oo =i o , o 01 0

T“loi o o) 7" lo 10 0]
1 0 0 0 -1 0 0 O
0 0 — 0 10 0 0

, o 0o o . o1 0 o

TT1i o0 0o ol T Tloo -1 0
0 — 0 0 00 0 -1

Splitting Eqgs. (29.1) into real and imaginary parts, one can deal with
eight real equations instead of four complex differential equations (29.1).
However, it is more convenient to save the complex notation and consider
Eq. (29.1) together with the conjugate equation

o .
a—;i’yk —map =0, (29.2)
where _
¥ =Tt (29.3)

The indices * and T indicate the transition to complex conjugate and trans-
posed values, respectively. It is convenient to assume that 1 is a column
vector and 9T (and consequently v too) is a row vector. Hence, the lower
and upper indices are used accordingly: components of the column vector
and the row vector are written with the upper and lower indices, respec-
tively.

Equations (29.1), (29.2) can be derived as the Euler-Lagrange equations
(21.2) of the functional (21.1) with the Lagrange function

1~/ .0 o ~
L=< LR Sl 29.4
5 {@b (v Bk +m¢) (&B,ﬂ m¢> @/)} (29.4)
The order of derivatives involved in the Dirac equations (29.1), (29.2)
coincides with the order of derivatives contained in the Lagrangian (29.4).
Moreover, it is important that all equations of the system of equations

(29.1), (29.2) are equations of the first order. Therefore, according to Defi-
nition 1.17, we are dealing with the degenerate functional (21.1).
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29.2 Symmetries

Let us discuss the symmetry properties of the Dirac equations. We note
first of all that since these equations linear and homogeneous, they admit
the group G* with the generators

d d
Xo=¢M(x 7)ggx Pl )aw (29.5)
k
and 5 5
X = wa¢k+¢ka_@' (29.6)

The column vector ¢(z) = (p'(x),...,¢*(z)) in the operator (29.5) is any
solution of Egs. (29.1). The row vector ¢(z) is obtained from ¢(z) according
to the formula (29.3) and solves the conjugate equation (29.2). Since Egs.
(29.1) have infinitely many linearly independent solutions, the group G is
infinite. This group, like in the case of linear equations of the second order
(see Section 12.2), is a normal subgroup of the whole group G admitted by
the Dirac equations. In what follows, instead of the group G we consider
its quotient group with respect to the normal subgroup G™.

Below we shall write only transformations of the independent variables
z¥ and functions 1, keeping in mind that the transformed value of the
function 1) is derived from the transformed function ¢ by the formula (29.3):

V=0 (29.7)

Theorem 1.24. Let G be the widest group G admitted by Egs. (29.1),
(29.2) with the mass m = 0. Then its quotient group G/G* with respect
to the normal subgroup G is a 22-parameter group. Namely, G/G™ is
composed by the following seven one-parameter groups of transformations:

P =ge ™, (29.8)

¥ = 1 cosha +v*v*YT sinh a, (29.9)
¥ = ¢ cosha + iv*y*Y7 sinh a, (29.10)
P =y, 5 =yl (29.11)
) =1pe ™, (29.12)

¥ =1pcosa+ 7y YT sina, (29.13)
(29.14)

1 =1cosa+ i’y3’ylzZT sin a,
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and by the 15-parameter group with the generators

0 ~~ 0
X=X+ (S¢)'—= + (¥S)—, 29.15
(S0 5w + P~ (29.15)
where the operator
0
XO:fk(x)@

runs over the set of the generators (9.8) of the group of conformal transfor-
mations in the flat space Vj, and

gLy o
-8 Oxt
k=4

(YEy! — 4!k = 36%), S =15 Ty (29.16)

If the mass m # 0, then the admitted group G/G™ is composed by
the transformations (29.8)-(29.10) and by the 10-parameter group with the
generators (29.15), where X° runs the set of the generators of the group of
isometric motions in the flat space Vj.

Proof. All statements of the theorem were obtained in [55] by solving the
determining equations (Section 4.2) for the Dirac equations (29.1), (29.2).

Remark 1.9. The conformal invariance of Egs. (29.1) with m = 0, i.e.
the invariance under the 15-parameter group with the generators (29.15)
was established by Dirac [26]. Later Pauli [115] discovered, by consider-
ing the case m = 0, that the Dirac equations (29.1), considered together
with the conjugate equations (29.2) admit, along with the conformal group,
three more symmetries, namely the transformations (29.12)-(29.14). The
transformations (29.12)-(29.14) together with the transformations (29.11)
are often called the 4-parameter Pauli group.

29.3 Invariance of extremal values of the functional

Straightforward verification shows that the extremal values of the functional
(21.1) with the Lagrange function (29.4) are invariant with respect to the
whole group G admitted by Eqs. (29.1), (29.2). I will illustrate this property
by the one-parameter group of transformations (29.12).

Substituting the expressions of the matrices v* given in Section 29.1 in
the definition of the matrix 7° (formula (29.11)), one obtains

V=1,
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where [ is the unit matrix. Therefore,

2 2 4
—ays o5 Y 5 5 _ . o >
3 5
_<a+%+%+...>y5:]cosha—75sinha.

Substituting the resulting expression for e~ in (29.12) and using the for-
mula (29.7) we obtain the one-parameter group of transformations

1 =1 cosha — ¥ sinh a,

1; = @Zcosha — @75 sinh a
with the real valued parameter a. Since these transformations do not change
the variables z*, we have to find the transformation of the Lagrangian (29.4)

only. Substituting the transformed functions ¥ and QZ in (29.4), we find the
transformed value of the Lagrangian:

o
5.k OV
i oxk

It is manifest that if ¢ is an arbitrary function, then

90y

L = (cosh® a + sinh® @) £ + cosh asinh a (J'y prl
x

+ 75w>.

L#L,

and hence the functional (21.1) is not invariant with respect to the trans-
formations (29.12).

However, if ¢ is the solution of the Dirac equations (29.1) (and conse-
quently @Z solves Eqs. (29.2)) with m = 0, then

ka_¢ — 0_1; k—
oxk  Oxk ’
and therefore B
L=L=0.

It means that the extremal values of the functional are invariant with respect
to the considered group.

Thus, according to Theorem 1.22, the group G admitted by the Dirac
equations leads to the conservation laws (21.12). It is clear from the trans-
formation of the Lagrangian under the transformation (29.12), that the
Noether theorem (see Section 21.3) is not applicable to the whole symme-
try group G. Specifically, it is not applicable to the subgroup G* C G and
to the Pauli transformations (29.12)-(29.14).
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29.4 Conserved vectors

Let us obtain the vectors (21.9) satisfying the conservation equation (21.12).
I will consider the case m = 0 and then indicate which conservation laws
hold when m # 0.

The vectors (21.9) provided by the dilation generator (29.6) and by the
Pauli transformations (29.12)-(29.14) are equal to zero, in accordance with
Remark 1.7 from § 22.

The operator (29.5) furnishes the conserved vector with the components

AL = dyfola) = Glapy ey (k=1.....4).

Taking all possible solutions ¢(x) of the Dirac equations (29.1), one obtains
an infinite set of conservation laws.

Let m = 0. Then, substituting in (21.9) the operators (29.15), where
XY successively equals to the translation generators X, rotation generators

X, dilation generator Z and the operators Y; from (9.8), we obtain the
twelve conserved vectors with the following components A* (k =1,...,4) :
0 0
Ak = 2[ Uk m’“— + ot (99 181/; ¢ o)), (20.17)
17~ , . .
Af = |05+ At y] + oAk - xJAf, (7<), (2918
AP = gt AF, (29.19)
Bf =227 A% + |x]*Af, (29.20)

where j,1 = 1,...,4. In addition, using the one-parameter groups (29.8)-
(29.11), we obtain the following four conserved vectors:

CY = —igy™, (29.21)
1 ~ X T
C5 = ST =y Y), (29.22)
i~ ~
C5 = S (WY " + vy ), (29.23)
_ ioiakAB
= iy Y. (29.24)
If m # 0, we obtain the conserved vectors with the components
Afw A?v A;Cla C{cv Céj, C§7 (2925)

where the vectors (29.17) are replaced by

a ~ 0y ~



136 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

Open problem: Physical significance of new
conservation laws

The above conservation laws, except those that correspond to the vectors
A, Cy, Cs, are well known in physics and have a definite physical meaning
(see, e.g. [19]). Conservation laws with the vectors A’fp, Ck and C¥ have not
received the corresponding physical interpretation yet.

Problem 1.5. Find a physical meaning of the conservation laws corre-
sponding to the conserved vectors A, Cs, Cs from Section 29.4.

Institute of Hydrodynamics November 1972
Siberian Branch, USSR Acad. Sci.

Translated by E.D. Avdonina
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Abstarct

The paper develops the theory of approximate group analysis of differen-
tial equations that enables one to construct symmetries that are stable with
respect to small perturbations. Approximate symmetries of nonlinear wave
equations are calculated as well as those of a wide variety of evolutionary
equations, including, e.g. the Korteweg-de Vries and Burgers-Korteweg-de
Vries equations.

Introduction

Methods of classical group analysis allow to single out symmetries with
remarkable properties (see e.g. [97], [114], [61]) among all equations of
mathematical physics. Unfortunately, any small perturbation of an equa-
tion breaks the admissible group and reduces the applied value of these
"refined” equations and group theoretical methods in general. Therefore,
development of methods of group analysis stable with respect to small pertur-
bations of differential equations has become vital. The present work develops
such method based on notions of an approximate transformation group and
approximate symmetries.

137
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Let us introduce the following notation: z = z!,..., 2" is the indepen-

dent variable, € is a small parameter. All functions are considered to be
analytic with respect to the set of their arguments. Together with the no-

N
tation fk% for expressions of the form ];1 Sk%, the vector notation & %
is also used. In what follows 6,(z, ) indicates the infinitesimal function of
the order eP™!, p >0, i.e.

QP(Z7 8) = 0(€p)7

and this equality (in case if functions are analytic in the vicinity ¢ = 0) is
equivalent to satisfaction of any of the following conditions:

0
lim 7},(,2, e) =0;
e—0 cp
there exists a constant C' > 0 such that
10,(2, ) < CleP*; (0.1)

there exists a function ¢(z, ) analytic in the vicinity of € = 0 such that
0,(2,€) = [P (2, €). (0.2)

In what follows, the approximate equality f =~ ¢ indicates that the equality
f(z,e) = g(z,¢) + o(eP) with a fixed value p > 0 holds.

The following notation is used in section § 6: ¢, x are independent vari-
ables, u is the differential variable with successive derivatives (with respect

) _ _ _ 9 o . g
to m) up, Uy, ..., 0 Uarr = D(Ua), Uo = u, D = 5=+ > Ua 15, A is the
a>0

space of differential functions, i.e. of analytic functions of an arbitrary finite
number of variables

0 0 0
tuxauuulw"; ft:a_{7 f:b:a_ia fa: auf7 f*:ZfaDa'

a>0

§ 1 The approximate Cauchy problem

The following interpretation of the theorem on continuous dependence of
solution of the Cauchy problem on parameters is used below.

Theorem 2.1. Let the functions f(z,¢), g(z,¢), analytic in the neighbor-
hood of the point (z,, ), satisfy the condition

g(z,e) = f(z,e) + o(eP), (1.1)
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and let z = x(t,¢) and Z = Z(t, €) be solutions of the problems

dz
% = f(Z,S), th:0 - O‘(E)
and 55
z - -
a:g(zvg)a z‘t:0:ﬁ<€>7

respectively. Here o(0) = 5(0) = 2,, 8(¢) = a(e) + o(eP). Then,
Z(t,e) = z(t,e) + o(€P). (1.2)

Proof. Let us introduce the function u(t,e) = z(t,e) —2(t, ). It satisfies
the conditions

u(0,¢) = o(e), (1.3)
du
dt
Using (1.1) written in the form of inequality (0.1)

<|f(z6) =gz o) < |f(z.8) —g(z,8)[ +19(z,6) —g(Z,6)[.  (14)

]g(z, 5) - f(275)| < CEerla C = const,
and the Lipschiz condition |g(z,e) — g(Z,¢)| < K|z — Z|, K =const. from
(1.4), one obtains
d
‘d—?‘ < Klu| + CePtt. (1.5)

For every fixed € there exists such t., that the function u(t, €) has a constant
sign on the interval form 0 to ¢.. One has

d
—ul < Klu| + Cer*?

on this interval from (1.5). Dividing the latter inequality by |u| + $eP*!
and integrating from 0 to ¢ when |t| < |t.|, one obtains

C
lu(t,e)| < E(emf — 1)eP™ + u(0,e)e" e,

whence, with regard to (1.3), one obtains the condition (1.2). The theorem
is proved.
Let us consider the approximate Cauchy problem

dz

o ~ f(z,¢), (1.6)
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z|i=0 = a(e), (1.7)

determined as follows. The approximate differential equation (1.6) is inter-
preted as a family of differential equations

%:9@,5) with  g(z,¢) ~ f(z,2). (1.8)

The approximate initial condition (1.7) is interpreted likewise:
2|0 = B(e) with [(e) = a(e). (1.9)

The approximate equality in (1.8), (1.9) has the same accuracy p as in (1.6),
(1.9). According to the theorem 2.1, solutions of all problems of the form
(1.8), (1.9) coincide with the accuracy to o(e?). Therefore, solutions of any
problem (1.8), (1.9), considered with the accuracy up to o(eP) are called
solutions of the approximate Cauchy problem (1.6), (1.7). The uniqueness
of this solution (with the mentioned accuracy) follows from Theorem 2.1.

8§ 2 One-parameter approximate groups

Given (local) transformations

Z/ = g(’z? 87 a)?

generating a one-parameter group with respect to a, so that
g(z,6,0) =z, g(g9(z,¢,a),e,b) = g(z,¢,a + b), (2.1)
and depending on the small parameter . Let f ~ g, i.e.
f(z,e,a) = g(z,e,a) + o(eP). (2.2)
Together with the points 2/, the “close” points Z, determined by the formula
z = f(z,¢e,a), (2.3)

are introduced. Substituting (2.2) into (2.1), one can easily demonstrate
that the formula (2.3) sets the approximate group in the sense of the fol-
lowing definition.

Definition 2.1. Transformations (2.3), or

Z ~ f(z,20), (2.4)
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generate an approximate one-parameter group with respect to the parame-
ter a if
f(z,e,0) = z, (2.5)

f(f(z,e,a),e,b) = f(z,e,a+b), (2.6)
and satisfaction of the condition f(z,¢,a) ~ z for any z entails a = 0.
The basic statements about infinitesimal description of local Lie groups

hold when one starts to consider approximate groups changing the exact
equalities to approximate ones.

Theorem 2.2. (The approzimate Lie theorem.) Let us assume that trans-
formations (2.4) generate an approximate group with a tangent vector field

8f(z7 67 a)
N —— : 2.7
tlone) » L2 2.1)
Then, the function f(z,¢,a) satisfies the equation
WELD o e(f(z12.a).0) (2.9
Conversely, solution (2.4) of the approximate Cauchy problem
d /
d_z ~ (7 a), (2.9)
2| =z (2.10)
a=0

for any (smooth) function £(z, €) determines the approximate one-parameter
group with the group parameter a.

Remark 2.1. We will refer to equation (2.9) as the approximate Lie equa-
tion.

Proof. Let us assume that the function f(z,¢,a) sets the approximate
transformation group (2.4). Upon extraction of the dominant terms with
respect to b, the correlation (2.6) takes the form

of(f(z,e,a),e,b)
db b=0

0f(z,¢,a)
da

f(f(z,e,a),e,0) + b+ o(b) =

f(z,e,a) + ~b+o(b).



142 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

Whence, the approximate equation (2.8) is obtained by means of transform-
ing the left-hand side by (2.5) and (2.7), dividing by b and limit transition
b— 0.

On the contrary, let the function (2.4) be the solution of the approximate
problem (2.9), (2.10). In order to prove that f(z,e,a) sets the approximate
group, it is sufficient to verify that the approximate equality (2.6) holds:

f(f(z,e,a),e,b) = f(z,e,a+b).

Let us designate the left-hand and the right-hand sides of (2.6), considered
(with fixed z,a) as functions of (b, ¢), by x(b, ) and y(b, ), respectively. By
virtue of (2.9) they satisfy one and the same approximate Cauchy problem

ox
%zg(l’7€)a x|b:0%g(z,5,a),

0
a—z ~E(Y,€), Ylmo = g(z,¢,a).

Therefore, according to Theorem 2.2, the approximate equality x(b,e,) ~
y(b,e), i.e. the group property (2.6), holds.

§ 3 The algorithm for constructing an ap-
proximate group

The construction of an approximate group by means of a given infinitesimal
operator is carried out on the basis of the approximate Lie theorem. In
order to illustrate how to solve the approximate Lie equation (2.9), let us
consider the case p = 0 first.

We seek the approximate transformation group

2= fo(z,a) +efi(z,a), (3.1)

determined by the infinitesimal operator

0
X = (6(2) + ca(2)) 5 (32)
z
Upon extracting the dominant terms with respect to ¢, the corresponding
approximate Lie equation

d(fo + 5f1)

7a %go(f0+€f1)+5§1(fo+5f1)
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can be rewritten in the form of the system

dfo -~ dfl ~ !
AN A AT ST

where &/ () = H 0%, | is the derivative of £,. The initial condition 2’|,—0 ~ z

N
yields

fo‘azozzﬂ fl}a:()z()

Thus, according to the definition of solution of the approximate Cauchy
problem (see § 1), in order to construct the approximate (with the accu-
racy up to o(g)) group (3.1) by the given infinitesimal operator (3.2), it is
sufficient to solve the following (exact) Cauchy problem:

af, i
Vo). Doganrat).
fola=o =2, fila=0 = 0. (3.3)

Example 2.1. Let N =1, X = (1 + 5m)%. The corresponding Cauchy
problem (3.3)
df, . dh

=1 — — Jo
da " da /

fO’a:0:x7 f1|a:0:0

is readily solved and provides f, = x + a, f| = za + % Hence, the approxi-
mate group is determined by the formula

2

) a
x %93+a+(33a—|—5)5.

This formula is obviously the dominant term of the Taylor expansion of the
exact group

as _ 1
o = re® + = =
£
a a? a,
(x+a)+a(x+§)€+5(x+§)s +...,

with respect to €. The latter group is generated by the operator under
consideration

X:<1—|—8$)%-

Example 2.2. Let us construct the approximate transformation group

x/ = fol(x7y?a’) +€f11(x7y7 a)? y/ = f(?(x?y? a‘) +€f12(x7y7a/)



144 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

on the plane (x,y) determined by the operator

X=(1 —he:ch)2 —|—€:Ey£-

ox oy
Upon solving the problem (3.3)
df, df; df; e A g
o — 1 o — I - =
da " da 0 da (fo)" da Jolo:

folna:O =, f(?”a:() =Y, f11||a:0 = Oa f12||a:0 = 07

one obtains

a’ ya?
x'%a:+a+(:c2a+:ca2+§)e, y’%y—ir(:cya—l—?)a.

Transformations of the corresponding exact group in the given case have
the form

, dx cos da + sinda , Yy

v d(cosda — dzsinda)’ v =

§ = /¢

cosda — dxsinda’

In order to construct the approximate group (with the accuracy up to
o(e?)) with the arbitrary p we will need the formula for the dominant (with
respect to €) part of the function of the form F(y, + ey1 + ... + €Py,).
According to the Taylor formula, one has

p
1
F(yotey+. . +ely,) = F(yo)—i-z ﬁF(‘S) (Yo) (€Y1t . . €Py,) H0(eP), (3.4)
l6]=1

where
oo
(Dz1)0r .. (92N)on

FO = (ey1 4 ... +ePy,)’ =

N
H(ey]f o EePyl) (3.5)
k=1

Here 6 = (01, ...,dy) is the multiindex, |0| = d; + ...+ dn, 0! = 01! ... 0N,
indices 01, ..., 0y run the values from 0 to p. Let us extract terms up to the
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order P from the latter expression:

N N 4
[ICewi ... +eryp)™ = Do yh eyl et |
k=1 k=1 \i1,emnis, =1
N p N P
v k k — Vg, k ~
II{ > = > whw | =11 v~
k=1 VE=0f i1+...+i5k =vg k=1 v=0k
p . p .
e’ < Z y(llﬂ) e 'yZXN)> = Z &’ Z Yw)- (3'6)
j=ld| Vit VN =] j=lo|  lvl=j

Here, the following notation is used:

k — k k 1 N
YY) = Z Yiy - Yis, s Yw) = Ywr) -+ - Ywn)» (3.7)

i1+...+i5k =V

where the indices i1, . . ., i5, run the values 1,...,p, and v = v(d) = (v1,...,Vn)
is the multiindex associated with the multiindex d so that if the index
01 in 0 is equal to zero, then the corresponding index v; is absent in v,
while every remaining index v, takes the values from ¢ to p; e.g. for
6 = (0,02,65,0,...,0) with 5,05 # 0 one has v = (v»,13), so that y,) =

2 3
Y)Y (ws)-
Substituting (3.6) into (3.4) and changing the order of summation with

respect to 0 and j, one obtains the following formula for the principal part:

F(yoteyi+. . .+e,) = F(y,) +Z e’ Z (W) Y vy +ol(e?), (3.8)

J1|5\1' lv|=J

where the notation (3.5), (3.7) is used. For instance,

N
OF (y,
F(Yo + eyr + €%y + €y3) = yo+sz ak Yy 2(2 aik)y’z“r
k

k=1 I=1 k=1 k=1 1=1
N N N
1 0> F(yo) m
(e +ivh) 3D Z oy | +o(e?).
k=1 =1 m=

We will also need generalization of the formula (3.8) for the expression

p
S F o+ ey + -+ Pyy).
=0
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Applying formula (3.8) to every function F; and introducing the notation

J

gi = Z 5 6) yo Zy

-
=1 " lv|=3

for the sake of brevity, one obtains

P
Zgiﬂ(%"‘gyl‘i‘---‘i‘gpyp 25 i(Yo) +Z€ il ~

=0

p—1 p—t

Z{:‘F Yo +ZZ€”JTM

=0 j=1

with the accuracy up to o(eP). In order to sort the latter summand with
respect to degrees of € let us make the standard transformations

p—1 p—i p—1 p
i+j _ l _
E g ey = E E € T—ii =

1=0 j=1 1=0 l=i+1

p

-3 P l
l _ l
9 Tl—ii = 9 Til—j-
1=0 =1 Jj=1

=1
As a result one arrives to the following generalization of the formula (3.8):

p

S Fyo e+ ) &
i=0

yo +Z yo +ZZ yo Zyu) (39>

]1|5‘1. lv|=j

with the same notation (3.5), (3.7).
Let us turn back to constructing an approximate group with the accuracy
up to o(e?) with the arbitrary p. The approximate transformation group

2 folz,a) +efi(z,a) + ...+ P fp(z,a) (3.10)

for the infinitesimal operator

X = [6(2) + a(2) + .+ (]
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is determined by the following approximate Lie equation
d L
Egu;+5f1+.“+w¥ﬁ)::E:g%xﬁf+aﬁ—%“.+eﬂﬁ) (3.11)
i=0

Transforming the right-hand side of the equation by the formula (3.9) and
equating coefficients of € with the same powers, one obtains the system of
equations (with notation (3.5),(3.7))

% - So(fo)v (312)
—& fo) +ZZ 5 (fo) D fuyni (3.13)
Jj=1|é|= 1 ' lv|=3

equivalent to the approximate equation (3.11).
Thus, the problem of constructing the approximate group (3.10) is re-
duced to solution of the system (3.12), (3.13) with the initial conditions

fol,oo=2 fi|_,=0, i=1,....p. (3.14)

Let us write out the first several equations of the system (3.12), (3.13)
for the sake of illustration:

dfo

da _€ (fo)

U § 0l gy,

da 2
“ :é% Z:Z;%gzafi i ;a&” it s,
i ; S ; ZZ N R ST
SRS s
PSS L) g 500 g

k=1 I=1 k=1
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Example 2.3. Let us write out the system (3.12), (3.13) for the operator

X = (1+ex? );x—iraxyaa

from Example 2.2. In the given case N = 2, z = (z,v), fr = (f}, f2),
k=0,1,....,p; & = (1,0), & = (2%, 2y), & = 0 for [ > 2. Equations (3.15)

provide : ) )
dfo o dfo —n. %_ 2 % 2
d& _L da _Oa da _(f(}) 9 _f f07
d d
0{2: ffu fQ—ff1+ff1a
dfs dfs

da 2f f2 <f11)2a f f2 +f f2 +f1f1

Equation (3.13) is simplified for ¢ > 3 due to the special form of the vector
¢. Namely, since &, =const., § = 0 for [ > 2, one has only terms with
j =i — 1 in the right-hand side of (3.13), and equation (3.13) is rewritten

in the form
el Z S0 Y S

|6]= 1 lv|=i—1
Further reduction of these equations is connected with the form of the vector
¢;. Since & = 2% & = xy, writing the first component of the considered
equations one uses only § = (1,0) and 6 = (2,0); and writing the second
component one takes § equal to (1,0), (0,1), and (1,1). As a result one
obtains the following recurrent system:

dfz'l 1r1 1 rl

%:zfofifl—i_ Z fil ia
i1+io=1—1

f2

il A R PV LR S SO [ 18

11+i2=1—1

These equations hold for every i > 3.

Example 2.4. Let us calculate the approximate transformation group of
the order £P, dilated by the operator

0
X =(1
(1+ sx)ax
from Example 2.1. The system (3.12), (3.13) in the given case takes the
form g g
ﬁ:l) fl_fz 1, izlw"apa

da
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and with regard to initial conditions (3.14) it provides

rat az+1

i=— "t 1=0,...,p
J i! +(z—|—1)! ! P

The corresponding approximate transformation group is determined by the
formula

P
x'zza,—(x—l— - )e’.

1+ 1

Let us verify conditions of Definition 2.1 of the approximate group for the
latter transformation. Condition (2.5)

x/|a:0 =,

obviously holds. The correlation (2.6), written in the given case as

, .
i (a+b) a+b,
5”22 @)

P b | o a b
2 |t e

il
i=0 j=0 J:

follows from the chain of approximate equalities (with the accuracy up to

o(eP)):

~
~

L T a b
3H] o TSTRES

i=0 §=0

P p—i o o P .
btal big/tt .. pitt
i+7 ? —
£ g
(i!j!$+i!(j+1)! +;(i—|—1)!6

i=0 j=0

p_ P i k—i i k+1—i p i+1
b'a b'a k b i
, A(u(/g—@')!“u(k+1—¢)!)€ +;(¢+1)!€ -

P k i k—i i k+1—i k+1
b'a b'a b
k
2 < [Z (i!(k—i)!x+ @'!(k+1—¢)!) MRCESY]

= L [a+b)f  (atb)Ftt
D¢ [ T k) }
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§ 4 Criterion of approximate invariance

Definition 2.2. The approximate equation
F(z,6) =0 (4.1)

is said to be invariant with respect to the approximate transformation group
2~ f(z,¢e,a) if
F(f(z6,a),6) ~ 0 (4.2)
1

for all z = (21,...,2%), satisfying (4.1).

Theorem 2.3. Let the function F(z,¢) = (F'(z,¢),..., F"(z,¢)), analytic
with respect to the set of variables z, ¢, satisfy the condition

rank F'(z,0)|p(z,0=0 = n, (4.3)

where F'(z,e) = | 8F;£f’5) l,v=1,...,n;i=1,..., N. The invariance of the

approximate equation (4.1)
F(z,e) = o(eP)
with respect to the approximate transformation group (2.4)
27 = f(z,e,a) + o(eP)
with the infinitesimal operator

9
0z’

of

X = fi(z’{;) %
a=0

£ = + o(eP), (4.4)

is provided by the necessary and sufficient condition
XF(z,¢)|a1) = o(eP). (4.5)

Proof. Necessity. Let us assume that the condition (4.2) of invariance
of the approximate equation (4.1)

F(f(z,s,a),g)}(4_1) = o(e?)

is satisfied. Whence, one obtains the equality (4.5) by means of differenti-
ation with respect to a when a = 0.

Sufficiency. Let the equality (4.5) be satisfied for the function F(z,¢),
satisfying the condition (4.3). Let us prove the invariance of the approxi-
mate equation (4.1). With this purpose we introduce new variables

y'l = Fl(z,e),..., y" = F"(z,e), y"™ = H'(z,¢),..., y" = H " ""(2,¢)
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instead of z!,..., 2", choosing such H'(z,¢),..., HY""(z,¢) that the func-
tions F* ..., F" H', ..., HN=" are functionally independent (this is possi-
ble by virtue of the condition (4.3) when ¢ is sufficiently small). The original
approximate equation (4.1), operator (4.4) and the condition (4.5) take the
following form in the new variables

v =0 (y,e), v=1,...,n, (4.6)

. o) L Yy’
X = (.2) e where ' = (o, 2) ) (@7)
7]”(9;,...,HS,y”H,...,yN) =o(eP), v=1,...,n, (4.8)

where 0 = o(e?) (see 0.2)). According to Theorem 2.2, transformations of
variables y are determined by the approximate Cauchy problem

dy,V 1% n n— 124 12
il Wy ™ e), Y a0 = 05(y,€),
dy/k
- ~n .y Yy )y emo =, k=n+1,... N,

where the initial conditions for the first subsystem are written with regard
to (4.1). According to Theorem 2.1, the solution of the problem is unique
(with the accuracy under consideration), and by virtue of (4.8), it has the
form ' = 6),...,07 y"*!, yN. Turning back to the initial variables, one
obtains F¥(z',e) = o(e?),v = 1,...,n, i.e., the approximate equation (4.2).
The theorem is proved.

Example 2.5. Let N = 2,z = (x,y),p = 1. Consider the approximate
transformation group (see Example 2.2 of § 3)
/ 2 @ / ya?
¥=z+a+ (z°a+zxa —l-g)s, y:y—i—(xya—l—T)s (4.9)

with the infinitesimal operator

0
X = (1+ex?) —- 4.10
( +5x)ax+€xyay (4.10)
Let us demonstrate that the approximate equation
Flz,y,e) =y*™ —eax® — 1 m o(e) (4.11)

is invariant with respect to transformations (4.10).
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First let us verify the invariance of (4.11) abiding by Definition 2.2. To
this end, it is convenient to rewrite equation (4.11) in the following form:

F(z,y,e) =1y —elz® —y*Iny) — 1~ 0 (4.12)

with the necessary accuracy preserved. Transformation (4.9) provides

F',y,e)=y?—ex

/

2 y?Iny) — 1=y —e(2® —y*lny) — 1+
e(2ra+a®)(y’ — 1) = F(z,y,¢) +(2za + a®)[F(z,y, )+

e(a® —y*Iny)] = [1 + £(2az + a®)]F(z,y, ) + o(c) ~ 0,

F=0

whence, the necessary equality (4.2): F(z/,y/,¢) follows.

The function F'(z,y, €) satisfies the condition 4.3 of Theorem 2.3. There-
fore, the invariance can be manifested also by means of the infinitesimal
criterion (4.5). One has

XF = (24 ¢e)exy**® — 2ex(1 + e2?) = 2ex(y*"® — 1) + o(e) = 2exF + o()

for the operator (4.10), so that the invariance criterion (4.5) obviously holds.

According to Theorem 2.3, the construction of the approximate group,
leaving the equation F(z,e) ~ 0 invariant, is reduced to solution of the
determining equation

XF(z,e)] =0 (4.13)
F=0

for the coordinates £¥(z,¢) of the infinitesimal operator
0
x=¢2.
562

In order to solve the determining equation (4.13) with the accuracy up to
o(g) one has to represent the values z, I, £* in the form

p p
Z = yo+€y1+- . ‘+€pyp7 F(Z7€> ~ ZgiFi(z)7 gk(z76) ~ Zgi§f<z>7 (414)
=0 i=0

substitute them into X F, and single out the principal terms there. One has

OF S
XF=gop =) € Wotem+ . +ey)| -

1=0
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p
9
Zeja (Yo + ey + . +epyp)] :

Jj=0

Using the formula (3.9) and the notation

= & (Yo +ZZ E9W) Yy, (4.15)

= i lvi=j
ik = azk 2;1 o\ 9k (o) Z Y (4.16)
) w =i
one obtains
P P
i aF’o o ;
fg(yo) + Z 5%4? 82(’?5 ) + Z 5JBj,k
i=1 =
whence,
OFo(yo) OF,(y,)
XF = 50 (yO) 82’“ |:§ (yo)Bl k —+ A azk +
OF,(y
Ze lfk‘ Yo)Bs i + Ak 8k + ZAk; " (4.17)
i+j=s

Combination of the formulae (4.13), (4.14), (4.15), (4.16), (4.17), and (3.9)
provides the following form of the determining equation

OF,(yo)

aPjo o
&If(yo)w =0, gg(yo)Bl,k + A’f (5)

0zk

=0, (4.18)

OF,(y,
éf(yO)Bl,k"i_Af az(k ) + Z AfBjyk =0, [=2,...,p
it+j=l

Equations (4.18) hold for the set of all y,, 1, ..., yp, satisfying the system
“ 1o
Fo(yo) =0, Filyo) + D > 5F5W0) Y vy, i=1...p (419)
j=1 [s|=1 lvl=j

equivalent to the approximate equation (4.1). Thus, the problem of solv-
ing the approximate determining equation (4.13) is reduced to solving the
system of exact equations (4.18), (4.19).
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Let us write out the determining equations when p = 1. Equations (4.18),
(4.19) provide

eb ) ) g, (4.20)

() 220 ¢ eniy) 2y O sy 2oy g a)
with the conditions

Fylyo) = 0, Fu(y) + 9t 22 _ g (422)

0z

In the latter equations, as well as everywhere in this section, the following
notation is used for the sake of brevity:

0 8Fo(z)
l k l
h %(50 ( o azk Z Z Mo 6Zl Z 8Zk )

=1 k=1

In case if p = 2, equation

ety 2] gty PT0E) gy Oa00)

9 0Fy(yo)\ | 1 o OF,(y,)
I~ k ! k
e (éo(yo) 92k >+2y1y Gagem (oWl |+ (423)

ai( D) 4 by )8Fo(yo)):0

0zF
is added to (4.20), (4.21), and equation

aFjl(yo) aF (yo) 1
Gk TV T gy

is added to conditions (4.22).

Jf l 82Fo(yo)

s =0 (4.24)

FQ(?/O) + ylf

Remark 2.2. Equations (4.18) and (4.19) (see also the particular cases
(4.20)-(4.24)) manifest the necessity of the condition (4.3) imposed on the
function F'(z,¢).

Example 2.6. Let us consider the approximate equation (4.11) of Example
2.5 again:
F(z,y,6) = y*** —ec2® — 1 = o(e).

In the notation (4.14) (se also (4.12)) one has

Fo(x7y) = y2 - 17 F1<.T,y) = yzlny—x2.
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Taking into account the condition y > 0, one obtains

[\

Lo

Yo =1, n=7

from equations (4.22); and the determining equations (4.20), (4.21), upon
splitting with respect to the free variable z; and substituting y; = x2/2, is
written in the form

0E2 (%0, Yo)

2 _ —
&-O(xO’yO) - 07 a‘r - 07
2 06243,
€3 ) = ) + S22 g a2s)

Any operator

0 0
X = [gé(xvy) + gfll(x,y)]% + [fg(x,y) + 85%(x7y)]8_y

with the coordinates satisfying the equations (4.25) when y, = 1 and z, is
arbitrary, dilates the approximate group that leaves equation (4.11) invari-
ant with the accuracy up to o(¢). For example, operators

0 0 0
X=z—+20y—1)=, X=ay—+ (> -1

9
Ox oy Ox dy

refer to such operators as well as (4.10).

Remark 2.3. If some variables z* are not included into equation F(z,¢) ~

0, then it is not necessary to represent the variable 2* in the form Y eiyF
i>0
in the determining equation (4.18).

§ 5 Equation uy + eur = [p(u)ug,

Approximate symmetries (by which we mean either admissible approximate
groups or their infinitesimal operators) of differential equations are calcu-
lated according to the algorithm given in § 4 using the ad hoc technic of
dilation of infinitesimal operators to necessary derivatives. In what follows
we consider approximate symmetries of the first order (p = 1) and classify
equations of the second order with the small parameter

W+ 2y = (p(U)y)s, @ A const, (5.1)



156 N.H. IBRAGIMOV SELECTED WORKS, VOL. II1

arising in various applied problems (see, e.g., [4]) according to such symme-
tries. The infinitesimal operator of the approximate symmetry is deduced
in the form

0 0 0
X = (& +edl)g; + (& +e8) 5+ o +em) 5 (5:2)
Coordinates ¢ and 7 of the operator (5.2) depend on ¢, z,u and are defined
by the determining equations (4.20), (4.21), where

z=(t, @, gy Ug,y Upy Uty Ugr),  Flo = uy — (p(0)Ug) 2, Fy = .

According to Remark (2.3), it is sufficient to dilate z = y,+¢<(y1) only for the
differential variable (for ¢,z are not included into equation (4.1) explicitly):

U= Uy + Uy, Uy = (Up)z + £(uq), etc.

Equation (4.20) is the determining equation for the operator

0 0 0
Xo=¢ 2 422 4= .
i s (5.3)

admitted by the zero-order approximation of equation (5.1), i.e. by equation

uy = (p(u)ug)z, @ F# const. (5.4)

Hence, the first stage of classification of equations (5.1) with respect to
approximate symmetries is classification of equations (5.4) with respect to
exact symmetries. The second stage is solution of the determining equation
(4.21) with the known F, and the values of the coordinates £}, £2, n, of the
operator (5.3).

Group classification of equations (5.4) (with respect to point symme-
tries) is carried out in [4] and the result with dilations and shifts applied
can be written in the form of Tablel.

Now let us turn to the second stage of constructing approximate sym-
metries. First, let us consider the case of an arbitrary function ¢(u). Sub-
stituting the values ¢! = Cit + Cy, &2 = Cix + C3, 17, = 0 into equation
(4.21), one obtains Cy = 0,&] = Kt + Ko, & = Kiz + K3, ;1 = 0, where
K, =const. Note that equation (5.1), as well as any admissible (exactly
or approximately) operator X, admits the operator ¢X. These operators
will be omitted from our consideration as unessential. In particular, the
operators

0 0

65, 5%
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Table 1: Group classification of Eq. (5.4)

p(u) & & o
Arbitrary
function Cit + Cy Cix+ Cs 0
1 ku” Cit+ Cs Czz + Cy %(Cg —Chu
2| kus Cit 4 Cy C32? + Cyz + Cs | —3(2C3 + C4 — Oy )u
3] ku™t [ CitP+Cot+Cs Cyx + Cs 5(2C1t + Cy — Cy)u
4 ket Cht + Cy Csz + Cy 2(C3 — Ch)
k =41, o is an arbitrary parameter, C1,...,Cs =const.

ar unessential, and the constants K5, K3 can be considered to be equal
to zero while solving the determining equation (4.21). Thus, when the
function ¢(u) is arbitrary, equation (5.1) admits three essential operators of
the approximate symmetry meeting the conditions of the constants Cs, Cj,
K. Likewise, one can analyze the remaining cases of Table 1. The result is
summarized in Table 2, where operators admitted by equations (5.4), and
(5.1) exactly, and exactly and approximately, respectively are given for the
sake of convenient comparison of approximate symmetries with the exact
ones.

Remark 2.4. Table 2 provides bases of the admissible algebras for exact
symmetries and their generators for approximate symmetries. The basis of
the corresponding algebra is obtained by multiplying the generators by e
and eliminating the terms of the order £2. For example, when op(u) = ku~s,
equations (5.4), and (5.1) admit a five-dimensional algebra, and a four-
dimensional algebra of exact symmetries with a ten-dimensional algebra of
approximate symmetries with the following basis, respectively:

B 0 1,0 0 3. 0

Ni=gp Xe=gp Xe=(= gl tag — 1l
) ) , 0 )

X4—2x%—3u%, X5—33 %—3(%“%, X6—5X1,

0 0
X7:€X2, Xg :E(ta—{—x%), Xg :€X4, X10 :€X5.
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Table 2: Comparative table of exact and approximate symmetries

Symmetries for

Symmetries for Eq. (5.1)

(u) Eq. (5.4) Exact Approximate
A X0=2 Xx¢=2 Ivi=X¢ X1 = X7, Xo=X§
ny
Xg=t2 +z2 |Ya=X§ X5 = sxga ;
X3 = X9+ -5 (25 — 2tus
ku® X9 = O,maa +2u68u Y3 = X9 3 3T o+4 (2 ot Bu)
Xy =X}
— i) i) — 0 9
oyt | KA =2 —dug, | V=XYoo Xg=Xg-g (8255 + 3tuz.)
X¢=a*2 —3aul | YVi=Xg Xy = X4, X5=X¢
k?u_4 XZ:2:B%*U% }%:XZ X4:XZ
Xe =82 +tul | V=X X5 = eX¢
X3 = X9 (ﬁg _t@>
ke Xy =zl 422 | V3=X3 3=A3 T T ~lou
Xy = X3

§ 6 Equation u; = h(u)u, +eH
The present section considers the class of evolutionary equations of the form
u = h(u)uy +cH, HeA (6.1)

containing, in particular, Korteweg-de Vries and Burgers Korteweg-de Vries
equations, etc.

Theorem 2.4. Equation (6.1) inherits approximately (with any degree of

accuracy) all symmetries of equation
up = h(u)uy. (6.2)

Namely, any canonical Lie-Béacklund operator [61]

0
XO=fog e,

admitted by equation (6.2), generates an approximate symmetry (of an
arbitrary order p) for (6.1) determined by the coordinate

F=YEr, fleA (6.3)
=0

of the canonical operator

B
X=fat...
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Proof. The approximate symmetries (6.3) of the equation (6.1) are
derived from the determining equation (4.18), which in the given case takes
the form

fo = h(u) 2+ [DY(huy) = hosilfo — W (wur f* =0, (6.4)

a>1

fi = hu) fi+ 3D (huy) = hug i) £ = H (wyuy f =

a>1

Y [D(f)Ha — fi7'DUH)], i=1,....p. (6.5)
a>0
Equation (6.4) in f° is the determining equation for deriving the exact group
of transformations admitted by (6.2). Let us assume that f° is an arbitrary
solution of equation (6.4) and that it is a differential function of the order
k >0, and let H be a differential function of the order n > 1, i.e.

fo=folt,x,u,...,ux,), H=H(t x,u,...,u,).

We will be looking for solution f! of equation (6.5) in the form of the
differential function of the order k; = n+k,—1. Then, (6.5) is a linear partial
differential equation of the first order with respect to the function f* of k;+3
arguments ¢, x,u,uq, ..., u,, and therefore, it is solvable. Substitution of
any solution f!(t,z,u,us,...,u, ) into the right-hand side of equation (6.5)
with 4 = 2 demonstrates that f2 can be sought in the form of a differential
function of the order ky = n 4 k; — 1, and the corresponding equation in f2
is solvable. The remaining coefficients f?, 1 = 3,..., p of the series (6.3) are
determined recurrently from equation (6.5). The theorem is proved.

Theorem 2.4 entails, in particular, that any point symmetry of equation
(6.2) determined by the infinitesimal operator

9, 9] 9]
Y =0(t,z, u)&—l—[go(x—l—tu, w)—t(z+tu, u)—ub(t, z,u)] £+1/)(x+tu, u)%

with the arbitrary functions ¢, 1,6 or by the corresponding canonical Lie-
Backlund operator with the coordinate

1 =lp(x + tu,u) — tp(x + tu, u)|uy — Y(x + tu,u), (6.6)

is approximately inherited by equation (6.1). Let us illustrate the algorithm
for constructing these approximate symmetries by examples.
First, let us consider the Korteweg-de Vries equation

Up = UU| + EUs3 (6.7)
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and find the approximate symmetry (6.3) of the second order (p = 2) with

P = ¢(u)uy. For this purpose one has to solve equations (6.5) (equation
(6.4) holds identically) for i = 1,2 with h(u) = u, H = u3. When i = 1,
equation (6.5) is written in the form

ftl - Uf; + ffu% + 3f21U1U2 + f§(4U1U3 + 3U%) - f1U1 =

3 urus + 30'us + 60" uiuy + " uf. (6.8)

According to the proof of Theorem 2.4, its solution should be sought in the
form of a differential function of the third order, i.e. f! = f1(¢,x, u,u1, us, usz).
Assuming that f! is independent of ¢, z, one finds the following particular
solution of equation (6.8):

1 U
1 = Qus + 20" uus + 590'”1@’ + a(u)u; + ﬁ(u)u—g,
1

where a(u), F(u) are arbitrary functions chosen so that a = g = 0 for
the sake of simplicity. Substituting the resulting expression for f! into the
right-hand side of equation (6.5) with ¢ = 2, one obtains

23
"y + ="V u uz+

3 9
f2 — —(,OHU5 4 —<p”’u1u4 4 (3()0 10

5 5

31 8 1
1—nglvu1u§ + gSOVU?UQ + gtpwu?.
Thus, equation (6.7) pertains the following approximate symmetry of the

second order

1 3 9
[ =o(u)us + elp'us + 20" ugus + 590”’14?] + 52[590’%5 + ggo”’uluﬁ—

(3" uz + ﬁw”ﬁ% + Esﬂwulug + §90VU§U2 + lsDWU?] +o(e?). (6.9)
10 10 5 8

Calculation of further coefficients of the approximate symmetry (6.3) with
f° = o(u)u; demonstrates that the coefficient f* is a differential function
of the order 2i + 1, and f? contains derivatives of ¢(u) only of the order
> i. Hence, when @(u) is a polynomial in the power of n, all coefficients f°
in (6.3) vanish when i > n + 1 and the approzimate symmetry of the order
p =n is the exact Lie-Bdcklund symmetry of the order 2n + 1, in this case
one san assume that ¢ = 1 and obtain the exact symmetries of equation

Up = WU + Us. (6.10)
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For example, when ¢(u) = u? and p = 2, the formula (6.8) provides the
first non-trivial Lie-Backlund symmetry

6
f= w?uy + dugus + 2uus + gu5

of the Kortweg-de Vries equation (6.10) (cf. [61] p. 191).

Let us consider another particular case and find the approximate sym-
metry of the first order for the Korteweg-de Vries equation (6.7), generated
by the function f° = ¢(z+tu)u;. The determining equation (6.5) with ¢ = 1
yields

1+t 2
f=p(@+tu)u +¢ {30’ u1u9, — w’%%—
1 1
" 2 3 Uz 90”/ 3
@' [2(1 + tuy)” — 5(1+tu1)]u—+7(1+tu1) + o(e). (6.11)
1

Approximate symmetries generated by f° = p(x 4 tu)u; never become exact
whatever the function @ is.

Let us draw another example of an approximate symmetry generated
by a non-point symmetry. Equation u; = uu; manifestly pertains the Lie-
Bécklund symmetry f¢ = 2. Solving equation (6.5) with i = 1 when h = v,
H = wug for the given function f°, one obtains the following approximate
symmetry of the first order of equation (6.7):

2 4
Fa®2 . (2“2“4 +258 17“2“3 + 15@) . (6.12)
uj ui u; Uy

Finally, let us consider the Burgers Kortweg-de Vries equation
u; = uuy + £(aus + bug), a,b = const,

and find its approximate symmetry of the second order generated by point
symmetry f° = ¢(u)u; of equation u; = wuy. The system of determining
equations (6.5) with h = u, H = aus + bus, i = 1,2 provides the unknown
approximate symmetry

" 3

1
f = o(u)us + e(ap’us + 2ap"uyus + Qago S+ bp'ug + byp"u)+

3 5 UgUs3 3
b i b /4 - b " 2 b2 "
8(5agpu5—|—4a<pu4+ Oa ” 20 avby +3 Y us+

2 m Z 2

9 7 23 )
S0P + 3a?p" ugus + = abgo'"ulu3 + —Oabgo §b2g0"’u1u2+
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23 31 15 1
—1Oa2golvufU3 + —10a2g0[Vu1u§ + 7 abgplvuqu + §b2wlvu§’+
§ 2 V. 3 } 5 4 1 2 VI 5 2
PP Ui + 2@690 up + gt g + o(e?). (6.13)

Note that symmetries (6.11), (6.12) and (6.9) with a non-polynomial
function ¢(u) provide new symmetries of the Korteweg-de Vries equation
that cannot be obtained in the framework of Lie and Lie-Béacklund group
theory. Symmetry (6.13) is also new for the Burgers-Korteweg-de Vries
equation.

Translated by E.D. Avdonina



Paper 3

Approximate transformation
groups

V.A. Baikov, R.K. Gazizov, N.H. IBRAGIMOV [11]

Differential’nye Uravneniya, Vol. 29, No. 10, 1993, pp. 1712-1732.
English transl., Differential Equations, Vol. 29, No. 10, 1993, pp. 1487-1504.
Reprinted with permission from Plenum Publishing Corporation.
Copyright (© 1994 Plenum Publishing Corporation.

In calculating approximate symmetries of differential equations with
small parameter, Baikov, Gazizov, and Ibragimov [7], [9], [10] found that
equations of the form

F(z,e) = F,(2)+eFi(2)+...+'F,(2) =0 (0.1)

with small parameter ¢, considered with an accuracy of o(e?) (¢ > 0) can
approximately [with an accuracy of o(¢?) (p > ¢)] admit infinitesimal op-
erators of two types, namely, zero-order operators (referred to as essential
operators in [9])

X=X,+eXi1+...+PX, +o(eP), (0.2)

which are obtained by “inheriting” some (not necessarily all) symmetries
X, of the nonperturbed equation

F,(z) =0, (0.3)
and k th-order operators
X=e"X,+eXi+...+e""X, ), k=1,...,p (0.4)

163
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As shown in [7], any operator (0.2) or (0.4) generates an approximate
one-parameter group, and the composition of these one-parameter transfor-
mations determines a new object, namely, an approximate multi-parameter
transformation group (see Definition 3.2).

The set of all operators X, admitted by equation (0.3) is a Lie algebra
with respect to the commutator. The zero-order operators (0.2) admitted
approximately by equation (0.1) do not form a Lie algebra by themselves
in general. Even the operators (0.2) and (0.4) are considered together, they
still do not form a Lie algebra from the viewpoint of classical Lie algebras,
but they do form a so-called approximate Lie algebra.

In this paper we study approximate multiparameter transformation groups
(analytic with respect to the small parameter) and the related approximate
Lie algebras. We also prove analogs of the first and second main Lie the-
orems on transformation groups. The third Lie theorem is not considered
here.

We use the following notation. We write 0(z,e) = o(e?) to indicate
that 6(z,¢) can be represented in the form e?™'p(z, &) where ¢(z,¢) is a
series in nonnegative powers of €. The notation f ~ ¢ is used if f(z,¢) =
g(z,€) + o(eP) for some fixed p if the order p is not fixed, then we assume
that the last equation holds for all p. We assume summation with respect to
the repeating indices in expressions like £ (z, 5)%. All considered functions
are assumed to be as smooth as desired.

§ 1 Illustrative Examples

Here we show that if Eq. (0.1) approximately admits operators X1, ... Xk
of the form (0.2) and (0.4), then the approximate relation

[Xi, X;] = ;X + o(e?)

holds, where cfj are constants (independent of €). In this case we say that the
operators X7, ..., X} generate an approximate Lie algebra [with an accuracy
of o(g?).]

Example 3.1. The ordinary differential equation y” = f(y’) with an arbi-
trary function f admits the two-dimension Lie algebra with the basis

0 0

Xf:%, nga_y.

The equation

y' = fy) +elyy f'(y) = 3uy' f(y) — 2 f (V)]
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with small parameter € admits the zero-order infinitesimal operators

0 0 0 0
Xl_%—i_m@_y and XQ—a—y—l—sy%

with an accuracy of o(¢). Their commutator [ X, X5] is equal to

0 0
Xg=¢? o —y=—
’ €<$85L‘ y@y)’

i.e., the operators X; and X, do not form a precise Lie algebra but form
approximate Lie algebra with an accuracy of o(e).

Example 3.2. The operators

0 0 0 0 0 0
= — e = — _ e _ B
X 8x+m8y’ Xy y—i—ey = X3 5($ax+yay),

0 0
X4:68—:E, X5:€a—y (11)

do not form a Lie algebra, but form an approximate Lie algebra [with an
accuracy of o(g)]. Thus, for example,

0 0
— 2 = =
[Xl,XQ] 9 ({L‘ . Yy ) .

If we add the operators

0 0 0 0
Xe=e*lo=——y=—), Xi=¢e’—, Xg=e’— 1.2
0 ( ox y(‘?y) ! Ox s (12)
to (1.1), we obtain an eight-dimensional approximate algebra with an ac-
curacy of o(e?). Considering the commutators of the operators (1.1) and
(1.2) together, we see that additional operators are necessary to obtain an
approximate Lie algebra of higher accuracy. For example, an approximate
[with an accuracy of o(g%)] Lie algebra is generated by the operators (1.1),
(1.2), and
0 0 0
—, Xp=¢&y=—, Xn=¢—=—, Xp=e&-—=—. 1.3
Y 10 Y o 11 O 12 By (1.3)
Remark 3.1. The operators (1.1) and (1.2) form a precise Lie algebra for
e=1.
A one-parameter Lie group is associated with each approximate operator
n (1.1)-(1.3). By analogy with the Lie theory, we shall construct approxi-
mate multiparameter groups as compositions of one-parameter subgroups.
By solving the corresponding Lie equations for one-parameter approximate
groups, the following formulas we obtain for the operators Xi,..., X :

Xy =’z
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1
X,: 2 =z+d, y=y+exa +=e(a")%

2
Xy ' =x+eyd®+ %5(@2)2, y =y +a%
X3: o' =zexp(ed®), y =yexp(ea®);
X, 2=z+eat, oy =vy;
Xs5: 2=z, 1y =y+ed
Xg: o' =zexp(e?a®), o =yexp(—e’a®);
X;: 2=a+e%", Y =y
Xg: o =2, o =y+eadd
Xo: o' =2, o =y+edads
Xy o' =z+ad%, Y=y

X X
3 11 /
X d=zx+e’a, y=y;
A A

’ y/ — €3CL12.

The composition of these transformations considered with an accuracy
of o(?) yields the approximate transformation

1
v’ =z + a' +elwa® +ya® +a* + §(a2)2 + a'a’]
1 1 1 1
+ & {x <§(a3)2 +a® + alaz) +ya*a® +a” + §(a2)2a3 + §a1(a3)2 +a'a® + §(a1)2a2
1 1
+ & {x (é(a?’)?’ +a’a’® + a1a2a3> +y (§(a3)2a2 +a%a® + aw) +a't + a*a® + a*a'®

1 1 1 1
+Z<a2)2(a3)2 + §(a2)2a6 + 6a1(a3)3 +a'a’a® + 5((11)2@2@3} T
1
Yy =y+a*+e [ml +ya® 4+ a® + a’a® + 5(@51 (1.4)
2 1.3 1 3\2 6 8 1 2/, .3\2 2 6 1 1\2 3
+e|zaa’+y §(a) —a | +a +§a(a) —aa —|—§(a)a

1 1

+ &3 {a: (ag - ial(a?’)2 — a1a6) +y (6(613)3 — a3a6) +a'? — a’a®
12 3\3 2.3 6 1 1\2/ 3\2 1 1\2 6 1.9

—i—éa(a) —a‘a’a +1(a)(a) —é(a)a +aa’|+---

depending on 12 parameters.
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§ 2 Essential parameters of a family of func-
tions depending on a small parameter

Consider a family

fi(zvaﬂs) = f8(27a> + 5f1i(27a> +o Epf;;(zva> + 0(€p) (2‘1>

of N functions depending on N variables z = (z!,...,2"), r parameters

a=(a',...,a"), and a small parameter .

Definition 3.1. The parameters a',...,a" are said to be essential if one

cannot select functions A'(a),..., A" !(a) such that the following approxi-
mate equation holds:

fi(z,a',...,a" ) = F'(z, AY(a),..., A" (a),e). (2.2)

Theorem 3.1. For all » parameters a to be essential in the family of func-
tions (2.1) it is necessary and sufficient that the functions f? satisfy no
approximate equation of the form

ofi
&{a ©*(a) = 0. (2.3)

Proof. Suppose that not all parameters a',...,a" are essential, i.e.,
that (2.2) is satisfied. Since the functions A', ... A""! depend only on the
parameters a', ... a" in (2.2), it follows that

1

0A
rang ||%|| <r-—1.

Consequently, there exists a system of functions ¢*(a) that do not vanish
identically and satisfy the system

AO’
gaagoa(a):O, c=1,....r—1, a=1,...,r (2.4)
Then any function f of Al(a),..., A""1(a) satisfies some equation of the
form (2.4), namely,
of
5 %" (a) =0. 2.
dac’ (a) =0 (2.5)

In particular, the functions F(z, Al(a), ..., A" (a), €) satisfy this equa-
tion; the variables z and ¢ can be considered as parameters in these functions
(since ¢* do not depend on these variables). Therefore, by virtue of (2.2),
the functions f* satisfy the approximate equation (2.3), namely,

%(fo(z, a) +efi(z,a) + - +e"fy(z,0))p%(a) = 0.
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Equating to zero the coefficients of €* s = 0, ..., p, we obtain p+1 first-order
equations with the same coefficients. Their general solution is

fe = Fu(z, AY(a),..., A" a)), k=0,...,p,
where the functions A(a) are the same for all fi. Hence, Eq. (2.2) holds.

Example 3.3. Consider the functions
1
fi=z+a' +e {xag’ +ya® 4+ a* + §(a2)2 + ala?’] (2.6)
1
+&° {x (§(a3)2 +a® + a1a2) +ya*a® + a’
Liows Ly g0 16 1 109
+=(a*)’a’ + za (a’)" +a a’ + =(a")?a”|,
2 2 2
1
fP=y+ad’+¢ {xal +ya® + a® + a*a® + §(a1)2}
2. 13 L3 6 8,1 a0 o6 L1093
+e&° |zaa® +y 5(&) —a’ ) +a ~|—§a(a) —a‘a +§(a)a )
which are the right-hand sides of approximate [with an accuracy of o(g?)]

transformations (1.4) from Section § 1 and depend on the variables = and

y and on the eight parameters a', ..., a®. In this case the equations in (2.3)

have the form

[1+ea3+62 {maQ—l—(;( ) +a® —I—aa)”gp

+[€(y+a2)+52 (m +ya* + a*a® + )]gp
+[€(x+a1)+52<xa + ya® + +aa)]<p
+ept(a) + ez + a')¢’(a )+€ p'(a) =0, (2.7)
[e(z + a') + % (za® + a'a®)] o' (a) + [l—i-aa + &? (%( 5)? —a6)} ©?(a)

1
+ [g(y +a®) +¢&? (mal +ya® + a*a® + §(a1)2)} ©*(a)

+ep’(a) + %(y — a®)¢°(a) + *¢%(a) ~ 0.

Equating to zero the coefficients of €%, ¢! and €2 we obtain

e pl(a)=0, ¢*(a)=0,



3: APPROXIMATE TRANSFORMATION GROUPS (1993) 169

el (z+al)p’(a) +¢'(a) =0, (y+a*)p’(a) +¢*(a) =0.
By separating x and y we find that

Furthermore, we have
p* o (z+a)’(a) +¢7(a) =0, (y+a®)¢’(a) +¢*(a) =0,
whence it follows that
¥°(a) = ¢'(a) = *(a) = 0.

Thus all coefficients ¢*(a) in (2.7) vanish identically, and hence, according
to Theorem 3.1, all parameters a',...,a® of the function family (2.6) are
essential.

8§ 3 Approximate transformation groups. The
first direct Lie theorem

Consider approximate (local) transformations
le = fl(zv a75) = f()1(27 CL) + Eff('% CL) et Epf]i(z7 CL) + O(gp) (31)
1=1,..., N,

depending on r essential parameters a = (a',...,a") and on a small param-

eter €.

Definition 3.2. The transformations (3.1) form a (local) approximate (of
order p) r-parameter group, if there exists a system of functions ¢“(a,b),
a=1,...,r, such that

f'(f(z,a,¢),b,e) = f'(z,0(a,b),€) (3.2)
for sufficiently small a and b, and
f(2,0,¢) = z. (3.3)
It follows from the definition that
p(a,0) =a, ¢(0,b) =b,

0p* | _sa 0¥
dal|,_, 7 Ob

_ fa
— 5.
a=0
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Let us introduce the auxiliary functions

arg) — 9¢° _
Af(a) = |, (, B=1,...,7). (3.4)
Then
A5(0) = 63, (3.5)
and
¢*(a,b) = a® + A%(a)b’ + o(|b|) as [b] — 0. (3.6)

By condition (3.5), the matrix A(a) is invertible, namely, there exists a
matrix V(a) such that

A5(a) - VP (a) =62 (3.7)

Just as in the theory of precise local Lie transformation groups, the

study of approximate Lie transformation groups is closely related to the
consideration of the tangent vector fields &,(z, ) with coordinates

df(z,a,¢)

€ (2.) ~

..., N, a=1,...,r, (3.8)

a=0
or, which is the same, of the differential operators

Xo = fé(z,g)i

e (3.9)

In this case, the following first direct Lie theorem holds for approximate
transformation groups.

Theorem 3.2. If the transformations (3.1) form an approximate r-parameter
Lie transformation group, then the functions 2" = fi(z, a, ¢) satisfy the sys-
tem of approximate equations

azli

~ (2 e) Vi), a=1,...m (3.10)

which are called the approximate Lie equations. The corresponding differ-
ential operators (3.9) are linearly independent in the considered approxima-
tion.

Proof. By differentiating (3.2) with respect to b° at the point b = 0,

we obtain , )
8]”(2/7()7 8) ~ afl(za (107€> 890a
o |, e AP,
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Hence, taking into account (3.8) and (3.4), we have

7 / ~ azli o
§p(2e) = (,MQAB(Q). (3.11)

Multiplying (3.11) by V.’(a) and taking into account (3.7), we obtain
the system of approximate differential equations (3.10).

It remains to check that the differential operators (3.9) are linearly in-
dependent, namely, that if

CoX, = Cagg(z,g)% ~ 0 (3.12)

with constants C!,...,C" independent of e, then all these constants are
zero. Substituting (3.11) into (3.12), we obtain

a9 )
CaXa = C«ag;(z 75)@ ~C |:8le8Ag(a):| o2 ~

02" 9,
= 10> AP .
2 A )
Therefore, Eq. (3.12) takes the form
azli
22 e AB — -
8@50 Al(a)=0, i=1,...,N. (3.14)
Since all parameters a',...,a" in (3.1) are essential, it follows from (3.14),
by virtue of Theorem 3.1. that C®AP(a) = 0 for all 3. Hence, taking into

account (3.5), we have C! = ... = C" = 0. Thus the theorem is proved.

(3.13)

Remark 3.2. The approximate linear independence of the differential op-
erators (3.9) is equivalent, to the approximate linear independence of the
vector-valued functions &,(z,¢) = (EL(z,¢),...,EN(2,¢)).

Example 3.4. Let us consider the approximate [with the accuracy o(e)]
transformations

1
x’-x—i—al—i-&?{xa3+ya2+a4+—(a2)2+a1a3} +...,

2
1
Y =y+a+e [:Ual +ya® + a® + a’a® + i(al)Q} +... (3.15)
depending on five essential parameters a', ..., a® (see Example § 3). It is

easy to show that these transformations form a local approximate transfor-
mation group, where

©'(a,b) = a' +b4  ¢*(a,b) =a®>+b*  ©P(a,b) = a® + b
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©(a,b) = a* +b* +a®b';  ©°(a,b) = a® +b° — PV7.

The auxiliary functions AJ and V;/(a) are given by the matrices

1 0 00O 1 0 000

0 1 000 0 1 000

A= 0 0o 100, V=10 0100
—a®> 0 010 a@ 0 010

0 —a* 0 01 0 a® 0 0 1

and the vector field (3.8) by

§<Z’€):(1 51y ex € 0)+0(6).

T ey 0 €

Therefore, in this case the approximate Lie equations in (3.10) read

o' ox' ox' ox' ox'
3x1 =1+ ed?, (;CQ = ey, 8:63 =1, aﬂ =¢, 8:1:5 =0; (3.16)
a a a a a
oy’ , oy 5 0y , 0y oy’
Oalzgx’ 0&2:1+6a’ 0&3:6y’ %:O’ 0&5:5

§ 4 The inverse first Lie theorem

Let us first prove some statements on solutions to systems of approximate
first-order partial differential equations and next use them to analyze Lie
equations.

Consider the system of approximate equations

0z

aaa%wg(z,a,a), i=1,...,N; a=1,...,rn (4.1)

[From now on we consider approximate equalities with an accuracy of o(e?),
p > 1. We seek the approximate [with an accuracy of o(e?)] solution to
system (4.1) in the form

2= fi(a) +efi(a) + ...+ 6pf;(a) + o(eP). (4.2)
For this purpose, we expand the functions 1’ (z, a,¢) in powers of ¢ :

Ui (2,0,2) = Ui o(2,0) + €0y (2,0) + ... + P (2,0) + o). (43)
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Substituting (4.2) and (4.3) into (4.1) and equating the coefficients of the

same powers of €, we obtain the following system of equations for f¢(a), ..., f;(a),
i=1,..., N, which is equivalent to (4.1) with an accuracy of o(e?) :
af ;
aag :waO(ana)7 (44)
aaa_wal fOJ +Z afo fla

0f, 1 9, (foa)
da Vap(fo a +ZZUI (Of)or - afNaNZf

v=1|o|=1 |w|=v
Here we use the following notation: o = (o1, ...,0y) is a multiindex, |o| =
o1+ ...+on, 0l =o1!...0on!, and the indices o1,...,onx run from 0 to p.
Furthermore,

1 N
f(w) - f(wl) "'f(wN)’

k. _ k k
fow =D Ih g

i1+...+igk:wk

where the indices iy, ...,4,, run from 1 to p and w = w(o) = (wy,...,wn)
is the multiindex related to o as follows: if the index oy is zero in o, then
the corresponding index wy is absent in w, and the remaining indices wy run
from oy, to p; for example, for o = (0,09, 03,0, ...) with o9, 03 # 0, we have

v = (v2,13), so that f(. fw)f(:"%).

Definition 3.3. The system of approximate equations (4.1) is said to be
completely integrable if the approximate equations

o [0z o (02
90 (a—> ~ e (W) (4:5)
hold by virtue of equations (4.1).

Let us show that system (4.4) obtained from a completely integrable
system of approximate equations (4.1) is completely integrable. To this end,
let us rewrite (4.5) grouping together the coefficients of the same powers of
e. Taking into account (4.1) and (4.3), we obtain

o [0 o [0 0 . , .
Oab <8aa>  da (8a5> ~ dab (wé,o(z’ a)‘l’ﬁﬁé,l(% a)+- - '+€p¢é,p(z7 a))—
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0 . . .
o (Wha(,0) + U (5,0) o+ P (2,0)

{8¢é,0 n 0%,0(27 a)

J J J
9a? 02 [w,@,o + 51%,1 +-ot 5pw5,p]+

N i
8[ Z O; [Who+elhy+ -+ g, ]

6¢(‘1 N 8¢; ' awz N awz ' ‘ |
&P [ aag’p + azj’wig,o] }—{ aaﬁclo +>° a:)p[ Lo el el |+
: 2

0@%,1 }N: 87%,1 ‘ j 1
glaaa +j:1 077 oo et He o, ]|+t
87’%10 awﬁp J
0zi "0 (7
i.e., the functions ¢, ,(z,a) satisfy the system
Uiy Dby N[00 O,
— — . — = 4.
dab a= ; Ozi 70 0 (4.6)
Oan _ Opa 8@/’ a% ! Who i _ MWpa
Oab o Oa +g 7%0 929 a1l Oz a,0 :07

Let us check the integrability condition for system (4.4). The equations
for fi(a) yield

o [0f o [Of J . o,
daP (3612‘)  dac (8ag> - aaﬁ( avO(fO’a)) - %(%70(1607@)) =

o G%’HZ [(w Wby ]

dab da®

3 Vpo~ of "

i.e., the integrability condition holds by virtue of (4.6). As to the equations
for fi(a), we have

o [ofi o (0fi\ 0 Mo fo, @)
a? <0a°‘)_8aa <aaﬁ>_aaﬂ[ 1(fo,a) Z of 1]_

j—
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@%1 fo,a ‘I’Z%;ffo’)ﬂ] =
0

Oy = Ol 2P, o P -
o +Z Y Lyl + Zaﬂa S+ Zzafgafng,om

1 k=1

i

N &D 3@/) N 3¢i ' N 82¢i ‘
2,0 3,0 Bl _ Bl _ 7RO i
Z [%1 Z afk da ]Zl 6f8 a,0 ]ZI afgaaafl

N N 2¢EO . ' N awéo ‘ N a
22 o0 “’Oﬁ_z;a—ﬂ[ Z“Z o7} fl]‘

=1 k=1

Oha Oy [0y Ok 5 Oho 5 Ok
da®  dao +Z (9f0 wﬁl afo wﬁo of; - afg |t

j=1

XN: 0 a@bé,o _ 31%,0 n ZN:
—~ 9fl | 0a®  Oa®
j=1"70

k=1

o, 4
k wﬁo awTﬁé;O g,o” ff =0
by virtue of (4.6).

The integrability condition for fi(a), v = 2,...,p, can be checked in a
similar way.

Thus, system (4.4) is completely integrable. Hence, if the right-hand
sides in the equations in (4.4) are continuously differentiable with respect
to all variables, then this system has a unique solution for any initial data
(e.g., [134], Vol. 2, Chap. VIII, Secs. 5 and 6 or [117], Chap. X, Sec. 55).
Thus the following’statement holds.

Lemma 3.1. A completely integrable system of approximate equations
(4.1) [i.e., system (4.1) satisfying the conditions (4.5)] has a unique solution
of the form (4.2) for arbitrary initial data

Multiplying the equations in (4.1) by da® and summing with respect to
«, we obtain the approximate Pfaff equations

dz' = ! (2, a,¢)da”. (4.7)

Lemma 3.2. A function F of the variables (z%,a%, ¢) is constant on the
solutions to the system, of approximate Pfaff equations (4.7) (i.e., is an
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integral of this system) if and only if it satisfies the system, of partial dif-
ferential equations

or . or
-t + —~0 4.8
EAL + da® ’ (48)

Proof. Necessity. Let F(z,a,e) be constant on the solutions to system
(4.7). Then its total differential is identically zero, that is,

oF . OF oF OF OF ., OF
— d 7 d « d _d e} — 7 d a
517 T gt~ g aada® + 5 cda {a %+aaa] ¢
Thus F' satisfies (4.8) on the solutions to (4.7).
Let us now show that the equations in (4.8) hold identically with respect
to z and a. Let

oF , OF

R
0217 " dao
where 7,(z,a) = 0 on the solutions to (4.7). Then any function z = z(a)
that satisfies the equation

= Ta(z,0),

Ta(z7 a) ~ COé # O; Ca = COHSt,
is also a solution to (4.7). But the differential dF" of F' has the form
dF ~ Cyda® # 0

on this solution, which contradicts the condition that F' is constant on the
solutions to (4.7). Hence the equations in (4.8) are satisfied for any z and

a.
Sufficiency. Let F' = F(z,a,¢) be a solution to (4.8). Then

oF OF

dF = —da® + —dz"
dae " * 0z &
By virtue of (4.8), we have
oF oF
2.~ - Pas
da™ 0z
and consequently,
oF . ,
dF = %(dzZ — ! da®).

It follows that dF" = 0 if z = z(a) satisfies system (4.7). Thus, Lemma 3.2
is proved. In what follows we consider the approximate Lie equations
o z/z‘
da®

~Eh(2e) Vi) (i=1,....Nja=1,...,r) (4.9)
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satisfying the complete integrability conditions (4.5). These conditions can
be rewritten for system (4.9) as

0, 927 LOVY D€l 9 vy
95 97 * @+ & 505~ o o 'F O+ &

or, substituting the derivatives from (4.9), as

7 VU
8V’ é%’fh/”@ +gaa a

7 5] VNV’Y + fz

Hence

da® daP

(4.10)

o€t 9Et /OVS  ave
- ~ (1 B a
{ L — a} VIV~ € ( )

Multiplying the latter relationship by AYAP and taking into account (3.7),

we obtain y . "
o gse] e (Ge-58) s e

Denote Ve o
. <8a§‘ gz; ) A2AP, (4.12)

Then the differentiation of both sides in (4.11) with respect to a yields

- Oc?
(A

wo_
7 da¥

Since the vectors &, are linearly independent, it follows that

o
aC’YM —

dav
Therefore the 7, defined in (4.12) are constants.
In view of (3.7), Eq. (4.12) can be rewritten as
ovg  ove

da“ dab

=7, ViV (4.13)
Thus we have proved the following statement.

Lemma 3.3. If the system of approximate Lie equations (4.9) is completely
integrable, then the functions V/?(a) satisfy Eq. (4.13) with constant coef-
ficients 7, defined in (4.12).
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Equations (4.13) are known as the Maurer-Cartan equations. They can
be rewritten for the functions A?(a). By differentiating the relation Agi =
09 (3.7) with respect to a, we obtain

OAG B:_%wawf_
dac g da°

Substituting these relations into the equations

vy ove
o AV:AZ( B ava>AaAﬁ

TR o aaa 8(1’8 YR

which follow from (4.12), we obtain

o v aAly l aA;/ l a AB
C’YMAJ - — (aaa Vﬂ — aaﬂ VOL A'YAM

Hence, using (3.7), we obtain the Maurer-Cartan equations in the form

DAY DAY
—fA%:( LA — WA@. (4.14)

THTTOo aaa v aaa

By Lemma 3.2, we can proceed from (4.9) to the equivalent system of
linear homogeneous equations

OF OF
PR toa ™0 a=1.n (4.15)

Definition 3.4. The system of approximate linear homogeneous equations

§5(7,e)Ve(a)

; 0
XuFEI/L(Z,E)%F%O, w=1....n,

is said to be complete, if
(X Xo] = ¢, Xo,

i.e., if the commutator of any two operators X, can be approximately ex-
pressed as a linear combination of the operators Xi,...,X,. A complete
system of approximate linear homogeneous equations is said to be Jacobian
if the commutator of any two operators X, is approximately zero.

Let us show that system (4.15) is complete and even Jacobian. To this
end, let us calculate the commutator of the operators

0 0

By = — -
Oa™ 02"

+ vy
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We have

0 0 0 0
B.Bj — BsB, = (a +EVI o ) <a RRAL ”)_

0 o D) (2 e )
8,6 Uﬁa/z Oa® "/aa/z_

JOVE 9 %vvv 0 _gavv I o¢, L0
T Pa> 92 V9 P9y SV 9af 9 ST 9 aazw

06 0g, Vv — ¢ avv vy a{_
Y92l a @ 1j B da 02/

The expression in the square brackets is zero by (4.10). Hence system (4.15)
is Jacobian.
Let us construct the solution to system (4.9) under the initial conditions

+&

2|y~ (4.16)

By Lemma 3.2, solving this problem is equivalent to finding the solution
o (4.15) satisfying an analog of the initial data (4.16). Namely, if the
solution to (4.15) has the form

F=F(a,c¢),
then, by Lemma 3.2, this function is constant on the solutions to system

(4.9), i.e
F=F(7a,e) = C.

The initial data in (4.16) yields
F(? a,e) = F(z,0,¢). (4.17)

Lemma 3.4. The system of approximate equations (4.15) with the initial
data (4.17) has N functionally independent solutions, which determine a
solution to problem (4.9), (4.16) of the form

2= folz,a) + efi(z,a) + - + P f(z,a) + o(eP), (4.18)

which depends on at most r parameters a', ..., a".

Proof. We seek the solution to (4.15) as the series

F(Z' a,e) = Fo(2',a) + eFi(2a) + -+ P Fy(2),a) + - - - (4.19)
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in powers of . Let us substitute this expression and the representation
E5(2'€) = Eho(2) + €51 () + -+ P () + - -

into Eq. (4.15) and equate to zero the coefficients of the powers of €. This
results in the system of equations

0Fy OF

0_0 82”(’)550( ) ( ) =0, (4.20)
oF, OF OF
aaol‘ 83’1550 Vi(a) = ry /25,81 as (4.21)
da~ -+ 82’3 650( ) - 32/2516,2 + 82’1 51 Vaﬁ; (4.22)

System (4.20) is Jacobian and has N functionally independent solutions
(see Chebotarev [21], p. 71), namely,

F =F)(¢,a),..., FY=FN a),

and any other solution is a function of these solutions. By virtue of Lemma
3.2 and of the initial data (4.16), for ¢ = 0 the solutions to (4.9) have the
form

F()I(Z,7a) = FO1<Z70)7

............. (4.23)

Since the determinant |(OF%)/(92")] is not zero [which follows from the form
of system (4.20)], we see that the equations in (4.23) can be solved for z
and we can assume that

F)(?,a)=2", i=1,...,N. (4.24)
Moreover, the initial condition (4.17)
F(Z,a,e) = F(z,0,¢)
can also be solved for z and we can assume that
F(Z,a,¢) =~ 2. (4.25)
The inversion of (4.24) yields the transformations

2= fi(z,a), i=1,...,N,
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which form a precise group with the number of essential parameters, equal
to the number of zero-order operators.

Substituting each of the obtained functions Fj(z’,a) into (4.21), we ob-
tain linear nonhomogeneous equations for F}(z’,a); the corresponding ho-
mogeneous equations have the form (4.20). If Fj*(z/,a) is a particular so-
lution to the nonhomogeneous equation, then the general solution has the
form

Fi(.a) = F{'(,0) + ¢ (... FY). (4.26)

Substituting (4.26) into (4.19), we obtain an approximate [with the accuracy
of o(¢)] solution to system (4.15):

F'(? a,e) = Fé(z’, a) + e[Fi* (¢, a) + goi(F()l(z’, a),... ,Fév(z’, a))]+---

By virtue of Lemma 3.2 and of the initial data (4.24), the corresponding
solutions to system (4.9) can be determined from the relations

Fi(Z,a) + e[F* (2, a) + ¢"(Fy (¢, a), ..., FY (¢, a))] ~ 2" (4.27)
Then for a = 0 we have
Fi*(2,0) + (2%, ..., ZN) =0,

ie.,
Spi(zi7 B 7ZN) = _Fll*(z70)

Thus we have obtained N functionally independent approximate [with an
accuracy of o(e)] solutions to problem (4.15), (4.17):

F'(? a,e) ~ Fi(,a) + eF} (¢ ,a) = (4.28)

Fi(Z,a) + e[F*(¢,a) — F*(F) (¢, a),...,F(#,a),0)], i=1,...,N.

Since |(OF()/(027)| # 0, it follows that this approximate equation can be
solved [with an accuracy of o(e) for 2’ :

2= fi(z,a) +efi(z,a). (4.29)

To obtain explicit expressions for the functions fi(z,a), we substitute
(4.29) into (4.27). We obtain, with an accuracy of o(e),

Fi(fo(z,a) +efi(z,a) + ... a)+

e[FI* (fo(2, a),a) — F*(Fi (fo,a), - - FY (fo,a),0)] ~ 2
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hence, by virtue of the initial data (4.24), we have

OF}
02"

5 (fo,a)fl(z,a) + F*(fo,a) — F*(2,0)| = 0.

Since |[(0F3)/(02"7)] # 0, we see that this system can be solved for fi(z,a),
namely,

- OF]
fitz.a) =152

[Note that the functions f{(z, a) satisfy the initial data (4.16), i.e., fi(z,0) =
0.]

| [F1*(2,0) = F{"(fo(2, a), a)]. (4.30)

To obtain the approximate [with an accuracy of o(¢?)] solution, we sub-
stitute IV independent solutions of (4.28) into (4.22) and obtain a system
of linear nonhomogeneous equations for the functions Fj(z’, a). By analogy
with the first-order accuracy, we have

Fi()a,2) = Fi(a)+ (431)
eF[(7,a) + 2[Fy (¢, a) — Fi(Fy (2, a),..., F (#,a),0)].
The inversion of this formula for 2’ with an accuracy of o(?), we obtain
2 = fo(z,a) + efi(z,a) + €2 fo(z, q).

The functions fy are determined by substituting z’ into the initial condition
(4.25), namely,

OF; ; 1 0*F}
oo ) i+ %5

§az,jaz/k (f()7a)fff{C

(foua’>f1 + 82 §*<f07a) ~ 82F5*(27O)'

These equations can be solved for fi by virtue of the condition [(OF()/(02"7)| #
0.

+e?

OF}
02"

Similarly, we can construct N independent approximate [with an accu-
racy of o(eP) solutions to problem (4.15), (4.17) and the solution to (4.9),

(4.16) of the form (4.18). Thus Lemma 3.4 is proved.
Let us now state and prove the inverse first Lie theorem for approximate
transformation groups.

Theorem 3.3. Let the system of approximate Lie equations

a Z/i

~ (2, e)Vi(a) (i=1,....N, a=1,...,r) (4.32)
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be completely integrable, let the functions £,(2’, ) be (approximately) lin-
early independent, and let the rank of the matrix V(a) = (V/?(a)) be equal
to r. Then the solution to equations (4.32) that satisfies the conditions

Voo 2 2 (4.33)
has the form
2= folz,a) + efi(z,a) + ... + P fo(z,a) + o(eP) (4.34)

and determines an approximate [with an accuracy of o(e?)] r -parameter
transformation group.

Proof. By Lemmas 3.1 and 3.4, the solution to problem (4.32), (4.33)
exists, is unique, and can be represented in the form (4.34). Let us prove
that the transformations (4.34) form a local approximate transformation
group.

First, let us show that the parameters a are essential in the family of
N independent approximate solutions F* = F(2’,a,¢) to problem (4.15),
(4.17). Indeed, let the following equations of the form (2.3) hold:

OF?
oa®

Yv*(a)~0, i=1,...,N. (4.35)

Then from (4.15) and (4.35) we obtain the system of linear homogeneous
equations

OF" . N
@%V&B?ﬂ (a) =0

with the matrix (dF")/(dz"), whose determinant is not zero. Therefore, the
expressions 4V ¢*(a) are approximately zero. Since the vectors £5(2', )
are linearly independent and the matrix V/(a) is nondegenerate, we have

This precisely means that the parameters a are essential.
Now let us show that the transformations (4.34) satisfy the group prop-
erty (3.2). Rewriting (3.2) as

' x f(Zbe) = f(z0(a,b),€), (4.36)
we see that the approximate Lie equations (4.32) imply

7 " azﬁi 7 "
~EGE VD) and 5~ GV ()
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Substituting the right-hand side of (4.36) into the first of these two systems,

we obtain .
02" D7
dpr Ob>

and from the second system we derive the equation

~ (2", e) Ve (b),

O ;
§l VI (P) 5 = (VD).

Since the vectors £g(z”, ¢) are linearly independent, we have

op”

B —_ /8
V) oo = VI)
and hence
99" _ Ao (o)Wve(h 4.37
= AXVF ) (4.37)

Thus if the composition ¢(a,b) is defined for transformations (4.34),
then it necessarily satisfies system (4.37).
System (4.37) is completely integrable, i.e

ENCEAN N
obr \ Ob% ) b3 \ ob

Indeed, by virtue of (4.37), the last equation can be rewritten as follows:

AT O o OV 04 of ovk

—a R VHE 4 A
R P AR B T

or

DAY dAY ovg ove
gAY — nAY ) VTV = —AC _ 2 )
(e ae) = (G - )

Multiplying this equation by AzAlﬁ and using (4.11), we obtain equations
(4.14) for the function A%(p), namely,

O A5 - D Ay ) = —uds

These equations follow from the Maurer-Cartan equation, which is equiva-
lent to the integrability of the Lie equations (4.32) and holds by the condi-
tion of the theorem. Thus, system (4.37) is completely integrable.

It follows that the preceding argument concerning the approximate Lie
equations (4.32) is valid for equations (4.37) as well (this has also been
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proved by Eisenkhart [31] and Chebotarev [21]). We see that the solution
to (4.37) with the initial conditions

Plp=0 = a, (4.38)
where the components of a = (a',...,a") are sufficiently small, gives r
independent integrals, since |A2(0)] = 1.

Let us check that the transformations (4.34) satisfy property (3.2) with
the functions ¢(a,b) obtained from problem (4.37), (4.38). Let

2= f(z,a,e), "= f(z,be), w=f(z,0(a,b)e).

Clearly, z” = 2’ and w = 2’ for b = 0. By the construction of f we have

1027
b DB b 2w V5 (p) o

&V () Ag(0)Vy (b) = & (w, )V (b),

where (4.38) was used to derive the last equalities. Thus the functions z”
and w satisfy the same Cauchy problem with the same initial conditions at
b = 0. It follows from Lemma 3.1 that z” and w coincide, and consequently,
the group property (3.2) is satisfied.

The existence of the unit element follows from the construction of the
transformations.

The inverse transformations also exist since (4.18) is invertible in the
vicinity of @ = 0. They can be obtained from (4.34) by choosing appropriate
values of the parameters. Namely, these values can be determined by solving
the equation

w(a,b) =0
for b. Thus the theorem is proved.

Example 3.5. Let us illustrate the solution of the Lie equations by the
example of system (3.16). The equivalent system of linear homogeneous
equations [see (4.15)] is

,OF OF

oF
3
(Ltea)oy T5 5, + g =0
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OF = OF OF _

/
E.’E%“‘Eya—y/‘i‘%w )
8F+8F 0 3F+3F
e 4 — & E—  — &
ox'  Oat Ty 0ad

Substituting
F=Fy,a)+eF (2, y,a)+ -

into these equations and equating the coefficients of % and e! to zero we
obtain

0F, O0Fp 0F, O0F 0F,

o tom =0 Ty Toe =0 ga =0 17345 (439
OF, OF, ,0F, ,0F
=0
ox' * dal ta ox' e oy ’
(9F1 8F1 8F0 38F0
oy + 92 + 9/ G, +a a—y, =0, (4.40)
OF,  ,0F, ,0F,
=0
a3 T ox' ty oy’ ’
OF,  OF,
oat o =0
OF: | Oy _
da® 0y

System (4.39) has two functionally independent solutions, namely,
Fl =2 —d', F}=y -d. (4.41)
With the initial conditions
a0 =, Yla=0 =, (4.42)
they determine the (precise) group
¥ =x+a, Yy =y+d.
Substituting the functions (4.41) into (4.40), we obtain the systems for F,

oF} OF o OF oH

oz’ * dat — oy’ * da?

OFf __, oF __ OF _

—_— l’ —_ _— =
Oa3 " Oat " Oa® ’
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and for F?
OF  OF? ,  OF? OF? 5
ox' + dal oy’ * a2
ory ., OFf _ o OF
0~V bat T 0w

The general solutions to these systems have the form

1
Fll — —CL4—CL3,I‘,— 5(y/>2+a1(x/_a1’ y/_a2)
and .
F12 — _a5 _a3y/ . §($/)2 +a2($/ —al,y’ _a2)’
respectively. Hence we have
1
Fl :I/—CLI +e —CL4 —a3.f1f/— §<y/)2+061(37/—6l1, y/_a2) ’
1
F2 :y'—a2+5 —CL5 _a3y/_ §(ZE/)2+042(ZL',—CL1, y/_a2)

By virtue of the initial conditions (4.25) and (4.33), which read
F(Z a,e) ~ 2z, 2|o=0 =~ 2,

we have o' = y?/2, o? = 22/2. Therefore, by solving the relationships

1
x’—a1+€[—a4—a3x’—a2y/+§(a2)2}%m,
/ 2 5 3,/ 1, 1 1\2
Yy —a" +e|—a —ay—ax+§(a) ~y

for 2/ and y' [with an accuracy of o(¢)], we obtain the approximate Lie
transformation group

1
P’ ~r+a +e [a‘l +a’r + a’y + §(a2)2 + alaﬂ :

1
Y ~y+a+te [a5 +a’y +atr + §(a1)2 + a2a3]

[cf. (1.4)].
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§ 5 The second Lie theorem

Consider the approximate operators with an accuracy of o(g?) :

X = 602 = [6(2) + <6(2) + - + P
A 0 A . A 0
Y=L S e ) 4+ P G

It is clear that the addition of operators and multiplication by a number
are well defined on the set of such operators, i.e., the structure of a linear
space is defined.

Definition 3.5. The operator
(X, Y]~ XY -YX (5.2)

considered with an accuracy of o(eP) is called the approximate [with an
accuracy of o(e?)] commutator of the operators X and Y.

It is clear that the commutation introduced in such a way has all usual
properties, namely,
1) linearity
[aX + BY, 2] ~ a[X, Z] + BIY, Z];
2) antisymmetry
(X, Y]~ —[¥, X];
3) the Jacobi identity
(X, Y], Z1+ [V, Z], X] + [[Z, X], Y] = 0.

Definition 3.6. A vector space L of approximate operators (5.1) is called
an approximate Lie algebra of operators if for any two operators in L their
approximate commutator (5.2) is also in L.

Theorem 3.4. Let a local r-parameter approximate Lie transformation
group (3.1) be given. Then the linear hull of the operators (3.9)

) 0 )
Xazfé(z,e)@, i=1,....N, a=1,...,r
is an approximate Lie algebra of operators with structural constants given
by (4.12) (i.e., coinciding with the structural constants of the approximate

Lie transformation group), namely,
[Xa X5] &~ ¢l X, (5.3)

Conversely, to any r linearly independent operators that satisfy conditions
(5.3) with constant clﬁ there corresponds a local r-parameter approximate
Lie transformations group.
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Proof. Consider the approximate commutator

0 ‘ gl o
[Xa,Xg] = 52 (Z 5) 27 gﬁ( ) :| [é" aif gﬂai]] azj ’

By (4.11) and (4.12) this expression has the form (5.3), namely,

0
[XOHXﬁ] ~ Caﬁfam = CozﬁXU‘
Conversely, let the operators X, form a basis of an approximate Lie algebra,
and let (5.3) hold. Clearly, the structural constants c7; satisfy the usual

conditions
g

Cop = —Cha  CapCory + 5 Con + uCls = 0.

According to the third main Lie theorem (for precise groups) (see, for ex-
ample, Eisenkhart [30], Chebotarev [21], and Ovsyannikov [111], [112]),
such structural constants determine a system of functions V() satisfying
the Maurer-Cartan equations (4.13). System (4.32) with these functions
is completely integrable by (5.3). According to the first Lie theorem for
approximate groups of transformations (see Theorem 3.3), we obtain an
approximate r-parameter local Lie transformation group.

Example 3.6. Let us construct the auxiliary functions Vi§*(a) for the op-

erators 9 5 9 5
X = — — Xy = —
1 8x+€x8y’ 9 = ay—ireya
0 0 0 0
37 ° (xax +y8y) Ty Eﬁy
We have

(X1, Xs] = —[X3, Xi] = Xuy [ Xo, X3] = —[ X5, Xo] = X5

all other commutators are zero. Therefore, only the following structural
constants are not zero: ¢y = —ci; = 1 and ¢3; = —c3, = 1. To find
the functions V(b), we should find the integrals of the system of linear

equations [[21], p. 63, Eq. (31)]

00"

. =00 + ) 6L, (5.4)

vanishing at ¢ = 0. Then

V=X a=1,...,r, V=05 .. X r). (5.5)
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In our case the solution to system (5.4) with the initial conditions taken
into account has the form

1 1
0° =t, 0 =N 05 = -\
2 2
and 02 = 0 otherwise. Then (5.5) gives
1 1
V=1 a=1....5 Vi=2bh Vp=ob

and V. otherwise. Replacing b®/2 by a3, we obtain the matrix V(a) from
Example 3.4.
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No. 2-13-8-48, 1992) and of Russian Fund of Fundamental Research (Grant
No, 93-013-17394).



Paper 4

Approximate equivalence
transformations

V.A. Baikov, R.K. Gazizov, N.H. IBRAGIMOV [12]

Differential’'nye Uravneniya, Vol. 30, No. 10, 1994, pp. 1659-1664.
English transl., Differential Equations, Vol. 30, No. 10, 1994, pp. 1531-1535.
Reprinted with permission from Plenum Publishing Corporation.
Copyright © 1995 Plenum Publishing Corporation.

The first stage of group classification of differential equations is to find
equivalence transformations. A nonsingular change of dependent and inde-
pendent variables which moves any equation of a given class into an equation
of the same class is called an equivalence transformation of the given class
of equations (the second-order classes of equations are determined by ar-
bitrary parameters or functions). For example, for the class of differential
equations with two independent variables of the form

A2, Y)tae + 2B (2, y)tay + Oz, y)uy, + a(z, y)us +b(2, y)uy, + c(z, y)u = 0,
the equivalence transformations are

i:f(x7y)7 g:g<x7y>7 a:h(a:7y)u7
and for a narrower class of hyperbolic equations of the canonical form

Usy + a2, y)ug + b(x, y)uy + c(z,y)u = 0,
the equivalence transformations are

i=f(z) §=9y), @=h(zyu

(see [89] and its English translation in [65]).
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In his works Lie calculated finite equivalence transformations. As far as
we know, it was L. V. Ovsyannikov who first used infinitesimal approach
to calculation of equivalence transformations (see [114] or, for details, [1]).
In the present paper we use the infinitesimal approach to calculation of
approximate equivalence transformations taking, for example, three classes
of second-order ordinary differential equations with a small parameter.

§ 1 Equations y" = ¢f(y)

The infinitesimal approach to calculation of exact equivalence transforma-
tions can be applied to the equation

y' = fy) (1.1)
¢ = 1. For this purpose, we rewrite it as the system of equations
y'=f f.=0 (1.2)
where y and f are considered to be functions of the variables x and x,y,
respectively.
We search for the generator of an equivalence group in the form
0 0 0
E = — — —
§@,y) 5+ n(:r,y)ay + p(z,y, f>af

and found it from the invariance condition for system (1.2):
By’ - N)l(12) =0, (1.3)

E(f.)](1.2) =0, (1.4)

where £ = F + Cla%/ + Cz% + /M% is the extended operator. The co-
efficients (; and (, are calculated by usual extension formulas while p; is
obtained by extending the function f, which is considered as a fuunction
of the variables x and y, namely, 1 = D, (1) — foDx(§) — f,Dx(n), where
D, = a% + fm% + -+ . Taking into account that ; does not depend on f,,
we derive p, = 0 and 7, = 0 from Eq. (1.4). Therefore the solution of Eq.
(1.3) yields ¢ = Cix + Cy,n = C3y + Cy, and p = (C3 — 2C}). Setting in
turn one of the constants C' equal to 1 and the other constants equal to 0,
we obtain the operators

0 0 0
El—l'%—wa, EQ—%

0 0 0
, E3=y8—y+f§> E4:8_y’ (1.5)
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which generate a 4—parametric group of equivalence transformations for
Eq. (1.1)

A similar algorithm can be used for calculation of approximate (point-
wise) equivalence transformations for the equation

y'=ef(y) (1.6)

with the small parameter €.
We call nonsingular in the zeroth order with respect to € changes of
variables of the form

j:900<x7y)+5901($ay)7 gj:@/)o(a:,y)—kswl(x,y),

which move (with the considered accuracy) Eq. (1.6) into an equation of
the same form, the approxzimate [with the accuracy o(e)] equivalence trans-
formations for Eq. (1.6). Thus, taking into account the accuracy of approx-
imation, it suffices to assume that ¢ does not depend on x. Then Eq. (1.6)
is rewritten as the following system of equations

y'=¢cf, efe=0. (1.7)

The generator of the approximate group of equivalence transformations
is sought in the form

B = ((00) + =€ (w.0) 5 + (0 (w) + e (@) + uley.

9
of
and is found from the approximate conditions of invariance for system (1.7)
(see [8] and [9])

E(y" —ef)|amn = ole), (1.8)
E(£fa:)|(1.7) = o(e). (1.9)

Here E is calculated in the same way as in the case of the exact group with
the change of ¢ and 1 by £° + €', and n° + en', respectively.
Separation of zeroth-order terms with respect to ¢ in (1.8) yields defining

equations for the exact symmetries of the equation y” = 0. Hence,
50 = (011’ + Cg)y + 031E2 + Cyz + 05, (1 10)
1" = Cyy* + Csay + Csy + Cra + Cs. '

The appropriate operators become

0 0 0 0 0
B =ay—+y'— Ey=y - Ey=a'—+ay_,
Ox dy 5 Ox 5 Ox 5 Jy 5 (1.11)
FV=p— E°=_— [EV_—¢y— E°—p— EO—-___
4 w@gj? 57 Or 6 y@y’ 7 x(?y’ 8~ By
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The first-order terms with respect to € in Eq. (1.9) yield u2 = 0,7% = 0

51 = (Alx + AQ)yQBliL'B + A3$2 + A4IE -+ A5,
771 = A1y2 + SleQy + Azxy + Agy + Box® + Az + Ag,
n = 6Bly + 232 + (Cﬁ — 204)f

Thus, the approximate group of equivalence transformations is generated
by

0 0 0 0 0 0
Bi=ao— =2 Bp=——, By=y—+f5: By=o
ox af ox dy af oy (1.12)
E :25x3£+36x2g+6y— E :€x2£+2£
> Oz Ay of ¢ oy ' TOf

and by the eight generators obtained from (1.11) by multiplication by e.
The corresponding 14-parametric approximate group of equivalence trans-
formations is written as

T =ax+ ay + e(2a1a57° + ara;xy + agy + ayagr® + ajox + ay),

Y = agy + aq + 5(3a3a5x2y + a6;1:2 + a?’aTy2 + asagxy + aray + a13T + ay4),
f = a;%asf + 6a;%asasy + 2a; %as, ayas # 0,

It should be mentioned that only the transformations generated by the
operators F1, F3, Ey, F5, Eg in (1.12) are essentially used for group classifi-
cation of the Egs. (1.6) with respect to approximate symmetries.

§ 2 Equations ¢’ =cf(x,y)

Like in Section § 1, we seek for a generator of the approximate group of
equivalence transformations for the equation

y' =cf(z,y) (2.13)

with the small parameter ¢ in the form

B = (w.0) + € (00) 55 + (0Fe0) + 20’ n)) g + oy D
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and find it from the approximate condition of invariance for Eq. (2.13)

E(y" —ef)l@as) = o(e) (2.14)

Here £° and 7° are defined by (1.10) and separation of first-order terms with
respect to ¢ in Eq. (2.14) yields

g;y - 0’ n;y o 2€alzy = 07 27];;, - ;x - 3f(01$ + 02) = O,
p= 1y, + f(=3Csz + Cs — 2Cy),
whence we derive
Cy=0, Cy=0, & =Amy+ Awy+ O(x),

n' = Ay*+27 B (2)yAsy+o(z),  p27 8" (x)yo" (2)+ f(=3Cs2+Cs—2Cy).

Thus, the approximate group of equivalence transformations for Eq. (2.13)
is generated by

0 0 0 0 0 0

= 2— —_— R e —_— JE— = —
El—a:gx+xyay aBa:fafa Es xax 2f8f’ Es 9
Ei—ro Bi—ye+ L EBy=L B —ery et

€

FEs=cy—, FE9q=cy—, FEi = — 4+ 7 — 4 g —
8 €y8$7 9 gyaya 10 6ﬁ<x>a$+2ﬁ (x)yay—i_zﬁ (x)yaf7
E *go(x)g—ka”(x)g

where 3(x) and o(x) are arbitrary functions. The approximate transforma-
tions have the form

asT + as 20, 7Y + azagy + azaio3

T = 5
1 —aa3 — ajasx (1 — ara3 — ayasx)

asy + a4 + ag €
1 —aja3 — ajasr (1 — ayas — ajazx)

~ 2
Yy = 2(a1a2a5a8+a5a7—a1a3a5a7)y +

+ayasasaiof(z)y + (27 asar — 27 arasasarg) 5 (x)y—
—27 Y a1asa5a108' (2)zy + (ara0a6a7 + agar — ayasasay — ajasasag)ry-+
+(araza6as + asag + asas — arazasag — a1a3asag)y + (a102a6a10 + a4a10—
—ajazasaypf(r) — ajasasario(z)xr + (asan — arazasar;)o(x)),

f= a5 2as(1 — aras — ayasw)*(f + 2 ayB” (x)y + apo” (z)).
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For comparison, here we present the exact group of equivalence trans-
formations for Eq. (2.13) with € = 1, that is, of the equation y"” = f(x,y).
It admits the infinite-dimensional group equivalence transformations gener-
ated by the operators

B = ale)5- + 3o (hyg + <1a’"<x>y— 2 @)f) 5
o . 0
Ey = B(x) - ﬁ()(“)f +f8f

where a(x) and ((z) are arbitrary functions. The corresponding transfor-
mations are

d
T =~""(y(z)+a;), where ’Y(x):/WZ)’ y~' is the inverse to 7,

j = (a(@) /()" (asyB(w)az),
f = (a(w)/a(@)*(asf + " (x)az) — (1/2)(l(@) 7 *(au(a)) 7/
x[a(z)a"(2)—=(1/2) (e (2))*—a(@)a” ()+(1/2)(/(2))*)(asy+P(2)az); a5 # 0.

§ 3 Equations v’ =¢f(x,y,y)
In the case of the equation
y'=ef(z,y,9) (3.15)

(with the small parameter ¢), a generator of the group of equivalence trans-
formations becomes

0 0 0
= ((w,y) + €' (x, W)g. Tt (n°(,y) +en' (2, y))a—y + plz, 9,y f>§’
where the functions £ and 7° are defined by (1.10). Unlike the two previ-

ous cases, the coefficient p depends on ¢y’ and, therefore, the approximate
condition of invariance for Eq. (3.15) implies that

1= Ty 424 1, + ()1, + [ (—=3Chay’ —3Coy’ —3Csy' —2C,+Cs) —y'€,,—

—2(y)*Ey — (V)

where ¢! and n! are arbitrary functions.
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Thus, the approximate group of equivalences transformations for Eq.
(3.15) is infinite-dimensional and is generated by the operators

9,0 ,, 0 .
El—wya—+ya——3wyf f E,y 2 =Yg 3yfaf
E. x£+x——3f:c = 2— f
3_60 Yoy g - o af’ )

8 8
Ey = ¢ (z, y)a—x +en'(z, y)a—y — ()%, + (y')2(2§iy — 7y +
+y/§;m - 27];;1;) - niy)a_fv
where &'(z,y) and n'(x,y) are arbitrary functions. The transformations

corresponding to these generators have the form

/

T Y ~ Y
1—ay 1—a1y’ y_l—aly—l—alxy”
fP(A —ay)®

—ay + arzy’)?

Ey:i=v+ay, §=y, §=vy/(1+ay);

f=1/(1+ay),
By:i=x/(1-asz), §=y/(1—asz), ¥ =y +as(y—zy),
(

1 —asx)?;

Elij::

@z

Ey:i=ar j=y, §=y/as [=Ff]a];

Es:i=z+as, §=y, §=y, [=;

Es:i=x, j=asy, ¥ =aey, f=oasf;

Er:d=z, j=ytamz, §=y+a, f=Ff

By:Z=uw, §=y+as, §=v, [=F

Ey:i=x+cal'(x,y), §=1vy+can'(z,y),
7 =y +ea(=() + ' (n, — &) + ),
f=1r—aly)e, + )2, — )+

' (Ew = 20ay) — Taa)-

(3.16)

It should be noted that only in the case of Eq. (3.15), all the symme-
tries of the equation y” = 0 are stable with respect to the perturbations
considered.
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In the case of ¢ = 1, the obtained differential equation y” = f(z,y,y’)
preserves its form under an arbitrary pointwise change of variables = =
o(z,y),y = ¥(z,y). The generator of the corresponding equivalence trans-
formations is:

0 0 0
E=¢(x,y) 5 +nlz, y)a—y+(nm+y’(2nxy—£m)+(y’)2(nyy—2£my)—(y’)3€yy)a—f

[cf. the operator Ey in (3.16)].



Paper 5

Lie groups in turbulence

N.H. IBRAGIMOV AND G. UNAL [77]

Lie groups in turbulence: 1. Kolmogorov’s invariant and the algebra L,.
Lie groups and their applications, Vol. 1, No. 2, 1994, pp. 98-103.

The usual application of the group theory to Navier-Stokes equations
deals only with laminar flows, indeed point symmetry group G, of Navier-
Stokes equations leaves unaltered the viscosity v. In [133] an idea was initi-
ated to use the equivalence group G, to adopt the Lie theory to turbulent
flows. The equivalence transformation change the viscosity and therefore
lead to a variety of liquids and scales of motions which depend on the vis-
cosity. To identify those equivalence transformations connecting different
scales of a given liquid Kolmogorov’s invariant is used.

Here we employ Kolmogorov’s invariant and determine the subgroup G,
of the equivalence group G. such that Kolmogorov’s invariant is the first
order differential invariant of G,.. It follows that the subgroup of G, leaves
invariant the energy balance equation. We believe that the group G, plays a
fundamental role in the turbulence theory similar to the heat representation
of the Galilean group in heat conduction [66].

1 Equivalence and symmetry algebras for the
Navier-Stokes equations

We consider the Navier-Stokes equations
1
uH—(u-V)uz—;Vp—l—yAu,V-u:O, (1.1)

199
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where u = (u', u?, u?),

0 0 0
V= {8351’ o2’ 8:163}’ A=V-V,

and the density p > 0 is constant. Navier-Stokes equations admit the infinite
dimensional equivalence Lie algebra L. consisting of the operators which are
linear combination of the operators*

Xy = %a Xo = f(ﬂgp
X = ““Zaaz * Qt% - “iaiz - pa2
Xo = In(t) ooy 4 (1) oy — (1) S
Xs h2(¢)%+h;(t)% 2hg(t)83
Xo = halt) oo + Hy(t) oy — (1) S 12)
X7:t2+xi a —1—1/z

with arbitrary coefficients depending on v [133], [78]. For all equations (1.1)
with v # 0, the symmetry algebra is equivalent to the principal Lie algebra
(in the sense defined in [76]) spanned by the X, ..., Xg from (1.2) [118].

2 Kolmogorov’s invariant and algebra L,

Definition 5.1. The algebra L, is the subalgebra of the equivalence algebra
L. such that Kolmogorov’s invariant [85], i.e. the energy dissipation rate

_V r s\2
5—§Z(u5+ur)

.8

is its differential invariant.

*Note to this 2007 edition: Egs. (1.1) allow the larger equivalence algebra where the
functions f(t), h1(t), ha(t), and hs(t) in the operators X, X4, X5 and Xg are replaced by
the arbitrary functions of two variables f(t,v), h1(t,v), ha(t, V), and hs(t,v), respectively.
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Theorem 5.1. The algebra L, is infinite dimensional and it comprises the
following operators:

0 0
Xi=—, Xo=f(t)=—
1 atu 2 f( )ap
X—xia+gt2+luia+gﬁ+%yg
TP or "3t T3 aw T 3P8p T 3 0w
0 0 0 .0
o= et 7 T
X oxt oxI tu out Y ouw’
a / a 1.1 a
Xy = hl(t)% + h1(t)% hl(t)ﬁ_p
0 N, 9 mp 0
0 sy O PN,
Xo = h:ﬁ)@ + hg(t)% - $3h3(t)a—p (2.3)

Proof. Since the € only involves the first order differentials, first pro-
longations of operators X; and X, do not comprise differential functions
which appear in €. These operators leave ¢ invariant:

X1€ = 0,

0
o7 2(m)° + 203)° + 2(u5)° + (up + u1)* + (w3 + u)” + (u5 +13)°] = 0,

9, 0
X2€ = O, f(t)a—p + f(t),a—p e=0.

Now we act by the first prolongation the linear combination X1 = aX3+3X;
of the operators X3 and X7 on ¢ :

Xie =0,

9
dp

i 0 0 ;
ax——i—(Z(x—l—ﬁ)ta—k(a—i—ﬁ)u 5

0
oxt B ﬁy@

9 d
— Ba+28)u;— — (Ba + 26)pma— e=0

;0
—(2a + B)u] ol o

ou

Z’.
J

to obtain

v(da+38)[2(ur)* +2(u)” +2(uz)* + (uy + i) + (ug + i) + (w5 +u3)*] = 0.
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Thus we have 4
=1 d = ——
Q and [ 3

which yields

4
X3 = X3 — gX7

to be written. Next we act the first prolongation of operators X;; on ¢ :
Xijg = O,
. 0 .0 . 0 0

J — x4 —ut— + (Uf‘nO.ﬂ — Ugfsjm + u;51m>

* o ozi " Qui ou’ (s

1
Jul

. 0 . 0
Fud, O — U O + U%im)w + (=, 03 — U6 — “?@m)WJF

m m

0
(—pidjm +pj5im>ap7 e =0,

to get

4ui(u{'5ﬂ —u}éj + u}éﬂ) + dus(—uhdjo + uéﬁn —ulbjo+ U?(Sig) + duj (—ubdjs

—u} 03+ u30is) +2(ug +u?) (uhoin —utdjo + ;60 — 0 + ) diy —ulj +uldi)

+2(uj + u) (uhdin — uj 83+ ujdis — uidzs — udn +ufdn) +2(uf + u3) (—uid
+uhbis — ubis + uldis — ulds — uhGss — uSds 4+ ulbn = 0.

Latter vanishes when i = 1,7 = 2;9 = 1,5 = 3 and i = 2,5 = 3. Owing
to the fact that the first prolongations of operators X4, X5 and Xg do not
involve the differential functions which appear in €. These operators leave
the . These operators leave the ¢ invariant.

X45 = 0,
0 , o 0 .0 ;. 0
)+ 1605 — 2O+ (1 = )
0 0 0 0
S N A N A N 1.1 AN _
uyhy o2 uyhy 03 hi o (z"hy +p1h1)8pt} e =0,
X5€ = 0,
(9 / 8 " a " / a
alt) s+ 1500z — (0 + (1 = 031
0 0 0 9]
R S N e N N AN/ n_- —
ushy ul Uy 9 hy ops (z”hy + p2h2)8pt} e=0,
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Xﬁ&f = 0,
0 0 0 0
ha(t) 55 + hé(t)% - $3h§(t)a—p + (hy — Ughé)@
0 0 0 0

These calculation completes the proof.

3 The main property of algebra L,

Theorem 5.2. The energy balance equation:

A = pu'u] + pu'uPul + u'p, — puuby =0

is invariant with respect to a subgroup of L,.. Here u is the dynamic viscosity

(v=u/p).

PrOOF: Since the A involves second order differentials. The second
prolongations of the operators should be acted on the A. The second pro-
longation of X1 is given by:

o 20 1,0 20 4 0 2,0 1,0

D A T L A A B A N
Yor 3o 3% au T30y T30y T 3%ou 3"
10 |2 2 9
—SPm5— — |5 o — 7’52'71 —u,) 5n a
3P G |31 ™ MmO gt |

The second prolongation of Xj; is found to be:

0 .0 -0 -0 .
—rt— + u’ — U — + (u;nézl — Ul-l(sj'm + U;(Szm)

v oxt ox’ ou’ ouw’

1
oul,

(=t 02 + w0 — Ui g + U300 ) 55 + (— U3 — U0

ou

m

0
(=pibjm + Dj0im) =— + (uim5i15j2 + Uim5i15j3

o
ou3,

—U}M-ajm + uijélm — u}m-(Sjn + Uin](;m) + (—U;m5i15j2 + uim5i25j3

oul

mn

—Uii(gjm + ui](ﬂm — ufm@n + U2 5m + (—Uim(siléjg + Uim(sig(;jg

g,

0
3 3 3 3
Umnn
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Now acting by the second prolongation of X3 on ¢ one can obtain:

p r,,T p r,T 2p T T 2p T T 1 r 1 T 1 T 4 r,T
Uy — Sulup+ uul — U uPul + FUDr = WDy S+ g

r,T r,r __
— R U gy — juu ugy = 0

3
Finally we act the second prolongation of X;; on A one can obtain:

W+ T+ T3+Ty =0
where
Ty = plu?u]d,; — uiugérj + ulugéil — uQ(—uichg + ui@-g) — u?’uiéjg],
Ty = plu vPud; — uiu3u§(5j3 +ulu™(ul 0 — uiléjm + u]lélm) + u2um(—uin(5j2
Ul Oy — U Ojim + U0 ) + WU (—ul O — U0 + U0 )],
Ty = u’p, 05 — u'prOjr — wp; + u'pj,
Ty = pluuby — u'uhs 4+ ut (u2s01050 + ud30:10;3) + U (—uds0i10jo + Uss0i20,3)
— 0’ (~ug3011053 + u330:20;3)].

Ty — Ty vanish wheni=1,7 =2;i=1,7 =3 and i = 2,5 = 3. It is clear
that the groups generated by X; and X5 leave the A invariant. Q.E.D.

4 How different scales of motion are gener-
ated by L,

Let us consider the equivalence group generated by the operator X,

3 4

;= eu;, T; = e>a,, tet, v = e (4.4)
Since the Lie Groups are infinite groups, starting with constant viscosity
we get different values of 7 by changing the group parameter a. What is
physically happening here is the following: different scales of fluid motion
(eddies) are affected differently by the viscosity. The effect of viscosity on
small scale eddies are more severe than the larger ones (the faster the fluid
motion it gets, higher the effect of viscosity becomes). Now we will illustrate

this with an example. The equivalence group (4.4) allows one to write:

u; = e fi(e*t, e?’“xiye‘my).
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For the sake of clarity let us take one dimensional periodic flow:
u = e “sin(e*t)

increasing the value of parameter a increases the frequency of fluid motion
but decreases its amplitude because of viscosity effects (damping). The
correspondence between different incompressible fluid flows (each having
different v) can also be established through (4.4).

As it has already been shown in [78], the group of projective transfor-

mations: ,
v t , '

t= = (4.5)

1—av’ 1—av’ 1—av’

v =

are also admitted by the Navier-Stokes equations. In this case one can write
the following;:

1
u = mg(t(l — Cll/)l/2, $(1 — &I/)B/4,

14

).

1—av

In the limit where the parameter a approaches to the 1/v the amplitude
and the period increases. This type of effect can be interpreted as negative
viscosity effect.
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Paper 6

Integration of third-order
equations admitting L3 by
Lie’s method

NaIL H. IBRAGIMOV AND MARIA CLARA Nuccr [72]

Abstract. We show how to integrate third order differential equations
which admit a three-dimensional symmetry Lie algebra L3. If L3 is solvable,
then we integrate the equation by quadrature, in accordance with Lie’s
theory. If L3 is not solvable, then we can still integrate the given third order
equation by reducing it to a first order equation, which can be transformed
into a Riccati equation, thanks to the fact that Ls transforms one of the
symmetry of the third order equation into a non - local symmetry of the
first order equation. Some examples are provided.

1 Introduction

Lie showed that an ordinary differential equation of order n with a known n-
dimensional Lie symmetry algebra can be integrated by quadrature provided
that its symmetry algebra is solvable. The general integrating procedure
consists of n successive integrations and leads to quite lengthy calculations.

In the case of second order equations, Lie [93] simplified the integration
procedure by using the canonical representation of two-dimensional algebras
on the (z,y) plane. By this canonical representation, the corresponding
differential equations assume a directly integrable form (e.g. see [64]).

The purpose of the present paper is to apply Lie’s method to the integra-
tion of third order equations which admit a three-dimensional Lie symmetry
algebra L.

206
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If L3 is solvable then we can reduce the given third order equation to
a first order equation which is integrable by quadrature, and then obtain a
second order equation which can be transformed into a directly integrable
form.

If Ls is not solvable then we can still reduce the given third order equa-
tion to a first order equation; this equation is not integrable by quadrature
but can be easily reduced to a Riccati equation by using a non-local sym-
metry which comes from one of the symmetry of the original third order
equation.

We have used the group classification of third order equations due to
Mahomed [100] and Gat [35] in order to cover all the possible cases.

In the last section, we show some examples of third order differential
equations which admit a three-dimensional Lie symmetry algebra.

We have found those Lie symmetry algebras by using an interactive
REDUCE program developed by M.C.N. [108].

2 Equations admitting solvable Lie algebras

Let us consider a third order differential equation which admits a three-
dimensional solvable Lie algebra Lj3. First, we reduce it to a first order
equation by using the differential invariants of an ideal Ly C L3. Then, the
first order equation can be integrated by quadrature, because it admits the
one-dimensional Lie algebra L3/Lsy. Its general solution becomes a second
order equation in the original variables. This equation admits Lo, therefore
it can be integrated by quadrature by using the canonical representation of
Lo, as Lie showed [64].

2.1. The algebra L3 with basis

X1 = 833, X2 = 8y, X3 = xé)y (21)

and its most general invariant equation:

y" = 1" (2.2)

The commutators of (2.1) are:
[Xl,XQ] - O, [Xl,Xg] = Xz, [XQ,X:),] = O

Therefore, X5, X5 span the ideal Ly = Ly < X5, X3 >. A basis of differential
invariants of Ly of order < 2 is given by:

u=uzx, v=y". (2.3)
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Then, equation (2.2) is easily reduced to the following first order equation:

<) (24)

which admits the operator X; = 0,. Therefore, equation (2.4) can be
integrated by quadrature, i.e.:

dv

(v)

which yields v = F(u + ¢;). By introducing the original variables and
integrating twice, we obtain the general solution of (2.2), i.e.:

y = / (/ F(aj—l—cl)dx) dr + cox + c3 (2.5)

with ¢y, co, c3 arbitrary constants. The same result could be obtained by
using the ideal Ly spanned by X, Xs.

=u-+c

2.2. The algebra L3 with basis

X1=0,, Xo=0, X3=Xe0,+y0, \#31) (2.6)

and its most general invariant equation:

3A—1

y/// = f (y//A—ly/1—2A> y””-l (27)

The commutators of (2.6) are:
(X1, Xo] =0,  [X5,X3] =Xy,  [Xo, X3] = Xo.

Therefore, X1, X5 span the ideal Ly = Lo < X, X5 >. A basis of differential
invariants of Lo of order < 2 is given by:

u=1, v=1". (2.8)

Then, equation (2.7) is reduced to the following first order equation:

S—Z = f(vA_lul_Z’\)v%%l (2.9)

which admits the operator X3 in the space of variables u, v, i.e.:

X5 = (1= Nud, + (1 —2\)vd, . (2.10)



6: INTEGRATION OF THIRD-ORDER EQUATIONS (1994) 209

It should be noticed that if A = 1 then equation (2.9) is integrable by
quadrature. Therefore we assume A # 1. We transform the operator (2.10)
into its canonical form X3 = 0; by the change of variables:

t = logu, z = vty
which are found by solving the following equations:
ot N 1—2)\ Ot 1
U— v— =
ou 1—X Ov ’
0z . 1—2X 0z 0
U— v— = 0.
ou 1—X Ov
In the variables t, z, equation (2.9) becomes:
d
d—i =2 [(A= 1)/ f(2) 41— 2)] (2.11)

which is integrable by quadrature. Let z = F'(¢,c1) be its general integral.
Then, by introducing the original variables, we obtain:

Yy = Flogy 1)

which is a second order differential equations admitting the symmetry al-
gebra Ly = Ly < X7, X5 >, and can easily be integrated by using Lie’s
approach [64].

2.3. The algebra L3 with basis
X1 = 8:,5, X2 = 8y, X3 = Q?ax + any (212)

and its most general invariant equation:

' =1y (2.13)
This is the previous case with A = 1. By using Ly, and the variables (2.8),
we obtain:
dv _ f(v)
du v

which is integrable by quadrature.

2.4. The algebra L3 with basis

X1 =9, Xy=20, Xs=A\-120,—y9, A#i1)| (2.14)

and its most general invariant equation:

y/// — f <x1—2/\y//1_>‘> y//gizf (215)
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The commutators of (2.14) are:
[X17X2] - 07 [X17X3] - _X17 [X27X3] - _>\X2

Therefore, X7, X5 span the ideal Ly = Ly < X1, X5 >. A basis of differential
invariants of Ly of order < 2 is given by (2.3). Then, equation (2.15) is
reduced to the following first order equation:

e T N (2.16)
which admits the operator X3 in the space of variables u, v, i.e.:
X3 = (A= 1ud, + (1 —2X\)v0, . (2.17)

We transform the operator (2.17) into its canonical form X3 = J; by the
change of variables:

t =logu, z =o' M

In these variables ¢, z, equation (2.16) becomes:

j—j = (1—2)\)z + (1 - Nz 5T f(2) (2.18)

which is integrable by quadrature.

2.5. The algebra L3 with basis

X1 =0, Xo=20, X3=20,+2y0, (2.19)

and its most general invariant equation:

y" = fly")a (2.20)
This is the previous case with A = 1. By using L, and the variables (2.3),
we obtain:
dv _ f(v)
du

which is integrable by quadrature.

2.6. The algebra L3 with basis

X1 = ((995, X2 = 8y, X3 = x@x + (l’ + y)ﬁy (221)

and its most general invariant equation:

y" =eVy"f (eVy") (2.22)
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The commutators of (2.21) are:
(X1, Xo] =0, [X1, X5l = X1+ Xo, [Xo, X]=Xo.

Therefore, X7, X5 span the ideal Ly = Ly < X1, X5 >. A basis of differential
invariants of Ly of order < 2 is given by (2.8). Then, equation (2.22) is
reduced to the following first order equation:

% =e “f (e"v) (2.23)

which admits the operator X3 in the space of variables u, v, i.e.:
X3 =0, —v0,. (2.24)

We transform the operator (2.24) into its canonical form X3 = 0; by the
change of variables:

t = u, z = e"v. (2.25)

In these variables ¢, z, equation (2.23) becomes:

d
d—j =2+ f(2) (2.26)
which is integrable by quadrature.
2.7. The algebra L3 with basis
X1 = ay, X2 = x@w X3 = 896 — yay (227)

and its most general invariant equation:

y/// — efxf (exyll) (228)

The commutators of (2.27) are:
[XlaXQ} :07 [X17X3] :_Xb [X27X3] :_XI_X2-

Therefore, X7, X5 span the ideal Ly = Ly < X1, X5 >. A basis of differential
invariants of Ly of order < 2 is given by (2.3). Then, equation (2.28) is
reduced to the first order equation (2.23), and, of course, the operator X3
becomes (2.24) in the space of variables u, v.
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3 Equations admitting non-solvable Lie al-
gebras

Let us consider a third order differential equation which admits a three-
dimensional non-solvable Lie algebra Ls. First, we reduce it to a first order
equation by using the differential invariants of a two-dimensional subalgebra
Lo C L3, which always exists in the complex domain. Then, the third
operator can be used to simplify the obtained first order equation, although
it is non local. Indeed, a Riccati equation is always found. Its general
solution becomes a second order equation in the original variables. This
equation admits Lo, therefore it can be integrated by quadrature by using
the canonical representation of L, as Lie showed [64].

We make use of the following:

Definition. For a given operator of the form

X = &0, + 10, (3.1)

the variables z,u are called semi-canonical if they transform the operator
(3.1) into the following semi-canonical form

X = Fo, (3.2)

with F' an arbitrary coefficient.
Semi-canonical variables exist for any operator (3.1), and they are de-
termined by the equation:
X(z)=0. (3.3)

3.1. The algebra L3 with basis

Xl = 8y, XQ = yay, Xg = y28y (34)

and its most general invariant equation:

3y//2
2y’

" __

+ f(z)y (3.5)

The commutators of (3.4) are:
(X1, Xo] = X1, [X1, X5] =2X,,  [Xo, X5] = X

Therefore, X7, X5 span a two-dimensional subalgebra L,. A basis of differ-
ential invariants of Ly of order < 2 is given by:

u=z, v=y"/y. (3.6)
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Then, equation (3.5) is reduced to the following first order equation:

dv w

which admits the non-local operator X3 in the space of variables u, v, i.e.:
X3 =2y'0, (3.8)

It is not a surprise that (3.7) is a Riccati equation. In fact, it is well known
[48] that (3.5) can be transformed into the Riccati equation (3.7) by using
the change of variables (3.6).

3.2. The algebra L3 with basis

2
X, =0, Xo=20,+yd, Xs=ayd,+ %ay (3.9)

and its most general invariant equation:

3 72 20" / 14
Yy

The commutators of (3.9) are:
[X17X2] :Xla [X17X3] :X27 [X27X3] :X3‘

Therefore, X7, X5 span a two-dimensional subalgebra L,. A basis of differ-
ential invariants of Ly of order < 2 is given by:

u=1, v =xy" (3.11)
Then, equation (3.10) is reduced to the following first order equation:

dv 32 20+ u
D - 12
Ve v+ " +f( o ) (3.12)

which admits the non-local operator X3 in the space of variables u, v, i.e.:

X3 = —2 (v?0, + (u* + 3uv)d,) . (3.13)

This operator is non-local, due to the appearance of x. Yet, we can trans-
form (3.13) into its semi-canonical form (3.2), i.e. X3 = —zu?d,, by intro-

ducing the new variable
_ 2vtu

z
2u3
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which is obtained by solving ( refsemceq), i.e.:

0z
2 2
Cew + (u” + 3uw)

It turns out that equation (3.12) becomes a Riccati equation in the variables
zZ,u, i.e.:

0z

du  zu®—1/2

T 14
& I0) 34
3.3. The algebra L3 with basis
z? + y?
X1 = 8y, X2 = x@z + yay, X3 = .’L'yaz + 9 3y (315)

and its most general invariant equation:

2
W3y (P -1) 'y
y - y/2 B 1 + . f (1 B y/2)3/2 (1 B y/2)1/2 (316)

The commutators of (3.15) are:
[X17X2] :Xla [XhXS] :X27 [X27X3] :X3'

Therefore, X7, X5 span a two-dimensional subalgebra L,. A basis of differ-
ential invariants of Lg of order < 2 is given by (3.11). Then, equation (3.16)
is reduced to the following first order equation:

d Buu? —u(l - u?
v£ =v—7 ivu2 + (1 —u?)*f (%) (3.17)

which admits the non-local operator X3 in the space of variables u, v, i.e.:
Xy =2 ((1-u*)0, + (1 —u”—3uv)d,). (3.18)

We put (3.18) into its semi-canonical form (3.2), i.e. X3 = x(1 — u?)d,, by
introducing the new variable

v—u(l—u?)

= (1 — u2)3/2

which is obtained by solving (3.3), i.e.:

0z 0z
— 2 —_— —_ 2 — _— =
(1—wu )8u +(1—u 3uv)av 0.
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It turns out that in the variables z, u, equation (3.17) becomes:

2 2\1/2

%:(1—u)z+u(1—u)/ . (3.19)

dz 1)
This equation satisfies the Vessiot-Guldberg-Lie theorem (see [64], Chap-
ter IV), i.e. admits a fundamental system of solutions (also known as a
nonlinear superposition principle). This means that equation (3.19) can
be transformed into a Riccati equation by a change of the dependent vari-
able u only. Let us follow the procedure given by the Vessiot-Guldberg-Lie
theorem. First, we consider the following two operators:

I=0-u»)d,, Ty=u(l-u*"%,. (3.20)
Their commutator is equal to
[Fh FQ] == (1 — u2)1/28u

and is not a linear combination of the operators (3.20). Therefore, we have
to consider a third operator

Iy = (1—4%)"%0, (3.21)

in order to obtain a Lie algebra. Operators (3.20)-(3.21) span a three-
dimensional Lie algebra with the following commutators:

[Fl, FQ] - Fg 5 [Fl, Fg] - FQ 5 [FQ, Fg] - _Fl . (322)

Any Riccati equation of the form

do _

p P(2) + Q(2)¢ + R(2)¢”

admits the Vessiot-Guldberg-Lie algebra spanned by
Vi=0y, Ya=9¢0s, Ys=¢"0, (3.23)
with the following commutators:
Vi, Ys] = Vi, [V, =2Ys, [V2.Ys]=Yi.

Therefore, we have to transform the operators (3.20)-(3.21) into the form
(3.23) by a change of the dependent variable

¢ = h(u) (3.24)
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in order for equation (3.19) to become a Riccati equation. If we consider
T =I3—-Ty=Y,, ITh=0[1=Y,, [3=03+4+1,=Y; (3.25)

and introduce the new dependent variable

1+u 1/2
o= (i)

which is obtained by solving the following equation:

ondo
(1—U)@—

then, equation (3.19) becomes a Riccati equation in the variables z, ¢, i.e.:

dgp 22+ ¢* -1

== 20 (3.26)

Recently, Clarkson and Olver [23] have shown that the Lie algebras in
subsections 3.2. and 3.3. are connected by prolongation to the Lie algebra
in subsection 3.1., which gives the theoretical explanation of the appearance
of a Riccati equation in each case.

4 Examples

In this section, we give some examples of third order differential equations,
which admit a three-dimensional Lie symmetry algebra L.

We remark that each of the following equation is reducible to a Riccati
equation, even in the example with solvable Lg.

4.1. Equation

2
w'w" w'

w" = 3w + _ Qw’7 w = w(s) (4.1)
w w

This equation was obtained by Whittaker in [139] by embedding the iterates
f"(2cosu) = 2cos(2"u)

into a continuously evolving system. He also found the general solution of
(4.1) by “a lucky guess” method. Instead, we apply Lie’s method to find
that (4.1) admits a solvable Lie algebra L with basis:

X1 = 85, X2 = B_Sas, X3 = w@w . (42)
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Their commutators are:
[XlaXQ] = _XQa [leXS] = 07 [X27X3] = 0.

It is easy to show that (4.1) is a particular case of (2.7) with A = 0. In fact,
by introducing the change of variables:

r = logw, y=e’

equation (4.1) transforms into:

no__ yll /! _
y" = 3?—2 Y, y=y(x) (4.3)

which is a particular case of (2.7) with A =0 and f(x) = 3/ * —2. In order
to obtain a Riccati equation, we consider the two-dimensional subalgebra
spanned by X7, X5. A basis of its differential invariants of order < 2 is given

by:
u=w, v=(w" —ww (4.4)

Then, equation (4.1) is reduced to the following Riccati equation:

dv v
— = %4 — 4.5
du ! +u (4:5)

which admits the operator X3 in the space of variables u, v, i.e.:
X3 = ud, —v0, . (4.6)

The general solution of (4.5) is easily found to be:

L (4.7)

2 _ 4,2

which becomes a second order equation in the original variables, i.e.:

admitting the two-dimensional algebra spanned by X;, X5. Then, we easily
find its general solution to be:

w = ¢ cos (cze’® + ¢3) .

We leave to the reader the application of the method delineated in subsec-
tion 2.2. to the equation (4.3).
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4.2. Equation

W =w* w=w(s) (4.8)

This equation represents the small-w limit of an equation which is relevant
to fluid draining problems on a dry wall, and the large-w limit to draining
over a wet wall [132]. Its general solution was given in [33] by “a lucky
guess” method. Lie’s method when applied to (4.8) leads to a non-solvable
Lie algebra L3 with basis:

X, =0,, Xy=350,+wd,, Xsz=50,+25w0,. (4.9)

It is easy to show that (4.8) is a particular case of (3.10). In fact, by
introducing the change of variables:

equation (4.8) transforms into:

3y//2 y/4
y" = 7 - y=y(r) (4.10)
which is a particular case of (3.10) with f(x) = —1. Let us consider the

two-dimensional subalgebra spanned by X, X5. A basis of its differential
invariants of order < 2 is given by:

u=w, v=wuw". (4.11)

Then, equation (4.8) is reduced to the following first order equation:

d
v£ =uv + 1 (4.12)

which admits the non-local operator X3 in the space of variables u, v, i.e.:
X3 = w(0y + ud,). (4.13)

We put (4.13) into its semi-canonical form (3.2), i.e. X3 = wd,, by intro-
ducing the new variable
z=v—u?/2

which is obtained by solving (3.3), i.e.:

%+u%—0
ou ov
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Then, equation (4.12) becomes a Riccati equation in the variables z, u, i.e.:

du  u?

— = — . 4.14

dz 2 e (4.14)
This equation was derived in [33], although it was not explained how the
change of variables which reduces equation (4.8) to the Riccati equation
(4.14) was found. Finally, the general solution of (4.14) is easily found t o

be given in terms of Airy functions [33].

4.3. Equation

w" = —(dww” + 6w’ + 3w +w?), w=w(s) (4.15)

This equation is the third order member of the Riccati-chain [3]. Therefore,
(4.15) can be transformed into the linear equation

W = (4.16)

by the change of variable

w=W' /W (4.17)
and its general solution is easily found to be

Cy + 2¢35 + 3¢45°

c1 + 25 + c382 + 483

Lie’s method when applied to (4.15) leads to a non-solvable Lie algebra Lj
with basis:

X, =0,, Xy=280s — w0y, X3=50s— (25w —3)0,. (4.18)
It is easy to show that (4.15) is a particular case of (3.16). In fact, by
introducing the change of variables:
3 3
—_ = 8§ — —
2w’ Y 2w

equation (4.15) transforms into:

Tr =

3y1/2 6y/y// 3(9y/4 _ 10?/,2 + 1)
"= = 4.19
S s 52 o y=y(2) (4.19)

Y

which is a particular case of (3.16) with f(x) = —3%* + 3/8. Let us con-
sider the two-dimensional subalgebra spanned by X;, Xs. A basis of its
differential invariants of order < 2 is given by:

u=ww?, v=w"w? (4.20)
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Then, equation (4.15) is reduced to the following first order equation:

dov B 3uv + 4v + 6u + 3u? + 1

— = 4.21

du 2u2 — v ( )

which admits the non-local operator X3 in the space of variables u, v, i.e.:
X3 = —w ' (2(3u + 1), + 3(3v + 2u)d,) . (4.22)

Operator (4.22) can be transformed into its semi-canonical form (3.2), i.e.
X3 = —2w ! (3u + 1)d,, by introducing the new variable

9(3u + 1)v + 54u? + 30u + 4
9(3u + 1)5/2

which is obtained by solving (3.3), i.e.:

o )
2(3u + 1)8—2 +3(3v + 2u)a—i -

Then, in the variables z, u, equation (4.21) becomes:

1/2 _
du 5 (Bu+1)"*(6u+4) —92(3u+1) (4.23)
dz 8122 + 2

This equation satisfies the Vessiot-Guldberg-Lie theorem. In fact, operators

Iy =u(Bu+1)Y%0,, Ty=Bu+1)Y29,, Ts=Bu+1)0, (4.24)

0.

form a three-dimensional Lie algebra, and if we consider

_ 2 — 2 = 2

F1:§FQES/1, F2:§F355/27 F3:2F1—|—§FQE}/€3 (425)
and introduce the new dependent variable

¢ = (3u+1)/?

which is obtained by solving the following equation:

2 do
= 1)L =
3 (Bu+1) du
then, equation (4.23) becomes a Riccati equation in the variables z, ¢, i.e.:
do —92¢) + 20 + 2
— = : 4.26
dz 8122 + 2 ( )
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Abstract. Lie group theory is applied to differential equations occurring
as mathematical models in financial problems. We begin with the com-
plete symmetry analysis of the one-dimensional Black-Scholes model and
show that this equation is included in Sophus Lie’s classification of linear
second-order partial differential equations with two independent variables.
Consequently, the Black-Scholes transformation of this model into the heat
transfer equation follows directly from Lie’s equivalence transformation for-
mulas. Then we carry out the classification of the two-dimensional Jacobs-
Jones model equations according to their symmetry groups. The classifi-
cation provides a theoretical background for constructing exact (invariant)
solutions, examples of which are presented.

Introduction

The works of R.C. Merton [105],[106] and F. Black and M. Scholes [18§]
opened a new era in mathematical modelling of problems in finance. Orig-
inally, their models are formulated in terms of stochastic differential equa-
tions. Under certain conditions, some of these models can be rewritten as
linear evolutionary partial differential equations with variable coefficients.

*Visiting from Ufa State Aviation Technical University, 12 K. Marx St., Ufa 450025,

Bashkortostan, Russia.
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For example, the widely used one-dimensional model (one state variable
plus time) known as the Black-Scholes model, is described by the equation

1
Uy + §A2$2um + Bru, —Cu=0 (1.1)

with constant coefficients A, B, C' (parameters of the model). Black and
Scholes reduced it to the classical heat equation and used this relation for
solving Cauchy’s problem with special initial data.

Along with (1.1), more complex models aimed at explaining additional
effects are discussed in the current literature (see, e.g. [125]). We will
consider here the two state variable model suggested by Jacobs and Jones
[79]:

1 1
up = §A2a:2um + ABCzyug, + §BQy2uyy

+ (Dq:ln% — Ex%)ux + (Fyln% — ny%)uy — zu, (1.2)

where A, B,C, D, E, F,G, H are arbitrary constant coefficients. Jacobs and
Jones [79] investigate the model numerically. An analytical study of so-
lutions of this equation as well as of other complex financial mathematics
models presents a challenge for mathematicians. This is due to the fact
that, as a rule, these models unlike the Black-Scholes equation (1.1), can
not be reduced to simple equations with known solutions. Here, we demon-
strate this fact for the Jacobs-Jones equation (1.2) by using methods of the
Lie group analysis.

The Lie group analysis is a mathematical theory that synthesizes sym-
metry of differential equations. This theory was originated by a great math-
ematician of 19th century, Sophus Lie (Norway, 1842-1899). One of Lie’s
striking achievements was the discovery that the known ad hoc methods of
integration of differential equations could be derived by means of his the-
ory of continuous groups. Further Lie gave a classification of differential
equations in terms of their symmetry groups, thereby identifying the set of
equations which could be integrated or reduced to lower-order equations by
group theoretic algorithms. Moreover Lie [89] gave the group classification
of linear second-order partial differential equations with two independent
variables and developed methods of their integration. In particular, ac-
cording to his classification all parabolic equations admitting the symmetry
group of the highest order reduce to the heat conduction equation.

An extensive compilation and systematization of the results on sym-
metry analysis and group classification of differential equations obtained
by S. Lie and his followers during the period of over one hundred years is
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presented in the Handbook [65], [68], [68]. The material in the Handbook
is presented in a form convenient for immediate applications by applied
scientists to their own problems.

This paper is aimed at Lie group analysis (symmetries, classification and
invariant solutions) of the Black-Scholes (1.1) and the Jacobs-Jones (1.2)
models.

The contents of the present paper is as follows. Section 2 is designed to
meet the needs of beginners and contains a short account of methods of Lie
group analysis.

The group analysis of the Black-Scholes model is presented in Section
3. It is shown (subsection 3.2) that symmetry group of this model equa-
tion is similar to that of the classical heat equation, and hence the Black-
Scholes model is contained in the Lie classification [89]. However the prac-
tical utilization of Lie’s classification is not trivial. Therefore, we discuss
calculations for obtaining transformations of (1.1) into the heat equation
(subsection 3.3), transformations of solutions (subsection 3.4) and invariant
solutions (subsection 3.5). Moreover, the structure of the symmetry group
of the equation (1.1) allows one to apply the recent method for constructing
the fundamental solution based on the so called invariance principle [63],
[69]. This application is discussed in subsection 3.6.

The Jacobs-Jones model is considered in Section 4. Subsection 4.2 con-
tains the result of the Lie group classification of the equations (1.2) with the
coefficients satisfying the restrictions A, B # 0,C # 0,+1. It is shown that
the dimension of the symmetry group depends essentially on the parameters
A, B, ..., of the model and that the equations of the form (1.2) can not
be reduced to the classical two-dimensional heat equation. The algorithm
of construction of invariant solutions under two-parameter groups and an
illustration are given in subsection 4.3.

2 Outline of methods from group analysis

2.1 Calculation of infinitesimal symmetries
Consider evolutionary partial differential equations of the second order,

uy — F(t, 2, u,uy, ug@)) =0, (2.1)

where u is a function of independent variables t and x = (z!,... 2"), and

u(1), u(2) are the sets of its first and second order partial derivatives: u) =
(Ugdy ooy Ugn), Uy = (Uglgl, Ugiy2, . .., Ugngn ).
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Recall that invertible transformations of the variables t, z, u,

t=f(t,z,u,a), 7" =g'(t,x,u,a), @=h(tz,ua), i=1,...,n,
(2.2)
depending on a continuous parameter a are said to be symmetry transfor-
mations of the equation (2.1), if the equation (2.1) has the same form in
the new variables ¢,Z,%. The set G of all such transformations forms a
continuous group, i.e. GG contains the identity transformation

t=t, T =2" u=u,

the inverse to any transformation from GG and the composition of any two
transformations from G. The symmetry group G is also known as the group
admitted by the equation (2.1).

According to the Lie theory, the construction of the symmetry group G
is equivalent to determination of its infinitesimal transformations:

txt+al’(t,v,u), = ~a"+al'(t,r,u), w~u-+an(t,z,u). (2.3)

It is convenient to introduce the symbol (after S. Lie) of the infinitesimal
transformation (2.3), i.e. the operator

X =&, x, u)2 + &4t u)iz +n(t, x, u)2 (2.4)

ot oxr ou’

The operator (2.4) also is known in the literature as the infinitesimal oper-
ator or generator of the group GG. The symbol X of the group admitted by
the equation (2.1) is called an operator admitted by (2.1).

The group transformations (2.2) corresponding to the infinitesimal trans-
formations with the symbol (2.4) are found by solving the Lie equations

dt _ dz’ o di _
o =&,z 0), d‘z = ¢(f,7,7), % = n(,7,7%), (2.5)
with the initial conditions:
t‘a—O = t’ xi a=0 27 ula:O =u

By definition, the transformations (2.2) form a symmetry group G of
the equation (2. 1) if the function @ = (¢, T) satisfies the equation

uz — F(t,z,u, 0, tg) =0, (2.6)

whenever the function u = u(t, ) satisfies the equation (2.1). Here ug, ) , ()
are obtained from (2.2) according to the usual formulas of change of vari-
ables in derivatives. The infinitesimal form of these formulas are written:
U = up +a Co(t, T, u, ug, uy) , Ugi R Uy +a Gt T, u, U, uny)
(2.7)
Ugizi =2 Ugizs + @ Cij (tv Ty Uy Uy U1y, Uggk u(2)) )



7: GROUP ANALYSIS IN FINANCIAL MATHEMATICS (1996) 225

where the functions (o, (1, (;; are obtained by differentiation of £°, &%, n and
are given by the prolongation formulas:

Co = De(n) — ueDy(€%) — up Dy(€), G = Di(n) — wDyi(€°) — uy Di(&),

Here D, and D; denote the total differentiations with respect to t and z:
D, = 0 +u 0 +u 0 +u 0 +
ot ou T Mou, T dug OU gk ’
D, = a+u a+u 0 + Uy 0 +oe
e T P T '

Substitution of (2.3) and (2.7) into the left-hand side of the equation
(2.6) yields:

ug — F'(t, 7,4, U1, Uz)) = ug — F(t, 7,0, u1), Uo)

OF OF  OF  9F , OF
3o o)
Therefore, by virtue of the equation (2.1), the equation (2.6) yields

OF . _OF . _OF _OF. OF
I P W i

Co — ¢ =0, (2.9)

auzixj
where u; is replaced by F'(t,x,u, w1y, u(2)) in o, G, Gij-

The equation (2.9) defines all infinitesimal symmetries of the equation
(2.1) and therefore it is called the determining equation. Conventionally, it
is written in the compact form

X (ur = F(t, 2,0, u0), ugz))

=0. 2.10
o (2.10)
Here X denotes the prolongation of the operator (2.4) to the first and second
order derivatives:

0

0 0 0 0
—1+n(taxvu) +C0—+C’L +C1jau

19) .

and the notation ’ (2.1) Iheans evaluated on the equation (2.1).

The determining equation (2.9) (or its equivalent (2.10)) is a linear ho-
mogeneous partial differential equation of the second order for unknown
functions £%(¢, x, u), £ (t, x,u), n(t, x,u) of the “independent variables” ¢, z, u.
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At first glance, this equation seems to be more complicated than the orig-
inal differential equation (2.1). However, this is an apparent complexity.
Indeed, the left-hand side of the determining equation involves the deriva-
tives Uy, Ugig, along with the variables ¢, x, u and functions £°, %, n of these
variables. Since the equation (2.9) is valid identically with respect to all the
variables involved, the variables t,x, u, u,i, u,i,; are treated as “indepen-
dent“ ones. It follows that the determining equation decomposes into a
system of several equations. As a rule, this is an overdetermined system
(it contains more equations than a number n + 2 of the unknown functions
£2,& n). Therefore, in practical applications, the determining equation can
be solved analytically, unlike the original differential equation (2.1). The
solution of the determining equation can be carried out either “by hand”
or, in simple cases, by using modern symbolic manipulation programs. Un-
fortunately, the existing software packages for symbolic manipulations do
not provide solutions for complex determining equations, while a group the-
orist can solve the problem “by hand” (the disbelieving reader can try, for
example, to obtain the result of the group classification of the Jacobs-Jones
model (1.2) by computer). The reader interested in learning more about
the calculation of symmetries by hand in complicated situations is referred
to the classical book in this field, L.V. Ovsyannikov [111] containing the
best presentation of the topic.

2.2 Exact solutions provided by symmetry groups

Group analysis provides two basic ways for construction of exact solutions:
group transformations of known solutions and construction of invariant so-
lutions.

GROUP TRANSFORMATIONS OF KNOWN SOLUTIONS. The first way is based
on the fact that a symmetry group transforms any solutions of the equa-
tion in question into solution of the same equation. Namely, let (2.2) be a
symmetry transformation group of the equation (2.1), and let a function

u=¢(t, ) (2.11)

solve the equation (2.1). Since (2.2) is a symmetry transformation, the
solution (2.11) can be also written in the new variables:

u = ¢, ). (2.12)
Replacing here @, t, 7 from (2.2), we get

h(t,z,u,a) = ¢(f(t, z,u,a),g(t,,u, a)).
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Having solved this equation with respect to u, we arrive at the following one-
parameter family (with the parameter a) of new solutions of the equation
(2.1):

u = 1,(t,x). (2.13)

Consequently, any known solution is a source of a multi-parameter class
of new solutions provided that the differential equation considered admits
a multi-parameter symmetry group. An example is given in subsection 3.4,
where the procedure is applied to the Black-Scholes equation.

INVARIANT SOLUTIONS. If a group transformation maps a solution into
itself, we arrive at what is called a self-similar or group invariant solution.
The search of this type of solutions reduces the number of independent
variables of the equation in question. Namely, the invariance with respect to
one-parameter group reduces the number the variables by one. The further
reduction can be achieved by considering an invariance under symmetry
groups with two or more parameters.

For example, the construction of these particular solutions is reduced,
in the case of the equation (1.1), either to ordinary differential equations
(if the solution is invariant under a one-parameter group, see subsection
3.5) or to an algebraic relation (if the solution is invariant with respect to
a multi-parameter group, see subsection 3.6).

The construction of invariant solutions under one-parameter groups is
widely known in the literature. Therefore, we briefly sketch the procedure
in subsection 3.5 by considering one simple example only.

However, since the Jacobs-Jones equation involves three independent
variables, its reduction to, e.g. ordinary differential equations requires an
invariance under two-dimensional groups. Therefore, we discuss some de-
tails of the procedure in subsection 4.3 for the Jacobs-Jones equation.

2.3 Group classification of differential equations

Differential equations occurring in sciences as mathematical models, often
involve undetermined parameters and /or arbitrary functions of certain vari-
ables. Usually, these arbitrary elements (parameters or functions) are found
experimentally or chosen from a “simplicity criterion”. Lie group theory
provides a regular procedure for determining arbitrary elements from sym-
metry point of view. This direction of study is known today as Lie group
classification of differential equations. For detailed presentations of meth-
ods used in Lie group classification of differential equations the reader is
refereed to the first fundamental paper on this topic [89] dealing with the
classification of linear second-order partial differential equations with two
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independent variables.

Lie group classification of differential equations provides a mathematical
background for what can be called a group theoretic modelling (see [68],
Ch. 6). In this approach, differential equations admitting more symmetries
are considered to be “preferable”. In this way, one often arrives at equations
possessing remarkable physical properties.

Given a family of differential equations, the procedure of Lie group clas-
sification begins with determining the so-called principal Lie group of this
family of equations. This is the group admitted by any equation of the
family in question. The Lie algebra of the principal Lie group is called the
principal Lie algebra of the equations and is denoted by Lp (see e.g. [67]).
It may happen that for particular choice of arbitrary elements of the family
the corresponding equation admits, along with the principal Lie group, ad-
ditional symmetry transformations. Determination of all distinctly different
particular cases when an extension of Lp occurs is the problem of the group
classification.

3 The Black-Scholes model

3.1 The basic equation
For mathematical modelling stock option pricing, Black and Scholes [18§]
proposed the partial differential equation

1
Uy + §A2$2um + Bru, —Cu=0 (1.1)

with constant coefficients A, B, C' (parameters of the model). It is shown in
[18] that the equation (1.1) is transformable into the classical heat equation

Ur = Uy, (3.1)

provided that A # 0, D = B — A?/2 # 0. Using the connection between
the equations (1.1) and (3.1), they give an explicit formula for the solution,
defined in the interval —oo < t < t*, of the Cauchy problem with a special
initial data at ¢t = t*.

3.2 Symmetries
For the Black-Scholes model (1.1), n = 1,2' = x and the symbol of the

infinitesimal symmetries has the form

0 0 0
_ ¢0 1
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In this case, the determining equation (2.9) is written:
Co + %AZZBQCH + Ba(y — On + A%zug, + Bu et =0, (3.2)

where according to the prolongation formulas (2.8), the functions (o, (1, G;;
are given by

Co =M+ unu — wé) — ui&l — uul) — upung),

Gt = Mo + sl — el — Wtta§y) — Uy — UTE,,

Gt = N + 2UaNew + UM+ U
— 24§ — W€Dy — 2uue £y, — (Wetlr + 2upUi )&y — W&y,

3¢l

1 1 2¢1 1

The solution of the determining equation (3.2) provides the infinite di-
mensional vector space of the infinitesimal symmetries of the equation (1.1)

spanned by following operators:
X1 = % s X2 = Ii

X3 = Qt% + (lnx + Dt)xa% + QC’tu% ,
o) o)
X5 = 2A2t2% +2A%zn xa%

+((1nx —Dt)” 4+ 242C# — A%)ua% :

and 5 P
X6 = u% s X¢ = ¢(t,$)% . (34)
Here ]
D=B-— 3 A? (3.5)

and ¢(t,z) in (3.4) is an arbitrary solution of Eq. (1.1).
The finite symmetry transformations (see (2.2)),

t=f(t,z,u,a), T=g(t,x,u,a), @=h(tz u,a),

corresponding to the basic generators (3.3) and (3.4), are obtained by solv-
ing the Lie equations (2.5). The result is as follows:
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X t=t+a, T=z, u=u;

X3 t=ta} T =a%ePl@a)! g = et gy £0;
— _ 2 1 _
X, t=t, T =ugedton g =ygelzA @i-Da)t,
n ¢ 7 1 2,:2 t
X5 - tzl 2A2at’x:x7 ast
- 5

[(Inz — Dt)? + 242Ct?as
1-— 2A2a5t ’

Here ay, ..., ag are the parameters of the one-parameter groups gener-
ated by X1, ..., Xg, respectively, and ¢(t, z) is an arbitrary solution of (1.1).
Consequently, the operators X1, ..., X4 generate a six-parameter group and

X, generates an infinite group. The general symmetry group is the compo-
sition of the above transformations.

REMARK. The group of dilations generated by the operator X reflects
the homogeneity of the equation (1.1), while the infinite group with the
operator X, represents the linear superposition principle for the equation
(1.1). These transformations are common for all linear homogeneous differ-
ential equations. Hence, the specific (non-trivial) symmetries of (1.1) are
given by the operators (3.3) that span a five-dimensional Lie algebra.

3.3 Transformation to the heat equation

Let us recall Lie’s result of group classification of linear second-order partial
differential equations with two independent variables. In the case of evolu-
tionary parabolic equations this result is formulated as follows (see [89]):

Consider the family of linear parabolic equations

P(t,x)u + Q(t, x)uy + R(t, 2)uge + S(t,x)u =0, P#0, R#0. (3.6)
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The principal Lie algebra Lp (i.e. the Lie algebra of operators admitted
by (3.6) with arbitrary coefficients P(t,z), Q(t,z), R(t,z), S(t,z), see sub-
section 2.3) is spanned by the generators (3.4) of trivial symmetries. Any
equation (3.6) can be reduced to the form

Uy = Vyy + Z(T,y)v (3.7)
by a transformation, Lie’s equivalence transformation:

Yy = O./(t, .1’), T = ﬁ(t), U = 'y(t,x)u, Ay 7é 07 Bt 7& Oa (38)

obtained with the help of two quadratures.
If the equation (3.6) admits an extension of the principal Lie algebra Lp
by one additional symmetry operator then it is reduced to the form

Ur = vyy + Z(y)v (3.9)

for which the additional operator is

0
X=—.
or
If Lp extends by three additional operators, the equation (3.6) is reduced to

the form
A

Uy = Uyy + Ev, (3.10)
the three additional operators being:
0 0 0 5 0 0 1 1 0
Xi=—, Xo=21—+y—, Xz=7"—
1= g M= gitugn Xe=migi g - (i gTvg,

If Lp extends by five additional operators, the equation (3.6) is reduced to
the heat equation

Ur = Uy (3.11)
the five additional operators being:

0 0 0 0 0 0
Xi=—, Xo=—, X3=27—— Xy =21— —
1 ay? 2 87'7 3 Tay yva ) 4 T(?T+y3y’

0 0 1 1 0

X = 72—
=T g, GV gy

The equations (3.9) to (3.11) provide the canonical forms of all linear
parabolic second order equations (3.6) that admit non-trivial symmetries,
i.e. extensions of the principal Lie algebra Lp.
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Thus, the Black-Scholes equation (1.1) belongs to the latter case and
hence it reduces to the heat equation (3.11) by Lie’s equivalence transfor-
mation. Let us find this transformation.

After the change of variables (3.8), the heat equation (3.11) becomes

2 2
. [v_+ /n B /% QY
y By By agy

B

Ugy + u =0,

Q’Yw QO awr]
Uy

where the / denotes the differentiation with respect to ¢t. Comparing this

equation with the Black-Scholes equation (1.1) rewritten in the form

2B 2 2Cu

A%cux + A2x2ut A2 =0

Uy +

and equating the respective coefficients, we arrive at the following system:

a? 2
2,7;13 aa:at Oéxx QB
Vax QO Yy O‘?y%ﬁ Ay 20
Ay By aey AW (314)
It follows from (3.12):
Pt 1
oft2) = P ma v ), B0 = L0

where ¢(t) and 1(t) are arbitrary functions. Using these formulas, one
obtains from the equation (3.13):

B _1., 4 @
1(t,2) = v{a)e P AR

with an arbitrary function v(t). After substitution of the above expressions

into the equation (3.14), one obtains two possibilities: either

1
YT I K

0= +N, K #£0,

L—- Kt

and the function v(t) satisfies the equation

_C’

1z M?*K*? K A* B B?
2

v AL-Ki? 2L-Kb 8 2 2



7: GROUP ANALYSIS IN FINANCIAL MATHEMATICS (1996) 233

or
=L, »=Mt+N, L#0,

and
vV M* A* B B
v ooz s e aa
Here K, L, M, and N are arbitrary constants.
Thus, we arrive at the following two different transformations connect-

ing the equations (1.1) and (3.11):

First transformation

Inz M 1

_ N =+ P K
Y= A -k) —m N TTTakgogpn D K70

l+ MK 4 Kinx
2 T A(L=Kt) T 242(L-Kt) q. (315)

v = EVI — Kte%—i(z—i)2t—0tx,4

Second transformation

2

L L
yzzlnx—i—Mt—l—N, T:—?t—i—P, L #0.

v = Ee[m_i(ﬁ_?y_o}tx%’%*ﬁ u. (3.16)

The Black-Scholes transformation (see [18], formula (9) ) is a particular
case of the second transformation (3.16) with

2 2 2 . 2 o crr

L:ZD’M:_ED7N:ED(Dt —IIIC>,P:EDt,E:e s
where t*, ¢ are constants involved in the initial value problem (8) of [18].
The transformation (3.15) is new and allows one to solve an initial value
problem different from that given in [18].

3.4 Transformations of solutions

Let
u=o¢(t, )
be a known solution of the equation (1.1). According to Section 2.2, one can

use this solution to generate families of new solutions involving the group
parameters. We apply here the procedure to the transformations generated
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by the basic operators (3.3), (3.4). Application of the formulas (2.11) to
(2.13) yields:

Xy u=F({t—a,x);

Xy wu=F(t,zay'), ay #0;

Xy u=eC0a 0 (1ag? 0 D" ), ag £ 0;
X, u= x“4e_(%A2“i+Da4)tF(t, xe‘AQt“‘*);

[(lnz—Dt)%2+2A2Ct%]as
eXp 112A%a51 t S —
X5 . u = F( x + a5t>;

V1+2A2%a5t 1+ 2A%a5t’

and
Xe 1 u=agF(t,x), asg # 0; Xy u=F(t,z)+ ¢(t,x).

EXAMPLE. Let us begin with the simple solution of the equation (1.1)
depending only on t:
u = e (3.17)

Using the transformation generated by X, we obtain the solution depending
on the parameter ay:

U = CCa4€—(%1420,121—‘,-Da4—C’)t
Letting here, for the simplicity, ay = 1 we get
u = zel @B,

If we apply to this solution the transformation generated by X5, we obtain
the following solution of the equation (1.1):

pt/(1+2A%as5t) . [(Inz — Dt)? + 2A%Ct?*]as + (C' — B)t
- X
JT+2A%;1 ¢ 1+ 242051

Thus, beginning with the simplest solution (3.17) we arrive at the rather
complicated solution (3.18). The iteration of this procedure yields more
complex solutions.

Note that the solution (3.17) is unalterable under the transformation
generated by X,. This is an example of so-called invariant solutions dis-
cussed in the next subsection.

) . (3.18)
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3.5 Invariant solutions

An invariant solution with respect to a given subgroup of the symmetry
group is a solution which is unalterable under the action of the transforma-
tions of the subgroup. Invariant solutions can be expressed via invariants of
the subgroup (see, e.g., [67]). Here we illustrate the calculation of invariant
solutions by considering the one-parameter subgroup with the generator

0 0

0

Invariants I(¢,z,u) of this group are found from the equation

XI=0
and are given by
I =J(1,1),
where u
Ilzt—hll’, 12:—
x

are functionally independent invariants and hence form a basis of invariants.
Therefore, the invariant solution can be taken in the form I, = ¢(1;), or

u=z¢(z), where z=t—Inuz.

Substituting into the equation (1.1) we obtain the ordinary differential equa-
tion of the second order :
A2
2
This equation with constant coefficients can be readily solved.
The above procedure can be applied to any linear combination (with

constant coeflicients) of the basic generators (3.3) - (3.4). Here we apply it
to the generators (3.3). We have:

" A B , do
0 —I—(l—B—?)qb +(B—C)p=0, where ¢ =

1
X - u:m@,gﬁﬁw+3mh{wza

this equation reduces to constant coefficients upon introducing the new
independent variable z = In z;

Xy u=¢(t), ¢ —Cop=0, whenceu= Ke,

X; u:eCtgb(thf—D\/E), A% — 29 =0, z:lan—D\/%,
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whence

¢(2) = Kl/ /) dpy 4 Ky
0

. 2
X u=ew (PP o), ¢+ (5 - C)o =0,

whence K
Ct
= —e s

"=

K (Inz — Dt)? .
U= %exp <W +Ct) :

and hence

. 1 (Inz — Dt)? Inx v
X5 . U—%exp (W—i-Ct) ¢(T>, Qb —0,

hence

Inzx K (Inz — Dt)?
u = (Klm—i‘W) exXp (W+Ct .

In the above solutions K, K1, Ky are constants of integration and D is given

by Eq. (3.5), i.e.

1
D =B - -A%
2

The operators X4, X4 do not provide invariant solutions.

3.6 The fundamental solution

Investigation of initial value problems for hyperbolic and parabolic linear
partial differential equations can be reduced to the construction of a particu-
lar solution with specific singularities known in the literature as elementary
or fundamental solutions (see, e.g. [41], [24] and [22]). Recently, it was
shown [63] that for certain classes of equations, with constant and variable
coefficients, admitting sufficiently wide symmetry groups, the fundamental
solution is an invariant solution and it can be constructed by using the
so-called invariance principle.

Here we find the fundamental solution for the equation (1.1) using the
group theoretic approach presented in [69].

We can restrict ourselves by considering the fundamental solution

u = u(t, x;to, zo)
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of the Cauchy problem defined as follows:

1
Uy + §A2x2um + Bru, — Cu=0, t<tg, (3.19)

u = d(x — xp). (3.20)

t——to
Here 0(z — x9) is the Dirac measure at x.
According to the invariance principle, we first find the subalgebra of the
Lie algebra spanned by the operators (3.3) and the dilation generator
0

X =u—
6u8u

(for our purposes it suffices to consider this finite-dimensional algebra ob-
tained by omitting X,) such that this subalgebra leaves invariant the initial
manifold (i.e. the line t = ty) and its restriction on t = ¢, conserves the ini-
tial conditions given by x = xy and by the equation (3.20). This subalgebra
is the three-dimensional algebra spanned by

Vi =2(t—to)2 + (Inz —Inzo + D(t — to))z2 + (2C(t — to) — 1)u,
Yo = A%(t — to)xa% + (Inz —Inzg — D(t — to))ua% :
Yy = 242%(t — to)? 2 + 2A%(t — to)zInz 2+

—i—((lnx —D(t — tg))* — In® g + 24%C(t — tg)? — A2(t — to))u% .
Invariants are defined by the system
YiI=0, Yol =0, Y3I=0.
Since
Yz = A%(t —to) Y1 + (%AQ(t —to) — B(t — to) + Inz + Inx),
it suffices to solve only first two equations. Their solution is

I =uz\/ty — te* ),

where
D In xg

o(t) = 5~ Yoo (3.21)

In% 2z + In? < D?

“lt:0) = S+ (o +C)(t0 — 1)
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The invariant solution is given by I = K = const., and hence has the

form "
x*a’
= K———e ") 3.22
where o(t),w(t,z) are defined by (3.21). One can readily verify that the
function (3.22) satisfies the equation (3.19). The constant coefficient K is
to be found from the initial condition (3.20).

We will use the well-known limit,

lim —= = exp ( %) = 2y/76(x — xy), (3.23)

—+0

and the formula of change of variables z = z(z) in the Dirac measure (see,
e.g. [24], p. 790):

0z(x)

6(x — xp) = d(z — 2z0). (3.24)
ox _—
For the function (3.22), we have
lim v= lim K —w(tz)—o(t)Inz

(S

t——to t——to \/Tg —
‘ K (nz —Inzg)? Dz
= lim ——exp | — — ,
t——to \/tg — t 2A%(ty — t) A?
V2

or, setting s =ty —t, z= T Inz,

Jim = Kexp (- i) Jim e (- C )

D
= 2/ K exp < - lnzc)é(z — 29).
By virtue of (3.24),
Az

Iz —z) = ﬁé(:v — ),

and hence
D
lim u = v2rAKzyexp < - — lnx0>5(x — Zp).
Pa— A2

Therefore the initial condition (3.20) yields:

\/_A:L‘O exp ( D In :c())
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Thus, we arrive at the following fundamental solution to the Cauchy prob-
lem for the equation (1.1):

1 (Inz —Inzg)? (D2 D
N - — O (to—t)— = (Inz—Ino)|.
' Ao /27 (to — 1) o [ 242(tg — 1) <2A2+ >( 0—t) AQ( nz—In )

REMARK. The fundamental solution can also be obtained from the

fundamental solution )

T=ew - 1]
:—eX _—
2\/7T P 4T

of the heat equation (3.11) by the transformation of the form (3.16) with

v

L L L L2 Az
M =—=D, N =Dty — Inx, P = 0 Cto

i.e. by the transformation

L? L L A
T = 7(150 —t), y= ZD<tO —t) + Z(lnx —Inzg), v= 200 (Clto—t)

4 A two factor variable model

Methods of Lie group analysis can be successfully applied to other math-
ematical models used in mathematics of finance. Here we present results
of calculation of symmetries for a two state variable model developed by
Jacobs and Jones [79].

4.1 The Jacobs-Jones equation
The Jacobs-Jones model is described by the linear partial differential equa-
tion ) )
up = §A2x2um + ABCzyuy, + §B2y2uyy—|—
Yy 3 G 1
(Dzln= — Ex?)u, + (Fyln— — Hyx?)u, — zu (1.2)
x Y

with constant coefficients A, B,C, D, E, F,G, H.

4.2 The group classification

The equation (1.2) contains parameters A, B, ..., H. These parameters
are “arbitrary elements” mentioned in subsection 2.3. According to subsec-
tion 2.3, it may happen that the Lie algebra of operators admitted by (1.2)
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with arbitrary coefficients (i.e. principal Lie algebra) extends for particular
choices of the coefficients A, B, ..., H. It is shown here that the dimension
of the symmetry Lie algebra for the model (1.2), unlike the Black-Scholes
model, essentially depends on choice of the coefficients A, B,C, ..., H.

RESULT OF THE GROUP CLASSIFICATION

The principal Lie algebra Lp is infinite-dimensional and spanned by

0 0 0
2 o Xy=ul, X, = 2
at’ 2 Uu w w(t,x,y)

X, =
! ou’ ou’

where w(t, x,y) satisfies the equation (1.2).
We consider all possible extensions of Lp for non-degenerate equations
(1.2), namely those satisfying the conditions

AB #0, C#+1. (4.1)
Moreover, we simplify calculations by imposing the additional restriction

C 0. (4.2)

EXTENSIONS OF Lp

The algebra Lp extends in the following cases:

1. D=0,
0
Xy =efty—.
3 =¢€ yay
Subcase: AH — BCE = 0 and F' = 0. There is an additional extension
9 9, O 0
X, =2AB*(1-C )tya— + (2BClnz —2Alny + (B — AC)ABt)ua—.
Yy U
BD
2. D F=—— H=
# 07 QAC, 07

BD 0

%t)“au'

0 G
X3 =-exp (%t)ya—ij <ABCIHZ+1) exp(

3. D #0, Fis defined from the equation

A’F? — A’D? + 2ABCDF + B*D?* =0,
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and the constants £ and H are connected by the relation

BE(ACF + ACD + BD) = AH(AF + AD + BCD),

- (A(JF+ACD+BD . AF+AD+BCD
37 Yoy A2B(1 - C?) Apr(1-c2) Y
A2CF + A2CD — B2CD — ABF
2ABD(1 — (?)
FInG(BCD + AF + AD))e_Dtu 9
AB2D(1 - C?) ou’

Subcase: B =2AC, FF=—D, H = 0. There is an additional extension

0 D G 0
_ Dt Dt
Xe=e y8y+ <2A202 In Y —i—l)e You

REMARK 1. Most likely, the restriction (4.2) is not essential for the
group classification. For example, one of the simplest equations of the form
(4.1), namely

Up = Izum + yzuyy — zTu,

admits two additional operators to Lp and is included in the subcase of the
case 1 of the classification.

REMARK 2. The classification result shows that the equation (1.2) can
not be transformed, for any choice of its coefficients, into the heat equation

Ur = Uss + Vg

Indeed, the heat equation admits an extension of Lp by seven additional
operators (see, e.g. [67], Section 7.2) while the equation (1.2) can admit an
extension maximum by two operators.

4.3 Invariant solutions

The above results can be used for the construction of exact (invariant) so-
lutions of Eq. (1.2). We consider here examples of solutions invariant under
two-dimensional subalgebras of the symmetry Lie algebra. Then a solu-
tion of Eq. (1.2) is obtained from a linear second-order ordinary differential
equations and hence the problem is reduced to a Riccati equation. The
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examples illustrate the general algorithm and can be easily adopted by the
reader in other cases.

To construct a solution invariant under a two-dimensional symmetry
algebra, one chooses two operators

0 0 0 0
Yi = 5?(t7$ay>u)a —l—g%(t,l’,y,U)% +£%(tax7yvu)a_y +n1(taxayvu)%v

0 0 0 0
Yé = gg(tvrvyvu)a + gé(taxayvu)% +€§(taw7yvu>8_y + 772(15737797“)%

that are admitted by the equation (1.2) and obey the Lie algebra relation:
Y1, Y2] = MY: + AoYa, Ay, Ay = const.
The two-dimensional Lie subalgebra spanned by Y7, Y5 will be denoted by
<Y.,Y; >.

It has two functionally independent invariants, I1(t, z, z,u) and I1(t, z, z, u),
provided that
0 ¢l ¢2
1 & & m
rank = 2.
g 5% fg 2

Under these conditions, the invariants are determined by the system of
differential equations
YiI =0, YoI =0.

The invariants solution exists if

or, ol,\
rank (%, %) =1.

Then the invariant solution has the form
I = ¢(L). (4.3)

Substituting (4.3) into the equation (1.2), one arrives at an ordinary differ-
ential equation for the function ¢.

ExamMPLE. Consider the equation

BCFE

1 1
Uy = §A2$2Uxx+ABnyuxy+§BQy2uyy_El‘%ucc_ ?/"E%Uy_xu (44)
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According to the above group classification, the equation (4.4) admits the
operators

0 0 0
X1—&, X2—U%, Xs—ya—y7 (4.5)
Xy =2AB*(1-C )tya— + [2BClnz — 2AIny + (B — AC’)ABﬂua— ,
Yy u

and

0
X, = w(t, x,y)%, where w(t, z,y) solves Eq. (4.4).

Here we consider invariants solutions with respect to three different two-
dimensional subalgebras of the algebra (4.5).

1. The subalgebra < X;, X3 > has the independent invariants /; = = and
I, = u. Hence, the invariant solution has the form

u = ¢(x), (4.6)

and is determined by the equation
1
G Ex2¢) — ¢ = 0. (4.7)

It reduces to the Riccati equation

2F 2
! 2 _ —
YY)~ g =0
by the standard substitution
v =4¢"/¢. (4.8)

2. The subalgebra < X; + X5, X3 > has the invariants
]1 =X, ]2 :ue_t.
The corresponding invariant solution has the form

u=e'¢(x). (4.9)

The substitution into Eq. (4.4) yields:

%A%ng” — B¢/ — (z+1)p =0, (4.10)
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It reduces to a Riccati equation by the substitution (4.8).
3. The subalgebra < X, Xo + X3 > has the invariants

L=z, L=-.
)
The invariant solution has the form
u = yd(z) (4.11)
with the function ¢(z) defined by the equation
1 BCE
S A% + (ABCw - Ext)¢' - ( ——at + #)é=0. (4.12)

It reduces to a Riccati equation by the substitution (4.8).

4.4 Infinite ideal as a generator of new solutions

Recall that the infinite set of operators X, does not provide invariant so-
lutions by the direct method (see the end of subsection 3.5). However, we
can use it to generate new solutions from known ones as follows. Let

u=w(t,x,y)

be a known solution of Eq. (1.2) so that the operator X, is admitted by
(1.2). Then, if X is any operator admitted by Eq. (1.2), one obtains that

[Xo, X] = X, (4.13)

where wW(t,z,y) is a solution (in general, it is different from w(¢,x,y)) of
Eq. (1.2). The relation (4.13) means that the set L, of operators of the
form X, is an ideal of the symmetry Lie algebra. Since the set of solutions
w(t, z,y) is infinite, L, is called an infinite ideal.

Thus, given a solution w(t, z,y), the formula (4.13) provides a new so-
lution @(t, z,y) to the equation (1.2). Let us apply this approach to the
solutions given in the example of the previous subsection by letting X = X,
from (4.5).

1. Starting with the solution (4.6), we have

w(t,z,y) = ¢(z),
where ¢(x) is determined by the differential equation (4.7). Then

[X., X4] = (2BCInz — 2AIny + (B — AC’)ABt)gb(x)a2 :
u
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Hence, the new solution v = W(t, z,y) is
w(t,z,y) = (2BCInz — 2AIny + (B — AC)ABt)¢(z) (4.14)

with the function ¢(z) determined by Eq. (4.7). Now we can repeat the
procedure by taking the solution (4.14) as w(t, x,y) in Eq. (4.13). Then

(X, Xy] = [(230 Inz— 24y + (B — AC)ABt) ¢(x)
F4A2BY(1 - 02)t¢(x)] % :

Hence, we arrive at the solution
= [(2chx —2AIny + (B — AC)ABt)” + 44 B2(1 — 02)4 (),

where ¢(x) is again a solution of (4.7). By iterating this procedure, one
obtains an infinite set of distinctly different solutions to Eq. (4.4). Further
new solutions can be obtained by replacing X4 by any linear combination
of the operators (4.5).

2. For the solution (4.9), w(t,z,y) = e'¢(x), where ¢(z) is determined by
the equation (4.10). In this case,

(X, X)) = (2BCInz — 2AIny + (B — AC)A Bt)etq;(w)a% |

and the new solution u = @(t, x,y) has the form
w(t,z,y) = (2BCInz — 2AIny + (B — AC)ABt)e'¢(x) (4.15)

with the function ¢(x) determined by Eq. (4.10). One can iterate the pro-
cedure.

3. For the solution (4.11) we have

w(t, z,y) = yo(x),

where ¢(x) is determined by the equation (4.12). In this case,

[X., X4] = (2BCIng — 2AIny + (2BC? — B — AC)A Bt)y¢(x)% |

and the new solution is
u= (2BCInz —2Alny + (2BC*? — B — AC)ABt)y¢(x), (4.16)

where the function ¢(x) is determined by Eq. (4.12). The iteration of the
procedure yields an infinite series of solutions.



246  N.H. IBRAGIMOV SELECTED WORKS, VOL. IIT
5 Conclusion

The Lie group analysis is applied to the Black-Scholes and Jacobs-Jones
models. The approach provides a wide class of analytic solutions of these
equations. The fundamental solution to the Black-Scholes equation is con-
structed by means of the invariance principle. It can be used for general
analysis of an arbitrary initial value problem.

For the Jacobs-Jones model, we present the group classification which
shows that the dimension of the symmetry Lie algebra essentially depends
on the parameters of the model. It also follows from this classification re-
sult that the Jacobs-Jones equation can not be transformed into the classical
two-dimensional heat equation.
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Paper 8

Lie symmetry analysis of soil
water motion equations

V.A. Baikov*, R.K. Gazizov*, N.H. IBRAGIMOV, AND V.F. Kovarev' [13]
Preprint No. 2, 1996 (see also [14])
Department of Computational and Applied Mathematics
University of the Witwatersrand, Johannesburg, South Africa.

Abstract. Exact solutions for a class of nonlinear partial differential equa-
tions modelling soil water infiltration and redistribution in irrigation systems
are studied. These solutions are invariant under two-parameter symmetry
groups obtained by the group classification of the governing equation. A
general procedure for constructing invariant solutions is presented in a way
convenient for investigating numerous new exact solutions.

1 Introduction

Differential equations occurring in the science and engineering, as math-
ematical models, often involve undetermined parameters and/or arbitrary
functions of certain variables. Usually, these arbitrary elements (param-
eters or functions) are found experimentally or chosen from a “simplicity
criterion”. Lie group theory provides a regular procedure for determining
arbitrary elements from symmetry point of view. This direction of study,
originated by a great mathematician of 19th century Sophus Lie (Norway,
1842-1899), is known today as Lie group classification of differential equa-
tions. For detailed presentations of methods used in Lie group classification

* Ufa State Aviation Technical University, Ufa, Russia.
T Institute for Mathematical Modeling, Russian Acad. Sci., Moscow, Russia.
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of differential equations the reader is refereed to the first fundamental paper
on this topic [89] dealing with the classification of linear second-order partial
differential equations with two independent variables. Modern approach to
the problem is clearly presented in the classical book [111], Chapter 4, con-
taining classification of several nonlinear equations and systems occurring
in gasdynamics. See also [1], Sections 4 to 5, on the classification of heat
conduction type equations, and [67], Chapter 2.

Lie group classification of differential equations provides a mathemati-
cal background for what can be called a group theoretic modelling (see [68],
Chapter 6). In this approach, differential equations admitting more sym-
metries are considered to be “preferable”. In this way, one often arrives at
equations possessing remarkable physical properties.

An extensive compilation and systematization of the results on sym-
metry analysis and group classification of differential equations obtained
by S. Lie and his followers during the period of over one hundred years is
presented in the Handbook [65], [67], [68]. The material in the Handbook
is presented in a form convenient for immediate applications by applied
scientists and engineers to their own problems.

This paper is aimed at Lie group analysis (symmetries and invariant
solutions) of the mathematical model suggested in [136] (see also [135]) to
simulate soil water infiltration and redistribution in a bedded soil profile irri-
gated by a drip irrigation system. The paper is closely related to the results
of the authors on Lie group classification of nonlinear (2 + 1)-dimensional
heat conduction type equations briefly presented in [67], Section 9.8.

The model discussed is described by the class of equations

CW) = (K(@)a), + (K@) (¥- = 1)), = S(@) (1.1)

with three “arbitrary elements” represented by the functions C(¢) # 0,
K(¢) # 0, and S(¢). Here ® is a soil moisture pressure head, C(¢) is a
specific water capacity, K (v) is a unsaturated hydraulic conductivity, S(¢)
is a sink or source term, t is a time, x is a horizontal and z is a vertical axis,
which is considered positive downward. A discussion, based on analysis of
numerical solutions, clarifying a validity of the model and its use in applied
agricultural sciences is to be found in [135].

The contents of the present paper is as follows. Chapter 2 contains for-
mulae for linking Eq. (1.1) with nonlinear heat conduction type equations.
These formulae are necessary for a symmetry analysis of Eq. (1.1) using the
group classification of heat conduction type equations given in Chapter 3
(see also [67], Section 9.8). Enumeration of all symmetries of equations (1.1)
is given in Chapter 4. Following S. Lie [89] and L.V. Ovsyannikov [111],
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we present in Chapter 5 a simple algorithm for constructing invariant solu-
tions in the case of the invariance under two-parameter groups. Examples
of invariant solutions are given analytically and graphically.

2 Relation to heat conduction type equations

Theorem. There is a correspondence between the family of soil water
motion equations (1.1) and the family of heat conduction type equations

wr = (k(w)u,), + (k(w)s), + 1w, + plu). (2.1)

Namely, given an equation of the form (1.1), one can introduce a new vari-
able u = u(v¢) (depending on coefficients of the equation (1.1)) satisfying
an equation of the form (2.1). Conversely, any equation of the form (2.1) is
linked with an equation of the form (1.1).

Proof. Given an equation (1.1) with the coefficients C(v), K (), S(¢),
the new variable u is defined by

"= / C() dip + Ay, (2.2)

where A; is a constant of integration. The coefficients of the corresponding
equation (2.1) are obtained by the formulae

K(¥) _K'(¥)
Cy) Cy)

where 9 is expressed, from (2.2), as a function ¢ = ¥ (u).

Note that the mapping given by the equation (2.2) is not single valued
because of its depends on the arbitrary constant A;. Therefore, we let A;
to be any fixed constant. However, the inverse to (2.2) may be not a single
valued function even when the constant A; is fixed. In these cases, we
assume in Egs. (2.3) any fixed branch ¢ = ¢ (u) of the inversion to the
mapping (2.2).

To prove that any equation of the form (2.1) is linked with an equation
of the form (1.1), let us consider the equations (2.2)-(2.3) as a system of
functional-differential equations for K (), C(¢), S(¢) with known functions
E(u),l(u), p(u). Then, integrating the second equation in (2.3) with respect
to 1 taking into account Eq. (2.2) and denoting

k(u) = l(u) = p(u) = =5(¥), (2.3)

/l(u) du = L(u), (2.4)
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we get
L(u) = Ay — K(v), Ay = const. (2.5)
The equation (2.2) yields
du = C() di
or
v _ 1
du — C(y)
The first equation in (2.3) together with (2.5) yields
I k(w)  Kk(u)
Cl)  K() A= L(u)
Whence

du k(u) du
di) = = . 2.6
v CY) Ay — L(u) (26)
Hence, the dependence of 1) upon u is given by
k(u)
= A 2.
e L =0

where Aj is a constant of integration. Denoting by

u=U(y)
the inversion of (2.5), we obtain from Egs. (2.2)-(2.3):
ou oUu

Cy) = K@) = kU ()) S) = —pU(¥)). (2.8)

o’ W’
Thus, the equation (2.1) with the given coefficients k(u),{(u), p(u) is linked
with the equation of the form (1.1) with the coefficients C'(¢)), K (1)) and
S(1) by the formulae (2.7) and (2.8). This completes the proof.

Remark. Applying both of the described transformations to a single
equation (1.1), one obtain a family of equations of the form (1.1) depending,
in general, upon three parameters A;, Ay, A3. The family obtained contains
the initial equation (1.1) for an appropriate choice of the parameters.

Example. Consider Eq. (1.1) with the coefficients
C(y) =1, K(v)=¢", S(¥) =0,

i.e. the equation

Py = (), + (V1) — eV, . (2.9)
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The transformation (2.2) is written
u =1+ A,
and the formulae (2.3) yield:
k(u) = are?, l(u) = —are”, p(u) =0, a; =e .
Hence, Eq. (2.9) is linked with the equation (2.1) of the form
u = (a1€"uy), + (are"u,), — areu, . (2.10)
In this example the formula (2.7) yields
¥ =1In|Ay + are”| + As,

whence

aze? Ay A
|a a3 = ¢

u=U(tY) =1In|

a

Applying the formulae (2.8) we arrive at the following family of equations
of the form (1.1):

ezp
CL3€¢ — A2

wt = (ew¢x)w + (ew(wz - 1))2 )

depending, in this case, on two arbitrary parameters A, as (cf. the above
remark). The initial equation (2.9) is obtained by letting As = 0, a3 = 1.

3 Symmetries of equations (2.1)

One can consider transformations of the variables ¢, x, z, u leaving invariant
every equation of the form (2.1) independently on a choice of the coefficients
k(u),l(u),p(u). These transformations form a Lie group known as the prin-
cipal Lie group of the equations (2.1). The Lie algebra of the principal Lie
group is called the principal Lie algebra of symmetries of Eq. (2.1) and is
denoted by Lp (see, e.g., [67]).

It may happen that for particular choice of the coefficients Eq. (2.1)
admits, along with the principal Lie group, additional symmetry transfor-
mations. Determination of all distinctly different particular cases of an
extension of the principal Lie group is a problem of the group classification.
This approach applied to problems of mathematical modelling is called a
group theoretic modelling (see the reference in Introduction).
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This section contains the result of the complete group classification of
the equations (2.1). For the particular case {(u) = 0, the symmetry of
Egs. (2.1) were investigated in [27] (see also [34] and [129]). Application of
the transformations given in Section 2 provides equations of the form (1.1)
with extended symmetries. The symmetries for Eq. (1.1) are denoted by
Y1,Ys,.... These symmetries, together with the coefficients of the corre-
sponding equation (1.1), are presented in small font.

CLASSIFICATION RESULT

Equivalence transformations

The result of group classification of the equations (2.1) is given up to
the equivalence transformations

t=ait+ay, T=pLx+v, Z=02+"%t+ms,

_ _ )
U=0u+dy, k="k I=2"1-2  p="p, (3.1)
(05} aq aq (03]

where «;, 3, 7;, and d; are arbitrary constants, a; (09, # 0.

The principal Lie algebra

The principal Lie algebra Lp (i.e. the Lie algebra of the Lie transforma-
tion group admitted by Eq. (2.1) for arbitrary k(u), [(u) and p(u)) is the
three-dimensional Lie algebra spanned by the following generators:

0 0 0
Xi=—, Xo=—, X3=—.
T ot 7 Ox ’
The operators X, X5, and X3 generate groups of translations along the t, z,
and z - axes, respectively. Hence the principal Lie group of the equation
(2.1) is the three-parameter group of translations.
The principal Lie algebra Lp of (1.1) (i.e. the Lie algebra of the Lie transformation group admitted

by Eq. (1.1) for arbitrary C(¢), K () and S(¢)) is the three-dimensional Lie algebra spanned by the
following generators:

9] 0 0

Y:77 Y:77 Y:—
Y= 5t 27 bz 37 52

Extensions of the principal Lie algebra

The algebra Lp extends in the following cases:

I. k(u) and p(u) are arbitrary functions, [(u) =0
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C(¢) and S(¢) are arbitrary functions, K(¢)) = A (A is an arbitrary constant)

0 0

Yi=z— —ax—.
4 ox 0z

Subcase: For p(u) = 0, there is a further extension

9 o9 9
Xo=nl 9,9
T A
S() =0 5 5 5
Y5—2t&+(£a—+ FPR

IL. k(u) =
1. l(u) = Ae", p(u) = Be" + D (A, B, and D are arbitrary constants,
A#0)
exp(—Dt) & + Dexp(—Dt) 2 if D #0,
Xy =
) e

C(¥) = A(MeAY — 1)*1, K@) = e~ 4%, S(¥) = —D+(B/A) (e~ 4% — M), ¢ = —(1/A) In (M — Ae")

exp(—Dt) % + % exp(—Dt) (MeAw -1) % if D #0,
Yy =
9 1 A 9 : —
tafZ(Me IL’fl)w if D=0.

2
Subcase: For B = — there is a further extension:

X: —sin (2 _é 9 s (A AN 2
5 = sin 4x exp z o cos 41; exp 4z %
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2. l(u) = Ae®®, p(u) = Bel2o—Du
(A, B, and o are arbitrary constants, A # 0, o # 0).
0 0 0 0
X4—(1—20)25&+(1—0)x%+(1—0)z$+%.

CW) = (M — (A/0)e™), K() = M — (A/a)e™, () = —Be(2s=Du

exp u

= / dw(M — (A/a)w) "

el o}

9 P P
Yi=(1-20)t2 +(1-0)p—st(l—o)oo g — & 2
1= (=200t + (= eg + (=02 oy ern 0y

3. l(u) = Au, p(u) = Be ™ (A and B are arbitrary constants, A # 0)

0 0 0 0

() =e (M — (A/2)u®), K(¥)=M —(A/2)u? S(¥) = —Be ",
1 [e—\/QJ\/[/A li (eu+\/2l\/I/A) _ eV2M/A <eu7\/m>:|
V2AM ’

Q

o b} b} A N\N"1o
Yy=t—4+az— —At)— +e¥( M — =u? .
ity tagy T E-AY S te < 2“) o

4. l(u) = 0, p(u) is an arbitrary function

0 0

Xog=2——x2—.

C() = (1/¢), K(v) = M, S(+) is an arbitrary function, ¢ = (1/M)e*

n:zﬂfxﬁ.
ox 0z
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For each of the following functions p(u) (and S(v)) there is a further
extension:

(i) p(u) = e + X, A= =+1.

+ )\exp(—)\t)2

0
X5 = exp(—At)— o0

ot

S(p) = FMp + A, A=+£1.

Y5 = exp(—)\t)é9 + Aexp(— )\t)z/)—d}

(i) p(u) = £e™, o is an arbitrary constant, o # 0.

0 0 0 0
X5 = 2015& + (o — 1)m£ (o0 — 1)z& - 2% :

S(¢) = F(M)?, o is an arbitrary constant, o # 0.

3] 0 0 1?)
Vs = 20t— + (0 — Da— + (0 — 1)z~ — 2p— .
crat—‘r(a )xa + (o )Zd wad}

(iii) p(u) =0, 6 =0, +1.

0 0 8
Xs=2—+2—+2—
R
exp(—6t) 2 + S exp(—dt) 2 if 6 #0,
X =
) 9 s
S(p) = =5, §=0,=+1.
Ys —:1:88 +za3 +2'¢1%
exp(—6t) 55 + S exp(—=6t)y oy if § #0,
Yo =
t2 —7,&% if § =0.

IT1. k(u) = u’, o is an arbitrary constant, o # 0, —1
1. l(u) = Au?, p(u) = Bu’™' — Du
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(A, B, and D are arbitrary constants, A # 0)

exp(Dot) & — Duexp(Dot) 2 if D #0,
Xy =
at% - ua% it D=0.

) = (4/ (o + 1) ((M/A) o + 1) — e 40) 7T K@) = (/G0 + 1)e A7,

S() = D((M/A)(o + 1) — e=A) VT _ B(M/A)(0 + 1) — e=4¥) |
¥ = —(1/A) In((o + 1)(M/A) — uo+1).

exp(Dot) % — W exp(Dot) (%(0’ +1)ed? — 1) %

yi— ifD#0,
ot — T (Yo + et —1) 2
if D=0.
2. l(u) = Au”, p(u) = BulT?+—7
(A, B, 0, and p are arbitrary constants, A # 0, p # 0)
0 0 0 0
Xy = (20— o)t + (4 — 0) e + (= 0) 2 — U~ |
1= @p—o)to + (= 0)rom + (n = 0)25- —um-
C) = (M = (A/(u+ 1)ur T a7, K(p) = (M = (A/(u+1))utT1), S(¢) = —BullF2=9),
wot1
b T dw (M (A kDo) T
u’t! 0

17} 17} 0
Yy = (Zu—a)t& +(M—U)I£ +(H—0)Z$ T M= (A/(p+ 1))urtt %

3. l(u) =0, p(u) is an arbitrary function

0 0
Xi=20 — gl
* Ox 0z
C() =M((c + 1)M1/))*"/<"+1>, K () = M, S(¢) is an arbitrary function, 1 = (1/((c 4+ 1)M)u°*?
Yy, = zg — zg .
Ox 0z

For each of the following functions p(u) (and S(¢)) there is a further
extension:

(i) p(u) = £u”, v is an arbitrary constant, v # 0, 1.

0 0 0 0
X5:2(1—V)t§+(a—1/+1):E£+(0—1/+1)2£+2u%.
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S(p) = F((o + 1)M1ZJ)”/(‘7+1)7 v is an arbitrary constant, v # 0,1

Y5:2(1—1/)15%—‘r(O’—V—‘rl)J}%+(O’—V+1)Z%+2(O’+1)’d)%.

(ii) p(u) = £u" + Au, A= +1.

X5 = eXp(—)\at)2 + Aexp(—Aot)

ot You

S() = F(o + 1)Myp — A((o + 1) M)t/ @+,

Y5 = exp(f)\at)% + Aexp(—Aot)(o + 1)1&% .

(iii) p(u) = ou, 0 =0,=1.

0 0 0
X5 = a:c% +02$ +2u%,

exp(—dot) & + §exp(—dot) ul if § #0,
X =
otd —ul if 6 = 0.

S() = —6((o + 1) M)/ e+

7] 7] 7]
Ys =ox— — +2 1)) —
5 Ux8x+azﬁz+ (o + )wad),
exp(—dot) % + dexp(—dot) (o + l)w% if § #0,
Yo =
otd — (0 + yay if § = 0.

IV. k(u) = u™!, I(u) =0, p(u) is an arbitrary function
9, 0

Xog=2——0—.

C() = MeM¥ | K() = M, S(¢) is an arbitrary function, ¥ = (1/M)Inu

n:zgfxg.
ox 0z
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For each of the following functions p(u) (and S(%)) there is a further
extension:

(i) p(u) = £u”, v is an arbitrary constant, v # 1.

0 0 0 0
X5 =2(v — 1)155 + o + vag_ = Qu% :

S(¢) = FeM¥¥ | v is an arbitrary constant, v # 1.

P P o 20
Ys = 2(v — 1)t — = Z 22
T i VR

(i) p(u) = Adu+1, A==+l

X5 = exp(/\t)ﬁ + Aexp(At)

ot You
S@) = —XeM¥ F1, \=+1.
Ys = exp()\t)% + (A/M) exp(At) % .
(iii) p(u) = 0u, 6 =0,%1.
exp(6t) 2 + dexp(dt) ul if 6 #0,
X5 -
t% + u% if 6 =0,
9] 0 0
Xoo = O‘(ZL‘VZ) % +ﬁ(l',2’) & - 2uaz(x,z)% )
where the functions a(z, z) and f(z, z) satisfy the system
Oy = Bz; a, = _ﬁz

S(y) = —6eM¥ | §=0,+1.
exp(6t) £ + (§/M) exp(t) 2% if § #£ 0,
Y5 =
t5 + (/M) if§=0,

5} 2] 2
Yoo = (e, ) g4 Bl 2) 5 = 3r0a(@ )50
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where the functions a(z, z) and B(z, z) satisfy the system

gy =Bz, 0z =—L.

—_

V. k(u) =
1. l(u) = Aexp(ou), p(u)= Bexp(2ou)
(A, B, and o are arbitrary constants, A #0, o #0).

0 0 0 10

C(¥) = K(¢) = M—(A/o) exp(ou), S(¢) = —Bexp(20u), ¥ = (1/oM) [-ou + In(—o(M/A) + exp(ou))] -

v 2ta 4 9] n 9] 1 9]
=2t—4+r—+2—— —m——— —.
! ot ox 0z oM — Aexp(ou) O

2. l(u) = Alnu, p(u)=u(Blnu+ D)
(A, B, and D are arbitrary constants, A # 0).

exp(Bt) £ — Zexp(Bt)ul if B # 0,
Xy =
a u 0 :

CW) = K@) = M — Au(Inu — 1), S() = —u(Blnu + D), ¢ = / %-

1) B a
eXp(Bt) oz~ A eXp(Bt) ]\/I—Au’l(tln wu—1) 9

if B+£0,

I A
Oz A(M—-Au(lnu—1)) o9y

if B=0.

1 1
3. l(u) = Alnu, p(u)=Bu+ 1A2u1n2u - ZAzulnu + Dulnu
(A, B, and D are arbitrary constants, A # 0).

A 0
X4y =exp (Dt — 52) u%

C)=K)=M— Au(lnu —1), S(v) = —Bu — iA2uln2u + iAQUInu — Dulnu,
w= / du
) M- Au(lnu—1)

Y, = exp théz éi
2 M — Au(lnu — 1) 09
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4. l(u) = Au®, p(u) = Bu?" !
(A, B, and o are arbitrary constants, A #0, o #0,1)
0 0 0 uod

X, =2t 4,2, 9 vwo
A T ey T, T s o

C(w) = K(d)) = M—(A/(a’—i—l))ua-ﬁ-l’ S(’Z’) — _B,LL2<7+17 = (0. + 1)/du(M(a+ 1) _ Aua+1)—1

Y_Qtﬁ-‘rmi—i-zg— ad 9
YTt T e T 0z oM — (Ao/(o + 1)ut 9y

5. l(u) = Au, p(u) = Bu® (A and B are arbitrary constants, A #
0, B #0)
0 0 0 0
Xy=2%2 422 4.2 L.
T e TR T o

() C(¥) = K(¥) = ~Msinh~> <\/ MT%) S() = —BEM/A coth® W MTA¢> ,
b= 1 I <u + \/2]\/[/A>

n —
2M A u—+/2M/A

Vieaud 4,9 1,9
=2%t—+zx— +2—
4 Bt

1 . 1o}
p Ey \/msmh (\/ 2MA'¢J> %

(i) C(¥) = K(¢) = Mcosh‘2< %@b) , S(¥) = —B(2M/A)*/?tanh® <\/MTA¢>
oo L m( u+\/21\/I/A>.

2M A —u++/2M/A
9] 9] 7] 1 0]
Y4 =2t— — — — ———sinh (V2M Ay ) — .
4 o + :vax + zaz 2MASH1 (\/ 1/;) BN

6. [l(u) = Au, p(u) = Bu (A and B are arbitrary constants, A #
0, B#0)
B 0
Z eXp(Bt) %

0
X4 = exp(Bt) 5

(i) O(w) = K(¢) = ~Msinh~> W M;‘w> S() = —B(2M/A)"/?coth < Mﬂ,)
L (u + ¢m>

Y= A M\ w2

0 B MA o
Yy = exp(Bt) 5% + A exp(Bt) sinh? <\/Tw> %%
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(if) C(v) = K(¥) = Mcosh™ (\/MTAw> , S() = —~B(2M/A)!/tanh ( MTAw) ,
L, ( u+ \/2MJA >

n
2MA —u 4 /2M/A

P =

0 B MA a
Yy = exp(Bt) 22 MA exp(Bt) cosh? <\/2¢> % .

7. l(u) = Au, p(u) = B (A and B are arbitrary constants, A # 0)

Xy = th +£Eg + (z - gABtQ) 9 + (—u+33t)g

ot Ox Oz ou’
0 1 0
o=l ~ Adu

(i) C(¢)=K(¢)=—Msinh2<\/“M;A1/;>,S(w):_37w: 1 IH<U+\/2M/A>

2MA u—+/2M/A

b ,,9 3 0 1 3Bt A P
Yy =2t— — — ZAB#?) = ——sinh ( V2M A — 2 "sinh? \/_
AT <Z 2 ) oz " (VQMASIH (varray) - S sin < 2 w)) 9

1 MA
o sinh? — 78 .
Jz MA 2 Y

Ys =t— +
(i) C(T/J)—K(w)—Mcosh2<\/M7A¢>7S(¢)__B7¢_ L ln( u++/2M/A )

2MA —u++/2M/A
o o 3 9 1 3Bt MA o
Ya=2t_— +a_— —ZAB?) —+ | - inh (V2M A 2 cosh? [ 4] = <
4 8t+:}cam+<z 3 > 8z+< 2MAsm ( w>+ i < 5 ¢>> 55
0 MA d
Ys =t—— — ——cosh? ) =.
5 92 cos ( 2 ¢> 87,[1
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For each of the following functions p(u) (and S(%)) there is a further
extension:

(i) plu) = e

0 0 0 0

om0 0 0 20
=2t—4r—+2—— ——.
DT T T "0z T Moy

(i) p(u) = u”, o is an arbitrary constant, o # 0, £1.

X5 =2(0 — 1)t% + (0 — 1)1% + (0 — 1)2% - ZU% :
S($) = F(M)?, o is an arbitrary constant, o # 0, +1.
Ys = 2(0 — 1)% t(o— ”"”a% t (o 1)2% - 2w% .
(iii) p(u) = dulnu, § = =+1.
X5 = exp(&t)u% , Xg= exp(ét)% — gx exp(ét)u% :
X; = exp(ét)% - gz exp(ét)u% :

S() = =My In(Mvy), &= +1.

Y5 = exp(6t)¢% , Y= exp(ét)% — gx exp(ét)w% , Y7 = exp(6t)% — gzexp(ét)w% .

(iv) p(u) = du, 6 = 0, £1.

9, 0 0 0
0 0 0 0
_ 42 e e 2 2 L2y,
Xo = 4t T +4m8x —|—4tzaz + (40t° — 4t —x* — 2 )uau,
9, 9, 0 9, 0
X7—U%, Xg—Qt%—l‘u%, Xg—QtE—zu%,



8: SOIL WATER MOTION EQUATIONS (1996)

263
0
X =alt,x, z )
( )5a
where « satisfies the equation
O = Qg + 0y + 01 .
S(p) = —6Mep , § =0, %1.
o 14) 0 0
Ys; = QtE +a:8—m +Z£ +25t¢% ,
Ys = 4t2% +4tx8% +4tz% + (4612 — 4t — 2% — z2)¢% ,
4] 0 0 4] o
Y7:u£, Y8:2t$—imj)%, Y9:2taf—zw%,
Yoo :a(t,x,z)%,
where « satisfies the equation
Qf = Qpz + 0z + 0.
(v) p(u) = £1.
0 0 0 0
Xs=2t—+2r—+ 22—+ 2u—,
b ot x(?x Z@z u@u
Xo=4t"— + AT [— (4t + 2® + 2°)u + 8¢% + ta” + t27] g,
ot ox 0z ou
0 0 0 0 0
Xe=u—t)—, Xg=2t— +ax(t—u , Xg=2t— + 2(t —u)—,
7= )8u s ox ( )au ) 0z ( )au
0
Xoo - ta ) a
alt,x Z>8u

where « satisfies the equation

Qp = Olgg + Oty

S() = F1. 5 5 5 5
Ys=22 422 422 fop L
5= e T e T

0 0 1
Ys = 4% = + dtx— + 4tz— + | —(4t + 22 + 22 — (82 + tx® + t22)| —
6 8t+ zaer zaer (4t + +z)1/J+M( + ta® + tz%) o0
4] 3] 0 0 %)
Yo =@ —t/M)—, Yg=2t— — —t/M)—, Yy=2%— — —t/M)—
7= /)W’ 8 o z(y /)81/)’ 9 52 2(y /)aw’
Yoo = a(t,z,2)
oY

where « satisfies the equation

at = Qgg + 0zz -
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4 Symmetries of equations (1.1)

The group classification of Egs. (2.1) given in Section 3 does not provide,
strictly speaking, the group classification of Eqgs. (1.1). Indeed, the transfor-
mation (2.2) linking Eqgs. (1.1) and (2.1) depends on the choice of coefficients
(1.1) and therefore the transformation (2.2) does not map, in general, an
equivalence transformation of Egs. (2.1) into that of Egs. (1.1). Let us il-
lustrate this by the following example.

ExaMPLE. Consider the particular case of the equivalence transforma-
tion (3.1)
t=t, T=x, Z==z+mt u=u, (4.1)

for which B B
k=Fk, l=1l—7, p=p (4.2)

with an arbitrary constant v5. Let us construct the image of this equaiva-
lence transformation under the map (2.7), (2.8). Then, in accordance with

whence, by using (4.1) and (2.5) we obtain
E(@ = ) ~ ) = L(w) —
The formula (2.5) is written in the new variables in the form

- k@)
w—/mdu+A3.

Since k(u)du = k(u)du (see (4.1)-(4.2)) and k(u)du = (Ay — L(u))dy) (see
(2.6)), the above formula is written

T A2 — L('Ll,)
v= / Ay — L(u) + ’ygudw A,

or
u

Thus, after the map (2.2), the equivalence transformation (4.1) takes the
form

— - Uu
t:ta jzl‘? 2:Z+72t7 w:w_VQ/A2_L(u)+,y2udw+A3a



8: SOIL WATER MOTION EQUATIONS (1996) 265

i.e. it is not an equivalence transformation in the usual sense. Such trans-
formations can be called “quasi-equivalence transformations” for Eqgs. (1.1).

Here, we systematize the equations (1.1) with extended symmetry ob-
tained in Section 3.

The principal Lie algebra

The principal Lie algebra Lp (i.e. the Lie algebra of the Lie transfor-
mation group admitted by Eq. (1.1) for arbitrary C'(¢), K(¢) and S(v)) is
the three-dimensional Lie algebra spanned by the following generators:

0 0 0

Xy = 2.
2T 0z

The operators Xy, Xo, and X3 generate translations along the ¢, z, and z -
axes, respectively. Hence the principal Lie group of the equation (1.1) is
the three-parameter group of translations.

Extensions of the principal Lie algebra

The algebra Lp extends in the following cases.
I. K(v) =1, C(¢) and S(¢) are arbitrary functions.

X4—z£—x£

Ox 0z

For the following functions C'(¢)) and S(¢) there is an additional extension:
1. C(v) is an arbitrary function, S(¢) = 0.

0 0 (9

2. C(¢) =17, S(¥) has one of the following forms:

(i) S(») = By, where B and ~ are arbitrary constants, B # 0,
v # o+ 1.

0 0 0 0
Xs=2140—7 )ta (1—7);1:%4—(1 fy)z——{— ¢%

(ii) S(v) = Byt + Dv, where B # 0 and D # 0 are arbitrary

constants.

+ B exp(Bat)wi

X5 = exp(Bot)— 0 0

ot
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If D =0,B # 0 there is a further extension:

0 0 0
X6_Ux8_+0z%_2w_¢'
(iii) S(¢) = 5 a
0 (9
Xg = Uxa——l—oza —21/}—w.

3. C(v) =e¥, S(¢) has one of the following forms:
(i) S(v) = Be"¥, v is an arbitrary constant, v # 1.

8 0 0 0

(ii) S(¢) = Be¥+D, where B # 0 and D # 0 are arbitrary constants.

0 + Bexp(Bt) — 0

X5 = Bt
5 eXp( )a aw
(iii) S(v) = Be?, where B is an arbitrary constant.
exp(Bt) & + Bexp(Bt) % if B #0,
X5 ==
o 4 T
ta + 30 if B = 0,
0 0
Xoo = afx, 2) P Bz, z) — 52 — 20, (z, Z)&D
where the functions a(z, z) and §(z, z) satisfy the system
Oy = ﬁza Qy = _ﬁx-

4. C(¢) =1, S(¢) has one of the following forms:

(i) S(¢) = +e”.

0 0 0 0

(ii) S(¢) = £¢7, where o is an arbitrary constant, o # 0, 1.

+ (0 — 1)952 + (0 — 1)22 — Q?ﬂi

0
X5 = 2(0' - 1)t— Oz 92 w

ot
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(i) S(1) = —6¢ In(Mep), &= 1.

g 9 0
X5 = exp(dt)@/zaw X¢ = exp(ét)% — 57 exp(ét)waw
Jd 9 0
X; = exp(ét)a— — 5% exp(dt)w—w
(iv) S(¥) = =0, 6 = 0,+1.
8 0 0 0
0 0 0 0
429 9 o 2 22
Xg =4t T + Atz o +4t282 (46t* — 4t — 2 — 2 )waw
0 0 0 0
X7—Ua—u, X8—2ta—x—$w%, X 2t —Z'w w
Xoo = a(t,x,z)% ,
where « satisfies the equation
O = Qg + iy + 0.
(v) S(¢) = £1.
0 0 0 0
X5 2t§+xa +z—+2¢8¢
0 0 0
429 9 o 1 2, .2
Xo = At* = + dta— + dtz o+ [—(4t +2° + 2*)
+8t% + tx? + t2%) %
0
X0 — (i — ) —
7= —1) 90
0 0 0 0

Xo = a(t, x, z)% ,

where « satisfies the equation

Qp = Olgg + Oty
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IL. K(¢) = C(¢).
The principal Lie algebra extends for the following functions C'(¢) and S(¢):

1. C(¢) = sinh™%(v)), S(3) has one of the following forms:
(i) S(1) = Beoth®(¢)), where B # 0 is an arbitrary constant.

0 0 0 0
Xy = 4ta + Qx% + 228— + smh(2w) o0

(ii) S(¢) = Bcoth(v)), where B # 0 is an arbitrary constant.

X, = 2exp(Bt) % + Bexp(Bt) sinhg(@/z)% :

(iii) S(v) = B, where B is an arbitrary constant.

0 0 5 O 1, -y
X, = 2tat + o + (2 — 3Bt )8 + (QSmh(Zw) — 3Btsinh (1/J)> 90

0 9, O
X5 Qta— + sinh <¢)a'¢
2. C (1) = cosh™?(1)), S(¢) has one of the following forms:
(i) S(v)) = —Btanh®(3), where B # 0 is an arbitrary constant.
9
o
(ii) S(¢) = —Btanh(v), where B # 0 is an arbitrary constant.

0 0 a
Xy =4t— 5% +2x%+2z& sinh(v))

X, = 2exp(Bt) % — Bexp(Bt) CoshQ(@Z));p

(iii) S(v) = —B, where B is an arbitrary constant.

0 9] N, 1, 5 0
Xy = ZtE + T + (z — 3Bt )a + <—§smh(2w) + 3Btcosh (w)) 90

0 9, O
X5 = 2258— — cosh (w)a¢

3. C(¢) =M — Au(lnu —1), where A # 0, M are arbitrary constants,
1 is connected with u by the formula

du
wZ/M—Au(lnu—l)’
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and S(1) has one of the following forms:
(i) S(¢) = —uw(Blnu+ D), where B and D are arbitrary constants.

exp(Bt) % — % exp(Bt) 7M—Au1(lnu—l) % if B#£0,
X4 =
el U ls] : _
{9 — A= Au(mu=D) 99 it B=0.
. Lo o 1,
(ii) S(¢) = —Bu — ZA uln®u + ZA ulnu — Dulnu,

where B and D are arbitrary constants.

A u 0
Ko = exp (Dt_ Ez) M — Au(lnu —1)0¢

4. C(¢) =M — ée"“, S(¢) = —Be** | where A # 0, B, M # 0, and
o

o # 0 are arbitrary constants, ¢ is connected with u by the formula

) = —7 [—ou+In(—c(M/A) +e7)].

xy—od 1,0 0 ! 9
YTt T "o "0z oM — Aexp(ou) 0¢

5. C(¢) =M — ?u”“, S(¢) = —Bu**t! where A # 0, B, M # 0,
o

and o # 0, —1 are arbitrary constants, 1 is connected with u by the formula

v=(0+1) /(M(o +1) = Au”) " du.

xy—od 1.0 0 " 9
YTt T 0 "0z oM — (Ao/(o+ 1))uett oy

II. K(¢) =e¥, C(¥) = e (M —e %), S() = —D(M — e ¥)7F +
B(e™ — M),
where B, D, and M are arbitrary constants.

exp(Dat) & + D exp(Dat) (Me? — 1)% it D #0,
Xy =
otd + (Me¥ —1) 2 if D =0.
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1
If c = —1 and B = - there is an additional extension:

e (o () -on () ()

1. /z z 0
~5 sin <Z) exp (_Z) (Mew — 1) %
IV. K(¢)) = M — Ae®, C(¢) = (M — Ae“*)e™", S(vp) = Be®*~D*  where
A #0,B,M,o # 0 are arbitrary constants, and 1 is connected with u by

the formula
exp u

Y = / dw(M — Aw’)™".

0 0 0 et 0
X4 = (1 —20')155 -+ (1 —U)I% + (1 —U)Za + m%

V. K{) = M — Au?, C(¥) = (M — Au*)e ™, S(vy) = Be™™, where
A #0,B, M # 0 are arbitrary constants, and ¢ is connected with u by the
formula

¢ g [V () T (o)

with li(z) the logarithm integral:
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A#0,B,M,oc #0,—1,u # —1 are arbitrary constants, and v is connected
with u by the formula

urr+1

1 oty —1
b= — / (M = Aw0 /) gy,

U

0 uott 0

0 9,

ot ox

5 Invariant solutions

Here, the above results are used for the construction of exact (invariant)
solutions of Eq. (1.1). Namely, we consider two particular equations of
the form (1.1) when the principal Lie algebra Lp is extended by three and
two operators, respectively. For each case, we look for solutions invari-
ant under two-dimensional subalgebras of the symmetry Lie algebra. Then
Eq. (1.1) reduces to second-order ordinary differential equations. The latter
are solved in a closed form, and the solutions are also represented graphi-
cally. These examples illustrate the general algorithm due to Lie [89] and
Ovsyannikov [111] for constructing invariant solutions and can be easily
adopted by the reader in other cases.
Let the operators

Xy = E0(t 2, 2, u) 2 4 €t 2, 2w 4 2, 2 0) (8 2, 1)

ot ox 0z ou
0 0 0 0

_ ¢0 7 1 _ 2
X2 - 52(1571‘72’“)615 +§2<t7x727u)ax +§2(t7‘raz7u)az + 772(ta$727u)8u

be admitted by the equation (1.1). Let they span a two-dimensional Lie
algebra, i.e.
[Xl,Xg] = )\1X1 + )\QXQ, )\1, )\2 = COHSt,

and they satisfy the condition

( & & & m )
rank =
& & & m
Then the system

Xl.[ - 0, XQI = 0

has exactly two functionally independent solutions I (t, z, z,u), Ir(t, z, z, u).
The invariant solution has the form

I = ¢(Lh). (5.1)
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After substitution of (5.1) into the corresponding equation (1.1), we obtain
an ordinary differential equation for the function ¢.

Note that all invariant solutions of the equations (1.1) can be obtained
from the corresonding solutions of the equations (2.1) by transformations of
the form (2.2). Numerous invariant solutions of Eqgs. (2.1) with [(u) = 0 are
presented in [129]. According to the formula (2.3), I(u) = 0 corresponds to
Egs. (1.1) with a constant coefficient K (1)). Here we will consider examples
of invariant solutions of Eqs. (1.1) with K (1)) # const.

Example 1 (Invariant solution under an Abelian subalgebra). Consider
Eq. (1.1) of the form

4

T V= (7), () e M =T (5.2)

This equation is obtained by a simple scaling of independent and dependent
variables from the equation given in the above group classification in the case
IIT with 0 = —1, B = 1/4. According to the classification result, Eq. (5.2)
admits an six-dimensional Lie algebra Lg obtained by an extension of the
principal Lie algebra Lp by the following three operators:

o 1 0
X, =t— — —(Me* —1)—
4 at 4( € )81//’
1
X5 =sinx e’za—x—cosx eZ%—l—icosx ez(]\/[e‘“”—l)%,
1
Xg = cosw e_z%Jrsinx e_Z%—§Sinx e_z(]\/[e‘w—l)%.

Let us construct invariant solutions under the operators X, X5. These
operators span a two-dimensional subalgebra L, of the algebra Lg and have
two functionally independent invariants. First, we calculate a basis of invari-
ants I(t,z, z,1) by solving the following system of linear first-order partial

differential equations:
X4l =0, X51=0.

The subalgebra Ly is Abelian ([X4, X5] = 0). Therefore, we can solve the
equations of the above system successively in any order.
The first equation provides three functionally independent solutions

Jl =T, JQ =z, J3 = t(eiéw) — M)

Hence the common solution (¢, x, z, 1) of our system is defined as a function
of Ji, Jo, J3 only. Therefore we rewrite the action of X5 on the space of
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J1, Ja, J3 by the formula

0 0 0
X: = X:(J X:(J X5 (J:
5 5( 1)0J1+ 5( 2)8J2+ 5( 3)8J3
to obtain
Xs =sinJ e’Qi—COSJ i—1—2(:OSJ —J2 ]
b dJ1 ! d.Jo 1e B

Consequently, we easily obtain the following two functionally independent
solutions (invariants) of the second equation of the system in discussion:

I, =e” sinJ, = ¢ sing, I, = Js *? = (te™ — Mt) &2
Thus, according to (5.1), the invariant solution is given by
(te ™ — Mt) €** = ¢(e” sinx).

Solving this equation with respect to 1,

—2z

et ¢(£)|, where £ = €® sinz, (5.3)

1
Y= —7In|M+

and substituting into Eq. (5.2), we arrive at the following linear second-order
ordinary differential equation:

¢"(&) = 4.
Hence,
P(€) = 26 + C1€ + O,
and Eq. (5.3) yields
—2z z

C
(262Z sin?z + —  sinz + 02) ,
e

|
¢=—7hn M+ S

where (' and Cy are arbitrary constants.

The same solution can be obtained from the solution of the correspond-
ing equation (2.1) (see [67], Section 9.8 ).

The dynamics of the process described by this solution is illustrated
graphically in the figures.

Example 2 (Invariant solution under a non-Abelian subalgebra). Con-
sider Eq. (1.1) of the form

sinh~2 \/> ¢ b= (smh \/> w ) (sinh—Q(\/g@wz)z
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+\/mcoth(\/g@/z>sinh_2 (\/g@p) b, — % . (5.4)

This equation is obtained by a simple scaling of independent and dependent
variables from the equation given in the above group classification in the
case I1.1(iii) with B = 1. According to the classification result, Eq. (5.4)
admits a five-dimensional Lie algebra L; with the following two additional
operators:

Xy = 2t§—|—x§x+( —3t2) aaz—l—(msmh (\/ ¢) — —smh2 \/»@Z) >

91, [N
Xo = b5, T qrsinh (\/ 2¢)a¢‘

The operators X4, X5 span a two-dimensional subalgebra Lo of the alge-
bra Ls. We have [X4, X;5] = X5. Hence, the subalgebra Lo is non-Abelian
and X5 spans an ideal of Ly. Therefore, in this case, the system

X4]:O, X5I:0

for invariants can be solved successively begining with the equation X551 = 0.
Then the first equation X4/ = 0 will be represented in the space of three
independent solutions of the equation X5/ = 0. Repeating the calculations
described in the previous example, we get the following invariant solution
of the equation (5.4):

(el () )

t t

|V e Lo () - Pa()])

Here 4 and C4y are arbitrary constants and

5 2
erf(¢) = %/0 e " du.

The same solution can be obtained from the solution of the correspond-
ing equation (2.1) (see [67], Section 9.8).
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Paper 9

A priori use of symmetry
groups in nonlinear modelling

Nail H. Ibragimov and Oleg V. Rudenko
Original unabridged version of the paper [73]

Abstract. Nonlinear mathematical models constructed on the basis of
general physical concepts often have a rather complex form. Therefore, it
is natural to simplify these models for further investigation. Unfortunately,
however, a simplification often leads to the loss of certain symmetries of the
model, and hence to the loss of physically important solutions.

The main idea of an a prior: use of symmetries in mathematical mod-
elling, suggested in this paper, is to augment the symmetry properties of
the problem by means of a “reasonable” complication of the mathematical
model. The method is illustrated by applying it to nonlinear acoustics and
finding exact solutions that are of interest for the wave theory.

1 Motivation

The long term experience gained from solving problems of mathematical
physics by means of group analysis furnishes ample evidence that numerous
natural phenomena can be modelled directly in terms of symmetry groups.
Then differential equations, conservation laws and often even solutions to
initial value problems can be obtained as immediate consequences of group
theoretic modelling.

On the other hand, mathematical models of physical processes that are
constructed on the basis of general concepts from first principles) often have
a rather complex form. Examples of such models are the systems of equa-
tions of mechanics of continua or electrodynamics, which are difficult to

275
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solve in the general form by common analytical and numerical methods, es-
pecially if the nonlinearity, inhomogeneity, hereditary and other properties
of real media are taken into account. Therefore, it is natural to simplify
the model equations as much as possible in accordance with the specific
character of the problem under consideration. It is evident, that dealing
with simpler models one can most probably find an appropriate method of
solution. The simplification is achieved by neglecting the less important
features of a given phenomenon and concentrating on its most important
properties. A comprehensive description of ideas underlying this approach
are given by A.A. Andronov, A.A. Vitt, and S.E. Khaikin in their classical
monograph on the theory of oscillations [5]. A historically significant ex-
ample of applying these ideas to the wave theory is the development of the
method of a slowly varying profile by R.V. Khokhlov [81], [2]. This method
considerably extended the possibilities for solving nonlinear wave problems
analytically [121]. Unfortunately, a simplification of a mathematical model
may lead, and often it does, to the loss of a number of symmetries pos-
sessed by the original general model, and hence to the loss of important
exact solutions.

We suggest another approach, namely a complication of the model with
the aim of augmenting symmetry properties of the mathematical model for
finding desired solutions of a given simpler problem. This idea seems to be
logically absurd. However, sometimes a complex model proves to be more
simple to analyze. An example of such a useful complication in acoustics is
the Burgers equation (see, e.g., [121] and the notation accepted there):

oV _ oV _ OV

0z 00 00?
The presence of the additional viscous term proportional to the higher
(second-order) derivative on the right-hand side of this equation surprisingly
does not complicate the initial first-order equation but, on the contrary, pro-
vides the possibility to solve the problem. With the transformation

0
V =2T 20 InU,

the Burgers equation can be linearized and reduced to the heat conduction
equation for U :

ou F82U

9z 062
Expressing the solution of the Burgers equation via the solution of the heat
equations and then performing the limit I' — 0, one obtains a physically
correct solution to the problem of interest for the non-viscous medium.
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Evidently, this example is accidental and does not provide any general
approach. However, the experience gained from the group classification of
differential equations shows that in many cases a complication of the initial
model supplies it with new symmetries, and hence allows one to find new
physically important solutions.

A well-known regular and effective method of symmetry determination
is the theory of continuous Lie groups [96], [93]. The conventional method
of using Lie groups for finding analytical solutions to differential equations
is as follows. Specific equations or systems of equations are considered.
Symmetry groups are calculated for them. Then, these groups are used to
construct exact particular solutions, conservation laws, and invariants. A
more complicated and interesting problem is the group classification of equa-
tions involving unknown parameters or functions. The group classification
allows one to find such parameters (or functions) at which the admitted
group is wider than the symmetry group of the initial general equation.
Many equations with physically interesting solutions have already been ob-
tained in this way (see, e.g., [111], [114], [60], [65], [67], [68]). The approach
described above can be called an a posteriori one, because it is based on
analyzing given systems of equations.

In this paper, we propose a fundamentally new and simple approach
providing new symmetric models. The approach is based on a reasonable
complication of a given model without any loss of its physical content. A
theoretical basis for our principle of an a priori use of symmetries is N.H.
Ibragimovs theorem on projections of equivalence groups (see Section 4.2).

We begin with describing the standard methods of Lie group analysis of
differential equations, adapting them to evolutionary equations appropriate
to the models of nonlinear wave theory and nonlinear acoustics.

2 Outline of methods from group analysis

2.1 Symmetries of evolution equations

Consider evolutionary partial differential equations of the second order:
w = F(t,x,u, Uy, Uyy), OF/OUzy # 0. (2.1)
Definition 9.1. A set GG of invertible transformations of the variables ¢, x, u :
t=f(t,r,u,a), T=g(t,x,u,a), @=h(tz,u,a), (2.2)

depending on a continuous parameter a is called a one-parameter group
admitted by the equation (2.1), or a symmetry group of the equation (2.1),
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if the equation (2.1) has the same form in the new variables ¢, Z, @ and if
G contains the inverse to any transformation from G, the identity transfor-
mation

t=t, T=ux u=u,

and the composition of any two transformations, namely:

I
Il

f(f7j7ﬂ7b) - f(t7aj7u7a+b)7
T =g(t7,u,0) = g(t,z,u,a +D),
u=nh(tz,u,b)=h(tz,ua+b).

Thus, a group G is admitted by the equation (2.1) if the transformations
(2.2) of the group G map every solution v = wu(t,z) of the equation (2.1)
into a solution @ = u(t, ) of the equation

ur = F(t,Z,u,uz, Uzz), (2.3)

where the function F' has the same form in both equations (2.1) and (2.3).
According to the Lie theory, the construction of the symmetry group G
is equivalent to determination of its infinitesimal transformations

t~t+ar(t,z,u), T=~z+a&(t,x,u), u=xu-+an(t,z,u) (2.4)

obtained from (2.2) by expanding into Taylor series with respect to the
group parameter a and keeping only the terms linear in a. It is convenient
to introduce the symbol (after S. Lie) of the infinitesimal transformation
(2.4), i.e. the differential operator

0 o o
X = 7(t, x,u)a + £(t, u)% +n(t, z, u)% (2.5)
acting on any differentiable function J(t, z,u) as follows:
aJ oJ o.J
X(J) = T(th;U)E + f(t,.ﬁ,u)% + T](t7q;’u>% .

The operator (2.5) also is known in the literature as the infinitesimal oper-
ator or generator of the group GG. The symbol X of the group admitted by
the equation (2.1) is called an operator admitted by (2.1) or an infinitesimal
symmetry for equation (2.1).
The group transformations (2.2) corresponding to the infinitesimal trans-
formations with the symbol (2.5) are found by solving the Lie equations
% =17(t,7,u), fl—z =¢&(t,z,u), (;—Z

I~y

=n(t,z,u), (2.6)
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with the initial conditions:
t‘azO = t’ j‘

Let us turn now to equation (2.3). The quantities 4z, 4z and Uzz in-
volved in (2.3) can be obtained by means of the usual rule of change of
derivatives treating the equations (2.2) as a change of variables. Then, ex-
panding the resulting expressions for uz, Uz, Uzz into Taylor series series
with respect to the parameter a, one can obtain the infinitesimal form of
these expressions:

at_ ~ U +a CO(t7x7u7ut7ux) 3 a:f: N Uy +a Cl(twruu? ut7ux) )
(2.7)

'UJ:M‘: X Ugpy +a <2(t7 T, U, Uty Ug, utx;“acac) )

where the functions (g, (1, (s are given by the following prolongation formu-
lae:

Co = Di(n) — weDi(7) — ue Di(§),
G = Da(n) = ueDe(7) — uz Do (§), (2.8)
G2 = Dy (1) = e Do () — e D ().
Here D; and D, denote the total differentiations with respect to ¢ and x:

D, = 0 " 0 N 0 " 0
(9 ; Ut =— o Utt~— Dy Uty 8ux’

D —£+u gqtu 0 +u 0

T 0r Cou Tou " Ou,

Substitution of (2.4) and (2.7) in equation (2.3) yields:

ug — F(t_u j:) ﬂ, ﬂ£7 ﬂi’i) ~ U — F(t, T, U, Uy, uzx)

oF oF OF  OF  OF
(6= G g " at  w )
Therefore, by virtue of the equation (2.1), the equation (2.3) yields

F oF aF oF oF
D G2 — a—uICl 9 —6 — 7= 0, (2.9)

o —

where u, is replaced by F(t, z, u, uy, ty) in (o, (1, Co.

The equation (2.9) defines all infinitesimal symmetries of the equation
(2.1) and therefore it is called the determining equation. Conventionally, it
is written in the compact form

X|u = F(t o, u )| =0, (2.10)

Ut =F
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where X denotes the prolongation of the operator (2.5) to the first and
second order derivatives:

0 0 0 0 0 0
X_Ta—i_é%—i_n%+C08—W+C18—ur+<28um

The determining equation (2.9) (or its equivalent (2.10)) is a linear ho-
mogeneous partial differential equation of the second order for unknown
functions 7(t, z,u), £(t, z,u), n(t,z,u). In consequence, the set of all solu-
tions to the determining equation is a vector space L. Furthermore, the
determining equation possesses the following significant and less evident
property. The vector space L is a Lie algebra, i.e. it is closed with respect
to the commutator. In other words, L contains, together with any operators
X1, Xo, their commutator [ X7, X5| defined by

(X1, Xo] = X1 Xp — Xo X

In particular, if L = L, is finite-dimensional and has a basis Xq,..., X,,
then
[XOH Xﬁ] = CZ[BX’Y

with constant coefficients ¢! s known as the structure constants of L,.

Note that the equation (2.9) should be satisfied identically with respect
to all the variables involved, the variables t, z, u, u,, U, Uy, are treated as
five independent variables. Consequently, the determining equation de-
composes into a system of several equations. As a rule, this is an over-
determined system since it contains more equations than three unknown
functions 7,& and 7. Therefore, in practical applications, the determining
equation can be solved. The following preparatory lemma due to Lie (see
[89], First part, Section III(10)) simplifies the calculations.

Lemma 9.1. The symmetry transformations (2.2) of Eqs. (2.1) have the
form

t=f(t,a), T=g(t,x,u,a), u=h(txu,a). (2.11)
It means that one can search the infinitesimal symmetries in the form

0 0 0
X=7t)= t — t —- 2.12
T(t) 5 &tz w) o+t 2, u) 5 (2.12)
Proof. Let us single out in the determining equation (2.9) the terms con-
taining the variable wu,. It is manifest from the prolongation formulae (2.8)
that wu, is contained only in (3, namely, in its last term uy, D, (7). Since the
determining equation (2.9) holds identically in all variables ¢, z, u, ty, gy, gz,
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one concludes that D,(7) = 7, + u,7, = 0, whence 7, = 7, = 0. Thus,
T = 7(t), and hence the generator (2.6) reduces to the form (2.12).

For the operators (2.12), the prolongation formulae (2.8) are written as
follows:

CO = Dt(n) - U,th(f) - T/(t)uta Cl = Dr(n) - uocDx(f)a

2.2 Invariant solutions

Group analysis provides two basic ways for construction of exact solutions:
construction of group invariant solutions (or simply invariant solutions) and
group transformations of known solutions.

If a group transformation maps a solution into itself, we arrive at what
is called a self-similar or group invariant solution. Given an infinitesimal
symmetry (2.5) of equation (2.1), the invariant solutions under the one-
parameter group generated by X are obtained as follows. One calculates
two independent invariants J; = \(t,x) and Jy = u(t,z,u) by solving the
equation

aJ oJ aJ

X(J) = T(t’ Z, U)E + f(tv z, u)% + n(ta x, u)a_u - 07
or its characteristic system:

T(t,z,u) B E(t,z,u) - n(t, z, u) ' (2.14)

Then one designates one of the invariants as a function of the other, e.g.

1= p(N), (2.15)

and solves equation (2.15) with respect to w. Finally, one substitutes the
expression for u in equation (2.1) and obtains an ordinary differential equa-
tion for the unknown function ¢(\) of one variable. This procedure reduces
the number of independent variables by one.

Further reductions, in the case of differential equations with many inde-
pendent variables, can be achieved by considering invariant solutions under
two or more infinitesimal symmetries.
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2.3 Group transformations of known solutions

This application of symmetry groups is based on the fact that the trans-
formations of this group map any solutions of the equation in question into
solution of the same equation. Namely, let (2.2) be a symmetry transfor-
mation group of the equation (2.1), and let a function

u=®(t,x)

solve the equation (2.1). Since (2.2) is a symmetry transformation, the
above solution can be also written in the new variables:

u=®(t,x).
Replacing here @, t, 7 from (2.2), we get
h(t,z,u,a) = CID(f(t,:E, u,a),g(t, x, u, a)). (2.16)

Having solved equation (2.16) with respect to u, one obtains a one-parameter
family (with the parameter a) of new solutions to the equation (2.1). Con-
sequently, any known solution is a source of a multi-parameter class of new
solutions provided that the differential equation considered admits a multi-
parameter symmetry group. An example is given in Section 3, where the
procedure is applied to the Burgers equation.

3 Group analysis of the Burgers equation

We illustrate the methods described in the previous section by considering
the Burgers equation
Up = Ugy + Ully. (3.1)

3.1 Calculation of symmetries
The determining equation (2.9) has the form
Co — G — uGr — nug =0, (3.2)

where (p,(; and (» are given by (2.13). Let us single out and annul the
terms with u,,. Bearing in mind that u; has to be replaced by u,, + uu,
and substituting in (, the expressions

D2(€) = Dyp(& + Eutty) = Ey gy + Eun 12+ 260 Uy + g,

D2(1) = Dp(p + N Usz) = T Us + T U2 + 200 U + N (3.3)
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we arrive at the following equation:
28, ug + 28, — 7'(t) = 0.

It splits into two equations, namely &, = 0 and 2¢, — 7/(¢f) = 0. The first
equation shows that ¢ depends only on ¢, x, and integration of the second
equation yields

= % '(t) z + p(t). (3.4)

It follows from (3.4) that D?(£) = 0. Now the determining equation (3.2)
reduces to the form

1 1
u:2c77uu + 57”(15)’& + 57-”@)37 —l—p/(t) + 20y + M| Up + UN + Nge — N = 0

and splits into three equations:

1 1
Nuw = 0, 57”(t)u+57"(t)m+p’(t)+2nw—l—n =0, une+n.—n =0. (3.5)

The first equation (3.5) yields n = o(t, z)u+pu(t, ), and the second equation
(3.5) becomes:

1 1
(57"(25) + 0) u+ =7"(t)x +p'(t) + 20, + p =0,

2
whence . )
o= —57"(25), = —57'”(15)x —p'(t).
Thus, we have
1 1
n=-3 T'(t)u — 57‘”@):8 —p'(1). (3.6)

Finally, substitution of (3.6) in the third equation (3.5) yields

1
57’”’(25)1‘ +p"(t) =0,

whence 7"(t) = 0, p”(t) = 0, and hence
T(t) == Clt2 + QCQt + 03, p(t) == O4t + 05.

Invoking (3.4) and (3.6), we ultimately arrive at the following general solu-
tion of the determining equation (3.2):

7(t) = C1t* 4205t +Cs, € = Cita+Cox+Cyt+Cs, n = —(Cit+Cy)u—Cia—C.
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It contains five arbitrary constants C;. It means that the infinitesimal sym-
metries of the Burgers equation (3.1) form the five-dimensional Lie algebra
spanned by the following linearly independent operators:

0 0 0 0
Mo e Ta BT e
DV I I L0 D 0

3.2 Invariant solutions

Example 9.1. One of the physically significant types of solutions is ob-
tained by assuming the invariance under the time translation group gener-
ated by X;. This assumption provides the stationary solutions

u=d(x)

for which the Burgers equation yields

" + ¢P' = 0. (3.8)
Integrate it once:
/ (b2 C
6} — =
+ 9 1
and integrate again be setting C; = 0,0; = v? > 0,C; = —w? < 0 to
obtain:
B(z) = —> Dz) = (C+Za), o) =wig(c - Za). (39)
x_x+(]’ x)=v 5%); ) =wtg 5%)- (3

Note that the Galilean transformation t = t,7 = x + at, i = u — a
generated by X3 maps X; to X;+cX,. Consequently, it maps the stationary
solutions to travelling waves u = u(z — ct) which can also be obtained from
the solutions (3.9).

Example 9.2. Let us find the invariant solutions under the projective
group generated by X5. The characteristic system (2.14) is written:

dt B dx du

t_Q_E__x—irtu

and provides the invariants A = z/t and p = x + tu. Hence, the general
expression (2.15) for invariant solution takes the form

r 1 T
= —— 4+ —P(\ A= —- 3.10
u i (A), ; (3.10)
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Substituting this expression in the Burgers equation (3.1), one obtains for
®(\) precisely the equation (3.8). Hence, its general solution is obtained
from (3.9) where z is replaced by A. The corresponding invariant solutions
are obtained by substituting in (3.10) the resulting expressions for ®(\). For
example, using for ®(\) the second formula (3.9) by letting there v = T,
one obtains the solution

X T T
- —th(C —) 311
U t+t + o ( )

derived by R.V. Khokhlov in 1961 by physical reasoning (see, e.g. [138],
Chapter IX, §4, equation (4.15)).

Remark. The solution (3.11) can be obtained from the second solution
(3.21) by setting ¥ = —ma and letting a — oo.

Example 9.3. The invariant solutions under the group of dilations with
the generator X, lead to what is often called in the physical literature sim-
ilarity solutions because of their connection with the dimensional analysis.
In this case the characteristic system

dt dr  du

2 x  u
provides the following invariants: A = x/v/f, u = v/t u. Consequently, one
seeks the invariant solutions in the form

=7
and arrives at the following equation for the similarity solutions of the Burg-
ers equation:

1
q)//+®®/+

5 '+ @) =0. (3.12)

Integrating once, one has:

1
<I>’+§(<I>2+)\<I>) =C,

Letting C' = 0, one obtains the following similarity solution (see [138], Chap-
ter IX, §4, equation (4.11), or [65], Section 11.4):

2 e_m2/(4t)

4TVt B+ ert(z/ (V)

where B is and arbitrary constant and

2 e
erf(z) = NG /0 e ¥ ds

is the error function.
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Example 9.4. Construction of exact solutions can be based not only on the
basic infinitesimal symmetries (3.7), but also on their linear combinations.
Consider an example based, e.g. on the operator

0 0 0
X1+X5:(1+t2)a+tx%—(x+tu)%- (3.13)

The characteristic system

provides the invariants

t
A= L L uVIte

Hence, invariant solution have the form

tx 1 T

= + (), A= :
! *) Vit e

1+ 1y

Substituting this expression in the Burgers equation (3.1), one obtains for
®(A) the following equation:

" + dP' + )\ =0, (3.14)

or integrating once:

1
P + §(CI>2 + M) =C.

3.3 Group transformations of solutions

One can find the group transformations (2.11) admitted by the Burgers
equation by solving the Lie equations for the basic infinitesimal symmetries
(3.7). In the case of the generators (3.7), the Lie equations (2.6) have the
triangular form:

dt dz _ du _

o=rll), —=gtw), — =70 (3.15)

Egs. (3.15) and the initial conditions

| _,=t x| _,== a|_,=u (3.16)

are convenient for the consecutive integration. As an example, consider the
generator X5 from (3.7). The Lie equations (3.15) are written

dt dz du

— =12, ==tz

da " da %——(x+tu).
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Integration of the first equation yields

1
a+ Cy

f——

We evaluate the constant of integration C; from the first initial condition
(3.15) and obtain C; = —1/t. Hence,

t

f= :
1—at

(3.17)

Substituting (3.17) in the second Lie equation, we have
dz  tda d(1 — at)

T 1—at 1—at ’

whence

(3.18)

The equations (3.17) and (3.18) determine the special projective transforma-
tion group (the Mobius map) on the plane. Substituting (3.17) and (3.18)
in the third Lie equation, one obtains a first-order non-homogeneous linear
equation for @ :

du t r

%—i_ 1—atu+ 1—at
Integrating this equation and evaluating the constant of integration from
the third initial condition (3.15), one obtains:

0.

u(l — at) — ax. (3.19)

U

Using the projective transformations (3.17)-(3.19) and applying the equa-
tion (2.16) to any known solution u = ®(t, z) of the Burgers equation, one
can obtain the following one-parameter set of new solutions:

ax 1 t T
_ CI)( ) 2
Y 1—at+1—at l—at’'1—at (3.20)

Example 9.5. One can obtain many examples, by choosing as an initial
solution u = ®(t, z), any invariant solution. Let us take, e.g. the invariant
solution under the space translation generated by X, from (3.7). In this
case the invariants are A = t and g = u, and hence Eq. (2.15) is written
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u = ¢(t). Substitution in the Burgers equation yields the obvious constant
solution u = k. It is mapped by (3.20) into the following one-parameter set

of solutions:
B k+ax

a 1—at'

u

Example 9.6. If one applies the transformation (3.20) to the stationary
solutions (3.9), one obtains the following new non-stationary solutions:

_az n 2
R—— r+C(1—at)’
vxr
u = 1—at |:CLJI+I/th(C+ m)} y (321)

B 1 Y otelC— wxT
YT T T 21 —at) )|

4 Method of the a priori use of symmetries

In Section 3, we described examples of using symmetry groups. However,
in many problems, a symmetry group is absent or is insufficiently wide to
solve the given model equation. The method proposed below is aimed at
constructing models with a higher symmetry without loss of the physical
contents of the initial model. The essence of the method is as follows.

If the model contains arbitrary elements and has a sufficiently wide
equivalence group (see further Definition 9.2 in Section 4.2), the symme-
try group is determined as a suitable subgroup of the equivalence group.
Otherwise the nonlinear model under consideration is generalized by means
of its immersion into a wider model in a reasonable way, i.e. without losing
the initial physical meaning but, at the same time, achieving the desired
expansion of the equivalence group. In this case, the nonlinearity of the
model is essential, because it provides the necessary flexibility in choosing
the model and ensures the generality and efficiency of the method.

4.1 Immersion and application of Laplace’s invariants

Consider Earnshow’s equation (see, e.g., [40])
Vgt — C2 (1 + Ug)_(’y—’—l) Vee = 0 (41)

describing the one-dimensional motion of a compressible gas in terms of
Lagrange’s variables. The physical meaning of the variables is as follows:
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v is a shift of particles in the medium, v is the adiabatic exponent in the
equation of state, c is the acoustic velocity.
Equation (4.1) can be linearized by the “hodograph transform”

r=v, y=v, E{=X(v,y), t=u(zy), (4.2)

where Lagrange’s coordinate £ and time t are considered as functions of new
independent variables x,y which are the first derivatives of the dependent
variable v. The corresponding linearized equation has the form

Upy — ¢ (1 +2) 0y, = 0. (4.3)

If the acoustic Mach number |ve| = |z| is small, Eq. (4.3) can be
approximated by a simpler equation

Upy — *[L — (v + 1)) uy, = 0. (4.4)

However, neither Eq. (4.3) nor its simplified version (4.4) are solvable be-
cause they do not possess sufficiently wide symmetry groups. Thus, the
simplification (4.4) does not achieve the objective.

Therefore, we choose an approximating equation not for the simplicity
of its form but for the presence of symmetry sufficient to make it solvable.
Namely, let us consider a hyperbolic equation of the form

Ugy — 2 V() 1y, = 0, (4.5)

generalizing the equations (4.3), (4.4), and undertake a search for such a
function v (z) that, first, coincides with the corresponding function in Eq.
(4.3) (or, equivalently, in Eq. (4.4)) at small |z| and, second, opens up a
possibility to find a general solution to (4.5). We will satisfy the second
property by choosing the function ¥ (z) so that Eq. (4.5) has the widest
possible symmetry group.

It is well known from the theory of group analysis that a hyperbolic
equation written in characteristic variables in the form

Uap + A, B)ua + Bla, B)ug + Pla, f)u =0 (4.6)

admits a widest possible symmetry group and therefore can be solved by
reducing it to a wave equation if the Laplace invariants [88]

h=A,+AB—P, k=DBz+AB—P (4.7)

for Eq. (4.6) vanish. Therefore, let us calculate the Laplace invariants for
Eq. (4.5) by rewriting it in the characteristic variables

o= c/w(x)dx -y, (= c/w(a:)dm +y. (4.8)
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In these variables Eq. (4.5) takes the standard form (4.6):
' ()

(67 (0% — 07 4.9
uﬂ+4c¢2(l‘) (u +uﬁ) ( )
with the coefficients
v’ (x)
where x is expressed through o and § by solving the equations (4.8):
r=Ul(z), 2= O‘; 5y = /w(:v)dx. (4.11)
c

Let us write A, = A, - x, and invoke that

Za 1

Lo =Ly 2o = — = :
zp  2c(x)

Then equations (4.7) and (4.8), yield

w// w/?
a = 8c23 Al '

It is transparent that Bz = A,. Therefore, we get from (4.7) the following
Laplace invariants for Eq. (4.9):

1 3
h — k' - = "N 2 )
(0= 3)
Hence, the conditions h = 0, k = 0 are reduced to the single equation

/1_§

12
=0
V% =0,

Yy

which is easily solved and yields:
Y(x) = (I +sx)7%, [, 5= const.
Thus, Eq. (4.5) with a widest possible symmetry group has the form
Ugy — & (14 s2) "y, = 0.

Comparing it with Eq. (4.4), we see that the constants [, s should be set as
=1, s=(y+1)/4. As a result, we obtain the desired solvable equation

1
st

—4
Upy — C° (1 + %x) Uyy = 0, 5 (4.12)



9: A PRIORI USE OF SYMMETRY GROUPS (2004) 291

which approximates Eq. (4.3) with satisfactory accuracy when |ex| < 1.
In order to solve Eq.(4.12), we rewrite it in the standard form (4.9) and
obtain: o
a B
Upg + =0. 4.13
5t ot B (4.13)

According to the general theory, Eq. (4.13) is reduced to the wave equation
wap = 0 by the substitution w = (a+ F)u. Therefore, the general solution
of (4.12) is given by the formula

Dy () + 2(P)
a+p

u(a, f) = (4.14)

with two arbitrary functions ®; and ®,. Let us return to the variables x,y
in Eq. (4.14). Since ¢(x) = [1+ (¢/2)z] ', Egs. (4.8) yield

c c 2c

R A= v == R ==

Substituting these expressions in Eq. (4.14) and changing the inessential
sign in the arbitrary functions ®; and ®,, we obtain the following general
solution to Eq. (4.12):

_e(24ex)

u(r,y) = === {%(6(?:%) +y> +(I)2<6(Tcsx) - y>] (4.15)

Summarizing Eqs. (4.1), (4.3), (4.4), (4.5) and (4.15), we conclude that
the solution (4.15) was found by way of “immersion” of the nonlinear model
of our interest (4.1) in a more general model

v — ¢ (ve) vge = 0. (4.16)

However, it should be emphasized that the possibility of constructing the
solution (4.15) essentially depends on the incidental fact that Eq. (4.1) and
its generalization (4.12) are linearized by the transformation (4.2). There-
fore, although this example clearly illustrates the idea of immersion and
shows how a generalization of a model can make it solvable, it still does not
provide any practical and simple method for selecting the most symmetric
equations from the generalized model. Such a method is discussed in the
following section using a specific example.

4.2 Utilization of the theorem on projections

The theorem on projections was proved by N.H. Ibragimov in 1987 [62]
and then used in the group classification problems [1] as the basis for the
preliminary group classification (see also [76], [75], [74]).
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We now proceed to the main examples illustrating the essence of our
approach. These examples are of interest by themselves, because new non-
linear equations are considered. Their physical content is discussed in the
concluding Section 5.

We begin with the nonlinear equation

0 (8u ou

5\ 3 @t) —fBu, (3= const#0. (4.17)

It admits only the three-dimensional Lie algebra L3 with the basis

%, ng(%, X3 t%—x%%—?u%- (4.18)
Hence, Eq. (4.17) is not rich in group invariant solutions. They are limited
to the travelling-wave solutions that are constructed using the translation
generators Xy, X5, and the self-similar solutions constructed using the dila-
tion generator Xj.

Therefore, we use the immersion approach and consider two types of
models generalizing Eq. (4.17). We will take the equation

X, =

8 8u ou
as the first generalization, and the equation
0 | Ou ou
~ | == _ =F 4.2
5o - Q] = Feea (4.20)

as the second generalized model.

Further calculations show that the second generalization is more ap-
propriate and is the source of a symmetry group much richer than that of
Egs. (4.17) and (4.19). Therefore, we use the model (4.20) to illustrate the
principle of the a priori use of symmetries.

Definition 9.2. A group of transformations
t=f(t,z,u,a), T=g(t,x,u,a), @=h(tzua)

is called an equivalence transformation group for the family of equations
(4.20), or briefly an equivalence group for Egs. (4.20), if every equation of the
given family (4.20) with any functions Q(z,u) and F(x,u) is transformed
to an equation of the same family, i.e.
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where the functions @, F may be different from , F. The generators of
the equivalence group have the form

0

+£g+ g
at g

y=¢ 20 T H a0 T oF

(4.21)

where

é-z :gl(t7x7u)7 T]:n<t7x7u>7 I’L,L :/’L’L(t7x7u7Q7F>7 Z: 172'

The generators (4.21) of the equivalence group form a Lie algebra which
is called the equivalence algebra for Eqs.(4.20) and is denoted by Lg. In
the operator (4.21) and in its coordinates y’, the functions @Q and F are
considered as new variables together with the physical variables ¢, x, u.

As was shown by L.V. Ovsyannikov [114], the equivalence algebra can
be found using Lie’s infinitesimal technique (see Section 2.1). Namely, let
us rewrite Eq. (4.20) in the equivalent form as the system

—Quy —Qui—F=0, Q=0 F=0 (4.22)

called the extended system. Now one can define the equivalence group for
Eqgs. (4.20) as the group admitted by the extended system (4.22). It is
worth noting that despite the obvious similarity to the classical Lie the-
ory, there are considerable technical differences between the calculation of
infinitesimal symmetries and generators (4.21) for the equivalence group.
Detailed calculations can be found in [1], [76].

Using this approach, one can show that the generators (4.21) of the
equivalence group for Eq. (4.20) have the coordinates

g =Cit+op(x), €=1¢), n=(Cr+Cu+A(z),

(4.23)
ph=—g'(@) +[Cr =¥ (0)]Q,  p?=[Co— ¢/ (2)]F,

where ¢(x), 1(x) and A(x) are arbitrary functions. This means that Eq.
(4.20) has an infinite-dimension equivalence algebra Lg with the basis

o , .0 - o) a
Y= o) — ¢ Y= 6 g — o) Qs + For o
V= Ao vimtd rul QL ;@,:uiwi

ou ot ou 0Q’ ou oF
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Remark 9.1. Likewise, it can be demonstrated that Eq. (4.19) has a seven-
dimensional equivalence algebra spanned by the operators

0 0 0 0 0 0
N=gp V=g Yemgp Vst tugi+Pap. (425)
0 0 0 0 0 0 0
Vsmug  tier Yomrg—ap Yo rg ~Pap ~ior

ou oF

Further calculations are based on the theorem on projections, mentioned
at the beginning of Section 4.2. Let us introduce the notation X and Z for
the projections of the operator (4.21) to the physical variables ¢, z,u and
the variables x,u, @, F' of arbitrary elements, respectively:

0 0 0
_ — 17 2 7 7
0 0 s, 5,
Z =D uomn(Y)= 52% +5-+ ;ﬁ@ + “23_F : (4.27)

Substituting (4.23) into (4.26) and (4.27), one obtains the following projec-
tions:

X = [Clt + w(x)] % + () {% + [(C1 4 Co)u+ )\(:c)] % . (428)
=@+ 0 -V @Q) g+ G- W @IF g (429)

The projections (4.28) and (4.29) are well defined in the sense that the
coordinates of X depend on variables t, x, u alone, while the coordinates of
Z depend on variables x, u, @), F.

As applied to Eq. (4.20), the theorem on projections [62] is formulated
as follows.

Theorem 9.1. (Theorem on projections). The operator X defined by
(4.28) is an infinitesimal symmetry of Eq. (4.20) with the functions

Q=Q(x,u), F=F(z,u) (4.30)

if and only if the system of equations (4.30) is invariant with respect to the
group with the generator Z defined by (4.29), i.e. if

Z1Q — Q(z,u)] oy 0, Z[F—F(x,u) ) 0. (4.31)
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Here the symbol |(4.30) means that the variables @ and F' should be replaced
by the functions Q(x,u) and F(z,u) according to equations (4.30). Substi-
tuting the expression (4.29) for Z in Eqs. (4.31), one obtains the followin
system of linear first-order partial differential equations for the functions
Q(z,u) and F(x,u) :

¢(x)% + [(01 + Co)u + )\(x)} % + [ () = C1]Q + ¢'(x) = 0,
(4.32)
w(x)g—i + [(Cl + Cy)u + /\(x)} g—i + [¢'(z) — Co]F = 0.

Remark 9.2. The similar formulation of this theorem for Eq. (4.19) is
obtained by replacing the operators (4.24) by (4.25) and Eqs. (4.30) by

P =P(u), F=F(z,u).

Example 9.7. Let us choose the constants and functions involved in (4.23)
as follows:

Ci=1, ¢x)=0, ¢Y@)=xz—k Cy=0, MNz)=0
i.e. consider Y’ € L¢ of a particular form
V=t—+4+@—k)=—+u——F—- (4.33)

Then, solving the system of equations (4.32), we obtain the functions

Q:(D(xﬁk)’ k= 1kF< uk:) (434)

Xr — Tr —

where ® and I" are arbitrary functions of one and the same argument. Hence,
according to Theorem 9.1, Eq. (4.20) of the form

0 | 0u u \Ou 1 u
a[%_q)(x—k)a} _:U—kr(x—k> (4.35)
admits an additional operator
, 0 0 0

together with the evident generator
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of time transformation. One can use the additional symmetry X', e.g. for
constructing invariant solutions. Solving the equation

X'(J(t,z,u) =0

we obtain the invariants

t U

)\:— e .
x—k’ H x—k

Hence we search the invariant solution in the form p = G(), i.e.
u=(r—k)G\).

The substitution in Eq. (4.35) shows that G(\) should satisfy the following
second-order ordinary differential equation:

AG" + (B(G)G") +T(G) = 0.

The particular case of interest is that of Eq. (4.35) with the linear
functions ® and I', when a quadratic nonlinear term appears in the left-
hand side of Eq. (4.35), namely:

(‘9{6u U 0u]__6 U

ot\or  “z—kot (x— k)2 (437)

This case will be considered in Section 5.

Example 9.8. Let us consider an equation with two additional symmetries.
We will need two equivalence generators that span a two-dimensional Lie
algebra. We again take (4.33) as the first generator and find the second
generator Y by setting

in (4.23), i.e. we choose

Y”:(x—k)<%+%>+<u+x—k>%—<1+Q>%-

The operators Y/ and Y commute, and hence span an Abelian Lie algebra.
Applying the theorem on projections to both operators Y and Y”, i.e., in
fact, solving Eqgs. (4.32) with the coordinates of the operator Y and with
the functions @, F' given by Egs. (4.34), we obtain

B

u/(z—Fk)
Tz —k ¢

Q=—1+Ae /N Fo_
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where A and B are arbitrary constants.
Theorem 9.1 on projections guarantees that the equation

0 |Ou ou B
910U (- few/@0) %] _ _ u/(z—k) n
8t{8x+< ¢ >8t Tk (4.38)

has the following two additional symmetries:
X’—tg—i—(x—k:)——i-u—
ot ’

, o 0 B
X::@—k%53+aﬁ+(u+x—@5a

In particular, we can find the invariant solution with respect to the two-
parameter symmetry group with two generators (4.39). For this purpose, it
is necessary to solve the system of equations

(4.39)

X'(J) = 0,X"(J) = 0.

The first equation provides two invariants

)\:x—k U
t

t’M:

Then, substituting J = J(A, 1) in the second equation we obtain the relation

A
/LZL/\"F)\IH’—, L = const.

1—A

Substituting the values p and A, we obtain the following form for the in-
variant solution:

x—k
— (@ =k |[L+In| ]
u=(x ){—i_nt—x—i—k]
Substituting this expression in Eq. (4.38) we determine the the constant L,
namely L = In|1/B|. Thus, the invariant solution of Eq. (4.38) constructed
by means of its two infinitesimal symmetries (4.39) is given by

u=(zr—Fk)ln (4.40)

r—k
Bt—x+k)|

Example 9.9. Let us turn to Eq. (4.19) and apply the theorem on projec-
tions to the combination

Y=Y+ Y5+ Y+ Ys
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of the operators (4.25), i.e. to the following equivalence generator:

0 0 0 0

Using the projections similar to (4.26) and (4.27) we obtain:

X:x2+x£+(1+u)a

ot oz ou’ (4:41)

0 0 )
Z:xa—x+(1+u)%—(1+P)a—P~

Solving the equations (cf. Egs. (4.31) and see Remark 9.2)

(4.42)

Z(P(u)—P) =0, Z(F(z,u)—F)=0

which have the form

dP oF oF
(1+u)%+(1+P):O, x%+(l+u)%:0,

we obtain

F=T * , P= K —1, K = const.
1+u 14+u

Hence, the following articular equation of the form (4.19):

0 [Ou K \ou T
5[%+<1_1+u>5}_r(1+u) (443)

admits, together with

0
o
an additional operator X defined by (4.41).
Let us use the operator (4.41) for constructing an invariant solution.
Two functionally independent invariants of the operator X are

Xo =

1
)\:t—l', M:u+ ’
xT

and hence we have the following form of the invariant solution:
u=zp(\), A=t—uz.
Substitution into (4.43) provides an ordinary differential equation

K (%)/ + ¢ =T(9).



9: A PRIORI USE OF SYMMETRY GROUPS (2004) 299

Assuming that K # 0 we have

A L
R S (4.44)

Note that for small values of |u|, Eq. (4.43) provides a good approxima-
tion with an additional symmetry for the models described by equations of
the type (4.17).

5 Physical discussion of the model (4.20)

The model (4.17),
oo ou
ot |or "ot

appears in several problems. Let us first consider the oscillations of a com-
pressible gas inside a cylinder with a cross section S. The cylinder is closed
with a moving piston of mass m. The bottom of the cylinder is fixed at
(x = 0) (the x coordinate is measured along the generatrix, from the bot-
tom upwards). The piston can oscillate with the displacement ( relative to
its mean position at z = H. The system of equations describing the motion
of the piston, taking into account nonlinear gas movements, has the form

o
Pt ~

} = —Bu, (4.17)

m 0%C
t_) —plty) === =plt t_). 5.1
p(t) = p(ts) 5o = p(t) +p(t ) 51)
Here, p and ¢ are the density of the gas and the sound velocity in it and p(t)
is the form of any of the two acoustic pressure waves propagating towards
each other. The arguments contain the time shift determined by the length

H of the resonator and by the nonlinear properties of the gas:

Applying the method of transforming functional equations of the type (5.1)
into differential evolution equations, described in [120], for the region near
the acoustic resonance

wH/c =1+ A,

where A is a small frequency detuning, we obtain (see [119])

o [oU oU  ~y+1. 00U

—BU. (5.2)
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Eq. (5.2) is written using the dimensionless quantities

wt 1m
UZ%’ €ZWt+7rv T:—laﬁ:__ga
c2p s ™m
where %, is the slow” time, describing the setting of steady-state oscillations
in the resonator and

mg =pSH

is the mass of the gas in the cylinder. It is manifest that by changing the
constants and variables according to

1
Tl

t=¢(—AT, T=z, u=mw

we can transform Eq. (5.2) to the form (4.17).

Approximate solutions to Eq. (5.2), related to problems of physical
interest, are obtained in [119]. However, some exact solutions are also of
important physical meaning. For example, let us consider the exact solution
obtained by means of the dilation generator X3 from (4.18). The invariants
of X3 and the form of the corresponding self-similar solution are

1
AN=uat, p=ur? u(rt)= ﬁi)()\).

Substitution in Eq. (4.17) leads to the ordinary differential equation
PP + P2 — \D" + P’ — D = 0.

Its particular solution, which in the limit § — 0 takes the form of the
solution u = z/t for the Riemann waves, is given by
B o Bt
D)= - A+=X, wulx,t)=—=t"——- 5.3
8y e (53)
By analogy with the known procedure of constructing a sawtooth signal
[121], in which the periodically continued solution u = x/t is used to de-
scribe smooth linear portions of the profile (see the dashed curves in Fig.
1), we continue the solution (5.3) with the period of 2. The shock fronts
are localized at the points

3 3\? n2

t,=(2n+1 S (N I

(2n + )7T+5x <ﬁ$> 3
n=0,+1,4+2 ...,

whose coordinates are calculated from the condition that the period-average
value of the function u(z,t) vanishes.



9: A PRIORI USE OF SYMMETRY GROUPS (2004) 301

As shown in Fig. 1, the in-
clusion of a low-frequency disper-
sion (8 # 0) leads to an asym-
metric distortion of the waveform.
The duration of the compression
phase becomes shorter, and the
duration of the rarefaction phase
longer. The curves shown in Fig.
1 are plotted for # = 3 and two di-
mensionless distances z = 0.2 and
0.5 (curves 1,1 and 2,2, respec-
tively). Manifestly, the construc-
tion is valid up to the distances

T < 3\/3/ . ' ' Figure 1: Effect of a low-frequency dis-
The waveform distortion shown persion on the wave distortion process.

in Fig. 1 is similar to that ob- The profiles are plotted for the distances
served in experiments with high- . _ (1,1) 0.2 and (2,2') 0.5. The solid
intensity diffracted beams. The

e ) curves are described by the invariant solu-
same behavior is predicted by the ., (5.3) for B = 3. The dashed curves are
theory [122], [138]. Therefore the

second physical problem associ-
ated with the model (4.17) belongs
to the theory of nonlinear acous-
tic beams [122]. Let us consider
the Khokhlov-Zabolotskaya equa-
tion in the form (cf. [138], p.346):

oop = op op (0w 1 (ovY’
or | Oz c3pp87 cor \ Or 2\ Or

Op OV
/Lo gmf] SN (5.4)

plotted taking into account only the non-
linearity (8 = 0, the dispersion is absent)
and are presented for the comparison with
the profiles shown by the solid curves.

or Or

Eq. (5.4) describes beams, circular in the cross-section, where

0? 10 T 1
- +-= .
or? +7“6r’ T c ¢ (1),

Ay

e = (y+1)/2 is a nonlinear parameter and ¥ is the eikonal. In a homo-
geneous medium, the distance x travelled by a wave is measured along a
straight line. In a nonhomogeneous medium = can be measured along the
ray, which is the axis of the beam [123]. Limiting our consideration to a
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vicinity of the axis, we set in Eq. (5.4)

oU 1 [oT\* g2 ,
o3 () =@+ (5.5

where f and ¢’ are known functions describing the behavior of the refraction
index in the medium. Determining the eikonal from Eq. (5.5):

2

U= S0() +qle), ¥+ =],

we rewrite Eq. (5.4) in the form

0 @+fyap 10p 1/2f+, e Op
or & Ov cOr 1

e, (0  10p _

= 2(1) <8u2 + ) v=rd(x). (5.6)
In the nonlinear geometric acoustics approximation, the right-hand side of
Eq. (5.4) or Eq. (5.6) is assumed to be equal to zero. One can refine this

approximation and take into account the diffraction corrections, if one uses
the following model for the right-hand side of Eq. (5.6):

2 1 2
(ap " @) ~-2 (5.7

o2 vov

or D gy cor \ 2 P2

where a is the initial beam width. Note that, for a transverse structure
described by the Bessel function Jy(v/2v/a), the representation (5.7) proves
to be exact. Now, varying the right-hand side of Eq. (5.6) according to Eq.
(5.7) and letting ¥ — 0, we obtain an equation describing the field of an
acoustic beam near its axis:

0 [0p d@p e Op o
or | Oz ¢ 0T c3pp87' B

In particular, for a focused wave, we set
d=(x—-k)", ¢=0,
where k is the focal distance, we reduce Eq. (5.8) to Eq. (4.37) with
1

u=plx—k), a=c(p)™', B=ca?

Using the change of variables

t=cr +%q<x)}, " = %exp (/@(m)dm),
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we reduce Eq. (5.8) to a simpler form

0 [Ou au} ()

% - Q(ZE) ua 2

Q(z) = exp (— / () dx) .

In the general case, when all characteristics of the medium, including the
nonlinearity parameter, may depend on the = coordinate, the generalized
equation can be written in the form (4.20):

o - Q0G| = Fa o (5.10)

ot

u, (5.9)

a

where

ot

Equation (5.10) also takes into account the possibility of a more complex
nonlinear response of the medium that cannot be described by a common
quadratic nonlinearity.
If in Eq. (5.10) we set
o p

= — F:_
@ k—az’ (k:—:v)2u’

it takes the form of Eq. (4.37) and describes the focusing of a beam in a
homogeneous medium. The invariant solution corresponding to operator
(4.36) is

t
= (k— A), A= .
u= (k- 26, A=
The function G(\) satisfies the equation
AG" — a(GG")' + BG = 0. (5.11)

When « = 0, the solution to Eq. (5.11) is expressed in terms of the Bessel
functions and has the form

G = VA[C111(2V/BX) + CoYi(24/8N)].
When g = 0, the solution is given implicitly by the equation
A= —O./Cl + CQ(G + Cl) — Oé(G + Cl) In |G + Cl|

It is clear that the models (4.17), (4.19), (4.20) are provided not only
by the two above problems alone. Evidently, any linear distributed system
with a low-frequency dispersion, described by the law
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can be associated with the differential equation

0%u

ETr Gu. (5.12)
If the nonlinearity is weak, the corresponding term is added to the evolution
equation, and Eq. (5.12) is transformed, e.g. to Eq. (4.17).

Note that the general form (5.10) is still specific enough. Its symmetry
properties reflect the physics of the processes under study with a higher
accuracy than, for example, the symmetries of the reduced model (4.17) or
the most general model

0%u ou 0*u
iz~ G b g e

which could be studied by the proposed method without any strong limita-
tions on the class of problems under consideration.

6 Conclusions

The present study is based on the seemingly paradoxical statement that
it is advisable to analyze nonlinear problems by way of their immersion
into the class of more general and, hence, more complex models. The ex-
perience in studying the theory of nonlinear oscillations and waves on the
basis of physically justified simplification of models seems to contradict the
proposed approach based on the a priori use of symmetries. However, be-
hind the external differences, one can discover the single nature of the two
approaches. Evidently, the higher-symmetry model should contain more
exact solutions. How one could obtain a higher symmetry? Of course, one
can follow the conventional simplification method by “cutting off” the ele-
ments of the model that violate its symmetry (neglecting some of the terms
in the equation or modifying them in some way). But one can make the
model more symmetric by complication of the initial model. If the complex
model allows a suitable exact solution, the necessary simplification can be
performed at the last step of calculation, i.e., in the final formulae.
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